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Abstract

Patch clamp methods were used to study the biophysical properties of

Ca2+ -activated potassium (KCa) channels in cerebrovascular smooth muscle cells

(CVSMCs) derived from the cerebral arteries of adult rats. Procedures were

developed for the enzymatic dissociation of CVSMCs from cerebral arteries.

Dissociated cells were maintained at 4°C or cultured at 37°C for 1-3 days prior to

use. CVSMCs were identified using a monoclonal antibody specific for smooth

muscle a -actin. The calcium-sensitive fluorescent probe fura-2 was employed to

measure tht resting and serotonin (5-HT) stimulated levels of free intracellular

calcium, [Ca2+ ] in these cells.

A resting [Ca2+ ]i level of 41 j 5.6 nM was obtained from a total of 110

CVSMCs in culture. Serotonin (5-HT, 10 nM to 100 M) induced a transient

increase of [Ca2+Ji above resting levels. The effects of three known blockers of

voltage-dependent Ca2+ channels, nifedipine, La3 + and Co2+ were tested by

coapplication with 5-HT. It was found the neither 10 mM LaC13 nor 10 mM

C0C12 reduced the rise in [Ca2+ ft evoked by application of 1 p.. M 5-HT.

Nifedipine (10 M) also failed to significantly reduce the rise in [Ca2+ ]i activated

by 1 M 5-HT. The effects of the partially selective 5-HT2 receptor antagonist,

ketanserin (5 nM) reversibly attenuated the 5-HT response in all cells tested. The

effect of 5-HT on [Ca2+ Ji was clearly dose-dependent and the concentration of 5-

HT producing a half-maximal increase in [Ca2+ ]i was found to be 10 nM.

During cell-attached patch clamp recordings from CVSMCs kept at 4°C

until use, 5-HT (1 - 10 p. M) induced the appearance of inwardly directed, 8 - 10 pA

single channel currents studied at a pipette potential of 0 mV. 5-HT (10 - 100 p.M)

also induced the appearance of brief biphasic current spikes with peak-to-peak

amplitude of 10 pA. These observations indicate that isolated CVSMCs retained
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electro-responsiveness to 5-HT after 2-3 days in vitro. During whole-cell, current

clamp recordings from these cells, the resting membrane potential of CVSMCs

was found to be -41 ± 11.7 mV. Application of strong depolarizing stimuli evoked

only small (10 - 15 mV) regenerative responses and action potentials were not

observed. When measured at zero applied current, the slope membrane

resistance, Rm of CVSMCs was 3.2± 0.48 Go. The average membrane time

constant, rm was 78 ± 26 ms and cell capacitance, Cm was 24 ± 2.3 pF.

Isolated, inside-out membrane patches excised from CVSMCs displayed

two classes of KCa channel. The first class of channels, designated as K(Ca)L

channels, had a mean conductance of 207 ± 10 pS in symmetrical 140 mM KC1

solutions. The permeability of the open channel to potassium was calculated using

the Goldman-Hodgkin-Katz constant field equation at PK = 3.9 x 10-13 cm3/s.

These channels showed a high degree of selectivity for potassium over sodium ions

(PNa/PK < 0.05) and for potassium over cesium ions (PCs/PK < 0.05). Cs +

caused a voltage-dependent flickering block of open K(Ca)L channels.

The effect of varying [Ca2+ ]i on the open probability and open time

distributions of K(Ca)L channels was studied. The threshold level of [Ca2+ ]j at

which channel openings were just detectable was about 0.01 jIM. The mean value

of [Ca2+ ]j at which single K(Ca)L channels were open half of the time, Po(o.5)

was 23 M when the membrane potential (V) was + 40 mV. Over the range of

membrane potentials (-80 to + 80 mV) and [Ca2+ Ji levels (0.01 M to 1 mM)

studied, open time distributions for K(Ca)L channels were well fitted by the sum

of two exponentials, indicating the presence of at least two kinetically

distinguish4ble open states for this channel. Raising [Ca2+ ]i increased the time

constant of the slow component, while having no effect on that of the fast

component. The effect of membrane potential on the open probability and open

time distribution were also studied. At low [Ca2+ Ii (<50 M), a 14 mV
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depolarization induced an e-fold increase in Po. At [Ca2+ ]j > 50 M, Po

approached unity and showed little further increase on membrane depolarization.

At [Ca2+]j = 10PM, the value of the slow time constant derived from open time

distributions was significantly increased at positive membrane potentials, while

that of the fast time constant was unaffected.

The effect of tetraethylammonium ions (TEA) on current flow in K(Ca)L

channels was studied. TEA caused a dose-dependent, reversible reduction in the

amplitude of current in the K(Ca)L channels, when applied to the cytoplasmic

face of the membrane. This effect was characterized by a dissociation constant,

Kd of 0.83 ± 0.09 mM at a membrane potential of + 40 mV, and with [Ca2+ =

100 ,LM. TEA had no significant effect on the probability of K(Ca)L channels

adopting the open state.

The second class of KCa channels, designated as K(Ca)I channels, was

detected on a minority of patches studied. K(Ca)I channels showed a conductance

of 92± 2.6 pS in symmetrical 140 mM KC1 solutions. The potassium permeability

of the open channel was 1.75 .± 0.12 x 10-13 cm/s. K(Ca)I channels are highly

selective for potassium over sodium ions (PNa/PK < 0.05) and for potassium over

cesium (PCs/PK < 0.05). The open probability, Po of K(Ca)J channels increased

as [Ca2+ ]j was elevated over the concentration range 0.1 M to 100 M. Po also

increased on depolarization of the membrane patch. TEA caused a reversible,

dose-dependent reduction in the amplitude of current in the K(Ca)I channel,

when applied to the cytoplasmic membrane face (Kd = 0.31 mM± 0.03).

The present preparation represents a useful model with which to study the

ionic conductances present in cerebrovascular smooth muscle cells. This

preparation can also be employed to investigate the effect of vasoconstrictors and

vasodilators on calcium mobilization in smooth muscle cells of the cerebral

vasculature.
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Chapter 1

Introduction

Altered contractility of cerebrovascular smooth muscle cells (CVSMCs) is

believed to play a role in several cerebrovascular diseases of clinical importance

(Michel. et al. 1990). The contractile state of CVSMCs is in turn regulated by the

level of free intracellular calcium ([Ca2+ ]i) and by the flow of ionic current in

several types of membrane channels (Johns et al. 1987; Tomita 1988; Hathaway et

al. 1991). Among these are the so-called calcium-activated potassium channels

(KCa channels), which are probably important in the modulation of cell resting

membrane potential and cell membrane repolarization after excitation (Tomita

1988; Latorre et al. 1989; Edwards and Weston 1990; Koib 1990). To date,

however, most detailed studies on free intracellular calcium and calcium-activated

potassium channels in smooth muscle cells have been performed on cells isolated

from peripheral vessels or from nonvascular tissues. The goal of this study,

therefore was to investigate using patch clamp techniques (Hamill et al. 1981) the

properties of KCa channels in CVSMCs derived from the cerebral vasculature of

adult rats: The calcium sensitive dye fura-2 was also used to study the level of free

intracellular calcium in these cells.

1.1. The role of vascular smooth muscle cells (VSMCs) in the control of blood

flow.

Vascular smooth muscle cells (VSMCs) play a predominant role in

regulating the blood flow of the brain and other organs. The contraction and

relaxation of smooth muscle cells in the blood vessel wall contribute to the
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maintenance of normal vascular function. The following paragraphs summarize

current knowledge of the basic contractile mechanisms found in VSMCs.

1.1.1. Contractile mechanisms in VSMCs

The contractility of vascular smooth muscle is dependent on the

interaction between two major types of contractile proteins, actin and myosin.

Most investigators envisage smooth muscle contraction in terms of the sliding-

filament model originally proposed for striated muscle (Huxley 1990). In this

model, the heads of myosin molecules, which are bundled together into thick

(myosin) filaments, undergo a cycle of high- and low- affinity binding to thin

filaments (actin, tropomyosin and other proteins) in a reaction driven by

adenosine triphosphate (ATP) hydrolysis. Tension generation occurs as a result

of rotation of the heads of myosin, which are bound in cross-bridge structures to

actin molecules, from an angle of 900 to 450 with respect to the long axis of

actin- and myosin-containing filaments. The direction of force generation is

paralleled to the orientation of these filaments.

In VSMCs, contraction mediated by myosin and actin filaments is

regulated by Ca2+ through a number of different mechanisms (Bolton 1979;

Johns et a!. 1987; Hathaway et al. 1991). The most important of these involves

the phosphorylation of myosin molecules (Adeistein and Sellers 1987). In this

mechanism, Ca2+ binds to calmodulin and the resulting complex activates the

enzyme myosin light-chain kinase (MLCK), which in turn catalyzes myosin

phosphorylation and initiates rapid shortening. After dephosphorylation, the

actomyosin passes through a “latch” state back to rest (Hai and Murphy 1989).

Vascular myosin is composed of two heavy chains (MW, 200,000 and 204,000)
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and two sets of light-chain subunits [regulatory, or 20,000 Da, light chains (i.e.,

LC2O) and alkali, or 17,000 Da, light chains]. The serine-19 residue of LC2O is

the site of phosphorylation by MLCK. Investigations with the fluorescent Ca2+

indicator fura-2 or the photoprotein aequorin have demonstrated that the level

of free intracellular Ca2+ closely regulates the extent of LC2O phosphorylation

(Rembold et al. 1988; Taylor et al. 1989). Phosphorylation of LC2O activates

the ATPase activity actomyosin (Sellers 1985) initiating the cycling of cross-

bridge formation and, hence, of contraction. The state of phosphorylation in

smooth muscle myosin is also regulated by the opposing action of myosin

phosphatase and by the modulation of MLCK activity. In vitro, MLCK can be

phosphorylated by several protein kinases, including cyclic adenosine 3’,5’-

monophosphate (cAMP)-dependent protein kinase (Payne et a!. 1986), cyclic

guanosine 3’,5’-monophosphate (cGMP)-dependent protein kinase (Nishikawa

et a!. 1984; Hathaway et a!. 1985), Ca2/calmodulin-dependent protein kinase

II (Ikebe and Reardon 1990), and protein kinase C (Nishikawa et al. 1985).

In vascular smooth muscle, tension can be maintained while LC2O

dephosphorylation and [Ca2+] levels decrease. This mechanical state of

tension maintenance with slowly cycling cross-bridges has been called the “latch

state” by Hai and Murphy (1989). The latch state is energy efficient because

tension is maintained at reduced ATP consumption. The molecular

mechanisms that produce the latch state are unknown. Hai and Murphy (1989)

hypothesized that dephosphorylation of LC2O while in a high-affinity binding

conformation might alter the kinetics of cross-bridge detachment. Slowing of

cross-bridge detachment would prolong high-affinity binding and tension.

1.1.2. Factors influencing [Ca2+]i in VSMCs
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The generation and maintenance of tension in vascular smooth muscle

are dependent on processes that modulate intracellular levels of free Ca2+.

Calcium may enter the cytoplasmic compartment of VSMCs in a number of

ways, including trans-sarcolemmal entry though voltage-dependent Ca2+

channels, Na+-Ca2+exchange, and receptor-operated Ca2+ channels. The

depolarization of smooth muscle cells by electrical stimulation, increased

external potassium, or various neurotransmitters evokes an inward current

carried by Ca2+ ions through voltage-dependent Ca2+ channels which share

certain functional characteristics with L-type Ca2+ channels of striated muscle

(Nelson et al. 1988). Calcium may also be released from internal stores via

ryanodine receptor-like Ca2+ channels of the sarcoplasmic reticulum (SR)

(Ashida 1988) and released from other internal sites via an inositol-1,4,5-

triphosphate (1P3)-activated channel (Nelson et al. 1990).

Several types of K+ channels have been detected in vascular muscle

cells, including Ca2+-activated K+ channels, delayed rectifier K+ channels,

and ATP-sensitive K+ channels. Increases in K+ conductance as a result of

activation of any of these channels leads to membrane hyperpolarization with

subsequent closure of voltage-dependent Ca2+ channels (Standen et al. 1989)

and enhanced Ca2+ extrusion via Na+-Ca2+exchange (Lauger 1987). In all

cases, the physiological response is a reduction in vascular smooth muscle tone.

Various hormones acting through membrane-bound guanine nucleotide

binding proteins (G-proteins) (Freissmuth et a!. 1989) activate phospholipase C

(PLC), which converts L-a -phosphatidyl inositol diphosphate (PIP2) to

diacyiglycerol (DAG) and inositol-1,4,5-triphosphate (1P3). 1P3 in turn
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stimulates release of Ca2+ from the sarcoplasmic reticulum via and 1P3-

receptor protein, which is a type of Ca2+ channel (Hashimoto et al. 1986;

Berridge 1989). DAG activates the enzyme protein kinase C in the sarcolenima

which in turn phosphorylates many other membrane proteins, such as receptors

and the Na+ -K+ exchanger (Nishizuka 1988).

Other second messengers, such as cAMP and cGMP regulate

intracellular Ca2+ and/or change the Ca2+ -sensitivity of contractile proteins

in smooth muscle cells (Kamm and Stull 1989). cAMP is thought mainly to

stimulate Ca2+ uptake into the SR, whereas cGMP is thought to act principally

by stimulating sarcolemmal ATPases (Lindemann et a. 1983; Vrolix et al. 1988).

1.1.3. Hormonal and neural regulation of contraction in VSMCs

The contractile activity of vascular smooth muscle cells is regulated by a

variety of local and systemic mechanisms. Sympathetic and parasympathetic

nerves play a major role in the systemic control of vascular smooth muscle tone,

while a number of other agents modulate the responsiveness of VSMCs at a

local level.

Knowledge concerning these local regulating mechanisms has progressed

rapidly in recent years. Local regulation is brought about by the intrinsic

contractil response of smooth muscle to stretch, and by the actions of

vasodilatory metabolites and local vasoconstrictors. Since Furchgott and

Zawadski (1980) first reported that the vasodilatory response of vascular

smooth muscle to acetyicholine requires the presence of an intact endothelium,

the role of the endothelium in the regulation of vascular tone has attracted
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considerable interest. Activation of endothelial receptors by a number of

vasoactive substances stored and released by platelets, endothelium, or

surrounding tissues stimulates the production of endothelium-derived relaxing

or constricting factors (Vanhoutte 1981; De Clerck and David 1981; Burnstock

1990). These subsequently modify vascular tone by contracting or relaxing the

vascular smooth muscle (Burnstock 1990).

The endothelium-derived relaxing factor (EDRF) has now been

identified as nitric oxide (Ignarro et al. 1986, Palmer et al. 1987). In addition to

acetyicholine, endothelium-dependent vasodilation has also been shown to

occur in response to other vasoactive substances, including ATP, adenosine

diphosphate(ADP), arachidonic acid, substance P, neurokinin A, 5-

hydroxytryptamine (5-HT), bradykinin, histamine, neurotensin, vasopressin,

angiotensin II and thrombin (Mione et al. 1990). Some of the vasoactive

substances which require the presence of endothelium to produce vasodilation

also act as vasoconstrictors when released from perivascular nerves. There

appears, therefore, to be a resting dynamic balance between endothelium

derived vasodilatory tone and sympathetic vasoconstrictor tone, which is altered

under different physiological and pathophysiological circumstances.

Although the nature of the endothelium-dependent contracting factor is

still unclear, at least three different classes of endothelial vasoconstrictor

substances have been recognized (Luscher 1988). These consist of metabolites

of arachidonic acid, polypeptide-like factors, such as endothelin, a 21-residue

peptide isolated from porcine aortic endothelial cells (Yanagisawa, 1988) and

an unidentified diffusible factor released from anoxic/hypoxic endothelium

cells.
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Systemic regulation of vascular smooth muscle tone is brought about by

circulating substances and by the action of vasomotor nerves. Circulating

vasodilatory agents include kinins and atrial natriuretic peptide (ANP).

Circulating vasoconstrictors include vasopressin, norepinephrine, epinephrine,

and angiotensin II. In the neural regulation of VSMC contraction, sympathetic

nerves play a dominant role. With very few exceptions, norepinephrine

released from adrenergic nerve terminals activates aipha-adrenoceptors at the

membrane of VSMCs (postjunctional alpha-adrenoceptors) (Burnstock 1986;

1990).

1.1.4. Vasoconstrictor action of serotonin on VSMCs

Serotonin is one of the most potent vasoconstrictor agents in the

cerebral circulation of mammals (Edvinsson et al. 1984; Young et al. 1986a,

1986b; Chang and Owman 1987). It was first isolated and crystallized by

Rapport, Green and Page (1948) and was synthesized by Hamlon and Fisher

(1951). Serotonin may play a role in the etiology of several important disorders

of the vascular system, including migraine, hypertension, vasospasm associated

with subarachnoid haemorrhage and ischemia (Bohr and Webb 1988; Michel et

al. 1990; Lance 1982; Vanhoutte 1985; Wilkins 1980). Nerve fibers containing

5-HT have been demonstrated immunohistochemically around the pial arteries

of many species (Chang, Owman and Steinbusch 1988). Serotonin receptor

subtypes can be categorized into three major families, 5-HT1, 5-HT2 and 5-

HT3 receptors, and each family consists of multiple receptor subtypes that

share similarities in their molecular biological, pharmacological, biochemical,

and/or physiological properties (Schmidt and Peroutka 1989).
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In the peripheral vasculature, it is well established that 5-HT induced

contraction often involves the binding of serotonin to 5-HT2 receptors on the

membrane of VSMCs. In these vessels, 5-HT2 receptor occupation triggers

phosphoinositide hydrolysis, yielding the second messenger 1P3. 1P3 then

initiates contraction by releasing Ca2+ from intracellular stores (Peroutka and

Snyder 1979; Conn and Saunders-Bush 1987; Peroutka 1987).

In the case of cerebrovascular vessels, however, the mechanisms by

which serotonin produces contraction in smooth muscle are less well

understood. In conducting cerebral arteries of the rat, serotonin-induced

contractions are blocked by nanomolar concentrations of the 5-HT2 receptor

antagonist ketanserin, suggesting the involvement of 5-HT2 receptors in this

tissue (Chang and Owman 1987). However, in similar studies conducted on

canine basilar arteries, serotonin effects have been ascribed to activation of 5-

HT1 receptors (Peroutka and Kuhar 1984), 5-HT2 receptors (Muller

Schweinitzer and Engel 1983), or to an as yet unclassified receptor type (Cohen

and Colbert 1986). Contractile responses to 5-HT which cannot be readily

ascribed to the activation of 5-HT2 receptors have also been reported in

cerebral arteries from the cat (Young et al. 1986b) and the rabbit (Bradley et al.

1986).

Factors which influence 5-HT2 receptor mediated changes in

intracellular free calcium have been studied in several types of VSMC from

peripheral vessels using calcium-sensitive fluorescent dyes (Nabika et al. 1985;

Capponi et al. 1987; Takata et al. 1988). There have as yet been no direct

measurements on the influence of serotonin on free intracellular Ca2+ in
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cerebrovascular VSMCs to permit comparison with the data obtained from

peripheral tissues.

1.2. Electrophysiological properties of VSMCs

Vascular smooth muscle cells from different preparations exhibit wide

variations in their passive and active properties. Intracellular recordings from

CVSMCs show resting membrane potentials within the range of -40 mV and -70

mV in intact guinea-pig cerebral artery (Karashima and Kuriyama 1981;

Yamamoto and Hotta 1986), dog cerebral artery (Suzuki and Fujiwara 1982;

Fujiwara et al. 1982), and cat middle cerebral artery (Harder 1980; Harder et

al. 1981). In intact guinea-pig cerebral artery, the membrane of CVSMCs was

found to be electrically quiescent, and neither spontaneous action potentials

nor miniature excitatory junction potentials were observed. A single, brief

stimulus induced a spike potential followed by a depolarizing slow-potential,

and these events were associated with muscle contraction. External application

of tetraethylammonium (TEA), a K+ channel blocker, enhanced the amplitude

of the spike potential (Karashima and Kuriyama 1981; Yamamoto and Hotta

1986). In the intact dog cerebral artery, CVSMCs only generated spikes in

response to outward current pulses under conditions of pretreatment with 10

mM TEA. In CVSMCs of intact rabbit basilar artery, the mean resting

potential was -61 mV, membrane input resistance and time constant were 5-40

Mf2 and 5-30 ms, respectively. Action potentials were readily evoked by

depolarizing currents, even in the absence of TEA (Surprenant et al. 1987).

9



Whole-cell, patch clamp recordings have been made in VSMCs isolated

from mesenteric artery (Bolton et al. 1985), aorta (Toro et a!. 1986), and rat

cerebral artery Steele et al 1991; Zhang et al. 1991). Single aorta VSMCs were

found to exhibit input resistances in the 3 G(] range, much higher than found

using conventional intracellular microelectrodes. These cells had a mean

capacitance of 17 pF aiid in many cases could generate Ca2+ -dependent action

potentialS on depolarization (Toro et a!. 1986). CVSMCs isolated from rat

cerebral arteries exhibited input resistances in the range 4 - 9 Go, again much

higher than typical of cerebral arteries studied with intracellular

microelectrodes (Steele et al. 1991).

In vascular smooth muscle cells, the depolarizing phase of the action

potential has been regarded mainly as the result of inward flow of Ca2+

through voltage-dependent Ca channels (Bolton 1979; Tomita 1982). Inward

membrane currents generating the action potential are little effected by

complete replacement of Na with TEA or Tris+. Tetrodotoxin, a selective

blocker of voltage-sensdve Na channels is also ineffective. In contrast, these

inward currents are strongly dependent on the external concentration of Ca2+

or Ba2+ (Tomita 1988). Two distinct classes of voltage-dependent calcium

channels exist in rat vascular smooth muscle cells. One of these channels has a

low threshold and a fast inactivation rate (“fast channel”), while the other

displays a high threshold and a slow inactivation rate (“slow channel”) (Loirand

et al. 1986). These “fast” and “slow” Ca channels seem to correspond to the “T

(transient)-type” and “L (long-lasting)-type” Ca channels seen in other tissues

(McCleskey et al. 1986). A study on guinea-pig thoracic aorta smooth muscle

cells, however, only showed the existence of the slow channel type (Caffrey et

al. 1986). The inability of some VSMCs to generate action potentials on
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membrane depolarization by injected current probably reflects their marked

outward rectification due to enhanced K conductance, rather than a lack of Ca

channels (Mekata 1976).

1.3. Potassium currents in the membrane of VSMCs

The general role of potassium (K) currents in the modulation of vascular

excitability is now well recognized. In smooth muscle cells, potassium currents

play a crucial role in the vascular response to endogenous and pharmacological

vasodilators by determining the resting membrane potential, and the time

course, amplitude and polarity of electrical changes (Brayden et al. 1991). In

general, an increase in K conductance raises the membrane potential

(hyperpolarization) and depresses electrical excitability (Bulbring and Tomita

1987). The physiological response is relaxation or reduction of vascular tone.

K-currents may be classified into various categories using the criteria of

channel gating properties, conductance and pharmacological characteristics.

Based on these criteria, K-currents can be divided into the following classes.

1.3.1. The delayed (outward) rectifier K-current

This current contributes to the macroscopic outward K-current which is

mainly responsible for the repolarizing phase of the action potential in many

cell types. It was first described in the squid giant axon (Hodgkin and Huxley

1952). Single channel recordings conducted in neurones (Conti and Neher

1980) and in skeletal muscle (Standen et al. 1985), have shown an elementary

11



conductance of 15-20 pS. Whole-cell current flowing in these channels

increases sigmoidally on membrane depolarization. Under a constant

depolarizing stimulus, a slow, exponential inactivation occurs, requiring up to

several seconds for completion. There is evidence that the voltage dependence

of activation and inactivation can be modulated by protein phosphorylation

(Bezanilla et al. 1985). No selective pharmacological agonists are known for

this current. Like most K currents, the delayed rectifier can be blocked by Cs +,

Ba2+ (Wagoner and Oxford 1987), intracellular TEA (Armstrong 1971), and

external TEA (Hille 1992).

In smooth muscle cells, delayed rectifier channels have been identified

in pulmonary artery (Okabe et al. 1987), rabbit jejunum (Benham and Bolton

1983; Benham et al. 1%7), bladder (Kiockner and Isenberg 1985) and in

intestinal smooth muscle (Ohya et al. 1986). In these tissues, the delayed

rectifier channels may open during the repolarization phase of slow electrical

waves.

1.3.2. The transient outward current (A-current)

The transient outward current, also known as “the A-current” (IA) was

first described in molluscan neurons (Connor and Stevens 1971). Patch clamp

studies have shown that this current is mediated by single channels of

conductance 15-20 p5 which can be blocked by external application of 4-

aminopyridine (4-AP, Taylor 1987). A-current channels activate and inactivate

very rapidly during membrane depolarizations. A-current channels are open in

the subthreshold region of the membrane potential, and can therefore play a

role in determining cell firing frequency. In neurones, this current participates
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in the control of neuronal firing rate, spike latency and action potential

repolarization (Hille 1984).

In smooth muscle cells, a current with properties similar to neuronal A-

currents has been described in pulmonary artery (Ohya et a!. 1986). The

functional significance of this current in VSMCs remains, however, unclear.

1.3.3. Inward rectifying K-currents

The existence of potassium currents which are activated by membrane

hyperpolarization has been reported in various tissues. In general, these

currents fall into two broad categories. The first type of current is characterized

by a high selectivity for potassium over sodium ions. The voltage range over

which this current is activated shifts markedly when the external concentration

of potassium is altered. This current is blocked by low (1 mM) concentrations

of Ba2+ or Cs +. Currents of this type have been classically described in the

membrane of starfish eggs (Hagiwara et al. 1976, 1978, 1979), skeletal muscle

(Adrian 1969) and cardiac muscle (Noble 1984). Single channel studies using

the patch clamp technique show that membrane channels carrying this type of

inward rectifier current have a modest conductance (20-30 pS) when measured

in physiologically appropriate potassium solutions (Brismar et al. 1989; Burton

and Hutter 1990; Clarke et al. 1990). A second class of inward rectifier current

has been found in many types of neurone (Halliwell and Adams 1982; Mayer

and Westbrook 1983; Crepel et al. 1986) as well as in gut smooth muscle fibres

(Benham et al. 1987). This class of ionic conductance shows appreciable

permeability to sodium ions as well as to K+. The voltage range for activation

of this conductance is insensitive to changes in the concentration of
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extracellular potassium. Barium ions are relatively ineffective in blocking this

current.

To date, there have been relatively few detailed studies conducted on

the inward rectifier channels found in smooth muscle cells. However, in many

types of SMC, electrotonic potentials induced by large hyperpolarizing currents

reach a peak and then decay with time. This inward rectification has been

observed in SMCs isolated from guinea-pig taenia caeci (Tomita 1966) , toad

stomach (Sims et a!. 1985) and rabbit jejunum (Benham et al. 1987). The

inward r&ctifier current present in rabbit jejunum SMCs has been analyzed

using the whole-cell patch clamp technique (Hamill et al. 1981). This current

belongs to the second class described above. An inwardly rectifying channel

permeable to K+, Na+ and Ca2+ has also been described in SMCs isolated

from the stomach of the toad (Hisada et al. 1991). This channel has a

conductance of 64 pS in physiological solutions and is activated by membrane

hyperpolarization. In contrast to these findings in gut smooth muscle, evidence

indicates that inward rectifiers of the first class are present in CVSMCs the

proximal segment of rat cerebral arterioles (Edwards et al. 1988) and in

CVSMCs in submucosal arterioles of the guinea-pig ileum (Edwards and Hirst

1988). These currents dre unaffected by removal of external Na+ but are

blocked hy low concentrations of Ba2 +.

1.3.4. ATP-sensitive K-current.

An ATP-sensitive K-current (KATp) was first identified in cardiac

muscle (Noma 1983). This current was first demonstrated at the single channel

level in VSMCs by Standen et al. (1989). A primary characteristic of this
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current is its activation by the hyperpolarizing vasodilator cromakalim and its

irihibition.by cytoplasmic ATP, as well as by sulfonylurea compounds, such as

glibenclamide and by low concentrations of Ba2+. Most KATP channels

described show no apparent intracellular calcium dependency and only slight

voltage sensitivity. Some recent reports, however, have demonstrated a large

conductance voltage and Ca2+ -sensitive channel in VSMCs from porcine

coronary artery (Silberberg and Breemen 1990) and rabbit aorta, rabbit trachea

and pig coronary artery (Gelband et al. 1990) which is also sensitive to

cytoplasmic ATP and to cromakalim. This channel has been is designated as

the BKATp channel. KATP channels in various types of SMCs may play a role

in protection against ischemic and anoxic insults (Gelband et al. 1990;

Silberberg and Breemen 1990).

1.3.5. Ca-activated potassium channels

At present three groups of calcium-dependent K-channels, KCa have

been described in many tissues, based on their single channel conductance,

calcium sensitivity, voltage dependence, and pharmacological properties. These

three groups of KCa channels are designated as large conductance calcium-

activated channels (BK), intermediate conductance calcium-activated channels

(1K), and small conductance calcium-activated channels (SK). A number of

reviews about these channels have been published (Tomita 1988; Latorre et al.

1989; Edwards and Weston 1990; KoIb 1990). Properties of these channel types

are discussed in the following section.

1.4. Calcium-activated potassium channels
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1.4.1. Large conductance calcium-activated potassium channels, BK

BK or maxi-K channels have been extensively studied in many cell types.

Elementary currents flowing in BK channels were first observed in bovine

adrenal cciromaffin cells (Marty, 1981) and later in cells from skeletal muscle

(Methfessel and Boheim 1982; Latorre et al. 1982; Vergara and Latorre 1983;

Vergara et al. 1984; Blatz and Magleby 1984, 1986; Moczydlowski 1983, 1985),

cardiac muscle (Callewaert et al. 1986), endocrine cells (Wong et al. 1982;

Marty 1983; Yellen 1984; Wong and Adler 1986), exocrine cells (Maruyama et

al. 1983; Cook et al. 1984; Findlay et al. 1985; Gitter et al. 1987; Gray et al.

1990), epithelial cells (Christensen and Zeuthen 1987) and immune cells

(Gallin 1984). BK channels have been identified in SMCs derived from the

intestine (Benham et al. 1985, 1986; Cecchi et al. 1986; Mayer et a!. 1990),

stomach (Berger et al. 1984; Carl et al. 1990), peripheral arteries (Benham et

a!. 1985, 1986; Bolton et al. 1985; Inoue et al. 1985), airway (McCann and

Welsh, 1986), ureter (Shuba 1981) and taenia caeci (Inomata and Kao 1979).

BK channels exhibit the following properties: (1) large single channel

conductance in the range of 150-300 pS at a symmetrical, high K

concentrations; (2) high selectivity for K+ over other monovalent cations; (3)

activation by intracellular calcium (1 - 10 M) and membrane voltage (e-fold

increase in current for 9 - 15 mV depolarization); (4) blockade by externally

applied TEA (Kd < 1 mM), quinine, Ba2+ and, in most cases by the scorpion

toxin charybdotoxin.

BK channels are highly selective for K± over Na+ (PNa/K < 0.05). In

general, the permeabiflty sequence for the monovalent cations in these channels
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appears to be substantially independent of the cell type (Tonilins et al. 1984;

Benham et al. 1986; Akbaraki et al. 1989; Emeran et al. 1990). This sequence is

TI+ >K+ >Rb+ >NH4+ >>Cs+ >Na+ >Lj+.

The sensitivity of BK channels to [Ca2+ ]i varies significantly among

different cell types. For example, in rabbit jejunum and guinea-pig mesenteric

artery SMC, 10-9 M [Ca2+]j is sufficient to activate BK channels (Benham et

a!. 1986). However, in canine airway SMC, BK channels require [Ca2+Jj> 10-

7 M for activation (McCann and Welsh 1986). BK channel open probability is

also sensitive to membrane potential. Again, however, the voltage dependency

of channel opening varies among different cell types. This voltage dependence

seems to result from the potential dependent binding of Ca2+ to the channel,

rather than from an intrinsic channel dipole (Kolb 1990).

The gating kinetics of BK channels can be very complex. BK channels in

cultured rat muscle show four distinct modes of gating, defined as normal,

intermediate open, brief open and buzz (McManus and Magleby 1988). The

normal gating mode (96% of all transitions) itself displays at least three to four

open states and six to eight shut states of the channel, as indicated by the multi-

exponential nature of dwell time distributions. In contrast, BK channels in

VSMCs isolated from mesenteric artery display apparently simpler kinetics (two

open states and three closed states, Benham et a!. 1986). However, it is not

clear whether this simplicity reflects the use of shorter lengths of data for

analysis, which would eliminate infrequently occurring open states and long

duration closed states (McManus and Magleby 1988).
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Experiments with BK channels reconstituted into lipid bilayers strongly

indicate that Ca2+ acts as a simple ligand to promote channel opening, rather

than activating a calcium-dependent reaction pathway, such as Ca2+ -

calmodulin or protein kinase C-dependent phosphorylation (Latorre et al.

1985). Complex state diagrams have been developed for the BK channel in

which 1-3 calcium ions bind sequentially to the channel, stabilizing one of a

number of open or closed states. Uniliganded channels are presumed to be

responsible for the majority of short duration channel openings, while the

binding of the second and third calcium ions stabilizes the longer-lived open

states (Barrett et al. 1982; Moczydlowski and Latorre 1983: McManus and

Magleby 1988). In BK channels of skeletal muscle fibers, intracellular

magnesium ions can promote channel opening at physiological concentrations

of this cation (0.4 -3 mM) (Squire and Petersen 1987). The functional

significance of this phenomenon is as yet unclear.

BK channels in most, but not all preparations are blocked by nanomolar

concentrations of the scorpion toxin charybdotoxin applied to the external

membrane face (Miller et al. 1985). This toxin appears to act as an open

channel blocker. In most preparations, low concentrations (0.1 - 1 mM) of TEA

applied to the external membrane face reversibly block current flow in BK

channels in a manner oniy weakly dependent on membrane voltage. This

interaction may be described as a mono molecular reaction with an apparent

dissociation constant, Kd = 0.3 mM (Yellen 1984a, 1984b; Vergara and Latorre

1983; Blatz and Magleby 1984).

TEA also blocks current flow in BK channels when applied to the

internal membrane face. In cultured myotubes (Blatz and Magleby 1984),
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chromaffin cells (Yellen 1984a, 1984b), and in mesenteric artery VSMCs

(Benham et aL. 1985), the Kd for block by internally applied TEA is 12 mM or

higher. In marked contrast, BK channels in clonal pituitary cells (Wong and

Adler 1986) and in br&n synaptosomal membranes (Farley and Rudy 1988)

display a much higher sensitivity to internal TEA, with a Kd in the 0.1 mM

range.

BK channels are also blocked by Cs + applied to either membrane face.

This block is intensified at membrane voltages which drive Cs ions into the

open channel. Typically, the block is too fast to be kinetically resolved, and

results in an apparent reduction in mean single channel current (Yellen 1984a,

1984b). In neurones, current flow in BK channels serves to repolarize the

membrane towards EK, terminating voltage-dependent calcium entry and

restoring firing frequency to resting levels. BK channels apparently mediate the

macroscopic membrane current designated as Ic in many types of excitable cell.

This currçnt generates the fast after-hyperpolarization seen during action

potential firing in these cells (Kaczmarek and Levitan 1987). It has also been

proposed that BK channels may play a role in the after-hyperpolarization seen

in CVSMCs of cerebral arteries (Hirst et a!. 1986; Steele et al. 1991).

1.4.2. Intermediate conductance calcium-activated potassium channels, 1K

1K channels have been identified in a great variety of tissues including

neurones (Ewald et al. 1985), rat kidney tubules (Frindt and Palmer 1987) and

rat brain synaptosomes (Farley and Rudy 1988). These channels sometimes

coexist with BK channels (Akbarali et a!. 1990). Channel conductance varies
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from 30 to 120 pS. Quinine, quinidine, TEA and charybdotoxin act as blockers

of 1K channels (Koib 1990; Edwards and Weston 1990).

1K channels of conductance around 100 pS have been detected in

VSMCs isolated from rabbit portal vein (Inoue et al. 1985, 1986) and human

cystic artery (Akarali et al. 1990). These channels show an increased open

probability on cell depolarization or increasing [Ca2+Ii, but the open

probability is quite low at normal resting potentials of -50 mV to -55 mV.

These 1K channels may therefore be more important in repolarization after the

action potential than in maintaining the resting membrane potential (Inoue et

al. 1985).

1.4.3. Small conductance calcium-activated channels, SK.

The SK channels exhibit a conductance in the range of 10-14 pS and

were first described in cultured rat skeletal muscle cells (Blatz and Magleby

1986) and in guinea-pig hepatocytes (Cook and Haylett 1985). SK channels

exhibit no voltage sensitivity and in general these channels are more sensitive

than BK channels to [Ca2+ ]j. SK channels mediate the slow

afterhypepoIarization (AHP) which follows the action potential in many cell

types (Pennefather et al. 1985). The slow after-hyperpolarization plays a key

role in spike frequency adaptation in neurones (Barrett and Barrett 1976;

Barrett et al. 1981; Kawai and Watanabe 1986).

Externally applied TEA at concentrations up to 25 mM has no

significant blocking effect on SK channels in skeletal muscle cells (Romey and

Lazdunski 1984; Blatz and Magleby 1986) or in the sympathetic neurones
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(Pennefather et al. 1986). SK channels are however blocked by nanomolar

concentrations of the bee toxin apamin (Kolb 1990). Among smooth muscle

cells, SK channels have yet to be studied at the single channel level of

resolution. However, apamin is known to block neurotensin induced relaxation

in rat ileum smooth muscle, suggesting that SK channels are indeed present in

some SMCs (Kullack et a!. 1987)

1.4.4. Modulation of the ionic current through KCa channels

Both single channel and whole-cell studies have suggested that the

current through KCa cl’annels can be modulated by neurotransmitters or

intracellular second messengers, and by putative K+ channel openers, such as

cromakalim and penacidil.

The relaxation of guinea-pig taenia coli mediated bya-adrenergic

agonists involves activation of KCa channels, with subsequent membrane

hyperpolarization (Buibring and Tomita 1987). As noted above, neurotensin

induced relaxation of rat ileum smooth muscle can be blocked by apamin,

suggesting the involvement of SK channels in this process (Kullack et al. 1987).

cAMP has been shown to activate KCa channels in rat aorta VSMCs, suggesting

that phosphorylation may play a role in the activation of these channels

(Sadoshima et a!. 1988). In tracheal myocytes, protein kinase A activates KCa

channels (Kume et al. 1989) while the muscarinic activation of canine colonic

smooth muscle appears to involve suppression of KCa channel activity via a

pertussis toxin sensitive G protein (Cole and Sanders 1989). In porcine

coronary artery, the newly discovered vasoactive peptide endothelin has been

found to enhance the probability of opening of BK channels, while higher doses
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of the peptide (> 10 nM) irreversibly inhibited this channel. These actions

could play roles in the vasodilator and vasoconstrictor effects of this peptide

(Hu et al. 1991). The potent vasodilator nitroprusside appears to relax aortic

VSMCs by activating KCa channels (Williams et a!. 1988). The potassium

channel opener cromakalim activates BK channels in human mesenteric artery

by decreasing the mean shut time of these channels (Kiockner et al. 1989).

1.5. Rationale

It is evident from this review that KCa channels have been well studied

in VSMCs from isolated peripheral vessels, as well as in smooth muscle cells

from non-vascular tissues (Tomita 1988; Sperelakis and Ohya 1989; Alcbaraki et

al. 1990; Edwards and Weston 1990). In contrast, however, KCa channels have

been little studied in SMCs derived from the cerebral circulation of mammals.

The few papers which have appeared on this topic have clearly demonstrated

the presence of KCa currents in CVSMCs isolated from rat cerebral arteries,

but as yet few details of the biophysical properties of these channels are

available (Zhang et a!. 1991; Steele et a!. 1991).

This absence of knowledge is regrettable, in view of the apparent

importance of these channels in regulating the contractile state of VSMCs.

KCa channels may also play a important role in the etiology of the vasospasm

that occurs in many patients following subarachnoid hemorrhage (Michel et al.

1990). It has been proposed that free radicals may mediate the vasoconstrictor

action of oxyhemoglohin on cerebrovascular smooth muscle. Oxyhemoglobin

induced cbntractions are accompanied by an increase in KCa currents in
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CVSMCs, presumably as a result of an elevated level of free intracellular

calcium (Steele et al. 1991).

With these considerations in mind, it was decided to perform a study

designed to elucidate the biophysical properties of KCa channels in CVSMCs

derived from adult rats. Conventional intracellular recording techniques were

not suitable for this preect, since these methods cannot resolve current flow in

individua’ membrane channels. For this purpose it was necessary to employ the

patch clamp method, devised by Neher and Sakmann (Hamill et al. 1981;

Sakmann and Neher 1983). This decision in turn required the use of

enzymatically dissociated CVSMCs, since the membrane of smooth muscle cells

is invested by a tough connective tissue matrix in intact vessels (Ross and Reith

1985).

The goals of this project may then be stated as follows:

1. To devise methods for the enzymatic dispersion of CVSMCs from the

cerebral arteries of adult rats. Isolated cells were found to remain viable

in Vitro for several days after isolation. Histological and

immunocytochemical methods were employed to identify dispersed

CVSMCS in these preparations.

2. To perform patch clamp recordings in the whole-cell, current clamp

mode to determine the basic electrophysiological properties of dispersed

CVSMCs.
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3. To perform patch clamp recordings in the isolated, inside-out patch

mode in order to investigate the biophysical properties of single KCa

channels in the CVSMC membrane. These properties included single

channel conductance, channel kinetics, modulation of channel gating by

membrane voltage and intracellular free calcium, and the sensitivity of

these channels to the potassium channel blockers TEA and Cs +.

4. Since the gating of KCa channels is critically dependent on the

level of intracellular free calcium, it was also decided to estimate the

value of this parameter in dispersed CVSMCs, using the calcium-

sensitive probe fura-2.

5. As noted previously, there is some uncertainty as to the mode of

action of the vasoconstrictor 5-HT on cerebrovascular smooth muscle. It

was therefore decided to investigate this matter using the fura-2 assay of

intracellular calcium.
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Chapter 2

Experimental Procedures

2.1. Disprsal of cerebrovascular smooth muscle cells

Experiments were performed on cerebrovascular smooth muscle cells

(CVSMCs) isolated from the middle, basilar, posterior communicating and

posterior cerebral arteries of adult Wistar rats (200-250 g, Charles River,

Montreal). Rats were sacrificed by decapitation under sodium pentobarbital

anaesthesia (30 mg/kg). The cerebral hemispheres and cerebellum were

exposed by removing the parietal bone. The brain was carefully removed under

aseptic conditions and placed in a 60 mm culture dish with brain dissecting

buffer solution containing Ca2+ and Mg2+ free Hank’s Balanced Salt solution

(HBSS, Gibco Laboratories, Grand Island, NY) of the following composition, in

mM: 138 NaC1, 5 KC1, 0.3 KH2PO4, 0.3 Na2HPO4.7H20, 18 Dextrose, 4

NaHCO3, 15.7 HEPES with penicillin 100 U/mi and streptomycin 100g/ml

(Sigma Chemical Company, St. Louis, MO), pH 7.4. Under the low power of a

dissecting light microscope, the basilar, middle, posterior communicating and

posterior cerebral arteries and their first order and second order side branches

(Fig 1) were removed (Fig 1) using iridectomy scissors and fine forceps and

placed in a 65 mm culture dish filled with potassium glutamate (KG) buffer

solution containing, in mM: 140 glutamic acid monopotassium, 16 NaHCO3, 0.5

NaH2PO4, 16.5 Dextrose and 25 HEPES, pH 7.4. After incubation in KG

solution for 10 minutes at 370C, the vessels were minced with iridectomy scissors

into 0.5 mm fragments. The fragments were then transferred into a 15 ml

centrifuge tube containing 3 ml of 0.1% trypsin (Type C, Sigma, dissolved in KG

solution) and incubated at 37oC for 10 minutes. The tissue suspension was then
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Figure 1. Vet4ral aspect of the adult rat brain showing positions of the basilar, posterior

communicating, posterior and middle cerebral arteries used in this study.
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centrifuged, and resuspended in a tube containing 3 ml of 0.3% collagenase

(Type 1A, Sigma, dissolved in KG solution) and 0.2 ml of 0.5% trypsin inhibitor

(Sigma, dissolved in KG solution). Following incubation at 37°C for 15 minutes,

the cell suspension was allowed to sediment for 3 minutes and the supernatant

was removed. Cells were resuspended in 3 ml of horse serum (heat-inactivated,

Gibco ) at 4°C in order to inhibit the activity of enzymes. This suspension was

centrifuged and the supernatant was discarded. A 6 ml volume of KG solution

was placed in the tube and cells were resuspended, washed and centrifuged. A

final resuspension in 1 ml of KG solution was made. A 0.2 ml of this cell

suspension was pipetted onto a pre-coated glass coverslip (see Section 2.1.1.)

and allowed to settle for at least 30 minutes at room temperature (21-23°C). If

intended for use in fura-2 determination of intracellular calcium, the coverslip

was transferred into a 35 mm culture dish with 2 ml of Minimum Essential

Medium (MEM, Gibco) containing, in mM: 4 L-glutamine, 16 NaHCO3, 20

HEPES,and 15% horse serum (Gibco) (Sturek and Hermsmeyer 1986). These

cultures were incubated in a 10% C02 incubator at 37°C for 2-4 days prior to

use. In the case of electrophysiological studies, coverslips were transferred into

35 mm culture dishes with 2 ml of maintenance solution containing, in mM: 133

NaC1, 5 KC1, 0.8 CaC12, 1.3 MgC12, 5 Glucose, 10 HEPES with penicillin (100

U/mi, Sigma) and streptomycin (100 j.g/m1, Sigma) (Zhang et al. 1991). Cells

were maintained at 4oC in a refrigerator and used within 72 hours of plating.

2.1.1. Coverslip preparation

18 mm circle glass coverslips (Fisher Scientific Company, cat.no. 12-545-

100) were cleaned in concentrated nitric acid at 60°C for 30 minutes and then
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sterilized in an autoclave for 40 minutes. After soaking overnight in 10g/ml

poly-D-lysine (Sigma) dissolved in 0.15 M borate buffer solution (pH 8.4),

coverslips were rinsed in sterile distilled water. 0.2 ml HBSS (Gibco) containing

16.7 g laminin (Sigma) was added to each coverslip 2-3 hours before use.

2.2. Identification of isolated CVSMCs

2.2.1. Masson trichrome test

Smooth muscle cells can be identified by the use of the Masson trichrome

stain (Masson 1929; Spatz et al. 1983). In this method, the cells on the cover

slip were first fixed with 2.5% formalin in phosphate buffer solution (PBS)

containing, in mM: 149 NaCl, 2 KH2PO4, 4.2 Na2HPO4, pH 7.4 for 10 minutes.

Nuclei were stained with 50% iron hematoxylin (1:1 in H20) in 5 minutes

followed by differentiation with 1% acid alcohol for 1 second. After washing

with distilled water, the cells were treated with 2% Ponceau acid solution

(dissolved in 1% acetic acid) for 2.5 minutes. This dye stains the cytoplasm of

smooth muscle cells. The cells were washed with distilled water and finally

differentiated with 1% phosphotungstic acid for 5 minutes. Stained cells were

dehydrated by sequential application of 70%, 95%, and 100% ethanol solutions,

cleaned iu xylene and mounted on precleaned glass microscope slides (Fisher)

with mounting media (Cover bond,Scientific Products, McGraw Park, Illinois).

The nuclei of CVSMCs and background cells (endothelial cells, fibroblasts) were

stained black. The cytoplasm of CVSMCs was stained red, while the cytoplasm

of cells of connective tissue origin was stained blue.
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2.2.2. Immunofluorescent and immunoperoxidase staining of CVSMCs

Smooth muscle cells can also be identified by application of a monoclonal

antibody specific for smooth muscle a-actin (Franke et al. 1980). In this method,

coverslips were rinsed three times with PBS, fixed in 2.5% formalin (dissolved in

PBS) for 5 minutes, air dried, and washed three times with PBS. After blocking

nonspecific binding with 50% goat serum (Gibco) for 20 minutes at room

temperature, coverslips were incubated with the primary antibody, a monoclonal

antibody specific for smooth muscle a -actin (CGA7, Sigma, diluted 1:400 with

PBS) overnight at 4°C. Coverslips were rinsed three times with PBS and

incubated with a 1:5000 dilution in PBS of the secondary antibody, biotin-AP

affinipure goat anti-mouse IgG (Jackson Immunoresearch Laboratories Inc.,

West Grove, PA).

For immunofluorescent studies, the biotinylated IgG was localized by

incubation with a 1:5000 dilution of fluorescent conjugated egg-white avidin

(Jackson Immunoresearch Lab. Inc.) for two hours at room temperature.

Stained coverslips were given a final rinse in PBS and mounted.on glass

microscope slides with mounting media (Cover bond). These preparations were

visualised and photographed using a fluorescent microscope (Zeiss, West

Germany).

For immunoperoxidase staining, the biotinylated IgG was localized by

incubating with a peroxidase conjugated egg-white avidin (Vector Lab) for two

hours at room temperature. Coverslips were rinsed three times in PBS. The

peroxidase reaction was developed by incubating the coverslips with the

peroxidase substrate 3,3’-diaminobenzidine (DAB, 10 mg/mi in PBS) for 10
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minutes and 0.03% hydrogen peroxide (H202) for 30 minutes. These coverslips

were given a final rinse in PBS. Cells were dehydrated in graded ethanol-water

solutions, cleared in xylene and mounted onto microscope slides with mounting

media. Immunoperoxidase preparations were visualized and photographed

under light microscopy (Olympus CCK-1, x300 magnificaton).

The following controls for specificity of staining were done for both the

immunoperoxidase and immunofluorescent procedures described above: (a)

replacement of the primary antibody, CGA7, by an irrelevant antibody specific

for gastric inhibitory peptide (GIP, MRC peptide group, Dept. Physiology,

UBC), (b) omission of the primary antibody, (c) incubation with 50% goat serum

(Gibco).

2.3. Determination of free intracellular calcium concentration in isolated

CVSMCs

The fluorescent Ca2+ indicator fura-2AM (Grynkiewicz et al, 1985) was

used to measure the level of free intracellular calcium [Ca2+ Ii present in

isolated CVSMCs. This method was also applied to determine the sensitivity of

the cells to the vasocontrictor serotonin (5-HT) (Cappom et a!. 1987). These

experiments were performed on 2-3 day old cultures incubated at 370C, as

described previously. These cultures were used, since the spherical CVSMCs

became morphologically distinct from the flat background cells after 2-3 days

incubation at 370C, as revealed by Masson staining and immunocytochemical

staining for smooth muscle a-actin (see Results section).
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2.3.1. Loading of the fura-2-AM indicator into CVSMCs.

Fura-2AM (Molecular Probes Inc., Eugene, OR) 1 mg was dissolved in 1

ml of chloroform, and 50 1 aliquots of this solution were pipetted into 20 small

plastic ampules. These ampules were placed in a dissicator, and vacuum-dried

for 3 hours. The dried aliquots were stored at -700C. For each coverslip used,

5g of fura-2AM per plastic ampule was dissolved in 50 1 of dimethyl sulfoxide

(DMSO, Sigma), producing an 1 mM stock solution. 2Ojd of this stock solution

were added to 2 ml of Earl’s balanced salt solution (EBSS) containing (mM): 5

KC1, 0.8 MgC12, 1.8 CaC12, 117 NaCl, 26 NaHCO3, 1 NaH2PO4, 5.6 Dextrose,

and 10 HEPES, pH 7.4, temperature 370C. 1 ml of this solution was

immediately added to a 35 mm culture dish containing 1 ml EBSS. The

coverslip with the smooth muscle cells was placed face-up in the dish. Fura

2AM is hydrophobic and therefore penetrates the plasma membrane without

difficulty. Cells were incubated with fura-2AM for 1.5 hours at 37°C to allow

the uptake to reach equilibrium. Once inside the cell, cytosolic esterases cleave

the acetoxymethyl groups from the indicator to release free fura-2 which is

membrane impermeant and is therefore trapped inside the cells. After a rinse

with EBSS, a further incubation of 30 minutes at 37°C was carried out in 2 ml of

fresh EBSS to wash out excess fura-2AM. These loading conditions were chosen

to minimize the risk of overloading the cells with dye, and also served to

suppress the formation of partially hydrolyzed fura-2 derivatives (Tsien 1988).

2.3.2. Cell chamber and perfusion system for fura-2 measurements.

After loading, coverslips were mounted face-down into a specially

designed laminar flow-through chamber (volume 350 l) filled with Hank’s
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balanced salt solution (HBSS) .consisting of (mM): 150 NaC1, 4 KC1, 1 CaC12, 1

MgC12 and 10 HEPES, pH 7.4. Silicone grease was used to complete a water

tight seal between the coverslip and chamber. The chamber was inserted into a

stainless steel holder, and then the entire assembly was mounted onto the stage

of a Jenalumar Zeiss fluorescent microscope. Cells were viewed under oil

immersion at lOOx magnification on the microscope.

During determination of intracellular free calcium, cells were

continuously perfused with HBSS at 21-23°C using a flow rate of 4 mI/mm. The

HBSS contained 1 mM Ca2+ in all experiments utlilizing fura-2. This

concentration of Ca2+ was selected to allow comparison of results with a

previous study of this type, conducted on aortic VSMCs (Nabika et al., 1985).

Ketanserin (Janssen Biotech, Beerse, Belgium), lanthanum chloride (Sigma),

cobalt chloride (Sigma) and nifedipine (Sigma) were dissolved in HBSS and

perfused over the cells in place of drug-free HBSS. Serotonin (5-

hydroxytryptamine, 5-HT, Sigma) was dissolved in 100l HBSS and injected into

the inlet tube of the perfusion chamber. When the effects of antagonists were

being studied, these agents were also present in the 100 p.l volume containing 5-

HT, at the same dose as applied to the cell chamber. Application of drug-free

HBSS in this way produced a transient increase in [Ca2+ ]i in most cells tested.

The peak increase in [Ca2+ ]i seen during these artifactual responses averaged

23± 5% over baseline levels of free intracellular calcium (n = 39 cells, mean±

SEM). For quantitative analysis, this artifactual increase was subtracted from

the signal induced by serotonin application to yield a more accurate estimate of

the effect of 5-HT on [Ca2+ ]i. To reduce the influence of errors introduced by

artifact subtraction, only corrected increases in [Ca2+ ]i that exceeded baseline

33



levels by a total of 50% or more were considered during quantitative analyses of

5-HT responses..

2.3.3. Measurement of [Ca2+ ft in CVSMCs

Free intracellular calcium was determined in individual CVSMCs by

using a Zeiss Jenalumar microscope equipped with an epifluorescence detector.

The light source was a 200 W mercury arc lamp powered by a DC power supply.

The light was first passed through one of three differential interference filters

which selectively passed the following wavelengths: 350± 10, 380± 10 or 365±

10 urn (Fig. 2). These filters were held in a turret which could be rotated by a

computer-controlled stepping motor. The light was then passed through a 410

nm dichroic mirror and a lOOx apochromatic oil immersion lens with a numerical

aperture of 1.4 and an adjustable diaphragm to reduce the light intensity. A

field diaphragm in the light path prior to the dichroic mirror was used to reduce

the area of illumination to the size of a single CVSMC. All fluorescent light

passed back through the dichroic mirror and a 450 urn band pass filter to reduce

background fluorescence. The 365 nm filter was employed during cell selection,

since both the Ca2+ -bound and unbound fura-2 molecules emit a similar

intensity of fluorescence at this excitation wavelength (Fig. 3) (Gryiikiewicz et al.

1985). The emitted fluorescence taken at 350 urn (indicator fluorescence

enhanced by Ca2+ binding) and 380 rim (decreased by Ca2+ binding) was

either observed by deflecting the light to the microscope eyepiece, or quantified

by deflecting the light to a photomultiplier tube placed in the camera position of

the microscope. The photomultiplier converted the light signal into a DC

voltage (Fig. 2). This voltage was then converted to digital form by an analogue

to digital converter board in an IBM compatible computer, and stored on the
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Figure 2. Schematic illustration of the system for measuring [Ca2+ Ii using the

fluorescent probe fura-2.
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Figure 3. Excitation spectra of 1 mM fura-2. Both the Ca2+ bound and the

unbound fura-2 emit a similar intensity of fluorescence at an excitation

wavelength of 365 mn.
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computer hard disk. Measurements of fluorescence ratios were obtained on a 5

second time base. Transient changes in [Ca2+ Ii occurring in less than 5 seconds

could have gone undetected by this system.

Fu.ra-2 measurements were made from a total of 110 cells in 40 cultures

derived from 20 dissections. No significant trends were noted in the baseline or

5-HT stimulated calcium levels as a function of the number of days passed in

vitro. This observation makes it unlikely that 5-HT sensitivity was being

gradually down-regulated by the presence of serotonin in the culture medium.

However, cultures derived from different dissections did show appreciable

variability in the proportion of cells responsive to 5-HT, and in the degree of

responsiveness the cells showed to serotonin. This variability could have

resulted in part from the use of proteolytic enzymes, since it was very difficult to

ensure that each dissection exposed the cells to the same degree of enzyme

activity. However, the possibility that some of the variability noted is also

present in vivo cannot be discounted.

2.3.4. Calculation of free intracellular calcium in CVSMCs.

The concentration of free intracellular calcium [Ca2+ Ji in the cells

studied was calculated using the following formula (Grynkiewicz et a!., 1985):

[Ca2+ = Kd x x R - Rmin/Rmax - R

where Kd = the equilibrium dissociation constant for the association of fura-2

with cytosolic free calcium: 224 M.

= ratio of values: the fluorescence intensity at 380 nm with zero

[Ca2+ ]/380 nm with infinite [Ca21
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R = experimentally determined ratio of the fluorescence intensity at 350

nm/380 nm.

Rmin = ratio of values: the fluorescence of intensity at 350 mn/380 rim

with zero [Ca21.

Rmax = ratio of values: the fluorescence of intensity at 350 nm/380 rim

with infinite [Ca2+ 1.

The values of i3, Rmin and Rmax were determined by calibration of the

system, as described in the following section. For this study, f3 = 7.464, Rmjn =

0.584, and Rmax = 5.549.

2.3.5. Calibration of the fura-2 system for determination of [Ca2+ ]j in CVSMCs.

Calibration procedures were carried out using 2-4 day old CVSMC

cultures loaded with fura-2AM in the manner previously described. A pair of

cultures was first placed in the measuring chamber filled with HBSS, containing

1.0 mM Ca2+ and 0.8 mM Mg2+. One culture was then exposed to Ca2+ free

HBSS containing 5 mM EGTA and 10PM Br-A23187, a non-fluorescent

calcium ionophore (HSC Reseach Development Corporation, Toronto,

Canada). After 15 minutes, the ratio of flourescence intensity at 350 rim and 380

rim was measured in 30 cells, under conditions in which [Ca2+ ]i was effectively 0

mM. This ratio yielded the value of Rmin. The second culture was now exposed

to standard HBSS containing 1 mM Ca2+ and 10 JLM Br-A23 187. The ratio of

fluorescence intensities at 350 nm and 380 nm was measured in 30 cells, as

extracellular Ca2+ quickly entered the cell and [Ca2+ Ji became effectively 1

mM. This ratio yielded the value of Rmax. The value of 13 was calculated by
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dividing the fluorescence intensity at 380 nm obtained from the first culture by

the value obtained from of the second culture. This entire procedure was

repeated in two further cultures prepared from a different dissection. The

values of Rnijn, Rmax and f3 obtained from these cultures did not differ from the

original estimates by more than 10%. The average values were used in

subsequent calculations of [Ca2+ ]j.

2.4. Electrophysiological studies on isolated CVSMCs.

Patch clamp recordings were carried out at room temperature (21-23oC).

At the time of recording, one culture dish containing cells was taken out of the

refrigeratpr. The maintenance solution was drawn off and replaced with 2 ml of

a bathing solution appropriate to the experimental design. The culture dish was

then mounted on the stage of an inverted, phase-contrast microscope (Olympus

CK, Tokyo, x300 magnification). The microscope, patch clamp amplifier head-

stage and the perfusion system were mounted on a vibration damping table

(Kinetic Systems Inc., Boston, Massachusetts) and shielded from

electromagnetic radiation by a Faraday cage.

Recordings were made using the cell-attached, whole-cell (current-

clamp), inside-out patch configurations (Fig. 4) of the patch clamp technique. In

this technique, a low resistance seal is produced upon mechanical contact

between the electrode and the cell membrane. With gentle suction, the seal

increases in resistance by 2-3 orders of magnitude, resulting in a cell-attached

gigaohm seal. Background noise is greatly reduced with this seal, leading to

improved resolution of recordings. Additional suction applied to the patch

created the whole-cell recording configuration for study of basic
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Figure 4. Scbematic illustration of the procedures used to make the whole-cell

and inside-out patch recordings reported in this study.
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electrophysiological properties of the cells. To form an inside-out patch, the

electrode was drawn away from the cell surface, creating a membrane vesicle at

the electrode tip. The outer membrane of this vesicle was ruptured by brief

passage through the solution/air interface (Hamill et al. 1981).

2.4.1. Preparation of patch electrodes

Patch electrodes were pulled from capillary tubes of borosilicate glass

(1.5 mm OD x 0.75 mm ID, Frederick Haer Corp, Brunswick, ME) in two

successive steps on a modified David Kopf 700 vertical microelectrode puller.

Electrode tip diameters ranged from 1-2 iL m. Electrodes were coated to within

50 m of their tips with 3140 RTV sealant (Dow Corning Corporation, Midland,

Michigan) which reduced pipette-bath capacitance by forming a hydrophobic

surface and increasing the wall thickness (Hamill et al. 1981). Patch clamp

recordings of KCa channel activity were made from CVSMCs cultured for 2-3

days at 370C or alternatively from cells maintained at 40C, as described

previously. It was evident that the latter procedure produced a higher

probability of obtaining inside-out patches containing functional KCa channels.

It was therefore decided to employ cells maintained at 4°C for all

electrophysiological studies reported in this thesis.

A disadvantage of using the cooled cell preparation was that both

CVSMCsand other cell types retained a spherical morphology over the

incubation period (see Results). For this reason, it was necessary to confirm the

identity of each cell by means of the Masson trichrome test performed at the end

of the recording session. Recordings were made from several cells in the same

field. After completion of recording, the entire plate of cells was stained using

44



the Masson technique, without changing the field of cells visible in the

microscope. Data from cells which failed to react positively to this test, or which

dissociated from the cuture dish during staining were not used in this study.

At the time of the experiment, the tip of each electrode was fire-polished

to produce a clean and smooth tip rim. This facilitated the formation of a large

resistance seal between the electrode and the cell membrane (Hamill et al.

1981). To carry out this step, the electrode was placed on the stage of a

compound microscope (x480). The tip of electrode was brought to within 160

m of a platinum filament heated by the passage of DC current for about 1

second. After fire-polishing and filling with physiological saline, electrodes had

resistances of 5-10 M2.

2.4.2. Gravity perfusion system for application of experimental solutions.

A perfusion system was designed to apply experimental solutions to the

cytoplasmic face of isolated membrane patches. The system comprised of eight

60 ml syringe barrels mounted above the stage of the microscope. Plastic taps

were connected tightly to the end of each cylinder to allow for selection of the

appropriate test solution. A short length of plastic tubing ran from this assembly

to an L-shaped glass tube held in a micromanipulator. Following patch isolation,

the orifice of this tube was moved to within 200 jm of the patch electrode tip.

Tests performed using isolated inside-out patches containing KCa channels and

solutions containing various concentrations of Ca2+ showed that membrane

patches equilibrated with a new test solution within 25 seconds.

2.4.3. Experimental solutions
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Prior to recording, the medium bathing the cells was changed to a

standard extracellular solution containing (in mM): 140 NaC1; 4 KC1; 1 CaC12; 1

MgC12; 10 HEPES, pH 7.4. In cell-attached and in whole-cell recordings, patch

pipettes were filled with a solution of composition (mM): 140 KC1; 3 NaC1; 0.65

CaC12; 3 EGTA; 10 HEPES, pH 7.4. The free Ca2+ concentration in this

solution was calculated at 10-8 M using procedures devised by Stockbridge

(1987). The level of free Ca2+ present as a contaminant in other salts was

found to be below 10-5 M, as measured by a calcium-sensitive electrode (Model

93-20, Orion, Massachusetts). This value was small compared to the total

calcium concentration needed in all the EGTA buffered salines. A

contamination level of 8 x 10-6 M was assumed when calculating the total

concentration of CaCl2 required in experimental solutions. During recordings

from inside-out membrane patches, pipettes usually contained a solution of

composition (in mM): 140 KC1; 10 HEPES; 3 EGTA; 0.65 CaC12, pH 7.4. The

free calcium concentration in this solution was calculated at 10 nM (Stockbridge

1987). The cytoplasmic face of the isolated membrane patches was normally

exposed to a solution containing (in mM): 140 KC1, 10 HEPES, 3 EGTA, pH

7.4, and the following concentrations of total and free Ca2+: 0.36 mM, 5 nM;

0.65 mM, 10 nM; 1.72 mM, 50 nM; 2.19 nM, 0.1MM; 2.54 mM, 0.2MM; 2.79

mM, 0.51M; 2.7 mM, 1MM; 2.98 mM,51LM; 3mM, 1OJLM and 3.1 mM, 100MM

(Stockbridge 1987).

To determine the potassium selectivity of KCa channels, 80 mM KC1 was

replaced by an equimolar amount of NaC1 or CsC1, in either the pipette solution

or in the solution bathing the cytoplasmic membrane face. Replacement of K+

by ions of different mobility in solution lead to the appearance of liquid junction
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potentials .{Hubbard et al. 1969). These voltages were measured by flowing

experimental salines past the tip of a patch electrode filled with standard

extracellular solution. Liquid junction potentials were indicated as the change in

zero-current pipette voltage measured by the patch clamp amplifier.

Appropriate corrections were applied to the patch potentials measured during

experimental solution changes. Correction factors were less than±5 mV. The

effect of the potassium channel blocker tetraethylammonium (TEA) on KCa

channels was determined by dissolving the chloride salt of the drug (Eastman

Kodak, Rochester, New York) in the solution bathing the cytoplasmic face of

isolated membrane paLhes.

2.4.4. Analysis of patch clamp data

The general arrangment of the analysis system is shown in Figure 5.

Patch electrode currents and voltages were recorded using a List EPC-5

amplifier (Medical System Corp, New Jersey). Signals were captured on FM

wideband tape at a bandwidth of DC-3kHz (-3dB, Bessel) using an

instrumentation recorder (Store 4DS, Racal-Decca, England) and displayed on a

rectilinear pen recorder (DC-100 Hz, Gould, Ohio). Data analysis proceeded

off-line using an Atari Mega 4 computer (Atari, Sunnyvale, California) and

software devised by Instrutech Corporation, New York. After analogue-to

digital(A-D) conversion at 8 kHz, current records 8 kBytes in length were

displayed on a high-resolution monitor, and obvious artifacts were edited out.

Gaussian digital filtering was applied to yield a final corner frequency, f = 2

kHz (-3dB) using the relation 1/fc2 = 1/f12 + 1/f22 where fi is the Gaussian

filter cut off and f2 is that of the tape recorder output filter (Coiquhoun and

Sigworth, 1983). A threshold for event detection was set at 50% of the mean
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Figure 5. Block diagram of the patch clamp recording system.
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single channel current for KCa channels encountered in the patch under study.

Under-estimation of the durations of brief openings and closings barely crossing

this threshold was addressed by applying a frequency correction factor. Open

time distributions were valid down to the dead-time of the recording system,

given as Td = 0.179/fc i.e. 90J.Ls (Colquhoun and Sigworth 1983).

Frequency histograms of channel open times and amplitudes were

constructed using bin widths 0.4 % of the total range of the parameter being

plotted. Open time distributions were plotted on a logarithmic time axis. This

transformed the exponential function y = A.e -t/r into a curve with peak

amplitude at the time constant r and an area proportional to the number of

events in that component (Sigworth and Sine 1987). Simplex maximization of

likelihood was used to fit one, two or three exponential components to the

observed open time distributions (Coiquhoun and Sigworth 1983). Curve fitting

disregarded channel openings briefer than twice the system dead-time.

Frequency distributions of current amplitudes were fitted by eye with computer-

generated Gaussian functions. Currents and voltages were denoted with respect

to the cytoplasmic face of the membrane in all recording configurations used.

Reversal potentials for single channel currents were determined as the zero

current intercepts of theoretical curves fitted to the data points by linear or non

linear regression, as appropriate.

The probability, Po of finding a single KCa channel in the open state

during a recording of total duration, Ttt was calculated from the relation

P0 = (Ti + T2 + ... + TN)/NTtot

Here, N is the total number of functional KCa channels in the patch. Ti, T2,

TN are the times when at least 1, 2 ... N channels were open (Mayer et al. 1990).
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N took values in the range 0 to 4, as estimated by depolarizing each patch to

+ 50 mV with 1 mM Ca2+ present at the cytoplasmic membrane face. Active

patches generally had 1-2 KCa channels present. As noted earlier CVSMCs

which had been cultured at 37°C typically showed more inside-out patches

devoid of KCa activity than was the case in cells maintained at 4oC until use.

For this reason, the latter procedure was adapted in all single channel studies on

KCa currents presented in this thesis. Results were expressed as mean± S.E.M.

The Student’s t-test or ANOVA was used to evaluate differences between

experimental groups.
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Chapter 3

Results

3.1. Morphological characteristics of CVSMCs in vitro.

Collagenase-trypsin treatment of isolated vessel fragments yielded a

heterogeneous preparation consisting of various cell types and debris. These

dispersed CVSMCs did not readily attach to the culture substrate, making it

difficult to conduct fura-2 or electrophysiological studies on freshly isolated cells,

However, after 2-3 days in vitro, many CVSMCs did become firmly attached to

the substrate. The appearance of these preparations was dependent on the

incubation protocol followed. After 2-3 days maintenance at 4°C, CVSMCs

usually appeared as Masson positive cells of spherical shape with an average

diameter of 12± O.6m (mean± SEM, n = 31). Occasionally, CVSMCs were

slightly fusiform in shape on these plates. Small clusters of incompletely

dissociated CVSMCs were also present in these preparations. These plates

contained a number of Masson-negative cells , which were also of spherical

shape (Fig. 6A).

In preparations cultured for 2-3 days at 37°C, Masson positive CVSMCs

retained the spherical morphology seen after low temperature incubation (Fig.

6B). However, the Masson negative cells in these cultures adopted flattened,

extended morphologies characteristic of fibroblasts (Rose 1970) and polygonal

endothelial cells maintained in vitro (Warren 1990). The cytoplasm of these

background cells stained blue-grey under the Masson trichrome test (Fig. 6B).
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Figure 6. Photoniicrographs of dispersed rat cerebral artery smooth muscle cells

in vitro, treated with the Masson trichrome stain. A, Preparation incubated at

40C for 3 days. Masson positive CVSMCs are stained red and appear as single

cells (black arrows) or as small clusters of cells (open arrows). Masson negative

cells (white arrows) and debris are also present. B, A second plate incubated at

37°C for 3 days. The Masson positive CVSMCs (red) have retained a spherical

shape (black arrows). The Masson negative background cells (blue-grey) have

differentiated into flattened, extended shapes (white arrows).
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CVSMCs incubated either at 4°C (Fig. 7A) or at 37°C (Fig. 7B) for 2-3

days also reacted positively on incubation with anti-a -actin antibody, and were

readily visualized using the fluorescent FITC marker. Omission of the primary

antibody from this procedure lead to the loss of specific labelling in all

preparations tested (Fig. 7C). CVSMCs exposed to the anti-a -actin antibody

were also readily visualized using the peroxidase marker (Fig.8). The

morphology and size of antibody-positive cells agreed well with results obtained

using the Masson test.

3.2. Intracellular free calcium level of CVSMCs in culture

3.2.1. Resting [Ca2+]i of CVSMCs in culture

[Ca2+]iwas determined using 2-3 day old cultures of CVSMCs incubated

at 37°C, since the smooth muscle cells in these plates were morphologically

distinct from background cells. Measurements of fluorescence ratios from a

total of 31 CVSMCs in the same culture plates used for calibration yielded an

average value of resting [Ca2+]i of 39 .± 3.6 nM. Fluorescence ratios were also

measured in 110 additional cells in 28 other cultures. [Ca2+]jwas calculated in

these cells using the calibration factors determined from the first group of plates.

These cells yielded a resting [Ca2+]i level of 41 ± 5.6 nM. This value was not

significantly different from that determined in the calibration plates (P > 0.05,

Studeit’s t-test), indicating that fluorescence ratio measurements were stable

over the course of this study.

3.2.2. Effect of serotonin on [Ca2+ ]j of CVSMCS in culture
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Figure 7. Photomicrographs of dispersed CVSMCs after incubation with a

monoclonal antibody directed against smooth muscle cr-actin and visualized

using the fluorescent marker FITC. A, A culture incubated at 4°C for 3 days.

Antibody positive CVSMCs appear bright green (white arrows). B. A culture

incubated for 3 days at 37°C. Antibody positive CVSMCs again appear bright

green (white arrows). Faintly stained background cells exhibited a degree of

auto-fluorescence. C. Auto-fluorescence is also present in a negative control

culture, incubated at 37oC for 3 days and processed in the absence of the

primary antibody. Calibration bar is 100 jm for all micrographs.
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Figure 8. Photomicrographs of dispersed CVSMCs after incubation with a

monoclonal antibody against smooth muscle a -actin and visualized using the

peroxidase marker. A, A culture incubated at 37°C for 3 days. Antibody

positive CVSMCs appear dark brown and appeared as single cells (black arrows)

or small clusters (open arrows). Antibody negative background cells are also

present. B, A negative control culture incubated at 370C for 3 days in the

absence of the primary antibody. Calibration bar is 100 cm for both

micrographs.
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5-HT (10 nM to 1001AM) was applied by injecting 100 1 volumes of the

agonist into the inlet port of the cell chamber. Under these conditions, 5-HT

induced a rapid, transient increase of [Ca2+ ]i above resting levels from 84 out of

110 cells tested. A typical response of this type, induced by application of 1M

5-HT, is shown in Fig. 9. The average time course of the response of 13 cells to

1 M 5-HT is shown in Fig. 10. No evidence was seen for oscillatory or long-

lasting changes of free Ca2+ levels following the transient application of

serotonin to CVSMCs.

It seemed possible that the 5-HT induced rise in [Ca2+ Ii simply reflected

an influx of extracellular Ca2+ through voltage-sensitive calcium channels in the

smooth muscle cell membrane. That such channels were indeed present on

CVSMC membranes was indicated by the fact that depolarization by high

potassium solutions also evoked a increase in intracellular free calcium (Fig. 11).

To address this possibility, the effect of three known blockers of voltage-

dependent Ca2+ fluxes, nifedipine, La3+ and Co2 + (Suprenant et a!. 1987)

were tested by coapplication with 5-HT. It was found that neither 10 mM LaC13

(4 out of 4 cells) nor 10 mM C0C12 (4 out of 4 cells) reduced the rise in [Ca2+Ii

evoked by application of 1M 5-HT (Fig. 12, Table I). Nifedipine (1OJLM) also

failed to significantly reduce the rise in [Ca2+ ]i activated by 1 M 5-HT in 4 out

of 4 cells tested (Fig. 13, Table I). Increases in [Ca2+ ]i were also seen when 5-

HT was applied to CVSMCs bathed in a calcium-free medium (0 mM Ca2± +

0.1 mM EGTA). However, under these conditions cell responsiveness was too

erratic for quantitative comparisons with normal medium. The Trypan Blue dye

exclusion test comfirmed that the viability of CVSMCs cells was greatly reduced

on exposure to Ca2+ -free medium.
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Figure 9. The increase in intracellular free calcium, [Ca2+Ii, triggered by

application of 5-HT to a single smooth muscle cell cultured for 3 days prior to

use. At the time marked by the arrow, 5-HT was applied by rapid injection of a

100 jL 1 volume of HBSS solution containing 1 M agonist into the inlet tube of

the cell chamber. Note the expanded time scale compared with 5-HT responses

shown in most subsequent figures. The long latency of the response is largely

the result of perfusion delays in the drug delivery system. Temperature 21°C.
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Figure 10. Average time course of the increase in [Ca2+ ]i triggered by

application of lj M 5-HT to 13 CVSMCs in 12 different culture plates. These

responses have been normalized by peak amplitude and aligned temporally by

denoting the time at onset of each response as t = 0. Data points represent the

mean response of the 13 cells measured at a particular time after response onset.
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Figure 11. Increase in [Ca2+Ji triggered by application of 100mM K+ saline to

a cultured smooth muscle cell after 3 day in vitro. This solution was prepared by

replacing sodium chloride isotonically with potassium chloride. A 100 .tl volume

of this solution was injected into the inlet tube of the cell chamber at the time

indicated by the arrow.
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Figure 12. Effect of La3+ and Co2 + on serotonin-induced changes in [Ca2+ ]j

of a CVSMC cultured for 3 days prior to use. 5-HT (1 M) was applied by

injection of 100l volumes of the agent dissolved in HBSS into the inlet tube of

the cell chamber. The times of these injections are indicated by the arrows.

Application of drug-free HBSS solution in this manner (control) resulted in a

small rise in [Ca2+ ]i which was below the threshold level required for a

response. During the times indicated by the horizontal bar, La3+ or Co2+ was

perfused through the cell chamber as 10 mM solutions of their respective

chloride salts.

67



200
LaCI3 CoCI2

(10mM) (10mM)

5—HT 5—HT 5—HT Control 5—HT
150 (1pM)

100
c’1

0
(3
‘‘

50

A A A A
0

0 10 20 30 40

Time (mm)

68



Figure 13. Effect of nifedipine (10 M) on the rise in [Ca2+]i triggered by 1 M

5-HT in a CVSMC cultured for 3 days prior to use. Serotonin applications were

made as shown by the arrows, using the procedure described for Fig. 12.

Nifedipine was dissolved in HBSS and perfused over the cells, as indicated by

the horizontal bar.
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Table I The influence of Co2+, La3+, and nifedipine on the percentage increase in

[Ca2jinduced by 5-HT in cultured rat CVSMCs

Treatment % increase in [Ca2j Student’s t-test

over baseline level

5-HT(1M) 115±18 P<O.O1
5-HT + ketanserin (5 nM) 63 ± 9 (n = 5) V

5-HT(11LM) 187±38 P>O.05

5-HT+Co2(lOmM) 190±33 (n=4)

5-HT(11M) 162±48 P>0.05

5-HT+La3(10mM) 165±41 (n=4)

5-HT(1M) 141± 16 P>0.05
5-HT + nifedipine (10 M) 138±27 (n =4)
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The effects of the partially selective 5-HT2 receptor antagonist,

ketanserin, were examined in 10 cells. Ketanserin (5 nM) reversibly attenuated

the 5-Hi’ response in all 5 cells tested (Fig. 14, Table I). When applied at a

concentration of 10 M, ketanserin produced a complete block of the rise in

[Ca2h]j triggered by 1 jM 5-HT inS out of 5 cells tested.

In many cases, repeated exposure of 5-HT reactive cells to a constant

dose of serotonin lead to a gradual loss of responsiveness to the agonist. The

loss of response seen during repeated application of 5-HT could occur in the

absence of any increase in the baseline level of free calcium in the cell (Fig. 15).

This decline could not be completely reversed, even by washing the cell under

study in serotonin-free saline for a period of 30 minutes. However, robust

responses to 5-HT could still be detected in other cells in the same culture,

which had not previously been exposed to photoexcitation.

The effect of 5-HT on [Ca2+ ]j was clearly dose-dependent, as is shown in

Fig. 16. This log dose-response relation was obtained from 84 CVSMCs exposed

to a single, transient application of 5-HT, to minimize the deleterious effects of

photoexcitant wavelengths. Quantitative aspects of this log dose-response

relation should, however, be interpreted with caution. The 100 1il volumes of

agonist used may have been subject to dilution during passage through the cell

chamber. In addition, the artificial increase in [Ca2+ ]i caused by fluid injection

precluded accurate measurements for serotonin doses below 10 nM. Under the

conditions used, however, it was observed that the response of most CVSMCs

was already maximal at a serotonin dose of 1 jLM. The concentration of 5-HT

producing a half-maximal increase in [Ca2+ ]i was 10 nM (Fig. 16). The
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Figure 14. Effect of 5 nM ketanserin on the rise in [Ca2+ ]i evoked by 1 M 5-

HT in a CVSMC studied after 2 days in vitro. 5-HT was applied by injection of a

100 JL 1 volume of drug, as described in previous figures. During the time

indicated by the horizontal bar, the culture was perfused with HBSS solution

containing 5 nM ketanserin. The antagonist reduced, but did not abolish the

response of this cell to 5-HT. Injection of drug-free HBSS produced only a

small, artifactual increase in [Ca2+ Jj (control).
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Figure 15. Decreasing responsiveness of a CVSMC cultured for 3 days to

repeated applications of 0.1 jM 5-HT. Serotonin was applied by injection of 100

1 volumes of the agent at the times indicated by the arrows.

75



200 0.1 uM 5—HT

150

C

+
100 \(“1
0
0 I

J50

____

•N _Y.

A A A A

0 5 10 115W 20 25

Time (mm)

76



Figure 16. Log-dose response relation showing the percentage increase in [Ca2j

triggered by various concentrations of 5-HT, tested in a total of 84 CVSMCs after 2-4

days in vitro. Symbols show the mean ± SEM values for each 5-HT concentration used.

The smooth curve was drawn to the equation: Response = 100%I(1 + K/[5-HTI) with

K=1O nM.
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maximal level of [Ca2+ ]i attained during stimulation by 5-HT was

approximately 170 nM.

3.3. Electrical properties of isolated CVSMCs

The electrophysiological studies described in this thesis were conducted

on CVSMCs maintained for 2-3 days at 4°C prior to use. It was found that cells

treated in this manner consistently yielded a greater percentage of membrane

patches having functional KCa channels than was the case for CVSMCs

incubated at 37°C.

3.3.1.Basic electrophysiological properties of isolated CVSMCs studied with cell-

attached and whole-cell, current clamp recordings.

During patch clamp recording, patch electrodes formed high resistance

(10-50 GO) seals on the membrane of CVSMCs in about 70% of attempts. Patch

electrodes were filled with a solution of composition (mM): 140 KC1, 3 NaC1,

0.65 CaC12, 3 EGTA and 10 HEPES, pH 7.4. The pipette voltage was 0 mV.

Under these conditions, about 25% of the cell-attached patches showed no

discernable single channel activity (Fig. 17A). In the remaining 75% of the

patches, inwardly directed small amplitude (1-2 pA) single channel currents were

observed (Fig. 17B). Single channel activity could be modified in cell-attached

patches by bath application of 5-HT in the standard external saline bathing the

cells. 5-HT (1-10 M) induced the appearance of inwardly directed, 8-10 pA

single channel currents in 6/10 cell-attached patches studied at a pipette

potential of 0 mV (Fig. 18). The identity of these channels was not investigated
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Figure 17. Recordings obtained from two cell-attached patches studied in two CVSMCs

incubated at 4°C for 3 days prior to use. Patch electrodes were filled with a solution

containing 140 mM KC1. Bandwidth DC-2kHz, pipette potential 0 mV. A. No

discernable single channel currents were present in this patch. B. Small amplitude single

channel currents were present in this recording. In this and in all subsequent traces,

inward membrane current is denoted by downward deflection from baseline.
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Figure 18. Upper panel. Large amplitude, inwardly directed single channel

currents evoked in a cell-attached patch during bath application (bar) of 100 M

5-HT to the exposed membrane surface of a CVSMC. Bandwidth DC-200 Hz.

Lower panel. Part of the recording shown in upper panel at increased time

resolution (DC-2 kHz). Pipette potential 0 mV. The patch electrode contained

140 mM KCI.
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further in this study. When applied at a higher concentration range (10-100

MM), 5-HT also induced the appearance of brief, biphasic current spikes in 6/10

cell-attached patches studied (Fig. 19). These events were about 10 pA in peak-

to-peak amplitude, when measured at a pipette potential of 0 mV. These

currents were similar in form and amplitude to those associated with action

potential discharge in high input impedance cells studied using the cell-attached

configuration (Fenwick et al. 1982). These observations indicate that isolated

CVSMCs retained electro-responsiveness to 5-Hi’ after 2-3 days in vitro.

The resting membrane potential of a large sample of CVSMCs were

measured using the whole-cell, current-clamp recording technique. In these

studies the patch pipettes were again filled with a saline of composition (mM):

140 KC1, 3 NaC1, 0.65 CaC12, 3 EGTA, 10 HEPES, pH 7.4. The resting

potentials of CVSMCs were unimodally distributed with an average of -41

11.7 mV (n = 69), and ranged from -18 mV to -69 mV (Fig. 20). The resistance,

capacitance and time constant of the CVSMC membrane were estimated by

applying small depolarizing and hyperpolarizing currents to the patch electrode

(Fig. 21). Fluctuations in membrane potential were noted at all membrane

voltages, and these were particularly apparent when the membrane was strongly

hyperpolarized or depolarized. Application of strong depolarizing stimuli

evoked only small (10-15 mV) regenerative responses and action potentials were

not observed. This result is in agreement with previous studies conducted on rat

CVSMCs in intact vessels (Hirst et al. 1986).

The current-voltage relations of two typical CVSMCs are shown in Fig.

22. The resting membrane potentials of these cells were -31 mV and -49 mV. It

can be seen that the mean slope resistance of these cells decreased markedly at
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Figure 19. Biphasic currents recorded fom a CVSMC after 2 days in vitro using

the cell-attached configuration. The solution bathing the cell contained 1OOM

5-HT. Pipette potential 0 mV. Bandwidth DC-2kHz. The pipette solution

contained 140 mM KC1.
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Figure 20. Resting membrane potentials recorded from 69 CVSMCs after 2-3

days in vitro at 4°C. Whole-cell recording methods were used to obtain these

data. Patch pipettes contained 140 mM KC1 and 3 mM NaC1.
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Figure 21. Voltage changes (lower traces) induced by application of constant

current pulses (upper traces) in a CVSMC studied using the whole-cell, current

clamp technique. Resting potential -31 mV, cell diameter 12.5 JL m. Pipette

solution contained 140 mM KC1 and 3 mM NaCl. Bandwidth DC-200 Hz.
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Figure 22. Current-voltage relationships for two CVSMCs studied in the whole-

cell, current clamp recording mode. The resting membrane potentials of these

cells were -31 mV (closed circles) and -49 mV (open circles). The graph shows

the change in. resting membrane potential, z V, evoked by application of constant

current pulses of amplitude, I. Lines were fitted to data points by eye.

Recording pitettes contained 140 mM KC1 and 3 mM NaCl. Temperature 21°C.
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potentials near to, and depolarized from the resting membrane voltage. The

slope of the I-V relationship at the resting potentials indecated a membrane

resistance, R of 3.2 ± 0.48 G) (n = 20). Cell capacitance and time constant

were assessed from the decay of hyperpolarizing electrotonic potentials of about

20 mV amplitude in 7 cells. These decays were well fitted by a single

exponential term, yielding an average membrane time constant of m = 78 ± 26

ms (n = 7) (Fig. 23). Cell capacitance was calculated from the relation Cm =

Tm/Rm. A mean value of 24 ± 2.3 pF was obtained from 7 cells. This value is

larger than that calculated for l2jLm diameter cells, assuming spherical shape

and a specific membrane compacitance of 1 jL F/cm2.

3.4. KCa channels in inside-out membrane patches excised from CVSMCs

Isolated inside-out membrane patches excised from CVSMCs displayed a

variety of single channel currents when exposed to 140 mM KC1 solutions at both

membrane faces. In some cases, small currents corresponding to single channel

conductances in the range 10-25 pS were observed. These events could readily

be distinguished from the activity of KCa channels by their smaller conductance

and insensitivity to changes in calcium ion concentration at the cytoplasmic

membrane face.

Evidence was obtained for the presence of two classes of KCa channel in

these patches. These were distinguished on the basic of a large difference in

single channel conductance, as measured in symmetrical 140 mM K+ solutions

(Fig. 24). The first class of channels, designated as K(Ca)L (large conductance)

channels, was characterized by a mean single channel conductance of 207 ± 10

pS (n = 16). The second category, designated as K(Ca)I (intermediate
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Figure 23. Semi-logarithmic plot of the decay phase of a hyperpolarizing

electrotonic potential evoked in a CVSMC membrane under whole cell, current-

clamp conditions. This cell had a resting membrane potential of -39 mV. The

graph shows the deviation, V of the membrane potential from this resting level

as a function of time since the termination of the stimulating current pulse. Data

points were fitted by a straight line using linear regression. The arrow indicates

the membrane time constant i- = 98 ms.
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Figure 24. Current-voltage (I-V) relationships of single K(Ca)L channels (circles,

n = 16 patches) and K(Ca)I channels (triangles, n = 10 patches) studied in

inside-out membrane patches bathed in symmetrical 140 mM potassium

solutions. The straight lines were fitted to the data by linear regression, and

represent the mean single channel conductance for K(Ca)L channels (207 ± 10

pS) and for K(Ca)I channels (92± 2.6 pS).
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conductance channels) displayed a significantly smaller conductance, 92 ± 2.6 pS

(n = 10), P < 0.05 in Student’s t-test with K(Ca)L class. As shown in Fig. 24,

there was little overlap in the conductance ranges characterized by these mean

values, suggesting that indeed two distinct classes of events were present. It was

also noted that the mean K(Ca)L channel conductance was not simply an integer

multiple of the K(Ca)I channel conductance, indicating that the former events

did not result from the simultaneous opening of two or more K(Ca)I channels.

For these reasons, it was decided to treat K(Ca)L and K(Ca)I currents as two

distinct classes of event, and to assess their properties with regard to ionic

selectivity, Ca2+ and voltage dependence and sensitivity to the blocking action

of TEA. The prope-ties of the K(Ca)L channel will be described first, since this

type was encountered more frequently than the smaller K(Ca)I channel.

3.4.1. Conductance and ionic selectivity of the K(Ca)L channel

Single channel currents ascribed to the opening of K(Ca)L channels were

observed in 16/20 inside-out patches studied. Fig. 25 shows currents flowing

through a single K(Ca)L channel in an inside-out patch voltage-clamped at

various membrane potentials. This patch was bathed in symmetrical 140 mM

K± solutions and [Ca2+]i was 10AM. Fig. 26 shows the amplitude distributions

obtained for K(Ca)L channel currents recorded from a patch at membrane

potentials -30 mV and + 30 mV. At membrane potentials in the range -80 mV to

+80 V, these distributions were well fitted by a single Gaussian term in all 16

patches studied. This result shows that the K(Ca)L channel did not exhibit

significant substate conductance behavior when studied in excised membrane

patches.
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Figure 25. Single-channel currents flowing through a K(Ca)L channel in an

inside-out patch voltage-clamped at various membrane potentials, V. This patch

was bathed in symmetrical 140 mM K+ solutions, [Ca2+]j and [Ca2+Jo were 10

JLM and 0.01 M respectively. 0 indicates channel closed and 1 indicates channel

open. Bandwidth DC-200 Hz.
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Figure 26. Amplitude distributions of K(Ca)L channel currents obtained from a

inside-out patch voltage-clamped to membrane potentials of (A) + 30 mV, (B) -

30 mV. Both distributions were well fitted by single Gaussian terms (smooth

curves) with modal values accurring at 6.27 pA in (A) and at -6.48 pA in (B).

Patch was bathed in symmetrical 140 mM K+ solutions and [Ca2+]i was 1OM.

[Ca2+Jo = 0.O1,LM.
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In patches bathed in symmetrical 140 mM KC1 solutions, the I-V

relationship of the K(Ca)L channel was linear over the voltage range -80 mV to

+ 80 mV, showed a reversal potential of 0 mV and a mean slope conductance of

207± 10 pS (n = 16, Fig. 27). The range of conductance values encountered in

different patches was from 170 pS to 267 pS.

The permeability of the open channel to potassium, PK was calculated

from the I-V relation in symmetrical 140 mM K+, using the Goldman-Hodgkin-

Katz constant-field equation (Goldman, 1943; Hodgkin & Katz, 1949):

‘K = PK.VF2/RT{[K + ]o-[K + Ji exp(VF/RT)}/ { 1-exp(VF/RT)} (1)

When [K+]o = [K+Jj, Equation 1 simplifies to

1K = PK.VF2[K+]/(RT) (2)

Here, 1K is the current through an open channel, V is membrane potential,

[K+ ]o = [K+ Ji = 140 mM, F is Faraday’s constant, R is the gas constant, T is

the absolute temperature and o and i indicate outside and inside (cytoplasmic)

concentrations of ions respectively (Benham et al. 1986). Using Equation 2, a

PK of 3.9 x 10-13 cm/s was calculated from the I-V plots averaged from sixteen

patches (Fig. 27).

When 80 mM KC1 in the solution bathing the external membrane face

was replaced by an equimolar amount of NaCI, currents flowing in single

K(Ca)L channels reversed at a potential around -21 mV (Fig. 28A). An average

Vrev of 21.2 0.50 mV was obtained from 5 patches (see Fig. 29). This value
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Figure 27. Current-voltage (I-V) relationship of single K(Ca)L channel currents

averaged from 16 patches bathed in symmetrical 140 mM potassium solutions. It

was found that the I-V relationship of the K(Ca)L channel was linear over the

voltage range -80 mV to + 80 mV, showed a reversal potential at 0 mV, and a

mean slope conductance of 207± 10 pS. Error bars are ±SEM. In this and in

all subsequent figures showing standard errors, this parameter is omitted if its

value is less than the size of the symbol.
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Figure 28. Effects of Na+ or Cs+ replacement of K+ on the single channel

currents in K(Ca)L channeis. Single channel currents at various membrane

potentials, V;were obtained from a patch with one active channel when 80 mM

KC1 in the pipette was replaced by an equimolar amount of NaC1 in A, and of

CsC1 in B. 0 indicates channel closed and 1 indicates channel open. Bandwidth

DC-2 kFIz. [Ca2+ Jj, 100 M and [Ca21o, 0.01 M. A and B were obtained

from different patches.
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Figure 29. Current-voltage (I-V) relationship of single K(Ca)L channel currents

when 80 mM KCI at the cytoplasmic (open squares) or external membrane face

(filled diamonds) was replaced by NaC1. The symbols show mean currents

calculated from 5 patches. Standard error bars were omitted if less than the

symbol size. The thick solid lines show currents predicted from constant-field

theory, assuming PK = 3.5 x 10-13 cm/s (external K+ replacement) or PlC 4.0

x 10-13 cm/s (cytoplasmic K+ replacement). All the currents observed fall

within the range of values predicted from the constant-field equation, using the

extreme values of PK seen in symmetrical 140 mM solutions (thin lines).

[Ca2+]j = 100PM. [Ca2+]o 0.0lM.
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is very close to the reversal potential expected for a potassium selective channel

under these conditions (Vrev = -21.4 mV). When 80 mM KC1 in the solution

bathing the cytoplasmic face was replaced by an equimolar amount of NaC1,

currents in K(Ca)L channel reversed at a membrane potential of +21.2± 0.37

mV (n = 5, see Fig. 29), again very close to the Nernstian reversal potential

value for K+ (+ 21.4 mV). These reversal potentials were used to calculate the

permeability tatio PNa/PK, employing the relation

Vrev = (RT/zF)ln[(PNa[Na]o + PK[K]o)/(PNa[Na]j + PK[K]j)] (3)

(Benham et al. 1986). Here Vrev is the observed reversal potential, and z is the

valence. A value of PNa/PK < 0.05 was obtained, indicating a high degree of

selectivity for potassium over sodium ions in this channel. It was also noted that,

since EQ was 0 mV throughout these experiments, the permeability of the

K(Ca)L channel to Cl- must be very low. The potassium selective nature of this

channel was later confirmed in experiments with the potassium channel blockers

Cs + and TEA, as will be described in a later section. Under the assumption of

negligible permeability to Na +, the constant-field relation (Equation 1) was

used to calculate the expected current through K(Ca)L channels when 80 mM

K+ was replaced by an equimolar amount of Na+ at the cytoplasmic or at the

exterial membrane face. In calculating these currents, the parameter PK was

allowed to vary between 3.3 x 10-13 cm/s and 4.9 x 10-13 cm/s, the extreme

values noted for K(Ca)L channels studied in symmetrical 140 mM K+ solutions.

It can be seen that the mean currents observed in 5 patches were well predicted

by constant-field theory when PK = 3.5 x 10-13 cm/s (replacement of 80 mM

external K+ by Na+) and PK = 4.0 x 10-13 cm/s (replacement of 80 mM

internal K± by Na+) (Fig. 29). Fig. 29 also shows (as thin solid lines) the
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current through the K(Ca)L channel calculated using the extreme value of PK

noted earlier, namely 3.3 x 10-13 cm/s and 4.9 xlO-l3 cm/s. It is evident that all

the currents observed during Na+ replacement of K+ fall within the range of

values predicted from the constant-field equation. It was therefore concluded

that Na+ ions do not interfere with the passage of K+ ions through the K(Ca)L

channel, under the conditions used in this study.

3.4.2. Effect of K+ replacement by Cs + on current flow through K(Ca)L

channels.

The effects of replacing 80 mM KC1 by an equimolar amount of CsC1 in

either the cytoplasmic or the external bathing solution were each studied in 5

patches. When Cs+ replaced K+ at the external membrane face, the single

channel currents had a reversal potential close to -21 mV (Fig. 28B). An

average value of Vrev = -21.3 ± 0.46 mV was obtained from 5 patches (see Fig.

30). Replacement of 80 mM K± in the cytoplasmic bathing solution by

equimolar Cs + resulted in a reversal potential of + 21.2± 0.51 mV (5 patches,

see Fig. 30). These reversal potentials were used to calculate the permeability

ratio PCs/PK, employing Equation 3. A value of PCs/PK < 0.05 was obtained,

indicating that the K(Ca)L channel is very poorly permeable to Cs +.

It was also noted that currents in single K(Ca)L channels recorded in the

presence of Cs + exhibited a greater noise variance, when compared with

currents recorded in symmetrical K+ gradients, or during replacement of K+ by

Na+ (see Figs. 25 and 28). This observation is consistent with a flickering block

of open K(Ca)L channels by Cs +, as has previously been observed in other types

111



Figure 30. Current-voltage (I-V) relationship of single K(Ca)L channel currents

when 80 mM KC1 at the cytoplasmic (filled triangles) or external membrane face

(open triangles) was replaced by CsCl. Symbols show mean currents obtained

from 5 patches. Standard error bars were omitted if smaller than symbol. Solid

lines show predicted currents assuming constant-field behavior, calculated for

the extreme values of PK seen in symmetrical 140 mM K+ solutions. Mean

currents were smaller than predicted by the constant-field equation, especially

under conditions promoting the entry of Cs + into the K(Ca)L channel (i.e. at

negative potentials when C + was present in the external solution and at the

positive potentials when Cs + was applied to the cytoplasmic membrane face.

[Ca2+]j = 100PM. [Ca2±]o = O.0lM.
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of KCa channel (Benham et al. 1986). Individual blocking and unbiocking

event; were at least partially resolved at a 2 kHz bandwidth. This indicated that

the rate constants for channel block and unblock were not very fast, since this

would result in a smoothed, time-averaged value of current through the channel

(Yellen 1984 a,b).

The occurrence of significant noise during current flow in the presence of

Cs + made it difficult to determine an appropriate mean channel current for use in

I-V plots. For this reason, these currents were subjected to further digital filtering

to reduce their effective bandwidth to DC-400 Hz. As shown in Fig. 31, this

procedure resulted in a smooth, time-averaged current suitable for the construction

of I-V plots (Benham et a!. 1986). Mean values of such currents obtained from 5

patchs tested with cytoplasmic or external substitution of 80 mM K+ by Cs + are

shown in Fig. 30. This Figure also shows the range of expected currents through the

K(Ca)L channel, under the assumption that Cs + is non-permeable but does not

block the passage of K+ through the channel. As was the case in Fig. 29, these

theoretical currents were calculated from the constant-field relation, using the

extreme values of PK noted in symmetrical 140 mM K+ solutions.

It was noted that the observed currents were smaller than predicted by

constant-field theory, especially under conditions promoting the entry of Cs +

into the K(Ca)L channel, that is at negative membrane potentials with Cs + in

the external solution, and at positive membrane potentials with Cs + at the

cytoplksmic membrane face (Fig. 30). Assuming that the flicker block by Cs + is

not influenced by other ions, then the time-averaged current through the blocked

channel is given as:
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Figure 31. Single channel K(Ca)L current recordings from an inside-out patch

bathed in 140 mM K± solution with 1001LM [Ca2+ ft. The patch electrode

contained 60 mM K + and 80 mM Cs + 0 indicates channel closed and 1

indicates channel open. The same group of single channel currents is seen at a

filter bandwidth of DC-2kHz (upper trace), and at a filter bandwidth of DC

400Hz (lower trace). Membrane potential +60 mV.
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<i(V)> = io (V) [1 + [Cs] / K(o) exp (FÔV / RT)]-1 (4)

where io(V) is the current through the unblocked channel, V is potential, K(o) is

the zero voltage equilibrium constant and.3 is the fraction of the membrane field

felt by Cs + at its blocking site, sometimes referred to as the “effective valence”

(Woodhull 1973; Yellen 1984a). Plots of ln(io / i - 1) versus V should therefore

yield a straight line of slope F.3/RT. The value of .3 provides a measure of the

steepness of voltage dependent blocking. Values of i0 were obtained from the 5

patches in which Na+ replaced K+, since no evidence for Na+ block of the

K(Ca)L channel was seen. Using the data shown in Fig. 29 and Fig. 30, plots of

this type were fount’ to be approximately linear over the voltage range -70 mV to

+ 70 my. When Cs + was present at the cytoplasmic membrane face, a value of

.3 = 0.07 was obtained, indicating that the cation detects very little of the

membrane field at this site. In contrast, externally applied Cs + yielded a value

of 6 = -0.66, suggesting that the ion must transverse an appreciable fraction of

the membrane to reach its binding site, if applied externally.

3.4.3. Effect of varying [Ca2+ ]i on the open probability of K(Ca)L channels

To determine the effect of [Ca2+ Ji on the probability of the single

K(Ca)L channels being in the open state, recordings were made from isolated

inside-out patches exposed to symmetrical 140 mM K+ solutions. [Ca2+Ii was

varied while the membrane potential of the patch was voltage-clamped to +40

mV.

Fig. 32 shows single channel currents obtained from a patch containing a

single active K(Ca)L channel. When [Ca2+ ]i was 0.5 ,LM, few channel openings
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Figure 32. Effect of varying [Ca2+ ft on the opening of K(Ca)L channels. Single

channel current recordings were obtained from an isolated inside-out patch

containing one active channel and bathed in symmetrical 140 mM K+ solutions.

The recording pipette contained 0.01 M Ca2+. Membrane potential was +40

mV. 0 indicates channel chised and 1 indicates channel open. Bandwidth DC

200 Hz.
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were seen (Po = 0.0045) and the mean channel open time was clearly very brief.

On increasing [Ca2+ ]i to 1, 10 and 100 M, Po increased markedly (Po = 0.60

at 100MM [Ca2+]i). The mean shut time of the K(Ca)L channel was greatly

reduced at [Ca2+ ]j = 100 M, while the mean open time appeared greater than

that seen at low cytoplasmic calcium.

The effect of varying [Ca2+]i from 0.01 M to 1 mM on Po values

measured in 5 patches at V = + 40 mV is shown in Fig. 33A. The threshold level

of [Ca2+]i at which channel openings were just detectable was about 0.01 M.

The mean value of [Ca2+ ]i at which single K(Ca)L channels were open half of

the time, Po(0.5) was 23 JLM.

Fig. 33B shows these data presented as a Hill plot, i.e. log Po/(1-Po)

versus log [Ca2+ ]j. A linear regression line has been fitted to the data points

obtained for [Ca2+ ]j values between 0.05 L M and 1 jL M, the probable

physiological range of this parameter in smooth muscle cells (Kiockner et al.

1989). Over this range, this line had a mean slope of 2.00 This result shows that

2 calcium ions must bind to fully stabilize each K(Ca)L channel in the open state

(Barrett et al. 1982). At very low and very high [Ca2+Ji, the slope factor was

greatly reduced, as has previously been noted in KCa channels studied in rat

skeletal muscle fibres (Barrett et al. 1982).

3.4.4. The effect of varying [Ca2+]i on the open time of the K(Ca)L channel.

Over the range of membrane potentials (-80 to +80 mV) and [Ca2+

levels (0.01 M to 1 mM) used in this study, open time distributions for K(Ca)L

channels were well described by the sum of two exponential terms, indicating the
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Figure 33. Effect of [Ca2+ Ii on the open probability of the K(Ca)L channel.

(A) Mean open probability Po is plotted as a function of [Ca2+]i on

semilogaritbmic co-ordinates. The smooth curve was fitted to data points using

polynomial regression. (B) Hill plot of these data, i.e. log Po/(1-Po) against log

[Ca2+ Ii. Over range of [Ca2+ Ji from 0.05 11M to 1 jIM, data were well fitted by

linear regression line (solid line) of slope n 2.00. Data were obtained from

five patches. Membrane potential was + 40 mV during these recordings.

[Ca2+]o = 0.01
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presence of at least two kinetically distinguishable open states for this channel

(Fig. 34). These distributions were therefore well fit by an equation of the form

y = Nf.e-t/rf + Ns.et/rs (5)

Here Nf and Ns are the zero time amplitudes of two exponential functions

governed, respectively, by a fast time constant rf and a slow time constant rs.

From these parameters, the total number of openings represented by either

component was calculated using the relations

Af = Nf.r f/Bin width (6)

and

As = Ns.rs/Bin width (7)

Here, Af and A are the numbers of openings in the exponential terms governed

by the fast time constant, rf and the slow time constant, TS respectively. The

value of the bin width parameter was obtained directly from the open time

histograms. The effect of changing [Ca2+ ]i on the open time distributions of

K(Ca)L channels was investigated in 5 patches voltage-clamped at a membrane

potential of + 40 mV (Fig. 35). It was found that increasing [Ca2+ Ii had no

significant effect on the mean value of the fast time constant rf in these patches

(Fig. 35A). At [Ca2+]i = O.O1M, a mean value of rf = 0.58± 0.08 ms was

obtained while at [Ca2+ Ii = 10 M, Tf = 0.52 0.15 ms was seen (P> 0.05,

ANOVA). In contrast, rs was found to increase on elevating [Ca2+]i (Fig. 35B).

At [Ca2±]i = 0.01MM, a mean value of rs = 5.9± 0.85 ms was obtained, while

at [Ca2+]j = 10AM, s = 14.6± 2.24 ms was observed (P < 0.05, ANOVA).
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Figure 34. Distribution of open times for the K(Ca)L channel studied in one

isolated patch containing a single active channel. [Ca2+]i = 1 J.LM in A and 1

mM in B. Both distributions were plotted on a logarithmic time axis and fitted

by the sum of two exponential terms (smooth curves) using the Simplex

algorithm. In A, the fast fit component had a time constant rf = 0.41 ms, this

component made up 29% of the total openings. The slow fit component was

governed by a time constant rs = 11.4 ms, and made up the remaining 71% of

openings. Corresponding values for the distribution shown in B were rf = 0.38

ms (19% of openings) and 7s = 14.3 ms (81% of openings). Membrane

potential was +40 mV in both A and B. [Ca2+]o = 0.01 cM.
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Figure 35. Effect of varying [Ca2+ ]j on the time constants governing open time

distribution of K(Ca)L channels studied inS inside-out patches voltage-clamped

at + 40 mV. A, The fast time constant (i-f) versus [Ca2+ Ii. B, The slow time

constant (rs) versus [Ca2+ ii. [Ca2+ ]o = 0.011AM.
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Thus, increasing [Ca2+ ]j increased the time constant of the slow exponential

component, while having no effect on that of the fast exponential component.

Changing [Ca2+Ji also had an effect on the relative numbers of openings

governed by the time constants i-f and i-s. As shown in Fig. 36, increasing

[Ca2+]j from 0.01 M to 1 mM lead to a monotonic increase in the value of the

ratioA5/(Af+ As) (Fig. 36B), with a corresponding decrease in the ratio

Af/(Af+ As) (Fig. 36A). These observations show that increasing [Ca2+

preferentially stabilized openings of the K(Ca)L channel governed by the slow

time constant i-s.

The mean open time, rmean of the K(Ca)L channel was calculated from

the above data using the relation

rmean = Af/(Af + As).rf + A5/(Af + As).rs (8)

At a membrane potential of + 40 mV, i-mean increased from 2.7 0.23 ms

(n=5) at 0.01MM [Ca2+]i to 13.5± 0.35 ms at 10AM [Ca2+]j (P < 0.05,

Students’ t-test). This 5 fold rise in i-mean was much too small to fully account

for the 425 fold increase seen in open probability on elevating [Ca2+ ]i from 0.01

M to 10PM (see Fig. 33). It was therefore concluded that the major effect of

increasing internal free calcium concentration was to decrease the mean shut

time of the K(Ca)L channel.

3.4.5. Effect of membrane potential on the open probability of the K(Ca)L

channel
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Figure 36. Effect of varying [Ca2+ ]j on the relative number of openings of

K(Ca)L channels governed by the time constants i-f and i-s. Data are mean±

SEM from 3-5 inside-out patches voltage-clamped at + 40 mV. In A, the

relationship between the ratio Af/(Af + As) and [Ca2+ ]i is illustrated. In B,

the effect of [Ca2+]j on the ratioA5/(Af + As) is shown. [Ca2+]o O.01M.
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The probability of K(Ca)L channels being in the open state was also a

function of the potential applied across the membrane patch as shown in Fig. 37.

When [Ca2+ ]i was less than 50 M, the dependence of Po on membrane

potential was well described by the Boltzmann relation (Koib 1990)

Po = [1+ exp(-K(V-Vo))]-l (9)

where Vo is the potential at which Po = 0.5 (Fig. 37).

In 5 patches exposed to [Ca2+ ]i < 50. M, the mean value of the constant

K was 0.045 + 0.006 mV-i. At [Ca2+ Jj levels between 0.01 M and 50 M, the

principal effect of increasing intracellular free calcium was to shift the

Boltzmann relation to the left on the voltage axis. In 4 patches studied in this

range of [Ca2+Ji, the mean shift of the Vo was 45 mV per decade change in

intracellular free calcium.

At [Ca2+ Ii > 50 jIM, Po approached unity and showed little further

increase on membrane depolarization (Fig. 37). Indeed a tendency was noted

toward reduced Po at membrane potentials more positive than + 40 mV (Fig.

37). Reduced Po at positive membrane potentials has previously been noted in

KCa channels studied in vascular smooth muscle cells of the guinea-pig

(Benham et al. 1986) and in KCa channels incorporated into lipid bilayers

(Vergara and Latorre 1983).

3.4.6. Effect of membrane potential on the open time of KCa channels.

131



Figure 37. Dçpendence of the open probability, P0 of K(Ca)L channels on

membrane potential (V) and [Ca2+ Ii measured in 4 inside-out patches. When

[Ca2+ Jj was 1 mM (circles) and 100 JL M (diamonds), fitting lines were drawn by

the polynomial regression. When [Ca2+ Ji was 50 M (squares) and 0.5 M

(triangles), the fitting curves were drawn to the Boltzmann equation P0 =

[1 + exp(-K(V-V0))]-1 where Vo is the potential at which Po = 0.5. At both 50

M and 0.5 JL M free intracellular calcium, the constant K had the value 0.045

mV-i. At 50 JLM free calcium, Vo = -5 mV. at 0.5jM calcium, Vo = +88 mV.
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The effect of varying membrane potential on the distribution of open

times for K(Ca)L channels was studied inS patches exposed to [Ca2+]j = 10

,iM. These distributions were well described by the sum of two exponential

terms, as noted previously. It was found that changes in membrane potential did

not significantly alter the value of the fast time constant, Tf in these patches (Fig.

38A). The mean value of if at V = -60 mV was 0.45± 0.06 ms, not significantly

different from the value obtained at V = +60 mV (if = 0.38± 0.04 ms, P>

0.05, ANOVA). In contrast, the slow time constant, iS describing open time

distributions was significantly altered by membrane potential in these patches

(Fig. 38B). r8 was weakly voltage-dependent, increasing from 8.4 ± 0.55 ms at

V = -60 mV to 16.6 ± 1.64 ms at V = +60 mV (P <0.05, ANOVA). It should

however be noted that these value ofrf are close to the deadtime of the

recording system. Small changes in if could therefore have gone undetected.

3.4.7. The effect of TEA applied to the cytoplasmic membrane face on current

flow in the K(Ca)L channel.

The effect of TEA on the K(Ca)L channel was studied in 6 inside-out

membrane patches voltage-clamped at +40 mV with [Ca2+]i = 100PM. Fig. 39

shows single channel currents recording during an experiment of this kind in

which TEA was applied by bath perfusion to the cytoplasmic membrane face.

Under these conditions, TEA caused a dose-dependent, reversible reduction in

the amplitude of current in the K(Ca)L channel. It was noted that the blocking

action of TEA was not accompanied by a large increase in the variance of

current noise in the open channel as observed at a bandwidth of DC-2-kHz (Fig.

39). TEA did not alter the reversal potential of the current through K(Ca)L

channels, which was 0 mV in these experiments.
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Figure 38. Effect of membrane potential on the time constants governing the

open time distribution of K(Ca)L channels. A. Fast time constant (i-f) versus

membrane potential. B. Slow time constant (rs) versus membrane potential.

Data points are mean ±SEM from three to five patches. [Ca2+ Ji = 10 p. M and

[Ca2±lo = 001p.MinbothAandB.
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Figure 39. Blocking effect of internal TEA on the K(Ca)L channel. Single

channel currents were recorded from an inside-out membrane patch bathed in

symmetrical 140 mM potassium solutions. TEA was applied to the cytoplasmic

face of the membrane at the concentrations indicated. 0 indicates channel

closed and 1 indicates channel open. Bandwidth DC-2 kHz, membrane potential

+40 mV. [Ca2+]o = O.01$M.
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The percentage reduction, Ri in single channel current caused by various

concentrations of TEA applied to the cytoplasniic membrane face is shown in

Fig. 40. It was found that the value of Rj was well described by the relation

Rj = 100% / (1 + Kd / [TEA]) (10)

where Kd 0.83 ± 0.09 mM (n = 5 patches) at a membrane potential of + 40

mVand[Ca2+]j = 1001AM.

The present data on TEA block were transformed into a Hill plot by

replotting as log (Ri/i-Ri) versus log [TEA], where R is the reduction in single

channel currents seen in the presence of the drug. This plot yielded a slope of

0.82, suggesting that TEA interacts with the channel in a one-to-one fashion,

presumably by transiently entering the channel and blocking movement of K+.

In these experiments, TEA had no significant effect on the probability of

K(Ca)L channels adopting the open state (Fig. 41). Thus Po = 0.55± 0.15 (n =

3) in the absence of TEA, and P0 = 0.53 ± 0.17 (n =3) in the presence of 10 mM

TEA at the cytoplasmic membrane face (P> 0.05, ANOVA).

3.5. K(Ca)I channels in inside-out membrane patches excised from isolated

CVSMCs.
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Figure 40. Dose-response curve for the block of current flow in the K(Ca)L

channel by internal TEA. The percentage reduction in single channel current is

plotted against the concentration of TEA at the cytoplasmic membrane face.

The solid line plots the relation Ri = 100%/(1 + Kd / [TEA]) where the

apparent dissociation constant Kd was 0.83 mM and [TEA] was the

concentration of TEA. Data points are mean ± SEM from 3-5 patches. The

calculated curve was fitted to the data points by non-linear regression. V = + 40

mV, [Ca2+]j = 1O0M. [Ca2±]o = 0.01,LM.
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Figure 41. Effect of TEA on the open probability of the K(Ca)L channel. The

open probability of the channel is plotted against the concentration of internal

TEA. Data points are mean± SEM from 3-5 patches. No significance between

the mean values of P0 calculated at each TEA concentration (P > 0.05

ANOVA). Membrane potential +40 mV, [Ca2+]j = 10OM. [Ca2+]j = 0.01

jM.
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K(Ca)I channels were detected in about 25% of the inside-out patches

examined in this study. When measured in symmetrical 140 mM K+ solutions,

currents in K(Ca)L channels showed a reversal potential of 0 mV (Fig. 42).

Under these conditions, the current-voltage relation of this channel was linear

with a mean single channel conductance of 92 ± 2.6 pS (n = 10 patches).

Amplitude distributions of currents flowing in K(Ca)I channels were well

described by single Gaussian terms, indicating that this channel did not display a

significant substate or superstate conductance (Fig. 43). From these data, the

potassium permeability of the open channel was calculated using the constant-

field relation (Equation 2). A mean value of PK = 1.75 ± 0.12 x 10-13 cm/s was

obtained from 10 patches.

The infrequent occurrence of K(Ca)I channels in these patches precluded

a detailed quantitative examination of the ionic selectivity of this channel or its

sensitivity to changes in [Ca2+ ]j and membrane potential. However, it was

possible to demonstrate qualitatively that K(Ca)I channels are indeed selective

for potassium ions, and are modulated by both membrane potential and

[Ca2h]j.

When 80 mM KC1 was replaced by an equimolar amount of NaC1,

currents through single K(Ca)I channels reversed at + 21.1 mV (cytoplasmic face

KC1 replacement) and -21.1 mV (external face KC1 replacement, Fig. 44). The

ratio PNa/PK was calculated from these data using Equation 3. A value of

PNa/PK < 0.05 was obtained, indicating that K(Ca)J channels are highly

selective for potassium over sodium ions. In similar experiments where Cs +

replaced K+, the ratio PCs/PK was also found to be less than 0.05. In the

presence of Cs +, current flow in the K(Ca)I channel was less than predicted
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Figure 42. Single-channel current recordings of the activity of K(Ca)I channels at

various membrane potentials (mV). All traces were recorded from a single

inside-out patch containing four active channels. This patch was bathed in

symmetrical 140 mM K+ solutions. 0 indicates all channels were closed, while

the numbers 1, 2, 3 and 4 indicate current levels associated with 1, 2, 3 and 4

channels open, respectively. Bandwidth DC-200 Hz. Calibration bars apply to

all traces. The cytoplasmic membrane face was exposed to [Ca2+ Ii = 1 L M.

The pipette contained [Ca2+]o = 0.01 riM.
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Figure 43. Amplitude distributions obtained for K(Ca)I channel currents

recorded from a single inside-out patch voltage-clamped at a membrane

potential of + 30 mV in A and -30 mV in B. Both distributions were well fitted

by single Gaussian terms (smooth curves) with modal values of 2.44 pA in A and

-2.43 pA in B. The patch was bathed in symmetrical 140 mM K+ solutions.

[Ca2+ ]j = 10 M, [Ca2+ ]o = 0.01 M.
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Figure 44. Conductance and ionic selectivity of the K(Ca)I channel. Current-

voltage plots of single-channel currents recorded from five inside-out patches in

five different ionic gradients: (filled circles) symmetrical 140 mM K+ solutions;

(open squares) 80 mM internal K+ replaced by an equimolar amount of Na+;

(filled diamonds) 80 mM external K+ replaced by an equimolar amount of

Na+; (filled triangles) 80 mM internal K+ replaced by an equimolar amount of

Cs+; (open triangles) 80 mM external K+ replaced by an equimolar amount of

Cs+. [Ca2+]o and [Ca2+]i were O.01M and 100PM respectively.

Continuous lines are theoretical curves fit by linear regression (data obtained in

symmetrical potassium solutions) or non-linear regression to the Goldman

Hodgkin-Katz constant-field equation, using the data points obtained during

replacement of K+ by Na+.
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from the constant-field relation. This effect was especially marked under

conditions tending to drive Cs + into the open channel, i.e. at negative

membrane potentials with Cs + present in the external solution, and at positive

membrane potentials when Cs + was present at the cytoplasmic membrane face

(Fig. 44).

The open probability of K(Ca)I channels increased as [Ca2±]i was

elevated over the coicentration range 0.1 M to 100MM (Fig. 45). Fig. 46A

showsthe dependence of P0 on [Ca2+ ]i for one membrane patch voltage-

clamped at V = + 4OmV. These data were replotted as a Hill plot, i.e. as log

Po/(1-Po) against log [Ca2+Ji (Fig. 46B). It is evident that P0 was steeply

dependent on [Ca2+Ji over the probable physiological range of this parameter

(0.05-1 PM). In this range, the slope of the Hill plot was 2.17, suggesting that

more than one calcium ion must bind to fully activate each K(Ca)I channel.

The open probability of K(Ca)I channels also increased on depolarization

of the membrane patch (Fig. 47). The dependance of Po on membrane potential

was well described by the Boltzmann relation (Equation 9). The effect of

increasing [Ca2+ ]i was to shift the Boltzmann relation to the left on the voltage

axis, by about 40 mV per decade increase in free intracellular calcium (Fig. 47).

The effect of TEA on the K(Ca)I channel was examined quantitatively in

6 inside-out patches voltage-clamped at V = + 40 mV with [Ca2+ ]j 100 M.

TEA was applied by bath perfusion to the cytoplasmic membrane face. Under

these conditions, TEA caused a reversible, dose-dependent reduction in the

amplitude of current in the K(Ca)I channel (Fig. 48). TEA had no effect on the

reversal potential of the current in K(Ca)I channels (0 mV).
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Figure 45. Effect of varying [Ca2+ Ji on the activity of K(Ca)I channels. Single

channel current recordings were obtained from an isolated inside-out patch with

two active channels bathed in symmetrical 140 mM potassium solutions.

Membrane potential was +40 mV. 0 indicates channel closed, while the

numerals land 2 indicate current levels associated with 1 and 2 channels open,

respectively. Bandwidth DC-200 Hz. [Ca2+Jo = 0.01 M.
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Figure 46. Effect of [Ca2+]i on the open probability of the K(Ca)I channel. (A)

Open probability plotted against [Ca2+ ]i on semilogarithmic co-ordinates. (B)

Full plot of these data, i.e. log Po/(1-Po) against log [Ca2+]i. Over range of

[Ca2+ ]j from 0.05 M to 1 M, data were well fitted by linear regression line

(solid line) of slope n = 2.17. Data were obtained from one inside-out patch. V

= +40 mV, [Ca2+Jo 0.01 tM.
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Figure 47. Dependence of the open probability, Po of K(Ca)I channels on

membrane potential V (mY) at different values of [Ca2+ Ii. The data were

obtained from 4 inside-out patches exposed to the following [Ca2+ ]j: 1 M

(open squares); 1OtM (filled squares); 1OOM (filled triangles); 1 mM (filled

diamonds). The fit curves were drawn to the Boltzmann equation Po =

[1 + exp(-K(V-V0))]-1 where Vo is the potential at which Po 0.5. Vo at 1 M,

1OM, 100PM and 1 mM [Ca2+]i were +40 mV, + 18 mV, 0 mV and -65 mV,

respectively. The constant K took the following values: 0.16 mV-i at [Ca2+]i =

1AM; 0.096 mV-i at [Ca2+]j = i0M; 0.035 mV-i at [Ca2+]j = i0OM and

0.011 mV-i at [Ca2+]j = 1 mM. [Ca2+]o = 0.01MM.
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Figure 48. Blocking effect of TEA on current flow in the K(Ca)I channel. Single

channel current recordings from an inside-out patch with one active channel.

TEA was applied to the cytoplasmic face of the membrane. 0 indicates channel

closed and 1 indicates channel open. Bandwidth DC-2 kHz, V = + 40 mV.

[Ca2+Jj 100,LM, [Ca2+]o = O.OlM. The patch was bathed in symmetrical

140 mM K± solutions.
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The percentage reduction, Ri in single channel current caused by various

concentrations of TEA applied to the cytoplasmic membrane face is shown in Fig.

49. The value of Ri was well predicted by the relation Rj = 100% / (1 + Kd /
[TEA]), where the constant Kd had the value 0.31 mM under these conditions.

These data were replotted as a Hill plot, log (Ri/i-Ri) versus log [TEA] where R is

the reduction in mean single channel current caused by a given concentration of

TEA. The slope of this plot was 0.70, suggesting that TEA blocks this channel in a

one-to-one fashion, as seen for the K(Ca)L channel. TEA had no significant effect

on the probability of K(Ca)I channels adopting an open state (Fig. 50). An

ANOVA test was performed to compare these results with comparable data

obtained for the K(Ca)L channel. It was found that no significant differences

existed between these two data sets (P > 0.05). This result indicates that the

K(Ca)L and the K(Ca)I channels have comparable sensitivities to internally applied

TEA.
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Figure 49. Dose-response curve for block of the K(Ca)I channel by TEA. The

percentage reduction of single channel current is plotted against the

concentration of TEA applied to the cytoplasmic membrane face. Data points

are the mean± SEM from 3 - 5 patches voltage-clamped at V = + 40 mV and

exposed to symmetrical 140 mM K+ solutions. The solid line plots the relation

Ri = 100% / (1 + Kd/[TEA]). The apparent dissociation constant Kd was 0.31

mM. [Ca2+]j = 100MM, [Ca2±]o = 0.01
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Figure 50. Effect of TEA on the open probability of the K(Ca)I channel.

Opening probability of the channel, Po is plotted against the concentration of

internal TEA applied to the cytoplasmic membrane face. [Ca2+ Ii 100 M,

[Ca2+Jo = 0.01 M. Patches were bathed in symmetrical 140 mM K+

solutions. Data points are mean± SEM from 3-5 patches voltage-clamped at

+ 40 mV. No significant differences were found between these means (P> 0.05,

ANOVA).
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Chapter 4

Discussion

The present study has resulted in the development of a novel in vitro

preparation of CVSMCs derived from the cerebral arteries of adult rats. These

cells were, identified using the Masson trichrome test and an antibody specific to

smooth muscle a -actin. The calcium-sensitive fluorescent probe fura-2 was

employed to measure the resting level of free intracellular calcium in CVSMCs

and to study the effect of 5-HT on calcium mobilization in these cells. Patch

clamp methods were used to measure the basic electrophysiological properties

of CVSMCs in vitro. The biophysical properties of two types of KCa channel

were studied in inside-out membrane patches excised from these cells. The

significance of these results will now be discussed in relation to previous findings

from other laboratories.

4.1. Morphological characteristics of CVSMCs in vitro

Several reports have appeared describing the in vitro growth of CVSMCs

from cerebral resistance vessels (Spatz et al. 1983; Diglio et al. 1986). However,

the present study is apparently the first to describe short-term cultures of

CVSMCs derived from conducting cerebrovascular arteries of the rat. When

examined after 1-4 days in vitro, the cells obtained typically displayed a spherical

shape. The shape of these cells was the same regardless of whether plates were

incubated at 37oC in culture medium or kept at 40C in a maintenance solution.

Similar morphology has also been observed in short-term cultures of CVSMCs

derived from penetrating vessels supplying the rat brain, where more than four
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days in vitro were required for the cells to adopt a fusiform or polygonal shape

(Spatz et al. 1983; Diglio et al. 1986).

Cerebral arteries may be classified as the “muscular” type of blood vessel,

in which the tunica media contains only a few elastic laminae and relatively little

intercellujar space, when compared to “elastic” arteries, such as the aorta.

CVSMCs are spindle shaped when relaxed, but lack the highly fusiform

morphology typical of gastrointestinal smooth muscle, the ratio of maximum to

minimum axes being about 9:1 (Rhodin, 1980). Steele et al. (1991) have

described a procedure by which CVSMCs approximating this shape can be

produced following enzymatic dissociation of rat basilar arteries. The reason

why this result was not obtained in the present study remains unclear. It is

possible that the dissociation procedures used resulted in cytoskeletal damage,

as reported for other CVSMCs following enzymatic treatment and plating onto

foreign substrates (Spatz et al. 1983; Diglio et al. 1986). It is also known that

CVSMCs dissociated from rat basilar arteries are unable to relax following a

brief period of active contraction, presumably because of the absence of elastic

elements in these preparations (Steele et al. 1991). The present study indicates

that the intracellular free calcium level of CVSMCs was about 40 nM, far below

the micromolar levels required to activate muscle contraction (Johns et al.

1987). Therefore, it is probable that the spherical shape of the CVSMCs used in

this study was the result of failure of the cells to relax passively, rather than of an

actively maintained contraction.

The majority of the spherical cells present in our short term primary

cultures were found to react positively to both Masson’s trichrome stain and to a

monoclonal antibody directed against smooth muscle a-actin. In differentiated
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SMCs, smooth muscle oe-actin and ‘y-actin predominate over other, non-SMC

specffic forms of the protein. In vascular SMCs studied to date, most of the actin

present is in the a-isoactin form (Gabbiani et al. 1981; Owens et al. 1986). In

addition, the a-isoactin of SMCs is immunologically distinct from that found in

skeletal or cardiac muscle cells (Owens et al. 1986). SMC a -actin is therefore

considered to be a reliable marker for smooth muscle tissue studied in vitro

(Moore et al. 1984; Diglio et al. 1986), although certain tumors may also express

the antigen (Skalle et al. 1986). These considerations strongly suggest that the

cells used in the present study were indeed SMCs of vascular origin.

4.2. Intracellular free calcium in cultured CVSMCs

The resting level of free intracellular calcium in the CVSMCs cultured at

37°C was found to be about 40 nM. This value is comparable with the value of

50 nM cytosolic free [Ca2+] obtained from resting airway smooth muscle cells

obtained psing fluorescence measurements (Rodger and Small, 1991). However,

it is significantly lower than that found in VSMCs dispersed from a peripheral

vessel, the rat aorta, in which [Ca2+ ]j was found to be 126 nM, (Takata et al.

1988); 153 nM,(Capponi et al. 1987); and 114 nM, (Nabika et al. 1985). In the

present study, baseline levels of [Ca2+]i were determined in the same cultures

used to calibrate the measurement of free intracellular calcium. In addition, in

situ calibration using cells is generally considered to be more reliable than

methods employing fluorescence ratios determined in cell-free systems (Ishii et

al. 1989). The mean resting level of [Ca2+]j which was obtained should

therefore be reliable.
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[Ca2+ ]j is known to decline when extracellular calcium is lowered below

about 2 mM, at least in the case of SMCs derived from the gastrointestinal tract

(Wiffiams et al. 1985; Pritchard and Ashley 1986). In both the present study, and

in one of the studies quoted above, 1 mM Ca2+ was employed in the external

bathing solution (Nabika et al. 1985). It seems unlikely therefore that the

smaller value of [Ca2 + ]j obtained from cultured cerebrovascular SMCs was due

entirely to the use of a relatively low concentration of Ca2+ in the external

bathing solution.

Binding of the free acid by cellular proteins can lead to a change in

affinity of fura-2 for calcium, and to an underestimate of [Ca2+ ]j (Konishi et al.

1988). However, comparison of fura-2 data with results obtained using calcium

sensitive microelectrodes suggests that the underestimate introduced by fura-2 is

no more than two-fold (Somlyo and Himpens 1989). In addition, this error

should apply to all studies in which a cuvette calibration of fura-2 calcium

affinity was employed.

4.2.1. Modulation of [Ca2+ ]i by serotonin in CVSMCs

The results presented in here show that 5-HT increases free intracellular

Ca2+ levels in CVSMCs derived from rat cerebral arteries. This effect showed

an apparent EC5O of 10 nM, a value close to that seen in similar studies

conducted on an aorta SMC line, EC50 = 26 nM, (Doyle et al. 1986). In

addition, the effect of 5-lIT on calcium mobilization was shown to be maximal at

a serotonin dose of 1 uM in all three of these preparations (Doyle et al. 1986;

Capponi et al. 1987).
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In studies conducted on cultured rat aorta VSMCs, it was found that 5-

HT increased [Ca2+ ]j to a maximal level of 187 nM, similar to that seen in the

present study (Takata et al. 1988). However, Capponi et al. (1988), also using

rat aorta VSMCs in culture, found that 5-HT application could elevate [Ca2+ ]i

to 400 nM in these cells. The reason for this discrepancy is not clear, although

these studies used cells after differing numbers of passage in culture (Capponi et

al. 1988; Takata et al. 1988).

Simultaneous measurements of [Ca2+ ] and force development in

individual vascular smooth muscle cells suggest that the threshold level of

[Ca2+ Ji for tension production is around 125 nM and that maximal force can be

produced at a [Ca2+]i of 500-600 nM (Yagi et al. 1988). These results suggest

that the maximal levels of [Ca2+ ]i reached in the present study would be

sufficient for tension development in isolated CVSMCs. It should also be noted

that the sensitivity of the contractile system to [Ca2+ Ii has been found to vary

with the manner in which vascular smooth muscle cells are stimulated. Thus,

aorta VSMCs stimulated with norepinephrine exhibited half-maximal tension at

a [Ca2+ Ii of only 100 nM, while cells stimulated by the calcium ionophore

ionomycin required 600 nM to reach a comparable tension (Bruschi et al. 1988).

It is known that myosin light chain kinase can be phosphorylated by protein

kinase C, an enzyme activated by the diacylglycerol liberated on activation of 5-

HT2 receptors. It has been suggested that this phosphorylation process could

reduce the calcium required for maintained contraction (Bruschi et al. 1988).

These considerations make it difficult to accurately assess the degree of

contracture which would be produced by a given rise in [Ca2+ ]i, following

activation of the present cells by 5-HT.
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The 5-HT induced increase in [Ca2+ Ii was not prevented by the presence

of organic or inorganic Ca2+ channel blockers. In contrast, it is known that

action potential generation in rat basilar artery CVSMCs is powerfully blocked

by both Co2+ and nifedipine (Suprenant et al. 1987). Taken together, these

results suggest that the rise in [Ca2+ ]i evoked by 5-HT did not depend on the

entry of Ca2+ through voltage-sensitive calcium channels, during action

potential firing. A similar conclusion was reached in the case of serotonin

induced calcium release occurring in VSMCs dissociated from the rat aorta

(Capponi et al. 1987).

At doses of 1-5OM, 5-HT triggers a small depolarization and a brief

burst of Ga2+ spikes in cerebrovascular SMCs (Suprenant et a!. 1987). Calcium

entry through voltage-gated Ca channels activated in this way might have been

expected to give rise to an enhanced fura-2 signal at 5-HT doses of 1 M or

greater. This signal should be sensitive to calcium channel blockers. No

evidence for this effect was seen in the present results. This suggests that Ca2+

entry through membrane channels was relatively minor, in comparison to Ca2+

released from internal stores. It remains possible, however, that calcium channel

blockade would be more effective in reducing the response to 5-HT

concentrations above the 1 M dose used in the present experiments.

In the present study, the effect of 5-HT on [Ca2+Ii was reduced by about

50 % in the presence of 5 nM ketanserin. This concentration is similar to the

affinity of ketanserin measured at agonist labelled 5-HT2 receptor sites in rat

brain cortex, which show a Kd = 1.4 nM, (Lyon et al. 1987). 1 nM ketanserin

also suppresses what appear to be 5-HT2 receptor mediated calcium fluxes in

the A7r5 smooth muscle cell line by about 50 % (Doyle et al. 1986). Ketanserin
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is known to block responses mediated by the 5-HT1C receptor, but the affinity

of this site is apparently two orders of magnitude too low to readily account for

the present results (Conn and Sanders-Bush 1987).

In the present study, the observed insensitivity of 5-HT action to calcium

channel blockers, and the high sensitivity to blockade by ketanserin are

compatible with a mechanism in which 5-HT2 receptor activation results in the

mobilization of calcium from internal stores. Serotonin induced contractions in

intact rat cerebral arteries are suppressed by nanomolar levels of ketanserin

(Chang and Owman 1987). However, these contractions are also strongly

inhibited by low concentrations of calcium channel blockers (Chang and Owman

1987). It seems likely, therefore, that full activation of the contractile

mechanism in cerebrovascular SMCs requires Ca2+ -dependent processes over

and above the release of calcium from intracellular stores.

The effects of 5-HT on membrane potential and on calcium release from

internal stores have been studied in detail in rat mesangial cells, a contractile,

smooth muscle-like cell from the kidney glomerulus (Mene et al. 1991). It was

found that 5-HT activated a 5-HT2 receptor, which triggered immediated

discharge of calcium from internal stores. The elevation of [Ca2+ Ji activated a

calcium-dependent chloride conductance, producing a small, maintained

depolarization of the cell which was dependent on the continued occupation of

5-HT2 receptors by the agonist. This depolarization in turn activated voltage

sensitive Ca channels, leading to tonic entry of calcium into the cell (Mene et al.

1991). It has been suggested that a tonic influx of Ca2+ through voltage

sensitive channels may also occur in 5-HT stimulated VSMCs, and that this
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influx may be necessary to maintain the contractile state, possibly by facilitating

the recycling of internal calcium (Sutter 1990).

In some cells investigated in this study, a marked loss of 5-HT

responsiveness was seen on repeated application of the agonist. This

phenomenon has also been reported in studies of 5-HT induced calcium

mobilization in SMCs from the peripheral vasculature (Capponi et al. 1987;

Takata et al. 1988). The progressive decline in response to 5-HT was most

marked in the cell being exposed to the photoexcitant wavelengths. It seems

likely, therefore, that this phenomenon involved a degree of photodynamic

damage, as has been noted in previous studies using fura-2 (Tsien 1988). In the

cell being illuminated, photodynamic damage may also have enhanced the

deleterious effect of elevated [Ca2+ ]i, which is known to activate Ca2+ -

dependent proteases in many tissues (Bond, 1988). The decreased response to

5-HT seen on repeated agonist application occurred in the absence of elevating

baseline levels of free calcium, suggesting that membrane integrity was not

greatly compromised during this phenomenon. It seems unlikely, therefore, that

gross damage to the cell membrane was responsible for the declining

responsiveness to 5-HT.

In summary, the present results show that CVSMCs cultured from rat

cerebral arteries provide an useful preparation in which to study Ca2+

mobilization by serotonin and other agents active in the cerebrovascular

circulation of mammals.

4.3. Electrophysiological properties of isolated CVSMCs
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In the present study, the mean resting potential of isolated CVSMCs from

rat cerebral arteries was found to be about -40 mV. These cells showed an input

resistance of about 3 GO at the resting potential and a total membrane

capacitance of 24 pF. Similar values of input resistance have been reported in a

previous patch clamp study of isolated CVSMCs derived from rat basilar artery

(Steele et al. 1991). Assuming a specific membrane capacitance of 1 pF/cm2,as

has been suggested for VSMCs (Toro et al. 1986), a 24 pF cell should possess a

surface area of 2400 m2. This is greatly in excess of the surface area calculated

for 12 jL m diameter cells of purely spherical shape (452 m2). This result

indicates that the membrane surface of the present cells is highly involuted,

presumably as a consequence of cell contraction and of the presence of

numerous caveolae in vascular smooth muscle cells (Mulvany 1986).

Hirst et al. (1986) studied the electrical properties of arteriolar segments

of rat middle cerebral artery using intracellular recording techniques. They

obtained a mean resting membrane potential of -63 mV. Similar experiments

conducted on intact cat basilar arteries (Harder et al. 1981) and on guinea-pig

basilar artery (Fujiwara et al. 1982) yielded mean resting potentials of -55 mV

and -50 mV respectively. The slightly lower values of resting potential observed

in the present study could be the result of several factors. Following formation

of the whole-cell recording configuration, dialysis of the cellular contents occurs,

leading to the formation of a new equilibrium between the bathing solution and

the solution filling the patch pipette (Sakmann and Neher 1983). The latter

solution must therefore accurately reflect the ionic composition of the

sarcoplasm in cerebrovascular smooth muscle cells, if reliable values of resting

potential are to be obtained.

173



The membrane of vascular smooth muscle cells shows significant resting

permeability to Na+ and Cl-, as well as to K+ (Sutter 1990; Fujiwara et al. 1982;

Johansson and Somlyo 1980). Electron probe analysis studies conducted on

mesenteric portal veins have indicated the following values for intracellular ionic

concentrations, in mmole/kg dry weight: Na+ 167; K+ 611; Cl- 278; Mg2+ 36

and Ca2+ 1.9 (Somlyo et a!. 1979). These values indicate that, in intact

CVSMCs, [K+ Ji/[Na+ ]j may be appreciably smaller than the value which

pertained during whole-cell recordings reported in this study (47:1). Wahistrom

(1971) estimated that the Nernst potential for Na+ in vascular smooth muscle is

probably no more positive than 21 mV, while EK was -86 mV. The use of low

internal Na+ in whole-cell recordings could therefore have resulted in an

underestimate of the true membrane potential in isolated CVSMCs. In addition,

a ouabain sensitive Na+ /K+ pump is known to regulate ionic concentrations in

VSMCs and to electrogenically contribute several millivolts to the resting

potential of these cells in vivo (Sutter 1990; Fujiwara et al. 1982). This pump was

presumably inhibited during maintenance of the cells at 4°C and depressed

during whole-cell recordings, since experiments were conducted at 210C and the

pipette solution did not contain ATP.

The input resistance of the isolated CVSMCs used in the present study

was found to average 3 GO, a value comparable to results obtained in patch

clamp studies on SMCs isolated from rat caudal vein, 1.4 GO (Toro et al. 1986),

rabbit jejunum, 2 GO (Bolton et al. 1985), and rat basilar artery, 4 GO (Steele et

a!. 1991). The measured value includes the leakage resistance between the

pipette and the membrane, which was typically about 10 GO. Hence the
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measured input resistances slightly underestimated the true value of this

parameter.

These resistances in the gigaohm range greatly exceed values determined

in isolated VSMCs using intracellular recording methods, which are typically in

the range 0.45 - 0.59 GO (Toro et al. 1986). This difference probably reflects the

presence of appreciable leakage currents around the microelectrode insertion

(Sakmann and Neher 1983). Intracellular recordings from VSMCs in intact

blood vessels yield yet lower estimates of membrane resistance, in the order of

10- 100 MO. This probably reflects the syncytial nature of smooth muscle

preparations in intact vessels (Hirst et al. 1986; Hermsmeyer 1976; Somlyo 1980;

Suprenant et a!. 1987).

CVSMCs isolated from rat cerebral arteries showed a marked fall in

input resistance on membrane depolarization, and only small regenerative

responses could be evoked by direct electrical stimulation. These properties

were also seen in CVSMCs studied with intracellular microelectrodes in intact

cerebral arteries of the rat (Hirst et al. 1986) and guinea-pig (Fugiwara and

Kuriyama 1983). In contrast, CVSMCs in intact rabbit basilar artery do generate

large action potentials on depolarization in normal bathing media (Suprenant et

a!. 1987). In CVSMCs studied in intact rat basilar arteries, large action

potentials were evoked on direct electrical stimulation, following suppression of

outward potassium current by TEA. Inward current during these action

potential was carried by calcium ions (Hirst et a!. 1986). The enhanced level of

intracellular free calcium seen in the present cells on depolarization by high

potassium solutions suggests that voltage-sensitive calcium channels were also

present in this preparation. It seems likely, however, that the inward current
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flowing in these channels was insufficient to overcome the damping effect of

rectifier currents, during direct electrical stimulation.

During application of serotonin to the present cells, biphasic currents

were observed in cell-attached membrane patches. These currents strongly

resembled the capacitance currents recorded in cell-attached patches during

action potential activity in other types of high impedance cell (Fenwick et al.

1982). Serotonin (1 - 5OM) is known to cause a small depolarization in

cerebral artery VSMCs, and to initiate a burst of action potentials in these cells

(Suprenant et al. 1987). Calcium entry during these action potentials might be

expected to activate KCa channels in the present cells. Large amplitude single

channel currents were indeed observed in cell-attached patches during exposure

of CVSMCs to serotonin. Further work is needed, however, to identify these

currents definitively.

4.4.Ca2+-activated K+ channels in inside-out membrane patches

In this study, evidence was obtained for two types of voltage and Ca-

dependent K-channels in CVSMCs dispersed from rat cerebral arteries. On the

basis of a large difference in mean single channel conductance, these were

designated as K(cDa)L and K(Ca)I channels.

4.4.1. Properties of the K(Ca)L channel

The K(Ca)L channels described in this paper showed a conductance of

207 ± 10 pA in symmetrical high potassium solutions, similar to that of BK
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channels studied in VSMCs from mesenteric artery, and a variety of other

smooth muscle preparations (See Table II). Measured conductance values of

K(Ca)L channels varied from 170 pSto 267 pS when measured under constant

ionic conditions. Similar variation has been seen in the conductance of BK

channels in chromaffin cells, 190 - 330 pS (Marty 1981) and in rat skeletal

muscle, 150 - 240 pS (Barrett et a!. 1982). The meaning of these variations in

terms of channel structure remains, however, unclear. A more definitive

assignment of the present channel to the BK category awaits determination of

channel sensitivity to charybdotoxin, a selective blocker of BK channels in many

tissues (Lang and Ritchie 1990; MacKinnon and Miller 1988).

4.4.1.1. Ionic selectivity of the K(Ca)L channel

K(Ca)L channels were highly selective for K+ over Na+ (PNa/PK <

0.05), as has been observed for BK channels in other smooth muscle cells

(Benham et a!. 1986; Inoue et al. 1985; Green et al. 1991; Mayer et al. 1990).

Na+ did not significantly interfere with the passage of K+ through open K(Ca)L

channels, even when present at a concentration of 80 mM. Similar results have

been obtained for the BK channel found in guinea-pig mesenteric artery

(Benham et al. 1986). However, current flow in the BK channels of bovine

chromaffin cells is subject to a fast flicker block by 5 mM internal Na +,

providing*K+ is absent from the external medium (Yellen 1984a). Under the

ionic conditions used in the present study, a flicker block of the K(Ca)L channel

by internal Na+ may have been relieved by the presence of 140 mM K+ in the

external solution, and could therefore have gone undetected (Yellen 1984b).
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Table II Characteristics of BK channels in various preparations
Voltage Calcium TEA

Tonic Conductance dependence dependence block(c)

Preparation conditionsa (pS) Selectivity (a) (b) Kd(0)i Kd(0)0 Reference

Bovine 160 K + 265 K>Rb>Na,Cs 12-15 mV lOnM 27mM 0.2mM Marty 1981, 1983,

chromaffin
Yellen 1984a

cell

Rat myotubes 140 K + 240 TI>K>Rb>NH4>> 11-16 mV 4OmV/10-fold 60mM 0.3mM Barret et aT. 1982,

Na,Li,Cs V0(l sM)=40rnV Blatz and Magleby 1984,1986

Rabbit lOOK + 260 Ti>K>Rb>NH4>> 11-13 mV 4OmV/10-fold 45mM 0.29mM Latorreetal. 1982,

Ttubulesb Na>Li>Cs V0(1 M)=40mV Moczydlowski et al.1983,1985,

Vergara 1983 et al.1984

Rat anterior 140 K + 200 - 9 mV 6OmV/10-fold 0.08mM 52.2mM Wong and Adler 1986,

pituitary cells V0(1 iM)=-30mV Wong et al. 1982

(AtT2O/D16-16)

Rat anterior 150 K + 250-300 K>>Na 8 mV V0(1 M)=50mV Kd(60)02mMLang and Ritchie 1988

pituitary (GH3)

Mouse parotid 145 K + 250 K>>Na 12 mV 1 nM - Maruyama et al 1983

acini

Rat panceatic 140 K + 244 K>>Na 15 mV llOmV/10-fold - Cook et al.l984,

B-cell ,

V0(1 M)=0mV Findlay et aL1985

Rabbit 140 K + 180 K>>Na 17 mV 100 nM - Gitter et al. 1987

collecting

duct cells

Rat pancreatic 150 K + 200 - yes 60-7OmV/1 00-fold - Gray et al. 1990

duct cells V0(3jiM)=-4mV

Rabbit 100K + 230 K>Rb>Na,Li,Cs 15 mV 3OmV/10-fold - Cecchi et al. 1986

intestinal SMCb V0(2jM)60mV

Toad 130K + 250 K>>Na 9 mV 8OmV/l0-fold - Singer and Walsh 1987

stomach SMC V0(1 JLM)=lOmV

Frog and toad 120 K + 200 K>>Na yes 10 nM 20mM for Bergeret al. 1984

stomach SMC total block externally

Rabbit 126 K + 200 K>>Na yes 10 nM 12mM - Benham et al. 1985

intestinal SMC

Rabbit 126 K + 200 TI>K>Rb>> 30 mV 30-60mV/TO-fold - Benham et aT. 1986

mesenteric ‘
Na,Cs

artery SMC
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Rabbit 126 K + 210 K>>Na yes 60mV/l0-fold 30mM for total Mayer et at. 1990
colonic SMC V0(5tM)=0mV block externally

Canine 140 K + 265 K>>Na yes lOOmV/l0-fold NE 0.18 mM Carl et at. 1990
gastric SMC

Rabbit 142K 273 K>>Na
- V0(l.4RM)=OmV NE 0.1mM Inoueetal. 1985

portal vein SMC

Rat cerebral 140 K + 207 K>>Na,Cs 14 mV 45 mV/l0-fold Kd(-t-40)1=0.83mM Present study
artery SMC V0(23 M)=+40mV

a
= concentration is in mM. Symmetrical solutions were used.

b
= parameters determined in planar bitayers. For all other channels, patch-clamp technique was used.

(a) = expressed as c-fold change in P0 (fraction of the time in the open state) per x mV.

(b) = expressed as x mV change in V0 (voltage at whichP0=0.5) per 10-fold increase in [Ca2+]; V0 (x mM)1 indicates the voltage at

whichP0=0.5 at given [Ca2+]i. Otherwise the lowest [Ca2jis given at which channel activity can be seen.
(c) Kd(0)1 indicates concentration of internally applied TEA causing 50% block of single channel current at 0 mV. Kd(0)0 is

corresponding value during external application of TEA. If data were obtained at other membrane voltages, this is indicated in
brackets.

SMC = Smooth muscle cell.

NE = No effect of internally applied TEA.
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The K(Ca)L channel also showed negligible permeability to Cs +

(PC/PK < 0.05). Under conditions which favoured the entry of Cs + into the

channel, the amplitude of potassium currents was significantly depressed.

Qualitatively similar observations have been made in the case of BK channels in

smooth muscle cells derived from guinea-pig mesenteric artery. In this

preparation, however, BK channels exhibit a much higher sensitivity to the

blocking effect of Cs + than was evident in the present study, suggesting that

these two channel populations, despite their similar conductance, are probably

not identical (Benham et al. 1986).

The action of Cs + on the present channel can be explained by the theory

of ionic blockade (Woodhull 1973; Hille 1991). It is assumed Cs + binds to a site

in the open channel and blocks it. At equilibrium, the channel will fluctuate

between closed, open and blocked states. The frequency of blocking events

increases at potentials which promote the entry of Cs + into the channel. If the

average lifetime of the blocked state were less than the time resolution of the

recording system, then the open channel current would represent a time-

averaged current, reflecting the proportion of time the channel spent in the

blocked state during an opening (Benham et al. 1986).

The flicker block of K(Ca)L channels by Cs + showed voltage

dependency. The effective valence for internal Cs + block was only 0.07, while

externally applied Cs + blocked with an effective valence ô of -0.66. This ten

fold difference indicates that the two sites of Cs + binding are not located at

equal depths in the membrane field. A similar result was obtained by Yellen
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(1984a) in a study of Cs + block of BK channels in chromaffin cells. However.

the values of 8 were different (0.25 for internal block, -1.0 for external block).

Benham et al. (1986) reported a value of 8 = -1.4 for external block of BK

channels in mesenteric artery VSMCs. These results suggest that the large

conductance KCa channels found in these three preparations exhibit some fine

differences with respect to their ionophore structures.

4.4.1.2. Ca2+ dependence of K(Ca)L channel opening

The open probability of K(Ca)L channels was sensitive to the

concentration of intracellular free calcium ions. At a membrane potential of V

= + 40 mV, the K(Ca)L channel was open for half of the time at [Ca2+ ]i = 23

M. As can be seen in Table II, the calcium sensitivity of BK channels varies

apprecially among different cell types. BK channels in certain secretory cells,

including mouse parotid acinar cells are highly calcium-sensitive, being open

50% of the time at [Ca2+ ]i values between 10-8 - 10-7 M (V = 0 mV)

(Maruyama et al 1983). For BK channels found in skeletal muscle fibres, the

corresponding value of [Ca2+ ]i is around 5 jL M (Barrett et al. 1982; Methfessel

and Boheim 1982), while for nonvascular and vascular smooth muscle cells,

estimates in the range 0.5 - 1 M have been reported (Carl et al. 1990; Beiiham

et al. 1986). The low apparent calcium sensitivity of the K(Ca)L channel has

implications for the functional significance of this channel, as will be discussed

later in this thesis.

In ihe present study, a second power relationship was found between the

probability of the K(Ca)L channel opening and the value of [Ca2+ Ji, when

measured over the range of intracellular free calcium likely to pertain under
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physiological conditions. This result is in agreement with previous studies

conducted on BK channels in other tissues, which suggest that 2-4 calcium ions

are required to fully activate each channel (Barrett et a!. 1982; Methfessel and

Boheim 1982; Moczydlowski and Latorre 1983).

Open time distributions for K(Ca)L channels were well fitted by the sum

of two exponential terms, when investigated for [Ca2+ ]i values over the range

10-8 - 10-3 M. Increasing [Ca2+ ]i had no significant effect on the value of the

fast time constant fitted to these distributions, while the slow time constant was

elevated by this procedure. Similar results were reported in the case of BK

channels in rat skeletal muscle (Barrett et a!. 1982; Magleby and Pallotta 1983a).

However, in BK channels studied in smooth muscle cells isolated from

mesenteric artery, open time distributions were well fit by a single exponential

term at low [Ca2+ ft (<10-6 M). On raising [Ca2+ ]j, a second, fast fit

component appeared in these distributions, and the time constant of the original

component increased (Bertham et a!. 1986).

The present results are compatible with the following minimum state

diagram for the gating of the K(Ca)L channel

(closed) K1[Ca] (closed) K2[Ca] (closed)
S< >SCa< >SCa2

K1 1 1C2

a’ a

SCa* SCa2*
(open) (open)

Here, most of the brief channel openings are to the monoliganded state SCa*,

while the majority of long openings are to state SCa2*, with two calcium ions

bound per channel.
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This model predicts that the ratio of openings in the fast fit components

to the number in the slow component should fall at higher [Ca2+ ]i, as was seen

experimentally. However, this scheme does not account for the observed

increase in the time constant of the slow fit component on raising [Ca2+

]j.

There are a number of possible mechanisms which could produce this effect.

Firstly, state SCa2* could bind a further calcium ion and make a transition to a

further open state, SCa3*, increasing the observed open time of the long open

distribution (Magleby and Pallotta 1983b). However, this would likely result in

open time distributions requiring three exponential fit components, which was

not observed in the present study. Neither was the slope of the open probability

versus [Ca2+ Ii plot steep enough to indicate three calcium ions were needed to

fully activate each channel. Alternatively, one may postulate the occurrence of

direct transitions between the open states SCa* and SCa2*, accompanied by the

loss or gain of calcium ions as required. However, this model predicts that the

time constant of the fast fit component should decrease as [Ca2+ ]i is raised. A

trend of this type was seen in the present data, but this did not reach statistical

significance.

The increase in the slow time constant with [Ca2+]j could also result

from the occurrence of very short lived closed states interposed between states

SCa2 and SCa2*. At least one of the transitions between these interposed

closed states would have to be dependent on [Ca2+ Ji, and the lifetime of these

states would need to be too brief to allow detection with the present recording

system. In this scheme, calcium driven reopenings to SCa2* from these short

lived closed states would lead to an apparent increase in the magnitude of the

slow time constant. Finally, a slow time constant dependent on [Ca2+ ]i can also
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be generated by modelE which propose that intracellular Ca2+ both activates

and blocks KCa channels (Methfessel and Boheim 1982). The present data do

not allow a clear choice to be made between this model and that of the short-

lived closed states.

BK channels in rat skeletal muscle have been observed occasionally to

enter alternative modes of gating in which open probabilities may be very

different from the normal condition (McManus and Magleby 1988). When large

numbers of transitions are analyzed (>30,000), it is observed that about 96% of

these fall into the normal gating mode, the remainder being distributed in the

so-called intermediate open (3.2%), brief open (0.5%) and buzz modes (0.1%).

The later three modes re all associated with a much briefer mean open time

than is seen in the normal gating mode. In addition, analysis of large numbers of

transitions (up to 106) in the normal mode reveal that open time distributions in

this mode contain at least three to four exponential components, not the two

detected in earlier studies (McManus and Magleby 1988). In the present study,

open time distributions were calculated for up to 2000 transitions, this being

limited by the lifetime of excised patches, which rarely exceeded 20 minutes.

For these reasons, the possibility that rare modes of gating and additional open

states also exist for K(Ca)L channels cannot be excluded.

4.4.1.3. Voltage dependence of opening of K(Ca)L channels

The probability of opening for K(Ca)L channels increased e-fold for a 14

mV membrane depolarization, when [Ca2+ ]i was at low levels. A similar

voltage dependency (e-fold for 11-16 mV change) has been reported in BK

channels studied in rat skeletal muscle (Barrett et a!. 1982; Methfessel and
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Boheim 1982; Blatz and Magleby 1984), renal epithelial cells (Kolb et al. 1986)

and in chromaffin cells (Marty 1981), see Table II. BK channels in anterior

pituitary cells and in toad stomach smooth muscle cells show a steeper voltage

dependency (e-fold for 8-9 mV change (Wong and Adler 1986; Lang and Ritchie

1988; Singer and Walsh 1987). BK channels in mesenteric artery smooth muscle

cells exhibited a lower voltage dependency than seen in K(Ca)L channels (e-fold

for 30 mV change) (Benham et al. 1986). Voltage could alter channel kinetics

directly by changing the rate constants governing state transitions, or could act

indirectly by changing the effective concentration of Ca2+ at binding sites

located part way through the membrane field (Woodhull 1973; Barrett et al.

1982).

Using BK channels from rat skeletal muscle incorporated into planar

lipid bilayers, Moczydloski and Latorre (1983) found that the voltage

dependency of channel opening could be entirely accounted for by the potential-

sensitive binding of Ca2+ to sites in the membrane field. Calculation suggested

that calciiim ions bind to sites which sense 75-95% of the total membrane field.

Such sites could be located in a wide, deep atrium leading to the ionic selectivity

filter, or could reside at a part of the channel not directly connected with ion

translocation. There is evidence which favours the latter possibility, since Ca2+

activation sites are more sensitive to membrane surface potential than is the K+

conduction process in these channels. Thus, the addition of negatively charged

membrane lipids markedly increases the apparent Ca2+ sensitivity of BK

channel gating while little change is seen in the potassium permeability of the

channel (Moczydlowski et al. 1985).
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In the present study. membrane depolarization at constant [Ca2+ ]i had

no effect on the fast time constant of open time distributions, while increasing

the value of the slow time constant. Membrane depolarization therefore

mimicked the effect of increasing [Ca2+ ]i at a constant membrane voltage. This

result is consistent with the view that the voltage dependency of K(Ca)L channel

gating simply reflects the potential-dependent binding of Ca2+ to sites on the

channel complex.

4.4.1.4. Blockade of K(Ca)L channels by internally applied TEA

Internally applied TEA reduced the apparent single channel current in

K(Ca)L channels with a Kd of 0.83 mM at + 40 mV membrane potential. As

shown in Table II, BK channels in chromaffin cells (Yellen 1984a), rat skeletal

muscle (Blatz and Magleby 1984) and rabbit t-tubule cells (Vergara and Latorre

1983) show a much higher Kd for internally applied TEA, values being in the

range 27-60 mM. BK channels in VSMCs from rabbit portal vein were

unaffected by internally applied TEA at concentrations up to 10 mM (Inoue et

al. 1985). In marked contrast, BK channels in clonal anterior pituitary cells

(Wong and Adler 1986 and BK channels from rat brain synaptosomes (Farley

and Rudy 1988) both exhibit very high sensitivity to internally applied TEA, with

Kd of 0.08 mM and 0.8 mM respectively.

The high sensitivity of K(Ca)L channels to the blocking effect of internal

TEA is unlikely to be an artifact caused by enzyme treatment of CVSMCs, since

similar dissociation procedures were employed in other studies which did not

exhibit this phenomenon (Benham et a!. 1985; Inoue et a!. 1985). The possibility

that the present data resulted from inadvertent formation of outside-out
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membrane patches also seems unlikely, since the recording pipettes contained

only 0.01 M Ca2+, insufficient to yield the observed channel open probability,

if applied to the cytoplasmic membrane face.

In the case of the A-current K+ channel coded by the Shaker gene in

Drosophila, a single amino acid residue critically affects the affinity of the

channel for internally applied TEA (Yellen et a!. 1991). This residue lies at

position 441 in the so called SS1-SS2 region of the channel, which is highly

conserved among voltage-gated K+ channels, and may cross the membrane

twice to form the ion conducting pore itself (MacKinnon and Yellen 1990).

Wild type flies showed channels with a threonine residue at position 441, and

exhibited a Kd for internally applied TEA of about 0.7 mM. The mutant T441S

possessed a serine residue at position 441 and the Kd for internal TEA increased

by ten fold as a result of this single substitution (Yellen et al. 1991). The

sensitivity of the channel to externally applied TEA was unaltered by this

mutation. Although these studies were not performed on gene coding for a KCa

channel, they do illustrate the extreme sensitivity of TEA affinity to changes in

the primary structure of potassium channels. It may be relevant to note that all

three of the cell types which exhibit BK channels with high internal sensitivity to

TEA are derived from brain tissue, suggesting that a slightly different form of

the BK channel may be expressed in this organ.

The present data on TEA block were transformed into a Hill plot by

replottingas log (R/1-R) versus log [TEA], where R is the reduction in single

channel currents seen in the presence of the drug. This plot yielded a slope of

0.82, suggesting that TEA interacts with the channel in a one-to-one fashion,

presumably by transiently entering the channel and blocking movement of K+.
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An approximate value for the dwell time of TEA at its blocking site can

be derived from the Kd for TEA, where Kd = K-i/Ki (Benham et al. 1985).

The maximum value fo. the blocking rate constant, K]. is limited by the drug

diffusion rate and is thought to be about 108 s-i M-i (Gutfreund 1972). Thus K-

1 may be estimated at 8.3 x 104 s-i and hence the mean block time was about 12

s, one order of magnitude too brief to be detected by the present measuring

system. This result is consistent with the observation that TEA block was not

accompanied by a marked increase in current noise in the channel, as studied at

a bandwidth of DC-2 kHz.

The block of KCa channels by internal TEA may be expected to be

voltage-dependent, since positive membrane potentials favour the entry of the

TEA cation into the channels. However, the degree of voltage-dependency is

governed by the fractio’i of the membrane field sensed by the TEA molecule at

its binding site (Woodhull 1973). Experiments performed on BK channels in

several cell types have indicated that block by internal TEA is only weakly

voltage-dependent, exhibiting an equivalent valence of 0.06-0.1 (Yellen 1984a;

Langton et a!. 1991; Yellen et al. 1991). The theoretical maximum value of the

equivalent valence for a monovalent blocking ion interacting in a 1:1 fashion

with the channel is 1.0 (Benham et al. 1986). This corresponds to an e-fold

increase in affinity for a 25 mV depolarization (Yellen et al. 1984a). Let it be

assumed the present KCa channels possess a TEA affinity at 0 mV membrane

potential typical of BK channels studied in skeletal muscle, i. e. Kd(0 mV) = 30

mM. If measured at + 40 mM, the Kd should still be greater than 4 mM, even of

the equivalent valence of TEA is assumed to be 1.0. It seems unlikely, therefore,
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that the high sensitivity of K(Ca)L channels to internal TEA is due solely to a

very steep voltage dependency of channel block.

4.4.2. Properties of K(Ca)I channels

In addition to the K(Ca)L channel, a KCa channel of intermediate

conductance (1K channel) was detected in the minority of inside-out patches

excised from isolated CVSMCs. This K(Ca)I channel showed a single channel

conductance of 92 pS and was highly selective for K + over Na + and Cs +. This

channel was activated by intracellular free calcium and by membrane

depolarization. Application of TEA to the cytoplasmic membrane face reduced

the current in this channel in a dose-dependent fashion with a Kd of 0.31 mM.

These data were replotted as a Hill plot, log (R/1-R) versus log [TEA] where R

is the reduction in mean single channel current caused by a given concentration

of TEA. The slope of this plot was 0.70, suggesting that TEA blocks this channel

in a one-to-one fashion, as seen for the K(Ca)L channel. No significant

difference between the Kd values found for block of the K(Ca)L and K(Ca)I

channels by internal TEA. This suggests that these channels share a common

structure in the region of the TEA binding site. It seems unlikely, however, that

the K(Ca)I channel simply represents a conductance substate of the K(Ca)L

channel, since amplitude distributions for current flow in both species were well

fitted by single Gaussian terms.

KCa channels of intermediate conductance (30-120 pS) have previously

been detected in a wide variety of cell types (Latorre et al. 1989; Edwards and

Weston 1990; Koib 1990). 1K channels of conductance 90-100 pS have been

reported in VSMCs isolated from rabbit portal vein (Inoue et al. 1985) and from
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human cystic artery (Akbarali et al 1990). However, the 1K channel reported in

rabbit portal vein is unaffected by TEA applied to the cytoplasmic membrane

face, in marked contrast to the present results (Inoue et al. 1985). An 1K

channel has been reported in aortic smooth muscle of the rat, but this channel

shows a conductance of only 55 pS, appreciably lower than that of the K(Ca)I

channel (Shoemaker and Worrell 1991). Two types of 1K channel have been

observed following incorporation of rat brain synaptosomal proteins into lipid

bilayers (Farley and Rudy 1988). However, both of these channels are little

affected by application 10 mM TEA to the cytoplasmic membrane face.

4.4.3. Physiological roles for K(Ca)L and K(Ca)I channels

The low apparent calcium sensitivity of the K(Ca)L and K(Ca)I channels

would seem to preclude a significant contribution of these channel to resting

potassium conductance, since [Ca2+ ]j in unstimulated vascular smooth muscle

has been estimated as 40- 130 nM (Nabika et al. 1985; Takata et a!. 1988;

Kuriyama et a!. 1982; present study). However, during the fully contracted

state, vascular smooth muscle cells may show [Ca2+11 values approaching 10 M

(Kuriyama et a!. 1982). Micromolar levels of free intracellular calcium can also

be attained during the action of certain vasoconstrictor hormones, including

angiotensin II (Capponi et al. 1986). [Ca2+ Ii levels in the low micromolar range

would suffice to activate a few per cent of the available K(Ca)L channels at

depolarized membrane potentials. It should be noted that the opening of even a

small fraction of the available K(Ca)L channels would markedly reduce the

input resistance of a 3 GO cell, as well as providing a strong hyperpolarizing

influence on membrane potential. In addition, it is possible that locally very high

concentrations of [Ca2+ ]i are established near the inner face of voltage-sensitive

190



Ca2+ channels. If KCa channels were located close to these sites, their

contribution to membrane repolarization during the action potential could be

greatly enhanced (Benham et a!. 1986). The calcium sensitivity of K(Ca)L and

K(Ca)I channels may also be enhanced in vivo, by the presence of intracellular

modulators such as Mg2+ (Squire and Petersen 1987). For these reasons, it

seems probable the K(Ca)L, and possibly also K(Ca)I channels play an

important role in the repolarizing phase of the action potential in CVSMCs.

The action potential in CVSMCs of intact rat basilar arteries has been

studied following partial blockade of potassium conductances by externally

applied TEA (Hirst et a!. 1986). Under these conditions, the spike consists of a

rapid depolarization of about 56 mV amplitude followed by a fast repolarization.

This is followed by an after-depolarization of about 13 mV, lasting 300-1000 ms.

In most cells, a slow after-hyperpolarization of a few millivolts is seen at the end

of the action potential. Both the initial spike depolarization and the after-

depolarization require the presence of Ca2+ in the bathing medium, while the

slow after-hyperpolarization probably reflects an increase in K+ conductance.

The latter potential is also abolished by removal of Ca2+ from the bathing

medium, suggesting that it is probably mediated by a KCa conductance. This

conductance apparently serves to terminate the after-depolarization, which

probably reflects the entry of calcium through non-inactivating Ca2+ channels.

The majority of calcium entry into the fibre takes place during this after

depolarization phase of the action potential (Hirst et al. 1986). These

observations strongly suggest that KCa channels play an important role in the

regulation of action potential duration and of calcium entry into cerebrovascular

smooth muscle cells.
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4.5 Conclusions and significance

At least 50% of neurological patients exhibit signs of cerebrovasular

disease, often including the major categories of stroke, aneurysm, migraine or

transient ischemic attack (Adams and Victor 1985). In the hypertension often

associated with stroke, a number of abnormalities have been detected in

cerebrovascular smooth muscle, including increased membrane permeability,

altered membrane potential and electrogenic pump activity, and an increased

sensitivity to vasoconstrictors, including serotonin (Webb and Bohr 1984; Bohr

and Webb 1988; Michel et al. 1990). Similar changes have been found to occur

in atheroma and during the normal aging process (Michel et al. 1990; Michel

1987). Atherosclerotic damage to the endothelial layer of cerebral vessels

probably exacerbates hypersensitivity of smooth muscle to serotonin. This is

because the endothelium normally produces EDRF, which mediates

endothelium-dependent vasodilation (Burnstock, 1990) and prostacyclin, which

inhibits platelet aggregation (Moncada et al. 1976). Endothelial cells also

contribute to the degreiation of serotonin by monoamine oxidase (Peach et al.

1985). The enhanced responsiveness of VSMCs to serotonin may contribute to

arterial spasm in vivo (Beamish et al. 1984).

Cerebral vasospasm develops in most patients following rupture of an

intracranial aneurysm. This phenomenon is of great clinical importance, since

the resulting ischemia can greatly compound the neurological damage done by

the initial hemorrhage, and may prove fatal (Steele et al. 1991). In an animal

model of cerebral vasospasm, evidence has been found for depolarization and

increased action potential activity in VSMCs of the basilar artery. These
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changes appeared to result from decreased potassium conductance in the cells.

The observed vasospasm could be partially supressed by application of the

potassium channel opener nicorandil (Waters and Harder 1985; Harder et al.

1987). However, the mechanisms underlying vasodilation by potassium channel

openers remains a subject to controversy. Cromakalim has been claimed to

activate KCa channels in VSMCs isolated from rabbit aorta (Kreye et a!. 1987)

and from guinea-pig mesenteric artery (Nakao et a!. 1988). However, Standen et

a!. (1989) attributed the vasodilatory action of cromakalim on the latter

preparation to activation of KATp channels. The relaxation of intact dog

cerebral arteries by cromakalim has also been attributed to activation of KATp,

rather than to KCa channels (Masuzawa et al. 1990).

In view of the great clinical importance of cerebrovascular smooth

muscle, and of the urgent need for rational and effective means of preventing

arterial spasm, it is imperative that the potassium conductances of CVSMCs be

well understood. The present study has contributed to this goal by developing a

preparation in which to study the biophysical properties of KCa channels in

cerebrovascular smooth muscle cells. The modulation of these channels by

clinically important drugs and by physiological stimuli can also be studied in the

present in vitro preparation.

193



REFERENCES

Adams, P. R., Constanti, A., Brown, D. A. and Clark, R. B. (1982). Intracellular
Ca2+ activates a fast voltage-sensitive K+ conductance in vertebrate sympathetic
neurones. Nature, 296:746-749.

Adams, R. D. and Victor, M. (1985). Principles of Neurology. Mcgraw-Hill, New
York.

Adeistein, R. S. and Sellers, J. R. (1987). Effects of calcium on vascular smooth
muscle contraction. Am. 3. Cardiol. 59:4B-1OB.

Adrian, R. H. (1969). Rectification in muscle membrane. Prog. Biophys. Molec.
Biol. 19:340-396.

Akbarali, H., Nakajama, T., Wyse, D. G. and Giles, W. (1990). Ca2+-activated K+
currents in smooth muscle. Canadian J. Physiol. Pharmacol. 68:1489-1494.

Armstrong, C. M. (1971). Interaction of tetraethylammonium ion derivatives with
the potassium channels of giant axons. J. Gen. Physiol. 58:413-437.

Ashida, T., Schaeffer, J., Goldman, W. F., Wade, J. B., and Blaustein, M. P. (1988).
Role of sarcoplasmic reticulum in arterial contraction: Comparison of ryanodine’s
effect in a conduit and a muscular artery. Circ. Res. 62:854-863.

Avenet, P., Hofmarm, F. and Lindemann, B. (1987). Closure of K-channels by
cAMP-dependent phosphorylation in isolated taste receptor cells from the frog
tongue. Pflugers Arch. 408:R35.

Banks, B. E. C., Brown, C., Burgess, G. M., Burnstock, G., Claret, M., Cocks, T. and
Jenkinson, D. H. (1979). Apamin blocks certain neurotransmitter-induced increases
in potassium permeability. Nature 282:415-4 17.

Baraban, 3. M. Snyder, S. H. and Alger, B. E. (1985). Phorbol ester effects on
neurotransmission: interaction with neurotransmitters and calcium in smooth
muscle. Proc. Natn. Acad. Sci. U. S. A. 82:2538-2542.

Barrett, E. F. and Barrett, ‘. N. (1976). Separation of two voltage-sensitive
potassium currents and demonstration of tetrodotoxin-resistant calcium current in
frog motoneurons. J. Physiol. (Lond.) 255:737-774.

Barrett, J. N., Barrett, E. F. and Dribin. L. B. (1981). Calcium-dependent slow
potassium conductance in rat skeletal myotubes. Dev. Biol. 82:258-266.

Barrett, J. N., Magleby, K. L., Pallotta, B. S. (1982). Properties of single calcium-
activated potassium channels in cultured rat muscle. J Physiol. (Lond) 33 1:211-230.

Beamish, R. E., Karmzyn, M., Panacia. V. and Dhalia N. 5. (1984). Mechanisms of
coronary spasm in stress-induced heart disease, in Smooth Muscle Contraction. ed.
Stephens, N. L. Marcel Dekker Inc. New York and Basel .p5Y7-SSO

194



Benham, C. D. and Bolton, T. B. (1983). Patch-clamp studies of slow potential-
sensitive potassium channels in longitudinal smooth muscle cells of rabbit jejunum.
J. Physiol. (Lond.) 340:469-486.

Benham, C. D., Bolton, T. B. and Lang, R. J. (1984) Membrane potential and
voltage clamp recording from single smooth muscle cells of rabbit jejunum. J.
Physiol. (Lond.) 353:67P.

Benham, C. D., Bolton, T. B., Denbigh, J. S. and Lang, R. J. (1987). Inward
rectification in freshly isolated smooth muscle cells of the rabbit jejunum. J. Physiol.
(Lond.) 383:461-476.

Benham, C. D., Bolton, T. B., Lang, K. J., Takewaki, T. (1985). The mechanisms of
action of Ba2+ and TEA on single Ca2+ -activated K + channels in arterial and
intestinal smooth muscle cell membrane. Pflugers Arch. 430; 120-127.

Benham, C. D., Bolton, T. B., Lang, R. J. and Takewaki, T. (1986). Calcium-
activated potassium channels in single smooth muscle cells of rabbit jejunum and
guinea-pig mesenteric artery. J. Physiol. (Lond.) 37 1:45-67.

Berger, W., Grygorcyk, R., Schwarz, W. (1984). Single K+ channels in membrane
evaginations of smooth muscle cells. Pflugers Arch. 402: 18-23.

Berk, B. C. and Alexander, R. W. (1990). Vasoactive effects of growth factors.
Biochem. Pharmacol. 38:219-225.

Berridge, M.T. and Irvine, R.F.(1989). Inositol phosphates and cell signalling.
Nature 341:197-205.

Bezanilla, F., DiPlol, P. R., Caputo, C., Rojas, H. and Torres, M. E. (1985). K
current in squid axon is modulated by ATP. Biophys. J. 47:222a.

Blatz, A. L. and Magleby, K. L. (1986). Single apamin-blocked Ca-activated K+
channels of small conductance in cultured rat skeletal muscle. Nature 323:718-720.

Blatz, A. L., Magleby, K. L. (1984). Ion conductance and selectivity of single
calcium-activated potassium channels in cultured rat muscle. J. Gen. Physiol. 84:1-
23.

Bohr, FD. and Webb, C. (1988). Vascular smooth muscle membrane in
hypertension. Annu. Rev. Pharmacol. Toxicol. 28:389-309.

Bolton, T. (1979). Mechanisms of action of transmitters and other substances on
smooth muscle. Physiol. Rev. 59:606-718.

Bolton, T. B. (1972). The d’polarizing action of acetyicholine of carbachol in
intestinal smooth muscle. J. Physiol. (Lond.) 220:647-671.

Bolton, T. B., Lang, R. J. and Takewaki, T. (1984). Mechanisms of action of
noradrenaline and carbachol on smooth muscle of guinea-pig anterior mesenteric
artery. J. Physiol. (Lond.) 35 1:549-572.

195



Bolton, T. B., Lang, R. J., Takewaki, T. and Benham, C. D. (1985). Patch and whole-
cell voltage clamp of single mammalian visceral and vascular smooth muscle cells.
Experientia 4 1:887-894.

Bolton, T. B., Lang, R. J., Takewaki, T. and Benham, C. D. (1986). Patch and whole-
cell voltage-clamp studies on single smooth muscle cells. J. Cardiovascular. Phar.
8(Suppl.8) :S20-S24.

Bond, M. (1988). Elevated cellular calcium in disease states: cause or effect? Cell
Calcium 9:201-203.

Bradley, P. B., Humphrey, P. P. A., and Williams, R. H. (1986). Evidence for the
existence of 5-hydroxytryptamine receptors, which are not of the 5-HT2 type,
mediating the contraction of rabbit isolated basilar artery. Br. J. Pharmacol. 87:3-4.

Brayden, J. E., Quayle, J. M., Standen, N. B. and Nelson M. T. (1991). Role of
potassium channels in the vascular response of endogenous and pharmacological
vasodilators. Blood Vessels 28:147-153.

Brismar, T. and Collins, V. P. (1989). Inward rectifying potassium channels in
human malignant glioma cells. Brain Res. 480:249-258.

Brown, D. A. (1988). M-currents: an update. Trends Neurosci. 11:294-299.

Brown, D. A. and Adams, P. R. (1980). Muscarinic suppression of a novel voltage-
sensitive K+ -current in a vertebrate neurone. Nature 283-673-676.

Bruschi, G., Bruschi, M. E., Regolisti, G. and Borghette, A. (1988). Myoplasmic
Ca2+-force relationships studied with fura-2 during stimulation of rat aortic smooth
muscle. Am. J. Phyiol. 245:H840-H854.

Bryant, H. J., Harder, D. R., Pamnani, M. B. and Haddy, F. J. (1985). In vivo
membrane potentials of smooth muscle cells in the caudal artery of the rat. Am. J.
Physiol. 249:C78-C83.

Bulbring, E. and Tomita, T. (1969). Increase of membrane conductance by
adrenaline in the smooth muscle of guinea-pig taenia coli. Proc. R. Soc. Lond. B,
172:89-102.

Bulbring, E. and Tomita, T. (1987) Catecholamine action on smooth muscle.
Pharmac. Rev. 39;49-96.

Burnstock, 0. (1986). The first von Euler Lecture in Physiology: The changing face
of autonomic neurotransmission. Acta. Physiol. Scand. 12:67-91.

Burnstock, 0. (1990). Local mechanisms of blood flow control by perivascular
nerves and endothelium. Journal of Hypertension. 8 (suppl 7):S59-S160.

Burton, F. L. and Hutter, O.F. (1990). Sensitivity to flow of intrinsic gating in
inwardly rectifying potassium channel from mammalian skeletal muscle. 3. Physiol.
(Lond.) 424:253-261.

196



Caffrey, J. M., Josephson, I. R. and Brown, A. M. (1986). Calcium channels of
amphibian stomach and mammalian aorta smooth muscle cells. Biophys. J. 49:1237-
1242.

Callewaert, G., Vereecke, J. and Carmeliet, E. (1986). Existence of a calcium-
dependent potassium channel in the membrane of cow cardiac Purkinje cells.
Pflugers Arch. 406:424-426.

Capponi, A. M, Lew P. D. and Vallotton M. B. (1986). Cultured vascular smooth
muscle cells: A method for measuring changes in cytosolic free calcium induced by
vasoconstrictor hormones. J. Cardiovascular Pharm. 8(Suppl. 8):S136-138.

Capponi, A. M., Lew, P.D., and Vallotton, M.B. (1987). Effect of serotonin on
cytosolic free calcium in adrenal glomerulosa and vascular smooth muscle cells.
Eur. J. Pharmacol. 144: 53-60.

Carl, A., Mchale, N. G., Publicover, N. G. and Sanders, K. M. (1990). Participation
of Ca2+ -activated K+ channels in electrical activity of canine gastric smooth
muscle. J. Physiol. (Lond.) 429:205-221.

Cecchi, X., Alvarez, 0. and Wolff, D. (1986). Characterization of a calcium-
activated potassium channel from rabbit intestinal smooth muscle incorporated into
planar bilayers. J. Membr. Biol. 91:11-18.

Chang, J. and Owman, C. (1987). Involvement of specific receptors and calcium
mechanisms in serotonergic contractile response of isolated cerebral and
peripheral arteries from rats. J. Pharmacol. Exp. Ther. 242: 629-636.

Chang, 3. Y., Owman, C. and Steinbusch, H. W. (1988). Evidence for coexistence of
serotonin and noradrenaline in sympathetic nerves supplying brain vessels of guinea
pig. Brain Research. 438:237-246.

Christensen, 0. and Zeuthen T. (1987). Maxi K± channels in leaky epithelia are
regulated by intracellular Ca +, pH and membrane potential. Pflugers Arch.
408:249-259.

Clarke, R. B., Nakajima, T., Giles, W., Kanai, K., Momose, Y. and Szabo, G. (1990).
Two distinct types of inwarJly rectifying K+ channels in bull-frog arterial myocytes.
J. Physiol. (Lond.) 424:229-25 1.

Cocks, T. M., Angus, J. A. (1984). Endothelium-dependent modulation of blood
vessel reactivity. In The Peripheral Circulation, ed. S. Hunyor, 3. Ludbrook, J. Shaw,
M. McGrath, pp. 9-21. New York: Elsevier.

Cohen, M. L. and Colbert, W. E. (1986). Relationship between receptors mediating
serotonin (5-HT) contractions in the canine basilar artery to 5-HT1, 5-HT2 and rat
stomach fundus 5-HT receptors. 3. Pharmacol. Exp. Ther. 237:713-718.

Cole, W. C. and Sanders, K. M. (1989). G proteins mediate suppression of Ca2+
activated K+ current by acetylcholine in smooth muscle cells. Am. 3. Physiol.
257:C596-C600.

197



Coiquhoun, D. and Sigworth, F. J. (1983). Fitting and statistical analysis of single-
channel records, in Single- Channel Recording. (ed) Sakmann, B. & Neher, E.
Plenum, Ne York pp 19 1-264.

Conn, P. J. and Sanders-Bush, E. (1987). Central serotonin receptors: effector
systems, physiological roles and regulation. Psychopharmacology. 92:267-277.

Connor, 3. A. and Stevens, C. F. (1971). Voltage-clamp studies of a transient
outward membrane current in gastropod neural somata. 3. Physiol. (Lond.), 213:3 1-
53.

Constanti, A., Adams, P. R. and Brown, D. A. (1981). Why do barium ions imitate
acetyicholine? Brain Res. 206:244-250.

Conti, F. and Neher, E. (1980). Single channel recordings of K+ currents in squid
axons. Nature 285:140- 143.

Cook, D. L., Ikeuchi, M. and Fujimoto (1984). Lowering of pH inhibits Ca2+ -

activated K+ channels in pancreatic B-cells. Nature 311:269-273.

Cook, N. S. and Haylett, D. G. (1985). Effects of apamin, quinine and
neuromuscular blockers in calcium-activated potassium channels in guinea-pig
hepatocytes. 3. Physiol. (Lond.) 358-373-394.

Cornejo, M., Guggino, S. E. and Guggino, W. B. (1987). Modification of Ca2+-
activated K+ channels in cultured medullary thick ascending limb cells by N
bromoacetamide. 3. Membr. Biol. 99:147-155.

Crepel, F. and Penit-Soria, J. (1986). Inward rectification and low threshold calcium
conductance in rat cerebellar purkinje cells. J. Physiol. (Lond.) 372:1-23.

De Clerck, F., and David, J. L. (1981). Pharmacological control of platelet and red
blood cell function in the microcirculation. 3. Cardiovasc. Pharmacol. 3:1388- 14 12.

Diglio, C. A., Grammas, P., Giacomelli, F., and Wiener, J. (1986). Rat cerebral
niicrovascular smooth cells in culture. J. Cell. Physiol. 129: 13 1-141.

Doyle, V. M., Creba, J.A., Ruegg, U.T. and Hoyer, D. (1986). Serotonin increases
the production of inositol phosphates and mobilizes calcium via the 5-HT2 receptor
in A7r5 smooth muscle cells. Naunyn-Schmiedeberg’s Arch. Pharmacol. 333: 98-
103.

Edvinsson, L., Degueurce, A., Duverger, D., Mackenzie, E. T., Scatton, B. and
Uddman, R. (1984). Coupling between cerebral blood flow and metabolism: A role
for serotonin? In neurotrarsmitters and the cerebral circulation. Edited by
MacKenzie, E. T., Seyles, J. and Bes, A. pp. 121-136, Raven Press, New York.

Edwards, F. R. and Hirst, G. D. S. (1988). Inward rectification in submucosal
arterioles of guinea-pig ileum. J. Physiol. (Lond.) 404:437-454.

Edwards, F. R., Hirst, G. D. S. and Siiverberg, G. D. (1988). Inward rectification in
rat cerebral arterioles: involvement of potassium ions in autoregulation, J. Physiol.
(Lond.) 404:455-466.

198



Edwards, 0. and Weston, A. H. (1990). Potassium channel openers and vascular
smooth muscle relaxation. Pharmac. Ther. 48:237-258.

Ewald, D. A., Williams, A. and Levitan, I. B. (1985). Modulation of single Ca2+-
dependent K+-channel activity by protein phosphorylation. Nature 315:503-506.

Farley, 3. and Auerbach, S. (1986). Protein kinase C activation induces conductance
changes in Hermissenda photoreceptors like those seen in associative learning.
Nature 319:220-223.

Farley, J. and Rudy, B. (1988). Multiple types of voltage-dependent Ca-activated K
channels of large conductance in rat brain synaptosomal membranes. Biophys. J.
53:919-934.

Fenwick, E. M., Marty, A. and Neher, E. (1982). Sodium and calcium channels in
bovine chromaffin cells. J. Physiol (Land.) 33 1:599-636.

Findlay, I. M., Dunne, M. 3. Petersen, 0. H. (1985). High conductance K+ channel
in pancreatic islet cells can be activated and inactivated by internal calcium. J.
Membr. Biol. 83:169-175.

Franke, W. W., Schmid, E., Vandekerckhove,J. and Weber, K. (1980). A
permanently proliferating rat vascular smooth muscle cell with maintained
expression of smooth muscle characteristics, including actin of the vascular smooth
muscle type. J. Cell. Biol. 87: 594-600.

Freissmuth, M., Casey, P and Gilman, A. (1989). 0 proteins control diverse
pathways of transmembrane signaling. FASEB J. 3:2125-213 1.

Frindt, 0. and Palmer, L. G. (1987). Ca-activated K channels in apical membrane of
mammalian CCT, and their role in K secretion. Am. J. Physiol. 252:F458-F467.

Fujiwara, S. and Kuriyama, H. (1983). Effects of agents that modulate potassium
permeability on smooth muscle cells of the guinea-pig basilar artery. Br. J.
Pharmacol. 79:23-35.

Fujiwara, S., Itoh, T. and Suzuki, H. (1982). Membrane properties and excitatory
neuromuscular transmission in the smooth muscle of dog cerebral arteries. Br. J.
Pharmac. 77:197-208.

Furchgott, R.F. and Zawadski, J.V. (1980). The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetyicholine. Nature 288:373-376.

Furchgott, R.F.(1894). The role of endothelium in the responses of vascular smooth
muscle to drugs. Annu. Rev. Pharmac. Toxic. 24:175-197.

Gabbiani, 0. E., Schmid, E., Winter,.S., Chaponnier, Dechastony, C.,
Vandekerckhove, J., Weber, K., and Franke, W.W. (1981). Vascular smooth muscle
cells differ from other smooth muscle cells: predominance of vimentin filaments and
a specific alpha-type actin. Proc. Natl. Acad. Sci. USA 78:298-302.

Gallin, E. K. (1984). Calciim- and voltage-activated potassium channels in human
macrophages. Biophys. J. 46:821-827.

199



Gelband, C. H., Lodge, N. J. and Van Breemen, C. (1989). A Ca2+-activated K+
channel from rabbit aorta: modulation by cromakalim. Eur. J. Pharmac. 167:201-
210.

Gelband, C. H., McCullough, 3. R. and Van Breemen, C. (1990). Modulation of
vascular Ca2+ -activated K + channels by cromakalim, pinacidil and glyburide.
Biophys. J. 57:509a

Gelband, C. H., Silberberg, S. D. and Groschner K. (1990). ATP inhibits smooth
muscleCa2+-activated K+ channels. Proc. R. Soc. Lond. B 23-28.

Gitter, A. H., Beyenbach, K. W., Chadwich, C. W., Gross, P., Minuth, W. W. and
Fromter, E. (1987). High-conductance K+ channels in apical membranes of
principal cells cultured from rabbit renal cortical collecting duct anlagen. Pflugers.
Arch. 408:282-290.

Goldman, D.E. (1943). Potential, impedance, and rectification in membranes. J.
Gen. Physiol. 27:37-60.

Gray, M. A., Greenwell, A. R., Garton, A. J. and Argent. (1990). Regulation of
Maxi-K+ channels on pancreatic duct cells by cyclic AMP-dependent
phosphorylation. J. Membrane Biol. 115:203-215.

Green, K. A. Foster, R. W. and Small R. C. (1991). A patch-clamp study of K+ -

channel activity in bovine isolated tracheal smooth muscle cells. Br. 3. Pharmacol.
102:871-878.

Grynkiewicz, G, Poenie, M. and Tsien, R.Y. (1985). A new generation of Ca2+
indicators with greatly improved fluorescence properties. J. Biol. Chem. 260: 3440-
3450.

Gugino, S. E., Suarez-Isla, B. A., Guggino, W. B., Gree, N. and Sacktor, B. (1985).
The influence of barium on apical membrane potentials and potassium channel
activity in cultured rabbit medullary ascending limb cells (MTAL). Fed. Proc.
44:443-451.

Gutfreund, H. (1972). Enzymes: Physical Principles. Wiley, London.

Hagiwara, S. and Jaffe, L. A. (1979). Electrical properties of egg cell membranes. A.
Rev. Biophys. Bioeng. 8:385-4 16.

Hagiwara, S., Miyazaki, S. and Rosenthal, N.P. (1976). Potassium current and the
effect of cesium on this current during anomalous rectification of the egg cell
membrane of a starfish. J. Gen. Physiol. 67:621-638.

Hagiwara, S., Miyazaki, S., Moody, W. J, and Patlak, J. (1978). Blocking effects of
barium and hydrogen ions on the potassium current during anomalous rectification
in the starfish egg. J. Physiol. (Lond.) 279: 167-185.

Hai, C-M and Murphy, R. (1989). Ca2+, crossbridge phosphorylation, and
contraction. Annu. Rev. Physiol. 51:285-298.

Halliwell, J. V. and Adams, P. R. (1982). Voltage-clamp analysis of muscarinic
excitation in hippocampal neurons. Brain Res. 250:71-92.

200



Hamill., o. P, Marty, A., Neher, E., Sakmann, B. and Sigworth, F. 3. (1981).
Improved patch-clamp technique for high-resolution current recording from cells
and cell-free membrane patches. Pflugers Archiv. 391:85-100.

Hamlin, K. E. and Fischer, F. E. (1951). The synthesis of 5-hydroxytryptamine. J.
Am. Chem. Soc., 73:5007-5008.

Harder, D. R. (1980). Comparison of electrical properties of middle cerebral and
mesenteric artery in cat. Am. J. Physiol. 239:C23-C26.

Harder, D. R., Adel, P. W. and Hermsmeyer, K. (1981) Membrane electrical
mechanisms of basilar artery constriction and pial artery dilation by norepinephrine.
Circ. Res. 49; 1237-1242.

Harder, D. R., Dernbach, P. and Waters, A. (1987). Possible cellular mechanism for
cerebral vasospasm after experimental subarachnoid hemorrhage in the dog. J. Clin.
Invest. 80:875-880.

Hashimoto, T., Hirata, M., Itoh, T., Kanmura, Y. and Kuriyama, H. (1986). Inositol
1,4,5-trisphosphate activates pharmacomechanical coupling in smooth muscle of the
rabbit mesenteric artery. J. Physiol. 370:605-6 18.

Hathaway, D R. and March. K. L. (1989). Molecular cardiology: New avenues for
the diagnosis and treatment of cardiovascular disease. J. Am. Cell. Cardiol. 13:265-
282.

Hathaway, D.R., Konicki. M. V. and Collican, S. A. (1985). Phosphorylation of
myosin light chain kinase from vascular smooth muscle by cAMP- and cGMP
dependent protein kinases. J. Mo!. Cell. Cardiol. 17:841-850.

Hathaway, D.R., March, K. L., Lash, J. A., Adam, L. P. and Wilensky, R. L. (1991).
Vascular smooth muscle. A review of the molecular basis of contractility.
Circulation. 83:382-390.

Hermsmeyer, K. (1976). Cellular basis for increased sensitivity of vascular smooth
muscle in spontaneously hypertensive rats. Circ. Res. 38:(suppl II):1153-1157.

Higashida, H. and Brown, D. A. (1986).Ca2+-dependent K+ channels in
neuroblastoma hybrid cells activated by intracellular inositol trisphosphate and
extracellular bradykinin. FEBS Lett. 328:395-400.

Hille, B. (1984). Ionic channels of excitable membranes. Sinauer Associates,
Sunderland, Mass. First Edition.

Hille, B. (1991). Ionic channels of excitable membranes. Sinauer Associates, Inc.,
Sunderland, Mass. Second Edition.

Hirst, G. D. S., Silverberg, D. G. and Van Helden, D. F. (1986). The action potential
and underlying ionic currents in proximal rat middle cerebral arterioles. J. Physiol.
(Lond.) 371:289-304.

201



Hisada, T., Ordway, R. W., Kirber, M. T., Singer, J. J. and Walsh, J. V. Jr. (1991).
Hyperpolarization-activated cationic channels in smooth muscle cells are stretch
sensitive. Pflugers Archiv. 417:493-499.

Hodgkin, A. L. and Huxely, A. F. (1952). The components of membrane
conductance in the giant axon of Loligo. J. Physiol. (Lond.) 116:473-496.

Hodgkin, A. . and Katz, B. (1949). The effect of sodium ions on the electrical
activity of the squid giant axon. J. Physiol. (Lond.) 108:37-77.

Hu S. L., Kim, H. S. and Jen, A. Y. (1991). Dual action of endothelin-1 on the
Ca+-activated K+ channel in smooth muscle cells of porcine coronary artery. Eur.
J. Pharmacol. 194:31-36.

Hubbard, J. I., Llinas, R. and Quastel, D. M. J. (1969). Electrophysiological Analysis
of Synaptic Transmission. Edward Arnold, London.

Hunter, M., Lopes, A. G., Boulpaep, E. L. and Cohen, B. (1984). Single channel
recordings of calcium-activated potassium channels in the apical membrane of
rabbit cortical collecting tubule. Proc. Nati. Acad. Sci. USA 81:4237-4239.

Huxley, H. (1990). Sliding filaments and molecular motile systems. J. Biol. Chem.
265:8347-8350.

Ignarro, L. J., Byrns R. E. and Wood, K. 5. (1986). Pharmacological and biochemical
properties of endothelium-derived relaxing factor (EDRF): evidence that it is
closely related to nitric oxide (NO) radical. Circulation. 74 (suppl II) :11287.

Ikebe, M.and Reardon, S. il99O). Phosphorylation of smooth myosin light chain
kinase by smooth muscle Ca2+/calmodulin-dependent multifunctional protein
kinase. J. BiOl. Chem. 265:8975-8978.

Inomata, H. and Kao, C. Y. (1979). Ionic mechanisms of repolarisation in the
guinea-pig taenia coli as revealed by the actions of strontium. J. Physiol. (Lond.)
297:443-462.

Inoue, R., Kitamura, K. and Kuriyama, H. (1985). Two Ca-dependent K-channels
classified by the application of tetraethylammonium distribute to smooth muscle
membranes of the rabbit portal vein. Pflugers Arch 405:173-179.

Inoue, R., Okabe, K. and Kuriyama, H. (1986). A newly identified Ca2+ dependent
K+ channel in the smooth muscle membrane of single cells dispersed from the
rabbit portal vein. Pflugers Arch. 406:138-143.

Isenberg, G. and Klockner, V. (1986). Elementary currents through single Ca-
activated potassium channels (smooth muscle cells isolated from trachea or urinary
bladder). Pflugers. Arch. 405:R62.

Ishii, N., Simpson, W.M. and Ashley, C.C. (1989). Effects of 5-hydroxytryptamine
(serotonin) and forskolin on intracellular free calcium in isolated and fura-2 loaded
smooth-muscle cells from tie anterior byssus retractor (catch) muscle of Mytilus
edulis. Pflugers Arch. 414:162-170.

202



Itoh, T. (1991). Pharmacomechanical coupling in vascular smooth muscle cells.
Japan. J. Pharmacol. 55:109.

Johns, A., Leijten, P., Yamamoto, H., Hwang, K. and Van Breemen, C. (1987).
Calcium regulation in vascular smooth muscle contractility. Am. J. Cardiol. 59: 18a-
23a.

Kaczmarek, L. K. and Levitan, I. B. (1987) Neuromodulation: the biochemical
control of neuronal excitability. Oxford University Press, New York.

Kaczmarek, L. K. and Strumwasser, R. (1984). A voltage-clamp analysis of current
underlying cAMP-induced membrane modulation in isolated peptidergic neurons of
Aplysia. J. Neurophysiol. 52: 340-349.

Kamm, K.E. nd Stull, J.T. (1989). Regulation of smooth muscle contractile
elements by second messengers. Annu. Rev. Physiol. 51:299-3 13.

Karashima, T. and Kuriyama, H. (1981). Electrical properties of smooth muscle cell
membrane and neuromuscular transmission in the guinea-pig basilar artery. Br. J.
Pharmac. 74:495-504.

Katz, B. (1949). Les constants electriques de la membrane du muscle. Arch. Sci.
Physiol. 3:285-299.

Kawai, T., and Watanabe, M. (1986). Blockade of Ca-activated K conductance by
apamin in rat sympathetic neurons. Br. J. Pharmacol. 87:225-232.

Kiockner, U. and Isenberg, G. (1985). Action potentials and net membrane currents
of isolated smooth muscle cells (urinary bladder of the guinea-pig). Pflugers. Arch.
405:329-339.

Kiockner, U., Trieschmann, U. and Isenberg, G. (1989). Pharmacological
modulation of calcium and potassium channel in isolated vascular smooth muscle
cells. Drug Res. 39: 120-126.

Koib, H. (1990). PotassiunL channels in excitable and non-excitable cells. Rev.
Physiol. Biochem. Pharmacol. 115:51-91.

Konishi, M., Olson, A., Hollingsworth, and Baylor, S.M. (1988). Myoplasmic binding
of fura-2 investigated by steady-state fluorescence and absorbance measurements.
Biophys. 3. 55: 1089-1104.

Kreye, V. A. W., Gerstheimer, F. and Weaton, A. H. (1987). Effects of BRL34915
on resting membrane potential and 86Rb efflux in rabbit tonic vascular smooth
muscle. Naunyn-Schmiedebergs Arch. Pharmac. 335 :R64.

Kreye, V. A. W., Gerstheimer, F. anI Weston, A. H. (1987). Effects of BRL34915
on resting membrane potential and O6Rb efflux in rabbit tonic vascular smooth
muscle. Naunyn-Schmiedebergs Arch. Pharmac. 335:R64.

Kullak, A., Donoso, M. V. and Huidoboro-Toro, 3. P. (1987). Extracellular calcium
dependence of the neurotensin induced relaxation of intestinal smooth muscles
studies using calcium channel blockers and BAY K 8644. Eur. J. Pharmacol.
135:297-305.

203



Kume, H. Takai, A., Tokuno, H. and Tomita, T. (1989). Regulation of Ca2+-
dependent K+ -channel activity in tracheal myocytes by phosphorylation. Nature.
341:152-154.

Kuriyama, H. and Kitamura, K. (1985). Electrophysiological aspects of regulation of
precapillary vessel tone in smooth muscles of vascular tissues. J. Cardiovascular
Pharm. 7(suppl.3):S1 19-S 128.

Kuriyama, H., Ito, Y., Suzuki, H. Kitamura, K. and Itoh, T. (1982). Factors
modifying concentration-relaxation cycle in vascular smooth muscles. Am. 3. Physiol.
243:H64 1-H662.

Kusano, K., Barros, F., Katz, G., Garcia, M., Kaczorowski, G. and Reuben, J. P.
(1987). Modulation of K channel activity in aortic smooth muscle by BRL34915 and
a scorpion toxin. Biophys. 3. 51:55a.

Labarca, P., Coronado, R. and Miller, C. (1980). Thermodynamic and kinetic
studies of the gating behavior of a K + -selective channel from the sarcoplasmic
reticulum membrane. J. Gen. Physiol. 76:397-424.

Lance, J. W. (1982). Mechanism and Management of Headache, pp. 162-163,
Butterworth, London.

Lang, D. G. and Aileen, K. R. (1990). Tetraethylammonium ion sensitivity of a 35-
pSCa2+-activated K+ channel in GH3 cells that is activated by thyrotropin
releasing hormone. Pflugers Arch. 416;704-709.

Lang, D. G. and Ritchie, A. K. (1988). Pharmacological sensitivities of large and
small conductance Ca2+-activated K+ channels. Biophys. J. 53-144a.

Langton, P. D., Nelson, M. T., Huang, Y. and Standen, N. B. (1991). Block of
calcium-activated potassium channels in mammalian arterial myocytes by
tetraethylammonium ions. Am. J. Physiol. 260: H927-H934.

Latorre, R. and Miller, C. (1983). Conduction and selectivity in potassium channels.
J. Membr. Biol. 71:11-30.

Latorre, R., Alvarez, 0, Cecchi, X. and Vergara, C. (1985). Properties of
reconstituted ion channels. Annu. Rev. Biophys. Chem. 14:79-111.

Latorre, R., Oberhauser, A., Labarca, P. and Alvarez, 0. (1989). Varieties of
calcium-activated potassium channels. Annu. Rev. Physiol. 51:385-399.

Latorre R., Vergara, C., Hidalgo, C. (1982). Reconstitution in planar lipid bilayers
of a Ca+ -dependent K+ channel from transverse tubule membranes isolated from
rabbit skeletal muscle. Proc. Nat!. Acad. Sci. USA 77:7484-7486.

Lauger, P. (1987). Voltage-dependence of sodium-calcium exchange :Predictions
from kinetic models. J. Membr. Biol. 99: 1-11.

Lindemaun, J. P., Jones, L. R. and Hathaway, D. R. (1983). B-Adrenergic
stimulation of phospholamban phosphorylation and Ca2+ -ATPase activity in guinea
pig ventricles. 3. Biol. Chem. 258:464-471.

204



Loirand, G., Pacaud, P., Mironneau, C. and Mironneau, J. (1986). Evidence for two
distinct calcium channels in rat vascular smooth muscle cells in short-term primary
culture. Pflugers Arch. 407:566-568.

Longmore, J. and Weston, A. H. (1989). The role of K+ -channels in the modulation
of vascular smooth muscle tone. In: Potassium Channels: Structure, Classification,
Function and Therapeutic Potential, pp. 259-278, Cook, N. S. (ed) Ellis Horwood,
Chichester.

Luscher, R. F. (ed): Endothelial Vasoactive Substances and Cardiovascular Disease.
Basel: Karger.

Lyon, R. A., Davis, K.H., and Titeler, M. (1987). 3H-DOB labels a guanyl
nucleotide sensitive state of cortical 5-HT2 receptors. Mol. Pharmacol. 31: 194-199.

MacKinnon, R. and Miller, C. (1988). Mechanism of charybdotoxin block of the
high-conductance, Ca2+ -activated K + channel. J. Gen. Physiol. 335-345.

MacKinnon, R. and Yellen G. (1990). Mutations affecting TEA blockade and ion
permeation in voltage-activated K+ channels. Science 250:276-279.

Magleby, K. L. and Pallotta, B. S. (1983a). Calcium-dependence of open and shut
interval distributions from calcium-activated potassium channels in cultured rat
muscle. J. Physiol. (Lond.) 344:585-604.

Magleby, K. L. and Pallotta, B. S. (1983b). Burst kinetics of single calcium-activated
potassium channels in cultured rat muscle. J. Physiol. (Lond) 344:605-623.

Marty, A. (1q81) Calcium-dependent channels with large unitary conductance in
chromaffin cell membranes. Nature 29 1:497-500.

Marty, A. (1983).Ca2+-dependent K channels with large unitary conductance.
Trends Neurosci. 6:262-265.

Marty, A. and Neher, E. (1982). Ionic channels in cultured rat pancreatic islet cells.
J. Physiol. (Lond) 326:36P-37P.

Maruyama, Y., Gallagher, D. V., Peterson, 0. H. (1983). Voltage and calcium-
activated potassium channels in baso-lateral acinar cell membranes of mammalian
salivary glands. Nature 302:827-829.

Masuzawa, K., Asano, M., Matsuda, T., Imaizumi, Y. and Watanabe, M. (1990).
Possible involment of ATP-Sensitive K+ channels in the relaxant response of dog
middle cerebral artery to cromakalim. J. Pharm. Exper. Ther. 255:818-825.

Mayer, M. E., Loo, D. F., Snape, W. J. Jr. and Sachs, G. (1990) The activation of
calcium and calcium-activated potassium channels in mammalian colonic smooth
muscle by substance P. J. Physiol. (Lond.) 420:47-71.

Mayer, M. L. and Westbrood, G. L. (1983). A voltage-clamp analysis of inward
(anomalous) Tectification in mouse spinal sensory ganglion neurones. J. Physiol.
(Lond.) 340:19-45.

205



McCann. J. D. and Welsh. M. J. (1986). Calcium-activated potassium channels in
canine airway smooth muscle. J. Physiol. (Lond.). 372:113-127.

McCleskey, E. W., Fox, A. P., Feldman, D. and Tsien, R. W. (1986). Different types
of calcium channels. J. Exp. Biol. 124:117-190.

McManus, 0. B. and Magleby, K. L. (1988). Kinetic states and modes of single
large-conductance calcium-activated potassium channels in cultured rat skeletal
muscle. J. Physiol. (Lond.) 402:79-120.

Meech, R. W. (1978). Calcium-dependent potassium activation in nervous tissues.
A. Rev. Biophys. Bioengine. 7:1-18.

Mekata, F. (1976). Rectification in the smooth muscle cell membrane of rabbit
aorta. 3. Physiol. (Lond.) 258:269-278.

Mene, P., Pugliese, F. and Cinotti, G. A. (1991). Serotonin and the glomerular
mesangium. Mechanisms of intracellular signaling. Hypertension 17: 15 1-160.

Methfessel, C. and Boheim, G. (1982). The gating of single calcium-dependent
potassium channels is described by an activation/blockade mechanism. Biophys.
Struc. Mech. 9:35-60.

Michel, J. B., Azizi, M., Salzmann, J. L., Levy, B. and Menard J. (1987). Effect of
vasodilators on the structure of the aorta in normotensive aging rats. 3. Hypertens.
5(suppl 5):S165-168.

Michel, J., Roux, N. D., Plissonnier, D., Anidjar, S., Salzmann, J. and Levy, B.
(1990). Pathophysiological role of the vascular smooth muscle cell. 3. Cardiovasc.
Pharm. 16(Suppl. 1):S4-S11.

Miller, C., Moczydlowski, E., Latorre, R. and Phillips, M (1985). Charybdotoxin, a
protein inhibitor of single Ca2+ -activated K+ channels from mammalian skeletal
muscle. Nature 313:316-318.

Mione, M. C., Ralevic, V. and Burnstock, G. (1990). Peptides and vasomotor
mechanisms. 1?harmacol. Ther. 46:429-468.

Moczydlowski, E. and Latorre, R. (1983). Gating kinetics ofCa2+-activated K+
channels from rat muscle incorporated into planar lipid bilayers: Evidence for two
voltage-dependent Ca2+ binding reactions. J. Gen. Physiol. 82:511-542.

Moczydlowski, E., Alvarez, 0., Vergara, C. and Latorre, R. (1985). Effect of
phospholipid surface charge on the conductance and gating of a Ca2+-activated K+
channel in planar lipid bilayers. J. Membr. Biol. 83:273-282.

Moncada, S., Gryglewski, R. J., Bunting, S. and Vane, 3. R. (1976). An enzyme
isolated from arteries transforms prostaglandin endoperoxidases to an unstable
substances that inhibits platelet aggregation. Nature 263:663-665.

Moncada, S. and Vane, J. R. (1979). Pharmacology and endogenous roles of
prostaglandin endoperoxides, thromboxane A2, and prostacyclin. Pharmacol. Rev.
30:293-31

206



Moore, S. A., Strauch, A.R., Yoder, EJ., Rubenstein, P. and Hart, M.N. (1984).
Cerebral microvascular smooth muscle in tissue culture. In Vitro 20: 5 12-520.

Morris, A. P., Gallacher, D. V., Irvine, R. F. and Petersen, 0. H. (1987). Synergism
of inositol trisphosphate and tetrakisphosphate in activating Ca2+-dependent K+
channels. Nature 330:653-655.

Muller-Schweinitzer, E. and Engel, G. (1983). Evidence for mediation by 5-HT2
receptors of 5-hydroxytryptamine-induced contraction of canine basilar artery.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 324:287-292.

Mulvany, M. J. (1986). Vascular effects of altered sodium, potassium pump activity.
Scand. J. Clin. Lab. Invest. [Suppl] 180:40-48.

Nabika, T., Velletri, P.A., Lovenberg, W. and Beaven, M.A. (1985). Increase in
cytosolic calcium and phosphoinositide metabolism induced by angiotensin II and [
Arg ] vasopressin in vascular smooth muscle cells. J. Biol. Chem. 260:4661-4670.

Nakao, K., Okabe, K. Kitamura, K., Kuriyama, H. and Weston, A. H. (1988).
Characteristics of cromakalim-induced relaxations in the smooth muscle cells of
guinea-pig msenteric artery and vein. Br. J. Pharmac. 95:795-804.

Nelson, M. T., Standen, N. B., Brayden, J. E. and Worley, 3. F. (1988).
Noradrenaline contracts arteries by activating voltage-dependent calcium channels.
Nature. 336:382-385.

Nelson, M., Patlak, 3., Worley, J. and Standen, N. (1990). Calcium channels,
potassium channels and the voltage dependence of arterial smooth muscle tone.
Am. J. Physiol. 259:C3-C18.

Nishikawa, M. Shirakawa, S and Adeistein, R. S. (1985). Phosphorylation of smooth
muscle myosin light chain kinase by protein kinase C. J. Biol. Chem.260:8978-8983.

Nishikawa, M., deLamerolle, P., Lincoln, T. and Adelstein, R. A. (1984).
Phosphorylation of mammalian myosin light chain kinases by the catalytic subunit of
cyclic AMP-dependent protein kinase and by cyclic GMP-dependent protein kinase.
J. Biol. Chem. 259:8429-8436.

Nishizuka, Y. (1988). The molecular heterogeneity of protein kinase C and its
implications for cellular regulation. Nature. 334:661-666.

Noble, D. (1984). The surprising heart: a review of recent progress in cardiac
electrophysiology. J. Physiol. (Lond.) 353:156-159.

Noma, A. (1983). ATP-regulated K+ channels in cardiac muscle. Nature 305:147-
148.

North, R. A. (1989). Drug receptors and the inhibition of nerve cells. Br. J.
Pharmac. 93:13-28.

Ohrnori, H., Yoshida, S. and Hagiwara, S. (1981). Single K channel currents of
anomalous rectification in cultured rat myotubes. Proc. Nati. Acad. Sci. USA
78:4960-4964.

207



Ohya, Y., Terada, K., Kitamura, K. and Kuriyama, H. (1986). Membrane currents
recorded from a fragment of rabbit intestinal smooth muscle cell. Am. J. Physiol.
25 1:C355-C346.

Okabe, K., Kitamura, K. and Kuriyama, H. (1987). Features of 4-aminopyridine
sensitive outward current observed in single smooth muscle cells from the rabbit
pulmonary artery. Pflugers Arch. 408:561-568.

Owens, G. K., Loeb, A., Gordon, D., and Thompson, M.M. (1986). Expression of
smooth muscle specific-isoactin in cultured vascular smooth muscle cells:
Relationship between growth and cytodifferentiation. 3. Cell. Biol. 102: 343-352.

Pallotta, B. S., Magleby, K. L. and Barrett, J. N. (1981). Single channel recordings of
aCa2+-activated K+ current in rat muscle cell culture. Nature 293:471-474.

Palmer, R. M. 3., Ferrige, A. G. and Moncada, S. (1987). Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing factor. Nature.
327:524-526.

Pasmussen, H., Takuwa, Y. and Park, S. (1987). Protein kinase C in the regulation
of smooth muscle contraction. FASEB 3. 1:177-185.

Payne, M. E., Elizinga M. and Adeistein. R. A. (1986). Smooth muscle myosin light
chain kinase: Amino acid sequence at the site phosphorylated by adenosine cyclic
3’,5’-phosphate dependent protein kinase whether or not calmodulin is bound. J.
Biol. Chem. 261:16346-16350.

Peach, M. J., Loeb, A. L., Singer, H. A. and Saye, J. (1985). Endothelium-derived
vascular relaxing factor. Hypertension 7 (suppl 1): 194-1100.

Pennefather, P., Lancaster, B., Adams, P. R. and Nicoll, R. A. (1985). Two distinct
Ca-dependent K currents in bullfrog sympathetic ganglion cells. Proc. Nati. Acad.
Sci. USA 82:3040-3044.

Peroutka, S. J and Snyder, S. H. (1979). Multiple serotonin receptors: Differential
binding of 3H 5-Hydroxytryptamine, 3H lysergic acid diethylamide and 3H
spiroperidol. Mol. Pharmacol. 16:687-699.

Peroutka, S. J. (1987). Serotonin receptors. In Psychopharmacology, ed. H. Y.
Meltzer, pp 303-311, Raven Press, New Youk.

Peroutka, S. 3. and Kuhar, M.J. (1984). Autoradiographic localization of 5-HT1
receptors to human and canine basilar arteries. Brain Res. 310: 193-196.

Peroutka, S. J. and Snyder, S.H. (1979). Multiple serotonin receptors: Differential
binding of 3H- 5-HT, 3H-LSD and 31-i- spiroperidol. Mol. Pharmacol. 16: 687-695.

Peroutka, S. J., Noguchi, M., Tolner, D. 3., Allen, G.S. (1983). Serotonin-induced
contraction of canine basilar artery: mediation by 5-HT1 receptors. Brain Res
259:327-330.

Petersen, 0. H. and Maruyama, Y. (1984). Calcium-activated potassium channels
and their role in secretion. Nature 307:693-696.

208



Pritchard, K. and Ashley, C.C. (1986). Na + /Ca2+ exchange in isolated smooth
muscle cells demonstrated by the fluorescent calcium indicator fura-2. FEBS. 195:
23- 27.

Rapport, M. M., Green, A. A. and Page, I. H. (1948). Serum vasoconstrictor
(serotonin). IV. Isolation and characterization. J. Biol. Chem., 176:1243-125 1.

Rembold, C. M. and Murphy R. A. (1988). Myoplasmic [Ca2+] determines myosin
phosphorylation in agonist-stimulated swine arterial smooth muscle. Circ. Res.
63:593-603.

Rhodin, J. A. G. (1980). Architecture of the vessel wall. In Handbook of Physiology.
The Cardiovascular System. Vascular Smooth Muscle. Bethesda, MD: Am. Physiol.
Soc. sect. 2, vol. II, chapt. 1, p. 1-31.

Rodger, I. W. and Small, R. C. (1991). Pharmacology of airway smooth muscle. In
handbook of Experimental Pharmacology: Pharmacology of Asthma. ed. Barnes, P.
J. and Page, C. P. Berlin: Springer-Verlag.

Romey, G. and Lazdunski, M (1984). The coexistence in rat muscle cells of two
distinct classes of Ca2 +-dependent K+ channels with different pharmacological
properties and different physiological functions. Biochem. Biophys. Res. Commun.
118:669-674.

Rose, G. G. (1970). Atlas of Vertebrate Cells in Tissue Culture. pp.119-131.
Academic Press, Inc. New York.

Ross, M. and Reith. E. (1985). Histology: A Text and Atlas. Harper & Row. New
York.

Sadoshima, J. Akaike, N., Kanaide, H. and Nakamura, M. (1988). Ca-activated K
channel in cultured smooth muscle cells of rat aortic media. Am. J. Physiol.
255:H410-H418.

Sakmann, B. tnd Neher, E. (1983). Geometric parameters of pipettes and
membrane patches. in Single- Channel Recording. (ed) Sakmann, B. & Neher, E.
Plenum, New York pp.37-52

Schmidt, A. W. and Peroutka, S. J. (1989). 5-Hydroxytryptamine receptor “families”.
FASEB Journal 3:2242-2249.

Schuster, S. A., Camardo, J. S., Siegelbaum, S. A. and Kandel, E. R. (1985). Cyclic
AMP-dependent protein kinase closes the serotonin-sensitive K+ channels of
Aplysia sensory neurons in cell-free membrane patches. Nature 3 13:392-395.

Sellers, J. (1985). Mechanism of the phosphorylation-dependent regulation of
smooth muscle heavy automyosin. J. Biol. Chem. 260: 15815-15819.

Shoemaker, R. L. and Worrell, R. T. (1991).Ca2+-sensitive K+ channel in aortic
smooth muscle of rats. Journal Proceedings of the Society for Experimental Biology
& Medicine. 196:325-332.

Shuba, M. F. (1981). Smooth muscle of the ureter: the action of excitation and
mechanisms of action of catecholarnines and histamine. In: Smooth Muscle: An

209



Assessment of Current Knowledge, pp. 377-384, ed. Buibring, E., Brading, A. F.,
Jones, Jones, A. W. and Tomita, T. (eds) Arnold, London.

Shuba, M. F. and Viadimirova, I. A. (1980). Effect of apamin on the electrical
responses of smooth muscle to adenosine 5’-triphosphate and to non-adrenergic,
non-cholinergic nerve stimulation. Neuroscience 5:853-859.

Siegelbaum, S. A., Camardo, J. S. and Kandel, E. R. (1982). Serotonin and cyclic
AMP close single K channels inAplysia sensory neurones. Nature 299:413-417.

Sigworth, F. J. and Sine, S. M. (1987). Data transformation for improved display and
fitting of single-channel dwell time histograme. Biophy. J. 52:1047-1054.

Silberberg, S. D. and van Bree men, C. (1990). An ATP, calcium and voltage
sensitive potassium channel in porcine coronary artery smooth muscle cells.
Biochemical and Biophysical Research Conminunications. 172:517-522.

Sims, S. M., Singer, J. J. an’J Walsh, J. V. Jr. (1985). Cholinergic agonists suppress a
potassium current in freshly dissociated smooth muscle cells of the toad. J. Physiol.
(Lond.) 367:503-527

Singer, J. J. and Walsh, J. V. (1987). Characterization of calcium-activated
potassium channels in single smooth muscle cells using the patch-clamp technique.
Pflugers Arch. 408:98-111.

Skalle, 0., Ropraz, P., Trzeciak, A., Benzonana, G., Gillessin, D. and Gabbiani, G.
(1986). A monoclonal antibody against a-smooth muscle actin: A new probe for
smooth muscle differentiation. J. Cell. Biol. 103: 2787-2796.

Somlyo, A. P. and Himpens, B. (1989). Cell calcium and its regulation in smooth
muscle. FASEB J. 3: 2266-2276.

Somlyo, A. P., Somly, A. V., Shu man, H. and Stewart, M. (1979). Electron probe
analysis of muscle and x-ray mapping of biological speciments with a field emission
gun. Scan. Electron. Microsc. 3:711-722.

Somlyo, A. V. (1980).Ultrastructure of vascular smooth muscle. In: Handbook of
Physiology. The Cardiovascular System. Vascular Smooth Muscle. Bethesda, MD:
Am. Physiol. Soc. sect. 2, vol. II, chapt. 2,p.33-67.

Spatz, M., Dodson, R.F. and Bembry, J. (1983). Cerebrovascular muscle cultures. 1.
Isolation, grovth and morphological characterization. Brain Res. 280: 387-391.

Sperelakis, N., and Ohya, Y. (1989). Electrophysiology of vascular smooth muscle.
Physiology and pathophysiology of the heart. 2nd ed. Edited by N. Sperelakis.
Kluwer Academic Publishers, Norwell, MA. pp. 773-8 12.

Squire, L. G. and Petersen, 0. H. (1987). Modulation of Ca2+- and voltage-
activated K+ channels by internal Mg2+ in salivary acinar cells. Biochim. Biophys.
Acta. 899:171-175.

Standen, N. B., Quayle, J. M., Davies, N. W., Brayden, J. E., Huang, Y. and Nelson,
M. T. (1989). Hyperpolarizing vasodilators activate ATP-sensitive K+ channels in
arterial smooth muscle. Science 245:177-180.

210



Standen, N. B., Stanfield, P. R. and Ward, T. A. (1985). Properties of single
potassium channels in vesLies from the sarcolemma of frog skeletal muscle. J.
Physiol. (Land.) 364:339-358.

Steele, J. A. Stockbridge, N., Malkovic, G. and Weir, B. (1991). Free radicals
mediate actions of oxyhemoglobin on cerebrovascular smooth muscle cells. Circ.
Res. 68:416-423.

Stockbridge, N. (1987) EGTA. Comput. Biol. Med. 17:299-304.

Sturek, M. and Hermsmeyer, K. (1986). Calcium and sodium channels in
spontaneously contracting vascular muscle cells. Science 233: 475-478.

Suprenant, A., Neild, T.O. and Holman, M.E. (1987). Membrane properties of
rabbit basilar arteries and their responses to transmural stimulation. Pflugers
Archiv. 410: 92-101.

Sutter, M. C. (1990). The mesenteric-portal vein in research. Pharmacological
Reviews. 42:287-325.

Suzuki, H. and Fujiwara, S. (1982). Neurogenic electrical responses of single smooth
muscle cells of the dog middle cerebral artery. Circulation Research 51:751-759.

Takata, S., Hirata, Y., Takgi, Y., Yoshimi, H., Fukudu, Y. and Fujuta, T. (1988).
Phorbol ester modulates serotoniri receptor-mediated increases in inositol
phosphate production and calcium mobilization in cultured rat vascular smooth
muscle cells. FEBS Letters 234: 228-230.

Taylor, D. A., Bowman, B. F. and Stull, J. T. (1989). Cytoplasmic Ca2+ is a primary
determinant for myosin phosphorylation in smooth muscle cells. J. Biol. Chem.
264:6270-6213.

Taylor, P. S. (1987). Selectivity and patch measurements of A-current channels in
Helix aspersa neurons. J. Physiol (Lond.) 388:437-447.

Tomita, T. (1966). Electrial responses of smooth muscle to external stimulation in
hypertonic solution. J. Physiol. (Lond.) 183:450-468.

Tomita, T. (1982). Ionic basis of smooth muscle action potentials. In: Handbood of
Experimental Pharmacology, ed. by Bertaccini, G., Springer-Verlag, Berlin. pp.’79-
115.

Tomita, T. (1988). Ionic channels in smooth muscle studied with patch-clamp
methods. Japan. J. Physiol. 38:1-18.

Toro, L., Gonzalez-Rohles. A. and Stefani, E. (1986). Electrical properties and
morphology of single vascular smooth muscle cells in culture. Am. J. Physiol. 251:
C763-773.

Tsien, R. Y. (1988). Fluorescence measurement and photochemical manipulation of
cytosolic free calcium. Trends. Neur. Sci. 11: 419-424.

211



Vanhoutte, P. M. (1982). 5-Hydroxytryptamine, vasospasm and hypertension. In 5-
Hydroxytryptamine and Peripheral Reactions, ed. F. De Clerck, P. M. Vanhoutte,
pp. 163-174. New York: Raven.

Vanhoutte, P. M. (1983). 5-hydroxytryptamine and vascular disease. Fed. Proc. 42:
233-37.

Vanhoutte, P. M. (1985). Peripheral serotonergic receptors and hypertension. In
Serotonin and the Cardiovascu’ar System, ed. by P. M. Vanhoutte, pp. 123-134.
Raven Press, New York.

Vanhoutte, P. M., Verbeuren, T. J. and Webb, R. C. (1981). Local modulation of
adrenergic neuroeffector interaction in the blood vessel wall. Physiol. Rev. 61:151-
247.

Vanhoutte, P.M. (1981). Control of Vascular Function. Earl H. Wood Scientific
Symposium. pp. 20-27.

Vergara, C. and Latorre, R. (1983). Kinetics ofCa2+-activated K+ channels from
rabbit muscle incorporated into planar lipid bilayers: evidence for a Ca2+ and
Ba2+ blockade. J. Gen. Physiol. 82:543-568.

Vergara, C., Moczydlowski, E. and Latorre, R. (1984). Conduction, blockade, and
gating in a Ca2+ -activated K + channel incorporated into planar bilayers. Biophys.
J. 45:73-76.

Vrolix, M. Raeymaekers, L. and Wuytack F. (1988). Cyclic GMP-dependent protein
kinase stimulates the plasmalemmalCa2+-pump of smooth muscle via
phosphorylation of phosp hatidyl-i nositol. Biochem. J. 255:855-863.

Wagoner, P. K. and Oxford, C. S. (1987). Cation permeation through the voltage-
dependent potassium chan’el in the squid axon. Characteristics and mechanisms. 3.
Gen. Physiol. 90:261-290.

Wahistrom, B. (1971). The effect of changes in the ionic environment on venous
smooth muscle distribution of sodium and potassium. Acta. Physiol. Scand. 82:382-
392.

Wang, Y. and Mathers, D. A.(1991). High sensitivity to internal
tetraethylammonium in K(Ca) channels of cerebrovascular smooth muscle cells.
Neuroscience Letters. 132:222-224.

Wang, 3., Baimbridge, K.G., and Leung, P.C.K. (1989). Changes in cytosolic free
calcium ion concentrations in individual rat granulosa cells: Effect of luteinizing
hormone-releasing hornio ne. Endocrinology. In Press.

Warren, 3. B. (1990). The Endothelium. Wiley-Liss, Inc. New York.

Waters, A. and Harder, D. R. (1985). Altered membrane properties of cerebral
vascular muscle following subarachnoid hemorrhage in cat: an electrophysiological
study. Stroke 16:990-997.

Weinreich, D. (1986). Bradykinin inhibits a slow spike after hyperpolarisation in
visceral sensory neurons. Nature 330:653-655.

212



Wilkins, R.H. 1980. Cerebral Arterial Spasm. Williams and Wilkins, Baltimore.

Williams, D. L., Katz, G. M., Roy-Contancin, L. and Reuben, J. P. (1988).
Guanosine 5’-monophosphate modulates gating of high-conductance Ca2 + -

activated K+ channels in vascular smooth muscle. Proc. Nati. Acad. Sci. U.S.A.
85:9360-9364.

Williams, D.A., Fogarty, K.E., Tsien, R.Y., and Fay, F.S. (1985). Calcium gradients
in single smooth muscle cells revealed by the digital imaging microscope using Fura
2. Nature 318: 558-561.

Wong, B. S. and Adler. M. (1986). Tetraethylammonium blockade of calcium-
activated potassium channels in clonal anterior pituitary cells. Pflugers Arch.
407:279-284.

Wong, B. S. Lecar, FT. and Adler, M. (1982). Single calcium-dependent potassium
channels in clonal anterior pituitary cells. Biophys. J. 39:3 13-3 17.

Woodhull, A. M. (1973). Ionic blockage of sodium channels in nerve. J. Gen.
Physiol. 61:687-708.

Yamamoto, Y and Hotta, K. (1986). Electrical responses of the smooth muscle of
the guinea-pig cerebral artery to brief electrical stimulation. Japan. J. Physiol. 36:77-
90.

Yagi, S. Becker, P. C. and Fay, F. S. (1988). Relationship between force and Ca2+
concentration in smooth muscle as released by measurment on single cells. Proc.
Nati. Acad. Sci. USA 85:4109-4113.

Yanagisawa, M., Kurihara, H., Kimura, S. et al. (1988). A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature. 32:411-415.

Yellen, G. (1984a). Ionic permeation and blockade inCa2+-activated K+ channels
of bovine chromaffin cells. J. Gen. Physiol. 84:157-186.

Yellen, G. (1984b). Relief of Na+ block ofCa2±-activated K+ channels by
external cations. J. Gen. Physiol. 84:187-199.

Yellen, G., Jurman, M. E., Abramson, T. and MacKinnon, R. (1991). Mutations
affecting internal TEA blockade identify the probable pore-forming region of a K+
channel. Science 25 1:939-942.

Young, A. R., Hamel, E., and Mackenzie, E. T. (1986). Recent studies on the
serotonergic innervation of the cerebral circulation: a review. In Neural Regulation
of Brain Circulation. ed. by C. Owman and J. E. Hardebo. Elsevier, Amsterdam.
pp.195-217.

Young, A. R., Mackenzie, E. T., Seylez, J., and Verrecchia, C. (1986). Receptors
involved in the 5-hydroxytryptamine-induced contraction of isolated cerebral
arteries. Acta Physiol. Scand. 127:54-57.

213



Zhang, H., Stockbridge, N., Weir, B., Krueger, C. and Cook, P. (1991).
Glibenclamide relaxes vascular smooth muscle contraction produced by
prostaglandin F2 alp ha. European J. of Surgery. 195:27-35.

214




