
THE UNIVERSITY OF CALGARY 

Ionic basis of (^-adrenoceptor stimulation in the rat tail artery 

by 

Mary L. Earle 

A DISSERTATION 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

DEPARTMENT OF CARDIOVASCULAR AND 

RESPIRATORY SCIENCES 

CALGARY, ALBERTA 

June, 1997 

'Mary L. Earle 1997 



  
 
 
The author of this thesis has granted the University of Calgary a non-exclusive 
license to reproduce and distribute copies of this thesis to users of the University 
of Calgary Archives.  
 
Copyright remains with the author.  
 
Theses and dissertations available in the University of Calgary Institutional 
Repository are solely for the purpose of private study and research. They may 
not be copied or reproduced, except as permitted by copyright laws, without 
written authority of the copyright owner. Any commercial use or publication is 
strictly prohibited. 
 
The original Partial Copyright License attesting to these terms and signed by the 
author of this thesis may be found in the original print version of the thesis, held 
by the University of Calgary Archives.  
 
The thesis approval page signed by the examining committee may also be found 
in the original print version of the thesis held in the University of Calgary 
Archives. 
 
Please contact the University of Calgary Archives for further information,  
E-mail: uarc@ucalgary.ca
Telephone: (403) 220-7271  
Website: http://www.ucalgary.ca/archives/

mailto:uarc@ucalgary.ca
http://www.ucalgary.ca/archives/


ABSTRACT 

The current literature describing the consequence of aradrenoceptor (AR) stimulation 

in vascular smooth muscle provides us with a model that is insufficient in describing an 

appropriate influx pathway for Ca2+ under conditions of sustained contraction. Although a 

nifedipine-sensitive pathway is apparent there is also a component of the response which is 

insensitive to nifedipine. This thesis describes experiments which were undertaken to more 

closely examine the ionic mechanisms underlying a r AR stimulation in the rat tail artery 

(RTA). 

The presence of a nifedipine-insensitive component of the sustained contractile 

response to phenylephrine, that is sensitive to nominally Ca2+-free bathing solution, was 

confirmed at the whole tissue level. Also, no change or a decrease in voltage-gated Ca2+ 

channel (VGCC) activity was apparent in myocytes exposed to phenylephrine during 

perforated patch whole-cell voltage recordings of nifedipine- and BayK 8644-sensitive barium 

currents. This indicates that VGCC must be activated via depolarization due to a r AR 

occupancy rather than by a direct G protein mediated mechanism. Activation of a transient 

and sustained inward current in response to phenylephrine was identified using net current 

recordings in the perforated patch clamp mode. The latter displayed characteristics similar to 

that expected for a non-selective cation current (NSCC); that is, it was insensitive to 

nifedipine, reduced in lowered concentrations of extracellular Na+ but little affected by CI" 

replacement. Digital subtraction of current records in the absence and presence of an a r AR 

agonist obtained using a voltage ramp protocol under net current recording conditions, 

displayed a zero current potential of approximately 0 mV. This is the first description of a 

NSCC of smooth muscle cells of rat tail artery. A similar current was activated following 

exposure of RTA myocytes to NaF, a non-specific G protein activator. 

The role of spontaneous transient outward currents (STOCs) carried by TEA-sensitive 

large conductance Ca2+-activated K+ channel (BKCa), in the response to phenylephrine was 

also investigated. These currents are activated following spontaneous release of stored Ca2+ 

producing focal elevations in cytoplasmic Ca2+ or "sparks". An initial activation followed by 

in 



cessation of STOCs occurred in response to phenylephrine, similar to that described for other 

agonists which elevate IP3 levels within smooth muscle cells. A role for downstream 

mediators of a r AR stimulation in eliminating STOCs was subsequently investigated. Using 

a phorbol ester to Activate protein kinase C (PKC), STOC activity was abolished, consistent 

with a role for this kinase in modulating spark frequency and/or amplitude following a,-AR 

occupancy. 

Finally, a role for the Na7Ca2+ exchanger in the regulation of subsarcolemmal [Ca2+], 

and, therefore, in the regulation of STOC activity was identified. By reducing extracellular 

[Na+] using choline replacement, the activity of STOCs was enhanced in the absence of any 

agonists. Also, following cessation of STOC activity induced with phenylephrine, reducing 

extracellular [Na+] was observed to recover STOC activity. 

On the basis of the findings of these experiments, a comprehensive model of the 

potential mechanisms for ccrAR control of membrane potential and VGCC activity is 

proposed that involves: i) NSCC-induced depolarization in response to G protein- or DAG-

induced increase in open probability, and ii) a decline in STOCs due to a PKC-mediated 

reduction in subsarcolemmal [Ca2+] and/or partial depletion of sarcoplasmic reticulum Ca2+ 

stores. 
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1. Introduction: 

1.1 Vascular Smooth Muscle - Structure and Function: 

Muscular arteries and arterioles are known to be primary resistance vessels in the 

circulation, whilst veins are capacitance vessels. The resistance vessels achieve a compromise 

between the needs of the organism and the requirements and functional demands of individual 

organs. Consequently, blood flow velocity varies from region to region due to the presence 

of large-conductance vessels, capacitance vessels, resistance vessels (myogenic), etc. and thus 

the contribution of these vessels to the regulation of systemic blood pressure varies. Many 

individual organs in the body regulate their own blood supply, in accordance with their 

demands, by autoregulatory mechanisms that depend on intrinsic and extrinsic factors for 

control of smooth muscle tone and ultimately vascular resistance. 

1.1.1 Control of vascular resistance - intrinsic mechanisms: 

The primary function of vascular smooth muscle, particularly that of resistance 

vessels, is to regulate and maintain blood pressure within strict limits. Cardiac output supplies 

the driving force for blood circulation, which is dependent upon factors such as venous return 

and myogenic resistance (or vascular tone). The latter provides the means of fine tuning blood 

pressure via changes in the contraction and relaxation of smooth muscle tissues. This intrinsic, 

myogenic response occurs in small arterial resistance vessels which demonstrate constriction 

in response to an increased intravascular pressure, an effect that is dependent upon resting 

membrane potential (RMP) and is discussed in more detail below. The organisation of 

networks of resistance vessels with a high degree of cell-to-cell coupling provides a system 

of functionally coupled vessels with a significant contribution to resistance of flow and is 

clearly an important site of physiological control of blood pressure (Duling, 1991). 

The walls of muscular arteries, arterioles, venules and veins contain vascular smooth 

muscle cells (VSMCs) which, like other muscle cells, will contract in response to a rise in 

intracellular free calcium concentration ([Ca2+]j) due to depolarization of membrane potential 

and/or stretch in response to changes in transmural pressure. Longitudinal communication 

may be in the form of conducted vasomotion. For example, local application of vasoactive 
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substances to short segments of arteriolar wall (20-100 um) produce responses that are 

conducted electrotonically via gap junctions with a length constant of 2 mm (Duling, 1991). 

This conducted vasomotion has been described in many vessels including micro-vessels and 

most likely acts as a positive feedback mechanism. However, the functional significance of 

these processes obviously depends upon a myriad of potential interactions producing complex 

relations between flow velocity, vessel diameter and sheer stress. 

1.1.2 Control of vascular resistance - extrinsic mechanisms: 

Control of resistance vessel diameter also depends on extrinsic factors which modulate 

vascular smooth muscle tone. For example, local tissue factors control very small resistance 

vessels, regulating intra-organ flow distribution, whereas neural control of larger vessels may 

more effectively accommodate the demands of the organism, regulating organ flow and 

systemic blood pressure. Interactions between cells comprising the vessel wall and between 

the parenchyma and vasculature must be considered in order to understand blood pressure 

and flow regulation. 

1.1.3 Endothelial derived factors: 

Both metabolic and neural regulation represent specialized forms of extravascular 

control. Within the vessels, smooth muscle-endothelial cell interactions, typified by 

endothelial-derived vasoactive factors such as endothelial derived relaxing factor (EDRF) and 

hyperpolarizing factor (EDHF), represent critical forms of communication for control of 

vessel diameter. The endothelial layer is in intimate contact with intravascular fluids whilst the 

smooth muscle cell layer is in direct contact with the interstitial fluids. Thus, communication 

between these two layers permits radial communication and specialized control of vascular 

function. Since the discovery of EDRF by Furchgott & Zawadski (1980), EDRF or nitric 

oxide has proven to be a key transducer in many signalling events. It is a lipophilic free radical 

gas synthesized from L-arginine and consequently is freely diffusible, passing readily from the 

endothelium where it is synthesized to the underlying smooth muscle, resulting in 

vasorelaxation. The latter occurs by the binding of NO to the haem group of soluble guanylate 
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cyclase and subsequently increasing the level of cGMP (Schultz & Triggle, 1994; Moncada 

et al., 1991). Nitric oxide synthase (NOS), the enzyme responsible for the synthesis of NO, 

exists in at least 3 different isoforms requiring NADPH, FAD, FMN, tetrahydrobiopterin and 

calmodulin as co-factors (Triggle, 1994). It is known that sheer stress produced by an 

elevation of flow velocity or viscosity of the blood is an important physiological stimulus for 

NO production and release (Pohl et al., 1986). Elevation of sheer stress upregulates the 

expression of Ca2+-dependent NOS in endothelial cells, whereas exposure to inflammatory 

cytokines down-regulates it (Nishida et al., 1992; Yoshizumi et al., 1993). It has been argued 

that there may be a continuous and spontaneous basal release of EDRF, with the amount of 

release being dependent upon the level of vascular tone (Schultz & Triggle, 1994). 

Vasodilation induced by endothelial factors can be accompanied by hyperpolarization 

(Bolton & Clapp, 1984; 1986; Kuriyama et al., 1995). In the guinea pig coronary artery, 

Parkington et al. (1993) report that ACh and substance P evoke hyperpolarization due to the 

release of EDRF, EDHF and PGI2. Little is known about EDHF, but recent evidence suggests 

it may be a metabolite of cytochrome P450 mediated metabolism of arachidonic acid. There 

is a consensus that endothelial derived factors are key to the regulation and modulation of 

vascular tone under physiological conditions and nitrovasodilators, which are metabolized to 

release NO, are used clinically to induce vasodilation. Nitric oxide, directly or via the 

generation of cGMP and cGMP dependent protein kinase activation, has also been implicated 

in ion channel regulation (Clapp & Gurney, 1991a; Chen & Schofield, 1993; Mery et al., 

1993; Blatter & Wier, 1994). An obligatory role for nitric oxide in the autonomic control of 

heart rate has been suggested from experiments using isolated spontaneously beating single 

cells from the rabbit sino-atrial node (Han et al., 1994). 

1.1.4 Sympathetic innervation 

Unlike visceral smooth muscle or cardiac muscle, which are dually innervated by 

functionally antagonistic sympathetic and parasympathetic nerves, most blood vessels are 

innervated only by sympathetic nerve fibres (Bevan et al., 1980). The sympathetic nerve 

terminals form a two-dimensional plexus at the adventitial border, immediately outside the 
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muscle layer, forming approximately 40,000 varicosities per mm2, 90% of which form 

junctions with smooth muscle (Bao, 1993). 

1.2. a-adrenoceptors: structure and function 

It has been nearly a century since the observation of Langley (1901) that adrenal gland 

extracts, when injected into animals, mimicked many of the physiological effects of 

sympathetic nerve stimulation, and that ergot alkaloids would block some, but not all, of these 

effects (Dale, 1906). These observations were made about the same time as the concepts of 

chemical neurotransmission (Elliot, 1904) and the presence of "receptive substances" on 

effector cells (Langley, 1905) were introduced. The release of an excitatory neurotransmitter 

from sympathetic nerves by Otto Loewi was shown in 1921 (see Ruffolo & Hieble, 1995 for 

review). The subsequent determination that this transmitter was noradrenaline by von Euler 

(1946) led to the development of adrenergic pharmacology and the first classification of these 

receptors into a- and p-adrenoceptors by Ahlquist (1948). 

Our current understanding of the adrenoceptors is the result of an explosion in the 

field of pharmacology, the development of more "selective" agonist and antagonist drugs, the 

integration of various aspects of science, such as molecular biology and biochemical 

techniques, and the subsequent development of more effective treatment paradigms typified 

by new antihypertensive drugs and bronchodilators. Over the last two decades, a 

pharmacological classification of a-adrenoceptors (a-ARs) has evolved that is based upon the 

relative potencies of a series of agonists and antagonists (table 1). For instance, an 

adrenoceptor that is activated by either methoxamine, cirazoline or phenylephrine and is 

blocked by low concentrations of prazosin, WB4101 or corynanthine in a competitive manner 

is described as an aradrenoceptor (a rAR). Conversely, a response to either a-

methylnoradrenaline, UK14304, BHT920 or BHT933, which is competitively antagonized 

by low concentrations of either yohimbine, rauwolscine or idazoxan is classified as being 

mediated via a2-adrenoceptors (Ruffolo et al., 1991a; Graham et al., 1995; Bylund et al., 

1994). 

Several investigators have described the contraction of vascular smooth muscle to a-
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adrenoceptor agonists as being "amplified" in the presence of low concentrations of a second 

agent. Using threshold concentrations of endothelin-1 or KG, the response of dog mesenteric 

vessels to the a2-adrenoceptor (a2-AR) agonist UK-14304 was enhanced, an effect that may 

be mediated in part via protein kinase C (PKC) (Shimamoto et al., 1995). The response to a-

AR occupancy is also amplified in the presence of sub-threshold concentrations of angiotensin 

II in isolated vascular smooth muscle cells from the rat tail artery (Li et al., 1994; Triggle et 

al., 1996). Many factors have been suggested to mediate this type of modulation: extracellular 

Ca2+ dependency (van Breemen et al., 1986), receptor reserve (Purdy & Weber, 1988), 

membrane potential (Bevan et al., 1986), and calcium-dependent alterations in myofilament 

sensitivity (Nishimura et al., 1988). The precise mechanisms involved in this phenomenon are 

still unclear. However, some type of "priming" mechanism seems to be involved. Such 

influences, although present in vivo, may not be observed in vitro. This raises many questions: 

for instance, is the voltage-gated calcium channel (VGCC) normally "primed" for opening 

(e.g. phosphorylated by some endogenous "factor"), or is some other calcium influx pathway 

activated in vivo? Clearly if this were the case, studies investigating signal transduction at the 

single cell level would provide misleading results in the absence of this priming mechanism. 

Heterogeneity within the aj-adrenoceptor family is well established although the 

number and characteristics of the subtypes are still controversial. Subdivision of ar 

adrenoceptors into the a1A- and a1B- subtypes is based upon their pharmacologic profile. The 

a1B- but not the a1A-adrenoceptor is inactivated by the irreversible alkylating agent 

chlorethylclonidine (CEC) whereas the a1A-adrenoceptor has a higher affinity for antagonists 

suchasWB4101 and 5-methylurapidil (Bylund et al., 1995). The functional subclassification 

of adrenoceptors into a1H- and a1L-, based upon the affinity of these receptors for prazosin 

and yohimbine (High and Low), was proposed by Flavahan & Vanhoutte (1986) and extended 

to include a third group, a1N-, which has a relatively low affinity for prazosin and a higher 

than expected affinity for yohimbine (Muramatsu et al., 1990). It has been hypothesized that 

a1A- and a1B-adrenoceptors are subtypes of the cc1H-adrenoceptor (Muramatsu et al., 1991), 

suggesting that a1L- and a1N-adrenoceptors may be fairly specific for vascular tissue and thus 

providing an explanation for the difficulty often reported in reconciling the a [-adrenoceptor 
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response of vascular tissue into the a1A/a1B classification scheme (Oriowo & Ruffolo, 1992). 

Molecular cloning techniques have identified three a,-adrenoceptor subtypes, the alb-

adrenoceptor (lower case subscript is conventionally used to denote cloned receptors) when 

expressed had radioligand binding properties consistent with an oc,B-AR (Cotecchia et al., 

1988). This adrenoceptor was originally cloned from a hamster vas deferens cell line. 

Screening of a rat brain library with a cDNA probe from the hamster cclb-adrenoceptor 

revealed a cDNA clone encoding a novel adrenoceptor with a high affinity for WB4101, 

which was initially thought to be the au-adrenoceptor but has since been named the ald- or 

ala/d-adrenoceptor (Lomasney et al., 1991; Perez et al., 1991; Graham et al., 1996). Similarly 

a third aradrenoceptor designated the alc-adrenoceptor has been cloned which has a 

pharmacologic profile distinct from either the alb- or ald-adrenoceptor (Schwinn et al., 1990). 

Thus two pharmacologically distinct receptors and three cloned receptors appear to exist 

although the exact relationship between these has yet to be determined. 

Similarly, ^-adrenoceptors have been classified pharmacologically as a2A-, a2B-, a2c-

and a2D-adrenoceptors (refer to table 1) based upon their affinities for various adrenergic 

compounds (Ruffolo et al., 1991a; Bylund et al., 1994). Three separate genes encoding a2-

subtypes have been identified in human, rat and mouse (Bylund et al., 1995) which have 

similar pharmacologic profiles to the a2A-, a2B-, a2C- and a2D-adrenoceptors. Thus, whereas 

there are four pharmacologically distinct a2-subtypes, only three genetic subtypes have been 

identified. Therefore, in any given species there will be only 3 subtypes: a2A- or a2D-

adrenoceptors, a2B-adrenoceptors and a2C-adrenoceptors. A comparison between the affinity 

of phentolamine and rauwolscine has been used as a tool for identification of species 

differences between the a2A- and a^-adrenoceptors, the former being blocked more potently 

by rauwolscine and the latter by phentolamine (Bylund et al., 1995). It should be noted, 

however, that the selectivity of these agonists and antagonists is clearly not absolute. For 

instance, prazosin has an appreciable affinity for the a2B-AR. Table 1 then is simply a guide 

as to the relative potencies of these agents at various subtypes of adrenoceptor. 
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a,-AR agonists <x,/a2-AR agonists ct2-AR agonists 

cirazoline noradrenaline BHT 920 

phenylephrine methylnoradrenaline BHT 933 

methoxamine adrenaline UK14304 

clonidine 

a,-AR antagonists a,/a7-AR antagonists a2-AR antagonists 

prazosin phentolamine yohimbine 

phenoxybenzamine rauwolscine 

corynanthine idazoxan 

(WB4101) 

Table 1: Reported selectivity of a-adrenoceptor agonists and antagonists for the a,- and 

ctj-adrenoceptors (for more complete review see Docherty, 1989). 
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Schematic models for many types of receptors including the adrenoceptors have been 

postulated. Several adrenoceptors have been cloned and their amino acid sequences deduced. 

All adrenoceptors are linked to a guanosine trisphosphate-binding protein (G-protein), most 

likely members of the Gq family (table 2), and are composed of single polypeptide chains 

ranging from 402 to 515 amino acids in length (Graham, 1990). Hydrophobicity plots suggest 

that the receptors are composed of seven transmembrane regions: the amino terminus is 

thought to be located extracellularly and in most cases contains several glycosylation sites. 

The carboxyl terminus is located intracellularly and contains sites for post-translational 

modification (for review see Graham, 1990). The transmembrane regions are linked by three 

extracellular and three intracellular loops of variable length. The third intracellular loop is 

believed to be the site for interaction with G proteins. This interaction most likely involves 

charged amino acids in both proteins that participate in the formation of putative amphiphilic 

helices which are thought to become exposed following agonist binding to the receptor. The 

first and second extracellular loops contain cysteine residues that are highly conserved in 

almost all adrenoceptors and are thought to be important in protein folding due to the 

formation of disulphide bonds (Graham et al., 1995). 

1.3 Signal Transduction mechanisms in vascular smooth muscle 

In 1883, Ringer demonstrated that the frog heart failed to contract when calcium ions 

were absent from the perfusion fluid (Ringer, 1883). Almost 75 years after this observation, 

Hodgkin and Keynes (1957) described the influx of calcium ions that accompanied each 

action potential in the squid giant axon. The pivotal role of calcium in vascular smooth muscle 

contraction was established in 1965 following the observation that demembranated smooth 

muscle fibres developed force when the free calcium ion concentration in the bathing medium 

was increased over the range 0.18 - 1 uM (Filo et al., 1965). 
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Process G protein Membrane effector 

PI turnover & Ca2+ store 

release 

Gq, Gn, G14, G16, Gh PLC 

Ca2+ influx G* (PTX sensitive) Ca2+ channel 

cyclic AMP accumulation - Adenylyl cyclase 

Arachidonic acid release G* (PTX sensitive) PLA2 

PC hydrolysis G* PC-PLD or PC-PLC 

Table 2: Putative a,-adrenergic signal transduction processes (from Garcia-Sainz 

(1993)). PTX, pertussis toxin; PI, phosphoinositide; PC, phosphatidylcholine; PLC, 

phospholipase C: PLA2, phospholipase A2; PC-PLD or PC-PLC, phosphatidylcholine 

specific phospholipase D or C, respectively; G*, G protein not yet identified. 
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1.3.1 Intracellular Ca2+ mobilization. 

Stimulation of vascular smooth muscle, via neuronal or hormonal mechanisms, leads 

to biochemical alterations within individual cells and subsequent modulation of the contractile 

response of the tissue as a whole. Typically, [Ca2+]j increases from below 100 nM in the 

resting cell to 500-700 nM during contraction. This increase in calcium is the result of: (i) an 

increase in calcium entry into the cell via voltage gated or receptor operated calcium channels 

or non-selective cation channels (NSCC), and ii) release of calcium from the S.R. (Pozzan et 

al., 1994). 

It is clear that alterations in membrane biochemistry and the subsequent liberation of 

second messengers is crucial to the modulation of vascular tone. A large number of membrane 

bound receptors, including the a-adrenoceptor, are coupled via a G protein to the enzyme 

phosphoinositide-specific phospholipase C (PI-PLC). Ligand occupancy of these receptors 

results in activation of PI-PLC, which catalyses the hydrolysis of membrane 

polyphosphoinositides (Lee & Severson, 1994). We now know that following receptor 

occupancy, the release of the water soluble messenger inositol 1,4,5-trisphosphate (IP3) will 

stimulate the discharge of stored calcium from the S.R. and initiate contraction. Binding of 

IPj to its receptor, which is also a calcium release channel, opens the channel allowing calcium 

to diffuse down its concentration gradient (approximately 104-fold) from the S.R. into the 

cytosolic compartment. IP3 is derived from phosphatidylinositol 4,5-bisphosphate (PIP2) and 

is accompanied by the production of a lipid metabolite, 1,2-diacylglycerol (DAG), which is 

thought to be a physiological activator of several members of the protein kinase C (PKC) 

family. 

1.3.2 Ca2+ release mechanisms in smooth muscle. 

Two calcium release mechanisms have been described in VSM: calcium-induced 

calcium release (CICR) and IP3-induced calcium release (IICR) (Berridge, 1993). Generally, 

CICR is thought to be the result of an increased [Ca2+]j activating ryanodine-sensitive Ca2+ 

channels (or ryanodine receptors (RyR)) whereas IICR arises from G protein mediated PLC 

activation, generating IP3 and subsequent activation of the IP3-sensitive Ca2+ channels (or IP3 
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receptors (DP3R)). CICR is activated by caffeine or ryanodine (Itoh et al., 1981; Ganitkevich 

& Isenberg, 1992), inhibited by more than 5 uM Ca2+ and activated by adenine nucleotide 

(lino, 1989). In the presence of caffeine, the Ca2+ dependence of the channel is shifted to the 

left promoting channel opening and accelerating release of calcium from the store, whereas 

ryanodine acts by binding to the channel and locking it in an open conformation (Kuriyama 

et al., 1995). The source of the trigger calcium producing CICR is still not fully understood; 

such contenders as the L-type VGCC or a NSCC have been suggested. However, it would 

appear that Ca2+ release by CICR can occur independent of membrane potential level 

(Kuriyama et al., 1995). Activation of IICR produces contraction in the absence of 

depolarization and has thus been termed "pharmacomechanical coupling", a term that was 

first introduced by Somlyo & Somlyo (1968). 

1.3.3 Protein kinase C 

PKC is a widely distributed protein serine/threonine kinase with broad substrate 

specificity. The PKC family comprises 10 or 11 subspecies of serine/threonine kinases so far 

identified (Nishizuka, 1992; Singer 1996) which can be classified on the basis of their 

requirements for lipid activators together with conserved structural features (Lee & Severson, 

1994; Kuriyama et al., 1995): 

(i) Ca2+-dependent or classical PKCs (a, P,, Pn, and y) which are activated by 

phosphatidylserine (PS), DAG (or phorbol esters), fatty acids and lysophosphatidylcholine. 

(ii) Ca2+-independent PKCs (5, e) which are activated by PS, DAG (or phorbol esters) and 

fatty acids, and r\, 0 and u PKCs, activators of which have not yet been identified, 

(iii) Atypical PKCs (C), activated by PS and fatty acids and i and X PKCs, activators of which 

have not yet been identified. The atypical PKCs are not activated by DAG or phorbol esters, 

and C is also insensitive to the selective inhibitor chelerythrine (Clement-Chomienne & Walsh, 

1996). 

Phorbol esters, which directly activate several isoforms of PKC (Castagna et al., 

1982), produce a slowly developing, sustained contraction in a variety of vascular smooth 

muscle preparations (Danthuluri & Deth, 1984; Jiang & Morgan, 1987, 1989; Singer, 1996). 
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The role of PKC activation in receptor-mediated smooth muscle contraction was clearly 

demonstrated using PKC inhibitors, including a pseudosubstrate inhibitor peptide (Collins et 

al., 1992). PKC isoenzymes translocate to unique subcellular sites following activation, and 

reportedly bind to specific anchoring proteins (Johnson et al., 1996). For example, PKC 

translocation from the cytoplasm to the plasma membrane (a putative site of action of PKC) 

has been observed in a variety of tissues (Singer et al., 1992; Haller et al., 1990); however, 

the importance of this event to smooth muscle contraction is still argued (Ohanian & 

Heagerty, 1991). In smooth muscle, the a, P, e, and C isoenzymes are often identified 

(Andrea & Walsh, 1992). Consistent with the membrane translocation hypothesis, many of 

the substrates for PKC are membrane-bound proteins (e.g., epidermal growth factor 

receptors, ion channel proteins). However, many cytosolic and cytoskeletal, as well as nuclear 

proteins, are also phosphorylated by PKC, and translocation of PKC to these structures has 

also been demonstrated. Prolonged activation of PKC results in proteolysis and the 

subsequent liberation of a constitutively active catalytic fragment, protein kinase M (PKM). 

This mechanism may provide a basis for the down-regulation of PKC observed following 

prolonged exposure to phorbol esters (Andrea & Walsh, 1992). PKM dissociates from the 

sarcolemma and phosphorylates proteins inaccessible to membrane-bound PKC, such as 

myosin, resulting in relaxation. 

Agonists such as angiotensin II, endothelin and noradrenaline (NA) produce sustained 

increases in membrane content of DAG, the endogenous activator of PKC (Lee & Severson, 

1994). Metabolites such as DAG remain within the plasma membrane due to their lipophilic 

nature; however, they are freely diffusible within the lipid bilayer (Lee & Severson, 1994). In 

addition to the action of PI-PLC, DAG may be produced from phosphatidylcholine (PC) via 

the action of phosphatidylcholine-dependent PLC (PC-PLC) or phospholipase D (PLD) to 

yield phosphatidic acid (PA), followed by dephosphorylation by phosphatidate 

phosphohydrolase (PPH); however, the contribution of these pathways in vivo has not been 

fully investigated (for review see Lee & Severson, 1994). In the rat tail artery, Gu et al. 

(1992) reported that noradrenaline stimulated PC hydrolysis occurs by activation of PLD and 

PLC. 
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Protein kinases are also known to modulate many intracellular processes including 

ion channels (Grega et al., 1987; Kuriyama et al., 1995; Nelson & Quayle, 1995), although 

experimental observations on VSMCs have been inconsistent (Hirakawa et al., 1995; 

Kuriyama et al., 1995; Sato & Sperelakis 1991). Thus PKC activated Kdr in cardiac muscle 

(Walsh & Kass, 1988; 1989), whereas in the rabbit portal vein, PKC activation inhibited Kdr 

(Aiello et al., 1996). This latter finding is consistent with observations from mouse heart 

cloned Kdr channel, an effect which was not observed following point mutation (serine to 

alanine) of the PKC phosphorylation site (Honore et al., 1991). In the rabbit saphenous artery 

and rat portal vein, phorbol ester enhanced the Ca2+ current (Loirand et al., 1990; Oike et al., 

1992). In A7r5 VSM cell line, both an activation and no effect of phorbol esters on VGCCs 

have been reported (Fish et al., 1988; Sato & Sperelakis, 1991). 

1.3.4 Control of actin-myosin myofilaments: 

It is now accepted that in smooth muscle the binding of four calcium ions to the 

calcium binding protein, calmodulin (CaM), induces a conformational change that exposes 

sites of interaction with target proteins, such as myosin light chain kinase (MLCK) (figure 1). 

The resulting tertiary complex, Ca4
2+-CaM-MLCK, represents the active form of the kinase 

and results in relief of autoinhibition of the kinase. This active complex catalyses the transfer 

of the terminal phosphoryl group of ATP resulting in the phosphorylation of serine-19 in each 

of two 20 kDa light chains (LC20) of myosin. This single phosphorylation step triggers cycling 

of myosin heads along the actin filament (cross-bridge cycling) and the subsequent generation 

of force due to shortening of the muscle at the expense of ATP. In smooth muscle, a "latch 

state" describes dephosphorylated but attached crossbridges which allow force maintenance 

at low levels of myosin phosphorylation (Ruegg & Pfitzer, 1991). Upon removal of calcium, 

relaxation occurs due to the dissociation of the Ca4
2+-CaM-MLCK complex, regeneration of 

the inactive MLCK apoenzyme and release of free calmodulin. Dephosphorylation of myosin 

occurs via the action of myosin light chain phosphatase (MLCP), and subsequent relaxation 

due to detachment of the cross-bridges and cessation of cross-bridge cycling (figure 1) (for 

review see Stull et al., 1991; Andrea & Walsh 1992; Walsh, 1994). Smooth muscle type 1 
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Figure 1: Myosin phosphorylation-dephosphorylation as the primary mechanism of 

regulation of smooth muscle contraction. CaM: calmodulin, MLCK: myosin light chain 

kinase, MLCP: myosin light chain phosphatase. Reproduced from Allen & Walsh (1994). 
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phosphatases are responsible for the dephosphorylation of smooth muscle myosin in situ 

(Mitsui et al., 1994). Ca2+-dependent phosphorylation of LC20, modulation of phosphoprotein 

phosphatases and phosphorylation of thin-filament associated proteins such as caldesmon or 

calponin, are all potential sites for regulation of contraction (Gerthoffer & Pohl, 1994). 

Contraction in the absence of a rise in intracellular Ca2+ in response to a-AR stimulation is 

reportedly due to DAG-activation of novel PKCs, likely PKCe, and subsequent 

phosphorylation of calponin. On the other hand, activation of mitogen-activated protein 

kinase (MAP kinase) leads to phosphorylation of caldesmon. Phosphorylation of calponin may 

relieve inhibition of cross-bridge cycling by this thin-filament associated protein (Walsh et al., 

1994). 

Two transport mechanisms in the plasma membrane function to reduce [Ca2^: the 

Ca2+ -transport ATPase and the Na7Ca2+ exchanger. These transporters operate in parallel 

to return the cell to the resting state at the end of a stimulus by restoring [Ca2+j] to below 100 

nM (Andrea & Walsh 1992; Raeymaekers & Wuytack, 1993; 1996). They are assisted in this 

process by S.R. Ca2+ pumps, which accumulate calcium in the millimolar concentration range 

within intracellular Ca2+ storage sites. These stores release Ca2+ upon excitation of the cell and 

also contribute to regulation of synthesis, folding and sorting of proteins, functions essential 

to the survival of the cell (Raeymaekers & Wuytack, 1993; 1996). The sarcolemmal calcium-

transporting ATPase (PMCA) and the S.R. calcium transporting ATPase (SERCA) differ in 

molecular weight, immunological reactivity and regulation by calmodulin and phospholamban 

(Raeymaekers & Wuytack, 1996). 

1.3.5 Tyrosine Kinase 

Evidence in the literature suggests that smooth muscle contains unusually high levels 

of tyrosine kinase activity (DiSalvo et al., 1989). These enzymes phosphorylate proteins on 

tyrosine residues and have been reported to participate in diverse signalling pathways, 

including regulation of receptors for neurotransmitters (O'Dell et al., 1991). Recent evidence 

using tyrosine kinase inhibitors, many of which are notoriously unspecific (Smirnov & 

Aaronson 1995), suggest that G protein linked receptors, such as the a-ARs, may act in part 
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via stimulation of non-receptor protein tyrosine kinases (Laniyonu et al., 1994; DiSalvo et al., 

1993). Several studies have demonstrated effects of tyrosine kinase inhibitors on ion channels, 

implying that tyrosine kinase may modulate membrane potential in VSMCs (Wijetunge et al., 

1992; Saad et al., 1994; Huang et al., 1993). Some authors have questioned these results 

since the inhibitors, for example, genistein, were subsequently shown to directly block ion 

permeation of channels (Smirnov & Aaronson, 1995). However, a number of non-receptor 

protein tyrosine kinases have been found associated with other cell surface proteins (which 

generally lack endogenous enzyme activity) and shown to be capable of facilitating cell 

surface initiated signal transduction (Bolen, 1993) and are therefore worthy of a mention. 

1.3.6 Focus: the cc-adrenoceptors 

Clearly the signal transduction processes employed in vascular smooth muscle vary 

considerably. The focus of the research included in this dissertation revolves around the 

transduction mechanisms resulting from activation of ^-adrenoceptors. A further 

subclassification system for the a-adrenoceptors has been suggested based upon the signal 

transduction mechanism implicated to elevate [Ca2+]j (Han et al., 1987). Activation of oc1B-

adrenoceptors is thought to result in elevation of IP3 and subsequent release of intracellular 

Ca2+ whereas activation of the a1A-adrenoceptor is classically described as being coupled via 

a G protein to an L-type voltage gated Ca2+ channel (VGCC) (Ruffolo et al., 1991a). These 

data are based upon studies showing a subdivision of the a,-adrenoceptor mediated response 

into one that is sensitive to inhibition by calcium channel blockers but insensitive to alkylating 

agents and vice versa. 

It has been suggested that in some tissues a single a,-adrenoceptor subtype may exist 

that mediates the response to different agonists, despite the fact that these agonists have a 

differential reliance upon intracellular and extracellular calcium (Ruffolo et al., 1991a). This 

has been an area of contention for some time. A full agonist, such as NA, produces 

vasoconstriction via activation of phospholipase C (PLC) and subsequent mobilization of 

intracellular calcium stores in addition to an influx of Ca2+. A partial agonist, such as St587 

or dobutamine, which presumably requires a greater receptor occupancy to produce an 
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equivalent response to a full agonist, and by definition also can act as an antagonist, produces 

vasoconstriction through a pertussis toxin-sensitive influx of extracellular calcium. The 

response to a partial agonist is more sensitive to dihydropyridines than that of a full agonist 

(Ruffolo et al., 1984; 1991a). This utilization of different calcium pools by full and partial 

agonists was proposed to be the result of activation of different adrenoceptor subtypes. 

However, pretreatment of tissue from rat aorta with these agents produced an equal degree 

of protection to alkylation by phenoxybenzamine (POB), suggesting that there is only one 

adrenoceptor that may be coupled to at least two different signal transduction mechanisms 

(Ruffolo et al., 1991b). 

1.3.7 The rat tail artery - a classical resistance vessel? 

The experiments included in this dissertation were all undertaken using the rat tail 

artery as a source of vascular smooth muscle. Our laboratory has extensive experience using 

this vessel in organ bath and biochemical studies, including the study of factors modulating 

Ca2+ levels in single cells (Cheung & Triggle, 1988, Cheung et al., 1990, Li et al., 1993, Li 

& Triggle 1994). The rat tail artery (or caudal artery) is located in the caudal aspect of the 

tail, and runs the entire length of the tail, contained within a fibrous sheath in a groove 

between the tendons and muscle bundles, with only minor branching observed (Bao, 1993). 

It responds to changes in blood pressure as a typical resistance artery; however, the tail artery 

is also know to respond to changes in temperature and is often considered to be a 

thermoregulatory organ of the rat. Regulation of heat dissipation via the tail artery has been 

estimated to require up to a 70-fold increase in blood flow compared to that observed in an 

anesthetized animal, in order to maintain deep body temperature (Aukland et al., 1991). 

Studies on whole tissue and isolated vascular smooth muscle cells from the tail artery 

have shown this tissue possesses functional receptors for neuropeptide Y (Xiong & Cheung, 

1994), ATP (Bao et al., 1993), prostaglandin E2 (Ren et al., 1995), dopamine (Rashed & 

Songu-Mize, 1995; Friedman et al., 1992), a-adrenoceptors (Li et al., 1993; Li & Triggle, 

1994), opioids (Wong & Ingenito, 1995), serotonin (Pertz & Fich, 1992), interleukin-ip and 

tumor necrosis factor-a (Wilkinson et al., 1996). In addition, studies have shown the presence 
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of a delayed rectifier potassium channel (Bolzon et al., 1993; Ren et al., 1994; 1995; 1996), 

calcium-activated potassium channel (Xiong et al., 1995), both L- and T-type calcium 

channels (Wang et al., 1989; Zhang et al., 1994) and KATP channels (Furspan, 1992) in this 

tissue. 

Previous studies of our laboratory have described the [Ca2+]; response to the a r AR 

agonists, cirazoline (0.1 uM), phenylephrine (1 uM) and noradrenaline (1 uM), measured 

using FURA-2, as being composed of an initial peak (transient or phasic) component 

increasing from approximately 80 nM to approximately 600 nM (0.1 uM cirazoline), and a 

more sustained (tonic) component, both of which were sensitive to the a r AR antagonist 

prazosin (Li et al., 1993). The response to the a2-AR agonists, TL99 (50 uM) and UK14304 

(10 uM) developed more slowly over a period of 20 minutes, with no apparent phasic 

component of change in global [Ca2+](. Moreover, the slow increase in Ca2+ levels was not as 

great as with a rAR stimulation increasing from approximately 80 nM to 200 nM (Li, 1995). 

The response to cc2-AR agonists was dose-dependent and blocked using a combination of 

prazosin (0.05 uM) and yohimbine (1 uM). The dose-response curve was shifted to the right 

in single cells from the rat tail artery compared to tissue strips, suggesting somewhat 

surprisingly that the whole tissue preparation is more sensitive to both a r AR and a2-AR 

agonists than the isolated cells. This difference in sensitivity may reflect deleterious effects of 

enzymic treatment during the isolation of the single cells or the effects of room temperature 

(isolated cells) vs. 37°C (tissue strips). 

The cc2-AR mediated [Ca2+]j response was sensitive to the L-type VGCC antagonist 

nifedipine (0.1 uM), whereas the response to the a r AR agonists was largely resistant to 

inhibition by dihydropyridines. Removal of extracellular Ca2+ ([Ca2+]0) results in a severely 

blunted cc2-AR response, but in the case of the a r AR agonists, removal of [Ca2+]0 reduced 

the peak and sustained component of the response (Li et al., 1993; Li, 1995). 

Studies to examine a role for S.R. Ca2+ stores and PKC in the rat tail artery have also 

been undertaken. Li (1995) described the effects of caffeine and ryanodine on global Ca2+ 

measured in FURA-2 loaded cells. The application of 50 uM ryanodine or 10 mM caffeine 

resulted in an increase in [Ca2+]j that was surprisingly not as intense as that elicited by 
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application of 0.3 uM cirazoline. The combination of caffeine and ryanodine resulted in a 

significantly greater increase in peak [Ca2+], compared to the application of these agents alone. 

Furthermore, the phasic component of the a,-AR response was shown in these studies to be 

sensitive to PKC inhibitors, whereas the a2-AR response was largely unaffected (Li, 1995). 

However, in other tissues, several investigators have demonstrated that activation of PKC by 

phorbol esters leads to an almost immediate blockade of c^-AR action, an effect which is 

specific for this receptor since those of other hormones, such as vasopressin and angiotensin 

II (which presumably activate the same G protein), were either not affected or affected to a 

much lesser extent (Garcia-Sainz et al., 1985; 1993). 

1.4 Regulation of vascular smooth muscle tone: Ionic conductances and the basis of 

the Resting Membrane Potential (RMP). 

Since several of the investigations undertaken in this thesis utilize electrophysiological 

approaches to determine the signal transduction pathways activated following a r AR 

occupancy in the RTA, a brief description of the ionic conductances found in this tissue will 

follow. The underlying mechanism responsible for maintenance of peripheral resistance is the 

presence of maintained arterial tone. Development of contractile force by smooth muscle cells 

of resistance vessels is dependent upon a balance between extracellular Ca2+ entry, largely via 

VGCCs, but perhaps also involving non-selective cation channels (NSCCs), calcium release-

activated channels (CRACs), store-operated channels (SOCs) or receptor-operated channels 

(ROCs), and Ca2+ extrusion from the cytoplasm mediated via the Na+/Ca2+ exchange 

mechanism, Ca2+ATPase-dependent uptake into the sarcoplasmic reticulum (S.R.) and efflux 

across the plasma membrane (P.M.). Although influx of Ca2+ through VGCCs may be a major 

mechanism involved in regulation of arterial tone, the presence of a "brake" provided by 

outward K+ currents is required in order to stabilize the membrane potential and avoid the 

elicitation of action potentials. The ability of arteries to "grade" myogenic tone suggests that 

this opposing mechanism precisely matches the inward current, avoiding the development of 

phasic contractions as occur in gastrointestinal muscle and portal vein, to produce tonic 

alterations in [Ca2+]; (Nelson & Quayle, 1995). 



20 

A wide range of values for RMP of smooth muscle cells of arteries and arterioles in 

vivo and in vitro have been reported, ranging between -75 mV and -40 mV (Hirst & Edwards, 

1989; Nelson et al., 1990a; Nelson & Quayle, 1995). When resistance arteries are subjected 

in vitro to physiological transmural pressures, they depolarize from approximately -55 mV 

to -40 mV and develop tone (Harder, 1984; Nelson et al., 1990a). Neurotransmitters such as 

NA and serotonin appear to depolarize smooth muscle (Garland, 1987; Bolton et al., 1984; 

Hirst & Edwards, 1989; Mulvany et al., 1982), and resistance arteries are likely to be under 

tonic influence from such agents. Depolarization in response to some neurotransmitters was 

also observed in arteries in vitro that were not subjected to transmural pressures, with the 

degree of depolarization dependent upon transmitter concentration. For example, Nelson et 

al. (1990b), described a 2-4 mV depolarization with 0.5 uM NA in rabbit mesenteric arteries, 

and Garland (1987) observed a 10 mV depolarization with serotonin in rabbit basilar arteries. 

Also, constriction in the absence of any innervation or hormonal influence can be produced 

following increased intravascular pressure. The mechanism(s) responsible for pressure-

induced depolarization are unclear: activation of stretch-dependent NSCC, a Ca2+-dependent 

CI" current, Ca2+ channels and/or inhibition of large conductance Ca2+-activated K+ channels 

have been implicated (Garland, 1987; Hirst & Edwards 1989; Nelson et al., 1990a, Langton, 

1993; Harder et al., 1994). 

Contractions of vascular smooth muscle evoked by vasoconstrictors, such as NA, 

phenylephrine, endothelin, vasopressin, angiotensin II and other endogenous hormones or 

neurotransmitters in vascular smooth muscle, usually consist of a transient and sustained 

component (Bolton, 1979; Bulbring & Tomita, 1987). The kinetics of the transient 

component are largely governed by the release and reuptake of Ca2+ by the S.R., whereas the 

sustained component depends on calcium entry from the extracellular space; this latter 

component is abolished in the absence of extracellular Ca2+, nifedipine and other Ca2+ channel 

antagonists, as well as by membrane hyperpolarization (Bulbring & Tomita, 1987). 

Many modulators of smooth muscle tone alter the level of RMP of smooth muscle, 

producing either hyperpolarization or depolarization by opening or closing of ion channels in 

the VSM membrane. According to the classical Hodgkin and Huxley (1952) model for 
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excitation, changes in membrane potential activate and gate channels. The species of ions that 

carry the majority of current across smooth muscle cell membranes are K+, Ca2+, CI" and Na+. 

The resting membrane potential of VSM cells is governed by the active and passive 

distribution of ions across the VSM cell membrane and varies substantially from region to 

region in systemic vascular beds. The intracellular Na+ concentration ([Na+];) (10-20 mM) is 

much lower than the extracellular Na+ ([Na+]0), approximately 150 mM; [K+]j = 130-160 mM; 

[K+]0 = 3-5 mM; [Ct\ = 40-70 mM; [Ci ]0 = 140 mM; [Ca2^ 0.01-1 uM; [C<?+1 = 1.8 mM. 

The equilibrium potential of each ion is approximately: ENa= +50 mV; EK= -85 mV; EC1= -20 

mV; ECa> +150 mV (Hirst & Edwards 1989). The resting membrane is mainly permeable to 

K+, however, RMP of smooth muscle is notably depolarized compared to EK. Several 

mechanisms may be responsible for this depolarized RMP; for example, a NSCC, a CI" current 

and/or a steady state Ca2+ current. Intracellular [CI"] in smooth muscle is higher than one 

would predict on the basis of passive diffusion. A variety of transport mechanisms have been 

implicated as a cause for this gradient in CI", including the C17HC0'3 exchanger and the 

Na7K72Cl" cotransporter (O'Donnell & Owen, 1994). 

Conditions that affect RMP of VSM, may modulate force of contraction (or degree 

of tone) primarily by affecting VGCC activity, thus accounting for the sharp dependence on 

membrane potential. The probability of opening (Popen) of VGCCs is steeply dependent upon 

voltage, increasing exponentially with membrane depolarization beyond approximately -50 

to -45 mV in vitro at 37°C. This increase in Popen in response to membrane depolarization is 

also influenced by the degree of voltage- and Ca2+-dependent inactivation of the channel. 

Also, several regulatory processes, such as channel phosphorylation and modulatory factors 

from extrinsic sources, e.g. nerves and endothelium (Blatter & Wier, 1994), are known to 

influence P The inability of most vascular smooth muscles (excepting, however, myocytes 

of portal vein) to generate an action potential is not due to a lack of Ca2+ channels, as evident 

by the fact that spontaneous spike activity can be demonstrated in several smooth muscle 

preparations following application of TEA (Tomita 1988 for review). Rather, a markedly 

increased K+ conductance on depolarization limits depolarization and prevents a regenerative 

influx of Ca2+. Which K+ conductance(s) are involved is an area of interest and debate: several 
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candidates are potentially involved and are discussed in more detail below. The contribution 

of the ouabain sensitive Na7K+ electrogenic pump to the RMP is probably approximately 3-

10 mV, but may be increased in vessels from hypertensive animals (Somlyo & Somlyo 1986). 

1.4.1 Inward currents - The Ca2+ current 

Six functional subclasses of voltage-activated Ca2+ channel types in different tissues 

have been identified, named T, L, N, P, Q and R. Two different types of VGCCs have been 

identified in smooth muscle: the transient, fast inactivating, low voltage-activated "T-type" 

and the slow, persistent, high voltage-activated, long lasting "L-type" channel, both of which 

are thought to be present in myocytes of rat tail artery (Wang et al., 1989). An "R-type" Ca2+ 

channel has been reported in the rabbit aorta, which is sensitive to insulin (Bkaily et al., 1992). 

There are no specific T-type pharmacological blockers; however, the T-type Ca2+ channels 

may be distinguished from the L-type channel based on voltage- and time-dependent kinetics 

and conductance. The maximum activating potentials for the T and L-type Ca2+ channels were 

reported to be -50 mV and -10 mV respectively, the inactivation potential levels were 100 to 

-60 mV and -60 to -10 mV respectively and the time constant for inactivation (T) was 20-50 

ms for the T-type and 700 ms for the L-type (Kuriyama et al., 1995). In RTA myocytes, 

Wang et al. (1989) reported a T-type Ca2+ channel activated at -50 mV, with peak current 

occurring at -10 mV, and an L-type activated at -20 mV, with peak current occurring 

between +10 to +20 mV. In other studies, the development of tone in the RTA was observed 

at thresholds of-46 mV (Itoh et al., 1983) and -49 mV (Cheung, 1984). 

Several inactivated states may be involved in calcium channel inactivation, 

substantiated by the presence of an ultra-slow component of inactivation and recovery from 

inactivation in some smooth muscle tissues that can be described by time constants in the 

range of minutes (Nilius et al., 1994). In general, Ca2+ channels have a finite albeit low Popen 

over the physiological membrane potential and, therefore, normally function at low levels of 

activation (see Nelson et al., 1990a). It has been estimated that steady-state Ca + influx 

through a single open VGCC with a unitary current of 0.07 pA corresponds to an influx rate 

of 200,000 ions/sec (Nelson et al., 1990a). Hence, just one channel opening in a single cell 
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would deliver Ca2+ at a sufficient rate to increase [Ca2+]; by 0.3 nM/sec at 22°C, and by 1 

uM/sec at 37°C in the absence of any buffering and extrusion (Kuriyama et al., 1995). 

Under physiological conditions the VGCC is occupied continually by one or more 

ions, which, due to electrostatic repulsion, guard the channel against permeation by other ions 

allowing preferential selectivity for Ca2+(Hess & Tsien, 1984). Conversely, repulsion between 

calcium ions allows high throughput rates and prevents saturation with calcium. Hess & Tsien 

(1984) modelled the Ca2+ channel as a single-file pore with two ion-binding sites or "energy 

wells" and three energy barriers, with both binding sites having a high affinity for calcium. 

Barium (Ba2+) is often used as a charge carrier since it has a greater conductance through L-

type channels than Ca2+, an effect that is not observed with the T-type channel. When both 

charge carriers are present, however, the conductance is reduced (Hess & Tsien, 1984; Hille, 

1992). Such behaviour, where the conductance (g) goes through a minimum or maximum as 

a function of the ratio of ionic concentration is known as the anomalous mole-fraction 

dependence (see Hille, 1992 for a more complete description). Ba2+ has another advantage 

in that it simultaneously blocks some K+ currents and reduces Ca2+-dependent inactivation of 

the L-type VGCC (Tomita 1988). 

The T-type channel has been described in a number of VSM types including the tail 

artery (Wang et al., 1989), however, it seems unlikely that a transiently active Ca2+ channel 

would play any role in RMP. If RMP lies within the window current voltage range for the T-

type Ca2+ channel, however, there would be a Ca2+ leak through these channels. This may be 

important when studying cultured cells where RMP has been reported to hyperpolarize by as 

much as 20 mV after 7 days in culture (Becherev et al., 1997). 

1.4.2 The dihydropyridines 

The L-type VGCC can be blocked in a voltage-dependent manner by 1,4-

dihydropyridines (DHPs) such as nifedipine and nitrendipine and the open state probability 

enhanced by calcium channel agonists such as BayK 8644 (Adams & Swanson 1994, Hille 

1992). L-type VGCCs are widely distributed in tissues, particularly heart and smooth muscle 

(Spedding & Paoletti, 1992 for review) and are highly sensitive to DHPs, phenylalkylamines 
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and benzothiazepines. The mode of block of the L-type VGCC by DHPs has been disputed 

due to the tissue differences in the degree of block observed. The 1,4-dihydropyridines, which 

bind to the al subunit of the VGCC, show use-dependence, low nanomolar affinity for the 

inactivated state of the channel, and a markedly reduced affinity for the channel in the open 

or closed states (Spedding & Paoletti, 1992). DHPs are relatively selective for smooth muscle 

despite the presence of L-type VGCCs in other tissues, such as neuronal, cardiac and skeletal 

muscle tissue (Spedding & Paoletti, 1992). Nelson & Worley (1989) argue that voltage-

dependent changes in the affinity of the VGCC for DHPs may explain this variable sensitivity 

of different tissues to inhibition by a calcium channel blocker: inhibition of VGCCs decreases 

with membrane hyperpolarization and RMP of smooth muscle is depolarized in contrast to 

neurons (Bean et al., 1986). Alternatively, others have argued that the variable sensitivity to 

block by DHPs reflects the role of other Ca2+ entry/release processes or the presence of 

different a2 Ca2+ channel subtypes (see below; Welling et al., 1993). 

1.4.3 Subunit composition: 

The L-type channel from skeletal muscle has been extensively studied: it is a 

heteropentameric complex composed of al , a2, P, y and 5 subunits (Varadi et al., 1995). The 

Y subunit has so far only been identified in skeletal muscle and is not thought to be present 

in smooth muscle (Hofmann & Klugbauer, 1996). The Ca2+ channel a l gene represents a 

multigene family; molecular cloning has revealed at least six Ca2+ channel al genes. The al 

subunit contains the ion-conducting pore and the sites for the inorganic and organic calcium 

channel blockers. Six different genes (classes A-E and S) have been identified for this subunit 

(Hofmann et al., 1994). Full length cDNAs encoding al subunits have been obtained using 

mRNA from a variety of tissues, including smooth muscle (Koch et al., 1990). The a1 subunit 

of the VGCC has a generalized secondary structure consisting of four repeating motifs (I-IV), 

each motif being composed of six hydrophobic segments, S,-S6, that are thought to be 

embedded in the membrane (for review see Varadi et al., 1995). As with Na+ and K+ channels, 

the short N- and longer C-terminal domains are located on the intracellular side of the 

membrane. A positively charged amino acid is found in every third position on the S4 segment 
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suggesting that this segment is responsible for the voltage-sensing capabilities of the channel 

(Catterall, 1993). Several consensus sites for PKA and PKC are located intracellularly. 

1.4.4 Regulation of L-type VGCC in smooth muscle 

Regulation of the L-type VGCC appears to depend upon the species, tissue type and 

experimental conditions. Contradictory reports investigating the role of cAMP and cGMP in 

control of the L-type current have appeared in the literature. Droogmans et al. (1987) 

observed an inhibition, or no effect, of isoprenaline on ICa of isolated cells from the rabbit ear 

artery; however, dibutryl analogues of cAMP were found to suppress ICa of rabbit aorta 

(Bkaily et al., 1988). In the A7r5 cell line, isoprenaline has been shown to both inhibit (Satoh 

& Sperelakis, 1991) and augment ICa (Marks et al., 1990), the latter also being observed 

during treatment with the adenylate cyclase activator, forskolin. Much of this controversy may 

arise from the use of different experimental conditions. For example, in isolated cardiac cells, 

the stimulatory effect of isoprenaline on ICa decreases dramatically with time under 

conventional whole cell patch clamp mode due to dialysis of the cell with pipette solution and 

the potential dilution/loss of intracellular regulatory factors (Galindo et al., 1992). In contrast, 

the perforated patch clamp technique avoids this dialysis, and the effect of isoprenaline is 

maintained for up to 60 mins (Kurachi et al., 1989). Dose-dependent effects of P-AR agonist 

on ICa have also been reported: low concentrations of P-AR agonists appear to stimulate ICa; 

however, inhibition of this conductance was observed at higher concentrations (Ishikawa et 

al., 1993). 

A similar situation exists with regard to the effect of a-AR occupancy on ICa of 

smooth muscle cells. Some investigators reported potentiation of ICa in response to 

noradrenaline (NA) (Benham & Tsien, 1988b; Loirand et al., 1990; Muraki et al., 1993; 

Lepretre et al., 1994; Muraki et al., 1994), whilst others found a-AR stimulation caused an 

inhibition of ICa (Droogmans et al., 1987; Imaizumi et al., 1991). Significantly, opposing 

effects of agonists were also reported depending upon the type of charge carrier used: 

inhibition by noradrenaline with Ca2+ as the charge carrier, but potentiation with Ba2+ (Muraki 

etal., 1994). 
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1.4.5 The CRAC 

It is widely accepted that there exists a non-homogeneous distribution of calcium 

within the smooth muscle cell. In many cells depletion of the intracellular stores leads to the 

activation of Ca2+ influx across the plasma membrane (Hoth, 1995). Putney (1986) described 

a model to relate activation of calcium entry to the filling state of the intracellular stores. The 

existence of a diffusible messenger to mediate capacitative entry, the "calcium influx factor", 

has also been suggested and is reviewed by Putney & Bird (1993). Hoth & Penner (1992) 

have demonstrated that depletion of intracellular stores by itself activated a calcium influx 

pathway. This CRAC or SOC does not require receptor occupancy and is only triggered by 

depletion of the intracellular stores. The existence of capacitative Ca2+ currents activated by 

depletion of internal calcium stores has been described for several cell types (Fasolato et al., 

1993; Hoth & Penner, 1992; 1993; Lewis & Cahalan, 1989; Vaca & Kunze, 1994; Zweifach 

& Lewis 1995). ICRAC is insensitive to classical L-type VGCC inhibitors, such as the 

dihydropyridines; however, it is inhibited by depolarization, divalent or trivalent cations such 

as Cd2+ and La3+, SK&F 96365 and some cytochrome P450 inhibitors. In addition, its amplitude 

may be increased up to 10 fold by high BAPTA or EGTA concentrations within the cell 

(Fasolato et al., 1994). The cation permeability for this channel is Ca2+>Ba2+>Sr2+»>Na+. 

The selectivity for Ca2+ over monovalent cations is identical in mast cells, rat basophilic 

leukaemia cells and human T lymphocyte (Jurkat) cells and is at least as high as that of 

VGCCs (Hoth, 1995). In these cells, the amplitude of Ba2+ current relative to Ca2+ current 

was strongly dependent upon membrane potential. An anomalous mole-fraction dependence 

was observed at very negative potentials; however, in contrast to the VGCC, there was no 

evidence of this phenomenon at potentials positive to -20 mV (Hoth, 1995). Ca2+-dependent 

inactivation of ICRAC has been observed in Jurkat cells and has been suggested to be the result 

of local Ca2+ feedback (Zweifach & Lewis, 1995). It is still unclear, however, what level of 

store depletion is required to activate ICRAC or even whether these levels are achieved under 

physiological conditions. It seems feasible that any agonist liberating IP3 and subsequently 

depleting intracellular calcium stores in this manner may activate ICRAC; however, the 

physiological importance has yet to be fully determined. 
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1.4.6 The NSCC - Receptor operated channels? 

The existence of receptor operated channels (ROCs) that may be activated by agonists 

independent of voltage-dependent Ca2+ entry has been postulated (Benham & Tsien, 1988a; 

Amedee et al., 1990). Most authors contend that ROCs are distinct from VGCCs but many 

of the properties of ROCs have now been described for VGCCs, prompting considerable 

controversy with regards to the existence of ROCs in smooth muscle (see Tomita 1988; 

Nelson et al., 1990a for review). The concept of a Ca2+ influx pathway directly activated by 

receptor ligands and insensitive to nifedipine was first developed by Bolton (1979). There are 

now several reports suggesting that such channels are present in smooth muscle and that they 

may be influenced by vasoconstrictors. For example, Benham & Tsien (1987) reported that 

ATP activates a NSCC with a 3:1 selectivity for Ca2+ over Na+ and a unitary conductance of 

5 pS. The contribution of the NSCC to the RMP has not been fully investigated due largely 

to a lack of pharmacological probes. SK&F 96365 is a putative blocker of receptor-operated 

channels and Ca2+-activated NSCCs (Merritt et al, 1990, Moritoki et al, 1996), however, 

we (Dong et al., 1996) and others (louzalen et al., 1996) have shown effects on intracellular 

calcium mobilization, as well as inhibition of neuronal L-type VGCCs (Wicher & Penzlin, 

1994) and activation of a cation influx pathway (Leung et al., 1996). 

Multiple types of NSCC appear to be present in smooth muscle, including channels 

activated by cholinergic agonists (Benham et al., 1985, Inoue 1991, Inoue & Isenberg, 1990, 

Janssen & Sims, 1992, Nakazawa et al., 1990; Carl et al., 1996), peptides (Lee et al., 1995, 

Nakazawa et al., 1990), vasopressin (Chen & Wagoner 1991), ATP (Nakazawa & Matsuki 

1987, Xiong et al., 1991) and norepinephrine (Inoue & Kuriyama 1993, Wang et al., 1993). 

Wang & Large (1991) described the activation of a NSCC in the rabbit portal vein in response 

to treatment with noradrenaline: this conductance was not activated by intracellular Ca2+ but 

was potentiated by reducing extracellular Ca2+ from 1.5 mM to 100-500 uM. A biphasic, 

initial potentiation and subsequent decline in current was observed when extracellular Ca2+ 

was reduced below 100 uM (Helliwell & Large, 1996). The physiological relevance of this 

regulation is uncertain. In 1.5 mM [Ca2+]0, the I-V relationship for the NSCC was "S shaped", 

with a reversal potential of approximately +9 mV. Helliwell & Large (1997) recently found 
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that NSCC of rabbit portal vein was activated by DAG but these effects of DAG were 

concluded to be due to a direct effect of the analogue and not mediated by PKC. This view 

contrasts with the findings of Oike et al. (1993): using the same tissue, these investigators 

found that the open probability of a NSCC (presumably the same channel) was markedly 

increased by activation of PKC. A NSCC was observed in cultured porcine coronary artery 

smooth muscle cells that was negatively regulated by tyrosine kinase activation: it was 

enhanced by genistein and staurosporine but not by H-7 or diadzein (Minami et al., 1994), an 

effect which was not observed in inside-out patches. It has been suggested that these NSCC 

may provide a direct influx pathway for Ca2+ (Helliwell & Large, 1996) and, as such, perhaps 

are obligatory in producing contraction of VSM due to vasoconstrictors. It has been difficult 

to distinguish between a NSCC and a ROC and it would appear that ROCs may be attributed 

to NSCCs. 

1.4.7 CI Current 

Chloride is by far the most abundant physiological anion. The equilibrium potential 

for chloride is generally found within 15 mV of RMP in most cell types (Hille, 1992). As a 

result, the function of a chloride conductance is thought to be similar to that of a potassium 

conductance; stabilizing the membrane potential and aiding in repolarisation. Under 

physiological conditions, it is thought that the chloride conductance plays a major role in 

regulation of intracellular pH, cell volume and secretory processes. The chloride 

concentration is greater outside of the cell than in the cytoplasm. Since current is defined as 

the direction of movement of positive charge, an inward CI" current implies an outward 

movement of chloride ions, as would occur during depolarization. Generally, chloride currents 

are classified as voltage- and calcium-dependent currents (Kuriyama et al., 1995). Voltage-

dependent chloride currents of freshly isolated and/or cultured smooth muscle cells may be 

subclassified into depolarization-induced chloride currents (large or maxi: 150 pS to 500 pS, 

intermediate 20-70 pS and small conductance 1-15 pS), hyperpolanzation Induced chloride 

currents and bell-shaped voltage-dependent chloride currents (Blatz & Magleby, 1983; Nelson 

et al., 1984; Gray et al., 1984; Kuriyama et al., 1985). It is known that voltage-dependent 
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chloride channels differ markedly from other channels, such as the VGCC, in that they are in 

general more easily recorded in the excised-patch configuration than the cell-attached patch 

configuration ("excision activation"). As a consequence, it has been suggested that an 

endogenous inhibitory substance may exist for the regulation of voltage-dependent chloride 

channel activity. One candidate is a 1 kDa substance known as the "cytosolic inhibitor". It is 

thought that this inhibitor may be an unsaturated arachidonic acid-like fatty acid (Kunzelmann 

etal., 1991; Krick et al., 1991). 

Byrne & Large (1988) found, when recording under conditions in which the Ca2+ and 

K+ conductances were minimized, that the major conductance activated in response to NA 

was a calcium-activated, voltage-dependent chloride current (ICi(ca)) which they felt was 

responsible for the observed depolarization of RMP. This view was substantiated by Pacaud 

et al. (1991) who put forward the hypothesis that the observed stimulation of ICa by NA was 

a consequence of Ia(Ca)-mediated depolarization into the voltage range of activation for 

VGCCs. Activation of Ia(Ca) has also been observed in response to treatment with endothelin 

and vasopressin (Klockner & Isenberg, 1991; Van Renterghem & Lazdunski, 1993), as well 

as Na7Ca2+ exchange operating in the reverse mode (LeBlanc & Leung, 1995) and during the 

spontaneous release of SR calcium producing so-called spontaneous transient inward currents 

(STICs) described by Wang et al. (1992). Activity of the calcium-activated chloride channel 

has recently been coupled with the L-type VGCC in isolated cells from the rabbit portal vein 

(Greenwood & Large, 1996). These data suggest an important role for chloride channels in 

vascular smooth muscle. 

1.4.8 Outward K+ currents 

K+ channels in vascular smooth muscle are the major charge carriers for net outward 

current (Gelband & Hume 1992). Outward K+ current is provided by at least four different 

types of K+ channels depending on tissue source and physiologic condition. The large 

conductance Ca2+ activated K+ channels (KCa; Trieschmann & Isenberg 1989), referred to as 

BKCa channel (due to the large single channel conductance of 200-300 pS in 140 mM 

symmetrical K+ solution), plays a major role in control of membrane potential. These channels 
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are activated by intracellular Ca2+ and/or membrane depolarization and have been found in 

every type of smooth muscle cell (Daut et al., 1994). Elevation of [Ca2+]j in the physiological 

range produces a substantial increase in Popen of these channels by causing a negative shift in 

their voltage-activation range into the normal range of RMP. These channels are highly 

selective for K+ ions and can be activated by [Ca2+]j as low as 0.01-1 uM (Tomita 1988). They 

are blocked by external TEA (K; ~ 200uM), charybdotoxin (Kj ~ 10 nM) and by iberiotoxin 

(Kj< 10 nM). 

The 4-aminopyridine (4-AP) sensitive delayed rectifier K+ channels (Kdr) have also 

been described in several smooth muscle cell types. These are small conductance channels (5-

57 pS in asymmetrical K+ solutions (1-5.4 mM K+ in the pipette; Leblanc et al., 1994), which 

are insensitive to [Ca2+]j, and display voltage-dependent activation (fast) positive to 

approximately -40 mV and inactivation (slow) positive to approximately -60 mV. They are 

therefore referred to as voltage sensitive K+ channels (KJ. In the rabbit coronary myocyte, 

a 4-AP sensitive window current through K̂ . has been described and may contribute to RMP 

(LeBlanc et al., 1994). The delayed rectifier channel has been shown to be present in several 

VSM preparations including the coronary and mesenteric resistance vessels, renal artery, 

pulmonary artery, portal vein and airway smooth muscle (Daut et al., 1994). 

An inwardly rectifying K+current (K^) has also been observed in small diameter 

vessels, e.g. submucosal and cerebral resistance arteries, but not large diameter conduit 

vessels (see Daut et al., 1994 for review). This K+ conductance increases upon 

hyperpolarization due to relief of block by intracellular cations (e.g. Mg2+ and polyamines), 

and in arteriolar smooth muscle it is activated at an RMP that is considerably more 

depolarized than EK (Hirst & Edwards, 1989). This has prompted the suggestion that this 

current may make a contribution to the maintenance of RMP in VSMCs (Holman, 1992). The 

activation potential of IKir is determined by [K+]0 and not by [K+];; for example, as [K+]0 is 

decreased the activation potential becomes more hyperpolarized. An increase in [K+]0 may 

lead to a decrease in permeability for the efflux of K+ (presumably due to a reduced driving 

force). However, the maximum conductance of these channels increases with [K+]0 and the 

activation potential shifts to more depolarized potentials. These channels may underlie the 
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high [K+]0-induced hyperpolarization observed in small vessels (<300 uM diameter) under 

conditions of stress, such as anoxia and hypoxia. They are also blocked by low concentrations 

ofBa2+. 

ATP-sensitive K+ channels (KATP) have also been identified in smooth muscle: these 

channels close in response to ATP in the physiological range of >50-100 uM and are blocked 

by the sulfonylurea drug, glibenclamide. There has been some suggestion that these channels 

may contribute to the RMP in pulmonary arterial smooth muscle cells (Clapp & Gurney, 

1992) since, under whole cell voltage clamp, background KATP currents are larger and 

membranes are more hyperpolarized when ATP concentration in the pipette is reduced or 

completely absent: RMP was -53 mV with 3 mM ATP, whereas with 0 mM ATP, RMP was 

more hyperpolarized at -70 mV. 

A transient outward current (1J has also been described in some vascular preparations 

(e.g. rabbit portal vein; Beech & Bolton, 1989). Steady state inactivation of these currents 

generally occurs at more depolarized membrane potentials (< -50 to -55 mV) than neuronal 

"A" currents, and it is likely therefore that this conductance would only be partially available, 

if at all, at physiological membrane potentials. Like the delayed rectifier in smooth muscle, the 

IA shows a greater affinity for 4-AP than TEA, which has made it difficult to 

pharmacologically separate these two currents in whole cell recordings (Okabe et al., 1987). 

1.5 Spontaneous transient ouftvard currents (STOCs): 

Many smooth muscle cells periodically exhibit spontaneous transient outward currents 

(STOCs), which are attributed to the transient activation of BKCa channels (Benham & 

Bolton, 1986). STOCs lasting approximately 100 ms represent the opening of an estimated 

10-100 KCa channels in response to a rise in subsarcolemmal [Ca2+], Recently, a renewed 

interest in STOCs has led to the acceptance of the original suggestion, made by Benham & 

Bolton (1986), that STOCs arise from spontaneous, discrete S.R. Ca2+ release events which 

subsequently elevate subsarcolemmal Ca2+ and activate BKCa channels. Quantal S.R. Ca2+ 

release events or "sparks" arising from the opening of S.R. Ca2+ channels have been elegantly 

described (Cheng et al., 1993). Since STOCs can be suppressed by agents that interfere with 



32 

the release of calcium from the intracellular stores, it is thought that the triggering calcium 

for BKCJ activation originates within the cell, perhaps in S.R. calcium stores located within 

very close proximity to the ion channels themselves (Fay, 1995; Nelson et al., 1995). Thus, 

BKQ, may be activated in the absence of a change in bulk, cytoplasmic Ca2+ levels to provide 

a Ca2+-dependent control of RMP. 

Experiments conducted to date have not conclusively described a direct correlation 

between these calcium sparks and activation of STOCs. Nelson et al. (1995) present several 

lines of evidence linking calcium sparks and STOCs: the average time course of both events 

is very similar, sparks originate on or near the surface of the cell, and agents that interfere 

with Ca24 sequestration by internal stores inhibit both calcium sparks and STOCs at similar 

concentrations. The authors calculate that in a smooth muscle cell approximately 13 BKCa 

channels are open at the peak of a single STOC and suggest that this group of channels is 

activated by a single spark with an average peak value of 300 nM in a region approximately 

3 um2. The sparks of smooth muscle are generated principally near the cell surface which has 

been taken to suggest that the ryanodine receptor (RyR) rich regions of S.R. are also located 

here (Fay, 1995). This is in direct contrast to what has been reported in cardiac muscle, the 

tissue in which sparks were first reported (Cheng et al., 1993). Sparks occur throughout 

cardiac myocytes and result in a global rather than local rise in [Ca2+];. This occurs despite the 

fact that sparks have a similar duration (approximately 100 msec), magnitude and spatial 

distribution (2 um diameter at half maximal [Ca2+]) as those seen in smooth muscle (Fay, 

1995). Nelson et al. (1995) suggest that STOCs function to exert a tonic relaxing influence 

on VSM; however, this viewpoint is controversial (Bolton & Imiazumi, 1996). Clearly there 

must be a physical clustering of these RyRs with the BKCa channels in order for appropriate 

Ca2+ levels to be reached particularly with respect to transmission of brief and small Ca2+ 

release signals. Whether RyRs are involved in amplification of a Ca2+ influx by depolarizing 

RMP via NSCC and Icl(Ca), or stimulation of a hyperpolarizing current (BKCa), is as yet 

unclear. Significantly, Nelson et al. (1995) present recordings of STOCs and sparks from 

different cells: simultaneous recordings of STOCs and sparks are required to establish a direct 

correlation between these two events. Regardless, the basic ideas presented in this paper are 
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exciting, including the suggestion that sparks may be responsible for a vasodilatory influence 

on small cerebral arteries. 

1.6 Calcium sparks 

A renewed interest in intracellular Ca2+ handling in the recent literature has become 

apparent largely due to the development of new imaging technology. This has enabled the 

activity of single or small groups of intracellular Ca2+ release channels to be visualized as 

elementary events or "sparks" (puffs, bumps or quantum emission domains) in a microdomain 

of the cell. Extracellular Ca2+ and the finite supply of intracellular stored or sequestered Ca2+ 

provide the cell with the ability to harness elementary events such as ion channel activation 

to produce either highly localized or global increases in [Ca2+]i; the significance of which has 

been known for some time. Ca2+ ions are fundamental to processes such as cellular 

contraction, neurotransmitter release, synaptic plasticity, cell proliferation and cell death 

(Berridge, 1997). Sparks represent the opening of a few closely clustered RyR. They give rise 

to elevation of [Ca2+]; within microdomains and have been visualized using Ca2+ indicators in 

cardiac myocytes (Cheng & Lederer, 1993; Cannell et al., 1994; 1995) and more recently in 

smooth muscle cells (Nelson et al., 1995). In the latter study they were observed to occur 

more frequently in superficial regions of the cell, close to the sarcolemma, lending support to 

the theory that sparks give rise to STOCs. 

1. 7 Purpose of this study: 

From the text above it is evident that the classically held view is that stimulation of a r 

AR in VSMCs results in direct activation of a VGCC by a coupling between the receptors and 

channels by G proteins. The lack of increase or outright inhibition of VGCCs during treatment 

with a-AR agonists in several vascular smooth muscle preparations strongly suggests that 

other mechanisms leading to Ca2+ influx must be involved and/or that the activation of 

VGCCs during a,-AR occupancy results from an indirect mechanism involving membrane 

depolarization and voltage-dependent increase in Popen for these channels. 

The purpose of this study was, therefore, to identify the ionic basis of a r AR induced 
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depolarization and contraction in rat tail artery myocytes. Perforated patch whole cell voltage 

clamp, FURA-2 fluorescence measurements and pharmacological tools were employed to 

identify: 

(i) the existence of a nifedipine-insensitive Ca2+ entry pathway activated by a,-AR occupancy, 

(ii) the effects of the signal transduction pathway activated by a,-AR agonists on K+ 

conductances of rat tail artery VSMCs, and 

(iii) the effects of potential intermediates of this signal transduction pathway on ionic 

conductances. 
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Figure 2: Model of the classical signal transduction pathways described in vascular 

myocytes. IP3: inositol 1,4,5-trisphosphate, G: guanine nucleotide binding protein, VGCC: 

voltage gated calcium channel, PLC: phospholipase C, DAG: diacylglycerol, PKC: protein 

kinase C, CICR: calcium induced calcium release, a-AR: a-adrenoceptor, P.M.: plasma 

membrane. Classically, a1A-ARs are thought to elicit an increase in intracellular [Ca2+] via 

activation of a G protein linked to an L-type VGCC. The a1B-ARs stimulate PLC via a G 

protein (likely Gq), resulting in elevation of IP3 levels and release of stored Ca2+ accompanied 

by the production of DAG which may activate PKC. Activation of PLD and the subsequent 

production of PC-derived DAG has also been reported in the rat tail artery (Gu et al., 1992) 

but is not shown here. 
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2. Methods: 

2.1. Organ bath studies: 

Male Sprague-Dawley rats weighing 350-450 g were stunned by a blow to the head 

and exsanguinated. The ventral tail artery was excised and placed into a dissection dish 

containing a standard smooth muscle dissection solution (SMDS; composition (mM): 120 

NaCl, 25 NaHC03, 4.2 KCl, 0.6 KH2P04, 1.2 MgCl2, 11 glucose, 0.01 CaCl2), and cleaned 

of connective tissue. The artery was gently perfused to remove residual blood and tissue 

pieces (approximately 3-5 mm length) were hung between two platinum hooks, suspended 

under 1 g of passive tension in an organ bath containing Krebs solution (composition (mM): 

118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 KH2P04, 12.5 NaHC03, 11 glucose). The 

organ bath was maintained at 37°C, bubbled with 95% 02 / 5% C02 and tension was 

monitored using a Grass Model 7E polygraph chart recorder. The tissue strips were allowed 

to equilibrate for at least one hour prior to experimentation, after which time they were 

exposed to a fixed concentration of agonist until a consistent response was established. The 

bathing Krebs solution was routinely changed every 20 mins. All drugs were added directly 

to the Krebs solution. 

2.2. Freshly dispersed vascular smooth muscle cells; the isolation procedure. 

Male Sprague Dawley rats weighing 350-450 g were used. During this period of 

training I have utilized several methods for isolation of vascular smooth muscle cells. The 

reasons for this were mainly due to a lack of availability of appropriate amounts of one 

specific lot of enzyme or a gradual decline in the activity of a particular enzyme over time. In 

doing so I have made a number of important observations. The smooth muscle cells of the rat 

tail artery have been estimated to be between 10 (Chen & Rembold, 1995) and 12-15 layers 

thick in proximal regions of the vessel (Bao, 1993), located deep within the tissue and are 

surrounded by a considerable layer of fascia that cannot be effectively removed by dissection. 

Since the smooth muscle cells are not digested by dispase II (a neutral protease), this 

connective tissue layer can be removed to reveal smooth muscle cells above a single layer of 

endothelial cells which, when using the agarose perfusion technique for cell isolation 
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described below, are often observed as sheets of cuboidal cells released during the trituration 

procedure. 

Cells may be isolated using a perfusion method as previously employed in our 

laboratory (Li et al., 1993; Li, 1995) using collagenase, the non-specific protease, papain and 

the reducing agent, dithiothreitol (DTT). Experience using this method has produced isolated 

cells which are generally contracted or partially contracted, the result of a harsh trituration 

which is required to remove these cells from the tissue. It is most likely using this method that 

cells from the inner layers of smooth muscle are collected. These cells were tolerant to 

changes in extracellular calcium levels and, despite appearing slightly contracted, often had 

markedly reduced baseline levels of calcium (80-100 nM) compared to those described in 

section 2.2.2 (100-200 nM) as determined using FURA-2. This latter finding was consistently 

observed in several preparations where DTT was employed during the isolation procedure; 

however, it is well known that DTT is a potent inhibitor of collagenase and was therefore 

subsequently removed from the enzyme cocktail. Cells isolated in this manner have not been 

included in the analysis reported here. 

2.2.1 Procedure 1: Overnight incubation 

Male S.D. rats (350-450 g) were stunned by a blow to the head and exanguinated. The 

ventral tail artery was removed and placed into SMDS (composition above). The artery was 

cleaned of connective tissue and the lumen gently perfused with SMDS to remove residual 

blood. The tissue was cut into 3-4 mm segments and placed into SMDS containing 

collagenase type 1A (9-12 mg depending upon lot #), 1 mg trypsin inhibitor or protease (300 

ul of 1 mg/ml, lot #118F 0732) and elastase (200 ul of 1 mg/ml, lot # 91H8046). Following 

overnight incubation in the fridge (4°C), the tissue pieces were incubated the following day 

at 37°C for 4-30 mins (until the tissue pieces appeared translucent) with constant supply of 

95% 0 2 / 5% C02. The tissue pieces were then removed and washed 5 times in SMDS at 

room temperature and placed into 1 mg/ml bovine serum albumin (BSA) for 3 minutes at 

37°C, again with 95% 0 2 / 5% C02. Tissue pieces were then stored on ice in SMDS with 

BSA and triturated gently to release cells when required. Using 12 mg of collagenase type 1A 
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(lot #110H-6815), elastase and protease at these concentrations we obtained cells which were 

healthy in appearance and would contract and relax in response to cirazoline. We did not 

require the presence of a trypsin inhibitor to observe these responses. 

During the overnight incubation period, we assume that only a low level of enzymatic 

activity was possible due to the low temperature; however, the penetration through the tissue 

by the enzymes under these conditions may exceed that achieved without this incubation 

period. This is similar to the method described by Clapp et al. (1991b). If this incubation 

period was omitted, the tissue pieces required closer to 40 mins incubation at 37°C before 

viable cells were liberated following trituration. Although both of these methods would yield 

viable cells, the success rate was higher with the overnight method. These cells generally 

remained viable for 6-8 hours and, if particularly healthy, they would relax fully following 

agonist induced contraction. The cells isolated in this manner were healthy in appearance in 

that they maintained a long, relaxed appearance and displayed identical membrane 

conductances as RTA myocytes isolated using the agarose perfusion technique, described 

below. Depending upon the type of collagenase used (i.e. lot #), cc-adrenoceptor function was 

maintained in these cells since they were observed to contract in response to cirazoline, 

phenylephrine and the a2-AR agonist, BHT 933. However, some concerns were apparent 

when these cells responded to NOS inhibitors (Earle et al., 1995) and a loss of adrenoceptor 

function was apparent upon changing lot # of collagenase. As a result a second approach was 

taken for the isolation of rat tail arterial myocytes. 

2.2.2 Procedure 2: Agarose perfusion technique 

A novel technique was developed with the help of Mrs. Kathy Loutzenhiser 

(technician with Dr. Roger Loutzenhiser) for the isolation of freshly dispersed vascular 

smooth muscle cells from male Sprague-Dawley rats weighing 350-450 g. Rats were 

anaesthetized using halothane (fluothane, Ayerst Laboratories, Montreal, Canada) and 

maintained with methoxyflurane (penthrane, Abbott Laboratories, North Chicago, U.S.A.) 

applied via a nose cone. The lower abdomen was opened and the digestive system gently 

moved to one side. An i.v. injection of 0.1 ml of heparin sodium (hepalean, Organon teknika, 
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Toronto, Canada) was given into the femoral artery or vein. The descending aorta was 

located above its bifurcation into the common iliac arteries and cleaned of connective tissue. 

A suture was placed around the aorta but not tied and the two femoral arteries were then 

located and tied off. Two 10 ml syringes were then prepared, one filled with SMDS, the 

second with 1.5-2% agarose (SeaPrep ultralow gelling, soft agarose, FMC Bioproducts, 

Maine, U.S.A.) in Hank's Balanced Salt Solution (Gibco BRL, Life Technologies, NewYork, 

U.S.A.). All solutions were maintained at 37°C. A modified 18 gauge needle with a tapered 

end was connected to a three-way stopcock valve. The descending aorta was clamped above 

and below the site of the suture thread and a small cut was made in the aorta. The cannula 

was then inserted into the vessel and tied off with suture thread and the lower clamp removed. 

SMDS was infused into the descending aorta to remove blood from the tail artery followed 

by agarose gel (at 37°C) taking care not to apply excess pressure. The tail was then placed 

on ice for 5 minutes to allow the agarose to solidify. A pen mark was made on the ventral side 

of the tail, the tail was removed and the animal was killed by laceration of the heart. The 

ventral tail artery was then removed and placed into SMDS, cleaned of its connective tissue, 

cut into approximately 5 cm pieces and maintained at 37°C in SMDS. Enzyme containing 

SMDS was prepared with 2 mg/ml collagenase type IV, 2 mg/ml dispase II (neutral protease), 

40 ug/ml elastase III and 20 ug/ml collagenic protease. Tissue pieces were incubated at 37°C 

for 30-50 mins or until the tissue was translucent, then briefly (or longer if experimental 

paradigm required depletion of S.R. Ca2+ stores) transferred to a 2 mM EGTA solution, 

triturated to displace the vascular smooth muscle cells and stored on ice in SMDS. When 

required, cells liberated by trituration were placed in a perfusion chamber where they adhered 

to a coverslip comprising the base of the chamber. 

Although this technique produced a high yield of cells which appeared relaxed, 

translucent and healthy, they often lacked a response to the a-AR agonists. An intolerance 

to calcium in the bathing medium was observed if Ca2+ was omitted from the SMDS; 

however, this was markedly reduced when 10 uM Ca2+ was included in the buffer, consistent 

with the idea that these cells require a low level of Ca2+ within the medium to avoid depletion 

of stored Ca2+. After inclusion of even this small amount of Ca2+, it was possible to slowly 
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Figure 3: Isolation of vascular myocytes from the RTA. Panel A). Photomicrograph of 

representative VSMCs from the rat tail artery undergoing the enzymic degradation procedure 

outlined in the methods section. The agarose "tube" that has formed on the inner luminal side 

of the vessel is visible. Gentle trituration of this tissue using a fire-polished Pasteur pipette will 

release cells. Scale bar = 40 urn. Panel B). Photomicrograph of a representative VSMC which 

would be used in these studies. Cells were chosen that were long and a relaxed spindle shape 

with a translucent appearance. This method yielded cells of high quality and quantity which 

remained viable for 4-6 hours if kept on ice. Scale bar = 20 urn. 
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increase extracellular Ca2+ levels up to 10 mM without contraction or "balling" of the cells. 

Despite using a variety of different collagenases from various sources (Sigma types 

IA & 4, Sigma blend type F, lot # 21H6820, Boehringer Mannheim collagenase A, lot 

#14679723-25) a response to a-AR agonists was often absent. Since in earlier studies a 

consistent contractile response to a-AR agonists was observed with very similar enzyme 

cocktails it was unclear why the response to a-AR agonists was so intermittent. This sudden 

loss of activity of isolated cells to a-AR agonists has been observed in other laboratories using 

different tissues and agonists (Dr. Imiazumi, personal communication). 

Experiments were initially undertaken to ensure that the VSMCs possessed functional 

adrenoceptors and that they were able to respond appropriately to agents capable of depleting 

intracellular Ca2+ stores, such as caffeine and ryanodine. These experiments were conducted 

to reassure us that the intracellular stores within these cells were intact and that the enzyme 

isolation procedure was not damaging the cells. However, for a substantial period of time 

many of these cells remained unresponsive to a-AR agonists (either a r or a2-AR agonists) 

as determined by a failure to contract in response to a-AR stimulation. This lack of response 

to a-AR agonists was avoided if the tissue was preincubated (10 mins) in the presence of an 

a-AR antagonist (10"5 M phentolamine) and exposed to this antagonist during the enzyme 

digestion procedure (on the advice of Dr. Lee Limbard, personal communication). It is 

possible that the binding of the antagonist to the receptor somehow stabilizes the structure 

of the adrenoceptor and also protects it from modification during enzymic digestion. Neither 

the pharmacological nor the electrophysiological profile of the response to a r AR agonists 

was altered by the antagonist and so these data were pooled with data obtained using cells not 

exposed to antagonist during isolation. All experiments except those using cirazoline (section 

3.5, figure 14) were undertaken on cells isolated using the agarose perfusion technique. The 

former study stems from preliminary data gathered during a collaboration with Dr. Marshall 

Wilkinson. 

2.3. FURA-2 & global calcium measurements 

FURA-2 is an example of an excitation-shifted or dual excitation indicator. In the 
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absence of Ca2+, the excitation maximum (or maximum absorbance) is found at a wavelength 

of 362 nm, which shifts to 335 nm when Ca2+ is bound. The largest dynamic range for Ca2+ 

dependent fluorescence signals is obtained by exciting the FURA-2 at 340 nm and 380 nm and 

ratioing the fluorescence intensity detected at 510 nm. FURA-2 undergoes at least a tenfold 

change in this intensity ratio between saturating (~5 uM Ca2+) and Ca2+ free conditions. This 

is similar to Indo-1 which is a dual emission (or emission shifted) indicator, where a shift in 

the emission spectrum occurs when Ca2+ is bound to the dye. This method compensates for 

differential loading of dye or photobleaching. 

Loading conditions - Pluronic stock: 20% pluronic F127 in DMSO. 

10 ul of pluronic stock was added to prepackaged 50 ug vials when using the cell 

permeant FURA-2AM. This 10 ul stock was then added to 10 ml of a balanced salt solution 

containing 30 mg BSA (ultrapure) and sonicated using a probe sonicator. The cells were 

incubated in this solution (giving a final concentration of FURA2-AM of 5 ug/ml) for 35 mins 

and washed for 15 mins to allow the conversion of FURA-2AM into FURA-2 by endogenous 

esterases. In a small population of cells (n=7), [Ca2+]; was determined as described by 

Grynkiewicz et al. (1985), after subtracting background intensity at 340 and 380 nm, from 

the equation: 

[Ca2 l = Kd{(R-Rmm)/(Rmax-R)}(Fo/Fs) 

where R is the ratio of emission (510 nm) intensity at 340 and 380 nm excitation after 

background correction, Kd is the dissociation constant for FURA-2 and Ca2+ (which we 

assume to be 200 nM, from Williams et al., 1987). Fo and Fs are the fluorescence intensity 

at 380 nm excitation for free and Ca2+ saturated dye, respectively. R,^ and Fo were 

determined by exposure of the cells to 4Br-A23187 (17 uM) in Ca2+-free (4 mM EGTA) bath 

solution and R ^ and Fs by exposure to 4Br-A23187 (17 ^M) in 5 mM Ca2+. Background 

autofluorescence was determined and subtracted for each individual cell. Baseline values for 

[Ca2+]; were between 80-200 nM (n=7), as has previously been reported for this cell type (Li 

et al., 1993). In using this method, it became apparent that the absolute values for [Ca2+]; were 

quite variable between cells and only useful if appropriately corrected for every individual cell. 
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Figure 4: Global Ca2+ signalling in isolated VSMCs using FURA-2 Panel A) FURA-2 

signal in response to perfusion of a Ca2+ ionophore 4Br-A23187 (17 uM) in the presence of 

5 mM Ca2+ or 4 mM EGTA. This type of calibration is used to calculate R ^ (value achieved 

in minimal Ca2+) and R ^ (value obtained under maximal stimulation). Panel B) shows the 

response of a different cell to 10 mM caffeine. An elevation of global [Ca2+] is observed 

indicating that these cells possess functional intracellular Ca2+ stores which have not been 

adversely affected by the enzymic digestion procedure, au = arbitrary units. 
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Calibrations using ionophores are based on the assumption that the external bathing solution 

is similar in composition to the inside of the cell (excepting [Ca2+]). Since the Ca2+ affinity of 

the indicator is affected by protein concentration, ionic strength and divalent cations, it is 

reasonable to assume that the apparent dissociation constant (K,,) for Ca2+ from the dye in one 

cell type under one set of conditions will not be valid for other cells or conditions. 

Consequently, in this study FURA-2 signals are reported as ratio values only rather than 

converting into [Ca2+]. This avoids problems such as accurately calculating Kd, which varies 

with optics, pH, temperature and ion composition of the buffer (particularly with Mg2+). A 

photomultiplier tube (PMT) was used to measure fluorescence intensity. The high voltage 

applied to the PMT was maintained constant during the recordings (700 V, optimal range 

which varies for every PMT was 400-1000 V), so as to avoid any differences in amplification 

of the signal. An oil immersion, xlOO objective lens was used in all FURA-2 studies. Changes 

in fluorescence intensity at 340 and 380 nm were monitored at room temperature using an 

SLM-Aminco 8000C fluorometer (SLM Instruments Inc., U.S.A.) interfaced with a Nikon 

Diaphot inverted microscope. 

2.4 Electrophysiology 

Cells were placed onto a glass coverslip forming the base of a bath chamber and left 

to settle and adhere. The chamber consists of a gravity fed flow through system connected 

to a converted diaphram air pump (Maxima®) attached to polyethylene tubing as a suction 

device. Solutions were perfused through the bath using a Multi-Flo RVA-6 controller 

(Norscan Instruments, Winnipeg, Canada). The ground electrode (Ag/AgCl) was located 

behind the suction at the rear of the bath and a small cardboard box was covered with 

aluminum foil and grounded via a grounding wire to the cage surrounding the 

electrophysiological setup to reduce electrical noise. Once gigaseal formation was achieved, 

the cell was lifted off of the base of the dish to avoid changes in access or loss of seal due to 

any "electrode drift". Junction potentials were calculated using computer software (JPCAL) 

using the generalized Henderson liquid junction potential equation. These values obtained for 

the different solutions used in this study are reported in table 3 below. Because all values 
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except for Hepes/Kgluconate solutions used to record the outward (primarily delayed 

rectifier) K+ channels were close to zero, no correction for junction potential was attempted 

except for the Kgluconate solutions. 

Barium (inward) current recording conditions - perforated patch. 

Barium current recordings using the perforated patch clamp procedure were recorded using: 

Bath solution (mM): 130 NaCl, 5.4 KCl, 10 glucose, 10 BaCl2, 0.1 EGTA, 10 HEPES, pH 

7.4 adjusted with NaOH. 

Pipette solution (nM): 130 CsCl, 1 MgCl2, 5 EGTA, 5 Na2ATP, 5 HEPES, pH 7.2 adjusted 

with CsOH. 

Perforated patch clamp procedure: 

Amphotericin or nystatin were prepared as follows. 25 mg pluronic F-68 was dissolved in 1 

ml DMSO, warmed and sonicated for dissolution and stored in the fridge for up to one week. 

5 mg amphotericin or nystatin were dissolved in 100 ul of this pluronic stock and sonicated. 

20 ul of this solution were added to 4.98 ml of filtered internal (pipette) solution containing 

5 mg BSA and sonicated with a probe sonicator (Vibra-cell, Sonics & Materials Inc. Danbury, 

Connecticut, U.S.A.) to give a final concentration of amphotericin/nystatin of 200 |ag/ml. 

Initial studies were undertaken using the nystatin perforated patch; however, amphotericin 

was found to give a markedly lower access resistance (6-10 MQ compared with 10-30 MQ 

using nystatin) and was employed for the majority of experiments reported here. This has 

previously been reported in smooth muscle (McDonald et al., 1994). 

Electrodes were pulled with a Model P-87 Flaming/Brown micropipette puller (Sutter 

Instrument Co., Novato, U.S.A.) from borosilicate glass and fire polished (Narashige 

Scientific Instrument Lab., Tokyo, Japan). The tip of the electrode (typically 3-6 MQ) was 

briefly dipped into amphotericin-free solution prior to backfilling with amphotericin internal 

solution. After gigaseal formation, access resistance in the 6-10 MQ range was typically 

obtained within 5-20 minutes (with amphotericin). Series resistance was compensated 60% 

using an Axopatch 200A amplifier. Signals were filtered at 1 kHz, digitized using Axon 

Instruments DigiData 1200 interface, acquired and analysed using Axon instruments pClamp 
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6.0. Whole-cell barium currents were recorded at room temperature (21-23°C) and solutions 

were perfused through the bath using a Multi-Flo RVA-6 controller (Norscan Instruments, 

Winnipeg, Canada). Drugs were added directly to the bath solution unless otherwise stated. 

Delayed rectifier (outward) current recording conditions - ruptured patch. 

Smooth muscle HEPES - Bath solution (mM): 120 NaCl, 3 NaHC03, 4.2 KCl, 1.2 KH2P04, 

0.5 MgCl2, 10 glucose, 10 HEPES, 1.8 CaCl2. pH was adjusted to 7.4 using NaOH. 

Pipette solution (mM): 110 Kgluconate, 30 KCl, 5 Na2ATP, 0.5 MgCl2, 10 BAPTA, 5 

HEPES, 1 GTP. pH was adjusted to 7.2 using KOH. These experiments were performed 

using the ruptured patch so that [Ca2+]; was clamped at a low level by 10 mM BAPTA, 

reducing the contribution of Ca2+-activated currents (particularly BKCa) to the outward 

current. 

Conditions for recording STOCs 

Smooth muscle HEPES was used as the bath solution. 

Pipette solution (mM): 140 KCl, 0.5 MgCl2, 1 EGTA, 1 Hepes. pH was adjusted to 7.4 with 

KOH. The amphotericin perforated patch was used to gain electrical access without dialysis 

of the intracellular contents of the cell. Some experimental paradigms required the absence 

of the outward K+ currents. In these cases, equimolar Cs+ was used in place of K+ in the 

pipette solution. Hepes bathing solution remained unchanged. 

2.5. Dual FURA-2/ current measurements 

Cells were loaded with FURA-2AM as described above. Net current was recorded as above 

again using the amphotericin perforated patch. Cells were lifted off the base of the dish and 

then gently lowered back down to within the focussing range for the xlOO oil immersion 

objective. Again the insulated grounded box described above was used to cover the headstage 

and considerably reduced noise. Amphotericin was used to gain electrical access to the cells. 

The FURA-2 signal and the electrophysiological recordings were undertaken using two 

separate computer systems. 
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In all experiments, no leak subtraction was used. All experiments were undertaken at room 

temperature, unless otherwise stated in the figure legends. 

2.6 Data analysis 

All statistical data are presented as means ± S.E.M. and analysed using Student's t-test 

for analysis of paired or unpaired data or ANOVA repeated measures test followed by a post-

hoc test where appropriate. Statistical significance was considered when p<0.05. 

2. 7 Drugs 

Stock solutions of drugs were made up in the solvents indicated in table 4. None of these 

solvents had an effect on [Ca2+]j or membrane currents at the final concentrations employed. 
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Bath/Pipette Ion substitutions Calculated Junction 

Potential (mV) 

Hepes/STOC 3.6 

60 mM CI" with glutamate -3 

60 mM Na+ with choline 8.8 

Hepes/Cs+ 4.3 

Ba2+ currents 6 

Hepes/Kgluconate 20 

Table 3: Liquid junction potential calculations for the different bath and pipette 

solutions used in these studies. 
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Chemical Supplier Vehicle 

Phorbol 12-myristate, 13-

acetate (PMA) 

Sigma Chemical Company 

(St. Louis, U.S.A.) 

DMSO 

L-phenylephrine // H20 

Nifedipine // dimethyl sulfoxide 

(DMSO) 

Collagenase type IV // Buffer 

Elastase III // Buffer 

Pluronic F-68 " DMSO 

Nystatin « Pluronic F-68 + DMSO 

Amphotericin // // 

Dispase II (neutral 

protease) 

Boehringer Mannheim 

(Quebec, Canada) 

Buffer 

Collagenic protease n Buffer 

BayK 8644 Research Biochemicals 

(Natick, Massachusetts, 

U.S.A.) 

DMSO 

Tetraethylammonium 

chloride (TEA) « 

H20 

Chlorethylclonidine 

dihydrochloride (CEC) 

H20 

Methoxamine 

hydrochloride 

// H20 

1,2 & 1,3 Dioctanoin 

l,2DiC8& l,3DiC8 

Serdary Research 

Laboratories (Englewood 

Cliffs, N.J., U.S.A.) 

Hexane 
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FURA-2AM Molecular Probes, Eugene, 

OR. U.S.A. 

20%Pluronic-F127in 

DM SO 

Sodium fluoride (NaF) VWR, Toronto, Canada. H20 

Table 4: Source and vehicle for all drugs used in these studies. At the final 

concentrations employed none of these solvents had any effect on the isolated cells. 
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3. Results & Discussion 

3.1 Whole tissue experiments: 

Hypothesis /: That the contractile response to phenylephrine utilizes both a1A- and a1B-

adrenoceptor transduction mechanisms and that utilization of these pathways is 

dependent upon both the selectivity and/or availability of the a1A- and a1B-

adrenoceptors. 

Results: 

Using the organ bath, a superimposable dose-response curve for contraction of RTA 

strips to the a,-AR agonists, phenylephrine and methoxamine, gave similar EC50 values of 0.8 

uM (figure 5). Using a submaximal dose of the agonists (3 uM), the contractile response was 

reduced by incubation for 30 mins in 0.1 uM nifedipine (by 7 ± 7.9% and 10 ± 4.4%, 

respectively) and further reduced following incubation for 30 mins in CEC (by 33 ± 16.7% 

and 47 ± 2.8% respectively). If the tissue strips were first incubated in CEC, the contractile 

responses were inhibited by 22 ± 9 and 14 ± 5.8%, respectively, and further inhibited by 71 ± 

8% and 80 ± 3.4% (p<0.05) with nifedipine (0.1 uM), as shown in figures 6 & 7. 

Discussion: 

The contractile response to sympathetic nerve stimulation in the rat tail artery is 

thought to be mediated primarily by noradrenaline acting via the a rAR; however, a2-ARs 

have also been identified on RTA smooth muscle (Medgett & Langer, 1984; Medgett, 1985; 

Li et al., 1993) and have been implicated in mediating sympathetic vasoconstriction in distal 

segments of rat tail artery (Medgett, 1985). Using classical organ bath pharmacology 

experiments, the response to two ccrAR agonists was investigated: phenylephrine, which is 

not subtype specific (i.e. it will activate all ccrAR subtypes) and methoxamine, which is 

putatively selective for the cc1A-AR over the cc1B-AR (Tsujimoto et al., 1989). The dose-

response curves generated with these agonists (figure 5) show similar EC50 values of 

approximately 0.8 uM (n=6) and, therefore, an identical dose of the drugs was chosen to 

investigate the importance of extracellular Ca2+ and VGCCs in the contractile response to 
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Figure 5: Dose-response relationship for phenylephrine (open circles) and methoxamine 

(closed circles). Organ bath experiments using RTA rings produced a dose-response curve 

for the non-selective <xrAR agonist phenylephrine (n=6); a similar dose-response curve for 

the putatively a1A-selective agonist methoxamine (n=6) was observed. These data show EC50 

values of approximately 0.8 uM. 
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Figure 6: Effects of nifedipine and CEC on contraction evoked with phenylephrine. 

Contraction was partially reduced following 30 mins incubation in nifedipine (0.1 uM) and 

further reduced in the presence of the a1B-alkylating agent CEC (4 uM) as shown in the upper 

trace. In the lower trace, application of CEC prior to incubation in nifedipine results in a 

significantly greater inhibition of the contractile response. Data was taken from two different 

tissue strips. The ot1B alkylating agent phenoxybenzamine (3 nM) also increased the sensitivity 

of the contractile response to nifedipine (data not shown). 
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Figure 7: Whole tissue experiments. Mean data ± S.E.M. for the effects of CEC and 

nifedipine on the contractile responses to phenylephrine (n=6) and methoxamine (n=6). 

Inhibition of tension was observed in the presence of nifedipine (by 6.9 ± 7.88%, n=6 and 9.6 

± 4.4%, n=5 respectively) which was significant in the presence of methoxamine and was only 

significant with phenylephrine if data from other unrelated experiments (with an identical 

protocol) were pooled (16.1 ± 22.8%, n=22, p<0.05). Subsequent application of 4uM CEC 

resulted in a further inhibition of contraction (by 33 ± 16.7%, n=6 and 47.4 ± 2.7%, n=5, 

respectively). If CEC were used prior to nifedipine, a "supersensitivity" to the inhibitory effect 

of nifedipine was observed. CEC inhibited phenylephrine and methoxamine induced 

contraction by 22.3 ± 9% and 14 ± 5.8%, respectively, which was reduced by 71.2 ± 8 and 

80.4 ± 3.4%, respectively, upon application of nifedipine. This latter value was significantly 

different (unpaired Student's t-test) to the degree of inhibition observed when nifedipine was 

applied prior to application of CEC but only when methoxamine was used as the agonist. 



A) Phenylephrine (3 |uM) 
60 

o 
43 

100 
d 
o 
o 

0 s -
80 

T3 

OH 60 
O 

• • — > 4 

40 
<L> 

T3 
d o 20 

• I H 
00 

d 
£ 0 

B) Methoxamine (3 JUM) 

o 
& a o o 

^—/ 

> 

d o 
d 

0.1 jiMNifed 

0.1 nMNifed + 4| iMCEC 

4 ^M CEC 

4|uMCEC + 0.1 jiMNifed 



61 

these agonists. 

Several reports suggest that there is a complex interaction between the subtypes of 

cvARs (Piascik et al., 1991) and that a single adrenoceptor may be coupled to two signal 

transduction pathways (Oriowo et al., 1992). Ruffolo et al. (1991a,b) proposed the existence 

of a single aj-AR which is coupled to more than one signal transduction pathway (the so-

called "promiscuous receptor"), the extent of activation of these pathways depending upon 

their availability. In other words, if the population of receptors displaying the signal 

transduction mechanism proposed for the a1B-AR (being IP3 mediated Ca2+ release) are 

severely decreased (i.e. by irreversible inhibition with CEC), the primary signal transduction 

pathway utilized by the cell becomes the cc1A-AR mediated Ca2+ influx pathway. 

In the present study, submaximal concentrations of CEC (4 uM) were used to alkylate 

the a1B-ARs and the sensitivity of the contractile response to nifedipine (a blocker of the 

putative <x1A-AR signal transduction pathway) in the presence and absence of a receptor 

reserve ("unused" or "unmasked" receptors) was investigated, i.e. in the presence or absence 

of CEC. Here, it is demonstrated that the signal transduction mechanism employed following 

receptor occupation is dependent upon the degree of receptor reserve. CEC will selectively 

alkylate the cc1B-AR, leaving the ci1A-AR intact (Michel et al.,1993; Minneman et al., 1988). 

In the presence of submaximal concentrations of CEC, we observed a shift in the nifedipine 

sensitivity of the response to a r AR agonists. The apparent supersensitivity of the response 

to nifedipine following alkylation of the a1B-ARs may be explained by examining the concept 

of the promiscuous receptor. If we consider CEC to be eliminating the ability of the receptor 

(a single a rAR) to activate the signal transduction pathway described for the a1B-AR (IP3 

mediated Ca2+ release), the response of the single a,-AR may shift towards that of an a1A-AR, 

resulting in an apparent shift in the nifedipine sensitivity of the whole tissue response. These 

data then would support the hypothesis that a single a,-AR is coupled to two different 

transduction pathways, at least one involving VGCCs, and suggests that the pathway 

employed may be altered in response to external stimuli. However, since these data show 

significance only with methoxamine as an a rAR agonist and not phenylephrine, this suggests 

that i) methoxamine does not act as a pure a1A-AR agonist and ii) that phenylephrine 
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stimulates an cc1B-AR signal transduction pathway predominantly. Alternatively, these data 

could be explained by assuming two distinct receptors that are both coupled to two different 

transduction pathways. These interpretations require that CEC does not alter membrane 

potential, although this has not, to my knowledge, been investigated. 

3.2 The role of extracellular Ca2+ in the contractile response to KCl and phenylephrine. 

Results: 

Contraction of RTA strips to KCl was completely abolished in nominally Ca2+-free 

extracellular bathing solution (i.e. without added Ca2+ chelators). The phasic contraction in 

response to phenylephrine (1 uM) was reduced from 1.5 ± 0.7 g in control to 0.5 ± 0.7 g 

(n=5, p<0.05), whereas the tonic component of contraction was completely abolished (n=5, 

p<0.05). This tonic component of the contractile response was absent even when 10 uM or 

100 uM phenylephrine was added to the bath, as shown in figures 8 & 9. However, upon 

washing the agonist from the tissue in Krebs solution containing 1.8 mM Ca2+, an immediate 

contraction was observed, despite concurrent removal of the agonist with washing. 

Discussion: 

To more closely examine the role of a Ca2+ influx pathway in mediating the contractile 

response to a r AR agonists, the contractile responses to KCl and phenylephrine were 

investigated in the presence of 1.8 mM and nominally Ca2+
0-free bathing solution. KCl 

contracts smooth muscle by depolarization of RMP into the voltage-activation range for 

VGCCs. As would be predicted, the contractile response to KCl was completely abolished 

in the presence of nominally Ca2+
0-free bathing solution (figure 8), consistent with the idea 

that KCl elicits contraction of the tissue exclusively by depolarization and subsequent opening 

of VGCCs. The phasic component of the contractile response to phenylephrine was less 

sensitive to alterations in Ca2+
0 (figure 8 & 9) than the tonic component, the latter being 

almost entirely absent in nominally Ca2+-free bathing solution. This is consistent with the idea 

that this agonist elicits a phasic component, which is largely the result of intracellular Ca2+ 

release, and a tonic component dependent on influx of Ca2+. It is important to note, however, 
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Figure 8: Contraction of RTA strips to KCl or phenylephrine. Original tracings of 

contraction of RTA strips to 30-60 mM KCl (Panel A) and phenylephrine (Panel B) in the 

absence and presence of extracellular Ca2+. Nominally free [Ca2+]0 in the bath resulted in 

absolute inhibition of the contractile response to KCl (n=5 strips). Complete inhibition of the 

sustained (tonic) component of the response to phenylephrine was apparent in nominally free 

[Ca2+]0, in addition to a reduction in the peak (phasic) component of contraction (n=5). 
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Figure 9: Whole tissue experiments. Mean data ± S.E.M. for peak and sustained 

contraction of RTA strips to phenylephrine in the absence of [Ca2+]0 and under control 

conditions with 1.8 mM Ca2+ in the bath (n=5, *p<0.05). These experiments were undertaken 

in an identical fashion to those in figure 8. 
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that the phasic component of the response to phenylephrine (1 uM) is also substantially 

blunted, suggesting that Ca2+ induced Ca2+ release (CICR) may be important in this tissue. 

This was evident when phenylephrine-containing, nominally Ca2+-free solution was washed 

from the tissue using the 1.8 mM Ca2+ Krebs: an immediate contraction of the tissue was 

observed implying that phenylephrine had activated a Ca2+ influx pathway and that the lack 

of extracellular Ca2+ was responsible for the failure of the tissue to contract. These data are 

summarized in figure 9. The contractile response to phenylephrine in the presence of 

nominally Ca2+
0-free bathing solution was reduced to a greater extent than when VGCCs 

alone were inhibited by nifedipine (figure 6 & 7).This lends support to the suggestion that the 

contractile response to phenylephrine does involve an influx of Ca2+; however, this influx does 

not appear to be exclusively via L-type VGCC. 

3.3 FURA-2 studies: The role of the S.R. Ca2+ stores in the contractile response of 

isolated single cells to phenylephrine. 

Results: A typical biphasic FURA-2 signal in response to iontophoretically applied 

phenylephrine (1 uM) consisted of an initial rapid peak followed by a sustained, tonic 

elevation of [Ca2+];. Incubation of the cells in 2 mM EGTA to deplete intracellular Ca2+ stores 

eliminated the rapid phasic component but did not affect the sustained tonic signal as shown 

in figure 10. 

Discussion: 

A biphasic increase in intracellular Ca2+ measured using FURA-2 loaded cells was 

observed, consisting of an initial peak followed by a sustained elevation in [Ca2+];, similar to 

that previously described by Li et al. (1993) for rat tail artery myocytes. The initial transient 

phase was completely suppressed by incubation in 2 mM EGTA for more than 30 mins. This 

block of the phasic component was attributed to depletion of intracellular Ca2+ stores by 

EGTA and subsequent lack of IP3 mediated intracellular Ca2+ release. This conclusion is 

supported by a recent study in which changes in S.R. [Ca2+] in RTA segments were measured 

using targeted apoaequorin delivered by an adenoviral vector (Rembold et al., 1997). These 
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Figure 10: Global Ca2+ signalling in isolated VSMCs using FURA-2. Panel A) Typical 

biphasic response to phenylephrine that is apparent following iontophoretic application of the 

drug. An initial peak (phasic) increase in Ca2+ is followed by a sustained (tonic) elevation of 

global Ca2+. Panel B) Following incubation in EGTA (2 mM) for longer than 30 mins, a 

decline and finally absence of the peak (phasic) response to phenylephrine was observed; 

however, the tonic (sustained) response remained intact. Signals are reported in arbitrary units 

(au) which represent the 340/380 ratio. 
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authors showed phenylephrine stimulation induced contraction which was correlated with a 

decreased apoaequorin generated light, suggesting that phenylephrine is acting to release S.R. 

Ca2+ stores in whole tissue strips. 

Previous studies from our laboratory have demonstrated that the sustained component 

of the response to a,-AR occupancy was absent in nominally Ca2+
0-free bathing solution; 

however, this was only marginally reduced with nifedipine (0.1 uM) (Li et al., 1993), 

consistent with the findings of the present study using the organ bath. These data indicate that 

the biphasic FURA-2 signal shown in figure 10, is the result of both a transient IP3-mediated 

Ca2+ release and a sustained Ca2+ influx via VGCC in addition to a VGCC-independent 

pathway. These findings are consistent with the hypothesis that the contractile response to 

phenylephrine utilizes both a1A- and a1B-AR signal transduction mechanisms and utilization 

of these pathways is dependent upon both the selectivity and/or availability of the aiA- and 

cc1B-ARs. 

It was recently suggested (Chen & Rembold, 1995) that phenylephrine contracts the 

rat tail artery by one electromechanical mechanism (contraction dependent upon changes in 

RMP) and three pharmacomechanical mechanisms: IP3-induced Ca2+ release, an increase in 

the sensitivity of the contractile apparatus to [Ca2+]j and an increase in Ca2+ influx independent 

of changes in RMP. In the study by Chen & Rembold (1995), phenylephrine (1 uM) was 

observed to produce a depolarization of 15.9 mV in the whole tissue, and phenylephrine 

induced more contractile force generation with less depolarization when compared with KC1 

induced contractions. Since the response of the whole tissue is sensitive to nifedipine one can 

speculate that this 16 mV depolarization shifts RMP to within the activation range for 

VGCCs. However, the question remains as to whether there is a direct activation of this 

pathway by phenylephrine. Classically, a1A-AR stimulation is thought to result in an influx of 

Ca2+ through VGCCs, the result of a G protein-mediated signal transduction cascade leading 

to cellular contraction, whereas a1B-AR stimulation elevates IP3 levels causing release of 

stored Ca2+ (Ruffolo et al., 1991a). 
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Hypothesis II: That activation of the ctj-ARs per se does not directly stimulate an influx 

of Ca2+ by enhancing L-type VGCC. 

3.4 Comparison of the inward and outward currents in RTA isolated cells - activation 

and inactivation curves showing the "window current" for the VGCC. 

Results: 

Perforated patch clamp recordings of inward IBa from RTA myocytes display a typical 

I-V relation for VGCCs with peak inward current observed at +10 mV (figure 11). Activation 

and inactivation curves were constructed as described in figure 12 and fit with a single 

Boltzmann function to give half-maximal voltages of-5 mV and -34.5 mV and slope factors 

of 7.6 mV and 9.6 mV, respectively. Also, figure 12 indicates the potential for a sustained 

Ca2+ influx due to "window current" between approximately -40 mV and +10 mV. Whole cell 

ruptured patch recordings using 10 mM BAPTA in the pipette to chelate intracellular Ca2+ 

describe an outward current of approximately 300 pA at +20 mV (figure 11). This current 

activated at approximately -40 mV, was sensitive to 4AP (although not completely blocked) 

and was therefore likely composed of delayed rectifier K+ current. Cell capacitance was 54 

± 19.3 pF (n=33). Figure 13 shows IBawas enhanced by BayK 8644 (1 uM) and inhibited by 

nifedipine (0.1 uM), showing a characteristic shift in peak current. Peak current was enhanced 

by 113.8 ± 21.4% with BayK 8644 (n=6, 1-2 uM), reduced by 62.1 ± 10.3% of control with 

nifedipine (n=5, 0.1 uM), and blocked by Cd+ (200 uM) as previously reported (Wilkinson 

et al., 1996). 

Discussion: 

In order to determine whether a r AR stimulation directly activates L-type VGCCs, 

freshly isolated VSMCs were utilized to record VGCC activity. Both the electrophysiological 

and pharmacological properties of the L-type VGCCs in isolated cells from the rat tail artery 

were determined. Using Ba2+ as the charge carrier, the activation and inactivation kinetics of 

the channel were investigated and the profile of the family of currents elicited in voltage clamp 

mode was assessed. Figure 12 (n=l 1) shows current-voltage (I-V) relations for IBa and net 

outward current in these cells recorded using whole cell rupture mode (n=15) with strong 
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Figure 11: Characteristics of IBa and outward K+ currents of RTA myocytes. Panel A) 

Control I-V relation for inward Ba2+ current of n=l 1 cells using 10 mM Ba2+ as the charge 

carrier recorded with the amphotericin perforated patch clamp procedure. Panel B) Control 

I-V relation for outward current of n=15 cells recorded using the whole cell rupture mode 

with 10 mM BAPTA in the pipette to reduce the contribution of Ca2+ activated K+ currents, 

specifically the large conductance BKca channel, to the outward current. 



A) 73 

< 

a 

o 

•60 -40 -20 0 20 40 60 

Voltage (mV) 

<-> 300. 
< 

• i 

R"\ OH - i i 
a ) 

« 200, 
/ 

rr
e 

/ -

5 / oo_ 

• 
i 

100 -80 -60 -40 -20 0 20 

Voltage (mV) 



74 

Figure 12: Characteristics of IBa of RTA myocytes showing activation and inactivation 

curves. Panel A) Representative family of IBa evoked by stepping from a holding potential of 

-80 to -60 mV and in 10 mV steps to +60 mV. Panel B) Representative family of currents 

from a different cell than in panel A), evoked from a holding potential of-80 mV. Prepulse 

protocol stepped down to -110 and in 10 mV steps up to +40 mV followed by a test pulse 

to +10 mV, the voltage at which peak current was observed. Panel C) Inset shows currents 

evoked on stepping back to +10 mV, enlarged from panel B. Panel D) Activation and 

inactivation parameters were calculated for n=l 1 and n=6 cells, respectively, as described in 

the methods section and the curves fit with a single Boltzmann function. The half-maximal 

voltage for activation and inactivation (V0 5) are shown together with the slope factor (k). 
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Ca2+ buffering in the pipette (10 mM BAPTA), as described in the methods section. 

Representative recordings and IV relations for the inward or outward currents were not 

corrected for leak and only the outward currents were corrected for junction potential (+20 

mV; table 3). 

To avoid problems associated with rundown of this current often observed using the 

whole cell ruptured patch, the amphotericin perforated patch clamp procedure was employed 

to record whole cell currents. To determine the voltage dependence of steady-state 

inactivation, conditioning potentials were applied from -110 mV to +40 mV in 10 mV steps 

followed by a constant step to +10 mV, the voltage that produced maximum IBa current. The 

activation and inactivation curves were fit with a single Boltzmann function (figure 12). The 

activation and inactivation curves for the inward current reveal a window Ba2+ current (i.e. 

a voltage range over which there is a sustained influx of Ba2+ through the VGCC), which lies 

between approximately -40 mV and +10 mV. The half-maximal voltage for activation was 

approximately -5 mV and for the inactivation curve approximately -35 mV and the slope 

factors were 7.6 and 9.6 mV, respectively. Peak current at each potential was corrected for 

driving force based on the reversal potential of the I-V relation expressed as a fraction of the 

maximal current as described by Cox et al. (1992). This allows for a correction for the change 

in driving force observed at different voltages and gives an estimate for the activation curve 

of ICa in RTA myocytes. A more detailed analysis would require use of tail current analysis. 

Since this has not been done here, these data appear as an approximation of the "window 

current" and may not accurately reflect the voltage at which a steady state influx of Ca2+ 

occurs. 

The use of Ba2+ to enhance current flow through Ca2+ channels has been demonstrated 

under certain conditions, to shift channel activation for Ca2+ channels positively along the 

voltage axis (Hille, 1992). Consequently, using Ba2+ as a charge carrier to determine the 

window current for the L-type VGCC may give a poor estimation of the voltage range over 

which a sustained influx of Ca2+ occurs, since a shift in the voltage range for activation of 

around 5mV to the left (in the negative direction) relative to the barium activation curve likely 

occurs. This may be due in part to surface charge screening effects when using 10 mM Ba2+ 
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compared with 1.8 mM Ca2+. 

The average capacitance of these cells was 54 ± 19.3 pF (n=33), similar to that reported 

previously for RTA myocytes (49.8 ± 4.1 pF, Bolzon, 1992), input resistance was 3 ± 1.6 GQ 

(n=5) and series resistance was in the 6-10 MQ range using the amphotericin perforated 

patch. Passive membrane parameters of isolated RTA smooth muscle cells are well described 

in the literature based on whole cell ruptured patch recordings. These include: (i) RMP of-

52.4 ±2.1 mV which usually depolarized within minutes to approximately -41.8 ± 2.6 mV, 

(ii) an input resistance of 1.9 GQ, (iii) membrane time constant of 94.8± 7.8 msec (fit with 

a single exponential), (iv) an electrical surface area of 4.9 ± 0.4x10"5 cm2 (based on specific 

membrane capacitance of 1 uF/cm2) and (v) a specific membrane resistance of 95.6 ± 4.4 

KQcm2 which describes a cell surface area of approximately 56% larger than that estimated 

from light microscope studies (suggesting the existence of large infoldings or caveolae as have 

been described in other smooth muscle cells) (Bolzon, 1992). The relatively high input 

resistance (3MQ range) indicates that small current changes would likely be important in 

determining RMP in these RTA myocytes. Wang et al. (1989) have identified two types of 

Ca2+ channels in RTA myocytes: a T-type VGCC which activated at -50 mV, showing a peak 

inward current at -10 mV and an L-type VGCC, which activated at -20 mV showing a peak 

at +10 or +20 mV. These authors show no effect of BayK 8644 on the T-type channel but 

report a 2-fold increase in the amplitude of the L-type VGCC. BayK 8644 shifted the 

activation threshold, peak inward current and steady-state inactivation-activation curves for 

the L-type VGCC in the hyperpolarizing direction. A similar effect of BayK 8644 was 

observed in the present study. The pharmacological profile of the inward current reported 

here was consistent with that expected for an L-type VGCC. A small population of RTA 

myocytes displayed a prominent T-type current which inactivated rapidly; however, these data 

were excluded from this study. 

3.5 Effects of arAR agonists 

Results: 

In all cases, cirazoline (O.luM) inhibited peak inward current (at +10mV) by 53.7 ± 15.6 
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% (n=15, p<0.05); this inhibition was apparent across the voltage range of the VGCC (figure 

14). Phenylephrine also inhibited the inward current, although to a lesser extent which was 

not significant (n=6) since in 3 cells phenylephrine had no effect on the inward current despite 

contraction of the cell (figure 13). The I-V relations were recorded after the cell had been 

exposed to the agonist for at least 5 mins. 

Discussion: 

In order to directly address the hypothesis that ctj-AR stimulation results in an influx of 

Ca2+ through dihydropyridine sensitive VGCCs, the perforated patch clamp procedure was 

employed to record whole cell Ba2+ currents in the presence and absence of phenylephrine and 

cirazoline as described above. Using the a r AR agonist cirazoline, we observed a dose-

dependent inhibition of the inward current which was reversed upon washout at lower doses 

of agonist, but was harder to reverse at higher concentrations (figure 14). These experiments 

were undertaken on cells which had been isolated using the overnight digestion procedure 

outlined in the methods section; the presence of the adrenoceptor was confirmed by 

contraction of the cells in response to application of the agonist. In many cases, the cells also 

relaxed following washout, particularly at lower doses of the agonist. Using cells isolated with 

the agarose perfusion technique, phenylephrine was able to either inhibit or have no effect on 

the VGCC despite contraction of the cell. These data are consistent with what has been 

described in the literature in other tissues with other a-AR agonists. For example, Droogmans 

et al. (1987) described a reduction in peak current with both phenylephrine and noradrenaline 

in the rabbit ear artery. However, also in the rabbit ear artery, noradrenaline (NA) was 

reported to enhance the activity of the VGCC via a G protein mediated mechanism but 

phenylephrine was ineffective (Benham & Tsien, 1988b). These two studies were undertaken 

using similar protocols and recording conditions; however, intracellular Ca2+ levels were 

clamped at 10 pM and 10 nM, respectively. NA also reduced L-type Ca2+ current in smooth 

muscle cells from the guinea pig vas deferens (Imaizumi et al., 1991) but the effect of NA was 

very inconsistent with either inhibition or no effect of NA being observed despite contraction 

of the cells (Imiazumi, personal communication). Kamimura et al. (1996) suggest dual 
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Figure 13: Effects of phenylephrine on 1^. Panel A) Inward barium currents (open circles) 

are carried by L-type VGCC since they are enhanced with 1 uM BayK 8644 (filled triangles) 

and blocked by nifedipine (filled squares), displaying a characteristic shift in peak current 

(peak current increase with BayK 8644 was 113.8 ± 21.4% of control, n=6 and for nifedipine, 

62.1 ± 10.3% of control, n=5, p<0.05 (Wilkinson et al., 1996)). In this cell, IBa was not 

affected by subsequent exposure to phenylephrine (filled circles) despite contraction (a 

shortening) of the cell. Panel B) A second representative I-V relation showing inhibition of 

IBa by phenylephrine, an effect which was reversed on washout of low concentrations (<1 uM) 

of the agonist. Current-voltage relationships were determined following at least 5 minutes 

exposure to the agonist. Inhibition of the inward current was observed in n=6 cells whereas 

no effect was seen in n=3 cells. In all cases, it was clear that contraction of the cell had 

occurred. 
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Figure 14: Effects of cirazoline on IBa. Panel A) Inward IBa under control conditions (open 

circles) is inhibited by 0.1 uM cirazoline across the voltage range. Panel B) shows peak 

current (IBa) measured at +10 mV, expressed as % control (open bar). In the presence of 0.1 

uM cirazoline, a 46.3 ± 15.6% inhibition of peak current (at +10 mV) was observed (solid 

bar) which was reversed on washout (grey bar) for n=15 cells. Cirazoline was observed to 

give a more consistent inhibition of the inward current than phenylephrine. 
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regulation of the Ba2+ current, which appears to be dependent upon the amplitude of the 

current: activation of smaller currents and inhibition of larger currents was reported for NA 

in guinea-pig vas deferens. In the rat portal vein, Lepretre et al. (1994) described a stimulation 

of the VGCC with both a1A- and c^-AR selective agonists. However, in this latter study, only 

a marginal increase in peak current was observed and the amplitude of sustained ICa at the end 

of a 100 msec pulse was not affected. Overall, these data and the present study suggest that 

direct coupling of ccrAR to increase the influx of Ca2+ via the L-type VGCC would not 

appear to contribute to a sustained Ca2+ entry and to depolarization of the membrane. 

The possibility that activation of a Ca2+ influx pathway independent of VGCC occurs in 

response to a rAR agonists is accepted by many authors as feasible (Kuriyama et al., 1995), 

but it has been disputed by some (Nelson et al., 1988). On-cell single calcium channel 

recordings conducted by Nelson et al. (1988) showed that noradrenaline increased the steady-

state open probability of the L-type VGCC. The authors suggested that contraction of rabbit 

mesenteric arteries increases with depolarization, an effect which is parallelled by an increase 

in the open state probability of single calcium channels and that this increase entirely accounts 

for the influx of Ca2+ observed. Clearly this is still an unresolved issue; however, in studies 

which have observed a decrease in Ca2+ influx through the VGCC, the explanation often given 

is that the elevated global [Ca2+] that accompanies oc-AR stimulation results in the activation 

of a negative feedback to inhibit further Ca2+ entry, probably involving a Ca2+-mediated 

inactivation of the Ca2+ channels (Imaizumi et al., 1991). Thus, most published data would 

support the conclusion that under voltage clamp conditions there is very little or no increase, 

or an outright inhibition, of L-type VGCC activity during treatment with aragonists due to 

a direct effect of ccrAR stimulation on VGCC Popcn. This view is consistent with the lack of 

a role for VGCCs as mediators of cell depolarization and increased Ca2+ influx in the absence 

of a change in RMP during ccrAR stimulation. 

Hypothesis HI: That an additional influx of calcium occurs via a mechanism(s) 

independent of the L-type VGCC. 

3.6 Net current recordings - effects of phenylephrine: 
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Figure 15: Phenylephrine activates a transient inward current. Panel A) shows 

application of phenylephrine induces a transient inward current at a holding potential of-40 

mV which is accompanied by a cessation of STOCs following the onset of this current. Of 33 

cells, 21 displayed STOC activity. In 12 of 21 cells an inward current was evoked following 

cessation of STOCs (see Figure 15), whereas in the remaining 9 cells only a 

reduction/abolishment of STOCs was observed. The remaining 12 cells which did not display 

STOC activity did develop an inward current in respond to phenylephrine. Of these 24 cells 

which did develop an inward current, only 5 cells displayed a transient inward current as 

shown here. Panel B) Activation of an inward current was also observed in the presence of 

Cs+ in the pipette to block all K+ selective channels suggesting that this current is due to 

activation of an inward current rather than a reduction of an outward current (n=3). 
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Figure 16: Phenylephrine activates a sustained inward current. Panel A) Application of 

phenylephrine under identical recording conditions as for figure 14 evoked a sustained 

increase in inward holding current that recovered only slowly. This sustained current was not 

blocked by nifedipine. Panel B) In the same cell following application of phenylephrine, 

addition of ryanodine elicits recovery of STOCs. A response to caffeine was also observed 

in this cell suggesting that phenylephrine does not deplete intracellular Ca2+ stores, although 

it clearly depressed STOC frequency (n=21 of 21 cells). 
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Results: 

In perforated patch clamp records obtained at a holding potential of -40 mV, outside of 

the voltage range for a sustained Ca2+ influx via VGCCs, phenylephrine induced a transient 

or sustained increase in inward holding current (figures 15 & 16). This effect was still 

apparent upon K+ replacement with Cs+ in the pipette, suggesting that an inward current was 

activated rather than a decrease in an outward conductance (figure 15). Of 33 cells, 21 

displayed STOCs. In 9 of 21 cells, STOCs were either reduced or abolished, and recovered 

upon washout of a r AR agonist. In the remaining 12 cells displaying STOC activity, a 

pronounced increase in inward holding current was seen after an initial activation and then 

cessation of STOCs. In all cells, STOCs were absent following activation of this inward 

current and would recover, although often to a reduced amplitude and/or frequency following 

prolonged washout. The sustained inward current was not reversed with nifedipine (0.1 uM), 

shown in figure 16. The amplitudes of both STOCs (10-600 pA) and the inward current were 

variable (10-511 pA, n=33). 

Discussion: 

In order to test the hypothesis that an inward current permitting Ca2+ influx occurs 

during treatment with phenylephrine via a mechanism(s) independent of L-type VGCC, net 

whole-cell currents were recorded using the perforated patch clamp procedure. All net current 

records were obtained at a holding potential of-40 mV, just negative to the window current 

for the VGCC. At a holding potential of-40 mV, application of phenylephrine evoked either 

a sustained or transient increase in inward holding current (figure 15 & 16). The increase in 

current was not affected by nifedipine (0.1 uM) and was also still observed when K+ in the 

pipette solution was substituted for Cs+, to inhibit efflux through all K+ channels. These data 

indicate that the change in holding current elicited by phenylephrine was not due to inhibition 

of an outward conductance. Following a r AR occupation, a response to ryanodine (3 uM) 

is still apparent, suggesting that intracellular Ca2+ stores are not depleted. This point will be 

raised again later in this dissertation. 

In the rabbit portal vein under K+-free conditions, two distinct inward currents were 
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previously demonstrated to be activated by the application of noradrenaline: a Ca2+-activated 

chloride current and a Ca2+-insensitive NSCC (Wang & Large, 1991), the former being 

transient in nature compared to the latter. Interestingly, activation of the NSCC component 

was not observed when conventional whole cell recording was used (Amedee et al., 1990). 

The nature of the transient inward current observed in the present study in response to 

phenylephrine was not investigated; however, the nature of the sustained inward current was 

addressed using ion substitution experiments. 

3.7 Changes in whole cell current due to phenylephrine: estimated zero current 

potentials for this current(s) and effects of ion substitution 

Results: 

Using a voltage ramp protocol as described in figures 17 & 18, the zero current potential 

was estimated from the voltage at which net current was OpA. None of these traces were 

corrected for leak current or junction potential (see table 3). Application of phenylephrine 

induced an inward current at negative potentials (as described above) and an increase in the 

outward current, (figure 17). Stimulation of the cell with phenylephrine resulted in a shift in 

the zero current potential (ENel) from -21.1 ± 7.5 mV in control to -5.2 ± 3 mV in the 

presence of the agonist, suggesting that in the absence of a voltage clamp the membrane 

potential could depolarize by 15.9 mV (n=9, p<0.05). The zero current potential of the 

difference current, obtained by digital subtraction of the currents in the presence and absence 

of phenylephrine, was -1 mV consistent with that expected for an NSCC (figure 17). 

However, since the recordings are net current, the difference current and the value for ENet 

is likely the sum of changes in more than one conductance. 

Reducing [Na+]0 from 123 mM to 63 mM with choline replacement, resulted in an 

outward shift in holding current (ENet = -20.8 mV ± 12, n=3), as apparent from net current 

records, suggesting that Na+ permeates a component of the influx pathway or that the change 

in [Na+]0 resulted in an alteration in one or more conductances leading to the shift in E^,. A 

similar experiment reducing [Cl"]0 did not result in an inward shift in holding current (as would 

be the case if CI" were a major permeant ion), suggesting that this current(s) is not carried by 
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Figure 17: Effects of Na+
0 substitution. Panel A) Using a voltage ramp protocol applied 

from a holding potential of-50 mV, the command voltage was stepped down to -60 and 

ramped over a 5 second period to +50 mV. Phenylephrine activated whole cell currents which 

contributed to net current across the entire voltage range. Reducing [Na+]0 (from 120 mM to 

60 mM) bath solution in the maintained presence of the agonist resulted in an outward shift 

in holding current (n=5 cells). Panel B) shows the difference current between phenylephrine 

and control, with a zero current potential of-1 mV. Panel C) shows a shift in the zero current 

potential in the presence of phenylephrine, and in the presence of Phe plus low [Na+]„ 

compared to control. Mean ± S.E.M. values for the change in ENet are given in table 5. 
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Figure 18: Effects of Cf0 substitution. An identical voltage ramp protocol is used as 

described above (figure 17). Control current shows some STOC activity which is not 

observed in the presence of phenylephrine. The amplitude of this phenylephrine-induced 

inward current at negative potentials was not significantly enhanced in reduced [Cl"]0 (as 

would be predicted if this current were carried by a chloride channel - see text for 

explanation). Further, activation of an outward current at more positive potentials is 

observed. Phenylephrine evokes a shift in the zero current potential from -18 mV to -1.3 mV. 

Upon changing extracellular bathing solutions to one of low [CI"] the zero current potential 

shifts back to near control values. Refer to text for details. 
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Control ENct -21.1 ± 7.5 mV(n=29) 

Phenylephrine -5.2±3.0mV(n=9)* Low[Na+] = -20.8±12mV 

(n=3) 

Low [CI"] =-17 ±1 mV 

(n=2) 

NaF -10.6±7mV(n=3)* 

l,2DiC8 -13.2 ± 5.2 mV(n=4) 

PMA -9.5 ± 5 mV (n= 7)* 

Table 5: Estimated zero current potential (ENet) in control conditions and in the 

presence of a low concentration of the a,-AR agonist phenylephrine (0.3 uM), sodium 

fluoride (5 mM), 1,2-dioctanoyl-sn-gIycerol (1,2 DiC8, 10 uM), and phorbol 12-

myristate, 13-acetate (PMA, 100 nM) obtained from voltage ramp protocols. (* = 

p<0.05 compared to control). 
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CI" (figurel8, n=2). Nominally Ca2+
0-free bathing solution had no effect on net current; 

however, a decline in the FURA-2 signal was observed under dual recording conditions where 

the membrane potential was clamped at -40 mV (figure 19, n=5). 

Discussion: 

In order to determine the effect of phenylephrine on whole cell currents a voltage ramp 

protocol was employed: from a holding potential of-50 mV, the voltage was stepped down 

to -60 mV and then ramped over a 5 second period to +50 mV, allowing us to observe the 

"quasi-steady state" currents elicited between -60 and +50 mV. Figure 17 shows that 

application of phenylephrine evoked an inward current at negative potentials, consistent with 

net current recordings shown above, as well as a concurrent positive shift in the zero current 

potential for the net whole-cell current (p<0.05, n=9). The magnitude of this shift in zero 

current potential (+15.9 mV) was consistent with the degree of depolarization reported for 

this agonist in de-endothelialized intact rat tail artery using microelectrodes (Chen & 

Rembold, 1995). 

Stimulation of a rARs in the rabbit portal vein evokes activation of BKCa, chloride 

currents and a NSCC which is not activated by Ca2+ ions (Byrne & Large 1988; Wang & 

Large 1991; Inoue & Kuriyama, 1993). In the RTA, activation of an outward current at more 

positive potentials (> approximately 0 mV) was also observed. This is consistent with 

activation of a NSCC since, by definition, this channel will allow cation fluxes down their 

respective concentration gradients and, positive to ENet for the current, this would be a K+ 

efflux through the NSCC. Difference currents obtained by digital subtraction of traces 

obtained in the absence from those obtained in the presence of phenylephrine shows the 

development of an inward current which reverses under these conditions at approximately -1 

mV. However, these recordings have not been adjusted for leak and they have not been 

corrected for junction potential (see table 3). The validity of using the zero current potential 

to evaluate the RMP of a cell is unclear and as a consequence it is assumed that these values 

are not an adequate representation of RMP. However, the degree of shift in the zero current 

potential in the presence and absence of a drug, does give a good indication as to whether a 
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drug would produce depolarization or hyperpolarization in the absence of a voltage clamp. 

We cannot rule out contamination of the outward current as the result of activation of a Ca2+ 

activated K+ current, for example, particularly since a rise in global [Ca2+] does occur. Indeed, 

the recording conditions employed here do not block any one single conductance and are not 

employed to quantitatively determine the involvement of any one conductance. However, the 

presence of an inward current in cells dialysed with Cs+ suggests that at least a NSCC is 

involved. Clearly, the data obtained from the difference current cannot be relied upon as an 

indicator of the involvement of a single conductance and should, therefore, be interpreted 

with caution. It is important to remember that the development of an inward current as 

observed in the presence of phenylephrine could also be mistaken for an increase in a non

specific leak current that develops simply as a result of a breakdown of the seal between the 

pipette glass and the cell. 

The data presented here are likely not explained by a breakdown of the gigaohm seal: 

firstly, in the absence of Cs+ in the pipette, the activity of STOCs is observed to change prior 

to activation of this inward current, consistent with an increase in outward conductance which 

is not consistent with seal breakdown. Secondly, if the increase in inward current were due 

to a breakdown in glass-lipid interface, it is unlikely that it would be reversed in the presence 

of low [Na+], as shown below. In collecting and analysing these data, care was taken to avoid 

using cells where there was a sudden jump in the trace, as may be expected following seal 

disruption. A control recording was taken for at least 3 mins prior to addition of the drug to 

ensure the baseline was stable. Finally, in calculating the zero current potential of the current, 

only cells which displayed a sustained stable increase in inward current over at least 20 

seconds were used in this analysis. The net current recordings were undertaken using low 

concentrations of the agonist since at higher concentrations application of drug caused a 

dramatic increase in outward current and an irreversible contraction ("balling up") of the 

myocyte. 

Ion substitution experiments are, however, only a guide as to the nature of the permeant 

ions. Later in this dissertation, data is provided that suggests [Na+] substitution leads to a rise 

in subsarcolemmal [Ca2+]. The contribution of Ca2+-activated conductances such as BKCa or 
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ClCa to data obtained under net current recording conditions, particularly following ion 

substitution, have not been fully examined here. It is possible that the observed rectification 

at negative potentials following [Na+] substitution (figure 17) is due to activation of a Ca2+ 

dependent conductance such as BKCa, which would likely affect ENet. Consequently, table 5 

is merely a guide as to the predicted values of Ej^ in the absence and presence of the agonists 

and does not reflect activation of a single conductance. 

3.7.1 Does the NSCC contribute to depolarization or is this just a receptor-operated 

Ca2+ entry pathway? 

Brock et al. (1997) have demonstrated that treatment of RTA with nifedipine (1 uM) 

is without effect on the depolarization induced by phenylephrine, but does reduce the force 

of maintained contraction. These data support the suggestion that activation of the NSCC as 

observed in the present study may be responsible, in part, for the depolarization observed in 

response to phenylephrine and that it is this depolarization that leads indirectly to the 

activation of VGCC in this tissue. 

The distinction between ROCs and NSCCs is unclear at present. Similar to the NSCCs, 

ROCs have been implicated as a route for Ca2+ entry but in general they are recognized to 

have a much greater permeability to ions other than Ca2+, particularly Na+, when compared 

with the VGCC (Bolton et al., 1990). The current definition of ROC as a channel which is 

directly gated by a receptor for a stimulant substance does not, however, apply to the NSCC 

described in this study, assuming that an identical channel is stimulated by phenylephrine as 

by NaF (see below) 

The role of a NSCC in facilitating Ca2+ entry into smooth muscle cells has not been 

adequately investigated. Activation of a NSCC in the rabbit portal vein has been suggested 

to contribute to an increase in global [Ca2+]| following application of noradrenaline (Helliwell 

& Large, 1996). Indeed, Daut et al. (1994) suggest that these NSCCs can substantially 

contribute to agonist induced increase in intracellular [Ca~+]. However, a variety of NSCCs 

have been described with very different permeabilities for cations. For instance, in cultured 

human umbilical vein endothelial cells, PK:PNa:PCa w a s 1:0.9:0.2 (Daut et al., 1994); in pig 
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coronary artery endothelial cells a Ca2+-activated NSCC has a reported permeability ratio of 

PK:PNa:PCa of 1:1:0.7 (Baron et al., 1996); whereas in the rat intrapulmonary artery a 

histamine-activated NSCC channel was reported to have a considerably higher permeability 

toCa2+(PK:PNa:PCawas 1:1:16) (Yamamoto et al., 1992). It is still unclear if NSCCs in the 

RTA are similarly responsible for a significant Ca2+ entry. 

To address this issue, in the present study I undertook dual recordings of net current and 

FURA-2 signals in RTA myocytes to determine if switching the bathing solution to a 

nominally Ca2+-free solution would affect the amplitude of the inward current in response to 

phenylephrine or the FURA-2 signal. This reduction in extracellular [Ca2+] had little effect on 

the net current (n=5), although in 3 cells there was an immediate loss of the glass/lipid seal 

upon switching to nominally Ca2+-free bathing solution (these data were not included in the 

analysis). However, the FURA-2 signal was observed to decrease when extracellular [Ca2+] 

was reduced as shown in figure 19. This observation is significant because it is evidence that 

the NSCC activated by phenylephrine is permeable to Ca2+ and that Ca2+ entry via this 

pathway perhaps contributes to global changes in [Ca2+]j. A slow, monotonic increase in 

intracellular Ca2+ was observed in all cases when the agonists were perfused over the cell 

rather than directly onto the cell as described for the data in figure 10. A rapid decline in the 

FURA-2 signal upon switching to nominally Ca2+
0-free bathing solution was observed which 

recovered to baseline levels within 4 mins. These data imply that the rise in [Ca2+]j is related 

to Ca2+ influx via NSCC. However, under the conditions of nominally Ca2+
0-free bathing 

solution, the inward current stimulated by phenylephrine was still apparent. Since the 

amplitude was not dramatically affected, this suggests that this NSCC was more selective for 

Na+ over Ca2+. Additional experiments will be required, however, to define the exact 

permeability sequence for cations in this channel. 

3.7.2 Capacitative Ca2+ entry? 

One explanation of these data described above is that phenylephrine activates a 

"capacitative Ca2+ entry pathway" due to depletion of intracellular Ca2+ stores, as is suggested 

from cessation of STOCs (see later). This seems unlikely, however, since under conditions 
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Figure 19: FURA-2 signal during phenylephrine treatment at -40 mV. Panel A) When 

phenylephrine (1 uM) is perfused over the cell whilst holding the cell at -40 mV, a slow 

sustained increase in intracellular [Ca2+] is observed. A voltage ramp protocol was elicited 

(box) whilst recording the FURA-2 signal. Only a marginal affect on global [Ca2+] was 

observed. Panel B) Representative signal in response to phenylephrine whilst clamping the 

membrane potential at -40 mV. Phenylephrine was perfused over the cell in a manner 

analogous to the recording conditions for net current. A monophasic increase in intracellular 

[Ca2+] was observed which declined upon removal of extracellular Ca2+ in the maintained 

presence of the agonist. The concurrent development of an inward current described earlier 

was not affected by a nominally Ca2+-free bathing solution. 
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of maximal store depletion, when capacitative Ca2+ entry would be fully activated (e.g. figure 

10, panel B), an increase in global [Ca2+] was still apparent following exposure of the cell to 

the agonist. Also, figure 16 shows that, following stimulation of the cell with phenylephrine 

and development of an inward current, ryanodine was still able to evoke a response which 

was also seen upon exposure of these cells to caffeine, suggesting that the intracellular stores 

were intact. This is the first line of evidence presented in this dissertation to dispute the 

current thinking that the cessation of STOCs observed in response to agents that elevate IP3 

levels within the cell is due to depletion of intracellular Ca2+ stores, as has been suggested in 

recent literature (Bolton & Imiazumi, 1996) and discussed in more detail later.These data 

provide indirect evidence suggesting that capacitative Ca2+ entry mechanism is likely not a 

significant mechanism involved in phenylephrine-induced Ca 2+ entry in RTA myocytes. 

3.8 Effects of cCj-AR stimulation on K+ currents of RTA myocytes 

Results: 

Using perforated patch clamp recording conditions, at a holding potential of-40 mV, 

RTA myocytes were observed to fire STOCs, the frequencies and amplitudes of which were 

variable (between 10-600 pA) and were observed to summate under some conditions (figure 

17). STOCs were abolished in 5 mM TEA and were transiently activated by both caffeine and 

ryanodine (figure 21, 22 & 16). Application of phenylephrine initially activated STOCs 

immediately before the development of the NSCC, and subsequently suppressed their firing. 

In cells displaying a transient inward current, STOCs did not recover even after recovery of 

the inward current (figure 15). PKC activation with PMA (100 nM) resulted in a complete 

abolition of STOCs (figure 20). 

Discussion: 

The ability of resistance vessels to maintain myogenic tone is clearly dependent upon 

[Ca2+]j being maintained within precise levels. Depolarization and Ca2+ entry is thought to be 

counteracted by the hyperpolarizing effect of opening K+ channels in the membrane (Brayden 

& Nelson, 1992). B¥^a channels are ideal candidates for such a role, since they are activated 
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by both voltage and intracellular [Ca2+]. The general consensus appearing from the literature 

is that STOCs arise from the localized activation of BKca channels by the spontaneous release 

of S.R. Ca2+, evident as sparks in smooth muscle. 

STOCs have been recorded from rabbit portal vein (Hume & Leblanc, 1989; Komori & 

Bolton, 1989; Kitamura et al., 1992), rabbit ear artery (Benham & Bolton, 1986), rabbit 

cerebral artery (Kang et al., 1995), rabbit pulmonary artery (Clapp & Gurney 1991a; 1991b) 

and guinea-pig coronary artery (Ganitkevich & Isenberg, 1990). Here, RTA myocytes were 

observed to fire STOCs at a holding potential of-40 mV, under perforated patch clamp 

recording conditions in which [Ca2+]j is regulated by endogenous mechanisms alone (i.e. no 

chelation by EGTA or BAPTA). The frequency and amplitude of these STOCs were observed 

to increase in response to elevated temperature (figure 25) or depolarization, consistent with 

that described for other tissues (Bolton & Imiazumi, 1996). The STOCs in RTA myocytes 

were variable in size from a few to a few hundred picoAmperes (> 500 pA in some cells) and 

of variable duration. In some cases the STOCs appeared to summate, likely representing the 

simultaneous opening of more than 100 BKCa channels, based on the STOC amplitude and 

unitary current of B ^ at -40 mV (Bolton & Imiazumi, 1996). They were blocked by 5 mM 

TEA and activated by caffeine and ryanodine consistent with the view that they are mediated 

by BKCa activation (figure 16, 21 & 22). In contrast with what has been reported in other 

tissues, in some cases the application of ryanodine caused a transient reappearance of STOCs 

in RTA myocytes following S.R. Ca2+ release due to phenylephrine. Other studies have 

suggested that ryanodine produces a progressive concentration dependent and irreversible 

inhibition of STOC discharge in smooth muscle (Bolton & Lim, 1989; Nelson et al., 1995; 

Kang et al., 1995; Komori et al., 1989; Sakai et al., 1988). At low concentrations, ryanodine 

(0.1-1 uM) has been reported to lock the release channel in a long-lived subconductance state 

whereas higher concentrations (10-500 uM) block these channels (Meissner, 1986). Since 

ryanodine was used at 3 uM in this study, S.R. Ca2+ release may have been reinitiated and 

account for the reappearance of STOCs. The dependence of STOCs on extracellular [Ca2+] 

was not systematically investigated in the present study. Previous observations indicate that 

STOCs can be observed for a short period of time, but after approximately 1 min (Bychkov 
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et al., 1997) they are abolished likely due to depletion of subsarcolemmal S.R. stores (Bolton 

& Imiazumi, 1996). Others have reported that more than 10 mins in Ca2+-free bathing solution 

is required to block these conductances (Kuriyama et al., 1995). Activation of STOCs is 

observed following application of BayK8644, and spontaneous Ca2+ sparks are still observed, 

albeit at a lower frequency, in the presence of L-type VGCC blockers (Mironneau et al., 

1996). This is consistent with the view that the primary mechanism responsible for activation 

of STOCs is intracellular Ca2+ release, but in conditions of enhanced global [Ca2+] as observed 

with caffeine, for example, STOC activity is enhanced. 

3.8.1 STOCs function as endogenous Ca2+ indicators - but are they physiological or 

pathological? 

Since exogenous Ca2+ indicators such as FURA-2 are limited by their "global" nature 

they are unable to detect local changes in intracellular Ca2+ concentrations, such as sparks. 

It has been suggested that STOCs may serve as endogenous indicators of subsarcolemmal free 

[Ca2+] since this is clearly a microdomain of cytoplasmic Ca2+ which cannot be monitored 

using conventional indicators. The subsarcolemmal [Ca2+] is thought to be considerably higher 

than the free cytoplasmic concentration; activation of BKCa current has been used as an 

estimate of the subsarcolemmal [Ca2+] (Stehno-Bittel & Sturek, 1992). In utilizing these 

currents for these types of studies several assumptions have to be made. For example, we 

assume that "sparks", arising from the opening of one or more S.R. Ca2+ channels, are 

responsible for the activation of STOCs and that they represent a physiological and not a 

pathophysiological process. Neither of these assumptions have been adequately demonstrated 

in smooth muscle and many argue that STOCs may be the pathophysiological response to 

Ca2+ overload (Bolton & Imiazumi, 1996). The data to support these arguments are as 

follows: 

1). Few VSMCs are observed to fire STOCs at RMP, and the frequency and amplitude 

of STOCs when they occur are enhanced upon membrane depolarization (Benham & Bolton, 

1986; Clapp & Gurney, 1991b; Hume & Leblanc, 1989). These effects of depolarization are 

likely due to an increase in Ca2+ loading of the S.R. It is argued that this is contrary to the 
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suggestion of Nelson et al. (1995) that STOCs exert a tonic relaxing influence on VSM 

(Bolton & Imiazumi, 1996). However, these data are consistent with a role for STOCs to 

recover RMP, acting as a Ca2+-activated "brake" against depolarization. 

2). In whole-cell ruptured patch recordings with 1 mM EGTA in the pipette, the 

presence of STOCs was dependent upon ATP, but not GTP: when ATP was present, STOCs 

were absent and vice versa (Clapp & Gurney, 1991b). This point is cited by Bolton & 

Imiazumi (1996) to suggest that STOCs are pathophysiological. However, in this case, ATP 

may function to increase the activity of a Ca2+ATPase, for example, resulting in greater 

extrusion of subsarcolemmal Ca2+ and therefore a reduction in sparks and STOCs at lower 

subsarcolemmal [Ca2+]. ATP is known to increase the apparent affinity of the transporting 

sites and to increase the affinity of an internal Ca2+ regulatory site of the Na7Ca2+ exchanger, 

which may be mediated by phosphorylation of the exchanger itself (McCarron et al., 1993; 

Caroni & Carafoli, 1983). Also, in the ruptured patch, dialysis and loss of potential 

intermediates regulating these pathways may be occurring leading to alterations in STOC 

activity. This dialysis would give a non-physiological control of subsarcolemmal [Ca2+] and, 

therefore, of STOC initiation, particularly when [Ca2+]j is reduced below normal levels. 

3) Bolton & Imiazumi (1996) argue that less than one BKCa channel is involved in the 

depolarization in response to iberiotoxin observed by Nelson et al. (1995), based upon 

calculations which assume a 75 pS single channel conductance for BKCa. If it is assumed that 

there are approximately 10,000 BKCa channels in a single cerebral artery myocyte (Nelson et 

al., 1995), this clearly represents an extraordinarily low activity of these channels. However, 

it is not evident that so few (<1) channels are activated in the tissue. The single channel 

conductance of B ^ under physiological conditions of transmembrane gradient in K+ (i.e. not 

in symmetrical [K+]) may be much lower than the 75 pS value employed by Bolton & 

Imiazumi (1992). Morales et al. (1996) indicate that it may be substantially less than 30 pS, 

perhaps as low as 10 pS (37 pS with 50 mM K+, Morales et al., 1996). Even when these 

physiological values are used, a low activity of these channels is still suggested. This is indeed 

a confounding factor that remains to be fully explained; however, all of these calculations are 

based upon observations at room temperature. It is conceivable that at a more physiological 
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temperature, these values, particularly that of the input resistance employed by Bolton & 

Imiazumi (1997), may be quite different. 

4). Nelson et al. (1995) describe a depolarization with ryanodine and thapsigargin. This 

is contrary to what would be expected since both of these agents are known to release [Ca2+]j 

which would be expected to activate BK^ and subsequently lead to hyperpolarization. These 

agents are thought to deplete intracellular stored Ca2+ resulting in the elimination of STOCs. 

Nelson et al. (1995) propose that STOCs are responsible for relaxation of VSM and, 

therefore, the elimination of STOCs by store depletion would result in depolarization. It 

seems unlikely that complete store depletion would occur in smooth muscle under 

physiological conditions, and as such it is difficult to relate these observations to a 

physiological role for STOCs. 

5). The present study makes the observation that the occurrence, frequency and 

amplitude of STOCS appeared to be dependent upon the contractile status of the cells. It was 

often easy to predict which cells would fire STOCs simply based upon their appearance: cells 

with a "swollen", slightly contracted appearance would more frequently fire STOCs. The fact 

that RTA VSM develops tone in vivo may partially explain this observation. However, this 

relationship between slight contraction and STOCs has prompted the suggestion by others 

that STOCs are pathophysiological events related to abnormal Ca2+ handling. 

6). A regulation of STOCs was apparent. Evidence in the literature and data presented 

here show STOC amplitude and frequency is modulated by contractile agonists, key 

intracellular mediators of contraction and perhaps also vasodilators (see below). 

Consequently, it is difficult to rule out a physiological function of STOCs, yet several 

of these observations still require clarification. 

3.8.2 PKC modulation of STOC amplitude 

Surprisingly little is known about modulation of STOC activity in VSM. One striking 

feature observed in these studies was a dramatic inhibition of STOC activity following 

perfusion with the phorbol ester, PMA (figure 20). A reduction in both the frequency and 

amplitude of STOCs was apparent (in most cases abolishing STOCs), particularly in cells 
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firing large amplitude (>200 pA) STOCs. This has also been reported for the rabbit portal 

vein (Kitamura et al., 1992), an effect that was absent in the presence of a non-specific PKC 

inhibitor H7. The mechanism by which PKC activation inhibits STOCs remains to be defined. 

There is evidence in Jurkat T lymphocytes that PKC stimulates Ca2+ extrusion via PMCA 

rather than the Na7Ca2+ exchanger, which contributes to the decline in global [Ca2+] following 

treatment with ionomycin or thapsigargin (Balasubramanyam & Gardner, 1995). It has been 

suggested that activation of PKC associated with cardiac (Xj-AR stimulation influences [Ca2+]j 

by inhibition of the L-type VGCCs or by activation of either Na7Ca2+ exchange or the Na7K+ 

pump; PKC is known to activate the NaVFT exchanger resulting in alkalinization of the cell 

and increased contractility (Graham et al., 1995). It is known that PKC can affect many 

different ion channels: both an activation and inhibition of Ca2+ influx have been reported; the 

latter effect may be via an interaction of GPy with the a{ subunit of the Ca2+ channels 

(Shimamura et al., 1994; Bourinet et al., 1997). Phenylephrine-induced translocation of 

cytosolic PKC to the surface membrane is associated with the transient translocation of MAP 

kinase in ferret aortic smooth muscle cells. This is followed by a second redistribution 

towards the contractile apparatus which occurs coincident with contraction (Khalil & 

Morgan, 1993). However, the physiological significance of these events is still obscure. 

In other tissues, activation of protein kinase A (PKA) or protein kinase G (PKG) 

enhanced the response of these tissues to caffeine, suggesting that PKA and PKG activation 

enhances the level of stored Ca2+ (Kormori & Bolton, 1989). However, it has been argued 

that this has no apparent effect on STOC size or frequency which is contrary to what would 

be expected if the level of Ca2+ stored is related to the frequency of sparks. Nitroprusside, an 

agent which elevates cGMP levels within cells, has been reported to increase STOC discharge 

(Clapp & Gurney, 1991a). These data would perhaps suggest that PKA or PKG act to 

enhance STOC discharge, whereas PKC acts to inhibit discharge, and may provide a means 

by which vasodilators (such as 0-AR agonist activating PKA) and vasoconstrictors (such as 

phenylephrine activating PKC) regulate RMP. PKC activation in the RTA appears to result 

in a "shutdown" in the firing of STOCs, perhaps by either directly inhibiting the channels or 

by switching off the mechanism(s) that control spontaneous release of stored Ca2+. 
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Figure 20: Effects of PMA on STOC amplitude and frequency. Panel A) Application of 

PMA to a cell firing large STOCs results in complete cessation of STOC activity. Panel B) 

shows inhibition of BK^ over a voltage ramp. A significant increase in inward holding current 

was observed following application of PMA with a shift in zero current potential from -21.1 

± 7.5 mV to -9.5 ± 5 mV (p<0.05, n=7). A marked decrease in the noise of the trace is 

apparent in the presence of PMA, supporting the contention that PMA reduces BKCa activity 

and therefore STOC activity, perhaps by reducing subsarcolemmal [Ca2+]. The shift in Erev 

was likely due to this inhibition of BK^^ which appears under these recording conditions as 

an inward shift in the holding current, apparent in the voltage ramp protocol. 
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3.8.3 Compartmentalization of Ca2+ within the cell. 

Results. 

STOC amplitude and frequency was enhanced following perfusion of the cell with either 

caffeine or ryanodine, although both of these agents, after an initial activation, produced 

cessation of the STOCs (figure 21). Of 33 cells which responded to phenylephrine, 21 were 

observed to fire STOCs whereas only in 1 case was a cell observed to fire both STOCs and 

STICs (figure 22). In this cell, application of caffeine preferentially activated STICs whereas 

ryanodine activated STOCs. Importantly, following application of phenylephrine and the 

development of an inward current concurrent with cessation of STOCs, both caffeine and 

ryanodine were still able to elicit activation of STOCs (figure 16), implying that the 

intracellular stores are still intact. 

Discussion: 

Caffeine is often used as a pharmacological tool for studying the release of Ca2+ from 

intracellular stores such as the S.R. It is thought to evoke S.R. calcium release by activation 

of the ryanodine receptor, it has been shown to activate reconstituted ryanodine receptors 

from cardiac and vascular S.R., and that this activation results in a sensitization of the release 

channel to Ca2+ (Timerman et al., 1993). Caffeine-induced changes in intracellular calcium 

levels of VSMC have been used to define the "caffeine-sensitive intracellular stores" (lino 

1989). Initial studies investigating this role of caffeine utilized skinned smooth muscle cells 

with high calcium buffering, which may suppress CICR. Stehno-Bittel & Sturek (1992) 

investigated the effects of subsarcolemmal Ca2+ on the outward current of bovine and porcine 

coronary arteries. They found that depletion of the S.R. Ca2+with caffeine produced a 58% 

decrease (in bovine cells) in the outward current. They also suggest that Ca2+ released from 

the S.R. is preferentially released towards the sarcolemma, showing a 2 second delay between 

changes in sarcolemmal [Ca2+] and free cytoplasmic (myoplasmic) [Ca2+]. This study implies 

that despite knowing the concentration of free intracellular Ca2+, the concentration of Ca2+ at 

the intracellular face of ion channels may be very different. Accumulation of ions at the 

membrane surface is of course a much more energy efficient mechanism for control of ion 
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channel activities since it avoids "global" changes in ion concentration. This phenomenon of 

local changes in ion concentration is also thought to occur on the extracellular surface of cells 

(Carmeliet, 1992). Smooth muscle cell membranes contain numerous infoldings, or caveolae, 

which are thought to be sites for ion accumulation and have even been suggested to influence 

the properties of tail currents associated with the delayed rectifier in isolated rat pulmonary 

arterial cells (Smirnov & Aaronson, 1994). It has been suggested that there is a vectorial or 

directional release of Ca2+ into smooth muscle cells reflecting compartmentalization of Ca2+, 

a result of the anatomy of the cell. 

The present data suggest that the caffeine-sensitive stores release Ca2+ within the vicinity 

of the Ca2+ activated CI" channel whereas ryanodine may preferentially release Ca2+ toward 

regions of the membrane containing clusters of BKCa channels. These data are, however, only 

taken from one cell and as such should be interpreted with caution. Clustering of channels 

within regions of the membrane has been described, however, and the existence of caveolae 

in the plasma membrane, which are directly opposite subsarcolemmal S.R. cisternae, have 

been suggested to be involved in harbouring these local effects (Bolton & Imiazumi, 1996). 

A recent report suggests that Ca2+ waves and not Ca2+ sparks are required to activate ClCa 

channels (Mironneau et al., 1996). If this were the case, it may simply be that caffeine is able 

to evoke a greater increase in intracellular Ca2+ levels in the subsarcolemmal region resulting 

in an increase in activity of STICs. Why this would not also be reflected in the STOCs in this 

particular cell is unclear at this point and consequently the earlier suggestion of a co-

localization of these channels with release sites is favoured. The majority of sparks are located 

within 1 urn of the sarcolemma (Nelson et al., 1995) reinforcing the idea of a very localized 

response. It is clear from the present data that the frequency of STOCs is initially enhanced 

and subsequently depressed following a r AR stimulation (figure 15 & 16). This biphasic 

change in STOC frequency has been described for other tissues in the presence of agonists 

that elevate intracellular IP3 levels (Bolton & Imiazumi, 1996; Benham & Bolton, 1986; 

Bolton &Lim 1989). 

It has been suggested that an initial increase in subsarcolemmal [Ca2+] producing an 

initial activation of STOCs is followed by a depression of STOC frequency due to the 
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Figure 21: Effects of caffeine on net current. Panel A) A representative recording of a 

transient outward shift in the holding current evoked upon application of 10 mM caffeine, an 

effect which was accompanied by a dramatic increase in the firing of STOCs which are no 

longer observed following this burst of activity (n=7 of 11 cells). Panel B) A second 

representative recording of a caffeine-evoked transient inward current that may be the result 

of a Ca2+ activated current or a capacitative Ca2+ entry pathway (n=4 of 11 cells). 
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Figure 22: Effects of store depletion - differential activation of STOCs and STICs. Panel 

A) Control conditions, both STOCs and STICs are recorded. Panel B) Application of caffeine 

(10 mM) preferentially stimulates STICs. Panel C) Subsequent exposure of the same cell to 

ryanodine (3 uM) activates STOCs. This was the only cell in which both STOCs and STICs 

were observed to fire. 
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depletion of the S.R. Ca2+ stores. Application of all agonists known to stimulate the release 

of Ca2+ from stores of vascular and visceral smooth muscle (NA, Ach, substance P, 

endothelin) will abolish STOCs within a short time of application (Bolton & Imiazumi, 1996). 

However, the present observation that caffeine and ryanodine were able to induce STOCs 

and/or activation of BK^ current casts doubt on the view that store depletion can account for 

the cessation of STOCs. The reinitiation of STOCs with ryanodine and caffeine, in the 

continued presence of phenylephrine (figure 16), implies that the stores were not depleted and 

that either the BKQ, channels were inhibited (e.g. reduced Ca2+ sensitivity and rightward shift 

of the P ^ vs. voltage relation) or that the frequency of sparks was reduced in the presence 

of cCj-AR stimulation. Inhibition of BK^ channels by vasoconstrictors such as angiotensin II 

and endothelin (Minami et al., 1995) or during muscarinic receptor activation of 

gastrointestinal (Cole & Sanders, 1989; Cole et al., 1989) and airway smooth muscle cells has 

been demonstrated (Kume & Kotlikoff, 1991). This study provides evidence consistent with 

the idea that the decrease in STOCs may also be due to a decline in "spark" frequency, 

perhaps because of reduced subsarcolemmal [Ca2+] in the presence of phenylephrine. 

3.9 Is there a role for the Na+/Ca2+ exchange in control of subsarcolemmal [Ca2+J? 

Results: 

Following phenylephrine-induced inhibition of STOC activity, reducing [Na+]0 from 123 

to 63 mM results in a reappearance of STOCs (figure 23, n=3 of 5 cells). This effect of low 

[Na+]0 was also observed in the absence of the agonist (figure 24, n=3). Additionally an 

increase in temperature from 22-30°C results in a dramatic increase in firing of STOCs (figure 

25, n=6). Both the frequency and amplitude of STOCs increased with temperature and 

membrane depolarization (figure 25). 

Discussion: 

Data presented here suggest that there may be a role for the Na+/Ca2+ exchange in the 

control of subsarcolemmal [Ca2+] and activation of STOCs. Upon stimulation of the a r AR 

there was a cessation of STOCs as described above, but on switching to low [Na+] (60 mM) 
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Figure 23: Effect of phenylephrine and low [Na+]„ on STOCs. Panel A) STOCs recorded 

under control conditions as described in figures 15 & 16. Panel B) Phenylephrine inhibits the 

firing of STOCs in the same cell, just prior to the described shift in the holding current. Panel 

C) In the presence of phenylephrine (1 uM) and low [Na+]0 (60 mM), STOCs were observed 

to recover to an elevated amplitude (n=3 of 5 cells). Summation of STOCs can be observed 

in this panel suggesting that the S.R. Ca2+ stores are not empty. 
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Figure 24: Effect of low [Na+]„ in the absence of phenylephrine. Panel A) STOCs 

recorded under control conditions as described in figures 15 & 16. Panel B) An increase in 

firing of STOCs was observed in the same cell when in low [Na+]0 (60 mM) alone (i.e. in the 

absence of the agonist (n=3)). 
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Figure 25: Effects of temperature on STOCs. Panel A) STOCs recorded under control 

conditions as described in figures 15 & 16. Panel B) An increase in firing of STOCs was 

observed in the same cell following elevation of temperature from 22° to 30°C. This effect 

was observed in n=6 cells. 
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in the bathing medium a recovery of STOCs was observed in 3 of 5 cells (figure 23). In these 

experiments, Na+ was not added to the internal solution (see methods). Similar experiments 

were performed in the absence of the agonist to determine if Na+ substitution alone would 

similarly result in an increase in STOC frequency and/or amplitude. Data shown in figure 23 

indicate an increase in both the frequency and amplitude of STOCs on switching from 120 

mM to 60 mM [Na+]„ by substitution with choline. In addition, the well described actions of 

elevated temperature (figure 25) in enhancing the frequency of STOCs also supports the 

suggestion that a temperature dependent process is likely involved in control of their 

frequency, as would be expected for the release channels or a mechanism required for 

regulating spark frequency by controlling subsarcolemmal [Ca2+], e.g. Na7Ca2+ exchanger or 

sarcolemmal Ca2+ ATPase. 

A similar relationship between regulation of subsarcolemmal [Ca2+] by Na+/Ca2+ 

exchanger and STOC frequency was recently indicated by Bychkov et al. (1997). These 

authors found that the frequency of STOCs was directly related to [Na+]( between 0 and 24 

mM: lowering Na+ to 0 mM abolished the STOCs whereas treatment with the Na+ ionophore 

monensin induced STOCs. That alterations in [Ca2+]( were the determining factor for STOC 

generation and not Na+ ions per se was indicated because the STOCs were abolished by 

reducing extracellular or intracellular [Ca2+] in the presence of monensin (Bychkov et al., 

1997). 

The present data and the observations of Bychkov et al. (1997) indicate that control of 

subsarcolemmal [Ca2+] by the exchanger may be critical for the regulation of STOC frequency 

and an important determinant of the contribution of this mechanism for the regulation of 

vascular tone. The existence of a functional Na7Ca2+ exchanger in smooth muscle that can 

make a substantial contribution to the removal of Ca2+ from the cytoplasm at physiological 

[Ca2+]( has been shown (McCarron et al., 1994). 

A reduction in [Na+]0 probably results in accumulation of Ca2+ in the subsarcolemmal 

space, since the Na/Ca2+ exchanger is an important mechanism for the removal of 

subsarcolemmal Ca2+. Alternatively, or in addition to these effects, an increase in Ca2+ uptake 

into the S.R. may also occur. The spatial spread of Ca2+ during a single Ca2+ spark has been 
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shown to be influenced by the S.R. Ca2+ pump and it is likely that Ca2+ transport by the S.R. 

contributes to the kinetics and spatial distribution of [Ca2+]; during the Ca2+ spark (Gomez et 

al., 1996). For the initial phase (20 sees) following electrical stimulation of ventricular 

myocytes, the frequency of sparks and the content of the S.R. declined, even though resting 

global [Ca2+] remained unchanged (Satoh et al., 1997). This "rest-dependent" decrease in 

spark frequency was prevented by inhibition of the Na7Ca+ exchanger. These data lend 

support to the idea that the exchanger is an important site for control of subsarcolemmal 

[Ca2+] and the loading of S.R. stores. 

The exchange reaction usually transports 1 intracellular Ca2+ for 3 extracellular Na+ in 

the forward mode, and it has been suggested that the carrier must be loaded (i.e. the binding 

sites for Ca2+ and Na+ must be occupied) before this exchange of ions can occur. Since this 

exchanger is electrogenic, the net exchanger current is inward (depolarizing) in forward 

mode; however, depending on the direction of the electrochemical gradient for Na+ the 

exchanger will work in reverse mode producing a hyperpolarizing outward current. The 

relevance of the reverse mode exchanger under physiological conditions is not well 

understood. Reducing extracellular [Na+] from 120 mM to 60 mM, as was the case in the 

present experiment, can be expected to cause a slowing of the forward mode exchange 

activity resulting in an accumulation of subsarcolemmal Ca2+. It is possible, therefore, that an 

elevated subsarcolemmal [Ca2+] in low [Na+
0] may have induced CICR from the S.R. and 

increased the frequency of STOCs, or filled the stores such that spontaneous release occurred 

with a greater frequency. The existence of a Na7Ca2+ exchange-dependent Ca2+ compartment 

linking Ca2+-sensitive sarcolemmal conductances and the S.R. has been suggested in cultured 

neonatal rat heart cells (Langer et al., 1995) and speculations as to a role in store refilling are 

appearing in the literature (Bychkov et al., 1997; Satoh et al., 1997). 

Hypothesis IV: Downstream effectors are key to activation of a NSCC in response to 

phenylephrine 

3.10 Direct Gprotein activation: 
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Figure 26: Effects of NaF on whole tissue strips. Original traces of contraction of tail artery 

strips in the organ bath in response to direct G protein activation with NaF. The contraction 

was typically slow to develop and was markedly reduced in the absence of extracellular Ca2+, 

by 86.8 ± 6.4% (n=5, p<0.05). This inhibition was rapidly reversed following washing in 1.8 

mM Ca2+-containing Krebs solution, despite concurrent removal of the agonist. Panel B) 

Mean ± S.E.M. for RTA tissue strips. Control (open bar) is inhibited in nominally free Ca2+-

containing Krebs solution (solid bar), an effect that is easily reversed upon washing (grey bar). 

(n=5, *p<0.05). 
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Figure 27: Simultaneous recordings of net current and FURA-2 signal. At a holding 

potential of -40 mV, the response of isolated RTA VSMCs to NaF is typically slow, as 

observed in organ bath experiments (Figure 26). Application of NaF activates an inward 

current which occurs at a similar time course as a rise in global [Ca2+]. In 3 of the 4 cells 

recorded in this manner, there was an initial decline in the global Ca2+ signal without a change 

in the holding current, prior to elevation of global [Ca2+] and activation of the accompanying 

inward current. 
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Figure 28: Effects of NaF on current evoked using a voltage ramp. Panel A) Voltage 

ramp protocol confirms activation of an inward current with NaF (5 mM) which is 

accompanied by an increase in outward current at more positive voltages, consistent with the 

expected profile for activation of a NSCC. Panel B) The difference current reverses at -1.4 

mV, consistent with what would be expected for a NSCC. A shift in the zero current potential 

of this current in the depolarizing direction was observed (-18 mV in control to -8 mV with 

NaF) and consequently an involvement of the VGCCs in the response to NaF is implied, 

consistent with what is observed in the whole tissue. This effect on the voltage ramp was 

observed in only 3 cells due to the difficulty in maintaining the recording (see text). 
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Results: 

Contraction of RTA strips to NaF was typically slow to develop and was inhibited in 

nominally Ca2+
0-free bathing solution by 86.8 ± 6.4% (figure 26, p<0.05, n=5), but recovered 

to control levels upon washing in 1.8 mM [Ca2+]0. In isolated cells, simultaneous recordings 

of FURA-2 and net current, at a holding potential of-40 mV, describe activation of an inward 

current which develops with a similar time course as an increase in global [Ca2+] (figure 27, 

n=4). Voltage ramp protocols show activation of both an inward and outward current which 

reverses at -1.4 mV, consistent with the observed response to phenylephrine. A shift in the 

zero current potential of the net current from -18 mV in control to -8 mV in the presence of 

NaF was observed (figure 28, n=3, p<0.05), however, similar restrictions apply to the 

interpretation of these data as mentioned above as an identical protocol was used here. 

Discussion: 

The involvement of G proteins in the signal transduction pathway activated by a rARs 

was investigated in the whole tissue in order to determine if the contractile response to NaF 

also occurs as the result of the activation of a Ca2+ influx pathway. It is assumed under these 

conditions that NaF will bind with contaminating aluminium to form an A1F4" complex 

(Adeagbo & Triggle, 1991). The structural similarity of this complex to P04" enables A1F4" 

to interact with the nucleotide binding site of G proteins, where it mimics the action of GTP 

leading to a nonhydrolyzable but reversible activation. F" has been reported to stimulate PI 

hydrolysis in the rat tail artery (Cheung et al., 1990); however, the cellular basis and role of 

extracellular versus intracellular Ca2+ appears to differ depending upon the tissue used. F" 

induced contractions were not inhibited in the absence of extracellular Ca2+ in the rabbit ear 

artery, the pulmonary artery or the saphenous artery (Casteels et al., 1981); however, 

contraction of the rat tail artery has been reported to depend upon the presence of 

extracellular Ca2+ and is attenuated by Ca2+ channel antagonists (Zeng et al., 1989). 

Application of NaF to whole tissue preparations of RTA in the present study caused 

contraction after a delay of approximately 10-15 mins (Figure 26). This contractile response 

was dependent upon Ca2+ influx since there was a dramatic reduction in the amplitude of the 
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response in the absence of extracellular Ca2+ and recovery of the response on replacing Ca2+ 

in the bathing medium (figure 26). In the presence of nominally Ca2+
0-free bathing solution, 

the response to NaF was reduced to 13.2 ± 6.4% of control (1.8 mM [Ca2+]0). Also, 

contraction was immediately apparent on replacing [Ca2+]„ despite simultaneously washing 

NaF from the tissue. A similar response was observed for phenylephrine but not KCl 

suggesting that both phenylephrine and NaF activate an influx pathway which remains active 

for some time following washout of the agonist. 

The response to NaF of the isolated cells was also typically slow to develop, displaying 

a simultaneous elevation of intracellular Ca2+ and increase of inward current. It was difficult 

to accurately determine whether the influx of Ca2+ occurs just prior to, or as a result of the 

development of this inward current under these recording conditions (separate computers 

were employed for Ca2+ fluorescence and current recordings). For this reason, definitive proof 

of a causal relation between the activation of current and a rise in [Ca2+]j must await future 

experiments. 

At the concentrations used in these studies (5 and 10 mM), NaF was observed to 

activate an inward current. Following this a large linear outward current was consistently 

observed despite the FURA-2 signal remaining stable at an elevated level (note figure 27). 

This occurred in several cells following prolonged exposure to NaF, caffeine and ryanodine 

but not phenylephrine. It most likely resulted from Ca2+ overload within the cell and signalled 

termination of the experiment. Consequently, it was difficult in most cases to gain an accurate 

measurement of zero current potential for the activated conductance; however, this was 

achieved in a limited number of cells (n=3 of 7 cells showing an increase in inward current). 

A significant shift in the zero current potential from -21 mV to -10 mV in the presence of NaF 

was observed (figure 28, n=3, table 5, p<0.05). From the ramp protocols (figure 28) it was 

evident that NaF activated a whole cell current which contributed to net current over the 

entire voltage range examined. The zero current potential for the difference current was -1.4 

mV, similar to the zero current potential of the difference current obtained for phenylephrine 

(-1 mV). Again, a quantitative determination of the precise ionic conductances activated by 

NaF cannot be gained from these recording conditions due to the contribution of many 
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conductances to whole cell net current. The similarity of the response of NaF and that of 

phenylephrine does imply that a similar conductance(s) may be activated. NaF is also known 

to act as a phosphatase inhibitor and may additionally have non-specific effects under these 

conditions, consequently future studies will be required for definitive proof that G protein 

activation using NaF does elicit activation of identical conductances to that observed with 

phenylephrine. 

3.11 PMA/DJC8 activation ofNSCC? 

Results: 

Activation of PKC with 100 nM PMA resulted in a significant shift in the zero current 

potential (from -21.1 ± 7.5 to -9.5 ± 5 mV, p<0.05); however, the development of a 

pronounced inward current was not observed under net current recording conditions (figure 

29, n=7). Figure 20 (insert) shows representative data of the effect of PMA in reducing STOC 

activity and thereby inhibiting BKCa. The shift in ENet observed here is likely due to inhibition 

of this outward current which appears as a slight negative shift in the holding current. 

Application of 1,2 DiC8 (10 uM), a DAG analogue, resulted in activation of an inward 

current in 3 of 4 cells (figure 29); however, non-specific effects of this compound were also 

observed. These included a non-specific block of Kdr which was also apparent with the 

inactive analogue 1,3 DiC8 (figure 30). 

Discussion: 

The current literature investigating the role of downstream mediators of receptor 

activation has revealed a controversy regarding the activation ofNSCC. It was recently 

suggested that noradrenaline activates a NSCC via a G protein coupled to PLC and that a 

direct effect of DAG, not involving phosphorylation by PKC, is involved in stimulation of a 

NSCC in the rabbit portal vein (Helliwell & Large, 1997). However, Oike et al. (1993) 

reported activation ofNSCC current by phorbol 12,13-dibutyrate (PDBu) in the presence of 

3 uM GTPyS in the pipette. In order to address this controversy, the effects of application 

of PMA the membrane permeable DAG analogue, l,2-dioctanoyl-.«?-glycerol (1,2 DiC8) and 
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Figure 29: Effects of PMA and DiC8 on net current records. Panel A) Application of 

PMA does not affect holding current; however, a significant shift in Erev is apparent (see text) 

accompanied by a reduction or elimination of STOCs (n=7). Subsequent application of 1,2 

DiC8 (10 uM) causes an inward shift in the holding current in the absence of an effect of 

PMA (n=3 of 4 cells). Panel B) 1,2 DiC8 evokes an oscillation of the holding current: it shifts 

the holding current in the inward and then outward direction, suggesting that in this case 

DiC8 is affecting more than one conductance. On average, a shift in Erev from -21.1 ±7.5 mV 

(control) to -13.2 ± 5.2 mV in the presence of 1,2 DiC8 was observed; however, this was not 

significant (n=4). 
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Figure 30: Non-specific effects of DAG analogues on Kdr currents: Panels A)-D): 

Representative families of outward currents recorded in whole cell ruptured patch 

configuration (10 mM BAPTA in the pipette) in control (Panel A), 1,3 DiC8 (panel B), 1,2 

DiC8 (Panel C) and during washout of the analogues (Panel D). Panel E): Identical recording 

conditions as figures 15 & 16. The effects of DiC8 on the control current elicited in response 

to a voltage ramp protocol. In this cell the "hump" in the control current is unmasked due to 

the limited activity of STOCs. This "hump" is associated with activation of K^ and is inhibited 

in the presence of 1,2 DiC8. In this cell, PMA had previously been applied, resulting in a 

slight shift in the inward holding current, similar to that observed in figure 20. These data are 

consistent with a block of Kdr in these cells by DiC8, but, suggest that this may be a direct 

channel block rather than a specific inhibition of PKC. 



A) Control 
-90 mV 

+20 mV 136 

-50 mV 

-100 mV 

B)l ,3DiC8(10j iM) 

500 pA 

100 msec 

C) l,2DiC8(10|LiM) 

D) Wash 

E ) J 

200 pA Control lw 
1 sec j,^1****"^ fr 

l,2DiC8(10|uM) 



137 

the inactive analogue l,3-dioctanoyl-.w-glycerol (1,3 DiC8), on net current were assessed. 

In all net current records, PMA was applied to the cell prior to application of DiC8. Although 

PMA did evoke a significant shift in the zero current potential (from -21.1 ± 7.5 to -9.5 ± 5 

mV, p<0.05), the development of a pronounced inward current was not observed (n=7). This 

was likely due to the dramatic effect of PMA in reducing STOC amplitude and 

thereby inhibiting BY^^ which appears as a shift in EN6t (figure 20). However, application of 

1,2 DiC8 (10 \iM) did evoke a shift in the holding current similar to that observed by 

Helliwell & Large (1997) in 3 of 4 cells. The inactive analogue 1,3 DiC8 (10 u.M) did produce 

a slight activation of an outward current, resembling the Ca2+-activated K+ current which was 

only seen in the ramp protocols at more positive potentials within the voltage range for 

activation of BKca channels. Analysis of the ramp protocols describes a shift in the zero 

current potential (12 ± 12.2 mV, n=5) in the presence of 1,2 DiC8 (10 uM) although this 

effect was variable and not significant. These data lend support to the observations of 

Helliwell & Large (1997) and suggest that DAG may directly activate the inward current in 

cells in which PMA had little effect on net current. 

Non-specific effects of DAG analogues. 

Using the whole cell rupture configuration (with 10 mM BAPTA in the pipette), in the 

presence of a delayed rectifier (Kdr) component of the outward current, the effects on K^ of 

the active 1,2 DiC8 and the inactive 1,3 DiC8 analogues of DAG were examined, and found 

to be indistinguishable (figure 30), suggesting that in the rat tail artery there is a direct channel 

block by 1,2 DiC8 rather than inhibition of Kdr via PKC, in contrast to what was observed in 

the rabbit portal vein (Aiello et al., 1996). A direct block of L-type VGCCs by these DAG 

analogues was also observed in pregnant rat myometrial cells (Kusaka & Sperelakis, 1995). 

The complex pharmacology of these compounds hinders the interpretation of these data, 

although it would appear that the predominant effects of PMA may be to regulate STOC 

firing, whereas DAG may be involved in activation of the NSCC, as has been described in 

other tissues. More selective DAG analogues should be employed to confirm or refute these 

conclusions. Using perforated patch clamp recording conditions, it was often difficult to 
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assess the contribution of K^ to the outward current in these cells since often the appearance 

of STOCs during the ramp would mask a characteristic "hump" in the voltage ramp 

recordings. When the "hump" in the current trace was observed in response to the voltage 

ramp, both 1,2 DiC8 and 1,3 DiC8 were observed to inhibit this hump. A voltage ramp in the 

presence of PMA was not undertaken and the effects of the a r AR agonist phenylephrine on 

the delayed rectifier K+ channel were not studied. 

4. Conclusions. Summary & Future Directions: 

4.1 Basis for a model -figure 31: 

The findings of this study suggest that a r AR occupancy in rat tail artery activates 

multiple mechanisms for control of Ca2+ influx leading to contraction. However, the data 

suggest that the mechanism for enhancing Ca2+ influx does not depend on a direct coupling 

between a r AR and L-type VGCC via a G protein, which is the classically held view 

concerning the action of a rAR on vascular smooth muscle. Rather, the present data indicate 

that ccpAR occupancy may indirectly cause a voltage-dependent activation of VGCC because 

of depolarization of RMP. Evidence is presented that this depolarization may be attributed 

to: i) an activation of NSCC perhaps via a G protein linked pathway, and possibly by DAG 

not involving PKC activation, ii) an inhibition of basal BKCa current due to a direct inhibition 

by PKC or a PKC-mediated decline in subsarcolemmal [Ca2+] and, iii) a decrease in STOCs 

due to a PKC-dependent decline in spark frequency and/or amplitude. This complex 

mechanism for control of Ca2+ influx via changes in membrane potential is part of an 

integrated response to <x,-AR activation which also involves release of Ca2+ from intracellular 

stores, a rise in global [Ca2+]j and sensitization of the myofilaments to Ca2+. The pathways by 

which a rAR occupancy leads to Ca2+ influx and a rise in [Ca2+1 are summarized in figure 31. 

Included are suggested mechanisms for depolarization induced by ccrAR involving NSCC and 

a decline in STOCs. 

4.2 Eliminating a role for VGCC 

The classical view of a r AR control of L-type VGCC summarized by Ruffolo et al. 

(1991a) suggests that a pertussis toxin-sensitive G protein couples the receptor to the 
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channels and, upon receptor occupancy, this transduction mechanism leads to an increase in 

the Popen for the VGCC. However, variable changes in L-type Ca2+ current amplitude, 

including no change, an increase and a decrease, during treatment with a r AR agonists have 

been reported based on standard whole-cell voltage clamp recordings with varied levels of 

intracellular Ca2+ chelation (Droogmans et al., 1987; Benham & Tsien, 1988b). In the present 

study, the perforated patch whole-cell clamp technique was chosen in order to avoid dialysis-

induced rundown of VGCC. Activation of cCj-AR with phenylephrine and cirazoline caused 

no change or a decrease in VGCC of RTA myocytes. An increase in current, consistent with 

an enhanced P ^ due to a r AR occupancy, was not observed. Therefore, a direct activation 

of VGCC by G proteins cannot account for the tonic response of RTA to a r AR occupancy. 

The present study suggests that depolarization of RMP in the response to a r AR 

occupancy leads indirectly to the activation of VGCC. The organ bath experiments in this 

study indicate that Ca2+ influx following a,-AR stimulation is required for the maintenance 

of tone during the tonic phase of the contraction and that this influx occurs at least in part via 

a nifedipine-sensitive VGCC. Previous studies on the RTA employing conventional 

microelectrodes and vessels denuded of endothelium indicate that a r AR cause depolarization 

of RMP by approximately 16mV from -46.6 mV to -30.7 mV (Chen & Rembold, 1995). The 

present whole-cell voltage clamp experiments indicate the presence of a sustained Ca2+ influx 

through L-type VGCC between -40 and +10 mV in RTA myocytes. The nifedipine-sensitivity 

of a1-AR-induced contractions can be attributed, therefore, to a steady-state voltage-

dependent activation of the Ca2+ channels because of the change in RMP. This study indicates 

that a change in one or more ionic currents contributing to control of RMP may contribute 

to the depolarization induced by a r AR occupancy. 

4.3 What factors contribute to depolarization? 

Activation of NSCC would appear to contribute to depolarization of RTA smooth 

muscle during a r AR stimulation. Phenylephrine and non-specific activation of G proteins 

with NaF were found to activate an inward current which displayed characteristics consistent 

with that expected for a cationic conductance: i) the quasi steady-state difference current 

obtained by digital subtraction of current in the absence and presence of the a r AR agonist 
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had a zero current potential of approximately 0 mV; ii) The zero current potential of quasi 

steady-state current in the presence of phenylephrine exhibited a negative shift along the 

voltage axis in response to a reduction in extracellular [Na+] from 120 to 60 mM; iii) the 

inward current activated by phenylephrine was not affected by nifedipine and an appropriate 

change in zero current potential was not observed when extracellular CI" was lowered 

indicating the sustained inward current was not due to L-type VGCC or CI" channels; iv) 

Phenylephrine activated an inward current in the presence of Cs+ indicating that a decline in 

K+ current cannot account for the change in quasi steady-state current. The present study 

provides the first demonstration of NSCC in rat tail artery smooth muscle cells and indicates 

that this conductance may contribute significantly to the depolarization induced by c^-AR 

occupancy: treatment with phenylephrine caused a +16 mV shift in zero current potential of 

quasi steady-state current which is consistent with the 16 mV depolarization observed by 

Chen & Rembold (1995) in intact tissues. In light of the similar effect of NaF compared to 

phenylephrine on NSCC, it would seem likely that G protein activation is involved in the 

stimulation of the channels. It remains to be determined if G proteins activate the NSCC of 

RTA directly, as was postulated by Bolton and co-workers (Komori & Bolton, 1990) for 

gastrointestinal NSCC activated by ACh, or if G proteins activate PI-PLC either leading to 

an IP3-induced Ca2+ release and Ca2+-dependent activation of the channels or a direct 

activation of the channels by DAG (Helliwell & Large, 1997). A PKC-mediated increase in 

NSCC following a rAR occupancy would not seem to be involved since treatment with PMA 

never produced a similar increase in inward holding current at -40 mV. 

This study indicates two additional mechanisms which may contribute to the 

depolarization of RTA smooth muscle due to activation of PKC in response to a r AR 

occupancy. These include a decline in STOC frequency or amplitude and a decrease in basal 

BK^ current. A pronounced decline in STOC frequency and amplitude was observed in the 

presence of phenylephrine and phorbol ester. A decrease in STOCs may be expected to lead 

to depolarization according to the model proposed by Nelson and co-workers (1995). The 

decline of STOCs following application of contractile agonists in smooth muscle has been 

attributed to release and depletion of S.R. stores in response to IP3. However, the decline in 
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STOCs observed in this study cannot be adequately accounted for by this Ca2+ depletion 

theory. First, activation of PKC would not be expected to cause a release of S.R. Ca2+ leading 

to depletion and there was no indication of a caffeine-like activation of BKCa during PKC 

treatment consistent with a "dumping" of S.R. stores. Second, application of ryanodine or 

caffeine following the cessation of STOCs in the presence of phenylephrine caused a 

pronounced activation of BKCa current and/or a reinitiation of STOCs. 

At least three different explanations could account for the decline in STOCs during 

phenylephrine and PMA treatment: i) a partial decline in the level of the store such that 

spontaneous release of Ca2+ and, therefore, spark frequency is reduced, ii) a decrease in 

subsarcolemmal [Ca2+] and reduced CTCR due to PKC-mediated increase in the activity of the 

PMCA and/or Na7Ca2+ exchanger, and iii) a direct inhibition of RyR by PKC. It is not 

possible to differentiate between these mechanisms at this time. A direct effect of PKC on 

BK^j channels likely cannot account for the change in STOCs, since STOC suppression by 

phenylephrine was reversed by low external [Na+] which would not be expected to influence 

a PKC-mediated inhibition of BKCa channels. It is unknown whether the smooth muscle 

isoform of the RyR is inhibited by phosphorylation due to PKC and, to my knowledge, PKC 

has not been shown to alter the activity of cardiac or skeletal muscle RyR. Further studies will 

be required to resolve this issue. Alternatively, activation of PKC could lead to an enhanced 

efflux of Ca2+ and reduced subsarcolemmal [Ca2+] by stimulating PMCA and/or the Na7Ca2+ 

exchanger, which would be consistent with the observations made in this study. An important 

finding was that switching to a low [Na+] bathing solution caused either a reappearance of 

STOCs in the maintained presence of phenylephrine, or an increase in the frequency of 

STOCs in the absence of agonist. Decreasing extracellular [Na+] is well known to inhibit 

Na7Ca2+ exchange activity leading to an elevation of [Ca2+]|. An increase in subsarcolemmal 

Ca2+ could either enhance spontaneous release directly via CICR, or indirectly by causing 

filling of the S.R. stores and an increase in spontaneous release. 

4.4 Future directions 

Given the potential importance of STOCs in the control of vascular smooth muscle tone 

as postulated by Nelson et al. (1995) and the controversy concerning their physiological 
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relevance (Bolton and Imiazumi, 1997), it is imperative that studies are undertaken to 

conclusively determine if the appearance of STOCs marks cellular damage or if they do 

indeed contribute to vascular smooth muscle relaxation. Experiments should be undertaken 

at physiological temperatures, ideally using simultaneous recordings of sparks and STOCs in 

the presence of vasoconstrictors and vasodilators known to cause changes in RMP via PKC, 

PKA and PKG. The need for elucidating the physiological relevance of sparks and STOCs 

in smooth muscle is underscored by their potential role in settings of abnormal tone 

generation, such as coronary vasospasm. A variety of evidence suggests that a PKC-mediated 

pathway is involved in the pathogenesis of vasospasm (Ito et al., 1994). Given the inhibition 

of STOCs by PKC identified in this study, it would be interesting to determine whether there 

is a reduced contribution of BKCa to RMP in vessels exhibiting vasospastic activity. This 

would be consistent with a reduced contribution of BKCa activated by sparks to RMP. 
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Figure 31: A Model of intracellular events accompanying contraction ofRTA 

myocytes in response to arAR stimulation 

1). Phenylephrine activates signalling cascades via a G protein-mediated mechanism. 

Similar effects of NaF and phenylephrine were observed on contraction and membrane 

current. Both agents activate an inward current resulting in a significant shift in the zero 

current potential in the depolarizing direction consistent with activation of aNSCC. 

2). G protein activation results in stimulation of PLC and subsequent liberation of 

stored Ca2+. Organ bath studies and studies in single cells reveal a markedly reduced phasic 

component of contraction in the absence of stored Ca2+. This is consistent with published 

data. 

3). Activation of NSCC and cation influx depolarizes RMP to within the voltage range 

for a sustained influx of Ca2+ via VGCC. Inhibition of the contractile response in whole 

tissue is reduced in the presence of nifedipine, but is more severely blunted in the absence of 

extracellular Ca2+. Activation of the NSCC shifts ENet by 16 mV, consistent with the degree 

of depolarization observed in intact denuded RTA shifting RMP to within the voltage range 

for a sustained influx of Ca2+ via VGCC. 

4) PKC activation alters subsarcolemmal Ca2+ handling via PLC. Application of the 

phorbol ester PMA severely attenuates STOC activity. The mechanism by which PMA affects 

sparks and STOCs is unknown; however, it may be due to inhibition of Ca2+ uptake into the 

S.R. (via the RyR?) or stimulation of a Ca2+ extrusion pathway, such as the Na7Ca2+ 

exchanger or the PMCA (Ca2+ ATPase). This decline in subsarcolemmal [Ca2+] likely results 

in a decrease in sparks and, therefore, inhibition of STOCs. 

5) Activation or inhibition of STOCs leads to hyperpolarization and a reduction in Popcn 

for VGCC. This is the basis of the model proposed by Nelson et al. (1995) to explain a 

physiological role for STOCs and is supported by data presented here using phorbol ester 

(PMA) to activate PKC. This results in a reduction of sparks and therefore inhibition of BKCa 

and a significant shift in Erev in the depolarizing direction, implying the relief of a voltage 

and/or Ca2+-dependent brake (BK^,). Conversely, agents that inhibit PKC would be expected 

to activate sparks and STOCs resulting in hyperpolarization and a shift in RMP away from 
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the voltage range of activation for the VGCC. 

IP3: inositol 1,4,5-trisphosphate, G: guanine nucleotide binding protein, VGCC: voltage gated 

calcium channel, PLC: phospholipase C, DAG: diacylglycerol, PKC: protein kinase C, CICR: 

calcium induced calcium release, cc-AR: a-adrenoceptor, P.M.: plasma membrane; NSCC, 

non-selective cation channel; BKCa, large conductance calcium activated potassium channel; 

[Ca^]^, subsarcolemmal calcium ion concentration; STOCs, spontaneous transient outward 

currents. Ca2+ATPase, also known as PMCA (plasma membrane calcium ATPase). 

AVm, change in membrane potential; © inhibition; ©, activation; 
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