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1.11 Preface 

Thee research described in this thesis was begun in 1993. At that time there was 
considerablee controversy regarding the types of gap junction proteins (connexins) 
expressedd in cardiovascular cells. The major goal of the studies comprising this thesis 
wass to use electrophysiological techniques to resolve this issue from the standpoint of 
functionall  expression. When mice lacking the major cardiovascular connexin (Cx43) 
becamee available, they provided a null background in which to determine whether and to 
whatt extent other connexins could compensate for this deficiency. 

Thee field of gap junctions has explosively expanded in the last eight years, and the 
importancee of expression of Cx43 and Cx40 in the heart has been highlighted by mapping 
studiess showing conduction deficits in Cx40 knockout and Cx43 heterozygous mice. 
Nevertheless,, the question of functional connexin expression of different connexin types 
remainss to be completely resolved. 

Thee manuscripts that form this thesis combine a variety of techniques in order to 
correlatee cell pair studies with those on muscle strips in the case of vasculature and in 
orderr to compare functional and molecular expression levels in the case of heart. 
Althoughh use of such a range of techniques remains uncommon in the literature, it is 
surelyy the case that through such multidisciplinary research the study of fundamental basic 
issuess of cardiovascular disease will be advanced. Exposure to such a diversity of 
techniquess has been a wonderful learning experience for me and I hope to put such 
knowledgee to use in my pursuit of a career in academic cardiology. 

1.22 Introduction 

Thee striated muscles of the heart and the smooth muscles of vessel wall contract in a 
coordinatedd manner to optimize cardiac output and to control vascular tone. In both tissue 
types,, contraction is spread from cell to cell via direct intercellular diffusion of messenger 
moleculess through gap junction channels. For cardiac tissue, the signal mediating the 
rapidd impulse transmission is electrical current, carried largely by intercellular diffusion of 
thee most abundant intracellular ion, K+ (and to some extent, cardiac gap junctions function 
ass K+ channels: Spray and Vink, 1995) For vascular smooth muscle, and presumably also 
relevantt on a slower time scale for cardiac tissue, it is primarily the intercellular diffusion 
off  second messenger molecules that recruits additional cells into the contractile or 
relaxationn response (for review, see Christ et al, 1996). 

Becausee the ionic and second messenger flow between cardiovascular cells is so 
importantt to the functions of these tissues, it is not surprising that disturbances in cardiac 
rhythmm and vessel tone have been associated with alterations in the expression or 
distributionn of gap junctions (see Spooner et al, 1997). Nor is it surprising that mice with 
modifiedd expression of the main cardiac-specific gap junction proteins (connexins) exhibit 
deficitss in cardiac conduction, although as seen later, the chamber-specific effects of 
certainn connexin deletions provide important information regarding function of the 
individuall  cardiac compartments. 

Thee purpose of this review is to summarize briefly the contemporary understanding of 
intercellularr communication in the cardiovascular system from the standpoint of coupled 
communicationn compartments and in the context of the structure and function of gap 
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junctionn channels that connect cardiac and vascular cells. Mechanisms altering gap 
junctionn expression and function are also discussed, with a view toward understanding the 
basiss of certain human cardiovascular diseases and related animal models in which gap 
junctionss are disturbed. 

1.33 Functional anatomy of the cardiovascular system 

1.3.11 Heart 

Thee mammalian cardiovascular system is composed of a muscular tube, through which 
bloodd flow is driven by a four-chambered heart. The function of the muscular chamber of 
thee heart is straightforward: the right half pumps deoxygenated blood through the lungs 
andd the left half then pumps oxygenated blood throughout the body. Anatomically, the 
chamberss of the heart are formed by many layers of obliquely aligned muscle fibres, 
creatingg a spiral pathway for the conduction of waves of contraction (Greenbaum et al, 
1981;; Streeter, 1979). This geometry makes the heart highly efficient in its task of 
movingg the blood towards the outflow tracts. In contrast to striated skeletal and vascular 
smoothh muscle, cardiac muscle tissue is endogenouslyy active: the heart beat is generated 
byy spontaneous activity of specific pacemaker cells within discrete nodal regions of the 
heart.. As a consequence, nervous input plays only a modulatory role in controlling the 
frequencyy and strength of cardiac contractions. 

Electrophysiologically,, cardiac muscle functions as a syncytium of discrete cellular 
elements;; although conduction is macroscopically continuous, the impulse is regenerated 
inn each cell and the process is thus microscopically discontinuous (see Spooner et al, 
1997).. Gap junction channels provide the pathways for intercellular current spread and it 
iss increasingly appreciated that the expression and distribution of gap junction channels 
betweenn heart and vascular cells, together with geometric factors including cell length and 
width,, result in discontinuous conduction and exaggerate tissue anisotropy (Spach et al, 
1981;; Spear et al, 1983; Dillon et al, 1988; Ursell et al, 1985; Saffitz et al, 1995; Hirst and 
Edwardss 1989). 

Cardiacc tissue is composed of different cell types, each of which is specialized for 
differentt functions; intercellular communication between the cell types can be 
conceptualizedd as involving anatomically separate but functionally connected 
compartmentss of electrically coupled cells (Spray et al, 1994). Each cell type comprises a 
compartmentt in which the coupling strength between cells is a characteristic property of 
thee individual compartments. Specifically, coupling strength within the pacemaking 
regionss is low, whereas within the conduction system and in the ventricular myocardium 
electricall  coupling is quite strong. 

Couplingg strength between compartments is generally not as high as within 
compartments,, resulting in delays in propagation at the interfaces or compartmental 
boundaries.. Fibroblasts and endothelial cells are hardly coupled at all to any other 
compartmentt in normal myocardium (De Maziere et al, 1992), although Kohl et al (1994) 
showedd evidence of electrical interaction between fibroblasts and surrounding atrial 
cardiocytes.. Fibroblasts may functionally invade other compartments following injury 
(Weberr et al, 1996) and have been shown to readily establish gap junction connections 
withh cardiocytes in culture (Burt et al, 1982; Rook et al, 1992). Sino-atrial (SA) and 
atrioventricularr (AV) nodal cells are weakly coupled to surrounding compartments, and 
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thee conduction system is isolated from the ventricular myocardium throughout most of its 
length,, only interacting at specific sites of Purkinje cell-ventricular myocyte contact, the 
soo called P-V junctions (Rawlings et al, 1985; Veenstra et al, 1984), where coupling is 
alsoo weak, though stronger than in nodal cells. However coupling between ventricular 
myocytess (working myocardial cells) is very strong, so that these coupling strength 
differencess result in localized changes in conduction velocity within and between different 
cardiacc regions, which is an essential feature contributing to organized contraction of the 
heart. . 

SA-node e 

AV-node e 

Conduction n 
systemm — 

ssss ssss 

Atrium m 

Ventricle e 

[TT jj Cx40 > Cx45, Cx43 

II | C x 4 0 » C x 4 3 

§§§§§ Cx45 + Cx40 

|?T11 C x 4 3 » C x 4 5 

FigureFigure 1-1: Communication compartments in the mammalian heart. In each region of the heart, different 
connexinsconnexins are expressed, with Cx43 being the most abundant in ventricles, Cx40 in atria, and Cx45 playing 
majormajor roles in the conduction system. For both nodal regions and conduction system, the distribution of 
connexinconnexin types within the compartments is nonuniform, further contributing to the conduction properties. 

Thee following compartments are briefly described: 1. the sinoatrial node, 2. the atrium, 
3.. the atrioventricular node and conduction system, 4. the ventricles, and 5. non-muscle 
cells. . 

1.. The sinoatrial (SA) node. The S A node is the primary pacemaking region of the heart. 
SAA nodal cells are tightly assembled in very small aggregates. These aggregates of 
cellss are loosely attached to each other and contain infrequent and small gap 
junctionss (Oosthoek et al, 1993), providing weak coupling among the cells (Ten 
Veldee et al, 1995; Verheijck et al, 1998; Kwong et al, 1998; Saffitz et al, 1997). 

2.. The atrium. Cells within the compartment of the atrial working myocardium are very 
welll  coupled by large gap junctions (Oosthoek et al, 1993), enabling the rapid spread 
off  waves of excitation (Van Kempen et al, 1991). Whether the atrium contains fast 
conductionn pathways analogous to the conduction system in the ventricles does not 
appearr to be of fundamental importance because in atria the direction of propagation 
iss the same as the direction of contraction. Since the coupling strength within the SA 
nodee and atrial working myocardium is very different, there is a coupling gradient 
betweenn the two compartments. Using a computer model, based on experimental 
data,, Joyner and Van Capelle (1986) concluded that this coupling gradient is of vital 
importancee enabling a small mass of nodal cells to drive a vast number of 
surroundingg atrial cells. If nodal cells were closely coupled to the atrial cells, 
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initiationn of an action potential would not be possible because the resting potential of 
nodall  cells would be effectively clamped to that of the atrial cells. (But ten Velde et 
all  (1995) concluded that the primary pacemaker is shielded from the hyperpolarizing 
influencee of atrium by a gradient in coupling brought about by tissue geometric 
factorss rather than by a gradient of gap junction density). 

3.. The atrioventricular (AV) node and conduction system. The atrial excitatory wave 
frontt arriving at the atrioventricular (AV) node, located in the atrial septum 
immediatelyy above the entrance to the ventricles, is delayed due to the low degree of 
couplingg between AV nodal cells; the weak electrotonic coupling is due to the 
sparsenesss and small size of gap junctions (Marino et al, 1981; Gourdie et al, 1992) 
foundd between AV nodal cells. An increase in coupling in the conduction system, 
whichh originates in the bundle of His, and has the highest degree of coupling in 
Purkinjee cells (Gourdie et al, 1992), provides the AV node with the coupling gradient 
necessaryy to function as an accessory pacemaker. The conduction system is 
functionallyy isolated from the ventricular myocardium (Gourdie et al, 1992) except 
forr the Purkinje cells' terminal contacts with ventricular myocytes (Oosthoek 1993; 
Gross et al, 1994; Kanter et al, 1993a) as mentioned above. The isolation is of 
functionall  importance, since the direction of the ventricular contraction wave towards 
thee outflow tract is opposite to the direction of the electrical conduction wave in the 
conductionn system toward the apex of the heart. Under certain conditions, Purkinje 
cellss are able to operate as ectopic pacemakers. For example, complete proximal 
bundlee branch block can result in an escape rhythm of 30-40 beats/min due to the 
spontaneouss depolarizing inward currents in Purkinje cells that can still propagate 
distallyy to the P-V junctions. 

4.. The ventricles. Coupling between ventricular myocytes is stronger than anywhere else 
inn the heart, with massive gap junctional plaques connecting cells at the intercalated 
diskss characterizing their longitudinal connections (Hoyt et al, 1989). Although gap 
junctionss are also found at lateral borders between ventricular myocytes, lateral 
junctionall  area is about 5 to 10 times lower than longitudinally, further exaggerating 
anisotropicc conduction (see Spach and Heidlage, 1995). Because ventricular 
myocytess are arrayed with a spiral twist along the longitudinal axis of the heart, 
contractionn waves efficiently squeeze blood from the ventricular cavity toward the 
outputt vessels. 

5.. Non-muscle cells. Fibroblasts form another compartment in the heart. Although 
cardiacc myocytes vastly prevail over other types of cells in terms of their volume, 
fibroblastss comprise a significant number of cells in heart, especially in nodal 
(DeMazieree et al, 1992b) and injured or ischemic regions (Weber et al, 1996). In 
vivo,vivo, fibroblasts are weakly coupled to each other, by small and sparse gap junctions 
(DeMazieree et al, 1992b). Although fibroblasts readily form gap junctions with 
myocytess under culture conditions (Burt et al, 1982; Rook et al, 1992), they do not 
appearr to interact with myocytes in the working myocardium in vivo, so that the 
fibroblastss form an isolated compartment that is not involved in conduction of the 
electricall  impulse. As a result, conduction pathways in fibroblast-infiltrated ischemic 
regionss are much more tortuous, exaggerating anisotropy and resulting in a higher 
susceptibilityy to arrhythmogenesis. 
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1.3.22 Vasculature 

Thee vascular system consists of an arterial part that branches into capillaries, 
penetratingg into each tissue and organ and a venous part that drains directly back in the 
heartt through the Venae Cava. Three distinct layers of different cells form the basic 
designn of blood vessels. Functionally, there are many differences between vessels 
dependentt on the location in the vascular tree. Vascular smooth muscle cells are the 
contractilee elements of the vessel wall. The smooth muscle cells determine the basal tone 
onn the vessel, but at the same time, they regulate the state of relaxation or contraction by 
changingg the diameter of the vessel. Coordination of these processes is determined by a 
varietyy of mechanisms: neuronal innervation, hormonal interaction and gap junctional 
communicationn (Segal, 1994; Christ et al, 1996; Brink, 1998). Neuronal innervation via 
thee secretion of neurotransmitters, takes place at the adventitial side of the media (Bevan, 
1979).. At the intimal side, hormones and nutrients are supplied by blood flow through the 
vessel.. These compounds will be transported via the endothelial cells to the vascular 
smoothh muscle layer of the media. Metabolites are removed in the opposite direction, 
downstreamm (Tomita, 1975; Segal, 1994; Bolton, 1974; Uehara and Burnstock, 1970; 
Christt et al, 1992; Spray and Burt, 1990; Cole and Garfield, 1985). Transport through the 
smoothh muscle cells of the media itself depends on passage via gap junctions. 

Vascularr gap junctions provide the vessel wall, just like in the heart, with channels 
throughh which ions and second messengers pass from one cell to the next. Studies 
performedd by Little and co-workers (1995b) illustrate beautifully the coupling patterns of 
cellss in the vascular wall. Christ et al (1992) showed that intracellular injected calcium 
andd IP3 passes through junctional channels in vascular smooth muscle cells. Although we 
knoww that vascular smooth muscle cells are not able to propagate action potentials in a 
regenerativee manner (see Christ et al, 1996), conducted vasomotor responses are followed 
byy mechanical responses (Xia and Duling, 1995). 

Alll  together it is clear that cells of the vascular wall are coupled, and that electrical and 
secondd messenger coupling is likely to synchronize both electrical and metabolic activity 
withinn vascular smooth muscle (Spray et al, 1994; Christ et al, 1996). 

Thee blood supply of the heart muscle itself is provided by the coronary arteries and all 
itss branches. They represent two compartments, of vascular smooth muscle and of 
endotheliall  cells, that are largely isolated from the other cardiac compartments (see 
DeMazieree et al, 1992a). Vascular smooth muscle cells are activated by endothelial cells 
viaa junctional communication (Little et al, 1995b), and at the adventitial site, neuronal 
activationn to a limited amount of vascular smooth muscle cells itself is moderately 
coupledd through gap junction channels (Beny and Connat, 1992). 

Thee vessel wall consists of three layers. The intima, a single cell layer of endothelial 
cellss attached to a loose internal elastic lamina, the media, a layer of smooth muscle cells, 
onee or more cell layers (dependent on the size of the vessel) vascular smooth muscle cells 
alternatedd with connective tissue, and the adventitia, a layer of loose connective tissue 
withh the endings of neurons and little, if any, microvessels for the blood supply of larger 
vesselss (vaso vasorum). The neuronal intervention of the vasculature rarely invades the 
media.. The nerve endings of adrenergic, cholinergic, and nonadrenergic noncholinergic 
neuronss form a plexus on the adventitial-medial smooth muscle border. This network of 
branchingg terminal fibers is rich in varicosities (see Brink, 1998), implying that activity of 
onee axon would be expected to depolarize a string of varicosities. Depending on the size 
off  the vessel, direct innervation of the smooth muscle cells is limited. Differences in 
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innervationn in larger versus small vessels require different mechanisms of action. 
Vascularr smooth muscle cells in small vessels may all be directly innervated by neuronal 
synapses,, while vascular smooth muscle cells in larger vessels also depend on 
extracellularr diffusion (which in a tissue with limited extracellular space is a slow 
process),, or intercellular diffusion, in which activation of second messenger cascades 
occurss via gap junctions (which is a much faster process). 

1.44 Gap junctions: an overview 

1.4.11 The intercalated disk and junctional plaques 

Gapp junctions under normal conditions in situ are found primarily at the end of cardiac 
cellss within intercalated disks (for review, see Page et al, 1986). Intercalated disks viewed 
usingg thin section electron microscopy appear as tiny fringes of a carpet: electron dense 
interdigitatingg segments located transversely on the long axis of the cell. The longitudinal 
regionss of an intercalated disk are smoothly contoured and less conspicuous. 

gg beat ion of fasciae odberenfes 

gapp junctions ^gm desmosomes 

FigureFigure 1-2: Schematic view of the three-dimensional arrangement of the plasma membrane at the intercalated 
disk,disk, and the distribution of intercellular junctions therein. The fasciae adherents occur solely in the transverse 
plicateplicate regions; most of the gap junctional membrane and the desmosomes are found in the longitudinal zones of 
thethe membrane, which form a continuous sheath wrapped around the lateral surfaces of the terminating 
myofibrils.myofibrils. Smaller gap junctions and some desmosomes also occur in the plicate regions, in close association 
withwith fasciae adherents (from Severs et al, 1990). 

Inn general, the interdigitating segments (the so- called plicate or transverse plicate 
areas)) contain fasciae adherentes, while the longitudinal (or interplicate regions) display 
desmosomess and gap junctions. Inside the cell, fasciae adherens and desmosomes are 
linkedd to the cytoskeleton, while they are attached outside the cell to mirror-image 
domainss of apposing cells. With this organization, these cytoskeletal elements form a 
sturdyy frame that is able to resist mechanical forces caused by the contracting 
myocardiumm (for review see Green and Severs, 1993). 

Inn contrast to the role of the adhesive junctions in resisting contractile forces, gap 
junctionss form a low resistance pathway for ionic currents between heart cells. The first 
anatomicall  description of gap junctions in heart cells was by Revel and Kamovsky (1967), 
whoo reported a hexagonal array of subunits in the cell membrane of mouse heart cells, 
usingg electron microscopy on lanthanum-stained thin sections and freeze fracture replicas. 
Subsequently,, these techniques as well as X-ray and electron diffraction have revealed a 
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moree detailed picture of the gap junction plaque (Makowski et al, 1977). When combined 
withh biochemical studies, this structural information has provided the basis for what is 
knownn regarding molecular topology of the gap junction channel. 

Gapp junctions are thus now viewed as aggregates of intercellular channels, with each 
celll  contributing a hemi-channel (or connexon) composed of six connexin proteins 
(Bennettt et al, 1991). Each connexin has four hydrophobic membrane spanning domains: 
thee third membrane-spanning domain, containing amphipathic amino acids, is believed to 
linee the central pore of the channel, although whether other domains can contribute 
remainss uncertain (Bennett et al, 1991; Yeager and Nicholson, 1996; Zhou et al, 1997). 

FigureFigure 1-3: Gap junction channels are formed of hemichannels or connexons (B) composed of connexin proteins 
(C)(C) encoded by connexin genes. A. Schematic drawing of gap junction structure deduced from the classical study 
applyingapplying X-ray diffraction to gap junctions isolated from mouse liver (Makowski et al, 1977). B. Two connexons 
dockdock across extracellular space to form the complete gap junction channels. C. The connexin protein and its 
membranemembrane topology: the two extracellular loops (CI and C2), the four transmembrane domains (Ml. M2, M3, 
andand M4), the intracellular loop (CL, and the short cytoplasmic amino- and carboxyl-terminal domains (NTand 
CT). CT). 

Thee hydrophobic domains are connected by three (one intra- and two extracellular) 
hydrophilicc loop regions. The first membrane-spanning domain has a small amino 
terminall  tail, while the last membrane spanning domain ends with a carboxyl terminus 
whosee length is connexin-specific; both of these domains likely contribute to the structure 
off  the cytoplasmic mouth of the channels. Comparing the different isoforms of the 
differentt connexins, the two extracellular loops appear to be the most well preserved 
regionss of the protein, while the intracellular loop and the carboxyl terminus show the 
mostt variability in amino acid sequence and length (Yeager and Nicholson, 1996). 

1.4.22 The connexin gene family 

Connexinss form a family of highly homologous molecules that are found in almost all 
celll  types in vertebrates. Fifteen connexin isoforms have now been detected in rodents and 
forr many of these a human holoform is known as well. The protein isoforms are named 
accordingg to the species followed by the word Connexin (Cx, denoting the protein family) 
afterr which the molecular mass predicted from the cDNA sequence is added (e.g., human 
Cx43)) (Beyer et al, 1987); the alternative nomenclature of naming connexins [p (Group I) 
orr a (Group II)] (Bennett et al, 1991; Kumar and Gilula 1996) according to whether they 
aree more homologous to Cx43 or Cx32, is in less general use, although it was introduced 
firstt and is still used to register the genes with Genbank. In addition, a third gene 
subfamilyy (y or Group III ) contains the neuron-specific Cx36 (Condorelli et al, 1998; Sohl 
ett al, 1998). Mammalian genes encoding Group I and II connexins all have a similar 
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structure:: a short first exon with a 5'-untranslated sequence, and a longer second exon 
containingg the start codon; the entire coding sequence, without any interruption, is located 
inn one exon ending with a 3'-untranslated region (Fishman et al, 1990, 1991a). The similar 
genee structures of these connexins (Miller et al, 1988; Zhang and Nicholson, 1990; 
Hennemannn et al, 1992b) makes it likely that members of the connexin family have a 
singlee precursor, and unlikely that these genes are alternately spliced (although alternate 
promoterpromoter splicing has been demonstrated for Cx32 and suggested for other connexins as 
well:: Sohl et al, 1996; Neuhaus et al, 1996). Cx36 is an anomaly, in which an intron 
interruptss the open reading frame (Condorelli et al, 1998; Sohl et al, 1998). 

Geness encoding the cardiac connexins (Cx40, Cx43 and Cx45) are found on human 
chromosomess 1, 6, and 17 respectively; in addition, a Cx43 pseudogene resides on 
chromosomee 5 (Fishman et al, 1991a). Although expression of connexin isoforms is 
tissue-specific,, expression patterns overlap and almost all cells that have been examined 
closelyy have been found to express more than one connexin isoform (see Kanter et al, 
1992;; 1993b). 

1.4.33 Expression and co-expression of connexins in the 
cardiovascularr system 

Thee major connexin expressed in heart is Cx43 (Beyer et al, 1987; Fishman et al, 
1990;; Lash et al, 1990). Cx40 and Cx45 are also well established as being cardiovascular 
connexinss (Beyer et al, 1992; Kanter et al, 1993b; Severs et al, 1995; Hennemann et al, 
1992a,b),, and connexin -37, -46, and -50 expression in the cardiovascular system has also 
beenn described (Reed et al, 1993; Paul et al 1991; Davis et al, 1994; Gourdie et al, 1992). 
Thus,, six of the fifteen known connexin isoforms are expressed in the cardiovascular 
system:: Cx37, Cx40, Cx43, Cx45, Cx46 and Cx50. The patterns of expression of the 
connexinn isoforms are similar in the hearts and vessels of different mammalian species. 
Althoughh there are exceptions to this generalized pattern of expression in different regions 
off  the heart, the overall patterns (and even the exceptions in certain species) may have 
functionall  relevance. 

Ass mentioned above, Cx43 is the major connexin in cardiovascular system. In heart, it 
iss most abundantly expressed in ventricular and atrial cardiocytes of the working 
myocardium,, where it forms a substantial fraction of the gap junctions in intercalated 
disks.. Developmentally, Cx43 expression corresponds with the increase of conduction 
velocityy in ventricular tissue that is seen during the progression from fetus to adulthood 
(Vann Kempen et al, 1991). Despite this correlation, however, developmental changes in 
conductionn velocity are not only based on modulation of Cx43 gene expression, but more 
importantlyy depend on the organization of gap junctional channels into the intercalated 
diskk at the ends of the muscle fibers (Fishman et al, 1991b; Fromaget et al, 1992; Peters et 
al,, 1994). 

Generallyy speaking, Cx43 is not expressed in the SA- or AV node, or His bundle and 
iss less highly expressed in the Purkinje fiber conduction systems of most species. In the 
SAA node, small widely distributed gap junctions (Masson-Pevet et al, 1979; De Maziere et 
al,, 1992) contain both Cx40 and -45. The abrupt change from nodal (Cx40 and -45) to 
surroundingg working myocardial tissue (Cx43) is sharply demarcated, except for a 
transitionall  zone in which the expression of Cx45 and Cx43 merges (Coppen et al, 1999a). 
Thiss zone forms the morphological substrate for the gradient necessary to drive the 
atrium.. The AV node and the outer part of the His bundle expresses mainly Cx45, forming 
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aa functional insulation around a core composed of Cx40 and Cx43 (Coppen et al, 1999b). 
Becausee of the sparse expression and the striking different functional properties (low 
unitaryy conductance combined with high voltage dependence) of Cx45, this pattern of 
connexinn expression functionally isolates the conduction system from the working 
myocardium,, and accelerates the velocity of impulse propagation in the conduction 
system.. Double labeling techniques have colocalized Cx40 and Cx43 to individual 
intercalatedd disks (Gros et al, 1994), located in the subendocardial layer, where the P-V 
junctionss are also located. If the level of both connexins is sufficient, it allows the 
conductionn system to depolarize the working myocardium. In addition to expression in the 
conductionn system, Cx40 is found in atrial and ventricular myocardium to various degrees 
inn different species. 

Too complete the overview of connexins expressed in the heart system, the three 
remainingg connexins: Cx37, Cx46 and Cx50 need to be mentioned also. Cx37 (Reed et al, 
1993)) is the 'endothelial connexin' in the cardiovascular tree. It is not expressed in other 
cellss of the cardiovascular system. Cx46 was reported to be been found in human atrial 
andd ventricular myocytes (Davis et al, 1994); however the expression level was quite low, 
soo that this connexin is not expected to be of major importance in heart. Cx50 at last, a 
majorr gap junction protein in lens, has been reported to be expressed in cardiac valves 
(Dongetal,, 1994). 

Thee vascular wall contains different cell types in different cell layers. Each cell type 
expressess different connexin isoforms. Connexin expression by each of the cell type 
overlaps,, but also differs. 

EndothelialEndothelial cells. The inside of the vasculature is lined with one cell layer of 
endotheliall  cells, which express multiple connexins: Cx37, Cx40, and Cx43. Cx37 is 'the' 
endotheliall  connexin, only expressed in endothelial cells or in the endocardium (Delorme 
ett al, 1997). The abundance of expression is variable for different locations of the vascular 
treee (Van Rijen et al, 1997; Hong et al, 1998). Sites of turbulent stress (e.g. at branches of 
vessels),, show an extremely abundant expression of Cx43 and Cx43 is upregulated after 
mechanicall  stress as well (Gabriels et al, 1998; Cowan et al, 1998). In one gap junctional 
plaque,, more than one type of connexin is generally expressed (Little et al, 1995a), and in 
aorticc endothelium all three connexins are expressed within one gap junctional plaque 
(Yehh et al, 1998). However Cx40 expression appears to be dominant (Gabriels and Paul, 
1998). . 

VascularVascular smooth muscle cells. Numerous studies using immunocytochemical and 
molecularr biological techniques show that, just like in heart, Cx43 is the major connexin 
isoformm in vascular smooth muscle cells (Lash et al, 1990). Cx40 expression has been 
foundd in several (Moore et al, 1991; Bruzzone et al, 1993), but not all vascular smooth 
musclee cell types (Bastide et al, 1993). Both Cx43 and Cx40 isoforms appear to be 
expressedd within one gap junctional plaque. Heterotypic channels composed of Cx40 and 
Cx43,, might be expected to be functional, since electrophysiological measurements of 
A7r55 cells (an aortic smooth muscle cell line expressing both Cx40 and Cx43) show a 
varietyy of conductance values and voltage dependence behavior, suggesting the existence 
off  heterotypic channels (Moore et al, 1991; He et al, 1999). However, because heterotypic 
Cx40/Cx433 channels exogenously expressed in oocytes and in HeLa cells did not 
communicatee (Bruzzone et al, 1993; Elf gang et al, 1995), the multiple channels sizes in 
A7r55 cells, in smooth muscle and cardiac myocytes have been attributed to heteromeric 
channell  formation instead (He et al, 1999; Elenes et al, 1999; Li et al, 1999). The recent 
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demonstrationn that heterotypic Cx40/Cx43 channels are in fact functional in certain cell 
typess (Valiunas et al, 2000) prompts re-evaluation of the relative incidence of each type of 
channell  configuration. 

MyoendothelialMyoendothelial gap junctions. An important question to be asked is whether vascular 
smoothh muscle cells do in fact communicate with endothelial cells. Anatomically, 
endotheliall  cells are able to connect, to smooth muscle cells, through the fenestrae of the 
laminaa interna. Studies with dye tracers showed dye movement from endothelial cells 
towardss vascular smooth muscle cells, but not vice versa (Little et al, 1995b). Endothelial 
dependentt relaxations have been shown to be the result of direct heterocellular 
communicationn between endothelium and smooth muscle (Chaytor et al, 1998; Emerson 
ett al, 2000). Most conclusively, recent electron microscopic studies have directly 
demonstratedd that such connexins occur (Sandow and Hill , 2000). Myoendothelial 
communicationn through gap junctions, together with other pathways to regulate 
contractionn and relaxation of the vessel wall, thus appears to form a well tuned feedback 
system,, that is able to adapt to local and systemic pressure demands. 

Thee availability of the three major connexins in cardiac myocytes expressed 
throughoutt the heart creates some very interesting possibilities with regard to different 
functionall  mechanisms. Each of these connexins exhibits distinct gating properties, ionic 
selectivitiess and unitary conductances (see below). Thus, differential expression might 
contributee to different propagation velocities in various regions of the heart and vessels or 
mightt play specific roles in cardiac development or under pathological conditions in the 
cardiovascularr system. 

1.4.44 Junction permeability, conductance and gating 

FigureFigure 1-4: Picture of Lucifer Yellow dye coupling in a culture of cardiac myocytes. Lucifer Yellow is 
iontophoreticallyiontophoretically injected into individual cell as indicated with arrow. After one minute of injection, the 
fluorescentfluorescent dye diffused from the injected cell (arrow) to numerous neighboring cells, indicating the presence of 
gapgap junction mediated coupling. 

AA vast network of biochemical and enzymatic control mechanisms impact upon 
rhythmm generation and conduction in cardiovascular tissue to ultimately determine the 
functionn of the heart. A direct approach to understanding the effects of each of these 
controll  mechanisms on cardiac and vascular gap junctions is to separate these tissues into 
celll  pairs and to evaluate the impact of individual stimuli on junctional conductance under 
experimentallyy controlled conditions. Various parameters can be measured with regard to 
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thee function of gap junctions, including ionic permeability and selectivity, unitary 
conductancee and sensitivity of channel opening and closing in response to various 
physiologicall  and pathological stimuli. 

Gapp junctional channel function and permeability can be determined by detecting dye 
transferr to contiguous and even more remote cells after injecting dye molecules such as 
Luciferr Yellow into a cell. Permeability can also be determined by measuring the 
conductancee of channels using internal solutions with different compositions or under 
differentt experimental conditions. Such studies have revealed that gap junction channels 
aree permeable to molecules with molecular weights as high as 1 kDa (see Bennett et al, 
1991).. These channels are thus permeable to K+, which is the primary current-carrying 
ionn involved in conduction of the cardiac impulse, and they also are permeable to second 
messengerr molecules including Ca2+, cAMP, and IP3 (Christ et al, 1994). However, it is 
noww quite clear that selectivity of gap junction channels formed of different gap junction 
proteinss differ substantially (Veenstra, 1996). For the cardiac connexins, channels formed 
byy Cx43 are about equally permeant to anions and cations, Cx40 channels are less anion 
permeant,, and Cx45 channels are quite restrictive to anions compared to cations. Because 
Cx400 channels are more conductive than those of Cx43, this relative anion permeability is 
nott expected to impact greatly on flux of anionic second messengers. However, the less 
conductivee and highly selective Cx45 channels would be expected to provide only a poor 
pathwayy for such negatively charged molecules (Veenstra et al, 1994; Moreno et al, 
1995a). . 

Thee whole-cell patch clamp method applied to cell pairs (Neyton and Trautmann, 
1985;; White et al, 1985) enables measurement of the currents flowing through gap 
junctionss from one cell to the other. 

Inn this technique, both cells of a cell pair are clamped to a common holding potential, 
soo that no transjunctional driving force exists, and no current flows across the junctional 
membrane.. By applying command pulses to one cell of the pair, the current flowing 
betweenn the cells (driven by the potential difference between the cytoplasms, the 
transjunctionall  voltage Vj) is measured as the current injected by the second cell's clamp 
circuitt (I2) to hold the voltage of that cell (V2) constant. Using Ohm's law, conductance of 
thee gap junction (gj) can easily be calculated by dividing the junctional current (I2) by the 
transjunctionall  voltage (Vj). When different channels are opening and closing at the same 
time,, this measurement of macroscopic junctional conductance quantifies how well cells 
aree coupled and provides an ensemble average of the openings and closings of the channel 
population.. In vivo and also in isolated cell pairs, macroscopic junctional conductance 
dependss on variables such as the cell type, the type of connexin expressed and the cellular 
environmentt (including innervation of the tissue or exposure to neurotransmitters and on 
thee metabolic status of the cells). For rodents, ventricular myocytes from neonates are 
moderatelyy well coupled (junctional conductance about 11-13 nS) (Burt and Spray, 1988; 
Rookk et al, 1988), whereas adult myocytes are extremely well coupled (junctional 
conductancee 0.1-1 plS; see Wittenberg et al, 1986). 

Whenn macroscopic junctional conductance is naturally low [as occasionally happens 
too cell pairs after enzymatic dispersion, when individual cells are brought into contact, in 
cellss engineered to express connexins at low levels, or when most of the channels are 
reversiblyy closed by decreasing channel open probability after application of an 
uncouplingg agent (see below)] currents flowing through single channels can be measured 
inn response to V, pulses, and conductances of these single channel events can be 
calculated.. Studies on transfected mammalian cell lines and on primary cells in culture 
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havee revealed that each of the different connexin isoforms forms channels with unique 
unitaryy conductances, and that these unique conductances are little affected by the species, 
celll  type or cellular environment in which the connexin is expressed. 
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FigureFigure 1-5: Double-whole-cell recording from a pair of cells coupled by gap junctions. (A) Diagram illustrating 
bidirectionalbidirectional movements of ions and molecules between the intracellular media and the pipette contents after 
rupturerupture of the patches of the membrane isolated by the pipettes. (B) Equivalent circuits used to calculate the 
junctionaljunctional conductance. (C) Typical recording from a pair of cells obtained using this technique. Traces V,, /, 
andand V2, h are the commands and current recorded from cell J and 2, respectively, Al/ and Al 2 the current 
recordsrecords during a voltage jump AV applied in cell 1. 

Cx433 channels in cultures of neonatal rat cardiocytes exhibit at least one closed and at 
leastt three open conductance states (Moreno et al, 1994 a,b). Two of these open states are 
interconvertiblee by phosphorylation and can be distinguished both on the basis of unitary 
conductancee and by the kinetics of voltage sensitivity (see below). The dephosphorylated 
Cx433 channel, obtained by including phosphatase in the internal solution or by treatment 
off  cells with protein kinase inhibitors, exhibits unitary conductances of 90-100 pS in CsCl 
solutionn and shows rapid kinetics of closure by transjunctional voltage. The Cx43 channel 
phosphorylatedd by treatment with phosphatase inhibitors or with agents that activate 
proteinn kinases exhibits unitary conductions of 60-70 pS and slow kinetics of channel 
closuree in response to transjunctional voltage. At higher driving forces, a third open 
channell  conductance of about 30 pS can be measured under both phosphorylating and 
dephosphorylatingg conditions (Moreno et al, 1994a,b). Interestingly, for rat 
cardiovascularr cells, and cells transfected with the rat Cx43 isoform (but not for human 
Cx43),, treatment of the cells with carbachol or membrane permeant cGMP derivatives 
favorss unitary conductance values of this smallest size (Kwak et al, 1995). As discussed 
below,, Cx43 is a phosphoprotein, and each of these conductance states is correlated with 
phosphorylationn of specific serine residues in the carboxyl terminal portion of the Cx43 
molecule. . 

Thee other connexins expressed in heart cells, Cx40 and Cx45, show distinct unitary 
conductancess that also differ from those of Cx43. Cx40 channels have been described as 
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exhibitingg high conductance states of about 160 to 200 pS (Bukaukas et al, 1995; Beblo et 
al,, 1995, Hellmann et al, 1996) and a lower conductance state of 35 to 80 pS, depending 
onn composition of the internal solution and Vj at which channels were measured. Cx45 
channelss exhibit a maximal open channel conductance state of 30 pS, with smaller (-15-
200 pS) conductances at high voltages that are difficult to measure accurately (Veenstra et 
al,, 1994; Moreno et al, 1995a). 

Gapp junction channels continuously open and close, and a number of types of 
treatmentss alter the relative distribution of channels in the open and closed states. 
Althoughh the underlying mechanisms of the gating processes are not yet clear, it is known 
thatt treatments that gate junctional channels appear to fall into distinct groups. These 
treatmentss include 1. imposing transjunctional voltage gradient, 2. elevating cytoplasmic 
H++ (and perhaps Ca2+) ions, 3. exposing cells to certain lipophilic membrane-permeant 
molecules,, 4. activation of protein phosphorylation, and 5. treatment with other 
pharmacologicall  agents. 

1.. Transjunctional voltage. Except as noted below, most connexon channels are quite 
insensitivee to the membrane potential of the cells they connect. However, all gap 
junctionn channels are sensitive to voltage imposed across the junctional membrane, 
withh junctional conductance (gj) maximal at 0 mV Vj and decreasing to lower values 
ass increasing transjunctional voltages of either sign are applied. Even at very large 
transjunctionall  voltages, a residual voltage-insensitive component of gj remains; this 
minimall  conductance, termed gmin, is attributable to the channel substate that is 
inducedd at higher voltages (Moreno et al, 1994a). To a first approximation, the 
declinee in junctional current during a voltage step is well fit by single exponentials 
forr pulses of either polarity, indicating that the voltage sensitivity follows a two state 
reactionn scheme, where voltage acts to change the time that channels are in the fully 
openn state (e.g. Srinivas et al, 1999). The decrease in conductance during sustained 
transjunctionall  voltages can be described by the Boltzmann equation, which predicts 
thee change in proportion of channels in the open and closed states as a function of 
energyy difference between the states: 

Gj== open/(open + closed) = exp (-A(V rVo))-Gmin, 

wheree A is a constant defining voltage sensitivity and V0 is the voltage at which half 
off  the voltage sensitive channels are closed. The voltage sensitivity of the three heart 
connexinss is quite different: Cx45 is very voltage sensitive with V0 of 13 mV 
(Morenoo et al, 1995a). Cx43, however, has a V0 of 60 mV (Moreno et al, 1994a), 
whilee the V0 of Cx40 is 40 mV (Bruzzone et al, 1993; Hellman et al, 1996). The 
symmetryy in gj-Vj relations has been interpreted as implying that gap junction 
channelss possess a gate on each side of the channel that responds to a specific voltage 
polarityy (Spray et al, 1981). The range of voltage sensitivities in channels formed by 
differentt connexins offers the possibility that heterotypic channels may form by the 
combinationn of two different hemichannels or connexins. In the simplest case, such 
channelss would be formed of paired homomers, but such channels might also be 
formedd of connexin heteromers (Bruzzone et al, 1993). Although such channels have 
onlyy been rigorously evaluated by exogenous expression systems, one such 
arrangementt with possible relevance to the heart is Cx45 connexon paired with Cx43. 
Thee sum of the Boltzmann relations for these two connexons predicts two 
phenomenaa that have been verified experimentally (Moreno et al, 1995b): first, 
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conductionn of depolarizations from the Cx45 cell to the Cx43 cell is less sensitive to 
voltage;; second, small depolarizations of the Cx43 cells relative to the Cx45 cells 
facilitatess junctional conductance. Such a heterotypic arrangement is predicted to 
occurr at the Purkinje-Ventricular interface, and would be expected to enhance 
forwardd conduction and to impede retrograde conduction into the conduction system. 

2.. Cytoplasmic tt and Ca2+ ions. Gap junction channels are closed by intracellular 
acidificationn and by high levels of cytoplasmic Ca~+; perhaps such uncoupling allows 
uninjuredd cells to repolarize when uncoupled from the damaged cells. Regardless of 
thee endless controversy of whether gap junctions are more sensitive to Ca2+ or H+ ions 
(seee Spray and Scemes, 1998), gap junction channels are closed by acidification to 
levelss that may occur under ischemic conditions. The cardiac connexins apparently 
havee different pH sensitivities; thus, Cx45 channels expressed in SKHepl cells are 
mostlyy closed at an intracellular pH value of 6.7 (Hermans et al, 1995), implying a pK 
valuee near pH 7 and a high Hill coefficient, whereas the apparent pK measured for 
Cx433 in SKHepl cells, cardiac myocytes or in paired oocytes is about 6.5, with a low 
Hil ll  coefficient (Hermans et al, 1995; Morley et al, 1996; Spray and Bennett, 1985). 
Thee pH sensitivity of channels formed by the third major cardiac connexin, Cx40, is 
intermediatee between that of Cx43 and Cx45 (Stergiopoulos et al, 1999). 
Thee near neutrality of the apparent pK's for closure by acidification suggests that 
histidinee residues might comprise the pH sensor, and it was proposed that perhaps 
thosee residues located within the cytoplasmic loop of the connexin molecules might 
participatee (Spray and Burt, 1990). Mutagenesis and expression of altered Cx43 and 
Cx400 sequences in Xenopus oocytes has revealed that this region does play a role in 
thesee connexins; however, instead of being titrated, these residues appear to act as a 
bindingg site for a region within the carboxyl terminus (see Ek et al, 1994, and Ek-
Vitorinn et al, 1996). Remarkably, pH sensitivity is low in Cx43 or Cx40 mutants 
lackingg the carboxyl terminus or specific domains located therein, but for either 
truncationn it is restored by co-expression of peptides corresponding to either the tail 
off  Cx43 or Cx40. pH gating is thus currently envisioned to involve a particle-receptor 
interactionn of the carboxyl terminus with the cytoplasmic loop, comparable to 
mechanismss proposed for N-type inactivation of potassium channels. 
Thee mechanism of pH induced gap junction channel closure differs from that caused 
byy transjunctional voltage in that closure of the channel by weak acids is complete 
withoutt the occurrence of demonstrable substates, and may be manipulated 
independentlyy of voltage sensitivity (Spray et al, 1986). Furthermore, single channel 
studiess on Cx43-transfected HeLa cells suggests that acidification induces slow 
transitionss between open and closed states, in contrast to the rapid transitions 
betweenn the open and substate conductances caused by Vj (Bukauskas and Peracchia, 
1997). . 

3.. Lipophilic molecules. Lipophilic molecules comprise another group of uncoupling 
agentss that apparently act through a mechanism distinct from changes in pH or Ca2+ 

(Bennettt et al, 1991; Spray and Burt, 1990). Seven and eight-carbon alcohols have 
beenn shown to uncouple cells of most tissues, including the heart, when applied at 
concentrationss in the range from 0.1-3 mM (Burt and Spray, 1988; Takens-Kwak et 
al,, 1992a). Halothane, an arrhythmogenic inhalation anesthetic, also totally and 
reversiblee uncouples cardiac myocyte pairs when applied at anesthetic doses (2-3 
mM:: Burt and Spray, 1989; Niggli et al, 1989). Because the action on gap junctions 
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mayy occur at concentrations below those affecting membrane excitability (see Burt 
andd Spray, 1989), these agents are useful for reducing junctional conductance in cell 
pairss to levels at which single channel currents become detectable (see Burt and 
Spray,, 1988, 1989). The mode of action of these compounds remains to be fully 
resolved,, although a correlation of uncoupling action with phase transitions of 
cholesteroll  fluidity has led to the suggestion that the susceptibility of junctional 
channelss may relate to enrichment of junctional domains in cholesterol (Bastiaanse et 
al,, 1993). 
Levelss of lipophilic molecules, including oleic acid, arachidonic acid (and its 
metabolites,, also with uncoupling action: Massey' et al, 1992) lysophosphatidyl 
cholinee (Daleau et al, 1999), and acylcarnitines are elevated under ischemic 
conditionss (see Katz, 1982; Yamada et al, 1994). Because each of these agents has 
beenn shown to reduce coupling between cardiac myocytes (Fluri et al, 1990; Massey 
ett al, 1992; Hirschi et al, 1993; Yamada et al, 1994), it seems likely that any or all of 
thesee compounds may contribute to the ensuing reduction in intercellular 
communication.. Although it is generally assumed that such uncoupling is 
arrhythmogenicc and therefore detrimental to cardiac function, it is also possible that 
gapp junction closure might be beneficial for long-term survival, sealing off an 
irreversiblyy injured myocyte from those around it. For example, Garcia-Dorado et al 
(1997)) reported that heptanol added to the perfusate of an ischemic isolated heart 
duringg reoxygenation was cardioprotective, limiting necrosis and promoting recovery 
off  tension development. Such "healing over" was originally associated with 
uncouplingg by Ca2+ ions (DeMello et al, 1969), and it remains conceivable that the 
Ca2++ dependence of phospholipase generation and enzyme activity contributes to 
channell  closure by lipophiles. 

4.. Phosphorylation. Phosphorylation of gap junction channel proteins is a mechanism 
wherebyy gating is affected under both physiological and pathological conditions 
(Saezz et al, 1993). In heart and in most other Cx43-expressing types as well, two or 
moree phosphorylated forms of Cx43 can be detected by autoradiographic analysis of 
32PP labeled Cx43 separated by SDS-PAGE. These phosphorylated bands are 
recognizablee in immunoblots due to their mobility shifts: unphosphorylated Cx43 
runss at about 41 kDa, whereas the phosphorylated forms are retarded by about 2 and 
aboutt 4 kDa in SDS-PAGE gels. Why the incorporation of only one or two phosphate 
moleculess induces such a profound retardation in mobility is unanswered. The 
nonphosphorylatedd forms of Cx43 may predominantly reside in the intracellular pools 
off  this protein, and at least some phosphorylation occurs prior to plasma membrane 
insertionn as indicated by the accumulation of intermediate phosphorylation states of 
Cx433 after treatment with agents that inhibit trafficking along the intracellular route 
(Musill  and Goodenough, 1991,1993). 

Numerouss studies have shown that second messenger activation affects junctional 
communicationn in adult and neonatal cardiac myocytes, including PKA, PKC and 
PKGG and c-src (Munster and Weingart, 1993; Kwak et al, 1995a,b; Burt and Spray, 
1988;; Toyofuku et al, 2000). In addition, coupling in other cell types expressing 
endogenouss or exogenous Cx43 is sensitive to MAP kinase and tyrosine kinases 
(Swensonn et al, 1990; Lau et al, 1996). Turnover rate of phosphate in Cx43 in cardiac 
myocytess has been reported to be similar to the half-life of the protein, suggesting 
thatt the protein stays phosphorylated for most of its life time (Laird, 1991). However, 
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thee results of other studies have shown rapid exchange of phosphate in at least a small 
portionn of the Cx43 pool (Saez et al, 1997). In cardiac myocytes, treatment with the 
proteinn kinase inhibitor staurosporine was shown to reduce electrical and dye 
couplingg between neonatal rat myocytes and to reduce steady-state incorporation of 
32PP into Cx43 (Saez et al, 1997), whereas protein kinase C has been found to increase 
couplingg (Spray and Burt, 1990). Further acute treatment with TPA reversed the 
uncouplingg effect of staurosporine, presumably by overcoming the staurosporine 
inhibition.. Protein kinase C uncouples other cell types, and has been shown in 
severall  instances to increase phosphate incorporation into Cx43 (see Saez et al, 1997). 
Identificationn of residues in Cx43 that are phosphorylated by protein kinase C has not 
beenn completely straightforward. Although the PKC consensus sites Ser368 and 
Ser3722 are phosphorylated by PKC in cardiac myocytes and in a recombinant Cx43 
polypeptidee (AA360-375), two-dimensional tryptic digests of a longer recombinant 
Cx43(AA243-382)) showed additional phosphorylated residues, possible due to 
activationn of another kinase. Phosphorylation of serine residues 255, 279, 282 have 
beenn associated with cell uncoupling (Warn-Cramer et al, 1998), and candidate 
proteinn kinases mediating this effect include MAP kinase, which can be activated by 
PKC.. Moreover, Cx43 phosphorylation at tyrosine 265 is achieved by c-src 
(Toyofukuu et al, 2000). 
Inn another cell type, Cx43 has been shown to be phosphorylated by a protein kinase A 
pathwayy (Granot and Dekel, 1994) and some studies on cardiac cells have shown 
increasedd coupling after treatment with cAMP (Burt and Spray, 1988, De Mello, 
1984),, whereas others have not found a change (Takens-Kwak and Jongsma, 1992b). 
Interestingly,, rodent Cx43 contains a consensus phosphorylation site for protein 
kinasee G, and coupling is reduced and rCx43 is phosphorylated by membrane 
permeantt cGMP derivatives (Takens-Kwak and Jongsma, 1992b, Kwak et al, 1995a), 
whereass the human sequence lacks this residue, and coupling and phosphorylation in 
SKHepll  cells transfected with hCx43 are not affected by elevated cGMP (Kwak et al, 
1995a). . 
Thesee studies imply that adrenoceptor activation should exert changes in the heart 
throughh elevation of cAMP (p-adrenoceptors) or activation of PKC (a-
adrenoreceptors,, through release of diacylglycerol). The extent to which these 
biochemicall  changes in Cx43 modulate coupling and contribute to the inotropic 
effectss induced by activation of adrenoreceptors on cardiac tissue remains to be 
completelyy understood. Moreover, the relevance of these phosphorylation sites for 
normall  function of Cx43 during development remains controversial. Whereas 
mutationss in the consensus Cx43 phosphorylation sites were reported to be associated 
withh a subset of patients with the severe axis deformity heterovisceral atriotaxia 
(Britz-Cunninghamm et al, 1995), studies of more extensive HVAT populations have 
nott confirmed this finding ( Penman-Splitt et al, 1997). 
Functionall  consequences of phosphorylation of consensus sites in the other 
cardiovascularr connexins are virtually unexplored, despite the potential importance of 
suchh studies in revealing changes that might occur in selected cardiac compartments 
inn response to neurotransmitters and hormones with their associated second 
messengerr cascades. 

5.. Other pharmacological agents. Miscellaneous pharmacological agents exert effects 
onn gap junction channels through as yet not fully defined mechanisms. Although the 
lipophilicc substances listed in the preceding section have been useful experimentally 
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(e.g.,, to reduce junctional conductance to levels where single channels are 
resolvable),, they are imperfect uncouplers in that they may also affect membrane 
excitabilityy and other cellular functions at higher concentrations. Glycyrrhetinic acid 
derivativess (which naturally occur in licorice) have been reported to be potent and 
specificc inhibitors of dye coupling in a variety of non-cardiac systems (e.g. Davidson 
ett al, 1988; Munari-Silem et al, 1995). Although their non-volatility suits them well 
forr longterm application, their effects on most preparations appears to be limited to 
partiall  rather than total uncoupling. 
Thee last few years antisense oligodeoxynucleotides, sequence-specific antibodies and 
polypeptidess to connexins have been developed, in order to design more specific and 
potentt uncoupling agents. Connexin-specific antisense oligodeoxynucleotides have 
beenn shown to selectively block gap junction channel expression in a vascular smooth 
musclee cell line (Moore and Burt, 1994). However, the relative long incubation time 
neededd before antisense oligodeoxynucleotides exert their effects, severely limits the 
usee of this approach in primary cells. Antibodies raised against extracellular domains 
off  connexins have been shown to inhibit gap junction assembly in Novikoff hepatoma 
cellss (Meyer et al, 1992). More recently, Hofer and Dermietzel (1998) demonstrated 
thatt applying an antibody that interferes with external loop domains both labeled and 
blockedd the function of hemichannels in primary astrocytes. In an elegant study, 
Boitanoo and colleagues (1998) showed that the propagation of mechanically induced 
Ca2++ waves could be inhibited by antibodies directed against parts of the specific 
connexinss expressed, and not by antibodies raised against other connexins (Boitano et 
al,, 1998). Synthetic peptides comprising parts of extracellular loop sequences have 
beenn shown to inhibit gap junction formation between oocytes, embryonic chick heart 
myoballss and smooth muscle in mesenteric arteries (Dahl et al, 1992, 1994; Warner et 
al,, 1995; Chaytor et al, 1997). Moreover, in cells expressing both Cx40 and Cx43 
treatmentt with synthetic oligopeptides comprising a less conserved segment of the 
secondd extracellular loop of Cx40 or Cx43 specifically inhibited one type of gap 
junctionn channel over the other (Kwak et al, 1999). 
Otherr peptides have been proposed to have opposite effects, increasing junctional 
conductancee in heart cells. These anti-arrhythmic peptides (AAPs) were originally 
isolatedd in screens where bovine atrial hexapeptides were assayed for synchronization 
off  beating in chick heart aggregates (Aonuma et al, 1980, 1983) and have 
subsequentlyy been shown to be anti-arrhythmic in several mammalian preparations 
(Dheinn et al, 1995). Such peptides also were shown to increase junctional 
conductancee in pairs of guinea pig ventricular myocytes (Muller et al, 1995). 
Thee advantage of using these techniques is that one is able to use a tool that targets a 
specificc connexin within a primary system to evaluate the functional significance of 
gapp junction mediated cell-to-cell communication. The search to understand the 
mechanismss of action may provide therapeutic targets whereby coupling strength may 
bee modified. 

1.51.5 Role of cardiovascular gap junctions in pathological 
states s 

Changess in gap junction expression, organization and function are increasingly 
associatedd with injury or disease of the heart and cardiovascular system. Moreover, 
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mousee models in which cardiovascular connexin expression is manipulated are providing 
insightt into the roles of these gap junction proteins in coordinated functions of heart and 
vessell  wall. The section that follows is an overview of what has been learned from such 
studiess thus far and is intended to indicate the new directions now possible in the gap 
junctionn field. 

1.5.11 Sudden cardiac death, Chagas disease: gap junction 
disturbancess and arrhythmia 

Suddenn cardiac arrest causes about 1200 casualties per day, or almost half a million 
perr year in the United States alone. Sudden cardiac arrest is caused by interruptions of the 
oxygenn supply to the heart; due to its high metabolic demand and inadequate anaerobic 
compensationn mechanisms, heart muscle is particularly vulnerable to such insult. 
Myocardiall  ischemia and infarction give rise to altered expression, function and 
distributionn of gap junction proteins in the membrane; both acute and chronic changes in 
functionall  cell connectivity predispose the heart to conduction disturbances (Peters et al, 
1996,1997).. These arrhythmias are based on the occurrence of reentry circuits, which 
requiress both transient or unidirectional block and slow conduction (Hoffman and 
Dangman,, 1987; Kléber, 1987; see Spooner et al, 1997). In the acute phase of a 
myocardiall  infarction, alterations in the active membrane properties are an important 
determinantt for these arrhythmias, but, especially in later stages, changes in myocardial 
resistivityy at the border zone of healed infarcts will play an important role when cell 
excitabilityy recovers (Spach et al, 1981). 

Myocardiall  resistivity is based on the conductance of charged molecules flowing 
throughh gap junctions. In the healed infarct border zone and in the aging myocardium, the 
numberr of cells connected to each other is decreased, especially with regard to side-to-
sidee compared to end-to-end appositions (Luke and Saffitz, 1991; Spach et al, 1981,2000). 
Suchh remodeling, which also involves the physical separation of small bundles of 
myocardiumm by connective tissue strands, is for the most part a response to fibrosis on the 
injuredd region resulting from fibroblast infiltration. Such alterations induce the 
propagationn of wave fronts to be more tortuous, and because of the reduced transverse 
communicationn the conduction velocities to be less synchronized; both factors predispose 
thee myocardium to reentrant arrhythmias. 

Chagasicc cardiomyopathy causes 50,000 deaths in Central and South America per year 
andd is due to infection of the heart with the hemoflagellate protozoan parasite Trypansoma 
cruzi.cruzi. In the acute phase of the disease, patients suffer from a myocarditis with 
tachycardia,, congestive heart failure and cardiomyopathy (Elizari and Chiale, 1993). In 
laterr stages of the disease, collagen deposition, due to ongoing inflammation, forms 
irregularr conduction pathways. Such reentry circuits are an important cause for the 
existencee of arrhythmias leading to cardiac arrest. 

Experimentall  studies on neonatal rat cardiocytes infected with T. cruzi (Campos de 
Carvalhoo et al, 1992, 1994), showed a marked decrease in intercellular communication; 
junctionall  conductance and dye transfer between infected cells was significantly lower 
thann between uninfected cells, and immunohistochemical studies demonstrated a decrease 
inn Cx43 expression. Notably, however, levels of Cx43 and its RNA were not 
demonstrablyy affected. Synchrony and rhythmicity of contracting infected cardiocytes was 
impairedd compared to controls. Thus, during acute and chronic phase of Chagas' disease, 
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probablyy due to changes in gap junction distribution, arrhythmias and conduction 
disturbancess occur, which may lead to cardiac arrest and death. 

1.5.22 Hypertension and endothelial wound repair: changes in gap 
junctionn expression 

Hypertensionn is an insidious disease of the cardiovascular system, in which the chronic 
increasee in blood pressure ultimately causes hypertrophy of heart muscle. These 
hypertrophicc hearts are known to show more ectopic activity, and are thus more 
vulnerablee to arrhythmias (James and Jones, 1992). After many years of hypertension, 
evenn without showing any symptoms for a long time, hypertension will finally reach the 
endd stage of congestive heart failure. How hypertension affects the expression of gap 
junctionss is a major field of current research and interest. 

Hypertensionn has been shown to differentially affect the expression of gap junction 
proteinss with regard to time points of investigation, organs studied and models of 
hypertensionn used. In the overloaded heart, hypertension was reported to cause 
upregulationn of Cx43 and downregulation of Cx40 and Cx45 in the acute phase (Peters, 
1996;; Montgomery et al, 1998), whereas in the chronic phase, Cx43 levels go back to 
normal,, or decrease below normal (Montgomery et al, 1998). In spontaneously 
hypertensivee rats, or those expressing an exogenous renin gene, a three-fold increase in 
Cx400 and a threefold decrease in Cx43 were reported (Bastide et al, 1993). Cx43 
expressionn in aortic smooth muscle is increased in the two kidney, one clip and 
deoxycorticosteronee (DOCA)-salt models of hypertension (Haefliger et al, 1997, Watts 
andd Webb, 1996), but using another hypertension model in which rats were treated for 
fourr weeks with L-NAME, Cx43 expression levels were found to be decreased (Haefliger 
ett al, 1999LDifferential effects on Cx43 expression in the vasculature have been shown in 
otherr studies. After inducing shear stress on endothelial and smooth muscle cells (Cowan 
ett al, 1998), Cx43 was upregulated. Junctional communication also plays an important 
rolee in wound repair (Pepper et al, 1989), where levels of coupling and connexin 
expressionn are altered (Pepper et al, 1992; Yeh et al, 2000). It is known that the effects of 
woundingg on junctional communication may depend on a variety of factors e.g. the origin 
off  endothelial cells and the types of connexins expressed. The mechanisms involved, 
however,, is still a major topic of investigation. A recent study of Kwak et al (2001) 
showedd that wounding of endothelial cells differentially changed the expression of 
connexins.. By also taking a variety of cell properties into account, they demonstrated that 
properr connexin expression is required for coordinated migration during repair of an 
endotheliall  wound. The afore mentioned studies indicate that the cardiovascular system, 
especiallyy the vasculature, is able to respond and adjust its cell-to-cell communication in 
specificc ways to different stimuli. 

1.5.33 Genetic alterations in cardiovascular connexins 

Inn one case in particular, genetic changes in one of the connexin genes were reported 
too be the cause of heart disease. In four pediatric patients diagnosed with visceroatrial 
heterotaxiaa syndromes, a syndrome with "polysplenia" and left or right atrial and 
bronchopulmonaryy isomerism, substitutions of the phosphorylatable serine/threonine 
residuess of Cx43 were seen (Britz-Cunningham, 1995). These residues, although located 
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inn the genetically variable carboxy-terminal cytoplasmic domain, are highly conserved in 
Cx433 sequences among all vertebrates. Although larger patient populations studied by 
otherss have not verified this report (Penman-Splitt et al, 1997), it might be expected that 
mutationss of the Cx43 sequence result in a syndrome in which multiple organs, and 
especiallyy a cardiac left-right axis malformation, are affected. Cx43 is the major heart 
connexinn expressed in early embryonic development (Fishman et al, 1991b, Yancey et al, 
1992)) and the heart is the first organ to show asymmetry along the right-left axis during 
thiss development. Because the link between defects in gap junctions and disease is 
becomingg more convincing for other connexins (e.g. Cx37 showing a genetic 
polymorphismm linked to atherosclerotic plaque development (Boerma et al, 1999), Cx32 
inn X-linked Charcot Marie Tooth disease (Berghofen et al, 1993), Cx26 in nonsyndromic 
hereditaryy deafness (see Abrams and Bennett, 2000)), it might be expected that connexin 
disorderss will be identified as underlying causes as well as consequences of heart disease. 

1.66 Summary and conclusions 

Thee heart muscle is an electrophysiological syncytium, where contractions are spread 
fromm cell-to-cell via intercellular diffusion of K+ ions and second messenger molecules. 
Thiss intercellular communication is conceptualised as involving separate but functionally 
connectedd compartments of electrically coupled cells. Except at the P-V junctions, the 
conductionn system is isolated from the working myocardium. This is important, since the 
directionn of the ventricular contraction wave is opposite to the direction of the electrical 
conductionn wave in the conduction system. The major connexin expressed in heart is 
Cx43,, but Cx40 and Cx45 play additional roles as well. Gap junctions formed of different 
connexinss are differentially permeable, to cations and anions, and the relative distribution 
off  channels in open or closed state is affected by transjunctional voltage. Elevation of 
cytoplasmm H+, lipophilic membrane permeant molecules, activation of protein 
phosphorylationn and treatment with other pharmacological agents are regulators of 
junctionall  conductance as well. 

Inn pathological states, gap junctions are affected with regard to expression, function, 
andd distribution in the membrane, leading to changes in cell connectivity that can 
predisposee the heart to conduction disturbances and arrhythmias. Especially in later stages 
off  myocardial infarction, in the border zones of healed infarcts, or in Chagas' disease, 
changess in myocardial restitivity may play an important role. Remodeling, especially with 
regardd to side-to-side compared to end-to-end appositions due to fibrosis or collagen 
dispositions,, enhances the resistivity in the transverse direction more than longitudinal 
direction.. Since the safety factor for longitudinal conduction is lower than for the slower 
transversee conduction, reentry is more likely to occur. Genetic alterations in connexin 
proteinss are linked to different diseases. Although linkage of Cx43 mutations to a 
syndromee involving axis malformation remains controversial, loss of Cx43 function in 
mousee heart results in rhythm disturbance. 

Thee presence of gap junctions in the vascular wall as demonstrated in a variety of 
studies,, indicates that intercellular communication may very well play an important role 
withh regard to regulation of different responses. The anatomy of the vessel wall promotes 
thee likelihood that gap junctions are a necessity for the transfer of nutrients, second 
messengers,, and ions. Important information provided by release of neurotransmitters by 
thee autonomic nervous system and of hormones from the blood, may be transferred 
throughh the vessel wall by the intercellular pathway formed by gap junctions. Thus, 

28 28 



GeneralGeneral introduction 

signalss from outside the vessel wall can have their action on the vasculature by virtue of 
gapp junctional communication. Gap junctions play an important role in the regulation of 
thee vascular tone, especially in the microcirculation. From a pathological point of view, 
gapp junctions may play a role in the existence of hypertension and impotence and provide 
thee vessel wall with a mechanism to prevent or adapt to pathological changes in vessel 
tone. . 

Basedd on the knowledge we have now about gap junction channels, there is no 
therapeuticc compound for patients yet available that is limited in its action on cellular 
coupling.. Since propagation of an action potential and synchronization of cells depend on 
junctionall  conductivity, it would be nice to be able to treat specific pathological 
conditionss in heart by increasing or decreasing the cellular coupling in different parts of 
thee heart. As mentioned above, different gap junction channels can be targeted with 
differentt drugs. A major effort of research should be directed towards development of 
stablee compounds to treat patients using such strategies. 

1.77 Scope of this Thesis 

Whenn the work presented in this Thesis was started at the end of 1992, we recognized 
thatt some major "gaps" existed describing base characteristics of cardiovascular gap 
junctions.. Our initial goal was to fil l in these gaps, in such a way that they could serve as 
basicc knowledge and tools for future research. 

Forr reasons of clarity, this Thesis is presented in two distinct parts: a first part dealing 
withh vascular tissue and smooth muscle cells (Chapters 2 and 3), and a second part dealing 
withh neonatal cardiac cells (Chapters 4 and 5). 

Wee set out to develop a simple vascular model that would enable us to investigate the 
function,, expression and physiological properties of gap junctions in this compartment. 
Wee chose to use two types of conduit arteries, i.e. the mesenteric and femoral artery of the 
rabbit.. Historically, the mesenteric artery is widely used probably because the preparation 
off  this vessel is easy to perform. From a pathophysiological point of view, however, the 
femorall  artery may be of more interest because of frequent vascular complications at this 
localizationn (e.g. atherosclerotic plaques and thrombosis). From these conduit arteries, we 
obtainedd both vessel rings, in which the endothelium was stripped of to study the function 
off  smooth muscle only, and isolated smooth muscle cells using explant culture techniques. 
Initially,, the central questions of the project were: 

1.. What is the role of gap junctions in arteries with regard to contraction and relaxation 
onn a tissue level? 

2.. Which are the electrophysiological properties of gap junction channels in arterial 
smoothh muscle cells? 

Inn Chapter 2, strips of two different arteries (femoral and mesenteric) were used to 
studyy contraction rate and magnitude with and without the gap junction blocker heptanol, 
afterr establishing tissue anatomy for both arterial segments. Cultured cells of both arteries 
weree used to evaluate and compare electrophysiological properties. 

Knowingg the basic characteristics of our preparation, we then tried to get insight in the 
possiblee actions of nitroglycerine (NTG) on vascular smooth muscle relaxation. NTG is 
extensivelyy used in medical practice to treat angina pectoris, and imminent myocardial 
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infarction,, and is always accompanied by a fast drop in blood pressure. Knowing that 
NTGG can act as a nitric oxide donor (Ignarro et al, 1991) and being aware of links between 
nitricc oxide and cGMP signalling pathways (Waldman and Murad, 1988), our question 
was: : 

3.. Does the nitric oxide donor NTG affect gap junction channels in a way that might 
facilitatee smooth muscle relaxation, and does membrane permeant cyclic guanine 
nucleotidee monophosphate (cGMP) produce similar effects? 

Inn Chapter 3, precontracted strips of the two arteries were used to investigate the 
responsess after treatment with NTG and cGMP. Electrophysiological properties of 
culturedd cells as well as the spread of Ca2+ waves were investigated after treatment with 
NTGG and cGMP. 

AA number of studies have described properties of gap junctions between neonatal and 
adultt heart cells. The species used in such studies were mainly rat. When the work of this 
Thesiss started, mice in which connexin43 (Cx43) was deleted by homologous 
recombinationn were in the process of being generated by Janet Roussant and Gerry 
Kidder.. A major goal was to investigate the properties of these knockout Cx43 cardiocytes 
ass soon as they became available. In expectation of these mice, we wanted to lay the 
foundationn for this project and measured the functional properties of cardiac gap junctions 
inn mice. Our central questions of this project were: 

1.. What are the connexin expression patterns and junctional conductance properties in 
rodentt cardiac myocytes, and do they differ between rats and mice? 

2.. What is the functional role of connexin43 (Cx43) for intercellular communication? 

Inn Chapter 4, atrial and ventricular cardiomyocytes from neonatal rats and two strains 
off  mice were used to investigate electrophysiological properties and connexin expression 
patterns.. Chapter 5 describes the functional role of Cx43 in neonatal cardiomyocytes 
comparingg Cx43 knockout cells with heterozygous and wild type cells. Rates and 
synchronyy of spontaneous contractions, expression levels of other connexins, Lucifer 
Yelloww dye transfer, and electrophysiological properties were evaluated. 
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