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Abstract

1 Communication between cells of the artery wall co-ordinate and modulate changes in
vessel diameter. Experiments were designed to investigate the role of intercellular gap
junctions versus extracellular signalling mechanisms in the communication of changes
in [Ca*}, and membrane potential between isolated endothelial cells and between the

endothelium and smooth muscle of intact arteries.

2 In cultured monolayers of rat aortic endothelial cells, application of a discrete
mechanical stimulus to a single cell, evoked an increase in [Ca**], within the stimulated

cell which spread to neighbouring non-stimulated cells.

3 Neither the gap junction uncoupling agent palmitoleic acid (50 uM), the Ca**-ATPase
inhibitor cyclopiazonic acid (10 uM) nor the phospholipase C inhibitor U73122 (10
uM), affected the mechanically-evoked increase in [Ca®*]; within the stimulated cell, yet
in each case, increases in [Ca**], within the non-stimulated cells were abolished.
Removal of extracellular Ca®* inhibited mechanically-evoked increases in [Ca**], within
the stimulated cell, while Ca** responses by the non-stimulated cells were unaffected.
These data indicate that the intercellular passage, via gap junctions, of a Ca?*-mobilizing
messenger other than Ca itself, underlies the communication of changes in [Ca®];

between vascular endothelial cells.

4 In rat mesenteric arteries mounted in a wire myograph and contracted with
phenylephrine (0.1 — 10 uM), acetylcholine (3 nM - 10 uM) evoked concentration-
dependent EDHF-mediated relaxation. Relaxation was not influenced by the level of

contraction (low <70% of tissue maximum, high 70% - 100% of tissue maximum).

5 The gap junction uncoupling agents carbenoxolone (100 uM) and Gap 27 (300 uM),
were without effect on EDHF-mediated relaxation to acetylcholine against low levels of
phenylephrine-evoked contraction, but completely abolished and attenuated
respectively, relaxation to acetylcholine at high levels of contraction. These data
provide evidence that as arterial contraction increases, the dependence on gap junctional

signalling for EDHF-mediated relaxation increases.



6 In rat mesenteric arteries mounted in a wire myograph, inhibition of nitric oxide
synthase and soluble guanylate cyclase with L-NAME (100 uM) and ODQ (10 uM)
respectively, significantly augmented phenylephrine-evoked contraction in an
endothelium-dependent manner. L-NAME-evoked augmentation of phenylephrine
contraction was blocked by the general ABC protein inhibitor, glibenclamide (10 uM),
while carbenoxlone (100 uM) and Gap 27 (300 uM) were without effect.

7 Intact rat mesenteric arteries released ATP into the extracellular milieu in response to
stimulation with phenylephrine (10 uM). Glibenclamide (10 uwM) abolished
phenylephrine-evoked ATP release.

8 In isolated mesenteric smooth muscle and endothelial cells loaded with the Ca*
indicator fluo-4 AM (50 uM), phenylephrine (10 uM) stimulation evoked an increase in
fluorescence in smooth muscle but not endothelial cells. ATP (10 uM) evoked an

increase in fluorescence in both smooth muscle and endothelial cells.

9 These data suggest that a,;-adrenoceptor stimulation of rat mesenteric arteries is
associated with the release of ATP from smooth muscle by a mechanism involving
ABC proteins. Endothelial cell activation by ATP released from smooth muscle,
independent of gap junctions, appears to underlie phenylephrine-evoked nitric oxide

release in this artery.
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CHAPTER ONE

Introduction



1.1 Structure and function of small resistance arteries

Resistance arteries are vessels of the cardiovascular system that contribute significantly
to precapillary resistance. Arteriolar resistance is determined predominantly by
arterioles and by those vessels proximal to the arterioles, small arteries, often generally
defined as vessels with a diameter of up to 400 um (Christensen & Mulvany, 2001;
Mulvany & Aalkjaer, 1990). The mechanisms by which small arteries regulate changes
in lumen diameter and thus vascular resistance, are therefore relevant to our
understanding of the control of blood flow and tissue perfusion. Arteries of the
mesenteric arcade are considered true resistance vessels fundamental to the control of
intestinal blood flow (Christensen & Mulvany, 1993; Fenger-Gron et al., 1997) and are
consequently an appropriate vascular preparation in which to study vasomotor

responses in resistance arteries.

1.1.1 Arterial morphology

All arteries follow a common plan of histological organisation consisting of three
concentric layers or ‘tunics’, an outer tunica adventitia, a central tunica media and an
inner tunica intima. The adventitial layer is comprised principally of longitudinally
orientated collagen and elastic fibres. Nerve fibres of the autonomic nervous system are
associated with this layer and consist of sympathetic. vasoconstrictor neurones,
parasympathetic vasodilator neurones and sensory motor mechanisms. Tunica media is
bounded on the luminal side by an internal elastic lamina (IEL) and consists of

concentric layers of helically arranged smooth muscle cells. Smooth muscle cells are



the prevailing component of muscular arteries and arterioles and ultimately regulate
changes in blood flow through contraction or relaxation and the consequent changes in
vessel diameter. The perivascular nerves of the adventitia do not generally penetrate to
this layer, so released neurotransmitter must diffuse for several microns to affect
smooth muscle cells of the media. The innermost layer lining the internal surface of the
vessel, tunica intima, consists of a layer of endothelial cells resting on the IEL.
Endothelial cells of small arteries frequently project through fenestrations in the IEL to
make contact with smooth muscle cells within the tunica media (for reviews see
(Mulvany & Aalkjaer, 1990; Pugsley & Tabrizchi, 2000). The close apposition between
smooth muscle and endothelial cells as a result of endothelial projections through the
IEL, allows the potential for intercellular communication between the two cell types
(Sandow & Hill, 2000; Sandow et al., 2002). A morphological basis for intercellular
communication is provided within the wall of most arteries by the presence of gap

junction channels between cells.

Gap junctions are intercellular channels concentrated in specialised contact regions of
the plasma membrane and form a direct link between cytosolic compartments of
physically adjacent cells (Brink, 1998; Evans, 1997; Yeager, 1998). A complete gap
junction channel is formed by the association of two connexon hemichannels, each one
contributed by different but neighbouring cells. A connexon hemichannel is constructed
from six connexin protein subunits which assemble to form a central aqueous pore and

permit the exchange of ions and small molecules of up to 1 kDa in mass (Evans, 1997).

At least 14 connexin proteins with molecular weights ranging from 26 to 70 kDa have

been cloned (Beyer et al., 1990). The nomenclature generally adopted to distinguish



between the individual subtypes is the molecular weight of the protein (Beyer et al.,
1990). Each connexin is composed of four a-helical membrane-spanning domains, two
extracellular loops, an intracellular loop and intracellular N- and C- termini. The
extracellular loops are highly conserved between connexins and likely to be
instrumental in the docking of two connexon hemichannels (Evans, 1997; Yeager,
1998). The different molecular masses of the connexins are due to changes in the length
of the C-terminus (Dhein, 1998), the part of the protein also concerned with modulating
gap junction conductance by virtue of the numerous phosphorylation sites within this
domain (Yeager, 1998). Connexin phosphorylation by protein kinase C (PKC), cAMP-
dependent protein kinase A (PKA), protein kinase G (PKG), tyrosine kinases and
mitogen-activated (MAP) kinase may increase or decrese gap junctional conductance,
the latter effect also being associated with reductions in intracellular pH and increases in

[Ca®];, [Mg®*]; and [Na*]; (Dhein, 1998).

Gap junction channels are considered homotypic, when the connexon hemichannels are
composed entirely from the same connexin subtype, heterotypic, when each connexon
is composed from a single but differing connexin subtype and heteromeric when each
connexon is composed from more than one connexin subtype (Brink, 1998). In vitro,
functional homotypic and heterotypic channels can be formed between all combinations
of vascular connexins (Elfgang et al., 1995; Valiunas et al., 2000). However, the ability
of tracer molecules of differing size and charge to permeate gap junctions varies
according to the connexin composition of the channel (Elfgang et al., 1995). Such
diversity in gap junction composition may confer unique properties upon individual

channels (Delmar, 2002).



Connexin proteins 37, 40, 43 and 45 are expressed in vascular smooth muscle (Christ et
al., 1996; Li & Simard, 2001; Nakamura et al., 1999), while endothelial cells have been
found to express connexins 37, 40 and 43 only (Carter e? al., 1996; Christ et al., 1996).
However, heterogeneity exists between vessels and species with regard to the
distribution of gap junctions and their constituent connexins (Hill et al., 2002; van
Kempen & Jongsma, 1999; Yeh et al., 1998). Connexin expression within both cell
types potentially permits the formation of functional gap junction channels between
smooth muscle cells, between endothelial cells and betv?een smooth muscle and

endothelial cells.

In rat mesenteric arteries, serial-section electron microscopy has revealed the presence
of gap junctions between cells of the endothelial layer and between smooth muscle and
endothelial cells (Sandow & Hill, 2000; Sandow et al., 2002). Immunofluorescent
labelling of these arteries with antibodies for the three major vascular connexins (37, 40
and 43) has revealed the expression of all three proteins within these arteries
(Gustafsson et al., 2003). Connexin 43 has generally been considered to be the
predominant connexin expressed by vascular smooth muscle (Severs et al., 2001),
although its expression within the media of the rat vasculature is largely restricted to
elastic arteries, such as the aorta (Hong & Hill, 1998). Indeed, immunocytochemical
studies have located connexins 37, 40 and 43 within the endothelium of the rat aorta,
while connexin 43 was the only connexin protein expressed by aortic smooth muscle

cells (Hill et al., 2002).



1.2 Regulation of vascular tone

Changes in arterial diémeter of small arteries and arterioles determine peripheral
resistance and the extent of tissue perfusion. Interactions between all three of the main
tegulatory cell types of the vascular wall: endothelial cells, smooth muscle cells and
perivascular nerves, contribute to the local modulation of vascular tone, with the smooth

muscle ultimately regulating vessel diameter. .

1.2.1 Arterial constriction

Constriction of vascular smooth muscle depends principally upon two variables; the

concentration of intracellular calcium ([Ca®*

1)) and the sensitivity of the contractile
proteins to calcium (Karaki et al., 1997). Ca® entry across the plasma membrane and/or
Ca” release from intracellular stores provide the necessary increase in [Ca®*]; to initiate
a contractile response. Resting membrane potential is the principal determinant of
calcium influx across the plasma membrane, with membrane depolarization activating
voltage gated L-type Ca®* channels to allow extracellular calcium influx (Nelson et al.,
1988). Agonist-evoked stimulation of G,,-protein linked receptors coupled to the
enzyme phospholipase C (PLC), releases Ca® from intracellular stores through PLC
mediated phosphatidylinositol 4,5-bisphosphate (PIP,) hydrolysis and consequent
production of the second messengers inositol 1,4,5-trisphosphate (IP;) and
diacylglycerol (DAG). Binding of IP; to its receptors present on the sarcoplasmic

reticulum initiates Ca®* release from these stores (Berridge, 1993). Concomitant

membrane depolarization via Cl efflux in response to activation of G,,-protein linked



receptors, contributes further to agonist-evoked increases in smooth muscle cell calcium

(Nilsson, 1998).

The link between an increase in smooth muscle cell calcium and contraction is provided
by the enzyme myosin light chain kinase (MLCK), which phosphorylates the 20 kDa
light chain (MLC) of the contractile protein myosin (Karaki et al., 1997). Ca®* regulates
MLCK activity in a calmodulin-dependent manner, a rise in [Ca*'}; increasing MLCK
activity causing phosphorylation of MLC thereby enabling its interaction with actin and

initiation of the contractile process (Karaki et al., 1997).

Calcium sensitisation, a phenomenon described as the enhancement of contraction at a
given [Ca®'],, also evokes constriction of vascular smooth muscle and can be initiated by
stimulation of G,;,-protein linked receptors (Wier & Morgan, 2003). Increased MLC
phosphorylation as a result of downregulated myosin phosphatase activity and/or Ca®*-
calmodulin-independent phosphorylation, have been elucidated as the molecular basis
for calcium sensitization (Karaki et al., 1997). DAG evoked PKC activation (Buus et
al., 1998) and G-protein mediated activation of the small GTPase Rho (Ito et al., 2003)

are believed to mediate the calcium sensitising response.

In vivo, co-release of noradrenaline (NA) and adenosine 5’-triphopshate (ATP) from
sympathetic nerve terminals of the rat small mesenteric artery, initiate vasoconstriction
predominantly mediated by activation of smooth muscle G,;-protein linked a,,-
adrenoceptors (Williams & Clarke, 1995) and ligand gated P, purinoceptors
respectively (Hansen et al., 1999). The relative contribution of each transmitter to the

contractile response varies greatly between vascular beds (Ralevic & Burnstock, 1998).



In the rat mesenteric bed, release of NA is the predominant mechanism by which

neurogenic contractions of these arteries are evoked (Lamont et al., 2003).

In all functional studies presented in this thesis, vascular preparations were contracted
with the a,-adrenoceptor agonist phenylephrine (PE). The use of this agonist enabled
increases in arterial tone to be evoked in a way that closely resembles vasoconstriction

in vivo.

1.2.2 Arterial relaxation

In converse to vasoconstriction, relaxation of vascular smooth muscle is evoked by
decreases in intracellular calcium or by decreases in the sensitivity of the contractile
apparatus for calcium. Reduced calcium entry or release, in addition to increased
calcium extrusion or uptake, will lower smooth muscle intracellular Ca** in response to
the release of vasoactive factors from the endothelium, or direct receptor-mediated

activation of the smooth muscle.

1.2.2.1 Endothelium-dependent vasodilatation

Since the discovery that endothelial cells can modulate smooth muscle tone through the
production and release of a diffusible endothelium-derived relaxing factor (EDRF,
Furchgott & Zawadski, 1980) later identified as nitric oxide (NO, Ignarro et al., 1987,
Palmer et al., 1987) much interest has been focused on how interactions between these

two cell types control blood vessel diameter.



Nitric oxide

NO is generated from precursor L-arginine (Palmer et al., 1988) by a family of enzymes
known as the nitric oxide synthases (NOS). Three isoforms of NOS have been identified
and characterised based on cellular distribution and regulation: neuronal NOS (I),
inducible NOS (II) and endothelial NOS (III) also abbreviated as nNOS, iNOS and
eNOS respectively (Alderton et al., 2001). The constitutively expressed, membrane-
bound eNOS isoform, present in vascular endothelial cells, is largely responsible for the
production of endothelium-derived NO (Govers & Rabelink, 2001). Calmodulin was the
first protein shown to interact with NOS (Bredt & Snyder, 1990), the dependency of the
interaction distinguishing between NOS isoforms, with nNOS and eNOS having a much
higher requirement for Ca®* than iNOS (Alderton et al., 2001). The ability of a rise in
[Ca®];, to activate eNOS is such that endothelial receptors coupled to calcium
mobilization will evoke the production and release of NO (Fleming & Busse, 1999;
Govers & Rabelink, 2001), a mechanism commonly exploited experimentally to release
endogenous NO from vascular endothelium. However, recent stﬁdies have
demonstrated that eNOS can be activated in a Ca®*-independent manner by
phosphorylation with serine/threonine kinase Akt (protein kinase B (PKB); Dimmeler et
al., 1999; Fulton et al., 1999). Indeed, fluid shear stress, the primary physiological
stimulus for the release of NO from vascular endothelium, can activate eNOS by a Ca*-
independent mechanism (Fisslthaler et al., 2000; Fleming et al., 1998). These findings
may explain why maintained exposure of endothelial cells to fluid shear stress results in
the sustained production of NO (Ayajiki et al., 1996), while the shear stress evoked rise
in [Ca®']; is transient (Mo et al., 1991; Shen et al., 1992). The cellular and molecular

pathways mediating shear stress-evoked NO release are unclear, but may involve



activation of platelet-endothelial cell adhesion molecule-1 (PECAM-1) as eNOS and
PECAM-1 have been shown to be co-localized within endothelial cells (Andries et al.,
1998) and phosphorylation of PECAM-1 can occur in response to physical stimuli
(Osawa et al., 1997). Other cell components that may play a role in shear stress-induced
eNOS activation include caveloae, through the localisation of signalling molecules
involved in mechanotransduction (Rizzo et al., 1998) and the cytoskeleton (Hutcheson
& Griffith, 1996). In a similar manner, eNOS activation by isometric vessel contraction

has also been demonstrated to be independent of calcium (Fleming et al., 1999).

The ability of NOS inhibitors to augment vasoconstrictor-evoked responses in a range
of vascular preparations, demonstrates a basal or vasoconstrictor-stimulated release of
nitric oxide (Boer et al., 1999; Dora et al., 1997; Dora et al., 2000; Tuttle & Falcone,
2001). In rat mesenteric arteries, the finding that PE-evoked contraction was augmented
by the NOS inhibitor L-NAME and that L-NAME was without effect on tension under
basal conditions, suggested that smooth muscle activation with PE evokes release of
endothelial NO (Dora et al., 2000). Due to the absence of tone in these arteries prior to
the application of phenylephrine, the possibility that a basal release of NO may underlie
these observations must be considered. Indeed, measurements of cyclic guanosine-3’,5’-
monophosphate (¢cGMP) formation suggest a low basal level of NO release in rat
mesenteric arteries (Plane et al., 1996). However, the 2 - 3 fold increase in cGMP
formation seen following the addition of phenylephrine, suggests that NO release in rat
mesenteric arteries is evoked in response to a vasoconstrictor stimulus (Plane ef al.,
1996). The mechanism underlying vasoconstriction-evoked NO release in rat
mesenteric arteries has yet to be elucidated, although PE has been shown to indirectly

stimulate increases in endothelial [Ca®*], within these arteries (Schuster et al., 2001).



Upon diffusion to the smooth muscle, the chief mechanism by which NO evokes
vasodilatation is by activation of the haeme-containing enzyme soluble guanylate
cyclase (sGC), which catalyses the conversion of guanosine-5’-triphosphate (GTP) to
cGMP. The subsequent activation of smooth muscle cGMP-dependent protein kinase
(PKG) is ultimately responsible for the majority of cGMP-mediated relaxation
responses in vascular smooth muscle (Lincoln et al., 1994). A number of mechanisms
contribute to the relaxant effects of PKG. Inhibition of L-type calcium channels and
increased plasmalemmal Ca*-ATPase activity by PKG-mediated phosphorylation
events relax smooth muscle by lowering the [Ca**]; (Ishikawa et al., 1993; Rashatwar et
al., 1987; Xiong et al., 1994). Increased Ca* sequestration by the sarcoplasmic
reticulum (SR) in response to PKG-mediated increases in sarcolemmal Ca**-ATPase
activity also contributes to the [Ca®]; lowering effect of the kinase (Cornwell et al.,
1991). PKG evoked Ca**-desensitization and activation of smooth muscle K* channels
(Nishimura & Van Breemen, 1989; Robertson et al., 1993) provide additional parallel
mechanisms for PKG-mediated relaxation of vascular smooth muscle. In rat mesenteric
arteries, NO may also evoke relaxation of vascular smooth muscle independently of
PKG, by directly activating smooth muscle large-conductance Ca*-activated K*
channels (BK_,, Mistry & Garland, 1998; Plane et al., 1996) and delayed rectifier

potassium channels (Plane et al., 2001).

Amino acid derivatives are commonly used agents to pharmacologically inhibit NOS
enzyme activity and block NO synthesis. Guanidino substituted analogues of L-arginine
such as L-NCnitroarginine (L-NOARG) and its methyl ester L-NAME, are potent

inhibitors of NOS both ir vitro and in vivo by competing with L-arginine for substrate
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binding sites (Alderton et al., 2001; Moore & Handy, 1997). Inhibition of sGC with the
potent and selective agent 1H-[1,2,4]Joxadiazolo[4,3-a]quinoxalin-1-one (ODQ), blocks

the PKG-mediated actions of NO without affecting NO synthesis (Hobbs, 1997).

Prostacyclin

Prostacyclin (PGL,) is synthesised within endothelial cells by cyclooxygenase (COX)-
mediated arachidonate metabolism. PGI, liberated by the endothelium, activates IP-
prostanoid receptors present on smooth muscle cells (Narumiya ez al., 1999) and by
stimulating the synthesis of adenosine 3’,5’-cyclic monophosphate (cAMP), induces
vasodilatation (Kukovetz et al., 1979). In a similar manner to that of cGMP, cAMP
induced extrusion of cytosolic Ca® and decreases in the sensitivity of the contractile
apparatus for Ca**, mediate the relaxation response (Abe & Karaki, 1992). However,
PGI, does not play a significant role as an endothelium-derived dilator in rat mesenteric

arteries (Garland & McPherson, 1992).

Endothelium-derived hyperpolarizing factor

The existence of a third endothelium-derived dilator was proposed following the
discovery of responses insensitive to inhibitors of NOS and COX. Dilator responses to
this factor, now defined by their insensitivity to inhibitors of NOS and COX, have been
demonstrated to be associated with vascular smooth muscle hyperpolarization, resulting
in the term endothelium-derived hyperpolarizing factor (EDHF, Chen et al., 1988;

Feletou & Vanhoutte, 1999; Taylor & Weston, 1988).
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In general, hyperpolarization of smooth muscle produces relaxation by reducing the
open probability of voltage-dependent Ca** channels, thereby decreasing calcium influx
and lowering intracellular calcium levels (Nelson et al., 1990). The significant role of
smooth muscle depolarization resulting from Ca**-dependent chloride current activation
(Nelson et al., 1990), and the associated entry of extracellular Ca** via L-type Ca®*
channels in agonist-induced contraction of smaller arteries (Nilsson, 1998), may explain
why the relative importance of EDHF compared with other EDRFs increases with
decreasing vessel size (Hwa et al., 1994; Shimokawa et al., 1996; Tomioka et al.,

1999).

While the identity of the hyperpolarizing factor that mediates smooth muscle relaxation
remains controversial, increases in endothelial cell calcium by both receptor-dependent
and —independent mechanisms play a pivotal role in the initiation of EDHF-mediated
responses (Chen & Suzuki, 1990; Fukao et al., i995). Putative candidates include the
cytochrome P, ,-derived epoxyeicosatrienoic acids (EETs, Campbell et al., 1996;
Campbell & Harder, 1999), endocannabinoids (Randall ez al., 1996), potassium released
from endothelial cells (Edwards et al., 1998) and the transmission of hyperpolarization
from the endothelium to the smooth muscle via gap junctions (Dora & Garland, 1999;
Sandow & Hill, 2000; Yamamoto et al., 1998). However, the identity of a universal
hyperpolarizing factor is unlikely, with current evidence favouring the existence of
multiple EDHF’s with a degree of species and tissue specialization (for reviews see:
Busse et al., 2002; Feletou & Vanhoutte, 1999; Garland et al., 1995; Mombouli &

Vanhoutte, 1997).
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In rat mesenteric arteries, a hallmark of the EDHF-mediated response is its abolition in
the presence of the small-conductance Ca**-activated K* channel (SK_,) inhibitor
apamin, combined with charybdotoxin, an inhibitor of both BK_, and intermediate-
conductance Ca*-activated K* channels (IK,, Doughty et al., 1999; Waldron &
Garland, 1994). The more recent finding that together, apamin and the selective
inhibitors of IK_,, TRAM-39 (Hinton & Langton, 2003) and TRAM-34 (Crane et al.,
2003), inhibit EDHF-mediated relaxation and hyperpolarization, suggests that activation
of SK,, and IK_, are pivotal to the EDHF-response in this artery. The expression profile
for IK,, and SK_, in the rat mesenteric artery indicates that these channels are confined
to the endothelium (Dora & Garland, 1999; Doughty et al., 1999; Hinton & Langton,
2003; Walker et al., 2001), whereas BK_, are found only in the smooth muscle cell
layers (Walker et al., 2001). Thus, as endothelial cell hyperpolarization is a crucial early
step in the EDHF pathway (Edwards ef al., 1998; Hinton & Langton, 2003; White &
Hiley, 2000), the efflux of K* which underlies this hyperpolarization, has been
suggested to make an important contribution to the EDHF-evoked vascular relaxation
(Burnham et al., 2002; Dora et al., 2002; Edwards et al., 1998). Indeed, in rat
mesenteric arteries, raising the extracellular K* concentration by up to 12 mM evokes
smooth muscle hyperpolarization and relaxation by activating an ouabain-sensitive
Na'/K*-ATPase and a Ba**-sensitive inwardly rectifying K* current (Ky), mimicking an
EDHF response (Dora & Garland, 2001; Edwards et al., 1998). However, the proposal
by Edwards et al. (1998) that in rat mesenteric arteries, EDHF-type responses are in part
attributable to the diffusion of endothelium-derived K* to the smooth muscle, has been
refuted by other studies in which the characteristics of K*-induced hyperpolarization
and relaxation differed from that of EDHF (Doughty et al., 2000; Lacy et al., 2000).

Where K* has failed to mimic EDHF-responses, a role for myoendothelial gap junctions |
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in the spread of hyperpolarization from the endothelium to the smooth muscle has been
suggested (Doughty et al., 2000), an idea strengthened by morphological evidence of
the presence of myoendothelial gap junctions in rat mesenteric arteries (Sandow & Hill,
2000; Sandow et al., 2002). The transfer 'of hyperpolarizing current between the two
cell types has been shown to be sensitive to gap junction uncoupling agents such as
glycyrrhetinic acid derivatives or connexin mimetic peptides in many arteries (Dora et
al., 1999; Edwards et al., 1999; Sandow et al., 2002; Yamamoto et al., 1999). An
increase in the number of myoendothelial gap junctions with decreasing arterial size
within the mesenteric bed (Sandow & Hill, 2000; Sandow et al., 2002), in parallel to the
changing importance of EDHF in the control of vascular tone (Shimokawa et al., 1996),

is in further support of a role for these channels in the EDHF-response.

1.2.2.2 Endothelium-independent vasodilatation

Capsaicin-sensitive sensory motor nerves contribute to the regulation of vascular tone in
rat mesenteric arteries by the release of the potent vasodilator peptide calcitonin gene-
related peptide (CGRP, Kawasaki et al., 1988) and neuronal NO (Ferrer et al., 2000,
Marin & Balfagon, 1998). Arterial relaxation to CGRP is typically due to activation of
smooth muscle CGRP, receptors and a decrease in intracellular Ca* regulated by
adenylate cyclase (Bell & McDermott, 1996). Neurogenic vasodilatation can also be
evoked by sympathetic nerve stimulation in response to activation of adenylate cyclase-
coupled P-adrenoceptors located on vascular smooth muscle (Guimaraes & Moura,
2001; Johnson, 1998; Kawarai & Koss, 1999; Phillips et al., 2000). However, the

endothelium, via the release of NO, is now believed to play a role in facilitating
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relaxation to f-adrenoceptor agonists in a number of arteries (Brawley et al., 2000;
Toyoshima et al., 1998; Xu et al., 2000). In the rat mesentery, relaxation in response to
B-adrenoceptor activation is only partly attenuated by NOS inhibition (Graves &

Poston, 1993), the remainder of which is likely to be endothelium-independent.
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1.3 Intercellular communication between vascular cells

Intercellular communication between arterial cells plays an important role in the control
of vessel diameter. Transmission of intercellular signals via gap junctions and the
release of diffusible signalling molecules, provide the pathways by which these cells

interact to modulate vascular tone.

1.3.1 Gap junctions

Intercellular signals that may be transferred between cells via gap junctions include a
variety of second messengers; cCAMP (Bedner et al., 2003), Ca® (Christ et al., 1992)
and IP,, (Boitano et al., 1992; Carter et al., 1996; Saez et al., 1989; Sneyd et al., 1998)
and the electrotonic spread of current (Emerson & Segal, 2000a; Emerson & Segal,
2000b). Such direct intercellular transfer of signalling molecules, ions and electrical
signals, is a potential mechanism whereby changes in second messenger concentration
or membrane potential may be communicated between cells, including those of the

vascular wall.

To establish the role of gap junctions in the communication of intercellular signals, the
use of gap junction uncoupling agents such as heptanol, glycyrrhetinic acid (GA) and its
water-soluble derivative carbenoxolone, palmitoleic acid (PA) and connexin mimetic
peptides are frequently employed (Rozental et al., 2001). Lipophilic agents such as
heptanol (Bastiaanse et al., 1993; Christ et al., 1991; Kimura et al., 1995), palmitoleic

acid (Burt et al., 1991) and GA, a steroidal aglycone derived from glycyrrhizic acid, a
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compound found in the liquorice root glycyrrhizia glabra (Goldberg et al., 1996; Guan
et al., 1996; Guo et al., 1999), are thought to be incorporated into the membrane and
uncouple gap junctions in a physical manner by acting at the protein-lipid boundaries of
the gap junction channels (Brink, 1998). More specifically, heptanol may uncouple gap
junctions by decreasing the fluidity of the cholesterol rich domains of the membrane,
within which the gap junction channels are embedded (Bastiaanse et al., 1993). GA
exists in o and f isoforms, both of which have been shown to be gap junction inhibitors
(Davidson et al., 1986). However, the 3 isoform may also depress vascular smooth
muscle tone (Taylor ez al., 1998; Yamamoto et al., 1999), while the water-soluble
derivative of this isoform, carbenoxolone appears to have fewer non-specific effects.
Non-specific effects of heptanol as a gap junction inhibitor, such as the reported
depression of vascular smooth muscle tone (Chaytor et al., 1997), may result from
altered properties of the cell membrane (Takens-Kwak et al., 1992). The connexin-
mimetic peptides are synthetic peptides with specific sequence homology to regions of
one of the extracellular loops of a particular connexin protein or proteins. ****Gap 27 is
a connexin mimetic peptide (sequence SRPTEKTIFII) homologous to the second
extracellular loop region (termed Gap 27) of connexins 37 and 43 (indicated by
superscript numbering) and can therefore be used to uncouple gap junction channels
composed from these connexins. The mechanism of action of the connexin-mimetic
peptides is unknown, but they may prevent connexon docking or interfere with intact
gap junctions (Rozental et al., 2001). ****Gap 27 will be referred to as Gap 27 for the

rest of this thesis.

In a number of vascular beds, lucifer yellow dye transfer and electrophysiological

measurements of conducted hyperpolarization between smooth muscle and endothelial
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layers indicate that functional gap junction channels connect these two cell types (Beny
& Connat, 1992; Emerson & Segal, 2000a; Emerson & Segal, 2000b; Yamamoto et al.,
1999). An important role for these channels in EDHF-mediated vasodilatation has been
demonstrated in rat mesenteric arteries, where there is a correlation between the
incidence of myoendothelial éap junctions and the role of EDHF relative to NO
(Sandow & Hill, 2000; Shimokawa et al., 1996). The ability of Gap 27 to markedly
reduce ACh-evoked hyperpolarization of rat mesenteric smooth muscle, suggest that
these observations of gap junction distribution truly reflect the requirement for

functional gap junction channels in EDHF-type responses (Sandow et al., 2002).

In addition to the intercellular spread of current, transfer of Ca** or IP, between vascular
cells via gap junction channels may also be of physiological relevance owing to the
importance of changes in [Ca]; in the regulation of vascular tone. Indeed, IP, has been
demopstrated to permeate gap junctions between porcine aortic endothelial cells (Carter
et al., 1996). The potential for myoendothelial Ca** signalling was described following
the demonstration in hamster cheek pouch arterioles, that increases in smooth muscle
cell [Ca?"], were accompanied by elevations in endothelial cell [Ca**]; and the synthesis
of NO (Dora et al., 1997). The subsequent demonstration in rat mesenteric arteries that,
palmitoleic acid significantly reduced similarly evoked increases in endothelial cell
[Ca"‘]i in response to smooth muscle activation with PE (Schuster et al., 2001),
suggested that gap junctions may be important in the communication of changes in
[Ca*), between the two cell types. Communicated changes in [Ca®]; from smooth
muscle to endothelial cells are unlikely to result from the spread of current from
depolarized smooth muscle cells as endothelial cell depolarisation per se would

decrease the [Ca®); as a result of decreased Ca** influx (Schilling, 1989). An alternative
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explanation is the passage of Ca® or IP, down the concentration gradient from activated
smooth muscle cells to adjacent endothelial cells, which may provide a mechanism for
vasoconstriction-evoked NO release in rat mesenteric arteries (Dora et al., 2000).
However, due to extensive buffering of intracellular Ca®* (Kasai & Petersen, 1994),

intercellular passage of Ca** per se is unlikely.

1.3.2 Extracellular Diffusion

In addition to neurotransmitters released from perivascular nerves and the release of
autacoids from endothelial cells (NO, EETs, anandamide, PGI, and K*), extracellular
diffusion of ATP between non-neuronal vascular cells may play a role in intercellular

signalling within the artery wall.

ATP has an established role as an autocrine and paracrine signalling molecule in many
cell types. These include pancreatic acini, ureter epithelium, renal epithelium, mast cells
and astrocytes and can be released in response to hypotonicity, mechanical stimulation
and/or Ca®* agonists (Guthrie et al., 1999; Knight et al., 2002; Osipchuk & Cahalan,
1992; Schwiebert & Kishore, 2001; Sorensen & Novak, 2001). Upon release into the
extracellular milieu, ATP and its metabolites are subject to rapid degradation by ecto-
enzymes, limiting signalling by these mediators to autocrine and paracrine effects
(Burnstock, 1997). As a ubiquitous intracellular constituent with multiple receptor
subtypes on most cells, any cell is a potential source of releasable ATP and most cells

can respond to its presence in the external environment.
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P, receptors for ATP and ADP are present on smooth muscle and endothelial cells
throughout the vascular system and play an important role in the regulation of vascular
tone (Boarder & Hourani, 1998; Hill et al., 2001). Activation of smooth muscle P,
receptors, predominantly of the ligand-gated P2X, subtype evoke vasoconstriction
(Boarder & Hourani, 1998; Hansen et al., 1999; Ralevic & Burnstock, 1998), while G-
protein-coupled P2Y receptors on the endothelium mediate vasodilatation by
stimulating the release of NO and EDHF (Buvinic et al., 2002; Malmsjo et al., 2002;
Marrelli, 2001; Stanford et al., 2001). The endogenous source of extracellular ATP
activating smooth muscle P, receptors is principally sympathetic nerves (Boarder &
Hourani, 1998; Ralevic & Burnstock, 1998), while activation of endothelial receptors
most likely reflects release from platelets (Boarder & Hourani, 1998; Burnstock, 1997).
However, other sources of endogenous ATP within the vasculature are the smooth
muscle and endothelial cells themselves (Bodin et al., 1991; Bodin & Burnstock, 1996;
Bodin & Burnstock, 2001; Bodin & Burnstock, 1998; Burnstock, 1999; Pearson &
Gordon, 1979; Shinozuka et al., 1997). Mechanisms involving ATP binding cassette
(ABC) proteins (Demolombe & Escande, 1996; Guidotti, 1996; Roman et al., 2001;
Schwiebert, 1999) and the release of vesicular stores of ATP by exocytosis (Knight et
al., 2002; Sorensen & Novak, 2001), have been implicated in ATP transport across the
plasma membrane of non-neuronal cells. Vascular endothelial cells have been
demonstrated to release ATP by the latter mechanism (Bodin & Burnstock, 2001).
Within the artery wall, the close apposition of smooth muscle and endothelial cells
raises the possibility that the release of ATP from either population of cells may act as

an autocrine or paracrine signalling factor between and within each cell type.
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1.4 Research aims

The experiments presented in this thesis were designed to further current knowledge on
the role of gap junctions in the regulation of arterial diameter. More specifically, they
were to investigate the requirement for these channels in the communication of chan;ges
in [Ca®], between vascular endothelial cells and their role versus an extracellular

mechanism in the transmission of signals between endothelial and smooth muscle cells

in EDHF-type responses and vasoconstriction-evoked NO release.
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CHAPTER TWO

Methods



2.1 Isometric tension recordings

The technique of wire myography for the measurement of isometric tension responses
in small arteries (internal diameter 100-1000 pm) was first developed by Mulvany and
Halpern (1997) Figure 2.1. The use of thin mounting wires (s 40 wm) allows arterial
segments (< 2000 um in length) to be secured under tension without trauma to the

tissue.

2.1.1 Preparation and mounting of arterial segments

Male Wistar rats (200-250 g) were killed by cervical dislocation and the mesenteric bed
removed and placed in Krebs-Henseleit buffer (Appendix 1). Third-order branches of
rat superior mesenteric artery (diameter 150-300 um) were dissected and cleaned of
surrounding fat and connective tissue under a light microscope (Stemi SV11, Carl Zeiss
Ltd, Hertfordshire, U.K.). A small cut was made in the artery wall to allow the insertion
of a 2 cm length of gold-plated tungsten wire (diameter 25 um; Goodfellow,
Cambridge, U.K.). A 2 mm length of artery was then cut and transferred to the centre of
the length of wire and placed in the bath of a Mulvany-Halpern wire myograph (Danish
Myotechnology, 400A, JP Trading, Aarhus, Denmark) containing' Krebs buffer
maintained at 37 °C. The wire was then secured to the micrometer foot of the myograph
with screws. Once anchored, a second 2 cm length of wire was passed through the
lumen of the artery and screwed to the opposite foot of the myograph attached to the
force transducer. The Krebs buffer was replaced every 30 minutes and gassed with 95%

0,/5% CO, throughout the duration of the experiment.
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