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Abstract 
Hypertension is characterised by extracellular fluid volume expansion and increased 

vascular tone. The epithelial sodium channel (ENaC) in the kidney has a central role 

in maintenance of extracellular fluid volume. In the vasculature, ENaC has been 

implicated in mediating both endothelium-dependent vasodilation and the VSMC-

induced myogenic constriction in response to intraluminal pressure, which places 

ENaC in a pivotal position for the control of vascular function and thus, a potential 

mediator of vascular tone. It is not known whether ENaC subunit expression in the 

vasculature is changed in hypertension and whether ENaC plays a role in the 

regulation of vascular tone in the pathogenesis of hypertension. 

Hypotheses: 1) Vascular ENaC subunit expression is increased in hypertension. 

 2) The increased ENaC leads to vascular dysfunction contributing to the 

development of hypertension. 3) Antihypertensive treatment leads to decreases in 

vascular ENaC expression in hypertension. 4) Vascular ENaC expression is 

associated with myocardial infarction, a risk factor of hypertension. 

Methods: mRNA and protein expression of all three ENaC subunits was investigated 

in different arteries from normotensive and hypertensive Cyp1a1Ren2 rats. Effect of 

ENaC on vascular function was assessed by addition of amiloride in arteries from 

normotensive and hypertensive animals. Spironolactone treatment was used as the 

antihypertensive to evaluate the changes in ENaC expression.  

Major findings: The mRNA and protein level of α ENaC is upregulated in 

hypertensive arteries. Amiloride-mediated ENaC blockade increases the vasodilation 

indicating that increases in vascular ENaC are potentially mediating the loss of 

endothelium-dependent vasodilation. Another major finding is the presence of 
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proteolytic cleavage of ENaC in the vasculature and a potential increase of this 

cleavage in hypertension. The antihypertensive treatment with SP decreases the 

vascular ENaC expression in hypertension, providing evidence of vascular ENaC as 

a therapeutic target. Further, this study revealed an association of altered vascular 

ENaC expression with myocardial infarction. 

Main conclusion: Increased ENaC expression in the vasculature is involved in 

mediating vascular tone, which potentially leads to development of hypertension. The 

changes in function can be attributed to proteolytic cleavage of vascular ENaC. 
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1. General introduction 

1.1. Overview 

A consistent increase in blood pressure leads to hypertension (Chobanian et al., 

2003). The World Health Organisation (WHO) estimated in 2004 that hypertension 

was the cause of 7.5 million deaths worldwide (W.H.O 2009). Hypertension is a risk 

factor for myocardial infarction, stroke and heart failure. Yet, even though there has 

been extensive research in this field  the aetiology of hypertension remains 

unclear (Mayet & Hughes, 2003).  

The heart determines cardiac output and blood vessels determine vascular 

resistance in the body. The balance of both these processes controls the blood 

pressure. Thus, mean arterial pressure (MAP) is a product of cardiac output (CO) 

and vascular resistance (VR) (Mayet & Hughes, 2003): 

MAP = CO X VR 

An increase in either or both cardiac output and vascular resistance thus leads to 

increases in blood pressure. So, to fully understand the pathophysiology of 

hypertension, it is important to understand the control of both cardiac output and 

vascular resistance (Mayet & Hughes, 2003).  

Cardiac output (CO) is a result of stroke volume and heart rate, where stroke volume 

and heart rate is determined by preload/afterload blood volume and the activity of 

sympathetic (SNS) and parasympathetic nervous system (pSNS). Increases in blood 

volume result in more blood pressing against the walls of vessels which leads to 

increases in blood pressure. For example, increases in extracellular fluid volume due 
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to water retention by the kidney can lead to increases in blood volume and thus, 

leads to increases in blood pressure. Increases in stimulation of the SNS increases 

heart rate and stimulation of the pSNS decreases heart rate (McCorry, 2007). 

Vascular resistance is determined by blood vessel diameter and elasticity. 

Constriction of vessels decreases the diameter of vessels and increases the 

resistance to blood flow leading to an increase in blood pressure (Mayet & Hughes, 

2003). Another factor which influences vascular resistance is vessel elasticity. A 

stiffened vessel can’t expand to accommodate the changes in blood flow and thus 

experiences higher pressures (Mayet & Hughes, 2003). 

Increases in blood volume and vascular resistance results in increases in blood 

pressure which leads to hypertension. Many genetic and pathophysiological show 

that epithelial sodium channel (ENaC) expression and function in the kidney is an 

important determinant blood volume, and novel evidence suggests that ENaC is a 

potential regulator of vascular tone.  

In next section, I will provide a brief overview of ENaC’s role in hypertension in 

epithelia as a regulator of extracellular fluid volume and thus a determinant of blood 

volume ENaC’s structure, expression and regulation. Subsequently, I will also 

discuss the emerging role of ENaC as a regulator of vascular tone and ENaC’s 

expression and regulation in the vasculature. 

1.2. ENaC and Hypertension 

The kidneys play an important role in the regulation of extracellular fluid volume 

through sodium-dependent fluid reabsorption and thus maintain the baseline blood 

pressure by increasing or decreasing salt and water excretion (Guyton, 1990a, b; Hall 
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et al., 1990). Disorders with excessive sodium absorption lead to hypertension, 

whereas decreased absorption of sodium results in hypotension (Lifton, 1996). 

Control of blood pressure is thus established by a balance between sodium 

absorption and sodium excretion (Ackermann, 1975; Guyton, 1990b; Hall et al., 

1990). ENaC plays a central role in the distal kidney by providing a pathway for 

sodium reabsorption and is thus, integral to maintaining sodium balance and 

controlling fluid homeostasis. This, therefore highlights that the regulation of ENaC 

expression and function in the kidney holds a key position in maintaining blood 

pressure. 

 1.2.1. ENaC in kidney 

In the distal part of the nephron, transport of sodium through ENaC is the rate-limiting 

step of sodium reabsorption (Garty & Palmer, 1997; Rossier et al., 2002). Although 

sodium reabsorption in this part of kidney only accounts for 2-5% of total 

reabsorption, it is here where the regulation of total body Na+ balance occurs (Lifton 

et al., 2001). This transport of sodium involves passive entry of sodium through 

ENaC at the apical membrane into the cells. Na+/K+ ATPase, located at the 

basolateral membrane, pumps this sodium out of the cell to maintain a low 

intracellular sodium level. This provides a driving force for sodium entry through 

ENaC (Rick et al., 1981; Palmer & Frindt, 1986). The influx of sodium across the 

epithelia creates an osmotic gradient which leads to the flow of water from the lumen 

into the bloodstream. Thus, ENaC has a central role in mediating total body blood 

volume and blood pressure (Shimkets et al., 1994; Snyder et al., 1995; Rossier et al., 

2002). 
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Figure 1.1.: Transport of sodium in cortical collecting duct cell 

This is exemplified by the existing rare genetic forms of hyper- and hypotension 

caused by mutations in any of the ENaC encoding genes (Snyder, 2002). 

1.2.2. Hypertension caused by Liddle’s syndrome 

Liddle’s syndrome is an autosomal dominant form of severe hypertension. First 

described in 1963 by Dr Grant Liddle, patients presented with early-onset 

hypertension, hypokalemia and metabolic alkalosis (Lifton, 1996). Studying the genes 

in these patients revealed mutations in the β- or γ- ENaC encoding genes (Shimkets 

et al., 1994). The condition is mediated by the deletion of the cytoplasmic C-terminal 

domain or by frameshift/point mutations which leads to the loss of specific segments 

in the PY motif. This loss of the PY motif prevents the binding of Nedd4-2, which 
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decreases the rate of channel internalisation from the plasma membrane (Nedd4-2 

dependent ubiquitination) and its subsequent degradation. The result is an increase 

in ENaC abundance and residency time on the cell surface (Lifton, 1996; Hummler, 

1999; Lifton et al., 2001) In-vitro studies revealed that these mutated channels have a 

3- to 5-fold increase in channel activity due to an increase in the number of channels 

at the plasma membrane (Rossier & Schild, 2008; Busst, 2013). Recently a mutation 

in α ENaC that increases channel open probability has been reported (Salih et al., 

2017). This suggests that over-expression or elevated activity of ENaC causes 

hyperactivity of ENaC resulting in increased reabsorption of sodium in the kidney 

leading to severe hypertension (Lifton, 1996; Hummler, 1999; Lifton et al., 2001; 

Rossier & Schild, 2008; Busst, 2013). Accordingly, Liddle’s can be treated with a salt 

restricted diet and ENaC blockers. 

1.2.3. Hypotension caused by Pseudohypoaldosteronism Type I (PHA-I) 

PHA-I is caused by mutations in any one of the ENaC subunits (α-, β- or γ-ENaC) 

resulting in the loss of channel function. Deletions and single nucleotide 

polymorphisms (SNPs) in ENaC extracellular domains or formation of truncated 

subunits due to insertion of premature stop codons or splice variants lead to the 

formation of non-functional channels. The loss of activity leads to the loss of sodium 

and water causing hypotension (Lifton et al., 2001; Busst, 2013). PHA I is treated 

with salt supplementation. 

1.2.4. SNPs associated with hypertension 

Other alterations in the genetic sequences encoding ENaC subunits such as SNPs, 

and insertions and deletions have been shown to be associated with disorders of 

blood pressure. βT594M and αA663T are associated with altered ENaC channel 
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activity implicated in blood pressure disorders (Baker et al., 1998; Bonny et al., 2002; 

Zhao et al., 2011; Busst, 2013). T594M mutation in β ENaC is (Baker et al., 1998; 

Bonny et al., 2002; Zhao et al., 2011; Busst, 2013). Particularly of note is the T594M 

polymorphism in β ENaC. This mutation is associated with increased ENaC activity 

and lead to an increase in blood pressure (Baker et al., 1998) in black Africans. 

The association of ENaC with both high and low blood pressure indicate that any 

irregularities in the expression of ENaC subunits in the kidney is sufficient to cause 

hypertension or hypotension (Busst, 2013). 

1.3. ENaC overview 

Epithelial sodium channels (ENaCs) are formed by proteins that are members of the 

cation-specific DEG/ENaC superfamily of proteins (Mano & Driscoll, 1999). ENaC is 

a Na+ selective ion channel, primarily found in the apical membrane of many epithelia 

(Garty & Palmer, 1997) such as distal nephron of the kidney (Shareghi & Stoner, 

1978; Frindt et al., 1990) and lung airway (Knowles et al., 1981; Boucher & Gatzy, 

1983), distal colon (Will et al., 1985), urinary bladder (Lewis & Diamond, 1976), sweat 

glands (Quinton, 1981) and ducts of salivary glands (Knauf, 1972). 

1.3.1. ENaC structure and stoichometry  

ENaC is a heterotrimeric protein commonly comprising of three structurally related 

subunits, called α, β and γ, each 85 to 95kDa in size (Snyder et al., 1995). The three 

subunits share ~30 to 40% sequence identity implying that they most probably had a 

common ancestral gene (Canessa et al., 1994b; Snyder et al., 1994). The SCNN1A 

gene encodes for the α ENaC subunit and is located on chromosome 12p13 in 

humans. SCNN1B codes for β ENaC and SCNN1G codes for γ ENaC and both 
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genes are located on chromosome 16p12-p13 (Voilley et al., 1995) in humans. The 

exon-intron sequences are conserved, with each subunit having approximately about 

13 exons (Ludwig et al., 1998; Thomas et al., 1999). 

The stoichiometry of ENaC was debated and a suggested arrangement of individual 

subunits came from studies determining the functional roles of ENaC. One of the 

initially proposed forms is that ENaC subunits come together in the form of a tetramer 

in which α ENaC subunit is more abundant than others. This is derived from 

expression and mutation studies of individual subunits and the single-channel 

conductance studies which revealed that the functional channel may consist of two 

copies of α ENaC and one of each β and γ ENaC (α2βγ) giving rise to a tetramer 

(Firsov et al., 1998; Anantharam & Palmer, 2007). This was backed up by data from 

additional studies involving density gradient centrifugation (Coscoy et al., 1998; 

Dijkink et al., 2002). Another proposed arrangement is that of a higher order with a 

functional channel having eight or nine subunits with at least two copies of the γ-

ENaC subunits (α3β3γ3 / αnβnγ2). This comes from the studies utilising freeze-fracture 

electron microscopy (Eskandari et al., 1999) and by studies using 

coimmunoprecipitation and Fluorescence Resonance Energy Transfer (FRET) 

microscopy, where a functional ENaC has two copies of each subunit (Staruschenko 

et al., 2004). The structure of a related family member, ASIC1a revealed a trimer. 

Therefore, it was proposed that ENaC likely assembled as heterotrimer of 1α:1β:1γ 

subunits (Jasti et al., 2007). This is further supported by the atomic force imaging 

which showed that ASIC1a exists as a trimer (Carnally et al., 2008). The data from 

mutation studies of ENaC subunits was consistent with ENaC assembling as a trimer 

as well (Collier & Snyder, 2011). However, a recent study has revealed the 

stoichiometry and structure of the human ENaC channel by cryo-electron 
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microscopy. The three ENaC subunits α β and γ arrange themselves in a 

counterclockwise manner and form a trimer (Noreng et al., 2018). 

All ENaC subunits have short intracellular hydrophilic N-and C-terminal domains, with 

PY motifs located in the C-terminal domains. Two membrane-spanning domains (M1 

and M2) separate the intracellular domains from a large extracellular domain (Figure 

1.1). The channel pore is highly selective for Na+ and is specifically blocked by 

amiloride and its analogues (Garty, 1994). 

 

 

Figure 1.2: ENaC subunit 
structure 

Schematic representation of 
αβγ	 ENaC subunit structure 
with each subunit having 
intracellular N and C terminal 
domains, two membrane 
spanning domains and 
extracellular loops. 

 

The structure of ENaC channel has been resolved (Noreng et al., 2018) and 

suggests that the extracellular domain is a highly ordered structure composed of core 

β-sheet domains forming the palm domains. The β-sheet is surrounded by peripheral 

α-helixes of finger, thumb and knuckle domains in a clench-like manner (Noreng et 

al., 2018). The extracellular domain of each subunit contains N-glycosylation sites 

(NxS/T sequences) and cysteine-rich domains. Extracellular domains play an 

important role in activation of the channel as they are the sites for proteolytic 

cleavage, sensors of extracellular sodium concentration (Alpern et al., 2012) and are 

involved in the sensation of shear stress (Morimoto et al., 2006). The proteolytic 

α		 β 

C 
N 

γ 
Extracellular 

Intracellular 
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cleavage of ENaC occurs in the recently coined GRIP (Gating Relief of Inhibition by 

Proteolysis) domain located in the extracellular domain of ENaC. The GRIP  domain 

is a stretch of 20-40 amino acids located in the periphery of the extracellular domain 

interface (Noreng et al., 2018). 

1.3.2. Expression of ENaC 

The major site of ENaC expression in kidneys is the aldosterone-sensitive distal 

nephron (ASDN) which comprises of the late distal convoluted tubule (DCT), 

connecting tubule (CNT), principal cells of cortical collecting duct (CCD), outer 

medullary collecting duct (OMCD) and inner medullary collecting duct (IMCD) 

(Palmer & Frindt, 1986; Duc et al., 1994; Stokes & Sigmund, 1998; Amasheh et al., 

2000; Loffing, 2000; Loffing et al., 2001). ENaC is also expressed in other salt-

absorbing epithelia such as lung, colon, sweat glands and salivary glands (Duc et al., 

1994; McDonald et al., 1995; Stokes & Sigmund, 1998; Amasheh et al., 2000). 

Studies have shown that expression of all three subunits, α, β and γ ENaC are 

necessary for maximum channel function in different expression systems such as A6 

cells, Xenopus oocytes, CHO cells (Palmer et al., 1990; Spindler et al., 1997; 

Baxendale-Cox, 1999; Blazer-Yost et al., 2001; Staruschenko et al., 2005). However, 

homomeric channels composed alone of individual subunits or heterotrimeric 

channels composed of different combinations of subunits have been shown to have 

different levels of channel activity for Na+ transport (Palmer, 1990; Canessa et al., 

1994b; Firsov et al., 1996; Firsov et al., 1998). αβγ ENaC is known to form a highly-

selective channel (where selectivity to Na+ ion is very high compared K+, with long 

mean open and closed times are predominantly present in most epithelia such as 

CCD, colon, skin, alveolus, Xenopus kidney A6 cells (Palmer & Frindt, 1986, 1988; 
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Palmer & Andersen, 1989; Palmer, 1990; Palmer et al., 1990; Palmer, 1992; Jain et 

al., 1999; Liu et al., 2009). A nascent αβγ ENaC forms a moderately-selective 

channel and has been shown to be present in the bladder, kidney A6 cells (Palmer, 

1982, 1985a, b, 1992). A non-selective channel can be formed by α, β or γ ENaC 

individual subunits alone or by βγ in combination when expressed in Xenopus 

oocytes or endogenously in vascular smooth muscle cells (Palmer, 1990; Drummond 

et al., 2008a). However, post-translational modifications on newly formed channels 

can activate these channels and convert them to highly selective channels (Palmer, 

1990, 1992; Palmer & Frindt, 1996). 

1.3.3. Regulation of ENaC  

Since ENaC function is crucial for salt and water homeostasis, its activity is regulated 

by different mechanisms controlling the number of ENaC channels on the cell surface 

(N) and the open probability of the channel (Po). Regulation of the channel number is 

mediated by different cellular mechanisms of transcription and translation and other 

effector molecules (e.g. hormones) affecting ENaC synthesis and its trafficking 

through cytosol to the cell surface and later by its retrieval from the cell surface. 

Proteolysis, Na+ concentration and mechanical forces affect the open probability of 

the channel (Satlin et al., 2001; Chraibi & Horisberger, 2002; Hughey et al., 2004a; 

Hughey et al., 2004b; Bhalla & Hallows, 2008; Fronius & Clauss, 2008).  

Considering its importance in this thesis special emphasis is placed on ENaC 

regulation by aldosterone. 

1.3.3.1. ENaC regulation by cellular mechanisms 

1.3.3.1.1. Regulation of transcription and translation of ENaC 

It is known that the control of ENaC gene expression occurs in a tissue-specific 
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manner (Duc et al., 1994; Farman et al., 1997) and is regulated by different factors 

such as DNA methylation, histone modification, and chromatin remodelling. The 

promoter regions of α, β, γ ENaC genes shows the absence of TATA boxes but the 

presence of GC boxes (SP1 consensus sites) near the transcription site which are 

essential for proper promoter activity (Chow et al., 1999; Otulakowski et al., 1999; 

Thomas et al., 1999; Bremner et al., 2002). Regulation of ENaC expression by 

steroid hormones occurs by binding of mineralocorticoid receptor (MR for 

aldosterone) and/or glucocorticoid receptor (GR for cortisol) to specific consensus 

motifs in the promoter regions of ENaC subunits (Canessa et al., 1993; Canessa et 

al., 1994a; Canessa et al., 1994b; Djelidi et al., 1997; Farman et al., 1997; Malik et 

al., 2001; Wang et al., 2001; Snyder et al., 2004; Sauter et al., 2006). The promoter 

sequence of α ENaC has an active glucocorticoid response element (GRE) as 

compared to β and γ ENaC (Chow et al., 1999; Thomas et al., 1999; Bremner et al., 

2002). This suggests that α ENaC is regulated differently than the β and γ ENaC. 

Indeed, aldosterone increases α ENaC expression in kidneys but not that of β and γ 

ENaC (Escoubet et al., 1997; Masilamani et al., 1999; Ji et al., 2000). In contrast, 

aldosterone leads to increases in β and γ ENaC in colon showing that in colon β and 

γ ENaC share a similar coordinated expression (Renard et al., 1995; Asher et al., 

1996; Escoubet et al., 1997). α ENaC expression in kidney is regulated by Disrupter 

of Telomeric silencing alternative splice variant a (Dot1a) and ALL 1-fused gene from 

chromosome 9 (AF9) repressor complex which methylates the Histone H3 Lys-79 in 

the chromatin of α ENaC promoter (Zhang et al., 2006; Zhang et al., 2007; 

Reisenauer et al., 2009). In the kidney, aldosterone increases α ENaC gene 

expression by inhibiting Dot1a and AF9 expression (Zhang et al., 2006; Zhang et al., 

2007; Reisenauer et al., 2009). 
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The translational efficiency of ENaC mRNA is regulated by the interaction of RNA-

binding proteins (RBP) with cis-elements of 5’ and 3’ untranslated regions (UTRs) in 

the mRNA (Otulakowski et al., 1999; Pesole et al., 2000; Pesole et al., 2001). There 

are differences in UTRs of ENaC subunits, where a GC rich 5’ UTR is seen in α 

ENaC mRNA, the γ ENaC has an AU-rich UTR (Otulakowski et al., 2001; Perlewitz et 

al., 2010). The ENaC subunit mRNAs are translated by polyribosomal complexes or 

can remain in the form of a translational inactive state as post-polysomal messenger 

ribonucleoprotein (mRNP) complexes (Perlewitz et al., 2010). This is seen in CCDs, 

where most α and β ENaC mRNAs are translated but about 40% of γ ENaC remains 

in mRNP pools (Perlewitz et al., 2010). 

1.3.3.1.2. Trafficking of ENaC 

Following synthesis, assembly of ENaC subunits occurs in the endoplasmic reticulum 

(ER). ENaC trafficking from the ER to the apical membrane depends on its correct 

assembly (Butterworth et al., 2005). In the ER, ENaC subunits undergo glycosylation 

at specific sites (N-X-S/T consensus) of which there are multiple sites on each 

subunit (e.g., in mouse ENaC, 6 in α ENaC, 12 in β ENaC and 5 in γ ENaC) 

(Canessa et al., 1994a; Snyder et al., 1994). In the ER, the ENaC subunits assemble 

to form a channel and the assembled ENaC either exits ER. If ENaC is 

misassembled it does not exit ER and is degraded via proteasome-mediated ER-

associated degradation (ERAD) (Buck et al., 2010). The assembled subunits exit the 

ER and enter the Golgi, where N-glycosylated ENaCs can be further processed e.g. 

by modification to sugar chains and proteolytic cleavage to form an active ENaC. 

However, there is also a population of ENaCs that bypass the Golgi and post-Golgi 

processing events (Hanwell et al., 2002; Butterworth, 2010). From the Golgi, 

processed ENaCs move to the apical membrane in vesicles (Butterworth et al., 
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2005). When the vesicles reach the target location, soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) protein family members 

(Syntaxin 3, VAMP7 and 8, and SNAP-23) aid the docking and fusion of these 

vesicles to the apical membrane (Condliffe et al., 2003; Condliffe et al., 2004). At the 

apical membrane, two separate types of ENaC subunits are expressed, one with 

processed, glycosylated and cleaved α and γ ENaC subunits; and another of non-

processed, uncleaved, full-length inactive subunits (Bruns et al., 2003; Shi et al., 

2013). The latter are inactive channels on the cell surface that can be activated by 

extracellular proteases, such as channel activating proteases (CAPs) (Vallet et al., 

1997). 

ENaC is endocytosed from the cell surface in clathrin-coated vesicles and then it 

either undergoes degradation or is recycled (Shimkets et al., 1997). The WW 

domains in E3 ubiquitin ligase Nedd4-2 bind to the PY motifs at the C-terminal 

domains of ENaC subunits and mediate ubiquitination of lysine residues on the N-

terminal domain of α and γ subunits. These ubiquitinated ENaCs are then 

endocytosed and are either recycled back to the apical surface following removal of 

ubiquitin (by deubiquitinase enzymes) or are degraded in the lysosomes (Schild et 

al., 1996). 

ENaC endocytosis is also regulated by Serum and glucocorticoid-regulated kinase 1 

(SGK1). SGK1 is an effector molecule of aldosterone which phosphorylates Nedd4-2, 

promoting binding of 14-3-3 adaptor proteins which hinder the contact between ENaC 

subunits and Nedd4-2 and thus, prevents endocytosis of ENaC from the apical 

surface (Bhalla et al., 2005), and upregulates ENaC membrane abundance. In 
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contrast, Extracellular regulated kinase (ERK-1/2) enhances the interaction of ENaC 

with Nedd4-2 and increases ubiquitination, thus increasing the endocytosis of ENaC.  

ENaC membrane abundance is also increased by another aldosterone-induced 

protein, glucocorticoid-induced leucine zipper protein (GILZ) that prevents the 

activation of ERK, inhibiting ubiquitination. Protein kinase A (PKA), stimulated by 

vasopressin operates in the same fashion as SGK1 and thus, hinders interaction 

between ENaC and Nedd4-2 resulting in increased ENaC membrane abundance 

(Bhalla et al., 2005; Bhalla & Hallows, 2008). 

1.3.3.2. Hormonal regulation of ENaC 

ENaC expression can be regulated by hormones through transcriptional and post-

translational mechanisms.  

1.3.3.2.1. Aldosterone 

Aldosterone, secreted from adrenal cortex in response to decrease in extracellular 

fluid volume or decrease in blood pressure, is one of the major regulators of ENaC 

synthesis and therefore regulates the population of ENaC. Aldosterone is a steroid 

hormone released by activation of the renin-angiotensin-aldosterone-system  

(RAAS); it binds to mineralocorticoid receptors (MR) in distal tubules and collecting 

ducts of the aldosterone-sensitive distal nephron (ASDN) (Garty & Palmer, 1997) and 

stimulates Na+ reabsorption by de novo synthesis of epithelial proteins. Aldosterone 

has a high-affinity for MR and a lower affinity for the glucocorticoid receptor (GR). 

After binding to the receptor (in the cytosol), aldosterone causes the formation of 

MR/GR-dimers. This complex moves into the nucleus, where it binds to promoter 

regions of the specific genes and leads to their transcription. These include among 

others the genes of the three subunits of ENaC (α, β and γ ENaC), the two subunits 
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of the Na+/K+ -ATPase pump and SGK1 (Masilamani et al., 1999; Soundararajan et 

al., 2012).  

Through this transcriptional pathway, aldosterone acts by increasing the ENaC 

population in the apical membrane and Na+/K+-ATPase at the basolateral membrane. 

The effects of aldosterone can be divided into two different stages. In the initial phase 

(1-3 hours), there is a 2-3-fold increase in the reabsorption of Na+. In the late stage of 

action from 6-24 hours to several days, there is a significant increase in newly 

synthesised proteins (Masilamani et al., 1999; Alvarez de la Rosa et al., 2002).  

1.3.3.2.2. Vasopressin 

Vasopressin or anti-diuretic hormone (ADH) is a peptide hormone and another 

important regulator of ENaC at the post-translational level causing up to a 2-5-fold 

increase in ENaC activity within a short span of time (2-3min) through adenyl 

cyclase-PKA (Bugaj et al., 2009). Vasopressin binds to V2 receptors on the 

basolateral membrane (collecting duct and connecting tubule) activating adenylate 

cyclase-cAMP signalling. In The long term, cAMP binds to CRE binding proteins 

(CREB) in the promoter regions of ENaC genes and increases transcription and 

translation of ENaC subunits such as β and γ ENaC in rat CCDs (Djelidi et al., 1997) 

and α and γ ENaC in mouse CCDs (Perlewitz et al., 2010).  

1.3.3.2.2 Angiotensin II (AngII) 

Ang II is known to affect ENaC activity and expression. Ang II increases α ENaC 

protein expression in the renal cortex but not β and γ ENaC (Beutler et al., 2003). Ang 

II receptor blockade decreases αENaC expression but increases β and γ ENaC, and 

application of spironolactone (MR blocker) does not change this effect (Beutler et al., 
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2003). Another study shows that Ang II significantly increases Na+ transport via 

ENaC in CCDs (Peti-Peterdi et al., 2002). 

1.3.3.3. Proteolytic cleavage 

Proteolytic cleavage is one of the mechanisms that affect the open probability of 

ENaC and occurs both during its trafficking and also on the cell surface. Different 

proteases cleave α and γ ENaC proteins at specific sites, which by far has the 

greatest effect on channel activity compared to normal activity (Hughey et al., 2004a; 

Carattino et al., 2006). Proteolytic cleavage of ENaC can occur in two ways a) 

intracellularly by intracellular protease furin and b) extracellularly by extracellular 

proteases such as plasmin, and cell-attached protease (CAP1). The mechanism of 

how cleavage increases the channel open probability has not yet been fully studied. 

Many studies suggest that cleavage is activating the channel by changing the 

conformation due to the removal of inhibitory peptides from the α and γ extracellular 

loops (Carattino et al., 2006; Bruns et al., 2007). 

a) One of the main proteases involved in this process is furin (a serine protease), 

found at the Golgi, which cleaves ENaC during trafficking to the apical membrane. 

Furin can cleave α ENaC (~90 kDa) at two sites in the extracellular loop and when 

both sites of α ENaC are cleaved, this results in the release of a 26-amino acid 

fragment known as the inhibitory fragment (Hughey et al., 2004a; Shi et al., 2013) 

and possible cleavage-induced fragments of 30 kDa and 50 kDa. In addition, one 

furin cleavage site has been identified in γ ENaC (~90 kDa) and the cleavage product 

arising is ~75 kDa. Furin cleavage of α and γ ENaC increases the channel open 

probability (from Po 0.02s - to - 0.6/0.7s) (Caldwell et al., 2004). 
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b) Once ENaCs are on the cell surface other proteases such as CAPs (channel 

activating proteases) cleave the channel extracellularly, increasing the channel Po 

that in turn increases the Na+ transport. One of the important CAPs is prostasin, 

which cleaves γ ENaC. When cleaved by both furin and prostasin together, a 43-

amino acid peptide is released from γ ENaC. The resultant cleavage product is 

~67kDa in molecular weight. Studies have shown that cleavage of the γ subunit is 

more potent for channel activation; γ ENaC, with the 43kDa peptide removed, has a 

very high open probability (Bruns et al., 2007; Shi et al., 2013). Other proteases 

involved in proteolytic cleavage are trypsin, elastase, plasmin, and matriptase 

(Caldwell et al., 2004; Hughey et al., 2004a; Carattino et al., 2006; Bruns et al., 2007; 

Diakov et al., 2008; Shi et al., 2013).  

Apart from this physiological role, proteolytic cleavage of ENaC may be 

pathophysiologically relevant as well. Increase cleaved ENaC has been shown to be 

associated with cystic fibrosis (Caldwell et al., 2005; Myerburg et al., 2006). 

Proteolytic cleavage of ENaC by plasmin has been associated with the nephrotic 

syndrome of the kidney, where it contributes to ENaC activation (Svenningsen et al., 

2009). Nephrotic syndrome is characterized by increased renal Na+ reabsorption, 

which can be potentially attributed to this cleaved ENaC. Plasmin-induced cleavage 

of γ ENaC in urinary exosomes has also been shown in hypertensive pregnancies 

(preeclampsia) (Nielsen et al., 2017). In the same study, an increase in Furin-induced 

cleavage of α ENaC was also seen in exosomes in hypertensive pregnancies 

(Nielsen et al., 2017). 
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1.3.3.4. Mechanical force (membrane stretch and shear force) 

Mechanotransduction is the process of conversion of mechanical forces into 

biochemical signals which regulate different cellular properties. Cells, in general, use 

extracellularly provided mechanical cues in a variety of ways that affect nearly every 

aspect of their function (Bao & Suresh, 2003). ENaC is a member of an ion channel 

family that includes the mechanosensitive ion channel (degenerins) found in C. 

elegans. Moreover, ENaCs have similar membrane topology and share a 

phylogenetic relationship with mechanosensitive degenerins (Awayda & 

Subramanyam, 1998). ENaC expression in tissues like kidney and lung, shows that 

the channels are exposed to different mechanical forces. Mechanical force can be 

induced by changes in cell volume or deformation in response to pressure causing 

membrane stretch, and fluids passing the surface of cells causing a frictional force 

also known as shear stress (e.g. urine flow in the kidney tubule).  

Initial studies to understand mechanosensitivity of ENaC focussed on using pressure 

as a mechanical stimulus. Under negative hydrostatic pressure, causing a stretch in 

the cell membrane, the activity of ENaC increased (Palmer & Frindt, 1996). 

Consistently, in response to stretch induced by cell swelling an increased ENaC 

activity was reported (Awayda et al., 1995). However, in different study results were 

contrasting. Here ENaC was inhibited in response to cell swelling and activated in 

response to cell shrinkage (Ji et al., 1998). Thus, whether pressure and consequently 

membrane stretch lead to mechanical activation of ENaC in epithelia or not still 

remains debated.  

Shear stress is another physiologically relevant mechanical stimulus. In the distal 

nephron, there is constant variation in the urine flow rates. ENaCs are thus, 

constantly exposed to shear stress. ENaCs expressed on epithelia in cortical 
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collecting duct tubules are activated in response to flow-mediated shear stress (Satlin 

et al., 2001). A similar response was seen when ENaCs expressed in Xenopus 

oocytes were exposed to shear stress (Satlin et al., 2001; Carattino et al., 2004). 

Single-channel recordings of ENaCs expressed in Xenopus oocytes displayed a 

marked increase in the activity of ENaC, without changing the number of ENaC 

expressed (Althaus et al., 2007). Moreover, upon using pre-activated ENaC 

(pharmacologically treated to increase the Po), the applied shear stress couldn’t 

enhance the activation. Therefore, shear stress-mediated activation of ENaC is direct 

and is induced by increasing Po (Althaus et al., 2007). Furthermore, increasing the 

ENaC expression (proteases), thereby increasing its availability, amplified the shear 

stress effect (Althaus et al., 2007). The proposed mechanism is that the extracellular 

domains of ENaC are thought to mediate this transduction. Due to an increase in 

flow, the extracellular domains sense the change in flow and potentially get deflected. 

This changes the conformation of the channel proteins leading to an increase in its Po 

(Fronius & Clauss, 2008). This activation of ENaC is a non-hormonal regulatory 

mechanism and not affected by any metabolic cue (Morimoto & Kleyman 2006). 

1.3.3.5. Na+ concentration 

ENaC open probability is also regulated by changes in sodium concentration both 

intracellularly or extracellularly (Bhalla & Hallows, 2008). 

An increase in extracellular sodium results in the decrease in activity of the channel 

also known as self-inhibition. This self-inhibition is dependent on temperature and is 

quite rapid that occuring within seconds (Chraibi & Horisberger, 2002).  
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An increase in intracellular sodium causes feedback inhibition of the channel. The 

change is slower (few minutes to tens of minutes) than the self-inhibition but the 

activity of the channel is greatly reduced (Abriel & Horisberger, 1999).  

In the next sections, I will provide an overview of vascular hemodynamics in the 

regulation of vascular tone and subsequently discuss ENaC’s emerging role as a 

regulator vascular tone and how vascular ENaC appears to be involved in 

hypertension. 

1.4. Blood pressure regulation in vasculature and role of 
ENaC  

Blood vessels carry out the transport of blood and act as a connection between the 

heart and the tissues. Arteries are the suppliers of blood from the heart to each 

organ. The vessel wall is composed of three distinct layers; the inner layer (intima), a 

middle layer (tunica media) and outer layer (tunica adventitia) (Galley & Webster, 

2004). Intima is composed of endothelial cells and the internal elastic membrane. 

Tunica media is composed of vascular smooth muscle cells and tunica adventitia is 

composed of collagen, fibroblasts and elastic fibres. (Galley & Webster, 2004). 

As the heart pumps to cause blood flow, vessels are continuously exposed to 

physical forces – pressure and fluid shear stress (Traub & Berk, 1998). The whole 

arterial tree from large vessels to resistance arteries to arterioles are subjected to 

these physical forces at different magnitudes. In each vessel lumen, endothelial cells 

(ECs) are exposed to shear stress and in vascular media, the smooth muscle cells 

(VSMCs) are subjected to membrane stretch due to pulsatile intraluminal pressure 

(Figure 3). These cells integrate these mechanical stimuli into the vascular function 



	 21	

and modulate functions like vascular remodelling, development and stability (Resnick 

et al., 2003). 

 

Figure 1.3: Hemodynamic forces in a blood vessel 
 
Schematic diagram showing endothelial cells (EC) exposed to shear 
stress from flow and vascular smooth muscle cells (VSMC) exposed to 
pressure in an artery. 

The first evidence of mechanotransduction in arterial vessels was given by Bayliss in 

1902 where he investigated volume changes in dog hindlimb in response to changes 

in pressure by plethysmography. He documented pressure-dependent vascular 

changes that could determine the vascular tone (Bayliss, 1902). This effect, also 

known as myogenic constriction characterises the property of vessels to decrease 

their diameter (contraction) in response to an increase in pressure. This response is 

inherent to vascular smooth muscle cells (VSMCs) and is not influenced by any 

hormonal, neural or metabolic cue. The pressure generated in the vessel is felt as a 

perpendicular strain, cyclic in nature which leads to depolarisation of VSMC 

membrane causing a decrease in luminal diameter and is known as vasoconstriction. 

This mechanism is a part of an autoregulation process to regulate blood flow (Davis 

& Hill, 1999; Hill et al., 2001). 

Myogenic constriction in response to pressure changes is only one aspect of 

vascular mechanotransduction. Another mechanical stimulus is shear stress. This is 
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a dragging frictional force caused by the blood flow when passing the surface of the 

endothelial cells. Shear stress changes during the cardiac cycle and along the 

vascular tree (Traub & Berk, 1998; Malek et al., 1999). This shear stress promotes 

the release of different vasoactive molecules, secretion of factors for coagulation, and 

differentiation of cells. This all helps the endothelium maintain the integrity of the 

vasculature. Steady laminar shear stress influences vasodilation by the release of 

nitric oxide (NO), prostacyclin and endothelium-derived hyperpolarising factor 

(EDHF) (Lu & Kassab, 2011). Endothelial nitric oxide synthase (eNOS) activity is 

regulated by shear stress and this causes the release of nitric oxide. The released 

NO diffuses to adjacent vascular smooth muscle cells and stimulates vasodilation in 

a cGMP-dependent pathway. A reduction in the release of NO results in loss of 

vasodilation. This loss of ability to dilate is a hallmark of endothelial dysfunction 

(Sessa, 2004). In the arterial vascular network, the range of shear stress generated is 

10-40 dynes/cm2 and these values are even higher in pathological conditions like 

hypertension due to increased blood volume or due to loss of vascular function 

(Malek et al., 1999).  

Shear stress-induced dilation or flow-mediated dilation (FMD) and myogenic 

constriction, are both key players in the regulation of normal vascular function and 

autoregulation of blood pressure. To preserve normal homeostatic state in the 

vasculature, a balance between mechanical stimulus and the biological response has 

to be maintained. Any change in pressure or flow leading to the imbalance of this 

state results in the development of vascular damage (Malek et al., 1999; Resnick et 

al., 2003). Hypertension is associated with increased vascular tone and is 

characterised by increased vasoconstriction and endothelial dysfunction (Intengan & 

Schiffrin, 2000; Savoia et al., 2011; Montezano et al., 2015). 
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For understanding how changes in VSMC and EC signalling leads to development of 

increases in vascular tone, it is important to identify the mechanoreceptors 

responsible for sensing them. It is quite fitting that a mechanosensitive ion channel 

expressed in vasculature will act as a force transducer through which cells can sense 

the physical stimuli. These ion channels can bring about the changes in cell 

signalling pathways and also distinguish between normal and altered stimulus. 

Several different mechanosensitive ion channels have been identified in the 

vasculature, including ENaC (Snyder, 2002). 

1.4.2. Vascular ENaC as a mediator of vascular tone 

Expression of ENaC in the vasculature and its role in endothelial cell stiffness, flow-

mediated dilation and myogenic constriction places ENaC in a pivotal position for the 

control of blood pressure by regulation of vascular tone.  

1.4.2.1. ENaC in smooth muscle cells 

Myogenic constriction is an inherent feature of the vessel in response to pressure 

changes and ENaC in VSMCs is associated with this process. 

Under the influence of ENaC specific inhibitors – amiloride or benzamil, the myogenic 

constriction decreases. This was seen in small diameter mesenteric arteries where 

an acute application of amiloride or benzamil, the vessel couldn’t contract in 

response to phenylephrine (Perez et al., 2009). Further, in a knockdown model of β 

ENaC there is about 50% reduction in myogenic constriction. This is further 

supported by the decrease in myogenic constriction in response to silencing of β and 

γ ENaC by small-interfering RNA. Problems in the myogenic response results in loss 

of autoregulation of blood flow. This causes fluctuations in arterial pressure leading to 

hypertension (Drummond, 2009; Drummond, 2010).  
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1.4.2.2. ENaC in endothelia 

In endothelial cells, ENaC is activated by laminar shear stress and thus, could 

potentially mediate vasodilatory responses of endothelium. FMD is dependent on 

secretion of vasoactive molecules like NO. In resistance arteries, ENaC was found to 

have a negative effect on NO production through reducing activation of endothelial 

nitric oxide synthase (eNOS) and thus, NO production. Upon ENaC inhibition by 

amiloride or benzamil, there was a significant increase in both phosphorylation of 

eNOS and NO production. Further, this inhibition increased the outer diameter of 

vessels underflow leading to flow-mediated dilation, demonstrating that ENaC affects 

vasodilation in response to shear stress (Perez et al., 2009).  

Aldosterone causes an increase in synthesis and membrane abundance of 

endothelial ENaC and increases the sensitivity of ENaC to extracellular Na+. When 

aldosterone action is accompanied by high extracellular sodium, the population of 

plasma membrane ENaC is further increased. Both increased aldosterone and Na+ 

concentration have been implicated in stiffening of endothelial cells. Moreover, they 

jointly lead to the reduction of NO release from vascular endothelium. The endothelial 

stiffening is mediated by ENaC because blocking of ENaC by amiloride prevented 

this stiffness and resulted in softening of endothelial cells. The exact mechanism of 

how ENaC regulates these effects has not yet been determined (Oberleithner, 2007; 

Oberleithner et al., 2007).  

An increase in blood flow, dietary sodium and aldosterone, all together result in over-

expression of ENaC in vessels and thus, an increase in ENaC activity. Hyperactive 

ENaC on the cell-surface of vessels can cause a reduction of eNOS in response to 

shear stress, a decrease in bioavailability of NO and stiffening of endothelial cells. 
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This proposed role of ENaC comes from in-vitro studies performed in endothelial 

cells (Fels et al., 2010; Kusche-Vihrog et al., 2010; al., 2015).  

1.4.2.3. Vascular ENaC in arteries 

ENaC as a shear sensor in intact arteries has also been shown (Ashley et al., 2018). 

This study showed different roles of vascular ENaC in conduit and resistance 

arteries. ENaC blockade by amiloride induces dilation of normal carotid arteries and 

thus being a mediator of vasoconstriction. In contrast, in normal mesenteric arteries, 

ENaC contributes to vasodilation.  

Vascular ENaC expression has been shown to be associated with eNOS activity and 

NO production in rats (Wang et al., 2017). In this study, increases in ENaC 

expression and activity leads to decreases in eNOS activity and thus decreases the 

NO synthesis. This leads to a decrease in endothelium-dependent vasodilation and 

potentially contributes to increases in blood pressure in salt-sensitive rats. 

Involvement of vascular ENaC in posterior cerebral arteries (PCAs) of spontaneously 

hypertensive rats (SHRs) has been shown (Choi et al., 2017). ENaC blockade by 

amiloride significantly decreased the myogenic response in these PCAs. In this 

study, increases in γ ENaC expression is associated with myogenic response. 

Decreasing γ ENaC by addition of γ ENaC- siRNA lead to decrease in the myogenic 

response in SHRs.  

This indicates that ENaC expression and function in arteries may be crucial for 

vascular responsiveness and different effects depending on the arterial bed. 
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1.5.ENaC in the vasculature: 

1.5.1. ENaC expression in vasculature: 

α, β and γ ENaC subunits have been identified in the vasculature; a) in blood vessels 

like aorta, femoral and pulmonary artery and small-diameter mesenteric arteries 

(Perez et al., 2009; Wang et al., 2009); b) in endothelial cells like HUVECs 

(Oberleithner et al., 2006b), and HMECs (Wang et al., 2009; Korte et al., 2012); c) in 

microvascular endothelium (Chen et al., 2004) and human eye endothelium (Mirshahi 

et al., 1999); d) in VSMCs of renal interlobar arteries and cerebral vessels 

(Drummond et al., 2004; Grifoni et al., 2006); e) in carotid and mesenteric arteries in 

mice (Ashley et al., 2018). 

Electrophysiological studies revealed the presence of amiloride-sensitive currents in 

endothelial cells from mesenteric arteries and human dermal microvascular 

endothelial cells. The use of amiloride caused inhibition of approx. 70% of the total 

current. The amiloride-sensitive current was significantly reduced with a decrease in 

extracellular sodium concentration (Wang et al., 2008; Perez et al., 2009). In human 

endothelial cells, an increase in Na+ influx into the cell occurs when amiloride is 

removed. This is confirmed by the increase in intracellular Na+ concentration after 

washout of amiloride (Korte et al., 2014). These results confirm expression of fully 

functional vascular ENaC and imply yet poorly characterized role of ENaC for 

vascular function. 

ENaC regulation and function in the vasculature is different in some ways and similar 

in others to ENaC in renal epithelia (Kusche-Vihrog et al., 2008) as described below.  
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1.5.2. Vascular ENaC Function  

As discussed before, vessels show endothelium-induced FMD and VSMC-induced 

myogenic constriction in response to increased pressure. Expression of ENaC in the 

vasculature places it strategically in a location that allows it to be implicated in 

mediating both these processes. This has been seen in studies with mesenteric 

arteries where in response to flow ENaC affected vasodilation (Perez et al., 2009) 

and also, in studies with VSMCs, where ENaC mediates a part of the myogenic 

response (Drummond, 2007). In vascular smooth muscle cells, ENaC is potentially 

one of the mechanosensitive ion channels which is activated by pressure to mediate 

myogenic constriction (Drummond et al., 2004; Jernigan & Drummond, 2005). In the 

presence of ENaC specific blockers, amiloride and benzamil, there was a loss of a 

major part of myogenic constriction in response to increased pressure (Drummond, 

2009; Perez et al., 2009; Drummond, 2010). In mesenteric arteries, ENaC was found 

to have a negative effect on NO production. It reduces activation of endothelial nitric 

oxide synthase (eNOS) and thus, nitric oxide (NO) production. Upon ENaC inhibition 

by amiloride or benzamil, there was a significant increase in phosphorylation of 

eNOS and NO production (Perez et al., 2009). In endothelial cells, an increase in 

ENaC surface abundance in endothelial cells leads to an increase in endothelial 

stiffness (Oberleithner et al., 2007; Kusche-Vihrog et al., 2010).  

A role for ENaC as a mediator of shear sensing has been revealed in conduit and 

resistance arteries. In mice arteries, ENaC blockade by amiloride induces dilation of 

carotid arteries as a conduit artery. Here, ENaC seems to function as a mediator of 

vasoconstriction. However, in mesenteric (resistance) arteries ENaC contributes to 

vasodilation (Ashley et al., 2018). This indicates that ENaC expression and function 
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in arteries may be crucial for vascular responsiveness and different effects depending 

on the arterial bed. 

1.5.3. Regulation of vascular ENaC 

1.5.3.1. Aldosterone 

Like in renal epithelia, aldosterone increases ENaC expression possibly by 

membrane insertion of the vascular ENaC in endothelia by a mineralocorticoid 

receptor-mediated pathway (Oberleithner et al., 2006a; Kusche-Vihrog et al., 2008). 

An increase in aldosterone leads to an increase in stiffness of endothelial cells. This 

stiffness increased with an increase in extracellular Na+ availability and in the 

presence of proteases such as trypsin, both of which activate ENaC. In each case 

blocking ENaC by amiloride prevents the aldosterone-mediated stiffness. This 

indicates that ENaC plays an important role in inducing stiffness in endothelium and 

increasing its sensitivity to salt (Oberleithner et al., 2007; Kusche-Vihrog et al., 2010). 

The importance of aldosterone as a regulator of vascular ENaC was additionally 

confirmed by the use of spironolactone, an antagonist for aldosterone, which also 

decreased cell stiffness and was accompanied by a significant reduction of α ENaC 

expression (Oberleithner et al., 2006a; Oberleithner et al., 2006b; Druppel et al., 

2013). 

1.5.3.2. Na+ concentration  

Unlike ENaC in epithelia, ENaC expression in endothelial cells is increased with an 

increase in extracellular Na+ concentration. However, in response to high 

extracellular sodium α and γ ENaC expression decreased in VSMCs, but β ENaC 

membrane abundance increased (Korte et al., 2014; Kusche-Vihrog et al., 2014a). 
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1.5.3.3. Shear stress and pressure 

Studies performed in endothelial cell lines revealed that ENaC activity is regulated by 

shear stress in vascular endothelium. As in the kidney, the shear stress activated 

vascular ENaC directly by increasing its open probability in arteries (Wang et al., 

2009). In resistance arteries, the effect of amiloride and benzamil decreased with a 

decrease in flow and was absent under no-flow conditions. This shows that the 

response of ENaC is flow-dependent in endothelium (Perez et al., 2009). In HUVECs, 

ENaC is sensitive to pressure causing membrane stretch. A significant increase in 

ENaC activity was seen within a short time under positive pressure (Guo et al., 

2016).  

In VSMCs, ENaC has been shown to mediate pressure responses. In the presence 

of ENaC specific blockers, amiloride and benzamil, there was the loss of a major part 

of the myogenic constriction in response to increased pressure. In the presence of 

high extracellular sodium, the part of vascular tone mediated by ENaC was increased 

(Jernigan & Drummond, 2005; Drummond et al., 2008b). Moreover, when 

endothelium was removed in resistance arteries, the effect of ENaC blockers on 

myogenic tone was diminished indicating that ENaC in both VSMCs and endothelia 

are involved in maintaining myogenic tone (Perez et al., 2009).  

All of these results indicate that ENaC has a potential role in regulating shear force 

mediated events such as FMD and pressure-induced myogenic constriction. Both 

mechanisms are proposed to have ENaC dysfunction, which changes the 

intracellular environment leading to stiffening of endothelial cells, reduction in 

bioavailability of nitric oxide and continuous myogenic response (Drummond, 2010; 

Kusche-Vihrog et al., 2014b; Warnock et al., 2014) 
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1.6. Hypotheses 

ENaC is involved in blood pressure control by playing a key role in maintaining blood 

volume homeostasis and potentially regulating vascular function, and defects in 

vascular ENaC may play a role in the pathogenesis of hypertension. The focus of this 

thesis is understanding how ENaC participates in vascular tone regulation in 

hypertension. So far little is known about the physiological role and expression 

pattern of ENaC in the vasculature in hypertensive conditions.  

The main hypothesis of this thesis is that arteries from hypertensive rats will show 

increased ENaC expression resulting in the loss of vascular function that contributes 

to the development of hypertension.  

This thesis aimed to identify the role of aldosterone on vascular ENaC regulation. 

The hypothesis is that the increase in vascular ENaC expression in hypertension is 

reversed by spironolactone treatment. 

This thesis also studied vascular ENaC expression in the pathological condition of 

myocardial infarction. The hypothesis is that altered vascular ENaC expression is 

associated with myocardial infarction (MI) and SP is an effective treatment to improve 

MI associated vascular dysfunction targeting ENaC.  
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2. Materials and Methods 

2.1. Hypertensive rat model 

All the procedures were approved by the Animal Ethics Committee of the University 

of Otago (AEC #51/13). 

The transgenic Cyp1a1Ren2 rat is a model with inducible activation of renin 

expression which leads to Angiotensin II (Ang II) dependent malignant hypertension. 

These rats have a genetically inserted construct of mouse renin (Ren2) gene fused to 

cytochrome P450 promoter (Cyp1a1) on the Y chromosome (Kantachuvesiri et al., 

2001). These rats are born normotensive and when the P450 promoter is activated 

by oral administration of aryl hydrocarbon compound, Indole-3-carbinol (I3C), it 

causes an increase of renin (Ren2) transgene expression leading to hypertension 

(Kantachuvesiri et al., 2001). 

Another student member within the research group carried out the handling and care 

of these rats (Dr Catherine Leader). The rats were divided into two major groups, 

normotensive (NT) and hypertensive (HT). The NT rats were given a diet of normal 

chow and HT rats were given 0.167 % w/w (correspondence to Dr Catherine Leader) 

I3C diet which caused elevation of mean systolic blood pressure. The NT and HT rats 

were then sub-divided into four more experimental groups each as described in 

Figure 2.1. The groups with spironolactone-treatment were given a daily oral dosage 

of spironolactone 4.41 mg/kg/day (correspondence to Dr Catherine Leader). 
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Figure 2.1.: Experimental animal group description 

Cyp1a1-Ren2 rats were divided into five main (1) normotensive (NT) and 
hypertensive (HT) controls, (2) The NT and HT with spironolactone treatment 
(NT+SP and HT+SP), (3) NT and HT sham groups, (4) the myocardial infarcted 
group NT-MI and HT-MI, (5) NT-MI and HT-MI treated with spironolactone (NT-
MI+SP and HT-MI+SP). 

2.1.1. Outline of the groups: 

1. Control: These rats were fed either normal chow for NT control rats or normal 

chow containing I3C for control HT rats (Fig. 2.1 .1). 

2. Spironolactone: NT and HT rats were fed their respective diets and also 

additionally were given a daily oral dosage of spironolactone 4.41 mg/kg/day forming 

NT+SP (normotensive with spironolactone) and HT+SP (hypertensive with 

spironolactone) groups (Fig. 2.1 .2). The dosage of SP was calculated according to 

Food and Drug Administration’s (FDA’s) 2005 allometric scaling calculations as 

described in another study (Reagan-Shaw et al., 2008). Clinically, a dose of 50 

mg/day is given to a hypertensive individual (~70 kg human), which meant after 

calculation the animal equivalent for a rat would be 4.41 mg/kg/day according to the 

Reagan-Shaw method (Reagan-Shaw et al., 2008) (Personal communication from Dr 

Catherine Leader). 

3. Sham: The NT and HT rats were subjected to thoracotomy surgery (performed by 

Dr Catherine Leader), but no ligation of coronary artery was performed in the hearts 
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of these rats (Fig. 2.1 .3). These sham rats acted as surgical controls for the MI 

group. 

4. Myocardial infarction: NT and HT rats underwent coronary artery ligation surgical 

intervention to induce myocardial infarction (Fig. 2.1 .4). These surgeries were 

performed by Dr Catherine Leader. Confimation of a successful ligation of coronary 

artery was performed by measurement of infarct size (immunohistochemistry) and 

ejection fraction (Echocardiogram). Figure 2.2 shows the correlation between infarct 

size and ejection fraction calculated from the data provided by Dr Catherine Leader.  

 

Figure 2.2: Correlation between infarct size and ejection 
fraction of post-MI surgical rats.  
A significant correlation was seen between infarct size and ejection 
fraction verifying the successful ligation of coronary arteries. 

 

5. MI+SP: These NT and HT rats underwent MI surgery (performed by Dr Catherine 

Leader) and were given spironolactone treatment (Fig. 2.1 .5). 
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Figure 2.3: Systolic blood presure in 
Cyp1a1Ren2 rats with or without 
spironolactone treatment. 
 
Systolic blood pressure measurements of NT, 
HT, NT+SP and HT+SP rats. Data are shown 
as mean ± SEM, n=10 animals/group, 
***p<0.001, ****P<0.0001 (Students’ unpaired 
t-test) 

Figure 2.3 shows systolic blood pressure in Cyp1a1Ren2 rats with or without SP 

treatment. Blood pressure measurement was performed by a non-invasive tail 

pressure cuff method. These measurements were performed by Dr Catherine 

Leader. HT and HT+SP rats showed a significantly higher systolic blood pressure 

(SBP) as compared to NT and NT+SP rats respectively.  

2.2. Isolation and storage of vessels: 

Cyp1a1ren2 NT and HT rats were euthanised by exsanguination (performed by Dr 

Catherine Leader) and aorta, carotid, femoral and mesenteric arteries were carefully 

dissected out from the animal (Fig. 2.4). The isolation was performed by myself or 

another lab member (Dr Zoe Ashley). Once isolated the arteries were stored 

depending on the further processing (sections 2.2.1 to 2.2.4).  
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Figure 2.4: Location of isolated arteries  

Schematic drawing of a rat used to show the 
location of isolated arteries. For this study four 
different arteries were isolated, (1) carotid, (2) 
aorta, (3) femoral and (4) mesenteric arteries. 

Figure adapted from biologycorner.com  

2.2.1. Storage for RNA extraction 

Once isolated, the arteries were placed in RNAlater (Thermofisher Scientific)  

solution to preserve RNA (200 µL for each artery sample) and incubated at room 

temperature overnight and then stored at -20 ˚C/-80 ˚C. For RNA extraction from 

mesenteric arteries, 5 arteries were extracted from the same animal and grouped 

together as one sample. 

2.2.2. Storage for protein extraction 

The artery samples were first snap frozen in liquid nitrogen and then stored in a -80 

˚C freezer. For protein extraction from mesenteric arteries, 5 arteries were pooled 

from the same animal and used as one sample.  

2.2.3. Storage for immunohistochemistry 

After isolation, small segments of each artery was first fixed in paraformaldehyde (4 

%) (dissolved in PBS) overnight and then stored in ethanol (70 %). 

2.2.4. For pressure myography 

Carotid arteries were carefully dissected from euthanised transgenic Cyp1a1Ren2 

NT and HT rats, removing the fat tissue layer surrounding each vessel and placed in 
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ice-cold pre oxygenated (5 % CO2 in 95 % O2) Krebs Henseleit (KH) buffer (in mM: 

119 NaCl, 4.7 KCl, 25 NaHCO3, 1.2 MgSO4, 11.1 glucose, 0.03 EDTA, 1.6 CaCl2). 

2.3. Quantitative Real-Time PCR: 

QIAgen miRNeasy Mini Kit (Bio-Strategy Ltd) was used for extraction of RNA. The 

stored artery sample was first thawed and then lysed using QIAzol lysis buffer to 

facilitate the complete homogenisation of the tissue. The arteries were pre-cut into 

small segments and placed in a tube with stainless steel beads (RNAase free) and 

lysis buffer. The volume of beads added was roughly equal to sample volume and the 

lysis buffer added was twice the volume of the sample. The homogenisation in the 

blender was performed in 3 cycles at vortexing speed 12 for 4 minutes each. After 

homogenisation, the aqueous phase of the lysates was used for purification of RNA 

following manufacturer’s protocol where chloroform and ethanol addition resulted in 

an aqueous phase containing RNA. This RNA was purified by addition of a series of 

buffers which first facilitated the binding of RNA to column and then washing the 

bound RNA. The purified RNA was eluted in RNase-free water and then, used 

directly for cDNA synthesis or stored at -80 °C. cDNA was synthesised from RNA 

using Primescript RT Reagent kit (Takara) following the instructions from the 

manufacturer (Table 2.1).  
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Table 2.1. cDNA synthesis sample preparation. 

Reagent Volume 

Primescript buffer 2 µl 

Reverse transcriptase enzyme 0.5 µl 

Oligo dT primer 0.5 µl 

Random Hexamer primer 0.5 µl 

RNA sample depending on required RNA 
sample for yeilding 100 ng of 
cDNA 

RNase free water upto 10 µl  

Total volume 10 µl 

 

After cDNA synthesis sample preparation (Table 2.1), the reaction was carried out 

using StepOne Plus Real-time PCR System (Applied Biosystems) by incubation at 37 

˚C for 15 minutes, followed by incubation at 85 ˚C for 5 seconds for inactivation of 

reverse transcriptase enzyme. The resulting samples (cDNA 100 ng/10 µl) were 

cooled down and used for qPCR analysis or stored at -80˚C. 

From resulting cDNA  1 µL of sample (10 ng) was used as the template concentration 

in qPCR reaction to amplify targets of α-, β- and γ-ENaC and β-actin. Table 2.2 

shows the primer sequence of the α β and γ ENaC and β-actin primers, the final 

amplicon length of the product and the efficiency of primers. 
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Table 2.2. Primer sequence of different targets of PCR 

Target Primer sequence Amplicon 
length (bp) 

Efficiency 

ENaC-α F: 5'-GTGTGATCAACTACAAACTCTC-3' 
R: 5'-CAACTCCGTTTCTTTTGTTG-3' 

126 91% 

ENaC-β F: 5'-CAAGACCACATGATCCATAAC-3' 
R: 5'-TCATCTTATACTGGGTGTCG-3' 

196 95% 

ENaC-γ F: 5'-CCAACTGGATGTATTGCTAC-3' 
R: 5'-GTCCATTCCTTAAAGCTACAG-3' 

103 100% 

β-actin F: 5'-AAGACCTCTATGCCAACAC-3' 
R: 5'-TGATCTTCATGGTGCTAGG-3' 

111 95.2% 

 

SYBR Premix EX Taq kit (Takara) was used to perform qRT-PCR. Each sample was 

prepared as shown in table 2.3 A and amplified following the manufacturer’s protocol 

shown in table 2.3 B in StepOne Plus Real-time PCR System (Applied Biosystems). 

Table 2.3. qPCR sample preparation and amplification protocol. 

A.  Reaction preparation B.  qPCR protocol 

Reagent Volume Temperature Time 

SYBR Premix 5 µl Initial denaturation 

Forward primer 0.2 µl 95 ˚C 30 seconds 

Reverse primer 0.2 µl PCR; Reps:40 

Rox reference dye 0.2 µl 95 ˚C 5 sec 

cDNA sample 1 µl 60 ˚C 35 sec 

RNase free water 3.4 µl Melt curve analysis 

 
Total volume 

 
10 µl 

95 ˚C 15 sec 

65 ˚C 1 min 

95 ˚C 15 sec 
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2.4. Western blotting: 

Western blotting was performed to quantify proteins in intact arteries of NT and HT 

rats. Arteries were homogenised by two different methods, depending on the primary 

target.  

a) For α	ENaC, arteries were homogenised by bullet blender (Chembio-Ltd) bead 

lysis method, where the volume beads added was equal to that of the sample, 

in radio immunoprecipitation assay (RIPA) buffer (Triton X-100 1 %, SDS 0.1 

%, tris-HCL (pH.4) 50 mM, NaCl 150 mM, EDTA 1 mM) containing protease 

inhibitor cocktail (Roche) which was twice the volume of sample. The RIPA 

buffer is used to lyse membrane-bound proteins. The homogenisation in bullet 

blender was performed in 2 cycles at vortexing speed 12 for 4 minutes each. 

After homogenisation, the lysates were spin cleared at 10,000 ×g for 10 

minutes and total protein concentration was determined (Bio-Rad RC DC 

colorimetric protein assay). Protein samples were combined with Laemmli 

sample loading buffer (2-mercaptoethanol (Sigma Aldrich) 2.5 %, glycerol 10 

%, SDS 2 %, Tris-HCl 50 mM pH 6.8, bromophenol blue 0.01 %), heated at 

95˚C for 10 minutes. 

b) A different homogenisation method was used for β and γ ENaC detection 

because a major part β and γ ENaC proteins are in trafficking and hence a 

whole cell lysate is needed. Arteries were homogenised in 1x Laemmli sample 

buffer without bromophenol blue first by grinding with a pestle and then, by 

pulse sonication twice for 5 seconds and heated at 37 ˚C for 5 minutes. The 

lysed samples were then spin cleared at 10,000 ×g for 10 minutes and protein 

concentration was determined in the resulting supernatant (Bio-Rad RC DC 
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colorimetric protein assay). The lysates were then combined with 2 µl of 

bromophenol blue (0.01 % initial concentration).  

Protein concentration was determined by Bio-Rad RC DC colorimetric protein assay 

(Bio-Rad). Bovine serum albumin (BSA) (Sigma Aldrich) was used between 0 and 2 

mg/ml were prepared to be used as standards. In a 96 well plate, BSA standards and 

artery samples were added (5 µl) in triplicates. In each well, 25 µl reagent S (20 µl 

reagent S in 1 ml reagent A) and 200 µl of reagent B were added and incubated for 

15 minutes and absorbance was read at 630 nm using a microplate reader (Synergy 

2, BioTek Instrument). The standards were used to generate a calibration curve and 

protein concentration of the artery samples was determined using the curve.  

SDS-PAGE was used to resolve proteins and 8-10 % resolving gels and 4 % stacking 

gels were used as shown in table 2.4. The number of protein samples prepared after 

Laemmli sample buffer ranged from 20 – 50 µg and a pre-stained protein marker 

(Kaleidoscope, Bio-Rad) were loaded onto gels. The gels were run at 110 V for 10 

minutes till the samples (tracked with bromophenol blue dye) reach the resolving gel 

and then run at 150 V (60-100 minutes) until the tracking dye reached the bottom of 

the gel.  
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Table 2.4. SDS PAGE 
solution gel recipie 

Resolving gel Stacking gel  

Solutions 8 % 10 % 4 % 

1.5 M Tris pH 8.8 2.5 ml 2.5 ml - 

0.5 M Tris pH 6.8 - - 1.25 ml 

30 % acrylamide/Bis 37 .5:1 2.66 ml 3.34 ml 665 µl 

10 % SDS 100 µl 100 µl 50 µl 

H2O 4.7 ml 4.7 ml 3 ml 

TEMED 5 µl 5 µl 5 µl 

10 % Ammonium persulphate 
(APS) 

5 µl 5 µl 5 µl 

Total volume 10 ml 10 ml 5 ml 

 

Following gel electrophoresis, protein samples were transferred to a polyvinylidene 

fluoride (PVDF) membrane in a semi-dry apparatus for 2 hours at 45 mA. PVDF 

membranes were blocked by incubation with 5 % bovine serum albumin (BSA) (Life 

Technologies) with TBS-T (Tris-buffered saline, Tris 20 mM, NaCl 150 mM, tween 0.1 

%) for 1 hour at room temperature. Primary antibodies (α ENaC, γ ENaC and β actin) 

were diluted (Table 2.5) in TBS-T and incubation of membranes with primary 

antibody was performed overnight at 4 ˚C. Next, membranes were washed 3 times, 

for 10 mins each time with TBS-T. Membranes were then incubated with horseradish 

peroxidase (HRP)-coupled secondary antibody (diluted 1:10000) for 1 hr at RT. After 

3 additional washes with TBS-T, membranes were exposed to a chemiluminescent 

substrate (Amersham ECL Prime, GE Healthcare) and developed on X-ray film 

(Carestream BioMax XAR, Sigma Aldrich). The film was scanned in grayscale with a 

resolution set on 600 pixels and the quantification was performed using ImageJ 

analysis software (1.50i). 
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2.5. Immunohistochemistry 

Small segments of isolated arteries were first fixed in 4 % paraformaldehyde 

(dissolved in PBS) overnight and then stored in ethanol (70 %) until further 

processing. The fixed vessels were embedded in paraffin wax to keep their structure 

intact so that they can be sectioned onto slides. Serial sections of 5 µm were cut for 

each sample by Otago Histology Services Unit. After sectioning, I performed all the 

further processing. 

Sections were deparaffinised by incubation in toluene for 10-20 minutes. Then, 

sections were rehydrated using 100 % and  70 % ethanol for 5 minutes each.  

Sections were then finally washed twice in PBS for 2 minutes. Heat-induced antigen 

retrieval was performed using 0.01 M citrate buffer (sodium citrate 10 mM, Tween-20, 

0.05 %, pH 6.0), in a microwave at 100 % power for 2 minutes, followed by 12 

minutes on 20 % power and then cooled at room temperature for 20 minutes. 

Quenching of endogenous peroxidase activity was performed using freshly made 3 % 

hydrogen peroxide (H2O2) (Sigma Aldrich) in methanol PBS. Subsequently, slides 

were treated in 4 % bovine serum albumin (BSA) and normal goat serum 2 % (NGS) 

in PBS for blocking of nonspecific interaction between antibodies and tissue 

components. Primary antibodies and HRP-conjugated secondary antibodies (made in 

blocking buffer) were sequentially applied (see table 2.5 for concentrations) and then 

sections were incubated with 3’3’-diaminobenzidene (Sigma Aldrich) solution to 

visualise antibody staining. The colour reaction was stopped after 1-2 minutes and 

sections were counterstained with haematoxylin (Sigma Aldrich). Sections were then 

dehydrated through a series of 70 % (4 minutes) and 100 % ethanol (twice for 4 

minutes each) and then toluene (5-10 minutes), before being mounted in DPX (Sigma 

Aldrich) and covered with a coverslip (Sigma Aldrich).  
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Sections were rinsed in between with 1x PBS solution. Quenching of endogenous 

peroxidase activity was performed twice for two specific primary targets, α and β 

ENaC, the second time after primary antibody incubation. For staining of CD-31, 

quenching was performed using 3 % H2O2 in PBS.  

Table 2.5.  Dilutions of antibodies for western blotting and 
immunohistochemistry 

Antibody 
Dilution 

Source 
WB IHC 

ENaC - α 
(SPC-403D) 

1:1000 1:100 StressMarq 

ENaC - β 
(SPC-404D/ AFH3) 

1:1000 1:150 
StressMarq/ Gift 
from Prof. Sharad 

Kumar 

ENaC - γ 
(SPC-405D) 

1:1000 1:100 StressMarq 

β-actin 1:5000 - Sigma aldrich 

Aquaporin 2 - 1:100 Gift from Dr 
Jennifer Leader 

 

Slides were examined with a montaging microscope (Olympus BX61, TCL) and 

images were taken at 100x and 40x magnifications and saved as TIFFs which 

allowed compression without loss of any data.  

Images were analysed by Photoshop (Adobe) using RGB colour code. The DAB 

staining analysis was performed in VSMC and EC layer as shown in figure 2.5, where 

VSMC and EC layers were cut from the whole artery using a set of tools (such as a 

marquee, magnetic lasso tools). Total pixels of the whole VSMC (Fig 2.5 C) and EC 

layer (Fig. 2.5 G) were counted, followed by taking count of DAB pixels in VSMC (Fig. 

2.5 D) and EC layer (Fig. 2.5 H) using colour range analysis where brown colour was 
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selected. The expression of different ENaC subunits was quantified as the 

percentage of pixels of brown colour which is representative of positive DAB staining. 

 

Figure 2.5. Photoshop analysis of positive DAB staining 
 
Representative image (A) showing VSMC layer in an artery and (B) showing DAB 
pixels selected in the same VSMC layer (identified by brown arrows). Image (C) 
shows the histogram showing total pixel count from the whole VSMC layer 
identified by the yellow box and (D) shows the total pixel count of the DAB pixels. 
Images (E-H) show the EC layer with or without DAB pixels selected and their 
respective total pixel count. 
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2.6. Pressure Myography  

Carotid arteries were isolated for pressure myography. In order to measure an 

approximation of the in vivo length of the artery, a thread was placed in parallel to the 

artery during isolation from the animal. The proximal end of the artery was cut 

including the thread. Then, a cut was made at the distal end of the artery together 

with the thread together. The artery was placed in pre oxygenated (5% CO2 in 95% 

O2)  ice-cold Krebs Henseleit (KH) buffer (in mM: 119 NaCl,4.7 KCl, 25 NaHCO3, 1.2 

MgSO4, 11.1 glucose, 0.03 EDTA, 1.6 CaCl2). buffer. Using a ruler, the thread was 

measured and this gave an approimate in vivo length of the artery. The carotid 

arteries were carefully mounted between two metal cannulas (~450 µm in diameter) 

fixed in place in the myograph chamber DMT (Danish Myo Technology, Aarhus, 

Denmark). The mounting is a delicate procedure requiring extra care to avoid any 

damage to the endothelial cell layer. Two ties made from the surgical thread were 

tied on each cannulas and then used to tie the mounted vessel on cannular and keep 

it in place. After securing the vessel, it was lengthened to 80 % of the length 

measured in vivo. 
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Figure 2.6. : Schematic of pressure myography system 
 
In the myograph chamber, the artery is mounted between two cannulas. The 
pressurisation and perfusion inside the artery facilitated by the cannulas. The 
bath of the chamber is continuously perfused by the physiological solution and 
the image is captured by an inverted microscope attached to a camera. The 
image is visualised on the computer having DMT software. The software allows 
the measure of different properties in real time such as the diameter of the 
artery. 
 
(Images adapted from dmt.dk (Danish Myo Technology), Akhtar et al 2011) 
 

 

The system tubing and valves were cleaned with fresh dH2O and checked for leaks 

and then the myograph chamber was connected to all the tubings making a sealed 

pressurised circuit. 

Arteries were initially pressurised to luminal pressure of 80 mmHg and were 

continuously super-perfused in pre oxygenated KH buffer (in mM: 119 NaCl,4.7 KCl, 

25 NaHCO3, 1.2 MgSO4, 11.1 glucose, 0.03 EDTA, 1.6 CaCl2). The diameter of each 

vessel was constantly measured by the DMT myoview software. After the initial 

pressurisation, the viability of the vessel was assessed by its ability to constrict to 

high potassium solution-KPSS (in mM; 75 NaCl, 60 KCl, 15 NaHCO3, 1.2 KH2PO4, 

1.2 MgSO4, 5.5 glucose, 0.03 EDTA, 1.6 CaCl2) and to norepinephrine (10 µM) and 

its ability to dilate (endothelial-dependent) to acetylcholine (10 µM). The vessel which 

demonstrated the vasoreactivity was used for the rest of the experiment.   
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The protocol varied between no flow (baseline), and intraluminal flow conditions. The 

pressure differential between the two ends of the vessel was used to generate the 

flow. The diameter of the vessel was constantly measured by DMT myoview 

software. The protocol was repeated under (1) ENaC blockade, where the KH buffer 

contained amiloride (10 µM) to measure the amiloride-sensitive change and (2) 

calcium-free conditions, where the KH buffer was without CaCl2 (and supplied with 

SNP (10 µM) and EDTA (2 mM)) to obtain passive diameters and allow the vessel to 

relax completely.  

2.7. Xenopus Oocyte extraction 

Xenopus laevis oocytes were extracted from female frogs by partial ovariectomy. The 

oocytes were separated from the ovarian lobes by enzymatic digestion with 1.5mg/ml 

type IV collagenase (SERVA) dissolved in ORi (oocytes ringers) at room temperature 

on a rocking platform for 90 minutes. Oocytes were then rinsed in Ca2+ free ORi (in 

mM NaCl 90, KCl 1, HEPES 5, EGTA 1, pH 7.4). Oocytes from stage V-VI (Dumont 

1972) were checked under a light microscope and the oocytes which looked most 

developed and healthy (unhealthy oocytes are the ones which are too small, 

damaged) were stored at 17 ˚C in ORi (in mM NaCl 90, KCl 1, CaCl2 2, HEPES 5, 

Na+-Pyruvate 2.5, pH 7.4). The buffer was supplemented with antibiotics (penicillin 

0.06 mM, streptomycin 0.02 mM, amikacin 100 µg/ml, tetracycline 50 µg/ml, 

ciprofloxacin 100 µg/ml) to prevent bacterial growth. 
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2.8. Oocyte RNA injection 

For cRNA synthesis, complementary DNAs encoding rat αβγ ENaC constructs were 

first linearised with BamH1 (Roche) and then, transcribed into cRNA using T7 

mMESSAGE mMACHINE Kit (Ambion) following the manufacturer’s protocol. 

Table 2.6. In-vitro transcription 

Reagent Volume 

Nuclease free water Upto 20 µl 

2x NTP/CAP 10 µl 

10x Reaction buffer 2 µl 

Linear template DNA 1 µg 

Enzyme mix 2 µl 

 

cRNA injection of oocytes was performed by a Roboinject (Multichannel Systems, 

MCS GmbH), which is a fully automatic system for cRNA injection. A Nunc 96 well 

plate (Thermo Fisher Scientific) was filled N-Methyl- D-Glutamine (NMDG) ORi buffer 

(in mM NaCl 10, KCl 1, CaCl2 2, HEPES 5, Na+-pyruvate 2.5, NMDG 80, pH 7.4, 

penicillin 0.06, streptomycin 0.02, amikacin 100 µg/ml, tetracycline 50 µg/ml, 

Ciprofloxacin 100 µg/ml) in an incubator at 17 ˚C. Oocytes were placed in wells and 

plate was loaded in the plate carrier of the Roboinject. An injection capillary (IN-25, 

Multi Channel Systems MCS GmbH) was prepared by backfilling with mineral oil to 

make sure capillary is air-bubble free and mounted on the steel plunger of the 

Roboinject.  

αβγ rENaC cRNA (0.08 ng/subunit) containing tube was put in plate carrier. Other 

tubes containing water for washes between injection were also placed in the carrier. 

The Roboinject was connected to a computer with software programme which 
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allowed to set-up injection volumes (15 nl/oocyte). The injection capillary was aligned 

using a portable microscope and an alignment device (Multichannel Sytems, MCS 

GmbH). After injection, oocytes were stored in an incubator at 17˚C till further use. 

 2.9. Two-electrode voltage-clamp (TEVC) 

Oocytes were analysed two days after injection using two-electrode voltage-clamp. 

Injected oocytes were studied in a chamber constantly superfused with ORi (in mM 

NaCl 90, KCl 1, CaCl2 2, HEPES 5, Na+-pyruvate 2.5, pH 7.4) at room 

temperature(22 ˚C to 25 ˚C). Membrane currents were measured by voltage-clamp 

using an OC-725C amplifier (Warner Instruments Corp.,) connected to a computer 

with a Lab Chart software for data collection and further analysis. Once in the 

chamber, oocytes were impaled by two glass electrodes, one to record the 

membrane potential while the other was to measure currents. Oocytes were clamped 

at a holding potential of -60mV and after a baseline current was established the 

amount of ENaC current was measured through application of 10 µM amiloride 

(ENaC blocker). To determine amiloride-sensitive current (ΔIami), currents measured 

in presence of amiloride were subtracted from currents measured in the absence of 

amiloride. 

The stimulatory effect of plasmin (10 µg/ml) or trypsin (20 µg/ml) enzyme was tested 

on each oocyte. Plasmin-stimulated ΔIami was determined after the incubation of 

oocytes in plasmin protease for 30 minutes. The oocytes after protease treatment 

were placed in TEVC chamber and the amount of ENaC current was measured after 

addition of amiloride (10 µm). Trypsin-stimulated ΔIami was determined before and 

after a 5-minute treatment with the trypsin protease. The oocytes were kept in TEVC 

chamber and trypsin was applied through bath perfusion for 5 minutes. To analyse 
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the effect of plasmin and other proteases, the difference between the amiloride-

sensitive currents of wt αβγ ENaC and that of protease-incubated αβγ ENaC was 

taken.  

2.10. Protein extraction from oocytes 

αβγ ENaC oocytes were pre-incubated for 5 - 30min in protease-supplemented ORI 

solutions (plasmin and trypsin) or ORi alone as the control. Oocytes were 

homogenised using lysis buffer (in mM: NaCl 83, MgCl2 1, HEPES 10, Triton X-100 1, 

pH 7.9) supplemented with protease inhibitor cocktail tablets (Complete Mini EDTA-

free, Roche) according to the manufacturer’s instructions. The homogenized lysates 

were vortexed for 30-40 sec. The lysates were centrifuged for 10 min at 5000 xg and 

supernatant was transferred to new tubes. This step was repeated four times.  

The resulting protein lysates were used for western blot analysis following the same 

protocol as described in section 2.4 of this chapter. 

2.11. Statistical analyses 

All statistical analyses were performed using Prism (Version 7.0b, GraphPad 

Software, Inc.). Analysis of variance (ANOVA) for repeated measures and Tukey’s 

post-hoc test were used to compare the vascular ENaC mRNA and protein 

expression between different groups of NT and HT rats. The intraluminal flow 

between NT and HT carotid arteries was calculated using ANOVA with Sidak’s post-

hoc test. The diameter of NT and HT carotid arteries in response to high K+ (60 mM), 

NA (noradrenaline), Ach (acetylcholine), PE (phenylephrine) and SNP (sodium 

nitroprusside) (10 µM) was calculated using Student’s unpaired t-test. The change in 

diameter in response to Ach after addition of amiloride (10 µM) was calculated using 
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a one sample t-test. For statistical significance a P value <0.05 was regarded as 

significant. 
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3. Role of vascular ENaC in hypertension in 
transgenic Cyp1a1Ren-2 rats 

3.1. Introduction 

Systemic blood pressure is regulated, in part, by total peripheral resistance (TPR) of 

blood vessels (Traub & Berk, 1998; Resnick et al., 2003). TPR is determined by the 

ability of arteries to change their diameter in response to differences in blood 

flow/pressure. Vasoconstriction reduces diameter which leads to an increase in 

systemic blood pressure, while, vasodilation increases the diameter of arteries which 

reduces blood pressure. These vasoactive properties of arteries are majorly 

dependent on the normal functioning of the endothelial (ECs) and vascular smooth 

muscle cells (VSMCs) of the arteries (Traub & Berk, 1998; Resnick et al., 2003). 

ECs and VSMCs are the main vascular cells of large and small arteries. Both ECs 

and VSMCs synthesise vasoactive factors for maintaining the vessel diameter and is 

dependent on a variety of mediators present in these cells, including ion channels, 

which are known to facilitate the synthesis of vasoactive factors such as NO (Hill et 

al., 2001; Resnick et al., 2003). NO is being produced by ECs and facilitates the 

communication with VSMCs diffusion to induce vasodilation of VSMC (Davis & Hill, 

1999; Hill et al., 2001; Resnick et al., 2003). Impaired vessel responses (such as the 

inability of a vessel to vasodilate in response to NO) are known to be involved in 

vascular complications of various diseases, such as hypertension, atherosclerosis 

and diabetes mellitus (Malek et al., 1999; Pradervand et al., 2003).  

The epithelial sodium channel, ENaC, has been identified as one of the ion channels 

found in ECs and VSMCs. ENaC is composed of three subunits α β and γ (Canessa 

et al., 1994a; Canessa et al., 1994b; McDonald et al., 1994; McDonald et al., 1995). 
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Studies performed using endothelial cells in culture and whole intact arteries (which 

contain both ECs and VSMCs), have shown expression of ENaC and also suggested 

its functional role in normal vasculature (Drummond et al., 2004; Oberleithner et al., 

2006b; Perez et al., 2009; Wang et al., 2009). ENaC expression is reported to 

determine the stiffness of ECs (Oberleithner, 2007; Kusche-Vihrog et al., 2010). 

Other studies have shown that ENaC mediates both endothelium-dependent 

vasodilation (Perez et al., 2009) and VSMC-induced myogenic constriction in 

response to intraluminal pressure (Drummond, 2009; Drummond, 2010).  

The literature about vascular ENaC has shown ENaC’s expression and potential 

function in vasculature under normal conditions. Given that hypertension is 

associated with altered regulation of vascular tone, the ENaC expression (N) and 

activity (Po) are crucial in finding out ENaC’s influence in vascular tone regulation in 

hypertension. The N of vascular ENaC in hypertension has not been characterised 

yet and to this end, the purpose of this chapter is to examine and compare the 

vascular ENaC subunit expression between normotensive (NT) and HT (HT) large 

(conduit) and small (resistance) arteries. Next, the physiological role of vascular 

ENaC in NT and HT arteries is also examined. Furthermore, proteolytic-activation of 

ENaC, a mechanism directly influencing the Po, in vasculature has not yet been 

studied. To this end, this chapter also explores the existence of potential proteolytic 

cleaved ENaC in arteries and then, a comparison is drawn between NT and HT 

arteries. 
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3.2. Hypothesis 

Arteries from HT rats will show increased ENaC expression resulting in loss of 

vascular function and that this increased expression contributes to the development 

of HT. 

To address this hypothesis three objectives were designed aiming to compare the 

expression and function of ENaC in arteries from NT and HT animals. 

3.3. Objectives: 

Objective 1: Characterise the ENaC subunit expression pattern in NT and HT 

arteries. 

Three methods of expression profiling were used, namely, quantitative Real-Time 

PCR (qRT-PCR) for gene expression, western blotting for protein expression and 

immunohistochemistry for protein localisation of α, β and γ ENaC in Cyp1a1Ren2 NT 

and HT rats. 

Objective 2. Elucidate the effect of ENaC on arterial function in NT and HT arteries. 

The role of ENaC in mediating changes in arterial diameter in response to vasoactive 

factors and flow was assessed by pressure myography. 

Objective 3. Study the increased presence of α and γ ENaC subunit cleavage 

products in NT and HT arteries. 

Arterial tissue from Cyp1a1Ren2 rats and oocytes from Xenopus laevis, were used to 

identify different cleavage products. Western blotting was used to determine the 

expression of α and γ ENaC after proteolytic activation and compared with that in 

arteries. TEVC was used to assess the effect of different proteases on ENaC activity. 
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3.4. Results: 

3.4.1. Hypertension is associated with increased vascular ENaC 
expression 

Expression analysis of ENaC subunits at the mRNA level was assessed by qRT-PCR 

to evaluate the level of expression in NT compared to HT arteries. mRNA analyses 

showed a significant upregulation in expression of α ENaC mRNA in the aorta, 

carotid, femoral and mesenteric HT arteries in comparison with arteries from NT 

animals (Fig. 3.1). Analysis of β and γ ENaC mRNA in HT arteries showed a 

significant upregulation of β ENaC in carotid arteries (Fig. 3.1.B) and γ ENaC in 

mesenteric arteries (Fig. 3.1.D) when compared to respective NT arteries. No change 

in β or γ ENaC mRNA was observed in the HT aorta (Fig. 3.1.A) and femoral (Fig. 

3.1.C) arteries. 
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Figure 3.1: Hypertension is associated with increased vascular ENaC 
expression. 

mRNA expression of α β and γ ENaC in NT and HT arteries aorta (A), carotid 
(B), femoral (C) and mesenteric (D) arteries. Data are shown as mean ± SEM, 
with n=5/8 arteries and statistical analysed by ANOVA with Tukey’s post-test. 
*p<0.05, **p<0.01,***p<0.001.	

 

To determine if the changes in ENaC expression detected at the mRNA level in 

arteries from HT animals translated to their protein level, western blot analysis was 

performed. As seen with mRNA experiments, there was a significant increase of α 

ENaC protein abundance in the HT aorta, carotid, and mesenteric arteries of HT 

animals (Fig. 3.2 and appendix fig. 8.1). No change of ENaC expression was 

observed in femoral arteries (Fig. 3.2 D). However, the expression of β and γ ENaC 
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did not show any significant changes at the protein level, still, there is a trend of 

increase in γ ENaC expression in HT mesenteric arteries (Fig. 3.2 E). 
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Figure 3.2: Hypertension is associated with 
increased α  ENaC expression in arteries. 

(A) Representative western blots of α β and γ 
ENaC protein expression in NT and HT carotid 
arteries, with the respective β-actin expression 
as the loading control. B-E) Densitometric 
analysis of relative α β and γ ENaC protein 
abundance in NT and HT aorta (B), carotid (C), 
femoral (D) and mesenteric (E) arteries. Data 
are shown as mean ± SEM, with n=6/8 arteries 
and statistical analysed by ANOVA with 
Tukey’s post-test, *p<0.05, **p<0.01. 

	

Further, the expression pattern of ENaC subunit proteins was analysed to identify 

whether ENaC subunits are expressed in ECs and VSMCs. To this end, I 
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investigated the localisation of α β and γ ENaC proteins by immunohistochemistry 

(IHC) and assessed whether the observable changes in HT are associated with 

different cell types in these arteries. Immunohistochemical staining using antibodies 

against the three showed ENaC subunits showed expression in both ECs and 

VSMCs of carotid arteries (Fig. 3.3A), aorta, femoral and mesenteric arteries 

(Appendix fig. 10.2-10.4). Quantification of the staining showed a significant increase 

of α ENaC in HT carotid (Fig. 3.3C) and mesenteric (Fig. 3.3E) arteries compared 

with normal arteries mirroring the results from mRNA (Fig 3.1) and protein 

abundance (Fig 3.2) by qPCR and western blot analysis. However, in HT aorta (Fig. 

3.3B), femoral (Fig. 3.3D) and mesenteric arteries, no change in protein abundance 

analysis by IHC was seen and thus, were not consistent with what was observed in 

qPCR for the aorta and femoral arteries and western blot analysis of aorta arteries. 

This could be because a smaller group of arteries was analysed. 
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Figure 3.3: Increased vascular α  ENaC expression in ECs and VSMCs in 
hypertension. 
 
The localisation of α β and γ ENaC as shown by immunohistochemistry. ENaC 
subunit staining is ubiquitous. A) Representative images of α β and γ ENaC protein 
localisation indicated by black arrows in NT and HT carotid arteries at 40x and 
100x magnification. B) Further, differences in ENaC expression was determined. 
Labelling was quantified by pixel analysis, and values are expressed as % of black-
brown colour. Scale bars in 40x magnification represent 100 µm and those in 100x 
represent 50 µm. Data are shown as mean ± SEM, with n=5 arteries/group, with 
statistical analysis determined by ANOVA with Tukey’s post-test (**p<0.01)	
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3.4.2. Hypertension is associated with increased intraluminal flow in 
arteries  

Changes in intraluminal flow were measured between NT and HT carotid in baseline 

and in presence of amiloride (10 μM) conditions (Fig. 3.4). The flow was generated 

by inducing a pressure differential between the two ends of the vessel, still keeping 

the mean pressure at 80 mmHg for carotid arteries. With the increase in the pressure 

gradient, the flow through the vessel increased. In the presence of amiloride the flow 

through the vessel decreased in NT carotid (Fig. 3.4) arteries, however, no significant 

reduction in flow was seen in HT arteries (Fig. 3.4). 

	

 

Figure 3.4: Intraluminal flow in NT and 
HT carotid arteries. 

The figure shows intraluminal flow between 
NT and HT carotid arteries before and after 
amiloride. Data are shown as mean ± SEM, 
n=6/8, two-way ANOVA with Sidak’s multiple 
comparisons.	

 

3.4.3. Increased ENaC impairs vasodilation in hypertensive arteries 

Analysis of different vasoactive properties of vessels was performed in NT and HT 

carotid arteries by exposing them to different vasodilators and vasoconstrictors.  

On examining the responses of vessels (Fig. 3.5), there was a significant loss of 

contractile response of the vessel to high potassium (60 mM K+ in the bath) in HT 

carotid arteries. No change in the contractile responses to noradrenaline (10 μM) or 

phenylephrine (10 μM) was observed between NT and HT carotid arteries. However, 

in comparison to NT, acetylcholine-induced endothelium-dependent dilation was 

significantly reduced in HT arteries (Fig. 3.5A). Interestingly, the endothelium-
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independent dilation induced by SNP (NO donor) was also significantly reduced in 

HT carotid arteries (Fig. 3.5A).  

The Ach and SNP responses were also assessed in the presence of amiloride to test 

for ENaC’s contribution (% Δ diameterami / % Δ diametercontrol). The blockade of ENaC 

by amiloride rescued the endothelium-dependent dilation in NT arteries compared to 

NT arteries without amiloride (Fig. 3.5B) but did not show an effect in HT arteries (Fig 

3.5A). No effect of amiloride was seen in endothelium-independent response in NT 

and HT carotid arteries. 
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Figure 3.5: Increased ENaC impairs vasodilation in hypertensive arteries. 

Change in diameter of carotid (A) arteries in response to high K+ (60 mM), NA 
(noradrenaline), Ach (acetylcholine), PE (phenylephrine) and SNP (sodium 
nitroprusside)(10 µM). Constriction of vessels to NA and PE and dilation in response 
to Ach and SNP were calculated. Acetylcholine-induced endothelium-dependent 
dilation was calculated in NT and HT after addition of amiloride (B). Data are shown as 
mean ± SEM, n=6/8 arteries. Data analysis was calculated using (A) Student’s 
unpaired t-test. (*p<0.05, ***p<0.001) (B) one sample t-test (*p<0.05). 

These results show that hypertension is associated with endothelial dysfunction and 

ENaC blockade resulted in an increased response to Ach. This suggests that 

increased vascular ENaC is potentially associated with loss of endothelium-

dependent responses. 

3.4.4. Presence of α and γ ENaC subunit cleavage products in arteries. 

Despite changes of ENaC expression seen in hypertension, the functional changes 

observed in pressure myography could be a consequence of proteolytic cleavage of 

ENaC. It is not yet known if vascular ENaC subunits undergo proteolytic cleavage or 

not. Proteolytic cleavage of ENaC has been shown to occur in α and γ subunits as 

shown in Figure 3.6. Cleavage of ENaC occurs either at the 1) intracellular level 

during ENaC trafficking and maturation by intracellular protease furin (Fig. 3.6B) or at 

the 2) extracellular level by extracellular proteases such as plasmin once the channel 

is expressed at membrane as shown in Fig. 3.6C. In any case, both kinds of 
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cleavage lead to an increase in channel activity. Therefore, to investigate potential 

cleavage in the vascular ENaC, western blot analysis of ENaC bands was performed. 
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Figure 3.6: Proteolytic cleavage sites in α  and γ  ENaC subunits. 

Model of α ENaC and γ ENaC subunit showing proteolytic cleavage sites of furin 
and plasmin. (A) α and γ ENaC subunit model with no cleavage processing. The 
anti-ENaC antibody binding at specific sites (as indicated in the model) will 
recognise the band arising from no cleavage as a full-length fragment (FL). (B) 
α and γ ENaC model showing intracellular proteolytic cleavage by furin cleavage 
during trafficking of the channel via Golgi which is important for ENaC 
maturation. The antibodies binding at specific sites recognises the furin-
fragment (FF) ~30 kDa for α ENaC and ~76 kDa for γ ENaC arises from this 
Furin-induced cleavage. (C) Model showing extracellular cleavage by 
extracellular proteases such as plasmin for γ ENaC. The antibody recognises 
fragment at ~67 kDa arises by cleavage from extracellular proteases such as 
plasmin. 
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3.4.4.1. Hypertension potentially enhances proteolytic cleavage of vascular α 
ENaC. 

To identify if the vascular ENaC subunit proteins also undergo intracellular cleavage, 

the protein expression pattern was analysed by western blotting. In addition to full-

length ENaC protein bands (FL-ENaC), several other protein bands were observed. 

Since, the anti-α ENaC-antibody binds an epitope in the N-terminal region (Fig. 3.6A) 

and the anti-γ ENaC-antibody binds an epitope at C-terminal (Fig. 3.6B) of the 

subunit, the possible cleavage products recognised by these specific antibodies after 

intracellular Furin-induced cleavage would be ~30 kDa for α ENaC and ~76 kDa for γ 

ENaC.  

a) α ENaC  

Western blot analysis of α ENaC in the carotid (Fig. 3.7A) and mesenteric (Fig. 3.7B) 

artery lysates revealed the full-length band (FL-α ENaC) at ~87 kDa, recognised by 

antibody binding at the N-terminus. In addition to this band, a cleavage product of 

vascular α ENaC at ~ 30 kDa was detected. This band potentially indicates the Furin-

induced cleavage of α ENaC (Rossier & Stutts, 2009) as recognized by the antibody 

used in this study. Potentially, this Furin-induced cleavage product was seen to be 

present more in HT carotid arteries. The analysis also revealed other bands at about 

~60 kDa and ~50 kDa which may be additional cleavage products of α ENaC. In 

carotid arteries (Fig. 3.7A), western blot showed the presence of multiple other bands 

at ~250, 150, 60, 50, 45 and 37 kDa. The products abouve the FL ~87kDa band 

could be products after post-translational modifications like glycosylation which add 

to the mass of protein. The products below the FL ~87 kDa band can be products of 

cleavage from extracellular proteases. These products are not yet identified and can 

also be non-specific binding of antibody. 
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Figure 3.7: Hypertension enhances 
proteolytic cleavage of vascular α  
ENaC. 

Representative western blot showing 
potential expression of cleaved α 
ENaC in the carotid (A) and 
mesenteric (B) NT and HT arteries. 
Lysates appeared as a band at ~87 
kDa which is consistent with full-
length (FL) α ENaC. The band at ~30 
kDa is potentially a furin-fragment 
(FF) as it is potentially arising from 
cleavage of α ENaC at furin site. 
 
	

b) γ ENaC  

Western blot of carotid and mesenteric arterial protein lysates was performed to 

investigate the presence of potential proteolytic cleavage of γ ENaC. Based on other 

studies, it has been shown that for γ ENaC apart from the full-length ~93 kDa band, a 
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~76 kDa cleavage product can be seen (Harris et al., 2008) after intracellular Furin-

induced cleavage. In this study, western blot analysis showed bands potentially 

corresponding to full-length (FL) γ ENaC in the carotid (Fig. 3.8A) and mesenteric 

(Fig. 3.8B) arteries corresponding to ~93 kDa. The band at ~76 kDa potentially 

corresponding to the Furin-induced cleavage was also seen in the carotid (Fig. 3.8A) 

and mesenteric (Fig. 3.8B) arteries. This potentially confirms that vascular γ ENaC 

undergoes proteolytic cleavage intracellularly. There is presence of multiple other 

bands (Fig. 3.8A, B) at ~250 kDa, ~70 kDa, ~45 kDa and ~37 kDa and these can be 

products from post-translational modifications like glycosylation, extracellular 

proteolytic proteases and remain un-identified (UI). 
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Figure 3.8: Proteolytic cleavage 
of vascular γ  ENaC in 
hypertension 

Potential expression of cleaved γ 
ENaC in the carotid (A) and 
mesenteric (B) NT and HT arteries. 
A full-length (FL) γ ENaC band was 
seen at ~93 kDa and a potential 
furin-induced (FF-furin fragment) 
was seen at ~76 kDa in both 
arteries. The band at ~67 kDa is a 
potential cleavage product from 
plasmin-induced cleavage (PF) of γ 
ENaC.  

 

Interestingly, westerns also showed more bands for γ ENaC. These bands could 

possibly be cleavage products from proteolytic-cleavage induced by extracellular 

proteases once the channel reaches the membrane. One of the bands observed was 

approximate ~67 kDa. The existence of this band has been shown as a plasmin-

induced cleavage product (Svenningsen et al., 2009; Buhl et al., 2012; Haerteis et al., 

2012). This cleavage is of particular interest because of its association of plasmin-

induced cleavage and blood pressure disorders (Kleyman & Hughey, 2009; Buhl et 

al., 2012). Hence, this vascular γ ENaC cleavage was further investigated. This was 

performed using oocytes from Xenopus expressing αβγ ENaC that underwent 

treatment with extracellular proteases such as plasmin. The effect of protease 

treatment on ENaC activity was first determined by TEVC electrophysiology. Then, 
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the protein lysates from oocytes with or without protease-treatment were analysed by 

western blotting alongside arterial lysates to study the protein expression. 

3.4.4.2. Plasmin and trypsin treatment increases ENaC activity 

To investigate the effect of extracellular cleavage on ENaC activity, TEVC 

experiments were performed. These experiments were performed to confirm that 

protease treatment activates ENaC whole-cell currents in Xenopus oocytes 

expressing rat αβγ ENaC. Two extracellular proteases were used, trypsin and 

plasmin. To investigate the effect of plasmin, two groups of oocytes were analysed. 

The first group of oocytes were left untreated (WT αβγ rENaC) and the second group 

was treated with plasmin (αβγ rENaC + Plasmin). Membrane-current from both 

groups was analysed. A significant increase in amiloride-sensitive current was 

observed after the treatment of oocytes with plasmin (10 µg/ml) (Fig 3.9A). In 

untreated oocytes, amiloride-sensitive current remained unchanged.  

Similar experiments were performed using trypsin. The amiloride-sensitive current of 

αβγ ENaC oocytes increased significantly after trypsin treatment (Fig 3.9D).  
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Fig. 3.9: Protease-treatment increases amiloride-sensitive current of αβγ  
ENaC. 
 
Representative current traces of αβγ ENaC expressing oocytes with (αβγ 
rENaC+Plasmin) or without plasmin (WT αβγ rENaC) treatment (A-B).  (C) 
Statistical analysis of the current traces shows that ENaC mediated current 
(ΔIENaC) after application of plasmin compared to WT αβγ ENaC. D) 
Representative trace of membrane current of αβγ ENaC expressing oocyte before 
and after addition of trypsin in the bath perfusion. (E) Statistical analysis of 
membrane current of αβγ ENaC expressing oocyte after addition of trypsin. Data 
are shown as mean ± SEM, n=7/10. Data analysis was performed using 
Student’s unpaired t-test. (**p<0.01, ***p<0.001). 

 

3.4.4.3. Hypertension is associated with increased plasmin-induced cleavage 
of vascular γ  ENaC. 

To investigate if vascular ENaC undergoes cleavage by extracellular proteases, 
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protein analysis of γ ENaC was performed in arteries and oocytes. Application of 

plasmin to rENaC injected oocytes was performed to induce extracellular cleavage of 

ENaC. Western blot was then carried out using oocyte lysates with or without plasmin 

application and arterial lysates from NT and HT rats in adjacent lanes. Arterial lysates 

used were from carotid and mesenteric arteries from NT (NT) and hypertensive (HT) 

animals. 

Analysis of γ ENaC expression by western blotting showed the presence of a 

plasmin-induced cleavage product of γ ENaC at ~67 kDa in the plasmin treated 

oocytes. Consistently, a cleavage product adjacent to this ~67 kDa product was seen 

in NT and HT carotid and mesenteric arterial lysates (Fig. 3.10). Moreover, the signal 

for this cleavage product appeared more prominent in HT mesenteric arteries 

compared to NT arteries (Fig 3.10B). Analysis of western blot for carotid arteries (Fig. 

3.10A) shows that in addition to a  ~67 kDa band, multiple other bands were seen as 

well. The presence of a full-length (FL) fragment or furin-induced fragment (FF) was 

seen in only a few lanes and was missing in others as seen in Fig 3.10. In mesenteric 

arteries (Fig. 3.10B), there is the presence of potentially plasmin-induced cleavage 

product in HT arteries but no corresponding band was seen NT arteries. These 

preliminary western blots show that there is a possibility of the presence of cleaved γ 

ENaC products in arteries which may be increased in hypertension.  
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Figure 3.10: Plasmin-induced 
cleavage of vascular γ  ENaC. 

Western blot analysis of oocyte 
whole cell lysates and carotid (A) 
and mesenteric (B) arterial lysates 
were used to identify proteolytically 
cleaved fragments in rENaC.  
 
The appearance of the plasmin-
induced cleavage fragment (PF) 
was seen at ~67 kDa in oocytes 
with plasmin treatment (+plasmin) 
and not in WT lysates which were 
without treatment.  
 
On comparison in mesenteric (B) 
arterial lysates, plasmin-induced 
cleavage product was identified only 
in HT mesenteric arterial lysates.	
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3.5. Discussion: 

ENaC is expressed in the  vasculature and is present in both endothelial and smooth 

muscle cells of these vessels. Vascular ENaC has been associated in determining 

the stiffness of endothelial cells and reduce NO synthesis (Oberleithner, 2007) via 

inhibition of endothelial nitric oxide synthase activity (Perez et al., 2009). Both 

changed arterial compliance and reduced NO production are characteristic for 

endothelial dysfunction (Vanhoutte et al., 2017). Thus, changed ENaC expression 

and activity in the vasculature may contribute to endothelial dysfunction and 

development of hypertension. In this study the expression pattern of vascular ENaC 

and its effect on arterial function in hypertension as the physiological role of vascular 

ENaC in hypertension was investigated. 

3.5.1. Hypertension is associated with increased vascular ENaC 
expression. 

The first major finding of this study is that a significant upregulation of α ENaC mRNA 

and protein was observed in HT aorta, carotid, femoral and mesenteric arteries. A 

recent study in cerebral arteries of SHRs (spontaneously hypertensive rats) revealed 

changes in ENaC expression in normal and HT arteries (Choi et al., 2017). Moreover, 

studies have shown an increase in α ENaC in conduit (Jeggle et al., 2013) and 

resistance (Jernigan et al., 2009) arteries. Interestingly, the pore-forming α ENaC 

subunit showed an increased protein population in the arteries from HT animals 

compared to NT arteries (Fig. 3.2). Immunohistochemistry results also show that 

ENaC expression in arteries in hypertension changed where α ENaC showed a 

significant increase in carotid and mesenteric HT arteries (Fig 3.3). In this study, a 

RAAS driven hypertension model has been used. There are differences in the ratio of 

expression of ENaC subunits that is directly influenced by aldosterone. Studies have 
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shown that ENaC is regulated by aldosterone in the vasculature (Golestaneh et al., 

2001; Kusche-Vihrog et al., 2008). The increase of α ENaC at both mRNA and 

protein level is likely due to increases in aldosterone level in this HT rat model. This is 

consistent with the studies performed in A6 renal epithelial cells, which show that 

aldosterone does indeed affect the mRNA level of all ENaC subunits. However, at the 

protein level, aldosterone selectively influences the increase in synthesis of α ENaC 

protein (May et al., 1997). The expression of α ENaC is crucial for the formation of a 

functional ENaC channel. α ENaC gene knockout has been shown to be lethal in 

mice showing how important α ENaC expression is for formation of a functional 

channel (Wang et al., 2001). Overexpression of α ENaC in HT arteries could be 

indicative of more functional channels in this model which contributes to the 

development of hypertension. Increased expression and activity of ENaC can lead to 

hypertension as shown in Liddle’s syndrome (Shimkets et al., 1994). 	

The data from this study demonstrated differences in the gene and protein 

expression of β and γ ENaC subunits, particularly noted between different vascular 

beds. Whereas carotid arteries expressed an increase of β ENaC mRNA, the 

mesenteric arteries showed an increased expression of γ ENaC mRNA (Fig 3.1.). No 

change was seen in β and γ ENaC mRNA in the HT aorta and femoral arteries (Fig. 

3.1). However, at the protein expression level by western blotting and 

immunohistochemistry, no change in β and γ ENaC protein was seen between HT 

and NT arteries. The changes in ENaC expression when studied at the cellular level 

by immunohistochemistry showed that if an increase in vascular α ENaC mRNA and 

protein is observed in hypertension, the increase is happening in both ECs and 

VSMCs. No change was seen in β and γ ENaC protein in ECs and VSMCs.  
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The expression pattern of ENaC subunits varying in different arteries reflects a 

tissue-specific mechanism of control of the expression of ENaC. This pattern is not 

unusual for ENaC and has been well-studied in different epithelia. This differential 

regulation of ENaC has been observed in kidney, colon and lung as described and 

reviewed in numerous studies (Weisz & Johnson, 2003). Studies have shown that 

increases in circulating aldosterone results in an increase of α ENaC in kidney, 

however, no change is seen in β and γ ENaC expression (Asher et al., 1996; 

Escoubet et al., 1997). In rat and mouse kidney, aldosterone infusion leads to an 

increases in α ENaC and no change in β and γ ENaC expression (Masilamani et al., 

1999; Loffing, 2000). In another study, increases in α and β ENaC were seen in 

rabbit kidney in response to aldosterone, but no change in γ ENaC was observed 

(Dijkink et al., 1999). Moreover, in resistance arteries, upon stimulation by Ang II 

(another component of RAAS), increases of α ENaC, but the decrease of β and γ 

ENaC was observed (Jernigan et al., 2009).  

There is was good agreement between α ENaC expression both at mRNA and 

protein level. mRNA and protein levels can be independently regulated. Therefore 

both mRNA and protein expression are of great significance in this study due to 

hypertension being driven by a variety of ENaC regulators such as, aldosterone and 

ANG II. In contrast, there was a discord between protein and mRNA expression 

observed between mRNA and protein for both β and γ ENaC. This discord could be 

explained at two levels, cellular and tissue level.  

At the cellular level, the changes in ENaC protein could be due to both changes in 

mRNA production, storage, degradation and translational processing of mRNA. It is 

not known if vascular ENaC subunits go through same post-transcriptional 
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mechanisms involved in translation of ENaC mRNA into ENaC protein as reported for 

ENaC in different cell-culture studies. Another factor to consider is the half-life of 

ENaC proteins themselves due to changes in trafficking and degradation of ENaC 

which changes the expression of protein continously. This discord between mRNA 

and protein has previously been well-studied for different proteins (Greenbaum et al., 

2003).  

At the tissue-level, the expression of ENaC also differed between different vascular 

beds depending on their location. The differential expression of ENaC in the conduit 

versus the resistance arteries could be because of the varying sizes and functions of 

these arteries. This differential ENaC expression would relate to ENaC’s varying role 

in mediation of  physiological functions depending on the vascular bed. There may be 

artery-specific factors expressed that influence ENaC expression regionally. These 

artery-specific factors also limit our ability to fully elucidate the regulation of vascular 

ENaC (Labat et al., 2001; Su et al., 2004; Jaffe & Mendelsohn, 2005; Tirapelli et al., 

2005). It can thus be inferred that there are both tissue-specific and regional 

differences in the expression of the vascular ENaC subunits to form a functional 

channel. These findings suggest that ENaC’s function in vasculature is more complex 

and points to the need to continue the studies to elucidate the regulation and role of 

vascular ENaC.  

Nevertheless, observable changes in vascular ENaC expression was seen. The 

expression of α ENaC is rate limiting for the formation of functional ENaC channels 

and in HT arteries, there is a significant upregulation of α ENaC. These findings 

suggest that an increase in vascular ENaC expression is correlated with an increase 

in blood pressure. 
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3.5.2. ENaC mediates change in arterial function in hypertensive arteries. 

A loss in vasodilatory responses and increase in vasoconstriction is indicative of 

vascular dysfunction, which is associated with hypertension (Malek et al., 1999; 

Pradervand et al., 2003). To shed light on these issues, vasoactive responses were 

assessed by pressure myography in carotid arteries.  

Changes in intraluminal flow can bring about changes in luminal diameter depending 

on the tone of the constituent endothelial and smooth muscle cells. The present data 

showed that the flow in HT arteries was slightly more than NT arteries but not 

significant (Fig. 3.4). Even though there is a trend of increase in flow, the diameter of 

the artery did not change showing impaired flow-mediated dilation. The presence of 

an intact endothelium is important for flow-mediated dilation (FMD). Thus, in HT 

carotid arteries, this impairment is indicative of damaged endothelium. FMD occurs 

largely due to release of NO from ECs. Hence, in HT arteries loss of FMD is 

indicative of potential impairment of NO synthesis. The changes in flow were 

investigated in presence of amiloride to assess ENaC mediated change. However, 

ENaC blockade had no significant effect on the flow. This could be because of the HT 

induced changes were slight, to begin with and effect of ENaC blockade wasn’t that 

evident.  

A loss of contractile responses in HT arteries was observed. This was accompanied 

by a loss of endothelium-independent dilation in response to SNP, which is indicative 

of EC and VSMC function (Fig. 3.5). Furthermore, in HT arteries, there was a 

significant loss of endothelium-dependent vasodilation in response to Ach (Fig. 3.5). 

This is indicative of ECs exhibiting endothelial dysfunction in hypertension. This is in 

agreement with that in hypertension, there is an increase in collagen content of 
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VSMCs, changes in cell cytoskeleton and endothelial dysfunction leading to arterial 

stiffness (Malek et al., 1999; Pradervand et al., 2003).   

In NT carotid arteries, upon addition of amiloride, there was a significant increase in 

vasodilation (Fig. 3.5B). This demonstrates that ENaC blockade induces vasodilation 

in normal carotid arteries suggesting that increased ENaC will have a detrimental 

effect on endothelium-dependent dilator response. And in this study, because there is 

a significant upregulation of ENaC in HT carotid arteries, blocking the activity of this 

more abundant ENaC should result in a significant increase in dilation. However, 

even though a trend showing an increase in endothelium-dependent dilator response 

was seen in HT carotid arteries, it was smaller change compared to HT arteries 

without amiloride (Fig. 3.5.B). This was somewhat unexpected. This discrepancy may 

also be due to the limitation of the myograph system which didn’t allow for mimicking 

the exact physiological state of a large conduit artery, in this case, carotid artery. It 

can also be due to different roles of vascular ENaC in different vascular beds. In 

carotid arteries, ENaC seems to have an effect in maintaining normal vasodilation 

and but this effect is less pronounced in hypertension. In the previously published 

study, our laboratory has clearly shown different roles of vascular ENaC in normal 

mice carotid and mesenteric arteries (Ashley et al., 2018). Both represent different 

components of the arterial system and have different structure and function. Small- 

diameter arteries mediate the generation of vascular resistance and large arteries 

such as carotid arteries regulate the visoelastic properties and act as a buffer against 

changes in blood pressure (Dzau & Safar, 1988; Safar et al., 1998). The unpublished 

data from another study in our lab shows ENaC mediates endothelium-dependent 

dilator responses in HT mesenteric arteries but not in NT mesenteric arteries 
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suggesting that ENaC can indeed have different roles depending on the vascular 

bed. 

The mechanism of ENaC-induced vasodilation is still not clear. One potential 

mechanism is through ENaC modulating NO synthesis and vascular volume in these 

arteries. Studies have shown that with mesenteric arteries where in response to flow 

ENaC decreased vasodilation (Perez et al., 2009). In that study, upon ENaC 

inhibition by amiloride or benzamil, there was a significant increase in 

phosphorylation of endothelial nitric oxide synthase (eNOS) which lead to an 

increase in vasodilation (Perez et al., 2009). This is in agreement with the results 

from this study as well where ENaC blockade results in an increase of vasodilation. 

Thus, it can be said that an increase in ENaC potentially causes a decrease in the 

activation of eNOS and thus, results in the reduction of NO production. This is further 

supported by studies with endothelial cells, where an increase in ENaC membrane 

abundance leads to a decrease in NO production (Oberleithner et al., 2007). Since 

increased vascular ENaC expression has been previously associated with NO 

bioavailibilty (Perez et al., 2009; Guo et al., 2016), it can be hypothesised that in this 

study ENaC brings about changes in endothelial cells via NO synthesis modulation. 

Studies have shown that in conduit arteries there is a decrease of eNOS expression 

(Cunningham et al., 2013; da Silva Franco et al., 2017). Thus, even though there is 

significant upregulation of ENaC in HT carotid arteries, amiloride addition could not 

significantly rescue loss of vasodilation in these arteries. It can be hypothesised that 

in HT carotid arteries, after blockading of ENaC, no increase in NO synthesis could 

be possible because of decreased eNOS expression.  
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The results are in agreement that in hypertension the balance between vasodilators 

and vasoconstrictors is disrupted. The involvement of vascular ENaC in endothelium-

dependent vasodilation supports a functional effect of increased α ENaC abundance 

in carotid arteries. This indicates that ENaC overexpression in arteries may probably 

lead to dramatic changes in endothelial cells eventually contributing to the 

development of hypertension.  

3.5.3. Presence of α and γ ENaC subunit cleavage products in 
hypertensive arteries 

Proteases regulate ENaC’s function in both physiological (Kleyman et al., 2009; 

Rossier & Stutts, 2009) or pathophysiological conditions such as HT pregnancies 

(Buhl et al., 2012; Nielsen et al., 2017), chronic heart failure (Zheng et al., 2016) and 

nephrotic syndrome (Kleyman & Hughey, 2009; Bohnert et al., 2017). Proteolytic 

cleavage increases the Po of ENaC. It occurs in two ways, either (1) during its 

trafficking and matruration from the ER via the Golgi to the membrane by furin or (2) 

on the cell-surface by extracellular proteases such as plasmin, CAP 1 (Vallet et al., 

1997; Hughey et al., 2004b; Diakov et al., 2008). As shown by various studies, α and 

γ ENaC are cleaved at specific sites in their extracellular loops (Hughey et al., 2004a; 

Planes & Caughey, 2007; Haerteis et al., 2009). 

The purpose of these experiments was to explore if vascular ENaC is subjected to 

proteolytic cleavage and test if this is altered in hypertension. The existence of 

intracellular Furin-induced cleavage of vascular α and γ ENaC was investigated by 

western blotting. Vascular α and γ ENaC protein analysis showed the presence of 

both full-length (FL) and potential cleaved products arising from furin cleavage of 

ENaC (Fig. 3.7, 3.8). The data are consistent with the occurrence of increased 

proteolytic cleavage of ENaC in aldosterone-stimulated tissues as shown by studies 
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using rat kidneys (Ergonul et al., 2006; Frindt et al., 2008). Indeed, studies have 

shown that α and γ ENaC cleavage products are increased in urine exosomes in HT 

pregnancies (Nielsen et al., 2017). This suggests that in HT arteries there could be 

more cleavage of ENaC, however, in this study, the abundance of cleavage products 

was not quantified (Fig. 3.7, 3.8) due to limitation of time. Nevertheless, this study 

shows for the first time that vascular α and γ ENaC subunit proteins potentially 

undergo intracellular proteolytic cleavage by furin because  ~30 kDa and ~76 kDa 

bands were observed in α and γ ENaC respectively. 

Next, I investigated whether vascular γ ENaC is subjected to cleavage by plasmin. 

Studies have reported the presence of plasmin-induced cleavage products in 

pathophysiological disorders of blood pressure, extracellular fluid volume expansion 

and nephrotic syndrome (Kleyman & Hughey, 2009; Passero et al., 2010; Buhl et al., 

2012). All these studies suggest that plasmin-induced proteolytic activation of ENaC 

may contribute to the development of such disorders. Increased plasmin in urine and 

plasma has been associated with extracellular fluid volume disorders and 

hypertension. In the present study, two extracellular proteases were used, trypsin 

and plasmin to first investigate the effect of extracellular proteolytic cleavage on 

ENaC activity. Trypsin and plasmin are known to lead to complete proteolytic 

activation of ENaC. In the present study, trypsin and plasmin treatment lead to a 

significant increase in amiloride-sensitive current in oocytes (Fig. 3.9C, E), showing 

that extracellular proteolytic activation of ENaC results in increased ENaC activity.  

After confirming the effect of proteases on ENaC activity, protein expression analysis 

was performed. A ~67-kDa cleavage product of γ ENaC in arteries was identified as 

the potential product of cleavage from plasmin (Fig. 3.10) due to simultaneous 
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presence of this ~67 kDa band in both protease-treated oocyte protein lysate and 

arterial protein lysates. This is in agreement with studies showing the presence of a 

plasmin-induced cleavage product of γ ENaC at the approximate same size (Haerteis 

et al., 2012). Further, the presence of this cleavage product of γ ENaC gives 

evidence for the presence of a second cleavage event of γ ENaC which is the final 

step of proteolytic channel activation (Hughey et al., 2003; Diakov et al., 2008). The 

presence of this ~67 kDa cleavage product was more obvious in HT mesenteric 

arteries, but no quantification has been performed. Also, the significant increase in 

amiloride-sensitive current after plasmin treatment indicates that cleavage and 

channel activation are associated with each other. Indeed studies have shown that 

the presence of cleaved ENaC products is associated with increased activity of ENaC 

channel in tissues (Ergonul et al., 2006; Frindt et al., 2008). 

These are preliminary results of proteolytic cleavage of vascular ENaC as the limited 

time did not allow me to complete this part of the study completely. Nevertheless, the 

present study demonstrates a role for cleaved arterial ENaC in the vasculature, and a 

potential increase of such cleavage in hypertension, a result that is also in line with 

finding that there is ENaC-mediated vascular dysfunction in HT arteries which could 

be the consequence of the presence of cleaved ENaC in arteries. 
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4. Vascular ENaC as a therapeutic target of 
improving vascular function in hypertension. 

4.1. Introduction 

In chapter 3, increased vascular ENaC expression and impaired arterial function in 

different arteries has been described in arteries from HT conditions. The expression 

of ENaC is increased in hypertension and ENaC participates in mediating of vascular 

tone under both NT and HT conditions. In Cyp1a1Ren2 rats, hypertension is driven 

by activation of the RAAS, therefore it was further investigated if inhibition of RAAS is 

beneficial in improving vascular health in hypertension through reducing ENaC 

expression and if this could restore arterial function. This was trialed by the 

application of an aldosterone receptor antagonist known as spironolactone.  

Aldosterone is the primary hormone regulating ENaC transcription and translation 

across the distal renal and gastrointestinal epithelium. Aldosterone’s effects in 

epithelia can occur in two phases, 1) early phase between 1-3 hours where no 

significant change in ENaC mRNA occurs, but an increase in Na+ reabsorption 

occurs is seen and 2) the late phase between 6-24 hours which can last up to a few 

days and it is during this late phase that new α, β and γ ENaC subunits are 

synthesised. 

The receptors of aldosterone are mineralocorticoid receptors (MRs). Studies have 

shown that MRs are also present in ECs and in VSMCs (Jaffe & Mendelsohn, 2005; 

Caprio et al., 2008; Jaffe et al., 2010; Newfell et al., 2011). MR receptors in ECs and 

VSMCs function in a similar fashion as described in the distal nephron. MR receptors 

in ECs and VSMCs respond to aldosterone to regulate vascular-specific expression 

of aldosterone-induced proteins (Jaffe & Mendelsohn, 2005; Caprio et al., 2008; Jaffe 
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et al., 2010; Newfell et al., 2011). Studies have also shown that both α ENaC and MR 

are co-localised in endothelial cells (HUVECs) (Golestaneh et al., 2001).  

The selective binding of aldosterone to MRs is determined by the presence of the 

enzyme 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2) which inactivates 

cortisol making it unable to bind to MR (Edwards et al., 1988; Funder et al., 1988; 

Fuller et al., 2019). Thus, if MRs in vasculature are binding selectively with 

aldosterone and regulating vascular ENaC expression, the expression of 11βHSD2 is 

equally important. Indeed, studies have shown that in endothelial cells and vascular 

smooth muscle cells of vasculature MRs and 11βHSD2 are co-expressed (Christy et 

al., 2003) increasing the affinity of aldosterone binding to MRs in the vasculature. 

Thus, ensuring preferential binding of aldosterone to MRs, independent of the 

circulating concentrations of cortisol. This supports the view that in vasculature a 

similar MR mediated pathway is potentially regulating the expression of vascular 

ENaC. 

Spironolactone (SP) is an antagonist for MRs and has a high affinity and efficiency 

for MR (Weinberger et al., 2002).In the distal nephron, SP blocks the synthesis of 

aldosterone-induced proteins by competing for binding to the MR. Therefore, SP 

treatment potentially prevents the increase in ENaC in response to aldosterone. This 

leads to increases in the secretion of Na+ and water, while simultaneously decreasing 

the excretion of K+. Because of this well-known function, SP is a synthetic steroid that 

is used in human studies as a diuretic to treat hypertension and heart failure among 

others. It is recommended as a standard part of antihypertensive therapy (IARC 

2001).  
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In the vasculature, MR antagonists like SP and eplerenone have been used to study 

the beneficial effects of MR blockade on vascular function. Indeed studies have 

shown that use of SP or eplerenone resulted in improved vascular function in patients 

with hypertension and heart failure (Thai et al., 2006; Fujimura et al., 2012; Luo et al., 

2012). In vitro studies in cultured ECs have been shown that SP administration 

decreases α ENaC protein expression (Oberleithner et al., 2006a; Oberleithner et al., 

2006b; Druppel et al., 2013). 

Based on this evidence, as a part of my research, I have investigated the expression 

of ENaC subunits in arteries from HT Cyp1a1Ren2 rats that received SP. This 

chapter summarises the effect of SP treatment on vascular α, β and γ ENaC mRNA 

and protein expression in arteries from NT and HT rats was investigated.  

4.2. Hypothesis 

The increase in vascular ENaC expression in hypertension is reversed by 

spironolactone treatment. 

To address this hypothesis, two objectives were formulated where the expression of 

ENaC subunits was studied at mRNA and protein level by qRT-PCR and 

immunohistochemistry. Expression levels were analysed in the aorta, carotid, femoral 

and mesenteric arteries from NT and HT rats that were either with SP treatment or 

with no treatment. 

4.3. Objectives 

Objective 1: Characterise effect of MR-blockade by SP treatment on vascular ENaC 

subunit mRNA expression in hypertension. 
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qRT-PCR was used to determine gene expression of vascular α β and γ ENaC in the 

aorta, carotid, femoral and mesenteric arteries from NT and HT Cyp1a1Ren2 rats. 

Objective 2: Investigate the effect of SP treatment on α β and γ ENaC protein 

expression and localisation. 

Immunohistochemistry was used to analyse the α β and γ ENaC protein abundance 

in different arteries from NT and HT Cyp1a1Ren2 rats with or without SP treatment. 

4.4. Results 

To investigate the effect of SP on vascular ENaC mRNA and protein levels, aorta, 

carotid, femoral and mesenteric arteries from two groups: (a) NT rats treated with 

spironolactone (NT+SP), and (b) hypertensive rats treated with spironolactone 

(HT+SP) were analysed. ENaC mRNA and protein expression analysis were 

performed for these two groups. The outcome of this analysis was then compared to 

the relative expression of two groups presented in chapter 3, therefore, the NT+SP 

group was compared to the NT group and the of HT+SP group was compared to the 

HT group. Data used for NT and HT groups are identical with the results described in 

Chapter 3. 

4.4.1. Spironolactone prevents increase of vascular ENaC mRNA in 
hypertension. 

α ENaC mRNA analysis was performed in NT+SP and HT+SP aorta, carotid, femoral 

and mesenteric arteries and then, compared with mRNA results from NT and HT 

arteries as described in chapter 3. The values are normalised with respect to NT, 

where NT = 1. In chapter 3, data was presented to show that vascular α ENaC 

mRNA expression is significantly upregulated in HT aorta, carotid, femoral and 
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mesenteric arteries (Refer to chapter 3, Fig. 3.1). Figure 4.1 shows that SP treatment 

significantly prevented the increase of α ENaC mRNA expression in hypertension in 

the aorta, femoral and mesenteric arteries (Fig. 4.1). In contrast, in carotid arteries 

from HT+SP animals, the SP-treatment increased the α ENaC mRNA expression in 

comparison with HT, which was unexpected (Fig.4.1B). No significant differences in 

expression were observed in NT and NT+SP groups. 

 

NT: Normotensive, HT: Hypertensive, SP: Spironolactone 

Figure 4.1: Spironolactone alters the α  ENaC in hypertension. 
 

mRNA expression analysis of α ENaC by qPCR in aorta (A), carotid 
(B),  femoral (C) and mesenteric (D) arteries from NT, NT+SP, HT and 
HT+SP rats. Data are presented as mean ± SEM, n=5/8. *p<0.05, 
**p<0.01, ANOVA with Tukey’s post-test. 
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In chapter 3, analyses of β ENaC mRNA expression was shown to be unchanged in 

the aorta, femoral and mesenteric arteries (Fig. 3.1) in HT compared to NT rats. 

Figure 4.2 shows that β ENaC mRNA expression remained unchanged in the aorta, 

femoral and mesenteric arteries from NT and HT with or without SP. However, in 

carotid arteries, the increased β ENaC mRNA in hypertension was reversed by SP 

(Fig. 4.2). No significant differences in expression were observed in NT and NT+SP 

groups. 

 

NT: Normotensive, HT: Hypertensive, SP: Spironolactone 

Figure 4.2: β  ENaC expression decreases after SP treatment in 
hypertensive carotid arteries 
 
β ENaC mRNA expression was analysed by qPCR in different 
arteries from NT, NT+SP, HT and HT+SP animals. Data are 
presented as mean ± SEM, n=5/8. **P<0.001, ANOVA with Tukey’s 
post-test. 
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Expression of γ ENaC mRNA increased in HT mesenteric arteries but remains 

unchanged in the aorta, carotid and femoral arteries as described in chapter 3 (Fig. 

3.1). After SP treatment, γ ENaC mRNA expression remained unchanged in the aorta 

(Fig. 4.3A), carotid (Fig. 4.3B) and femoral (Fig. 4.3C) arteries across all animal 

groups. However, γ ENaC mRNA in NT and HT mesenteric arteries was completely 

reversed by SP treatment (Fig. 4.3D).  

 

NT: Normotensive, HT: Hypertensive, SP: Spironolactone 

Figure 4.3: γ  ENaC expression in mesenteric arteries decreases after 
spironolactone treatment in hypertension. 
 
mRNA expression analysis of γ ENaC was performed by qPCR in aorta (A), 
carotid (B),  femoral (C) and mesenteric (D) arteries from NT, NT+SP, HT 
and HT+SP rats. Data are presented as mean ± SEM, n=5/8. *P<0.05, 
ANOVA with Tukey’s post-test. 
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4.4.2. SP reverses the effect of hypertension on ENaC protein 
expression. 

Immunohistochemical studies were performed to investigate whether the effect of SP 

treatment was translated to the levels of ENaC protein.  

α ENaC protein expression was quantified in NT and HT aorta, carotid, femoral and 

mesenteric arteries with or without SP treatment. Arterial sections were labelled with 

α ENaC specific antibodies, and the intensity of α ENaC labelling was analysed to 

quantify the relative protein level as described in methods section 2.5. 

Representative images are shown for carotid arteries (Fig 4.5) and representative 

images for aorta, femoral and mesenteric arteries are shown in appendix 9.5, 9.6 and 

9.7. In all the images, α ENaC staining is shown in brown and where α ENaC 

staining colocalises with blue nuclear staining, it presents as black. Arrows point to 

the positive staining for α ENaC in both endothelial and vascular smooth muscle 

cells. 
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 
Figure 4.4: α  ENaC protein expression in carotid arteries with or 
without spironolactone treatment. 
 
The figure shows representative images of α ENaC localisation in 
carotid arteries in (A) NT, (B) NT+SP, (C) HT and (D) HT+SP. Nuclei 
are stained blue. Scale bars represent 100µm in 40x magnification 
and 50µm in 100x magnification. 

 

In chapter 3, α ENaC protein abundance was significantly increased in carotid and 

mesenteric HT arteries (Fig. 3.2 & 3.3) by western and IHC analysis, and aorta by 

western analysis, but there was no change detected in femoral arteries by western 

and IHC analysis and aorta by IHC analysis. This IHC analysis performed for NT and 
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HT arteries as presented in chapter 3 were used as controls for analysis of NT+SP 

and HT+SP aorta, carotid, femoral and mesenteric arteries.  

Here, α ENaC protein expression was shown to be significantly decreased in the HT 

aorta (Fig. 4.5A), carotid (Fig. 4.5B) and mesenteric (Fig. 4.5D) arteries after the SP 

treatment. At the mRNA level, the expression of α ENaC was increased in HT carotid 

arteries after SP treatment (Fig. 4.1). However, at the protein level this changed. α 

ENaC protein level, was significantly decreased in hypertension in carotid arteries 

after SP treatment, and in femoral arteries, α ENaC protein expression remained 

unchanged in both NT and HT rats with or without SP treatment. 
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 
Figure 4.5: Spironolactone treatment results in decreased α  ENaC 
protein in hypertensive aorta, carotid, and mesenteric arteries. 

Relative α ENaC protein abundance by immunohistochemical analysis in 
the aorta (A), carotid (B), femoral (C) and mesenteric (D) arteries from 
NT and HT rats with or without SP. Data are presented as mean ± SEM, 
n=5. *P<0.05, ****P<0.0001, ANOVA with Tukey’s post-test. 

 

Next, immunohistochemistry for labelling of β ENaC was performed. Figure 4.6 

shows representative images of carotid arteries showing positive labelling of β ENaC 

in NT, NT+SP, HT and HT+SP groups. Representative images for aorta, femoral and 

mesenteric arteries are shown in appendix  9.5, 9.6 and 9.7.  
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 

Figure 4.6: The expression of β  ENaC protein post-SP treatment. 
 
β ENaC localisation in carotid arteries from (A) NT, (B) NT+SP, (C) HT 
and (D) HT+SP rats. Nuclei are stained blue. β ENaC staining is shown in 
brown-to-black. Arrows point to the positive staining for β ENaC. 
Scale bars represent 100 µm in 40x magnification and 50 µm in 100x 
magnification. 

 

Upon image analysis, the abundance of β ENaC labelling was unchanged between 

all groups (Fig. 4.7). 
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 

Figure 4.7: β  ENaC protein expression remains unchanged in the 
presence of SP. 
 
β ENaC protein expression in the aorta (A), carotid (B), femoral (C) and 
mesenteric (D) arteries from NT and HT rats with or without SP was 
analysed. Data are presented as mean ± SEM with Tukey’s post-test, n=5. 

 

Next, arteries from NT, NT+SP, HT and HT+SP rats were immunolabeled for γ ENaC 

proteins (Fig. 4.8) to analyse γ ENaC protein expression. The representative images 

of the aorta, femoral and mesenteric immunolabeled for γ ENaC are shown in 

appendix 9.5, 9.6 and 9.7. Then, the abundance of γ ENaC labelling was determined 

and compared.  
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 
 
Figure 4.8: Imunohistochemical labelling of γ  ENaC proteins in 
NT, NT+SP, HT and HT+SP arteries. 
 
Images showing γ ENaC staining in carotid arteries from (A) NT, (B) 
NT+SP, (C) HT and (D) HT+SP rats. Nuclei are stained blue. Black 
arrows point towards γ ENaC staining shown in color range from 
brown-to-black. Scale bars represent 100 µm in 40x magnification 
and 50 µm in 100x magnification. 

 

The γ ENaC protein expression was significantly decreased in HT carotid (Fig. 4.9. B) 

and mesenteric (Fig. 4.9. D) arteries after SP treatment. By comparison, the γ ENaC 

protein expression in the aorta (Fig. 4.9. A) and femoral (Fig. 4.9. C) arteries 

remained unchanged in both NT and HT arteries with or without SP treatment. 
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NT: Normotensive, HT: Hypertensive, SP: Spironolactone 
 
Figure 4.9: Imunohistochemical localisation of γ  ENaC proteins. 
 
Analysis of γ ENaC protein expression in the aorta (A), carotid (B), 
femoral (C) and mesenteric (D) arteries.  
Data are presented as mean ± SEM, n=5. *P<0.05 ANOVA with Tukey’s 
post-test. 

 

In HT arteries, the increase in α ENaC subunit expression was suppressed by SP 

treatment. The increases in γ ENaC subunit were also reversed after SP treatment. 
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4.5. Discussion 

The aim of the experiments described in this chapter was to investigate the effect of 

MR blockade on the regulation of vascular ENaC expression. The results show that 

vascular ENaC subunit expression is sensitive to MR blockade by SP and hence 

provides evidence of ENaC expression being regulated via the MR pathway present 

in the vasculature. 

In chapter 4, the data shown supports the hypothesis that aldosterone is a primary 

regulator of ENaC mRNA and protein expression in the vasculature in Cyp1a1Ren2 

rats. As shown in chapter 3, there is a significant upregulation of α ENaC in HT aorta, 

carotid, femoral and mesenteric arteries both at mRNA and protein level (Fig. 3.1, 3.2 

and 3.3). And in this chapter, the question addressed was whether aldosterone 

antagonism via MR-blockade with SP treatment could reverse the increase in ENaC 

subunit expression in hypertension. Classically in the kidney, the MR mediated 

pathway is involved in ENaC transcription, however, in the vasculature, these effects 

have not been studied extensively. In cultured endothelial cells stimulated by 

aldosterone, a decrease in α ENaC expression is observed after SP treatment 

(Oberleithner et al., 2006a; Oberleithner et al., 2006b; Druppel et al., 2013). Other 

studies have shown that SP treatment decreases β and γ ENaC subunit expression in 

blood mononuclear cells (Michea et al., 2004).  

In this study, results demonstrate that after SP treatment, the upregulation of α ENaC 

in hypertension was decreased at the mRNA level in the aorta, femoral and 

mesenteric arteries, but not in carotid arteries (Fig. 4.1). At the protein level, α ENaC 

expression mirrored the changes at the mRNA level and showed a significant 

decrease in aorta, carotid, femoral and mesenteric arteries (Fig. 4.5). Further, α 
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ENaC protein was decreased in the carotid arteries despite no significant changes at 

the mRNA level. Next, β ENaC mRNA level was analysed and no change was seen 

in the aorta, femoral and mesenteric arteries (Fig. 4.2). However, the increase in β 

ENaC in HT carotid arteries seen at the mRNA level was significantly decreased after 

SP treatment (Fig. 4.2B). At the protein level, β ENaC expression remained 

unchanged in all NT and HT arteries with or without SP treatment (Fig. 4.7). Next, γ 

ENaC mRNA expression after SP treatment was analysed, and γ ENaC mRNA 

remained unchanged in the aorta, carotid and femoral arteries (Fig. 4.3). However, 

the increase in γ ENaC mRNA seen in HT mesenteric arteries was significantly 

decreased by SP treatment (Fig. 4.3D). At the protein level, γ ENaC expression post-

SP treatment remained unchanged in the aorta and femoral arteries (Fig. 4.9A, C). In 

carotid and mesenteric arteries, after SP treatment significant decrease in γ ENaC 

protein was observed (Fig. 4.9B, D). Thus, the data suggests that vascular ENaC is 

regulated by aldosterone via the MR-mediated pathway in the aorta, carotid, femoral 

and mesenteric arteries.  

SP is one of the drugs used clinically as antihypertensive therapy and is third in-line 

after the prescription of β-blockers and ACE-inhibitors. SP is prescribed to improve 

the associated vascular dysfunction in hypertension which can lead to co-morbidities 

of cardiovascular and renal diseases (Farquharson & Struthers, 2000; Virdis et al., 

2002; Rigsby et al., 2007; Ikeda et al., 2009; Sakurabayashi-Kitade et al., 2009; 

Matthesen et al., 2012). In our study, after the administration of SP there was no 

change in blood pressure (Fig. 2.2). This is in-line with a previous study in 

Cyp1a1Ren2 rats model (Schluter et al., 2010). However, in a Wistar rat model, SP 

treatment has been shown to reduce blood pressure (Ikeda et al., 2009). This 

discrepancy could be due to differences in dosage of SP administered (4.41 
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mg/kg/day) in our study which is approximately 11 times less than what was used in 

Wistar rats in Ikeda et al (Ikeda et al., 2009). The SP dose given in our study was 

calculated using the Reagan-Shaw method according to which a human equivalent 

dose was prescribed i.e., administration of 4.41mg/kg/day in our rat model. The 

sustained elevation of blood pressure in our model after SP treatment  could be a 

consequence of the increased ANG II levels in this RAAS driven hypertension model 

as ANG II might influence the increases in blood pressure. So, although SP treatment 

is insufficient in reducing blood pressure in this study, it still decreases vascular 

ENaC subunit expression. This could suggest that possibly by decreasing the 

increases in ENaC expression, SP treatment is improving the vascular structure and 

function. Indeed in HT rat models, it has been shown that chronic treatment with SP 

decreases artery stiffness, making them more compliant and promoting 

cardioprotection (Rigsby et al., 2007).  

To the best of my knowledge, this is the first study to significantly correlate the MR 

blockade by SP with the regulation of vascular ENaC expression in aorta, carotid, 

femoral and mesenteric arteries. Previously, this association has been vague. Here, 

the effect of SP treatment was directly tested on ENaC subunit expression in arteries 

in both NT and HT conditions which have not been reported before. Previously, MR 

blockers such as eplerenone have been shown to affect the ENaC channel activity in 

mesenteric arteries by decreasing the channel Po (Wang et al., 2017). Therefore, 

together with the data from this study, it can be concluded that ENaC in the 

vasculature is regulated by an MR-mediated pathway at both activity and expression 

level.  
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5. Vascular ENaC expression is altered in 
myocardial infarction (MI) and spironolactone limits 
the effect of MI 

5.1. Introduction 

In chapters 3 and 4, the data has demonstrated that vascular ENaC is implicated in 

vascular changes observed in hypertension and that use of SP decreases ENaC 

expression and therefore, may improve vascular health via lowering ENaC activity 

and expression. One of the major risk factors associated with hypertension is the 

myocardial infarction (MI) (Lawes et al., 2003; Woodward et al., 2006).  

MI is characterised by the death of myocardial tissue due to a sudden ischemic insult 

(Frangogiannis, 2015). Acute MI can lead to heart failure (Frangogiannis, 2015). 

However, how vascular changes in hypertension contribute to the development of 

myocardial infarction needs further investigation. MI is associated with changes in 

hemodynamics of the cardiovascular system (Pedrinelli et al., 2012). It has been 

shown that post-MI a decrease in cardiac output and an increase in total peripheral 

resistance (TPR) is seen (Shah et al., 1986; Zimlichman et al., 1989). Decreases in 

vasodilation and endothelial dysfunction are also associated with MI. These common 

factors link MI and hypertension. MR stimulation has been associated with 

endothelial dysfunction, cardiac interstitial fibrosis, oxidative stress and ventricular 

dysfunction in patients presenting with MI (Fraccarollo et al., 2011; Gueret et al., 

2016). It has also been shown that increases in aldosterone increase the frequency 

of stroke (McMahon & Dluhy, 2004). MR blockade by SP and eplerenone have been 

shown to improve vascular responses lost in MI (Dorrance et al., 2001; Sartorio et al., 

2007). Moreover, treatment with MR-blocker has been shown to improve survival 

post-MI (Pitt et al., 1999; Pitt et al., 2001).  
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Vascular ENaC is potentially regulated by aldosterone in MR-mediated pathway as 

shown in this study so far. And this pathway is associated with observable vascular 

changes in MI. It is thus likely that myocardial infarction alters the vascular ENaC 

expression profile. Therefore, the current study was aimed to study the gene 

expression profile of ENaC subunits in MI and reveal the effect of SP on this gene 

expression. This was performed in Cyp1a1Ren2 rat model and MI was induced in 

these rats by coronary artery ligation. 

5.2. Hypothesis 

Altered vascular ENaC expression is associated with myocardial infarction and 

spironolactone is an effective treatment to improve MI associated vascular 

dysfunction targetting ENaC.  

To address this hypothesis, the objective was to assess the expression pattern of 

ENaC post-MI with or without SP treatment. 

5.3. Objective 

Characterise ENaC expression post-MI in NT and HT Cyp1a1Ren-2 rats and 

determine the effect of SP treatment on this expression profile. 

qRT-PCR was used to determine gene expression of α β and γ ENaC in the aorta, 

carotid, femoral and mesenteric arteries from NT and HT rats before and after MI with 

or without SP treatment. qPCR was performed in arteries after myocardial infarction 

due to left coronary artery ligation and gene expression was compared between 

sham and MI groups. 
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Due to the limited availability of tissue and time constraints western blot and IHC 

could not be performed for this group of animals. 

5.4. Results 

ENaC subunit expression was examined by qPCR in arteries from NT and HT rats 

with myocardial infarction (MI) and compared to those without MI. Then, expression 

was evaluated in arteries from rats with MI in the presence and absence of SP 

treatment.  

Sham rats were used as surgical controls for MI rats. In NT and HT sham rats, the 

expression was the same as that in NT and HT control groups (data not shown). 

In aortas, α ENaC expression was increased in HT-sham compared to NT-sham, as 

expected (Fig. 5.1A). MI significantly decreased expression of α ENaC mRNA in 

hypertension and treatment with SP also further decreased the α ENaC expression in 

hypertension (Fig. 5.1A). In carotid arteries, α ENaC increased in HT-sham 

compared to NT-sham groups and MI caused an increase in α ENaC expression in 

both NT and HT groups. When treated with SP α ENaC expression in hypertension 

was significantly decreased reversing the effect of both hypertension and MI (Fig. 

5.1B). In mesenteric arteries (Fig. 5.1D), an increase in α ENaC was seen in HT-

sham as compared to NT-sham. After SP treatment, the increase in α ENaC in HT-

sham mesenteric arteries was significantly reduced. No statistically significant effect 

of MI in α ENaC expression was seen in femoral arteries (Fig. 5.1C).  
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NT:Normotensive, HT:Hypertensive, MI:Myocardial-infarcted, 
SP:Spironolactone  

Figure 5.1. : MI alters α  ENaC mRNA expression level 
 
α ENaC relative gene expression in aorta, carotid, femoral and mesenteric 
arteries from NT and HT sham, MI and MI+SP rats.  
Data are presented as mean ± SEM, n=5/6. *P<0.05, **P<0.01, ****P<0.0001 
ANOVA with Tukey’s post-test. 

 

β ENaC mRNA expression in aorta and femoral arteries remained unchanged across 

all groups (Fig. 5.2A, C). In carotid arteries, β ENaC expression increased in HT-

sham groups compared to NT-sham. MI caused an increase in β ENaC expression in 

NT-MI group, while in HT-MI group a decrease in expression was observed. 

Treatment with SP completely abolished the effect of MI on β ENaC expression in 

NT+SP and HT+SP (Fig. 5.2B).  In mesenteric arteries, sham surgery had no effect 

on β ENaC expression in NT and HT groups. MI caused an increase in β ENaC 
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expression in both NT-MI and HT-MI groups and SP treatment was able to reverse 

this increase completely (Fig. 5.2D).  

 
NT:Normotensive, HT:Hypertensive, MI:Myocardial-infarcted, 
SP:Spironolactone 
Figure 5.2. Spironolactone prevents the increase of β  ENaC expression in 
MI arteries. 
 
β ENaC mRNA expression was analysed by q-PCR in NT and HT post-MI aorta, 
carotid, femoral and mesenteric arteries with or without SP treatment. Data are 
presented as mean ± SEM, n=5/6. *P<0.05, **P<0.01, ****P<0.0001 ANOVA 
with with Tukey’s post-test. 

 

Next, γ ENaC mRNA expression was analysed (Fig. 5.3). Sham and MI surgery had 

no effect on γ ENaC mRNA expression in aorta and femoral arteries. After SP 

treatment, no change in γ ENaC expression was seen (Fig. 5.3A, C). In mesenteric 

arteries, MI caused a decrease of γ ENaC mRNA in hyertensive group, and SP 

treatment had no further effect on γ ENaC expression in HT-MI with SP (Fig. 5.3D). In 
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carotid arteries, sham surgery had no effect on γ ENaC expression. An increase in γ 

ENaC mRNA was seen in the NT group because of MI, however, MI had no effect γ 

ENaC in HT arteries. SP treatment was able to reverse the increase seen in NT-MI 

group (Fig. 5.3B). 

 
NT:Normotensive, HT:Hypertensive, MI:Myocardial-infarcted, 
SP:Spironolactone 
Figure 5.3. : γ  ENaC expression is altered in carotid and mesenteric 
arteries after MI 
Relative expression of γ ENaC was analysed in the aorta, carotid, femoral and 
mesenteric arteries from NT and HT rats post-MI with or without SP treatment.  
Data are presented as mean ± SEM, n=5/6. *P<0.05, **P<0.01, ANOVA with 
Tukey’s post-test. 
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5.5. Discussion 

This study demonstrates a new finding that MI is associated with altered vascular 

ENaC expression and this expression is sensitive to MR blockade by SP.  

MI is associated with a decreased cardiac function (ejection fraction < 50%), 

increased TPR, arrhythmias and heart failure (Zimlichman et al., 1989; Lawes et al., 

2003). ENaC in the vasculature is a potential mediator of vascular changes which 

results in an increase of TPR. Increases in ENaC expression are associated with 

these vascular changes. The present study was designed to investigate the gene 

expression profile of ENaC in MI and the effect of SP-treatment on this expression 

profile. In this study, Cyp1a1Ren2 rats were used to investigate changes in vascular 

ENaC expression developing with time in conduit and resistance arteries, in response 

to MI and after treatment with SP.  

Here, the results demonstrate that MI alters the ENaC expression profile. α ENaC 

expression increases in post-MI in NT and HT carotid arteries. In the HT aorta, a 

decrease in α ENaC expression was seen in MI, and in mesenteric and femoral 

arteries the α ENaC expression post-MI remained unchanged. β ENaC mRNA 

increased in both NT and HT mesenteric arteries and NT carotid arteries. However, 

in HT carotid arteries, increased β ENaC mRNA level significantly decreased post-MI. 

In aorta and femoral arteries, no change in β ENaC mRNA level was seen. An 

increase in γ ENaC was seen in NT carotid arteries post-MI. In HT mesenteric 

arteries, the increase in γ ENaC mRNA was reversed post-MI. In aorta and femoral 

arteries, the γ ENaC expression remained the same in all groups.  

The results in this study thus show an artery-specific altered ENaC mRNA expression 

profile after MI. Such an altered ENaC expression has been previously associated 
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with chronic heart failure in rats (Zheng et al., 2011). Consistent with the data 

presented here, increases in α β and γ ENaC expression have been reported in the 

kidney in CHF. However, they described the ENaC expression profile in sham and 

CHF rats without hypertension. Whereas this thesis is the first study to show 

significant changes in vascular ENaC expression post-MI in both NT and HT 

conditions. These results indicate that altered ENaC expression may be involved in 

the vascular dysfunction observed in MI. However, a differential expression pattern 

was observed. MI caused decreases in β ENaC mRNA in carotid and decreased γ 

ENaC mRNA in mesenteric arteries. Both β and γ ENaC were increased in 

hypertension, and MI seems to have almost the same effect as the SP treatment. 

Thus, an increase in β and γ ENaC can be attributed to hypertension which is 

consistent with the results of β and γ ENaC expression in HT-control arteries 

described in chapter 3. ENaC subunit mRNA is known to show differential expression 

profiles. The change in ENaC expression was not correlated to the degree of 

infarction or the ejection fraction (Appendix Fig. 9.8, 9.9) Therefore, in this study the 

changes in vascular ENaC mRNA expression can be attributed to dyregulation of 

transcription factors regulating ENaC transcription such as aldosterone, Ang II, 

vasopressin. These factors are upregulated in myocardial infarction (Dargie & Byrne, 

1995) and this makes it reasonable to hypothesise that ENaC plays differential roles 

in different arteries in MI. Still, a protein expression profile is needed to further 

elucidate the changes observed at the mRNA expression level.  

The effect of the MR blocker, SP, on the expression of ENaC subunits in the groups 

of rats was also analysed. SP treatment decreased the expression of α, β and γ 

ENaC in hypertension as described in chapter 4. In this study, SP reversed the 

changes in mRNA expression of ENaC subunits induced by MI and hypertension. α 
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ENaC expression decreased after SP treatment in the HT aorta, carotid and 

mesenteric arteries (Fig. 5.1). Similar results were seen in mesenteric and carotid 

arteries were β ENaC expression increased post-MI was decreased after SP 

treatment (fig. 5.2). The increases in γ ENaC in NT carotid arteries and HT 

mesenteric arteries where also decreased by SP treatment (Fig. 5.3). MR blockade 

by SP and eplerenone has been previously shown to improve vascular responses 

lost in MI and heart failure (Thai et al., 2006; Rigsby et al., 2007). SP treatment has 

been shown to mediate infarct size reduction (Dorrance et al., 2001) in stroke-prone 

00 rats. MR blockade has been shown to improve patient survival post-MI (Pitt et al., 

1999; Pitt et al., 2001). No difference in ENaC subunit expression was seen between 

NT-sham and HT-sham compared to NT and HT controls (data not shown). Because 

of this, it was assumed that NT-sham and HT-sham after SP treatment would show 

the same expression pattern as that of NT and HT controls after SP treatment 

(NT+SP, HT+SP). However, there were differences in expression pattern. Results in 

chapter 4 show there was a significant decrease of γ ENaC mRNA in the NT+SP 

group in mesenteric rats (see fig. 4.3D) but no change in γ ENaC mRNA in NT-sham 

vs NT-MI vs NT-MI+SP in mesenteric arteries (fig. 5.3D). This discrepency could not 

be studied further, given that the only group treated with SP in this part of the study 

was the MI group. There was no group where Sham rats were treated with SP 

available. These differences in γ ENaC mRNA could be due to an increase in stress 

hormones, like cortisol, which has been shown to affect ENaC expression (Jesse et 

al., 2009). This is a limitation of this part of the study and availibility of this group 

would have allowed us to understand the discrepencies in the expression pattern of 

ENaC subunits. 
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In this study, the expression of ENaC subunits after SP treatment was normalised 

almost to that of NT control levels. Thus, we can speculate that SP improves vascular 

function via regulation of vascular ENaC expression. This can explain the positive 

effects of SP shown in a study performed in patients with heart failure (Pitt et al., 

1999). This data suggests that targeting ENaC regulation can lead to the 

development of novel therapeutic drugs to improve vascular function in 

pathophysiological conditions of MI and hypertension.  
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6. Conclusion 
Hypertension is associated with changes in vasculature characterised by a 

decreased vascular diameter and endothelial dysfunction. These changes lead to 

increased vascular resistance in the arterial system and contribute to the 

development of hypertension. In this thesis, vascular ENaC expression and function 

was studied to shed light on ENaC’s role in the pathogenesis of hypertension.  

In chapter 3, the main questions addressed were whether expression of vascular 

ENaC subunits was different in hypertension? If yes, does the changed vascular 

ENaC expression affect vascular function in hypertension? What is a possible 

mechanism by which changed vascular ENaC expression is mediating vascular 

function? To answer these questions, the following hypothesis was formulated:  

“Arteries from hypertensive rats will show increased ENaC expression resulting in 

loss of vascular function that contributes to the development of hypertension”. 

The work on this hypothesis revealed that: 

a) Characterisation of ENaC expression analysis revealed that α ENaC was 

significantly increased in HT arteries. 

b)  Vascular ENaC is involved in mediating endothelium-dependent vasodilation. 

c)  Vascular ENaC shows proteolytic cleavage of α and γ ENaC and is potentially 

increased in hypertension. 

Thus, the hypothesis stated above was accepted. 

α ENaC is crucial for the functional channel formation (Canessa et al., 1994b) and 

overexpression of α ENaC shows that in hypertension there might be increased 
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functional channels. Even though, the maximum activity of ENaC is seen in classical 

αβγ ENaC, where each subunit is present in an equal amount (Staruschenko et al., 

2005), the increases of α ENaC expression demonstrated in this thesis suggests the 

presence of a different channel composition in HT arteries. α ENaC in endothelium 

has been shown to be involved in endothelial stiffness (Jeggle et al., 2013) where 

increases of α ENaC resulted in an increase of stiffness and vice versa. Studies with 

Liddle mice have shown increased ENaC expression and increased endothelial 

stiffness associated with this inherited form of hypertension. Vascular ENaC has 

been associated with vasodilation and vasoconstriction in different vascular beds  

(Ashley et al., 2018). And this thesis supported the role of vascular ENaC in vascular 

tone regulation. The loss of endothelium-dependent vasodilation can be attributed to 

changes in vascular ENaC expression. This is in agreement with studies showing 

that aldosterone-mediated stimulation of ENaC in endothelial cells leads to loss of 

vasodilation in Dahl salt-sensitive rats (Wang et al., 2017), and decreased ENaC 

activity leads to increases in endothelium-dependent vasodilation in mesenteric 

arteries of Sprague-Dawley rats (Liu et al., 2015). The functional changes observed 

in HT arteries can also be explained by the presence of proteolytic cleavage of ENaC 

in the vasculature. This is the first study to show the presence of proteolytic cleavage 

of vascular ENaC and a potential increase of this cleavage in hypertension. The 

cleavage of ENaC leads to increases in channel activity and the potential increase in 

proteolytic cleavage of ENaC in hypertension leads to over-activity of vascular ENaC.  

The conclusion of chapter 3 is that the increased ENaC expression in conduit and 

resistance arteries is involved in the development of hypertension. Vascular ENaC is 

involved in mediating vascular tone of arteries and increased ENaC expression will 

lead to an increase in tone, which will lead to the development of hypertension. The 
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functional changes seen in hypertension can be attributed to proteolytic cleavage of 

vascular ENaC.  

The data from the first part of the thesis also suggests that in this HT Cyp1a1Ren2 

rat model the increases in blood pressure are due to overactivation of RAAS. The 

regulation of vascular ENaC is thus being primarily regulated by aldosterone. In 

chapter 4, knowing the importance of ENaC expression on the activity and function of 

the channel, the question to be answered was if an aldosterone inhibitor would 

prevent the increases in ENaC expression? 

The hypothesis was that; 

“The increase in vascular ENaC expression in hypertension is reversed by 

spironolactone treatment”. 

The work on this hypothesis revealed that: 

a) SP prevented increases of vascular ENaC at mRNA level in hypertension. 

b) SP reverses the effect of hypertension on ENaC protein expression. 

c) Even though SP treatment decreased ENaC subunit expression in 

hypertension, it could not decrease the blood pressure.  

Thus, the hypothesis stated above was not accepted. 

Aldosterone has been shown to regulate vascular ENaC expression and activity 

(Kusche Vihrog 2008) and in chapter 4, further evidence was shown to support it. 

The increases in vascular ENaC expression in hypertension are potentially being 

mediated by aldosterone. This was supported by the results showing that the 

expression of vascular ENaC subunits is sensitive to SP treatment. Although very 
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little is know about vascular ENaC regulation, yet this study provides evidence for 

MR-mediated aldosterone-induced regulation of vascular ENaC. 

In hypertension, blockade of aldosterone by SP treatment results in a decrease of 

vascular ENaC expression. These results indicate that aldosterone associated 

changes in vascular function such as increases in vascular inflammation, vascular 

oxidative stress can be alleviated by targetting vascular ENaC. 

The data from work on the above mentioned two hypotheses prompted questions 

such as is vascular ENaC expression is associated with hypertension risk factor MI? 

The hypothesis tested is that; 

“Altered vascular ENaC expression is associated with myocardial infarction and SP is 

an effective treatment to improve MI associated vascular dysfunction targetting 

ENaC”. 

The work on this hypothesis revealed that: 

a) MI is associated with an altered vascular ENaC expression. 

b) SP treatment reversed the changes in vascular ENaC expression in MI. 

Thus, the hypothesis stated above was accepted. 

The conclusion from this part of the study is that SP-treatment improves vascular 

function in myocardial infarction via regulation of vascular ENaC expression.  

The main outcome from this study is that increased vascular ENaC expression is 

potentially involved in mediation of vascular dysfunction in hypertension. The 

presence of proteolytic cleavage products indicates the increased presence of active 
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vascular ENaC channels. This study shows the link between increased ENaC 

expression and aldosterone, which may contribute to high blood pressure. With the 

knowledge that ENaC in the kidney is a crucial regulator of cardiac output, if the role 

of vascular ENaC in the development of hypertension is confirmed by further studies,  

increased ENaC can be regarded as a common cause of development of 

hypertension. Increased ENaC in the kidney can lead to increases in blood volume 

which, in turn, increases the cardiac output resulting in hypertension. The increased 

vascular ENaC in arteries can lead to increased total peripheral resistance which, in 

turn, leads to decreased diameter of the vessel resulting in hypertension. The 

sensitivity of ENaC to SP treatment indicates the role of vascular ENaC as a 

therapeutic target for improved vascular health in hypertension. Thus, ENaC can be 

regarded as a regulator of blood pressure regulation in both kidney and vasculature. 
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Figure 6.1. : Schematic of kidney, blood vessel and ENaC in regulation of blood flow 
and blood pressure. 
Normal blood flow in a normal vessel keeps the blood pressure normal. Too much blood flow 
in a normal vessel caused by increases in cardiac output leads to high blood pressure. If the 
blood is flowing in a narrow vessel caused by increases in total peripheral resistance, the 
blood pressure increases. ENaC increases in both kidney and vasculature will increase blood 
pressure leading to hypertension. 
 
Figure modified from publication High Blood Pressure and Kidney Disease (KU-157).  
www.niddk.nih.gov/health-information/health-topics/kidney-disease/high-blood-pressure-and-
kidney-disease/Pages/facts.aspx 
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7. Limitations and future directions 
A number of limitations were encountered during this study. A technical limitation of 

the study is the myograph system used for the physiological function analyses shown 

chapter 3. Due to its small chamber the settings did not allow for higher pressure 

differentials or higher intraluminal flow which would have been a true representation 

of the in vivo physiological state in carotid arteries. 

A second limitation was time constraints for completion of proteolytic cleavage 

experiments. The results in chapter 3 for proteolytic cleavage are preliminary results 

for vascular ENaC proteolytic cleavage. The focus and time was more on the 

complete analysis for IHC. The results obtained suggest a future study should further 

explore ENaC proteolytic lceavage in blood vessels. 

A third limitation of the study was the lack of sham+SP NT and HT rats, which could 

have explained some discrepancies in the mRNA expression results. As my study 

was part of a much larger study that was already being performed it was not possible 

to include further animal groups. 

Further immunohistochemistry experiments should have been performed, and the 

limitation of small sample size has to be acknowledged. Further samples could have 

aided in interpretation of protein data, particularly for experiments with NT+SP and 

HT+SP groups where protein expression analysis relied solely on 

immunohistochemistry analysis.  

In order to continue and expand on the work carried out in this study, further 

experiments can be performed as follows: 
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1. Pressure myography experiments in larger chambers to fully mimic the 

physiological state of conduit arteries. 

2. Pressure myography experiments in other models of hypertension e.g., 

spontaneously hypertensive rat model would help with understanding this no 

change in BP with SP treatment. 

3. ENaC expression and pressure myography experiments with human arteries 

from the patients with pathological conditions such as hypertension, heart 

failure, to understand ENaC involvement in a clinical context. 

4.  To establish the full cleavage expression profile of vascular α and γ ENaC in 

NT and HT rats with or without SP treatment proteolytic cleavage experiments 

using western blot analysis. 

5. Protein expression analysis of vascular ENaC subunits in MI HT rats.  
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9. Appendix 
The representative images for western blots and immunohistochemistry are depicted 

in this chapter. 

 9.1. Western blot 

Figure 9.1 shows representative western blots of aorta, femoral and mesenteric 

arteries from NT and hypertensive animals.  The blots show protein expression of α, 

β and γ ENaC in NT and hypertensive arteries. The quantification of these blots is 

shown in chapter 3 (Fig. 3.2).  
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Figure 9.1. Western blots of aorta, 
femoral and mesenteric arteries. 
 

A) Representative western blots of α, β, 
and γ ENaC in the aorta in NT and 
hypertensive rats with their 
respective β-actin loading controls. 
 

B) Representative blots of NT and HT 
femoral arteries for α, β and γ ENaC. 

 
 

C) Western blots showing α β and γ 
ENaC in NT and HT mesenteric 
arteries. 
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9.2. Immunohistochemistry  

This section depicts representative images of aorta, femoral and mesenteric arteries 

used for immunohistochemical protein abundance analysis.  

9.2.1. Expression of α, β and γ ENaC in NT and HT arteries. 

Figure 9.2 shows representative images of α, β and γ ENaC expression in aorta from 

NT and HT animals. The quantification of ENaC protein abundance is shown in 

chapter 3 (Fig. 3.3 B). 
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Figure 9.2: Immunohistochemical staining of ENaC subunits in the aorta. 
 
Representative images of α, β and γ ENaC protein localisation in aorta from NT 
and HT animals. Positive staining for ENaC protein subunits is shown in black-
brown colour and indicated by black arrows in ECs and VSMCs.  

 

Figure 9.3 shows representative images of femoral arteries showing ENaC subunit 

protein expression in ECs and VSMCs in NT and HT animals. The quantification of 

ENaC protein abundance in femoral arteries is shown in chapter 3 (Fig. 3.3D). 
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Figure 9.3: Localisation of α , β  and γ  ENaC proteins in femoral arteries. 
 
Images of femoral arteries from NT and HT animals showing positive staining of 
α, β and γ ENaC. Positive staining is indicated by black-brown colour pointed 
out by black arrows.	

 

Expression of α, β and γ ENaC proteins in NT and HT mesenteric arteries is shown in 

figure 9.4.  
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Figure 9.4: Localisation of ENaC proteins in mesenteric arteries. 
 
Representative images of NT and HT mesenteric arteries showing 
expression of α, β and γ ENaC in ECs and VSMCs. Positive staining is 
indicated by black arrows.	

 

9.2.2. Expression of ENaC subunit proteins in Nta nd HT arteries with 
spironolactone treatment.  

α, β and γ ENaC protein abundance in NT+SP and HT+SP aorta arteries are shown 

in figure 9.5.  
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Figure 9.5: α , β  and γ  ENaC protein in NT+SP and HT+SP aorta. 
 
α, β and γ ENaC protein expression in aorta from NT+SP and HT+SP animals. 
The positive staining of each ENaC subunit is indicated by black arrows.  

 

The localisation of α, β and γ ENaC proteins in NT+SP and HT+SP femoral arteries is 

shown in figure 9.6. 
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Figure 9.6: Localisation of α , β  and γ  ENaC proteins in NT+SP and 
HT+SP femoral arteries. 
 
α, β and γ ENaC protein expression in femoral arteries from NT+SP and 
HT+SP animals. The positive staining for ENaC subunits in ECs and 
VSMCs is indicated by black arrows. 

 

ENaC protein localisation in NT+SP and HT+SP mesenteric arteries is shown in 

figure 9.7. 
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Figure 9.7: Localisation of α , β  and γ  ENaC in mesenteric arteries from 
NT+SP and HT+SP animals. 
 
Representative images of mesenteric arteries from NT+SP and HT+SP 
animals showing α, β and γ ENaC protein expression. Black arrows point out 
to positive staining in ECs and VSMCs.  

 

The quantitative analysis of α ENaC in NT+SP and HT+SP arteries is shown in 

chapter 4 (fig. 4.5). Similar quantitative analyses of β ENaC (fig. 4.7) and γ ENaC (fig. 

4.9) are shown in chapter 4. 
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9.2.3. Correlation of ENaC subunit mRNA expression with infarct sizes 
and ejection fraction in post-MI HT rats. 

To further understand the altered ENaC subunit mRNA expression MI in HT rats, 

correlation was drawn between expression and MI characteristics. No significant 

correlation was found between ENaC expression and infarct size in MI rats (fig. 9.8). 

	

	

Figure 9.8: Correlation between α , β  and γ  ENaC mRNA and infarct 
size of MI rats. 

	
Next, a correlation between ENaC expression and ejection fraction of MI rats was 

calculated. No significant correlation between α, β and γ ENaC expression and 

ejection fraction was seen in MI rats (Fig. 9.9). 
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Figure 9.9: Correlation between α , β  and γ  ENaC mRNA and 
ejection fraction of MI rats. 
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