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ABSTRACT 
 

Effect of high salt intake on arteriolar responses to metabolic stimuli 

 

Paul J. Marvar 

 
Study I evaluated the possibility that a HS diet can reduce the arteriolar response to 

muscle contraction through reduced nitric oxide (NO) availability and increased reactive 
oxygen species (ROS) activity.  Spinotrapezius muscle arterioles were examined in rats fed 
a normal salt (NS; 0.45%) or high salt (HS; 4%) diets.  Arteriolar diameter responses to an 
increase in metabolic demand were significantly less in HS rats and these HS rats exhibited 
increased presence of arteriolar ROS.  The attenuated responses to muscle contraction in 
HS rats were not restored in the presence of ROS scavengers, and inhibition of NO 
synthesis had no effect in the HS rats.   

Study II-III investigated potential mechanisms for the reduced functional dilation in 
HS fed rats.  In study II, skeletal muscle contraction significantly increased the intensity of 
the hydrogen peroxide (H2O2) fluorescent marker 2’,7’-dichlorofluorescein (DCFH).  
Arteriolar dilation and flow increases in response to muscle contraction were inhibited by 
the H2O2 scavenger catalase in both groups.  Exogenous H2O2 elicited arteriolar dilation in 
both groups, but the magnitude of this dilation was significantly greater in the HS rats.  The 
K+ channel inhibitors glibenclamide and tetraethylammonium (TEA) chloride reduced 
arteriolar dilation to exogenous H2O2 in both groups and glibenclamide reduced the 
functional hyperemic response.   

Study III examined the effect of HS diet on arteriolar responsiveness to oxygen.  
Elevated superfusate oxygen resulted in arteriolar constriction and decreased flow.  These 
responses were less in HS rats.  Inhibition of 20-HETE formation with N-methylsulfonyl-
12,12-dibromododec-11-enamide (DDMS) and 17-octadecynoic acid (17-ODYA ) reduced 
the oxygen-induced constriction in the NS rats, but had no effect in the HS rats.  
Exogenous 20-HETE elicited a concentration-dependent constriction in the NS rats that 
was blocked by the KCa channel inhibitor TEA and these effects were either reduced or 
absent in HS rats.  Inhibition of ANG II-induced constriction by DDMS was significantly 
greater in NS than HS rats.  These results suggest that H2O2 contributes to functional 
hyperemia but a HS diet does not effect this role, and that alterations in arteriolar oxygen 
sensitivity by a HS diet may contribute to the reduced functional dilation following HS 
intake. 
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PREFACE 
 

This dissertation will begin with a review of the literature that constitutes the scientific 

foundation on which these studies are based.  The three studies that constitute this 

dissertation work will then be reported in manuscript form, followed by a general unified 

discussion of the findings. 
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LITERATURE REVIEW 

 
 

1.  Metabolic Control of Arteriolar Tone 
 
A.   Introduction: 
 

It is well known that muscle blood flow changes in proportion to the metabolic 

demands of the tissue.  Muscle unloading, which leads to decreased metabolic demand, 

results in a reduction of resting blood flow (McDonald et al., 1992; Wang & Prewitt, 1993), 

while in response to conditions of increased metabolic activity such as increased muscle 

contraction frequency (Mackie & Terjung, 1983), increased running speed (Armstrong & 

Laughlin, 1985) and increased muscle oxygen consumption (Mohrman & Regal, 1988), 

many studies have shown that blood flow directly increases.  The skeletal muscle 

microcirculation plays a key role in the regulation of blood flow during conditions of 

increased metabolic activity.  For example, skeletal muscle arterioles dilate in a very 

localized manner in response to many of the metabolites that are released during exercise 

(K+, adenosine, H+, etc) as well as to a reduction in tissue PO2.  During skeletal muscle 

contraction, increased metabolite production during functional hyperemia is partially 

dependent on a fall in tissue PO2 levels and therefore the processes that regulate oxygen 

delivery to the tissue are critical to the study of mechanisms underlying functional 

hyperemia.  Although metabolic control of vascular tone is a feature of many different 

vascular beds, this review of the literature will focus only on skeletal muscle. 

 
B. Adenosine 
 

Adenosine is a powerful endogenous vasodilator in the skeletal muscle vasculature that 

is considered to be an important mediator of metabolic vasodilation.  Adenosine is a by-
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product of increased tissue metabolism and adenosine triphosphate (ATP) hydrolysis, and is 

mainly formed on the extracellular surface of the muscle cell plasma membrane from 

adenosine monophosphate (AMP) by the enzyme ecto-5’-nucleotidase (Boushel, 2003).  

Adenosine elicits vascular smooth muscle relaxation by increasing cyclic AMP with 

subsequent activation of protein kinase A (PKA) leading to myosin light chain kinase 

(MLCK) phosphorylation.  An inhibitory site on MLCK is phosphorylated by PKA, thereby 

decreasing MLCK affinity for calcium-calmodulin kinase, a requirement for phosphorylation 

and vascular smooth muscle contraction (Adelstein et al., 1978)  

During low intensity muscle contraction in humans, adenosine has been found to 

accumulate in the muscle interstitial space, and there is a strong correlation between 

interstitial adenosine concentrations and leg blood flow during exercise (Hellsten et al., 

1998).  Furthermore, following antagonism of the adenosine receptor with theophyline, 

exercise-induced increases in blood flow in the femoral artery of humans is reduced by 20% 

(Radegran & Calbet, 2001).  In animal preparations, such as the hamster cremaster muscle, 

adenosine has also been found to play an important role in functional vasodilation (Proctor & 

Duling, 1982; Proctor, 1984; Murrant & Sarelius, 2002).  On the other hand, studies in the rat 

show that adenosine deaminase, which degrades endogenous adenosine, has no effect on 

hindlimb blood flow during treadmill running (Klabunde et al., 1988).  In other animal 

species such as the dog, it was found that both adenosine receptor blockade and adenosine 

receptor desensitization do not alter blood flow (Koch et al., 1990). 

These studies suggest that adenosine formation is increased during increased tissue 

metabolic activity, but its role in mediating the vasodilation and subsequent increase in blood 

flow varies from species to species and the type of vascular bed studied.  Therefore the role 
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of adenosine in mediating skeletal muscle dilation and hyperemia during increased tissue 

metabolic activity is currently unclear.     

 

C.  Potassium Ion (K+) 
 

During skeletal muscle contractions, depolarization and excitation of the muscle fiber 

plasma membrane leads to the rapid diffusion of K+ from the muscle fiber via voltage-

dependent K+ channels (Clifford & Hellsten, 2004).  Sparks et al. (1980) suggested that 

extracellular K+ may directly decrease Na+ permeability of the vascular smooth muscle 

membrane thus reducing the movement of calcium into the cell, resulting in smooth muscle 

relaxation.  These authors also suggested that extracellular K+ causes a reduction in the 

amount of norepinephrine released from sympathetic nerves supplying the arterioles, which 

would lead to a decrease in neurogenic tone.  More recent evidence suggests that the K+ -

mediated vasodilation during muscle contraction is a result of activation of inwardly 

rectifying vascular smooth muscle potassium (Kir) channels (Jackson, 2000; Sobey & Faraci, 

2000).  Overall, there is still an incomplete understanding regarding the specific mechanism 

by which elevated K+ produces smooth muscle relaxation and vasodilation.   

Potassium ion was first suggested to be a possible mediator of exercise-induced 

vasodilation when Dawes et al. (1941) observed that intra-arterial injection of K+   causes 

vasodilation.  Several studies have shown that during muscle contractions, venous blood 

potassium concentrations increase (Jackson, 2000; Radawski et al., 1975; Scott et al., 1970; 

Skinner, Jr. & Costin, 1971), most likely due to potassium efflux from skeletal muscle cells 

during depolarization and excitation.  Furthermore, in the interstitial space surrounding the 

vasculature, K+ concentrations are found to be elevated following muscle contraction (Hnik 
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et al., 1976; Juel et al., 2000).  However, in the dog gastrocnemius muscle, increasing venous 

[K+] by intra-arterial infusion has no effect on resting blood flow, nor does it alter the 

relationship of blood flow and oxygen during exercise (Mohrman, 1982).  These authors 

concluded that local [K+] does not play a significant role in exercise hyperemia.  

Furthermore, in the rat spinotrapezius muscle Lash & Bohlen (1987) measured periarteriolar 

[K+] as well as [K+] at the midpoint of capillary networks in the contracting rat 

spinotrapezius muscle.  These authors did not find any significant changes in [K+] during 

muscle contraction and concluded that the arteriolar dilation and accompanying blood flow 

increase is dependent on factors other than K+.  These studies show that in most muscles K+ 

levels increase and accumulate in the interstitial space during contraction.  However, there is 

little or no evidence supporting an essential role for K+ in the hyperemia which accompanies 

muscle contraction. 

 
D. Hydrogen ion (H+) / pH 
 

During increased skeletal muscle activity, lactic acid can accumulate when the rate of 

glycolysis is increased to generate ATP.   Accumulation of these by-products (lactic acid and 

CO2) of anaerobic metabolism can reduce cellular pH, and subsequently interstitial pH due to 

H+ efflux from the muscle cells. Changes in pH have been proposed to mediate changes in 

vascular tone which may have important implications in the regulation of local blood flow 

control.  Earlier studies have shown that during very intense exercise, there is a drop in 

venous pH, and that a reduction in pH of the arterial blood supplying skeletal muscle can 

reduce vascular resistance (Haddy & Scott, 1975; Radawski et al., 1975).  A later study 

conducted in the spinotrapezius muscle using ion-selective microelectrodes found that 

periarteriolar [H+] initially decreases during high frequency contractions (8 Hz) but during 
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sustained muscle contraction, these H+ levels return to resting levels.  These authors 

suggested that physiological changes in periarteriolar [H+] are too small to substantially 

contribute to functional hyperemia (Lash & Bohlen, 1987).  In contrast, it has been suggested 

that a low intraluminal pH environment (increases in H+ or PCO2) may facilitate the release 

of endothelial-derived factors or the release of vasodilator substances from red blood cells 

during increased tissue metabolic activity, thus contributing to the adjustment in arteriolar 

tone and blood flow (Ellsworth et al., 1999; Hester & Hammer, 2002).  These specific 

mechanisms will be discussed in more detail in a later section.  In summary, it still remains 

unclear as to the overall role and functional importance of either intraluminal or extraluminal 

H+ concentrations and pH in the hyperemic response during skeletal muscle contraction. 

 
E. Oxygen (O2) 
 

Local O2 levels are also an important determinant of arteriolar tone, and therefore tissue 

blood flow.  Earlier studies have documented that skeletal muscle arterioles dilate in response 

to reduced blood or tissue PO2, and constrict in response to elevated PO2 (Duling, 1972; 

Hutchins et al., 1974).  More specifically, oxygen has been shown to be important in 

mechanisms of local blood flow control such as autoregulation (Granger et al., 1976; 

Sullivan & Johnson, 1981), reactive hyperemia (Lombard & Duling, 1981), and sympathetic 

escape (Boegehold & Johnson, 1988) as well as during skeletal muscle contraction (Lash & 

Bohlen, 1987).  

The importance of oxygen in functional hyperemia was demonstrated in a study where 

venous PO2 was experimentally lowered prior to and during muscle contraction.  This 

perturbation resulted in a greater increase in blood flow in order to maintain oxygen delivery 

to the contracting muscle (Granger et al., 1976).  Other studies have clearly shown that 
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during muscle contraction, there is a fall in local tissue PO2 levels and concurrent increases in 

arteriolar diameter (Boegehold & Bohlen, 1988; Gorczynski & Duling, 1978; Proctor et al., 

1981), which is presumably due to increased tissue oxygen consumption.  Additional studies, 

which will be discussed in more detail in a subsequent section, have shown and suggested 

that a fall in oxygen levels, which occurs during increased metabolic activity, can stimulate 

the release of vasodilator metabolites or endothelial factors which contribute to the arteriolar 

dilation and increased blood flow during skeletal muscle contraction  (Bergfeld & Forrester, 

1992; Ellsworth et al., 1999; Hester & Hammer, 2002).  Therefore, understanding the 

mechanisms that influence oxygen delivery to skeletal muscle are essential to the 

understanding of functional hyperemia.   

There has been much work aimed at defining the mechanisms by which arterioles 

constrict in response to an increase in oxygen availability.  One of the initial questions that 

has been explored relates to the site of the putative oxygen sensor.  Arteriolar constriction 

could be a result of either a direct effect of oxygen on a component of the arteriolar wall, 

such as the smooth muscle or endothelium, or an indirect effect mediated through attenuated 

parenchymal cell metabolism and/or inhibition of vasodilator metabolite production.   

In an attempt to discern whether oxygen-induced arteriolar responses are due to a direct 

affect of oxygen on the arteriole itself or indirectly via surrounding parenchymal tissue, 

Duling, (1974) studied exteriorized superfused tissue preparations and compared arteriolar 

responses to a general increase in tissue oxygen availability (achieved by increasing 

superfusate oxygen content) with responses to direct application (via micropipettes) of a 

high-oxygen solution to the arteriolar wall.  He found that compared to high oxygen 

superfusion delivery over the hamster cheek pouch, the arteriolar constrictions delivered with 
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micropipettes to the arteriolar wall were much smaller and similar to the response with a very 

low oxygen solution.  Based on these data it was concluded that the vasoconstriction 

associated with increased PO2 was not due to the direct effect of oxygen on the vascular 

smooth muscle cells but rather an indirect mechanism involving the surrounding 

parenchymal cells.  However, results from Jackson and Duling (1983) in hamster cheek 

pouch arterioles suggest that oxygen exerts it effect partly by a direct mechanism and by an 

indirect effect through the surrounding parenchymal tissue (Jackson & Duling, 1983).  In 

order to better explain these discrepant findings and the lack of consistent arteriolar 

responses to direct application of high and low oxygen solutions to the arteriolar wall 

(Duling, 1974), Jackson et al. (1983) speculated that “oxygen sensors” are sparsely 

distributed on the surface of or within the arteriolar wall, and that these sensors may not have 

been adequately stimulated when PO2 was locally changed.   

Subsequent studies have been conducted to further elucidate location and significance 

of an oxygen sensor within the vasculature.  Some have suggested that the oxygen sensor is 

within the vascular endothelium (Busse et al., 1984; Pohl & Busse, 1989; Sullivan & 

Johnson, 1981).  In examining this, Jackson (1987) used the hamster cheek pouch to study 

aparenchymal arteriolar segments.  Arteriolar diameter responses were measured following 

local (periarteriolar microapplication of PO2) and global (superfusate PO2) changes in PO2.  

Contrary to what was predicted, local changes in PO2, achieved by application to the outside 

of occluded or unoccluded aparenchymal arterioles or by intraluminal perfusion of these 

vessels, had no consistent effect on arteriolar diameters.  However, when the superfusate PO2 

flowing over the entire tissue was changed, it not only affected the arteriole being studied but 

all other vessels in the tissue as well.  These authors concluded that oxygen sensors are not 
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located in endothelial cells but located sparsely along the vascular tree or in the surrounding 

parenchyma, and that these sensors can detect changes in PO2 and initiate a response that 

then gets conducted throughout the vasculature.  Over the years, microvascular oxygen 

sensing research has given rise to many different theories and proposed models.  It can be 

concluded from these many years of research that there is not a single “oxygen sensor” in the 

vasculature, but rather, depending on the vascular bed studied, it can involve a variety of  

oxygen-dependent enzyme systems (nicotinamide adenine dinucleotide phosphate 

(NAD(P)H) oxidases, cytochrome P450 enzymes, nitric oxide synthase (NOS)) or, as some 

have suggested, the red blood cells themselves can serve as an oxygen sensor (Goligorsky, 

2000; Nase et al., 2003; Wolin et al., 1999; Ellsworth et al., 1995). 

There has been much interest in the possible role of metabolites of arachidonic acid in 

vascular oxygen sensing (Busse et al., 1984; Kalsner, 1978; Roberts et al., 1981).  Several 

lines of evidence suggest that prostaglandins are involved in vascular responses to changes in 

PO2 (Afonso et al., 1974; Hintze & Kaley, 1977; Wei et al., 1980).  Messina et al. (1994) 

found that constriction of rat cremaster arterioles in response to increased oxygen tension is 

reduced following removal of the endothelium or inhibition of cyclooxygenase (COX; one of 

the enzymes in the arachidonic acid pathway responsible for prostaglandin production) with 

indomethacin.  These authors concluded that cremaster arterioles constrict in response to 

increased oxygen by a decreased synthesis of endothelium-derived vasodilator 

prostaglandins.  In contrast, inhibition of prostaglandin formation with COX inhibitors has no 

effect on arteriolar oxygen reactivity in hamster cheek pouch and hamster or rat cremaster 

muscle (Jackson, 1986). 
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In additional studies, Jackson obtained evidence of a role for lipooxygenase or 

cytochrome P450 products of arachidonic acid metabolism in arteriolar oxygen sensing in the 

hamster cheek pouch (Jackson, 1988; Jackson, 1989; Jackson, 1991).  More recently, the 

enzyme CYP450 4A ω-hydroxylase has been identified as an important oxygen sensor due to 

its ability to generate the vasoconstrictor metabolite 20-hydroxyeicosatetraenoic acid (20-

HETE) (Harder et al., 1996).  In two different microvascular beds, these authors 

demonstrated the presence and activity of  CYP450 4A ω-hydroxylase and 20-HETE 

formation in both the vasculature and parenchyma.  They also showed that the rate of 20-

HETE formation is linearly dependent on PO2 over its normal physiological range.  These 

data strongly suggest that increased oxygen availability causes vasoconstriction as a result of 

an increased production of 20-HETE via increased P450-4A ω-hydroxylase activity and that 

decreased oxygen availability reduces 20-HETE production.  An overview of the synthesis 

and production of 20-HETE and it’s possible role in the regulation of vascular tone and local 

blood flow can be found in the next section. 

Studies on the roles of nitric oxide (NO) in oxygen sensing in skeletal muscle have 

yielded conflicting results.  In spinotrapezius muscle arterioles, it was found that inhibition of 

NOS reduced the arteriolar constriction to increased O2, suggesting that NO must be present 

for these arterioles to exhibit normal O2 responsiveness (Pries et al., 1995).  In contrast, 

Jackson (1991) found that NO does not mediate arteriolar reactivity to increased oxygen in 

the hamster cheek pouch.   

Overall, the evidence presented above for prostaglandins and NO in oxygen sensing is 

controversial.  The reason for the differences in these studies has not been determined but 
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may very well be due to differences in vascular beds, the specific region of the vasculature 

studied or the type of oxygen conditions used. 

 

a.  Cytochrome P450 metabolism and 20-HETE: 

Arachidonic acid (AA) makes up part of the membrane phospholipid pool and is 

released following activation of phospholipase A2 by various agonists, such as norepinephrine, 

angiotensin II, and bradykinin (Kroetz & Xu, 2005).   It has been known for many years that 

COX and lipoxygenase enzymes metabolize AA to 5-,12-and 15 hydroxyeicosatetraenoic acid 

(HETE), prostaglandins, thromboxane, and leukotrienes (Figure 1).   

 

Figure 1.  Pathways for the metabolism of arachidonic acid.  Arachidonic acid is 
metabolized via the cyclooxygenase, lipoxygenase, and cytochrome p-450 (CYP) 
enzymes to prostaglandins (PGs), prostacyclin (PGI2), thromboxane A2 (TxA2), or a 
series of hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acids (EETS), and 
dihydroxyeicosatrienoic acids (DiHETEs). 
From Roman, R.J. (2004) P-450 Metabolites of arachidonic acid in the control of 
cardiovascular function, Physiol Rev, 82, 131-185. 
 

These metabolic products are known to modulate renal and pulmonary function, vascular 

tone and inflammatory responses (Harder et al., 1998; Makita et al., 1996; McGiff & Quilley, 
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1999).  Subsequently, it has been discovered that AA is metabolized to epoxyeicosatrienoic 

acids (EETS) and dihydroxyeicosatetraenoic (DiHETEs) via CYP450 enzymes in the liver 

and kidney (Morrison & Pascoe, 1981).  Following this major discovery it was later learned 

that AA metabolism via CYP 450 leads to the formation of 19-and 20-

hydroxyeicosatetraenoic acids (19-and 20-HETE) in other extra-hepatic tissues such as the 

heart, brain, and peripheral vasculature (Capdevila et al., 2000; Roman, 2002). Despite these 

discoveries over 20 years ago, it has not been until this past decade that a real interest has 

emerged in the role of CYP-450 metabolites as important mediators in the control of renal 

and vascular function.    

20-HETE is a potent endogenous vasoconstrictor produced by ω-hydroxylation of 

AA, catalyzed by the enzymes of the CYP450 4A families (Harder et al., 1995).  20-HETE is 

produced in vascular smooth muscle cells in the renal cortex and in other blood vessels, 

including cat cerebral microvessels, rat renal microvessels, rat cerebral arterioles, rat 

mesenteric resistance arteries and dog renal arteries.  20-HETE constricts arterioles in many 

different vascular beds, including renal (Alonso-Galicia et al., 1999; Imig et al., 1996), 

cerebral (Gebremedhin et al., 2000), mesenteric (Wang et al., 2001) and skeletal muscle 

(Harder et al., 1996), and can play an important physiological role in the local regulation of 

tissue blood flow (Roman, 2002).  20-HETE constricts blood vessels by inhibiting the 

activity of large conductance, calcium-activated potassium (BKCa) channels, resulting in 

depolarization of the vascular smooth muscle cell membrane (Zou et al., 1996), which leads 

to increased calcium entry through the L-type calcium channels (Gebremedhin et al., 1998) 

(Figure 2).   
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Figure 2.   Summary of the role of cytochrome P-450 metabolites of arachidonic acid 
(AA) in the control of vascular tone. Membrane stretch and vasoactive agents 
[angiotensin II (ANG II), norepinephrine (NE)] activate phospholipase C (PLC) to 
release inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 triggers the release of 
intracellular Ca2+ from the endoplasmic reticulum. Elevations in intracellular Ca2+ 
concentration activate Ca2+-sensitive phospholipase A2 (PLA) and diacylglycerol (DAG) 
lipase to release AA and stimulate the formation of 20-hydroxyeicosatetraenoic acid (20-
HETE). 20-HETE blocks the large-conductance, calcium-activated potassium (KCa) 
channel in vascular smooth muscle (VSM) cells, leading to a fall in membrane potential 
(Em), which enhances Ca2+ influx via L-type, voltage-sensitive Ca2+ channels. 
Epoxyeicosatrienoic acids (EETs) are produced by the endothelium and are potent 
vasodilators that hyperpolarize VSM cells by increasing the activity of the KCa channel. 
Acetylcholine and bradykinin stimulate the release of EETs from the endothelium, and 
they serve as endothelial-derived hyperpolarizing factor (EDHF) in some vascular beds. 

 
From Roman, R.J. (2004) P-450 Metabolites of arachidonic acid in the control of 
cardiovascular function, Physiol Rev, 82, 131-185. 
 

The vasoconstrictor response to 20-HETE has also been associated with the activation of 

protein kinase C (Lange et al., 1997), Rho kinase and the mitogen activated protein kinase 

(MAPK) pathway, having effects on cell growth and increased sensitivity of the contractile 

mechanism to calcium.  Inhibitors of protein kinase C (PKC) block the effects of 20-HETE 

on calcium-sensitive potassium (KCa) channel activity and vascular tone in cat cerebral 

arteries (Lange et al., 1997). 
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The biological significance of 20-HETE is an area of ongoing investigation.  Much of 

the early work has been conducted in the kidney, where 20-HETE-synthesizing enzymes are 

highly expressed in the proximal tubule, preglomerular arterioles and the thick ascending 

loop of Henle, and may play a role in salt and water homeostasis (Miyata & Roman, 2005).  

20-HETE has been found to potentiate the constrictor response to angiotensin II (ANG II) 

and various studies have shown that ANG II stimulates the release of 20-HETE in rat renal 

preglomerular vessels (Carroll et al., 1996).  Similarly, in isolated rat kidney, 20-HETE 

production is stimulated in response to the vasoconstrictor endothelin-1.  20-HETE inhibits 

sodium reabsorbtion in the proximal tubule by reducing sodium-potassium-ATPase activity 

(Nowicki et al., 1997; Ominato et al., 1996), and also inhibits Na+-K+-2Cl- co-transport in the 

thick ascending limb of Henle (Escalante et al., 1991; Ito & Roman, 1999).   

20-HETE has been shown to have an important role in various mechanisms that are 

essential to local blood flow control, such as the myogenic activation of cerebral (Harder et 

al., 1994) and renal (Imig et al., 1994) arteries and arterioles.  Following inhibition of 20-

HETE, myogenic responses and blood flow autoregulation are impaired in cerebral and renal 

vascular beds (Harder et al., 1997).  It has been more recently determined that the myogenic 

activation of skeletal muscle arterioles is impaired in the presence of the 20-HETE inhibitors 

17-octadecynoic acid (17-ODYA) or dibromo-dodecenyl-methylsulfimide (DDMS) (Frisbee 

et al., 2001b).  This latter study also showed that during inhibition of 20-HETE with 17-

ODYA, addition of the KCa channel blocker tetraethylammonium (TEA) restored the 

myogenic activity to control levels.  These data suggest that 20-HETE contributes to 

myogenic activity in various vascular beds through its inhibitory effect on vascular smooth 

muscle KCa channels in response to an increase in transmural pressure. 
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As discussed earlier, the oxygen-sensing mechanism of blood vessels is not 

completely understood.  However, there is considerable evidence that supports a role for 20-

HETE in this process (Harder et al., 1996; Kunert et al., 2001; Zhu et al., 2000).  Because 

CYP450-4A is present in striated muscle fibers as well as in vascular smooth muscle, the 20-

HETE that mediates arteriolar O2 responsiveness may originate from either the surrounding 

parenchymal tissue or the vessel wall itself  (Kunert et al., 2001).  In vivo studies in rat 

cremaster and hamster cremaster and retractor muscles have shown that blocking 20-HETE 

formation with 17-ODYA or DDMS significantly reduces the constriction of arterioles to a 

hyperoxic challenge (Frisbee et al., 2000; Harder et al., 1996; Kunert et al., 2001).  Harder et 

al. (1996) concluded that the endogenous production of 20-HETE is dependent on a 

concentration of O2 that falls within the normal physiological range for blood and tissue PO2, 

and suggested that increased O2 availability leads to vasoconstriction as a result of an 

increased production of 20-HETE.  There is also evidence to suggest that 20-HETE 

contributes to the vascular response to hypoxic conditions.  Frisbee et al. (2001) showed that 

inhibition of 20-HETE with 17-ODYA or DDMS significantly reduces the dilation of rat 

gracilis muscle arterioles to hypoxia.  Other studies suggest that NO mediates hypoxic 

dilation through indirect inhibition of 20-HETE production (Kerkhof et al., 1999).  In 

summary, the oxygen sensing mechanism(s) that contribute to the metabolic regulation of 

local blood flow are not completely understood, but there is considerable evidence that 

supports a role for 20- HETE in this process.  An example of local blood flow regulation that 

is thought to be predominately due to metabolic mechanisms is functional hyperemia. 
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2.  Functional Hyperemia 
 

A.  Historical Perspective 
 

Since the early studies by Gaskell (1877), it has been known that blood flow increases 

during elevated skeletal muscle activity.  Following these initial observations, it was later 

shown in a classic study by Krogh (1929) that the number of capillaries per unit of cross 

sectional area of muscle is much larger in active than in resting tissue.  Further studies 

revealed a direct relationship between increasing strength of muscle contraction and 

hyperemia (Kramer et al., 1938; Dornhorst et al., 1949).  These studies provided the 

framework for a landmark study conducted in the isolated cat hindlimb, which showed that 

the hyperemic response was attributed to dilation of resistance vessels and an increase in 

capillary filtration coefficient, a value that represents the number of perfused capillaries 

(Kjellmer, 1964). Therefore it has been known for some time that during increased skeletal 

muscle activity, such as that occurring with exercise, there is a dilation of resistance vessels 

to increase total blood flow, as well as redistribution of that blood flow through an increased 

number of capillaries (due more specifically to dilation of distal arterioles).  These data 

highlight the interrelated nature of blood flow, capillary function and tissue metabolic rate in 

the essential function of matching a tissue’s nutrient demand to its metabolic requirement.   

The first study to use intravital microscopy to directly observe the relationship 

between contracting skeletal muscle and microvascular blood flow was conducted by 

Gorczynski et al. (1978).  These authors used the cremaster muscle of the hamster to examine 

the time course and magnitude of arteriolar dilation during stimulation of single muscle 

fibers, small bundles of adjacent muscle fibers, or the whole muscle.  This experimental 

design allowed for some assessment of the relationship between the number of active muscle 
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fibers and the pattern of vascular response.  In all three stimulation protocols used, arteriolar 

dilation was dependent on the frequency of muscle stimulation.  Also, at any given 

contraction frequency, the magnitude of arteriolar dilation increased in proportion to the 

amount of tissue stimulated, thus clearly demonstrating a relationship between tissue 

metabolic activity and blood flow.  These results were supported in a subsequent study using 

the rat spinotrapezius muscle, where it was found that arterioles that crossed or ran alongside 

the activated fibers dilated in response to muscle contraction (Marshall & Tandon, 1984). 

 

B.  Mechanisms 

  Currently, the mechanism(s) responsible for the arteriolar dilation that links 

increased metabolic demand to increased blood flow are complex and incompletely 

understood.  A variety of mechanisms and related vasoactive factors that are both 

endothelium-independent and -dependent are thought to contribute to functional hyperemia.  

As mentioned under “Metabolic Control of Arteriolar Tone”, vasodilator metabolites whose 

interstitial concentrations typically increase with muscle contraction (adenosine, K+, and H+) 

could theoretically trigger endothelium-independent relaxation of vascular smooth muscle, 

thereby contributing to the arteriolar dilation associated with this contraction.  Whether or not 

any particular metabolite actually contributes to the dilation, as well as the magnitude of this 

contribution, was discussed earlier in this section. 

The importance of reduced oxygen levels in contributing to this arteriolar dilation, 

which was only briefly discussed previously, will be covered here in more detail, first as an 

endothelium-independent stimulus for dilation, and then as a possible mediator of 

endothelium-dependent mechanisms that could contribute to dilation.  
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C.   Endothelium-Independent Control  

The role of oxygen as an important mediator in functional hyperemia has been 

extensively studied.  During increased skeletal muscle contraction, tissue oxygen 

consumption increases thus decreasing local tissue oxygen tension, which in turn, either 

directly or indirectly (via metabolic by-products) leads to smooth muscle relaxation and 

vasodilation. 

Various studies have been conducted to better understand a direct role of oxygen in 

the functional hyperemic response.  Early studies in a variety of vascular preparations show 

that during exercise, venous blood Po2 decreases (Scott et al., 1970; Skinner, Jr. & Costin, 

1971; Tominaga et al., 1973).  However, at the time it was unknown whether this reduction 

in venous blood Po2 was required and/or contributed to the contraction-induced dilation of 

the arterioles.  The potential roles of changes in venular PO2 in functional hyperemia will be 

discussed in Section ii.  

Using the hamster cremaster muscle, Gorczynski et al. (1978) was one of the first to 

examine the relationships between tissue PO2, arteriolar PO2 and functional hyperemia.  

These authors showed that arteriolar dilation during muscle contraction occurs without 

altering periarteriolar PO2.  However, tissue PO2 was reduced during the contraction period 

and was correlated with changes in arteriolar diameter.  Interestingly though, the arteriolar 

diameter returned to resting levels sooner than the tissue PO2 levels which would suggest that 

oxygen does not have a direct effect on the arteriolar diameter during muscle contraction.  

Consistent with Gorczynski et al. (1978), it was later determined that periarteriolar PO2 does 

not change and actually may increase during skeletal muscle contraction (Lash & Bohlen, 

1987).  In several other studies, tissue PO2 was found to initially fall, but quickly return to 
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basal levels during muscle contraction while vasodilation is maintained during this period 

(Boegehold & Bohlen, 1988; Lash & Bohlen, 1987; Proctor et al., 1981).  All of these studies 

demonstrate a discordance in the temporal relationship between tissue PO2 and arteriolar 

dilation during muscle contraction, suggesting that if reduced PO2 is contributing to the 

dilation, it is not due to a direct effect of changes in the PO2 of surrounding parenchymal 

cells. 

 

D.   Endothelium-Dependent Control 

a.  Overview of endothelial factors in functional hyperemia 

The vascular endothelium releases vasodilator substances in response to a variety of 

signals.  The two most well studied vasodilator substances are prostacyclin (PGI2) and NO, 

yet their roles in functional hyperemia are still not well understood.  In hamster cremaster 

muscle, inhibition of NOS reduces dilation of arterioles in response to field stimulation 

(Hester et al., 1993) or local stimulation of muscle fiber bundles (Murrant & Sarelius, 2002).  

There is also supporting evidence that NO plays an important role in functional hyperemia in 

other vascular beds, including rat hindquarter muscles (Hirai et al., 1994; Musch et al., 2001), 

and mouse cremaster muscle (Lau et al., 2000).  In contrast to these studies, there are also 

several reports that do not support a role for NO in functional hyperemia.  For example, using 

intravital microscopy in the rabbit tenuissimus muscle microvasculature, Persson et al. 

(1990) reported that NOS inhibition has no effect on the hyperemic response to muscle 

contraction, suggesting that NO does not play a role in functional hyperemia in this 

preparation.  Similarly, in arterioles of rat spinotrapezius muscle (Boegehold, 1996) and in 

the hindlimb of exercising dogs (O'Leary et al., 1994) inhibition of NO does not alter the 
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functional hyperemic response.  Furthermore, there is some evidence suggesting that the 

decreased hyperemic response to muscle contraction or exercise in the presence of a NOS 

inhibitor may be largely attributed to the effect of NOS inhibition on resting vascular tone 

(O'Leary et al., 1994; Saito et al., 1994). 

In addition to NO, the vasodilatory COX metabolites of arachidonic acid metabolism, 

PGI2 and PGE2, are also released from the vascular endothelium (Kilbom & Wennmalm, 

1976; Koller & Kaley, 1990; Koller et al., 1994), and may contribute to the vasodilation and 

increase in blood flow during muscle contraction.  However, similar to investigations 

involving NO, many studies have examined the role of COX metabolites in functional 

hyperemia, but the results of these studies are inconsistent.  For example, studies from the 

Hester laboratory demonstrate that inhibition of COX with indomethacin can significantly 

reduce the functional hyperemic response in the hamster cremaster muscle (Hammer et al., 

2001; McKay et al., 1998). In other studies, indomethacin has no effect on the arteriolar 

diameter or blood flow response to muscle contraction in arterioles of the rat spinotrapezius 

muscle (Hammer & Boegehold, 2005).  Studies in humans and dogs have yielded equally 

conflicting data, with some studies demonstrating a role for prostaglandins in functional 

hyperemia (Messina et al., 1976; Wilson & Kapoor, 1993) while others have not (Shoemaker 

et al., 1996; Young & Sparks, 1980).  Overall, the divergent results in these studies 

examining the roles of NO and PGs in functional hyperemia make interpretation difficult.  

One possible explanation for these conflicting results is that endothelium-mediated responses 

involve redundant mechanisms.  For example, the combined inhibition of NO and PGs 

reduces muscle blood flow during dynamic exercise in humans (Boushel et al., 2002), 

whereas in other studies, inhibition of only one of these vasodilators may not have an effect 
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due to the compensatory signaling of the other endothelium-mediated vasodilator pathway.  

In further support of this concept, combined inhibition of NOS and cytochrome P450 2C9 

has been shown to reduce the exercise-induced hyperemic response in humans, whereas 

when investigated independently neither NOS nor cytochrome P450 2C9 inhibition has an 

effect on functional hyperemia (Hillig et al., 2003).  Therefore, if one is investigating 

whether an individual pathway contributes to functional hyperemia, a lack of an effect of one 

pathway does not necessarily mean that the pathway does not contribute to functional 

hyperemia, but rather it may mean that the other redundant system(s) is compensating for the 

loss of this one pathway (Laughlin & Korzick, 2001).  In order to have a more complete 

understanding of functional hyperemia, additional research aimed at uncovering some of 

these redundant endothelial and smooth muscle control mechanisms is necessary.   

 

b. Shear stress as a stimulus for endothelial NO and PG release during muscle 
contraction 
 

Endothelial production of both NO and PG’s can occur in response to an increase in 

blood flow which creates an increase in shear stress along the vascular wall with subsequent 

vasodilation (Koller et al., 1994; Koller et al., 1995; Koller & Huang, 1999; Boegehold, 

1995).  This endothelium-dependent control mechanism is referred to as flow-induced 

dilation and has been shown to be involved in the regulation of cardiac and skeletal muscle 

blood flow (Holtz et al., 1983; Sun et al., 1995).  However, most studies examining flow-

induced dilation are conducted in isolated vessels, and so there has yet to be an in vivo study 

that critically evaluates and compares contraction-dependent changes in flow and shear stress 

with direct NO and PG measurements.   
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c.  Reduced venular PO2 as a stimulus for endothelial NO and PG release 

Many studies show that NO and PGs are released from the vascular endothelium in 

response to a fall in tissue PO2 (Fredricks et al., 1994; Kerkhof et al., 1999; Messina et al., 

1992; Pries et al., 1995; Sun et al., 1995; Frisbee et al., 2001c; Frisbee & Lombard, 2002).  

As discussed earlier, studies indicate that it is unlikely that tissue and or periarteriolar PO2 

are the stimuli for mediating the release of endothelium-dependent vasoactive factors in 

response to muscle contraction.  In contrast Lash and Bohlen (1987) showed that large 

sustained decreases in perivenular PO2 occur during contraction of rat skeletal muscle.  These 

results support earlier studies showing that venous PO2 decreases during exercise (Scott et 

al., 1970; Skinner, Jr. & Costin, 1971; Tominaga et al., 1973).  It is possible that this 

decrease in venular PO2 may be an important stimulus for the release of endothelium-derived 

vasodilators during increased metabolism of skeletal muscle.   

A novel concept that may provide a link between the tissues metabolic status and the 

vascular response is that red blood cells (RBC) may act as oxygen sensors (Ellsworth et al., 

1995).  Red blood cells contain millimolar amounts of ATP (Miseta et al., 1993) and 

exposure of human and hamster RBCs to a low physiological PO2 can result in ATP release 

(Bergfeld & Forrester, 1992; Ellsworth et al., 1995).  Subsequently it has been shown that 

cerebral arterioles isolated from rats dilate in response to low extraluminal oxygen only when 

perfused with RBCs (Dietrich et al., 2000).  An increase in ATP in the vessel effluent 

accompanied this dilation, lending support to the idea that ATP released from RBCs under 

hypoxic conditions may be an important mechanism of vascular control.  It is well 

established that through activation of purinergic receptors (Abbracchio & Burnstock, 1994), 
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ATP can act as a vasoactive molecule and contribute to the regulation of blood flow.  The 

vascular actions of ATP are well characterized and are reviewed elsewhere (Ralevic & 

Burnstock, 1998).  McCullough et al. (1997) and Hammer et al. (2001a) used in vivo 

microscopy to demonstrate that intraluminal venular application of ATP results in a 

significant increase in arteriolar diameter.  Together with the results from Deitrich et al. 

(2000), these studies provide strong evidence of a relationship between Po2, RBCs, venular 

ATP concentration and arteriolar dilation. 

Despite these data, the mechanism(s) responsible for the ATP-mediated vasodilatory 

response is less clear, with evidence of roles for both NO and COX metabolites.  Studies 

conducted in the Hester laboratory have shown obligatory roles for the venular endothelium 

(Saito et al., 1994) and COX products during functional hyperemia (McKay et al., 1998; 

Nuttle et al., 1999).  Evidence of a role for the diffusion of vasoactive venular products to the 

adjacent arterioles which may be important in the control of blood flow is reviewed 

elsewhere (Hester & Hammer, 2002).  Additionally, the arteriolar response to venular 

administration of ATP was also shown to be dependent on an intact venular endothelium and 

COX (Hammer et al., 2001).   

The collective data from Hester’s laboratory have led to the hypothesis that during 

muscle contraction, decreased venular PO2 (and/or decrease pH) stimulates ATP release from 

RBCs.  This ATP then binds to receptors on the venular endothelium, stimulating the release 

of a cyclooxygenase product (possibly PGI2).  This COX metabolite then diffuses to and 

dilates the adjacent arterioles. (Collins et al., 1998) also showed that intravenular 

administration of ATP resulted in dilation of upstream arterioles.  However, in contrast to the 

study by Hammer et al. (2001a), these authors provide evidence of a conducted response 
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(discussed below) which is dependent on NO.  Thus, despite the differences between this 

study and Hammer et al. (2001a), these studies all provide indirect evidence for an ATP-

dependent mechanism coupling venular Po2 to endothelial release of vasodilators which may 

be important during functional hyperemia.   

 

d.  Conducted vasodilation 

One means for coordinating the responses of individual blood vessels within a 

network is propagated or conducted vasodilation.  This concept is based on the original 

observation by Duling and Berne (1970), that local application of acetycholine to a hamster 

cheek pouch arteriole resulted in increases in diameter that were propagated bi-directionally 

along the arteriole to upstream and downstream vessels.  Subsequent studies have shown that 

this conducted vasodilation is an important mechanism in local blood flow control (Kurjiaka 

& Segal, 1995; Segal, 1991) and that muscle fiber activation by itself can elicit conducted 

vasodilation along arterioles (Berg et al., 1997) into feed arteries (Welsh & Segal, 1997).   

Because 30-50% of total vascular resistance lies within the feed arteries located 

upstream and outside of the skeletal muscle microcirculation (Lash, 1994), it was proposed 

by Segal and Duling (1986) that in order for adequate blood flow perfusion to occur these 

vessels must dilate during skeletal muscle contraction.  In support of this hypothesis, in both 

the cremaster and gracilis muscles of the hamster it has been shown that these feed arteries 

significantly increase in diameter, thus reducing the inflow resistance and contributing to the 

hyperemic response during contractions (Segal & Duling, 1986; Segal & Duling, 1987).  In 

addition, work by other laboratories provide data in support of a conducted vasodilatory 

response during increased tissue metabolic activity (Murrant & Sarelius, 2000).  Currently, 
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the mechanism by which this response occurs is believed to be a result of a conducted 

electrical signal that spreads through gap junctions between smooth muscle and endothelial 

cells (Emerson & Segal, 2000; Welsh & Segal, 1998).   

In summary, there is not one specific factor that contributes to the functional 

hyperemic response.  Rather, it involves a complex coordination of redundant endothelium-

dependent and independent mechanisms that ultimately serve to provide the tissue with the 

required nutrients for a given level of tissue metabolic activity.  

 
 
3.   Reactive oxygen species (ROS) 
 

As previously discussed, oxygen can have both direct and indirect effects on vascular 

function.  In addition, derivatives of the one electron reduction of oxygen, widely known as 

ROS, have been known to play a central role in many disease processes. However, within the 

last decade ROS have also emerged as important signaling molecules in normal vascular 

function.      

ROS is a general term for a family of short-lived molecules that result from the 

metabolism of oxygen.  The high reactivity of these molecules is a result of an unpaired 

electron that exists in their outer shells around the nucleus.  Any molecule with an unpaired 

electron will attempt to donate or obtain another electron to gain stability.  Due to their 

chemical nature, ROS are capable of independent existence and therefore are more commonly 

known as free radicals.  Examples of ROS include: hydroxyl anion (OH-), superoxide anion 

(O2
-), hydrogen peroxide (H2O2), and hypochlorous acid (HOCl).  In the cardiovascular 

system nearly every cell type is capable of producing ROS and more recently, it has been 

found that during increased metabolic activity, skeletal muscle cells can also generate ROS 
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(Pattwell et al., 2004).    There are a variety of sources that contribute to the one-electron 

reduction of oxygen leading to the production of ROS (Figure 3).  

 

Figure 3.   Reactive oxygen species sources and pathways  

 

In the cardiovascular system, the most common are NAD(P)H oxidase, xanthine oxidase 

(XO), eNOS and the mitochondria.  During increased metabolic activity, both NAD(P)H 

oxidase and XO serve as electron donors to oxygen, with subsequent formation of O2
-.  

Endothelial nitric oxide synthase, the enzyme responsible for the generation of NO, requires 

the essential co-factor, tetrahydrobiopterin (BH4) (Rathaus & Bernheim, 2002), which is 

important for maintaining the stability of the NOS dimer and for allowing electron transfer 

from the heme core of the enzyme to L-arginine (Hevel & Marletta, 1992; Mayer & Werner, 
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1995).  However, during conditions of reduced BH4 or L-arginine levels, this electron 

transfer is redirected to molecular O2 rather than L-arginine and results in the generation of 

O2
- instead of NO, a condition known as eNOS uncoupling (Cosentino et al., 2001; Vasquez-

Vivar et al., 1998).  This uncoupling of eNOS can also occur in the presence of increased 

asymmetric dimethylarginine (ADMA), an endogenous eNOS inhibitor (Sydow & Munzel, 

2003) and under conditions of reduced intracellular pH (Gorren et al., 1998).  Recent findings 

indicate that reduced BH4 availability is responsible for vascular O2
- production in various 

cardiovascular related diseases such as diabetes (Bagi & Koller, 2003) and atherosclerosis 

(Jiang et al., 2000).  

The more common ROS known to have pathological and physiological effects on 

vascular structure and function include O2
-, OH-, H2O2, and peroxynitrite (ONOO-).  In order 

to minimize some of the harmful effects of ROS (lipid peroxidation, protein nitration, 

oxidation of LDL, DNA damage, apoptosis), the body is equipped with a number of natural 

cellular antioxidant defense mechanisms.  For example, there are non-enzymatic antioxidants 

taken in by diet (eg. vitamins C and E) as well as specific intracellular and extracellular 

enzymatic antioxidants such as superoxide dismutase (SOD) and catalase (Rathaus & 

Bernheim, 2002).  The enzymatic reduction of O2
- into H2O2 is catalyzed by the enzyme SOD, 

of which several forms exist (copper zinc SOD (CuZnSOD), mitochondrial manganese SOD 

(MnSOD and extracellular SOD (ecSOD) .  In addition, H2O2 can be further metabolized into 

water and oxygen by catalase or glutathione peroxidase (Halliwell & Gutterman, 1989).  

Through these actions, antioxidant enzymes are able to balance and maintain normal cellular 

homeostasis.  However in various disease states this balance is disrupted and ROS formation 

can exceed the cellular antioxidant defenses resulting in a state of oxidative stress.    
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It is well established that oxidative stress is involved in the development of many 

cardiovascular related diseases such as hypertension, atherosclerosis, diabetes, heart failure, 

and obesity (Griendling & FitzGerald, 2003; Wolin, 1996).  One of the primary mechanisms 

for the deleterious effects of ROS in the vasculature is the inactivation or reduction in the 

bioavailability of NO by O2
-.  A reduction in the bioavailability of NO is a key contributing 

factor to endothelial dysfunction which is present in many forms of cardiovascular diseases 

(Harrison & Cai, 2003).  Elevated O2
- levels are present within vascular cells (smooth 

muscle, endothelial) in several forms of hypertension, atherosclerosis and diabetes 

(Griendling & FitzGerald, 2003) and studies have shown that scavengers of O2
- such as SOD, 

can increase NO production and improve endothelial function (Laursen et al., 1997; Mugge 

et al., 1991).  H2O2 levels have also been found to be increased in various cardiovascular 

diseases such as hypertension and diabetes (Kobayashi & Kamata, 2002; Lacy et al., 2000) 

and increased vascular formation of H2O2 can lead to morphological and functional changes 

in vascular smooth muscle cells (Ardanaz & Pagano, 2006).  These are just some examples 

of how ROS are involved in cardiovascular disease and current research is focused on better 

understanding the molecular and cellular mechanisms.  In addition to the role of ROS in the 

disease process, there is a growing body of literature showing that ROS are important second 

messenger molecules that participate in various signal transduction and transcriptional 

regulatory processes that are essential to normal cardiovascular function (Droge, 2002; 

Wolin, 2000). 

Several lines of evidence suggest that ROS are important in the acute control of 

vascular tone and tissue blood flow (Oltman et al., 2003; Wolin, 1996; Wolin et al., 2005).  

The role of ROS in the regulation of vascular tone was first observed in the cerebral 



 

 

28

 

circulation, in which arteriolar dilation to sodium arachidonate or bradykinin was markedly 

inhibited in the presence of exogenously applied SOD and catalase, suggesting that either 

endogenous O2
- or H2O2 contribute to these dilations (Kontos et al., 1983).  Subsequent 

studies have also shown a role for ROS in regulating vascular tone in non-cerebral vessels, 

such as the coronary circulation (Oltman et al., 2003), intestinal arterioles (Hatoum et al., 

2005), pulmonary circulation (Mohazzab & Wolin, 1994; Omar et al., 1993), and skeletal 

muscle arterioles (Cseko et al., 2004).  In many of these studies it is suggested that the 

primary ROS responsible for mediating changes in vascular tone is endothelium-derived 

H2O2, however very few of these studies (other than coronary circulation) actually 

demonstrate a physiological role for H2O2 in regulating vascular tone and blood flow.  

Hydrogen peroxide is a highly stable, membrane permeable molecule that is thought 

to have various autocrine and paracrine effects (Ardanaz & Pagano, 2006).  Hydrogen 

peroxide usually acts as a vasodilator, and can be important in local blood flow control such 

as during flow-induced dilation and reactive hyperemia in the coronary vasculature (Koller & 

Bagi, 2004; Miura et al., 2003).  Despite the numerous papers that have been published in 

recent years, the role of H2O2 in the regulation of vascular function is not completely 

understood. 

Exogenous H2O2 has been shown to elicit vasoconstriction in the rat aorta 

(Rodriguez-Martinez et al., 1998), rat superior mesenteric artery (Gao & Lee, 2001), and 

pulmonary artery (Jin & Rhoades, 1997), but in most vessel types, H2O2 is a vasodilator.  For 

example, H2O2 dilates human, mouse, rat and rabbit mesenteric arteries (Fujimoto et al., 

2001; Gao et al., 2003; Lucchesi et al., 2005; Matoba et al., 2000; Matoba et al., 2002), 

porcine and human coronary arteries and arterioles (Barlow & White, 1998; Sato et al., 
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2003), canine cerebral arterioles (Iida & Katusic, 2000), and bovine pulmonary arteries 

(Burke & Wolin, 1987).  Vasodilation in response to H2O2 is consistent with strong evidence 

suggesting that H2O2 is an endothelium-derived hyperpolarizing factor (EDHF) (Matoba et 

al., 2000).  H2O2-induced vasoconstriction, when present, may be a result of differences in 

species, the type of vascular bed studied and or the concentration of H2O2 used.  

Interestingly, it was recently reported that depending on the concentration used, H2O2 

can elicit a biphasic response, causing both a contraction and dilation of the vessel (Cseko et 

al., 2004; Gao et al., 2003).   For example, in isolated gracilis arterioles it was determined 

that at its lower concentrations (10-6- 3 x 10-5 M) exogenous H2O2 elicited only constrictions 

while at higher concentrations (6 x 10-5- 2 x 10-4 M) there was an initial constriction followed 

by vasodilation of the arteriole.  Gao et al., (2003) also observed a biphasic response to H2O2 

in rat mesenteric arteries, however, these authors observed constriction at their higher 

concentrations and a biphasic effect at lower concentrations.  It should be noted that both of 

these studies were conducted on isolated vessel segments.  Given that the H2O2 scavenging 

enzymes catalase and glutathione peroxidase are expressed throughout both the vasculature 

and surrounding parenchymal tissue (Harrison, 1997; Radak et al., 2001), it is possible that 

these biphasic effects are a result of altered H2O2 breakdown that is specific to in vitro vessel 

preparations.  In summary, the above studies clearly suggest a role for H2O2 in the regulation 

of vascular tone.  To more clearly define this role and how it may be altered during 

cardiovascular disease, there has been much work focused on elucidating the mechanism(s) 

of H2O2-mediated changes in vascular tone. 

There are both direct and indirect mechanisms by which H2O2 relaxes or constricts 

vascular smooth muscle, and these mechanisms can vary depending on the type of vessel 
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studied and/or the conditions under which it is studied.  H2O2 can increase intracellular 

calcium levels (Yang et al., 1999) and calcium-dependent H2O2-induced vasoconstriction has 

been demonstrated in the rat aorta and dog basilar artery (Yang et al., 1999; Yang et al., 

1998).  Once activated, Ca2+-dependent pathways lead to increased intracellular Ca2+ through 

voltage-gated Ca2+ channels as well as Ca2+ release from the sarcoplasmic reticulum.  This 

increase in intracellular Ca2+ levels leads to Ca2+-calmodulin binding and activation of 

MLCK with subsequent myosin light chain phosphorylation and vasoconstriction (Ardanaz 

& Pagano, 2006).  These data represent the general mechanism by which H2O2-mediated 

vasoconstriction is thought to occur.  In comparison to H2O2- mediated vasoconstriction, the 

mechanism(s) which mediate H2O2-mediated vasodilation have been more widely studied 

and characterized.   

There is considerable evidence that H2O2-mediated vasodilation occurs via activation 

of diverse membrane K+ channels (Barlow & White, 1998; Barlow et al., 2000; Lacza et al., 

2002; Matoba et al., 2000) leading to hyperpolarization of the vascular smooth muscle.  In 

membrane patch clamp studies, H2O2 has been shown to directly hyperpolarize vascular 

smooth muscle cells (Ichinari et al., 1996; Kourie, 1998), and this has been supported by in 

vivo studies using pharmacological inhibitors.  For example, in rat cerebral arterioles, H2O2-

induced dilation can be inhibited by the large conductance, Ca-activated K+ (BKCa) channel 

inhibitors TEA and iberiotoxin, suggesting that H2O2-induced dilation is mediated via the 

BKCa channel (Sobey et al., 1997).  This has also been demonstrated in the coronary 

circulation (Miura et al., 2003; Thengchaisri & Kuo, 2003), cerebral circulation (Sobey et al., 

1997) and skeletal muscle arterioles (Cseko et al., 2004).  While BKCa channels appears to be 

important in H2O2-induced dilation, there is also evidence that shows that ATP-sensitive 
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potassium (KATP) channels play a role in H2O2- induced dilation of cerebral arterioles (Lacza 

et al., 2002; Wei et al., 1996) and skeletal muscle arterioles (Cseko et al., 2004).   

The data clearly demonstrate that H2O2-induced dilation is a K+ channel-mediated 

event, and it is currently thought that H2O2 hyperpolarizes the vascular smooth muscle 

membrane via K+ channels by either directly altering a specific protein component of the K+ 

channel (e.g. by an effect on methionine groups) and/or by enhancing the open-state 

probability of the channel (Gutterman et al., 2005; Liu & Gutterman, 2002).  In addition to 

having direct effects on K+ channel function, there is also evidence that H2O2 can relax 

vascular smooth muscle indirectly through its metabolism by catalase and subsequent 

stimulation of soluble guanylate cyclase, which increases cytosolic cyclic guanosine 

monophosphate (cGMP) (Burke-Wolin et al., 1991; Burke & Wolin, 1987).  H2O2 can also 

increase NO production in endothelial cells via activation of phosphatidylinositol 3-kinase 

(PI3 kinase), leading to a Ca2+-independent activation of eNOS through the phosphorylation 

of its Ser 1177/1179 residues (Cai et al., 2003; Thomas et al., 2002).  Through K+ channel 

activation, both increases in cGMP and NO can lead to hyperpolarization and relaxation of 

vascular smooth muscle (Feletou & Vanhoutte, 2000), thus providing two alternative 

mechanisms by which H2O2 may indirectly activate K+  channels.  Given that the activity of 

the KATP channel is based on the ratio of intracellular ATP/ADP, this channel may be 

important in metabolic vascular control mechanisms such as the blood flow response to 

skeletal muscle contraction. 

Several papers have reported that ROS production increases during skeletal muscle 

contractions.  For example, using skeletal muscle fiber bundles and the ROS fluorochrome 

probe 2’,7’-dichlorofluoroscein (DCFH), it was demonstrated that submaximal tetanic 
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contractions of diaphragm muscle fibers significantly increased DCFH emission intensity, 

thus suggesting that cytosolic ROS production increases in contracting muscle fibers (Reid et 

al., 1992a).  These authors concluded that O2
- and H2O2 were responsible for the DCFH 

oxidation.  In a companion paper using a cytochrome c reduction assay (for O2
- production ) 

plus the O2
-  scavenging enzyme SOD, these same authors went on to show that contracting 

muscle increases O2
- release into the extracellular space (Reid et al., 1992b).  In addition, 

using in vivo (mouse hindlimb muscle stimulation) and in vitro (mouse skeletal muscle 

myotubes) techniques, it was demonstrated that O2
- production is increased following muscle 

contraction (McArdle et al., 2001).  Using a more specific technique for the detection of 

H2O2 these same authors subsequently showed that H2O2 is the primary ROS formed in the 

extracellular space during muscle contraction (Silveira et al., 2003).     

To examine the particular source of ROS from contracting skeletal muscle, more 

recent data has been conducted using knockout mice heterozygous for MnSOD. These mice 

exhibit a 50% reduction in MnSOD activity in all tissues (McArdle et al., 2004).   These 

authors found that OH- concentrations increase in the extracellular space during intense 

isometric contractions of wild type mice only and that this OH- radical is derived from the 

iron-catalyzed degradation of H2O2 generated from MnSOD activity, thus suggesting that the 

mitochondria can serve as an important source for H2O2 production in skeletal muscle.  In 

summary, these data clearly demonstrate both in vivo and in vitro, that H2O2 is released 

during skeletal muscle contraction.  Currently the role and function of this increased H2O2 

during skeletal muscle contraction is not well understood.  However given that H2O2 is a 

highly stable and diffusible molecule it is possible that it may also exert various paracrine 

effects on the skeletal muscle vasculature contributing to functional hyperemia. 
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4.  Dietary Salt 
       

A.  Physiological Regulation of Salt and Water Balance   
 

The normal physiological response to increased dietary salt intake involves multiple 

mechanisms to compensate for the initial changes in water and Na+ balance.  Sodium is the 

predominant cation in the extracellular fluid (ECF), and is directly proportional to the plasma 

volume of the body.  In order to maintain normal fluid balance, the ECF volume must be 

maintained within narrow limits.  In response to high salt intake, there is an initial expansion 

of plasma volume (increased ECF) which increases the blood volume, thereby increasing the 

venous return to the heart and cardiac output.  Subsequent activation of low and high-

pressure baroreceptors lead to a reflex reduction in total peripheral resistance, a decrease in 

circulating hormones (ANG II and aldosterone) that inhibit sodium reabsorption in the 

kidneys and decreases in renal autonomic nervous activity (Ganguli et al., 1979; Greene et 

al., 1990; Hansen-Smith et al., 1996; Widimsky et al., 1991).  These compensatory 

mechanisms allow for the return of normal Na+ levels and blood volume within 3-4 days and 

the maintenance of normal mean arterial pressure (Cowley, Jr. et al., 1983; Cowley, Jr., 

1991; Nakamura & Cowley, Jr., 1989) 

The kidneys are primarily responsible for these compensatory adjustments in 

maintaining fluid balance following high salt intake.  For example, an increase in plasma 

volume is detected by the kidneys through an increase in renal perfusion pressure.  This leads 

to increased sodium excretion by the kidneys, thus aiding in returning the sodium levels (and 

therefore plasma volume) to normal, a mechanism referred to as pressure natriuresis (Guyton, 

1987).  Other renal compensatory mechanisms following high salt intake involve hormonal 
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changes that function to inhibit Na+ and water tubular reabsorption.  These include increases 

in atrial natriuretic peptide (ANP), decreased renin release and circulating ANG II levels, and 

decreased circulating aldosterone levels (Allen et al., 1997; Hansen-Smith et al., 1996; Rapp, 

1982; Widimsky et al., 1991). 

The most important and well known hormonal system in the regulation of Na+ 

balance is the renin-angiotensin-aldosterone system (RAAS).  Following an increased salt 

load, the macula densa cells in the short segment of the thick ascending limb sense this 

increase in sodium chloride (NaCl) in the tubular fluid and inhibit the amount of renin 

secreted.  In contrast, when Na+ levels fall, the granular cells of the juxtaglomerular apparatus 

secrete renin into the blood.  Renin functions as a proteolytic enzyme and acts on 

angiotensinogen, which is produced in the liver.  Angiotensinogen is cleaved by renin, 

yielding angiotensin I which is then converted to ANG II by angiotensin converting enzyme 

(ACE).  Some of the important physiological functions of ANG II include stimulation of 

aldosterone secretion, arteriolar constriction, and stimulation of vasopressin. Overall, the 

effects of ANG II favor NaCl retention and increased arterial blood pressure.      

Vasopressin is an important hormone that is not only regulated by ANG II but can 

also be released in response to increased plasma osmolality, such as following a high salt 

diet.  This increase in plasma osmolality is sensed by osmoreceptor cells located in the 

supraoptic and paraventricular nuclei of the anterior hypothalamus.  Once released, 

vasopressin binds to the V2 vasopressin receptor which is coupled to a stimulatory G protein 

(Gs) in the principal collecting ducts which stimulates increased permeability of the luminal 

membrane to water by increasing the number of water channels (aquoporins) in the 

membrane (Berne and Levy, 1998).  The end result is that increased vasopressin levels 
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promote water retention, thus buffering increased plasma osmolality and contributing to 

arterial pressure homeostasis.   

NO also contributes significantly to the renal compensatory adjustments in response 

to high salt intake.  High salt intake triggers increased production of NO in the kidney (Deng 

et al., 1994; Shultz & Tolins, 1993).  This serves to inhibit sodium reabsorption, as well as 

inhibition of renin release (Schnackenberg et al., 1997), thus promoting sodium excretion and 

the maintenance of normal sodium balance.  The importance of NO is highlighted by studies 

that show that inhibition of NO production in salt-fed animals results in decreased sodium 

excretion and increased blood pressure (Shultz & Tolins, 1993; Tolins & Shultz, 1994).   

Sympathetic nerve activity to the kidneys also decreases which contributes to 

inhibition of sodium reabsorption and increased sodium excretion (Osborn, 1991), thus 

maintaining normal plasma osmolality.  In addition, secondary to increased cardiac output 

and increased baroreceptor activity (during initial days of HS intake), peripheral sympathetic 

nerve activity is also reduced thus maintaining normal total peripheral resistance (Ganguli et 

al., 1979).    

In summary, changes in salt intake result in various compensatory mechanisms.  Of 

particular importance is RAAS as rats fed a high salt diet have increased vasopressin levels 

(Matsuguchi et al., 1981), decreased plasma ANP and aldosterone levels (Widimsky et al., 

1991), and suppressed renin release (Hernandez et al., 1992).  The overall result is a 

reduction in plasma ANG II levels (Hansen-Smith et al., 1996) leading to the normalization 

of plasma sodium levels.  
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B. Salt-Sensitive Hypertension 

It is estimated that in the United States alone, approximately 20% of the  

population or 50 million individuals, have hypertension (Blaustein et al., 2006) and these 

numbers are on the rise (Fields et al., 2004).  Anywhere from 30-50% of these hypertensive 

people are considered to be salt-sensitive, in that their blood pressure will rise further with a 

high salt diet and can be lowered with salt restriction.  With the goal of being able to better 

understand the hemodynamic and functional consequences of this form of hypertension, 

Lewis Dahl and colleagues developed a salt-sensitive strain of rats (Dahl et al., 1962).  Since 

its inception, the Dahl rat model has provided important information regarding the 

physiological changes that occur, specifically in the resistance vasculature, with salt-sensitive 

hypertension.  This form of hypertension, as with most forms, is characterized by a chronic 

elevation in total peripheral resistance with normal or even reduced cardiac output 

(Boegehold, 1991). 

 Using intravital microscopy, Boegehold (1991) showed that there is an exaggerated 

pressure drop across the small arteries and large arterioles in the spinotrapezius muscle of 

Dahl salt-sensitive (Dahl-S) rats, indicating that these segments contribute to the increase in 

vascular resistance in this muscle.  Additional studies showed that a reduction in resting 

arteriolar diameters contributes to this increased vascular resistance (Boegehold & Kotchen, 

1990; Hillig et al., 2003).  A factor that is thought to contribute to this reduction is loss of 

basal levels of endothelium-derived NO (Boegehold, 1992).  Whole animal studies have also 

found suppressed NO activity in the hypertensive Dahl-S rat (Chen & Sanders, 1993; 

Matsuoka et al., 1997) as well as reduced inducible nitric oxide synthase (iNOS) activity 

(Tan et al., 2000).   A reduction in NO levels in salt-sensitive hypertension may not only 
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effect resting arteriolar tone, but it may also affect the kidneys ability to excrete the excess 

sodium, which would lead to increased blood volume and overall increase in arterial pressure 

(Hu & Manning, Jr., 1995; Miyata & Cowley, Jr., 1999).  Given that oxidative stress plays a 

key role in the development of hypertension, it is possible that the increased presence of ROS 

in the Dahl-S rat (Swei et al., 1997; Swei et al., 1999) can contribute to the accelerated 

breakdown of NO and therefore possibly contribute to the loss of NO and development of 

hypertension in this rat model. 

Impaired renal function has been a central focus for the progression of salt- sensitive 

hypertension.  Studies have shown that a transplanted kidney from a Dahl-salt resistant 

(Dahl-R) rat into a Dahl-S rat will lead to a decrease in blood pressure in the Dahl-S rat (Dahl 

et al., 1972; Dahl et al., 1974; Morgan et al., 1990).  In addition, Dahl-S rats exhibit low 

plasma renin activity, and so a recent genetic model was developed by substituting 

chromosome 13 (carries functioning renin gene) from the Brown Norway rat into the Dahl-S 

rat (SS.BN13) (Cowley, Jr. et al., 2001), thus correcting the RAAS in the Dahl-S rat.  

Interestingly, unlike vasodilator mechanisms which are impaired in Dahl-S rats (discussed 

below), vasodilator mechanisms are normal in both cremaster arterioles and cerebral arteries 

in these genetically modified rats (Drenjancevic-Peric et al., 2003; Drenjancevic-Peric et al., 

2005).  These data highlight the overall importance of renal function in salt-sensitive 

hypertension.  

In addition to the work focused on understanding the underlying mechanisms that 

contribute to increased total peripheral resistance in the Dahl-S rat, there is also evidence to 

show that mechanisms of local blood flow control are impaired in these rats.  For example, 

metabolic control mechanisms such as the ability of the arterioles to sense oxygen changes, 
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as well as the myogenic activity of renal arteries, and endothelium- dependent responses have 

all been shown to be impaired in hypertensive Dahl-S rats (Boegehold, 1992; Frisbee et al., 

2001d; Rafi & Boegehold, 1993; Takenaka et al., 1992).  These data provide evidence that 

both structural and functional changes are present in this salt-sensitive model of 

hypertension.  However, recent work has shown similar microvascular dysfunction in 

animals fed a high salt diet that have a normal blood pressure (normotensive), suggesting that 

it is the high salt per se which is responsible for altered vascular function, rather than the 

hypertension. 

        

C.  Dietary Salt and the Vasculature:  Hypertension-Independent effects  
 

a.   Structural Changes 
 

 Consumption of a high salt diet can result in a variety of microvascular impairments 

that are independent of a change in blood pressure.  The ability to study the effects of salt on 

normotensive animals provides a unique model that allows one to directly examine the 

effects of salt and how it may contribute to the microvascular dysfunction associated with 

salt-sensitive hypertension.  It also provides for an opportunity to study potential risks 

associated with a high salt consumption in normotensive indviduals.  In normotensive rats 

fed a high salt diet a number of investigators have reported microvascular structural changes 

that could directly affect mechanisms of local blood flow control.    

Following a high salt diet for just 3 days, Hansen-Smith et al. (1996) determined that 

there are significant reductions in microvessel density (rarefaction) in the cremaster muscle 

of the rat.  Ultrastructural characterization of these microvessels revealed loss of basement 

membranes and dissociation and thickening of endothelial and smooth muscle cells, all of 
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which contributed to the overall loss of vessel integrity.  Microvascular rarefaction has also 

been previously reported in the cremaster muscle of normotensive rats fed a high salt diet for 

4 weeks (Greene et al., 1990; Hansen-Smith et al., 1990), however this rarefaction has not 

been shown to occur in the spinotrapezius muscle (Boegehold, 1993a).  More recently it has 

also been shown that normotensive rats fed a high salt diet for 3 or 6 months show increased 

vascular remodeling and increased wall to lumen ratio in mesenteric resistance arterioles, as 

well as reduced wall-to-lumen ratios in renal cortical resistance arteries (Simon et al., 2003). 

In normotensive rats, a high salt diet has also been demonstrated to reduce passive 

arteriolar diameters in a variety of vascular beds (Boegehold, 1993; Frisbee & Lombard, 

1998; Frisbee & Lombard, 1999a; Nurkiewicz & Boegehold, 2000) and this is thought to be 

due to changes in vessel wall structure from eutrophic (unchanged medial  wall mass) or 

hypotrophic (decreased medial wall mass)  remodeling.  A high salt diet is associated with 

reduced circulating levels of ANG II (Hansen-Smith et al., 1996; Hernandez et al., 1992).  

ANG II is a critical hormone for normal vessel growth and arteriolar wall structure (Wang & 

Prewitt, 1990) and so it is possible that these changes in microvessel structure are due to a 

reduction in ANG II levels.  Angiogenesis is the physiological process involving the growth 

of new blood vessels and it was recently demonstrated that the angiogenic response to 

chronic muscle stimulation is completely inhibited in normotensive rats following high salt 

intake and suppression of ANG II contributes to this effect (Petersen et al., 2006).   

 
b.     Functional Changes 

 
The myogenic response, which is important in local blood flow control (Johnson, 

1989), is attenuated in rat renal afferent arterioles (Takenaka et al., 1992) and skeletal muscle 

arterioles following high salt intake (Nurkiewicz & Boegehold, 1998; Nurkiewicz & 
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Boegehold, 1999; Nurkiewicz & Boegehold, 2000).  Reduced circulating ANG II, as well as 

increased local bradykinin levels, was found to contribute to this salt-induced attenuation of 

the myogenic response (Nurkiewicz & Boegehold, 2000).  In contrast, it has been reported 

that the myogenic responsiveness of isolated rat gracilis feed arteries is unaffected by high 

salt intake (Weber et al., 1999).  These divergent results may be due to differences in rat 

strain, experimental preparation, and/or vessel characteristics.     

It is well established that in the absence of an increase in blood pressure, a high salt 

diet affects endothelium-dependent and endothelium-independent arteriolar behavior.  For 

example, in 1993, Boegehold reported that high salt intake impairs the arteriolar dilation to 

acetylcholine (ACh) in the spinotrapezius muscle of normotensive Dahl-R rats.  In the same 

rat strain, it has been reported that high salt intake can attenuate flow- mediated dilation of 

skeletal muscle arterioles (Boegehold, 1995) as well as cerebral arteriole collateral dilation 

following a decrease in cerebral blood flow (Coyle, 1988).  Gracilis muscle feed arteries 

from normotensive Sprague-Dawley rats fed a high salt diet exhibited reduced dilation to 

ACh, hypoxia, and the prostacyclin analog iloprost, which acts directly on the smooth muscle 

(Liu et al., 1997).  Additional studies on arterioles from other vascular beds, such as the rat 

cerebral cortex (Liu et al., 1999) and cremaster muscle (Frisbee & Lombard, 1998; Frisbee & 

Lombard, 1999a) have also revealed reduced dilatory responses in normotensive rats fed high 

salt.  These earlier studies provided the impetus to elucidate some of the underlying 

mechanisms and specific signaling pathways through which a high salt diet leads to 

functional alterations in the resistance vasculature. 

Since the discovery of NO (Furchgott & Zawadzki, 1980; Ignarro et al., 1987), ACh 

as well as L-arginine analogs such as NG-nitro-L-arginine-methyl ester (L-NAME), have  
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been commonly used to examine NO-dependent mechanisms in the resistance vasculature.  

Boegehold (1993) was the first to report that independent of an increase in blood pressure, 

dietary salt can reduce the steady-state influence of NO on arteriolar tone.  In spinotrapezius 

muscle arterioles, NO mediates approximately two-thirds of flow-dependant dilation and the 

impairment of this response following high salt intake has been shown to be due to a loss of 

its NO-mediated component (Boegehold, 1995).  Additionally, in this and other studies 

(Lenda et al., 2000; Liu et al., 1999), the vascular smooth muscle responsiveness to the NO 

donor sodium nitroprusside (SNP) is normal.  This suggests that the reduced influence of NO 

cannot be due to altered VSM sensitivity to NO, but may result from a reduction in the 

amount of NO available and/or the level of activation of eNOS. 

Reduced NO bioavailability has been attributed to an increase in production of the 

free radical O2
- in both hypertensive (Landmesser et al., 2006; Somers et al., 2000) and 

normotensive rat models (Zhu et al., 2006)  and several reports show that in normotensive 

rats fed a high salt diet there are increased levels of ROS in the vascular wall (Kitiyakara et 

al., 2003; Lenda et al., 2000; Zhu et al., 2004).  Excess O2
- production can lead to accelerated 

breakdown of NO, thus decreasing its bioavailability.  In addition, the interaction of O2
- and 

NO forms ONOO-, which degrades BH4 and can therefore lead to eNOS uncoupling which 

would in turn accentuate O2
- formation and reduce NO availability.  In the spinotrapezius 

muscle, Lenda et al. (2000) found that reduced arteriolar responses to ACh in high salt-fed 

normotensive rats could be returned to normal following the application of the ROS 

scavengers 2,2,6,6-tetramethylpiperidine-N-oxyl (Tempo) + catalase.  These data suggest 

that the increased ROS in high salt rats contribute to the reduced arteriolar responses to ACh, 

most likely by limiting the bioavailability of NO through increased O2
- production.  



 

 

42

 

Additional studies have shown that arteriolar wall NAD(P)H oxidase and XO activities are 

increased in these salt-fed animals (Lenda & Boegehold, 2002b) and these changes are 

accompanied by a reduction in the basal activity of CuZnSOD (Lenda & Boegehold, 2002a).  

In agreement with this concept, recent data from aortic endothelial cells show that eNOS-

generated NO is reduced due to increased O2
- in normotensive high salt-fed rats (Zhu et al., 

2004).  A follow-up study by these same authors, showed impaired endothelium-dependent 

relaxation in aortic segments from normotensive high salt-fed rats (Zhu et al., 2006).  Taken 

together, these data provide convincing evidence that high salt intake leads to oxidative stress 

in the vascular wall, thus contributing to reduced endothelium-dependent responses via the 

inactivation of NO. 

Studies focusing on other mechanisms of local blood flow control suggest that there 

may be alternative mechanisms responsible for the impaired dilator responses in other 

vascular beds of high salt-fed rats.  For example, gracilis muscle arterioles exhibit an 

impaired dilator response to hypoxia (Frisbee et al., 2001d) that is due to reduced vascular 

smooth muscle sensitivity to PGI2 (Frisbee & Lombard, 1999b; Frisbee et al., 2001e).  This 

impaired dilator response will not develop if the normal salt-induced reduction in circulating 

ANG II is prevented by chronic infusion of ANG II at sub-pressor levels (Hernandez et al., 

1992; Weber & Lombard, 2000).  This protective effect of ANG II was subsequently found 

to be mediated through the AT1 receptor (Weber & Lombard, 2001).  In further examining 

this signaling pathway, Frisbee et al. (2001) showed that the impaired dilation to hypoxia 

may be due to a compromised ability of PGI2 to cause intracellular generation of cAMP via 

adenylyl cyclase, occuring at the coupling between the PGI2 receptor and the Gs protein 

complex.  Subsequent studies have also demonstrated that low dose infusion of ANG II 
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restores the impaired relaxation to reduced PO2 and iloprost in cerebral arteries of high salt 

rats (Lombard et al., 2003) and more recently, in vascular smooth cells (VSMCs) (Zhu et al., 

2004).  The study using isolated VSMCs from arteries of high salt-fed rats, provides further 

mechanistic insight by showing that the ability of VSMC to properly regulate Ca2+ in 

response to PGI2 is defective (Zhu et al., 2006) 

In addition to impaired mechanisms of vasodilation in normotensive high salt rats, 

there is also evidence of altered arteriolar responses to constrictor stimuli in rat cremaster and 

mesenteric vessels (Wang et al., 2005; Weber et al., 1999).  Recent data have shown that 20-

HETE is a potent vasoconstrictor in a variety of vascular beds (as previously discussed) and 

can mediate arteriolar constriction to increased PO2, ANG II, and norepinephrine (Frisbee et 

al., 2001a; Wang et al., 2005).  Wang et al., (2005) was the first to report in normotensive 

rats that high salt intake can influence the role of 20-HETE in the constrictor response to 

norepinephrine as well as to the arteriolar response to reduced oxygen availability in the 

mesentery.  These authors found that the impaired arteriolar responses were due to increased 

expression of CYP450 ω-hydroxylase and increased production of 20-HETE levels.  These 

data provide additional new evidence for another mechanism that can contribute to changes 

in local blood flow regulation in normotensive animals on a high salt diet, however whether 

such an effect occurs in the skeletal muscle vasculature has not been determined.  
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PURPOSE OF THIS DISSERTATION PROJECT 
 

Consumption of a high salt diet can lead to significant microvascular changes without 

affecting blood pressure.  For example, in skeletal muscle arterioles of rats fed high salt, NO 

dependent dilation, as well as myogenic activity and hypoxic dilation, are impaired.  

Furthermore, increased ROS are present in the arteriolar wall following a high salt diet, and can 

contribute to the dysfunction in some of these important mechanisms of microvascular blood 

flow control. These salt-dependent changes in resistance vessel function may have a profound 

impact on the regulation of blood flow in response to conditions of increased tissue metabolic 

demand and/or changes in oxygen availability.  

An increase in tissue metabolic demand is accompanied by an increase in blood flow 

(functional hyperemia), which is essential for meeting the nutrient requirements of the tissue. 

This is a complex and incompletely understood process that involves multiple mechanisms of 

local blood flow control. For example, the direct and indirect effects of oxygen on vascular 

tone are thought to play a key role in mediating functional hyperemia.  In addition, other 

oxygen linked molecules, such as ROS, have been shown to contribute to the regulation of 

vascular tone.   

Independent of increased arterial pressure, it is unknown whether mechanisms of 

metabolic vascular blood flow control are affected by a high salt diet, and the role of increased 

ROS in this process has not been fully defined.  Therefore, the purpose of this project is to 

better understand the impact of high salt intake on functional hyperemia, oxygen-dependent 

control of arteriolar tone and, to further define the role(s) of reactive oxygen species in some of 

these processes.   
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Study I:  Reduced Arteriolar Responses to Skeletal Muscle Contraction After Ingestion 

of a High Salt Diet 
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SUMMARY 

In skeletal muscle arterioles of rats fed a very high (7%) salt diet, the bioavailability of 

endothelium-derived nitric oxide (NO) is reduced through scavenging by reactive oxygen 

species (ROS).  Because arteriolar NO can play an important role in some forms of local blood 

flow control, we investigated whether arteriolar responses to increased tissue metabolism 

become compromised in skeletal muscle of salt-fed rats.  Consumption of a high salt (4%, HS) 

diet for 4 weeks had no effect on arteriolar diameters, volume flow or shear stress in resting 

spinotrapezius muscle.  Arteriolar responses to a modest elevation in metabolic demand (0.5 

Hz contraction) were not different from those in rats fed a normal (NS) diet, but diameter 

responses to a greater elevation in metabolic demand (4 Hz contraction) were significantly 

less in HS rats than NS rats.  In both groups, the NO synthase inhibitor NG-monomethyl-L-

arginine reduced resting arteriolar diameters and flow by a similar amount, and had little or 

no effect on arteriolar diameter or flow responses to muscle contraction.  Arterioles in HS 

rats exhibited an increase in overall oxidant activity (determined by tetranitroblue tetrazolium 

reduction) but not in superoxide activity (determined by dihydroethidine oxidation).  

Treatment with ROS scavengers (2,2,6,6-Tetramethylpiperidine-N-oxyl and catalase) did not 

normalize the reduced arteriolar  responses to muscle contraction in HS rats.  These findings 

suggest that oxidant stress in the arteriolar network of salt-fed rats is not due to increased 

superoxide anion, and that neither this oxidant stress nor reduced NO availability can account 

for the blunted active arteriolar dilation in rats fed a 4% salt diet.   
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INTRODUCTION 

The exacerbation of hypertension by dietary salt is accompanied by functional 

changes in the microcirculation of skeletal muscle, including increased arteriolar 

responsiveness to both O2 and myogenic stimuli [1-3], and a loss of the influence of 

endothelial nitric oxide (NO) on resting arteriolar tone [4].  High salt intake can also trigger 

microvascular changes in the absence of increased arterial pressure.  For example, in the 

spinotrapezius muscle of normotensive rats fed a high salt diet, there is a reduction in 

arteriolar responsiveness to myogenic stimuli [3,5,6] and to stimuli that normally elicit dilation 

through increased endothelial NO release [7-10], as well as a loss of NO’s influence on resting 

arteriolar tone [11].  High salt intake has also been found to impair the hypoxic dilation of 

gracilis muscle feed arteries in normotensive rats [12-15].   

The impact of these salt-dependent changes in resistance vessel function on local blood 

flow regulation remains unclear.  The arteriolar dilation that links increased metabolic demand 

to increased tissue blood flow (active hyperemia) is a complex and incompletely understood 

process involving both endothelium-independent and endothelium-dependent mechanisms.  

Depending on a vessel’s location within the network, this dilation may be triggered by a fall in 

tissue O2 levels and increased cellular metabolite production [16,17], a reduction in luminal 

pressure (leading to myogenic relaxation)   [18,19], and/or an increase in hemodynamic shear 

stress [20-22].  These individual vasomotor adjustments are coordinated into an integrated 

network response through longitudinal conduction of electrical signals among cells in the 

vascular wall [23,24].  Since high salt intake can alter arteriolar responsiveness to one or more 

of these potential stimuli, consumption of a high salt diet may ultimately compromise the 

arteriolar dilation and hyperemia that accompany muscle contraction.  To evaluate this 
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possibility, we investigated the changes in arteriolar diameter and blood flow induced by 

different levels of contraction in the spinotrapezius muscle of normotensive rats fed normal 

(0.45%) or high (4%) salt diets for 4 weeks.  Most of our previous studies on the microvascular 

changes associated with high salt intake have been conducted on rats fed a 7% salt diet [3-11].  

For the current study, we chose to use a 4% salt diet, which allows a more direct comparison 

with other studies on salt-dependent changes in microvascular function [12-15, 36].  Since 

scavenging of endothelium-derived NO by reactive oxygen species (ROS) has also consistently 

been found in this vascular bed after high salt intake [8-10], a second aim of this study was to 

determine if ROS and/or reduced NO bioavailability could contribute to any salt-linked deficit 

in the hyperemic response to muscle contraction.  
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METHODS 

Weanling male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN, 

USA) were placed on a whole-grain diet containing either 0.45% NaCl (normal salt, NS) or 

4% NaCl (high salt, HS) by weight (NS diet= TD88311, HS diet= TD92034; Teklad, 

Madison, WI, USA).  All rats were studied 4-5 weeks after being placed on their respective 

diets, and were 7-8 weeks old at this time. 

 

Surgical Preparation and Intravital Microscopy 

All surgical and experimental procedures were approved by the West Virginia 

University Animal Care and Use Committee.  Each rat was anesthetized with sodium 

thiopental (100 mg/kg, i.p.) and placed on a heating pad to maintain a 37°C rectal 

temperature.  The trachea was intubated to ensure a patent airway and the right carotid artery 

was cannulated to measure arterial pressure. The right spinotrapezius muscle was 

exteriorized for microscopic observation as previously described [7], leaving its innervation 

and all feed vessels completely intact.  Throughout the surgery and subsequent experimental 

period, the muscle was continuously superfused with an electrolyte solution (119 mM NaCl, 

25 mM NaHCO3, 6 mM KCl and 3.6 mM CaCl2) warmed to 35°C and equilibrated with 95% 

N2-5% CO2 (pH=7.35-7.40).  Superfusate flow rate was maintained at 4-6 ml/min to 

minimize equilibration with atmospheric O2 [25]. 

The animal preparation was transferred to the stage of an Olympus BX50WI intravital 

microscope (Hyde Park, NY, USA) fitted with a CCD video camera (Dage-MTI, Michigan 

City, IN, USA).  Video images were displayed on a Sony high-resolution video monitor and 

videotaped for off-line analysis.  Observations were made with an Olympus 20X water 
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immersion objective (final video image magnification = 1460X).  Arteriolar centerline red 

blood cell velocities were measured on-line with an optical Doppler velocimeter 

(Cardiovascular Research Institute, Texas A&M University, USA), and arteriolar inner 

diameters were measured off-line during videotape replay with a video caliper 

(Cardiovascular Research Institute).   

 

Muscle Contraction  

 To increase tissue metabolic activity, muscle contraction was elicited by small wire 

electrodes inserted into the rostral and caudal edges of the muscle.  Square-wave stimulating 

pulses of 0.2 ms duration and 3-6 volts in amplitude were used, with stimulus voltage adjusted 

for each animal to produce the greatest tissue movement with contraction.  The stimulus pulse 

duration and voltage used in these experiments are below the thresholds for direct excitation of 

vascular smooth muscle or autonomic neurons [26], and this has been confirmed in rat 

spinotrapezius muscle using the same stimulation paradigm described here [17].  Because tissue 

movement precludes the measurement of any hemodynamic variable during the actual 

contraction period, arteriolar diameter and red cell velocity were measured during the first 5 

seconds after cessation of contraction.  Because there is minimal recovery of arteriolar diameters 

or flow during this period [1,25], these values should closely reflect the steady-state values 

reached during contraction. 
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Experimental Protocols 

Protocol 1: Arteriolar responses to increased metabolic activity.  In rat 

spinotrapezius muscle, the central “arcade bridge” arteriole gives rise to a network of 

interconnected arcade arterioles that extends throughout the muscle [27].   After 

exteriorization of the spinotrapezius muscle and a 30-minute post-surgical equilibration period, 

an arcade arteriole was chosen for study.  After a 1-minute control period, the muscle was 

stimulated to repeatedly contract for 1 minute at a frequency of 0.5, 2 or 4 Hz (frequency 

randomly chosen), followed by a 5-minute recovery period.  This sequence was repeated 2 more 

times for stimulation at the remaining frequencies, so that arteriolar responses to all 3 levels of 

increased tissue metabolism could be assessed. 

In one subset of rats, to determine if NO release contributes to these arteriolar 

responses, the nitric oxide synthase (NOS) inhibitor NG-monomethyl-L-arginine (L-NMMA, 

Sigma-Aldrich Corp., St. Louis, MO, USA) was then infused via syringe pump into the 

superfusate delivery line to produce an L-NMMA concentration of 10-4 M in the solution 

bathing the muscle.  A 10-minute exposure to L-NMMA at this concentration reduces the 

dilation of spinotrapezius muscle arterioles to acetylcholine by 50-70%, which represents 

most if not all of the NO-dependent portion of the response [7,28].  After this equilibration 

period, arteriolar responses to muscle contraction at all 3 frequencies were reassessed, with 

L-NMMA superfusion continued throughout to ensure maximal NOS inhibition.  

In a second subset of rats, we evaluated the possible contribution of ROS to any diet-

related differences in arteriolar responsiveness to muscle contraction.  Arteriolar diameter 

and flow changes with contraction were evaluated before and then during exposure to 

2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMPO, Sigma-Aldrich , 1 x 10-4 M in superfusate) 



 

 

52

 

+ catalase (CAT, Sigma-Aldrich, 50 U/ml in superfusate).  TEMPO belongs to a family of a 

nitroxide spin labels that act as membrane-permeable SOD mimics [29], and we have 

previously verified that in rat spinotrapezius muscle, these superfusate concentrations of  

TEMPO + CAT are sufficient to effectively scavenge ROS in the immediate vicinity of the 

arteriolar wall [8]. 

 At the end of each experiment, 1 x 10-3 M adenosine (Sigma-Aldrich) was added to 

the superfusate to abolish microvascular tone, and passive arteriolar diameter was measured 

in order to express each response to muscle contraction as percent of maximum dilation (see 

below). 

 Protocol 2: In vivo measurement of microvascular wall oxidant activity.  Steady-state 

arteriolar wall levels of superoxide anion (O2
-) or its reactive metabolites were assessed by 

the tetranitroblue tetrazolium (TNBT) reduction assay and by the dihydroethidine (DHE) 

oxidation assay, as adapted for use with in vivo microscopy [8-10, 30].   

The TNBT reduction assay was used to provide a general index of microvascular 

oxidant activity.  The exteriorized muscle was continuously superfused with a 2% TNBT 

solution for 60 minutes, then fixed in situ with 10% formalin and excised.  The muscle was 

then progressively dehydrated with ethanol and cleared with methyl salicylate so vessels 

could be more easily visualized with brightfield microscopy.  Images of arcade arterioles 

were captured, digitized and analyzed with a MetaMorph 6.01 imaging system (Universal 

Imaging Corporation, Downingtown, PA, USA).  Using a 1 x 5 µm photometric window, 

measurements of average pixel intensity were made at a series of sites along each vessel wall, 

and in a corresponding series of extravascular regions immediately adjacent to those sites.  

Normalizing each wall measurement to that of a nearby extravascular site allowed for the 
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control of any site-to-site or muscle-to-muscle variations in background intensity.  To assess 

arteriolar wall levels of formazan (the dark reduction product of TNBT, and therefore an 

index of oxidant activity), the pixel intensity measurements were used to calculate 

microvascular wall light absorption (A): A = -ln (Iw/Io), where Iw is the vessel intensity and Io 

is the intensity for the adjacent extravascular region.  We have previously verified that the 

amount of formazan formed during TNBT exposure is proportional to the level of oxidant 

activity, and that calculated light absorption is linearly related to the amount of formazan 

present [9].   

DHE was introduced into the spinotrapezius muscle microcirculation by intra-arterial 

infusion.  Because it is not oxidized by H2O2, HOCl, ONOO- or O2, DHE is considered to be 

relatively specific for the detection of O2
- [31-33].   DHE easily permeates cell membranes, 

and, when oxidized by O2
-, it is converted to fluorescent ethidium bromide that intercalates 

into nuclear DNA [31,32]. A polyethylene cannula containing 2 ml of 10-3 M DHE in 

physiological electrolyte solution was advanced down the right common carotid artery to its 

junction with the right subclavian artery, so that the DHE solution could be slowly infused 

into the subclavian artery close to its bifurcation into the right axillary and right mammary 

arteries.  Branches of these arteries directly feed the spinotrapezius muscle [34].  After 

preparation of the muscle for in vivo microscopy, a region containing clearly visible arcade 

arterioles was selected, and then DHE was infused into the vascular bed in complete darkness 

to prevent its photo-destruction.  In a series of pilot experiments, we found that with this 

route of administration, endothelial and smooth muscle cell nuclei in the arteriolar wall 

exhibit maximum ethidium bromide fluorescence 10 minutes after DHE infusion.  After this 

10-minute period, the tissue was briefly (1-2 s) epi-illuminated with a mercury lamp, using 
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appropriate excitation and emission filters for ethidium bromide fluorescence (480-550 nm 

bandpass, 590 nm barrier).  During this illumination, Metamorph 6.01 was used to acquire, 

digitize and store arteriolar images for subsequent analysis.  In some preparations, vascular 

O2
- generation was experimentally enhanced to provide a positive control for ethidium 

bromide fluorescence.  This was achieved by adding xanthine (XAN, Sigma-Aldrich, 1x10-4 

M) + xanthine oxidase (XO, ICN Biomedicals Inc., Aurora, Ohio, 0.015 U/ml), in 

combination with the SOD inhibitor diethyldithiocarbamate (DETCA, Sigma-Aldrich, 5 x 10-

3) to the superfusate, and, after 20 minutes, acquiring images for fluorescence measurement.  

To quantify the level of ethidium bromide fluorescence in each microvessel, clearly visible 

fluorescent nuclei were identified and counted, with the data expressed as the number of 

fluorescent nuclei per 100 µm vessel length [30]. 

 

Data and Statistical Analysis 

Arteriolar diameter (D, µm) and centerline red cell velocity (Vcl, mm/s) were sampled 

at 5-second intervals during control and post-contraction periods.  Diameter responses to 

muscle contraction were expressed in absolute terms (Dss – Dc), where Dss is steady-state 

diameter immediately after contraction and Dc is pre-contraction control diameter, and as 

percent of maximum response for that vessel:  % Maximum Response = [(Dss – Dc)/(Dpass – 

Dc)] x 100, where Dpass is passive diameter.  Mean red cell velocity (Vmean) was calculated as 

Vcl/1.6, where 1.6 is the ratio of centerline red cell velocity to mean velocity for vessels >10 

µm in diameter [35].  Paired values of D and Vmean were used to calculate arteriolar volume 

flow (Q, nl/s) and wall shear rate (WSR, s-1): Q = Vmean x (π x D2/4), and WSR = 8 x 
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(Vmean/D).  Wall shear rate was used as an index of wall shear stress, and its calculation 

assumes a parabolic velocity profile.   

All data are reported as means ± SE.  Statistical analysis was performed by 

commercially available software (Sigmastat, SPSS Inc., Chicago, IL, USA).  One-way 

repeated measures ANOVA was used to determine the effect of treatment within a group.  

Two-way repeated measures ANOVA was used to determine the effects of diet, treatment 

and diet-treatment interactions on measured variables.  For all ANOVA procedures, the 

Student-Newman-Keuls method for post hoc analysis was used to isolate pairwise 

differences among specific groups.  Significance was assessed at the 95% confidence level 

(P<0.05) for all tests. 
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RESULTS 
 

The general characteristics of all rats used in this study (Protocols 1 and 2) are shown 

in Table 1.  At the time of study, the body weight and mean arterial pressure of rats fed high 

salt were not significantly different from those of rats fed the normal diet.  Table 2 displays 

the characteristics of all arterioles studied by in vivo microscopy in Protocol 1.  Under control 

conditions, there were no significant differences between dietary groups in resting arteriolar 

diameter, volume flow or wall shear rate, or in passive arteriolar diameter measured after 

abolition of vascular tone with adenosine. 

In both groups, muscle contraction at each frequency elicited a significant increase in 

arteriolar diameters (Figure 1).  The average increases in diameter, whether expressed in 

absolute terms or as percent of the maximum dilator response, tended to be less in HS rats 

than in NS rats, with the differences reaching statistical significance at 4 Hz contraction.  In 

both groups, there were similar increases in arteriolar volume flow during muscle contraction 

at all frequencies.  Calculated arteriolar wall shear rate decreased significantly at all 

contraction frequencies in NS rats (changes from control of -212 ± 107, -397 ± 166 and -551 

± 217 s-1 at 0.5 Hz, 2 Hz and 4 Hz, respectively), but did not significantly change with 

contraction in HS rats (-146 ± 220, -12 ± 206 and -47 ± 310 s-1 at 0.5 Hz, 2 Hz and 4 Hz, 

respectively).     

As shown in Figure 2, exposure to the NOS inhibitor L-NMMA significantly reduced 

arteriolar diameter and volume flow in resting muscle of both NS and HS rats, and these 

reductions were of similar magnitudes in the two dietary groups.  In NS rats, L-NMMA had 

no effect on the magnitude of arteriolar dilation in response to 0.5 Hz or 2 Hz contraction, 

but it did significantly reduce the dilation in response to 4 Hz contraction (Figure 3, left 
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panels).  However, L-NMMA had no effect on the increase in flow that accompanied muscle 

contraction at any frequency in NS rats.  In the HS rats, L-NMMA had no significant effect 

on the changes in diameter or flow that accompanied muscle contraction at any frequency 

(Figure 3, right panels).   

In preparations exposed to TNBT, calculated arteriolar wall light absorption in HS 

rats (0.192 ± 0.025, dimensionless units) was significantly greater than that in NS rats (0.113 

± 0.026) (Figure 4, top panel). Since these absorption values are linearly related to formazan 

content, and therefore local oxidant activity [9], we infer from this finding that under resting 

conditions, overall oxidant activity is significantly higher in the walls of HS arterioles than in 

those of NS arterioles.  However, in preparations exposed to dihydroethidine (bottom panel), 

there was no difference between HS and NS rats in the level of ethidium bromide 

fluorescence in arteriolar walls (1.60 ± 0.30 vs.1.81 ± 0.25 fluorescent nuclei/100 µm vessel 

length, respectively), suggesting that steady-state levels of O2
- are comparable in these 2 

groups.   Exposure of muscle in HS rats to XAN/XO + DETCA significantly increased 

ethidium bromide fluorescence above the steady-state value for either group (2.99 ± 0.22 

fluorescent nuclei/100 µm vessel length). 

In NS rats, exposure to the ROS scavengers TEMPO + CAT had no effect on resting 

arteriolar diameters or flows (data not shown).  However, TEMPO + CAT tended to decrease 

the magnitude of arteriolar dilation in response to muscle contraction at all frequencies, with 

this effect reaching statistical significance at 4 Hz contraction (Figure 5, left panels).  In this 

group, TEMPO + CAT also tended to reduce the flow changes accompanying muscle 

contraction, but this effect was not statistically significant at any frequency.  In the HS rats, 

TEMPO + CAT also had no effect on resting arteriolar diameters or flows, and also tended to 
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reduce arteriolar diameter and flow responses to muscle contraction at each frequency, 

although none of these differences were significant (right panels). 
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Table 1: Profiles of all experimental animals at time of study.   

 

Dietary Group N Weight (g) Mean Arterial 
 Pressure (mm Hg) 

 
Normal Salt 

 
22 

 
299 ± 5 

 
101 ± 2 

High Salt 24 293 ± 5 103 ± 3 

 

N, number of animals. Values are given as mean ± SE.   
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Table 2: Arteriolar characteristics at time of study.  

Dietary Group Resting 
Diameter 

(µm) 

Passive 
 Diameter 

(µm) 

Resting 
Volume Flow  

(nl/s) 

Resting Wall 
Shear Rate  

(s-1) 
Normal Salt 

           

18.2 ± 0.8 
 

58.6 ± 3.3 
 

1.5 ± 0.3 
 

1877 ± 237 
 

High Salt 19.0 ± 1.3 
 

55.0 ± 4.1 
 

1.3 ± 0.3 
 

1793 ± 232 
 

 

Values are given as mean ± SE.  Within each group, values for resting diameter and passive 
diameter are paired (Normal Salt: n= 24 vessels; High Salt: n= 25 vessels), and values for 
resting volume flow and resting wall shear rate are paired (Normal Salt: n= 19 vessels; High 
Salt: n= 18 vessels). 
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Figure 1.  Changes in arteriolar diameter and flow elicited by 0.5 Hz, 2 Hz, and 4 Hz 
muscle contraction in rats fed NS and HS diets. Diameter responses are expressed in 
absolute terms (top panel) or relative to each vessel’s maximum capacity for dilation 
(middle panel).  n = number of vessels studied.  * P<0.05 vs. NS.  
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Figure 2.   Effect of NG-monomethyl L-arginine (L-NMMA) on resting arteriolar diameters 
(top) and volume flows (bottom) in rats fed NS and HS diets.  n= number of vessels studied.  
* P<0.05 vs. 0   
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Figure 3.  Effect of L-NMMA on arteriolar diameter and flow responses to 0.5 Hz, 2 Hz, and 
4 Hz muscle contraction in rats fed NS diet (left panels) and HS diet (right panels). Diameter 
responses are expressed in absolute terms (top panels) or relative to each vessel’s maximum 
capacity for dilation (middle panels).  n = number of vessels studied.  * P<0.05 vs. Normal 
Superfusate. 
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Figure 4. Top panel:  Calculated arteriolar wall light absorption after exposure to 2% 
tetranitroblue tetrazolium (TNBT) in rats fed NS and HS diets.  Bottom panel:  Number of 
nuclei in arteriolar walls, normalized to segment length, exhibiting ethidium bromide 
fluorescence after exposure to intravascular dihydroethidine in rats fed NS diet and HS diet 
under control conditions, and in rats fed HS diet during treatment with xanthine / xanthine 
oxidase + diethyldithiocarbamate (XAN/XO + DETCA).  n = number of vessels studied.  † 
P<0.05 vs. control for either dietary group. 
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Figure 5.  Effect of 2,2,6,6-Tetramethylpiperidine-N-oxyl + catalase (TEMPO + CAT) 
on arteriolar diameter and flow responses to 0.5 Hz, 2 Hz, and 4 Hz muscle contraction in 
rats fed NS diet (left panels) and HS diet (right panels). Diameter responses are expressed in 
absolute terms (top panels) or relative to each vessel’s maximum capacity for dilation 
(middle panels).  n = number of vessels studied.  * P<0.05 vs. Normal Superfusate.  
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 Discussion 

There are four major findings in this study: (1) High salt intake leads to a blunting of 

the arteriolar dilation that accompanies muscle contraction at relatively high frequencies.  (2) 

In rats fed a normal diet, NOS inhibition modestly reduces arteriolar dilation during muscle 

contraction at high frequencies, but has no effect on the flow increase at any contraction 

frequency.  In rats fed high salt, NOS inhibition has no effect on arteriolar diameter or flow 

responses to muscle contraction at any frequency. (3) Under normal, steady-state conditions, 

arterioles in rats fed high salt exhibit greater overall oxidant activity than those in rats fed 

normal diet, but this is not due to accumulation of O2
- in the arteriolar wall.  (4)  Scavengers 

of ROS tend to reduce the arteriolar dilation and hyperemia during muscle contraction in 

both dietary groups.  These findings suggest that, regardless of dietary salt intake, there is 

little or no contribution of NO to the dilation of these arterioles during muscle contraction, 

and that reduced arteriolar responses to muscle contraction in rats fed high salt cannot be 

attributed to the activity of O2
- and/or a decrease in NO availability. 

  Consumption of a high salt diet leads to changes in some aspects of microvascular 

function that may be essential for matching blood flow to increased tissue metabolic demand.  

For example, high salt intake impairs the dilation of skeletal muscle resistance arteries in 

response to a reduction in PO2, apparently by limiting the production of vascular smooth 

muscle cAMP that is normally triggered by endothelial prostacyclin release [12-15].  This 

disruption in smooth muscle signaling may ultimately be due to the decrease in circulating 

angiotensin II (Ang II) that accompanies high salt consumption [13,14], although structural 

limitations imposed by vascular wall remodeling may also contribute to the impaired dilation 

[36].  Active hyperemia may also depend in part on the myogenic relaxation of proximal 
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arterioles as intravascular pressure falls with downstream arteriolar dilation [18,19], and we 

have reported that consumption of a 7% salt diet decreases the responsiveness of rat 

spinotrapezius muscle arterioles to myogenic stimuli due to decreased circulating Ang II and 

increased local bradykinin levels [3,5,6].  Finally, shear stress-dependent NO release can also 

contribute to the dilation of proximal arterioles during larger increases in metabolic demand 

[22], and we have found that consumption of a 7% salt diet decreases arteriolar responsiveness 

to shear stress due to a selective loss of NO activity [7].  This salt-induced attenuation of 

arteriolar responsiveness to pressure and shear stress has been documented in other vascular 

beds as well [37-39].  Based on the above findings, we postulated in this study that active 

hyperemia would be compromised in the contracting spinotrapezius muscle of rats fed high 

salt. 

Our laboratory has also previously documented that in spinotrapezius muscle of rats fed 

a 7% salt diet, microvascular NO activity is lost due to accelerated NO breakdown by ROS 

within the arteriolar wall [8].  Our more recent findings indicate that this accumulation of ROS 

is due to reduced Cu/Zn SOD activity in combination with increased NAD(P)H oxidase and 

xanthine oxidase activity [9,10], implicating O2
- as the molecule that is most likely responsible 

for the decrease in microvascular NO.  The current study was also designed to determine if this 

increased oxidant activity and decreased NO availability could contribute to reduced arteriolar 

dilation during muscle contraction. 

As predicted, we found that the arteriolar dilation elicited by muscle contraction is 

reduced in rats fed high salt (Figure 1).  However, this reduction is relatively modest, and the 

fact that increases in blood flow with muscle contraction were not compromised in HS rats 

indicates that this reduced dilation may have been offset by increased dilation at some other 
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level of the arteriolar network.  Therefore, despite the considerable changes in arteriolar 

function that are associated with high salt intake, the overall capacity of the striated muscle 

resistance vasculature to support active hyperemia is preserved in rats fed high salt diets. 

Our findings also suggest that the blunted dilation of arcade arterioles in HS rats is 

most likely not due to reduced NO availability.  In fact, L-NMMA had similar effects on 

resting arteriolar diameter and blood flow in both dietary groups (Figure 2), suggesting NO’s 

basal influence on arteriolar tone was not reduced by the high salt diet used in this study.  This 

contrasts with our earlier finding that the continuous influence of NO on resting arteriolar tone 

is lost in rats fed a 7% salt diet for 4 weeks [11].  In the current study, our data suggest that NO 

contributes to active arteriolar dilation in NS rats only at the highest frequency of contraction 

(4 Hz), and that after NOS inhibition, this dilation is still greater than that seen in HS rats under 

normal conditions (Figure 3).  Therefore, even a complete absence of NO could not fully 

explain the extent to which these arteriolar responses are reduced in the HS rats studied here.   

Ingestion of a 4% salt diet for only 3 days was found to eliminate the increase in 

vascular wall NO levels and dilation of rat cerebral arteries during ACh exposure, but this is 

due to disruption of the ACh signaling pathway proximal to NOS activation, rather than 

formation of ROS in the vascular wall [40].  The same short-term ingestion of a 4% salt diet 

also does not lead to increased resting O2
- levels in the thoracic aorta [41].  The current 

finding of increased arteriolar formazan staining after TNBT exposure in rats fed high salt for 

4 weeks (Figure 4, top) confirms our earlier findings [8-10], and we have previously reported 

that exposure of the muscle to TEMPO + CAT prevents this increase in arteriolar formazan 

staining [8].  Therefore, the current study verifies that, in contrast to a short-term high salt 

diet, a prolonged period of high salt intake does lead to accumulation of ROS in the walls of 
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striated muscle arterioles.  Our earlier studies suggested that O2
- may be the specific O2 

metabolite responsible for the loss of microvascular NO activity in rats fed 7% salt [8-10].  

However, in the current study, arterioles in both dietary groups exhibited similar levels of 

ethidium bromide fluorescence (Figure 4), which is considered to be fairly reliable for the 

specific detection of O2
- [31-33].  We could easily detect increased arteriolar fluorescence 

levels in rats exposed to XAN/XO + DETCA (Figure 4), which rules out the possibility that 

dye saturation or some other technical limitation simply prevented us from detecting a 

difference between the NS and HS rats under control conditions.  Therefore, we conclude that 

ROS other than O2
- are increased in the arterioles of rats fed 4% salt, which is also consistent 

with the fact that there is no diet-related difference in arteriolar responses to L-NMMA 

(Figure 2), indicating that tonic NO availability is not reduced in the rats fed 4% salt. 

The identity of the oxidant molecules accumulating in the arteriolar walls of rats fed 

4% salt is not clear.  It is possible that arteriolar oxidant activity could be increased without 

elevated O2
- levels if catalase activity were decreased, leading to the accumulation of H2O2 in 

the arteriolar wall [42].  However, regardless of the particular oxidant(s) present, they 

apparently don’t contribute to the reduced arteriolar responses to muscle contraction in the HS 

rats studied here, because TEMPO + CAT tended to reduce, rather than increase, the arteriolar 

dilation in contracting muscle of these rats (Figure 5).  The mechanism(s) by which high salt 

intake reduces arteriolar dilation in contracting muscle therefore remains open to speculation.  

As mentioned earlier, a decreased responsiveness to hypoxia [12-15] or myogenic stimuli 

[3,5,6] may be involved, but further studies are required to definitively test these possibilities. 

As also shown in Figure 5, TEMPO + CAT had no effect on resting arteriolar diameter, 

but did reduce the arteriolar dilation during 4 Hz contraction in NS rats, suggesting that one or 
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more reactive oxygen metabolites may be playing a physiological role as a contributor to the 

active dilation of striated muscle arterioles.  To our knowledge, this possibility hasn’t been 

critically tested in the rat, but there is indirect evidence to support this hypothesis.  The 

formation of O2
- and its metabolic byproducts is increased during contraction in rat striated 

muscle cells [43,44], and at high levels of contraction, large amounts of H2O2 are released by 

these cells into the extracellular space [44].   In addition to its oxidant properties, H2O2 also 

exerts a direct relaxing effect on arteriolar smooth muscle [45,46].   

In this study, calculated arteriolar wall shear rate was used as an index of shear stress.  

Because shear rate is equal to shear stress divided by blood viscosity, any change in shear rate 

will be proportional to the change in shear stress if viscosity does not change.  This assumption 

seems reasonable because shear rates in the arterioles studied here are well above the range 

over which this variable can influence apparent blood viscosity [35].  Our findings suggest that 

in NS rats, shear stress in the arcade arterioles actually declines as blood flow increases.  

Therefore, although mean blood velocity often increased with muscle contraction (data not 

shown), this was offset by a proportionately greater increase in arteriolar diameter.  This is 

consistent with a report that arteriolar shear rates either decrease or remain constant in 

contracting hamster cremaster muscle [47], and suggests that a shear-dependent increase in the 

release of endothelial factors does not contribute to the dilation of these vessels.  However, we 

cannot rule out the possibility that this mechanism may be operative at other levels of the 

arteriolar network [22].  In HS rats, the changes in mean blood velocity that accompanied 

muscle contraction were similar to those seen in NS rats, but wall shear rates did not fall, 

presumably because the arterioles did not dilate as much as those in NS rats (Figure 1). 
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In conclusion, our results indicate that reduced arteriolar dilation during muscle 

contraction in rats fed high salt is not due to decreased NO bioavailability and/or increased 

arteriolar wall ROS levels.  Given that active hyperemia is a complex response regulated by 

multiple physiological factors, it is possible that the high salt intake may instead be reducing 

the local influence of tissue-derived metabolic factors that more readily contribute to the 

coupling of tissue blood flow to metabolic demand, or reducing arteriolar responsiveness to 

hypoxic or myogenic stimuli.  Future investigation of these possibilities should provide 

further insight into the mechanism(s) underlying the functional changes that occur in the 

resistance vessels following the consumption of high dietary salt.  
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Study II:  Hydrogen Peroxide-Dependent Arteriolar Dilation in Contracting Muscle of Rats 

Fed Normal and High Salt Diets 
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SUMMARY 
 
We previously reported that high salt intake decreases arteriolar dilation during skeletal muscle 

contraction.  Because hydrogen peroxide (H2O2) can reduce microvascular tone and is 

released from contracting skeletal muscle cells, the purpose of this study was to assess the 

contribution of H2O2 to muscle functional hyperemia in rats fed a normal salt (0.45%, NS) or 

high salt (4% HS) diet for 4 weeks.  Contraction of the exteriorized spinotrapezius muscle 

significantly increased 2’,7’-dichlorofluorescein (DCF) fluorescence intensity, which was 

preventable by addition of catalase.  During 0.5 Hz and 2.0 Hz muscle contraction, the H2O2 

scavenger catalase significantly inhibited the arteriolar dilation and flow increases in NS and 

HS rats.  Exogenously applied H2O2 elicited arteriolar dilation in both groups, but the 

magnitude of this dilation was significantly greater in the HS rats.  Inhibition of guanylate 

cyclase with 1 H-[1,2,4,]-oxadiazole-[4,3-a]quinoxalin-1-one (ODQ) had no consistent effect 

on arteriolar responses to H2O2 in either group, whereas the K+ channel inhibitors 

glibenclamide and tetraethylammonium chloride (TEA) reduced arteriolar dilation to 

exogenous H2O2 in both groups and glibenclamide reduced the functional hyperemic 

response. We conclude that locally produced H2O2 contributes to arteriolar dilation in 

contracting skeletal muscle, and that the effect of H2O2 on arteriolar tone depends in large 

part on K+ channel activation.  Increased dietary salt intake does not reduce the contribution 

of H2O2 to this dilation, or alter the mechanism through which H2O2 relaxes vascular smooth 

muscle.  
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INTRODUCTION 

High levels of reactive oxygen species (ROS) can contribute to the pathogenesis of 

various cardiovascular diseases (17,31), but there is growing evidence to suggest that at 

lower levels, ROS are important intra- and extracellular signaling molecules that can play a 

key role in normal physiological processes (12,52).  For example, endothelium-derived 

hydrogen peroxide (H2O2) appears to play an important role in mediating flow-induced 

dilation, autoregulation, and reactive hyperemia in the coronary vasculature (20,36,53).  

Exogenous H2O2 can also dilate other vessels, including rat aorta (54), mouse and human 

mesenteric arteries (33,34), canine and feline cerebral arteries (19,51), human coronary 

arterioles (36), and rat gracilis muscle arterioles (11).  Other studies have demonstrated that 

H2O2 can be released from the endothelium in response to application of the Ca2+ ionophore 

A23187, bradykinin, or acetycholine (9,21,53).  However, there have been few in vivo 

studies in vascular beds other than the coronary circulation that actually demonstrate a 

physiological role for H2O2 in regulating vascular tone and blood flow. 

Intracellular ROS levels have been found to increase in contracting skeletal muscle 

cells (42,47), and at low levels, these ROS are necessary for normal force generation (44).  

However, ROS generated within contracting fibers could also have significant paracrine 

effects.  For example, H2O2 generated intracellularly from superoxide anion (O2
-), is readily 

released into the extracellular space during moderate to intense muscle contraction (35,47).  

Because it is uncharged, relatively stable and freely diffusible (44), H2O2 could exert an 

effect on the tone of nearby arterioles.  The first aim of this study was to assess this 

possibility by using in vivo microscopy to determine whether H2O2 contributes to skeletal 
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muscle functional hyperemia, an important response that matches tissue nutrient delivery to 

increased metabolic demand.  

Several studies have documented that consumption of a high salt (HS) diet can lead to 

microvascular changes in the absence of hypertension.  For example, in the spinotrapezius 

muscle of normotensive rats fed a HS diet, there is a reduction in arteriolar responsiveness to 

myogenic stimuli (39,40), and to stimuli that normally elicit dilation through increased 

endothelial nitric oxide (NO) release (4,25,27).  Increased microvascular ROS generation, in 

combination with reduced Cu/Zn superoxide dismutase (SOD) activity, is at least partially 

responsible for the impairment of these endothelium-dependent responses following a HS diet 

(25,27).  We have recently shown that a HS diet also attenuates the arteriolar dilation that 

accompanies skeletal muscle contraction (32).   In that study we found that ROS scavengers 

did not restore normal arteriolar dilation during muscle contraction in the HS rats, and actually 

reduced this dilation in rats fed a normal diet.  These findings suggest a possible role for ROS 

in mediating functional hyperemia, and also indicate that increased oxidant activity in arterioles 

of salt-fed rats is not responsible for the attenuated dilation during contraction.  The second aim 

of the current study was to determine whether dietary salt alters the role of H2O2 in functional 

hyperemia. 
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Methods 

Weanling male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN, 

USA) were placed on a whole-grain diet containing either 0.45% NaCl (normal salt, NS) or 

4% NaCl (high salt, HS) by weight (NS diet= TD88311, HS diet= TD92034; Teklad, 

Madison, WI, USA).  All rats were studied 4-5 weeks after being placed on their respective 

diets, and were 7-8 weeks old at this time.  Each of the protocols described below was 

performed on rats from both dietary groups. 

 

Surgical Preparation and Intravital Microscopy 

All surgical and experimental procedures were approved by the West Virginia 

University Animal Care and Use Committee.  Each rat was anesthetized with sodium 

thiopental (100 mg/kg, i.p.) and placed on a heating pad to maintain a 37°C rectal 

temperature.  The trachea was intubated to ensure a patent airway and the right carotid artery 

was cannulated to measure arterial pressure. The right spinotrapezius muscle was 

exteriorized for microscopic observation as previously described (4), leaving its innervation 

and all feed vessels completely intact.  Throughout the surgery and subsequent experimental 

period, the muscle was continuously superfused with an electrolyte solution (119 mM NaCl, 

25 mM NaHCO3, 6 mM KCl and 3.6 mM CaCl2) warmed to 35°C and equilibrated with 95% 

N2-5% CO2 (pH=7.35-7.40).  Superfusate flow rate was maintained at 4-6 ml/min to 

minimize equilibration with atmospheric O2 (5). 

The animal preparation was transferred to the stage of an Olympus BX50WI intravital 

microscope (Hyde Park, NY, USA) fitted with a CCD video camera (Dage-MTI, Michigan 
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City, IN, USA).  Video images were displayed on a Sony high-resolution video monitor and 

videotaped for off-line analysis.  Observations were made with an Olympus 20X water 

immersion objective (final video image magnification = 1460X).  Arteriolar centerline red 

blood cell velocities were measured on-line with an optical doppler velocimeter 

(Cardiovascular Research Institute, Texas A&M University, USA), and arteriolar inner 

diameters were measured off-line during videotape replay with a video caliper 

(Cardiovascular Research Institute).   

 

Muscle Contraction  

 To increase tissue metabolic activity, muscle contraction was elicited by small wire 

electrodes inserted into the rostral and caudal edges of the muscle.  Square-wave stimulating 

pulses of 0.2 ms duration and 3-6 volts in amplitude were used, with voltage adjusted for each 

animal to produce the greatest tissue movement with contraction indicating maximum 

recruitment of muscle fibers.  The pulse duration and voltages used in these experiments are 

below the thresholds for direct excitation of vascular smooth muscle or autonomic neurons (5), 

and this has been confirmed in rat spinotrapezius muscle using the same stimulation paradigm 

as in this study (23).  Because tissue movement precludes the measurement of any 

hemodynamic variable during the actual contraction period, arteriolar diameter and red cell 

velocity were measured during the first 5 seconds after cessation of contraction.  There is 

minimal recovery of arteriolar diameters or flow during this period (5,43), so these values 

should closely reflect the steady-state values reached during contraction. 
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Experimental Protocols 

Protocol 1: Assessment of tissue H2O2 during muscle contraction.      

The fluorescent probe 2’,7’ dichlorodihydrofluorescein diacetate (DCFH-DA) was used 

to detect intracellular H2O2 formation during skeletal muscle contraction (36,47).  Non-

fluorescent DCFH-DA freely enters cells and is de-acetated to DCFH, which is then oxidized 

by H2O2 to form 2’,7’ dichlorofluorescein (DCF), a green fluorescent compound that can be 

detected using the appropriate excitation and emission filters (48).  In preparation for these 

experiments, we conducted a series of pilot studies to determine the optimal contraction 

frequency and duration for DCFH-DA detection, as well as the number of tissue illuminations 

we could make without significant photo-bleaching of the fluorochrome.   

After preparation of the muscle for in vivo microscopy, a region containing clearly 

visible arcade arterioles (see below) was selected, and 10µM DCFH-DA was added to the 

muscle superfusate.  After equilibration with the DCFH-DA for 30 minutes, the resting muscle 

was briefly (1-2 s) epi-illuminated with a mercury lamp using the appropriate excitation and 

emission filters for detection of DCF fluorescence (460-490 nm excitation, 515-550 nm 

barrier).  The muscle was then stimulated to contract at a frequency of 4 Hz for 5 minutes, and 

a second DCF fluorescence image was captured immediately following this contraction period.  

To avoid photo-bleaching of DCF, the tissue was only illuminated these two times after its 

addition to the superfusate.  However, prior to DCFH-DA superfusion, a preliminary 

illumination was made for determination of tissue background autofluorescence, which was 

then subtracted from the subsequent images to determine DCF- specific fluorescence.  
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Metamorph 6.01 software was used to acquire, digitize and store images for subsequent 

analysis. The DCF fluorescence signal intensities from regions that ranged between 10-100 µm 

from the arteriolar wall were averaged and normalized to control (pre-contraction).  To confirm 

that DCF fluorescence is primarily an indicator of H2O2 activity under our experimental 

conditions, the above protocol was repeated in the presence of the H2O2 scavenger catalase (at 50 

U/ml), which at this superfusate concentration has been previously shown to decrease arteriolar 

oxidant activity in this preparation (27). 

 

Protocol 2: Arteriolar responses to increased metabolic activity.  In rat spinotrapezius 

muscle, the central “arcade bridge” arteriole gives rise to a network of interconnected arcade 

arterioles that extends throughout the muscle (28).   After exteriorization of the spinotrapezius 

muscle and a 30-minute post-surgical equilibration period, one to three arcade arterioles were 

chosen for study.  After a 1-minute control period, the muscle was stimulated to repeatedly 

contract for 1 minute at a frequency of 0.5, 2 or 4 Hz (random frequency selection), followed by 

a 5-minute recovery period.  This sequence was repeated two more times for stimulation at the 

remaining frequencies, so that the arteriolar diameter and flow increases to all three levels of 

increased tissue metabolism were measured.  Then, to assess the contribution of H2O2 to these 

responses, the H2O2 scavenger catalase (at 50 U/ml) was added to the superfusate and the 

stimulation protocol was repeated after a 30-minute equilibration period with catalase 

superfusion continued throughout to ensure maximum scavenging of H2O2 .   

Because any H2O2 released during contraction would be expected to dilate arterioles 

at least partially through activation of smooth muscle KATP channels (11), we added the KATP 

channel inhibitor glibenclamide at 1 x 10-5 M (30-minute equilibration period) to the 
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superfusate in other animals.  In these experiments, the effect of glibenclamide was only 

assessed on arteriolar responses to 4 Hz contraction.  Also, the KATP channel opener pinacidil 

(1 x 10-6 M) was used to confirm that the concentration of glibenclamide used in these 

studies was effective in blocking the KATP channel.  

 

Protocol 3: Arteriolar responses to exogenously applied H2O2.  These experiments were 

conducted to assess vascular responsiveness to H2O2 in both dietary groups, and to more 

broadly investigate the mechanism(s) by which H2O2 reduces arteriolar tone in this muscle.  

Arteriolar diameter was measured before and after H2O2 was added to the superfusate at 1 x 

10-5, 5 x 10-5 or 1 x 10-4 M.  Each application of H2O2 was followed by a washout period to 

allow for restoration of normal arteriolar tone. After the series of applications was completed, 

responses to the same concentrations of H2O2 were then reexamined in the presence of 

catalase, glibenclamide, the selective guanylate cyclase inhibitor 1 H-[1,2,4,]-oxadiazole-

[4,3-a]quinoxalin-1-one (ODQ, 1 x 10-5 M) or the large-conductance Ca2+ activated 

potassium channel (KCa) inhibitor tetraethylammonium chloride (TEA, 1 x 10-3 M).      

In Protocols 2 and 3, 1 x 10-3 M adenosine was added to the superfusate at the end of 

each experiment to abolish microvascular tone for measurement of passive arteriolar 

diameter.  All agents were purchased from Sigma-Aldrich (St. Louis MO).   

 

Data and Statistical Analysis 

Metamorph 6.01 software was used for the DCF image analysis.  First, immediately 

after contraction, we identified DCF fluorescence signals in skeletal muscle fibers adjacent to 

one or more arcade arterioles.  After measuring the fluorescence intensity for each of these 
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positively identified fluorescent regions, we measured fluorescence intensity for the same 

regions on the pre-contraction image.  The post-contraction values were then averaged and 

normalized to their respective pre-contraction values.   

Arteriolar diameter (D, µm) and centerline red cell velocity (Vcl, mm/s) were sampled 

at 5-second intervals during control and post-contraction periods.  Diameter responses to 

muscle contraction were expressed in absolute terms (Dss – Dc), where Dss is steady-state 

diameter immediately after contraction and Dc is pre-contraction control diameter.  Resting 

vascular tone (RVT) was also calculated for each vessel: RVT  = [(Dpass – Dc)/Dpass] x 100, 

where Dpass is passive diameter under adenosine.  Mean red cell velocity (Vmean) was 

calculated as Vcl/1.6, where 1.6 is the ratio of centerline red cell velocity to mean velocity for 

vessels >10 µm in diameter (55) .  Paired values of D and Vmean were used to calculate 

arteriolar volume flow (Q, nl/s), where Q =  Vmean[π(D2/4].  

All data are reported as means ± SE.  Statistical analysis was performed by 

commercially available software (Sigmastat, SPSS Inc., Chicago, IL).  One-way repeated 

measures ANOVA was used to determine the effect of treatment within a group and 

Student’s t-test for statistical comparisons between groups.  Two-way repeated measures 

ANOVA was used to determine the effects of diet, treatment and diet-treatment interactions 

on measured variables.  For all ANOVA procedures, the Student-Newman-Keuls method for 

post hoc analysis was used to isolate pairwise differences among specific groups.  

Significance was assessed at the 95% confidence level (P<0.05) for all tests. 
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Results 

The general characteristics of all rats used in this study (Protocols 1-3) are shown in 

Table 1.  At the time of study, the body weight and mean arterial pressure of rats fed high salt 

were not significantly different from those of rats fed the normal diet.  Table 2 displays the 

characteristics of all arterioles studied by in vivo microscopy in Protocol 2.  As compared to 

the rats fed normal diet, rats fed high salt displayed a significant decrease in passive arteriolar 

diameter.  Resting arteriolar diameter and volume flow were also slightly decreased in the 

high salt group, but calculated vascular tone was not different between the two groups.    

In preparation for using the H2O2 scavenger catalase, we first assessed its effect on 

arteriolar responses to a high concentration of exogenously applied H2O2.  These results, 

shown in Table 3, illustrate that the concentration of catalase we used was sufficient to 

effectively scavenge H2O2 in both dietary groups.  These data also indicate that the 

exogenously-applied catalase had no effect on resting arteriolar diameter in either group. 

In rats fed normal diet, 4 Hz contraction of muscle exposed to DCFH-DA produced 

significant increases in DCF fluorescence intensity that were associated with the muscle 

fibers (Fig. 1A,C).  However, in the presence of catalase, this 4 Hz contraction did not lead to 

increased DCF fluorescence (Fig. 1B,C).  In both dietary groups, muscle contraction at each 

frequency elicited a significant increase in arteriolar diameter (Fig. 2A).  However, the 

average increase in diameter was less in HS rats than in NS rats, with the differences 

reaching statistical significance at 2 Hz and 4 Hz contractions.  In contrast, there were no 

differences between groups in the arteriolar flow increase with contraction at any frequency 

(Fig. 2B). 



 

 

91

 

 As shown in Figure 3A and B, catalase significantly reduced the increases in 

arteriolar diameter and flow during muscle contraction at each frequency in NS rats, 

suggesting an important role for H2O2 in functional hyperemia.   In the HS rats (Fig. 3C and 

D), catalase significantly reduced the increases in diameter at 0.5 Hz and 2 Hz contractions, 

and significantly reduced the flow increase at 0.5, 2.0 and 4 Hz contractions.  As shown in 

Figure 4, the magnitude of the effect of catalase on the arteriolar dilations and flow responses 

to 0.5 and 2.0 Hz contractions were similar in NS and HS rats.  In contrast, catalase had a 

significantly smaller effect on arteriolar dilation to 4 Hz contraction in HS rats than in NS 

rats, although its effect on the accompanying flow increase was not significantly smaller in 

HS rats.   

Arteriolar responses to exogenous H2O2 in each group are shown in Figure 5. H2O2 at 

superfusate concentrations of 5 x 10-5 M and 1 x 10-4 M produced arteriolar dilation in both 

NS and HS rats, but the magnitude of this dilation was significantly greater in the HS group.  

H2O2 at a concentration of 1 x 10-5 M dilated arterioles in HS rats only.  

At a superfusate concentration of 1 x 10-5 M, glibenclamide effectively inhibited 

arteriolar KATP channel activity, as judged by complete abolition of arteriolar responses to the 

KATP channel opener pinacidil (Fig. 6).  This concentration of glibenclamide also 

significantly reduced arteriolar responses to exogenous H2O2 in both groups (Fig. 7), and 

virtually abolished arteriolar dilation and hyperemia during 4 Hz contraction in both groups 

as well (Fig. 8). 

Tetraethylammonium chloride at a concentration previously shown to inhibit large-

conductance KCa channels (38), also reduced arteriolar responses to exogenous H2O2 in both 

dietary groups (Fig. 9). 
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At a superfusate concentration of 1 x 10-5 M, ODQ completely abolished arteriolar 

responses to exogenous sodium nitroprusside (Fig. 6), indicating complete inhibition of 

soluble guanylate cyclase.  However, this concentration of ODQ had no consistent effect on 

arteriolar responses to exogenous H2O2 in either group (Fig. 10).  
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  Table 1: Profiles of all experimental animals at time of study   
 

Dietary Group 
 

N 
 

Weight 
(g) 

 
Mean Arterial 
 Pressure (mm Hg) 

 
Normal Salt 
High Salt 

 
40 
44 

 
285 ± 3 
289 ± 4 

 
122 ± 2 
121 ± 2 

   N, number of animals. Values are given as mean ± SE.   
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Table 2: Arteriolar characteristics at time of study  

 
Dietary 
Group 

 

Resting       
Diameter 

(µm) 

 
Passive 

 Diameter 
   (µm) 

 
Vascular Tone 
(% of 
Maximum) 

 
Resting Volume    

Flow 
 (nl/s) 

 
Normal Salt 
High Salt 

 
 16.8 ± 0.3 

  15.8 ± 0.3* 
 

 
  59.7 ± 1.6
 54.9 ± 1.6*

 

 
 71.7 ± 1.0 
 71.2 ± 0.7 

 
  1.4 ± 0.1 

   1.0 ± 0.1* 
 

Values are given as mean ± SE.  Within each group, values for resting diameter  

(Normal Salt: n= 101 vessels; High Salt: n= 99 vessels), passive diameter and vascular tone 
(Normal Salt: n= 94 vessels; High Salt: n= 96 vessels). For resting volume flow n = 36 vessels 
for Normal Salt and 41 vessels for High Salt. *p<0.05 vs Normal Salt. 
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Table 3.    Effect of catalase on arteriolar responses to 1 x 10-4 M H2O2 in both dietary 

groups 

 
n = number of vessels. Values are given as mean ± SE. * p<0.05 vs Control    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
 

               
                       Normal Superfusate 
             n         Control           H2O2 

 
Catalase (50 U/ml) 

     Control        H2O2 

 
                                               Arteriolar diameter (µm) 
 
Normal Salt         8        14.1 ± 1.8      42.7 ± 6.8* 
High Salt             7        14.7 ± 1.3      43.3 ± 5.6* 
 

 
Arteriolar diameter (µm) 

 
    13.5 ± 1.5      13.6 ± 1.6 
    16.4 ± 2.0      21.4 ± 4.3 
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Figure 1.  (A) Representative images of spinotrapezius muscle fibers following 
application of the fluorescence probe 2,7,-dichlorodihydrofluorescein diacetate (DCFH-
DA; 10µM), before (Control) and immediately following muscle contraction at 4 Hz 
frequency. (B) Control and post contraction images following DCFH-DA application in 
the presence of catalase (50 U/ml).  (C) Mean values for all images analyzed (N = 3), 
normalized to control. * p<0.05 vs Control.    
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Figure 2. Changes in arteriolar diameter and flow elicited by 0.5 Hz, 2 Hz, and 
4 Hz muscle contraction in rats fed NS (normal salt) and HS (high salt) diets. 
Diameter responses are expressed in absolute terms.  (A) NS: n = 25; HS: n = 
26. (B) NS: n = 20; HS: n = 26.  n = number of vessels.  * p<0.05 vs. NS.  
 
 

 



  98   
 
 

0.5 2

In
cr

ea
se

 in
 D

ia
m

et
er

 ( µ
m

)

0

5

10

15

20

25

30 Control
Catalase

A.

*
*

*

4

Normal Salt
C.

0

5

10

15

20

25

30

*

Control
Catalase

0.5 2 4

*

High Salt

0.5 2 4
Muscle Contraction Frequency (Hz)

In
cr

ea
se

 in
 F

lo
w

 (n
l/s

) 

0

5

10

15

20

*
*

*

Control
Catalase

B.

Muscle Contraction Frequency (Hz)
40.5 20

5

10

15

20

*

*
*

Control
Catalase

D.

 
 
 
 
 
 
 
 
 

Figure 3. Effect of catalase on arteriolar diameter and flow responses to 0.5 Hz, 2 Hz, and 4 Hz 
muscle contraction in rats fed NS diet (A and B) and HS diet (C and D). Diameter responses are 
expressed in absolute terms. A and B: n = 12; C and D: n = 12. n = number of vessels.  
 * p<0.05 vs. Control. 
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Figure 4.   Magnitude of the effect of catalase on arteriolar diameter responses (A) and 
flow responses (B) to 0.5 Hz, 2 Hz, and 4 Hz muscle contraction in rats fed NS and HS 
diets.  Data are expressed as percent inhibition by catalase. NS: n = 12; HS: n = 14.  n = 
number of vessels.  * p<0.05 vs. NS. 
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Figure 5. Changes in arteriolar diameter with H2O2 application in rats fed NS and HS 
diets.  NS: n = 24 for 1 x 10-5 M and 5 x 10-5 M, and n = 26 for 1 x 10-4 M.  HS: n = 23 
for 1 x 10-5 M and 5 x 10-5 M, and n = 24 for 1 x 10-4 M. n = number of vessels.  * p<0.05 
vs. NS. 
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Figure 6.  Effect of glibenclamide (1 x 10-5 M) and ODQ (1 x 10-5 M) on arteriolar 
responses to pinacidil (1 x 10-6 M) and sodium nitroprusside (SNP, 1 x 10-7 M), 
respectively in rats fed NS diet.  * p<0.05 vs. pinacidil or SNP. 
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Figure 7.  Effect of glibenclamide on arteriolar diameter responses to exogenously 
applied H2O2 (5 x 10-5 M) in rats fed NS and HS diets.  NS: n = 9; HS: n = 9.    
n = number of vessels.  * p<0.05 vs. Control + H2O2. 
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Figure 8.  Effect of glibenclamide on arteriolar diameter (A) and flow (B) responses to 4 
Hz muscle contraction in rats fed NS and HS diets. Diameter responses are expressed in 
absolute terms. NS: n = 15; HS: n = 15.  n = number of vessels.  * p<0.05 vs. Control + 4 
Hz stimulation. 
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Figure 9.  Effect of tetraethylammonium chloride (TEA) on arteriolar diameter responses 
to exogenously applied H2O2 (5 x 10-5 M) in rats fed NS and HS diets.  NS: n = 5; HS: n 
= 5.  n = number of vessels.  * p<0.05 vs. H2O2. 
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Figure 10.  Effect of ODQ on arteriolar diameter responses to exogenously applied H2O2 
in rats fed NS (A) and HS (B) diets. NS: n = 12 for 1 x 10-5 and 5 x 10-5 M, and n = 9 for 
1 x 10-4 M.  HS: n = 9 for 1 x 10-5 M, n = 12 for 5 x 10-5 M and n = 9 for 1 x 10-4 M. n = 
number of vessels. * p<0.05 vs. Control. 

 



 106

DISCUSSION 
 

This study confirms our recent findings (32) that arteriolar responses to muscle 

contraction are reduced after ingestion of a high salt diet.  The major new findings from 

this study are: (1) Hydrogen peroxide production is increased within contracting skeletal 

muscle fibers in NS rats and the H2O2 scavenger catalase significantly reduces the 

arteriolar dilation and hyperemia that accompany muscle contraction in both dietary 

groups. (2) Exogenous H2O2 elicits concentration-dependent dilations of skeletal muscle 

arterioles in both groups, with arterioles in HS rats showing greater responsiveness to 

H2O2. (3) The KATP and KCa channel inhibitors glibenclamide and TEA reduce the 

arteriolar dilation to exogenous H2O2 by similar amounts in both dietary groups. (4) The 

arteriolar dilation and flow increases that accompany muscle contraction are also nearly 

abolished by glibenclamide in both groups.  These findings suggest that locally produced 

H2O2 contributes to arteriolar dilation and hyperemia during muscle contraction, and that 

the reduction of arteriolar dilation associated with high salt intake cannot be due to a 

decrease in this role of H2O2.  Despite increased arteriolar responsiveness to H2O2 in salt-

fed rats, the primary mechanism by which H2O2 triggers arteriolar dilation in this 

vascular bed (K+ channel activation presumably leading to vascular smooth muscle 

hyperpolarization) is unaffected by high salt intake.      

It has become increasingly clear that ROS serve as important signaling molecules 

that can regulate normal vascular function.  For example, arachidonic acid-induced 

dilation of isolated porcine coronary arterioles is attenuated by SOD and catalase, 

suggesting that cyclooxygenase-derived ROS could, at least theoretically, play a  role in 

the regulation of coronary blood flow (41).  In isolated human coronary arterioles, 
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catalase inhibits flow-induced dilation and shear stress increases H2O2 production (36), 

suggesting that flow-dependent shear stress can relax arteriolar smooth muscle, at least 

partially, via endothelial H2O2 release.  Other studies in the intact circulation or on 

isolated arterioles provide more direct evidence that H2O2 contributes to autoregulation 

and to reactive hyperemia in the coronary circulation (20,53).  Additional physiological 

roles for H2O2 have been purported in the regulation of pulmonary (7,37) and cerebral 

vascular resistance (21,51), but the role of H2O2 in regulating skeletal muscle blood flow 

has been less well studied.  Cseko et al. have reported that H2O2 can dilate isolated rat 

gracilis muscle arterioles by a combination of mechanisms, and have speculated that 

H2O2 may be an important modulator of myogenic tone in these vessels (11).   

In this study we sought to investigate a possible role of H2O2 in skeletal muscle 

hyperemia, a complex and incompletely understood process that can involve metabolic, 

myogenic, and endothelium-dependent mechanisms to varying degrees (24).  Moderate-

to-intense contraction of muscle fibers leads to intracellular formation of O2
-, most likely 

due to increased mitochondrial respiration (44).  Mitochondrial and cytosolic SOD then 

quickly dismutate the O2
- to H2O2, which can diffuse across the plasma membrane and 

into the extracellular space (35,47).  In addition, some H2O2 may be generated 

extracellularly from O2
- of unclear origin (10).  Because of its relative stability, this H2O2 

could act as an inter-cellular messenger by diffusing to nearby arterioles and contributing 

to their dilation and the subsequent flow increase.   

We have recently found that in rat spinotrapezius muscle arcade arterioles, the 

hyperemic response to muscle contraction is attenuated by simultaneous exposure to the 

SOD mimetic 2,2,6,6-Tetramethylpiperidine-N-oxyl (Tempo) and catalase, suggesting 
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that ROS may play an important role in the regulation of blood flow during skeletal 

muscle contraction (32).  Our current evidence that H2O2, formed within contracting 

muscle fibers, is the particular species involved in this setting comes from a combination 

of observations.  First, immediately after contraction, muscle fibers show increased DCF 

fluorescence (Fig. 1), which signifies the oxidation of DCFH that was trapped within the 

cells after enzymatic removal of the acetate group from the DCFH-DA (48).  Second, in 

the presence of exogenous catalase, this increase in DCF fluorescence is completely 

prevented, and both the arteriolar dilation and hyperemia associated with contraction is 

markedly reduced (Figs 1,3 and 4).  To our knowledge, this is the first study to report a 

role for H2O2 in functional hyperemia during skeletal muscle contractions.  

High salt intake can produce microvascular structural and functional changes in 

the absence of increased arterial pressure (3,4,16,29,39).  In this study, passive arteriolar 

diameters were reduced in rats fed high salt (Table 2), which is consistent with previous 

studies (13,39) and which may reflect arteriolar wall remodeling due to the salt-induced 

suppression of circulating angiotensin II levels (16,18).  Although we have consistently 

found that arteriolar dilation during muscle contraction is impaired in normotensive rats 

fed a HS diet, this was not associated with a reduced hyperemic response, in either this 

(Fig.2)  or our previous study (32).  A significant fraction of total spinotrapezius muscle 

vascular resistance is attributable to arterioles distal to the arcade arterioles studied here, 

and to the small feed arteries upstream from the arcade arterioles (55).  It is possible that 

vessels in one or both of these other locations are dilating to a larger extent than in rats 

fed normal diet, effectively compensating for the reduced arcade dilation and therefore 

resulting in an appropriate hyperemic response.  The small feed arteries would be 
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especially good candidates for such a compensatory response; these vessels account for 

30-40% of total network vascular resistance in resting spinotrapezius muscle, and they 

are responsible for as much as 40% of the total resistance decrease during muscle 

contraction (22).           

The mechanism(s) by which H2O2 relaxes vascular smooth muscle may vary 

depending on vessel type.  For example, H2O2 increases NO production in endothelial 

cells from bovine aortas via PI 3-kinase/Akt-dependent phosphorylation of endothelial 

nitric oxide synthase (eNOS) (8), raising the possibility of an endothelium-dependent 

mechanism of vasodilation in vivo.  Consistent with this, there is evidence to suggest that 

the stimulation of soluble guanylate cyclase underlies H2O2-induced dilation of bovine 

pulmonary arteries and arterioles (6,37).  However, guanylate cyclase-cGMP signaling 

has not been found to mediate H2O2-induced arteriolar dilation in coronary and cerebral 

vascular beds (36,50,51), and our findings that guanylate cyclase inhibition with ODQ 

has no effect on arteriolar responses in this study (Fig.10) suggests that this mechanism is 

also not operative in spinotrapezius muscle arterioles. 

 In contrast, there is considerable evidence that H2O2 hyperpolarizes vascular 

smooth muscle by activating diverse membrane potassium channels (1,2,21,34).  KATP 

channels play a role in H2O2- induced dilation of cerebral arterioles (21,51) and gracilis 

muscle arterioles (11), whereas KCa channels contribute to H2O2-induced dilation of 

coronary and gracilis muscle arterioles (11,36,46).  In the present study, glibenclamide 

and TEA greatly reduced the arteriolar dilation to exogenous H2O2 (Figs. 7 and 9), 

suggesting that in rat spinotrapezius muscle, H2O2 elicits smooth muscle relaxation 

primarily through a mechanism involving activation of both  KATP and KCa channels.  Our 
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finding that these inhibitors were equally effective in both dietary groups are consistent 

with an earlier study showing that ingestion of a high salt diet does not interfere with 

KATP channel function (30).  Despite the roughly similar contributions of KATP and KCa 

channels to H2O2-induced dilation in both groups, the overall dilator responses to H2O2 

were greater in HS rats than in NS rats (Fig. 5).  The net hyperpolarization of vascular 

smooth muscle upon activation of these channels may have been greater in HS rats, 

although our findings provide no real insight into this possibility.      

Glibenclamide effectively blocks functional hyperemia in hamster cremaster 

muscle (15,45), and we found that this agent almost abolished the arteriolar dilation and 

hyperemia during spinotrapezius muscle contraction in both groups (Fig. 8).  During 

increases in local metabolism (i.e., muscle contraction), the intracellular ATP/ADP ratio 

in vascular smooth muscle decreases, thus increasing the open-state probability of the 

KATP channels, resulting in vascular smooth muscle hyperpolarization and vasodilation 

(14).  The spinotrapezius muscle contains a large proportion of muscle fibers with high 

ATPase activity (49), which may also explain why KATP channels mediate such a large 

portion of the vascular response to muscle contraction in this vascular bed (Fig. 8).   

In conclusion, the present study points to H2O2 as a critical vasodilator metabolite 

during muscle contraction, adding to the growing body of literature that demonstrates 

important roles for H2O2 in the regulation of normal vascular events.  In this study, 

dietary salt does not appear to impair this role; rather, the HS rats exhibited enhanced 

arteriolar responsiveness to exogenously applied H2O2.  This may reflect a secondary 

adaptation to the altered oxidant and antioxidant enzyme activities that this laboratory has  

previously reported in HS fed rats (25-27,32).  During muscle contraction, local oxygen 
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availability can be an important local regulator of arteriolar tone (23), and it is possible 

that the altered arteriolar wall redox activity shown previously in HS rats may be a 

consequence of local oxygen metabolism.  Future studies are planned to determine 

whether such an effect may be linked to the reduced arteriolar dilation to skeletal muscle 

contraction following HS intake.   
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Study III:  The Role of 20-HETE in the Reduced Arteriolar Responses to Increased Oxygen 

Availability in Rats Fed High Salt 
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SUMMARY 

The arteriolar dilation that accompanies skeletal muscle contraction is reduced in 

normotensive rats fed a high salt diet.  Variations in oxygen availability during skeletal 

muscle contraction can influence vascular tone, and such oxygen-induced changes in 

vascular tone are mediated in part by the vasoconstrictor 20-hydroxyeicosatetraenoic acid 

(20-HETE).  The purpose of this study was to examine the effects of dietary salt on the 

arteriolar responsiveness to oxygen, and the role of 20-HETE in these responses.  Rats 

were fed either a normal salt (NS, 0.45%) or high salt (HS, 4%) diet for 4-5 weeks.  In 

response to an elevation in superfusate oxygen concentration, the constriction and 

reduction in blood flow through arterioles in the exteriorized spinotrapezius muscle were 

less in HS rats than NS rats.  Inhibition of 20-HETE formation with N-methylsulfonyl-

12,12-dibromododec-11-enamide (DDMS) or 17-octadecynoic acid (17-ODYA ) reduced 

the oxygen-induced constriction in NS rats, but not in the HS rats.  Exogenous 20-HETE 

elicited a concentration-dependent constriction that was blocked by the KCa channel 

inhibitor tetraethylammoniumchloride (TEA) in NS rats, and a smaller constriction that 

was insensitive to TEA in HS rats.  In NS rats, arteriolar responsiveness to angiotensin II 

was similar in both groups, but was more sensitive to inhibition with DDMS in NS rats.  

Norepinephrine-induced arteriolar constriction was similar and insensitive to DDMS in 

both groups. We conclude that 20-HETE contributes to oxygen-induced arteriolar 

constriction via inhibition of KCa channels, and that a high salt diet impairs the arteriolar 

response to increased oxygen availability due to a loss of this 20-HETE component. 
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INTRODUCTION 

Oxygen is an important regulator of tissue blood flow and vascular resistance.  

Gracilis muscle feed arteries from rats fed high salt for as little as 3 days consistently 

show an impaired dilator response to reduced oxygen levels (37,38).  In contrast, the 

influence of oxygen on the tone of smaller arterioles within the rat cremaster muscle is 

unchanged by 3 days of high salt intake (8).  This suggests that either a longer period of 

high salt intake is required to alter the oxygen responsiveness of more distal skeletal 

muscle resistance vessels, or that there is a fundamental difference between 

extraparenchymal arteries and arterioles in the susceptibility of oxygen-sensitive tone to 

dietary salt.   The first aim of this study was to distinguish between these possibilities by 

determining if more prolonged ingestion of a high salt diet leads to a change in the 

relationship between oxygen availability and arteriolar tone in rat skeletal muscle.  

The mechanisms through which oxygen can influence the tone of skeletal muscle 

resistance vessels have long been of interest to those studying the local regulation of 

blood flow (7,17).  Mounting evidence indicates that the enzyme cytochrome P450 4A 

(CYP450 4A) ω-hydroxylase, which is present in skeletal muscle arterioles as well as in 

the surrounding muscle fibers (19), can play a pivotal role in arteriolar responses to 

increased or decreased oxygen availability.  In response to an elevation or reduction in 

PO2, this enzyme can either increase or decrease production of the vasoconstrictor 20-

hydroxyeicosatetraenoic acid (20-HETE) (15,26).  Studies have documented the 

contribution of 20-HETE to oxygen-induced constriction of hamster retractor muscle 

arterioles (26), rat and hamster cremaster muscle arterioles (8,11,15,19,26), as well as 

isolated rat gracilis muscle feed arteries (9).   Other findings suggest a role for 20-HETE 
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in the oxygen-dependent control of arteriolar tone in non-muscle vascular beds as well 

(15,39).  Recent findings indicate that both the expression of CYP450 4A and production 

of 20-HETE are increased in mesenteric resistance arteries of rats fed a high salt diet, and 

that these vessels exhibit an impaired responsiveness to changes in oxygen availability 

(35).  However, given the functional differences that can exist among resistance vessels 

in different vascular beds (10,31), these results cannot be automatically extrapolated to 

skeletal muscle.  Therefore, a second aim of this study was to assess whether high salt 

intake alters the specific contribution of the CYP450 4A /20-HETE pathway to oxygen-

dependent changes in the tone of skeletal muscle arterioles.  
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METHODS 

Weanling male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) 

were placed on a whole-grain diet containing either 0.45 % NaCl (normal salt, NS) or 4 

% NaCl (high salt, HS) by weight (NS diet= TD88311, HS diet= TD92034; Teklad, 

Madison, WI).  All rats were studied 4-5 weeks after being placed on their respective 

diets, and were 7-8 weeks old at this time.  Each of the protocols described below was 

performed on rats from both dietary groups. 

 

Surgical Preparation and Intravital Microscopy 

All surgical and experimental procedures were approved by the West Virginia 

University Animal Care and Use Committee.  Each rat was anesthetized with sodium 

thiopental (100 mg/kg, i.p.) and placed on a heating pad to maintain a 37°C rectal 

temperature.  The trachea was intubated to ensure a patent airway and the right carotid 

artery was cannulated to measure arterial pressure. The right spinotrapezius muscle was 

exteriorized for microscopic observation as previously described (4), leaving its 

innervation and all feed vessels completely intact.  Throughout the surgery and 

subsequent experimental period, the muscle was continuously superfused with an 

electrolyte solution (119 mM NaCl, 25 mM NaHCO3, 6 mM KCl and 3.6 mM CaCl2) 

warmed to 35°C and equilibrated with 95 % N2-5 % CO2 (pH=7.35-7.40).  Superfusate 

flow rate was maintained at 4-6 ml/min to minimize equilibration with atmospheric O2 

(5). 

The animal preparation was transferred to the stage of an Olympus BX50WI 

intravital microscope (Hyde Park, NY) fitted with a CCD video camera (Dage-MTI, 
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Michigan City, IN).  Video images were displayed on a Sony high-resolution video 

monitor and videotaped for off-line analysis.  Observations were made with an Olympus 

20X water immersion objective (final video image magnification = 1460X).  Arteriolar 

centerline red blood cell velocities were measured on-line with an optical doppler 

velocimeter (Cardiovascular Research Institute, Texas A&M University), and arteriolar 

inner diameters were measured off-line during videotape replay with a video caliper 

(Cardiovascular Research Institute).   

 

Inhibition of Cytochrome P-450 4A ω-Hydroxylase 

 To evaluate the role of CYP450 4A enzymes in regulating vascular tone, we used 

(1) 17-octadecynoic acid (17-ODYA, Sigma Chemical, St. Louis, MO), a suicide 

substrate inhibitor of CYP450 4A ω-hydroxylases (15,41) which also blocks the 

epoxygenase pathway (41), and (2) the more specific inhibitor of CYP-450 4A ω-

hydroxylase, N-methylsulfonyl-12,12-dibromododec-11-enamide (DDMS) (1).  In the 

first set of experiments, 17-ODYA (1 x 10-5M) was topically applied to the muscle for 30 

minutes while the superfusion was stopped.  In other experiments, a 5 x 10-5 M solution 

of DDMS was topically applied to the muscle (with superfusion stopped) for 30 minutes, 

followed by continuous superfusion of the muscle with a 1 x 10-6 M solution of DDMS 

throughout the experimental period.  These inhibitors have been shown to be effective in 

other in vivo studies examining the role of 20-HETE in skeletal muscle microvascular 

control (25).   
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Application of Exogenous Vasoconstrictors 

To determine whether the sensitivity of spinotrapezius muscle arterioles to 20-

HETE is different between dietary groups, increasing concentrations of 20-HETE (1 x 10-

9 M, to 5 x 10-8 M, Sigma) were added directly to the muscle superfusate.  Prior to 

application of 20-HETE, the muscle was superfused with 1 x 10-5 M 17-ODYA to inhibit 

endogenous 20-HETE formation, and the lipoxygenase inhibitor baicalein (1 x 10-5 M, 

Sigma) plus the cyclooxygenase inhibitor indomethacin (1 x 10-6 M, Sigma) to prevent 

the metabolism of exogenous 20-HETE to other products (25).  Previous studies suggest 

that angiotensin II (ANG II) and norepinephrine (NE) may elicit vasoconstriction in part 

through 20-HETE production (2,16,18).  Therefore, we also assessed arteriolar 

responsiveness to ANG II (1 x 10-9 M, 1 x 10-8 M, Sigma) and NE (1 x 10-7 M, 1 x 10-8 

M, Sigma), before and after inhibition of 20-HETE formation with DDMS. 

 

Inhibition of KCa channels 

Because 20-HETE causes vasoconstriction in part by inhibiting the opening of 

large-conductance Ca2+-activated potassium (KCa) channels (40), the effect of 

tetraethylammoniumchloride (TEA 1 mM, Sigma) on arteriolar responses to exogenous 

20-HETE (1 x 10-8 M) were also determined.  At a concentration of 1 mM, TEA has been 

shown to selectively block KCa channels, without effects on other potassium channels 

(30).   
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Western Analysis for Cytochrome P450 4A ω-Hydroxylase 

Western blots were performed to measure the expression of CYP450 4A ω-

hydroxylase in isolated microvessels and whole spinotrapezius muscle from each dietary 

group.  After induction of sodium thiopental anesthesia, the right and left spinotrapezius 

muscles were removed, rinsed in electrolyte solution (4°C), and immediately frozen in 

liquid nitrogen.  In another group of rats, the right and left spinotrapezius muscles were 

removed, rinsed in electrolyte solution (4°C) and pinned out in a silastic-coated petri dish 

filled with 100% methanol at 4°C.  In these rats, arcade arterioles were excised from the 

surrounding parenchyma and immediately frozen in liquid nitrogen.  Whole skeletal 

muscle from the first group and isolated arterioles from the second group were 

homogenized on ice using the homogenization buffer T-PERTM (Pierce, Rockford, IL) 

and then centrifuged at 10,000 RPM for 5 min at 4°C, and the supernatant was stored at -

80°C until use.  1 microgram of vessel protein (measured with a Bio-Rad protein assay 

kit) from each dietary group was separated on a NuPage 4-12% Bis-Tris polyacrylamide 

gel (Invitrogen, San Diego CA) and transferred to a nitrocellulose membrane. The 

membrane was probed with rabbit polyclonal antibody for CYP450 4A  (1:1,500; 

Affinity Bioreagents, Golden, CO), and then incubated with horseradish peroxidase-

conjugated goat anti-rabbit IgG F(ab')2 (1:3,000; Santa Cruz, CA). After treatment with 

SuperSignal® (Pierce), membranes were exposed to autoradiography film. X-ray images 

were digitally captured, and optical density measurements were made.  To ensure equal 

protein loading, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was measured as 

a loading control protein. 
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Experimental Protocols 

1.  Assessement of arteriolar responses to increased oxygen availability, exogenous 20- 

HETE, ANG II and NE: 

In rat spinotrapezius muscle, there is a network of interconnected arcade arterioles 

that extends throughout the muscle (22).   After exteriorization of the spinotrapezius 

muscle and a 30-minute post-surgical equilibration period, one to three arcade arterioles 

were chosen for study and baseline measurements of resting arteriolar diameter and flow 

were determined.  Then, to assess responsiveness to elevated PO2, the superfusate was 

switched from the 0% oxygen solution (equilibrated with 95% N2, 5% Co2) to a 10% 

oxygen solution (equilibrated with 85% N2, 5% Co2) and after a 10-minute equilibration 

period, arteriolar diameters and blood flows were re-measured.  In a separate experiments, 

arteriolar responsiveness to exogenous 20-HETE, ANG II or NE were determined (see 

above), with  arteriolar diameters measured at rest and following a 10- minute equilibration 

period for each of the vasoconstrictors used. 

 

2.  Assessement of the role of CYP450 4a ω-hydroxylase or KCa channels in arteriolar 

responses to oxygen, 20-HETE, ANG II and NE 

To determine the role of 20-HETE in oxygen-induced arteriolar constriction, we 

assessed arteriolar diameter and flow responses to 10% oxygen, as described above, before 

and after treatment with DDMS or 17-ODYA.  The contribution of KCa channels to the 

effects of 20-HETE on arteriolar diameter was assessed in a third group of experiments.  In 

these studies, arteriolar diameters were measured at rest and after exogenous 20-HETE 
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application, and then these measurements were repeated following addition of TEA to the 

superfusate.  To assess the role of 20-HETE in the vasoconstrictor effects of ANG II and 

NE, arteriolar diameters were measured before and after either ANG II (1 x 10-9 - 1 x 10-8 

M) or NE (1 x 10-6 - 1 x 10-5 M) was added to the bath.  Following a washout period to 

allow for restoration of normal arteriolar tone, responses to the same concentrations of 

ANG II and NE were re-examined in the presence of DDMS. 

At the end of all in vivo experiments, 1 x 10-4 M adenosine was added to the 

superfusate to abolish microvascular tone for measurement of passive arteriolar diameter.   

 

Data and Statistical Analysis 

Arteriolar diameter (D, µm) and centerline red cell velocity (Vcl, mm/s) were 

measured.  Mean red cell velocity (Vmean) was calculated as Vcl/1.6, where 1.6 is the ratio 

of centerline red cell velocity to mean velocity for vessels >10 µm in diameter (42) .  

Paired values of D and Vmean were used to calculate arteriolar volume flow (Q, nl/s), 

where Q =  Vmean[π(D2/4].  

All data are reported as means ± SE.  Statistical analysis was performed by 

commercially available software (Sigmastat, SPSS Inc., Chicago, IL).  Two-way repeated 

measures ANOVA was used to determine the effects of diet, treatment and diet-treatment 

interactions on measured variables and Student’s t-test were used for statistical 

comparisons between groups.  For all ANOVA procedures, the Student-Newman-Keuls 

method for post hoc analysis was used to isolate pairwise differences among specific 

groups.  Significance was assessed at the 95% confidence level (P<0.05) for all tests. 
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RESULTS 

The general characteristics of all rats used in this study are shown in Table 1.  At 

the time of study, the body weight and mean arterial pressure of rats fed high salt were 

not significantly different from those of rats fed the normal diet.  Table 2 displays the 

characteristics of all arterioles studied by in vivo microscopy in Protocols 1 and 2.  Under 

control conditions, there were no significant differences between dietary groups in resting 

arteriolar diameter, volume flow or calculated vascular tone, or in passive arteriolar 

diameter measured after abolition of vascular tone with adenosine.  Table 3 displays the 

effects of 17-ODYA and DDMS on resting arteriolar diameter and flow.  Neither of these 

inhibitors had a significant effect on resting arteriolar diameter or flow in either group.   

Arteriolar responses to an increase in oxygen availability are presented in Figure 

1.  An elevation in superfusate PO2 resulted in arteriolar constriction and a reduction in 

blood flow in both dietary groups.  However, compared to the NS rats, these responses 

were significantly attenuated in the HS rats.  The effects of inhibiting 20-HETE 

formation with 17-ODYA or DDMS on the responses to increased superfusate PO2 are 

illustrated in Figure 2.  Despite having no effect on resting arteriolar tone, 17-ODYA and 

DDMS markedly decreased the oxygen-induced constriction and flow reduction in NS 

rats (Top panels).  In contrast, neither of these inhibitors had an effect on arteriolar 

responses to increased superfusate PO2 in HS rats. 

A representative CYP450 4A ω-hydroxylase Western blot from spinotrapezius 

muscle protein is shown in Figure 3.  Protein expression was detected at the 51-kDa 

band, which corresponds to the CYP450 4A protein.  Densitometric analysis revealed no 
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difference between dietary groups in the expression of CYP450 4A protein in whole 

muscle (Figure 3).  

 Figure 4 illustrates arteriolar diameter changes in response to various 

concentrations of exogenous 20-HETE.   Exogenous 20-HETE elicited arteriolar 

constriction in both groups, but the magnitude of these responses was significantly less in 

rats fed high salt. 

 Under control conditions, resting arteriolar diameters were significantly reduced 

by the KCa channel inhibitor TEA in both dietary groups (NS, pre-TEA: 21.0 ± 0.5µm, 

post-TEA: 15.6 ± 1.4µm; p<0.05) (HS, pre-TEA: 20.5 ± 0.5µm, post-TEA: 14.7 ± 

1.2µm; p<0.05).  The effects of TEA on arteriolar responses to exogenous 20-HETE are 

shown in Figure 5.  TEA greatly reduced responses to 1 x 10-8 M 20-HETE in the NS 

rats, but had no effect on these responses in the HS rats.   

There was no significant difference in arteriolar responsiveness to ANG II 

between the dietary groups (Figure 6).  In the presence of DDMS, these responses were 

consistently decreased in the normal salt group.  The effect of DDMS on these responses 

was markedly less in the HS group, with a significant inhibition observed only at the 

lower concentration of ANG II.   

At the higher concentration, arteriolar responsiveness to NE was greater in HS 

rats than in NS rats (Figure 7), but inhibition of 20-HETE formation with DDMS had no 

significant effect on these responses in either group, with the exception of a modest 

reduction in responses to the higher concentration of NE in the HS rats.   
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Table 1: Profiles of all experimental animals at time of study   
 

Dietary 
Group 

 
N 

 
Weight 
(g) 

 
Mean Arterial 
 Pressure (mm Hg) 

 
Normal Salt 
High Salt 

 
35 
34 

 
291 ± 4 
292 ± 4 

 
121 ± 3 
124 ± 3 

             N, number of animals. Values are given as mean ± SE.   
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Table 2: Arteriolar characteristics at time of study 
 

 
Dietary Group 

  
Resting 
Diameter 
   (µm) 

 
Passive 

 Diameter 
   (µm) 

 
Vascular Tone 
(% of 
Maximum) 

 
Resting Volume Flow 

     (nl/s) 

 
Normal Salt 
High Salt 

 
20.4 ± 0.5  
20.0 ± 0.4 

 

 
60.1 ± 2.5 
54.4 ± 2.1 

 

 
64.1 ± 1.6 
60.9 ± 1.9 

 
1.9± 0.2 
1.9 ± 0.2 

 

 

Values are given as mean ± SE.  For Normal Salt Group, n = 93 vessels for Resting Diameter, 62 
vessels for Passive Diameter and Vascular Tone, and 65 vessels for Resting Volume Flow.  For 
High Salt Group, n = 100 vessels for Resting Diameter, 61 vessels for Passive Diameter and 
Vascular Tone, and 59 vessels for Resting Volume Flow. 
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Table 3: Effect of ODYA and DDMS on Resting Arteriolar Diameter and Flow  

 
 

      Diameter (µm) 

Normal Salt     High Salt 

             Flow (nl/s) 

   Normal Salt      High Salt  
 

Control 
 

ODYA 
(10 µM) 

 
22.6 ± 1.4         18.6 ± 1.0  
 
22.2 ± 1.4         20.6 ± 1.5 
 

 
   1.8 ± 0.3              1.8 ± 0.2 
 
   2.0 ± 0.4              2.4 ± 0.2      
 

 
Control 

 
DDMS 
(50 µM) 

 
17.9 ± 0.2         16.0 ± 0.3 
 
17.5 ± 0.8         16.9 ± 1.0 
 

 

 
   1.2 ± 0.1             1.2 ± 0.3 
 
   1.1 ± 0.2             1.0 ± 0.2 

 

Values are given as mean ± SE.  For ODYA effect, n= 16 vessels for Normal  

Salt group and 9 vessels for High Salt group.  For DDMS effect, n = 9 vessels  

for Normal Salt group and 7 vessels for High Salt group. 
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Figure 1. Changes in arteriolar diameter (Top) and flow (Bottom) to an increase in superfusate O2 concentration (10%) in rats fed normal salt 
and high salt diets. n = number of vessels.  * p<0.05 vs. Normal Salt. 137
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Figure 2. Effects of 17-ODYA and DDMS on arteriolar diameter and flow responses to an elevation in superfusate O2 concentration (10%) 
in rats fed normal salt (top panels) and high salt (bottom panels) diet.  n = number of vessels.  * p<0.05 vs. Control. 138
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Figure 4.  Changes in arteriolar diameter with 20-HETE application in rats fed normal salt and high salt diets.  Normal Salt: n = 8 for 1 x 10-9 M 
and 1 x 10-8 M, n = 9 for 5 x 10-8 M. High Salt: n = 8 for 1 x 10-9 M and 1 x 10-8 M, and n = 10 for 5 x 10-8 M. n = number of vessels. 
* p<0.05 vs. Normal Salt.
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Figure 5. Effect of TEA on arteriolar responses to 1 x 10-8 M  20-HETE in rats fed normal salt and high salt diets. 
n = 4 vessels for rats fed each diet.  * p<0.05 vs. Control.
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Figure 6. Effect of DDMS on arteriolar responses to angiotensin II in rats fed normal salt (left panel) and high salt (right panel) diet. 
n = number of vessels.  * p<0.05 vs. Control. 142

Normal Salt 

-14

-12

-10

-8

-6

-4

-2

0

Control  (n = 6)
DDMS (n= 6)A

rt
er

io
la

r 
D

ia
m

et
er

 C
ha

ng
e 

( µ
m

)

1 x 10 -9 1 x 10 -8 

*

*

Angiotensin II (M)

-14

-12

-10

-8

-6

-4

-2

0

Control (n=8) 
DDMS (n=8)A

rt
er

io
la

r 
D

ia
m

et
er

 C
ha

ng
e 

( µ
m

)

High Salt 

1 x 10 -8 1 x 10 -9 
Angiotensin II (M)

*



Normal Salt

-20

-15

-10

-5

0

Control (n = 10)
DDMS (n= 10)

Norepinephrine (M)

1 x 10-6 1 x 10-5

A
rt

er
io

la
r 

D
ia

m
et

er
 C

ha
ng

e 
( µ

m
)

Figure 7.  Effect of DDMS on arteriolar responses to norepinephrine in rats fed normal salt (left panel) and 
high salt (right panel) diet. n = number of vessels. * p<0.05 vs. Control; † p<0.05 vs. Normal Salt.
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DISCUSSION 

The major findings in this study are as follows: (1) Long-term (4-weeks) ingestion 

of a high salt diet attenuates the arteriolar constriction and blood flow reduction that 

occurs in response to increased oxygen levels in skeletal muscle. (2) Inhibition of 

CYP450 4A ω-hydroxylase reduces these responses to oxygen in rats fed a normal diet, 

but not in rats fed a high salt diet. (3) Arteriolar responsiveness to exogenous 20-HETE is 

reduced and insensitive to KCa channel inhibition in rats fed high salt. (4)  Arteriolar 

responsiveness to ANG II is similar in rats fed normal and high salt diets, but CYP450 

4A ω-hydroxylase inhibition is less effective in reducing these responses in rats fed high 

salt. These findings suggest that independent of a change in blood pressure, a high salt 

diet impairs arteriolar responses to an increase in oxygen availability, and that this is due 

to a reduction in the contribution of 20-HETE to arteriolar constriction.   

In a recent study, we have reported that ingestion of a high salt diet leads to a 

blunting of the proximal arteriolar dilation that accompanies contraction of rat 

spinotrapezius muscle (29).  We have also recently obtained evidence that H2O2 released 

from the contracting muscle fibers, is one of the key vasoactive metabolites that 

contributes to this arteriolar dilation (28).  However, because this contribution of H2O2 to 

the arteriolar dilation is not diminished by high salt intake, another mechanism unrelated 

to H2O2 must be responsible for the salt-dependent decrease in functional arteriolar 

dilation.  A reduction in local oxygen levels can also contribute to the arteriolar dilation 

associated with muscle contraction (5,13,32), either directly if arteriolar wall PO2 

declines during muscle contraction, or indirectly via vasoactive mediators produced in 

response to a PO2 reduction in nearby parenchymal cells or closely paired venules 
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(21,33).  Because the salt-induced blunting of functional dilation could reflect altered 

arteriolar responsiveness to such changes in local oxygen, one aim of this study was to 

examine the effects of a high salt diet on arteriolar oxygen responsiveness.  Short-term 

and long-term high salt intake (from 3 days to as long as 8 weeks) has been found to 

impair the hypoxic dilation of small gracilis muscle feed arteries in normotensive rats 

(12,24,37), and in the current study we have found that 4 weeks of high salt intake also 

impairs the constriction of spinotrapezius muscle arterioles in response to increased 

oxygen levels (Figure 1). 

In the exteriorized rat spinotrapezius muscle, an increase in superfusate oxygen 

content from 0% to 10% increases arcade arteriole wall PO2 from 42 ± 8 mmHg to 66 ± 6 

mmHg, values that are considered to be within the normal physiological range (21).  In 

the current study, the same increase in superfusate oxygen content decreased arcade 

arteriole diameter and volume flow in rats fed both diets, but these responses were 

significantly less in rats fed the high salt diet (Fig 1).  These data are consistent with the 

hypothesis that reduced arteriolar dilation during skeletal muscle contraction in rats fed 

high salt is due in part to reduced responsiveness to changes in oxygen availability (29).  

In contrast, Frisbee et al. (2000) found that the oxygen-induced arteriolar constriction is 

similar in skeletal muscle (cremaster) of rats fed 4% and 0.4% salt for 3 days.  The 

current findings indicate that in contrast to the larger upstream arterioles a more 

prolonged intake of this level of salt is required to influence arteriolar oxygen 

responsiveness.   

In rat cremaster muscle, oxygen-induced arteriolar constriction is mediated in 

large part by the CYP450 4A ω-hydroxylase metabolite 20-HETE (8,11,15,19,26).  An 
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increased contribution of 20-HETE to this constriction also appears to be at least partially 

responsible for the enhanced responsiveness of these arterioles to increased oxygen 

availability in hypertensive rat models (8,20).  Because less is known regarding the 

possible role of 20-HETE in the abnormal arteriolar responses in normotensive rats fed a 

high salt diet, the second aim of this study was to determine if oxygen-induced arteriolar 

constriction in the rat spinotrapezius muscle is also dependent on CYP450 4A ω-

hydroxylase activity, and if so, to determine if a high salt diet alters this pathway.  The 

results of this study show that under normal conditions, the oxygen-induced constriction 

of spinotrapezius muscle arterioles is substantially reduced following inhibition of 20-

HETE formation with either 17-ODYA or DDMS.  This is consistent with earlier 

findings in rat and hamster cremaster muscle (8,11,15,19,26) and hamster retractor 

muscle (26), and strongly suggests that 20-HETE may play a universal role in mediating 

arteriolar oxygen responsiveness across different muscle types and species.  Our Western 

analysis suggests that CYP450 4A ω-hydroxylase is expressed in the arterioles (data not 

shown) as well as skeletal muscle fibers (Figure 3) of both dietary groups, suggesting that 

the arteriolar response to increased oxygen can be mediated via 20-HETE from CYP450 

4A ω-hydroxylase in the arterioles themselves and/or the surrounding skeletal muscle 

fibers.  These results are also consistent with previous findings in the rat cremaster 

muscle (19).  

In contrast, neither 17-ODYA nor DDMS had any effect on oxygen-induced 

arteriolar constriction or the accompanying flow reduction in rats fed high salt (Figure 2), 

suggesting a loss of 20-HETE’s constriction to these responses.  This effect could be due 

to: (1) a decrease in CYP450 4A ω-hydroxylase enzyme expression and/or activity, 
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leading to decreased 20-HETE formation, and/or (2) a reduction in vascular smooth 

muscle sensitivity to the 20-HETE that is formed.  With respect to the first possibility, we 

did not detect differences between the dietary groups in overall skeletal muscle 

expression of CYP450 4A ω-hydroxylase, but we are not able to rule out the possibility 

of salt-dependent differences in enzyme expression within the microvessels themselves.  

However, our findings clearly support the second possibility, in that compared to 

arterioles in normal salt rats, the constriction in response to exogenous 20-HETE was 

greatly reduced (Figure 4).  To our knowledge this effect of a high salt diet on arteriolar 

smooth muscle responsiveness to 20-HETE has not been previously evaluated.  In 

contrast, Frisbee et al. (2000) did not find a reduced contribution of 20-HETE to oxygen-

induced constriction of skeletal muscle arterioles in rats fed a high salt diet for 3 days.  

Therefore, as with the overall responsiveness to oxygen, a more chronic HS diet is 

necessary to induce this effect.  20-HETE influences vascular tone in part by inhibiting 

the activity of large-conductance KCa channels in vascular smooth muscle leading to 

membrane depolarization and subsequent influx of calcium via L-type voltage-sensitive 

calcium channels (2,14,40).  In the current study, we found that blockade of large 

conductance KCa channels with TEA decreased resting arteriolar diameters by a similar 

amount in both dietary groups, indicating a similar contribution of these channels to 

resting vascular tone.  However, whereas TEA dramatically reduced the vasoconstrictor 

responses to exogenous 20-HETE in rats fed normal salt, it had no effect of the responses 

to 20-HETE in rats fed high salt (Figure 5).  This lack of an effect of TEA in high salt 

rats suggests that the reduced vasoconstriction to exogenous 20-HETE in these animals is 

due to a loss of the KCa channel-dependent component of the response.  It is unlikely that 
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the absence of this component is due to a general resistance of KCa channels to inhibition 

in high salt rats; previous studies have documented that K+ channel function and resting 

vascular smooth muscle membrane potential are not altered by high salt intake in 

normotensive rats (12,27), and we found no difference between groups in the effect of 

TEA on resting arteriolar tone.  Therefore, high salt intake must lead to a disruption of 

some 20-HETE signaling event subsequent to KCa channel inhibition and membrane 

depolarization. 

Previous studies indicate that vascular smooth muscle responsiveness to ANG II 

is partly mediated via 20-HETE formation in rat renal interlobular arteries and afferent 

arterioles (3,6,16) and rat cremaster muscle arterioles (8).  In this study, ANG II-induced 

vasoconstriction was similar in both dietary groups (Fig 5).  This is consistent with a 

previous report that cremaster muscle arterioles in rats fed 4% salt for the same duration 

as in the current study do not show a change in responsiveness to ANG II (36).  However, 

gracilis muscle resistance arteries from these animals exhibit an enhanced responsiveness 

to ANG II, possibly due to an upregulation of ANG II receptors triggered by the salt-

dependent reduction in circulating ANG II (34).  If this is truly the mechanism of this 

increased ANG II responsiveness, then the absence of such changes in the downstream 

arterioles could reflect a difference in the relative distribution of ANG II receptor 

subtypes between the microcirculation and the more proximal arteries (23). Whereas 

inhibition of 20-HETE formation with DDMS reduced arteriolar constriction to ANG II 

in both groups, this effect was less in the high salt rats (Figure 6). These data suggest that 

as in cremaster muscle and kidney, ANG II-induced arteriolar constriction in the 
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spinotrapezius muscle is partly dependent on the 20-HETE pathway, although this 

component of the pathway is reduced in rats fed high salt.   

The contractile effect of NE is also partly mediated by 20-HETE formation in rat 

mesenteric resistance arteries (35) and rabbit aortic smooth muscle cells (18).  However, 

inhibition of 20-HETE formation did not consistently affect NE-induced arteriolar 

constriction in the spinotrapezius muscle of rats on either diet (Figure 7), suggesting that 

there could be differences in the mechanism of adrenergic constriction between arterioles 

and upstream arteries  and are thought to contribute to the reduced hypoxic dilation that is 

present in these rats .   

In conclusion, the present study clearly demonstrates that 20-HETE plays an 

important role in the oxygen-induced constriction of rat spinotrapezius muscle arterioles 

and in contrast to previous findings after 3 days of high salt intake, a 4-5 week period of 

high salt intake leads to an attenuation of this response, largely through a reduction in the 

intrinsic responsiveness of arteriolar smooth muscle to 20-HETE.  These findings raise 

the possibility that the reduced arteriolar dilation during skeletal muscle contraction may 

be due to the impaired arteriolar oxygen sensitivity in high salt-fed rats. 
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GENERAL DISCUSSION 
 

The overall goal of this dissertation project was to investigate the impact of dietary 

salt on mechanisms of local blood flow regulation in normotensive rats.  This study was 

focused on examining the effects of dietary salt on functional hyperemia and oxygen-

dependent control of arteriolar tone and was also undertaken to further elucidate the role(s) 

of reactive oxygen species (ROS) and 20-HETE in these processes. 

Functional hyperemia is a complex hemodynamic phenomenon that is dependent 

on the integration of various mechanisms of local blood flow control serving to meet the 

metabolic needs of the tissue (Clifford & Hellsten, 2004).  A high salt (HS) diet has been 

previously shown to impair elements of microvascular function such as the dilation of 

skeletal muscle resistance arteries in response to a reduction in PO2 (Frisbee et al., 2001; 

Liu et al., 1997), myogenic stimuli (Nurkiewicz & Boegehold, 1998), and increases in 

arteriolar wall shear stress (Boegehold, 1995).  All of these mechanisms have been 

suggested to contribute to functional hyperemia to varying degrees (Lash, 1996; Laughlin 

et al., 1996; Laughlin & Korzick, 2001) and therefore we hypothesized that a high salt diet 

would impair functional hyperemia.  The specific aims of our first study were to (1) 

investigate the changes in arteriolar diameter and blood flow induced by different levels of 

muscle contraction in normotensive rats fed normal or high salt diets and (2) to determine if 

ROS and/or reduced NO bioavailability could contribute to any salt-linked deficit in the 

hyperemic response to muscle contraction.  

Our first study determined that high dietary salt intake reduces the arteriolar dilation 

that accompanies functional hyperemia (which was confirmed in our second study), and 
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that this blunted dilation is not due to the increased presence of reactive oxygen species 

(ROS) and/or a reduction in nitric oxide (NO) availability.   

Previous reports from our laboratory have clearly demonstrated that a 7% high salt 

diet leads to a reduction in NO bioavailability (Boegehold, 1993; Boegehold, 1995) and a 

loss of endothelium-dependent dilation (Lenda et al., 2000) in rat spinotrapezius muscle.  

Additional studies confirmed there is an increased presence of ROS in the arteriolar walls 

as well as increased activity of ROS generating enzymes such as NAD(P)H oxdase (Lenda 

et al., 2000; Lenda & Boegehold, 2002b).  Furthermore, scavenging of ROS restores the 

endothelium-dependent dilation in these salt-fed rats, suggesting that ROS, most likely 

superoxide anion (O2
-) is inactivating the NO that is released from the endothelium 

(Harrison & Cai, 2003).  Based on these data, our experiments were designed to examine 

whether increased ROS are present in rats fed a lower HS diet (4%), and to determine 

whether increased ROS, specifically O2
-, is involved in the destruction of vascular NO, thus 

contributing to the attenuated dilation that we observed during functional hyperemia. 

Following inhibition of endothelial nitric oxide synthase (eNOS), there were 

similar increases in resting arteriolar tone in both dietary groups, and there was virtually 

no effect on the functional hyperemic response, with the exception of a slight reduction in 

the arteriolar diameter response at 4 Hz in the normal salt (NS) group.  These data 

suggest that the impaired arteriolar dilation in the HS rats during functional hyperemia is 

most likely not due to reduced NO availability.  This is not surprising given that NO has 

not been found to play a large role in functional hyperemia in this preparation (Boegehold, 

1996).  However, increased ROS may act via another mechanism to impair functional 

hyperemia and thus we sought to determine whether a 4% high salt diet results in increased 
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ROS as observed with the 7% HS diet (Lenda et al., 2000).  We utilized two techniques to 

measure ROS in the arteriolar walls of the spinotrapezius muscle; 

tetranitrobluetetrazolium (TNBT) reduction assay, a general index of intra- and 

extracellular oxidant activity (Lenda et al., 2000) and the fluorescent probe, 

dihydroethidine (DHE), which is specific for intracellular O2
- detection (Tarpey & 

Fridovich, 2001).  Consistent with Lenda et al. (2000), we found that rats fed a 4% HS 

diet for 4 weeks also exhibit increased arteriolar wall oxidant stress.  However, contrary 

to what we predicted, there was no increase in DHE fluorescence in the high salt rats, 

suggesting that a ROS other than O2
- is increased in the arteriolar wall of HS fed rats.  

Superoxide can either quickly react with NO to form the highly reactive species 

peroxynitrite (ONOO_), or it can be dismutated by the O2
- scavenging enzyme superoxide 

dismutase (SOD) to its less reactive by-product hydrogen peroxide (H2O2) (Halliwell & 

Gutterman, 1989; Harrison, 1997).  Both are potential ROS that could contribute to the 

increased TNBT signal in high salt rats.  However, these increased ROS apparently do 

not contribute to the reduced functional dilation in HS rats, because in the presence of the 

SOD mimetic 2,2,6,6-tetramethylpiperidine-N-oxyl (Tempo) + the H2O2 scavenger 

catalase, the dilation and flow response during muscle contraction were reduced in both 

normal and high salt groups.  Interestingly, these data suggest that ROS may actually 

contribute to skeletal muscle functional hyperemia rather than impair it as originally 

hypothesized.   

The possibility that ROS may have a physiological role during functional 

hyperemia does not come as a complete surprise given the numerous lines of evidence 

suggesting ROS are important second messengers that participate in the regulation of 
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vascular tone, oxygen sensing and receptor-mediated vascular responses (Droge, 2002).  

Given that other vasoactive metabolites (eg. adenosine, ATP, lactate) from surrounding 

extravascular tissue can influence resting vascular tone and functional hyperemia (Lash, 

1996), it is feasible that ROS from extravascular sources can also have such an effect on 

the vasculature.  

Study II (Chapter III) was undertaken to determine whether physiological levels 

of ROS released from the extravascular skeletal muscle contribute to functional 

hyperemia, and if so, whether high salt intake alters this role.  H2O2, a highly diffusible 

ROS, has been shown to regulate vascular tone in numerous vascular beds as well as 

contribute to mechanisms of vascular function such as flow-mediated dilation and 

autoregulation (Koller & Bagi, 2004; Miura et al., 2003; Yada et al., 2003).  Furthermore, 

in vitro studies have shown that H2O2 production increases during skeletal muscle 

contraction (Silveira et al., 2003) and that ROS production contributes to force generation 

during contraction (Reid, 2001).  Therefore in Study II we hypothesized that H2O2 

released from the skeletal muscle fibers can contribute to the arteriolar dilation and blood 

flow response during skeletal muscle contraction in vivo.   

To test this possibility, we used the fluorescent probe 2’,7’ 

dichlorodihydrofluorescein diacetate (DCFH-DA) as a means to detect intracellular H2O2 

formation during skeletal muscle contraction (Miura et al., 2003; Silveira et al., 2003).  

Immediately following muscle contraction there was a significant increase in DCF 

fluorescence in the surrounding skeletal muscle fibers which was inhibited by the H2O2 

scavenger catalase.  These results suggest that H2O2 production is increased in 

contracting muscle fibers.  It has been previously shown in skeletal muscle myotubes that 
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production of O2
- and hydroxyl radical (OH-), a by-product of H2O2 metabolism via the 

Fenton reaction, are increased in the extracellular space during contraction (Pattwell et 

al., 2004).  This same group also used microdialysis probes in the intact mouse 

gastrocnemius muscle to demonstrate that OH-, most likely formed from H2O2 

breakdown, is increased in the extracellular space during hindlimb contraction (Close et 

al., 2005).  Given the close proximity of the skeletal muscle fibers to the vascular tissue, 

and the highly diffusible nature of H2O2, it is quite possible that H2O2 could have 

paracrine effects on the vasculature during skeletal muscle contraction.   

In the presence of catalase, contraction-mediated arteriolar dilation and the 

increase in blood flow were significantly attenuated at the lower contraction frequencies 

(0.5 Hz and 2.0 Hz) in both dietary groups.  In combination with the DCF results, these 

data strongly suggest that H2O2 contributes to functional hyperemia.  However, compared 

to the NS rats, at 4 Hz stimulation, catalase had a significantly smaller effect on arteriolar 

dilation in HS rats, although its effect on the accompanying flow increase was not 

different from the NS rats.  Another interesting observation from these studies was that 

the post-catalase arteriolar diameter change in NS rats was similar to the control diameter 

change in the HS rats. Overall, these data suggest that the reduced functional dilation in 

the HS rats is either due to a reduction in endogenous H2O2 production, reduced vascular 

smooth muscle sensitivity to H2O2 and/or a change in catalase activity or enzyme 

expression, leading to reduced H2O2 bioavailability.  The latter possibility is unlikely 

given that it was previously shown that catalase activity and expression is unchanged in 

resting spinotrapezius muscle following a high salt diet (Lenda & Boegehold, 2002a).  In 

addition, reduced endogenous H2O2 is also not likely, given that catalase did not have a 
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proportionally consistent reduced effect on both diameter and flow and the H2O2-

dependent mechanism was not affected by dietary salt (see below).  Therefore we 

examined the effects of dietary salt on arteriolar sensitivity to exogenous H2O2 as well as 

its mechanism(s) of action. 

Exogenous H2O2 elicited concentration-dependent arteriolar dilations in both NS 

and HS rats, but contrary to what we expected, the HS rats displayed an increased 

sensitivity to all three concentrations of H2O2.  These results argue against the possibility 

that high salt rats have reduced vascular smooth muscle sensitivity to H2O2 as suggested 

above.  Although speculative, the hypersensitivity to exogenous H2O2 in HS rats may 

reflect a secondary adaptation to the changes in pro-oxidant and anti-oxidant enzyme 

activities previously found in the spinotrapezius muscle of high salt fed rats (Lenda & 

Boegehold, 2002b).  The increased basal activity of NAD(P)H oxidase and reduced 

CuZnSOD activity in high salt fed rats (Lenda & Boegehold, 2002b) could theoretically 

reduce overall basal levels H2O2 formation which may result in increased arteriolar 

sensitivity to exogenous H2O2.  However, whether or not this observed hypersensitivity to 

H2O2 in high salt rats is related to some type of oxidative compensatory response is 

currently unknown and therefore may serve as an interesting future research question.   

Several different mechanisms have been proposed to mediate H2O2-induced 

arteriolar dilation, including both direct and indirect effects on the vascular smooth 

muscle.  These include an endothelium-dependent mechanism whereby H2O2 

phosphorylates eNOS through the PI 3-kinase/Akt-dependent pathway (Cai et al., 2003) 

and a soluble-guanylate cyclase-dependent mechanism of H2O2 smooth muscle relaxation 

(Wolin & Burke, 1987; Wolin et al., 2005).  Because we have not found a convincing 
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role for NO in functional hyperemia in spinotrapezius muscle, we reasoned that if H2O2 

did contribute to functional hyperemia in this muscle, it would not be doing so via 

stimulating NO release, thus it is unlikely that H2O2-mediated dilation occurs through the 

PI3K/Akt/eNOS pathway in this tissue.  Moreover, inhibition of soluble guanylate 

cyclase had no consistent effect in either group on responses to exogenous H2O2, 

suggesting that in the spinotrapezius muscle, H2O2-mediated dilation is not through the 

soluble guanylate cyclase pathway.   

Other data suggest that H2O2 can directly activate various potassium channels, 

thus hyperpolarizing and relaxing the vascular smooth muscle (Barlow & White, 1998; 

Barlow et al., 2000; Lacza et al., 2002; Matoba et al., 2000). Furthermore, previous data 

in skeletal muscle has suggested that KATP channels contribute significantly to functional 

hyperemia (Hammer et al., 2001; Saito et al., 1996) and that H2O2-mediated dilation in 

rat gracilis arterioles is mediated by the combined activation of KCa and KATP channels 

(Cseko et al., 2004).  Therefore we examined K+ channel activation as a potential 

mechanism for H2O2-dependent dilation in spinotrapezius muscle.  Following the 

inhibition of KCa and KATP channels, the arteriolar dilation to exogenous H2O2 was 

similarly reduced in both dietary groups and, inhibition of KATP channels nearly 

abolished the functional hyperemic response in both groups.  These results show that 

H2O2 mediates vasodilation via K+ channels (predominantly KATP) and these data show 

that dietary salt does not alter this mechanism of H2O2-dependent arteriolar dilation.  

These results support previous studies demonstrating an important role for K+ channels in 

functional hyperemia and H2O2- dependent arteriolar dilation in skeletal muscle (Cseko et 

al., 2004; Hammer et al., 2001; Saito et al., 1996).  
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While adding substantially to the current knowledge of the mechanisms of 

functional hyperemia, these results do not elucidate the functional significance of the 

increased ROS production shown in HS rats in Study I.  This increased ROS production 

and the increased oxidant enzyme activity in HS rats (Lenda et al., 2000; Lenda & 

Boegehold, 2002b) could be reflective of overall changes in local oxygen metabolism in 

high salt-fed rats.  Because oxygen (PO2) is an inherent component to the control and 

regulation of arteriolar tone and skeletal muscle blood flow during functional hyperemia 

(Boegehold & Bohlen, 1988; Gorczynski & Duling, 1978; Proctor et al., 1981), the main 

goal of our final study was to test the hypothesis that increased dietary salt impairs the 

arteriolar response to changes in oxygen availability, which ultimately could impact the 

arteriolar dilation in high salt-fed rats.  

In the intravital microscopy model used in these studies, the control superfusate 

solution was equilibrated with 0% oxygen, therefore we examined an increase in oxygen 

availability to test our hypothesis.  Consistent with our hypothesis, following an increase 

in superfusate PO2 the high salt rats displayed a reduced arteriolar constrictor response 

compared to the normal salt group.  Previous studies in rat cremaster (Lombard et al., 

1999) and isolated skeletal muscle gracilis arterioles (Frisbee et al., 2001) have 

demonstrated that during conditions of reduced oxygen availability there is an impaired 

dilator response in normotensive rats on a high salt diet.  Taken together with the results 

from Study III, these data imply that the arteriolar oxygen sensing ability, to either an 

increase or decrease in oxygen, may be impaired in high salt-fed rats.  In contrast, in the 

rat cremaster muscle, Frisbee et al., (2000) showed that a high salt diet does not affect the 

arteriolar constriction to an elevation in PO2.  There are several potential explanations for 
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these discrepancies.  First, in the Frisbee et al (2000) study the animals were placed on a 

high salt diet for only three days, as opposed to the chronic 4-5 week diet in our studies.  

Second, the fiber type composition and citrate synthase activity (an indicator of 

mitochondrial oxygen consumption) are much different in the cremaster muscle 

compared to the spinotrapezius muscle (Delp & Duan, 1996).  Such differences could 

theoretically impact local oxygen metabolism and its role in the regulation of arteriolar 

tone and blood flow.   

 In skeletal muscle arterioles, some studies have attributed the mechanism(s) 

responsible for oxygen-induced constriction to a reduction in vasodilators such as NO 

(Pries et al., 1995) and or PGI2 (Messina et al., 1992).  However, there are also several 

lines of evidence clearly demonstrating that a significant portion of the oxygen-induced 

constrictor response in skeletal muscle is mediated by the vasoconstrictor metabolite 20-

hydroxyeicosatetraenoic acid (20-HETE) (Lombard et al., 2004).  CYP450 4A ω-

hydroxylase, the enzyme responsible for the synthesis and production of 20-HETE has 

been shown to be expressed in both skeletal muscle as well arteriolar vascular smooth 

muscle, suggesting that arteriolar changes in oxygen sensitivity could be mediated by the 

surrounding skeletal muscle and/or the arterioles themselves (Kunert et al., 2001).  

Frisbee et al. (2001) showed that arterioles isolated from the cremaster muscle constrict 

less to elevated oxygen compared to the same arterioles in an in vivo setting.  These 

authors suggested that changes in 20-HETE production in both surrounding skeletal 

muscle as well as in the vascular smooth muscle of arterioles may be necessary for a 

complete oxygen-induced constrictor response. 
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 Following inhibition of 20-HETE formation, there was a significant reduction in 

the oxygen-induced constrictor response in our normal salt rats, suggesting that 20-HETE 

derived from CYP450 4A ω-hydroxylase partly mediates the constrictor response.  

Furthermore, exogenous 20-HETE elicited a concentration-dependent constriction in NS 

rats which was blocked by KCa channel inhibition.  These results are consistent with other 

authors who showed that 20-HETE exerts its effect via KCa channel activation (Alonso-

Galicia et al., 1999; Harder et al., 1994).  In contrast, in the high salt rats, 20-HETE 

inhibition had no effect on the oxygen-induced constriction and the responsiveness of the 

arterioles to exogenous 20-HETE was reduced.  In addition, KCa channel inhibition had 

no effect on responses to 20-HETE in the HS rats.  These data suggest that oxygen-

induced constriction is mediated by 20-HETE formed by CYP4A ω-hydroxylase and this 

mechanism appears to be reduced in normotensive rats fed a high salt diet.   

20-HETE has been shown to have a modulatory role in responses to other 

vascoconstrictor agonists such as NE and ANG II (Frisbee et al., 2000; Zhang et al., 

2001).  Therefore, in Study III we also investigated whether ANG II and NE exhibited 

reduced arteriolar constrictions, similar to oxygen, following high salt intake.  We were 

particularly interested in studying the effects of exogenous ANG II because in 

normotensive salt-fed rats, circulating levels of ANG II are reduced (Hernandez et al., 

1992b; Nurkiewicz & Boegehold, 2000).  In the normal salt rats, 20-HETE inhibition, 

reduced the ANG II-induced constriction, suggesting that 20-HETE partially modulates 

this response.  Although the high salt rats exhibited similar constrictor responses to ANG 

II, the effect of 20-HETE inhibition was less in these animals.  This may be due to a 

reduction in circulating ANG II levels in high salt rats which may reduce 20-HETE 
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synthesis and production (Roman, 2002).  Unlike its effect on ANG II, 20-HETE 

inhibition had no effect on the NE-induced constriction in either dietary group, 

suggesting that 20-HETE does not have a modulatory role in this response.    

In contrast to these findings, Wang et al. (2004) showed that 20-HETE inhibition 

restored hypoxic dilation in normotensive rats fed a high salt diet.  This was attributable 

to increased 20-HETE production, due in part to an increase in CYP450-4A enzyme 

expression in the mesenteric vasculature.  In addition, these authors found a role for 20-

HETE in mediating NE-induced vasoconstriction.  These results may differ from ours 

because Wang et al. (2004) used a non-skeletal muscle preparation (mesenteric vascular 

bed) and a shorter HS diet regime (3 days vs 4 weeks).  Following high salt intake, CYP 

4A ω-hydroxylase protein expression and 20-HETE levels in the kidney have been found 

to decrease, thus promoting excretion of the excess sodium (Stec et al., 1996; Zhao et al., 

2003).  20-HETE plays an important role in various aspects of renal function, such as 

inhibition of tubular sodium reabsorption (Nowicki et al., 1997; Ominato et al., 1996; 

Quigley et al., 2000), therefore the duration of the high salt diet could influence renal 

tubular sodium balance, thus potentially changing the levels of 20-HETE.   

The results obtained in Study III show that oxygen-induced constriction is a 20-

HETE mediated event, and that this response and mechanism is altered in high salt rats.  

These data may present some insight into the mechanism(s) responsible for the impaired 

functional dilation during muscle contraction.  Because 20-HETE production is linearly 

dependent on changes in oxygen availability (Harder et al., 1996) and both increases and 

decreases in oxygen occur during muscle contraction, an impaired 20-HETE system 

following high salt intake could affect the oxygen-dependent hemodynamics that occur 
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with muscle contraction.  This is only speculative and additional work needs to be done 

to determine whether 20-HETE plays a role functional hyperemia.  However, other CYP 

450 metabolites have been shown to play a role in the vascular response to skeletal 

muscle contraction (Hillig et al., 2003), thus this hypothesis is not beyond the realms of 

possibility. 

Another possibility not investigated in this study is that the renin-angiotensin 

system (RAS) may contribute to the reduced functional dilation during muscle 

contraction, since high salt fed-rats exhibit reduced levels of circulating ANG II 

(Hernandez et al., 1992a; Weber & Lombard, 2000).  Because ANG II is a potent growth 

factor, the reduced ANG II levels in high salt rats are thought to contribute to changes in 

microvessel growth and wall structure (Wang & Prewitt, 1990), thus contributing to 

dysfunctional vascular responsiveness.  Several studies out of the Lombard laboratory 

have consistently shown that if circulating ANG II levels are maintained (via low-dose 

infusion) various impaired functional responses can be successfully restored in salt-fed 

rats (Lombard et al., 2003; Weber & Lombard, 2000; Weber & Lombard, 2001).  

Interestingly, it was recently shown that the angiogenic response following seven days of 

hindlimb muscle stimulation is completely blocked in normotensive high salt-fed rats.  

These authors concluded that this was attributable to suppression of ANG II levels, thus 

reducing ANG II-mediated stimulation of vascular endothelial growth factor (VEGF), an 

important trophic factor for angiogenesis (Petersen et al., 2006).  In addition, other 

authors have demonstrated that either a high salt diet or pharmacological reductions in 

ANG II levels via angiotensin converting enzyme (ACE) inhibition with captopril, results 

in a reduced exercise capacity in normotensive rats (Minami et al., 2004).  Taken 
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together, these studies suggest that ANG II levels are intimately involved in maintaining 

normal vascular responses during conditions of increased metabolic demand.  Whether or 

not the reduced functional dilation following skeletal muscle contraction in the current 

studies is can be explained by reductions in ANG II levels and impaired growth factor 

signaling and thus potentially affecting overall skeletal muscle performance and 

metabolic capacity, remains to be determined and would serve as an interesting topic of 

future research. 

In summary, these studies have established that a high salt diet reduces the 

arteriolar dilation that accompanies muscle contraction and despite its important role in 

functional hyperemia, this attenuated response does not appear to be due changes in H2O2 

levels.  In addition, the increased oxidant stress and reduced NO availability that have 

been previously demonstrated in HS rats do not explain this impaired response.  Oxygen 

sensing by arterioles is considered by some to be an important component of functional 

hyperemia.  The CYP 4A ω-hydroxylase metabolite 20-HETE is clearly involved in this 

process within skeletal muscle and our data show that this system is impaired in high salt- 

fed rats.  Further investigation is needed in order to determine the extent to which 

changes in arteriolar oxygen sensitivity are involved in the salt-induced impaired 

functional dilation and whether interventions such as maintenance of circulating ANG II 

levels can restore or improve this vascular dysfunction during skeletal muscle 

contraction.  
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