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Abstract 
Hydrogen sulfide (H2S), a gas long known for its smell and toxicity, is now increasingly 

recognised as a gasotransmitter, in addition to nitric oxide (NO) and carbon monoxide (CO). 

It is produced endogenously by several enzymes and has various biological effects, including 

neuromodulation, cardiovascular and antioxidant effects. In the peripheral cardiovascular 

system, H2S causes vasodilation and systemic administration of a H2S donor, sodium 

hydrogen sulfide (NaHS), reduces blood pressure in a dose dependent manner. H2S is also 

produced in the central nervous system, suggesting that it may have a role in the central 

regulation of the cardiovascular system, similar to NO.  There are few studies investigating 

the role of H2S in the brain in cardiovascular regulation or in cerebral artery tone.  The thesis 

has investigated: i) the effect of H2S in the brain on blood pressure (BP), heart rate (HR), and 

lumbar sympathetic nerve activity (LSNA); ii) the mechanism of H2S-induced vasodilation of 

middle cerebral arteries (MCA); iii) the influence of diabetes on the H2S-induced MCA 

response. 

 

Cardiovascular diseases, such as hypertension and heart failure, are associated with increased 

sympathetic nerve activity (SNA), the pathophysiology of which is incompletely understood. 

The rostral ventrolateral medulla (RVLM) and the hypothalamic paraventricular nucleus 

(PVN) are brain nuclei with key cardiovascular regulatory functions and demonstrated 

involvement in the increased SNA of cardiovascular pathologies.  The possible role of H2S as 

a central cardiovascular regulator via the RVLM and PVN was therefore investigated. The 

presence of the H2S producing enzyme, cystathionine β synthase (CBS) in the RVLM and 

PVN was demonstrated by western blotting and immunohistochemistry.  Nerve recording 

studies were performed on anaesthetised male Wistar Kyoto (WKY) and spontaneously 

hypertensive rats (SHR).  Bilateral microinjections of NaHS (0.2 – 2000 pmol/side), or 

inhibitors of CBS (hydroxylamine, HA, 0.2 – 2.0 nmol/side; or amino-oxyacetate, AOA, 0.1 – 
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1.0 nmol/side) into the RVLM did not significantly affect BP, HR or LSNA, compared to 

vehicle in WKY rats.  Microinjections into the PVN of NaHS, HA and AOA had no 

consistent significant effects on BP, HR or LSNA compared to vehicle in WKY rats. NaHS 

microinjected into the PVN or RVLM of SHR rats did not significantly affect BP, HR or 

LSNA compared to vehicle. Together, these results suggest that H2S may not have a major 

cardiovascular regulatory role in the RVLM and PVN.  

 

H2S is produced in peripheral blood vessels via the enzyme cystathionine-γ-lyase (CSE).  It is 

thought to be an important endogenous vaso-active mediator, since CSE gene deletion has 

resulted in increased blood pressure.  Although there are numerous studies investigating the 

mechanism of H2S-induced vasodilation in peripheral vessels, in cerebral blood vessels, the 

mechanism has not been extensively studied. Vasorelaxation studies were performed on 

middle cerebral arteries (MCA) from male Sprague-Dawley rats using wire myography. 

Immunofluorescence staining showed the H2S producing enzyme cystathionine-γ-lyase (CSE) 

was present in the smooth muscle layer of middle cerebral arteries.  Consistent with this, the 

CSE substrate L-cysteine (10 µM-100 mM) induced vasorelaxation in middle cerebral arteries 

that was independent of endothelium, suggesting conversion of L-cysteine to H2S via CSE 

occurred in the vascular smooth muscle. NaHS (0.1-3.0mM) produced concentration-

dependent relaxation of MCA, which was unaffected by endothelium removal. Inhibiting K+ 

conductance with KCl (50mM) significantly attenuated NaHS-induced relaxation, increasing 

the EC50 by 4 fold. 4,4-diisothiocyanatostilbene-2,2-disulfonic acid (DIDS, 300µM) caused a 

significant 10-fold rightward shift of the NaHS concentration-response curve. Nifedipine 

(3µM), a blocker of L-type calcium channels, significantly reduced the maximum relaxation 

elicited by NaHS by 30%. These findings suggest that H2S mediated relaxation of middle 
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cerebral arteries is DIDS sensitive and partly mediated by inhibition of L-type calcium 

channels with an additional contribution by potassium channels. 

 

Cardiovascular pathologies, including hypertension and diabetes, alter the structure and 

function of cerebral vessels, increasing the risk of stroke and dementia. The mechanisms 

inducing this dysfunction are incompletely understood, but are thought to involve reactive 

oxygen species (ROS) inducing endothelial dysfunction.  H2S has antioxidant effects and has 

been shown to protect against endothelial dysfunction. The effect of diabetes on the MCA 

response to H2S was therefore investigated. Cerebral vessels were harvested from 

streptozotocin (50mg/kg) induced diabetic rats 10 weeks after streptozotocin treatment, and 

their age-matched controls.  Diabetes induced an attenuation of bradykinin-induced 

vasorelaxation, suggesting endothelial dysfunction.  The response to NaHS was unchanged by 

diabetes, however, L-cysteine-induced relaxation was enhanced in diabetic vessels. The 

mechanism of H2S-induced vasodilation was investigated using DIDS (300µM), nifedipine 

(3µM) and KCl (50mM) – similar to in non-diabetic rats, DIDS induced a significant 

rightward shift of the dose-response curve, while nifedipine and KCl both significantly 

inhibited the maximum relaxation induced by NaHS.  The lucigenin assay, an in vitro assay 

for superoxide (O2
-) generation, demonstrated increased O2

- generation from both aorta and 

cerebral vessels of diabetic animals.  NaHS decreased O2
- generation from diabetic, but not 

control MCA. The results suggest that the mechanism and vascular response to H2S is 

unchanged in diabetic MCA, although production of H2S may be increased.  H2S appears to 

act as an antioxidant in diabetic MCA in vitro. 
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3-MST 3-mercaptopyruvate sulfurtransferase 
4-AP 4-aminopyridine 
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ADRF adipocyte-derived relaxing factor’ 
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AT1 angiotensin II type 1 
ATP adenosine triphosphate 
BK bradykinin 
BKCa large-conductance calcium-activated potassium channels 
[Ca2+]i intracellular calcium concentration 
cAMP cyclic adenosine monophosphate 
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COX cyclooxygenase 
CSE cystathionine-γ-lyase 
DIDS 4,4’-diisothio-cyanostilbene-2,2’-disulfonicacid 
DOPA 3,4 dihydroxyphenylalanine 
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EDHF endothelium derived hyperpolarising factor 
EDRF endothelium derived relaxing factor 
eNOS endothelial nitric oxide synthase 
GABA γ-aminobutyric acid 
H2O2 hydrogen peroxide 
H2S  hydrogen sulfide 
HA hydroxylamine 
HHcy hyperhomocysteinaemia 
HR heart rate 
IKCa intermediate-conductance calcium-activated potassium channels 
IML intermediolateral column 
iNOS inducible nitric oxide synthase 
IP cell surface prostacyclin receptor 
KATP adenosine triphosphate-sensitive potassium channels 
KCa calcium-activated potassium channels 
KIR inwardly rectifying potassium channels 
KV voltage-gated potassium channels 
L-NAME L-NG-Nitroarginine methyl ester 
LSNA lumbar sympathetic nerve activity 
MCA middle cerebral artery 
MAP mean arterial pressure 
Na2S sodium sulfide 
NADH nicotinamide adenine dinucleotide 



 13 

NADPH nicotinamide adenine dinucleotide phosphate 
NaHS sodium hydrogen sulfide 
NNDP N,N-dimethylphenyldiamine sulphate 
nNOS neuronal nitric oxide synthase 
NOS nitric oxide synthase 
NO nitric oxide 
NOD non-obese diabetic mice 
Nox nicotinamide adenine dinucleotide phosphate oxidase 
NTS nucleus tractus solitarius 
O2˙- superoxide 
OH˙ hydroxyl 
ONOO- peroxynitrite 
PH posterior hypothalamus 
pHi intracellular pH 
PLP pyridoxal 5’-phosphate 
PGI2 prostacyclin 
PPG propargylglycine 
PVN paraventricular nucleus of the hypothalamus 
ROS reactive oxygen species 
RSNA renal sympathetic nerve activity 
RT-PCR real-time quantitative polymerase chain reaction 
RVLM rostral ventrolateral medulla 
sGC soluble guanylate cyclase 
SHR spontaneously hypertensive rats 
SKCa small-conductance calcium-activated potassium channels 
SNA sympathetic nerve activity 
SOD superoxide dismutase 
STZ streptozotocin 
SUR sulphonylurea receptor 
VGCC voltage gated calcium channels 
VSM vascular smooth muscle 
WKY Wistar Kyoto 
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Chapter 1: Introduction 
 

Hydrogen sulfide (H2S) has a well-ingrained reputation as a toxic, malodorous gas.  However, 

it is now increasingly recognised as a gasotransmitter, in addition to nitric oxide (NO) and 

carbon monoxide (CO) as it is produced endogenously by several enzymes (Kimura, 2011; 

Shibuya et al., 2009b; Yang et al., 2008) and induces various biological effects. H2S displays 

anti-oxidant properties (Kimura et al., 2010) and several cardiovascular actions of H2S have 

been described, including vasorelaxation (Zhao et al., 2001), protection against ischaemia 

reperfusion injury (Calvert et al., 2009) and inhibition of high glucose-induced endothelial 

dysfunction (Suzuki et al., 2011).  This introductory chapter begins with an overview of the 

biochemistry of H2S, including how it is produced and pharmacological tools that are used to 

study H2S-induced effects. The biological effects of H2S are briefly overviewed in section 

1.1.3 (p.21), with pertinent effects being revisited in detail under sections 1.2-1.4 (p.22-62).  

Sections 1.2-1.4 (p.22-62) explain each of the physiological systems and pathological changes 

investigated in this research project with reference to the rationale for investigating each of 

these phenomena, and evidence of H2S-induced effects.  
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1.1 Hydrogen sulfide as an endogenous mediator 
1.1.1 Biochemistry 

Enzymatic production 
H2S is synthesised in bacteria by the reduction of sulphate or elemental sulfur (Escobar et al., 

2007). Since mammals lack the ability to reduce elemental sulfur, H2S is produced 

endogenously via the catabolism of sulfur containing amino acids, predominantly by the 

transsulfuration enzymes – cystathionine-β-synthase (CBS, EC 4.2.1.22) (Kimura, 2011); and 

cystathionine-γ-lyase (CSE, EC 4.4.1.1) (Yang et al., 2008).  For example, H2S is released 

during the conversion of cysteine to serine by CBS and cysteine to pyruvate by CSE (figure 

1.1). A recent study indicates that a third enzyme, 3-mercaptopyruvate sulfurtransferase (3-

MST, EC 2.8.1.2) can also generate H2S.  3-MST acts in concert with cysteine 

aminotransferase (CAT, EC 2.6.1.75) to catabolise cysteine, generating pyruvate and H2S 

(figure 1.1) (Shibuya et al., 2009a). CBS is a major contributor to H2S production in the brain, 

as CBS expression levels are relatively high, and inhibition of CBS using hydroxylamine and 

amino-oxyacetate suppresses the production of brain H2S (Abe et al., 1996).  CSE levels 

predominate in most peripheral tissues, and mice with genetic deletion of CSE have reduced 

endogenous H2S levels in aorta, heart, serum, and fail to generate H2S in liver (Mustafa et al., 

2009b; Yang et al., 2008). 3-MST appears to contribute to H2S production in both the 

periphery and central nervous system (Shibuya et al., 2009a) (Shibuya et al., 2009b). 
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Figure 1.1 Schematic illustrating pathways contributing to endogenous H2S production 

H2S can be produced via the enzymes CBS, CSE or 3-MST.  All three enzymes can utilise 

cysteine as a substrate for H2S production, with the 3-MST pathway requiring an intermediate 

step where cysteine is converted to 3-mercaptopyruvate via CAT. CBS can also use serine 

plus homocysteine or cysteine plus homocysteine as substrates, and CSE can use 

cystathionine or homocysteine as substrates.  The byproducts of cysteine metabolism other 

than H2S are dependent on the pathway and the substrate, and for reasons of clarity, have been 

omitted from this diagram pertaining to H2S production.  For example, the 3-MST pathway 

also releases pyruvate as a byproduct.  CBS, cystathionine-β-synthase; CSE, cystathionine-γ-

lyase; 3-MST, 3-mercaptopyruvate sulfurtransferase, CAT, cysteine amino transferase. 

Adapted from Shibuya et al. (Shibuya et al., 2009b). 
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Concentration of H2S in Tissues  
Free H2S is maintained at low levels in basal conditions through absorption and storage as 

bound sulfur, which cannot function as a gaseous messenger (Ishigami et al., 2009). Previous 

studies show very high concentrations of H2S (brain: 50-160 µM, (Goodwin et al., 1989; 

Savage et al., 1990); plasma: 40-300 µM (Kimura, 2002)) compared to recent studies (brain: 

15 nM (Furne et al., 2008); plasma:<15 nM (Whitfield et al., 2008).   The disparity is likely 

due to the harsh chemical treatment (either strong acid or strong base) required for the assays 

used in previous studies, which may have released sulfur from its stored forms.  Recent 

developments have allowed for more direct measurements of free H2S using either gas 

chromatography (Furne et al., 2008) or a polagraphic H2S sensor (Whitfield et al., 2008).  The 

actual concentration of H2S in mammalian tissues remains to be conclusively determined, but 

is likely to be much lower than original estimates.  

 

1.1.2 Pharmacological tools 
There are various pharmacological tools useful for investigating the potential functions of H2S.  

These include donors, precursors to H2S production, inhibitors of H2S producing enzymes and 

genetic knock-down of H2S producing enzymes.   

 

H2S donors 
H2S donors release or generate H2S upon addition to solution, and are therefore useful for 

determining whether exogenously administered H2S can produce biological effects.  Most 

studies investigating the biological effects of H2S have used one of two commonly available 

sulfide salts: sodium sulphide (Na2S) or sodium hydrogen sulphide (NaHS).  Both donors 

rapidly generate H2S upon addition to solution by first dissociating - Na2S dissociates to Na+ 

and S2-, and NaHS to Na+ and HS- - followed by formation of equilibrium according to: 

S2-    +    H+    ←→    HS-    +    H+     ←→      H2S 
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Since the pKa of HS- is greater than 12, only a trace amount of S2- exists at physiological pH 

(Olson, 2012).  The pKa of H2S is 6.77 at 37 oC, resulting in approximately 18.5% being 

present as H2S, with 81.5% existing as the HS- anion (Dombkowski et al., 2004).  It is not 

known which form of H2S (H2S, HS- or S2- ) is physiologically active, or whether all three 

forms are active to varying extents, however, the active component is commonly termed 

‘hydrogen sulfide’, and it will therefore be referred to throughout the present thesis as H2S. 

 

The formation of H2S from Na2S involves accepting two protons from the solution, whereas 

H2S formation from NaHS requires only one proton.  Thus, while solutions of both 

compounds are alkaline, Na2S forms considerably more alkaline solutions for the same 

amount of H2S produced.  This is likely the reason for a general preference among the 

literature for use of NaHS, as opposed to Na2S.  Since NaHS was the most commonly used 

H2S donor at the time of research, and does not cause significant alkalinisation of 

physiologically buffered solutions within the concentrations applied in the present studies 

(Al-Magableh et al., 2011), NaHS was used as a H2S donor for all studies in the present thesis.  

 

Recently, a number of slow-releasing H2S compounds have been developed, including 

GYY4137 (Li et al., 2008).  Due to the lack of knowledge regarding the efficacy and 

selectivity of such compounds in the time frame of the present studies, NaHS was the 

preferred donor here.  However, these slow-releasing compounds are proving useful 

pharmacological tools, particularly in studies observing chronic effects of H2S. 
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L-cysteine as a precursor to H2S production 
L-cysteine is commonly used to determine the effects of endogenously produced H2S 

(d'Emmanuele di Villa Bianca et al., 2009; Elsey et al., 2010).  It acts as a substrate for both 

CBS and CSE, resulting in the endogenous production of H2S (figure 1.1).  However, L-

cysteine also scavenges nitroxyl anion and has been used in studies investigating nitroxyl 

anion-induced vascular effects (Andrews et al., 2009).  

Inhibitors of CBS and CSE 
The tonic production of H2S can be inhibited using inhibitors of either of the H2S producing 

enzymes, CBS or CSE.  CBS and CSE are both dependent on pyridoxal 5’-phosphate (PLP), 

and like nitric oxide synthase, are regulated by calcium in the presence of calmodulin (Eto et 

al., 2002; Finkelstein et al., 1975) (Yang et al., 2008).  Several pharmacological tools are 

available for the manipulation of these enzymes.  The work described in the present thesis 

employed amino-oxyacetate (AOA) and hydroxylamine (HA) to inhibit CBS; and D,L-

propargylglycine (PPG) to inhibit CSE. 

AOA inhibits CBS by covalently binding to its cofactor, PLP (McMaster et al., 1991).  AOA 

is relatively non-specific, since it inhibits all enzymes which require PLP as a cofactor. Other 

PLP dependent enzymes include 3,4 dihydroxyphenylalanine (DOPA) decarboxylase and γ-

aminobutyric acid (GABA)-transaminase (Amadasi et al., 2007).   AOA inhibition of GABA-

transaminase results in increased brain GABA levels, which is thought to be partly 

responsible for the anticonvulsant properties of AOA (McMaster et al., 1991). HA is similarly 

non-specific, as it causes reversible dissociation of PLP from CBS and other PLP-dependent 

enzymes (Braunstein et al., 1971).  HA also acts as a nitric oxide donor (Taira et al., 1997). 

PPG covalently binds to the PLP binding site of the CSE enzyme, thus may also influence 

other PLP-dependent enzymes (Johnston et al., 1979).  A relatively poor cell-permeability of 

PPG (Marcotte et al., 1976) necessitates the use of fairly high concentrations (1-20mM) in 

biological experiments. 
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Genetic knock-down models: CSE-/- and CBS-/- 
CSE-/- mice have been developed and used by several studies to investigate the cardiovascular 

role of H2S (Mustafa et al., 2011; Yang et al., 2008).  Aside from reduced plasma H2S levels, 

these mice develop significant hyperhomocysteineamia, which is known to adversely affect 

cardiovascular function, decreasing NO availability (Weiss et al., 2002), and reducing 

endothelium derived hyperpolarising factor mediated responses (Cheng et al., 2011).  In 

contrast to CSE-/- mice, CBS-/- are not used in the study of H2S-induced effects. This is due to 

the severity of pathological consequences of the CBS-/- model, including 

hyperhomocysteinaemia, liver injury and death typically within 2-3 weeks of birth (Maclean 

et al., 2010). 

 

In summary, the currently available pharmacological tools used to investigate the biological 

effects of H2S suffer various limitations, such as non-specificity of enzyme inhibitors.  Newer 

methods, such as highly selective enzyme inhibitors, are yet to be developed.  At present, the 

tools described are the best at our disposal, and are therefore in common use to examine the 

biological effects of H2S. 
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1.1.3 Biological effects of H2S 
In 1996, Abe and Kimura were the first to attribute a physiological response to H2S. They 

showed that application of NaHS to hippocampal rat brain slices resulted in facilitation of 

long-term potentiation (Abe et al., 1996). Since then, a range of physiological effects of H2S 

have been observed, including: neuromodulation (Abe et al., 1996; Austgen et al., 2011; 

Dawe et al., 2008; Nagai et al., 2004), vasorelaxation (Zhao et al., 2001), attenuation of 

endothelial dysfunction and atherosclerosis (Suzuki et al., 2011; Wang et al., 2009; Zhao et 

al., 2011), antioxidant (Chai et al., 2012; Kimura et al., 2006; Kimura et al., 2010; Muzaffar 

et al., 2008) and anti- and pro-inflammatory actions (di Villa Bianca et al., 2010; Wallace et 

al., 2007) (for review see (Whiteman et al., 2011)). Several of these effects are reminiscent of 

NO, and both gaseous mediators are produced by calcium-calmodulin dependent enzymes 

(Eto et al., 2002; Yang et al., 2008). Such parallels have led to intensive research into the 

roles of H2S in physiology and pathophysiology, particularly in the cardiovascular system.   

 

To date there has been very little research on the role of H2S in the central regulation of the 

cardiovascular system or cerebrovascular tone.  The present research project has therefore 

investigated i) the role of H2S in central regulation of the cardiovascular system; ii) the role of 

H2S regulation of middle cerebral artery (MCA) tone and iii) diabetes induced changes to the 

MCA H2S-induced response.  The following sections shall review each of these physiological 

and pathophysiological processes in turn, emphasising the rationale for investigating each, 

and any known relevant effects of H2S. 
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1.2 Cardiovascular regulation by the brain 
 

The central nervous system plays a key role in regulating cardiovascular function, particularly 

via several nuclei within the brainstem and hypothalamus known as ‘premotor nuclei’ 

(Guyenet, 2006) (Dampney, 1994).  The premotor nuclei contain presympathetic neurons that 

project directly to the sympathetic preganglionic motor neurons in the intermediolateral 

column (IML) of the spinal cord. These motor regions send inputs to sympathetic post-

ganglionic nerves. These peripheral sympathetic nerves innervate the heart, blood vessels, 

kidneys and the adrenal medulla to regulate cardiovascular function (Guyenet, 2006) (figure 

1.2). Of the premotor nuclei, the present studies have focused on the rostral ventrolateral 

medulla (RVLM), as it has a profound influence on cardiovascular regulation (Dampney, 

1994), and the paraventricular nucleus of the hypothalamus (PVN), as it is an important 

integrative site for cardiovascular function (Badoer, 2001; Badoer, 2010; Deering et al., 2000). 
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Figure 1.2. Diagram illustrating sympathetic innervation via the RVLM and PVN 

Presympathetic neurons within the PVN and RVLM send projections to the IML of the spinal 

cord.  The motor neurons in the IML project to sympathetic post-ganglionic neurons to 

ultimately influence sympathetic effector organs including heart, kidney and resistance 

vessels.  IML, intermediolateral column; RVLM, rostral ventrolateral medulla; PVN, 

paraventricular nucleus. Modified from (Pyner, 2009). 
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Peripheral sympathetic nerve activity enhancement is observed in patients with hypertension, 

congestive heart failure, diabetes, obesity and chronic kidney diseases. The most common 

form of human hypertension is neurogenic hypertension – hypertension associated with 

sympathetic overdrive (Esler, 2010).  It is now well established that increased sympathetic 

nerve activity (SNA) contributes to the development of hypertension (Tsioufis et al., 2011), as 

well as a plethora of pathophysiological consequences independent of raised blood pressure, 

such as myocardial hypertrophy and vascular remodelling.  Sympathetic overactivity is 

associated with augmented neuronal activity in premotor nuclei including the RVLM 

(Kumagai et al., 2012) and PVN (Li et al., 2003; Takeda et al., 1991). The aetiology of this 

augmented neuronal activity in premotor nuclei is incompletely understood. However, 

accumulating evidence suggests the involvement of pathological changes within premotor 

nuclei, such as the RVLM (Kishi et al., 2004; Nishihara et al., 2012; Oliveira-Sales et al., 

2010) and PVN (Allen, 2002; Li et al., 2003; Takeda et al., 1991).  The importance of the 

RVLM and PVN in cardiovascular regulation, and their potential involvement in the 

pathogenesis of cardiovascular diseases are outlined below. 

1.2.1 The rostral ventrolateral medulla 

Role of the rostral ventrolateral medulla in cardiovascular regulation 

The pre-sympathetic neurons in the RVLM appear to play a pivotal role in the tonic and reflex 

control of sympathetic vasomotor activity, such that bilateral inhibition of neurons in the 

RVLM results in a dramatic decrease in both arterial pressure and sympathetic vasomotor 

activity (Dampney, 1994; Guyenet, 2006). The RVLM has a key role in regulating SNA. It 

integrates central and peripheral signals, for appropriate adjustment of sympathetic nerve 

output.  The arterial baroreflex is an example of a peripheral signal integrated by the RVLM, 

such that sudden elevation of blood pressure activates arterial baroreceptors which stimulate a 

neuronal pathway to suppress RVLM activity (Pilowsky et al., 2002). SNA is thus reduced, 

restoring blood pressure. The RVLM also mediates sympathoexcitatory reflexes, such as the 

chemoreflex (Koshiya et al., 1996) and the somatic pressor reflex (Kiely et al., 1994).  

Central inputs from other autonomic-related nuclei, such as the PVN (Badoer, 2001), 

dorsolateral periaqueductal grey (Lovick, 1993) and midline raphe nuclei (Bago et al., 2001), 

also influence the tonic activity of the RVLM. 
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Involvement of the rostral ventrolateral medulla in cardiovascular disease 
Mounting evidence indicates that within the RVLM, elevation of the renin-angiotensin system, 

as well as oxidative stress, contribute to several cardiovascular pathologies including 

spontaneous hypertension, heart failure and renovascular hypertension (Campos et al., 2011). 

The RVLM of spontaneously hypertensive rats (SHR) have an exaggerated response to 

stimulation with L-glutamate (Tsuchihashi et al., 1998), implicating the RVLM in the 

pathogenesis of hypertension.  This anomaly is partly normalised by oral treatment with an 

angiotensin II type 1 (AT1) receptor antagonist (Lin et al., 2005). Nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, a major source of central reactive oxygen species 

(ROS), is upregulated by activation of AT1 receptors (Peterson et al., 2006).  The resultant 

oxidative stress in the RVLM contributes to spontaneous hypertension, since microinjection 

of a superoxide dismutase (SOD) mimetic into the RVLM, or over-expression of the SOD 

producing gene in the RVLM suppressed sympathetic neurogenic vasomotor tone in SHR, but 

not Wistar Kyoto (WKY) rats (Nishihara et al., 2012; Tai et al., 2005). 

 

Oxidative stress in the RVLM has also been shown to contribute to heart failure and 

renovascular hypertension.  ROS scavengers microinjected into the RVLM attenuated the 

cardiac sympathetic afferent reflex in rats (Zhong et al., 2009), a reflex which contributes to 

the enhanced sympathetic activity observed in congestive heart failure (CHF) (Zucker et al., 

2004). In 2 kidney-1 clip rats, a model of renovascular hypertension, over-expression of SOD 

in the RVLM using an adenoviral vector normalised RVLM superoxide levels and completely 

reversed hypertension (Oliveira-Sales et al., 2009).  The RVLM is evidently a key region for 

the development of pathological sequelae in cardiovascular disease, and therefore a potential 

target for the development of novel therapeutics. 
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1.2.2 The Paraventricular nucleus of the hypothalamus 

Role of the paraventricular nucleus in cardiovascular regulation 
Interest in the PVN was sparked by the observation that it has spinally projecting neurons, 

allowing it to influence SNA and thus the cardiovascular system (Swanson et al., 1983) 

(Badoer, 2001) (figure 1.2, p.23).  PVN neurons also project to several sites known to 

influence SNA such as the RVLM, the raphe nuclei and parabrachial nucleus (Coote et al., 

1998; Shafton et al., 1998). 

 

The PVN plays an important role in the regulation of the cardiovascular system, since 

activation of the PVN, either electrically or using excitatory neurotransmitters, produces 

changes in blood pressure and sympathetic nerve activity, which vary from increases to 

decreases (Kannan et al., 1989; Kannan et al., 1987). The effect of PVN stimulation is 

probably dependent on the precise location within the PVN which is stimulated (Deering et 

al., 2000).  The PVN plays a critical role in the regulation of physiological cardiovascular 

reflex functions. For example, neuronal projections from the parvocellular PVN mediate 

baroreflex regulation of lumbar sympathetic nerve activity (LSNA) (Patel et al., 1988) and 

contribute to reflex reduction in sympathetic nerve activity (Ng et al., 2004) and renal 

vasorelaxation (Chen et al., 2011; Lovick et al., 1993) in response to an acute volume load.  

Secretion of oxytocin and vasopressin from PVN magnocellular neurons is also involved in 

blood volume control (Petersson, 2002; Poulain et al., 1982).  These important cardiovascular 

regulatory functions have led to research into the involvement of the PVN in cardiovascular 

pathophysiology. 
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Involvement of the paraventricular nucleus in cardiovascular disease 
Abnormal functioning of the PVN appears to be involved the sympathetic overactivity which 

occurs in certain cardiovascular diseases, including CHF, arterial hypertension and 

myocardial ischaemia (Malliani et al., 2002) (Li et al., 2003). Notably, electrolytic lesions in 

the PVN prevented the development of hypertension (Takeda et al., 1991), and LSNA and 

blood pressure were dramatically reduced by inhibition of the PVN in SHR rats (Allen, 2002). 

One of the major complications of heart failure, excess sympathoexcitation, is associated with 

increased sympathetic drive from the PVN (Li et al., 2003; Patel et al., 2012; Xu et al., 2012).  

Changes within the PVN such as up-regulation of pro-inflammatory cytokines (Kang et al., 

2009) and neuronal nitric oxide synthase (nNOS) down-regulation (Zheng et al., 2011) 

associated with diminished GABA sensitivity of PVN neurons (Patel, 2000), contribute to 

increased sympathetic drive. ROS generation in the PVN also appears to play an important 

role in CHF-induced enhanced sympathetic drive, since PVN superoxide scavengers almost 

abolished CHF sympathetic overdrive (Han et al., 2007).  In aldosterone/salt-induced 

hypertension, gene silencing of NADPH oxidase isoforms 2 and 4 using siRNA injections 

into the PVN significantly attenuated hypertension, implicating involvement of NADPH 

oxidase generated ROS (Xue et al., 2012). 

1.2.3 Possible involvement of H2S in cardiovascular regulation by the brain 
H2S has been shown to perform several neuromodulatory roles, including facilitation of long 

term potentiation (Abe et al., 1996), induction of calcium waves in astrocytes (Nagai et al., 

2004) and regulation of release of corticotrophin releasing hormone from the hypothalamus 

(Dello Russo et al., 2000).  Peripherally, H2S has several cardiovascular effects, including 

vasorelaxation (Zhao et al., 2001) and protection against cardiac ischaemia reperfusion injury 

(Calvert et al., 2009).  It has been proposed that H2S may regulate resting blood pressure, 

since CSE knockout mice had elevated blood pressure in one study (Yang et al., 2008), 

although a more recent study showed no effect of CSE knockout on blood pressure (Ishii et 
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al., 2010).  Given its neuromodulatory effects and peripheral cardiovascular effects, the 

question arises as to whether or not H2S may function as a central cardiovascular regulator. 

 

Indeed, there is limited evidence that H2S may be important in cardiovascular regulation via 

the brain.  For example, a 60 minute infusion of NaHS (0.4 µmol) into the lateral cerebral 

ventricle resulted in an increase in blood pressure (Ufnal et al., 2008).  Conversely, a rapid 

cerebroventricular infusion of higher amounts of NaHS (3-303 µmol over 30 seconds) 

resulted in significant decreases in blood pressure and heart rate (Liu et al., 2011a).  Another 

study focused specifically on the posterior hypothalamus (PH) (Dawe et al., 2008). 

Microinjection of NaHS into the PH slightly reduced blood pressure (by approximately 

5mmHg), and the CBS inhibitors, AOA and HA, both slightly increased blood pressure 

(Dawe et al., 2008). The nucleus tractus solitarius (NTS) is an integratory site for visceral 

afferents such as baroreceptor and chemoreceptor fibres (Austgen et al., 2011). 

Administration of NaHS to brain stem slices augmented pre-synaptic transmission in the NTS, 

whereas AOA depressed synaptic activity (Austgen et al., 2011).  In a recent study, 

microinjection of NaHS into the RVLM induced reductions in LSNA, blood pressure and 

heart rate, while AOA induced elevations of these parameters (Guo et al., 2011).  However, at 

the time of this study, the role of H2S in cardiovascular regulation via the RVLM or PVN, 

regions with profound influences on cardiovascular regulation (see above 1.2.1, p.24 and 

1.2.2, p.26), had not been investigated.  
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1.3 Middle cerebral artery tone  
The brain has a minimal storage of energy sources, and thus relies on a steady delivery of 

adequate oxygen and glucose via blood flow through cerebral vessels.  Interruption of blood 

flow to the brain can result in irreversible neuronal damage within minutes (Pagnussat et al., 

2007).  The regulation of cerebrovascular tone is crucial for maintaining appropriate blood 

flow to the brain.  

  

1.3.1 Function of the middle cerebral artery 
The middle cerebral artery (MCA) is the largest cerebral artery and arises from a trifurcation 

of the internal carotid artery (figure 1.3).  It supplies most of the temporal lobe, anterolateral 

frontal lobe (and the majority of the primary motor cortex), parietal lobe (and the majority of 

the somatosensory cortex), nearly all of the basal ganglia, and the posterior and anterior 

internal capsules. In contrast to the peripheral vasculature, large cerebral arteries, such as the 

MCA, are important contributors to cerebral vascular resistance (Faraci et al., 1990).  Thus, 

the tone of the MCA is an important determinant of overall cerebral blood flow.  Aberrant 

MCA tone can be involved in the pathophysiology of certain conditions, such as Alzheimer’s 

disease and stroke. 
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Figure 1.3 Diagram illustrating position of middle cerebral artery 

Ventral view of a rat brain showing the position of the middle cerebral artery, among other 

major cerebral arteries.  The trifurcation of the internal carotid artery into middle cerebral 

artery, posterior communicating artery and anterior cerebral artery is also demonstrated.   The 

circle of Willis is also pictured – a circle of arteries formed by the junction of the posterior 

communicating arteries, posterior cerebral arteries and anterior cerebral arteries.  MCA, 

middle cerebral artery; ACA, anterior cerebral artery; ICA, internal carotid artery; PC, 

posterior communicating artery; PCA, posterior cerebral artery; ECA, external carotid artery; 

BA, basilar artery; CCA, common carotid artery.  Adapted from (O'Neill et al., 2001). 
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1.3.2 Implications of middle cerebral artery tone in pathophysiology of disease 

Alzheimer’s Disease 

Although the traditional hypothesis for the pathophysiology of Alzheimer’s disease involves 

the accumulation of β-amyloid resulting in neuronal dysfunction (Kelley et al., 2007), 

accumulating evidence suggests that cerebral vasculopathy plays an additional role (Iadecola, 

2004).  Notably, Alzheimer’s disease patients have an increased incidence of ischaemic brain 

lesions and atherosclerosis of cerebral vessels (Roher et al., 2003; Skoog et al., 2006).  

Several lines of evidence from animal models suggest that β-amyloid may be involved in the 

genesis of this vasculopathy, for example, β-amyloid attenuates endothelium dependent 

responses (Iadecola et al., 1999) and impairs cerebrovascular autoregulation (Niwa et al., 

2002).  It is well established that hypertension disrupts cerebrovascular tone regulation and 

causes atherosclerosis (Iadecola et al., 2008).  A growing body of evidence suggests that these 

hypertension-induced changes increase susceptibility to Alzheimer’s disease (Iadecola et al., 

2008). 

Haemorrhagic stroke 

After a subarachnoid haemorrhage, cerebral vasospasm occurs in vessels including the MCA 

(Kasprowicz et al., 2012).  This vasoconstriction contributes to delayed ischaemic 

neurological deficits and increases the risk of ischaemic stroke (Qi et al., 2011).  During the 

acute phase (1-5 days) after a haemorrhagic stroke, there is also an impairment of cerebral 

autoregulation, or the ability of cerebral vessels to respond to changes in transmural pressure 

(Diedler et al., 2009).   Since cerebral autoregulation normally protects the brain from 

fluctuations in perfusion, this impairment results in an increased risk of subsequent 

cerebrovascular events, such as haemorrhage or ischaemia.  Also during the acute phase after 

subarachnoid haemorrhage, upregulation of receptors for vasoconstrictor substances, such as 

endothelin and serotonin, has been observed (Edvinsson et al., 2011), yielding dramatic 

changes in the contractility of vessels, and compounding increased risk of subsequent 

cerebrovascular events.   
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Ischaemic stroke 
After ischaemic stroke, progressive damage to cerebral vessels occurs (Fagan et al., 2004). In 

the acute phase (hours post stroke) myogenic reactivity of the MCA is decreased (Cipolla et 

al., 1997), and endothelium dependent responses are abolished due to enhanced ROS 

production (Kontos, 2001). In the chronic phase (days to months post stroke) atherosclerosis 

occurs as a result of enhanced production of apoptotic and angiogenic factors in endothelial 

cells (Fagan et al., 2004).  Both acute and chronic effects may decrease brain tissue perfusion, 

causing further damage to the compromised, but salvageable, penumbra and increasing the 

risk of secondary stroke.  

 

A great number of neuroprotective agents have been trialled for protection against post-stroke 

neuronal cell death, without success (O'Collins et al., 2006).  Due to the anomalous 

cerebrovascular tone regulation post ischaemic and haemorrhagic stroke (Cipolla et al., 1997) 

((Kontos, 2001), there is increasing focus on the development of therapeutics which target 

vascular mechanisms (Moskowitz et al., 2010). 

Thrombotic stroke 
Inappropriate MCA tone may increase the risk of thrombotic stroke by reducing blood flow.  

Although thrombotic strokes often occur in smaller, penetrating arteries (Cho et al., 2007), 

they may also occur in MCA (Yoo et al., 1998). Reduced blood flow enhances the risk of clot 

formation in diseased cerebral vessels. For example, sleep apnoea has been demonstrated to 

reduce blood flow in the MCA and may be responsible for the increased risk of stroke 

observed in these patients (Franklin, 2002; Netzer et al., 1998).   

 

The maintenance of physiological tone of the MCA is crucial to maintain appropriate cerebral 

blood flow, and failure can result in severe pathological sequelae. Understanding the intricate 

mechanisms in place to regulate tone may allow for the development of therapeutic tools. 
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1.3.3 Control of middle cerebral artery tone 
There are marked differences between peripheral and cerebral artery tone regulation, notably 

since cerebral arteries must maintain adequate blood flow to the brain over a wide range of 

systemic pressure and internal demands.  In order to achieve a relatively constant blood flow, 

cerebral vessels respond to changes in perfusion pressure with a profound change in 

resistance (Faraci et al., 1998). Myogenic tone, whereby vessels constrict upon increased 

perfusion pressure, plays a particularly important role in cerebral blood flow autoregulation.   

 

This section reviews the influence of several relevant factors and their influence on 

cerebrovascular tone: ion channels, bicarbonate exchange, endothelial derived factors and 

ROS. 

 

Ion channels 
Ion channels play a crucial role in the regulation of vascular smooth muscle (VSM) tone by 

regulating intracellular calcium concentration via effects on membrane potential.  VSM cells 

express a variety of calcium, potassium, chloride and stretch-activated cation channels 

(Jackson, 2000).  The major channels which were investigated for their involvement in the 

H2S-induced response in the present thesis were potassium and calcium channels, because 

previous studies suggested that these are the most likely targets. Therefore, the role of 

potassium and calcium ion channels in VSM is outlined below, with reference to their 

influence on cerebrovascular tone.  
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Potassium Channels: Opening of potassium channels hyperpolarises the cell membrane 

through efflux of potassium ions, thus causing closure of voltage gated calcium channels 

(VGCC) and leading to vasorelaxation (Brayden, 2002) (figure 1.4, p.44).  The activity of 

potassium channels on smooth muscle membranes is a major determinant of vascular tone, 

since the change in activity of only a few K+ channels can alter membrane potential 

significantly, and affect vascular tone (Nelson et al., 1995b).   

 

Adenosine triphosphate-sensitive potassium channels (KATP) play an important role in 

regulating resting membrane potential of VSM, such that blockade of KATP causes 

depolarisation of VSM and subsequent increased tone (Nakashima et al., 1995; Nelson et al., 

1990). KATP contain two distinct types of protein subunits, the inwardly rectifying potassium 

channel subunits (of which there are two isoforms KIR6.1 or KIR6.2) and the sulphonylurea 

receptor (SUR, of which multiple isoforms exist: SUR1, SUR2A, SUR2B) (Brayden, 2002). 

In cerebral vessels, KATP channel subunits KIR6.1 and SUR2B are prominently expressed on 

smooth muscle cells (Adebiyi et al., 2011; Ploug et al., 2006) and opening of KATP induces 

pharmacological relaxation associated with hyperpolarisation (Faraci et al., 1998). 

 

KATP are coupled to cellular metabolic activity, such that a decrease in the ratio of 

intracellular adenosine triphosphate (ATP) to adenosine diphosphate concentration results in 

channel opening, and thus vasorelaxation.  This is suggestive of a mechanism to allow blood 

vessels to respond directly to inadequate oxygenation.  Indeed, blockade of KATP has been 

shown to inhibit hypoxic vasorelaxation in both peripheral and cerebral vessels (Liu et al., 

1998; Reid et al., 1993), although the role of KATP in hypoxic vasorelaxation remains 

controversial (Adebiyi et al., 2011).  Studies in VSM suggest that nucleoside concentration 

may not be the most important determinant of KATP opening or closure, and the ATP 
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concentration may serve only to set a low background open probability, while other factors, 

such as sulfhydration or phosphorylation, may be more likely to cause KATP opening (Quayle 

et al., 1997; Zhang et al., 2010).  Notably, it has been demonstrated that H2S sulfhydrates 

KATP in vitro, which reduces ATP binding to the KIR6.1 subunit, thus enhancing KATP open 

probability (Mustafa et al., 2011). 

 

Inwardly rectifying potassium channels (KIR) are channels which allow K+ to pass more 

readily into a cell than out (Quayle et al., 1993).  These channels are present in a diverse 

range of arteries and arterioles, including the rat middle cerebral artery (Johnson et al., 1998), 

and play a role in vasorelaxation induced by increased extracellular K+ (Quayle et al., 1993).  

Since neuronal activity stimulates K+ release, these channels play an important role in 

coupling neuronal function to cerebral blood flow in rats (Filosa et al., 2006).  The 

observation that barium chloride (BaCl), a KIR channel blocker, induces a dose dependent 

constriction of rat MCA (Johnson et al., 1998) indicates that these channels are also important 

in regulation of resting cerebrovascular tone.  

 

Three types of calcium-activated potassium channels (KCa) are present in cerebral vessels in 

various species: large, intermediate and small conductance (BKCa, IKCa and SKCa, 

respectively).  BKCa form an integral part of the response to ‘calcium sparks’- local, 

intracellular calcium transients caused by the release of Ca2+ from a cluster of ryanodine-

sensitive calcium channels on the sarcoplasmic reticulum (Jaggar et al., 2000).  Calcium 

sparks are initiated by the entry of calcium through voltage gated calcium channels, and the 

resultant Ca2+ release from the sarcoplasmic reticulum activates BKCa causing 

hyperpolarisation and thus vasorelaxation (Nelson et al., 1995a).  Blockade of BKCa results in 

vasoconstriction of large cerebral arteries, demonstrating their critical role in the regulation of 
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normal cerebrovascular tone (Nelson et al., 1995a). There is no evidence that BKCa are 

expressed in endothelial cells in intact vessels, except in some pathological states (Hughes et 

al., 2010). IKCa and SKCa are present in rat cerebrovascular endothelial cells, and are involved 

in the activity of EDHF (Zygmunt et al., 1996).   

 

Voltage-gated potassium channels (KV) open in response to depolarisation, and they are thus 

suggested to provide an important negative feed-back to arterial constriction (Nelson et al., 

1995b).  KV channels are a highly diverse family of potassium channels, composed of 4 pore-

forming subunits, which arise from at least 11 different gene families (KV1- KV11), each 

composed of several different members (Coetzee et al., 1999; Ottschytsch et al., 2002).  

Inhibitors of KV cause cerebral artery constriction, indicating that KV are involved in 

maintenance of cerebral artery tone (Knot et al., 1995; Zhong et al., 2010).  

 

  



 37 

Voltage gated calcium channels: VGCC open in response to depolarisation, or close in 

response to hyperpolarisation of the cell membrane, thus regulating entry of extracellular 

calcium, and vascular tone.   There are 10 molecular sub-types of VGCC, which are assigned 

into three groups (CaV1, 2 and 3).  CaV1 (1.1-1.4) are all L-type channels, CaV2.1 are P/Q, 

CaV2.2 are N and CaV2.3 are R and all CaV3 (3.1-3.3) are T-type channels (Kuo et al., 2011).  

Of these channel subtypes, L-type calcium channels play a dominant role in the maintenance 

of VSM tone (Moosmang et al., 2003), and overactivity of L-type calcium channels is 

associated with hypertension (Pesic et al., 2004) and cerebrovascular disease (Koide et al., 

2011).  Pharmacological as well as histological evidence also point to a role for T-type 

calcium channels in the maintenance of cerebrovascular (Kuo et al., 2011; Lam et al., 1998; 

Navarro-Gonzalez et al., 2009) and peripheral vascular tone (Cribbs, 2001), although this 

remains controversial (Kuo et al., 2011).  P/Q, N and R type channels are largely confined to 

neurons (Catterall et al., 2005) and it is not known if these channels play a role in the 

maintenance of cerebrovascular tone. 

 

VSM tone is regulated by a large array of dilating and constricting substances, but the vast 

majority of these elicit their vasoactivity through a change in smooth muscle intracellular 

calcium concentration ([Ca2+]i) (Nelson et al., 1990). VGCC are important in regulating 

[Ca2+]i via changes in membrane potential (figure 1.4, p.44).  However, voltage-independent 

regulation of [Ca2+]i also occurs, via release of calcium from internal stores (Kuo et al., 2011).  

The contribution of each mechanism to vascular tone in peripheral vessels varies according to 

vessel type, with conduit arteries depending more on calcium release from internal stores, and 

resistance vessels depending more on VGCC (van Breemen et al., 1989).  In the middle 

cerebral artery, both mechanisms play an important role, although their relative contribution 

depends on species and age (Long et al., 2000; Skarby et al., 1985). 
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Bicarbonate exchange 
The major transport mechanisms that regulate intracellular pH (pHi) in smooth muscle cells 

are: Cl-/HCO3
- exchange (which functions to acidify the cell), Na+/H+ exchange and Na+ 

dependent Cl-/HCO3
- (which both function to alkalinise the cell) (Madden et al., 2001).  

Maintenance of physiological pHi is crucial to the function of VSM, since enzymes are pH 

sensitive, and modification of pHi may disrupt the activity of a vast array of enzymes and ion 

channels (Schulz et al., 2011).  For example, reduced pHi in endothelial cells disrupts 

endothelial nitric oxide synthase (eNOS) activity, thereby reducing NO bioavailability 

(Boedtkjer et al., 2011).  In smooth muscle cells, decreased pHi reduces opening probability 

of BKCa (Schubert et al., 2001) and L-type calcium channels (Klockner et al., 1994) (figure 

1.4, p.44), as well as reducing the sensitivity of the contractile machinery to calcium (Gardner 

et al., 1988; Peng et al., 1998). The overall effect of altered pHi on vascular tone depends on 

the vessel type, as well as the degree of tone present (Wray et al., 2004), although generally, 

decreased pHi causes vasorelaxation, while increased pHi causes vasoconstriction (Aalkjaer et 

al., 1997). 

 

Bicarbonate exchange is important in recovery from acid or base challenge, as demonstrated 

by experiments using 4,4’-diisothio-cyanostilbene-2,2’-disulfonicacid (DIDS), a general 

inhibitor of bicarbonate exchangers (Parks et al., 2009), although DIDS is recognised to have 

other actions (see section 1.3.4 Proposed mechanisms of H2S-induced vasorelaxation, 

bicarbonate exchange, p.48).  DIDS inhibits recovery from an acute acid (Carr et al., 1995) as 

well as base (Aickin, 1988) load in smooth muscle cells.  The influence of acid handling 

within cells of the cerebral vasculature is particularly important, since cerebral artery tone is 

acutely sensitive to plasma or extracellar pH via pCO2 (Brian et al., 1996).  Evidence suggests 

that Na+ dependent Cl-/HCO3
- exchange is involved in the recovery of cerebral microvascular 

endothelium from an acid load (Hsu et al., 1996).  There is also evidence that bicarbonate 
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exchange may be important in myogenic tone development, since DIDS and a bicarbonate 

free medium both inhibited myogenic tone in rabbit posterior cerebral artery (Henrion et al., 

1994). 

 

The endothelium 
The endothelium produces and releases potent relaxing and constricting factors that regulate 

the tone of underlying VSM. Three of the most influential endothelial derived vasoactive 

factors are NO, prostacyclin (PGI2) and endothelium derived hyperpolarising factor (EDHF).  

The influence of NO, PGI2 and EDHF on cerebrovascular tone are discussed below. 

 

Nitric Oxide: The vasoactivity of endothelium derived relaxing factor (EDRF) has been 

attributed to NO (Palmer et al., 1987).  NO is produced via a family of isoenzymes known as 

nitric oxide synthases (NOS).  Named according to the cell type in which they were initially 

discovered, NOS isoenzymes include endothelial NOS (eNOS), neuronal NOS (nNOS) and 

inducible NOS (iNOS, initially discovered in macrophages). Like H2S, NO is a small, gaseous 

molecule, and therefore, once produced in endothelial cells, NO freely diffuses to the adjacent 

smooth muscle cells. NO induces relaxation via stimulation of soluble guanylate cyclase 

(sGC), resulting in an increase in intracellular cyclic guanosine monophosphate (cGMP) 

concentration (figure 1.4, p.44), and this activates protein kinase G (Schmidt et al., 1994), 

which activates myosin light-chain phosphatase increasing the dephosphorylation of myosin 

regulatory light chain (Surks, 2007).  In MCA, two isoforms of NOS, eNOS and nNOS are 

constitutively expressed (Briones et al., 2002) and NO produces potent vasorelaxation of 

cerebral vessels (Salom et al., 1999; Salom et al., 1998).  It has been demonstrated that NO 

influences cerebrovascular tone under basal conditions, and plays a crucial role in the 

regulation of cerebral blood flow (Faraci, 1993; Toda et al., 2009).  
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Prostacyclin: Prostacyclin (PGI2) belongs to the family of prostanoids, bioactive lipid 

mediators formed from arachadonic acid via cyclooxygenase (COX). Arachadonic acid is 

formed mainly from cell membrane phospholipids by the action of phospholipase A2 

(Bogatcheva et al., 2005).  COX converts arachadonic acid to prostaglandin H2, the precursor 

to prostanoids, which is then converted to PGI2 via prostacyclin synthase.  Arachadonic acid 

may also be acted on by either lipoxygenases, or cytochrome P450 monooxygenases to 

produce vasoactive arachodonic acid metabolites (Bogatcheva et al., 2005). PGI2 is the major 

product of COX in endothelial cells (Moncada et al., 1976).  The actions of PGI2 are mediated 

mainly by its action on two receptor types: the cell surface prostacyclin receptor (IP), and the 

intracellular peroxisome proliferator-activated receptor β/δ (Mitchell et al., 2008). IP 

receptors are present on smooth muscle cells and their activation by PGI2 increases 3′-5′-

cyclic adenosine monophosphate (cAMP) formation resulting in vasorelaxation via cAMP-

dependent protein kinase A activation (figure 1.4, p.44)(Stitham et al., 2007). In MCA, COX 

and prostacyclin synthase expression (Ospina et al., 2002) as well as IP receptor expression, 

have been demonstrated and IP receptor activation induces vasorelaxation (Myren et al., 

2011). PGI2 plays an important role in cerebral vessel endothelium-mediated responses in 

neonates, although this role declines with maturation, such that in adulthood, PGI2 plays only 

a minor role, with responses mainly mediated by NO and EDHF (Zuckerman et al., 1996).   

Endothelium derived hyperpolarising factor (EDHF): After inhibition of production of NO 

and PGI2, a residual endothelium dependent relaxation exists, that is concurrent with VSM 

cell hyperpolarisation and activation of K+ channels (Feletou et al., 1988; Komori et al., 

1988).  This hyperpolarisation was initially attributed to a single entity, termed EDHF.  

However, more than 20 years of research have demonstrated that the EDHF response is 

attributable to multiple signaling pathways between endothelial cells and VSM, only some of 

which involve the release of factors (Edwards et al., 2010).  All EDHF pathways are 
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dependent on an initial increase in endothelial intracellular calcium (Fukao et al., 1995). The 

ensuing pathways causing VSM depolarisation can be divided into two broad categories.  The 

‘classical’ pathway involves subsequent activation of endothelial SKCa and IKCa, resulting in 

endothelial cell hyperpolarisation (Zygmunt et al., 1996) (figure 1.4, p.44).  But exactly how 

endothelial cell hyperpolarisation causes smooth muscle cell hyperpolarisation remains a 

topic of debate.  Mounting evidence implicates involvement of myoendothelial gap junctions 

in EDHF mediated relaxations in both peripheral and cerebral vessels (Ujiie et al., 2003; Xu 

et al., 2002) (figure 1.4, p.44).  There are also various lines of evidence that K+ escaping from 

endothelial cell KCa can hyperpolarise VSM via activation of Na+/K+-ATPases and/or KIR 

channels (Edwards et al., 2010).  The other EDHF pathway does not involve endothelial cell 

hyperpolarisation.  Instead, diffusible factors may be released from the endothelium upon 

increased intracellular calcium, causing activation of BKCa and KATP channels on VSM 

(Edwards et al., 2010) (figure 1.4 p.44).    Candidates for diffusible factors released via this 

second pathway include NO, nitroxyl anions, PGI2, epoxyeicosatrienoic acids, hydrogen 

peroxide, C-naturetic peptide (Luksha et al., 2009) and H2S (Mustafa et al., 2011; Yang et al., 

2008).  

The contribution of EDHF to endothelium dependent relaxation varies depending on the 

vessel type, generally increasing as the vessel size decreases (Tomioka et al., 1999).  

Evidence suggests that this is also the case in cerebral vessels, whereby EDHF mediated the 

majority of endothelium induced vasorelaxation in rat MCA branches, but nitric oxide was the 

dominant mediator of the response in MCAs (You et al., 1999).  
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Reactive oxygen species 
ROS can be divided into free radicals, such as superoxide (O2˙-) and hydroxyl (OH˙); non-

radicals, such as hydrogen peroxide (H2O2); and reactive nitrogen species, such as NO 

(technically, NO˙, since it is a radical gas, with an unpaired electron) and peroxynitrite 

(ONOO-).  In vascular cells, there are multiple sources for the generation of ROS, including 

mitochondria, cyclooxygenases and NADPH oxidases, indicating a physiological importance 

for ROS (Faraci, 2006).  Indeed, ROS are generated at low levels in cerebral vessels (Miller et 

al., 2005) and are essential for normal vascular cell physiology, having multiple functions, 

including regulation of tone.  O2˙- and H2O2 were examined for their possible involvement in 

H2S-induced vasorelaxation of MCA in the present research project, since O2˙- is the parent 

ROS molecule, and H2O2 is regarded a particularly important ROS molecule in regulation of 

vascular function, due to its stability and ability to diffuse across membranes (Miller et al., 

2006).  

O2˙- is formed from molecular oxygen via oxidases and is a precursor for H2O2 formation (via 

SOD), as well as reactive nitrogen species (Miller et al., 2006).  Due to its poor membrane 

permeability and short half-life, O2˙- itself is unlikely to play an important role in regulation 

of VSM tone under physiological conditions (Miller et al., 2006), although pathologically 

increased production may alter this.  In the cerebral vasculature, O2˙- generation from NADPH 

or nicotinamide adenine dinucleotide (NADH) causes relaxation of rabbit and mouse cerebral 

arteries at low substrate concentrations (Didion et al., 2002a; Park et al., 2004), which is 

blocked by tetraethylammonium, indicating involvement of K+ channels (Didion et al., 

2002a). Conversely, at higher substrate concentrations constriction of rabbit cerebral arteries 

was observed (Didion et al., 2002a).  In peripheral vessels, vasoconstriction by O2˙- is thought 

to be due to the rapid reaction of O2˙- with NO and subsequent loss of vasodilator influence of 

NO.  Evidence in cerebral vessels also indicates that O2˙- induced constriction occurs via 

decreasing basal vasodilator effects of NO (Demchenko et al., 2002).  
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Exogenous and endogenous H2O2 have been demonstrated to produce vasorelaxation of 

cerebral vessels (Wei et al., 1996; Yang et al., 1998). H2O2-induced relaxation of cerebral 

vessels has been variably attributed to endothelium-dependent (Yang et al., 1998) and -

independent (Fraile et al., 1994) mechanisms; opening of KCa (Sobey et al., 1997), and 

opening of KATP (Wei et al., 1996).   
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Figure 1.4 Diagram illustrating mechanisms contributing to vasorelaxation of smooth muscle 

cells 

In VSM, hyperpolarisation causes closure of VGCC, decreasing intracellular Ca2+ and 

eliciting vasorelaxation.  Various mechanisms lead to hyperpolarisation of VSM, including 

efflux of K+ through VSM K+ channels and EDHF. The EDHF pathway consists of an initial 

increase in intracellular calcium in endothelial cells which causes VSM hyperpolarisation via 

various pathways, including transfer of hyperpolarisation via gap junctions, or release of 

diffusible factors from endothelium which activate BKCa and KATP channels on VSM. NO and 

PGI2, are produced in endothelial cells before diffusing to adjacent smooth muscle cells to 

increase cGMP and cAMP levels, respectively, thus causing vasorelaxation.  Activation of Cl-

/HCO3
- exchange on VSM causes intracellular acidification, which reduces the open 

probability of VGCC, causing vasorelaxation. VSM, vascular smooth muscle; VGCC, 

voltage-gate calcium channels; EDHF, endothelial derived hyperpolarising factor; NO, nitric 

oxide; PGI2, prostacyclin; NOS, nitric oxide synthase; COX, cyclo-oxygenase; cAMP, cyclic 

adenosine monophosphate; cGMP, cyclic guanosine monophosphate; GTP, guanosine 

triphosphate; ATP, adenosine triphosphate. 
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1.3.4 Proposed mechanisms of H2S-induced vasorelaxation  

Paucity of data in cerebral vessels 
Apart from the present research, there are only three recent studies that have investigated the 

mechanism of H2S-induced vasorelaxation of cerebral vessels. The latest study demonstrated 

that H2S increased the frequency of Ca2+ sparks in piglet cerebral arteriole smooth muscle 

cells, causing an increase in the frequency of transient KCa current, and thus vasorelaxation 

(Liang et al., 2012).  In an in vivo study, using piglet pial arterioles (50 µm diameter), the 

vasorelaxation response to a H2S solution was found to be entirely mediated by KATP channels 

(Leffler et al., 2010).  In another study, using piglet cerebral arterioles (200µm diameter) in 

vitro, only 55% of the vasorelaxation could be attributed to KATP channels (Liang et al., 2011). 

Additionally, the latter study showed that the Na2S (a H2S donor) mediated vasorelaxation of 

cerebral vessels of SUR2 (a KATP subunit) knockout mice was only 50% of the wild type mice 

(Liang et al., 2011).  Thus, KATP channels play a variable role in the H2S-induced 

vasorelaxation of cerebral vessels. The mechanism of H2S-induced vasorelaxation of cerebral 

vessels is incompletely understood, and contributing mechanisms other than KATP and KCa 

channels have not been investigated.  In contrast, numerous studies have investigated H2S 

function in peripheral vessels. 
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Proposed mechanisms of H2S-induced vasorelaxation in peripheral vessels  
Evidence on the contribution of various mechanisms to the H2S-induced relaxation of 

peripheral vessels is reviewed below. 

Ion channels 
Ion channels which have been shown to be involved in the H2S-induced vasorelaxation of 

peripheral vessels include: potassium channels, specifically KATP, KCa, KIR and KV; and 

VGCC.  

 

Potassium channels: KATP channel opening has been reported as a key mechanism for H2S-

induced vasorelaxation in various studies in peripheral vessels (Cheng et al., 2004; Zhao et 

al., 2001). However, the role of KATP channels in the H2S-induced vasorelaxation in 

peripheral vessels remains controversial.  In some studies, using rat and mouse aorta, only 

partial inhibition of the relaxation induced by NaHS was demonstrated by blockade of KATP 

channels (Al-Magableh et al., 2011; Cheng et al., 2004; Zhao et al., 2001). By contrast, other 

studies using rat mesenteric arteries, and rat and mouse aorta, failed to demonstrate any role 

of KATP channels in the vasorelaxation mediated by H2S (Jackson-Weaver et al., 2011; Kiss et 

al., 2008; Kubo et al., 2007).  

 

One study suggests a role for KIR channels, since 30µM BaCl, a concentration which is 

relatively selective for KIR channels, inhibited H2S-induced vasorelaxation of mouse aorta 

(Al-Magableh et al., 2011).  A recent study suggests involvement of BKCa in the relaxation 

induced by H2S in rat small mesenteric arteries (Jackson-Weaver et al., 2011), although these 

channels were not involved in the H2S-induced relaxation of the chicken ductus arteriosis 

(van der Sterren et al., 2011). The role of IKCa and SKCa in H2S-induced vasorelaxation shall 

be discussed under section 1.3.4 The endothelium, EDHF (p.49). 
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The contribution of KV to H2S-induced vasorelaxation varies depending on the tissue and 

species studied. A KV channel blocker induced a small attenuation of the H2S-induced 

relaxation in rat coronary arteries (Cheang et al., 2010) and mouse aorta (Al-Magableh et al., 

2011), although it had no effect on H2S-induced relaxation of rat aorta or chicken ductus 

arteriosis (Kiss et al., 2008; van der Sterren et al., 2011; Zhao et al., 2001).    

 

The specific sub-type, KV7 may be involved in the vasorelaxation induced by H2S. This 

evidence comes from an investigation into the possible involvement of H2S in producing the 

anti-contractile effect of fat (Schleifenbaum et al., 2010). It has been shown previously that 

perivascular fat attenuates noradrenaline induced aortic vasoconstriction (Soltis et al., 1991), 

an effect that is mediated by a transferable ‘adipocyte-derived relaxing factor’ (ADRF) (Lohn 

et al., 2002).  A major mechanism of ADRF is via opening of KV (Verlohren et al., 2004).  

Schleifenbaum et al. show that the inhibition of contraction by ADRF is sensitive to selective 

inhibition of KV7 (Schleifenbaum et al., 2010).  Interestingly, the anti-contractile effect of fat 

was also sensitive to inhibition of H2S production.  These observations, taken together with 

the findings that H2S-induced relaxation is KV7 sensitive (Schleifenbaum et al., 2010), and 

CSE is expressed in perivascular adipose tissue (Fang et al., 2009), suggest that H2S is an 

ADRF.  Another line of evidence that H2S is an ADRF comes from a study where the 

vasoconstrictors, phenylephrine, serotonin and Angiotensin II, all increased the release of H2S 

from periadventitial adipose tissue (Fang et al., 2009).  Further investigations, perhaps using 

CSE gene-silencing techniques, will be required to confirm the interesting hypothesis that 

H2S is an ADRF. 
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Voltage gated calcium channels (VGCC): Among VGCC sub-types; L-type calcium channels 

have the most clearly defined role in the maintenance of VSM tone and have therefore been 

studied for their involvement in H2S-induced vasorelaxation.  Nifedipine is a dihydropyidine 

VGCC blocker with high selectivity towards L-type calcium channels (Furukawa et al., 1999).  

H2S-induced relaxation of rat aorta is inhibited by a calcium free bath solution (Zhao et al., 

2002), and nifedipine inhibited H2S relaxation of both rat and mouse aorta (Al-Magableh et 

al., 2011; Zhao et al., 2002).  In the study by Al-magableh et al., NaHS 10mM inhibited 

contraction to the replacement of calcium in the presence of 100mM KCl to depolarise VGCC, 

indicating that H2S blocks entry of extracellular calcium through VGCC.  It has also been 

demonstrated by patch clamp that H2S inhibits L-type calcium channel current, albeit in 

cardiomyocytes (Sun et al., 2008).  

Bicarbonate exchange 

Bicarbonate exchange is important in maintenance of smooth muscle pHi and thus vascular 

function (see section 1.3.3 Control of MCA tone, bicarbonate exchange, p.38). The 

bicarbonate exchange inhibitor, DIDS, abolished H2S-induced vasorelaxation of rat aorta 

(Kiss et al., 2008; Lee et al., 2007), and attenuated the relaxation in mouse aorta (Al-

Magableh et al., 2011). Both studies in the rat aorta attribute the vasorelaxant action of H2S to 

decreased smooth muscle pHi (Kiss et al., 2008; Lee et al., 2007).  One study attributes this 

decreased pHi to NaHS-induced enhancement of the Cl-/HCO3
- exchanger (Lee et al., 2007). 

In the study by Kiss et al, it is hypothesised that decreased pHi is due to metabolic inhibition 

(Kiss et al., 2008), since H2S is a known inhibitor of cytochrome c oxidase (Khan et al., 1990). 

In support of their hypothesis, they observed that a H2S solution decreased the ATP content of 

rat aortic rings and that H2S-induced vasorelaxation was enhanced in the absence of oxygen 

(Kiss et al., 2008). DIDS has several non-specific effects, including inhibition of sodium 

channels (Liu et al., 1998) and activation of ryanodine channels (Hill et al., 2002) 

confounding results of the aforementioned studies.  Further research will be required to 

interpret the implications of DIDS-sensitivity upon our understanding of the mechanism of 

H2S-induced vasorelaxation. 
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The endothelium 
H2S-induced vasorelaxation has been shown to be partially dependent on the endothelium in 

some studies in rat aorta and mesenteric artery (Cheng et al., 2004; Zhao et al., 2002; Zhao et 

al., 2001). However, not all studies are in agreement, some showing no effect of endothelium 

removal on the H2S-induced relaxation of rat and mouse aorta (Al-Magableh et al., 2011; 

Hosoki et al., 1997; Kubo et al., 2007).  Any influence of H2S on endothelial-induced 

relaxation may be mediated via altered production, release or action of endothelial-derived 

vasoactive factors.  For example, some studies indicate that H2S may act synergistically with 

NO to induce vasorelaxation (Liew et al., 2007; Zhao et al., 2002; Zhao et al., 2001).   

 

Evidence on the involvement of the endothelial derived factors, NO, PGI2 and EDHF in the 

mechanism of H2S-induced relaxation is discussed below. There is controversial evidence that 

H2S may be responsible for at least part of the EDHF response, which is also reviewed (see 

endothelial derived hyperpolarising factor, p.50).  

 

Nitric oxide: In rat aorta, H2S-induced relaxation was attenuated by inhibition of NO synthesis 

using L-NAME (Zhao et al., 2002; Zhao et al., 2001).  The relaxation induced by NaHS was 

greatly enhanced in the presence of the NO and vice-versa (Hosoki et al., 1997).  These 

observations suggest that H2S enhances either the action or production of NO. The hypothesis 

that H2S enhances the production of NO is supported by the observation that Na2S applied to 

bovine aortic endothelial cells resulted in a two-fold increase in NO production (Predmore et 

al., 2011).  However, the effect of H2S on NO production remains controversial, since several 

studies in rat and mouse aorta and rat mesenteric artery showed no effect of L-NG-

Nitroarginine methyl ester (L-NAME) on H2S-induced relaxation (Al-Magableh et al., 2011; 

d'Emmanuele di Villa Bianca et al., 2011; Kiss et al., 2008; Streeter et al., 2012).  
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Furthermore, several studies indicate that H2S actually decreases vascular NO levels, and 

current opinion leans more towards this hypothesis, than that of vascular synergy between the 

two gases (Ali et al., 2006; Geng et al., 2007; Kubo et al., 2007; Liu et al., 2010) (see 1.3.5 

biphasic effect: H2S-induced vasoconstriction, p.54). 

Prostacyclin: Studies in peripheral vessels generally report that COX blockade using 

indomethacin does not influence H2S-induced vasorelaxation (Cheang et al., 2010; Li et al., 

2008) (Al-Magableh et al., 2011; d'Emmanuele di Villa Bianca et al., 2011; Kiss et al., 2008; 

Zhao et al., 2001), suggesting a lack of involvement of PGI2 in the peripheral vasodilator H2S 

response.  However, two studies indicate that H2S-induced vasorelaxation may involve the 

release of arachidonic acid metabolites in rat mesenteric arteries (d'Emmanuele di Villa 

Bianca et al., 2011) and trout branchial arteries (Dombkowski et al., 2004). In the rat 

mesenteric arteries, it was concluded that H2S did not release PGI2, since relaxation was 

sensitive to inhibition of cytochrome P450 or phospholipase A2 but not COX. In trout 

branchial arteries, PGI2 was possibly involved, since indomethacin produced a similar 

attenuation of the H2S-induced vascular response to a cocktail of indomethacin, clotrimazole 

and esculetin (COX, cytochrome-p450, and lipooxygenase inhibitors, respectively).  

Endothelial derived hyperpolarising factor: Several observations have led to the assertion that 

H2S may be an EDHF (Mustafa et al., 2011; Yang et al., 2008).  Firstly, the channels 

involved in the ‘classical’ EDHF response, SKCa and IKCa (see section 1.3.3 Control of MCA 

tone, the endothelium, EDHF, p.39), have a demonstrated involvement in H2S-induced 

vasorelaxation (Al-Magableh et al., 2011; Cheng et al., 2004; d'Emmanuele di Villa Bianca et 

al., 2011; Zhao et al., 2001). Other lines of evidence supporting a role of H2S as an EDHF 

include: CSE is expressed in the endothelial cell layer of bovine aorta, human umbilical vein 

and rat mesenteric artery (Yang et al., 2008); cultured bovine aortic endothelial cells produce 

measurable H2S (Yang et al., 2008); stimulation of bovine aortic endothelial cells by 
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acetylcholine produced a marked increase in H2S level that was blocked by a muscarinic 

antagonist (Yang et al., 2008) and CSE mutant mice had attenuated relaxation and virtually 

abolished hyperpolarisation to a muscarinic agonist (Mustafa et al., 2011; Yang et al., 2008). 

However, whether H2S is an EDHF remains to be conclusively determined, since not all 

laboratories show a sensitivity of H2S-induced vasorelaxation to SKCa and IKCa blockade (Li 

et al., 2008). In rat mesenteric arteries, while H2S-induced relaxation was sensitive to 

blockade of SKCa and IKCa channels, it was also attenuated by blockade of production of 

cytochrome p-450 derived prostanoids (d'Emmanuele di Villa Bianca et al., 2011). In light of 

evidence that EDHF could be a cytochrome p450 derivative of the arachidonic acid cascade 

(Campbell et al., 2007), the study by D’Emmanuel di Villa Bianca et al suggests that H2S, 

rather than itself being an EDHF, may induce the release of EDHF.  Furthermore, studies 

using the CSE knockout model may be confounded by the hyperhomocysteinaemia and 

resultant endothelial dysfunction induced by this model (Edwards et al., 2012).    

Reactive oxygen species 
One study observed that H2S-induced vasorelaxation was enhanced by a SOD mimetic in rat 

aortic rings (Liu et al., 2010). Despite repeated observations that H2S influences ROS (Chai et 

al., 2012; Kimura et al., 2006; Kimura et al., 2010; Muzaffar et al., 2008), the role of ROS in 

H2S-induced vasorelaxation has not been thoroughly investigated. 

Overview of possible mechanisms contributing to H2S-induced vasorelaxation 
In summary, there is evidence that H2S-induced vasorelaxation in peripheral vessels may be 

mediated by various mechanisms, including: opening of potassium channels, such as KATP, 

KCa, KIR KV; blockade of VGCC, enhanced production or activity of endothelial derived 

factors, such as NO, PGI2 and EDHF and decreased pHi (see table 1).  There is also 

controversial evidence that H2S may itself be an EDHF.  However, in cerebral vessels, only 

KATP and KCa channels have been examined for their contribution to the H2S-induced 

vasorelaxation. 
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Table 1.1 Summary of findings of studies investigating the mechanism of H2S-induced 

vasorelaxation 

Study Species Vessel Involvement of 
channel/pathway 

Additional findings 

       
K+ channels   KATP KV KCa  
Schleifenbaum, 
2011  

Rat Aorta - ↓ - Inhibition of H2S production 
inhibited the anti-contractile 
effect of fat 

Kiss, 2008 Rat Aorta No Δ No Δ -  
Zhao, 2001 Rat Aorta ↓ No Δ ↓S&I H2S increased KATP currents 
Li, 2008 Rat Aorta ↓ - No Δ 

S&I 
Used a compound which slowly 
releases H2S, GYY4137.  
GYY4137 also dilated renal 
vasculature and exhibited 
antihypertensive activity 

Zhao, 2002 Rat  Aorta - - ↓S&I H2S reduced the vasorelaxation to 
SNP 

Kubo, 2007 Rat Aorta ↓ - - NaHS reduced eNOS activity  
Kubo, 2007 Mouse Aorta No Δ - - 
Al-Magableh, 
2011 

Mouse Aorta ↓ ↓ ↓S&I KIR were also involved 

Jackson-weaver, 
2011 

Rat Mes-
enteric 

No Δ - ↓B Ischaemic hypoxia enhanced 
myogenic tone by decreasing H2S 
production 

D’Emmanuel, 
2011 

Rat Mes-
enteric 

- - ↓S&I NaHS caused migration of 
cytosolic PLA2 close to the 
nucleus, indicating PLA2 
activation 

Cheng, 2004 Rat  Mes-
enteric 

↓ - ↓S&I  

Mustaffa, 2011 Mouse Mes-
enteric 

↓ - ↓S&I Genetic CSE deletion abolished 
EDHF activity  

Cheang, 2010 Rat Coron-
ary 

No Δ ↓ No Δ 
B 

NaHS-induced hyperpolarisation 
also sensitive to 4-AP, but not 
glibenclamide 

Leffler, 2010 Piglet Pial  ↓ - - Hypercapnia increased H2S 
concentration in CSF, and 
relaxation to hypercapnia was 
inhibited by PPG 

Liang, 2011 Piglet Pial  ↓ - - Na2S activated K+ channel 
currents, that were sensitive to 
KATP channel blockade 

Liang, 2012 Piglet Pial  - - ↓ B Na2S increased Ca2+ spark 
frequency 

Dombkowski, 
2004 

Trout Bran-
chial 

↓ - - NaHS induced a triphasic 
response: relaxation, constriction, 
relaxation. Note: only effects on 
final relaxation are considered 
here  
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Table 1.1 Continued 

Ca2+ channels   VGCC  
 

 

Al-Magableh, 
2011 

Mouse Aorta ↓ NaHS also inhibited contraction to 
calcium replacement 

Zhao, 2002 Rat  Aorta ↓ A calcium-free medium also inhibited 
H2S-induced relaxation 

 
Bicarbonate 
exchange 

  Cl-/HCO3
- 

exchange 
 

Lee, 2007 Rat Aorta ↓ NaHS-induced intracellular acidification 
Kiss, 2008 Rat Aorta ↓ H2S relaxation via metabolic inhibition 
Al-Magableh, 
2011 

Mouse Aorta ↓  

 
Endothelium   Endo

remo
val 

NO sGC  

Zhao, 2001 Rat  Aorta ↓ ↓ -  
Zhao, 2002 Rat Aorta ↓ ↓ ↑ Inhibition of sGC potentiated 

H2S-induced relaxation 
Li, 2008 Rat Aorta ↓ ↓ ↓ Inhibition of PGI2 production 

had no effect 
Kubo, 2007 Rat Aorta ↓ ↑ ↑ A very small inhibition of 

maximum relaxation was 
observed upon endothelium 
removal.  

Kubo, 2007 Mouse Aorta No Δ No Δ ↑ Endothelium removal had no 
effect on NaHS-induced 
relaxation, but abolished 
constriction.  Constriction 
possibly due to reduced NO 
production, since NaHS reduced 
eNOS activity and reduced the 
relaxant effect of ACh, but not 
SNP 

Al-Magableh, 
2011 

Mouse  Aorta No Δ No Δ No Δ Inhibition of PGI2 production 
had no effect 

Cheng, 2004 Rat Mes-
enteric 

↓ - - Inhibition of EDHF (by blocking 
KCa) also inhibited H2S-induced 
relaxation 

Cheang, 2010 Rat Coron-
ary 

No Δ No Δ No Δ Inhibition of PGI2 production 
had no effect 

 
↓,↑ and ‘No Δ’ denote effects of inhibition of the relevant channel or pathway on H2S-induced 
relaxation. Symbols indicate that H2S-induced relaxation was:↓ attenuated (indicating an involvement 
of that channel or pathway in H2S-induced relaxation); ↑ potentiated; ‘No Δ’ no effect; or ‘–’ not 
investigated. S&I, small and intermediate conductance KCa; B, large conductance KCa; CSF, 
cerebrospinal fluid; SNP, sodium nitroprusside; PLA2, phospholipase A2; 4-AP, 4-aminopyridine; PPG, 
propargylglycine; sGC, soluble guanylate cyclase. 
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1.3.5 Biphasic effect of H2S: H2S-induced vasoconstriction 
The most well-reported vascular action of H2S is as a vasorelaxant (Liu et al., 2011b).  

However, several studies report a biphasic vascular action of H2S depending on its 

concentration: constriction at low NaHS concentrations (10-100 µM) and relaxation at higher 

NaHS concentrations (100-1600 µM) (Ali et al., 2006; Kubo et al., 2007; Lim et al., 2008).  

The following is a summary of the proposed mechanisms of vasoconstriction induced by H2S. 

 

H2S-induced vasoconstriction may involve the endothelium, since endothelium removal 

blocked the vasoconstrictor effect of H2S (Kubo et al., 2007).  This indicates that H2S may 

reduce the production or action of endothelial derived vasodilators.  Reduction of NO levels 

by H2S may be responsible for H2S-induced vasoconstriction, since L-NAME attenuates the 

vasoconstrictor effect of NaHS in rat aorta (Kubo et al., 2007; Lim et al., 2008), as well as the 

increase in blood pressure induced by an NaHS infusion (10 µmol kg-1 min-1) in rats (Ali et 

al., 2006).   Several studies indicate that H2S decreases vascular NO levels by various putative 

mechanisms, including: directly reacting with NO, forming a vaso-inactive nitrosothiol (Ali et 

al., 2006; Whiteman et al., 2006), extracellular transport of O2˙-, which then reacts with NO 

(Liu et al., 2010)(see below), inhibition of eNOS (Geng et al., 2007; Kubo et al., 2007) or 

reduced L-Arginine transport (Geng et al., 2007). Blockade of COX has been shown to inhibit 

the vasoconstrictor action of H2S in rat thoracic aorta, suggesting that PGI2 may be involved 

(Koenitzer et al., 2007).    

 

H2S-induced vasoconstriction may also involve O2˙-, since NaHS-induced vasoconstriction 

was attenuated by a SOD mimetic in rat aortic rings (Liu et al., 2010). Those authors also 

observed that the bicarbonate exchange inhibitor, DIDS, inhibited NaHS-induced 

vasoconstriction and that NaHS decreased NO production in aortic rings, but only in the 

presence of bicarbonate.  They hypothesised that H2S induces constriction by increasing the 
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transport of O2˙- out of the cell via the Cl-/HCO3
- exchanger, and O2˙- then reacts with NO to 

decrease NO levels. 

 

However, it has been shown that the constrictor effect of H2S is only partially inhibited by 

endothelium removal (Lim et al., 2008), indicating endothelium-independent mechanisms.  

One such mechanism appears to be by down-regulation of cyclic adenosine monophosphate 

(cAMP), since NaHS reversed the vasorelaxation caused by forskolin, a selective adenylyl 

cyclase activator, and reduced cAMP accumulation in VSM cells (Lim et al., 2008).  In 

mesenteric arteries, the constrictor effect of H2S was found to involve a constrictor effect of 

arachidonic acid itself, not its endothelial derived metabolites (d'Emmanuele di Villa Bianca 

et al., 2011).  As such, NaHS-induced constriction was inhibited by a PLA2 inhibitor, but 

remained unaffected by inhibition of COX, LOX or cytochrome p450 (d'Emmanuele di Villa 

Bianca et al., 2011). 

 

In summary, H2S induces vasoconstriction in peripheral vessels, which appears to involve 

decreased NO levels or production, reduced cAMP, or influences on arachidonic acid.  The 

vasoconstrictor effect has not yet been investigated in cerebral vessels.  The more thoroughly 

investigated vasorelaxation effect of H2S involves contributions from potassium channels, 

such as KATP, and from Ca2+ channels, bicarbonate exchange, and possibly the endothelium.  

In cerebral vessels, only three studies have investigated the mechanism of H2S-induced 

vasorelaxation, finding roles for KATP as well as KCa (Leffler et al., 2010; Liang et al., 2011; 

Liang et al., 2012).  The contribution of other mechanisms to the H2S-induced vasorelaxation 

response of cerebral vessels has not yet been investigated.   
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1.4 Diabetes induced pathophysiology of MCA 
H2S demonstrates antioxidant properties which confer protection of vascular tissues in 

conditions of oxidative stress, such as hyperglycaemia (see 1.4.4 Diabetic vascular disease 

and H2S, p.61).  This section provides an overview of diabetic cerebrovascular disease, and 

the possible involvement of altered H2S function in this condition. 

    

1.4.1 Diabetes: epidemiology 
Diabetes is a highly prevalent health problem, afflicting an estimated 6.4% of adults 

worldwide (Shaw et al., 2010). It is characterised by elevated blood glucose levels, which can 

be either diet-induced (Type 2 diabetes) or due to an autoimmune condition involving 

destruction of pancreatic beta cells (Type 1 diabetes). Type 2 diabetes occurs particularly as a 

result of western diet and lifestyle, and consequent obesity. Increased incidence is therefore 

occurring, particularly in developing countries where dietary and life-style habits have 

changed rapidly (Shaw et al., 2010).  

 

1.4.2 Involvement of cerebrovascular disease in the pathology of diabetes  
Insidious development of vascular disease is a feature of both types of diabetes. Vascular 

disease occurs in both peripheral and cerebral vessels, and entails abnormalities in 

endothelium and VSM.  Cerebrovascular disease is a major contributor to diabetic morbidity 

and mortality. For example, diabetes confers a 1.5 to 2-fold increased risk of ischaemic stroke 

(Quinn et al., 2011), a risk which is strongly associated with diabetic cerebrovascular disease 

(Gunarathne et al., 2009; Nazir et al., 2006; Roquer et al., 2009; Zimmermann et al., 2004).  

The mortality following stroke is also significantly higher in individuals with diabetes 

compared to non-diabetic stroke victims (Laing et al., 2003).  
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1.4.3 Aetiology of diabetic cerebrovascular disease 
Diabetes causes atherosclerotic vascular disease, which is associated with endothelial and 

smooth muscle dysfunction, and a tendency towards thrombosis.  A functional endothelium 

protects against the development of atherosclerosis. 

 

Endothelial dysfunction 
Endothelial dysfunction precedes ultrasonic evidence of atherosclerotic plaques, and is 

considered a fundamental step in atherosclerotic disease (Luscher et al., 1997).  NO is a key 

regulator of endothelial function.  In fact, endothelial dysfunction is defined as decreased NO 

bioavailability, and is determined experimentally by observation of impaired endothelial 

induced relaxation (Creager et al., 2003). In addition to its vasodilator action (see 1.3.3, 

Biological effects of H2S, p.21), NO protects blood vessels from atherosclerosis by prevention 

of platelet and leukocyte interaction with the vascular wall (Radomski et al., 1987), inhibition 

of VSM cell proliferation and reduction of pro-inflammatory gene expression (Forstermann, 

2010). The reduced NO bioavailability of endothelial dysfunction alters the phenotype of the 

endothelium, resulting in pro-inflammatory and pro-thrombotic actions (Roquer et al., 2009), 

as well as promotion of migration of VSM into the intima (Creager et al., 2003).  Endothelial 

dysfunction occurs earlier and is of greater severity in cerebral vessels in several models, 

including diabetes (Kitayama et al., 2006), aging (Brown et al., 2007) and hypertension 

(Didion et al., 2002b).  
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Role of ROS in endothelial dysfunction 
Studies in cerebral pial arterioles provided the first evidence that ROS impair endothelial 

dependent vasorelaxation (Wei et al., 1985).  There is now a wealth of evidence implicating 

increased ROS in the development of endothelial dysfunction. Diabetes causes increased 

production of ROS in the vascular wall (Hink et al., 2001).  A major mechanism of ROS-

dependent impairment of endothelial function is the rapid inactivation of NO to ONOO- by 

O2˙- (Gryglewski et al., 1986) (figure 1.5). Apart from the influence of ROS on NO 

bioavailability, ROS may also cause vascular inflammation and remodelling via increased 

expression of growth factors (Kaneto et al., 2010) and oxidation of proteins such as the redox-

activated, pro-inflammatory NF-κB (Anrather et al., 2006) (figure 1.5).  

 

There are several sources of vascular ROS, including NADPH oxidase (Nox), mitochondrial 

electron transport chain and xanthine oxidase.   There is also evidence that persistently 

elevated ROS, such as in diabetes, uncouples eNOS, resulting in increased O2˙- production in 

place of NO (Forstermann et al., 2006). Mitochondrial production of O2˙- is enhanced by 

hyperglycaemia (Naudi et al., 2012), although a causal role between mitochondrial derived 

O2˙- and endothelial dysfunction has not been established in vivo. Nox catalyse the reduction 

of molecular oxygen to O2˙- and/or H2O2 (figure 1.5) and are poised as important mediators of 

endothelial dysfunction, as their primary function is to produce ROS, they are a major source 

of ROS in the vasculature (Csanyi et al., 2009), and are activated by stimuli that are known to 

cause endothelial dysfunction. One homologue of Nox, Nox1, is upregulated in diabetes (San 

Martin et al., 2007) and by substances which are known to be elevated in diabetes, such as 

low density lipoproteins and pro-inflammatory cytokines (Lassegue et al., 2010). The effects 

of ROS are prominent in the cerebral circulation (Faraci, 2011) and the activity and function 

of Nox is profoundly larger in cerebral compared to peripheral vessels (Miller et al., 2005). 
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Figure 1.5 Diagram illustrating vascular sources of ROS (top) and consequences of vascular 

oxidative stress (bottom).  Vascular oxidative stress causes endothelial dysfunction by 

reducing the bioavailability of NO.  Oxidative stress also causes vascular remodelling via 

increased expression of growth factors and adhesion molecules.  O2, oxygen; e-, electron; O2˙-, 

superoxide; H2O2, hydrogen peroxide; OH˙, hydroxyl; NO, nitric oxide; ONOO-, 

peroxynitrite; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells. Adapted 

from (Forstermann, 2010). 
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Vascular smooth muscle dysfunction 
The diabetic state is associated with an increase in vascular tone, which is a major contributor 

to increased vascular risk factors (NHBPEP, 1994). The cellular and molecular mechanisms 

contributing to this increased tone remain to be fully elucidated. The reduced NO 

bioavailability in endothelial dysfunction provide part of the puzzle, however, there is also 

evidence for impaired VSM relaxation. For example, in diabetic humans, impaired 

endothelium-independent vasorelaxation responses have been demonstrated repeatedly using 

NO donors (McVeigh et al., 1992; Sivitz et al., 2007).  Diabetes can also enhance 

(Zimmermann et al., 1997) or reduce myogenic tone (Kelly-Cobbs et al., 2011), depending on 

the age of the animal studied. 

 

Hyperpolarisation-mediated vasorelaxation is also altered by diabetes, due to effects of ROS 

on VSM K+ channel function (Liu et al., 2002).  Streptozotocin (STZ) treatment, a model of 

the diabetic state (see 2.4.1 Induction of a diabetic model: streptozotocin treatment, 

background, p.81) impaired dilator responses to KATP channel openers in aorta (Kamata et al., 

1989) and cerebral arteries (Mayhan et al., 1993), and high glucose impaired Kv channel 

currents (Liu et al., 2001).  This altered function is linked to O2˙- production, since VSM 

responsiveness to KATP
 and KV channel openers is reduced by O2˙- (Liu et al., 2002).  The 

effect of diabetes on KATP channel function has also been associated with reduced NO 

bioavailability and the subsequent membrane depolarisation, since an NO donor restored both 

membrane potential and sensitivity to a KATP channel opener (Zimmermann et al., 1997).  

Moreover, STZ-induced diabetes is associated with impaired activity of vascular KCa channels 

(Dong et al., 2008; Leo et al., 2011a; Leo et al., 2011b; McGahon et al., 2007). 
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Despite the wealth of knowledge regarding diabetic vascular disease, the full picture of this 

complex and multi-factorial disease state remains to be completed.  The possible involvement 

of H2S shall now be explored. 

1.4.4 Diabetic vascular disease and H2S 

Protective effects of H2S in the vasculature 
 H2S is a chemical reductant (Kim et al., 2007), and has been shown to directly scavenge 

H2O2 and O2˙- in the myocardium in a model of myocardial ischaemia (Geng et al., 2004). 

Studies have demonstrated protective antioxidant effects of H2S in VSM and endothelial cells.  

For example, in A-10 VSM cells, H2S protected against homocysteine-induced cytotoxicity, 

and reduced the production of O2˙-, H2O2 and ONOO- (Yan et al., 2006). Mechanisms of H2S-

induced protection are not limited to its chemical reductant properties.  In human VSM cells, 

H2S blocked U46619 (a thromboxane A2 analogue) induced enhancement of Nox1 expression 

and inhibited O2˙- formation (Muzaffar et al., 2008).  In STZ diabetic rats, four weeks of daily 

subcutaneous NaHS injections normalised upregulated expression of the Nox subunit, p22phox 

(Zheng et al., 2010).  H2S has also been shown to protect against high glucose-induced 

endothelial dysfunction (Suzuki et al., 2011) and apoptosis (Guan et al., 2012).  High glucose 

induced a switch from oxidative phosphorylation to glycolysis and enhanced production of 

ROS by mitochondria in an endothelial cell culture, both of which were attenuated by H2S 

(Suzuki et al., 2011).  In human umbilical vein endothelial cells, high glucose increased ROS 

and reduced SOD activity, both of which were attenuated by H2S (Guan et al., 2012). 

 

Alteration of vascular response to H2S and production of H2S in diabetes 
The H2S producing enzyme, CSE, is expressed in vascular tissue throughout the circulatory 

system (Fiorucci et al., 2005; Ghasemi et al., 2012; Leffler et al., 2010; Meng et al., 2007; 

Olson et al., 2010; Yang et al., 2008; Zhao et al., 2001) and endogenous H2S generation has 

been demonstrated from aorta homogenates (Brancaleone et al., 2008). These observations, 
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taken together with the protective effects of H2S in the vasculature, suggest that an alteration 

in H2S signalling may be involved in the development of diabetic vascular disease.  Indeed, 

alterations in H2S production, and the vasorelaxation induced by H2S, have been observed in 

several diabetic studies. Limited evidence suggests that diabetes enhances the response of 

peripheral vessels to H2S: vasorelaxation to exogenously applied H2S was enhanced in the 

aortas of both non-obese diabetic mice (NOD) (Brancaleone et al., 2008) and STZ-treated rats 

(Denizalti et al., 2011). However, the effect of diabetes on the vascular production of H2S 

remains unclear.  In NOD, CSE expression in the aorta was enhanced, although plasma H2S 

levels were reduced (Brancaleone et al., 2008). STZ rats had double the expression of CSE in 

aorta compared to control rats, although this was not significant (Denizalti et al., 2011), and 

plasma H2S levels were unaltered by STZ treatment in another study (Yusuf et al., 2005). The 

effect of diabetes on the cerebrovascular H2S response has not yet been examined.  

Understanding the effect of diabetes on the MCA response to and production of H2S will 

broaden our understanding of diabetic cerebrovascular disease, perhaps paving the way for 

the development of novel therapeutics.  
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1.5 Hypotheses and Aims of Thesis 
1.5.1 The role of H2S in the brain in cardiovascular regulation 
The PVN and RVLM are brain regions with profound influences on cardiovascular regulation 

(Badoer, 2001; Badoer, 2010; Dampney, 1994; Deering et al., 2000). H2S has both 

neuromodulatory roles (Abe et al., 1996) and peripheral cardiovascular effects (Zhao et al., 

2001), however, its effect on the cardiovascular system via the RVLM or PVN had not been 

investigated at the time of research.  

Hypotheses 

• The H2S producing enzyme, CBS, is present in both the RVLM and PVN 

• H2S is involved in the central regulation of the cardiovascular system 

• Abnormal function or production of H2S is involved in hypertension 

Specific Aims 

The aims of the study investigating the role of H2S in the brain in cardiovascular regulation 

were to: 

• investigate the effect of H2S, or inhibition of endogenous H2S production in the 

RVLM and PVN on mean arterial pressure (MAP), heart rate (HR) and LSNA   

• determine whether these regions contained either of the H2S producing enzymes, CBS 

or CSE 

• determine whether a modification of the H2S response may be responsible for the 

development of hypertension by investigating the effect of H2S in the RVLM and 

PVN on MAP, HR and LSNA in SHR rats 
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1.5.2 Regulation of middle cerebral artery tone by H2S 
H2S induces vasorelaxation of peripheral vessels, and systemic administration of a saturated 

solution of H2S dose-dependently reduces blood pressure (Zhao et al., 2001).  The mechanism 

of this vasorelaxation in peripheral vessels has been investigated for over a decade, but 

remains incompletely understood.  Only three studies have investigated this mechanism in 

cerebral vessels, finding roles for KATP and KCa channels (Leffler et al., 2010; Liang et al., 

2011; Liang et al., 2012).  Mechanisms contributing to the H2S-induced vasodilator response, 

other than KATP and KCa channels, remain to be investigated.  Several studies report a biphasic 

vascular effect of H2S in peripheral vessels: constriction at low concentrations, and relaxation 

at higher concentrations (Ali et al., 2006; Geng et al., 2007; Kubo et al., 2007; Lim et al., 

2008; Liu et al., 2010).   The constrictor effect of H2S in cerebral vessels has not, to date, 

been investigated.  

Hypotheses 

• The H2S-producing enzyme, CSE is present in MCA endothelium and/or VSM  

• Exogenous and endogenous H2S can dilate MCA 

• The mechanism of H2S-induced vasorelaxation of MCA involves: endothelium, K+ 

and Ca2+ channels, chloride/bicarbonate exchange or ROS  

• The mechanism of H2S-induced vasoconstriction of MCA involves: endothelium, K+ 

and Ca2+ channels, chloride/bicarbonate exchange or ROS 

Specific Aims 

The study investigating regulation of MCA tone by H2S aimed to  

• examine MCA for the presence of the H2S producing enzyme, CSE 

• determine the cell type in which CSE is localised within MCA 

• investigate the mechanism of H2S-induced vasorelaxation and vasoconstriction of 

MCA 
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1.5.3 The effect of diabetes on the production and vascular effect of H2S in MCA  
Vascular overproduction of ROS is a major contributor to the pathogenesis of diabetic 

vascular disease (Creager et al., 2003).   H2S has antioxidant effects in VSM (Muzaffar et al., 

2008; Yan et al., 2006) as well as endothelial cells (Suzuki et al., 2011) and has recently been 

shown to attenuate the decline in endothelial cell viability caused by high glucose (Suzuki et 

al., 2011).  Several studies have shown that H2S production and vasodilator capacity are 

altered in peripheral vessels in rat diabetic models (Brancaleone et al., 2008; Denizalti et al., 

2011; Yusuf et al., 2005) although the effect of diabetes on the response to and production of 

H2S in cerebral vessels has not yet been investigated.   

Hypotheses 

• The MCA response to H2S is altered by diabetes 

• The mechanism of H2S-induced relaxation is altered by diabetes 

•  MCA and tissue production of H2S is altered by diabetes 

• Exogenous H2S can reduce MCA production of ROS 

Specific Aims 

The aims of the study investigating the possible involvement of H2S in diabetic 

cerebrovascular disease were to: 

• determine the effect of STZ treatment on the MCA response to H2S  

• investigate the mechanisms mediating H2S-induced vasorelaxation in MCA from STZ 

rats 

• examine the effect of STZ treatment on  MCA CSE expression, serum sulfide levels, 

and liver H2S production 

• Examine the effect of exogenous H2S on ROS production from STZ and control MCA 
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Chapter 2: General Methods 
All procedures were performed to conform to the guidelines set out by the National Health 

and Medical Research Council of Australia and were approved by the RMIT University 

Animal Ethics committee. 

2.1 Animals  
Male WKY and SHR rats weighing 300-350g, aged approximately 8-10 weeks were used in 

the LSNA recording studies. These animals were housed for a minimum period of one week 

before undergoing any experimental procedure.  Male Sprague Dawley rats weighing 300-

350g, aged approximately 8-10 weeks were used in the mechanistic studies on H2S-induced 

cerebral vasodilation.  For the diabetic studies, Sprague Dawley rats were obtained at either 5 

weeks or 15 weeks and kept until 16 weeks of age before study.  All animals were obtained 

from the Animal Resources Centre (ARC, Canning Vale, Western Australia) and then housed 

in a temperature-controlled room on a 12:12 hour light/dark cycle (lights on at 7:00 AM), in 

the RMIT Animal Facility (RMIT University, Bundoora West campus, Victoria, Australia).  
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2.2 Brain injection and LSNA recording studies 
2.2.1 Surgical Procedures 

Anaesthetics and monitoring 
Rats were anaesthetised initially with inhaled isofluorane (1-3% in air), by placing the animal 

into a sealed container which was subsequently filled with the gas.  Once anaesthesia was 

induced, isofluorane was continually administered via a mask while the femoral vein and 

artery were cannulated.  For cannulation, the right femoral vein and artery were exposed by 

blunt dissection and blood flow was temporarily obstructed using sutures.  A small incision 

was then made in both the femoral vein and artery for insertion of a separate catheter into 

both vein and artery.  Catheters consisted of polyvinyl chloride tubing (internal diameter 0.28 

mm) inserted into a larger bore tubing (internal diameter 0.80 mm), attached using Araldite ® 

Epoxy Resin (Selleys Pty Ltd; NSW, Australia) glue and filled with heparinised saline 

(50U/mL).  Anaesthesia was maintained using urethane (1-1.5 g/kg IV) with supplemental 

doses as required (0.1-0.3 g/kg IV), administered through the cannulated vein. The depth of 

anaesthesia was maintained to ensure the absence of corneal and pedal reflexes, which were 

tested every 15 minutes.  The distal end of the arterial cannula was attached to a blood 

pressure transducer for direct monitoring of MAP and HR.  
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Preparation for lumbar sympathetic nerve recording 
Following a midline abdominal incision, the left lumbar postganglionic sympathetic nerve 

trunk was identified and dissected free of surrounding tissue.  With the aid of an operating 

microscope the nerve was placed onto the bared tips of two Teflon – coated silver wire 

electrodes and the nerve-electrode junction insulated electrically from surrounding tissue with 

a sealant (Kwik-Cast Sealant, WPI, USA). The nerve activity was amplified using a low-noise 

differential amplifier (ENG Models 187B and 133, Baker Institute, Victoria, Australia), 

filtered (bandpass 100-1000Hz), rectified and integrated at 0.5-second intervals.  The signal 

was recorded using a MacLab data acquisition system (ADInstruments, NSW, Australia).  

The set-up for recording LSNA, HR and MAP is illustrated diagrammatically in figure 2.1, 

p.70. The signal recorded at the end of the experiment after the injection of phenylephrine (5 

µg/kg, IV) was deemed background noise. The LSNA was calculated by subtraction of 

background noise from the recorded nerve activity.  The average integrated LSNA was 

calculated over a period of 1-2 minutes and expressed as a percentage of the resting period 

prior to the intracerebral administration of drugs. 

 

Preparation for RVLM and PVN microinjections 
For microinjections into the RVLM, each animal was placed prone and the head was mounted 

in a Stoelting® stereotaxic frame such that both bregma and lambda were positioned on the 

same horizontal plane.  Burr holes were drilled bilaterally into the occipital bone of the skull 

approximately 2mm lateral of the mid-sagittal suture and 3.8 mm caudal of the lambdoid 

suture.  The pressor region of the RVLM was identified functionally by microinjection of 50 

nl of L-glutamate (0.1M) which elicited a pressor response of at least 20mm Hg in arterial 

pressure (Kantzides et al., 2005).  RVLM microinjections were made using the following 

coordinates; 3.7-4.0 mm caudal to lambdoid suture, 2 mm lateral to the midline, and 8.0 mm 

ventral to the surface of the dura. 
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For microinjections into the hypothalamic PVN, a midline reference point was marked 2 mm 

rostral to bregma. This was necessary because bregma was removed in some instances during 

the subsequent bone drilling procedure. Holes (approximately 4 mm in diameter) were drilled 

bilaterally into the skull centred 4.0 mm caudal from the reference point to allow 

microinjections of drugs into the PVN (stereotaxic coordinates: 3.8-4.1 mm caudal to the 

reference point, 0.5 mm lateral to midline, and 8.0 mm ventral to the surface of the dura). 

All microinjections were made using a fine glass micropipette (Accu-fill 90®, supplied by 

Clay Adams, Becton, Dickson and Co., NJ, USA) which had been pulled on a P-97 

Flaming/Brown micropipette puller (Sutter Instrument Company, CA, USA).  The puller was 

programmed (Program details: Heat 740, Pull 40, Velocity 50, Time duration 110) to produce 

pipettes with an external tip diameter of 50 – 70 µm. 

Microinjections of volume 100 nl were performed bilaterally, and after each microinjection, 

the micropipette was left in place for approximately 1 min. MAP, HR and LSNA were 

recorded before, during and after microinjections, as illustrated in figure 2.1.  To mark the 

injection sites, a small amount of rhodamine-tagged fluorescent microspheres was included in 

the microinjected solution (LumaFluor, NC, USA). The precise location of the 

microinjections was verified histologically at the end of each experiment. 
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Figure 2.1 Microinjections and recording of MAP, HR and LSNA  

MAP, HR and LSNA were recorded before, during and after micro-injection into the RVLM 

or PVN.  MAP and HR were recorded via a blood pressure transducer connected to the 

cannulated right femoral artery.   LSNA was recorded via two wire electrodes hooked under 

the exposed lumbar sympathetic nerve.  MAP, mean arterial pressure; HR, heart rate and 

LSNA, lumbar sympathetic nerve activity. 
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2.2.2 Histology 
At the end of each experiment, rats were killed using an overdose of pentobarbital sodium 

(325 mg/kg; Lethabarb, Virbac, NSW, Australia).  The brain of each rat was then carefully 

removed and placed in a solution of 4% paraformaldehyde and 20% sucrose for one week.  

The medulla (for brains which had been microinjected into the RVLM) or the hypothalamus 

(for brains which had been microinjected into the PVN) were cut on a cryostat into 40 µm-

thick sections and mounted onto gelatin-subbed slides.  The sections were then viewed wet 

under fluorescence microscopy to determine the position of the rhodamine beads which 

indicated the microinjection site.  For the medulla, the caudal end of the facial nucleus, the 

nucleus ambiguous and the inferior olivary nuclei were identified in the wet sections and the 

microinjection sites were mapped in relation to those structures. For the hypothalamus, after 

the centre of the microinjections site was identified, the sections were dried before being 

stained with cresyl violet and cover-slipped with Depex mounting medium (BDH Lab 

Supplies, Poole, UK). Light microscopy was then used to re-examine the stained 

hypothalamic sections to determine the extent of the PVN and adjacent anatomical structures.  

The microinjection sites were subsequently mapped in relation to the PVN and the anatomical 

structures. 

2.2.3 Data Analysis 
The data from the in vivo studies were expressed as the change between the level immediately 

prior to each microinjection and the average of the level observed over a period of 1 min, 

beginning at 1 and 5 min after drug or vehicle administration. These time points corresponded 

to those used by others (Dawe et al., 2008), and were therefore considered to be the times at 

which an effect was most likely to be observed.  The average value of the changes was 

calculated and was subsequently compared between groups using one-way ANOVA, 

followed by comparisons between the individual doses of drugs and control using Dunnett’s 

post hoc test for multiple comparisons.  P<0.05 was considered statistically significant. 
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2.3 Myograph Studies 
 

2.3.1 Cerebral artery collection 
Rats were killed humanely by CO2 inhalation (95% CO2, 5% O2), followed by decapitation. 

The brains were collected into ice-cold Krebs’ solution (composition (mM): NaCl, 119; KCl, 

4.7; MgSO4 1.2; CaCl2, 2.5; KH2PO4, 1.2; NaHCO3, 25; Glucose 11.1; EDTA 0.26, pH 7.4 

and gassed with 95% O2, 5% CO2).  Proximal lengths of the middle cerebral arteries 

(approximately 250 µm in diameter) were dissected in ice-cold Krebs' and cleaned of 

connective tissue.   

 

2.3.2 Isolated cerebral artery preparation 
MCA were cut into 2mm segments and each was threaded with two 25 µm diameter gold-

plated wires (Goodfellow, Huntington, England) of 2.5 cm in length.  The segments were then 

mounted into a 610M 4-chamber wire myograph (Danish Myotechnology, DMT, Aarhus, 

Denmark), by attaching one wire to the force transducer, and the other to the micrometer of 

the myograph chamber (figure 2.2).  Each myograph chamber contained 5mL Krebs’ solution, 

maintained at 37 oC and bubbled with a mixture of 95% O2 and 5% CO2.  Changes in 

isometric tension were recorded via Myodaq software (DMT, Aarhus, Denmark).  The vessel 

segments were allowed to rest in the myograph chamber for at least 5 minutes without any 

tension before a contraction protocol was commenced.  

 

 
 
 
 
 
 
 
 



 73 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Isolated cerebral artery preparation 
Segments of middle cerebral artery were mounted into a myograph chamber, in 5mL Krebs 

solution maintained at 37 oC and continuously supplied with 95% O2 and 5% CO2.  The 

segments were mounted on two wires, one attached to the force transducer, the other to a 

micrometer for adjustment of tension.  Changes in tension were measured throughout the 

experiment. 
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Spontaneous developed contraction protocol 
Rat middle cerebral arteries possess marked levels of spontaneous myogenic tone.  The 

following protocol was adopted to standardise the level of passive force applied to each vessel 

(Favaloro et al., 2003).  Firstly, a 4 mN force was applied to each segment over a 30 minute 

period to allow spontaneous tone to develop.  During this time, the force was adjusted back to 

4 mN, to standardise the amount of tone on the vessels.  Subsequently, Krebs’ solution was 

replaced with a calcium free Krebs’ solution (composition as above, excluding the CaCl2, and 

replacing EDTA with EGTA 2mM), causing the vessels to fully relax.  The passive force was 

reset to 4mN, before reintroducing normal Krebs’ solution to allow spontaneous 

redevelopment of tone.  The viability of the VSM was confirmed by the redevelopment of 

spontaneous tone.  An increase of at least 2.5 mN in tone was required to deem the VSM 

viable.  Bradykinin (100nM) was then applied to assess the viability of the endothelium.  

Segments which had a dilation response of >70% of the spontaneous tone development were 

regarded as having intact endothelium.  In some experiments the endothelium was 

deliberately removed by rubbing the lumen with a wire. Segments which had a dilation 

response of <20% of the spontaneous tone development were regarded as being denuded of 

endothelium.  The vessels were subsequently washed thoroughly and left until spontaneous 

tone redeveloped.  In experiments where inhibitors or antagonists were used, these agents 

were added after spontaneous redevelopment of tone to allow observation of any effect of 

these agents on baseline tone.  Concentration-response curves to NaHS were obtained 20 

minutes after any inhibitors or antagonists were applied.  At the end of each experiment, 

calcium free Krebs’ was administered to define 100% relaxation.  Figure 2.3 is a schematic 

illustrating the spontaneously developed tone protocol. 
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Figure 2.3 Spontaneous tone protocol 

Segments of MCA were allowed to equilibrate for 5 min without any tension applied, before 

adjusting the passive force to 4mN using the micrometer.  Spontaneous tone was allowed to 

develop over 30 min, during which time the force was readjusted to 4 mN.  The Krebs’ 

bathing solution was then replaced with calcium free Krebs’, allowing the vessels to fully 

relax.  The force was reset to 4mN before re-introducing Krebs’ (containing calcium), which 

resulted in spontaneous development of tone of magnitude ‘a’.  The viability of VSM was 

confirmed by a development of tone ‘a’ > 2.5 mN.  The viability of endothelium was then 

assessed using bradykinin (BK, 100nM).  Vessels were deemed as having intact endothelium 

if the dilation induced by BK, ‘b’ was greater than 70% of the spontaneous tone ‘a’.  Vessel 

segments were then washed, and allowed to redevelop spontaneous tone before application of 

any inhibitor or agonist. 



 76 

U46619 induced tone protocol 

In some experiments, a different protocol was used for pre-contraction of the vessels.  This is 

because two of the inhibitors used (nifedipine and bicarbonate free Krebs’) caused full 

relaxation of the vessels, so they could not be constricted using the spontaneous tone protocol.  

For experiments using these inhibitors, a 2 mN force was applied for 30 minutes before the 

segments were contracted maximally using 125 mM potassium. The vessels were then 

washed, and titrated concentrations of the thromboxane A2 mimetic, U46619 (1nM-1µM), 

were used to constrict the vessels to approximately 50% of the maximal contraction.  

Endothelial function was assessed using bradykinin (100nM). Vessels were then washed 

thoroughly, followed by pre-contraction to approximately 50% of the maximal contraction 

using U46619 (1 nM-1 µM).  Incremental doses of U46619 were used to achieve 

approximately 50% of the maximal contraction, without over or under contracting the vessels.  

In experiments where inhibitors or antagonists were used, these agents were added prior to the 

second U46619 contraction, so that this precontraction could be matched between the groups, 

by adjusting U46619 concentration. Concentration-response curves to NaHS were obtained 

20 minutes after any inhibitors or antagonists were applied.  At the end of each experiment, 

calcium free Krebs’ was administered to define 100% relaxation.  Figure 2.4 is a schematic 

illustrating the U46619 induced tone protocol. 
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Figure 2.4 U46619 induced tone protocol 
Segments were equilibrated at a tension of 2 mN for 30 min before application of 125 mM K+ 

to maximally contract the vessels. They were then washed, followed by addition of 

incremental concentrations of U46619 to contract the vessels to approximately 50% of the 

maximal contraction.  To assess the viability of the endothelium, bradykinin (BK, 100 nM) 

was applied.  Vessels attaining a dilation ‘b’ of greater than 70% of the U46619 induced 

contraction (a), were regarded as having intact endothelium.  Any inhibitor or antagonist was 

applied prior to the second U46619 induced contraction. 
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Constriction to calcium replacement 
In a separate set of experiments, the ability of NaHS to influence vascular tone via Ca2+ influx 

through VGCC was assessed.  In these experiments a 2mN force was applied to the vessels 

and the tone was allowed to stabilise for 10 minutes before application of 125mM KCl to 

assess viability and maximum contractile capacity.  The vessels were washed and then 

incubated in calcium-free Krebs’ in the presence of 100 mM KCl (to depolarise the smooth 

muscle cells, and thus open the VGCCs) for 30 minutes.  A concentration response curve to 

the replacement of CaCl2 in half log unit increments (10 µM-100 mM) was then obtained.  

The curves were constructed in the presence or absence of nifedipine (3 µM, as a positive 

control) or NaHS (100 µM-10 mM).  Nifedipine was added 20 min prior to construction of 

the CaCl2 concentration-response curve, whereas NaHS was applied 5 min before the CaCl2 

concentration response curve, to minimise the possibility of loss of H2S as gas from the bath.  

Each vessel segment was used to obtain only one concentration-response curve. Figure 2.5 is 

a schematic illustrating the protocol for constriction to calcium replacement. 
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Figure 2.5 Constriction to calcium replacement 

After 5 min equilibration, a 2 mN force was applied to the vessels and the tone was allowed to 

stabilise for 10 minutes. 125 mM KCl was then applied, and vessels were subsequently 

washed.  The vessels were then incubated in calcium-free Krebs’ in the presence of 100 mM 

KCl for 30 minutes.  Nifedipine (20 min prior) or NaHS (5 min prior) was applied before a 

concentration response curve to the replacement of CaCl2 in half log unit increments (10 µM-

100 mM) was constructed.   
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2.3.3 Analysis 
Relaxation was expressed as a percentage reversal of the baseline tone prior to NaHS 

administration, with the final response to calcium free Krebs’ defined as 100%. The initial 

increase in tone caused by each addition of NaHS was also analysed.  This increase in tone 

was expressed as a percentage of the change in tone induced by the relevant preconstriction 

protocol.  For constriction to calcium replacement experiments, the increase in tone was 

calculated as a percentage of the 125 mM KCl-induced tone.  

 

Average Emax (maximum relaxation) and average maximum constriction (caused by calcium 

replacement, or NaHS addition) were calculated and compared between the groups using the 

Student’s t-test or one-way ANOVA, followed by comparison between individual groups and 

control using Dunnett’s test for multiple comparisons, where appropriate.  Individual 

concentration response curves were each fitted to a sigmoidal curve, and each logEC50 (log of 

concentration of agonist causing 50% relaxation) was calculated.  LogEC50 values were 

compared and analysed for differences using the Student’s T-test or one-way ANOVA, 

followed by comparison between individual groups and control using Dunnett’s test for 

multiple comparisons, where appropriate.  

 

All statistical analyses were carried out using Graphpad Prism®, version 5.  Results are 

expressed as mean ± SEM, and statistical significance was accepted at the P<0.05 level. n 

values refer to the number of artery segments from separate animals. 
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2.4 Diabetic Studies 
2.4.1 Induction of a diabetic model: streptozotocin treatment 

Backgound 
Streptozotocin (STZ), derived from the mould, Streptomyces griseus, is a glucose analogue, 

comprised of a glucose moiety attached to a highly reactive nitrosourea group (Bolzan et al., 

2002).  It selectively accumulates in pancreatic beta cells via the GLUT2 glucose transporter 

(Tjalve et al., 1976), followed by a splitting of the molecule into its composite moieties.  The 

nitrosourea group then alkylates DNA (Bennett et al., 1981), resulting in cytotoxicity to the 

pancreatic beta cells.  STZ doses of 50-60 mg/kg intravenously lead to hyperglycaemia (20-

30mM) (Wei et al., 2003).  After 8-10 weeks, the model induces many of the signs and 

symptoms characteristic of chronic Type 1 diabetes, including micro- (Maric-Bilkan et al., 

2012) and macrovascular pathology (Mavrikakis et al., 1998; Searls et al., 2012).   

Protocol  
Male Sprague Dawley rats were obtained at 5 weeks of age for the diabetic group. A period of 

1 week was allowed for animals to acclimatise before any experimental manipulations were 

undertaken. Animals were then fasted for 12 hours followed by administration of STZ (50 

mg/kg) in sodium citrate buffer (10 mM, pH 4.5) via tail vein injection.  Development of 

diabetes was confirmed one week after STZ injection and again on the day of experiment by a 

non-fasting blood glucose of  > 15 mmol/L, read using an Accu-Check Performa® blood 

glucose meter (Roche diagnostic, Castle Hill, NSW).  Diabetic animals were housed until 16 

weeks of age before experiment, to allow for development of vascular disease.  Animals for 

the control group were obtained at 15 weeks and housed until 16 weeks before exsanguination. 
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2.4.2 Lucigenin Assay 

Background 
The lucigenin assay is an assay for O2˙- production using lucigenin-enhanced 

chemiluminescence.  Lucigenin is a di-acridium compound which emits light upon reaction 

with superoxide.  This reaction involves an initial reduction of lucigenin (Luc2+) to form a 

radical anion Luc.+, followed by a radical-radical coupling of Luc.+ to O2˙-.   This coupling 

leads to the formation of an unstable dioxetane intermediate, which emits light upon return to 

the ground state (Okajima et al., 2003).   The emitted light is measured using a microplate 

reader.  The lucigenin assay is a reliable method of O2˙- detection, since it is highly selective 

and sensitive to O2˙- production, and is also able to detect intracellular O2˙-, due to the cell 

permeability of lucigenin (Afanasev, 2009). 

Tissue collection 
MCA were utilised in the wire myogaphy experiments.  In the interest of animal ethics, 

alternate cerebral arteries were utilised in the lucigenin assay.  Cerebral arteries utilised for 

the lucigenin assay were the basilar artery and the arteries forming the circle of Willis - the 

posterior communicating arteries, posterior cerebral arteries and anterior cerebral arteries (see 

figure 1.3, p.30).  The basilar artery, circle of Willis and thoracic aorta from diabetic male 

Sprague Dawley rats and their age-matched controls were dissected and cleaned of connective 

tissue.  Arteries from the circle of Willis and the basilar artery were pooled and divided in half 

for separate treatments in the lucigenin assay (one rat had only enough cerebral vascular 

tissue for 2 separate treatments).  The thoracic aorta was cut into several 2mm segments for 

analysis using the lucigenin assay. 
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Detection of vascular superoxide by lucigenin enhanced chemiluminescence 
Reagent preparation: On the day of experiment, HEPES buffered Krebs’ solution 

(composition (mM): HEPES, 20; NaCl, 2.5; KCl, 2.5; CaCl2, 2.7; MgCl2, 1; glucose, 16; pH 

adjusted to 7.4 using HCl) was prepared for use as a vehicle and incubation solution.  

Solutions of lucigenin, NADPH and diethyldithio-carbamic acid (DETCA) were prepared on 

the day and NaHS was prepared immediately before use.  All were dissolved in HEPES buffer.  

Aliquots of diphenyleneiodonium (DPI) dissolved in dimethylsulfoxide (DMSO) were 

prepared prior to the experimental day and stored at -20˚C.   

  

Stimulation and measurement of superoxide production: The following protocol was used to 

observe the effects of a prior incubation of H2S on NADPH oxidase stimulated superoxide 

production.  All segments underwent three treatments in separate 2 mL wells, before reading 

in a 96-well Optiplate (PerkinElmer, Waltham, USA).  The treatments comprised of an initial 

30 min incubation, followed by a 45 min incubation and finally a 2 min wash, all at 37 ˚C. 

The initial 30 min incubation wells contained either: HEPES buffer alone (control), or in the 

presence of DPI 5 µM, as a positive control to inhibit NADPH oxidase stimulated O2˙- 

production, or NaHS 100 µM.  DPI is a flavoprotein inhibitor (Selemidis et al., 2008), and 

will therefore inhibit NADPH oxidase.  For DPI treated vessels, all subsequent treatments, as 

well as the Optiplate, contained DPI 5 µM, whereas NaHS treated vessels were treated with 

NaHS 100 µM only during the initial 30 min incubation. The subsequent 45 min incubation 

contained NADPH 100 µM to stimulate O2˙- production and DETCA (3 mM) to inhibit 

breakdown of O2˙- by SOD. Vessels were then transferred to the 2 min wash, containing 

NADPH 100 µM plus or minus DPI 5 µM, to wash off DETCA.  Finally, vessels were 

transferred to the appropriate well of a 96-well Optiplate containing 300 µL of a solution of 

NADPH 100 µM plus lucigenin 5 µM and the plate was read in the Polar star microplate 

reader (POLAR star OPTIMA (BMG LABTECH)) for 12 cycles.  A background fluorescence 
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reading had been previously performed on the vessel-free solution in the Optiplate.  At the 

end of the experiment, tissues were transferred to foil and dried in an oven at 50˚C overnight, 

before weighing.  Figure 2.6 illustrates the protocol for stimulation and measurement of O2˙- 

production diagrammatically.  

 

Data Analysis 

To calculate the amount of superoxide generated by each vessel segment, the background 

reading was subtracted from the average of the 12-cycle reading performed in the presence of 

tissue.  Superoxide generation was then normalised to tissue weight, by dividing by the 

weight of the dried sample.  
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Figure 2.6 Lucigenin assay for superoxide production 

Segments of cerebral vessels (a and b) and aorta (c, d and e) each underwent three treatments in 2 

mL wells before reading in a 96 well Optiplate.  The treatments for cerebral vessels and aorta 

were identical, except that there was only one treated cerebral vessel (b) for each animal, as 

compared to two treated aortas (d and e) for each animal.  First, segments were incubated in either: 

HEPES buffer alone (control, a and c); DPI 5µM (b and e); or NaHS 100µM (b and d).  For DPI 

treated vessels (e ± b) all subsequent treatments, as well as the Optiplate, contained DPI 5 µM. 

Secondly, vessels underwent a 45 minute incubation in NADPH 100µM and DETCA 3 mM.  A 

96-well Optiplate was prepared by pipetting 300µL of a solution of NADPH 100 µM plus 

lucigenin 5µM into several wells (one well for each vessel preparation) and a background reading 

for luminescence was performed.  Meanwhile, segments were transferred to their third treatment, 

a wash containing NADPH.  Finally, segments were transferred to the appropriate wells of the 

Optiplate, and a 12-cycle reading for luminescence was performed.  Note: since one rat had only 

enough cerebral vascular tissue for 2 separate assays (a and b), the NaHS and DPI treatments were 

performed in separate animals (b= NaHS OR DPI treated). 
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2.5 Assays for H2S producing enzymes 

2.5.1 Detection of H2S-producing enzymes via SDS-PAGE and western blotting 
WKY rat brains were used for western blot analysis of CSE and CBS.  The RVLM (n = 3) or 

hypothalamic PVN (n = 3) were punched out from frozen sections encompassing the entire 

rostral – caudal extent of each nucleus, using a blunted 20G needle.  For the PVN, the tissues 

from three animals were combined, as were those from the RVLM. The tissues were 

homogenised and suspended in sample buffer (sample buffer composition: 5% v/v Glycerine, 

2.5% v/v mercaptoethanol, 1.5% w/v SDS, 0.05 M TRIS/HCl pH 8, 0.05mg/ml bromophenol 

blue).  Samples were then heated to 65 °C for 10 minutes. Protein concentration was 

determined from each sample and the samples were loaded onto 10% gels and separated by 

SDS-PAGE. After transfer to poly-vilidene difluoride membranes the blots were incubated 

with primary antibodies suspended in blocking buffer overnight (rabbit anti-CSE antibody, 

(Proteintech Group Inc, USA) and mouse anti-CBS antibody (Abnova corporation, Taiwan)). 

The blots were then incubated with the appropriate secondary antibody (goat anti-Rabbit, goat 

anti-mouse) conjugated to horseradish peroxidase for 1 hr then developed by enhanced 

chemiluminescence (Millipore Kit). Dual colour marker (Bio-Rad) was used for molecular 

weight determination. Recombinant protein of CSE and CBS (GST tagged) (Abnova, Taiwan) 

were loaded on the gel to identify the band of interest.  
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2.5.2 Detection of H2S-producing enzymes via immunohistochemistry 

Preparation of PVN sections 
WKY brains which had been microinjected into the RVLM (in the hind brain) were retained 

in their entirety, so that the hypothalamus (in the mid brain) could be investigated by 

immunohistochemical analysis.  After fixing in a solution of 4% w/v paraformaldehyde and 

20% w/v sucrose for one week, the hypothalamus was cut on a cryostat into 40 µm-thick 

sections and mounted onto gelatin-subbed slides. The sections were then viewed wet by 

microscopy, and sections containing the PVN were identified by the proximity of the fornix to 

the third ventricle.  The PVN was then identified as the region around the third ventricle 

which appeared darker due to the density of neurons in the PVN.  The PVN-containing 

sections were outlined using an ImmEdge® hydrophobic barrier pen (Vector Laboratories, 

Burlingame, UK) and allowed to dry for 1.5 hours.  

 

Preparation of MCA  
MCA from Sprague Dawley rats were dissected and carefully cleaned of connective tissue.  

They were then placed in 4% w/v paraformaldehyde in phosphate buffered saline 

(composition (mM): Na2HPO4 203; KCl 53.6; KH2PO4 35.3; NaCl 2.74) for 10 min. 

 

Antigen retrieval, blocking and permeabilisation 
Hypothalamic sections and MCA were transferred to citrate buffer (citric acid 10mM, Triton 

X 0.05% v/v, adjusted to pH 6 using sodium hydroxide) and microwaved in a 200 W 

microwave oven for 30 sec for antigen retrieval.  For blocking and permeabilisation, the tissue 

was incubated in 2% v/v rabbit serum and 0.5% v/v Triton X in citrate buffer for 1 hr.  
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Antibody incubation 
Several sections from one brain were then incubated in a mouse monoclonal CBS primary 

antibody (1:50, M01, ABNOVA), prepared in a solution of phosphate buffer plus 2% v/v 

rabbit serum, for 18hr at room temperature.  Several other sections from the same brain were 

incubated in the solution alone for 18 hr at room temperature.  Similarly for the MCA, several 

segments were incubated with a mouse monoclonal anti- CSE primary antibody (1:50, 

ABNOVA) in a solution of citrate buffer plus 2% v/v rabbit serum, whilst other segments 

were incubated in the solution alone, both for 18 hr at 4˚C.  All tissues were then incubated 

with TRITC-conjugated rabbit anti-mouse secondary antibody (1:50, Dako Cytomation) for 2 

hr at room temperature.  Finally a Hoechst fluorescent nuclear stain (1:500 (25µg/mL), 

Thermo Scientific) was applied for 10 min at room temperature. Fluorescent mounting 

medium (Dako Cytomation) was used to mount the vessels onto slides which were 

coverslipped then imaged using a C1 confocal mounted on a Nikon Eclipse 90i laser-scanning 

microscope. 

2.5.3 Detection of CSE via RT-PCR 

RNA Extraction and Quantification 
MCA were collected as described earlier (section 2.3.1) and stored in RNAlater® solution 

(Invitrogen, Australia) at -20 ˚C.  For RNA extraction, MCA were removed from RNAlater® 

solution and placed in 1 ml of TRIzol® (Invitrogen, Australia) and homogenised with a 

handheld, motorised Teflon pestle.  Samples were allowed to stand for several minutes, after 

which 200 µl chloroform was added and the sample vigorously shaken. Samples were allowed 

to stand for 5 min and spun at 12,000 g for 15 min at 4 ˚C after which the upper aqueous 

phase was transferred to a new tube. The aqueous phase was precipitated by mixing with 

500µl ice-cold isopropanol alcohol. Samples were incubated at -20˚C for 1 hr and then 

centrifuged at 13,200 g for 15 min at room temperature. The supernatant was removed and the 

resulting pellet was washed with 200 µl of 75% ethanol in RNase-free water. After 
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centrifugation at 13,200 g for 10 min at room temperature, the ethanol supernatant was 

removed and the RNA pellets were left to air-dry for 5–10 min before being re-dissolved in 

40 µl of RNase-free water by mixing and then incubating at 55˚C for 10 min.  The quality and 

quantity of extracted RNA was determined on a NanoDrop 1000 spectrophotometer 

(Nanodrop Technologies, Wilmington, USA) by measuring absorbance at 260 nm and 280 nm 

with a 260/280 ratio of ~ 1.7 recorded for all samples. The RNA samples were diluted as 

appropriate to equalise concentrations, and stored at -80˚C for subsequent reverse 

transcription. 

Reverse Transcription and Real-Time PCR 
First-strand complementary DNA (cDNA) synthesis was performed using commercially 

available TaqMan Reverse Transcription Reagents (Invitrogen, Melbourne, Australia) in a 

final reaction volume of 20 µL. A negative sample containing a randomly chosen sample with 

no Reverse Transcriptase (Superscript®) was prepared to demonstrate an absence of PCR 

products in amplifications of cDNA during the real-time PCR cycling. A serially diluted 

pooled RNA sample from the control group was produced and also included to ensure 

efficiency of reverse transcription and for calculation of a standard curve for real-time 

quantitative polymerase chain reaction (RT-PCR).  All RNA, negative control and standard 

samples were reverse transcribed to cDNA in a single run from the same reverse transcription 

master mix. Quantification of mRNA (in duplicate) was performed on a 72-well Rotor-Gene 

3000 Centrifugal Real-Time Cycler (Corbett Research, Mortlake, Australia). Taqman-FAM-

labelled primer/probe for cystathionine gamma-lyase (Cat No. Rn00567128_m1) was used in 

a final reaction volume of 20 µL.  PCR conditions were 2 min at 50 ºC for UNG activation, 

10 min at 95 ºC then 40 cycles of 95 ºC for 15 s and 60 ºC for 60 s.  18S ribosomal RNA (18S 

rRNA) (Cat No. Hs99999901_s1) was used as a housekeeping gene to normalise threshold 

cycle (CT) values. The relative amounts of mRNAs were calculated using the relative 

quantification (∆∆CT) method (Livak et al., 2001).  



 90 

2.5.4 Measurement of plasma and liver H2S  
Background 

In the present thesis, H2S generation from liver samples was used to determine CSE activity, 

via a method developed by Stipanuk and Beck (Stipanuk et al., 1982).  The Stipanuk and 

Beck assay involves the generation of H2S from tissue by addition of substrate, L-cysteine 

(for exact details, see below), trapping of H2S using zinc in solution, and subsequent 

measurement of the H2S formed using a colourimetric assay.  The colourimetric assay 

involves the addition of N,N-dimethylphenyldiamine sulphate (NNDP) followed by ferric 

chloride (FeCl3). Under acidic conditions, NNDP is oxidised by Fe(III), forming an 

intermediate compound which is then reduced by H2S to form the phenothiazinium dye, 

methylene blue (Boltz, 1978).  To date, this remains a commonly used method for 

determination of CSE activity (Brancaleone et al., 2008; Dal-Secco et al., 2008; Li et al., 

2011; Yang et al., 2011), since the methylene blue assay allows for specific detection of low 

micromolar concentrations of H2S in multiple samples (Siegel, 1965).   

In the present thesis, the methylene blue assay was also used to detect H2S in plasma samples.  

Application of the methylene blue assay to measurement of free H2S levels in biological 

samples has been criticised, since the acidic conditions likely release H2S from acid labile 

sulfur stores (Furne et al., 2008).  Despite the multiple analytical techniques which have been 

developed for measurement of H2S levels, all have limitations to application in biological 

samples, and most cannot be performed in physiological conditions (for review, see (Olson, 

2012)).  The present thesis acknowledges the limitation of the methylene blue assay to 

applications measuring free H2S in biological samples, and refers to the H2S measured in 

plasma as ‘sulfide’, as it is likely a reflection of both free H2S and H2S liberated from acid 

labile stores.  It is noteworthy that acid labile sulfur is unlikely to have contributed to 

measured H2S levels in the CSE activity assay, since negative control samples (lacking the 

substrate, L-cysteine) produced negligible H2S, which was undetectable using the methylene 

blue assay (data not shown). 
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Assay of liver H2S synthesis: measurement of CSE activity  
CSE activity was measured in liver, since it has been demonstrated that CSE expression is 

relatively high in hepatic tissue (Bao et al., 1998). Liver H2S synthesising activity was 

measured using the assay developed by Stipanuk and Beck (Stipanuk et al., 1982), with 

modifications.  Briefly, liver tissue was weighed and homogenised using a Pro Scientific 200 

electric homogeniser, then diluted 1 in 10 w/v in ice-cold phosphate buffer (composition 

(mM): K2HPO4, 77.6; KH2PO4 22.4).  Protein concentration was determined using the 

Bradford assay (Bio-Rad Laboratories, Milano, Italy).  Each liver homogenate was then 

assayed in triplicate for H2S synthesising capacity, by adding L-cysteine (1 M, 5 µL), PLP 

(200 mM, 5 µL) and phosphate buffer 10 µL to 480 µL of homogenate, in 1.5mL eppendorfs.  

To confirm that H2S production was due to CSE, a positive control was prepared for each 

liver homogenate, contents as above, except phosphate buffer was replaced with PPG (0.5 M, 

10 µL).  Negative controls containing PLP (200 mM, 5 µL) and phosphate buffer 15 µL 

(without L-cysteine substrate) in 480 µL of homogenate were prepared for n = 3 liver 

homogenates in each group.  Eppendorfs were sealed using parafilm and the reaction was 

initiated by transferring to a shaking water bath at 37 ºC.  After incubation for 30 min, zinc 

acetate (1% w/v, 250 µL) was injected into each eppendorf to trap the generated H2S.  

Subsequently, trichloroacetic acid (10% w/v, 250 µL) was injected into each eppendorf, to 

precipitate the protein, thus stopping the reaction.  80 µL of each sample was then added to 

560 µL of water, followed by addition of NNDP (20 mM, 80 µL) in 7.2 M HCl then FeCl3 (30 

mM, 80 µL) in 1.2 M HCl.  Standard concentrations of NaHS were prepared (0-5000 µM, 

n=14), and 80 µL of each was again added to 560 µL of water, followed by addition of NNDP 

(20 mM, 80 µL) in 7.2 M HCl then FeCl3 (30 mM, 80 µL) in 1.2 M HCl.   The sample 

solutions were vortexed at 9,000 g for 1 min, and 250 µL of each sample and standard was 

pipetted into a 96-well plate (Sarstedt, Newton, NC, USA).  20 min after the addition of FeCl3, 
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the absorbance was measured at 670 nm in a Multiskan® Spectrum spectrophotometer 

(Thermo Scientific).   

Determination of plasma sulfide content  
Determination of sulfide in plasma was performed without addition of L-cysteine or PLP.  

Plasma samples (80 µL) were added to zinc acetate (1% w/v, 80 µL), followed by addition of 

trichloroacetic acid (10% w/v, 80 µL). Standard concentrations of NaHS were prepared (0-

200 µM, n = 12), and 80 µL of each was also added to zinc acetate (1% w/v, 80 µL), followed 

by addition of trichloroacetic acid (10% w/v, 80 µL).  Subsequently, NNDP (20 mM, 80 µL) 

in 7.2 M HCl was added to each of the samples and standards, followed by FeCl3 (30mM, 80 

µL) in 1.2 M HCl.  The sample solutions were vortexed at 9,000 g for 1 min, and 250 µL of 

each sample and standard was pipetted into a 96-well plate (Sarstedt).  20 min after the 

addition of FeCl3, the absorbance was measured at 670 nm in a Multiskan® Spectrum 

spectrophotometer. 

Analysis of plasma sulfide content, and liver CSE activity 
The final H2S concentration in treated plasma and liver samples was calculated against the 

calibration curve of the appropriate NaHS standards.  For plasma, the calculated value was 

referred to as plasma sulfide concentration (as discussed above, under background p.90) and 

expressed in µM. The difference between diabetic and control plasma sulfide concentration 

was compared using the Student’s t-test.  For liver samples (CSE activity), the amount of H2S 

was calculated by multiplying by the volume of homogenate (0.048 L).  Results were then 

divided by the number of minutes of reaction (30 min) and normalised to protein content (mg).  

For CSE activity, results were thus expressed as amount of H2S produced per mg of protein 

per minute (nmol per mg per min), and the difference between diabetic and control H2S 

production rate was compared using the Student’s t-test. 
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2.6 Materials 
 

2.6.1 Chemicals 
9-Amino-5-imino-5H-benzo[a]-phenoxazine salt, (cresyl violet) (Sigma Chemical CO, MO, 
USA) 
4-aminopyridine (Sigma, A0152) 
Apamin (Sigma, A9459) 
Barium chloride-dihydrate (Merck, A749419 719) 
Catalase (Simga, C-10) 
Charybdotoxin (Sigma, C7802) 
Diethyldithio-carbamic acid (DETCA) sodium salt (Sigma, D-3506) 
Dimethylsulfoxide (Sigma-Aldrich, 472301) 
D-glucose anhydrous (APS Finechem, 50-99-7) 
4,4’-Diisothiocyanatostilbene-2,2’-disulfonic acid disodium salt hydrate (Sigma, D3514) 
Diphenylene iodonium (Sigma, D-2926) 
DL-Propargylglycine (Sigma, P7888) 
Ferric chloride, anhydrous (Merck, S4976445807)Glibenclamide (Sigma, G-0639) 
heparin (5000IU/5mL vials, Pharmacia Australia, Rydalmere, NSW, SIN5192P) 
Hydroxylamine hydrochloride (Sigma, 159417) 
Indomethacin (Sigma I-7378) 
L-glutamic acid (glutamate) (Sigma G-1626) 
L-NG-Nitroarginine methyl ester (L-NAME) (Sigma, N5751) 
HEPES, Free acid, ULTROL Grade (EMD chemicals, Inc. San Diego, CA, cat#391998) 
HEPES sodium salt (Sigma, H3784) 
4-hydroxy-TEMPO (tempol) (Aldrich, 17, 614-1) 
Hypoxanthine (Sigma, H9377)  
β-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt hydrate (Sigma, 
N1630) 
Nifedipine (Sigma, N7634) 
Niflumic acid (Sigma, N0630) 
N,N’-dimethyl-9,9’-biacridium dinitrate, (lucigenin) (Sigma, M8010) 
N,N-Dimethyl-p-pheylenediamine sulfate salt (Sigma, D-4790) 
O-(Carboxymethyl)hydroxylamine hemihydrochloride (amino-oxyacetate) (Aldrich, C13408) 
Paraformaldehyde (Sigma, P6148) 
Phenylephrine (Sigma, P6125) 
Pyridoxal 5’- phosphate hydrate (Sigma, P9255) 
Sodium hydrogen carbonate (APS Finechem, 144-55-8) 
Sodium hydrosulfide hydrate (sodium hydrogen sulfide) (Sigma, 161527) 
Streptozotocin (Sigma, S01030) 
Sucrose (Merck, 10274.7E) 
Superoxide Dismutase (Sigma, S7571) 
Trichloroacetic acid (BDH chemicals, 10286) 
urethane (Sigma, U2500) 
Xanthine oxidase, from bovine milk (Sigma, X4376-25UN) 
Zinc acetate dihydrate (Sigma, Z0625) 
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2.6.2 Products 
Antifoam (Sigma, A5758) 
Depex mounting medium (BDH Lab Supplies, Poole, UK) 
Delvet isoflurane inhalation anaesthetic (Delvet Pty Ltd, Seven Hills, NSW, 
AP/DRUGS/220/96) 
ImmEdge® hydrophobic barrier pen (Vector Laboratories, Burlingame, UK) 
Kwik-Cast Sealant (WPI, USA) 
Lethabarb (pentobarbitone 325mg/mL,Virbac animal health, 1P064 3-2) 
Rhodamine (LumaFluor, NC, USA) 
RNAlater® Soln (Ambion, AM7024)  
Triton X-100 (BDH, 30632) 
TRIzol® (Invitrogen, 15596-026) 
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Chapter 3: The role of hydrogen sulfide in the 
RVLM and PVN in cardiovascular regulation  
3.1 Introduction 
H2S has several neuromodulatory effects, as well as peripheral cardiovascular actions 

(Gadalla et al., 2010; Kimura, 2002; Mustafa et al., 2009a).  The first demonstration that H2S 

could act as an endogenous biological mediator was by Kimura et al. in 1996, and showed 

that H2S facilitated long-term potentiation in the rat hippocampus (Abe et al., 1996). H2S has 

also been shown to induce calcium waves in rat astrocytes (Nagai et al., 2004) and protect 

against neurodegenerative diseases including Alzheimer’s Disease, vascular dementia and 

Parkinson’s Disease, by attenuating oxidative stress and hypoxia induced neuronal cell death 

in rats (Zhou et al., 2011).  In the cardiovascular system, H2S has been reported to have 

protective effects against cardiac ischemia-reperfusion injury in mice (Calvert et al., 2009).  

H2S donors, such as NaHS, have been shown to relax rat blood vessels in vitro (Zhao et al., 

2002) (Cheang et al., 2010) and systemic administration of NaHS reduces rat blood pressure 

in a dose dependent manner (Zhao et al., 2001) indicating H2S can influence blood pressure in 

vivo.  

 

H2S is also produced in the central nervous system, suggesting it may have central 

cardiovascular actions, in addition to its peripheral effects (Gadalla et al., 2010; Kimura, 2002; 

Mustafa et al., 2009a), as is the case for the gaseous transmitter, nitric oxide.  Thus, the 

question arises as to whether H2S can regulate the cardiovascular system via actions in the 

central nervous system as well as systemically. It has been reported that H2S acts within the 

posterior hypothalamus of rats to produce a small reduction in blood pressure (Dawe et al., 

2008).  However, in another study, an infusion of NaHS into the lateral cerebral ventricle 

increased blood pressure in rats (Ufnal et al., 2008).  More recent studies indicate that H2S 

can augment pre-synaptic transmission in the NTS (Austgen et al., 2011), and reduces renal 

sympathetic nerve activity via action in the RVLM of rats (Guo et al., 2011).  Thus, it appears 

unclear as to the central cardiovascular action of H2S.  Furthermore, at the time of research, 



 96 

brain regions with key regulatory cardiovascular actions, such as the RVLM and PVN, had 

not been investigated. 

 

Regulating the activity of the sympathetic nervous system is a key mechanism through which 

the brain can influence the level of blood pressure.  There are several areas in the brain that 

are known to influence sympathetic nerve activity via projections to the intermediolateral cell 

column of the spinal cord, where sympathetic preganglionic motor neurons are located.  

These key autonomic regions have important cardiovascular regulatory functions and include 

the RVLM and the PVN (Guyenet, 2006; Shafton et al., 1998).  The RVLM plays a pivotal 

role in the tonic and reflex control of sympathetic vasomotor activity, such that bilateral 

inhibition or destruction of neurons in the RVLM results in dramatic decreases in both arterial 

pressure and sympathetic vasomotor activity (Guyenet, 2006).  The PVN is a major 

integrative nucleus that can markedly influence blood pressure, sympathetic nerve activity 

and the haemodynamic sequelae (Badoer, 2001; Badoer, 2010). Activation of the PVN can 

elicit increases or decreases in sympathetic nerve activity and blood flow (Badoer, 2001; 

Deering et al., 2000), suggesting both sympatho-inhibitory and sympatho-excitatory outflows 

may emanate from the PVN.   

 

Nitric oxide can influence neuronal function in the RVLM and PVN, and contributes to the 

regulation of sympathetic nerve activity in normal and pathophysiological conditions (Patel et 

al., 2001).  Whether H2S microinjected into the RVLM can influence SNA to vascular organs 

other than the kidney and whether it can act in the PVN to influence SNA is unclear. 

Additionally, there is no data available on whether H2S acting in those brain regions has 

different effects in normotensive and hypertensive conditions. Therefore, the aims of the 

present study were: to determine whether H2S could alter LSNA, MAP or HR by acting 

within the RVLM or PVN in normotensive as well as hypertensive rats; to determine whether 

CBS inhibitors could alter LSNA, MAP or HR by acting within the RVLM or PVN and to 

establish whether CBS and CSE were present in the RVLM or PVN of rats.   
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3.2 Methods 
3.2.1 Preparation for recording of MAP, HR and LSNA and intracerebral micro-injections 
Animals were anaesthetised initially with inhaled isoflurane, and the right femoral vein was 

cannulated for maintenance of anaesthesia using intravenous urethane (1-1.5 g/kg IV).  The 

right femoral artery was cannulated for recording of MAP and HR.  The left lumbar 

sympathetic nerve was then exposed and placed onto a probe for recording of nerve activity 

using a MacLab data acquisition system (ADInstruments, NSW, Australia).  Animals were 

then placed prone and the head was mounted into a Stoelting stereotaxic frame.  The skull 

was exposed, and burr holes were drilled in the appropriate positions for either RVLM or 

PVN micro-injections.  See 2.2.1 for a detailed description of these surgical procedures.   

 

3.2.2 Experimental Protocol 
In WKY rats, bilateral microinjections were made into the RVLM (n = 16), PVN (n = 19) and 

into the area adjacent to the PVN (n = 8).  Animals receiving microinjections into the RVLM 

were given vehicle (artificial cerebrospinal fluid (aCSF) containing NaCl 124mM, KCl 

3.0mM, NaH2PO4.2H2O 1.3mM, MgCl2.6H2O 2.0mM, NaHCO3 26mM, glucose 10mM, 

CaCl2 2.0mM in Milli-Q water, buffered with carbogen), followed by either (i) five sequential 

doses of NaHS (0.2, 2, 20, 200 and 2000 pmol/side) or (ii) HA (0.2, and 2 nmol/side, 

sequentially) and AOA (0.1 and 1 nmol/side, sequentially) the order of HA and AOA was 

randomised.  For microinjections into or out of the PVN the same protocol was followed 

except only three sequential doses of NaHS were administered (20, 200 and 2000 pmol/side).  

In SHR rats, NaHS (20-2000 pmol/side) was microinjected into the RVLM (n = 3) and PVN 

(n = 5). For all experiments, 10 - 15 minutes were allowed between each microinjection of 

drug. MAP, HR and LSNA were monitored continuously.  Resting levels prior to drug 

administration were recorded at 20 minutes before and immediately prior to the first 

intracerebral microinjection.  At 1, 5 and 10 min after the administration of each dose of drug, 
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MAP, HR and LSNA were recorded for a duration of 1-2 min.  For a description of the data 

analysis, see 2.2.3 Data Analysis, p.71.  Briefly, the average value of changes in MAP, HR 

and LSNA were calculated. For each parameter, the average value was subsequently 

compared between groups using one-way ANOVA, followed by comparisons between the 

individual doses of drugs and control (vehicle administration) using Dunnett’s post hoc test 

for multiple comparisons.  P<0.05 was considered statistically significant. 

 

 

3.2.3 Histology 
To mark the injection sites, a small amount of rhodamine-tagged fluorescent microspheres 

was included in the microinjected solution (LumaFluor, NC, USA). Brain slices from 

experimental animals were subsequently viewed under fluorescence microscopy to determine 

the exact position of injection sites (see 2.2.2 for a detailed description of histology). 

 

3.2.4 Detection of H2S-producing enzymes via western blotting and immunohistochemistry 
Samples of PVN tissue (n = 3) from WKY rats were dissected and pooled, as were those from 

the RVLM (n = 3).  The pooled samples were then analysed for CSE and CBS content using 

western blotting (see 2.5.1).  The brains of several WKY rats were fixed using 4% w/v 

paraformaldehyde and 20% w/v sucrose for one week before sectioning the hypothalamus 

into 40 µm-thick sections using a cryostat.  These sections were then analysed for the 

presence of CBS using immunohistochemistry (see 2.5.2). 
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3.3 Results 

WKY Rats 
3.3.1 Presence of CBS and CSE in RVLM and PVN 
Figure 3.1a shows examples of the western blots used to determine the presence of CSE and 

CBS in the RVLM and PVN.  The results show that the PVN and RVLM contain CBS protein.  

By contrast, in neither region was CSE protein detectable, despite being detected in liver and 

aorta (figure 3.1b).  The control proteins eluted out at the expected size.   

Immunohistochemical analysis showed staining for CBS within the PVN (figure 3.2). 

Combined staining using Hoescht nuclear stain and immunohistochemistry for CBS 

demonstrated that CBS was localised specifically within cells of the PVN (figure 3.2). 

 

3.3.2 Effect of NaHS microinjected into the rostral ventrolateral medulla 
NaHS (0.2 – 2000 pmol / side) microinjected into the RVLM had no significant effect on 

MAP, HR and LSNA compared to control (figure 3.3).  This indicates that exogenous 

hydrogen sulfide in the RVLM did not have any major effect on MAP, HR or LSNA.   

 

3.3.3 Effect of HA and AOA microinjected into the rostral ventrolateral medulla 
The CBS inhibitors, AOA (0.1 – 1.0 nmol / side) and HA (0.2 – 2.0 nmol / side) 

microinjected into the RVLM did not significantly change any of the cardiovascular variables 

measured compared to control (figure 3.4).  Thus, inhibition of the production of endogenous 

hydrogen sulfide in the RVLM did not have any major influence on MAP, HR or LSNA. 
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Figure 3.1 Western blots for CBS and CSE in RVLM and PVN 

Typical western blots of cystathionine β lyase (CBS) and cystathionine γ lyase (CSE) in 

punched out homogenates of rostral ventrolateral medulla (RVLM) and hypothalamic 

paraventricular nucleus (PVN) (a).  The native CBS protein (63 kDa) was labelled in both 

PVN and RVLM samples.   No bands for native CSE protein (44kDa) were observed in the 

PVN or RVLM, despite being observed in liver and aorta homogenates (b).   The third lanes 

in ‘a’ and first lane in ‘b’ show the GST-tagged human recombinant CBS (86kDa) or CSE 

(70kDa) protein. 
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Figure 3.2 CBS staining in the PVN 

(a) Immunohistochemistry images demonstrating presence of CBS within the PVN 

(paraventricular nucleus).  Top panel is in the presence of the primary antibody for CBS, 

bottom panel is a negative control processed in the absence of the primary antibody for CBS. 

Both images show a merge of CBS (red) and Hoescht nuclei (blue) staining. No specific 

staining for CBS was observed in the negative control. Calibration scale bar = 20 µm (b) 

Schematic demonstrating the region of the PVN where the images in ‘a’ were taken (pink 

square).  Calibration scale bar = 500 µm.  Fx, fornix; AHA, anterior hypothalamic area, 3V, 

third ventricle. 
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Figure 3.3 Effect of NaHS in the RVLM  

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 13 for MAP and HR and n = 6 for LSNA) and the H2S 

donor, (NaHS, 0.2 – 2000 pmol/side) (n = 8 for MAP and HR and n = 5 for LSNA) 

microinjected into the rostral ventrolateral medulla (RVLM) of WKY rats.  
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Figure 3.4 Effect of CBS inhibitors in the RVLM 

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 13 for MAP and HR and n = 6 for LSNA) and amino-

oxyacetate (AOA) (0.1 – 1.0 nmol/side) and hydroxylamine (HA)  (0.2 – 2.0 nmol/side) (n = 

8 for MAP and HR and n = 5 for LSNA) microinjected into the rostral ventrolateral medulla 

(RVLM) in WKY rats. AOA and HA are inhibitors of the enzyme cystathionine β synthase. 
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3.3.4 Effect of NaHS microinjected into the paraventricular nucleus 
The average changes in MAP, HR and LSNA following NaHS (20 – 2000 pmol) were not 

significantly different from control (Figure 3.5).  These data indicate that exogenous 

hydrogen sulfide microinjected into the PVN has no significant effect on MAP, HR or LSNA.  

NaHS microinjected into the area surrounding the PVN also had no significant effect on MAP, 

HR or LSNA (figure 3.6).   

 

3.3.5 Effect of HA and AOA microinjected into the paraventricular nucleus 
Microinjection of AOA (0.1 – 1.0 nmol / side) into the PVN produced no significant change 

in MAP, HR or LSNA compared to control (figure 3.7).  Microinjection of HA (0.2 nmol / 

side) into the PVN resulted in a small but significant decrease in MAP and HR compared to 

the control group (figure 3.7).  Microinjection of the higher dose of HA (2.0 nmol / side) into 

the PVN, however, did not elicit any significant effect on MAP and HR compared to control 

(figure 3.7). Neither dose of HA had any significant effect on LSNA compared to control.  

Additionally, AOA and HA microinjected into the area surrounding the PVN also had no 

significant effect on MAP, HR or LSNA (figure 3.8).   
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Figure 3.5 Effect of NaHS in the PVN 

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 14 for MAP and HR and n = 7 for LSNA) and the H2S 

donor, NaHS, (20 – 2000 pmol/side) (n = 6 for MAP and HR and n = 5 for LSNA) 

microinjected into the hypothalamic paraventricular nucleus (PVN) in WKY rats. 
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Figure 3.6 Effect of NaHS in the area surrounding the PVN,  

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 9 for MAP and HR and n = 3 for LSNA) and the H2S 

donor, NaHS, (20 – 2000 pmol/side) (n = 5 for MAP, HR and LSNA) microinjected into the 

area surrounding the hypothalamic paraventricular nucleus (PVN) in WKY rats. 
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Figure 3.7 Effect of CBS inhibitors in the PVN 

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 14 for MAP and HR and n = 6 for LSNA) and amino-

oxyacetate (AOA) (0.1 – 1.0 nmol/side) and hydroxylamine (HA) (0.2 – 2.0 nmol/side) (n = 

13 for MAP and HR and n = 6 for LSNA) microinjected into the paraventricular nucleus 

(PVN) in WKY rats. AOA and HA are inhibitors of the enzyme cystathionine β synthase.  

*P<0.05 compared to vehicle. 
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Figure 3.8 Effect of CBS inhibitors in the area surrounding the PVN 

Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle (n = 9 for MAP and HR and n=3 for LSNA) and amino-

oxyacetate (AOA) (0.1 – 1.0 nmol/side) and hydroxylamine (HA) (0.2 – 2.0 nmol/side) (n = 7 

for MAP and HR and n = 3 for LSNA) microinjected into the area surrounding the 

paraventricular nucleus in WKY rats. AOA and HA are inhibitors of the enzyme 

cystathionine β synthase.   
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SHR Rats 
3.3.6 Effect of NaHS microinjected into the rostral ventrolateral medulla or 
paraventricular nucleus in SHR rats 
When NaHS (20-2000pmol / side) was microinjected into the RVLM, there was no 

significant effect on MAP, HR and LSNA compared to vehicle (n = 3) (figure 3.9).  Similarly, 

microinjections of NaHS into the PVN of SHR rats did not significantly affect the 

cardiovascular variables monitored (n = 5) (figure 3.9). 
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Figure 3.9 Effect of NaHS in the RVLM and PVN of SHR rats 

(a) Changes in mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve 

activity (LSNA) following vehicle and the H2S donor, (NaHS, 20– 2000 pmol/side) (n = 3) 

microinjected into the rostral ventrolateral medulla (RVLM) of SHR rats. (b) Changes in 

mean arterial pressure (MAP), heart rate (HR) and lumbar sympathetic nerve activity (LSNA) 

following vehicle and the H2S donor, NaHS, (20 – 2000 pmol/side) (n = 5) microinjected into 

the hypothalamic paraventricular nucleus (PVN) in SHR rats. 
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3.3.7 Microinjection sites in the rostral ventrolateral medulla 

The sites of microinjection into the RVLM (defined as within 0.0 – 0.6 mm caudal of the 

facial nucleus) are shown in figure 3.10.  The microinjection sites were mainly located 

towards the rostral end of the RVLM predominantly within 0.0 to 0.2 mm caudal of the 

caudal pole of the facial nucleus. The distribution of the microinjection sites for NaHS, AOA 

and HA were similar. 

 

3.3.8 Microinjection sites in the paraventricular nucleus 
The sites of microinjection into the PVN are shown in figure 3.11.  The centre of the injection 

sites were found to be within 1.4 to 2.1mm caudal of the bregma and covered the rostral-

caudal extent of the PVN.  The distribution of the microinjection sites with NaHS and that of 

the inhibitors of the enzyme that produces H2S, were similar.  Microinjections made adjacent 

to the PVN were centred dorsal to the PVN, in the ventral portion of the nucleus reunions, at 

levels 1.3 - 2.3 mm caudal to bregma (figure 3.12). 
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Figure 3.10 Injection sites into RVLM of SHR and WKY rats 

Schematic illustration showing the centre of the microinjection sites within the rostral 

ventrolateral medulla (RVLM). Microinjections were made bilaterally but only unilateral sites 

are shown. Closed circles represent microinjection sites of NaHS in WKY rats, open triangles 

represent microinjection sites of NaHS in SHR rats and open circles represent microinjection 

sites of amino-oxyacetate and hydroxylamine in WKY rats. Sol, nucleus tractus solitarius; 

NAmb, nucleus ambiguus; Sp5, spinal trigeminal tract; Rob, raphe obscurus; ION inferior 

olivary nucleus. 
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Figure 3.11 Injection sites into the PVN of SHR and WKY rats 

Schematic illustration showing the centre of the microinjection sites within the hypothalamic 

paraventricular nucleus (PVN). Microinjections were made bilaterally but only unilateral sites 

are shown.  Closed circles represent microinjection sites of NaHS into WKY rats, open 

triangles represent microinjection sites of NaHS into SHR rats and open circles represent 

microinjection sites of amino-oxyacetate and hydroxylamine into WKY rats. 3V, third 

ventricle; AHA, anterior hypothalamic area; VMH ventromedial hypothalamus; OT, optic 

tract; Fx, fornix. 
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Figure 3.12 Injection sites into the area surrounding the PVN of WKY rats 

Schematic illustration showing the centre of the microinjection sites in the region surrounding 

hypothalamic paraventricular nucleus (PVN). Microinjections were made bilaterally but only 

unilateral sites are shown.  Closed circles represent microinjection sites of NaHS and open 

circles represent microinjection sites of amino-oxyacetate and hydroxylamine. Re, reunions 

thalamus nucleus; Vre, ventral reunions nucleus; Xi, xiphoid thalamus nucleus; Fx, fornix; 

DMD, dorsomedial hypothalamic nucleus; AHP, anterior hypothalamic area; VMH, 

ventromedial hypothalamus. 
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3.4 Discussion 
In the present study, the enzyme CBS, but not CSE, was demonstrated in the RVLM and PVN, 

suggesting H2S may be endogenously produced in these regions.  Microinjection of the H2S 

donor, NaHS, directly into these brain regions, however, did not significantly alter blood 

pressure, heart rate or lumbar sympathetic nerve activity in WKY and SHR rats. In WKY rats, 

inhibition of the production of H2S, using inhibitors of CBS, in those brain regions also had 

no marked effects on the cardiovascular variables.  The results suggest that hydrogen sulfide 

in the RVLM and PVN may not have a significant role in cardiovascular regulation. 

The present work, using western blot analysis, is the first to report that CBS is present 

specifically in the RVLM and PVN, two important autonomic brain regions involved in the 

regulation of sympathetic nerve activity and the cardiovascular system.  Previous studies have 

found that the activity of CBS varies with the brain area examined, and that the hypothalamus 

of rats had the highest activity (Kohl et al., 1979).  Changes in CBS expression have also 

been observed in mice during development; the levels of CBS increased postnatally, 

particularly in the hippocampus and cerebellum (Robert et al., 2003). In the present study a 

second band was observed in the western blots for CBS at approximately 70kDa the reason 

for this band is not clear, but is possibly due to proteolysis, splice variation or non-specificity 

of the antibody.  There have been several reports demonstrating weak expression of CSE in 

whole brain tissues of rats and mice (Abe et al., 1996; Ishii et al., 2004), however, the present 

results indicate that CSE is absent in the specific areas of the RVLM and PVN.  Bands for 

CSE were none-the-less detected in tissues known to express CSE, including aorta and liver.   

 

The RVLM is a key brain region involved in generating tonic sympathetic outflow (Guyenet, 

2006).  In the RVLM, microinjection of NaHS did not cause significant changes in MAP, HR 

or LSNA compared to control. This was observed in WKY as well as SHR rats. This contrasts 
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with the marked influence of another gaseous transmitter, nitric oxide, on blood pressure and 

sympathetic nerve regulation (Kimura et al., 2009; Patel et al., 2001; Zanzinger, 1999).  The 

present results suggest that H2S may not be a key player in cardiovascular regulation in the 

RVLM in normotensive or hypertensive conditions. 

 

In order to observe the effects of endogenous H2S, two inhibitors of CBS were employed, HA 

and AOA.  Since both inhibitors affect the association of CBS with its co-factor, PLP 

(Braunstein et al., 1971; McMaster et al., 1991), the effects could be attributable to inhibition 

of PLP-dependent enzymes other than CBS.  However, neither inhibitor microinjected into 

the RVLM significantly affected MAP, HR or LSNA.  These results indicate that, although 

CBS is present in the RVLM, H2S in the RVLM does not have a major influence on BP, HR 

or LSNA. Since the present study found no evidence to suggest a role for endogenous H2S in 

WKY rats nor for exogenous H2S in WKY and SHR rats, the effects of HA or AOA were not 

further investigated in the SHR rats. 

  

In contrast to the present work, a recent study reported that NaHS microinjected into the 

RVLM of anaesthetised rats induced dose-dependent, and relatively large, reductions in MAP, 

HR and renal sympathetic nerve activity (RSNA), and HA elicited opposite cardiovascular 

effects (Guo et al., 2011).  It is noteworthy that the researchers omitted to buffer any of their 

drugs in solution.  In the present experiments, artificial CSF, buffered with carbogen and 

25mM NaHCO3, was used as the vehicle for all drugs.   The concentrations of NaHS used by 

Guo et al. (2, 4 and 8mM) would be expected to cause a significant increase in the pH when 

dissolved in unbuffered saline, since it has been observed that NaHS dissolved in a low 

capacity buffer (containing 2.4mM NaHCO3) increased the pH by approximately 0.6 and 3 

pH units at concentrations of 1mM and 10mM, respectively, at 22 oC (Dombkowski et al., 
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2005).  Given the proximity of the RVLM to regions with chemosensitive neurons that 

participate in the central sympathetic chemoreflex (Guyenet et al., 2010), a drastic change in 

pH in this area might have significant influences on blood pressure.  

  

The study by Guo et al. also observed that HA can increase MAP, HR and RSNA via the 

RVLM (Guo et al., 2011), which contrasts with the lack of effect of HA observed in the 

present study.  HA is a weak base, and therefore may also cause pH-induced haemodynamic 

effects. Although unbuffered solutions of NaHS and HA are both basic, NaHS and HA 

induced opposite haemodynamic effects in the study by Guo et al, indicating that HA may 

have acted by mechanisms other than altered pH. Another possible explanation for the 

discrepancies between the present study and the study by Guo et al. lies in the difference in 

methodological approach (Guo et al., 2011). In the present study, rats were placed in the 

prone position for a dorsal approach to the RVLM, the pressor region was functionally 

identified, and the rats breathed spontaneously, whereas in the work by Guo and colleagues, 

rats were placed supine for a ventral approach and visual identification of the RVLM, and the 

rats were ventilated.  Stretching the chest wall during ventilation is known to enhance the 

excitatory drive arising from the RVLM and this can alter the responses to drugs administered 

into the RVLM (Cox et al., 1988).  Functional identification of the pressor region of the 

RVLM was important in the present study to indicate (i) the correct placement of the 

microinjection and (ii) the RVLM was functional under the present experimental conditions 

and cardiovascular responses were clearly obtainable.  It has been demonstrated previously 

that body positional changes influence haemodynamic parameters in rats, and inconsistent 

body position can lead to conflicting results (Siepe et al., 2005). 

 

The PVN can influence the cardiovascular system via hormonal and neural mechanisms, and 
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it contains neurons that project to the spinal cord and directly influence sympathetic nerve 

activity (Badoer, 2001; Shafton et al., 1998). Since the present study found CBS was present 

in the PVN and its activity was reportedly high in the hypothalamus (Kohl et al., 1979), we 

investigated whether exogenously administered or endogenously produced H2S could 

influence MAP, HR and LSNA.  As there was no effect with any of the five doses of NaHS in 

the RVLM, only the three higher doses of NaHS were used in the PVN.  NaHS microinjected 

into the PVN of WKY rats did not significantly influence MAP, HR or LSNA compared to 

the microinjection of vehicle.  Similarly micro-injection of NaHS into the area surrounding 

the PVN, mainly in the ventral reunions nucleus, did not significantly influence MAP, HR or 

LSNA.   These findings suggest that exogenous administration of H2S into the PVN, or 

closely surrounding region, cannot influence the cardiovascular variables.   

 

After microinjection of HA into the PVN, there was no effect on LSNA and there were 

minimal effects on MAP and HR which gained statistical significance, compared to control, 

only with the lowest dose of HA used.  Given there was no consistent significant effect of HA 

on MAP and HR between the two doses of HA, the physiological relevance of the statistical 

differences observed is questionable.  This view is supported by the fact that AOA 

microinjected into the PVN did not significantly alter MAP, HR or LSNA.  Thus, we 

conclude that endogenous H2S within the PVN does not appear to play a major role in the 

regulation of BP, HR or LSNA in the normotensive state.  In SHR rats we investigated the 

effects of NaHS microinjected into the PVN.  As in the WKY rats, we could not find any 

evidence suggesting H2S in the PVN contributed to the regulation of the MAP, HR and LSNA 

in the hypertensive state. Given the negative findings in the WKY rats, we did not pursue 

further investigations with HA and AOA in the PVN of SHR rats.  
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In a previous study, exogenous as well as endogenous H2S in the posterior hypothalamus 

produced a small, but significant, reduction in blood pressure suggesting that H2S has some 

depressor activity within the posterior hypothalamus (Dawe et al., 2008).  Bolus 

intracerebroventricular injections of NaHS (3-303 µmol) also resulted in significant 

reductions of blood pressure (Liu et al., 2011a). In contrast, a 60 min intracerebroventricular 

infusion of NaHS resulted in a small, significant increase in blood pressure (Ufnal et al., 

2008). However, intracerebroventricular AOA did not affect blood pressure in the latter study 

(Ufnal et al., 2008).  The effects on sympathetic nerve activity were not examined in any of 

these reports. Therefore, H2S may act in brain regions other than key areas like the RVLM 

and PVN, to influence cardiovascular regulation. 

 

Opening of KATP channels is believed to contribute to the effects of H2S, including 

vasodilation and cardioprotection (Bian et al., 2006; Zhao et al., 2001). Opening KATP 

channels could decrease cell firing as a result of hyperpolarisation.  Indeed, a reduced 

discharge rate in spontaneously firing units in the RVLM after administration of a KATP 

channel opener, adenosine, has been reported but there was no effect on blood pressure or 

heart rate (Chen et al., 1998).  A study on hypothalamic slices showed that the spontaneous 

firing of PVN neurons with projections to the spinal cord was reduced by adenosine; an effect 

mediated by opening of KATP channels (Li et al., 2010).  The effect on sympathetic outflow, 

blood pressure or heart rate, however, could not be examined in that in vitro study. The 

present findings suggest that if H2S opens KATP channels in the RVLM or PVN, then KATP 

channels in those brain regions have little influence in the regulation of MAP, HR or LSNA. 

 

In the brain KATP channels are distributed widely.  In the PVN, relatively high mRNA levels 

of the Kir6.2 subtype of the KATP channel have been demonstrated (Dunn-Meynell et al., 
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1998).  These channels are involved in altering firing rates of glucose and may couple 

metabolic activity with neuronal excitability (Ashford et al., 1990).  The expression of these 

channels in the PVN can be influenced by peripheral glucose administration and may be 

involved in the predisposition to obesity (Levin et al., 1997).  Thus, although our studies 

suggest H2S in the PVN has no major role in MAP, HR and LSNA, H2S in the PVN may 

perform other functions, which require further investigation. 

 

 

Methodological Aspects 
Exogenously applied free H2S is sequestered and stored as bound sulfane within minutes, 

therefore, an effect of exogenously applied H2S would be expected to be quite short-lived 

(Ishigami et al., 2009).  This is unlikely to explain the lack of any significant effect of NaHS 

on the cardiovascular variables measured in the present study since previous studies in which 

100 nl of NaHS was infused into the posterior hypothalamus over 4 minutes reported 

significant changes (Dawe et al., 2008) In the present study we used 100 nl injected over a 

shorter time frame (i.e. less than a minute).  

 

In the course of completing these studies, another enzyme, 3-MST, in addition to CBS, was 

reported to contribute to the production of endogenous H2S in the brain (Shibuya et al., 

2009a). However, the role of 3-MST in the production of H2S remains to be fully elucidated, 

in light of studies using astrocytic, microglial and neuroblastoma SH-SY5Y cell lines in 

which H2S production was drastically reduced by inhibition of CBS using hydroxylamine 

(Lee et al., 2009). 
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Conclusion 
The present study demonstrates for the first time the presence of the enzyme CBS in two 

important cardiovascular regulatory areas, the RVLM and PVN.  By contrast CSE was not 

observed in those brain regions.  This is consistent with the current view that, of those two 

enzymes, CBS is the main enzyme in the brain involved in the production of H2S.  The 

present work also showed there was no significant effect on MAP, HR and LSNA upon 

administration of the H2S donor, NaHS, into the RVLM and PVN of WKY and SHR rats, or 

following inhibition of CBS in the RVLM and PVN in WKY.  Thus, we suspect that H2S in 

those regions is not playing a critical role in the regulation of MAP, HR and LSNA, at least in 

the short term.   
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Chapter 4: Regulation of middle cerebral artery 
tone by hydrogen sulfide 
4.1 Introduction  
H2S possesses important cardiovascular effects, including protection against cardiac 

ischaemia-reperfusion injury, inhibition of VSM hypertrophy and attenuation of ROS or 

inflammatory mediator-induced endothelial dysfunction (Calvert et al., 2009; Muzaffar et al., 

2008; Pan et al., 2011).   H2S is also well established as a vasodilator.  The H2S donor, NaHS, 

induces concentration-dependent vasorelaxation in conduit arteries (Al-Magableh et al., 2011; 

Kiss et al., 2008; Kubo et al., 2007; Lee et al., 2007; Schleifenbaum et al., 2010; Zhao et al., 

2001), as well as in resistance artery beds, (Cheng et al., 2004; d'Emmanuele di Villa Bianca 

et al., 2011; Jackson-Weaver et al., 2011).  H2S may be an important physiological 

vasodilator, given that lowered plasma H2S levels have been observed in SHR (Ahmad et al., 

2012) as well as hypertensive humans (Sun et al., 2007).  Furthermore, in one study, mice 

deficient in CSE had pronounced hypertension (Yang et al., 2008), although CSE deletion did 

not influence blood pressure in another study (Ishii et al., 2010).  

 

H2S-induced vasorelaxation in peripheral blood vessels has been attributed to various 

mechanisms, both endothelium dependent (Cheng et al., 2004; Zhao et al., 2001) and 

independent (Al-Magableh et al., 2011; Hosoki et al., 1997).  In particular, opening of 

potassium channels, such as KATP (Al-Magableh et al., 2011; Cheng et al., 2004; Mustafa et 

al., 2011; Zhao et al., 2001), KCNQ-type voltage-dependent (Schleifenbaum et al., 2010) and 

KCa (Jackson-Weaver et al., 2011), has been reported to play a role. There is also evidence for 

a role of the Cl-/HCO3
- exchanger (Kiss et al., 2008; Lee et al., 2007, Al-Magableh, 2011 #73) 

and Ca2+ channels (Al-Magableh et al., 2011; Zhao et al., 2002).  Even within the same vessel 

type, controversy about the responsible mechanism exists; for example, in the rat aorta, the 
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KATP channel blocker, glibenclamide, strongly inhibited the H2S-induced vasorelaxation in 

one study (Zhao et al., 2001), had no effect in another report (Kiss et al., 2008), and caused 

partial blockade in another (Al-Magableh et al., 2011).  The size and origin of the blood 

vessel, as well as species, seem to influence the degree to which each mechanism contributes 

to the vasorelaxation mediated by H2S.  To date, studies on the effects of H2S on 

cerebrovascular tone have been few, but have demonstrated a vasorelaxant action (Leffler et 

al., 2010; Liang et al., 2011; Liang et al., 2012; Liu et al., 2012). 

 

In peripheral vessels, several studies have reported that the vascular action of H2S is biphasic, 

depending on its concentration: NaHS causes constriction at low concentrations (10-100 µM) 

and dilation at higher concentrations (100-1600 µM) (Ali et al., 2006; Kubo et al., 2007; Lim 

et al., 2008).  The vasoconstrictor effects have been attributed to endothelium-dependent 

mechanisms, including reduction of NO levels by direct reaction with NO (Ali et al., 2006; 

Whiteman et al., 2006), or inhibition of eNOS (Kubo et al., 2007). There is also evidence for 

an endothelium independent mechanism – down-regulation of cAMP in smooth muscle cells 

(Lim et al., 2008).  The contractile effect of H2S in cerebral vessels has not been investigated.    

H2S has been reported to have cerebroprotective effects in certain pathophysiological 

conditions, including attenuating cerebral ischemia-reperfusion injury (Ren et al., 2010) and 

decreasing the risk of delayed cerebral ischaemia following subarachnoid haemorrhage 

(Grobelny et al., 2011).  Neuroprotection by H2S has been reported in models of brain 

diseases that are associated with dysfunctional cerebral blood flow, such as Parkinson’s 

disease and vascular dementia (Hu et al., 2010; Zhang et al., 2009).  However, little is known 

about the mechanism of H2S-induced cerebral vasodilation or vasoconstriction. Determining 

these aspects of H2S biology may provide new insights into the regulation of cerebral blood 
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flow. Exploiting any cerebroprotective therapeutic potential of H2S will undoubtedly require 

further understanding of its mechanism.  

 

The aim of this study was to undertake a detailed analysis of the mechanisms potentially 

mediating the vasorelaxant and vasoconstrictor effects of H2S in rat isolated MCA.  The 

localisation of the H2S producing enzyme, CSE, was also examined in these cerebral vessels 

using immunohistochemistry.  
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4.2 Methods 
4.2.1 Wire myography 
MCA were collected (see 2.3.1) and cut into 2mm segments, which were mounted into a wire 

myograph (see 2.3.2 and figure 2.2).  The vessels were then constricted via one of two pre-

constriction protocols, depending which inhibitor was subsequently applied. The 

‘spontaneous tone protocol’ (see 2.3.2 and figure 2.3) was used in all vessel segments, except 

those using nifedipine or bicarbonate free Krebs’, for which the ‘U46619 protocol’ (see 2.3.2 

and figure 2.4) was used.  After pre-constriction, the viability of the endothelium was 

assessed using bradykinin 100 nM, vessel segments were washed and an inhibitor (or vehicle 

as control) was applied 20 minutes prior to constructing a concentration-response curve.  

 

Mechanism of H2S-induced vasorelaxation and vasoconstriction  
The vascular response to cumulative concentrations of the H2S donor, NaHS (10 µM-3 mM), 

was examined in the presence or absence of one (or more) of the following: glibenclamide (10 

µM), a KATP channel blocker; charybdotoxin (100 nM), an inhibitor of large and intermediate 

conductance KCa channels together with apamin (1 µM), an inhibitor of small conductance 

KCa channels; 4-aminopyridine (4-AP, 1 mM), a KV channel blocker; barium (Ba2+, 30 µM), a 

blocker of KIR channels; potassium chloride (KCl, 50 mM), to inhibit K+ conductance; L-

NAME (100 µM), an inhibitor of nitric oxide synthase; indomethacin (10 µM), an inhibitor of 

cyclo-oxygenase; DIDS (300 µM), an inhibitor of chloride channels and chloride-bicarbonate 

(Cl-/HCO3
-) exchange; bicarbonate free Krebs’ (composition same as Krebs’ solution, except 

NaHCO3 was replaced with HEPES free acid 10 mM as a buffer, NaCl concentration was 

increased to 238mM to maintain the osmolarity, and pH was adjusted to 7.4 using NaOH) to 

inhibit bicarbonate exchange; niflumic acid (30 µM), a chloride ion channel blocker; 

nifedipine (3 µM), an L-type voltage-gated calcium channel blocker; catalase (1000 U/mL),  

an enzyme that selectively decomposes hydrogen peroxide;  diphenylene iodonium (DPI, 1 
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µM), an Nox inhibitor; or tempol (1 mM), a SOD mimetic. Each was added 20 minutes prior 

to construction of the NaHS concentration-response curve.  At the completion of each 

experiment, maximal relaxation was recorded using calcium free Krebs’. Each vessel segment 

was used to obtain only one concentration-response curve. 

The effect of H2S on VGCC was also assessed in a separate set of experiments, by examining 

the constriction to calcium replacement in the presence of NaHS or nifedipine, as described in 

detail in section 2.3.2 (influence of VGCC) (see also figure 2.5).   

Vasorelaxation to endogenous H2S 
For these studies, the spontaneous developed tone protocol was used.  Vasorelaxation to 

cumulative (0.5 log-unit) concentrations of L-cysteine (10 µM-100 mM), a precursor to H2S, 

in the presence of the cofactor PLP (1 mM), was examined.  Concentration response curves to 

L-cysteine were obtained in the presence and absence of PPG (20 mM), a CSE inhibitor, 

applied 20 minutes prior to L-cysteine.  

 

For a detailed description of the data analysis, see 2.3.3 Data Analysis, p.80. Briefly, 

comparisons were made between average Emax, maximum constriction, and logEC50 values 

using T-tests for comparisons between two data sets, and one-way ANOVA with a post-hoc 

Dunnett’s test for comparisons between multiple data sets. 

 

4.2.2 Immunohistochemistry for CSE 
Immunohistochemistry was performed on whole MCA using standard protocols (Dan et al., 

2003), as detailed in chapter 2, section 2.5.2. Briefly, MCA were incubated in either mouse 

monoclonal CBS primary antibody (1:50, M01, ABNOVA), or vehicle alone as a negative 

control.  Vessels were then incubated separately in TRITC-conjugated rabbit anti-mouse 

secondary antibody (1:50, Dako Cytomation), followed by application of a Hoechst 

fluorescent nuclear stain (1:500).   
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4.3 Results 
4.3.1 Immunofluorescence for CSE in endothelium and smooth muscle 
 
Immunohistochemical analysis of MCA showed staining for CSE in endothelial (figure 4.1a) 

and smooth muscle cells (figure 4.1b).  Immunohistochemical analysis of mesenteric artery 

and aorta both also show staining for CSE in endothelial (figure 4.2a) and smooth muscle 

cells (figure 4.2b). 
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Figure 4.1 a CSE staining in MCA endothelium. 

Top panels are in the presence of the primary antibody for CSE, bottom panels are negative 

controls processed in the absence of the primary antibody for CSE (red). Left panels highlight 

the presence of nuclei as identified by Hoechst nuclear staining (blue).  Middle top panels 

highlight presence of CSE and right panel shows the merged images. These Images are 

focused for observation of endothelial cell layer. Arrows demonstrate examples of co-staining, 

where CSE is clearly staining endothelial cells. No specific staining for CSE was observed in 

the negative control.  
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Figure 4.1 b CSE staining in MCA smooth muscle.  

Top panels are in the presence of the primary antibody for CSE, bottom panels are negative 

controls processed in the absence of the primary antibody for CSE (red). Left panels highlight 

the presence of nuclei as identified by Hoechst nuclear staining (blue).  Middle top panels 

highlight presence of CSE and right panel shows the merged images.  These images are 

focused for observation of smooth muscle cell layer. Arrows demonstrate examples of co-

staining, where CSE is clearly staining vascular smooth muscle cells. No specific staining for 

CSE was observed in the negative control.  Calibration scale bar = 20 µm.  
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Figure 4.2 CSE staining in mesenteric artery and aorta. 
Left panels are images taken of the mesenteric artery and right panels are of aorta.  Top panels 

in ‘a’ and ‘b’ are in the presence of the primary antibody for CSE, bottom panels in ‘a’ and ‘b’ 

are negative controls processed in the absence of the primary antibody for CSE. All images 

show a merge of CSE (red) and Hoescht nuclei (blue) staining.  The green in ‘a’ is inherent 

fluorescence of the internal elastic lamina.  Images are focused for observation of the 

endothelial cell layer (a) or smooth muscle cell layer (b). No specific staining for CSE was 

observed in any negative control.  Calibration scale bar = 20µm. 
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4.3.2 Vasorelaxation response to exogenous  H2S 
The hydrogen sulfide donor, NaHS, (10 µM-3 mM) produced a full, concentration-dependent 

vasorelaxation of MCA that was unaffected by the preconstriction protocol - spontaneous 

tone or U46619. The threshold for the response was 72±11 µM and the pEC50=4.00±0.02 in 

vessels preconstricted using the spontaneous tone protocol (figure 4.3a, table 4.1). 

4.3.3 Vasorelaxation response to endogenous H2S 
The precursor for endogenous H2S formation, L-cysteine (10 µM-100 mM), caused 

concentration dependent vasorelaxation of MCA (Emax= 83±3%, pEC50= 2.28±0.04, n=6), 

which was not affected by the removal of endothelium (figure 4.3b).  The CSE inhibitor, PPG 

(20mM) significantly attenuated the maximum vasorelaxation response to L-cysteine (Emax= 

69±5%, P<0.05, n=5) and induced a rightward shift of the L-cysteine concentration-response 

curve, significantly increasing the EC50 (pEC50= 2.02±0.06, P<0.05, n=5, figure 4.3b) by 

approximately two fold.  The absence of endothelium did not significantly influence the 

response to L-cysteine in the presence of PPG (Emax= 69±2%, pEC50= 1.91±0.04, n=7, figure 

4.3b). 
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Figure 4.3 MCA vasorelaxation response to exogenous and endogenous H2S. 
(a) Cumulative concentration response curves to (i) NaHS in the presence (+E, closed circles, n=13) or 

absence of endothelium (-E, open circles, n=7) and (ii) NaHS in endothelium-intact middle cerebral 

artery segments preconstricted with U46619 (closed triangles, n=4) (b) Cumulative concentration 

response curves to (i) L-cysteine in the presence (closed squares, n=6) or absence of endothelium 

(open squares, n=6) and (ii) L-cysteine with propargylglycine (PPG, 20mM) to block cystathionine 

gamma lyase in the presence (closed triangles, n=5) or absence of endothelium (open triangles, n=7). 

*P<0.05 EC50 L-cysteine in the presence of PPG versus L-cysteine alone, in both the presence and 

absence of endothelium, †P<0.05 Emax L-cysteine in the presence of PPG versus L-cysteine alone, in 

both the presence and absence of endothelium. n = the number of middle cerebral artery segments 

from separate rats. 
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4.3.4 Mechanism of H2S-induced vasorelaxation 
Role of the endothelium: NaHS-induced vasorelaxation was not affected by the removal of 

endothelium (figure 4.3a, table 4.1).  Accordingly, inhibition of the production of nitric oxide 

using the NOS inhibitor, L-NAME (100µM) or the production of prostanoids with the cyclo-

oxygenase inhibitor, indomethacin (10µM) did not significantly alter the NaHS concentration-

response curve (figure 4.4, table 4.1). Blockade of COX did not have any significant effect on 

the level of spontaneously generated tone in these vessels (table 4.2).  Blockade of NOS and 

removal of endothelium both produced a significant increase in the baseline tone (table 4.2). 

 

Role of Potassium channels: Reduction of K+ conductance using 50mM KCl significantly 

decreased the pEC50 (figure 4.5a, table 4.1) and attenuated the Emax of NaHS-induced 

vasorelaxation, suggesting involvement of K+ channels.  However, selective individual 

blockade of KATP, (with glibenclamide), SKCa and IKCa (with charybdotoxin/apamin), KV 

(with 4-aminopyridine) or KIR (with barium) channels did not significantly alter pEC50 or Emax 

(figure 4.5b, table 4.1). Similarly, the combination of glibenclamide, charybdotoxin, apamin 

and 4-aminopyridine did not affect the response to NaHS (table 4.1).  The basal tone was not 

affected by the presence of glibenclamide or 4-aminopyridine, but the addition of 50mM KCl 

produced a significant increase in the baseline tone, similar to that produced by L-NAME 

(table 4.2).  Application of charybdotoxin/apamin and barium both also significantly 

increased baseline tone (table 4.2). 
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Figure 4.4 Effect of inhibition of the synthesis of endothelial-derived factors on NaHS-

induced vasorelaxation. 

Cumulative concentration response curves to NaHS in endothelium-intact MCA segments in 

the absence (control, closed circles, n=13), or presence of indomethacin (10 µM, closed 

squares, n=5), or L-NAME (100 µM, closed triangles, n=9). n = the number of middle 

cerebral artery segments from separate rats.  
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Figure 4.5 Effect of potassium channel inhibition on NaHS-induced vasorelaxation. 

Cumulative concentration response curves to NaHS in endothelium intact MCA segments in 

the absence (control, closed circles, n = 13), or presence of (a) KCl (50mM, closed squares, n 

= 7), *P<0.05 EC50, †††P<0.001 Emax compared to control, or (b) 4-AP (1 mM, closed squares, 

n = 7); charybdotoxin (100 nM) together with apamin (1 µM, closed triangles, n = 7); 

glibenclamide (10 µM, closed upside-down triangles n = 7) or Ba2+ (30 µM, closed diamonds, 

n = 5). n = the number of middle cerebral artery segments from separate rats.  
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Efficacy of glibenclamide: Since KATP channel opening is reported as a key mechanism for 

H2S-mediated vasodilation in the periphery, we investigated the efficacy of our KATP channel 

blocker, glibenclamide, in MCA.  Levcromakalim (10 nM-100 µM), a KATP channel opener, 

induced concentration-dependent vasorelaxation of MCA (figure 4.6).  Glibenclamide (10 µM) 

induced a large rightward shift of the levcromakalim concentration response curve, 

significantly increasing the EC50 by nearly 100 fold (figure 4.6). 

 

Role of reactive oxygen species: Inhibiting the formation of reactive oxygen species (ROS) 

using the NADPH oxidase inhibitor, DPI (1 µM), did not significantly alter the vasorelaxation 

to NaHS (figure 4.7, table 4.1).  Scavenging ROS using the superoxide dismutase mimetic, 

tempol (1 mM), also failed to alter NaHS-induced vasorelaxation (figure 4.7, table 4.1).  The 

possibility of involvement of hydrogen peroxide was also investigated using catalase, an 

enzyme that selectively decomposes hydrogen peroxide.  Catalase (1000 U/mL) had no effect 

on the vasorelaxation induced by NaHS (figure 4.7, table 4.1). None of the agents used to 

manipulate ROS had any significant influence on basal tone (table 4.2). 

 

Role of chloride channels and bicarbonate exchange: Application of DIDS (300 µM), an 

inhibitor of both chloride channels and chloride-bicarbonate exchange, produced a significant 

rightward shift of the NaHS concentration-response curve (figure 4.8, table 4.1).  Whether the 

effect of DIDS was due to chloride channels was investigated using the chloride channel 

blocker, niflumic acid.  Niflumic acid (30 µM) did not produce any significant shift of the 

NaHS concentration-response curve (figure 4.8, table 4.1).  Bicarbonate free Krebs’ was used 

to inhibit the bicarbonate exchanger, however this also failed to alter the NaHS concentration-

response curve (figure 4.8, table 4.1). Basal tone was significantly reduced by niflumic acid, 

but not influenced by DIDS or bicarbonate free Krebs’ (table 4.2).   
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Figure 4.6 Effect of glibenclaminde on levcromakalim induced vasorelaxation. 

Cumulative concentration response curves to levcromakalim in endothelium intact MCA 

segments in the absence (control, closed circles, n=4), or presence of glibenclamide (10µM, 

closed squares, n = 4). ***P<0.001 EC50 compared to control. n = the number of middle 

cerebral artery segments from separate rats. 
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Figure 4.7 Effect of ROS manipulation on NaHS-induced vasorelaxation. 

Cumulative concentration response curves to NaHS in endothelium intact MCA segments in 

the absence (control, closed circles, n = 4), or presence of catalase (1000 U/mL, closed 

squared, n = 4), tempol (1 mM, closed triangles, n = 3) or DPI (1 µM, closed upside-down 

triangles, n = 4).  n = the number of middle cerebral artery segments from separate rats. 
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Figure 4.8 Effect of inhibition of chloride channels or chloride-bicarbonate exchange on 

NaHS-induced vasorelaxation. 

Cumulative concentration response curves to NaHS in endothelium intact MCA segments in 

the absence (control, closed circles, n = 13), or presence of DIDS (300µM, closed squares, n 

= 5), niflumic acid (30µM, closed triangles, n = 3) or HCO3
- free Krebs’ (closed upside down 

triangles, n = 4), ***P<0.001 EC50 DIDS compared to control. n = the number of middle 

cerebral artery segments from separate rats. 
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Role of voltage-gated calcium channels: Nifedipine (3 µM) significantly attenuated the 

maximum relaxation to NaHS in MCA, although the pEC50 was not significantly affected 

(figure 4.9a).  Application of nifedipine produced a significant reduction of basal tone, similar 

to that induced by niflumic acid (supplementary table 1). The ability of NaHS to inhibit 

voltage-gated calcium channels was investigated using calcium free Krebs’ plus 100 mM KCl 

to depolarise VSM cells.  Concentration response curves to calcium replacement were 

unaffected by NaHS (100 µM and 1 mM), however, NaHS 10mM significantly attenuated the 

maximum constriction to calcium by approximately 80% (figure 4.9b), without significantly 

influencing the pEC50.  Nifedipine (3 µM), as a positive control, also significantly reduced the 

maximum constriction to calcium replacement by approximately 80% (figure 4.9b).  
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Figure 4.9 Role of voltage-gated calcium channels 

Cumulative concentration response curves to NaHS in endothelium intact MCA segments in the 

absence (control, closed circles, n = 5), or presence of nifedipine (3µM, closed triangles, n = 6). 
††P<0.01 Emax compared to control. n = the number of middle cerebral artery segments from separate 

rats. These vessels were preconstricted with U46619 (b) Cumulative concentration response curves to 

CaCl2 in endothelium intact MCA incubated in the Ca2+-free Krebs in the absence (control, closed 

diamonds, n = 5), or presence of NaHS 100µM (closed squares, n=3), 1mM (closed triangles, n = 4), 

10mM (closed upside down triangles, n = 5) and nifedipine (3µM, open diamonds, n = 5). †††P<0.001 

Emax compared to control.  n = the number of middle cerebral artery segments from separate rats.  
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Table 4.1  pEC50 and Emax of NaHS-induced vasorelaxation the presence or absence of 

pharmacological inhibitors. 

 

Drug n pEC50 Emax (%) 

    

Control (spontaneous tone) 13 4.00±0.02 98±0.7 

Control (U46619) 4 3.79±0.04 96±1 

    

KCl (50mM) 7 3.56±0.04* 87±1††† 

glibenclamide (10µM) 7 3.81±0.08 98±0.5 

4-aminopyridine (1mM) 7 3.82±0.07 98±0.7 

charybdotoxin/apamin 

(100nM/1µM) 

7 3.85±0.05 

99±0.2 

barium (30µM) 6 4.05±0.09 92±3 

cocktail  (glibenclamide+ 

4-AP+chtx/apa) 

3 3.74±0.09 99±0.6 

    

NaHS  (-E) 7 3.80±0.03 98±1 

indomethacin (10µM) 5 3.79±0.05 99±0.3 

L-NAME (100µM) 9 3.94±0.08 99±0.4 

    

DIDS (300µM) 5 3.24±-0.05*** 99± 0.6 

HCO3
- free  4 3.92±0.05 96± 2 

niflumic acid (30µM) 3 4.10±0.07 97±2 

    

nifedipine (3µM) 6 3.54±0.09 69±7†† 

    

catalase (1000U/mL) 4 3.95±0.05 97±1 

tempol (1mM) 3 3.95±0.05 98±2 

DPI (1µM) 4 3.82±0.1 96±3 

 

n = the number of middle cerebral artery segments from separate rats. Values are expressed as 

mean ± standard error of the mean. *P<0.05, ***P<0.001 EC50; ††P<0.01, †††P<0.001 Emax. 

 
 



143 

 
Table 4.2.  Influence of drugs on basal tone. 

Drug Tone (pre inhibitor) (mN) Baseline tone (pre NaHS) 

(mN) 

   

Control (spontaneous tone) 6.8±0.3 7.2±0.3 

Control (U46619) N/A 6.6±0.5 

   

KCl (50mM) 5.6±0.6 9.5±0.5*** 

glibenclamide (10µM) 7.2±0.6 7.6±0.6 

4-aminopyridine (1mM) 6.6±0.5 7.1±0.7 

charybdotoxin/apamin 

(100nM/1µM) 

6.9±0.5 8.2±0.4** 

barium (30µM) 7.4±0.8 7.9±0.9* 

   

NaHS (-E) N/A 9.1±0.5*** 

indomethacin (10µM) 7.7±0.6 7.7±0.8 

L-NAME (100µM) 6.8±0.6 9.6±0.7*** 

   

DIDS (300µM) 7.0 7.7±1 

HCO3
- free N/A 6.7±0.8 

niflumic acid (30µM) 8.0 5.8±0.7* 

   

Nifedipine (3µM) N/A 5.1±0.7* 

   

catalase (1000U/mL) 6.1±0.5 7.7±1 

tempol (1mM) 6.0±0.6 7.3±1 

DPI (1µM) 7.3±1 7.0±1 

‘Tone (pre inhibitor)’ is the average tone on vessel segments immediately prior to addition of any 

pharmacological inhibitor.  ‘Baseline tone’ is the average tone on vessel segments immediately prior 

to the NaHS dose response curve (approximately 20 minutes after addition of any pharmacological 

inhibitor). Values are expressed as mean ± standard error of the mean. *P<0.05, **P<0.01, 

***P<0.001 ‘baseline tone’ compared to ‘tone (pre-inhibitor)’.  In vessel segments where an inhibitor 

was not applied (endothelium denuded), or that were pre-constricted using the U46619 protocol, the 

tone ‘pre-inhibitor’ is not applicable.  In these groups, ‘baseline tone’ was compared to the control 

‘tone (pre-inhibitor)’. mN, milliNewtons 



144 

4.3.5 Mechanism of H2S-induced vasoconstriction 
NaHS induced a biphasic effect on MCA tone, consisting of constriction, followed quickly by 

a robust relaxation (figure 4.10).  This biphasic effect was observed after each addition of 

NaHS at concentrations greater than 30-100 µM (threshold for constriction response = 84 ± 

23 µM).  The magnitude of constriction caused by NaHS was concentration-dependent.  

Concentration-response curves to the constriction caused by NaHS in the presence and 

absence of all inhibitors were also analysed. Reduction of K+ conductance using 50mM KCl 

almost abolished constriction to NaHS (P<0.001, figure 4.11a, table 4.3). Application of the 

chloride channel and anion exchange inhibitor, DIDS (300 µM), produced a significant 

rightward shift of the NaHS concentration-response curve (P<0.05, figure 4.11b, table 4.3b).   

Blockade of L-type Ca2+ channels using nifedipine (3µM) significantly decreased maximum 

constriction (P<0.05) and induced a rightward shifted the NaHS concentration-response curve 

(P<0.01, figure 4.11c, table 4.3).  Selective decomposition of H2O2 using catalase (1000U/mL) 

significantly decreased the maximum constriction to NaHS (P<0.05, figure 4.11d, table 4.3).  

None of the other inhibitors used significantly influenced the constriction to NaHS (table 4.3). 
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Figure 4.10 Example of original trace showing effects of NaHS on MCA vascular tone 

Original trace of tone on an MCA during a concentration-response curve to NaHS, as 

recorded by Myodaq® software.  The MCA had been preconstricted using the spontaneous 

tone protocol.  Arrows indicate the time at which each concentration was administered into 

the myograph chamber.  
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Figure 4.11 Effect of various inhibitors on NaHS-induced vasoconstriction 
Cumulative concentration response curves pertaining to NaHS-induced vasoconstriction of 

endothelium intact MCA segments in the absence (control, closed circles, n = 12), or presence 

of (a) KCl (100mM, closed squares, n = 7); (b) DIDS (300 µM, closed upside-down triangles, 

n = 5); (c) nifedipine (3µM, closed triangles, n = 6) or (d) catalase (1000U/mL, closed 

diamonds, n = 4). *P<0.05 pEC50 DIDS compared to control; **P<0.01 pEC50 nifedipine 

compared to control; †††P<0.001 maximum constriction (%) KCl compared to control; 

†P<0.05 maximum constriction (%) nifedipine and catalase compared to control. n = the 

number of middle cerebral artery segments from separate rats.   
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Table 4.3  pEC50 of NaHS-induced vasoconstriction and maximum constriction to NaHS in 

the presence or absence of pharmacological inhibitors. 

Drug 

n pEC50 Max 

constriction (%) 

    

Control (spontaneous tone) 12 3.79±0.13 56±8 

Control (U46619) 4 3.43±0.22 62±12 

    

KCl (50mM) 7 - 5.7±1††† 

glibenclamide (10µM) 4 3.60±0.29 47±8 

4-aminopyridine (1mM) 6 3.60±0.08 61±15 

charybdotoxin/apamin (100nM/1µM) 7 3.60±0.13 62±7 

barium (30µM) 3 3.86±0.17 65±20 

    

NaHS  (-E) 6 3.82±0.23 55±8 

indomethacin (10µM) 5 3.78±0.17 54±9 

L-NAME (100µM) 7 3.53±0.13 68±8 

    

DIDS (300µM) 5 2.66±0.08* 59± 12 

HCO3
- free  4 3.98±0.33 50± 9 

niflumic acid (30µM) 3 4.10±0.18 79±10 

    

nifedipine (3µM) 6 2.58±0.11** 29±4† 

    

catalase (1000U/mL) 4 4.09±0.28 27±8† 

tempol (1mM) 3 3.64±0.43 44±11 

DPI (1µM) 3 3.54±1.1 58±24 

 
n = the number of middle cerebral artery segments from separate rats. Values are expressed 

as mean ± standard error of the mean. *P<0.05, **P<0.01 EC50; †P<0.05, †††P<0.001 Emax. 

Note that the pEC50 for NaHS in the presence of KCl (50mM) could not be calculated, due to 

the almost complete abolishment of the response by KCl (50mM), resulting in a lack of 

concentration-response curve (see figure 4.11a). 
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4.4 Discussion 
  
The present study is the first to demonstrate the presence of CSE specifically within 

endothelial cells and smooth muscle cells of MCA, and to examine in detail the mechanism 

of NaHS-mediated vasorelaxation in rat middle cerebral arteries. The CSE substrate, L-

cysteine caused a PPG-sensitive vasorelaxation, suggesting a role for endogenous H2S in the 

regulation of cerebral vascular function. Each addition of the H2S donor, NaHS, (above a 

threshold concentration of 84±24µM) caused an initial constriction response, which was 

followed quickly by a robust relaxation (above a threshold concentration of 72±11 µM).  

Both constriction and relaxation were concentration dependent.  Application of nifedipine 

produced a significant attenuation of the maximum vasorelaxation elicited by NaHS, 

suggesting that NaHS may block L-type VGCC.  The data also show that relaxation of MCA 

elicited by NaHS is not endothelium dependent and that NaHS-induced vasorelaxation is 

only partially due to potassium channel opening, as reducing K+ conductance produced a 

modest inhibition of the NaHS-induced relaxation.  This role for potassium channels could 

not be attributed to KATP, KCa, KV or KIR channels as selective blockade of those channels did 

not have any effect.  NaHS relaxation was DIDS sensitive, although the effect could not be 

explained by inhibition of chloride channels or Cl-/HCO3
- exchange, as selective blockade of 

these mechanisms had no effect.   Maximal NaHS-induced constriction was inhibited by KCl, 

nifedipine and catalase.  DIDS induced a rightward shift of the concentration-response curve 

for NaHS-induced constriction. 

 

This study demonstrates, for the first time, the presence of CSE within endothelial cells and 

VSM in MCA, confirming a previous report of the presence of CSE in cerebral arterioles 

(Leffler et al., 2010).  The immunohistochemistry data also demonstrates the presence of 

CSE in endothelial cells and VSM of both mesenteric artery and aorta.  The presence of CSE 
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in endothelium of peripheral vessels remains controversial (Jackson-Weaver et al., 2011; 

Mustafa et al., 2011; Shibuya et al., 2009a; Yang et al., 2008; Zhao et al., 2001).  However, 

the present findings are in agreement with a study demonstrating the presence of CSE in 

mouse mesenteric artery endothelium and human umbilical vein endothelial cells by 

immunohistochemistry and western blotting, respectively (Yang et al., 2008).  Furthermore, 

cultured bovine aortic endothelial cells could generate H2S, and CSE gene silencing inhibited 

this H2S production (Yang et al., 2008).  In support of the present findings in VSM, CSE has 

been demonstrated in rat and mouse aorta smooth muscle cells, by immunohistochemistry or 

real-time PCR (Al-Magableh et al., 2011; Hosoki et al., 1997; Zhao et al., 2001).  

 

Given that CSE was shown to be present in MCA, the ability of the vessels to relax to 

endogenously generated H2S was examined.  L-cysteine elicited concentration-dependent 

relaxation, which was attenuated by the CSE inhibitor, PPG, indicating that the relaxation 

involved endogenous production of H2S. The effect of PPG was relatively small suggesting 

that either (i) only a small proportion of the vasorelaxation induced by L-cysteine was due to 

H2S production, (ii) L-cysteine was being converted to H2S via an alternate enzyme, for 

example 3-MST (the presence of which has been demonstrated in vascular tissues (Shibuya et 

al., 2009a) or (iii) there was incomplete inhibition of CSE by PPG.  The latter could be due to 

the relatively poor cell permeability of PPG (Marcotte et al., 1976). It should also be noted 

that PPG acts by covalently binding to the pyridoxal 5’-phosphate (PLP) (co-factor) binding 

site of the CSE enzyme, thus may also influence other PLP-dependent enzymes (Johnston et 

al., 1979). Despite these limitations, PPG is a widely used inhibitor of endogenous H2S 

production and is the best available pharmacological tool at this time.  L-cysteine-induced 

relaxation in MCA was independent of endothelium, suggesting that conversion of L-cysteine 

to H2S occurs mainly in the sub-endothelial tissue, for example, in smooth muscle cells.  
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Thus, although our immunohistochemistry data demonstrate the presence of CSE in the 

endothelium, the vasorelaxation studies indicate that the production of H2S from the 

endothelial layer does not make a major contribution to the vasorelaxation mediated by 

endogenous H2S in MCA.  

 

In rat mesenteric arteries L-cysteine-induced relaxation was attenuated by endothelium 

removal (Jackson-Weaver et al., 2011), suggesting that the contribution of endothelial 

derived H2S to vasorelaxation is tissue-type specific.  Furthermore, there is evidence to 

suggest that H2S may be a candidate for endothelium-derived hyperpolarizing factor (EDHF), 

such that CSE-/- mice have attenuated cholinergic vasorelaxation (Yang et al., 2008) and 

hyperpolarisation (Mustafa et al., 2011) in mesenteric artery and aorta.  The present findings 

are not supportive of a role for H2S as an EDHF in MCA.  The discrepancy may be due to an 

anomaly introduced by the CSE-/- model: this model has been shown to induce 

hyperhomocysteinaemia (HHcy), thus, the findings of the aforementioned studies may have 

been confounded by endothelial dysfunction induced by HHcy generated ROS (Edwards et 

al., 2012).  However, it is possible that H2S acts as an EDHF in mesenteric, but not cerebral 

vessels, given evidence that the candidate for EDHF is different in cerebral and mesenteric 

arteries (Dong et al., 2000). 

 

In the present study, the maximum relaxation induced by NaHS was significantly reduced by 

nifedipine, a highly selective L-type calcium channel blocker (Furukawa et al., 1999), 

suggesting a role for voltage-gated calcium channels. To investigate this further, the effect of 

NaHS on calcium-mediated vasoconstriction was determined.  NaHS significantly inhibited 

the ability of calcium to constrict rat middle cerebral arteries, supporting the view that 

vasorelaxation induced by NaHS involved inhibition of voltage-gated calcium channels. 
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NaHS inhibition of L-type calcium channel conductance has also been demonstrated in rat 

cardiac myocytes (Sun et al., 2008).  In the present study, the concentration of NaHS required 

to significantly block the calcium-induced constriction was at least 10 fold higher than that 

which produced maximum vasorelaxation. This difference has been observed previously (Al-

Magableh et al., 2011) and is probably due to the different methodological conditions used to 

examine the vasorelaxation compared to the vasoconstriction responses.  In these latter 

experiments it is necessary to depolarise the VSM cells, so that the VGCC are open. The 

level of depolarisation achieved with 100mM K+ would be expected to be greater than either 

that of a spontaneously contracted artery, or an artery sub-maximally contracted with U46619.  

Therefore a higher concentration of NaHS may be required to counteract this depolarisation.   

 

The present work indicates an endothelium independent mechanism for H2S-induced 

vasorelaxation, since removal of endothelium had no effect on the NaHS-induced relaxation 

of MCA. This is in agreement with our data showing that inhibition of the synthesis of the 

endothelium derived vasodilators, nitric oxide and prostacyclin, had no effect. In a recent 

report, removal of the endothelium attenuated the effect of NaHS (Liu et al., 2012), however, 

that report examined the effect of NaHS on myogenic tone development, as opposed to the 

present study investigating the vasorelaxant mechanisms.  The discrepancy is likely due to a 

difference in mechanism of H2S between the two models: inhibition of myogenic tone 

development compared to vasorelaxation.  The role of the endothelium in the vasorelaxation 

mediated by H2S in peripheral vessels also remains controversial.  Several studies using 

mouse and rat aorta report that removal of endothelium had no effect on H2S-mediated 

vasorelaxation (Al-Magableh et al., 2011; Hosoki et al., 1997; Kubo et al., 2007).  In contrast, 

other studies, using rat aorta and mesenteric vessels, have reported an attenuation of H2S-



 152 

mediated relaxation when the endothelium was removed (Cheng et al., 2004; Zhao et al., 

2001).  

 

The present data suggests only a partial role for potassium channels in mediating 

vasorelaxation to NaHS, as 50mM KCl significantly reduced the maximum relaxation by 

approximately 10% and sensitivity by 4 fold.  The contribution of specific potassium 

channels to the H2S-mediated vasorelaxation was also investigated. Using glibenclamide to 

block KATP channels had no effect on the vasorelaxation to NaHS, but effectively blocked the 

vasorelaxation elicited by the specific KATP channel opener, levcromakalim.  Similarly, 

blockade of KV, KCa and KIR channels had no effect.  The role of two-pore domain K+ 

channels was not investigated and it is conceivable that the observed minor role for K+ 

channels in the H2S-induced vasorelaxation may be attributable to this potassium channel 

subtype. An alternative explanation for the ability of 50mM K+ to attenuate the H2S-mediated 

vasorelaxation is that the strong depolarisation induced by the high concentration of K+ may 

influence voltage operated mechanisms, for example, opening voltage-gated calcium 

channels (see later in discussion). This view would not support a role for K+ channels in the 

H2S-mediated vasorelaxation in MCA.  

 

A very recent study demonstrates that H2S increases the frequency of Ca2+ sparks in piglet 

cerebral arteriole smooth muscle cells, causing an increase in the frequency of transient KCa 

current, and thus vasorelaxation (Liang et al., 2012).  In the present study, combined BKCa 

and SKCa blockade did not influence H2S-mediated vasorelaxation, indicating that this 

mechanism does not contribute to H2S-mediated vasorelaxation of rat MCA.  This may be 

due to a difference in the contribution of KCa to resting tone.  Inhibition of BKCa and SKCa 

resulted in a significant increase in resting tone on adult rat MCA in the present study 
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(supplemental table 1) in agreement with previous work (Gollasch et al., 1998), but in 

newborn rats or newborn pigs the increased tone is not observed (Gollasch et al., 1998; Liang 

et al., 2012).  These observations suggest the influence of H2S on KCa may be age dependent.  

In peripheral vessels, age also influences the effect of H2S on KCa (d'Emmanuele di Villa 

Bianca et al., 2011; van der Sterren et al., 2011). 

 

The present study finds no role for KATP channels in H2S-mediated relaxation of MCA.  

Three other studies have investigated the role of KATP channels in cerebral vessels. In an in 

vivo study, using piglet pial arterioles (50 µm), the vasorelaxation response to H2S solution 

was found to be entirely mediated by KATP channels (Leffler et al., 2010).  In a separate study, 

using piglet cerebral arterioles (200µm) in vitro, only 55% of the vasorelaxation could be 

attributed to KATP channels (Liang et al., 2011). Additionally, the latter study showed that the 

Na2S (a H2S donor) -mediated vasorelaxation of cerebral vessels of SUR2 (a KATP subunit) 

knockout mice was only 50% of the wild type mice (Liang et al., 2011). In a more recent 

study, glibenclamide reportedly reduced the NaHS-induced reduction in myogenic tone at 

intraluminal pressures between 20-60mmHg, but not between 80-120mmHg (Liu et al., 

2012). While these studies show that KATP channels play a role, the data strongly suggests 

that other mechanisms are also involved.  The disparity between the present study and these 

previous reports on the role of KATP channels, may be due to different vessel types, species, 

and age of the animals.  Indeed it is known that the sensitivity of lemakalim-induced cerebral 

vasorelaxation is different in newborn compared to adult cerebral arteries in vitro (Pearce et 

al., 1994). Additionally, in the present study, the vessels were investigated under isometric 

compared to isobaric conditions (Liang et al., 2011), or pressure-induced myogenic tone (Liu 

et al., 2012).  Although these different conditions can influence the reactivity of vessels, the 

influence is not dramatic (McPherson, 1992), and it is unlikely to account for the marked 
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differences between the studies in the contribution of KATP channels in the vasorelaxation 

mediated by H2S.  The role of KATP channels in the H2S-mediated vasorelaxation in 

peripheral vessels is also controversial.  In some studies, using rat and mouse aorta, only 

partial inhibition of the relaxation induced by NaHS was demonstrated by blockade of KATP 

channels (Al-Magableh et al., 2011; Cheng et al., 2004; Zhao et al., 2001). By contrast, other 

studies using rat mesenteric arteries, and rat and mouse aorta, failed to demonstrate any role 

of KATP channels in the vasorelaxation mediated by H2S (Jackson-Weaver et al., 2011; Kiss 

et al., 2008; Kubo et al., 2007).    

 

Since the present findings suggested only a partial role for K+ channels in the H2S-mediated 

vasorelaxation, other potential mechanisms that could contribute were investigated.  DIDS 

was used to explore the role of Cl- channels and Cl-/HCO3
- exchange and was found to 

significantly attenuate the vasorelaxation induced by NaHS.  However, the more selective Cl- 

channel blocker, niflumic acid, did not affect the response to NaHS, suggesting Cl- channels 

were not involved.  To investigate the role of Cl-/HCO3
- exchange, HCO3

- free solution was 

used but also had no effect on the NaHS vasorelaxation response. Thus, Cl-/HCO3
- exchange 

does not appear to play a role in the vasorelaxation mediated by H2S. Since DIDS is known 

to be non-specific in its actions, the ability of DIDS to attenuate the NaHS response may 

involve some other action(s) of this drug, for example, inhibition of Na+ current or influences 

on the ryanodine receptor (Hill et al., 2002; Liu et al., 1998; Lu et al., 2007). This requires 

further investigation. 

 

ROS are generated at low levels in cerebral vessels and are essential for normal vascular cell 

physiology, having multiple functions, including regulation of tone (Miller et al., 2005).  

Under basal conditions, ROS are maintained at low levels by production of NO, which 
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rapidly reacts with superoxide (Rubanyi et al., 1986). H2S has also been shown to directly 

scavenge ROS (Whiteman et al., 2005) and to influence ROS production (Samhan-Arias et 

al., 2009).  It was therefore examined whether the vascular effects of H2S were due to an 

influence on ROS. Since tempol, DPI and catalase had no effect on the vasorelaxation 

induced by NaHS, the present findings do not support a role for ROS in the vasorelaxation 

mediated by H2S.   This is in contrast with a finding that Tiron, a superoxide dismutase 

mimetic, enhanced the vasorelaxant action of H2S in aortic rings (Liu et al., 2010).  The 

difference is probably due to a marked difference between the reaction of cerebral and 

peripheral vessels to ROS (Faraci, 2006).  There is evidence that K+ channels, such as KATP 

and KCa, mediate vasodilator effects of ROS in cerebral vessels (Faraci, 2006). Our findings 

that selective KATP and KCa blockade had no effect on the vasorelaxation induced by NaHS 

therefore also support the view that ROS are not involved in H2S-induced vasorelaxation of 

MCA. 

 

In peripheral vessels, several studies demonstrate that H2S has a biphasic effect on vascular 

tone, consisting of constriction at low concentrations, followed by dilation at high 

concentrations (Ali et al., 2006; Kubo et al., 2007; Lim et al., 2008; Liu et al., 2010).  The 

present study is the first to investigate the constrictor action of H2S in cerebral vessels and 

demonstrates a ‘dual vascular response’ of cerebral vessels to H2S, consisting of a transient 

vasoconstriction, followed by a robust vasorelaxation. The response is referred to as ‘dual’ as 

opposed to ‘biphasic’, since both constriction and relaxation were observed after 

administration of a single concentration of NaHS (compared to the biphasic response to 

NaHS which consists of constriction at low concentrations, and dilation at high 

concentrations, with only one of these responses occurring after a single addition of NaHS).  

A similar dual vascular response to H2S has also been observed in mesenteric arteries 
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(d'Emmanuele di Villa Bianca et al., 2011). In the present study, the magnitude of NaHS-

induced constriction was concentration-dependent.  While the subsequent robust 

vasorelaxation has been the main subject of this study, as an aside, it was also possible to 

observe the effect of each of the treatments on the constriction response.    

 

The maximum constriction to NaHS was nearly completely abolished by 50 mM K+, 

indicating a possible involvement of K+ channels, although this could not be attributed 

specifically to any of KATP, KV, KCa or KIR, since selective blockade of each of these 

pathways had no effect.  Similarly in rat aorta, although KATP channels do not appear to be 

involved in the H2S-induced constrictor response (Kubo et al., 2007; Lim et al., 2008), the 

response was inhibited by 50mM KCl (Kubo et al., 2007).  The lack of efficacy of the 

selective K+ channel blockers indicates that 50mM K+ may block the constrictor action of 

H2S via inhibition of K+ channels other than those targeted in the present study, for example, 

two-pore-domain K+ channels, or a subtype of KV, KV7, which are insensitive to the KV 

blocker 4-aminopyridine (Mackie et al., 2008).  Alternatively, the constrictor action of H2S 

may be due to opening of VGCC, and thus the depolarising effect of 50mM K+, and ensuing 

increased open probability of VGCC, would reduce the population of VGCC upon which H2S 

could act. In support of this view, blockade of L-type calcium channels using nifedipine 

significantly inhibited NaHS-induced constriction in the present study, and also in a study 

using rainbow trout branchial arteries (Dombkowski et al., 2004).   

 

DIDS caused a significant rightward shift of the constriction concentration-response curve, 

although this could not be specifically attributed to either bicarbonate exchange or inhibition 

of chloride channels, as selective blockade of each of these pathways had no effect.  DIDS 

has also been shown to attenuate H2S-induced constriction of rat aortic rings (Liu et al., 
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2010), however, this effect was attributed to DIDS’ inhibition of bicarbonate exchange, since 

a bicarbonate-free medium also blocked the constriction.  The authors concluded that H2S 

stimulates the anion exchanger to transport bicarbonate for intracellular O2
-, which 

inactivates NO to induce vasoconstriction.  Thus the difference observed in terms of efficacy 

of the bicarbonate-free medium may be attributed to a difference in reactivity of the two 

vessel types to O2
-.  Selective decomposition of H2O2 using catalase also significantly 

inhibited H2S- induced vasoconstriction in the present study.  Since H2O2 generally acts to 

dilate VSM (Wolin, 2009) including MCA (Faraci, 2006), the efficacy of catalase is 

suggestive that H2S induces constriction via reducing H2O2 levels, although this hypothesis 

requires further investigation.  

 

A striking similarity is observed when comparing the agents that inhibited vasodilation to 

those that inhibited constriction. Of the 14 agents investigated in this study, only three – 

50mM KCl, nifedipine and DIDS - significantly inhibited vasorelaxant effects of H2S, and all 

three also inhibited vasoconstriction.   Only one agent, catalase, was effective at blocking 

vasoconstriction but not vasorelaxation.  Although speculative, the similarity in mechanism 

between constriction and relaxation could be taken to indicate that both constriction and 

relaxation are a consequence of one initiating effect of H2S.  For example, H2S may induce a 

hypoxia-like state, by its inhibition of cytochrome c oxidase (Groeger et al., 2012), leading to 

influences on vascular tone.  Observations of various other studies support the hypothesis that 

the vascular actions of H2S are due to inhibition of cytochrome c oxidase.  Firstly, cyanide, a 

cytochrome c oxidase inhibitor, also induces constriction followed by relaxation (Mathew et 

al., 1991).  Secondly, vascular responses to H2S and hypoxia have been compared, and found 

temporally and quantitatively identical in a range of vessel types (Olson et al., 2006; Olson et 

al., 2008; Olson et al., 2001).  Finally, similar mechanisms contribute to H2S-induced and 
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hypoxia-induced vasodilation, including KATP (Adebiyi et al., 2011), BKCa (Armstead, 1998) 

and generation of NO (Pearce, 1995).  Interestingly, the precise mechanism of hypoxic 

vasodilation remains unresolved, and similar controversies exist regarding the contribution of 

various mechanisms, for example KATP channels (Adebiyi et al., 2011). However, whether 

the dual vascular effect of H2S in MCA observed in the present study was due to metabolic 

inhibition requires further investigation. 

 

Methodological Aspects 

 In the present study the EC50 of NaHS (100±5 µM) to induce vasorelaxation was similar to 

that observed in other studies using mouse and rat aorta (Al-Magableh et al., 2011; Kiss et al., 

2008; Lee et al., 2007; Zhao et al., 2001). However, a study in cerebral vessels observed a 

higher potency of Na2S at relaxing piglet pial arterioles (EC50 (Na2S)= 30±5 µM) (Liang et 

al., 2011).  The discrepancy between this and the present study may be due to any number of 

differences, including; i) vessel type and species – H2S is more potent at relaxing mesenteric 

vessels than aorta (EC50= 25±4 µM; 125±14 µM in mesenteric and aorta, respectively, 

(Cheng et al., 2004; Zhao et al., 2001)) so a similar variation between cerebral vessel types is 

possible; ii) H2S donor used – the NaHS used in the present study may have different H2S 

releasing properties to the Na2S used by Liang et al.  This could account for the observation 

that double the concentration of NaHS was required to produce a similar response to Na2S 

(Liang et al., 2011); iii) method used to observe vasorelaxant response – although vessels 

treated with isometric compared to isobaric conditions may show different reactivity, the 

difference is not great (McPherson, 1992).  Even within vessels under isometric conditions, 

the present study indicates that the preconstriction protocol does not influence the reactivity 

of the vessels to H2S - NaHS produced a similar concentration-response curve in MCA 

preconstricted with either U46619 or the spontaneous tone protocol. We therefore used the 

spontaneous tone method to preconstrict MCA whilst avoiding confounding influences of 

preconstriction drugs.   
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Plasma concentrations of H2S have been reported to be between 40-300 µM, which places the 

vasorelaxant responses observed in our study within the physiological range (Kimura, 2002). 

However, more recent studies suggest that these are overestimations, and the actual 

concentration may, in fact, be in the nanomolar range (Furne et al., 2008; Whitfield et al., 

2008).  It should be noted that the amount of H2S actually reaching the target vascular tissue 

is probably much lower than the concentration of NaHS applied to the bath for several 

reasons.  Firstly, a previous report indicates that the final concentration of H2S in solution is 

less than 10% of the concentration of NaHS used, (Al-Magableh et al., 2011), probably due 

to volatility and equilibrium with HS- (see 1.1.2, Pharmacological tools, H2S donors, p.17).  

Secondly, free H2S applied to various tissue types is promptly sequestered and stored as 

bound sulfur (Ishigami et al., 2009). Furthermore, as a small molecule of gas, H2S diffuses 

rapidly, making it difficult, if not impossible, to measure local concentrations of H2S at the 

site of action and production: the smooth muscle cell.  It is, therefore, entirely plausible that 

H2S acts as a physiological vasorelaxant in MCA, despite the relatively low potency of NaHS 

observed in this study. 

 

It is also important to note that some of the treatments used in the present study altered basal 

tone, however, such changes cannot account for the effects of the treatments which 

influenced the H2S-mediated relaxation, because similar changes to basal tone were observed 

with other treatments that had no effect on the H2S-mediated relaxation. In the case of 50 mM 

K+, the increase in basal tone was similar to those observed with L-NAME, which had no 

effect on the H2S-mediated vasorelaxation. In the case of nifedipine, the reduction in basal 

tone observed was similar in amplitude to that observed with niflumic acid, which had no 

influence on H2S-mediated vasorelaxation.  Taken together, these observations suggest that 

effects of 50 mM K+ and nifedipine on H2S-mediated relaxation were independent of their 

effects on basal tone. 
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Conclusion 
The presence of the H2S producing enzyme, CSE, was demonstrated in endothelium and 

smooth muscle cells of MCA, thus, endogenously generated H2S may play a role in 

regulating cerebrovascular tone.  Vasorelaxation mediated by H2S in rat middle cerebral 

arteries was found to be endothelium independent and involved a contribution from voltage-

gated calcium channels as well as from K+ channels. There was no contribution from reactive 

oxygen species. The response was sensitive to DIDS, but inhibition of chloride channels or 

the anion exchanger had no effect.  H2S-induced vasoconstriction also involved contributions 

from voltage gated calcium channels, potassium channels and was DIDS-sensitive.  The 

vasoconstriction was inhibited by catalase, indicating this effect is partly due to an influence 

of H2S on H2O2.   
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Chapter 5: Effect of STZ-induced diabetes on 
the vascular response to H2S in rat middle 
cerebral arteries 
 

5.1 Introduction 
 
H2S is well established as a vasodilator in the periphery (d'Emmanuele di Villa Bianca et al., 

2011; Hart, 2011; Hosoki et al., 1997; Jackson-Weaver et al., 2011; Liu et al., 2011b; 

Schleifenbaum et al., 2010; Zhao et al., 2001) and there are now several lines of evidence 

that it also dilates cerebral vessels (Leffler et al., 2010; Liang et al., 2011; Liang et al., 2012; 

Streeter et al., 2012). Genetic deletion of CSE results in pronounced hypertension, as well as 

reduced endothelium dependent vasorelaxation (Yang et al., 2008). There is a growing body 

of evidence that H2S also protects against endothelial dysfunction via anti-inflammatory (Pan 

et al., 2011) and antioxidant effects (Guan et al., 2012; Suzuki et al., 2011) (see 1.4.4, 

Diabetic vascular disease and H2S, p.61).  H2S protects against atherosclerosis in animal 

models, for example, NaHS significantly inhibited neointima formation after balloon injury 

in rats (Meng et al., 2007) and reduced the size of atherosclerotic plaques in apolipoprotein E 

knockout mice (Wang et al., 2009).  

 

Diabetes causes peripheral and cerebrovascular disease, the hallmarks of which are 

endothelial dysfunction and atherosclerosis.  Diabetes increases the risk of ischaemic stroke 

by one and a half to two-fold (Quinn et al., 2011), and this increased risk has been associated 

with diabetic cerebrovascular disease (Gunarathne et al., 2009; Nazir et al., 2006).  

Furthermore, diabetes is associated with cognitive decline and impairment, Alzheimer’s 

disease and vascular dementia, and there is mounting evidence linking all of these conditions 

with cerebrovascular disease (Humpel, 2011; Steffens et al., 2007; Wakefield et al., 2010).  
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Despite the severe risks associated with diabetic vascular disease, it remains incompletely 

understood. There is a general consensus in the literature that excessive vascular production 

of ROS and resulting decreased availability of nitric oxide are major contributors to diabetic 

endothelial dysfunction (Creager et al., 2003) (see 1.4.3 Aetiology of diabetic 

cerebrovascular disease, Role of ROS in endothelial dysfunction, p.58).  Interestingly, H2S 

has been shown to decrease mitochondrial membrane potential and decrease overproduction 

of ROS in PC12 cells (Tang et al., 2008).  In a recent study, elevated glucose was found to 

reduce H2S levels in the supernatant of endothelial cells in vitro, an effect which was 

attributed to consumption of H2S by mitochondrial ROS (Suzuki et al., 2011). Furthermore, 

administration of H2S attenuated the decline in endothelial cell viability and reduced ROS 

production in vitro, as well as protecting against endothelial dysfunction in STZ-induced 

diabetic rats ex vivo (Suzuki et al., 2011).  

 

There is evidence that H2S production and vasodilation capacity are altered in diabetic 

peripheral vessels, further suggesting that H2S may be involved in diabetic vascular disease.  

In aorta, mesenteric and pulmonary arteries, STZ-induced diabetes has been shown to 

enhance the vasodilator action of H2S (Denizalti et al., 2011). Aorta from non-obese diabetic 

mice have enhanced vasodilation by H2S, as well as increased CSE mRNA expression 

(Brancaleone et al., 2008).  In cerebral vessels, the effect of diabetes on the vasodilator 

response or production of H2S has not, to date, been studied.  To further our understanding of 

the cerebrovascular pathological changes induced by diabetes, we have investigated whether 

diabetes alters the middle cerebral artery’s vascular response to H2S or tissue production of 

H2S.   
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5.2 Methods 
5.2.1 Streptozocin treatment 

Induction of the diabetic model is described in detail in section 2.4.1.  Animals were fasted 

for 12 hours followed by administration of STZ (50 mg/kg) in sodium citrate buffer (10 mM, 

pH 4.5) via tail vein injection. Development of diabetes was confirmed one week after STZ 

injection and again on the day of experiment by a non-fasting blood glucose of >15 mmol/L. 

5.2.2 Wire myography 

Middle cerebral arteries were collected (see 2.3.1) and cut into 2mm segments, which were 

mounted into a wire myograph (see 2.3.2 and figure 2.2).  The vessels were then constricted 

using the ‘spontaneous tone protocol’ (see 2.3.2 and figure 2.3), except vessels to be treated 

with nifedipine, for which the ‘U46619 protocol’ (see 2.3.2 and figure 2.4) was used.   

Assessment of endothelial function 

A single dose of bradykinin (BK, 100nM) was applied to control and diabetic vessel 

segments to assess the function of endothelium. 

Mechanism of H2S-induced vasorelaxation and vasoconstriction  
The vascular response to cumulative concentrations of the H2S donor, NaHS (10 µM-3 mM), 

was examined in the presence or absence of one (or more) of the following: KCl (50 mM), to 

inhibit K+ conductance; DIDS (300 µM), an inhibitor of chloride channels and Cl-/HCO3
- 

exchange; nifedipine (3 µM), an L-type voltage-gated calcium channel blocker. Each was 

added 20 minutes prior to construction of the NaHS concentration-response curve.  At the 

completion of each experiment, maximal relaxation was recorded using calcium free Krebs’. 

Each vessel segment was used to obtain only one concentration-response curve. 

Vasorelaxation to endogenous H2S 
For these studies, the spontaneous developed tone protocol was used.  The relaxation 

response of vessel segments from diabetic and control rats to cumulative (0.5 log unit) 

concentrations of L-cysteine (10µM-100mM) was assessed in the presence and absence of 

PPG (20mM). 
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For a detailed description of the data analysis, see 2.3.3 Data Analysis, p.80. Briefly, 

comparisons were made between average Emax and logEC50 values using T-tests for 

comparisons between two data sets, and one-way ANOVA with a post-hoc Dunnett’s test for 

comparisons between multiple data sets. 

 

5.2.3 Lucigenin Assay 
The methods for the lucigenin assay are described in detail in section 2.4.2 and figure 2.6. 

Briefly, the circle of Willis, basilar artery and thoracic aorta from control and diabetic rats 

were dissected and cleaned of connective tissue.  The aorta was cut into several 2mm 

segments and the cerebral arteries were pooled, before being divided in half for separate 

treatments.  Once prepared, the arteries were immediately transferred to a 24-well plate for a 

series of two incubations followed by a wash. Artery segments were then transferred into 

separate wells of an Optiplate containing a solution with lucigenin (5 µM).  O2˙- production 

was subsequently measured by reading for luminescence using a Polar star microplate reader.    

5.2.4 Detection of CSE via RT-PCR 
Since MCA from the present study were utilised in the myograph experiments, MCA for the 

PCR experiments were obtained from additional diabetic and control groups.   MCA were 

dissected and placed into RNAlater® and stored at -20 ˚C until assay for CSE expression (see 

2.5.3).   

5.2.5 Measurement of plasma sulfide and liver CSE activity 
The liver of diabetic and control animals was snap frozen using liquid nitrogen and stored at -

80 ˚C, for later analysis of CSE activity using the assay developed by Stipanuk and Beck 

(Stipanuk et al., 1982) (see 2.5.4).  Whole blood was collected and spun at 1,300 g for 10 

minutes for separation of plasma, which was drawn off and stored at -20 ˚C until assay for 

sulfide content (see 2.5.4).   
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5.3 Results 

5.3.1 STZ rats had high blood glucose and endothelial dysfunction in MCA   
STZ rats had significantly higher blood glucose than controls, as measured on the day of 

experiment, confirming induction of the diabetic model (table 5.1).  The level of tone 

developed in MCA segments using the spontaneous tone protocol was not significantly 

different between vessels from control and STZ treated animals (table 5.2).  The maximal 

contractile capacity (to 125mM KCl) was not significantly different in MCA from STZ 

treated, compared to control animals (table 5.2).  However, relaxation of MCAs to BK 

100nM was significantly reduced in STZ treated animals, indicating endothelial dysfunction 

(figure 5.1). 

5.3.2 Vasorelaxation response to exogenous  H2S 
The hydrogen sulfide donor, NaHS, (10 µM-3 mM) produced a full, concentration-dependent 

vasorelaxation of MCA which was not altered by the STZ diabetic model (figure 5.2).  The 

pEC50 for NaHS-induced relaxation of MCA was 3.94±0.06 in control compared to 4.03±0.07 

in diabetic MCA. 

5.3.3 Mechanisms of H2S-induced vasorelaxation of diabetic MCA 
The contribution of K+ conductance, chloride-bicarbonate exchange and L-type Ca2+ 

channels to H2S-induced vasorelaxation in diabetic MCA were investigated. Application of 

DIDS (300 µM), an inhibitor of both chloride channels and chloride-bicarbonate exchange, 

produced a significant rightward shift of the NaHS concentration-response curve (figure 5.3a).  

Reduction of K+ conductance using 50mM KCl significantly decreased the pEC50 and 

attenuated the Emax of NaHS-induced vasorelaxation (figure 5.3b).  Nifedipine (3 µM) 

significantly attenuated the maximum relaxation to NaHS in MCA, although the pEC50 was 

not significantly affected (figure 5.3c). 
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Table 5.1 Blood glucose levels 
 
 Control Diabetic  

Blood glucose (mmol) 8.7±0.5 30.9±0.8 
 

Blood glucose levels as measured on the day of experiment using an Accu-Check Performa® 

blood glucose monitor of control (n = 17) and diabetic (n = 13) rats.  Values are expressed as 

average ± standard error.  

 

 

 

Table 5.2 Vascular parameters 

 Control  Diabetic  
Tone induced by 
preconstriction (mN) 
 

7.7±0.5 8.0±0.3 

Tone induced by 125 mM 
KCl (mN) 
 

8.7±0.4 8.9±0.6 

 

Tone induced by the spontaneous-preconstriction protocol (middle column) and maximal 

contractile capacity, as measured by application of 125 mM KCl, in control (n = 9) and 

diabetic (n = 9) middle cerebral artery (MCA) segments. Values are expressed as average ± 

standard error.  n = the number of MCA segments from separate rats.  
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Figure 5.1 Relaxation of MCA to bradykinin 

Relaxation induced by the endothelium-dependent vasorelaxant, bradykinin (100nM), in 

control (blue, n = 5) and diabetic (red, n = 6) MCA.  * P<0.05, n = the number of middle 

cerebral artery segments from separate rats.  
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Figure 5.2 Vasorelaxation of diabetic and control MCA to exogenous H2S 

Cumulative concentration-response curves to NaHS in control (closed circles, n=7) or 

diabetic (closed squares, n = 9) MCA. n = the number of middle cerebral artery segments 

from separate rats.  
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Figure 5.3 Mechanisms contributing to H2S-induced vasorelaxation of diabetic MCA 

Cumulative concentration response curves to NaHS in diabetic MCA segments in the absence 

(control, closed circles, n=9), or presence of (a) DIDS (300µM, closed squares, n = 5); (b) 

KCl (50mM, closed triangles, n=5); or (c) nifedipine (3 µM, closed upside-down triangles 

n=9). Note: the vessels in ‘c’ were preconstricted with U46619.  ***P<0.001 EC50 DIDS and 

KCl compared to control; ††† P<0.001 Emax nifedipine compared to control.   n = the number of 

middle cerebral artery segments from separate rats. DIDS, 4,4-diisothiocyanatostilbene-2,2-

disulfonic acid 
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5.3.4 Effect of diabetes on the vasorelaxation response to endogenous H2S 
The precursor for endogenous H2S formation, L-cysteine (10 µM-100 mM), caused 

concentration-dependent vasorelaxation of control MCA (Emax= 82±3%, pEC50= 2.30±0.06, 

n=8, figure 5.4) which was significantly enhanced by the diabetic model (Emax= 92±1%, 

pEC50= 2.63±0.08, P<0.05 pEC50, p<0.01 Emax, n=6, figure 5.4). The CSE inhibitor, PPG 

(20mM) attenuated vasorelaxation to L-cysteine in control (Emax= 78±5%; pEC50= 1.95±0.07, 

P<0.05 pEC50, n=6) and diabetic (Emax= 75±5%, P<0.05 Emax; pEC50= 2.10±0.08, P<0.01 

pEC50, n=8) MCA to a similar level, indicating that the enhanced L-cysteine-induced 

vasorelaxation observed in diabetic MCA was due to enhanced conversion of L-cysteine to 

H2S via CSE (figure 5.4). 

5.3.5 Effect of diabetes on the ability of tissues to produce hydrogen sulfide 
Liver CSE activity was significantly greater in diabetics compared to control animals 

(P<0.001, figure 5.5).  The mRNA expression of the H2S producing enzyme, CSE, as 

detected by real-time PCR, was increased in diabetic compared to control MCA, although the 

increase did not attain statistical significance (figure 5.6).  Serum sulfide levels were not 

significantly altered by the diabetic model (figure 5.7).  Although the assay determines the 

final concentration of H2S in each sample, it is referred to here as ‘sulfide’ levels, since the 

assay process is likely to release H2S from acid labile sulfide stores. 
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Figure 5.4 Vasorelaxation response of diabetic and control MCA to endogenous H2S 

Cumulative concentration-response curves to i) L-cysteine in control (closed circles, n=8) or 

diabetic MCA (closed squares, n=6) and ii) L-cysteine with propargylglycine (PPG, 20mM) 

in control (closed triangles, n=7) or diabetic MCA (closed upside-down triangles, n=8).  

*P<0.05 pEC50 L-cysteine in diabetic compared to control MCA; *P<0.05 pEC50 L-cysteine 

compared to L-cysteine with PPG in control MCA; **P<0.01 pEC50 L-cysteine compared to 

L-cysteine with PPG in diabetic MCA;  †† P<0.01 Emax L-cysteine in diabetic compared to 

control MCA; † P<0.05 L-cysteine compared to L-cysteine with PPG in diabetic MCA. n = 

the number of middle cerebral artery segments from separate rats.  
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Figure 5.5 CSE activity in control and diabetic liver  

L-cysteine-induced H2S production in control (n=6) and diabetic (n=8) liver homogenates in 

the absence (purple) and presence (blue) of the CSE inhibitor, PPG (10mM).  ***P<0.001 L-

cysteine-induced H2S production in control compared to diabetic rats, in the absence of PPG. 

PPG, propargylglycine. 
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Figure 5.6 CSE mRNA expression in control and diabetic MCA 

Level of mRNA expression of the H2S producing enzyme, cystathionine gamma lyase (CSE) 

in control (n=7) and diabetic (n=4) MCA, normalised to 18S ribosomal RNA.  
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Figure 5.7 Sulfide levels in control and diabetic serum 

Sulfide levels in control (n = 7) and diabetic (n = 9) serum. 
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5.3.6 Effect of exogenous hydrogen sulfide on vascular superoxide production 
For O2˙- detection in cerebral arteries, the basilar artery was pooled with circle of Willis 

arteries.  NADPH-stimulated O2˙- production was 22 fold higher in cerebral arteries than 

aorta.  The diabetic model significantly enhanced NADPH-stimulated O2˙- production in both 

cerebral arteries and aorta (P<0.05 diabetic compared to control in both cerebral vessels and 

aorta, figure 5.8a and b).    DPI (5 µM), a flavoprotein inhibitor, which inhibits NADPH 

oxidase (Selemidis et al., 2008), almost abolished O2˙- production in cerebral arteries and 

aorta from both diabetic and control animals (figure 5.8a and b).  A prior incubation of 

arteries in hydrogen sulfide using the donor, NaHS (100 µM), significantly reduced O2˙- 

production in diabetic cerebral arteries (figure 5.8a), but had no influence on control cerebral 

arteries (figure5.8b).  This prior incubation in NaHS had no influence on aortic superoxide 

production in aorta from either control or diabetic animals (figure 5.8a and b).   
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Figure 5.8 NADPH stimulated O2˙- production in cerebral vessels and aorta 

NADPH stimulated O2˙- production as detected by lucigenin-enhanced chemiluminescence in 

(a) cerebral vessels (basilar artery pooled with circle of Willis arteries) of control (n = 9) and 

diabetic (n = 9) animals and (b) aorta of control (n = 3) and diabetic (n = 4) animals.  In both 

(a) and (b) NADPH was applied either: alone (black); after an incubation in NaHS  (100 µM) 

(green); or in the presence of DPI (5 µM) (white). #P<0.05, control compared to diabetic 

NADPH stimulated O2˙- production in both cerebral vessels and aorta; *P<0.05 diabetic 

NADPH stimulated O2˙- production compared to that with prior incubation in NaHS in 

cerebral vessels. 
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5.4 Discussion 
The present study is the first to investigate the influence of diabetes on the cerebrovascular 

response to H2S.  The findings demonstrate that diabetic MCA display endothelial 

dysfunction, as the response to bradykinin (which relaxes via EDHF, not NO (Smeda et al., 

2010)) were significantly attenuated, however smooth muscle cell function was retained.  The 

vasorelaxation response of MCA to exogenous H2S was unaffected by diabetes.  However, 

CSE-dependent vasorelaxation elicited by L-cysteine was significantly enhanced by diabetes.  

This suggests that diabetes upregulates the endogenous production of H2S in MCA.  Indeed, 

there was a trend toward increased CSE expression in diabetic compared to control MCA, 

which was supported by the finding that liver tissue of diabetic animals had significantly 

enhanced CSE activity.  The effect of exogenous H2S on vascular O2˙- production was also 

examined.  In control animals, NADPH-stimulated O2˙- production was 40 times higher in 

MCA compared to aorta.  In addition, diabetes caused a doubling of MCA O2˙- production.  

This increase was significantly reduced by acute exogenous H2S treatment, but only in 

diabetic, not control MCA. The reduction is likely due to H2S inhibition of Nox, since 

NADPH-stimulated O2˙- production would be expected to be catalysed mainly by Nox. 

 

In the present study, NaHS caused full relaxation of control MCA. In several studies using rat 

and mouse aorta, the maximal relaxation to NaHS in control aorta was approximately 70% 

(Brancaleone et al., 2008; Denizalti et al., 2011).  This difference in reactivity is unlikely to 

be explained by the different protocols used for precontraction of the vessels in the separate 

studies, since similar concentration-response curves, obtaining full relaxation to NaHS, were 

observed in U46619-precontracted MCA (figure 5.3c).  Thus, the present findings highlight a 

stark difference in the reactivity of peripheral and cerebral vessels to H2S. 
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The present study demonstrates that STZ-induced diabetes does not alter the sensitivity or 

maximum vasorelaxation of MCA to exogenous H2S.  Interestingly, peripheral vessels 

demonstrate an enhanced maximal relaxation to exogenously applied H2S in aorta of STZ-

treated rats (Denizalti et al., 2011) and NOD mice, but only those with severe disease 

(Brancaleone et al., 2008). The discrepancy is likely due to the already high sensitivity of 

healthy MCA to the vasodilator effects of H2S, which relax fully to H2S, meaning that the 

maximum response cannot be enhanced by the diabetic state.  In line with the observation 

that the vasorelaxant efficacy of H2S was not altered, the mechanisms contributing to the 

H2S-induced vasorelaxation in diabetic MCA were similar to those observed in chapter 4.  As 

such, NaHS-induced vasorelaxation was again sensitive to inhibition by nifedipine and 

50mM KCl, indicating involvement of L-type calcium channels and potassium channels.  

NaHS-induced vasorelaxation was also sensitive to DIDS in the diabetic animals, although, 

based on the previous chapter, it is not entirely clear as to the mechanism behind the DIDS-

sensitivity, which probably involves pathways other than Cl- channels or Cl-/HCO3
- exchange. 

 

The ability of MCA to relax to endogenously generated H2S was assessed using the H2S 

precursor, L-cysteine.  L-cysteine induced a relaxation of MCA that was attenuated by the 

CSE inhibitor, PPG, indicating that the relaxation involved endogenous production of H2S.  

Possible reasons for the incomplete blocking of L-cysteine-induced vasorelaxation by PPG 

are discussed in detail in section 4.4, p.149.  Diabetic MCA were more sensitive to the 

vasorelaxant effects of L-cysteine, and PPG attenuated the vasorelaxation to levels similar to 

those seen in control (i.e. non-diabetic) MCA.  These results indicate an enhanced conversion 

of L-cysteine to H2S via CSE in diabetic MCA.  In contrast, the biosynthesis of H2S was 

impaired in the aorta of NOD mice, as evidenced by attenuated relaxation to L-cysteine, and 

reduced CSE activity (Brancaleone et al., 2008). The discrepancy may be due to the different 
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models of diabetes, or may highlight a difference between the response of peripheral and 

cerebral vessels to the diabetic state.   

 

The enhanced vasorelaxant efficacy of L-cysteine in diabetic MCA suggests enhanced 

generation of H2S via either enhanced activity or expression of CSE.  Although there was a 

trend towards increased CSE mRNA expression in diabetic compared to control MCA, the 

difference did not attain statistical significance (n = 4 in the diabetic group).  Previous 

observations suggest that diabetes may indeed upregulate vascular CSE expression - in the 

aorta of NOD mice, CSE mRNA and protein expression were enhanced in a manner that 

correlated with disease severity (Brancaleone et al., 2008). However, in another study, CSE 

mRNA and protein expression in aorta of STZ treated diabetic rats were not significantly 

different from control, as determined by RT-PCR and western blotting (Denizalti et al., 2011).  

It is possible that enhanced MCA synthesis of H2S in diabetes occurs via enhanced CSE 

activity, rather than expression.  

 

Although little is known about the regulation of CSE activity, a very recent study 

demonstrated that platelet derived growth factor upregulates CSE mRNA, protein levels and 

activity, with concurrent increased formation of ROS (Hassan et al., 2012).  Antioxidants, 

including DPI, a flavoprotein inhibitor, which inhibits NADPH oxidase (Selemidis et al., 

2008), attenuated the enhanced CSE expression, suggesting that CSE gene expression, and 

possibly activity, is redox-regulated (Hassan et al., 2012).  It should be noted, however, that 

DPI also inhibits flavin-containing enzymes (Selemidis et al., 2008), NOS (Stuehr et al., 

1991), reversibly blocks K+ and Ca2+ currents in type I carotid body cells (Selemidis et al., 

2008) and has inhibitory effects on mitochondrial respiration, albeit at higher concentrations 

than those required to inhibit NADPH oxidase (Hancock et al., 1987).  Whether diabetes 
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induced vascular ROS generation may similarly result in upregulation of CSE activity 

remains to be investigated. 

 

CSE expression is relatively high in hepatic tissue (Bao et al., 1998), thus the CSE activity of 

hepatic tissue was determined.  The liver of diabetic animals had an increased propensity to 

generate H2S from L-cysteine, which was nearly abolished by PPG, demonstrating enhanced 

CSE activity.  Enhanced tissue H2S synthesis (Yusuf et al., 2005), as well as increased CSE 

expression have previously been demonstrated in liver (Jacobs et al., 1998) and pancreas of 

STZ diabetic rats (Yusuf et al., 2005).  Altered transsulfuration rates in diabetic humans are 

indicative that a similar upregulation may occur in the livers of human diabetic patients 

(Abu-Lebdeh et al., 2006).  In the present study, upregulated tissue H2S production was not 

correlated with plasma sulfide levels, which were unaltered by STZ-induced diabetes.  This is 

in agreement with a study in STZ rats showing no change in plasma H2S concentration, 

despite upregulation of tissue CSE (Yusuf et al., 2005).  In contrast, decreased plasma H2S 

levels have been observed in NOD mice (Brancaleone et al., 2008) and diabetic humans (Jain 

et al., 2010).  One reason for the observed discrepancy between tissue CSE activity and 

plasma H2S levels is that CSE may only influence local H2S levels.  An alternate hypothesis 

is that the reductant H2S may react with excess ROS generated from diabetic vascular tissue.  

This is supported by an observation that exposure of endothelial cells to elevated glucose 

decreased H2S concentration, an effect which was rescued by incubation with the ROS 

scavenger, Tempol (Suzuki et al., 2011). 

 

H2S is not only a direct ROS scavenger (Geng et al., 2004), it can also perturb upregulated 

Nox expression in diabetes (Zheng et al., 2010).  It has been suggested that upregulated H2S 

production in diabetes may thus form part of a self-protecting mechanism against excessive 
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ROS generation (Hassan et al., 2012; Kaneko et al., 2009; Yusuf et al., 2005).  The effects of 

exogenous H2S on vascular NADPH-stimulated O2˙- generation were therefore assessed in 

diabetic compared to control MCA and aorta.  Diabetes enhanced NADPH-stimulated O2˙- 

generation in both aorta and MCA, indicating that Nox expression or activity is upregulated 

by diabetes in the vasculature, in line with the literature (Shen, 2010). A prior incubation of 

vessels in H2S (using the donor, NaHS) attenuated O2˙- production in diabetic MCA back to 

control levels, but did not influence O2˙- production in control MCA, indicating that H2S can 

selectively normalise O2˙- production in MCA from diabetic animals.  The design of the 

experiment was such that the effects of H2S could not be due to its direct scavenging effect, 

since it was washed off before NADPH-stimulated O2˙- production, suggesting that H2S acted 

by inhibition of O2˙- generating enzymes, such as Nox. 

 

 In peripheral vessels there is, indeed, evidence that H2S can normalise enhanced Nox 

expression caused by either U46619 in VSM in vitro (Muzaffar et al., 2008) or STZ 

treatment in aorta in vivo (Zheng et al., 2010).  However, H2S was not effective at inhibiting 

O2˙- production from either control or diseased aorta in the present study.  The discrepancy 

may be due to differences in experimental approach: in the present study NaHS was applied 

for only 30 minutes in vitro, compared to 6 weeks’ worth of daily subcutaneous NaHS 

injections in the study by Zheng et al. (Zheng et al., 2010).  The findings of the present study 

that a short-term in vitro application of H2S can normalise O2˙- production in diabetic MCA, 

but not aorta, suggest that diabetic MCA are more sensitive to the effects of H2S on ROS 

production than diabetic aorta. 

 

The findings of this and other studies (Kaneko et al., 2009; Yusuf et al., 2005) are suggestive 

that H2S may form part of an important adaptive response to oxidative stress in diabetes.  
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Given the vasodilator action of H2S, such an adaptive response could also counteract the 

enhanced level of tone in diabetic cerebral vessels associated with reduced NO bioavailability 

and enhanced myogenic reactivity (see 1.4.3 Aetiology of diabetic cerebrovascular disease, 

p.57).  Despite the wealth of knowledge regarding the damaging effects of oxidative stress in 

diabetic vascular disease, antioxidants have so far failed as therapeutics in the clinical setting 

(Bjelakovic et al., 2012).  A frequently sited possible reason for this failure is the requirement 

of low levels of ROS for normal physiological function in the vasculature (Droge, 2002), 

which would be upset by powerful antioxidants.  The suggestion that H2S may play part in 

the endogenous homeostatic control of redox signalling is therefore promising in terms of its 

potential efficacy as a therapeutic tool.  However, more research will be required to confirm 

whether the CSE-H2S pathway forms part of a regulatory response to diabetic oxidative stress, 

and whether manipulation of this system can be applied to therapeutics. 

 

Conclusion 
The key findings of the present study were that STZ-induced diabetes increased the 

vasorelaxant efficacy of endogenous H2S in MCA and enhanced tissue biosynthesis of H2S.  

Vasorelaxation responses mediated by exogenous H2S were retained under diabetic 

conditions.  A selective attenuation of pathologically increased O2˙- by exogenous H2S was 

also observed in diabetic MCA.  The study implicates the CSE-H2S pathway as a possible 

new avenue for research into the therapy of diabetic cerebrovascular disease. 
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Chapter 6: General discussion 
The present thesis initially examined the central cardiovascular role of H2S in the important 

cardiovascular regulatory brain regions, the RVLM and PVN. It was found that H2S in the 

RVLM or PVN was not crucial in central cardiovascular regulation, thus changing the 

direction of the original study.  Since H2S is a known peripheral vasodilator, and there have 

been no detailed analyses of the mechanism of H2S-induced relaxation of cerebral vessels, 

studies moved to investigation of the mechanism of H2S in vasorelaxation of MCA.  H2S 

caused vasorelaxation of MCA that was DIDS-sensitive and involved closure of VGCC, plus 

a small contribution from K+ channel opening.  Additional evidence was obtained to support 

the role of endogenous H2S in the regulation of the cerebral blood vessels. The final study 

investigated the possible involvement of H2S in diabetic cerebrovascular disease by 

examining the effect of diabetes on the cerebrovascular response to H2S.  Although the 

vasorelaxant efficacy of exogenous H2S was not altered by diabetes, diabetic MCA had an 

enhanced response to a precursor for endogenous generation of H2S, indicating an enhanced 

ability to generate H2S in diabetic cerebral vessels.  It was also demonstrated that H2S 

effectively inhibited excessive O2˙- production from diabetic cerebral vessels, which suggests 

a role for H2S in vasoprotection. 

The possibility that H2S may be involved in central cardiovascular regulation via the RVLM 

and PVN was investigated by first examining the potential of these regions to produce H2S.  

The presence of the H2S producing enzyme, CBS, was demonstrated in both the RVLM and 

PVN.  The effect of H2S on MAP, HR and LSNA via each of these regions was therefore 

examined by microinjection of the H2S donor, NaHS, or inhibitors of CBS specifically into 

either the RVLM or PVN of rats.  In the RVLM, neither exogenous H2S, nor inhibition of 

endogenous H2S formation had any influence on MAP, HR or LSNA.  This is in direct 

contrast to a study in rats showing that exogenous H2S significantly decreased MAP, HR and 



 184 

RSNA,  while the CBS inhibitor, HA, elicited the opposite cardiovascular effects (Guo et al., 

2011).  The discrepancy between the studies could be due to the omission of Guo et al. to 

buffer their NaHS, despite their use of concentrations known to increase pH (Dombkowski et 

al., 2004). Chemosensitive neurons, which can influence sympathetic nerve activity upon 

sensing alterations in pH, exist in close proximity to the RVLM (Guyenet et al., 2010).  Thus 

it is possible that the effects observed by Guo et al. are pH induced.  Alternatively, the 

discrepancy may be due to differences in methodological approach between the studies, for 

example, rats were ventilated in the study by Guo et al. but breathed spontaneously in the 

present study.  Ventilation is known to influence cardiovascular responses (Cox et al., 1988).  

The present work is the first to investigate the haemodynamic effect of H2S via the PVN.  

Micro-injection of NaHS, or the CBS inhibitor, AOA, into the PVN did not significantly 

influence MAP, HR or LSNA, indicating that H2S does not regulate the cardiovascular 

system via the PVN.  Although there are currently no other studies investigating the effect of 

H2S in the PVN, several studies indicate that H2S may be involved in central cardiovascular 

regulation via alternate brain regions.  In the posterior hypothalamus, NaHS caused a small, 

but apparently significant reduction in MAP and HR, whereas both AOA and HA increased 

MAP (Dawe et al., 2008).  In the NTS, H2S augmented synaptic transmission and caused 

increased presynaptic Ca2+ concentration, whereas AOA decreased synaptic transmission.  

Thus, endogenous H2S may be involved in central cardiovascular regulation via specific 

regions in the brain, such as the NTS and posterior hypothalamus, but not the PVN.  Two 

studies have observed a central cardiovascular response following intracerebroventricular 

administration of a H2S donor.  A rapid bolus injection of high doses of NaHS (3-303 µmol 

over 30 seconds) significantly reduced MAP and HR, (Liu et al., 2011a), whereas a slow 

infusion of a lower NaHS dose (0.4 µmol over 60 min) significantly increased MAP and HR 

(Ufnal et al., 2008).  It appears that the effect of exogenous H2S administered 
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intracerebroventricularly is dependent on dose and/or infusion rate.  These studies did not 

determine which brain region(s) were involved in these responses to H2S.  The infusion of 

inhibitors of CBS was not supportive of a role for endogenous H2S in central cardiovascular 

regulation in either study (Liu et al., 2011a; Ufnal et al., 2008), in line with the present 

findings that endogenous H2S does not influence cardiovascular parameters via the PVN or 

RVLM.    

The present thesis found no role for H2S in the short-term central control of the 

cardiovascular system via the RVLM or PVN.  However, this does not rule out the hypothesis 

that long-term manipulation of H2S or its production could protect against cardiovascular 

disease, such as hypertension.  In support of this hypothesis, upregulated Nox in both the 

RVLM and PVN is involved in the pathogenesis of hypertension (Peterson et al., 2006; Xue 

et al., 2012), and although short-term application of NaHS (30 minute in vitro) had no 

influence on Nox stimulated O2
- production in aorta (present thesis, chapter 5), repeated long 

term administration of NaHS (6 weeks, daily IP injections) attenuated enhanced Nox subunit 

expression in diabetic aorta (Zheng et al., 2010).  It is apparent that this hypothesis warrants 

further investigation.   

Numerous studies have shown that H2S causes relaxation of peripheral vessels.  In light of 

this, the present studies shifted focus to the cerebrovascular action of H2S, specifically in 

MCA.  NaHS-induced relaxation of MCA with an EC50 of 100±5µM, which is similar to that 

observed in the aorta reported in several studies (Al-Magableh et al., 2011; Kiss et al., 2008; 

Lee et al., 2007; Zhao et al., 2001).  This is well outside the physiological range of H2S 

concentrations in plasma and tissues, according to recent reports (Furne et al., 2008; 

Whitfield et al., 2008).  However, despite the development of various methods to measure 

H2S levels, all have limitations, and none are able to measure intracellular production of H2S 

in real-time and under physiological conditions (for review, see (Olson, 2012)). Furthermore, 
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the amount of H2S reaching a putative intracellular target in SMC is likely considerably 

lower than the amount of NaHS applied, due to the equilibrium between H2S and HS- 

favouring HS- production (see 1.1.2 Pharmacological tools, H2S donors, p.17-18), as well as 

the rapid loss of H2S which has been observed in biological experiments including 

myography (DeLeon et al., 2012).  Thus it is feasible that physiologically produced H2S 

could relax MCA. This is supported by the observation from the present study that a 

precursor to H2S production, L-cysteine induced relaxation of MCA that was sensitive to the 

CSE inhibitor, PPG. The presence of the H2S producing enzyme, CSE, was also 

demonstrated in endothelial and smooth muscle cells of MCA.   

Endogenously produced H2S (from addition of L-cysteine) caused vasorelaxation of MCA 

that was insensitive to the removal of endothelium. Thus, although the presence of CSE was 

demonstrated in endothelium of MCA, it appears that endothelial derived H2S is not 

important in endogenous H2S-induced vasorelaxation of MCA. Taken together with the 

observation that H2S-induced relaxation was insensitive to blockade of IKCa and SKCa 

channels, this suggests that H2S does not act as an EDHF in MCA.  Two studies have 

provided evidence that H2S acts as an EDHF in mouse mesenteric artery and aorta (Mustafa 

et al., 2011; Yang et al., 2008).  Numerous studies show that H2S-induced relaxation is 

sensitive to blockade of IKCa and SKCa in rat aorta (Zhao et al., 2002; Zhao et al., 2001), rat 

mesenteric artery (Cheng et al., 2004; d'Emmanuele di Villa Bianca et al., 2009) and mouse 

mesenteric artery (Al-Magableh et al., 2011; Mustafa et al., 2011), however this is not 

without contention, as one study shows blockade of these channels had no influence on H2S-

induced relaxation of rat aorta (Li et al., 2008).  Indeed, whether H2S is an EDHF in 

peripheral vessels remains a topic of debate.  A recent study demonstrated that cholinergic 

VSM hyperpolarisation is virtually abolished in mesenteric arteries of CSE-/- mice, and the 

KATP channel blocker, glibenclamide, attenuated cholinergic VSM hyperpolarisation in wild-
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type mice in the presence of NOS and COX inhibitors (Mustafa et al., 2011).  The study was 

criticised because over 20 years of accumulated evidence from various groups suggests 

strongly that, after NOX and COX blockade, the remaining EDHF-dependent relaxation is 

independent of KATP channels (Edwards et al., 2012).  One possible reason for the 

discrepancy is that, although glibenclamide is routinely used as a KATP blocker, it does have 

alternate effects, such as blockade of a non-selective stretch-activated cation channel (Simard 

et al., 2006).  Regardless, the observations of Mustaffa et al. do not conflict with the present 

studies, given the lack of consistent dilator effect of ACh in rat MCA (Gorlach et al., 1998).   

H2S-induced vasorelaxation was sensitive to DIDS, 50mM KCl and nifedipine in MCA.  

However, the mechanism was insensitive to blockade of selective potassium channels, 

including KATP, KV, KCa and KIR.  The lack of involvement of KATP and KCa channels in the 

present study contrasts with several studies in peripheral vessels (see table 1.1, p.52-53), as 

well as three recent studies in cerebral vessels (Leffler et al., 2010; Liang et al., 2011; Liang 

et al., 2012). The discrepancy between the present study and other cerebrovascular studies 

may be due to differences in species, age, or the specific vessels studied (pial compared to 

MCA) (Leffler et al., 2010; Liang et al., 2011; Streeter et al., 2012).  It should be noted that 

in peripheral vessels, controversy exists regarding the contribution of KATP and KCa channels 

even within the same species and vessel type (see table 1.1, p.52-53).  Interestingly, 

Dombkowski et al. observed that KATP channel blockade attenuated H2S-induced vasodilation, 

despite repeated observations that KATP channel opening was ineffective at relaxing the same 

vessel type (Dombkowski et al., 2004).  This suggests that the KATP sensitivity does not 

necessarily implicate KATP channel opening in H2S-induced vasodilation, and instead the 

KATP channel blocker may be acting as a functional antagonist to the H2S-induced response.  

Such functional antagonism could be caused by downstream effects of KATP channel 

blockade (or indeed other K+ channel blockade), for example, membrane depolarisation.  
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These downstream effects might vary with minor differences in methodology between 

laboratories, providing a possible explanation for the observed controversy regarding the 

contribution of KATP and KCa channels within a single species and vessel type.  Such 

downstream effects might also explain the contentious observations of Mustafa et al., 2011, 

regarding inhibition of cholinergic VSM hyperpolarisation with glibenclamide in the 

presence of NOS and COX inhibitors (Mustafa et al., 2011)(see above).   

The present study is the first to investigate the role of KV channels or the endothelium in 

cerebral H2S-induced vasodilation, demonstrating no role for either pathway in MCA.  

Controversy also exists regarding the contribution of KV channels or endothelium to H2S-

induced vasorelaxation of peripheral vessels (see table 1.1 p.52-53).   

In the present study, a dual vascular response to H2S was observed in MCA.  A similar 

vascular response to H2S has been reported in mesenteric arteries (d'Emmanuele di Villa 

Bianca et al., 2011), although this is the first report of such a response in cerebral vessels.  

Interestingly, of the 14 agents used to examine the mechanism of H2S-induced vascular 

effects, the same three agents - DIDS, 50mM KCl and nifedipine – inhibited both the initial 

constriction, and the ensuing relaxation induced by H2S.  Constriction was additionally 

sensitive to catalase, which had no influence on relaxation. As speculated in the chapter 4 

discussion, this similarity in mechanism for constriction and relaxation could be taken to 

indicate that one effect of H2S results in both vascular actions.  Observations of various 

studies are supportive of a hypothesis that the H2S-induced vascular effects are due to its 

inhibition of cytochrome c oxidase (see 4.4 p.157).  Exactly how inhibition of cytochrome c 

oxidase might result in constriction followed by relaxation was not determined by the present 

studies.  One hypothesis is that the constriction involves increased intracellular Ca2+ ([Ca2+]i) 

due to decreased extrusion via ATP-dependent pumps, with an additional contribution from 
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lowered mitochondrial generation of O2˙-, thus lowered levels of the vasodilator, H2O2. The 

ensuing relaxation may be due to decreased pHi as a result of accumulated lactic acid from 

the reliance of the cell on anaerobic glycolysis for energy production.  However, this 

hypothesis remains entirely speculative, and investigation would require substantial amounts 

of further experimentation, which was beyond the scope of the present thesis.     

The final study of this thesis investigated whether diabetes alters the function or production 

of H2S in the cerebral vasculature.  It was shown that the vasorelaxation to exogenous H2S 

was not altered in diabetic MCA, but the precursor to endogenous H2S production, L-cysteine, 

induced greater relaxation in diabetic MCA.  This suggests that diabetic MCA have an 

enhanced ability to generate H2S via CSE, however, there was no significant difference in 

CSE mRNA expression between control and diabetic MCA.  The discrepancy may be due to 

the low numbers available for PCR in the diabetic group (n=4), meaning that the difference in 

mRNA expression did not obtain significance.  Alternatively, it is possible that CSE activity 

is enhanced, without enhancement of mRNA expression (see 5.4 p.179).  In the present study 

it was indeed observed that CSE activity was enhanced in the liver of diabetic rats.  This is 

supported by observations of enhanced CSE expression in liver of STZ-diabetic rats (Jacobs 

et al., 1998) and aorta of NOD mice (Brancaleone et al., 2008) and higher transsulfuration 

rates, reflecting enhanced activity of the transsulfuration enzymes, CSE and CBS, in diabetic 

humans without renal complications (Abu-Lebdeh et al., 2006).  However, the aorta of the 

NOD mice had lowered relaxation to L-cysteine, and had lower CSE activity (Brancaleone et 

al., 2008).  This deviates from the present results, which suggest enhanced tissue CSE 

activity, a discrepancy which may be due to the different model of diabetes. 

The transsulfuration pathway has been of some interest in diabetic research, due to its 

involvement in the breakdown of homocysteine.  Hypohomocysteineamia is observed in 

diabetes without renal complications and is partly due to enhanced CBS and CSE activity 
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(Abu-Lebdeh et al., 2006; Jacobs et al., 1998), while hyperhomocysteinaemia (HHcy) occurs 

in the advanced stages of diabetic disease where renal dysfunction is present, and is an 

independent risk-factor for both cardiovascular disease (Refsum et al., 1998) and 

cerebrovascular disease (Hogervorst et al., 2002).  This suggests that the flux of 

homocysteine through the transsulfuration pathway, and thus subsequent H2S generation, 

alters according to the stage and severity of the diabetic state, which may explain the 

differences in CSE activity and L-cysteine response between the present study and that of 

Brancaleone et al. (Brancaleone et al., 2008).  Despite the known association between HHcy 

and cardiovascular disease, large-scale trials using folic acid and vitamin B6 and B12 have 

achieved lowered homocysteine levels, without any concomitant change in cardiovascular 

outcomes (Albert et al., 2008; Bonaa et al., 2006).  One possible explanation is that the 

cardiovascular disease observed in HHcy is due to reduced generation of one or more of the 

bi-products of homocysteine catabolism, for example, H2S.   

It is possible that upregulated CSE activity, and accompanying hypohomocysteinaemia and 

enhanced H2S generation, which occurs in early diabetic disease forms part of a regulatory 

mechanism to protect the vasculature against oxidative stress.  In chapter 4 of the present 

thesis, immunohistochemistry demonstrated staining for the H2S producing enzyme, CSE.  

However, the endothelium was not required for endogenously produced H2S to induce 

vasorelaxation, suggesting that endothelium-derived H2S may have regulatory functions 

independent of vasorelaxation.  There are various lines of evidence that H2S can protect both 

VSM and endothelium against oxidative insults, including that induced by high glucose (see 

1.4.4 Diabetic vascular disease and H2S, p.61).  In the final study of this thesis, it was 

demonstrated that exogenous H2S could normalise excessive ROS production in diabetic 

MCA, but did not influence ROS production in control MCA.  Thus, the hypothesis that 
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upregulated CSE activity in early diabetes forms part of a self-protecting mechanism 

warrants further investigation. 

The limitations of pharmacological and analytical tools have often hindered attainment of 

quality evidence regarding the effect of exogenous and endogenous H2S in this field.  At the 

outset, the sulfide salt donors were exclusively used to deliver H2S (apart from H2S gas 

solutions).  These salts release a bolus dose of H2S, which has been shown to be rapidly lost 

from solutions in in vitro biological experiments (DeLeon et al., 2012).  However, the recent 

development of sustained release donors which are now becoming readily available will 

undoubtedly help progress in the field immensely.  There are still no specific inhibitors of 

CSE, CBS or 3-MST available for use.  Methods for reliable measurement of tissue levels of 

H2S are still in development. Improvements in tools will assist in clarifying many of the 

lingering questions regarding H2S production and function in physiology and 

pathophysiology. 

Finally, there is now a vast array of physiological and pathophysiological effects attributed to 

H2S. The present thesis shows that H2S has no role in acute central regulation of blood 

pressure, but that H2S does contribute to endogenous cerebral vasoregulation. Importantly, 

exogenous H2S normalised the enhanced ROS production in diabetic cerebral blood vessels.  

Furthermore, cerebrovascular H2S production is enhanced in diabetes, which suggests that 

this molecule may have a role as a vasoprotective factor. 
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