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ABSTRACT 

V asodilatory substances released from the endothelium are important regulators of 

vascular smooth muscle tone. Endothelium-dependent relaxation of large arteries is 

mediated primarily by nitric oxide (NO). Mechanisms mediating relaxation of small arteries 

(150-250 µm intraluminal diameter; ID) are not well understood. Additionally, 

endothelium-derived relaxing factors (EDRFs) may differentially modulate vascular tone and · 

relaxation in arteries from different vascular beds. The mechanisms mediating basal tone 

and endothelium-dependent vascular relaxation were determined in skeletal (Ske ), coronary 

(Cor) and mesenteric (Mes) small arteries isolated from male Golden Syrian hamsters. 

Baseline ID of small arteries was measured before and after pretreatment with 

inhibitors. Blockade of delayed-rectifying K+ channels CKmJ decreased baseline ID in Ske 

- small arteries, only. Blockade of large ca++ -dependent K+ channels (BKcJ decreased 

baseline ID in Cor small arteries, only. Blockade of inwardly-rectifying K+ channels (Km) 

decreased baseline ID in Cor and Mes small arteries. Therefore, basal 'tone is mediated by 

KDR channels in isolated Ske, K1R channels in isolated Mes, and K1R and BKca channels in 

isolated Cor small arteries. 

Acetylcholine (ACh, 10-9 to 3 x 10-5 M) produced concentration-dependent relaxation 

in Ske, Cor and Mes small arteries. Cor small arteries demonstrated a lower sensitivity to 

ACh. Relaxation to ACh was completely abolished after removing the endothelium and was 



unaffected by inhibition of cyclooxygenase (COX) in Ske, Mes, and Cor small arteries. 

Inhibition of nitric oxi~e synthase (NOS) significantly reduced maximal relaxation and 

reduced the sensitivity to ACh in Cor, but had no effect in Ske or Mes, small arteries. High 

extracellular K+ largely reduced relaxation to A Ch in all ~~ssels. Blockade. of KnR or K1R 

channels decreased the sensitiyity to ACh in S~e, but had no effect in Cor or Mes small 

arteries. Blockad~ of ca++ -dependent K+ channels (KcJ ·did iiot. alter relaxation in Mes, 

significantly reduced relaxation in Ske, and abolished relaxation to ACh in Cor small 

arteries. These results indicate that relaxation to A Ch is mediated partially by NO and an 

endothelium-deriveq hyperpolarizingfactor (EDHF), other than NO in Cor small arteries 

by opening Kea channels. Relaxation to A Ch is mediated by EDHF in Ske small arteries by 

opening Kea, ~DR and ~R channels. Relaxation to A Ch is mediated by EDHF in Mes small 

arteries, but the specific K+ channels contributing to relaxation remain unkn.own. 

Although the chemical identity of EDHF is unknown, it may be a metabolite of 

arachidonic acid (AA) produced by cytochrome P450 monooxygenase ( cP450). Inhibition 

of cP450 significantly inhibited relaxation to ACh in all vessels. These results indicate that 

relaxation to A Ch· that is resistant to inhibition of NOS or COX is dependent on cP450 

metabolites in all vessels. 

In many diseases, mechanisms mediating normal vascular function are altered. 

Blockade of BKca channels in Cor and Mes small arteries from control hamsters and Cor / 

small arteries from cardiomyopathic hamsters caused contraction from baseline. Therefore, 

basal tone is regulated by BKea channels in Cor small arteries from control and 

cardiomyopathic hamsters and regulation of basal tone by BKea channels is impaired in Mes 

small arteries from cardiomyopathic hamsters. Concentration-response curves to A Ch were 



similar between vessels from both groups. COX inhibition decreased relaxation to A Ch in 

cardiomyopathic, but not control, Cor small arteries. NOS inhibition reduced the sensitivity 

to ACh similarly in Mes small arteries from both groups;. However, NOS inhibition 

decreased relaxation to ACh to a lesser extent in cardiomyopathic compared to control 

hamster Cor small artetjes. NOS inhibition decreased maximum relaxation and reduced the 

sensitivity to ACh in Cor small arteries from control hamsters, but had no effect on 

maximum relaxation in vessels from cardiomyopathic hamsters. This ·_indicates that the 

contribution of NO-mediated relaxation is reduced in- vessels from cardiomyopathic 

hamsters. Blockade of Kea comple_tely abolished relaxation to A Ch in Cor, but not Mes 

. . 

small arteries from both groups. Ther~fore, A Ch~induced relaxation of Cor small arteries 

from control hamsters is mediated by NO and EDHF via opening Kea channels. ACh

induced relaxation of Cor small arteries from cardiomyopathic hamsters is primarily 

mediated by NO and EDHF, slightly by PG/2 by opening Kea channels. ACh-induced 

relaxation of Mes small arteries from control and cardio1,:,yopathic hamsters is mediated by 

NO and EDHF, but does not require opening of Kea channels. 

Measurement of mean arterial pressure (MAP), mesenteric vascular resistance (MVR) 

and hindquarter vascular resistance (HVR) was examined in anesthetized control . and 

cardiomyopathic hamsters after inhibition of NOS · or BKca channels. NOS inhibition 

increased MAP and MVR to a lesser extent in cardiomyopathic compared to control 

hamsters and increased HVR in co~trol, but not cardiomyopathic hamsters. Blockade of 

BKca channels increased MAP and MVR similarly in both groups, but increased HVR 

significantly less in cardiomyopathic hamsters. These results indicate that regulation of 

MVR by NOS, and of HVR by both NOS and BKca channels, is reduced. 
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INTRODUCTION 

A. Rationale 

Endothelium-derived relaxing· factors (EDRFs) are important regulators of basal 

vascular tone and mediate vascular relaxation to several vasodilatory substances (Luscher 

and Vanhoutte, 1990). In large conduit arteries, endothelium-derived nitric oxide (NO) is 

released following stimulation of muscarinic receptors with acetylcholine (ACh) and 

produces relaxation of vascular smooth muscle (F~chgott and Zadwadzki, 1980). However, 

the mechanisms mediating endothelium-dependent relaxation of small arteries (150-250 µm 

intraluminal diameter) are not well understood. Other EDRFs that could contribute to 

vascular relaxation include prostacyclin (PGI2) and endothelium-derived hyperpolarizing 

factor (EDHF). Although the chemical identity of EDHF is unknown, relaxation to EDHF 

has been shown to be mediated by opening ofK+ channels (Cowan et al, 1993; Campbell 

et al., 1996). Recent studies suggest that EDHF may be arachidonic acid metabolites of the 

cytochrome P450 (cP450) pathway (Campbell et al., 1996).· The contribution ofEDRFs in 

regulation of vascular tone is altered in many disease states including atherosclerosis, 

diabetes and hypertension (Shirasaki et al., 1988; Kamata et al., 1992; Najibi et al., 1994). 

However, few studies have evaluated endothelium-dependent vascular relaxation in heart 

failure. 

1 
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Studies have shown that arteries exhibit heterogeneity in endothelial and smooth 

muscle morphology and function (Gumkowski et al., 1987; Archer et al., 1996). 

Heterogeneous vascular relaxation in vessels of different size has also been demonstrated 

(Galle et al., 1993; Archer et al., 1996). Heterogeneity in the mechanisms mediating 

endothelium-dependent relaxation in small arteries from different vascular beds has not been 

determined. 

The present studies evaluated basal tone and specifically, vascular reactivity, in 

isolated small arteries in vivo. These studies were designed to determine a) the contribution 

of NO, prostanoids, and EDHF in mediating endothelium-dependent relaxation and basal 

· tone in coronary, mesenteric and skeletal muscle small arteries isolated from the Golden 

Syrian hamster, and b) the mechanisms mediating endothelium-dependent relaxation and 

basal vascular tone in the advanced stage of cardiomyopathy utilizing ·a genetic hamster 

model of cardiomyopathy. 

B. Endothelium-Derived Relaxing Factors 

Endothelium-derived relaxing factor (EDRF) was described in 1980 as a substance 

released from endothelial cells of rabbit aorta following· stimulation of muscarinic receptors 

with acetylcholine (ACh) (Furchgott and Zadwadzki, 1980). EDRF was believed to be nitric 

oxide (NO) or a nitrosylated compound (Myers et al., 1990). In endothelial cells, NO is 

produced by nitric oxide synthase (NOS) from the substrate, L-arginine (L-Arg) (Palmer et 

al., 1988). The synthesis of NO from L-Arg ~an be inhibited by L-Arg analogs such as Nw

Nitro-L-Arginine (LNA) (Palacios et al., 1989)~ There are at least three isoforms of NOS 

which include type I or brain NOS (bNOS), type II or inducible NOS (iNOS) and type III or 
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endothelial NOS (eNOS). bNOS and eNOS are constitutively expressed and ca++-dependent 

· (Bredt and Snyder, 1990). iNOS can be induced by bacterial endo!oxin or cytokines and acts 

independently of Ca++ (Knowles etal., 1990; Forstermann et al., 1991). All isoforms ofNOS 

· convert· L-Arg to NO and require cofactors such as flavin adenine dinucleotide (FAD), flavin 

mononucleotide (FMN), reduced nicotinamide adenine dinucleotide phosphate (NADPH), 

tetrahydrobiopterin (BH4) and 0 2 (Palmer et al., 1988). 

NO is a diffusible substance with a half-life of seconds that can produce relaxation 

by decreasing smooth muscle cell ca++ through a cGMP-depen_dent pathway or through 

hyperpolarization due to increased opening ofK+ channels (Gruetter et al., 1981; Bolotina 

· et al., 1994; Murphy and Brayden, 1995a; Corriu et al., 1996b ). Within the vasculature, NO 

may be released from endothelial cells as a more stable nitrosylated compound which then 
/\ 

dissociates to form NO · (Myers et al., 1990). It has been well-documented that A Ch 

stimulates NO production and release in large arteries such as aorta, in which inhibitors of 

NOS activity nearly abolish relaxation (Nagao et al., 1992; Wu et al., 1993). However, 

studies indicate that endothelium-dependent vascular relaxation remains after inhibition of 

NOS activity in some vascular beds (Cowan and Cohen, 1991; Nagao et al., 1992; Cowan 

et al.; 1993; Clark and Fuchs, 1997)~ ,, . 

In addition to stimulu~-induced 'release of EDJU's, basal production and release of 

~O by endothelial cells modu~ates vasc.ular tone. The endothelium releases NO under basal 

conditions and as a result of shear stress exerted by the circulating blood (Bassenge, 1989). 

This basal release of NO is ·critically involved in. maintaining normal vascular tone. 

Inhibition of NO~ ~tivity withLNA has be,~rt sh~.wri. to increase mean arterial pressure ,and 
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coronary_vascular resistance in rats, demonstrating that continuous release of NO from the 

endothelium has a vasorelaxing effect in vivo (Jones and Brody, 1992). 

In addition to NO, other EDRFs including prostacyclin (PGl2) may produce vascular 

relaxation. Production of vasodilatory and vasoconstrictor prostanoids by the endothelium 

is dependent on cyclooxygenase (COX) and can be inhibited by indomethacin (Indo). 

Phospholipase A2 (PLA2), a ca++ -dependent enzyme, is responsible for conversion of 

membrane phospholipids to AA, the substrate for COX (Fukao et al., 1997). COX converts 

arachidonic acid (AA) to vasoconstrictor agents including thromboxane {TXA2) and 

endoperoxid~s such as PGG2 and PGH2• Vasoconstrictor prostanoids such as PGF2a are 

metabolites of PGH 2• PGl2 was first discovered in 1976 and is the most potent vasorelaxing 

prostanoid and is produced by the action ofprostacyclin synthase on PGH2 (Moncada et al.,. 

1976; Dusting et al., 1977b). PGI2 is an unstable compound that has a biological halflife in 

blood of2-3 min (Dusting et al., 1977a). PGl2 produces relaxation,ofthe vascular smooth 

muscle cell by increasing cAMP levels resulting in reduced intracellular ca++ or through 

· hyperpolarization by increasing K+ channel conductance (Suppattapone et al., 1988; Jackson 

. ' . . 

et al., 1993). ACh has been_ shown to releas~ both vasodilatory and vasoconstrictor 

prostanoids, which are capable of masking the effects of each other, and the effects of other 

EDRFs (Miller et al., 1985). 

The release of a factor that could hyperpolarize arterial smooth muscle following 

muscarinic receptor.: stimulation was o~served by Kuriyama and Suzuki in 1978. In 1984 

it was demonstrated that this hyperpolarization was mediated by an endothelium-derived 

factor (Bolton et al., 1984). In 1988, Komori et al., demonstrated the existence of a factor 
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other than NO that was an endothelium-derived hyperpolarizing factor, now known as 

EDHF. The chemical identity of EDHF i~ not known, but, several bioassay studies have 

confirmed the existence of a diffusible factor produced by the vascular endothelium that is 

neither NO nor PGI2 (Vanhoutte, 1993; Mombouli et al., 1996; Popp et al., 1996). EDHF 

production and release are stimulated by an increase in intracellular ca++ levels needed for 

PLA2 ~reakdown of membrane phospholipids into AA, the precursor for EDHF (Bauersachs 

et al., 1994; Fukao et al., 1997). EDHF may be AA metabolites of cytochrome P450 

monooxygenase (cP450) (Bauersachs et al., 1994; Harder et al., 1994; Campbell et al., 1996). 
' 

NADPH and 0 2 are necessary cofactors for cP450 activity (Pe~erson et al., 1997) .. cP450 can 

produce EDHFs from epoxidation of AA, resulting in epoxyeicosatrienoic acids (EETs) 

(Campbell et al., 1996). EETs can be further hydrolyzed. to form dihydroxyeicosatrienoic 

acids (DHETEs) (Rahman et al., 1997). The existence of different isofonns of cP450 has 

been observed in vascular endothelial and smooth muscle cells from ·various vascular beds 

(Makita et al., 1996; Harder e~ al., 1997). NO may exert anegative feedback effect on the 

production ofEDHF, and upon decreased NO production, EDHF may have a greater role in 

mediating relaxation (Bauersachs et al., 1996, 1997). 

EDHF has been shown to produce relaxation through increasing K+ channel 

conductance. There are five types of K+ channels located on vascular smooth muscle cells 

including large Ca ++ -dependent K + channels (BKcJ, small ca++ -dependent K+ channels 

(SKcJ, ATP-sensitive K+ channels (KATP), delayed-rectifying K+ channels (KmJ, and 

inwardly-rectifying K+·channels (Km) (Nelson and Quayle, 1995). Efflux ofK+ produces 

hyperpolarizati_on. In_ a contracted or depolariz~d vessel, hyperpolarization will increase the 
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membrane potential leading to vascular relaxation mediated by reduction of inµ-acellular 

L 

ca++. A method commonly used to functionally block all K+ channels is to increase 

extracellular K+ to 25-50 mM, which will effectively block K+ efflux (Cowan et ·al., 1993; 

Corriu et al., 1996a). 

· K+ channels respond to various intracellular and extracellular stimuli to increase or 

decrease opening probability. BKca, but not SKca,·channels are voltage sensitive (focrease . . 

channel opening probability upon depolarizing stimuli). However, both BKca and SKca 
! 

channels require.intracellular ca++ for activity (Inoue et al., 1985; Stuenkel, 1989). BKca 

channels are involved in regulation of myogenic tone (Brayden and Nelson, .1992; Asano et 

al., 1993). KATP channels are affected,by intracellular metabolic states in which ATP inhibits 

KATP channel opening (Noma, 1983; Daut et al., 1990). KATP channels are involved in 

regulation ofbasal tone·and nietabolic blood flow (Jackson et al., 1993). K0R channels are 

voltage sensitive and may be important in regulating membrane potential (Volk et al., 1991; 

_ Robertson and Nelson, 1994). K1R channels increase their probability of opening at more 

hyperpolarized states and -are important determinants of resting membrane potential 

(Edwards et al., 1988). 
. . 

Most $tudies indicate· that EDHF acts primarily by· opening KATP and Kea channels 

(Cowan et al., 1993; Campbell et al., 1996). Others suggest that EDHF can also utilize 

several K+ channels simultaneously including K0R channels (Cowan et al., 1993; Campbell 

et al., 1996; Satake et al., 1997). While the contribution of EDHF in basal vascular tone is 

unknown, blockade of BKca channels with charybdotoxin {CTX) was shown to increase 

peripheral vascular resistance in pigs (Zanzinger et al., 1996). 
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Acetylcholine (ACh) · is an effective vasorelaxant and well~studied agent that can 

release NO, PGI2 and EDHF from endothelial cells. A Ch binds to muscarinic receptors (M1, 

M 2 and M 3)~ M 1 and M3 receptors·have been implicated in release of EDHF, while M2 

receptors have b_een implicated in; re,l_ease .. of NO (Komori and Vanhoutte, 1990; 

Hammarstrom et al., 1995). Muscarinic receptor stimulation increases cytosolic ca++ that 

is necessary for production of EDRFs. Thes.e vasodilatory factors are .produced within the 

endothelial cell and readily diffuse to the vascular smooth muscie cell to elicit vasodilation 

(Mombouli et al., 1996). 

C. Vascular Heterogeneity 

Heterogeneity, defined as differences in.genotype, phenotype and/or function, occurs 

in endothelial and smooth muscle cells (Gumkowski et al., 1987; Archer et al., 1996). An 

example of functional heterogeneity is the vascular responsiveness to the defense reaction 

in which renal and mesenteric vascular beds vasoconstrict, while the skeletal and coronary 

vascular beds vasodilate (Abrahams et al., 1960). Studies examining heterogeneity in 

isolated vessels from different vascular beds have been performed in large arteries such as 

the carotid artery, femoral artery and aorta (Nagao et al., 1992; Cowan et al., 1993; Ferrer 

et al., 1995). Hwa et al. (1994) demonstrated that the importance of NO in vascular 

relaxation increases with increasing vessel size, while the role of EDHF was enhanced with 

decreasing vessel size. Heterogeneity in the number and type of K+channels present in 

vascular smooth muscle has also been reported (Hutcheson and Griffith, 1994; Nelson and 

Quayle, 1995; Petersson et al., 1997). 

D. EDRFs and Vascular Disease 
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Studies have shown that the role of endothelium-derived NO is altered m 

pathophysiological states including hypertension, diabetes and atherosclerosis (Shirasaki et 

al., 1988; Kamata et al., 1992; Siegel et al., 1993). Studies in models of congestive heart 

failure (CHF) have yielded conflicting results. One study demonstrated production of NO 

to be increased in coronary arteries of dogs after rapid ventricular pacing to produce heart 

failure (O'Murchu et al., 1994). Another study demonstrated a decreased production of NO 

in the same model (Wang et al., 1994). In the early stage of cardiomyopathy in a genetic 

model, superoxide anions contribute to impaired endothelium-dependent relaxation to ACh 

in coronary small arteries (Fu_chs, 1996). lµcre~ed production arid release of free radicals, 

including superoxide anions, can inactivate NO thus impairing vascular relaxation (Rubanyi, 

1988). Additionally, in the early and advanced stages of cardiomyopathy, superoxide anions 

impaired regulation of mean arterial blood pressure (MAP) by NOS (Gutierrez et al., 1997). 

Impaired vascular responses to vasodilators have been observed in humans with heart 

failure. Heart failure patients exhibit impaired endothelium-dependent and endothelium

independent increases in foreann and lower limb blood flow in response to ACh and sodium 

nitrite, papaverine or phent6lamine, respectively (Zelis et al., 1968; Hirooka et al., 1994; 

Lindsay et al., 1996). Conduit artery distensibility to ACh was impaired in patients with 

heart failure, implying that N(?-mediated increases in vessel diameter are attenuated in 

patients with congestive heart failure (Ramsey et al., 1995). Additionally, in humans with· 

congestive heart failure endothelium-dependent vasodilation of large arteries was impaired 

(Kaiser et al., 1989). 

Recent studies have shown alterations in vascular reactivity to various agents, 



9 

mediated by K+ channels in disease states such as hypercholesteremia, hypertension and 

diabetes (Najibi et al., 1994; Takaba et al., 1996; Zimmermann et al., 1997). In vessels from 

hypercholesteremic rabbits, K+ channel-mediated hyperpolarization to ACh was enhanced, · 

compared to control vessels (Najibi et al., 1994). However, endothelium~mediated 

hyperpolarization was impaired in vessels from DOC-NaCl hypertensive;. spontaneously 

hypertensive and two-kidney, one clip· renal hypertensive rats (Fuji et al., 1992; Van de 

Voorde et al., 1992; M*ynen et al., 1996). · The role of EDHF and K+ channels in 

modulating vascular function in the genetic hamster model of cardiomyopathy has not been 

examined. , 

~. Hamster Model of Cardiomygpathy 

In the genetic hamster · model, cardiomyopathy is transmitted by · an autosomal 

recessive gene expressed in 100% of affected lines (Gertz, 1972). Cardiomyopathy is 

characterized by severe -ventricular dysfunction of unknown etiology i~ the genetic 

cardiomyopathic hamster. The ventricular dysfunction is associated with systemic 

vasoconstriction that contributes to maintenance of arterial pressure in the presence of 

reduced cardiac output. However, this compensatory mechanism aggravates rather than 

relieves congestive heart failure by increasing cardiac work and oxygen consumption. In the 

early stages of disease (30-90 days of age), coronary vasospasm occurs, which may 

contribute to myocardial necrosis (Factor and Sonnenblick, 1982). Additionally, necrosis 

of abdominal skeletal muscle tissue is observed, but the mechanism mediating this 
) 

abnormality is unknown (Weismann, 1993). Several studies have observed defects in the 

handling of ca++ within the heart and skeletal muscle (Azari et al., 1979; Rouleau et al., 
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1982; Weisman, 1993). 

The cardiomyopathic h_amster h~ four distinct stages of cardiomyopathy including 

the prenecrotic, necrotic, . quiescent and. ·advanced stage. In the advanced stage of 

cardiomyopathy, hypertrophy and cardiac dilation occur, and hamsters exhibit overt heart 

failure leading to death at about 13 months of age, about half the normal life span of a 

control hamster (Jasmine and Proschek, 1982). Compared to cardiomyopathic humans, 

cai-diomyopathic hamsters . have a similar hemodynamic profile, increased plasma 

catecholamines, increased myocardial dopamine, decreased ·myocardial norepinephrine, and 

enhanced fibrosis ofthe epicardium (Gertz, 1972; Strain et al., 1983). Additionally, the _ · 

.acute myocarditis .observed in young patients who· later ·develop cardiomyopathy, has • 

histological similarities to the myocardial changes observed during the development of 

cardiomyopathy in hamsters (Strain et al., 1983). These similarities make the hamster an 

excellent model of the.human disease. 



MATERIALS AND METHODS 

Male Golden Syrian (C) and cardiomyopathic (M) hamsters (BIO 14.6) were 

obtained from Biobreeders (Fitchburg, MA) and were housed individually in the Medical 

College of Georgia animal care facilities.· All procedures were approved by the CA URE and 

compliance with NIB and APS .·standards~ Addi~ionally, our vivarium is AALAC approved. 

A. General procedures 

1. Measurement of vascular reactivity in isolated small arteries 

Hamsters were an~sthetized with sodium pentobarbital (60 mg/kg, i.p.). The skin 

over the abdominal skeletal muscle was shaved and an incision was made from the right 

lateral side to the left lateral side below the rib cage, leaving the diaphragm intact. Heparin 

(100 units) was administered into the left ventricle with an insulin syringe and allowedto 

circulate for at least 2 minutes to prevent coagulation. A midline · thoracotomy was 

performed and the heart was excised and placed in chilled oxygenated (20% 0 2, 5% CO2, 

balance N2) Krebs-Ringer bicarbonate solution (mM composition: NaCl, 118.3; KCl, 4.7; 

CaC12, 2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHC~, 25; dextrose, 11.1). The skin overlying the 

abdominal skeletal muscle was removed and a midline incision was made between· the 

superior epigastric arteries to separate two sections of muscle tissue. The abdominal skeletal 

muscle was removed and placed in chilled oxygenated Krebs solution. The small intestine .· 

was isolated approximately 2 cm below the stomach and tied on either end with 4-0 silk 

11 
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suture to prevent leakage of intestinal contents. The section of intestine was removed with 

the mesentery intact and placed in chilled oxygenated Krebs solution. 

With the aid of a dissecting scope (Olympus SZ30), forceps and microscissors (Fine 

Science Tools, Foster City, CA), a second order branch of the left main coronary artery was 

dissected free of myocardial tissue. A second order branch of the superior epigastric artery 

was dissected from abdominal and connective tissue. Finally, a third order branch of the 

superior mesenteric artery was dissected free from adipose and connective tissue. All vessels 

were 1-2 mm in length and within the range of 150-250 µni intraluminal diameter. 

Isolated small arteries were transferred to a vessel bath containing oxygenated Krebs 

solution (Medical Instruments, University oflowa, Iowa City, IA). Vessels were mounted 

between two glass micropipettes (100 µm diameter tip) with 10-0 ophthalmic suture, and 

flushed with Krebs solution to remove any blood from the lumen. The vessel bath was 

transferred to the stage of an inverted light microscope (Olympus GIG). A constant 

intraluminal pressure of 40 mmHg was applied through the glass pipettes. A camera 

attached to the light microscope projected the vessel image onto a video monitor (Sony). 

Intraluminal diameter was measured in microns with a video dimension analyzer (Living 

Systems Instrumentation, Burlington, VT) that is capable of tracking the vessel wall on the 

basis of optical density. Intraluminal diameter was recorded continuously on a Grass 

0 
polygraph. All vessels were allowed to equilibrate for at least 30 min before performing 

concentration-response curves. In all vessels pretreated with inhibitors, baseline diameters 

were recorded before and after the agent was added to the Krebs solution to determine its 

effect on basal tone. When possible, more than one vessel was obtained from the same 
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hamster, but a single experiment was performed only once in the same hamster. 

Additionally, only one dose-response curve was performed per vessel. 

2. Endothelial denudation. 

In mesenteric (Mes) small arteries the endothelium was mec~anically removed by 

sliding the lumen of the vessels completely over the glass pipette in the vessel bath and 

rotating the vessel around the pipette. ·This was followed by filling the lumen of the vessel 

with air for .5 min. The vessels were then perfused with 3 ml Krebs' solution. In skeletal 

muscle (Ske) and coronary (Cor) small arteries the endothelium was chemically removed by 

rapid -_infusion of saponin (200 µg/ml) through the vessel lumen for 10 sec followed by 

immediate flushing with Krebs' solution. Endothelial denudation was confirmed by the 

absence of. relaxation to acetylcholine (A Ch, 1 o-s M), while functional integrity of the 

vascular smooth muscle was assured by relaxation to sodium nitroprusside (NP, 10-5 M). 

3. _ Measurement of mesenteric at)d hindquarter blood flow velocity in vivo . 

Control and cardiomyopathic hamsters were anesthetized with sodium pentobarbital 

(70 mg/kg i.p.) and placed on a heating pad to maintain a constant body temperature. Under 

aseptic conditions, a cannula (PE-190, 1.7 mm o~o. and 1.19 mm I.D.) was placed in the 

trachea to facilitate breathing ofroom air. With the aid of a dissecting microscope (Olympus 

S230), the right carotid and right femoral vein were isolated free from surrounding tissue. 

A saline-filled cannula (PE-50, 0.965 mm O.D. and 0.58 mm I.D., attached to PE-10, 0.61 

mm O.D. and 0.28 mm I.D.) was inserted 5 mm into the carotid artery and 20 mm into the 

femoral vein via a small incision and secured with 4-0 Ethicon suture. Cannulas were 

flushed with heparinized saline (100 units of heparin/ml of saline) to prevent coagulation. 
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Mean arterial blood pressure (MAP) was measured from the ·carotid artery while drug 

administration was via the femoral vein. MAP was continuously measured via pressure 

transducers (Cobe Cardiovascular, Inc., Arvada, CO) connected to a Grass polygraph. 

Doppler flow probes (Iowa Doppler Products, Iowa City, IA), consisting of a. 

insulated copper wire attached to a 20 mHz piezoelectric crystal mounted within a silastic 

cuff, were used to measure blood flow velocity in the mesenteric and hindquarter beds 

(Haywood et al., 1981). Following a midline abdominal incision, a small (6-8 mm) section. 

of the abdominal aorta was isolated distal to the renal and superior mesenteric arteries, but 

proximal to the femoral arteries. The cuff of the doppler probes. (1.0~l.3 mm intraluminal 

diameter) was placed around the aorta; Additionally, a section of the superior mesenteric 

artery ( 4-5 mm in length and 3-4 mm distal to branching from the abdominal aorta) was 

isolated for placement of a doppler flow probe cuff (0.8 mm intraluminal diameter). Using 

a syringe and a blunt needle, electrophoretic gel was injected between the doppler flow probe 

and the artery to provide clear transmission of the blood flow velocity signal. The abdominal 

cavity was sutured closed with 4-0 Ethicon silk suture to retain body heat. Blood flow 

velocity was measured with a Directional Pulsed Doppler Flowmeter (Department of 

Bioengineering, University of Iowa) and data was recorded on a Grass polygraph. Basal 

hemodynamic measurements were allowed to stabilize for at least 15 min prior to performing · 

dose-response curves. Drugs were administered as a bolus dose in a volume of 10-100 µ1 

with a Hamilton syringe. Since all drugs were dissolved in saline, before each experiment 

100 µ1 of saline was administered as a control. 

B. Protocol 
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1. Mechanisms mediating endothelium-dependent relaxation in isolated Ske, Cor, and Mes 

small arteries 

After equilibration at 37°C in oxygenated Krebs' buffer for at least 30 min, Ske, Cor 

and Mes small arteries were preconstricted to 35 to 55% of resting diameter with the 

thromboxane A2 analog, U46619 and allowed to stabilize. Concentration-response curves 

to acetylcholine (A Ch, 10-9 to 3 x 1 o-s M) were performed in endothelium-intact and 

endothelium-denuded vessels. 

To determine the contribution of vasoactive prostanoids in basal tone and the 

response to ACh, small arteries were. pretreated with indomethacin (lndo, 10 µM), an 

inhibitor of cyclooxygenase, for 20 min before performing a concentration-response curve 

to ACh. To determine the contribution of NOS in basal tone and the response to A Ch, 

vessels were pretreated -with Nw-Nitro-L-Arginine (LNA, 1 mM), an inhibitor of NOS 

activity, for 20 min before performing a concentration-response curve to ACh. 

To determine the contribution of K+ channels in mediating relaxation fo A Ch, vessels 

were preconstricted to 35-55% of resting diameter with KCl (25~50 mM) before performing 

a concentration-response curve to ACh. This concentration of KCl_ effectively 'blocks K+ 

efflux· and· prevents relaxation m~diated by opening of K+ channels. Additionally, the 

contribution of specific K+ channels was determined with selective antagonists that were 

added to the vessel bath 20 min. prior to performing a concentration-response curve to ACh. 
. . . . . 

. ' . - . 

All vesse_ls were pretreated with Indo (10 µM) to·inhibit production of prostanoids which 

may mask relaxation to ACh. To determine the contribution of Kea in mediating basal tone 

and relaxation to ACh, vessels were pretreated with a combination of charybdotoxin (CTX, 
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0.1 µM) to inhibit BKca and apamin (AP, 0.5 µM) to inhibit SKca channels.. To determine 

the contribution of KATP channels in mediating basal tone and relaxation to A Ch, vessels 

were pretreated with glybenclamide (Glib, 20 µM). To determine the contribution ofKoR 

in mediating basal tone and relaxation to ACh, vessels were pretreated with 4-aminopyridine 

(4-AP, 50 µM). To determine the contribution of Km ~hannels in mediating basal tone and 

relaxation to ACh, vessels were pretreated with barium chloride (Ba++, 50 µM). 

The reactivity of the vascular smooth muscle was also examined. Endothelium

independent relaxat~on was assessed by performing a concentratio~-response c~e to 

sodium· nitroprusside (NP, 10·8 to 3 x 104 ), an exogenous donor of NO. To determine the 

contribution of K+ channel-mediated -relaxation, concentration-response curves were 

performed to pinacidil (10·10 to 3 x 10·5), a KATP opener. 

To determine if endothelium-dependent relaxation to -ACh was mediated by 

metabolites of _cytochrome P450 monooxygenase ( cP450} , vessels were pretreated with 

Indo, · LNA and miconazc;>l~ · (Mic, 20 µM), an inhibitor of cP450, for 20 min prior to 

performing a concentration-response curve to ACh. To control for solvent effects, vessels 

were pretreate4 with methanol (vehicle), Indo, and LNA for 20 min prior to performing a 

concentration-response curve to ACh. To ensure that Mic did not produce nonspecific 

blockade ofK+ channels, cromakalim (3X10·7 to 3 X 10-5 M) was added at the end of the 

concentrat~on-response curve to ACh. _ 

2. Endothelium-dependent relaxation of Cor and Mes small arteries isolated from 

cardiomyopathic hamsters in the advanced stage of cardiomyopathy 

After equilibration at 37°C in oxygenated Krebs' buffer for at least 30 'min, Cor and 
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Mes small arteries from control (C) and cardiomyopathic (M) hamsters were preconstricted 

to 35 to 55% of resting diameter with U46619 and allowed to st~bilize. Endothelium

dependent relaxation was assessed by performing a concentration-response curve to A Ch (1 o-

9 to 3 x 10 -s M). 

The contribution of COX, NOS and ca++-dependent K+ channels CKcJ m 

determining basal tone and the response to A Ch was assessed with Indo, LNA and CTX/ AP, 

as described above. Endothelium-independent relaxation was assessed by performing a 

concentration-response curve to NP oo-s to 3 x 10-5 M). 

3. Contribution of NOS and K+ channels in determining blood flow velocity in the advanced 

stage of cardiomYQPathy 

To determine the contribution of NOS in mediating basal vascular tone in vivo, 

increasing bolus doses ofLNA (0.3 to 30 µmol/kg, i.v.) were administered to anesthetized 

control and cardiomyopathic hamsters. MAP and mesenteric and.hindquarte~ blood flow 

velocity were continuously recorded. A single dose of L-arginine (L-Arg, 300 mg/kg) was 

administered at the end of the dose-response curve to LNA to assure that the responses were 

mediated by inhibition of NOS. To determine the contribution .of BKca channels in 

mediating basal vascular tone, increasing bolus dos~s of CTX (0.1 to 100 µg/kg) were 

administered. A single dose of pinacidil (300 µg/kg) was administered at the end of the 

dose-response curve to CTX to ensure that KATP channels were not blocked. 

C. Chemicals 

• All chemicals were obtained fro.m Sigma Chemical Company, St. Louis, 1\~0. The 

thromboxane A2 analog, U46619, was dissolved in 10% ethanol. Indo was dissolved in 
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nanopure water in the presence of 94 mM NaCO3• LNAwas dissolved in acidic nanopure 
\ 

water and adjusted to a pH of 7.4 with 0.1 N NaOH. Glib, Mic and cromakalim were 

dissolved in 100% methanol. Pinacidil was dissolved in acidic nanopure water. Other agents 

were dissolved in nanop'1!'e water. All agents were diluted with Krebs solution for in. vitro 

experiments. Agents used for in vivo experiments were dissolved in saline. 

D. Data Analysis 

Data is expressed as mean± S.E.M.with a significance level ofp<0.05. EC50 values 

were calculated using Prism GraphPad V.2.0. Dose-response curves and EC50 values were 

analyzed· among and between groups by repeated measures analysis of variance. If an 

analysis of variance demonstrated a significance ofp<0.05, Fisher's PLSD (Protected Least 

Significant Difference) for multiple comparisons was completed. 

The % relaxation of isolated small arteries was calculated with the following formula 

where R = relaxation and ID = intraluminal diameter: 

%R = [(ID post contracting agent - ID post relaxing agent)/(baseline ID -ID post contracting 

agent)] x 100 

The % /l in mesenteri~ and hindquarter vascular resistance (VR) was c_alculated with 

the following fo~~l~: 

1~ VR =~MAP/blood flow velocity 

2. . -% /l VR= [(VR1 - VRJNR1J X 1_00 



RESULTS 

I. Are mechanisms mediating endothelium-dependent vascular relaxation and basal 

tone heterogenous in skeletal _muscle, coronary and mesenteric small arteries of the 

Golden Syrian hamster? 

Baseline intraluminal diameters after equilibrium at 40 mm Hg intraluminal pres~ure 

were 179± 2 µm (n=l 12), 189 ± 3 µm (n=l 15) and 230 ± 3 µm (n=123) in Ske, Cor and 

Mes small arteries isolated from Golden Syrian hamsters (84 ± 1 (Jays old). Baseline 
.... 

intraluminal diameter was unaffected by pretreatment with Indo, LNA, AP, or Glib in Ske, 

Cor or Mes small arteries. The effects of CTX, 4-AP and Ba++ on baseline intraluminal 

diameter in Ske, Cor and Mes small arteries are shown in Table I. In Ske small arteries, 4-

AP caused an 8 ± 3 % contraction, but had no significant effect on baseline intraluminal 

diameter in Cor or Mes small arteries. CTX caused a 20 ± 5% contraction from baseline in 

Cor, but had no effect on basal tone in Ske or Mes small arteries. Ba++ caused an 8 ± 3% 

and 21 ± 6% contraction in Cor and Mes small arteries, respectively. Ba++ did not 

significantly affect basal tone in Ske small arteries. Therefore, these results indicate that 

basal tone is regulated by KnR channels in isolated Ske small arteries, BKca channels in 

isolated Cor small arteries and K1R channels in both Cor and Mes small arteries. 

A. -Contribution of the endothelium in mediating relaxation to ACh 

19 
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Table L The contribution of the specific K+ channel inhibitors, 4-aminopyridine (4-AP, 

50 µM), charybdotoxin (CTX, 0.1 µM) and barium chloride (Ba++, 50 µM) on basal tone 
in skeletal muscle, coronary, and mesenteric small arteries. 

Skeletal Muscle Small Arteries 

Treatment Baseline (µm) 

4-AP {n=8) 172±3 

CTX {n=5) 189 ± 11 

Ba++ (n=8) 162±6 

Coronary Small Arteries 

Treatment Baseline (µm) 

4-AP (n=4) 244± 12 

CTX {n=6) 201 ± 10 

Ba++ (n=9) 195 ± 14 

Mesenteric Small Arteries 

Treatment Baseline (µm) 

4-AP {n=5) 241 ± 10 

CTX {n=5) 252±"14 

Ba++ (n=5) 226± 10 

Values represent mean ± S.E.M. 
*p<0.05 vs. baseline 

Post Treatment (µm) % Constriction 

158 ± 5* 8±3 

183 ± 13 3±1 

157 ± 7 3±1 

Post Treatment (µm) % Constriction 

240±9 2±1 

162 ± 14* 20±5 

178±14* 9±3 

Post Treatment (µm) % ·constriction 

227 ± 13 6±3 

246±21 4±3 

178± 13* 21 ± 6 



1. Response to ACh 

a. Endothelium-intact 

21 

Concentration-response curves to ACh and respective EC50 values in isolated Ske, 

Cor, and Mes small arteries are shown in Figure 1. ACh produced concentration-dependent 

relaxation with a maximum of approximately 100% in vessels from each vascular bed. 

Relaxation to A Ch was significantly less at a dose of 10-7 M in Cor compared with Ske or 

Mes small arteries. The EC50 value to ACh was increased in Cor small arteries indicating 

a reduced sensitivity to ACh compared to Ske or Mes small arteries. 

b. Endothelium-denuded 

To determine if A Ch-induced relaxation was mediated by release of EDRFs from the 

endothelium, concentration-response curves to ACh were performed in endothelium-denuded · 

isolated Ske, Cor, and Mes small arteries as shown in Figure 2. ACh produced 

concentration-dependent relaxation in endothelium-intact Ske, Cor, and Mes small arteries. 

After endothelium-denudation, relaxation to ACh was completely abolished in Ske, Cor, and. 

Mes small arteries, indicating that relaxation to ACh is completely dependent upon release 

ofEDRFs. Additionally, contraction to ACh was observed in Cor small arteries, but not in 

Ske or Mes small arteries. The contraction to ACh in Cor small arteries was significantly 

higher at the doses of 10-5 and 3 x 10 -5 M compared to Ske and Mes small arteries. The 

percent maximal contraction in Cot small arteries was 26 ± 7%. To assure that the vessels 

were still functional, a single dose of NP (3 x 10-4 M), an endothe~ium-independent, 

exogenous NO donor, was administered at the e1:1d of each concentration-response curve to 

ACh. NP produced a maximal relaxation of91± 9% in Ske, 95 ± 5% in Cor, and 81 ± 7% 



Figure 1. Dose-response curves to acetylcholine (ACh) in skeletal muscle (Ske), coronary 
(Cor) and mesenteric (Mes) small arteries preconstricted with the thromboxpne A2 analog, 
U46619. Values represent mean+ S.E.M *p<0.05 vs. Ske or Mes. Respective EC50 (xl0-8 

M) values are shown below the figure. 
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Figure 2~ Dose-response curves to acetylcholine (ACh) in endothelium-intact and 
endothelium-denuded [-El skeletal muscle (Ske), coronary (Cor) and mesenteric (Mes) small 
arteries preconstricted with the thromboxane A 2 analog, U46619. Values represent mean 
+ S.E.M. *p<0.05 vs. Ske or Mes. 
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in Mes small arteries, indicating that the vascular smooth muscle cell layer was not damaged 

by endothelial denudation. 

B. Contribution of NOS and COX products in mediating relaxation to ACh 

1. Effect of inhibition of COX on the response to ACh 

To detemiine if prostanoids were mediating -relaxation to ACh, concentration

response curves to.ACh were performed in the presence oflndo in Ske, Cor and Mes small 

arteries and are shown in Figure· 3. Relaxation to ACh was not significantly altered by Indo 

in any vascular bed. As observed in the absence of lndo, relaxation to ACh was less 

· sensitive in Cor compared to Ske or Mes small arteries in the presence oflndo. Additionally, 

the EC50 value remained significantly higher in Indo-pretreated Cor compared to Ske or Mes 

small ~eries (Figure 3). These results indicate that relaxation to ACh is not mediated by 

PGl2 in Ske, Cor, or Mes small arteries. 

2. Effect of inhibition of NOS on the response to ACh 

To determine the role of NO in mediating relaxation to A Ch, concentration-response 

curves _to ACh were performed in the absence and presence of LNA, as shown in Figure 4. 

Relaxation to ACh was unaffected by LNA in Ske and Mes small arteries. However, LNA 

significantly lowered relaxation to ACh in Cor small arteries. Maximum relaxation to ACh 

was significantly reduced from 97 ± 2% to 51 ± 10% in Cor small arteries. The 

concentration-response curve to ACh was shifted to the right as indicated by a significant 

increase in EC50 in Cor compared to the respective untreated control (Figure 4). LNA did 

not affect the pC50 in Ske or Mes small arteries. Therefore, these results indicate that NO 

contributes to the relaxation to ACh in Cor, but not _in Ske or Mes small arteries. 



Figure 3. Dose-response curves to acetylcholine (ACh) in skeletal muscle (Ske), coronary 

(Cor) and mesenteric (Mes) small arteries pretreated with indomethacin (lndo, 10 µM) and 
preconstricted with the thromboxane A2 analog, U46619. Values represent mean + S.E.M. 
*p<0.05 vs. Ske; 'p<0.05 vs. Mes. Respective EC50 (xlo-8M) values are shown below the· 
figure~ 
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Figure 4. Dose-response curves to acetylcholine (A Ch) in the absence and presence of N<u
Nitro-L-Arginine (LNA, 1 mM) in skeletal muscle (Ske), coronary (Cor) and mesenteric 
(Mes) small arteries preconstricted with :the thromboxane A2 analog, U46619. Values 
represent mean + S.E.M *p<O. 05 vs. respective untreated control. Respective EC50 (xl 0-8 

M) values are shown below the figure. 
. -
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C. Contribution ofK+ channels in ACh-induced relaxation 

1. Effect of high extracellular K+ on relaxation to. ~Ch 

Since relaxation to ACh remained after inhibition of NOS and COX, and K+ channels 

' ' 

have been shown to affect vascular tone, · concentration-response curves to A Ch were 

performed in Ske, . Cor, and Mes small arteries preconstricted with KCL (Figure 5). 

Blockade ofK+ efflux with high extracellular K+ significantly inhipited relaxation to ACh 

in Ske, Cor, and Mes small arteries. Additionally, contraction to ACh at concentrations of 

1 o-6
. to 3 x 10 -5 M was observed in Cor small arteries. The percent maximal contraction in 

Cor small arteries was 25 ± 10%. In the presence of high extracellular K+, the response to 

ACh at the concentrations of 3 x 10-7 to 3 x 10-5 M·was significantly different in Cor 

· compared to Ske or Mes .small arteries. The percent maximal relaxation was 33 ± 11 % in 

Ske and 34 ± 5% -in Mes small arteries. These results indicate that relaxation to ACh is 

affected by K+ efflux through K+ channels in Ske, Cor and Mes small arteries. 

2. Contribution of vasoconstrictor cyclooxyienase products in relaxation to Ach 

The contribution of vasoconstrictor COX products in masking relaxation to A Ch in 

Mes and Ske small arteries and fu producing contraction of Cor small arteries in the presenc.e 

of high extracellular K+ levels:was determined. Pretrea~ent ofKCl-preconstricted Cor·or 

Ske small arteries with lndo did not significantly alter the respons.e to A Ch. However, I~do . 

significantly enhanced relaxatio.n to ACh in KCl-preconstricted Mes small arteries (Figure 

6). This component of the ACh-induced relaxation was reversed in vessels pretreated with 

b~th Indo and.°LNA, which ~dicated that it was·mediated P); :NO, but that relaxation by NO 

can only be observed after relaxation mediated by EDHF has been blocked. Therefore, in 



Figure 5. Dose-response curves to a_cetylcholine (ACh) in skeletal muscle (Ske), coronary 
(Cor) and mesenteric (Mes) small arteries preconstricted with either the throm~oxane A2 

analog, U46619, or potassium chloride (KCL). Values represent mean+ S.E.M *p<0.05 
vs. respective U46619-preconstricted group; 'p<O. 05 vs. Ske-KCL or Mes-KCL. 
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Figure 6. Dose-response curves to acetylcholine (ACh) in mesenteric (Mes) small arteries 
preconstricted with potassium chloride (KCL) in the absence and presence of indomethacin 

(Jndo, 10 µM) or lndo and N~Nitro-L-Arginine (LNA, 1 mM). Values represent mean+ 
S.E.M *p<0.05 vs. KCL. 
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the presence of high extracellular K+, a vasoconstrictor prostanoid is masking relaxation to 

ACh in Mes, but not Ske or Cor small arteries. 

3. Effect of blockade ofBKca and SKca channels on relaxation to ACh 

Since relaxation that remained after inhibition of NOS and COX was mediated by K+ 

channels in Ske, Cor and Mes small arteries, the contribution of specific K+ channels in 

mediating relaxation to ~Ch was determined. All vessels were pretreated with Indo to 

prevent release of vasoconstrictor prostanoids in the presence of K+ channel bl~ckade. 

Concentration-response curves to ACh were performed in isolated Ske, Cor and Mes 

small arteries pretreated with a combination of CTX and AP in the presence of Indo as 

shown -in Figure 7 .. Toe combination of CTX and AP had no effect on ACh-induced 

relaxation of Mes small arteries, significantly inhibited relaxation in Ske small arteries and 

completely abolished relaxation in Cor small arteries. The effect of CTX/ AP on the response 

to A Ch in Cor small arteries was very similar to the effect of increasing extracellular K+ 

concentration. (Figure 7). In ·both cases contraction to ACh was observed. Maximal 

contraction to ACh in Cor small arteries was 29 ± 4%. Maximal relaxation to ACh was 

unaffected in Mes small arteries, but was. significantly reduced from 98 ± 1 % to 73 ± 8% in 

Ske small arteries. The EC50 values in Ske and Mes small arteries were not affected by 

. pretreatment with CTX/ AP (Figure 7). In the presence of CTX/ AP, relaxation to A Ch was 
. ' 

significantly less in Cor than in Ske or Mes small arteries. Because these vessels were 

pretreated with Indo, it can be concluded that cyclooxygenase products do not mediate the 

ACh-induced contraction observed in Cor small arteries. These results indicate .that 

relaxation to ACh is not dependent upon Kea channels in Mes small arteries, partially 



Figure 7. Dose-response curves to acetylcholine (A Ch) in the absence and presence of a 

combination of charybdotoxin (CTX, 0.1 µM) and apamin (AP, 0.5 µM) in skeletal 111:uscle 
(Ske), coronary (Cor) and mesenteric (Mes).small ar~eries pretreated with indomethacin 

(Indo, 10 µM) and preconstricted with the thromboxane A2 analog, U46619. Values 
represent mean + S.E.M *p<0. 05 vs. respective control; 'p<0. 05 vs. Ske-CTX-AP or Mes
CTX-AP. Resp(!ctive EC50 (xl 0-8 M) values are shown below the figure. 
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dependent upon Kea channels in Ske small arteries and completely dependent upon Kea 

channels in Cor small arteries. 

4. Effect of blockade ofKArP channels on relaxation to ACh 

Concentration-response curves to ACh were performed in isolated Ske, Cor and Mes 

small arteries pretreated with Glib in the presence oflndo as shown in Figure 8. Appropriate 

vehicle (methanol) controls were performed in the presence of Indo in Ske, Cor and Mes 

small arteries. Relaxation to ACh was unaffected by pretreatment with Glib and Indo in all 

vessels. EC50 values were similar in methanol and Glib treated Ske, Cor and Mes· small 

arteries (Figure 8). These results indicate that relaxation to ACh is not dependent upon KATP 

channels in Ske, Cor, or Mes small arteries. 

5. Effect of blockade ofKp& channels on relaxation to ACh 

Concentration;,.response curves.t9 ACh in the absence and presence of 4-AP in Ske, 

Cor and Mes small arteries are shown in Figure 9 (panel_ A, panel B and panel C_, 

respectively). All vessels were pretreated-with Indo. Relaxation to ACh in Cor and Mes 

small arteries was unaffected by pretreatlllent with 4-AP. Relaxation to ACh (I0·7 and 3 x 

10-1 M) in S~e small . arteries was significantly. inhibited by pretreatment with· 4-AP, -but 
' ~ r'. .• • . . ., . 

maximal relaxation was not altered. The dose-response curve to ACh was shifted to the right 

as indicated by a significant increase in EC50 in Ske small arteries. These results indicate that 

relaxation to ACh is partially dependent upon K0 R channels in Ske, but not in Cor or Mes 

small arteries. 

6. Effect of blockade of Km channels on relaxation to ACh 

Concentration-response curves to A Ch in the absence and presence of Ba++ in Ske, 
\ 
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Figure 8. Dose-response curves to acetylcho/ine (A Ch) in the presence of glybenclamide 

(Glib, 20 µM) or methanol (vehicle control) in skeletal muscle (Ske), .coronary (Cor) and 

mesenteric (Mes) small arteries pretreated with indomethacin (Jndo, JO µM) and 
preconstricted with the thromboxane A2 analog, U46619. Values represent mean + S.E.M 
Glib did not sign,ificantly alter relaxation compared to controls. Respective EC50 (xl 0-8 M) 
values are shown below the figure. 
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Figure 9. Dose-response curves to ace'tylcholine (A Ch) in the absence and presence of 4-
aminopyridine (4-AP, 50 µM) in skeletal muscle (Ske, panel A), coronary (Cor, panel B) and 
mesenteric (Mes, panel C) small arteries pretreated with indomethacin (Indo, 10 µM) and 
preconstrictedwith the thromboxaneA2 analog, U46619. Values represent mean+ S.E.M 
*p<0. 05 vs. respective control. Respective EC50 (xl 0-8 M) values are shown below the 
figure. 
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Cor and Mes small arteries are shown in Figure 10 (panel A, panel B, and panel C, 
l 

respectively). All vessels were pretreated with lndo. Relaxation to ACh in Cor and Mes 

small arteries was unaffected by pretreatment with Ba++. Relaxation to A Ch (10-7 and 3 x 10-

7 M) in Ske small arteries was significantly inhibited by pretreatment with Ba++, but maximal 

relaxation was not altered. The concentration-response curve to ACh was shifted to the right 

as indicated by a significant increase in EC50 in Ske small arteries (Figure .10). These re~ults 

indicate that relaxation to ACh is partially dependent upon Km channels in Ske, but not in 

Cor or Mes small arteries. 

D. Responsiveness of the vascular smooth muscle to exogenous NO and K+ channel opening 

1. Response to NP 

To determine if the sensitivity of the vascular smooth muscle to exogenous NO was 

different in isolated Ske, Cor and Mes small arteries, concentration-response curves to NP 

were performed as shown in Figure 11. NP produced concentration-dependent relaxation 

with a maximum of approximately 100% in vessels from each vascular bed. Relaxation to 

NP and EC50 values were not different among Ske, Cor and Mes small arteries (Figure 11 ). 

These results indicate that the sensitivity of the vascular smooth muscle to exogenous NO \ 

is not different among Ske, Cor and Mes small arteries. 

2. Response to pinacidil 

To determine if relaxation mediated by K+ channel opening was different in isolated 

Ske, Cor, and Mes small arteries, concentration-response curves to pinacidil were performed 

(Figure 12). Pinacidil produced concentration-dependent relaxation with a maximum of 

approximately 100% in vessels from each vascular bed. Relaxation to pinacidil and EC50 



Figure 10. Dose-response curves to acetylcholine (ACh) in the absence and presence of 
barium chloride (Ba++, 50 µM) in skeletal muscle (Ske, panel A), coronary (Cor, panel B) 
and mesenteric (Mes, panel C) small arteries pretreated with indomethacin (lndo, 10 µM) 
and preconstricted with the thromboxane A2 analog, U466]9; Values represent mean+ 
S.E.M *p<0.05 vs. respective control. Re_spective EC50 (xJ0-8.M) values are shown 'below 
the figure. 
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Figure 11. Dose-response curves to sodium n~trojJrusside (NP) in skeletal muscle (Ske), 
coronary (Cor) and mesenteric (Mes) small arteries preconstricted with the thromboxane 
A2 analog, U46619. Values represent mean + S.E.M Respective EC50 (xl <t8 M) values are 
shown below the figure.· 
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Figure 12. Dose-response curves 'to pinacidil in skeletal muscle (Ske), coronary (Cor) and 
mesenteric (Mes) small arteries preconstricted with the thromboxane A2 analog, U46619. 
Values represent mean + S.E.M Respective EC50 (xl 0-8 M) values are shown below the 
figure. 
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values were not different among Ske, Cor and Mes small arteries (Figure 12). These results 

indicate that KATP channel-mediated relaxation is not different among Ske, Cor and Mes 

small arteries. 

II. Is endothelium~dependent relaxation that is resistant to inhibition of NOS or COX 

mediated by cP450 metabolites? 

A. Effect of inhibition of cP450 on the response to ACh 

To determine the contribution of cP450 metabolites in relaxation to ACh, vessels 

were pretreated with miconazole (Mic). Concentration-response curves to ACh in the 

absence and presence of Mic ui isolated Ske, Cor and Mes small arteries are shown in Figure 

13 (panel A, panel Band panel C, respectively). To prevent production of NO or PGl2, all 

vessels were pretreated with LNA and Indo. Baseline intraluminal diameter was not affected 

by pretreatment with Mic. Mic completely abolished relaxation to ACh in Ske and Cor small 

arteries and significantly inhibited ACh-induced relaxation in Mes small arteries. Maximum 

relaxation to ACh was significantly reduced in Mes small arteries from 81 ± 9% to 22 ± 9%. 

In the presen~e of Mic; relaxation to A Ch at the concentrations of 1 x 10-7 to 3 x 10-5 M was 

significantly lower in Cor than in Mes small arteries. A~ditionally, in the presence of Mic, 

relaxation- to ACh at the concentrations of 1 x 1 Q·6 to_ 1 x 10 -5 M was significantly lower in 

-Ske than in Mes small arteries. No differences in relaxation to AChwere·observed in Ske 

or Cor small arteries in the presence of Mfo~ These results indicate that relaxation to A Ch . . 

in Ske and Cor small arteries, that_ is not med~ated by NOS ·_and COX, is mediated by 

met~bolites of cP450. Also, relaxation to ACh that is resistant to inhibition of NOS and· 



Figure 13. Dose-response curves to acetylcholine (A Ch) in the absence and presence of 

miconazole (Mic, 10 µM) or methanol'(vehicle control) in skeletal m'uscle (Ske, panel A), 
coronary (Cor, panel B) and mesenteric (Mes, panel C) small arteries. All vessels were 

pretreated with indomethacin (Indo, 10 µM) and N~Nitro-L-Argi,nine (LNA, 1 mM) and 
preconstricted with the thromboxane A2 analog, U46619. Values represent mean + S.E.M 
*p<0.05 vs. respective control. 
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Figure 14. Schematic summarizing mechanisms contributing to basal tone in. skeletal 
muscle, coronary and mesenteric small arteries. 
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Figure 15~ Schematic summarizing mechanisms contributing to endothelium-dependent 
relaxation to, A Ch in skeletal muscle, coronary and mesenteric small arteries. 
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Table IL Summary of mechanisms determining basal tone and endothelium-dependent 
relaxation in skeletal muscle (Ske), coronary (Cor), and mesenteric (Mes) small _arteries. 

A. BASAL TONE 

Vascular Bed 

Ske 

Cor 

Mes 

Channels 

KnR channels 

BKca and Km channels 

Km channels 

-B. ENDOTHELIUM-DEPENDENT RELAXATION 

Vascular Bed 

Ske 

Cor 

Mes 

EDRFs 

EDHF 

NOandEDHF 

EDHF 

Channels 

Kea, KnR and Km channels 

Kea channels 

K+ channels - unclear 
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COX is partially mediated by metabolites of cP450 in Mes small arteries. 

To assure that Mic did not produce nonspecific K+ channel blockade, cromakalim 

was added to the vessel bath at the end of each concentration-response curve to ACh in Ske, 

Cor and Mes small arteries. Cromakalim produced relaxation in Ske, Cor and Mes small 

arteries of 92 ± 6%, 96 ± 3% and 84 ± 3% respectively. These results indicate that K+ 

channel-mediated relaxation remains intact in the presence of Mic in vessels from each 

vascular bed. 

Schematics summarizing mechanisms deterinining basal tone and endothelium

dependent relaxation to ACh in Ske, Cor and Mes small arteries are shown in Figures 14 and 

15, respectively. Additionally, Table IV summarizes mechanisms determining basal tone 

and endothelium-dependent relaxation to ACh in Ske, Cor and Mes small arteries. 

III. Are mechanisms mediating. endothelium-dependent relaxation and basal tone in 

·coronary and mesenteric small arteries altered in the advanced stage of 

cardiomyopathy? 

Baseline intraluminal diameter after equilibrium at 40 mm Hg intraluminal pressure 

was 205 ± 9 µm in Cor (n=40) and 237 ± 6 µm · in Mes (n=27) small arteries from control 

hamsters (297 ± 5 days old). lntraluminal diameter was 243 ± 10 µm in Cor (n=36) and 239 

± 5 µm in Mes (n=3 7) small arteries from cardiomyopathic hamsters (296 ± 4 days old). 

Baseline intraluminal diameter was unaffected by pretreatment .with Indo, LNA; or AP in 

control and cardiomyopathic Cor and Mes small arteries. CTX decreased baseline 

intraluminal diameter in Cor and Mes small arteries from control hamsters and in Cor small 
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arteries from cardiomyopathic hamsters, but had no effect upon Mes small arterie~ from 

cardiomyopathic hamsters as shown in Table ID. These results indicate that the role of BKca 

channels in regulating basal tone of isolated Mes small arteries is impaired in 

cardiomyopathy. 

A. Endothelium-de.pendent relaxation to ACh in cardiomyopathy 

Concentration-response curves to ACh and respective EC50 values in isolated Cor and 

Mes small arteries are shown in Figures 16 and 17, respectively. ACh produced similar 

concentration-dependent relaxation with a maximum·of approximately· 100% in Cor and Mes 

small arteries from control and cardiomyopathic hamsters. EC50 values were similar between 

groups. 

B. Contribution of COX products in mediating-relaxation to ACh 

Concentration-response curves to A Ch in the absence and presence of lndo in Cor 

small arteries isolated from control_ and cardiomyopathic hamsters are shown in Figure 18. 

Rel~ation to ACh was unaffected by the presence of lndo in Cor slllall arteries from control 

hamsters. However,_ lndo significantly r~duced relaxation ~o Ach at the concentration of 10-1 

,. 

M in Cor small arteri~s from cardiomyop~thic hamsters. The co1:1c~ntration-response curve 

to /\Ch. was shifted to the right as indicate9· by a significant increase in--EC50 {Figure 18). 

These results indicate that PGI2 contributes to relaxation to ACh in Cor small arteries from 

cardiomyopatllic, but p.ot con~ol hamsters. 

Co])ceritration-resp·ortse curves to ACh in the presence and absence of Indo in isolated 

Mes small arteries are shown in Figure 19. Relaxation to A Ch and EC50 values were 

unaffected by Indo in Mes small arteries from control and cardiomyopathic hamsters. 
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Table IIL The effect o/the specific BKca channel inhibitor, charybdotoxin (CTX, 0.1 µM), 
on baseline intraluminal ~iameter in coronary and mesenteric small arteries from control 
(CJ and cardiomyopathic (M) hamsters. 

Coronary Small Arteries 

Treatment 

C (n=4) 

M(n=4) 

Baseline (µm) 

184±7 

277 ± 19 

Mesenteric Small Arteries 

Treatment 

C (n=4) 

M (n=8) 

*p<0.05 vs. baseline 

Baseline (µm) 

217±7 

238 ± 11 

Post CTX (µm) 

119 ± 12* 

168 ±46* 

Post CTX (µm) 

189 ± 8* 

228 ± 13 

%Constriction 

36±5 

40± 12 

%Constriction · 

13 ±4 

4±2 



Figure 16. Dose-response curves to acetylcholine (A Ch) in .coronary (Cor) small arteries 
isolated from control (C) and cardiomyopathic (M) hamsters and preconstricted with the 
thromboxane A2 analog, U46619. Values represent mean + S.E.M Respective EC50 (xl 0-8 

M) values are shown below the figure. 
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Figure 17. Dose-response curves to acetylcholine (ACh) in mesenteric (Mes) small arteries 
isolated from control (C) and cardiomyopathic (M) hamsters and preconstricted with the 
thromboxane A2 analog, U46619. Values repr~sent mean+ S.E.M Respective EC50 (xlo-8 
M) values are shown below the figure. ' · 
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. Figure 18. Dose-response curves to acetylcholine (A Ch) in the presence and absence of 

indomethacin (lndo, 10 µM). Coronary (Cor) small arteries were isolated from control (C) 
and cardiomyopathic (M) · hamsters· and were preconstricted with the thromboxane A2 

analog, U46619. Values represent mean+ S.E.M *p<0.05 vs. respective untreated group. 
Respective EC50 (xl o-8 M) values are shown below the figure. 
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Figure 19. Dose-response curves to acetylcholine (ACh) in the presence and absence of 
indomethacin (Indo, 10 µM). Mesenteric (Mes) small arteries were isolated from control 
(C). and cardiomyopathic (M) hamsters and were preconstricted with the thromboxane A2 

analog, U46619. Values represent mean+ S.E.M. Respective EC50 (xl0-8 M) values are 
shown below the figure. · 
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C. Contribution of NO in the response to ACh 

Concentration-response curves to A Ch in the presence and absence of LNA in Cor 

small arteries isolated from control and cardiomyopathic hamsters are shown in Figure 20. 

LNA significantly inhibited relaxation to ACh and increased the EC50 (Figure 20) in Cor 

small arteries from both control and cardiomyopathic hamsters compared to respective 

untreated groups. Additionally, in the presence ofLNA, relaxation to ACh-(1 x to·6 to 3 x 

10-5 M) was significantly less in control compared to cardiomyopathic Cor small arteries. 

Maximum relaxation to ACh was not altered by LNA in vessels from cardiomyopathic 

hamsters, but was significandy reduced from 97 ± 1 % to 50 ± 9% in Cor small arteries from 

control hamsters. The relaxation that remained after inhibition of NOS in vessels from 

control and cardiomyopathic hamsters ~as completely abolished by addition of a high level 

of extracellular K+, indicating _that the relaxation that remained after NOS inhibition was 

mediated by K+ channels. This suggests that altered production ofEDHF, or sensitivity to 

EDHF, may contribute to the · differences observed in Cor arteries from control and 

cardiomyopathic hamsters. 

Concentration-response curves to ACh _ in the· presence and absence of LNA in 
' ' , .. 

isolated Mes· small arteries are shown in Figure 21. LNA significantly reduced relaxation 

to ACh at a concentration of 10-7 M in control Mes small arteries and at the concentrations 

· of 10-7 and 3 x 10-7 Min cardiomyopathic Mes small arteries compared to their respective 

untreated groups. LNA shifted the dose-response curve to ACh to the right as indicated by 

a significant increase in EC50 in small arteries from both groups (Figure 21 ). Therefore, LNA 

had similar effects on relaxation to ACh in Mes small arteries from control and 



Figure 20. Dose-response curves to acetylcholine (A Ch) in the absence and presence of N<u
Nitro-L-Argi,nine (LNA, 1 mM). Coronary (Cor) small arteries were isolatedfrom control 
(C) and cardiomyopathic (M) hamsters and were preconstricted with the thromboxane A2 

analog, U46619. Values represent mean + S.E.M, *p<0.05 vs. respective untreated group; 
'p<0. 05 vs. M-LNA. Respective EC50 (xl 0-8 M) values are shown below the figure. 
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Figure 21. Dose-response curves to acetylcholine (A Ch) in the presence and absence of N <.t>
Nitro-L-Argi,nine (LNA, 1 mM). Mesenteric (Mes) small arteries were isolated from control 
(C) and cardiomyopathic (M) hamsters and were preconstricted with the thromboxane A2 

analog, U46619~ Values represent mean.+ S.E.M *p<0.05 vs. respective untreated group. 
Respective EC50 (xl 0-8 M) values are shown below the figure. 
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cardiomyopathic hamsters. 

To determine if vascular smooth muscle responsiveness to exogenous NO was altered· 

. in vessels from cardiomyopathic hamsters,_· concentration-response curves to NP were 

performed. NP produced similar concentration-dependent relaxation with a maximum of 

approximately 100% in Cor and Mes small arteries (Figures 22 and 23, re:spectively). These 

results indicate that the sensitivity of Cor and Mes -small artery vascular smooth muscle to 

exogenous NO is not altered in the advanced p~ase. of cardiomyopathy. 

D. Contribution ofBKca and-SKca channels in relaxation to ACh 

Concentration-response curves to ACh in the absence and presence of a combination 

of CTX and AP in Cor small aJ1eri~s ~e shown in Figure 24. The combination of CTX and 

AP completely abolished relaxation to ACh in Cor small arteries from both control and . 

cardiomyopathic hamsters. In both groups, contraction to ACh was observed. Maximum 

contraction to ACh was 20 ± 4% and 34 ± 7% in Cor small arteries from cardiomyopathic 

and control hamsters, respectively. These results indicate that relaxation to ACh is 

completely dependent upon K+ efflux through Kea channels. 

Concentration-response curves to ACh in the absence and presence ota combination 

of CTX and AP in Mes small arteries are shown in Figure 25. The combination of CTX and 

AP did not alter relaxation to ACh in Mes small arteries from either control or 

cardiomyopathic hamsters. EC50 values were not different between groups (Figure 25). 

Therefore, Kea chann~ls are not involved in mediating endothelium-dependent relaxation to 

ACh in Mes small arteries of control or cardiomyopathic hamsters. 

Schematics summarizing mechanisms determining basal tone and endothelium-



Figure 22. Dose-response curves to sodium nitroprusside (NP) in .coronary (Cor) small 
arteries isolated from control (C) and cardiomyopathic (M). hamsters and preconstricted 
with the thromboxane A2 analog, U46619. Values represent mean + S.E.M Respective EC50 

(xl 0-7 M) values are shown below the figure. 
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Figure 23. Dose-response curves to sodium nitroprusside (NP) in mesent~ric (Mes) small 
arteries isolated from control (C) and cardiomyopathic (M) hamsters and preconstricted 
with the thromboxane A2 analog, U46619. Values represent mean + S.E.M Respective EC50 

(xl 0-7 M) values are shown below the figure 
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Figure 24. Dose-response curves to acetylcholine (A Ch) in the absence and presence of a 
. . . . ,·· 

combination of charybdotoxin (CTX, 0.1 µM) and apamin (AP,-0.5 µM). Coronary (Cor) 
small arteries were isolated from control (C) ·and cardiomyopathic (M) hamsters and were 
preconstricted with the thromboxane A2 analog, U46619. Values represent mean + S.E.M 
*p<0. 05 vs. respective untreated gr()up~ 
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Figure 25. Dose-response curves to acetylcholine (A Ch) in the absence and presence of a 
combination of charybdotoxin (CTX, 0.1 µM) and apamin (AP, 0.5 µM). Mesenteric (Mes) 
small arteries were isolated from control (C) and cardiomyopathic (M) hamsters and were 
preconstricted with the thromboxane A2 analog, U46619. Values represent mean + S.E.M 
Respective EC50 (xl o-8 M) values are shown below the figure. 
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Figure 26. Schematic summarizing mechanisms contributing to basal tone in coronary and 
mesenteric small arteries from contr~l and cardiomyopathic hamsters. 
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Figure 2-7. Schematic summarizing mechanisms contributing to endothelium-dependent 
relaxation to A Ch in coronary and mesenteric small arteries from control and 
cardiomyopathic hamsters. 
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Table IV. Summary of mechanisms determining endothelium-dependent. relaxation in 
coronary (Cor) and mesenteric (Mes) small arteries from control (C) and cardiomyopathic 
(M) hamsters. 

Vascular Bed Hamster EDRFs Channels 

Cor C NOandEDHF Kea channels 

Cor M NO, EDHF and PGl2 Kea channels 

Mes C· NOandEDHF Not Kea channels 

Mes. M. NOandEDHF . Not Kea channels 
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dependent relaxation to ACh in Cor and Mes small· ·arteries from control and 

cardiomyopathic hamsters are shown in Figures 26 and 27, respectively. Mechanisms 

determining endothelium-dependent relaxation in Cor and Mes small arteries from control 

and cardiomyopathic hamsters are summarized in Table IV. 

IV. Is NOS and BKca channel-mediated regulation of basal vascular tone altered in the 

advanced stage of cardiomyopathy? 

A. Contribution of NOS in regulation of basal vascular tone 

1. Effect of inhibition of NOS on MAP 

Baseline MAP was 87 ± 4 mm Hg in carq.iomyopathic hamsters and was 

significantly lower than control hamsters (114 ± 5 mm Hg). Increasing doses of LNA were 

administered as described in the methods section and the % change in MAP was determined 

as shown in Figure 28 .. Administration of an equal volume of saline did not affect MAP,_ 

MVR, or HVR in control or ·cardiomyopathic hamsters. LNA produced dose-dependent 

increases in MAP in control and cardiomyopathic hamsters. The increase in MAP produced 

by LNA in cardiomyopathic hamsters was significantly less at the dose of 30 µmol/kg than 

in control hamsters. After each dose of LNA, the maximum increase in MAP was reached 

within 10 min, followed by a stabilization of MAP at that level. The effect ofLNA on MAP 

was reversed by L-Arg (300 mg/kg i.v.), which was administered after completion of the 

dose-response curve to LNA. L-Arg actually lowered MAP to below baseline (-18 ± 7%) 

in control hamsters and to -29 ± 3% in cardiomyopathic hamsters. These results show that 

the increase in MAP was the result of inhibition of NOS. 



Figure 28. Effect of N <u-Nitro-L-Argi,nine (LNA) on mean arterial pressure (MAP) in 
control (C) and cardiomyopathic (M) hamsters. Values represent mean+ S.E.M. *p<0.05 
vs.C. 
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2. Effect of inhibition of NOS on MVR 

LNA produced dose-dependent increases in MVR in control and cardiomyopathic ' 

hamsters (Figure 29). The increase in MVR produced by LNA in cardiomyopathic hamsters 

was significantly less at the dose of 30 µmol/kg than in control hamsters. After each dose 

of LNA, the maximum increase in MVR was reached within 10 min, . followed by a 

stabilization ofMVR at that level. The effects ofLNA on MVR were reversed by L-Arg 

(300 mg/kg i.v.), which was given after completion of the dose-response curve to LNA. 

Following LNA, MVR was increased by 171 ± 21 % and this was reduced to 23 ± 10% in 

control hamsters. In cardiomyopathic hamsters, the change in MVR was 82 ± 11 % following 

LNA, and was -1 ± 10% following L-Arg. These results indicate that the increase in MVR 

was the result of inhibition of NOS, and that NO contributes to determination of basal MVR 

to a les_ser extent in cardiomyopathic than in control hamsters. 

3. Effect of inhibition of NOS on HVR 

Increasing doses of LNA did not alter HVR in cardiomyopathic hamsters, but 

significantly increased HVR in control hamsters (Figure 30). After each dose of LNA, the · 

maximum in~rease in HVR in control hamsters was reached within 10 min, followed by a 

stabilization ofHVR at that level. The ~ffect ofLNA on HVR was reversed by L-Arg (300 

mg/kg i.v.), which was given after completion of the dose-response curve to LNA in control 

hamsters. Following LNA, HVR was increased by 74 ± 15% from baseline, while L-Arg 

administration resulted in a 54 ± 6% decrease in HVR from baseline. These results 

demonstrate that the increase in HVR was tJie result of inhibition of NOS, and that NO 

mediates basal HVR in control, but not cardiomyopathic hamsters. 



Figure 29. Effect of N ~Nitro-L-Argi,nine (LNA) on mesenteric vascular resistance__ (MVR) 
in control (C) and cardiomyopathic (M) hamsters. Values represent mean + S.E.M *p<0.05 
vs. C. 
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Figure 30. Effect of N<u-Nitro-L-Arginine (LNA) on hindquarter. vascular resistance (HVR) 
in control (C) and cardiomyopathic (M) hamsters. Values represent mean + S.E.M *p<0.05 
vs. C. 
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B. Role ofBKca channels in regulation of basal vascular tone 

1. Effect of blockade of BKca channels on MAP 

97 

Increasing doses of CTX were administered in control and cardiomyopathic hamsters 

and the % change in MAP was determined as shown in Figure 31. CTX produced similar 

dose-dependent increases in MAP in control and cardiomyopathic hamsters. The maximum 

increase in MAP was 59 ± 7% in control hamsters and 61 ± 12% in cardiomyopathic 

hamsters and occurred within 7 min. To ensure that" CTX was not blocking KATP channels, 

a single dose of pinacidil (300 µg/kg i.v.) was administered at the end of the CTX dose

response curve. Pinacidil reduced MAP by 40 ± 3% in control hamsters and 45 ± 3% in 

cardiomyopathic hamsters from the level observed after the highest dose of CTX, indicating 

that CTX was not blocking KATP channels (Figure 34). _ 

2. Effect of blockade of BKca channels on MVR 

Increasing doses of CTX produced similar dose-dependent increases in MVR in 

control and cardiomyopathic hamsters (Figure 32). Maximal increases in MVR at the dose . _ 

of 100 µg/kg were 87 ± 10% iii control and 81 ± 18% in cardiomyopathic hamsters. After 

each dose of CTX, the maximum increase in MVR was reached within 7 min. To ensure that 

CTX was not blocking KATP channels, a -single dose·of pinacidil (300 ·µglkg i.v.) was 

_ admi.nistered at the· end of the CTX dose-response curve. Pinac_idil reduced MVR by 58 ± 

.4% in control hamsters and 60.± 3% in cardiomyopathic hamsters from the level observed 

after the highest dose of CTX, indicating that CTX was not blockipg_ KATP channels (Figure 

34). Therefore, 13Kc~ · channels contribute to determination of MVR in control and 

cardiomyopathic hamsters. 



Figure 31. Effect of charybdotoxin (CTX) on mean arterial pressure (MAP} in control (C) 
and cardiomyopathic (M) hamsters. Values represent mean+ S.E.M. 
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Figure 32. · Effect of charybdotoxin (CTX) on mesenteric vascular resistance (MVR) in 
contrql (C) and cardiomyopathic (M) hamsters. Values represent mean+ S.E.M 
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3. Effect of blockade ofBKca channels on HVR in the advanced stage of cardiomyopathy 

CTX produced a significantly greater increase in HVR in control hamsters than in 

cardiomyopathic hamsters (Figure 33). Maximal increases in HVR at the dose of 100 µg/kg 

were 284 ± 14% in control and 62 ± 13% in cardiomyopathic hamsters. To ensure that CTX 

was not blocking KATP channels, a single dose ofpinacidil (300 ~g/kg i.v.) was administered 

at the end of the CTX dose-response curve. Pinacidil reduced HVR by 52 ± 7% in control 

hamsters and 60 ± 4% in cardiomyopathic hamsters from the level observed after the highest 

dose of CTX, indicating that CTX was not blocking KATP channels (Figure 34). Therefore, 

these results· indicate that the role of BKca channels in regulating -HVR is impaired in 

cardiomyopathy. 



Figure 33. Effect of charybdotoxin (CTX) on hindquarter vascular resistance (HVR) in 
control (C) and cardiomyopathic (M) hamsters. Values represent mean+ S.E.M *p<0.05 
vs. C. 
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Figure 34. Effect of pinacidil (300 µglkg, administered at the ·end of the CTX dose-response 
curve) on mean arterial pressure · (MAP), mesenteric vascular resistance (MVR), and 
hindquarter vascular resistance (HVR) in control (C) and cardiomyopathic (M) hamsters .. 



80 

70 DC-~ M 

~ 60 
0 

•..-4 
~ 50 C) . 

~ 40 
Q.) 

~ 30 

~ 20 

MAP 

. 106 

MVR HVR 



DISCUSSION 

I. Heterogenous mechanisms mediating endothelium-dependent vascular relaxation 

and basal tone in skeletal muscle, coronary and mesenteric arteries of the Golden 

Syrian hamster. 

Endothelium-derived vasoactive substances can modulate basal tone of small arteries. 

In isolated Ske, Cor, or Mes small arteries at a constant pressure of 40 mm Hg, basal tone 

was not ~ediated by NO, PGl2, KATP channels or SKca channels. Conversely, KoR channels 

appeared to be open under similar conditions and contributed to basal tone in Ske small 

arteries only. BKca channels contributed to basal tone in Cor small arteries, and Km channels 

contributed to basal tone in Cor and Mes small arteries. In other studies, CTX was found to 

produce a moderate contraction of isolated porcine coronary arteries and a concentration

dependent contraction of carotid, femoral and superior mesenteric arteries of Wistar Kyoto 

and spontaneously hypertensive rats (Asano et al., 1993;· O'Rourke, 1996). Mesenteric veins 

of Sprague-Dawley rats were found to contract in response to CTX, but not AP (Winquist 

et al., 1989). CTX had no effect on basal tone of the rabbit superior ·mesenteric artery (Khan 

et al., 1993). In isolated human uterine arteries, 4-AP did not affect basal tone. However, 

4-AP contracted rabbit cerebral arteries and porcine coronary arteries from baseline 

(Jovanovic et al., 1994; Knot and Nelson, 1995; O'Rourke, 1996). ~ isolated rabbit aorta, 

107 
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rat coronary and cerebral arteries~ Ba++ did not effect basal tone. However, Ba++ produced 

. . . 

contraction froiµ baseline in isolated.rat aort~ (Chung et ~I., 1992; Quast et al., 1995; Knot 

et al., 1996). Therefore, these results indicate that the- contribution of K+ channels in 

determining basal tone depends on both_ th_e specie~ and the vascular bed and size. 

A Ch produced •similar quantitative relaxation of isolated Ske and Mes small arteries, 

and relaxation of Cor small arteries was less sensitive than· Mes and Ske small arteries. 

Relaxation to ACh has been shown to be mediated by release of EDRFs (Miller and 

Vanhoutte, 198_5; Luscher and Vanhoutte, 1990). In support_ofthis finding, relaxation to 

A Ch was completely abolished in endothelium-denuded Ske, Cor· and Mes small arteries. 

ACh produced a significant contraction of endothelium-denuded Cor, but not Ske or Mes 

. small arteries. In other studies, ACh produced contraction of endothelium-denuded arteries 

by direct stimulation of musc~c receptors on the vascular smooth muscle cell layer 

(Shimizu et al., 1993; Ren et al., 1993). 

Heterogeneity existed in the mechanisms mediating ACh-induced relaxation among 

arteries of similar size from different vascular beds. It has been well documented that A Ch 

stimulates NO production and release in large arteries such as aorta, in· which inhibitors of 

NOS activity nearly abolish relaxation (Nagao et al., 1992; Wu, et al., 1993). In contrast, 

heterogenous responses based on arterial diameter within the rat pulmonary vascular bed 

have been observed where the contribution of NO in endothelium-dependent relaxation was 

found to be enhanced in large conduit compared with small resistance rat pulmonary artery 

rings (Archer et al., 1996). Also, others have observed that NO-mediated relaxation is more 

important in large vessels (Hwa et al., 1994). In the present study, NO did not contribute to 
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ACh-induced relaxation of Ske or Mes small arteries, but significantly contributed to 

relaxation in Cor small arteries. COX products did not contribute to ACh-induced relaxation 

in any vascular bed. 

Both EDHF and NO are capable of opening vascular smooth muscle K+ channels 

(Bolotina et al., 1994; Murphy and Brayden, 1995a; Campbell et al., 1996; Corriu et al., 

1996b ). Previous studies showed th~t endothelium-dependent vascular relaxation which 

remained in the presence ofNOS inhibitors was blocked by a high [K+]0 (Cowan et al., 1993; 

Corriu et al., 1996b). In the.present study, relaxation to ACh was largely inhibited in all 

vascular beds by a high [K+]0 , and contraction to ACh was observed in Cor small arteries. 

Because LNA and Indo . had no effect on relaxation to ACh in Ske and Mes vessels, 

relaxation was mediated by an EDHF that is fadependent of NO and PGl2• Conversely, Cor 

small arteries appear to depend on both NO and a hyperpolarizing factor other than NO or 

PGl2,. since Indo had no effect, LNA significantly impaired relaxation, and a high [K+]0 

completely abolished relaxation to ACh. It is i~teresting · that NO mediates a large 

percentage of the relaxation to A Ch in Cor small arteries, yet high levels of [K+]0 completely 

abolish relaxation to ACh. A possible reason for this observation may be that NO produces 

relaxation via hyperpolarization (Bolotina et al., 1994). 

Several bioassay studies have shown that EDHF is produced and released by the 

vascular endothelium and acts exclusively through hyperpolarization of K+ channels to relax 

vascular smooth muscle cells (Vanhoutte, 1993; Mombouli et al., 1996; Popp et al., 1996). 

Unlike NO, the role of EDHF in mediating relaxation has been shown to be enhanced with 

decreasing vessel size (Hwa et al., 1994; Shimokawa et.al., 1996). A contribution for EDHF 

• 
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. in small artery relaxation is supported by the finding of the present study that ACh-induced 

relaxation in Mes small arteries was largely mediated by K+ channels, and the finding of 

others that ACh-induced relaxation of the rat main superior mesenteric artery was not 

prevented by high [K+]0 (Chen and Cheung, 1996). Some studies indicate that EDHF is an 

AA metabolite of cP450 (Bauersachs et aL, 1994; Hecker et al., 1994; Campbell et al., 1996; 

Chen and Cheung, 1996). However, studies on endothelium-dependent relaxation to 

bradykinin in porcine coronary arteries. suggest that EDHF · is produced by a pathway 

independent of cP450, but is a metabolite of AA (Weintraub et al., 1995). In another study, 

A Ch-induced relaxation .of guinea pig carotid artery was not mediated by lipoxygenase or 

cP450 (Corrin · et al., 1996a). Studies in bovine coronary arteries suggest that 

epoxyefoosatrienoic acids (EETs) are EDHF (Campbell et al., 1996). However, studies in 

the rat hepatic artery and guinea-pig carotid artery refute that EETs are EDHF (Corriu et al., 

1996a; Zygmunt et al., 1996). Studies performed in isolated Wistar rat mesenteric arteries 

and in Long Evans rats suggested that EDHF may be anandamide, an· endogenous 

cannabinoid, produced from arachidonic acid and ethanolamine (Randall et al., 1996). The 

findings of the present study support the hypothesis that cP450 metabolites mediate 

endothelium-dependent relaxation as demonstrated in Ske, Cor and Mes small arteries. It 

can be concluded that in isolated Ske, Cor and Mes small arteries, ACh produces an 

endothelium-derived relaxing factor, independent of NO and PGI2, that is a metabolite of 

cP450. Diversity in our results and others sug&ests heterogeneity of the chemical identity 

of EDHF between species, vascular bed and vessel size. 

Relaxation to EDHF has been shown to be mediated primarily through the opening 
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of Kea and KATP channels of vascular smooth muscle cells (Cowan et al., 1993; Bauersachs 

et al., ·1994; Campbell et al., 1996). In the present study; KATP channels did not mediate 
. . . 

endothelium-dependent relaxation in Ske,.Cor or ~es snian: arte~·es. Kea channels did not 

· mediate relaxation in Mes, slightly-contributed to relaxation in Ske and totally accounted for 

relaxation in Cor small arteries. Additionally, contraction in response to ACh was observed 

in. Cor small arteries after inhibition of Kea channels, similar to that observed in the presence 

. . . 

of high [K+]
0

• · hi other· studies, the.ACh-induced hyperpolarization of vascular smooth 

muscle cells which remained after inhibition of NOS and COX was inhibited by AP in rabbit 

mesenteric arteries and by a combination of AP and CTX in· guinea pig carotid arteries 

(Murphy and Brayden, 1995b; Corriu et al., 1996b; Chen and Cheung, 1997). 

KoR and Km channels mediated endothelium-dependent relaxation in Ske, but not in 

Cor or Mes small ·arteries. Other 'Studies showed -that inhibition of Km channels inhibited 

relaxation to ACh in rat superior mesenteric arteries, but not in the rat aorta or rabbit cerebral 

arteries (Marchenko and Sage, 1992; Wellman and Bevan, 1995; Hanson and Olesen, 1997). 

Additionally, inhibition of KoR channels inhibited relaxation to A Ch in cat femoral arteries 

and rat aorta, but not in rabbit cerebral arteries (Alonso et al., 1993; Wellman and Bevan, 

1995; Satake et al., 1997). In summary, heterogeneity in the type ofK+ channels mediating 

relaxation to ACh was observed. Also, more than one type of K+ channel may mediate 

relaxation· to ACh in a single isolated vessel. It should be noted that in the isolated vessel 

preparation used in the present study, the K+ channel inhibitors would block K+ chamrels,.if 

present, on endothelial, as well as smooth muscle cells. However, it is unlikely that this 

action would inhibit production or release of EDHF, since bioassay studies have 
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demonstrated that K+ channel blockers prevent ED HF-induced hyperpolarization of smooth 

muscle cells, but do not alter release of EDHF from endothelial cells (Mombouli et al., 1996; 

Popp et al., 1996; He at al., 1996). 

Although vasodil~tory cyclooxygenase products do not appear to contribute to ACh

induced relaxation of small arteries from the three vascular beds studied, release of a 

vasoconstrictor cyclooxygenase product masked relaxation to ACh in Mes, but not Ske or 

Cor small arteries, which indicates heterogeneity among vascular beds. The component of 

relaxation masked by vasoconstrictor cyclooxygenase products was mediated by NO as 

indicated by its reversal to LNA. Because a high [K.+]0 was present in this experiment, 

relaxation to NO could.not have.been mediated through an increase in K+ channel efflux, and 

was most likely caused by a decrease in smooth muscle cell intracellular Ca++ mediated by 

cGMP. The mechanism mediating contraction to A Ch in Cor small artenes in the presence 

·of high [K+]0 · cannot be identified from the results of this study. · However, it can be 

concluded that contraction is _ not mediated by a cyclooxygenase product. Another 

possibility includes ACh stimulation of smooth muscle cell muscarinic receptors (Shimizu· 

et al., 1993; Ren et al., 1993). 

In Mes, but not Ske or Cor small arteries, some relaxation to ACh remained after 

inhibition of NOS, COX, cP450 or K+ efflux. The remaining relaxation observed in Mes 

small arteries was likely mediated by another endothelium-derived relaxing factor(s) since 

relaxation was completely abolished by denuding the endothelium. The existence of one or 

more endothelium derived relaxing factors, other than NO, PGI2 or EDHF, has been shown 

in rat mesenteric arteries (Kamata et al., 1996). The chemical identity and the mechanism 
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of this substance ( s) remain unknown. 

Direct activation of guanylate cyclase with NP or opening of KATP channels with 

pinacidil produced similar relaxation in all vessels. These results indicate that heterogeneity 

is not due to altered sensitivity of the vascular smooth muscle to NO, or to alterations in 

responsiveness to opening of KATP channels. Despite the presence of functional KATP 

channels, relaxation to A Ch was not mediated by opening of this channel in any vascular 

bed. 

~though the causes of the differenti~l vascular responses cannot be determined from 

the results of this study, th~y may be .. related to heterogeneity in the types and numbers of K+ 

channels present in vascular tissue. Archer et al., (1996) demonstrated a higher number of 

Kea channels in · sheep pulmonary conduit than in: resistance arteries, whereas a higher 

number of KoR were observed in resistance than in conduit arteries. An altered sensitivity 

to NO was not observed in the present study. However, heterogeneity in sensitivity to NO 

was observed in a comparison of smooth muscle of rabbit aorta, mesenteric and femoral 

arteries (Galle et al., 1993). 

Heterogeneity of vascular reactivity is important for physiological responses such as 

in the defense reaction. Addjtionally, ad~quate perfusion of individual vascular beds 

depends on heterogeneity in the responsiveness of vessels of different size. It is important 

to note that heterogeneity in the mechanisms medfating relaxation in arteries from different 

vascular beds may contribute to the vascular patterns associated with development of 

diseases such as atherosclerosis (V erbeuren et al., 1986). Several studies have demonstrated 

altered -responsiveness to vasoactive substances in selective vascular beds in diseases such 
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as hypertension, atherosclerosis and heart failure (Wright and Fozard, 1990; Galle et al., 

1991; O'Murchu et al., 1994; Fuchs, 1996; Gutierrez et al., 1997). The results of the present 

study clearly indicate heterogenous contributions for NO and K+ channels in the regulation 

of basal tone and in mediating A Ch-induced relaxation of Ske, Cor and Mes small arteries. 

II. Mechanisms mediating endothelium-dependent relaxation and basal vascular tone 

are altered in the advanced stage of cardiomyopathy. 

In the early stage of cardiomyopathy in the Syrian cardiomyopathic hamster, 

coronary vasospasm occurs and.may contribute to myocardial necrosis (Factor et al., 1982). 

The mechanisms mediating coronary vasospasm . are unknown. However, coronary 

vasospasm may result from altered release of vasoconstricting and vasorelaxing factors from 

the endothelium. The present study has detennined if mechanisms mediating endothelium

dependent relaxation and basal vascular tone are altered in the· advanced stage 'of 

cardiomyopathy. 

Several vasoactive substances are released from the endothelium under basal 

conditions to regulate tone 9fthe vessel. In the_present study, inhibition of COX, NOS and 

SKca channels did not affect basal tone in isolated Cor and Mes small arteries from control 

or cardiomyopathic hamsters. Therefore, basal tone is not mediated by prostanoids, NO, or 

SKca channels in Cor and Mes small arteries in from either group of hamsters. CTX 

produced similar contraction of Cor small arteries from control and cardiomyopathic 

hamsters. However, CTX produced significant contraction from baseline in control, but not 

cardiomyopathic, Mes small arteries. Therefore, the contribution of BKca channels in 
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regulation of Mes small artery tone is impaired in the advanced stage of heart· failure. In 

other studies, CTX produced enhanced dose-dependent contraction of carotid, femoral and 

superior mesenteric arteries from spontaneously hypertensive rats (SHR) compared to 

normotensive Wistar Kyoto (WK.Y) ra~s (Asano et al., 1993, 1995). 

Impaired endothelium-dependent relaxation to ACh has ·been shown in the coronary 

and cheek pouch arterioles from cardiomyopathic hamsters in the early stages . of 

cardiomyopathy (Mayhan and Rubinstein, 1992; Fuchs, 1996). Additionally, in dogs with 

heart failure, endothelium-dependent relaxati~n to ACh was impaired (Ueno· et al., 1994). 
. ; ' -. . 

In the·present study, endothelium-dependent relaxation to ACh remained intact in isolated 

Cor and Mes small arteries in the advanced stage or cardiomyopathy. ·Although 

endothelium-dependent relaxation to ACh was not altered quantitatively, the mechanisms 

mediating relaxation to ACh were altered. Cor small arteries from cardiomyopathic, but not 

control hamsters were partially dependent on vasoclilatory ptostanoids to produce relaxation 

to ACh. It has beeRshown that COX inhibition reduced the dilator response to ACh in the 

coronary circulation of isolated hearts from cardiomyopathic hamsters (V eronneau et al., 

1997). Therefore, production of PGl2 in response to .ACh is enhanced in the coronary 

circulation of cardiomyopathic ·hamsters. 

Unlike prostanoids, the contribution ofNO to ACh-induced relaxation ofCor small 

arteries was reduced in the advanced stage of cardiomyopathy. Studies by others on vascular 

endothelial production of NO in heart failure are controversial. A Ch-induced release of NO 

was found to be lower in human and canine coronary arteries from failing hearts (Kichuk: et 

al., 1996; Zhao et al., 1996). Similar experiments performed in dogs in heart failure 
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demonstrated enhanced NO production (O'Murchu et al., 1994). A decrease in NO would 

be consistent with the :findings of the present study. However, the mechanism mediating this . 

effect is unknown. Elevated levels of free radicals have been observed in cardiomyop~thic 

hamster hearts compared to control (Fukuchi et al., 1991). Free radicals are produced by the 

endothelium and are known to scavenge NO producing more reactive species (Rubanyi, 

1988; Beckman et al., 1990). A previous study performed in our laboratory showed that 

impaired relaxation to ACh was mediated by superoxide anion scavenging ofNO in the early 

stages of cardiomyopathy (Fuchs, 1996). Since relaxation to NP was found to be similar in 

control and cardiomyopathic Cor small arteries, sensitivity of the vascular smooth muscle 

to NO was not reduced. These results suggest that mechanisms of NO formation in the 

endothelial cell and/or diffusion of biologically active NO from the endothelial cell to the 

vascular smooth muscle cell are impaired in the advanced stage of cardiomyopathy. 

The role of K+ channels in mediating endothelium-dependent relaxation in heart 

failure has not yet been examined. Studies on K+ channels in heart failure have been 

performed in myocardial tissue. Blockade of Km channels had a positive inotropic effect in 

failing human hearts (Doggrell et al.,_ 1994). KATP channels.in human failing hearts required 

ATP levels fi~e times higher than in normal hearts to inhibit channel activio/ (Koumi et al., 

. . 

. 1997). In SHR, the membrane_ potential -and activity of Kea channels were increased in 

. . 

interlobar arteries (Martens and Gelband, 1996). In the present study, a combination of CTX 

and AP completely abolished relaxation to ACh in control and cardiomyopathic Cor small 

arteries, but ~as without effect in Mes small arteries. Therefore, relaxation to ACh in Cor 

small arteries from control and cardiomyopathic hamsters is completely dependent upon Kea 
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channels. Collectively, these findings demonstrate that the relaxation to A Ch that remains 

after inhibition of NOS is due to.opening of Kea channels. It is interesting to.note that the 

EDHF component of the relaxation to ACh was enhanced in Cor small arteries from 

cardiomyopathic compared to control hamsters. Under physiological conditions, NO has 

been shown to inhibit the release of EDHF (Bauersachs et al., 1996, 1997). This provides 

a possible explanation for the findings. Since relaxation to ACh that is mediated by NO is 

reduced in cardiomyopathic Cor small arteries, the inhibitory effect of NO on release of 

EDHF may also be reduced. This could lead to enhanced ED HF-mediated relaxation. This 

compensatory mechanism could be protective in pathophysiological conditions. While the 

mechanisms mediating relaxation to ACh are altered in Cor small arteries from 

cardiomyopathic compared to control hamsters, the vasodilatory substances produce 

relaxation through a common pathway, which is opening of Kea channels. The mechanisms 

mediating relaxation to ACh were different in Mes compared to Cor small arteries. Unlike 

Cor small arteries, the role of NO was not altered in Mes small arteries in the advanced stage 

of cardiomyopathy. 

III. Mechanisms determining basal vascular tone in vivo are altered in the advanced 

stage of cardiomyopathy. 

In the advanced stage of cardiomyopathy, systemic vasoconstriction contributes to 

the maintenance of arterial pressure in the presence of reduced cardiac output. However, this 

compensatory mechanism may aggravate rather than relieve congestive heart failure by 

increasing cardiac work and oxygen consumption. It is well known that NO _is released from 
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the endothelium in response to the shear stress of circulating blood (Bassenge et al., 1989). 

Inhibition of NOS increased arterial pressure and peripheral vascular resistance in humans 

and animals (Aisaka et al., 1989; Habib et al., 1994; Angus, 1996; Rademaker et al., 1996; 

Gutierrez et al., 1997). Additionally, LNA caused vasoconstriction of coronary, renal, 

mesenteric, and hindquarter vascular beds associated with an increase in blood pressure in 

rats (Gardiner et al., 1990; Jones and_Brody, 1992). In conscious humans with heart'failure, 

basal release of NO was decreased (Mohri et al., 1997). Results from our lab have shown 

that infusion of LNA increased MAP by 42% in conscious control hamsters, but was without 

effect in cardiomyopathic hamsters (Gutierrez et al., 1997). Conflicting results on the 

regulation of basal vascular ·resistance by NOS have been reported in experimental heart 

failure models. Toe-contribution of NOS in regulation of HVR was impaired in dogs, but not 

rats, with heart failure (Drexler and Lu, 1992; Ueno et al., 199~). In the present study, 

regulation of HVR, MVR and MAP by NOS was impaired in the advanced stage of heart 

failure. These findings support our previous study and indicate that the blunted effect of 

LNA on MAP is due to impaired responsiveness to LNA at the level of the vasculature. 

Elevated levels of free radicals in cardiomyopathic hamsters could explain the reduced 

effectiveness of NOS in regulating vascular resistance. Additionally, studies have shown 

restoration of endothelium-dependent relaxation by administration ofL-Arg in patients with 

heart failure and in cardiomyopathic hamsters _(Hiraoka et al., 1994; Mayhan and Rubinstein, 

1996). However, these possibilities remain to be confirmed. 

A role for K+ channels in determination of vascular tone was indicated by the finding 

that BKca channel blockade with CTX. in vivo increased periphe~al v~scular resistance in 
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normal pigs (Zanzinger et al., 1996). The present study-was the first to examine the role of 

BKca channels in mediating vascular tone in vivo in heart failure. BKca channels were found 

to contribute to the determination of MAP and MVR similarly in control and 

cardiomyopathic hamsters. However, the contribution ofBKca channels in determining HVR 

was significantly impaired in cardiomyopathic hamsters. There are several possible 

explanations for this finding. BKca channel function may be altered by angiotensin II (Ang 

II) and/or catecholamines. Studies have demonstrated elevated circulating and local levels 

of catecholamines and elevated plasma renin activity in humans and hamsters with heart 

failure (Gertz, 1972; Galla et al., 1977; Cohn et al., 1984; Remes et al., 1991). One study 

indicated that Ang II inhibits BKca channels in coronary smooth muscle (Toro et al., 1990). 

A possible explanation for the finding that CTX had little effect on HVR could be that 

increases in local levels of Ang II in the skeletal muscle vasculature would already inhibit 

BKca channels. Additionally, catecholamines and angiotensin can stimulate a-adrenoceptors 

and Ang U receptors, respectively, to increase intracellular ca++ and produce depolarization 

of the vascular smooth muscle. Long-term depolarization of vascular smooth muscle cells 

may desensitize BKca channels by elevating intracellular Ca++, thereby reducing BKca 

channel regulation of pasal vascular tone. . Also, abnormal intracellular calcium handling 

results in calcium overload in myocytes of cardiomyopathic hamsters (Factor and 

. Sonnenblick, 1985). It is unknown if a calcium channel defect is also present in smooth 

muscle cells of the cardiomyopathic hamster. However, because Kea channels are dependent 

on ca++, the function of these channels may be altered in cardiomyopathic hamsters. These 

possibilities will require further investigation. An explanation for the finding that Kea 
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channel regulation of vascular resistance was impaired in the hindquarter, but not the 

mesenteric vascular bed, cannot be ~btained from the .results of this study. However, it 

should be noted that necrotic lesions develop in the skeletal muscle, but not in the mesentery 

of cardiomyopathic hamsters. 

In summary, the regulation of basal vascular tone by NOS and BKca channels is 

severely impaired in the hindquarter vasculature of the cardiomyopathic hamster. The loss 

of two important mediators of vascular tone, NO and BKca channels, could contribute to 

enhanced vascular resistance and impaired myocardial function in the advanced stage of 

cardiomyopathy. 



SUMMARY AND CONCLUSIONS 

I. Are mechanisms mediating endothelium-dependent vascular relaxation and basal 

tone heterogenous in skeletal muscle, coronary, and mesenteric small arteries of the 

Golden Syrian hamster? 

A. Basal tone 

1 •. summary 

a. Indo, LNA, Glib, and AP did not affect basal tone in any vascular bed. 

b. CTX caused contraction in Cor, 4-AP caused contraction in Ske, and Ba++ caused 

contraction in Cor and Mes small arteries. 

2. Conclusion 

a. Basal tone is mediated by KoR in Ske, Km in Mes and Km and BKca in Cor small arteries. 

B. Relaxation to ACh 

1. Summary 

a. Cor small arteries· demonstrated a lower sensitivity to A Ch compared to Ske or Mes small 

arteries. 

b. Relaxation to ACh was unaffected by COX, while NOS inhibition reduced the sensitivity 

and maximum relaxation in Cor small arteries, only. 

c. High extracellular K+ largely impaired relaxation to ACh in Ske and Mes small arteries, 
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and caused contraction to ACh in Cor small arteries. 

d. Blockade of both BKca and SKca channels resulted in reduced relaxation to A Ch in Ske, 

contraction of Cor and had no effect on Mes small arteries. 

e. Blockade of KATP channels did not alter relaxation to A Ch in any vascular bed. 

f. Blockade of KoR or Km channels resulted in a decreased sensitivity to A Ch in Ske and had 

no effect in Cor or Mes small arteries. 

g. Sensitivity ofthe·vascular s~ooth muscle to ex~genous NO ~r KATP channel opening was 

similar among vascular beds. 

· 2 .. Conclusions 

a. Relaxation to ACh is mediated by NO and EDHF in Cor small arteries and by EDHF only 

in Ske and Mes small arteries. 

b. BKca, SKca, KoR and K IR channels contribute to ACh-induced relaxation of Ske small 

~eries; relaxation to ACh is mediated by BKca and SKca channels in Cor small arteries; 

mechanisms by which K+ channels mediated relaxation to A Ch in Mes small arteries remains 

unclear.' 

c. Vascular beds exhibit heterogeneity in K+ channel-mediated regulation of basal tone and 

in mechanisms mediating ACh-induced relaxation. 

II. Is endothelium-dependent relaxation that is resistant to inhibition of NOS and COX 

mediated by cP450 metabolites? 

1. Summary 

a. Mic did not affect basal tone in any vascular bed. 

b. Inhibition of cP450 significantly inhibited relaxation to ACh in Mes small arteries and 



completely inhibited rel.axation to ACh in Ske and Cor small arteries. 

2. Conclusion 
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a. Relaxation to A Ch that is resistant to inhibition of NOS or COX is ~ompletely dependent 

on cP450 products in Ske and Cor small arteries and partially mediated by cP450 products 

in Mes small arteries . 

.III. Are mechanisms mediating basal tone and endothelium"".dependent relaxation in 

coronary and mesenteric small arteries altered in the advanced stage of 

cardiomyopathy? 

A. Basal tone 

1. Summary 

a. lndo, LNA, and AP did not affect basal tone in any vascular bed. 

b. CTX caused contraction in Cor small arteries from control and cardiomyopathic hamsters, 

and in Mes small arteries from control, but not cardiomyopathic hamsters. 

2. Conclusions 

a. Basal tone 'is mediated by BKca channels in Cor small arteries from control and 

cardiomyopathic hamsters. · 

b. The role of BKca channels in regulating basal tone is impaired in Mes small arteries from 

· cardiomyopathic hamsters. 

B. Relaxation to ACh 

1. Summary 

a. Relaxation to ACh or NP were not quantitatively different between vessels from control 

and cardiomyopathic hamsters. However, the mechanisms mediating relaxation to ACh were 
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altered. 

b. Indo decreased sensitivity to ACh in cardiomyopathic, but not control, Cor small arteries. 

c. LNA inhibited relaxation to ACh similarly in Mes small arteries from cardiomyopathic 

compared to control hamsters; inhibition produced by LNA was significantly less in Cor 

small arteries from cardiomyopathic compared to control hamsters. 

d. CTX/ AP completely abolished relaxation to A Ch in Cor small ~eries, but had no effect 

in Mes small arteries. 

2. Conclusions 

a. ACh-induced relaxation of Cor small arteries from control hamsters is mediated by NO 

and EDHF via opening ofBKca and SKca channels. 

b. ACh-induced relaxation ofCor small arteries from cardiomyopathic hamsters also occurs 

via opening of BKca and SKca channels, but is mediated primarily by EDHF, and slightly by 

NOandPGl2• 

c. ACh-induced relaxation of Mes small arteries from control and cardiomyopathic hamsters 

is mediated by NO and EDHF, but does not require opening of Kea channels. 

IV. Is NOS and BKca channel-mediated regulation of bas11l vascular tone altered in the 

advanced stage of cardiomyopathy? 

1. Summary 

a. The LNA-induced increase in MAP and MVR was significantly less in cardiomyopathic 

compared to control hamsters. 

b. LNA produced an increase in HVR in control, but not cardiomyopathic hamsters. 

c. CTX increased MAP and MVR similarly in control and cardiomyopathic hamst~rs. 
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d. The CTX-induced increase in HVR was significantly impaired in cardiomyopathic 

hamsters. 

2. Conclusions 

1. Both NOS and BKca channels regulate basal vascular tone in control hamsters. 

2. NOS regulation of MVR is impaired in the advanced stage of cardiomyopathy. 

3. NOS regulation of HVR is abolished in the advanced stage of cardiomyopathy. 

4. BKca channel regulation of HVR is impaired in the advanced stage of cardiomyopathy. 
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