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SUMMARY 

The main findings of the present thesis are as follows: 

1. The Kv and KCi, channels play a crucial role in setting the resting vasomotor tone of 

conduit blood vessels via the regulation of the release of vasoconstrictor mediators, 5-

hydroxytryptamine and noradrenaline. The pharmacodynamic effect of 4-AP in the human 

coronary artery resembles that observed in the porcine coronary artery. This suggests that 

coronary arteiy preparations obtained from the porcine heart can serve as a model for 

studying the functional effect of drugs on Kv-type potassium channels. 

2. Even submicromolar concentrations of 4-aminopyridine are able to increase the tone of 

canine saphenous vein under experimental conditions. We could demonstrate the role of 

noradrenaline in the mediation of the effect of 4-AP, which suggests the involvement of 

an indirect neuronal mechanism in the effect of this Kv channel blocker. From these 

results it seems fair to conclude that the actual sympathetic activity profoundly affects the 

contractile efficiency of 4-AP. 

3. In rat small penile arteries K" channels play an important role in the regulation of smooth 

muscle and endothelial cells. Electrical field stimulation induced contractions are 

modulated by a non-nitric oxide non-prostanoid relaxing factor released from endothelium 

through activation of ChTX-sensitive Kca channels. NO and unknown relaxing factor(s) 

released from non-adrenergic non-cholinergic nerves through electrical field stimulation 

modulate the Kca and Kv channels located on smooth muscle cells. The relaxing factors, 

derived from either endothelium or non-adrenergic non-cholinergic nerve endings, may 

participate in the physiological regulation of erection leading to relaxation of arteries and 

trabecular smooth muscle. Thus, application of Ca2+-activated K1" channel openers would 

provide a potential pharmacological treatment for erectile dysfunction. 

4. EDHF is an important vasodilator agent in coronary and penile small arteries. The Kca 

channel participates in the vasodilator mechanism of EDHF. 

5. Presence or absence of endothelium does not modulate the contractile effect of the Kv 

channel blocker, 4-AP, suggesting the efficacy of this agent in the presence of 

pathologically damaged endothelium of both conduit and capacitance types of blood 

vessels. 
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ABBREVIATIONS 

4-AP = 4-aminopyridine 

5-HT = 5-hydroxytryptamine 

6-OHDA = 6-hydroxydopamine 

Ach = acetylcholine 

BK = bradykinin 

ChTX = charybdotoxin 
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EDHF = endothelium derived hyperpolarizing factor 
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INDO = indomethacin 

K A T P
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I. INTRODUCTION 

Vascular tone, the contractile activity of vascular smooth muscle cells, is the major 

determinant in the regulation of blood pressure and tissue perfusion. The contractile activity 

depends on complex interplay of different vasoconstrictor and vasodilator stimuli. These 

factors, which determine vascular tone and hence the diameter of blood vessel, are derived 

from neurons, endothelium or generated by smooth muscle cells. One of the major factors 

affecting the vascular tone is the membrane potential. Membrane potential of neurons, 

endothelial and smooth muscle cells are regulated by a variety of voltage- and ligand-gated 

potassium channels. The aim of the present thesis was to study the functional role of some 

types of potassium channels in the release of vasoactive substances from the perivascular 

nerves or endothelium and hence the regulation of vascular smooth muscle tone of 

conductance, capacitance and resistance type blood vessels. 

1.1. Anatomy of blood vessels 

All arteries and veins show a common general pattern of organization and are made up 

of similar tissue materials (Basar & Weiss 1981, Rhodin 1980). The wall of muscular arteries 

is composed of three layers: tunica intima, tunica media and tunica adventitia. On the border 

between the intima and the media as well as between the media and the adventitia there are 

sheets of elastic fibers. 

The intima has two components: the innermost, a single layer of endothelial cells, 

which is in contact with the blood and a thin subendothelial layer containing fibroblasts and 

collagen fibers. The endothelium interacts with smooth muscle cells by the synthesis and 

secretion of vasoactive mediators or by direct contact via gap junctions. 

The media is usually the thicker middle-layer in the wall. The media of large central 

arteries (i.e. the aorta and its large branches within the chest) is built up of smooth muscle 

cells and connective tissue, elastic and collagen fibers. Further away from the heart, the 

vessels are known as the muscular arteries since the media contains only small amounts of 

elastic and collagen fibers. 

The outermost layer is the adventitia, which may, in some places, be as thick as the 

media and it is composed of loose connective tissue containing relatively sparse elastin and 

collagen fibers running in a predominantly longitudinal direction. The adventitial layer carries 
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the majority of sympathetic nerves. The density of innervation varies widely and probably 

reflects the contribution of the individual vessels to centrally controlled responses. 

1.2. Functional differentiation of the vascular bed 

Coordination and integration of cardiac and peripheral vascular activity are essential 

for the maintenance of homeostasis in the organism. The peripheral circulation plays an 

essential role in this interplay and can be classified in different categories: conduit, 

capacitance and resistance blood vessels (Basar & Weiss 1981, Safar 1996, Witzleb 1989). 

The arteries, as conduits, have the role of carrying an adequate supply of blood from 

the heart to the peripheral organs and tissues of the body. The efficiency of the arterial conduit 

function depends on the arterial caliber and the constancy of mean blood pressure. 

Capacitance vessels (mainly the venous section) can take in or pass on large volumes 

of blood with no marked effects on the other parameters of the circulation. They can thus act 

as blood reservoirs. Changes of smooth muscle tone in these vessels can produce 

hemodynamically important shifts in regional blood content and thus influence venous return 

and cardiac output. 

Resistance vessels determine the overall resistance function, and hence, blood flow. 

The greatest resistance to flow is in the precapillary region (terminal arteries and arterioles). 

Activity of the smooth muscles in these arteries is the decisive factor in the regulation of 

volume flow within each vascular bed, as well as in the distribution of the cardiac output 

among the various organs. The postcapillary resistance is determined by the venules (and 

veins). 

1.3. Modulation of blood vessels by vasoactive agents 

The smooth muscle tone is modulated by different vasoconstrictor or vasodilator 

agents regulating the diameter of blood vessel and hence can induce hemodynamic changes in 

the perfusion of the tissue. Important agents playing a role in the regulation of blood vessels 

involved in this study are the folloving: 

Noradrenaline-, the sympathetic neurotransmitter in most vessels activates 

postjunctional a-adrenoreceptors initiating contraction of the vascular smooth muscle cells 

and thus vasoconstriction. However in several vascular beds, e. g. coronary arteries, activation 
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of postjunctional (^-adrenergic receptors by liberated noradrenaline induces vasodilation 

(Vanhoutte et al. 1981). 

5-hydroxytrypfamine: 5-HT has complex effect on the cardiovascular system, 

including direct and indirect vasoconstriction or vasodilation (Martin 1994). 5-HT is a potent 

vasoconstrictor agent in coronary arteries and has been used in the provocation of coronary 

vasospasm (Perez et al. 1983). Moreover, 5-HT can be taken up by adrenergic nerve endings 

of the blood vessel and can be released from it together with NA (Szabo et al. 1991). 

Nitric oxide\ The endothelium-derived relaxing factor, which was firstly characterised 

in 1980 by Furhgott and Zawadzki, and identified as NO (Furchgott 1988, Ignarro et al. 

1988), induces smooth muscle relaxation due the activation of guanylyl cyclase. The complex 

mechanisms involved in the synthesis and effect of NO is well established (Pearson & 

Vanhoutte, 1993). Moreover, NO is released not only from endothelium but from nitrergic or 

non-adrenergic non-cholinergic nerves and plays an importan role in vasodilation of different 

vascular beds (Simonsen et al, 2002, 1997a). 

Endothelium-dependent hyperpolarizing factor. It has been demonstrated that 

endothelium-dependent relaxation induced by acetylcholine and bradykinin persists in the 

presence of cyclo-oxigenase or NO synthase inhibitors (Krassoi et al. 2000, Prieto et al. 1998) 

and called endothelium-dependent hyperpolarizing factor. This is an important mediator of 

vascular relaxation in different vascular beds, however the chemical nature of EDHF is 

unknown (Campbell & Gauthier 2002). 

AT*" and Ca2~: In addition to stimulation of receptors located on the cell membrane, the 

other main cellular mechanism by which vascular smooth muscles can be activated is 

membrane depolarisation. Opening of IC channels leads to diffusion of K" ions out of the 

cell, membrane hyperpolarization, closure of voltage-gated Ca2+ channels, decreased 

intracellular Ca2+ concentration, which results in vasodilation (Jackson 2000). 

1.4. Role of potassium channels in the regulation of smooth muscle cells 

Smooth muscle cells are the most intensively investigated vascular cells. Membrane 

potential of smooth muscle cells appears to be an important regulator of vascular tone. 

Vascular smooth muscle cells express 4 different types of IC channels: voltage-dependent IC 

(Kv) channels, Ca2"-activated IC (Kca) channels. ATP-sensitive K+ (KATP) channels and 

inward rectifier K~ (KIR) channels (Nelson & Quayle 1995). The opening of C channels in 
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the membrane of smooth muscle cells increases KT efflux out of the cells leading to 

membrane hyperpolarization. Closure of K1" channels has the opposite effect. 

Hyperpolarization closes the voltage-gated Ca2+ channels, which causes vasodilation, whereas 

depolarization opens them, inducing vasoconstriction (Jackson 2000). Kv channels have been 

identified in smooth muscle cells obtained from different blood vessels. 4-aminopyridine (4-

AP) is the known most selective inhibitor of Kv channels in vascular smooth muscle. 

Inhibition of the 4-AP-sensitive K+ channels induces depolarization and vasoconstriction 

(Nelson & Quayle 1995, Halliday et al. 1995, Knot & Nelson 1995, Nelson & Bryden 1993). 

The Kca channels are found in smooth muscle cells obtained from different types of vascular 

beds. These channels are activated by an increase in intracellular Ca2+. Blockade of this 

channel by tetraethylammonium (TEA) leads to membrane depolarization and 

vasoconstriction (Nelson & Quayle 1995, Silva et al. 1994, Cook 1989). The role of K A T P 

channels in the regulation of membrane potential is controversal. Glibenclamide, the selective 

blocker of K A T P channels, caused arteriolar constriction in several microcirculatory beds, but 

in other blood vessels its effect is not obvious under physiological conditions. The channel 

seems to be involved in the metabolic regulation of blood flow and is activated in 

pathological conditions, such as hypoxia (Nelson & Quayle 1995). The role of KIR channels in 

the regulation of resting membrane potential and tone remains unclear. The Kir channel in 

arterial smooth muscle is very sensitive to inhibition by extracellular Ba2+. Recent evidences 

suggest that K"-induced vasodilation in resistance arteries is mediated by KIR channels but 

this channel does not play a functional role in the regulation of tone in conduit blood vessels 

(Nelson & Quayle 1995). 

1.5. Role of potassium channels in the regulation of endothelial cells 

The vascular endothelium is located at the interface between the circulating blood and 

vessel wall. Endothelial cells, unlike nerve and smooth muscle cells, are classified as 

nonexcitable cells since they have never been observed to produce action potentials. The 

endothelium interacts with smooth muscle cells by the synthesis and secretion of vasoactive 

mediators and hence modulates the vascular tone and cardiovascular homeostasis. The most 

widely distributed ion channels in endothelial cells are KT channels. There are at least four 

types of endothelial K~ channels: 4-AP sensitive K" channels, Ca2-r-activated KT channels, 

ATP-sensitive K" channels and inward rectifier K+ channels (Adams 1994, Nilius et al. 1997). 



7 

The K" channels play a role in maintainaning the resting membrane potential and the 

regulation of intracellular free Ca2+ concentration following stimulation by neurohumoral and 

physiological stimuli. Recently the role of K+ channels has been investigated in the release of 

vasoactive substances suggesting activation of endothelial K" channels in the release of NO 

(Prieto et al. 1998, Nilius et al. 1997, Simonsen et al, 1995). 

1.6. Role of potassium channels in the regulation of adrenergic nerves 

Blood vessels are innervated by sympathetic nerves. Noradrenaline, released from the 

sympathetic nerve terminals, is the main transmitter in the adrenergic nervous system. 

Noradrenaline activates postjunctional a-adrenoceptors, which initiates the contraction of 

vascular smooth muscle. The release of this transmitter from presynaptic nerve terminal 

depends on the electrical responses of presynaptic membrane. K~ channels are important 

participants of electrical changes in membrane potential leading to transmitter release 

(Vanhoutte et al. 1981). 

The presynaptic nerve terminals also contain the four main types of K+ channels as 

described in smooth muscle or endothelial cells (Meir et al. 1999, Roeper & Pongs 1996). We 

have limited information about the role of KT channels in the regulation of transmitter release 

due to the change in membrane potential in peripheral nerves because of the difficulty in 

measuring membrane potential and potassium conductance. The available results concerning 

the importance of Kv channels are obtained mainly from central nervous system (Hu & 

Fredholm 1991, Kumamoto & Kuba 1985, Harvey 1997, Hu et al. 1991), however we have 

some indirect tools: e.g. measurement of neurotransmitter released as a result of suggested 

membrane potential change leading to liberation of transmitter (Hu & Fredholm 1991, 

Kumamoto & Kuba, 1985, Fryer & Glover 1997, Hara et al. 1980). Blockade of KCa channels 

by selective blockers suggests the role of Kca channels in the regulation of transmitter release, 

too, since TEA is also able to enhance release of noradrenaline from cat cerebral and femoral 

arteries (Marin et al. 1985) and following electrical field stimulation of rabbit saphenous 

artery (Nally & Muir 1992). Although the presence of K A T P channels in nerve terminals has 

been demonstrated, in physiological conditions, i.e. in the presence of normal glucose levels, 

these channels did not contribute to the resting membrane potential (Lee et al. 1995, Deist et 

al. 1992). There is no electrophysiological evidence for the function of KIR channels in nerve 



* 

8 

terminals, although the presence of the K[r channel protein has been detected (Roeper & 

Pongs 1996, Ponce et al. 1996). 

1.7. Aims of the present study 

In the light of these limited informations, Kv channel seems to be one of the most 

important K" channels in the regulation of smooth muscle cells, endothelial cells or 

perivascular nerves. The main purpose of the present study was to identify the functional role 

of Kv and Kca channels in the regulation of blood vessels by applying some potassium 

channel blockers. The aims were subdivided as follows: 

• Investigation of the role of potassium channels on conduit, capacitance and resistance 

types of blood vessels. 

• Investigation of the role of Kv channels in the regulation of transmitter release. 

• Investigation of the role of endothelium in the regulation of transmitter release and a 

modulatory role of Kv channels in endothelium. 

• Investigation of the effect of Kv channel blockers on basal tone. 

• Investigation of the role of Kca channels in the regulation of transmitter release. 
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2. METHODS 

2.1. MEASUREMENTS OF ISOMETRIC TENSION IN CONDUIT, CAPACITANCE 

AND RESISTANCE BLOOD VESSELS 

2.1.1. Tissue preparation and mounting of conduit blood vessels 

2.1.1.1. Porcine coronary arterial preparations 

Porcine hearts of either sex were obtained from a local slaughterhouse and were 

transported to the laboratory in ice-cold Krebs-Hensenleit solution (KHS) with the following 

composition (in mM): NaCl 120, NaHC0 3 20, KC1 4.1, K H 2 P 0 4 1.2, MgCl2 1.2, CaCl2 1.5 

and glucose 11 (pH 7.4). at 4°C. The epicardial coronary arteries of the porcine hearts were 

carefully removed, cleaned from the adhering connective tissue and the blood vessels were 

cut into 5 mm ring segments. Rings were placed into an organ bath filled with KHS and were 

aerated with a mixture of 95% 0 2 and 5% C 0 2 at 37°C. The isometric tension was recorded 

with a force-displacement transducer 

(Type F30, Hugo Sachs Elektronic, 

Germany; Fig. 1). Mechanical responses 

of arterial rings were displayed by means 

of a pen recorder (Type 175, KUTESZ, 

Hungary). Strips were stretched passively 

up to 30 mN and equilibrated for 45 min, 

during which the medium was changed 

every 15 min. 

2.1.1.2. Human coronary arterial preparations 

Coronary arteries were prepared from pans of undiseased donor hearts unsuitable for 

transplantation from which the aortic and pulmonary valves had been previously excised for 

homograft-valve surgery. Before explanation of the hearts the patients did not recieve any 

medication except for dobutamine, furosemide and plasma expanders. The experimental 

protocol complied with the Declaration of World Medical Association proclaimed in Helsinki 

and was approved by the Human Ethical Review Board of the Albert Szent-Györgyi Medical 

University (No. 51-57/1997 OEj). The hearts were stored in cardioplegic solution at 4°C and 

used for the experiments within 12 hours. Cardioplegic solution had the following 

Figure 1. Schematic figure of organ bath 
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composition (in mM): NaCl 110, KC1 16, MgCl2 16, CaCl2 1.2, NaHC03 10. The 

preparation and the handling of coronary arteries obtained from the human heart were the 

same as described above, i.e. as in the case of porcine coronary arteries. The only exception 

was that the human coronary preparation was stretched up to 10 mN instead of the 30 mN. 

The reason of this was the approximately one third of the wet weight of the human 

preparations compared to the porcine ones. 

2.1.1.3. Rabbit aortic preparations 

New-Zealand white rabbits of either sex (1.5 - 2.5 kg) were heparinized (500 IU/kg i.v.) 

and were sacrificed by exsanguination. The chest was immediately opened and the thoracic 

aorta was excised. Adhering connective tissue was carefully removed and the aorta was cut 

into 5 mm ring segments for isometric tension recordings. Rings were placed into 4 ml Krebs-

Henseleit solution (gassed with 95% O2 + 5% CO2 mixture at 37 °C) stretched passively to 30 

mN and equilibrated for 45 min. 

2.1.2. Tissue preparation and mounting of capacitance blood vessels 

2.1.2.1. Canine saphenous vein preparations 

Mongrel dogs of either sex were heparinized (500 IU/kg i.v.) and anaesthetized with 

sodium pentobarbital (30 mg/kg i.v.). Lateral saphenous veins were taken out, carefully 

cleaned from connective tissue and were cut into 5 or 30 mm ring segments for investigation 

of the tone or for radioactive studies, respectively. The experiments were performed in 

oxygenated (95% 0 2 - 5% C02) Krebs-Henseleit solution at 37 °C. The 5 mm ring segments 

were stretched passively to 10 mN and equilibrated in 2 ml KHS for 45 min. At the end of 

experiments the vascular rings were cut into strips and the internal circumference was 

measured and these values were transformed into diameter of the blood vessel (endothelium 

intact: 1.49±0.13 mm, endothelium denuded: 1.39±0.08 mm). 

2.1.2.2. Human portal vein preparations 

Human portal vein preparations were obtained from general organ donor patients whose 

liver was undergoing transplantation surgery. The permission, the preparation and the 

handling of portal veins, was the same as described above, i.e. as in the case of human 
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coronary arteries. The venous preparation was stretched up to 10 mN during the equilibration 

period. 

2.1.3. Tissue preparation and mounting of resistance blood vessels 

2.1.3.1. Rat penile small arterial preparations 

Male adult (12-16 weeks old) Wistar-Kyoto rats were killed with C 0 2 followed by 

exsanguination. The procedure was carried out in accordance with the Danish law and 

regulation for animal experimentation. The penis of the rat was excised and submerged 

immediately in ice-cold (4°C) physiological saline solution (PSS). The composition of PSS 

was as follows (in mM): NaCl 119, NaHC0 3 25, KC1 4.7, KH2P04 1.18, MgS0 4 1.17, CaCl2 

2.5, ethylenediaminetetraacetic acid (EDTA) 0.026 and glucose 5.5 (pH 7.4). The solution 

was continuously bubbled with a mixture of 5% C 0 2 and 95% 0 2 to maintain pH at 7.4. The 

penile artery was carefully dissected from the corpus cavemosum and cleaned from the 

adherent connective tissue. Average internal diameter of the arteries was 180-190 pM. Two 

mm long arterial rings were cut and mounted on two 40 pm wires in an isometric double-

myograph (JP Trading, Aarhus, 

Denmark). One wire was fixed to 

a force-transducer, the other to a 

length displacement device 

(Mulvany & Halpern 1977; Fig. 

2). Before starting the 

experiment, vessels were allowed 

to equilibrate in PSS for about 30 

min (37 °C, pH 7.4). 

The relation between resting wall tension and internal circumference of the vessels 

was set, and the internal circumference, Lioo, corresponding to a transmural pressure of 100 

mraHg in a relaxed vessel in situ, was calculated (Mulvany & Halpern 1977). Subsequently, 

the internal circumference of the vessels was set to Li, where Li=0.9 x Lioo- Previous studies 

have shown that force development at Li is close to maximal (Mulvany & Warshaw 1979). 

The effective internal lumen diameter was determined as li = Li In. 
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2.1.4. Denudation process and verification of endothelial function 

Removal of the endothelium of different blood vessels was achieved mechanically by 

using a wet cotton swab on a glass rod except for rat penile small arteries where the 

endothelium removing was performed by bubbling of air. Functional endothelial denudation 

was evidenced by lacking vascular relaxation after administration of 1 pM bradykinin or by 

exposure to 10 pM acetylcholine. 

2.1.5. Loading procedure in conduit and capacitive blood vessels 

Loading procedure of the preparations with NA or 5-HT involved the addition and 

incubation of the preparations with 1 mM NA or 1 mM 5-HT for 10 - 30 min followed by 

thorough washing out (at least 3 times) of the amine from the organ bath. After washing out 

this large concentration of NA or 5-HT the changes of tone were monitored again by repeated 

exposure to the applied potassium channel blocking agents. 

2.2. EXPERIMENTS WITH ^-NORADRENALINE IN CANINE SAPHENOUS VEIN 

The 30 mm ring segments were equilibrated and incubated with 3H-noradrenaline (3.8 

nM) and unlabelled NA (1 pM). After loading with 3H-noradrenaline the venous rings were 

washed and further incubated for 20 min in 2 ml KHS. At the end of the experiments the rings 

were washed again one time and the total incubation medium (4 ml) was collected for 

estimation of radioactivity with liquid scintillation analyzer (Packard Tri-Carb® 2200CA). 

The 3H content of ring segments was extracted by dissolution of the tissue in Soluene®-100 

(Packard) tissue solubilizer at 40 °C for 12 h before radioactivity measurement. Experiments 

were repeated in the presence of 1.25 and 5 pM 4-AP. 

2.3. ELECTRICAL FIELD STIMULATIONS IN RAT PENILE SMALL ARTERY 

Electrical field stimulation (EFS) was performed through two parallel platinum 

electrodes placed in parallel with the vessel segment approximately 2 mm apart from each 

other. The preparations were stimulated transmurally by trains with 0.3 ms square pulses 

applied at frequencies of 1-32 Hz for 20 sec using a Cibertec CS20 stimulator (Letica, 

Barcelona, Spain). The current output of the stimulator was constant and adjusted to 40 mA. 
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To avoid relaxant responses via nitric oxide or 02-adrenerg receptor stimulation, frequency-

response curves were always constructed in the continuous presence of N° -nitro-L-arginine 

(L-NOARG, 10'4 M) and propranolol (10'6 M). At the beginning of each experiment, a first 

frequency-response curve (1-32 Hz) and a subsequent concentration-response curve for 

noradrenaline (NA) were constructed and served as controls. In other experiments, the organ 

bath was separated and the experiment was run with parallel control preparation. 

2.4. DATA ANALYSIS AND STATISTICAL COMPARISONS 

2.4.1. Analysis of isometric tension measurements 

The results are expressed as means ± s.e.mean and the concentration-response curves 

are presented on a semi-logarithmic scale. Differences between mean pECso (calculated as -

logECso) and magnitude of responses were analyzed using two-way paired or unpaired /-test 

as indicated. If more than two means were compared, one-way analysis of variance (ANOVA) 

followed by Bonferroni's test was used. Probability levels under 5% were considered as 

significant. 

2.4.2. Aanalysis of experiments with 3H-noradrenaline 

Change in 3H-efflux has been expressed as percentage of the total tissue tritium 

content (Tan & Powis, 1985). 

Equation 1 refers to the control 3H-efflux without any treatment: 

basal 3H-efflux into incubation medium 
control fractional 3H-efflux = x 100%. 

tissue 3H-content + basal 3H-efflux 

Equation 2 corresponds to 3H-efflux caused by 4-AP treatment: 

total 3H-efflux 
x 100% - control fractional 3H-efflux. 

tissue 3H-content + total 3H-efflux 

Statistical analysis of the experiments with 3H-noradrenaline was performed with 

Student's /-test. Differences with p values less than 0.05 were considered as significant. 
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2.4.3. Analysis of electrical field stimulations 

The mechanical responses of the arteries obtained from rat corpus cavernosum were 

measured as force and expressed as active wall tension, AT, which is the increase in measured 

force, AF, divided by twice the segment length (Mulvany and Halpern, 1977). By use of a 

computer programme (GraphPad, Institute for Scientific Information, San Diego, California, 

U.S.A.), the concentration-response curves were fitted to the classical Hill equation: 

R/Rmax=A(M)"H/(A(M)"H+ECso(M)"H), where R/Rmax is the relative response to the effective 

concentration of the drug, A(M), and ECso(M) is the concentration of agonist required to give 

half maximal vessel response (Rmax), when A(M) and ECso(M) are given in molar 

concentration; nH is a curve fitting parameter or Hill-coefficient. The contractile responses 

were normalized to the initial tone in the vessel induced with 10'5 M phenylephrine. 

2.5. DRUGS AND OTHER AGENTS 

Drugs used in the present study were 4-aminopyridine, 5-hydroxytryptamine 

creatinine sulfate complex, S-propranolol hydrochloride, 6-hydroxydopamine hydrobromide, 

L-Noradrenalin-L-bitartarat, N°-nitro-L-arginine (L-NOARG), propranolol HC1, tetrodotoxin, 

guanethidine sulphate, atropine, prazosin HC1, tetraethylammonium HC1, suramin sodium 

salt, phenylephrine, glibenclamide, sodium nitrite, SQ29548 and tiron (Sigma, St. Louis, Mo, 

U.S.A.) methysergide (Sandoz), L-[ring-2,5,6-3H] noradrenaline (specific activity 46.8 

Ci/mmol, New England Nuclear), pentobarbital sodium (Serva), a-dendrotoxin, iberiotoxin, 

charybdotoxin, apamin (Alomone Labs, Ltd., Israel), E-4031 (GYKI, Budapest, Hungary). 

Glibenclamide was dissolved in dimethylsulphoxide (DMSO), others in twice distilled water. 

The NaN02 was freshly prepared as 1 M stock solutions by adjusting the pH to 2 by adding 

concentrated HCI as earlier described (Simonsen et al., 1995). The stock solution was kept 

cold and protected from air. Further dilutions were made in diluted HCI (pH 2) immediately 

before use. Previous experiments showed that the acid vehicle had no effect on the 

preparations at the final concentration applied. 
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3. RESULTS 

3.1. Investigation of the effect of potassium channel blockers on conduit blood vessel 

preparations 

3.1.1. Effect of some potassium channel blockers on neurotransmitter release 

In porcine isolated coronary arteries, in the absence of functional endothelium, 4-AP 

increased the basal tone of the preparations concentration dependently. To investigate the 

possible mediatory role of noradrenaline (NA) in contractions evoked by 4-AP, we loaded the 

preparations with 1 mM NA to fill the transmitter stores and used S-propranolol (2 pM) to 

block ^-adrenoceptors. Pretreatment of the same preparations with 1 mM NA did not result in 

an enhanced contraction to 4-AP (before NA: 16.2±6.4 mN; after NA: 8.0±3.1 mN, not 

significant, n=9). S-propranolol did not modulate the contractions induced by 4-AP either 

before or after NA treatment (effect of 4-AP in the presence of S-propranolol, before NA: 

16.3±7.1 mN, after NA: 8.3±1.6 mN, n=9; compared to the effect of 4-AP alone, before and 

after NA treatment). The calculated 50% effective concentrations (EC50) of 4-AP were similar 

before and after NA loading (-log(M) EC50 (pD2): 4.70±0.10 and 4.51±0.14, respectively, 

n=9). The EC50 of the effect of 4-AP also had not been changed in the S-propranolol treated 

group before and after NA loading (pD2: 4.47±0.15 and 4.39±0.13, respectively, n=9). 

In contrast to the ineffectiveness of NA loading on coronary tissue in modulating the 

4-AP induced contractions, after pretreatment the coronary arteries with 1 mM 5-

hydroxytryptamine (5-HT) contraction to 4-AP became significantly higher compared to non-

treated ones (before 5-HT: 12.2±3.8 mN, after 5-HT: 24±3.5 mN, p<0.05, n=7, Fig. 3). 

30-, Before 5-HT * Figure 3. Effect of loading the coronary 

preparations with 5-hydroxytryptamine (5-HT) 

on the elevated tone induced by 4-

aminopyridine (4-.AP) in pig coronary artery. 

Each point represents the mean±s.e.mean of 7 

experiments. * Significantly different responses 

compared to control curve by analysis of 

variance for repeated measures: p<0.05. 

0 p - " 0 P O p - ^ T r 
-8 -7 -6 -5 -4 -3 

log [4-AP] [M] 



16 

This maximum increase of the contractions by 4-AP was associated with an increase of pD2 

value (before 5-HT: 4.43±0.14 vs after 5-HT: 4.92±0.06, p<0.05, n=7). 

The involvement of 5-HT receptors in the contractile effect of 4-AP was studied by 

using the nonselective inhibitor of 5-HT receptors, methysergide. 100 pM methysergide 

almost completely inhibited the effect of 4-AP following the loading of the coronary 

preparations with 5-HT (Fig. 4, p<0.05, n=7). Methysergide also inhibited the contraction 

induced by 587.5 pM 4-AP in the absence of 5-HT loading (4-AP: 13.4±3.0 mN vs 4-

AP+methysergide: 0.1±2.1 mN, p<0.01, n=5). 

Figure 4. Effect of 100 pM methysergide on the 

elevated tone by 4-aminopyridine (4-AP) after 

loading the coronary tissue with 5-

hydroxytryptamine. Each point represents the 

mean±s.e.mean of 7 experiments. * Significantly 

different responses compared to control curve by 

analysis of variance for repeated measures: 

p<0.05. 

Because there was about one hour difference between the first and second 

determinations of 4-.AP concentration-effect relationships we performed a series of 

experiments without 5-HT loading. Time-controlled experiments for duplicate 4-AP 

concentration-response curves in the same preparations did not result in a significant change 

of the maximum contractile effect (first administration of 4-AP: 18.5±5.7 mN vs second 

administration of 4-AP: 20.9±4.1 mN, n=6). The results obtained in these time-matched 

experiments proved that the sensitivity of smooth muscle was not modified with respect to the 

effect of 4-AP in our experimental arrangement. 

In porcine isolated coronary arteries the blocker of calcium-activated potassium 

channels (Kca), tetraethylammonium (TEA), induced dose-dependent contractions. The 

nonselective 5-HT receptor blocker, methysergide (100 plVl), completely abolished these 

contractions induced by TEA in 1-10 mM concentration (Fig. 5). 

20-1 

E 16-. 

Control * 
* -r-Methysergide T 

-7 -6 
log [4-AP] [M] 
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Figure 5. Tetraethylammonium (TEA) induced 

contractions in porcine coronary artery. Each 

point represents the mean±s.e.mean of 5 

experiments. * Significantly different responses 

compared to control curve by analysis of 

variance for repeated measures: p<0.05. 

In rabbit aortic preparations 4-AP, a Kv channel blocker, induced dose-dependent 

contractions in the absence of endothelium. To characterize the transmitter released by 4-AP, 

we used phentolamine in 1 pM concentration to block the a-receptors. The applied 

concentration of the drug reversed the contraction induced by 187.5 pM 4-AP (Fig. 6). 

50 nM 
I 

12.5 nM 

4-aminopyridine 

37.5 pM 500 nM 5 pM 
I I 

125 nM 1.25 pM 12.5 pM 

187.5 pM 

87.5 pM Phentolamine 1 pM 

2 mm 

Figure 6. Trace recording of 4-AP-induced contractile response and 

the effect of phentolamine in rabbit aortic preparation. 
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3.1.2. Role of endothelium in the contractile effect of 4-AP in rabbit aorta 

The presence of endothelium did not modulate significantly the contractions induced 

by the potassium channel blocker (Fig. 7). The calculated pD2 values were 5.08±0.65 and 

5.45±0.08 in the endothelium intact and denuded preparations. 

3.1.3. Effect of TEA on endothelium dependent relaxation in porcine coronary arteries 

The bradykinin (BK)-induced endothelium-dependent relaxation was investigated in 

the presence of the nitric oxide synthase inhibitor N°-nitro-L-arginine (L-NOARG, 300 pM) 

alone and its combination with the cyclooxygenase inhibitor indomethacin (INDO, 10 pJVI), 

and that of the inhibitor of calcium-dependent potassium channels, tetraethylammonium 

(TEA, 7mM). TEA significantly decreased the relaxation induced by 1 giVl bradykinin (BK 

alone: 54.86 ± 4.61 % versus after TEA treatment: 42.72 ± 4.01 %, n=8, p<0.05). The 

maximum relaxation by BK was considerably suppressed by treatment of the coronary ring 

preparations with the combination of L-NOARG and INDO (20.70 ± 9.92 %, p<0.05, n=6). 

Inhibition of BK-induced endothelium-dependent relaxation by TEA was more expressed 

when the synthesis of nitric oxide and prostaglandins was inhibited (BK + L-NOARG + 

INDO + TEA: 11.60 ± 16.1 %, n=5, p<0.05 compared to BK + TEA). 

60-, 

Figure 7. 4-aminopyridine (4-AP) induced 

contractions in rabbit isolated aorta in 

endothelium-intact (E+) and endothelium-

denuded (E-) preparations. Each point 

represents the mean±s.e.mean of 6 experiments. 
-8 -7 -6 -5 -4 -3 

log [4-AP] [M] 
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3.1.4. Effect of 4-AP on human coronary arteries 

In human coronary artery 4-AP increased the basal tone of the preparations 

concentration dependently. The maximum contractile effect of 4-AP was evoked by 187.5 pM 

(2.72±0,92 mN, n=5) and the pD2 value was 4.37±0.18 similarly to the effect of 4-AP in 

porcine coronary artery. 

As in the porcine coronary preparations, loading the human coronary stores of 5-HT 

enhanced the contractile effect of 4-AP (Fig. 8). It is evident that after 5-HT loading lower 

concentration of 4-AP (5 pM) was able to induce an elevation in the basal tone compared to 

the control, i.e. before 5-HT loading. 

100 nM 

1 m M 5-HT Methysergide 

2 min 

Figure 8. Trace recording of 4-AP-induced contractile response on 

human coronary artery preparation. 

The maximum contraction induced by 4-AP was about three-fold higher after 5-HT 

loading. 100 pM methysergide effectively decreased the developed tension produced by 4-

AP. At the end of the experiment submaximal contraction of the preparation induced by 80 

mM potassium chloride (KC1) showed that the maximal tension evoked by 4-AP was about 

the half of the maximum achievable tone in this coronary preparation (Fig. 8). 
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3.2. Investigation of the effect of potassium channel blockers on capacitance blood 

vessel preparations 

3.2.1. Effect of 4-AP on basal tone of canine saphenous vein 

In canine isolated saphenous vein, 4-AP caused contractions in concentrations of 

0.0125 - 5 pM in the absence of endothelium (Fig. 9). The maximum contractile response was 

small (2.2±1.29 mN, n=5) and the pD2 value for 4-AP was 6.28±0.32. After loading the 

preparations with 1 mM NA, accumulation of noradrenaline in noradrenergic nerves of 

venous tissues significantly increased the contractions in response to repeated administration 

of 4-AP. Under these conditions the maximum contraction of the venous rings increased 

about 5 fold (10.52±4.69 mN, n=5, p<0.05, Fig. 9) compared to non-loaded tissue. The pD2 

value was almost the same as in the venous preparations without NA loading (6.27±0.60, 

p<0.05). 

* 

log [4-AP] [M] 

Figure 9. Effect of 4-AP and the role of NA 

loading in canine saphenous vein preparations. 

Each point represents the mean±s.e.mean of 5 

experiments. * Significantly different responses 

compared to control curve by analysis of 

variance for repeated measures: p<0.05. 

3.2.2. Characterization of neurogenic contractions 

To detect the role of perivascular nerves in the uptake of NA, the neuronal vesicles 

were destroyed with 6-hydroxydopamine. After this chemical denervation 4-AP failed to 

cause contraction in canine saphenous vein up to the largest concentration applied (5 pM). 

In order to detect the involvement of NA as contractile substance in the mechanism of 

action of low 4-AP concentrations, determination of the release of radiolabeled NA was 

performed in the present study without loading the preparations with large concentrations of 

NA. There was a small efflux of tritium in all preparations without 4-AP. In each experiment 
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this control fractional 3H-efflux was considered as zero efflux. 1.25 pM 4-AP increased the 

fractional tritium efflux, although the change was not significant, while 5 pM 4-AP 

significantly enhanced the 3H-efflux into the incubation medium (Fig. 10). 

Figure 10. Effect of 4-AP on fractional efflux 

of tritium after loading the venous tissue with 
3H-noradrenaline. Each point represents the 

mean±s.e.mean of 6-10 experiments 

*Significantly different response by 5 pM 4-

AP was compared to zero efflux by analysis of 

variance for repeated measures: p<0.05. 

3.2.3. Role of endothelium in the contractile effect of 4-AP in canine saphenous vein 

In order to investigate the role of endothelium in the contractile effect of 4-AP, we 

performed some experiments in veins without endothelium. We observed that similarly to the 

venous preparations with intact endothelium, NA loading increased the maximum contraction 

induced by 5 pM 4-.AP in the absence of endothelium (1.3±0.57 mN to 10.51±3.64 mN, n=6-

9, p<0.05mN, respectively, Fig. 11). Under these conditions the pD2 values for 4-AP were 

5.69±0.27 and 6.17±0.48 before and after NA loading, respectively. 

Figure II. Effect of 4-AP and the role of NA 

loading in canine saphenous vein in the 

absence of endothelium (E-). Each point 

represents the mean±s.e.mean of 6-9 

experiments. * Significantly different responses 

compared to control curve by analysis of 

variance for repeated measures: p<0.05. 

15-

E 12-

- Before NA * 
-After NA 
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3.2.4. Effect of 4-AP in human portal vein 

In human isolated portal vein almost maximum contraction was induced by 4-AP in a 

concentration as low as 12.5 pM (Fig. 12). 

4 - a m i n o p y r i d i n e 

1 -i 
2 min 

Figure 12. Trace recording of 4-AP-induced contractile response in 

human portal vein preparation. 
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3.3. Investigation of the effect of potassium channel blockers on resistance blood 

vessel preparations 

3.3.1. Effect of some potassium channel blockers on basal tension 

Rat intracavernous endothelium-intact and denuded penile arteries with internal 

lumen diameters of, respectively, 173 ± 3 pm (n=117) and 191±6 pm (n=13) were mounted. 

Phenylephrine (10'5 M) induced contractions of 1.9 ± 0.1 Nm"1 (n=l 17) and 1.8±0.3 Nm"1 

(n=13), respectively in endothelium-intact and -denuded segments. 

In endothelium-intact preparations, removal of extracellular calcium decreased tension 

0.15±0.03 Nm"1 (n=10), while endothelial cell removal increased tension 0.28±0.07 Nm'1 

(n=13). In endothelium-intact preparations, a NOS inhibitor, N°-nitro-L-arginine (L-NOARG, 

10"4 M) increased tension with 0.34±0.08 Nm'1 (n=22), while the combination of L-NOARG 

and indomethacin increased tension 0.18±0.08 Nm"1 (n=12). However, L-NOARG did not 

increase tension (0.02±0.01 Nm'1, n=12) in endothelium-denuded preparations. 

In the presence of propranolol (10'6 M) and L-NOARG (10'4 M) to block (3-

adrenoceptors and nitric oxide synthase, the blockers of Kv channels, 4-aminopyridine (4-

AP), and of Kca channels, tetraethylammonium (TEA), and the subtype selective blockers of 

large-conductance Kca channels, iberiotoxin (IbTX), and of intermediate- and large-

conductance Kca channels, charybdotoxin (ChTX), increased the basal tension in 

endothelium-intact segments of the preparations. The blocker of K A T P channels, 

glibenclamide (Glib) and the subtype selective blockers of Kv channels, a-dendrotoxin (a-

DnTX) and E-4031, and of small conductance Kca channels, apamin, did not change the basal 

tone (Table I). Incubation with an inhibitor of sympathetic nerve transmission or a voltage-

sensitive Na~ channel blocker, guanethidine (10'5 M) and tetrodotoxin (10"6 M), respectively, 

did not change 4-AP or TEA-evoked increases in resting tension in rat penile arteries (data , 

not shown). 

In endothelium-denuded arteries, 4-AP and TEA increased basal tension to levels 

similar to those in endothelium-intact preparations (Table 1). 



24 

Effect of K~ channel blockers on the basal tone in preparations with intact endothelium 

K+ channel blockers Concentration Change in tension (%) n 

4-AP 5X10"4 M 33.61±7.7 5 

E 4031 10"7M 3.13±1.71 5 

ct-DnTX 10"7M 7.26±4.46 4 

TEA 10"3M 51,9±17.9 5 

apamin 5xlO"7M 1.28±1.28 5 

ChTX 10'7M 24.6±10.86 4 

IbTX 10"7M 12.32±9.72 5 

Glib 10"6M 1.36±1.03 7 

Effect ofKC channel blockers on the basal tone in endothelium denuded preparations 

4-AP 5X10"4 M 33.21±5.46 7 

TEA 10"3M 83.23135.36 6 

Table 1. Effect of K* channel blockers on the basal tone in preparations in 

the presence and absence of endothelium. Values are meanis.e.mean; n 

indicates the number of vessels examined. The changes in tone are 

expressed as a percentage of the contraction induced by PhE. 

3.3.2. Characterization of neurogenic contractions 

In rat penile small arteries, in the presence of propranolol (10"6 M) and L-NOARG 

(10"4 M), EFS evoked frequency-dependent contractions with half maximal frequency (EF50) 

of 9.5±2.3 Hz and maximum responses at 32 Hz of 70±3 % (n=6) of the contractile responses 

to PhE. Incubation with tetrodotoxin (10"6 M) or guanethidine (10'" M) inhibited the EFS-

elicited contractions (2.412.4 % and 9 H5 .6 % of the responses to Phe at 32 Hz, respectively, 

n=6). In another series of experiments, prazosin (10" M) also abolished the EFS induced 

contractions (4.712.6 %, compared to control: 70.413.2 % of the responses to Phe at 32 Hz, 

n=6), while suramin (3x10° M) had no significant effect (60.415.1 % compared to control: 

43.4113 % of the responses to PhE at 32 Hz, n=4). Both prazosin (10"7 M) and suramin (3x10" 

" M) caused rightward shifts of concentration-response curves for NA and ATP, respectively 

(n=3-5, data not shown). 



25 

3.3.3. Effect of some potassium channel blockers on neurogenic contractions 

In endotheiium-intact preparations, blockade of K A T P and Kv channels with 

glibenclamide (10"'' M) and 4-AP (5xl0"4 M), respectively, did not alter the contractile 

responses to either EFS or exogenous noradrenaline (Fig. 13). The same was the case for the 

subtype selective blockers of Kv channels, a - dendrotoxin (10"7 M) and E4031 (10"7 M) (n=6 

for each K" channel blocker). 

Figure 13. Effect of 5x10° M 4-AP and 10"6 M Glib on EFS (A, C) 

and exogenously applied noradrenaline (NA) (B. D) in rat penile 

arteries. Each point represents the mean±s.e.mean of 5-8 experiments. 

TEA, the general blocker of Kca channels, caused a pronounced enhancement of the 

neurogenic contractions induced by EFS, but did not change the noradrenaline-elicited 

contractions in endotheiium-intact preparations (Fig. 14). 
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Figure 14. Effect of 10"3 M TEA on EFS (A) and exogenously applied 

noradrenaline (NA) (B) in rat penile arteries. Each point represents the 

mean±s.e.mean of 6 experiments. * Significantly different responses 

compared to control curve by analysis of variance for repeated 

measures: p<0.05. 

In contrast to a blocker of small-conductance Kca channels, apamin, a blocker of 

intermediate- and large-conductance Kca channels, ChTX (10"7 M), enhanced the EFS-evoked 

contractions in penile arteries (Fig. 15 A, B). Incubation with both ChTX and TEA caused 

further enhancement of EFS-evoked contractions (Fig. 15 B). A blocker of large-conductance 

KCa channels, IbTX (10"7 M), did not modulate EFS-induced contractions, but TEA was able 

to enhance EFS-evoked contraction in the presence of IbTX (Fig. 15. C). 

Figure 15. Effect of 5x10-7 M apamin (A), 10"6 M ChTX (B) and 10'6 M 

IbTX (C) on neurogenic contractions in endothelium-intact penile small 

arteries. Each point represents the mean±s.e.mean of 6-7 experiments. 

Significantly different response, tested by analysis of variance followed 

by Bonferroni method: * P < 0.05 versus control; # P < 0.05 versus 

response in the presence of either (B) ChTX or (C) IbTX. 
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3.3.4. Role of endothelium in neurogenic contractions 

Endothelial cell removal abolished relaxations induced by acetylcholine and enhanced 

the contractions induced by EFS at 4-32 Hz compared to endothelium-intact preparations 

(Fig. 16 A). Endothelial cell denudation caused leftward shifts of the concentration-response 

curves for noradrenaline (Fig. 16 B). In the presence of TEA, the responses to 1 and 2 Hz EFS 

increased markedly, while on average the responses to 4-32 Hz EFS were similar in the 

absence and the presence of TEA in endothelium-denuded arteries (Fig. 16 C). The presence 

of TEA did not change the concentration-response curves for noradrenaline (Fig. 16 D). 

To clarify whether enhanced release of endothelium-derived contractile factors 

contribute to TEA-evoked potentiation of EFS contraction, the preparations were treated with 

either the thromboxane receptor antagonists, SQ29548 (10"7-10"5 M) or the superoxide 

scavenger, tiron (lO'MO"2 M), but these drugs did not influence 16 Hz EFS-evoked 

contractions obtained in the presence of TEA (10"J M) (n=6 for each drug, data not shown). 

Figure 16. Effect of 

endothelial cell 

removal (A, B) and 

of 10° M TEA (C, 

D) in endothelium-

denuded preparations 

on control responses 

on EFS and 

exogenously applied 

noradrenaline (NA) 

in rat penile arteries. 

Each point represents 

the mean±s.e.mean 

of 6-7 experiments. 

E+ - endothelium-intact, E- = endothelium-denuded preparation. Significantly 

different responses compared to the control curve: * P < 0.05 
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3.3.5. Effect of TEA on endothelium dependent relaxation in rat penile small arteries 

In phenylephrine-contracted penile small arteries, acetylcholine (10'6 and 10"5 M) 

evoked transient relaxations in endothelium intact, but not in endothelium-denuded segments. 

Incubation with an inhibitor of NO synthase, L-NOARG (10"4 M), did not change 

acetylcholine-evoked relaxation, although combination of L-NOARG and an inhibitor of 

cyclooxygenase, indomethacin (INDO, 3xl0"6 M) reduced relaxation evoked by 10"6 M 

acetylcholine. However, in the presence of L-NOARG, INDO and either TEA (10"3 M) or 

ChTX (10'7 M), acetylcholine relaxation was abolished (Fig. 17). 
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Figure 17. Effect of L-NOARG, L-NOARG + INDO, L-NOARG + 

INDO + TEA and L-NOARG + INDO + ChTX on relaxations 

induced by Ach in endothelium intact penile small arteries. 

Relaxations are expressed as percentages of the contractions induced 

by PhE. and each column represents the mean±s.e.mean of 6-8 

experiments. Significantly different response, tested by analysis of 

variance followed by Bonferroni method: * P < 0.05 versus control; # 

P < 0.05 versus response in the presence of L-NOARG; f P < 0.05 

versus response in the presence of L-NOARG and INDO. 
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3.3.6. Effect of 1C channel blockers on non-adrenergic non-cholinergic relaxations and on 

exogenously added NO in penile small arteries 

To investigate whether the enhancing effect of TEA can be ascribed to inhibition of 

the release of a vasodilatator neurotransmitter or endothelium-derived factor, the effect of 

the K* channel blockers was examined on these responses. In phenylephrine-contracted 

preparations treated with atropine and guanethidine to inhibit, respectively, muscarinic 

receptors and adrenergic neurotransmission, EFS evoked relaxations, which were abolished in 

the presence of tetrodotoxin (n=4, results not shown). L-NOARG (10'4 M), inhibited EFS-

induced relaxations at the lowest frequencies (1-4 Hz) and attenuated the responses at higher 

frequencies (8-32 Hz, n=4, results not shown). TEA or 4-AP, but not Glib added alone 

inhibited the neurogenic relaxations at 16 and 32 Hz stimulation (Fig. 18 A, B, C). 

Combination of L-NOARG and the TEA or 4-AP did not cause further inhibition of EFS-

evoked relaxations compared to treatment with either blocker alone (results not shown). 

In the presence of L-NOARG, exogenous NO, added as acidified NaN02, caused 

dose-dependent relaxation with Emax of 90.58±2.29 % and with pD2 of 4.42±0.14 (n=6). TEA 

and 4-AP, but not Glib, caused significant inhibition of the maximal relaxation evoked by 

exogenously added NO (77.06±2.65 %, 76.44±4.82 % and 88.38±2.24 %, respectively, 

compare to control value, n=6) (Fig. 16 D, E, F). Presence of TEA, 4-AP or Glib failed to 

modulate the pD2 values, which were 4.12±0.10, 4.34±0.07 and 4.38±0.11, respectively, 

compared to control value (n=6). 
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Figure 16. Effect of TEA, 4-.AP and Glib on relaxations to EFS (A, B, 

C) and exogenous NO as acidified sodium nitrite, NaN0 2 , (D. E, F) in 

rat small penile arteries contracted with PhE. Each point represents the 

mean±s.e.mean of 6 experiments * Significantly different responses 

compared to control curve by analysis of variance for repeated 

measures: p<0.05. 
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4. DISCUSSION 

4.1. Investigation of the effect of potassium channel blockers on conduit blood vessel 

preparations 

4.1.1. Role of K* channels in the regulation of blood vessels by neurotransmitter release 

It has been previously demonstrated that regulation of membrane potential through 

activation or inhibition of Kv and Kca channels provides an important mechanism to dilate or 

constrict arteries. Indeed, the importance of potassium conductance in maintaining the resting 

vasomotor tone has suggested that potassium channel blockers are able to cause contractions 

of smooth muscles. The presence of 4-AP- and TEA-sensitive IC channels on some arteries of 

different species have been recently characterized (Halliday et al. 1995, Knot & Nelson 1995, 

Yuan 1995, Nelson & Bryden 1993, Belevych et al. 2002, Giangiacomo et al. 1995, Silva et 

al. 1994, Cook 1989, Fujiwara et al. 1982). The role of K v and KCa channels in setting the 

coronary tone of some animal species under different electrophysiological conditions are also 

well studied (Ishikawa et al. 1997, Volk et al. 1991). Vascular smooth muscle cells of human 

coronary artery have also been shown to contain Kv channels (Gollasch et al. 1996). In an 

earlier study 4-AP was demonstrated to enhance the basal tone of human coronary artery as 

well (Uchida et al. 1986). However, we have only scare information about the functional role 

of these potassium channels in the modulation of coronary vasomotor tone (O'Rourke 1996, 

Shimizu et al. 2000). Our observation provides evidence that the Kv and Kca channels are 

functionally important channels not only in the porcine but also in human coronary artery. 

Blockade of K+ channels located on the membrane of nerve endings is a known 

possibility for modulation of blood vessel tone through liberation of vasoactive mediators. 

The Kv and Kca channels are suggested to affect the tone of blood vessels via the release of 

vasoconstrictor neurotransmitters (Hara et al. 1980, Fryer & Glover 1997, Marin et al. 1985, 

Glover 1978, Ikushima et al. 1981, Vanhoutte et al. 1981, Nally & Muir 1992). The 

involvement of vasoactive mediators in the function of Kv and Kca channels however is not 

known in coronary arteries. In coronary artery 5-HT is an important modulator of the blood 

vessel tone (Cushing & Cohen 1992, Perez et al. 1983). In porcine coronary arterial 

preparations, the role of NA and Ach in the contractile effect of 4-AP and TEA were excluded 

but a possible mediation through the liberation of 5-HT has not been studied (O'Rourke 

1996). The results of the present investigations demonstrate that the Kv channel blocker, 4-



3 2 

AP, and the Kca channel blocker, TEA, induce contractions of porcine and human coronary 

arteries via the release of vasoconstrictor 5-HT. This is in agreement with previous findings 

that inhibition of Kv and Kca channels present on the sympathetic nerve fibers induces 

membrane depolarization, and this change of membrane potential causes transmitter release 

and thus smooth muscle contraction (Hara et al. 1980, Fryer & Glover, 1997, Marin et al. 

1985). 

Some arteries innervated by adrenergic nerves are able to accumulate 5-

hydroxytryptamine (5-HT). From these perivascular sympathetic nerve endings 5-

hydroxytryptamine, as vasoconstrictor co-transmitter with noradrenaline (NA), was shown to 

be released (Cohen 1985, Saito & Lee 1987, Szabo et al. 1991, Vanhoutte et al. 1981). Under 

our experimental conditions, the role of noradrenaline is not likely to be important in the 

contractile effect of 4-AP, because the presence of S-propranolol (both before and after NA 

loading) did not modulate the contraction induced by 4-AP. Moreover, NA loading did not 

increase the tone after administration of the potassium channel blocker. This is consistent with 

the previous observation that in porcine coronary artery neither the alpha-receptor blocker 

phentolamine nor the beta-receptor blocker propranolol influenced the contraction induced by 

4-AP (O'Rourke 1996). Moreover, the alpha-1 adrenoreceptor appears to have no significant 

role in the modulation of the tone of this blood vessel. It is well known that NA released from 

sympathetic nerve endings can cause vasorelaxation via beta adrenoreceptor stimulation in 

coronary arteries (Horst & Robinson 1985, Quillen et al. 1992). In our preliminary 

experiments, in human coronary artery neither the adrenerg antagonist agents nor NA 

treatment modified the contractile effect of 4-AP (unpublished data). This corresponds to 

those observations that in human coronary artery contraction induced by 4-AP was not 

eliminated by phentolamine or yohimbine (Uchida et al. 1986). 

Concerning the role of 5-HT, after loading of coronary arteries with 1 mM 5-HT, 4-AP 

induced significantly larger contraction and methysergide abolished this contraction both in 

porcine and in human preparations. This suggested an intact 5-HT storage capacity and intact 

uptake mechanism of coronary arteries under our experimental conditions. It should be 

emphasized that the source of 5-HT would be not only the perivascular nerves but 

extraneuronal stores, too. In earlier study it has been demonstrated that 5-HT accumulation in 

the rat coronary circulation is mainly extraneuronal and the mechanism of this uptake of 5-HT 

is similar to that of NA (Bryan et al. 1989). Thus, extraneuronal 5-HT stores may also be 
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responsible for the contraction evoked by 4-AP. Based on the present findings we propose 

that under pathological conditions the neuronal and/or extraneuronal stores of coronary 

arteries are filled with platelet-derived 5-HT (Cohen 1985). This serotonin may subsequently 

contribute to an abnormal contractile responsiveness, i.e. vasospasm of the coronary artery. 

The 5-HT stores of the blood vessel wall may be strongly affected by drugs acting on Kv-type 

potassium channels and, conseqently influence the coronary tone. The current findings 

suggest that 4-AP can induce spasm of the coronary artery with consequent ischemic damage 

of heart muscle. This harmful effect of the Kv channel may have in vivo significance when the 

neuronal stores (and, probably, extraneuronal stores) contain large concentration of 5-HT. 

In our experiments, 4-AP induced 5-HT release was effective even at low micromolar 

concentrations. However, 4-AP was shown to exert smooth muscle contractions in millimolar 

concentrations (Halliday et al. 1995, Knot & Nelson 1995, Ishikawa et al. 1997, Uchida et al. 

1986). In central and peripheral nerves, 4-AP blocked Kv also in low micromolar 

concentrations (Hu & Fredholm 1991, Kumamoto & Kuba 1985) which correspond to the 

potency of the drug in the present study. The EC50 value of 4-AP was lower in the absence of 

5-HT loading compared to the value obtained after loading the coronary preparations with 5-

HT. We do not know the exact explanation for this change in EC50, but we think that a larger 

amount of 5-HT released from the coronary artery after loading masks the direct contractile 

effect of 4-AP on the smooth muscle. It is well known that 5-HT is a very potent vasoactive 

mediator with EC50 of lower than 1 micromol (Cushing& Cohen 1992). 

In our investigations, 4-AP induced dose-dependent contraction in rabbit aortic 

preparations. This enhancement of basal tone was sensitive to the a-receptor blocker 

phentolamine suggesting the involvement of NA release in the contractile effect of the 

potassium channel blocker. This is in agreement with our observations made in porcine and 

human coronary arteries, that the Kv channel located on the neuronal membrane plays an 

importan role in the regulation of blood vessel tone due the release of vasoactive 

neurotransmitter. Earlier observations on isolated rabbit ear arteries (Fryer & Glover 1997, 

Glover 1978), on cat cerebral and femoral arteries (Marin et al. 1985) and on rabbit 

pulmonary artery and aorta (Ikushima et al, 1981) also confirm this finding. 
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4.1.2. Role of Kf channels in the regulation of blood vessel tone by endothelium 

Diameter of blood vessels is largely determined by the interactions between the 

smooth muscle and endothelial cells. The vascular endothelium releases different 

vasoconstrictor and vasodilator substances for the regulation of the diameter of blood vessels 

(Pearson & Vanhoutte 1993). The membrane of endothelium contains several ion channels 

and these channels play roles in the cell-cell communication, Ca2+ signaling and vessel 

permeability (Nilius et al. 1997). The endothelial cell membrane contains Kv and Kca 

channels (Nilius et al. 1997, Adams 1994, Takeda et al. 1987, Rusko et al. 1992). The 

possible modulation of contraction induced by 4-AP due to liberation of vasoactive factors 

from the endothelium is unlikely because removal of endothelium in rabbit aortic preparations 

failed to modulate either the contractile effect or pD2 values of the Kv channel blocker in our 

experiments. It was demonstrated that the presence of endothelium had no effect on either the 

maximal contraction or on pD2 values induced by 4-AP, or the Kca channel blocker, TEA in 

porcine coronary arterial preparations (O'Rourke 1996). 

In porcine coronary artery, with intact endothelium, we characterized a NO and an 

EDHF mediated relaxation induced by bradykinin by using known endothelial inhibitors: the 

NO synthase inhibitor L-NOARG, the cyclooxygenase enzyme inhibitor INDO and TEA. In 

the presence of L-NOARG, the BK induced relaxation was significantly decreased suggesting 

the releae of NO from endothelium. The BK-induced relaxation is TEA- sensitive, since the 

Kca channel blocker decreased the relaxation evoked by BK. TEA also decreased the 

persistent relaxation in the presence of L-NOARG plus INDO, suggesting the presence of Kca 

channel sensitive release of a non-NO non-prostanoid factor, which is presumably, EDHF. In 

porcine coronary artery the presence of such a functional EDHF and its modulation by Kca 

channel has been suggested recently (Hayabuchi et al. 1998, Edwards et al. 2001, Burnham et 

al. 2002, Ge et al. 2000). Activation of K+ channels hyperpolarizes endothelial cell and 

thereby supports Ca2+ influx that may have resulted in production and release of NO and 

EDHF. In contrast, depolarization of endothelial cells with K+ channel blockers decreases the 

Ca2+ signal and reduces the release of vasoactive substances (Nilius et al, 1997). 
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4.2. Investigation of the effect of potassium channel blockers on capacitance blood 

vessel preparations 

4.2.1. Role of fC channels in the regulation of blood vessel tone by neurotransmitter release 

The veins of the organism are not purely passive "conduits" but their physiological 

functions include distribution of the blood volume (regulated capacity function), maintenance 

of the filling pressure of the heart, increasing the orthostatic tolerance of the organism (Monos 

et al. 1995). Reflex alterations in venous vasomotor tone provide rapidly acting mechanisms 

for compensatory redistribution of the blood volume. It is known that 60-80% of the 

circulating blood is stored in the venules and the systemic veins. Quick mobilisation of these 

stores compensates blood losses of as high as 20-25% of the total blood volume while 

maintaining adequate arterial pressure and tissue perfusion. The blood reservoirs of the 

organism not only quickly release but also rapidly accumulate blood (Rothe 1986). Changes 

in smooth muscle activity of venous vessels are controlled by the sympathetic nervous 

system, similarly to the arteries. The active changes in vascular capacitance are mediated by 

a-adrenergic receptors of the sympathetic nervous system (Rothe 1983). 

4-aminopyridine (4-AP), a widely used blocker of voltage-dependent potassium 

channels (Kv) under experimental conditions, has recently been introduced for treating some 

neurological disorders. In multiple sclerosis patients and in humans with spinal cord injury 4-

AP induces improvement in the central nervous system functions (Van Diemen et al. 1993 a, 

Segal & Brunnemann 1997). The base of its therapeutic benefit is the potassium channel 

blockade, which enhances axonal conduction across demyelinated internodes and improves 

neuroneuronal and neuromuscular transmission in preserved axons. In humans with spinal 

cord injury the maximum concentration of orally administered 4-AP in the plasma was found 

to be 27.7 ng/mL (Segal et al, 2000). This concentration of the drug corresponds to about 0.3 

gM which is more than 1000 times less than that generally used as a pharmacological tool in 

biological experiments performed in smooth muscle cells in vitro (Chandy & Gutman 1995, 

Edwards & Weston, 1994). Moreover, 4-AP is generally used to block Kv channel in vitro 

experiments in millimolar concentration (Chandy & Gutman 1995, Edwards & Weston 1994). 

However, the question still remains whether the concentration of the drug close to the 

therapeutically meaningful ones influences the tone of a vein, and if so, what the role of NA is 

in mediating the effect of the potassium channel blocker. 
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Similarly to the arteries (See 4.1. Investigation of the effect of potassium channel 

blockers on conduit, blood vessel preparations), the Kv channel also plays an important role in 

the regulation of the venous blood vessel tone. This channel modulates the membrane 

potential of the smooth muscle cells of veins directly (Thorneloe et al. 2001, Clement-

Chomienne et al. 1999, Waldron & Cole 1999, Karle et al. 1998, Szentivanyi et al. 1997, Cole 

et al. 1996, Edwards et al. 1993) and affects the contractile state of veins indirectly through 

the release of noradrenaline from the perivascular nerve endings (Hara et al. 1980, Leander et 

al. 1977, Kato & Takata 1987, Takata et al. 1992). Release of NA and the consequent increase 

of arterial tone induced by 4-AP have been demonstrated in isolated rabbit ear artery, but the 

applied concentrations of the potassium channel blocker were 10 pM and larger 

concentrations (Fryer & Glover 1997). 4-AP, in 300 pM concentration, has been 

demonstrated to increase the release of radiolabeled noradrenaline upon field stimulation in 

isolated canine saphenous vein (Kato & Takata, 1987). These concentrations are still at least 

two orders of magnitude larger than the peak concentration of the drug used in the human 

therapy (Segal et al, 2000). Therefore, it was of interest to examine whether low 

concentrations of 4-AP exhibit any effect of biological significance in the circulatory system. 

The main finding of our present study is that even submicromolar concentrations of 4-

AP are able to enhance the basal tone of isolated canine saphenous vein. The calculated ECso 

values of the drug are 0.61 pM and 0.53 pM in the venous rings without and with 

endothelium, respectively, when the venous neuronal stores are loaded with noradrenaline. 

These values are still two times higher than the maximal plasma concentration of the drug 

obtained in humans with spinal cord injury (27.7 ng/mL, i.e. 0.3 pM, Segal et al, 2000) and 

almost the same as the serum level measured in multiple sclerosis. In the latter study the 

average concentration of 4-AP was 61.8 ng/mL (i.e. 0.65 pM) after intravenous 

administration and 53.6 ng/mL (i.e. 0.56 pM) after oral administration (Van Diemen et al, 

1993b). The observed high potency in our present study supports our previous assumption 

that 4-AP may have contractile effects on the smooth muscles in the circulatory system. It is 

important to note that this was evident under those experimental conditions where the venous 

tissue was loaded with noradrenaline. Loading the saphenous preparations with large 

concentrations of NA resulted in an increased efficacy and potency of 4-AP when compared 

to the responsiveness of the unloaded veins. The maximum contractile effect of 4-AP 

increased 5-8 fold. 
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It is well known that 4-AP is a ganglionic stimulant in the autonomic nervous system. 

0.6-5 pM 4-AP was able to release noradrenaline from frog sympathetic ganglion (Kumamoto 

& Kuba 1985). Venous blood vessels are richly innervated with sympathetic nerves, and 

potassium channels of the Kv type appear to be present in some veins (Kato & Takata 1987, 

Hara et al. 1980). However in these studies only large concentrations of the drug were used in 

order to block potassium conductance. The possible reason for using more than 100 pM of the 

drug in those studies, which were devoted to determine the regulatory role of this channel on 

smooth muscle tone, was to achieve a complete blockade of the Kv channels. In addition, 

differences exist in the sensitivity of the channel subtype to the blocking effect of 4-AP even 

in the same organ. In the heart relatively low concentrations of 4-AP (IC50: 5.3 pM) inhibited 

the ultrarapid component of the delayed rectifying potassium channel in the atrium while 4-

AP was practically without effect on the delayed rectifying potassium channel in the ventricle 

(Nattel et al. 2000). 

Because of the relatively intact storage capacity of the perivascular nerve endings in 

the blood vessel following isolation procedures, and also the striking sensitivity of the nerves 

to the effect of 4-AP, we measured the influence of chemical denervation in a saphenous 

preparation after loading the NA store of the venous tissue. 6-hydroxydopamine completely 

abolished the contractile effect up to the largest concentration of 4-AP applied (5 pM). This 

finding suggests an indirect neuronal mediation of the effect of low concentrations of 4-AP on 

venous tone. 

In canine saphenous vein field stimulation caused a maximum of 2 mN contraction of 

the smooth muscle (Medhurst et al. 1993). The finding shows the release of functionally 

important amount of a contractile substance(s) from the axon terminals following isolation of 

the venous preparation. In order to detect the involvement of NA as contractile substance in 

the mechanism of action of low 4-AP concentrations, determination of the release of 

radiolabelled NA was performed in the present study without loading the preparations with 

large concentrations of NA. 5 pM 4-AP significantly increased the tritium efflux from the 

venous tissue compared to the control fractional efflux of untreated preparations. This shows 

that in isolated canine saphenous vein the contractile effect of 4-AP is largely dependent on 

the neural release of NA. 1.25 pM 4-AP also increased tritium efflux, however the effect was 

not significant. One reason for this finding could be that the NA stores of the isolated venous 

preparations are not entirely loaded with the neurotransmitter. The method of radioactive 
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experiments required the addition of 1 pM unlabelled NA and it thus resulted in a partial NA 

loading. Increasing amount of 3H-NA (labelled NA) for incubation may have increased the 

total counts released. 

4-AP induced dose-dependent contraction in human portal vein preparation, indicating 

the presence of Kv channel in this blood vessel. This is in agreement with earlier findings, 

suggesting that Kv channels play a crucial role in the regulation of the blood vessel tone in 

portal venous preparations obtained from different species (Thorneloe et al. 2001, Clement-

Chomienne et al. 1999, Waldron & Cole 1999, Karle et al. 1998, Cole et al. 1996, Edwards et 

al. 1993). Although we have not yet characterized the exact mechanism of contraction evoked 

by 4-AP in human portal vein, we suppose the release of vasoconstrictor neurotransmitter(s) 

in the contractile effect of 4-AP, since the lowest concentration used in the experiment 

induced almost maximal contraction. This finding correlates with low micromolar pD2 values 

observed in canine saphenous vein. In summary, it appears that the veins are the most 

sensitive in vitro preparations to the contractile effect of 4-AP. The effect of the 

submicromolar concentrations of the Kv channel blocker in the involvement of NA in the 

mechanism of action on canine saphenous vein as well as the large sensitivity of human portal 

vein to 4-AP support the in vivo significance of the findings. 

4.2.2. Role of K~ channels in the regulation of blood vessel by endothelium 

The vascular endothelium can take up and metabolize amines such as NA (Rorie & 

Tyce 1985, Junod & Ody 1977, Brust et al. 2000), and thereby contributes the neuronal 

uptake of the amine from the circulation. Although our endothelium intact preparation could 

not support the above conclusion, this mechanism may influence the vascular action of 4-AP 

in other part of the circulatory system. 4-AP sensitive Kv channels have been shown to be 

present in the membrane of endothelial cells of bovine aorta and pulmonary artery (Adams 

1994), but there is no evidence for the existence of a 4-AP sensitive K1" channels in the 

endothelium of canine saphenous vein. Hence, together with the observation that chemical 

denervation completely inhibited the 4-AP induced contractions, the lack of influence of 

vascular endothelium also points to the predominant role of a neuronal mechanism in the 

effect of this Kv channel blocker. 
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4.3. Investigation of the effect of potassium channel blockers on resistance blood 

vessel preparations 

Penile erection is a result of arterial and trabecular smooth muscle relaxation in the 

corpus cavernosum. This mechanism is controlled by the autonomic nervous system (Saenz 

De Tejada et al. 2000, Melman & Gingell 1999, Andersson 1993). Penile erection is initiated 

by activation of parasympathetic pelvic nerves leading to arterial dilatation followed by 

relaxation of the corpora cavernosa. Sympathetic innervation plays major role in 

detumescence of the erect penis by vasoconstriction of penile small arteries and contraction of 

cavernous trabecular smooth muscle (Giuliano et al. 1997). Sympathetic tone also maintains 

the penis in a flaccid state, as indicated by the erection induced after injection of different a -

adrenoceptor blockers (Giuliano et al. 1993, Holmquist et al. 1990, Christ et al. 1990, Sironi 

et al. 2000, Peterson et al. 1998). These findings indicate, that drugs causing inhibition of 

penile sympathetic activity may have erectile effect. 

K+ channels are attractive targets for treatment of erectile dysfunction. Activation of 

K" channels followed by hyperpolarization and decreased transmembrane calcium flux is 

followed by decreased intracellular calcium and relaxation of corporal smooth muscle tone, 

and would hence result in erection (Andersson 2001, Christ 2000). The K+ channel opener, 

pinacidil, raises intracavernosal pressure in cats (Moon et al. 1999), and causes penile 

tumescence in monkeys (Giraldi & Wagner 1990), while intracavernosal injection of the gene 

which encodes for the large-conductance Ca2+-activated KT channel (Kca) enhances erectile 

responses in old rats (Christ et al. 1998). Patch clamp studies have demonstrated large-

conductance K C A channels and ATP-sensitive K T channels (KATP) are present in rat and human 

corporal smooth muscle (Lee et al. 1999, Wang et al., 2000), and openers of K A T P channels as 

well as putative openers of large-conductance Kca channels relax isolated corporal smooth 

muscle from different animals and man (Giraldi & Wagner 1990, Hedlund et al. 1994, 

Venkateswarlu et al. 2002). In contrast to corporal smooth muscle, there is only scarce 

information concerning the IC channels involved in regulation of tone in penile small arteries. 

4.3.1. ¡C channels and regulation of basal tone in penile arteries 

4-AP, blocker of Kv channels, and TEA, IbTX and ChTX, blockers of KCa channels 

significantly increased the basal tension. This is in agreement with previous finding that Kca 

channels participate in the regulation of basal tone of horse deep penile arteries (Simonsen et 
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al. 1995). However, the contractions induced by TEA and ChTX are more pronounced than 

IbTX-evoked contractions. It is unlikely the larger TEA- and ChTX-evoked contractions can 

be ascribed to inhibition of intermediate-conductance Kca channels, since patch clamp studies 

of porcine coronary arteries have suggested these channels are only present in endothelial 

cells (Burnham et al. 2002). Moreover, endothelial denudation does not decrease TEA-evoked 

contractions in the present study. Tetraethylammonium and charybdotoxin have also been 

described to inhibit certain voltage-dependent K" channels (Lang et al., 2000; Shieh et al., 

2000). In contrast to this, the general inhibitor of voltage-dependent K+ channels, 4-

aminopyridine evoked contractions in penile small arteries. Moreover, in our experiments 

these contractions are not affected by the presence of atropine, guanethidine and L-NOARG 

excluding an involvement of IC channel modulation of adrenergic, cholinergic and nitrergic 

nerves. Therefore, both large-conductance Kca channels sensitive for IbTX, ChTX, and TEA 

as well as Kv channels sensitive for 4-AP appear to be involved in the regulation of basal 

myogenic tone in penile arteries. 

4.3.2. IC channels involved in inhibition of neurogenic contraction 

EFS produced frequency-dependent contractions at baseline tension in rat penile small 

arteries. EFS was applied over a frequency range of 1-32 Hz, covering the range for 

sympathetic nerve firing activity recorded in the penis of man and animals (Wagner et al. 

1989). The responses were of neurogenic origin as indicated by inhibition of the contractions 

by tetrodotoxin, and in the present study as well as in earlier studies guanethidine blocks the 

contractile neurogenic responses suggesting their origin from sympathetic nerves (Simonsen 

et al. 1995. Simonsen et al. 1997b). Furthermore, in contrast to the P2 purinoceptor antagonist, 

suramin, in the presence of prazosine, the vasoconstrictor responses to EFS were abolished 

across the frequency-response curve, suggesting that noradrenaline released from the 

vasoconstrictor nerves induces contraction through the activation of postjunctional a r 

adrenoceptors. These are in agreement with studies in the corpus cavernosum showing that ai-

adrenoceptors are mediate contractions to EFS and with those clinical observations showing 

the tumescence and erection of the flaccid penis after injection of prazosin (Giuliano et al. 

1997, Holmquist et al. 1990, Christ et al. 1990, Sironi et al. 2000, Peterson et al. 1998). 

The involvement of K~ channels in sympathetic transmission has not been previously 

demonstrated in penile small arteries. Recent studies on systemic arteries indicate that 
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potassium channel blockers are able to modulate adrenergic neurotransmission by inhibiting 

the release of noradrenaline from the adrenergic nerve terminals (Tagaya et al. 1998, Msghina 

et al. 1998, Fryer & Glover 1997). Blockers of voltage-dependent K~ channels such as 4-

aminopyridine has either been described to enhance noradrenaline overflow in some 

peripheral blood vessel (Fryer & Glover 1997) and central nervous system (Kumamoto & 

Kuba 1985), in penile small artery preparations this compound did not influence the EFS 

evoked contractions. Moreover, a-DnTX, the subtype selective blocker of Kv channels, 

enhances noradrenaline release in slices from rat hippocampus (Hu et al. 1991), and E4031 

which is a selective blocker of erg-like inward-rectifying KT current enhances prolactin 

secretion in lactotrophs (Bauer et al. 1999). However, in the present study neither 4-

aminopyridine, applied in a concentration selective for voltage-dependent fC channels 

(Nelson & Quayle 1995), nor E4031 and a-dendrotoxin modulated EFS- and noradrenaline-

evoked contractions. These results suggest voltage-dependent K" channels sensitive for 4-

aminopyridine do not appear to play a major role in neurogenic contractions in penile small 

arteries. 

ATP-sensitive IO channels are present in erectile smooth muscle (Christ 2000. Lee et 

al. 1999), and these channels were suggested as a potential therapeutic target for erectile 

dysfunction. Infusion of the K~ channel opener pinacidil increases penile tumescence (Giraldi 

& Wagner 1990, Moon et al. 1999), and in vitro pinacidil and levcromakalim relax isolated 

corporal smooth muscle from different animals and man (Giraldi & Wagner 1990, Hedlund et 

al. 1994, Venkateswarlu et al. 2002). The observation in the present study that glibenclamide 

does not modulate EFS-evoked contractions suggest ATP-sensitive K~ channels are not 

involved in these responses in penile small arteries. 

Ca2~-activated K~ channels are activated when the intracellular Ca2~ concentration 

rises and have been described to counteract tone in vascular smooth muscle (Nelson & Quayle 

1995) and release of noradrenaline from adrenergic nerve terminals in isolated pulmonary 

arteries (Tagaya et al. 1998). In the present study the blockers of Ca2+-activated K" channels, 

tetraethylammonium and charybdotoxin markedly enhanced EFS-evoked contraction. 

Previously it was shown that ChTX also blocks Kv channels, small conductance Kca channels 

and K A T P channels (Beech 1997). However, the observed inhibitory effect of ChTX on 

contractions induced by EFS in the present study is unlikely to be due to a non-specific effect, 

since the selective blockers of Kv, small conductance Kca and K A T P channels did not modulate 
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the EFS induced response. The enhancing effect of TEA and ChTX on neurogenic contraction 

and lack of effect on noradrenaline contraction suggest Kca channels modulate release rather 

than the action of the putative neuromediator, noradrenaline in penile arteries. 

4.3.3. Endothelial cell fC channels involved in inhibition of neurogenic contractions 

Endothelial cells have been described either to mediate (Pérsico et al. 1993), to inhibit 

(Bucher et al. 1992, Simonsen et al. 1997), or not to play any role (Cohen et al. 1984, Kalsner 

& Quillan 1989) in neurogenic responses elicited by EFS in arterial preparations. In the 

present study removal of the endothelial cell layer increased EFS and noradrenaline-evoked 

contraction. In several preparations the inhibitory effect of the endothelial cell layer on 

neurogenic responses has been ascribed to release of NO (Bucher et al. 1992, Simonsen et al. 

1997). However, in the present study an inhibitor of NO synthase, L-NOARG, was included 

in all experiments which excludes a major contribution from endothelium-derived NO release 

to the inhibition of the neurogenic contractions in penile arteries. Moreover, an inhibitor of 

cyclooxygenase, indomethacin, did not enhance the neurogenic contractions. Therefore, 

inhibition of the release of the putative neurotransmitter, noradrenaline, can probably be 

ascribed to a non-NO non-prostanoid endothelium-dependent mechanism having the 

characteristics of endothelium-derived hyperpolarizing factor (EDHF) type relaxation. 

In penile small arteries acetylcholine and bradykinin causes EDHF type relaxation 

which persists in the presence of inhibitors of cyclooxygenase and NOS (Simonsen et al. 

1997, Prieto et al. 1998). In systemic arteries, a combination of small- and intermediate Kca 

channel blockers, apamin and ChTX, abolishes acetylcholine relaxation (Edwards et al. 

1998), probably as a consequence of inhibition of endothelial cell hyperpolarization followed 

either by decreased release of EDHF (Edwards et al. 1998) or reduced gap junction spreading 

of hyperpolarization from the endothelial cell layer to the underlying smooth muscle cell 

(Yamamoto et al. 1999, Coleman et al. 2001). In horse penile arteries this combination of Kca 

channel blockers also caused inhibition of EDHF-type relaxation evoked by acetylcholine and 

bradykinin (Prieto et al. 1998). In the present study TEA also blocked EDHF type relaxation, 

and surprisingly incubation with ChTX alone was sufficient to abolish EDHF type relaxation 

evoked by acetylcholine. These observations suggest intermediate-conductance Kca channels 

sensitive to ChTX contribute to EDHF type relaxation evoked by acetylcholine in rat penile 

arteries. 
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In endothelium-denuded segments TEA did not increase EFS-evoked contractions at 

high frequency stimulation (4-32 Hz). These results suggest the enhancing effect on the 

neurogenic contractions by blocking Kca channels disappears with the removal of the 

endothelial cell layer and the non-prostanoid non-NO factor. Intermediate- and small-

conductance Kca channels in the endothelial cell layer have been demonstrated to be involved 

in the non-prostanoid non-NO-mediated endothelium-dependent relaxation and 

hyperpolarization (Burnham et al. 2002, Edwards et al. 1998). In rat penile arteries only a 

blocker of intermediate-conductance Kca channels, ChTX, increased the neurogenic 

contractions in endothelium-intact preparations. In contrast, apamin and IbTX that, 

respectively, block small- and large-conductance Kca channels did not change the neurogenic 

contractions. Therefore, our results suggest intermediate Kca channels sensitive to TEA and 

ChTX, and localized in the endothelial cell layer, which are involved in the inhibition of the 

release of the putative neurotransmitter, noradrenaline, and hence neurogenic contractions in 

rat penile small arteries. However, in endothelium-denuded preparations TEA also increased 

EFS-evoked contractions at low frequency stimulation (1-2 Hz), and therefore it can not be 

excluded that the effects of K7 channel blockers on neurogenic contractions in rat penile 

arteries is partially due to a direct effect on sympathetic nerve endings. 

In the presence of ChTX, TEA was still able to cause further enhancement of EFS-

evoked contractions. In addition to Kca channels, TEA at the concentration (1 mM) applied in 

the present study can inhibit certain Kv channels subtypes which are either insensitive or less 

sensitive to the blockers of voltage-dependent KT channels applied in the present study (Xu et 

al. 1999). Other approaches are necessary to identify these channel types, which could be of 

potential therapeutic interest for treatment of erectile dysfunction. 

4.3.4. JC channel modulation of neurogenic relaxations 

Experiments were performed in the presence of guanethidine and atropine to obtain 

non-adrenergic non-cholinergic conditions. In our study, the inhibition of NO synthesis by L-

NOARG reduced the EFS induced relaxations, indicating the involvement of NO in the 

relaxation. Functional nitrergic innervation has been previously demonstrated for the human 

and horse penile arteries (Simonsen et al. 1995, 1997b). These results suggest the functional 

role of the NO pathway in the penile erection, i.e. NO synthase inhibitor was able to 

antagonize the penile erection induced by EFS (Finberg et al. 1993). Treatment of rat penile 
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small arteries with L-NOARG decreased the relaxation induced by EFS at low frequencies, 

but at high frequencies a significant relaxation to EFS still persists. We cannot exclude the 

presence of another inhibitory transmitter released together with NO, i.e. VIP and CGRP, as 

descaribed earlier (Andersson et al. 1984, Stief et al. 1991). 

The classical signal transduction pathway for NO mediated relaxation is the activation 

of soluble guanylyl cyclase and generation of cGMP. Recently it has been demonstarted that 

NO causes activation of K" channels through a cGMP-dependent mechanism, i.e. either via 

cGMP-dependent protein kinase (Robertson et al. 1993) or directly by cGMP (Goulding et al. 

1994) and also via a cGMP-independent mechanism (Bolotina et al. 1994). In horse deep 

penile arteries, ChTX decreased the relaxation induced by the cyclic GMP analogue, 8-Br-

cyclic GMP, indicating the role of Kca channel in the cGMP-mediated relaxation induced by 

NO (Simonsen et al. 1995). 

In the present study the non-selective Kca channel blocker, TEA, and the Kv channel 

blocker, 4-AP, but not the K A T P channel blocker, Glib, attenuated the inhibitory relaxation 

evoked by EFS. This effect of TEA and 4-AP was not likely to be due to prejunctional 

modulation of the release of nitrergic transmitter, since the vasodilation induced by 

exogenously added NO, as acidified NaN02, was also reduced by the blockers. The 

involvement of Kca and Kv channels in NO-mediated relaxations has recently been 

demonstrated on different types of arteries. The ChTX sensitive Kca channel and 4-AP 

sensitive Kv channel modulated by NO contribute to the relaxation of horse deep penile artery 

(Simonsen et al. 1995), rat pulmonary artery (Zhao et al. 1997), human umbilical artery 

(Lovren & Triggle 2 0 0 0 ) and rat basilar artery (Sobey & Faraci 1999). In contrast, the K A T P 

channel blocker glibenclamide failed to exert any modulatory effect on the relaxation induced 

by either EFS or NO as acidified NaN02. This is in agreement with the lack of modulatory 

effect of Glib in human umbilical artery (Lovren & Triggle 2 0 0 0 ) . Our observation provides 

evidence for activation of Kca and Kv, but not K A T P channel by NO in rat small penile 

aneries. 
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4.4. Potassium channels as targets in treatment of disorders 

The concentration of KT outside the membrane (3-5 mM) is much lower than inside 

(150 mM). Opening of K~ channels makes K" ions flow out of the cell resulting in membrane 

hyperpolarization. In contrast, blockade of IC channels shifts the membrane potential in 

depolarization. Membrane depolarization or hyperpolarization are important mechanisms 

regulating vascular smooth muscle contraction or relaxation (Jackson 2000). In the light of 

these findings, the general decrease in the excitability of cells through opening of K+ 

channels, i.e. hyperpolarization, represent clinical targets for drugs in different pathologic 

conditions. The pharmacological profiles of IC channel openers in vascular disorders are due 

to decrease in vasoconstriction and peripheral vascular resistance. IC channel openers have 

been shown to relax systemic arteries contracted by a wide range of vasoconstrictors (Cavero 

& Guillon 1993) and, thus, they offer a broad clinical potential for drugs in a number of 

pathological conditions. IC channel openers were originally developed as antihypertensive 

drugs, and due to their peripheral vasodilation they can serve as targets for potential treatment 

of vascular diseases, such as hypertension, angina pectoris, pulmonary hypertension, 

peripheral vascular disease, erectile dysfunction and for other diseases, such dysmenorrhea, 

urinary incontinence, glaucoma, spasm of gastrointestinal tract (Lawson 1996, Nielsen-Kudsk 

et al. 1996, Edwards & Weston 1995, Cook 1988). 

4-AP is in phase II development by Acorda and has recently been introduced for 

treating some neurological disorders (Darlington 2000). In multiple sclerosis patients and in 

humans with spinal cord injury 4-AP induces improvement in the central nervous system 

functions (Van Diemen et al. 1993a, Segal & Brunnemann 1997). The supposed mechanism 

for 4-AP is the potassium channel blockade, which enhances axonal conduction across 

demyelinated internodes. In the clinical trials, the prominent proconvulsant activity of 4-AP 

limited the recommended maximum serum concentration to only ~1 pM (Bever et al. 1994) 

and therefore exclusion criteria were a medical history of epileptic fits, cardiac disease and a 

concomitant use of any other medication having a stimulating effect on neurotransmitter 

release (Van Diemen et al. 1993 a,b). Moreover, it has also been demonstrated that 

pharmacological modulations of Kv ion channels may have potential value in the cardiac 

inotropic medication (Varro & Papp 1995). However, introducing subtype selective inhibition 

of Kv channels in the heart (lost et al. 1998) would eliminate the potential side effect of the 

Kv channel inhibition on vascular tone (i.e. vasoconstriction). 
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