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GeneralGeneral introduction 

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 Introductio n 

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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ChapterChapter 7 

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 

Atriu m m 

Ventricl e 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 arrhythmi a 

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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2.11 Abstract 

Tissuee anatomy and contraction characteristics were investigated in rabbit femoral and 
mesentericc arterial segments smooth muscle cells isolated from these segments were used 
too compare functional properties of gap junctions between the cells. Toluidine blue 
stainingg revealed slightly more numerous smooth muscle layers in mesenteric than in 
femorall  segments; staining with connexin43 (Cx43) antibodies revealed sparse punctate 
expressionn within the media of both vessels. Magnitude of contraction was larger for the 
largerr vessel; however, contraction rate and magnitude were equivalently reduced in both 
vesselss by the gap junction blocker heptanol. Immunohistochemistry of both cultured cell 
typess showed a high proportion of a-actin expressing smooth muscle cells, with numerous 
Cx433 reactive sites at cell boundaries. Both cell types were dye coupled to a similar 
extent.. Macroscopic junctional conductance measurements, revealed moderately strong 
electricall  coupling in both cell types with steady state voltage sensitivity as expected for 
junctionall  channels composed of Cx43. Single channel currents showed vessel-specific 
differencess in unitary conductances, perhaps due to different phosphorylation states and 
possiblyy reflecting different states of second messenger activation. These studies reveal 
thatt equivalent coupling and coordinated contraction of smooth muscle cells of femoral 
andd mesenteric arteries both in situ and in culture are provided through gap junctions 
composedd of the Cx43 protein. 

2.22 Introductio n 

Smoothh muscle cells are the contractile elements within the vascular wall that provide 
bothh the basal tone of the vessel and active modulation of vessel diameter. Contraction 
andd relaxation of individual smooth muscle cells are coordinated by a variety of 
mechanismss including long and short range signalling by hormones and other factors, as 
welll  as local neuronal innervation, and by direct intercellular communication through gap 
junctionn channels (for recent reviews see Segal, 1994; Christ et al, 1996; Brink, 1998). 
Hormones,, neurotransmitters and nutrients necessary for growth, sustenance and 
functionall  modulation of smooth muscle cells in the vessel wall are provided by the blood 
flowingg through the vessel, by paracrine interactions with endothelium and by neuronal 
innervation.. Intercellular communication through gap junction channels provides a direct 
pathwayy by which responses to endothelial and neuronal signals can be coordinated and 
byy which nutrients and second messenger molecules are delivered to vascular smooth 
musclee cells and metabolites are rapidly removed (Tomita, 1975, 1990; Segal, 1994; 
Bolton,, 1974; Uehara, 1970; Christ et al, 1992; Spray and Burt, 1990; Cole and Garfield, 
1985). . 

Gapp junctions are aggregates of intercellular channels through which ions and other 
smalll  molecules pass directly from one cell to the next; the size limit for molecules to 
whichh gap junction channels are permeant is about 1 kDa, allowing passage of important 
secondd messengers such as Ca2+, inositol trisphosphate (IP3) and cyclic AMP (cAMP) 
(Saezz et al, 1989; Bennett et al, 1991). In vascular smooth muscle cells, intracellularly 
injectedd Ca"+ and/or IP3 apparently pass from one cell to the next through junctional 
channelss (Christ et al, 1992); electrical and second messenger coupling presumably 

33 33 



ChapterChapter 2 

synchronizee both electrical and metabolic activity within vascular smooth muscle (see 
Spray,, 1994; Christ et al, 1996). 

Gapp junction channels are formed by hemichannels or connexons contributed by each 
celll  of a pair (see Bennett et al, 1991). Connexons, in turn, are comprised of six connexin 
proteins,, each with four transmembrane segments and with both carboxyl- and amino-
terminii  facing the cytoplasm. Different cell types in different species express different 
connexins,, which are transcribed from a multi-gene family with more than a dozen 
memberss in rodents (Kumar and Gilula, 1996). Because gap junction channels formed by 
differentt connexins have different properties, and because their expression and function 
aree modulated by different factors, connexin diversity may endow specific cell types with 
channelss optimized for individual tissue functions. 

Cellss of the vessel wall express several connexins. Endothelial cells express 
connexinss 37, 40 and 43 (Reed et al, 1993; Bruzzone et al, 1993; Dahl et al, 1995; Little et 
al,, 1995a; Van Rijen et al, 1997; Pepper et al, 1992). The primary connexin expressed in 
vascularr smooth muscle cells from corpus cavernosum, aorta, and coronary artery appears 
too be Cx43 (Campos de Carvalho et al, 1993; Moreno et al, 1993; Chaytor et al, 1997; 
Lashh et al, 1990; Beny and Connat, 1992; Larson et al, 1990), although Cx40 has also 
beenn reported in some smooth muscle cell types and smooth muscle derived cell lines 
(Beyerr et al, 1992; Moore and Burt, 1994; Moore et al, 1991; Littl e et al, 1995a). 

Thee experiments described here were designed to determine the physiological 
propertiess and functional identities of gap junctions between vascular smooth muscle cells 
inn rabbit femoral and mesenteric arteries and to evaluate the role of gap junction channels 
inn coordinating smooth muscle contraction in physiologically distinct vasculature. The 
resultss of this study demonstrate that in both rabbit femoral and mesenteric arteries, 
smoothh muscle cells express Cx43 and the vessels exhibit stimulated contractions whose 
magnitudee and rate are dependent on functional gap junctions. In primary cultures of 
smoothh muscle cells from both sources, Cx43 was expressed and junctional conductance 
andd dye coupling were moderately high; channel properties were as expected for Cx43-
containingg channels expressed endogenously or exogenously in other cell types (Moreno 
ett al, 1994a,b; Takens-Kwak and Jongsma, 1992b; Kwak et al, 1995b; Christ and Brink, 
1999;Valiunasetal,, 1997). 

Wee conclude that rabbit arterial smooth muscle cells in two physiologically distinct 
vascularr beds coordinate contractions through functionally similar Cx43 gap junction 
channels. . 

2.33 Material s and methods 

2.3.11 Tissue preparation 

VesselVessel collection - Superior mesenteric (3 mm segments) and femoral (5 mm 
segments)) arteries were excised from a total of 14 Male New Zealand white rabbits (3-3.5 
kg)) obtained from Charles River Company, (St. Constant, Quebec). Animals were 
sacrificedd by C02 asphyxiation and tissues harvested and immediately used for 
experimentation.. All loosely adhering fat and connective tissue were removed from the 
vessels.. Tissue activity was measured isometrically with an FT-03 force transducer and 
recordedd on a Grass Model 7E or 7F Polygraph. 
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PharmacologicalPharmacological pretreatment of tissue strips - As previously described (Christ et al, 
1990,, 1991; Gondre and Christ, 1998), preparations of femoral and mesenteric vessel 
ringsrings were mounted onto stainless steel wire hooks and allowed to equilibrate for 1.5 hr at 
37°CC in a 20 ml organ bath chamber containing Krebs-Henselheit buffer of the following 
compositionn (in mmol/L: NaCl, 124; KC1, 5; MgS04, 1.3; CaCl2, 2.5; NaH2P04, 0.6; 
NaHCO ,̂, 25; and glucose, 11), maintained at a constant pH of 7.4 . Tissues were 
continuouslyy bubbled with a 95% 02 - 5% C02 mixture and buffer was replaced at 20 min 
intervalss and tissues were stabilized at 2 g of basal tension. Tissues were then exposed to 
agonistss in the presence or absence of 3 mM heptanol, and tension was measured in 
responsee to the addition of 3uM phenylephrine (PE) to the organ bath. The absence of a 
relaxationn response to carbachol was utilized to confirm the absence of functional 
endothelium. . 

2.3.22 Tissue staining 

Morphology.Morphology. Femoral and mesenteric arteries were harvested as described above, and 
fixedd in 2% glutaraldehyde in 0.1 M cacodylate buffer solution for 1 day at 4°C. The 
fixedd arteries were cut into 2-3 mm long segments, post-fixed with 1% Os04 in the same 
bufferr solution for 1 hr and dehydrated with a series of ethanols. The pieces were further 
dehydratedd with propylene oxide and embedded in Quetol 812. Semi-thin (0.5-1 um) 
sectionss were stained with toluidine blue and observed under light microscopy. 

IndirectIndirect immunofluorescence of tissue sections. Indirect immunofluorescence labeling 
off  smooth muscle of rabbit vessel gap junctions was carried out with a slight modification 
off  procedures described previously (Dermietzel et al, 1989). In brief, cryostat sections (8 
fim)) of the mesenteric and femoral arteries mounted on #1 glass coverslips were fixed 
withh 2% paraformaldehyde for 20 min and permeabilized with 70% ethanol at -20° C for 
200 min, washed with PBS and incubated in PBS supplemented with 0.1% bovine serum 
albuminn (essentially globulin free, Sigma, St. Louis, MO) in order to block nonspecific 
labeling.. The primary antibody used was affinity purified anti-Cx43 rabbit polyclonal 
IgGG (affinity purified rabbit IgG anti-Cx43 18A serum prepared against residues 346 to 
3600 of rat Cx43 and generously provided by Dr. E.L. Hertzberg at Einstein: see Campos 
dee Carvalho et al, 1993) at 1:1000 dilution in PBS or preimmune antiserum overnight at 4 
°C.. After extensive washing with PBS, coverslips were transferred to fresh culture dishes 
andd exposed to fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG at RT in 
thee dark for 1-2 hrs. Coverslips were washed 5 times with PBS then briefly with distilled 
waterr and mounted on slides with 0.1% paraphenylenediamine in a 10:1 vol:vol mixture 
off  33% glycerol and PBS. The specimens on the coverslips were examined by 
epifluorescencee microscopy. The tissue sections used to evaluate background staining 
weree treated in the same way, except that primary antibody was not applied. 

2.3.33 Cell cultures 

EstablishmentEstablishment of homogeneous cultures of mesenteric and femoral arterial smooth 
musclemuscle cells - Homogeneous smooth muscle cell cultures were obtained as previously 
describedd for other vascular tissues (Christ et al, 1992; 1993; Moreno et al, 1993; Campos 
dee Carvalho et al, 1993; Palmer et al, 1994; Zhao & Christ, 1995a; Fan et al, 1995; Brink 
ett al, 1996). Briefly, sections of femoral and mesenteric tissue were washed in Hanks' 
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Balancedd Salt Solution, cut into 1 to 2 mm pieces and grown in Dulbecco's modified 
Eaglee Medium (DMEM) containing 20 mM L-glutamine, 20% fetal calf serum (FCS) and 
antibioticss (penicillin 100 U/ml. and streptomycin 100 ug/ml). Additional DMEM 
containingg 10% FCS was added at day 5, after the explants had attached to the substrate. 
Cellss migrated from the tissue and underwent division within 8-10 days. At this time the 
explantss were removed. At confluence, cells were detached with trypsin (0.05%) and 
EDTAA (0.02%) and then grown on 25 mm glass coverslips in DMEM until 50 to 70% 
confluence.. As previously described, only cells from passages 2-5 were used for these 
studies;; during this time period, cultured vascular cells have been demonstrated to retain 
manyy of their expected phenotypic characteristics (Rennick et al, 1993; see also Results) 
andd in particular, those related to intercellular coupling (Campos de Carvalho et al, 1993; 
Palmerr et al, 1994; Moreno et al, 1993; Brink et al, 1996; Christ & Brink, 1999). 

ImmunocyfochemistryImmunocyfochemistry of cultured cells - Cell cultures grown on #1 glass coverslips 
weree permeabilized with 70% ethanol at 20° C for 20 min. After several washes with 
PBS,, nonspecific staining was blocked by treating cell cultures with 0.1% bovine serum 
albuminn (essentially globulin free, Sigma) in PBS. The primary Cx43 antibody (see 
above)) was diluted 1:500 in PBS. Incubation with the primary antibodies was performed 
overnightt at 4 ° C. Primary antibody preincubated with excess peptide antigen (1:1 
volumee of purified sera to peptide, concentration 3.1 mg/ml), preimmune rabbit serum, or 
PBSS alone were substituted for the primary antibody as controls. After five washes with 
PBS,, the cultures were incubated with goat anti-rabbit IgG conjugated to fluorescein 
isothiocyanatee (FITC) in the dark for 1 hr at RT. The cultures were washed five times 
withh PBS, then briefly with distilled water, and mounted on slides with 0.1% para-
phenylenediaminee in a 10:1 vol:vol mixture of 33% glycerol and PBS. 
Immunoflourescencee was evaluated on a Nikon Optiphot microscope equipped with 
fluoresceinn and rhodamine filter sets and photographed using Kodak TMAX400 film with 
manuall  exposure control. 

2.3.44 Dye coupling 

Luciferr Yellow CH (5% [wt/vol] in 150 mM LiCI) was injected through 
microelectrodess (20M Ohms if filled with 3M KC1) using short hyperpolarizing current 
pulsess (Patch Clamp 501 A, Warner Instruments Corp.). Epifluorescence was examined 
onn an Olympus IMT-2 inverted microscope equipped with xenon epi-illumination and 
withh an FITC filter set. Fields of cells were photographed 1 min after the injection was 
initiatedd by exposing Kodak TMAX 400 film. 

2.3.55 Electrophysiology 

Recordingss of cell pairs were obtained 1-8 hr after freshly dissociating pure 
populationss of confluent cultures (passages 2 to 5) of either mesenteric or femoral smooth 
musclee cells onto 1-cm diameter glass coverslips. Cells were constantly superfused with 
bathingg solution containing (in mmol/1): NaCl (160), CsCl (7), CaCl2 (0.1), MgS04 (0.6), 
HEPESS (10), pH 7.4 or NaCl (140), CsCl (4), CaCl2 (2), MgCl2 (1), HEPES (5), KC1 (4), 
dextrosee (5), pyruvate (2), BaCl2, (1), pH 7.4, at RT. Dishes containing the coverslips 
weree placed on an Olumpus IMT-2 inverted microscope and observed with phase contrast 
opticss at a magnification of 400X. Each cell of a pair was voltage clamped with heat 
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polishedd patch pipettes (5-10 M Ohms) pulled on a Flaming/Brown Micropipette puller 
(modell  P-87, Sutter Instrument Co.) filled with internal solution containing (in mmol/1): 
CsCll  (130), KC1 (10), EGTA (10), CaCl2 (1), MgCl2 (1), HEPES (10) at pH 7.2. 
Gigaohmm seals on the cell surfaces were formed with suction, while 20 ms 5 mV pulses 
weree applied at 10 Hz and the resulting currents measured. Access to the cell interior was 
accomplishedd by strong brief suction. Currents were measured under voltage clamp 
conditions,, while holding both cells at a resting potential of 0 mV and applying 100 ms 
pulsess of 5 mV alternatively to each cell. Macroscopic junctional conductance (gj) was 
calculatedd by dividing the measured junctional current by the voltage step applied to the 
otherr cell. 

Voltagee sensitivity of gj was measured under conditions where both cells were held at 
00 mV and >10 sec duration hyper- or depolarizing pulses of increasing amplitude were 
appliedd to one cell. During these command steps, the steady state levels of the current 
relaxationss in the other cell were measured as a function of initial current. Normalized 
steady-statee gj (Gj) was plotted versus Vj to obtain the GJ-VJ relation. 

Inn order to record single channel conductances, cells were exposed to bathing solutions 
containingg 2 mM halothane, which decreases gap junction channel open probability 
withoutt affecting unitary conductance (Burt and Spray, 1989). After coupling was 
reduced,, the short pulses were stopped and one cell was held at 0 mV, while -30 to -50 
mVV holding potentials were applied to the other cell. Unitary current events were low 
passs filtered at 500 Hz and recorded as pulse code-modulated signals on videotape (model 
DR-484,, Neurodata Instruments Corp.) and displayed on a chart recorder (Gould Brush). 
Unitaryy junctional current events were measured from chart recordings (in which single 
channelss were recognized as simultaneous events of opposite sign in the current traces of 
thee two cells) with a digitizing board (Summagraphics) and analyzed through Sigmascan 
softwaree (Jandel). The amplitudes of unitary currents were divided by the driving force to 
yieldd unitary conductances (g j) and histograms plotted with Sigmapiot software (Jandel) 
inn 5 pS bins, after which values were fitted with Gaussian distributions using Peakfit 
softwaree (Jandel). 

2.44 Results 

2.4.11 Morphology and Cx43 expression in rabbit femoral and 
mesentericc arteries 

Toluidine-bluee stained sections of rabbit femoral and mesenteric arteries are shown at 
loww magnification in Figure 2-lA,B and at higher magnification in Figures 2-lC,D. In 
bothh vessel types, three concentric regions are visible: the thin intima (I) consisting of 
endotheliall  cells, as revealed more clearly in the photomicrographs at higher 
magnification,, the media (M), containing smooth muscle, and the adventitial layer (A) or 
tunicaa externa, consisting of basal lamina and innervating nerve fibers. Higher power 
magnificationss of both vessel types indicate that smooth muscle cells are separated by 
bundless of connective tissue (C,D). 

Ass is illustrated in Figures 2-lA,B, femoral vessels used in this study were smaller in 
diameterr than mesenteric vessels. Measurements on higher power views of cross sections 
off  these vessels indicate that the number of concentric smooth muscle cell layers in 
femorall  artery segments was significantly lower than in the mesenteric segments (15.5
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0.99 vs 17.8  0.6 cell layers, n = 20 and 22, respectively, p < 0.05). Connective tissue in 
thesee vessels also showed a difference, with staining of elastic fibers in femoral artery 
beingg more pronounced than staining of the elastic fibers in the mesenteric artery; this 
differencee in staining was most conspicuous in the appearance of the lamina elastica 
interna. . 

FigureFigure 2-1: Gross morphology and Cx4i expression in cross sections of femoral (A.C.E.G) and mesenteric 
(B,D.F,H)(B,D.F,H) arteries. Toluidine blue stained sections of femoral (A,C) and mesenteric (B,D) arterial vessel wall 
indicateindicate layers of intima (I), consisting of endothelial cells, media (M), containing smooth muscle, and 
adventitiaadventitia (A) or lamina elastica interna. The lamina elastica interna and the elastic fibers between the smooth 
musclemuscle cells are more pronounced in the femoral artery, indicating the more elastic nature of this vessel. The 
lowlow power view of the section of mesenteric artery reveals that this vessel is larger in diameter than the femoral 
arteryartery (A) : quantitative evaluation of smooth muscle layers at higher magnification (as in CD) supported this 
observationobservation (see text). Application of Cx43 antibodies to frozen sections of femoral (phase micrograph in E, 
fluorescencefluorescence in G) and nwsenteric (F,H) arterial vessel wall revealed regions of punctate immunoreactivity at 
contactscontacts between adjacent cells throughout the whole muscular layer, consistent with the presence of gap 
junctionsjunctions formed of this connexin. 
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Immunohistochemicall  staining of rabbit femoral and mesenteric arteries with Cx43 
antibodiess is illustrated in Figures 2-1E-H. Diffuse immunofluorescence was evident 
throughoutt the entire thickness of the muscular media, with brightly punctate staining at 
contactt regions of apposing muscle cells (arrows in G,H). Background 
immunofluorescencee staining was minimal when primary antibody was omitted (not 
illustrated),, indicating that Cx43 was expressed by these smooth muscle cells. 

2.4.22 Contraction patterns of femoral and mesenteric arterial 
segments s 

Inn order to functionally compare the contraction responses of femoral and mesenteric 
arteriall  vessels, tension development was measured in strips of vessels in organ baths 
exposedd to 3uM phenylephrine in the presence and absence of the gap junction channel 
blockerr heptanol (0.4 to 0.9 mM). As illustrated in Figure 2-2A for a femoral segment 
andd Figure 2-2B for a mesenteric segment, vascular segments from both vessels rapidly 
contracted. . 

Ass shown in the graph in Figure 2-2C, mesenteric arteries generated significantly 
higherr peak tensions in response to phenylephrine (4.3  0.6 g, n =12) than did femoral 
arteriess ( 3  0.4 g, n =14), consistent with the higher number of muscle layers in these 
vessels. . 
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FigureFigure 2-2: Comparison of magnitude of phenylephrine-induced contraction of femoral and mesenteric arterial 
segmentssegments in the presence and absence of the gap junction inhibitor heptanol (0.4 to 0.9 mM). A. Measurement of 
contractioncontraction of femoral arterial segment under control conditions and in the presence of heptanol. B. 
MeasurementMeasurement of mesenteric contractions in the presence and absence of heptanol. C. Mean tension development 
inin 14 femoral and 12 mesenteric arterial segments. Note that contraction strength is higher in mesenteric 
segments,segments, but in the presence of heptanol, contraction strength is significantly reduced in 'both vessels (p < 
0.05). 0.05). 

2.4.33 Immunohistochemistry of arterial smooth muscle cells in tissue 
culture e 

Inn order to determine the extent to which gap junction mediated intercellular 
communicationn participated in these responses, tension development in response to 
phenylephrinee was evaluated in segments pretreated with 0.4 to 0.9 mM heptanol 
(additionall  curves in Figures. 2-2A,B). For both vessels, tension generation was 
significantlyy lower with heptanol incubation (Figure.2-2C), implying a role of gap 
junctionss in coordinating the contractile response 

Inn order to determine extent of maintenance of differentiated phenotype of smooth 
musclee cells in culture, and to evaluate possible contamination of these explant cultures by 
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otherr cell types, cells were stained with antibodies to smooth muscle a-actin. As is shown 
inn Figure 2-3 for such studies performed on fourth passage femoral smooth muscle cells, 
a-actinn staining of the cultures was bright and uniform. 

FigureFigure 2-3: Staining of fourth passage primary culture of femoral smooth muscle cells with a-actin revealed that 
expressionexpression was relatively uniform in the cultures. This photomicrograph is representative of more than twenty 
suchsuch photographs of staining in both femoral and mesenteric smooth muscle cultures. 

-- r  . / 

FigureFigure 2-4: Immunofluorescence analysis of Cx43 expression in rabbit femoral smooth muscle cells in culture. 
AA shows Cx43 reactivity localized to bright spots, many of which correspond to oppositional surfaces between 
cellscells (arrows). B is the phase contrast photograph of the same area as in A. C shows no labelling after 
incubationincubation of primary antibody with synthetic peptide antigen (corresponding to residues 346 to 360 of rabbit 
connexin43connexin43 protein) prior to incubation with cells. D is a control using preinvnune serum. Scale bar in D, 20 
um. um. 
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Thus,, the cultures used for these studies appeared to be virtually devoid of 
contaminatingg cells and continued to express a phenotypic marker of smooth muscle cell 
differentationn after several passages in culture. Immunocytochemistry of both femoral 
(Figuree 2-4) and mesenteric arterial cell cultures (Figure 2-5) using affinity purified rabbit 
IgGG anti-Cx43 serum revealed that immunoreactive sites were numerous at regions of 
membranee apposition. Staining occurred most prominently along the cell boundaries, and 
bothh the pattern and extent of staining appeared to be similar for both cell types. 
Competitionn experiments in which antibody was preabsorbed with peptide antigen showed 
thatt the junctional staining patterns were specific for Cx43 (Figures.2-4C, 2-5C). 
Preimmunee serum did not label the junctional regions, as illustrated in Figures 2-4D and 
2-5D. . 

FigureFigure 2-5: Immunofluorescence of Cx43 in rabbit mesenteric smooth muscle cells in culture. A,B. Fluorescence 
andand corresponding phase contrast images of cells stained with Cx43 antibody as in Figure 2-4. C.D. 
FluorescenceFluorescence micrographs of cultures stained with Cx43 antibody exposed to excess immunogenic peptide and 
toto preimmune serum as in Figure 2-4. Scale bar in D, 20 pM. 

2.4.44 Dye coupling among cultured femoral and mesenteric arterial 
smoothh muscle cells 

Coverslipss with cells plated at an intermediate density were used to evaluate dye 
couplingg after iontophoretic injection of Lucifer Yellow. From the 30 injections into 
femorall  smooth muscle cells, 24 showed dye passage to neighboring cells (as illustrated in 
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Figuree 2-6A,C) and the most well coupled cluster passed dye to 8 neighboring cells 
(histogramm presented in Figure 2-7). 

FigureFigure 2-6: Dye coupling in cultured femoral (A,C) and mesenteric (B,D) smooth muscle cells. Lucifer Yellow 
waswas iontophoretically injected into individual femoral or mesenteric smooth muscle cells as indicated by the 
asterisks.asterisks. After one minute of injection, the fluorescent dye diffused from the injected cell (asterisks) to 
numerousnumerous neighboring cells, indicating the presence of gap junction-mediated intercellular coupling. 

Thee mean number of cells to which dye spread after injection was 3.1  0.4 in femoral 
smoothh muscle cultures. From the 30 injected mesenteric smooth muscle cells (illustrated 
inn Figure 2-6B,D), 6 failed to pass dye, the highest coupling was to 6 cells and the average 
couplingg was to 3.2  0.4 neighbors (histogram, Figure 2-7). The difference in dye 
couplingg strength between the cell types was not significant (p > 0.05). Thus, the two 
vascularr smooth muscle cell types in this study were moderately and similarly well 
coupledd with regard to Lucifer Yellow dye transfer. 

FigureFigure 2-7: Quantitative comparison of 
dyedye coupling in femoral (dark bars) and 
mesentericmesenteric (gray bars) arterial smooth 
musclemuscle cells in culture. For each of 30 
(femoral)(femoral) or 30 (mesenteric) Lucifer 
YellowYellow injections, coupling strength was 
measuredmeasured as the number of cells to which 
dyedye spread within I min. Femoral 
smoothsmooth muscle cells were found to be 
coupledcoupled to 3.1  0.4 (SE) neighboring 
cellscells and mesenteric smooth muscle cells 
werewere coupled to 3.2  0.4 (SE) (n=30) 
neighboringneighboring cells. This difference is not 
significantsignificant (p> 0.05). 

22 3 4 5 

Numberr  of cells 
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2.4.55 Macroscopic junctional conductance 

Inn order to measure junctional conductance in cell pairs, pure populations of confluent 
celll  cultures (passages 2 or 3) were dissociated with trypsin, and were plated on 10 mm 
diameterr coverslips. After settling down in DMEM in an incubator (37 ° C, 95% 02-5% 
C02)) for 45 min, cells attached to coverslips were placed in a new dish under constant 
superfusionn with bathing solution (see Materials and Methods). During the first hr after 
dissociation,, both cell types remained approximately round in form, but became well 
adheredd to the glass coverslip. After 1 hr, however, smooth muscle cells, especially those 
fromm the femoral artery, flattened and spread onto the coverslips. All electrophysiological 
recordingss were obtained within 8 hr after plating; fresh coverslips were taken 
occasionally,, especially after exposure of dishes to halothane. The macroscopic junctional 
conductancee (gj) of 62 femoral cell pairs was measured under voltage clamp conditions 
(Figuree 2-8A). 
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FigureFigure 2-8: Histograms of macroscopic junctional conductances measured in 62 pairs of femoral (A) and 41 
pairspairs of mesenteric (B) smooth muscle cells using the dual whole cell voltage clamp technique. Cells obtained 
fromfrom both vessels are moderately well coupled. Mean junctional conductance calculated for the femoral smooth 
musclemuscle cells is 7.4  nS (n=62 cell pairs) and for the mesenteric cells is 5.2  0.7 nS (n=41). These values 
areare not significantly different (p > 0.05). 

Thee conductances ranged form 0 to 30 nS, with mean  SE of 7.4  1.1 nS and a 
mediann value of 5 nS. Macroscopic conductances of 41 mesenteric smooth muscle cell 
pairss ranged from 0 to 20 nS (Figure 2-8B), with an average gj of 5.2  0.7 nS and a 
mediann value of 3 nS. Mean gj values are not significantly different (p > 0.05). 

2.4.66 Voltage sensitivity of junctional conductance in arterial smooth 
musclee cells 

Inn order to evaluate the sensitivity of gj in pairs of femoral and mesenteric smooth 
musclee cells to transjunctional voltage (Vj), long Vj pulses were applied to one cell of a 
pairr and the initial and steady-state junctional currents (Ij) were measured. As is 
illustratedd in Figure 2-9A for a pair of femoral smooth muscle cells, Ij was relatively 
constantt for pulses where -50 < Vj<50 mV, whereas at higher positive or negative Vj 
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values,, Ij relaxed to lower levels during the pulse. However, a large residual voltage-
insensitivee component of gj was apparent at the highest voltages. 

Steady-statee junctional conductance was calculated as Ij attained at the end of each 
voltagee pulse divided by Vj. and gj values from each experiment were normalized to 
steadyy state gj values obtained at low voltages (in which steady state Gj was 1). 
Normalizedd gj (Gj) values from 5 pairs of femoral (filled symbols) and three pairs of 
mesentericc smooth muscle cells (open symbols) are plotted in Figure 2-9B. The solid line 
iss a plot of the Boltzmann relation (Gj = exp(-A(Vj-V0))-Gmin), where values chosen for 
thee parameters A, V0, and Gmi„  are from experiments on SKHepl cells stably transfected 
withh human Cx43 (Moreno et al, 1994a; see Figure 2-9B legend). Note that the voltage 
sensitivityy data obtained for the rabbit vascular cells are similar to those determined for 
thee channels formed by the human Cx43 isoform, suggesting Cx43 is the most prominent 
gapp junction protein functionally expressed in these cells. 
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FigureFigure 2-9: Macroscopic voltage dependence of gap junction channels in mesenteric vascular smooth muscle 
cells.cells. A shows digitized traces of junctional current (If) relaxation during ~ 6 sec pulses applied to one cell of a 
pair.pair. I; trace is current recorded in the cell that was pulsed to V, values indicated. B shows a graph of the steady-
statestate junctional conductances obtained from femoral (filled symbols) and mesenteric (open symbols) cell pairs, 
withwith each symbol representing a separate experiment. The smooth curve represents the Boltzmann curves for G, 
responsesresponses to V, of both polarities, using parameters V„  = 60 mV, A =0.106 , G„„„  = / and g,„„/g,„ m = 0.34 
derivedderived from fittings of data on hCx43 channels expressed in transfected SKHepl cells (Moreno et al. 1994b). 

2.4.77 Unitary conductance of femoral and mesenteric arterial smooth 
musclee cells 

Ass illustrated in Figure 2-10, from recordings obtained on a pair of femoral smooth 
musclee cells, in cases where g, was initially high (about 3 nS in the illustrated example), it 
wass reduced by the application of 2 mM halothane. Uncoupling was rapid, occurring 
withinn seconds to tens of seconds (Figure 2-10) and reversible (not illustrated) and during 
thee process of uncoupling or recoupling, unitary junctional current events were readily 
observed.. Representative chart recordings of unitary junctional currents are illustrated 
forr a pair of femoral smooth muscle cells in Figure 2-11A and for pairs of mesenteric 
smoothh muscle cells in Figures 2-11B,C. Unitary junctional currents were identified as 
equall  sized steps of opposite polarity occurring in both cells' current records; only those 
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eventss with durations longer than 0.5 sec were included in the analysis of current 
amplitudes. . 

Femoral l 
halothane e 

ïTimnnnnnmmnnnnnnnnnnnfTinnf f 

FigureFigure 2-10: Reduction in junctional conductance by exposure to 3 mM halothane. In order to measure single 
channelchannel currents in cell pairs with moderately high junctional conductance, gj was reduced by exposure to 
halothane.halothane. Hyperpolarizing pulses were passed alternately into cells 1 and 2 (V,, V2) and currents were 
recordedrecorded in both cells (It, I2). Junctional currents correspond in these recordings to upward deflections in I,, l2. 
WithinWithin seconds after exposure to halothane, junctional currents were reduced to very low values. 

Thee amplitudes of unitary junctional currents were measured and single channel 
conductancess (yj) calculated by dividing the current values by the applied voltages. The 
resultingg conductance values were plotted in histograms in 5 pS bins for each cell pair, 
andd as the normalized number of events in combined sets of data from different pairs of 
femorall  or mesenteric cells (Figure 2-12A,B, where lines above the graph bars represent 
SE'ss of means from all cell pairs). The resulting histograms were fitted with Gaussian 
distributionss (solid lines in Figure 2-12A,B indicate the sum of the two Gaussian 
distributionss individually plotted as dashed lines). Individual pairs of femoral smooth 
musclee cells exhibited histogram peaks at 72-82 pS and at about 92 pS, accounting for 
virtuallyy all events (Table 1). Individual pairs of mesenteric smooth muscle cells 
exhibitedd histogram peaks at 50-60 pS and at 71-82 pS accounting for virtually all of the 
eventss (Table 1). Figure 2-12A shows the frequency distribution compiled from 1200 
eventss measured from 7 pairs of femoral smooth muscle cells and Figure 2-12B shows a 
histogramm of 1710 events measured in 7 mesenteric arterial smooth muscle cell pairs. The 
smoothh curve describing the amplitude histogram was obtained as the sum of two distinct 
Gaussiann distributions, with peak values of 71.6  0.6 and 96.1  1.2 pS for femoral and 
56.44  0.7 and 81.1  3.3 pS (mean  SD) for mesenteric cells. The lower conductance 
peakss for both femoral and mesenteric cell pairs both comprised 75% of the total events. 
However,, as is shown in the histogram and summarized in Table 1, the 75 values in the 
twoo cell types differed in that femoral smooth muscle cells displayed larger unitary 
junctionall  conductances than did mesenteric cells. 
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TableTable 2-1: Peak values and % contributions determined from Gaussian distributions of single channel 
conductancesconductances recorded in femoral and mesenteric cell pairs. These data include those from the overall 
histogramhistogram shown in Figure 2-12 as well as the peak values of each individual cell pair used to calculate the 
overalloverall peak histogram. The % contribution of each peak value is the relative area under the Gaussian 
distribution. distribution. 

Femorall  SMC 
Summ of 7 cell pairs 

1 1 
2 2 
3 3 

4 4 
5 5 

6 6 

7 7 

Mesentericc SMC 
Summ of 7 cell pairs 

1 1 
2 2 

3 3 

4 4 
5 5 

6 6 

7 7 

D D 
71.66  0.6 
96.11  1.2 

72.3 3 
82.3 3 
49.6 6 
80.4 4 

65.6 6 
42.5 5 
71.4 4 
92.5 5 
48.1 1 
82.1 1 
92.7 7 

56.44  0.7 
81.11 3 

60.0 0 
14.7 7 
51.2 2 
56.1 1 
82.3 3 

105.0 0 
58.9 9 
54.4 4 
77.4 4 

107.8 8 
43.4 4 
72.7 7 
80.4 4 

Area(%) ' ' 
74.7 7 
25.3 3 
100 0 
100 0 
11.0 0 

89.01 1 
100 0 
16.3 3 
61.5 5 
22.1 1 

1.5 5 
98.5 5 
100 0 

74.7 7 
25.3 3 
100 0 
6.1 1 

93.9 9 
67.6 6 
30.3 3 

2.1 1 
100 0 

82.8 8 
14.3 3 
2.9 9 

11.8 8 
88.2 2 
100 0 

11 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 

representingg relative number of events comprising each population 
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FigureFigure 2-11: Unitary junctional currents in pairs of femoral (A) and mesenteric (B,C) smooth muscle cells. 
UnderUnder conditions of low junctional conductance, single gap junctional channel currents were resolvable as 
abruptabrupt rectangular events of the same size but opposite polarities in each cell's current trace (A,B). At higher 
voltagesvoltages (illustrated for -50 mV applied to one cell of a mesenteric cell pair in C), small events were observed, 
andand transitions between multiple conductance states were apparent. 
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FigureFigure 2-12: Transition histograms showing the relative number of unitary conductance events obtained at a 
drivingdriving force of 40 mV applied to femoral (A) and mesenteric cell pairs (B). Event amplitudes in each pS bin 
werewere averaged in all experiments (n =7 femoral cell pairs with a total of 1200 events and n= 7 mesenteric cell 
pairspairs with a total of 1710 events): bars in these histograms represent mean values and lines atop the bars 
representrepresent SEs from different experiments. For femoral smooth muscle pairs, two Gaussian distributions were 
foundfound to best fit the data with peaks at 71.6  0.6 and 96.1  1.2 pS (mean  SD) (dotted lines) (A). Two 
GaussianGaussian distribution fit the mesenteric cell data, with peaks at 56.4  and 81.1  pS (dotted lines) (B). 
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2.55 Discussion 

Mesentericc and femoral arteries are primary conduits through which blood is delivered 
throughoutt the trunk and extremities. As is indicated in both low and higher power light 
micrographss of the vessels used in our studies, the media of both vessels contain 
numerouss layers of smooth muscle cells. The thickness of the media from the regions 
usedd in these studies was significantly larger in mesenteric than femoral arterial samples, 
whereass the internal elastic lamina is more pronounced in femoral than in mesenteric 
arteries.. When tension generation by femoral and mesenteric vessel segments exposed to 
phenylephrinee was compared, mesenteric vessels were found to generate higher force. 
Thiss higher tension in mesenteric vessels is presumably due to the greater thickness of the 
mediaa in the samples from this vascular bed, which more than compensates for the 
reductionn in the elastic component. 

Ourr immunofluorescence studies indicate that Cx43 is prominently expressed in 
smoothh muscle cells within the walls of both femoral and mesenteric arteries. Cell 
culturess obtained from these vessels retained their smooth muscle cell phenotype (as 
evidencedd by a-actin staining) for at least four passages and continued to express Cx43 
underr culture conditions. Thus, as previously described by Rennick et al (1993), 
differentiatedd vascular smooth muscle cells in culture express Cx43. In this regard, these 
cellss and vessels behaved similarly to rodent aortic smooth muscle and smooth muscle 
cellss obtained from human corpus cavernosum (Beyer et al, 1989, 1992; Campos de 
Carvalhoo et al, 1993; Christ et al, 1996; Larson et al, 1990; Littl e et al, 1995a; Moore et al, 
1991). . 

Smoothh muscle cells in other vascular tissues, and in the A7r5 cell line, which was 
derivedd from fetal rat aorta, express Cx40 as well as Cx43 (Hirschi et al, 1993; Moore et 
al,, 1991; He et al, 1999; Li and Simard, 1999) and Cx40 is abundant in vascular 
endotheliumm (Bastide et al, 1993; Bruzzone et al, 1993; Gros et al, 1994; Van Rijen et al, 
1997).. As is demonstrated elsewhere (Vink et al, accompanying manuscript), Northern 
blotss of smooth muscle cells cultured from both femoral and mesenteric vessels exhibited 
noo detectable mRNA for either Cx40 or Cx37 (the other endothelial gap junction protein: 
Reedd et al, 1993), indicating that in both cultures Cx43 is the primary gap junction protein 
expressedd by these smooth muscle cells. 

Cx433 staining in situ and in vitro indicated that femoral and mesenteric smooth muscle 
cellss would be expected to be coupled through gap junction channels, as has been 
demonstratedd in other vascular tissues (Beny and Connat, 1992; Barr and Dewey, 1962; 
Blennerhassettt et al, 1987; Christ et al, 1995a,b, 1996; Little et al, 1995a,b). Dye coupling 
studiess using Lucifer Yellow confirmed the presence of gap j unction -mediated 
intercellularr coupling, as did blockade of electrical coupling by exposure to halothane. 
Quantitativee determination of coupling strength from dye coupling and junctional 
conductancee measurements revealed similar, moderately strong coupling in smooth 
musclee cells from both vessels. 

Thee effect of heptanol on phenylephrine-induced tension generation measured in >12 
femorall  and mesenteric vascular segments was to decrease total tension by about 25% in 
bothh vessels. Consistent with modeling studies and other recent reports (Christ, 1994; 
Christt et al, 1995a, 1999; Manchanda and Venkateswarlu, 1999; Venkateswarlu et al, 
1999)) such behavior is predicted to occur as a result of decreased coupling due to heptanol 
blockadee of channels, and reinforces the view that gap junction-mediated intercellular 
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communicationn serves to recruit additional muscle fibers into the active response of 
vesselss (Christ etal, 1996). 

Voltagee sensitivity of macroscopic junctional conductance provides additional 
evidencee that Cx43 is the major gap junction protein forming these functional channels. 
Thee Gj-Vj relation found for these cells is similar to that obtained in cells transfected with 
cDNAA encoding either human or rodent Cx43 (Moreno et al, 1994a), and is also similar to 
thatt obtained on pairs of neonatal rat cardiac myocytes, where Cx43 is the predominantly 
expressedd gap junction protein (Banach and Weingart, 1996; Valiunas et al, 1997). 

Finall  evidence that Cx43 provides the functional gap junction channels in these 
smoothh muscle cells is provided by single channel recordings. The histograms of unitary 
junctionall  conductances in femoral and mesenteric arterial smooth muscle cells each 
revealedd two peaks in their distributions; a channel population of 71-82 pS was present in 
bothh muscle types, whereas femoral smooth muscle exhibited an additional population of 
966 pS events and mesenteric cells exhibited a 50-60 pS peak. 

Connexin433 channels expressed endogenously in heart and exogenously in transfected 
SKHepll  cells have been shown to display three mainstate conductance values that are 
inter-convertiblee by phosphorylating and dephosphorylating conditions (Kwak et al, 
1995b;; Takens-Kwak et al, 1992b; Moreno et al, 1994b), and a substate conductance 
valuee (-30 pS) that is induced at high Vj and accounts for the residual voltage-insensitive 
componentt of macroscopic gj (Moreno et al, 1994a). In order to minimize the presence of 
substatee transitions in the present studies, Vj in these experiments was below V0 (always 
<500 mV and most commonly 30-40 mV); as previously shown for human Cx43 channels, 
att these Vj values the events comprising transition histograms in the presence of halothane 
overwhelminglyy represent transitions from mainstate to closed state of the channels 
(Morenoo et al, 1994a). 

Inn cardiac myocytes and rat and human Cx43 transfected cell lines, the highest Yj 
valuess (comparable to the 96 pS channels seen in femoral cell pairs) are obtained after 
dephosphorylatingg treatments, and events comparable in amplitude to the intermediate 
sizedd mainstate conductance seen in both smooth muscle cells are favored by inhibition of 
phosphatasee or activation of protein kinases A or C and presumably represent 
conductancess of one or more phosphorylated states (72 and 81 pS in femoral and 
mesentericc smooth muscle cells, respectively) (Kwak et al, 1995b; Moreno et al, 1994a). 
Inn rat cardiac myocytes and SKHepl cells transfected with rat Cx43, lower mainstate 
conductancess (comparable in size to the 56 pS events seen in mesenteric smooth muscle 
pairs)) are favored by treatment with agents that stimulate cGMP-dependent protein kinase 
(Kwakk et al, 1995a). Thus, the mainstate y} populations detected in the smooth muscle 
cellss used in this study may represent different phosphorylation states of the Cx43 
channelss that these cells express, and the different distributions of events of each 
populationss in individual cells and in the two smooth muscle types may reflect variability 
inn second messenger pathway activation in femoral and mesenteric smooth muscle cells. 

Studiess on other smooth muscle types have revealed even more diversity. In human 
corporall  smooth muscle cells, a range of unitary conductance values were recorded (23, 
38,, 57, 93 and 134 pS: Campos de Carvalho et al, 1993), and other smooth muscle cells 
andd cell lines exhibit channels with unitary conductances above 110 pS (Moore and Burt, 
1995;; Moore et al, 1991; Li and Simard, 1999; He et al, 1999). Although Cx40 
expressionn was not examined in human corporal tissue, it was prominent in Northern blots 
off  A7r5 and coronary smooth muscle cells (Moore and Burt, 1995; Moore et al, 1991) and 
hass been recently shown by immunoprecipitation experiments to be closely associated 
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withh Cx43 in the A7R5 cells, perhaps forming heteromeric connexins (He et al, 1999). 
Thee main state conductance of Cx40 channels expressed in mammalian cells is about 180 
pSS (Bukauskas et al, 1995; Beblo et al, 1995; Hellmann et al, 1996); events corresponding 
too these sizes have also been reported in human umbilical vein endothelial cells and adult 
rabbitt atrial myocytes, which also express Cx40 (Van Rijen et al, 1997; Verheule et al, 
1997;; Elenes et al, 1999). The absence of events of this size range in femoral and 
mesentericc smooth muscle cells suggests that Cx40 channels do not contribute 
significantlyy to functional coupling between these cells. 

Wee conclude from this study that the smooth muscle within arterial vessel walls at 
differentt sites in the vascular tree is basically similar in terms of the coupling strength 
providedd by gap junction channels. The anatomically larger mesenteric vessel contained 
lesss conspicuous elastic fibers and more numerous smooth muscle fibers, presumably 
accountingg for its stronger contraction. With regard to functional gap junction channel 
expression,, smooth muscle cells derived from the two vessels behaved similarly, although 
singlee channel recordings suggest that the channels may be differentially modulated by 
vessel-specificc factors (see Kuroki et al, 1998). Overall, properties of functional coupling 
inn these two arterial vessels are similar, indicating that major changes in gap junction 
distributionn and function do not occur in smooth muscle cells within the initial branches 
fromm the aorta. Nevertheless, the question of whether functional heterogeneity generated 
byy differential gap junction expression occurs in more distal arterial or arteriolar segments 
awaitss further investigation. 
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3.11 Abstract 

Endotheliall  cells produce the vascular smooth muscle relaxing factor nitric oxide 
(NO).. The mechanisms underlying this relaxation involve an NO-initiated cascade in 
whichh cyclic guanine nucleotide monophosphate (cGMP) ultimately modifies the muscle 
contractilee apparatus and ion channels through protein phosphorylation. In this study, we 
investigatedd whether the NO donor nitroglycerine (NTG) affected gap junction channels 
inn a way that might facilitate smooth muscle relaxation, and also whether membrane 
permeantt cGMP produced similar effects. NTG was found to relax precontracted 
mesentericc and femoral smooth muscle strips, with more potent effects on mesenteric 
vasculature;; pretreatment of mesenteric vessels with NTG attenuated the contraction 
responsee to phenylephrine. Membrane permeant 8Br-cGMP did not cause significant 
vascularr relaxation under precontracted conditions. Effects of NTG and 8Br-cGMP on 
junctionall  conductance (gj) were to decrease gj in mesenteric smooth muscle cells during 
255 min exposure, whereas 8Br-cGMP treatment did not change gj in cells from the 
femorall  artery. The time course of the NTG effect was more rapid and reduction in 
couplingg was more complete in mesenteric than femoral smooth muscle cell pairs. Unitary 
junctionall  conductances after NTG treatment were shifted towards higher conductance 
states,, whereas 8Br-cGMP treatment produced opposite effects in the two types of cells. 
Measurementss of Ca2+ wavespread elicited by focal mechanical stimulation 
microelectrode,, indicated effects of NTG consistent with decreased junctional 
conductance,, but anisotropic conduction was not significantly exaggerated by these 
agents.. These studies thus reveal curious differences in pharmacological responses of 
smoothh muscle cells from two arterial beds, and support the possibility that actions of 
NTGG on vascular smooth muscle may extend beyond pathways involving cGMP 
activation. . 

3.22 Introductio n 

Thee discovery that endothelial cells produce a factor that relaxes underlying smooth 
musclee cells (endothelial-derived relaxing factor, EDRF) and the identification of this 
compoundd as nitric oxide (NO) were key accomplishments in the field of vascular 
physiologyy (Furchgott, 1996; Furchgott and Vanhoutte, 1989). Moreover, targeting the 
biochemistryy of nitric oxide metabolism and generation of stable NO derivatives have 
beenn major therapeutic advances in the management of clinical hypertension (Gibbons, 
1997).. The primary pathway by which NO acts is believed to involve paracrine release of 
NOO from endothelial cells and local action on underlying smooth muscle cells through 
activationn of cyclic guanosine monophosphate (cGMP), triggering a cascade of 
phosphorylationn events leading to modification of smooth muscle contractile apparatus 
andd ion channels that operate in the process of excitation-contraction coupling. Although 
thee effects of NO on signal transduction processes in single smooth muscle cells is well 
studiedd (see Ignarro, 1990), little is known of the effects of NO or its metabolites on the 
interactionss between smooth muscle cells, which would be expected to impact in major 
wayss on contraction and relaxation dynamics of the vessel as a whole. 

Smoothh muscle cells in vessel wall are connected by gap junction channels, and this 
intercellularr pathway for ion and second messenger diffusion is believed to play a major 
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rolee in the maintenance and modulation of vascular tone and in the propagation of local 
vasomotorr responses within and along the vessel wall (see Christ et al, 1996). In 
horizontall  and amacrine cells of the retina and in rat neocortex, where NO may function 
ass a neurotransmitter, both NO and its precursors markedly decrease electrotonic 
coupling,, reducing sizes of the receptive field and restricting the population of coupled 
neuronss (Mill s and Massey, 1995; Miyachi, 1992; Miyachi et al, 1990; O'Donell and 
Grace,, 1997; Pottek et al, 1997; Rorig and Sutor, 1996). Moreover, cGMP has similar 
effectss in these systems, consistent with cGMP involvement in this signal transduction 
cascadee {ibid and Miyachi 1992). In astrocytes, NO treatment also leads to uncoupling, 
andd free radical generation is believed to be responsible for its action (Bolanos and 
Medina,, 1996). In rat cardiac myocytes, cGMP decreases junctional conductance (Burt 
andd Spray, 1988; Takens-Kwak and Jongsma, 1992b), and in communication-deficient 
cellss transfected with rat Cx43 this decrease has been associated with phosphorylation of 
thee gap junction protein (Kwak et al, 1995b). Vascular smooth muscle cells and cell lines 
expresss Cx43 (Vink et al, submitted; Moore and Burt, 1995; Moore et al, 1991; Larson et 
al,, 1990; Littl e et al, 1995 a,b), and the present study was undertaken to evaluate whether 
membranee permeant 8Br-cGMP and the stable and clinically useful NO donor 
nitroglycerinee affected vascular relaxation in tissue strips and modified properties and 
functionss of gap junctions connecting these cells in culture. 

Ourr findings show that treatment of precontracted femoral and mesenteric arterial 
segmentss with NTG and 8Br-cGMP produced vessel relaxation; dose-response studies 
indicatedd that mesenteric vasculature was more sensitive than femoral segments and that 
contractionn of mesenteric vasculature by phenylephrine treatment was attenuated in the 
presencee of NTG. This attenuation of contraction was similar to that produced by 
heptanol,, suggesting that gap junction blockade might participate in modifications of the 
response. . 

Electrophysiologicall  studies on pairs of smooth muscle cells from mesenteric and 
femorall  arteries revealed that NTG significantly reduced junctional conductance in both 
preparations,, with the time course of uncoupling in mesenteric cells similar to that seen 
forr relaxation of precontracted vascular segments. 8Br-cGMP was only effective in 
smoothh muscle cells from the mesenteric artery and the time course of the response 
showedd a longer latency than for NTG. Ca2+ imaging studies revealed reduced conduction 
velocityy of mechanically elicited Ca2+ waves for both drugs in both smooth muscle types, 
withh anisotropic effects noted for 8Br-cGMP action on femoral cells. Single channel 
studiess were performed on both smooth muscle types in order to determine whether 
treatmentt with NTG or 8Br-cGMP was associated with shifts in the proportion of Cx43 
channelss residing in different conductance states. In contrast to effects of 8Br-cGMP 
reportedd in rodent cardiac myocytes and in cells transfected with rat Cx43 (Taken-Kwak 
ett al, 1992b; Kwak et al, 1995a), shifts towards a discrete population of low conductance 
channelss was not observed. Significant changes in Cx43 isoform mobility were not 
detectedd in Western blots, also suggesting that the observed macroscopic conductance 
changess in this system may involve mechanisms other than direct Cx43 phosphorylation 
off  the gap junction protein. 
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3.33 Materials and methods 

3.3.11 Measurement of relaxation in vascular  strips 

VesselVessel collection - Superior mesenteric (3mm) and femoral (5mm) arterial segments 
weree excised from a total of 7 Male New Zealand white rabbits (3-3.5kg) obtained from 
Charless River Company (St. Constant, Quebec). Animals were sacrificed by C02 

asphyxiationn and tissues harvested and immediately used for experimentation. All loosely 
adheringg fat and connective tissue were removed from the vessels. All tissue activity was 
measuredd isometrically with an FT-03 force transducer and recorded on a Grass Model 7E 
orr 7F Polygraph. 

PretreatmentPretreatment of tissue strips - As previously described for the rat and rabbit aorta 
(Christt et al, 1990; 1991), ring preparations of femoral and mesenteric vessels were 
mountedd onto stainless steel wire hooks and allowed to equilibrate for 1.5 hours at 37°C in 
aa 20 ml organ bath chamber containing Krebs-Henselheit buffer of the following 
compositionn (in mmol/L): NaCl (124), KC1 ( 5), MgS04 (1.3), CaC12 (2.5), NaH2P04 

(.6),, NaHC03 (25), and glucose (11), maintained at a constant pH of 7.4  < 0.1. Tissues 
weree continuously bubbled with a 95% 02 - 5% C02 mixture and buffer was replaced at 
200 min intervals. After tissues had stabilized at 2 grams of tension, they were primed by 
thee addition of 3 uM phenylephrine (PE) to the organ bath. Tissues were then washed and 
primedd once again, as repeated exposure to drug has been shown to reduce tissue 
variabilityy to agonist administration during the time course of the experiments (Christ et 
al,, 1995c). The absence of a relaxation response to carbachol was utilized to confirm the 
absencee of functional endothelium. 

3.3.22 Establishment of homogeneous cultures of mesenteric and 
femorall  arterial smooth muscle cells 

Homogeneouss smooth muscle cell cultures were obtained as previously described for 
otherr vascular tissues (Christ et al, 1992; 1993; Moreno et al, 1993; Campos de Carvalho 
ett al, 1993; Palmer et al, 1994; Zhao and Christ, 1995; Fan et al, 1995; Brink et al, 1996). 
Briefly,, sections of femoral and mesenteric tissue were washed in Hanks' Balanced Salt 
Solution,, cut into 1 to 2 mm pieces and grown in Dulbecco' s modified Eagle Medium 
(DMEM)) containing 20 raM L-glutamine, 20% fetal calf serum (FCS) and antibiotics 
(penicillinn 100 U/ml and streptomycin 100 mg/ml). More DMEM containing 10% FCS 
wass added at day 5, after the explants had attached to the substrate. Cells migrated from 
thee tissue and underwent division within 8-10 days. At this time the explants were 
removed.. At confluence, cells were detached with trypsin (0.05%) and EDTA (0.02%) 
andd then grown on 35 mm plastic petri dishes in DMEM containing 10% fetal bovine 
serumm until they reached 50 to 70% confluence. As previously described, only cells from 
passagee 2-5 were used for these studies; it is during this time period that the cultured cells 
havee been demonstrated to maintain their expected phenotypic characteristics (Vink et al, 
submitted;; Rennick et al, 1993). 
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3.3.33 Electrophysiological experiments 

Onee hour after freshly dissociating pure populations of confluent cultures (passage 2-
5)) of either mesenteric or femoral smooth muscle cells onto 1-cm diameter glass 
coverslips,, recordings from cell pairs were obtained. Cells were constantly superfused 
withh a bathing solution containing (in mmol/L): NaCl (160), CsCl ( 7), CaCl2 (0.1), 
MgS044 (0.6), HEPES (10) or NaCl (140), CsCl (4), CaCl2 (2), MgCl2 (1), HEPES (5), 
KC11 (4), dextrose (5), pyruvate (2), BaCl2 (1), pH 7.4, at RT. Dishes containing the 
coverslipss were placed on a Olympus IMT-2 inverted microscope and observed with 
phasee contrast optics at a magnification of 400X. Each cell of a cell pair was voltage 
clampedd with heat polished patch pipettes (5-10 Mil ) Flaming/Brown Micropipette puller 
modell  P-87 (Sutter Instrument Co.) filled with internal solution containing (in mmol/L): 
CsCll  (130), KC1 (10), EGTA (10), CaCl2 (1), MgCl2 (1), HEPES (10) at pH 7.2. 
Gigaohmm seals on the cell surfaces were formed with suction, while 20 msec pulses of 5 
mVV at 10 Hz were applied and the resulting currents measured. Access to the cell interior 
wass accomplished by strong brief suction. Currents were measured under voltage clamp 
conditions,, while holding both cells at a resting potential of 0 mV and applying 100 msec 
pulsess of 5 mV alternatively to one cell and the other. Macroscopic conductance (gj) was 
calculatedd by dividing the measured junctional current (Ij) by the voltage step applied to 
thee other cell (Vj). 

Inn order to enable recordings of single channel currents, cells were exposed to bathing 
solutionss containing 2 mM halothane, which decreases gap junction channel open 
probabilityy without affecting unitary conductance (Burt and Spray, 1989). After coupling 
wass reduced, the short pulses were stopped and one cell was held at 0 mV, while a 
holdingg potential of mostly -30 to -50 mV was applied to the other. Unitary current 
eventss were low pass filtered (model DR-484, Neurodata Instruments Corp.) at 500 Hz 
andd recorded on a chart recorder (Gould Brush) and pulse code modulated recordings 
weree saved on a videocassette recorder (Fisher VSH-840). Unitary current events were 
measuredd from chart recordings (in which single channels were recognized as 
simultaneouss events of opposite sign in the current traces of the two cells) with a 
digitizingg board (Summagraphics) and analyzed through Sigmascan software (Jandel). 
Thee current values were divided by the driving force and plotted with Sigmapiot software 
(Jandel)) in 5 pS bins, after which the histogram values were fitted with gaussian 
distributionss using Peakfit software (Jandel). 

3.3.44 Northern blot analyses 

Totall  RNA was isolated from cells kept under different conditions using a 
modificationn of the method of Chomczynski and Sacchi (1987). Rat heart total RNA 
wass used as a positive control for Cx43 and Cx40. Mouse brain total RNA was used as 
positivee control for Cx37. RNA concentrations were determined by absorbance (Ab) 
measurementss at 260 nm and 280 nm (Hitachi U-1100); Ab260/Ab280 was typically about 
1.7-2.0.. 10 ug from each sample was electrophoresed in a 1.2% formaldehyde-agarose 
gel.. The integrity and levels of loading of the RNAs were analyzed by ethidium bromide 
staining.. Gels were capillary blotted in 20xSSC onto Gene Screen membrane (Du Pont 
Co.,, Wilmington, DE). The RNA was UV-linked to the membrane by exposing it to a 
wavelengthh of 254 nm (UV Stratalinker-2400-Strategene-La Jolla, CA). RNA blots were 
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pre-hybridizedd in Rapid Hybridization Buffer (Amersham Corporation, Arlington Heights, 
IL)) for 1 hr at 65°C and then hybridized in the same buffer for 2.5 hrs at 65°C after the 
additionn of the denatured random primed probe. The probes used were full length (1.3 
Kb)) coding region of rat Cx43, 1.2 kb probe for rat Cx40 (obtained from E.C. Beyer, 
Washingtonn University, St. Louis, MO) and full-length rat Cx37 coding region (from Dr. 
Davidd Paul, Harvard Medical School). The a-actin probe was generated by RT-PCR from 
mousee brain tissue using the following primers: 5'AAC CGC GAG AAG ATG ACC CAG 
ATCC ATG TTT 3*  and 5'AGC AGC CGT GGC CAT CTC TTG CTC GAA GTC 3' 
producingg a fragment of 358 bp (Briggs et al, 1993). Washes after hybridization were 
donee once for 20 min at RT with 2xSSC + 0.1% SDS and twice for 15 min at 65°C with 
O.lxSSCC + 0.1% SDS. The membranes were then exposed to RX film (FUJI Photo Film 
CO.,, LTD) at -80°C for different periods of time. 

3.3.55 Western blot analyses 

Culturedd smooth muscle cells were harvested with a rubber policeman in cold 
Dulbecco'ss phosphate buffered saline (PBS, Gibco, BRL, Grand Island, NY), taking care 
too disrupt cells as littl e as possible. After spinning at 14,000 rpm for 2 min on a tabletop 
centrifuge,, cell pellets were frozen at -90° C for later use. The cells were resuspended in 
H200 and sonicated. Total protein content was determined using the Bradford Assay 
(Biorad).. Samples were separated using 10% SDS gels at 30 mA for 1 hr. The separated 
sampless were then transferred to nitrocellulose using a transfer chamber running at 300 
mAA for 2 hr. 

Nitrocellulosee was blocked overnight at 4°C in 4% dry milk and rinsed and incubated 
forr 1 hr in a goat anti-rabbit connexin43 antibody (supplied by Dr. Elliot Hertzberg, 
Albertt Einstein College of Medicine; see Campos de Carvalho et al, 1993). The 
nitrocellulosee was rinsed and incubated in IL25-labelled protein A for 1 hr, rinsed for 1 hr 
andd visualized using autoradiography. 

3.3.66 Ca2+ measurements 

Intracellularr Ca2+ was measured in smooth muscle cells plated on glass-bottomed 
microwellss (Matek Corp.) using the ratiometric indicator Indol. Cells were loaded with 
Indoll  using the esterified AM form (Indol AM, Molecular Probes, Eugene, OR) (45 min 
exposuree to 10 uM IndolAM at 37°C) and then rinsed with Hank's solution before use. 
Pseudocoloredd images corresponding to intensity of fluorescent emission at 390-440 and 
>4400 nm were obtained as the average of 16 or 32 frames (acquired at 1/sec or 1/2 sec) on 
aa Nikon RCM 8000 real time confocal microscope equipped with an argon laser 
optimizedd for output at 351 nm. Changes in Ca2+ levels, corresponding to changes in 
fluorescencee ratio, were computed as a function of time using Polygon-Star Software 
(Nikon).. Propagated Ca2+ waves were evoked by brief mechanical stimulation of one cell 
inn the field using a hydraulically controlled micropipette (tip diameter < l:m). 
Amplitudess of responses are reported as peak amplitudes of fluorescent ratios and 
conductionn velocities, computed as the intervals to half peak amplitudes from stimulated 
too responding cells, divided by the distance from the center of the stimulated cell to each 
off  the responding cells (see Suadicani et al, 2000). 
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3.44 Results 

3.4.11 Similarities and differences in responses of femoral 
mesentericc arterial strips to NTG and 8Br-cGMP 

and d 

Cumulativee steady-state concentration response curves (CRCs) were constructed on 
bothh femoral and mesenteric ring preparations in order to compare NTG-induced 
relaxationn responses in these physiologically distinct vessels. To this end, rings from both 
vesselss were precontracted to -90% of maximum (3 uM PE for femoral rings, and 6 uM 
PEE for mesenteric rings; see Gondre and Christ, 1998), and when the contractile response 
achievedd steady state, NTG was added in half-log increments. Logistic analysis of CRC 
revealedd E ^, pEC50 and slope factor values of: 70.7  15.2%, 5.96  3.6 (i.e. ~ 1 uM) 
andd 0.73  0.2, for femoral artery (n=9 rings), respectively, and for mesenteric artery the 
correspondingg values were (n= 5 rings); 100%, 7.41  0.52 (-40 nM) and 0.55  0.02. 
Thesee initial values were used to ensure that we were examining equiactive (with respect 
too their individual CRCs) NTG-induced relaxation responses on both vessels. 
Representativee examples of relaxation responses to equiactive NTG concentrations are 
illustratedd for a femoral segment in Figure 3-1A and for a mesenteric segment in Figure 3-
1B. . 
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FigureFigure 3-1: Effects of nitroglycerine (A,B) and 8Br-cGMP (C,D) on phenylephrine-induced contractions in 
femoralfemoral (A,C) and mesenteric (B,D) smooth muscle. At time 0 on these graphs, vessel segments were pre-
contractedcontracted by the addition of phenylephrine (PE). After responses attained their maximal values, nitroglycerine 
(NTG)(NTG) was added, leading to relaxation of the pre-contracted vessels. Dose-response curves CRC (values given 
inin the test) showed significantly greater sensitivity of mesenteric than femoral vessels to NTG. Note that in both 
vesselsvessels 8Br-cGMP evoked complete relaxation, while NTG effects were partial. 
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Havingg established tissue sensitivity to NTG, we sought to examine the effects of 
preincubationn with NTG on the PE-induced contractile response in rings from both 
vessels.. For these experiments, rings were preincubated with NTG for 5-10 minutes, and 
thenn exposed to equiactive PE concentrations (i.e., 3 uM PE for femoral rings, and 6 uM 
PEE for mesenteric rings). Representative examples of the effects of NTG preincubation 
onn the steady-state-PE-induced contractile responses observed in each vessel are shown in 
Figuress 3-2A and B, and mean results of additional experiments conducted on a total of 14 
femorall  and 12 mesenteric rings, respectively, are summarized in Figures 3-2C and 3-2D. 
Notee that for both femoral and mesenteric vessels, NTG pre-exposure significantly 
reducedd PE-induced contraction. In order to obtain additional mechanistic insight into the 
NTG-inducedd reduction of the PE-induced steady-state contractile response, we examined 
thee effects of maximal concentrations of 8Br-cGMP (1 raM 8Br-cGMP elicited complete 
relaxationn of equivalently PE-precontacted rings within 6-8 minutes; see Figure 3-lC,D). 
AA 5-10 minute preincubation with 8Br-cGMP was associated with a significant decrease 
inn the steady-state PE-induced contractile response observed in femoral, but not 
mesentericc rings (see Figure 3-2C and 3-2D). 
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FigureFigure 3-2: Effects of NTG (A-D) and 8Br-cGMP (C,D) pretreatment on representative examples of 
phenylephrine-inducedphenylephrine-induced contractions in rings of rabbit femoral (A) and mesenteric (B) arteries. Mean contractile 
responsesresponses for all femoral and mesenteric rings in the absence and presence of NTG; asterisks indicate responses 
thatthat are significantly different from control values. Note that preincubation with NTG is associated with a 
significantsignificant decrease in the magnitude of the PE-induced contractile response in both mesenteric and femoral 
artery,artery, whereas HBr-cGMP is only effective in femoral segments. 
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3.4.22 Effects of NTG and 8Br-cGMP on junctional conductance in 
femorall  and mesenteric smooth muscle cells 

Inn order to evaluate effects of NTG and 8Br-cGMP on strength of electrical coupling 
betweenn smooth muscle cells, junctional conductance (gj) values in pairs of femoral and 
mesentericc smooth muscle cells were measured at one minute intervals for 25 minutes 
underr control conditions and during 25 minute treatments with 100 uM NTG and 1 mM 
8Br-cGMP.. Raw data from representative experiments are shown in Figure 3-3A-D and 
plotss of data in which gj was normalized to unity at the start of the drug application are 
shownn in Figure 3-4A,B. 
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FigureFigure 3-3: Representative recordings of junctional conductance in pairs of femoral and mesenteric smooth 
musclemuscle cells in response to pharmacological treatments used in this study. For all recordings, voltage pulses 
(Vi,V(Vi,V22)) were passed alternatively in cell 1 and cell 2 and corresponding currents (It and I2) were measured. 
CurrentsCurrents downward from baseline were measured in the cell in which the voltage pulse was applied and 
representrepresent current flowing through junctional and nonjunctional membranes. Currents upward from baseline 
werewere recorded in the other cell and represent junctional current; when divided by the amplitude of the 
transjunctionaltransjunctional voltage, the amplitudes of the upward excursions give junctional conductance (gj). A (Control). 
RecordingsRecordings from a pair of mesenteric smooth muscle cells before (0') and fifteen min (15') after exposure to 
normalnormal extracellular solution. B (f-NTG). Recordings obtained from a pair of femoral smooth muscle cells 
beforebefore (0') and fifteen min (15') after exposure to extracellular solution containing 0.1 mM nitroglycerine. C (m-
NTG).NTG). Recordings from a pair of mesenteric smooth muscle cells before and 15 min after exposure to 0.1 mM 
NTGNTG in bathing solution. D (m-cGMP). Recordings from a pair of mesenteric smooth muscle cells exposed to 1 
mMmM 8Br-cGMP. Note that g, was relatively constant during exposure to normal bathing solution, but was 
decreaseddecreased in femoral cells exposed to NTG and in mesenteric cells exposed to NTG and 8Br-cGMP. 

Underr control conditions, gj did not change appreciably during the 25 min recording 
duration,, as illustrated in Figures 3-3A and 3-4A,B (circles). Femoral smooth muscle cells 
treatedd with NTG showed a small but significant decrease in junctional conductance 
comparedd to controls that was detectable within a few min after adding the drug and 
reachedd a plateau decrease of about 75-80% of the control values within 10-15 min after 
treatmentt (Figure 3-4A). The same cell type treated with 8Br-cGMP showed a slightly 
augmentedd junctional conductance compared to controls 15 minutes after treatment, 
althoughh the conductance of the 8Br-cGMP-treated cells only fluctuated a few percent 
aroundd the initial conductance and at 25 minutes after exposure was actually slightly but 
significantlyy less than that of untreated cells (Figure 3-4A). Thus, in femoral smooth 
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musclee cells, NTG slightly decreased gj with a relatively long (7-10 min) latency, whereas 
8Br-cGMPP treatment at most time points did not appreciably affect gj. 

o-:-:- --

FigureFigure 3-4: Graphs showing the time course of the macroscopic junctional (Gj) conductance normalized to 
valuesvalues obtained before treatment. For each graph, cells exposed to control solution are indicated by circles, 
8Br-cGMP8Br-cGMP with triangles and NTG with squares. A. Gj values from femoral smooth muscle cell pairs measured 
underunder control conditions (filled circles, n=4), during 8Br-cGMP treatment (filled triangles, n =4) and during 
treatmenttreatment with NTG (filled squares, n=6). B. Mesenteric cell pairs under control conditions (open circles, n 
—6),—6), during treatment with 8Br-cGMP (open triangles, n=4) and during treatment with NTG (open squares, 
n=5).n=5). For each cell type treated with NTG and for mesenteric cells treated with 8Br-cGMP, Gj was significantly 
lowerlower at the end of the 15' exposure. 

Mesentericc smooth muscle cells responded rapidly to treatment with NTG and more 
slowlyy to 8Br-cGMP with significant decreases in junctional conductance (Figure 3-4B). 
Junctionall  conductance was significantly decreased at 2 minutes after treatment with 
NTG,, and quickly attained a plateau level of about 80% control (Figure 3-4B). After 
aboutt 10 min, however, a second phase in the response began, in which gj was 
progressivelyy reduced, with less than 25% initial conductance remaining at 25 minutes 
afterr treatment. The effects of 8Br-cGMP appeared within about 5 minutes after treatment 
andd plateaued at about 50% reduction in gj after about 10 minutes (Figure 3-4B). Thus, 
conductionn between mesenteric smooth muscle cells decreased in response to both NTG 
andd 8Br-cGMP, with the longterm responses to both agents being a substantial decrease in 
intercellularr coupling. 

3.4.33 Unitary junctional conductances of femoral and mesenteric 
smoothh muscle cells treated with NTG and 8Br-cGMP 

Thee unexpected differences in responses of macroscopic junctional conductance in 
smoothh muscle cells from two arterial vascular beds to NTG and 8Br-cGMP prompted 
examinationn of changes in properties of the channels that might underlie the conductance 
changes.. Unitary junctional conductances were measured in both cell lines after reducing 
gjj  by exposure to 2 mM halothane during maintained exposure to NTG or 8Br-cGMP. 
Figuree 3-5 shows representative recordings of channel events in femoral (Figure 3-5A,C) 
andd mesenteric (Figure 3-5B,D) cells after exposure to 100 uM NTG (Figure 3-5A,B) and 
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11 mM 8Br-cGMP (Figure 3-5C,D). These traces show that individual channels of more 
thann one unitary conductance were generally observed in these recordings. Histograms of 
thee unitary conductances measured in recordings from multiple cell pairs are displayed in 
55 pS bins after normalizing with regard to the total number of events in each recording. 
Thee data in these histograms were fitted with Gaussian distributions to determine the peak 
amplitudess of the unitary junctional conductances as well as the relative contribution of 
eventss of each size to the overall distribution (Table 3-1). 
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FigureFigure 3-5: Representative traces from chart recordings of single junctional channel currents obtained in 
femoralfemoral (A,C) and mesenteric (B,D) smooth muscle cell pairs after exposure to NTG (A.B) and 8Br-cGMP 
<C,D).<C,D). In recordings A,C,D the potential of the cell whose current recording is labeled I, was held constant at -
4040 mV, while that of the other cell was held at OmV; in C, the driving forces was -30 mV. A. Single channel 
eventsevents from femoral cells treated with NTG display conductances generally about 65 pS, although some 
channelschannels have single channel conductances of ~ 90 pS. B. Mesenteric smooth muscle cells treated with NTG 
displaydisplay junctional channel sizes primarily around 80 pS, with a few channels of about 50 pS. C. Femoral 
smoothsmooth muscle cells treated with 8Br-cGMP show primarily channel sizes around 70 pS. D. Single channel 
eventsevents of mesenteric smooth muscle cell treated with 8Br-cGMP showed a majority of openings at ~ 70 pS, 
althoughalthough events around 100 pS were also measured. 
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Controll  femoral smooth muscle cells displayed two populations of unitary junctional 
conductancess (71 pS, accounting for 75% of events and 96 pS, accounting for the 
remainder:: Vink et al, submitted). Single channel conductances of femoral smooth 
musclee cells treated with NTG (5 cell pairs, 3042 events) showed two peaks. The peak 
withh the smaller unitary conductance (yj = 63.9  0.5 pS) accounted for 93.9% of the 
events,, whereas events with a peak of 92.4  1.1 pS contributed the residual 6.1% of the 
totall  (Figure 3-5A, Table 1). Femoral cells treated with 8Br-cGMP (8 cell pairs; 5339 
events)) showed only one peak, corresponding to unitary conductance of 71.4  0.5 pS 
(Figuree 3-6C). 
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FigureFigure 3-6: Amplitude histograms plotted from measurements of single channel currents after exposure of 
femoralfemoral (A,C) and mesenteric (B,D) cell pairs to NTG (A,B) or 8Br-cGMP (C,D). For each cell pair, relative 
frequenciesfrequencies of events of each size were calculated by dividing by the total number of events. Error bars atop 
eacheach bar in the histograms represent standard errors of the relative frequencies recorded in different 
experiments.experiments. Histograms reveal channel sizes ranging from about 20 to 100-120 pS; smooth curves represent 
bestbest fits to Gaussian distributions (see Table I). A. Histogram of single channel conductances (fj) recorded in 
femoralfemoral smooth muscle cells treated with NTG (W=5 cell pairs, n=3,042 events): peaks in the amplitude 
distributiondistribution were located at 63.9  and 92.4  1.1 pS. B. Histogram of y values in mesenteric smooth muscle 
cellscells treated with NTG (N=6 pairs, n = l ,544 events): peaks were located at 49.5  0.7 and 77.0  0.7 pS. C. 
HistogramHistogram from femoral smooth muscle cells treated with SBr-cGMP (N = 8 pairs, n=5,339 events): a single 
peakpeak was located at  pS. D. Histogram of y in mesenteric smooth muscle cells treated with 8Br-cGMP 
(N(N =8 pairs, n=3,284 events): peaks were located at 72.2  and 99.4  pS. 

Thus,, compared to histograms obtained for Yj in femoral smooth cells under control 
conditions,, the effects of both NTG and 8Br-cGMP were to shift the distribution of 
events,, with virtually all occurring in the lower unitary conductance state. 
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Controll  mesenteric smooth muscle cells exhibit two populations of main state unitary 
conductancess (56 pS, accounting for 75% of events, and 81 pS, accounting for 25%: Vink 
ett al, submitted). Gaussian fits of the histogram of Yj values in mesenteric smooth muscle 
cellss treated with NTG (6 cell pairs; 1544 events) revealed two peaks in the distribution 
(Figuree 3-6B). A small peak at 49.5 7 pS contributed an area of 8.0%, whereas 92% of 
thee events were located within a Gaussian distribution centered at 77.0  0.7 pS. 

TableTable 3-1: Peak values and % contributions determined from Gaussian distributions of single channel 
conductancesconductances recorded in femoral and mesenteric cell pairs treated with NTG and 8Br-cGMP. These data 
includeinclude those from the overall histogram shown in Figure 3-6 as well as the peak values of each individual cell 
pairpair used to calculate the overall peak histogram. The °/r contribution of each peak value is the relative area 
underunder the Gaussian distribution. 

Femorall  SMC with 8Br-cGM P 
Summ of 8 cell pairs 

1 1 

2 2 
3 3 

4 4 
5 5 
6 6 
7 7 
8 8 

Femorall  SMC with NTG 
Summ of 5 cell pair s 

1 1 

2 2 
3 3 
4 4 

5 5 

Mesentericc SMC with 8 Br-cGM P 
Summ of 8 cell pairs 

1 1 
2 2 
4 4 
3 3 
5 5 

6 6 

7 7 

8 8 

7ii  <pS)  SD 
71.44 5 

45.8 8 
73.0 0 
64.0 0 

88.7 7 
153.6 6 
59.1 1 
82.5 5 
66.5 5 
65.2 2 

75.5 5 
63.99  0.5 
92.44  1.1 

64.3 3 
93.3 3 
64.5 5 
75.6 6 
55.3 3 
72.9 9 
58.5 5 
92.7 7 

72.22  0.4 
99.44  1.6 

64.7 7 
74.8 8 

89.7 7 
73.9 9 
52.0 0 
68.4 4 
79.6 6 
72.9 9 
99.4 4 
89.8 8 

Area(%) 2 2 

100 0 

7.5 5 
92.5 5 
100 0 

92.2 2 
7.8 8 

100 0 
100 0 

29.0 0 
100 0 
100 0 

93.9 9 
6.1 1 

72.7 7 
27.3 3 
100 0 
100 0 

70.2 2 
29.8 8 
81.1 1 
18.9 9 
84.9 9 
15.1 1 
100 0 
100 0 
100 0 
100 0 

32.4 4 
67.6 6 
100 0 

86.4 4 
13.6 6 
100 0 

Valuess indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative numbers of events comprising each population. 
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(Table(Table 3-1 continued) 

Mesentericc SMC with NTG 
Summ of 6 cell pairs 

I I 

2 2 

3 3 

4 4 
5 5 

6 6 

YJJ (PS) D 
49.55  0.7 
77.00  0.7 

79.3 3 
140.4 4 
79.9 9 

120.0 0 
64.3 3 
92.8 8 

90.8 8 
52.8 8 
50.4 4 
77.5 5 

Areaa (%)3 

13.5 5 
86.5 5 
98.3 3 

1.7 7 
97.4 4 

2.5 5 
90.5 5 

9.5 5 
100 0 
100 0 

28.4 4 
71.6 6 

Treatmentt of mesenteric cells with 8Br-cGMP also resulted in a histogram of yj values 
withh two peaks (Figure 3-6D). After this treatment, as with NTG, the majority of events 
(84.9%)) were described by a Gaussian distribution centered at 72.2  0.4 pS. In contrast 
too NTG, however, most of the residual events (15.1%) were located within a channel 
populationn centered at 99.4  1.6 pS. Thus, compared to histograms obtained for Yj in 
untreatedd mesenteric smooth muscle cells, the effects of NTG were to decrease the 
numberr of events at 50-62 pS and to increase the frequency of events at the intermediate 
level.. By contrast, 8Br-cGMP application resulted in a total shift of all events to 
intermediatee and highest peak values. 

Tablee 3-1 displays all fitted values for each of the cell pairs and indicates the extent of 
scatterr and variability in data used for this analysis. This Table reveals that some cell pairs 
preciselyy reflected distributions describing the fits to combined data sets, but it also 
revealss that other cell pairs showed peaks shifted  10 pS from the overall distribution. In 
somee cell pairs, a third unitary Yj value of about 45 pS occurred (in the case of femoral 
smoothh muscle cells), and occasional larger events (never more than a few % of the total 
andd possibly representing either unresolved openings and closures of more than one 
channell  or the trace expression of additional connexin types) were recorded in smooth 
musclee of both types. 

3.4.44 Effects of NTG and 8Br-cGMP on connexin mRNA expression 
inn femoral and mesenteric smooth muscle cells 

Northernn blot analyses were performed on cultures of isolated smooth muscle cells in 
orderr to examine the expression of mRNAs encoding the three connexins found in 
vasculaturee (Cx37, Cx40 and Cx43: Figure 3- 7) and to determine whether the observed 
changess in junctional conductance were associated with altered connexin RNA levels. 

Too control against the possibility of unequal loading of RNAs used for the blots, (X-
actinn mRNA was also probed, allowing normalization in order to compare connexin 
expressionn levels in both cell types before and after each treatment. Neither Cx37 nor 
Cx400 mRNA were detectable in RNA prepared from femoral or mesenteric vascular 
smoothh muscle cells, although Cx40 was detected weakly in mouse brain and more 
stronglyy in heart homogenates and Cx37 was detected in mouse heart and brain which 

Valuess indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative numbers of events comprising each population. 
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weree used as positive controls. By contrast, Cx43 mRNA was clearly expressed in cells 
fromm both femoral and mesenteric vascular beds, with consistently higher levels in 
mesentericc smooth muscle cells. After correction for a-actin levels, treatment with 
neitherr NTG nor 8Br-cGMP was found to alter Cx43 mRNA expression significantly in 
eitherr type of smooth muscle cells. Thus, altered Cx43 transcription or mRNA stability 
doess not appear to be responsible for the decreased junctional conductance measured after 
drugg exposure. 

c c OO c S O 

££ S Ü o z o " <  Si 
mm x 

FigureFigure 3-7: Northern blot analyses ofCx37, Cx40, Cx43 and a-actin mRNA in control mesenteric and femoral 
smoothsmooth muscle cells and after treatment with NTG and HBr-cGMP. Brain and heart tissue samples provided 
positivepositive controls. Note the absence of specific Cx37 and Cx40 hybridization in treated or untreated femoral or 
mesentericmesenteric smooth muscle cells. Densitometric scans of Cx43 mRNA expression were normalized to 
hybridizationhybridization with probe for constitulively expressed a-actin; normalized Cx43 mRNA levels did not differ 
strikinglystrikingly with regard to smooth muscle cell type or treatment. 

3.4.55 Effects of NTG and 8Br-cGMP on Cx43 levels and 
phosphorylationn state in femoral and mesenteric smooth muscle 
cells s 

Too evaluate the expression of Cx43 protein and to determine the relative abundance of 
phosphorylation-dependentt isoforms under control conditions and following NTG and 
8Br-cGMPP treatment, Western blots were performed on cultured cells (Figure 3-8). Cx43 
proteinn was found to be expressed in both femoral and mesenteric smooth muscle cells in 
relativelyy constant amounts, independent of drug treatment. The patterns of 
phosphorylation-dependentt isoform distribution, and the relative amount of Cx43 in each 
bandd were found to be unaffected by treatment of either cell type with either NTG or 8Br-
cGMP.. Thus, the conductance decrease associated with these agents does not appear to be 
duee to changes in Cx43 synthesis or to major changes in its phosphorylation state. 
Whetherr these drugs elicit changes in Cx43 distribution within the cells, as might be 
exploredd with quantitative immunocytochemistry, has not yet been evaluated. 
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FigureFigure 3-8: Western blot analysis of Cx43 protein expression in femoral and mesenteric vascular smooth muscle 
cellscells in culture. Lane 1 shows Cx43 protein expression in mouse heart homogenate as a positive control for 
Cx43.Cx43. Lanes 2, 3, 4 are Cx43 protein levels in femoral vascular smooth muscle cells untreated, treated with 
NTGNTG and treated with 8Br-cGMP. Lanes 5, 6, 7 show Cx43 protein levels in mesenteric vascular smooth muscle 
cellscells untreated, treated with NTG and treated with 8Br-cGMP. All lanes were loaded equally as evidenced b\ 
proteinprotein assay. Femoral smooth muscle cells seem to have slightly more phosphorylated Cx43 (band labeled P2 
toto the right), while in mesenteric smooth muscle cells the non-phosphorylated (NP) form is more pronounced. 
NoneNone of the treatments cause a striking change in Cx43 protein expression or shifts in phosphorylation states 

3.4.66 Ca2+ waves between femoral and mesenteric smooth muscle 
cells s 

Spreadd of mechanically induced of Ca2+ waves between cells has been shown in 
vascularr smooth muscle (Christ et al, 1992), endothelia (Honda et al, 1996) and other cell 
typess (Saez et al, 1989; Hansen et al, 1993; Suadicani et al, 2000; Frame and de Feijter, 
1997)) to depend on presence of functional gap junctions. However, in at least some cell 
typess a parallel extracellular pathway mediated by ATP release and activation through 
purinergicc P2 receptors can also contribute to the propagation of these waves (Pirotton et 
al,, 1996; Boeynaems et al, 1990, Suadicani et al, 2000). 

Measurementss of mechanically induced Ca~+ wave spread were performed on femoral 
andd mesenteric smooth muscle cells in order to determine whether changes in junctional 
conductancee caused by NTG and 8Br-cGMP were reflected in alterations in amplitude 
attenuationn or conduction velocity of these waves or the number of cells participating in 
thee response. In the absence of drug, discrete mechanical stimulation resulted in abrupt 
risee in intracellular Ca2+ concentration in the stimulated cell and spread to adjacent cells 
thatt was detectable within a few seconds and reached peak amplitude in adjacent cells 
withinn 10-15 sec (Figures 3-9, 3-10A). 

Inn order to quantitatively compare propagation velocity and magnitude of Ca2+ 

elevationss in coupled cells, these parameters were measured for all responding primary, 
secondaryy and tertiary cells in the field. Because smooth muscle cells in culture tend to 
alignn as spindles, the ratio of length to width of cells in each field was measured to 
determinee the degree of anisotropy and to provide distances for conduction velocity 
measurementss in the end-to-end and side-to-side configurations. Ratios of length to width 
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weree 3.93  0.16 (n =42) for mesenteric and 3.67  0.16 (n =65) for femoral smooth 
musclee cells. 

FigureFigure 3-9: Ca2 + imaging of smooth muscle cells in culture. Pseudocolored photographs of ratiometric Ca2 + 
imagesimages acquired with a real time confocal microscope, illustrating Indo-loaded femoral smooth muscle cells at 
restrest (A), and after Ca2+ spread to numerous cells (B). The cell with the asterisk is the cell that was carefully 
proddedprodded with a microelectrode. A change of color from green to yellow to red represents an increase in 
fluorescencefluorescence ratio according to the color bar to the right, with values of 0.5 and 2.5 corresponding to 
intracellularintracellular Ca2+ concentrations of about 50 nM and lfiM. 

00 10 20 0 10 20 

Timee (sec) Time (sec) 

FigureFigure 3-10: Time course of intracellular Ca2*  changes in stimulated and adjacent femoral smooth muscle cells. 
A.A. Control response of stimulated (filled circles) and 9 other cells in the field to brief mechanical stimulation. 
NoteNote that all cells respond, with latencies from about 5 to 15 sec. B. Response of femoral smooth muscle cells to 
mechanicalmechanical stimulation 5 min after treatment with 0.1 mM suramin, a blocker of purinergic receptors. Note that 
77 of 9 cells respond, with latencies similar to those seen under control conditions. C. Response of femoral 
smoothsmooth muscle cells to mechanical stimulation in the presence of 2 mM heptanol, a gap junction channel 
blocker.blocker. Note that none of the nine other cells responds. 
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FigureFigure 3-11: Representative responses of cultured mesenteric smooth muscle cells to mechanical stimulation 
afterafter exposure to NTG (A) and 8Br-cGMP (B). Fluorescent ratios (proportional to intracellular Ca2*  activity) 
areare plotted for the stimulated cell (filled circle) and nine cells around it. Note that touch of these cells leads to 
rapidlyrapidly increased Ca2*  in that cell and in about 50% of the others, with latencies between about 5 and 15 sec. 

Orderr of cells o r d a ' of ceHs Older of cells 

Orderr of cells Order of ceHs Order of cells 

FigureFigure 3-12: Magnitudes of Ca2*  responses in stimulated and responding smooth muscle cells. The calculated 
averageaverage magnitude of the Ca2*  upstroke of the touched cells (order 0) serves as the 100% magnitude point for 
eacheach graph. The magnitude of responses of cells directly in contact with the stimulated cell are represented as 
orderorder 1; cells separated by one or two intermediate cells are displayed as second and third order. A. 
MagnitudesMagnitudes of Ca * responses in femoral cells aligned in all directions around the touched cell for controls
treatedtreated with NTG (m), 8Br-cGMP (A), suramin (W) and heptanol (filled diamond). B. Magnitudes of Ca2* 
responsesresponses in the same fields of control and treated cells, but only considering side-to-side orientations. C 
MagnitudesMagnitudes of Ca2*  responses with respect to end-to-end connected cells. D. Magnitudes ofCa2*  responses in 
allall  mesenteric smooth muscle cells. E. Magnitude of Ca2*  responses in side-to-side oriented mesenteric cells. F. 
MagnitudeMagnitude of Ca * responses in end-to-end positioned cells. Control cells are indicated by open circles, NTG 
treatmenttreatment by open squares and 8Br-cGMP treatment by open triangles. 
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Thesee morphological indices of asymmetry were not statistically different and were 
nott affected by pharmacological treatments. Under control conditions, Ca2+ waves in 
femorall  smooth muscle cells propagated at a velocity of 24  5 urn/sec; propagation was 
slowerr in the end- to-end configuration (18  5 urn/sec) than side-to-side (25  7um/sec) 
(Figuree 3-13A-C), implying that cytoplasmic conduction contributes significantly to the 
timee required for propagation. For mesenteric smooth muscle, overall mean velocity was 
slightlyy but not significantly faster (28  9 um/sec) and was more rapid in the side-to-side 
(311  14 um/sec) configuration than end-to-end (24  5um/sec). With regard to 
attenuationn of Ca2+ wave amplitude as a function of cell number, no striking differences 
weree seen according to cell type (about 50% decrease in the first tier of cells closest to the 
mechanicall  stimulation and about 40% decrement in the next tier of cells) or to orientation 
(Figuree 3-12). However, the three-to-four-fold anistropic geometry results in 3 to 4-fold 
differencee in attenuation as a function of distance when side-to-side vs end- to-end 
configurationss are compared. 

A B C C 

l l l l .. I l l l . Nil 
OO E F | 

Hii  Ik il l 
FigureFigure 3-13: Histograms showing the conduction velocities of Ca2* waves for femoral (A-C) and mesenteric (D-
F)F) smooth muscle cells. Separate graphs are shown for all data, regardless of cell orientation (A,D), for side-to-
sideside oriented cells (B,E) and for end-to-end (C,F) connected cells. No. I are controls, no. 2 NTG treated, no. 3 
8Br-cGMP8Br-cGMP treated, no. 4 suramin treated, and no. 5 heptanol treated cells. Although in almost all cases the 
wavefrontwavefront slows down (except for mesenteric end-to-end) these graphs do not show a striking decrease in Ca * 
velocityvelocity in treated cells compared to controls, except in the case of heptanol. 

Inn order to determine whether responses depended on the presence of functional gap 
junctionss or, as would be the case in paracrine transmission, on functional ATP receptors, 
cellss were treated with 3 mM heptanol, a gap junction inhibitor, or 100 uM suramin, an 
inhibitorr of purinergic P2 receptors that has been shown to block extracellular Ca2+ wave 
propagationn in other cell types (Enomoto et al, 1994; Ansellin et al, 1997; Suadicani et al, 
2000).. Measurements of the time course of representative responses of the stimulated cell 
andd those around it are shown in Figure 3-10B and C and indicate that suramin treatment 
somewhatt reduced the number of cells participating in Ca2+ wave signaling (Figure 3-
10B),, whereas the gap junction inhibitor heptanol totally blocked the propagation of the 
Ca2++ waves (Figure 3-10C). Measurements of amplitude attenuation and conduction 
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velocityy in femoral smooth muscle cells showed slight reductions in propagation after 
suraminn application that were somewhat more pronounced in the end-to-end than in the 
side-to-sidee direction (Figure 3-12B,C; Figure 3-13B,C). Heptanol, however, 
dramaticallyy reduced conduction velocity and in no instance was end-to-end conduction 
sustainedd in the presence of this gap junction blocker (Figure 3-13A-C). With regard to 
responsee magnitude, heptanol produced a striking decrease, such that conduction was 
reducedd in the side-to-side configuration and totally abolished in the end-to-end 
configurationn at the second order cell (Figure 3-12A-C). 

3.4.77 Effects of NTG and 8Br-cGMP on velocity and amplitude of 
Ca2++ wave spread in femoral and mesenteric smooth muscle 
cells s 

Inn order to evaluate effects of NTG and 8Br-cGMP on Ca2+ wave signalling, 
propagationn of these waves was evoked 5-15 minutes after exposure to these agents. 
Representativee responses are shown for femoral smooth muscle cells in Figure 3-10A. 
Numberss of cells participating in responses were quantified as the percentage of cells 
respondingg divided by the total number of cells in the field. For femoral smooth muscle 
cultures,, 67.3  3.7% (n =34) responded in control conditions, compared with 70.6
13.0%% (n =5) after 8Br-cGMP and 68.9  6.6 % (n = 17) after NTG. For mesenteric 
smoothh muscle under control conditions 61.1  6% (n =22) responded. After 8Br-cGMP, 
58.00  0.2% (n =9) responded and after NTG, 55.4  8.5% (n =10) responded. 

Conductionn velocities of Ca2+ waves in femoral smooth muscle cells were appreciably 
reducedd after treatment with 8Br-cGMP and NTG. Although this decrease was seen in 
bothh orientations of conduction, it was more striking in the end-to-end measurements with 
NTGG and 8Br-cGMP (Figure 3-13A-C). In mesenteric smooth muscle, NTG did not 
appreciablyy affect conduction velocity in either direction, whereas 8Br-cGMP produced 
side-to-sidee but not end-to-end blockade (Figure 3- 13 D-F). 

Comparingg degree of attenuation of the amplitudes of responses revealed that in 
femorall  smooth muscle cells, NTG reduced the magnitude of the response while 8Br-
cGMPP slightly increased it; in these cells, attenuation of response magnitude did not vary 
strikinglyy with direction. In mesenteric cells at the second order cells, Ca2+ wave 
magnitudee was reduced by NTG more than by 8Br-cGMP and more in the side-to-side 
thann in the end-to-end orientation (Figure 3- 12D-F). 

3.55 Discussion 

Studiess of vascular responsiveness of femoral and mesenteric arterial segments 
revealedd that mesenteric arteries were much more sensitive to NTG than were femoral 
arteriall  strips, both in eliciting relaxation of precontracted muscle and in attenuating 
contractionss elicited by phenylephrine in the presence of NTG. 8Br-cGMP only slightly 
reducedd responses in both vascular segments in both types of tests. The attenuation of 
phenylephrinee contraction by NTG on mesenteric en femoral arterial segments was 
similarr to effects obtained with heptanol (compare Figure 2-2, Vink et al, (submitted) with 
Figuree 3-2A,B, present manuscript). We therefore hypothesize that although relaxation 
responsee of femoral and mesenteric vessels to NTG may both involve a gap junction-
mediatedd component, this contribution is higher in mesenteric vessels. 
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Thee importance of integrating endothelial-derived signals across the vessel wall to 
vascularr homeostasis and function is well established. Unequivocally, NO itself and/or in 
conjunctionn with its activation of the guanylate cyclase/cGMP/PKG pathway is a major 
endothelial-derivedd modulator of vasomotor tone. A role for gap junctions in modulating 
vascularr response to NO/cGMP has been previously suggested. Javid et al (1996) 
reportedd that gap junction inhibitors profoundly diminished sensitivity of rat aortic 
vasculaturee to relaxation by acetylcholine and to the NO donor S-nitoso-N-acetyl-
penicillimine.. Effects of the gap junction blockers on 8Br-cGMP induced relaxation were 
lesss substantial, from which the authors concluded that cGMP independent pathways 
contributedd to NO-induced vasodilation and that cGMP produced littl e effect on gap 
junctionall  communication. 

Itt has been hypothesized previously that NO-induced relaxation of vascular smooth 
musclee might be mediated in part by the diffusion of cGMP through gap junction channels 
(Christt et al, 1994, 1996). Although the study by Javid et al (1996) indicates that cGMP 
mayy not be the second messenger that actually mediates the effect, it provides compelling 
additionall  evidence for the hypothesis that gap junction mediated intercellular 
communicationn is required for NO-induced vasodilation. However, the direct effects of 
NOO and cGMP on the junctions, and on the intracellular calcium changes/calcium waves 
thatt are a prerequisite to altered smooth muscle contractility have not been rigorously 
exploredd in vascular tissues. 

Duall  whole cell patch clamp studies on cultured myocytes from femoral and 
mesentericc arteries revealed that neither the time course nor the magnitude of NTG- or 
8Br-cGMP-inducedd alterations in macroscopic junctional communication were correlated, 
inn a straightforward and significant fashion, with the relaxation responses observed on 
isolatedd rings from these same vessels (Figures 3-1, 3-2). Furthermore, while analysis of 
unitaryy junctional events revealed significant shifts in the distribution of unitary 
conductancess observed in myocytes from both vessels, these shifts were not predictably 
correlatedd with the observed changes in macroscopic junctional conductance on myocytes 
fromm the same vessel. Northern blot analysis revealed the presence of only Cx43 mRNA 
inn cultured myocytes from both vessels, and moreover, documented that treatment with 
neitherr NTG nor 8Br-cGMP induced alterations in Cx43 expression in both femoral and 
mesentericc arterial smooth muscle. 

Perhapss this observation is not surprising in light of the fact that EDRF (NO) serves 
suchh a proximal and important role in modulating vasomotor tone. In light of the highly 
lipophilicc nature of NO, these data would indicate that the three dimensional spread of 
NO,, and in turn, its ability to utilize the intercellular pathway for passively spreading the 
resultss of its effects on second messengers (i.e., cGMP) and/or ions (i.e. K+) would 
providee a very efficient mechanism for coordinating vascular tone in diverse vessels (see 
Christt et al, 1994), precisely the purported role for NO in vivo. However, it should be 
notedd that we clearly cannot entirely exclude the possibility that some subtle yet important 
NTGG and 8Br-cGMP-induced alterations in junctional communication do make a small 
contributionn to NTG- and 8Br-cGMP-induced relaxation responses in rabbit femoral and 
mesentericc rings. 

Previouss studies of the uncoupling action of nitric oxide in rat neocortex (Rorig and 
Sutor,, 1996) and retinal horizontal (Miyachi, 1992; Potteck et al, 1997) and amacrine cells 
(Mill ss and Massey, 1995) have demonstrated that the effects were duplicated by exposure 
off  cells to membrane permeant cGMP derivatives. In our study, treatment with 8Br-cGMP 
resultedd in littl e effect on gj in femoral smooth muscle cells although, after 20 min of 
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exposure,, effects on mesenteric smooth muscle were comparable to the uncoupling 
producedd by NTG. Moderate uncoupling by 8Br-cGMP was previously shown in studies 
onn rat cardiac myocytes and on cells transfected with rat Cx43 (Burt and Spray, 1988; 
Takens-Kwakk et al 1992b; Kwak et al, 1995a), and it has been suggested that such 
uncouplingg action of cGMP may be relevant in the failing, ischemic heart (DeMello, 
1998). . 

Previouss studies on rat cardiac myocytes and on cells transfected with rat Cx43 
demonstratedd that treatment with cGMP produced a decrease in main state unitary 
conductancee of the junctional channels (Takens-Kwak et al, 1992b; Kwak et al, 1995a). 
Thiss main state conductance was apparently distinct from the voltage insensitive 
subconductancee state (Moreno et al, 1994b; Weingart and Bukauskas, 1993; Valiunas et 
al,, 1997), and was smaller than two other main state conductances of the Cx43 channel, 
thee larger of which is favored by dephosphorylating conditions and the other by activation 
off  protein kinase C or inhibition of phosphatases (Moreno et al, 1994b; Takens-Kwak et 
al,, 1992b). The discrete population of smallest junctional channels was not observed 
followingg cGMP treatment in cells transfected with human Cx43 (Kwak et al, 1995a), 
whichh lacks a serine residue compared to the rat amino acid sequence that was 
hypothesizedd to lie within a consensus region for phosphorylation by protein kinase G 
(Fishmann et al, 1990). 

Ourr studies on smooth muscle cells of two vascular beds in rabbit indicate that both 
NTGG and 8Br-cGMP treatments favor channel events of an intermediate unitary 
conductance,, which is similar to that obtained in rat or human Cx43 transfectants after 
activationn of protein kinase C or inhibition of phosphatases and implying that both 
treatmentss act at the single channel level through the same pathway. Because smooth 
musclee cells from these vascular beds display different profiles of unitary conductances 
underr control conditions (Vink et al, submitted), the effect of NTG and 8Br-cGMP at the 
singlee channel level is to reduce unitary conductance in femoral smooth muscle and to 
increasee unitary conductance in mesenteric cells. Absence of the smallest population in 
femorall  cells suggests either that the rabbit sequence lacks this cGMP-phosphorylatable 
sitee or that considerable crosstalk with other second messenger pathways exists in these 
cells.. The finding that cGMP and NTG favor the intermediate conductance state in 
mesentericc smooth muscle cells suggests that the predominance of 56 pS junctional events 
inn these cells under resting conditions may arise from factors other than protein kinase G 
phosphorylation. . 

Levelss of Cx43 mRNA and of Cx43 protein isoforms were measured in NTG and 8Br-
cGMPP treated smooth muscle cells from both vascular segments. Northern blot analyses 
indicatedd the absence of significant mRNA for either Cx37 or Cx40, the other connexins 
reportedd to be expressed in vascular tissues (Yeh et al, 1997; Beyer et al, 1992; Reed et al, 
1993).. Cx43 mRNA levels in femoral smooth muscle were slightly increased by NTG 
andd 8Br-cGMP treatment and were not detectably changed in mesenteric muscle. 
Westernn blots of these cultured smooth muscle cells revealed that most protein was in the 
P22 band, corresponding to the major Cx43 phosphorylation state observed in cardiac 
myocytess and many other cell types (Moreno et al, 1994b; Yamanaka et al, 1997; Hossain 
ett al, 1994; Sato et al, 1997; Takens-Kwak et al, 1992b). No shift in distribution between 
isoformss was observed in response to either NTG or 8Br-cGMP in either cell type. We 
concludee that the reduction in cell coupling produced by these agents is not due to 
substantiall  change in abundance of Cx43 mRNA or protein. Although the decreased 
overalll  unitary conductance observed in femoral smooth muscle in response to NTG and 
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8Br-cGMPP might contribute to decreased gj in this tissue, change in the unitary 
conductancee cannot explain the uncoupling of mesenteric cells; presumably this effect is 
duee to a decrease in the number of open junctional channels. 

Inn contrast to the variable effects of NTG and 8Br-cGMP on junctional conductance, 
theree were quite marked and reproducible effects of both agents on calcium 
mobilization/waves.. In order to provide an additional evaluation of coupling strength and 
itss modulation in vascular smooth muscle cells, we measured efficacy, conduction 
velocityy and amplitude attenuation of mechanically generated Ca2+ waves. Following the 
initiall  demonstration that gap junction channels are permeable to intracellularly injected 
Ca^++ and IP3 (Saez et al, 1989), mechanical and pharmacological stimulation of individual 
cellss from many tissues have been shown to elicit Ca~+ elevations that are propagated 
fromm one cell to the next (Christ et al, 1992; Boitano et al, 1992). Although multiple 
mechanisms,, including paracrine activation through ATP release, may contribute to Ca2+ 

wavee propagation in various tissues, the most generally accepted signal transduction 
pathwayy involves gap junction mediated IP3 transfer, resulting in regenerative Ca"+ release 
alongg the IP3 diffusion pathway (see Suadicani et al, 2000). In our studies of cultured 
vascularr smooth muscle, conduction velocity was 25 to 30 u/sec, and was slightly higher 
inn the side-to-side than in the end-to-end orientation. Both conduction velocity and 
attenuationn of the magnitude of Ca2+ responses were minimally by suramin, an inhibitor 
off  purinergic receptors that blocks extracellularly propagated Ca~+ waves in other systems 
(Enomotoo et al, 1994; Frame et al, 1997; Hansen et al, 1993; Osipchuk and Cahallan, 
1992);; both parameters as well as the number of cells participating in the response were 
stronglyy reduced by treatment with heptanol, a gap junction uncoupling agent that inhibits 
gapp junction mediated Ca~+ wave propagation in other celt types (Frame et al, 1997; 
Hansenn et al, 1993; Stalmans and Himpens, 1997). 

Inn response to 8Br-cGMP, the velocity of Ca2+ wave propagation in both smooth 
musclee types was reduced, whereas NTG slowed femoral conduction and did not 
appreciablyy affect mesenteric responses. When culture anisotropy was considered, NTG 
effectss were found to be similar, exerting stronger side-to-side slowing in both mesenteric 
cellss femoral smooth muscle cells. Measurements of the attenuation of the amplitude of 
Ca~++ waves as a function of cell number from the site of stimulation revealed that NTG 
producedd a measureable decrease in the spread at the level of the second order cell in both 
smoothh muscle types, whereas 8Br-cGMP resulted in enhanced attenuation in mesenteric 
butt slightly increased response magnitude in femoral smooth muscle cells. Although no 
orientationn difference was observed in the attenuation of the responses as a function of 
celll  number, the spindle shape of the cells results in structural anisotropy such that signal 
attenuationn occurred about three times more rapidly in the side-to-side than in the end-to-
endd configuration for femoral and mesenteric cultures under normal conditions. The 
uniformm reduction in magnitude at each junctional interface caused by NTG therefore 
resultss in more significant effects on side-to-side than end-to-end spread. In vessel wall, 
ratioo of length to width of smooth muscle cells may be at least 10 (Little et al, 1995b). 
Becausee so many junctional membranes must be crossed during second messenger 
diffusion,, even small changes in junctional conductance and permeability could 
profoundlyy affect propagation. 

Ourr finding that attenuation of the magnitude of Ca2+ waves from one cell to the next 
moree closely correlates with changes in junctional conductance than does conduction 
velocityy is consistent with the notion that this phenomenon depends on IP3 diffusion. For 
electricallyy transmitted signals, Rohr et al (1997) have recently reported that conduction 
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velocityy can actually be enhanced under conditions of reduced junctional conductance due 
too improved matching between electrical loading of pre- and postsynaptic cells. 

Inn summary, these studies indicate that gap junctions between smooth muscle cells are 
involvedd in vascular relaxation in response to the NO donor nitroglycerine (NTG). 
Treatmentt with NTG moderately reduces junctional conductance and Ca2+ wave spread, 
throughh a mechanism that is not entirely cGMP dependent, although cGMP produces 
singlee channel modifications that are similar to those produced by NTG. Such reduction 
inn conductance and permeability of junctional membranes in response to NTG may 
contributee to beneficial effects of this agent to reduce basal vascular tone and would be 
expectedd to reduce the magnitude and severity of gap junction mediated contractions that 
mayy underlie vasospasm (Segal and Duling, 1987; Kalsner, 1993). 
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4.11 Abstract 

Previouss studies characterizing properties of gap junction channels in rodent heart 
havee concentrated primarily on cardiac myocytes from rats. In order to lay the foundation 
forr studies on transgenic mice, we have compared connexin expression patterns and 
junctionall  conductance properties in cardiac myocytes obtained from neonatal rat 
(Sprague-Dawley)) with those obtained from two strains of mice (B6 and CD1). Northern 
blott analyses revealed that Cx40 was more highly expressed in atrium than ventricle in all 
rodentt hearts and was less abundant in rat than in mouse atrium. Cx43 was found to be 
expressedd at equivalent levels in rat atrium and ventricles, but expression levels differed 
slightlyy in these tissues in mouse. Cx45 was found to be expressed in roughly equivalent 
levelss in both heart regions of all rodents. Western blot analyses of mouse hearts showed 
thatt phosphorylated Cx43 isoforms predominated in both heart regions and that Cx43 
proteinn levels were higher in ventricle than in atrium. Lucifer Yellow injections into 
culturedd mouse cardiac myocytes revealed moderately strong dye coupling, with transfer 
too as many as 4-5 neighboring cells. In order to evaluate functional channel populations, 
unitaryy conductances of rat and mouse heart cells were compared, as were mouse cells 
preparedd from separated atrium and ventricle and after treatment with 8Br-cGMP or 
nitroglycerine.. Individual cell pairs varied considerably in their channel conductances, 
althoughh variability was less in cells isolated from individual regions and after drug 
treatment.. Channels with unitary conductances >130 pS were more commonly found in 
atriall  myocytes, consistent with higher levels of Cx40 expression in this region. Thus, 
functionall  gap junction channels between pairs of mouse cardiac myocytes are more 
variablee than in rat, due in part to individual differences in connexin expression and 
perhapss in part to second messenger modulation. 

4.22 Introductio n 

Differentt regions of the heart can be viewed as individual communication 
compartments,, where gap junctions connect cells within the regions and serve to 
coordinatee communication between compartments as well (Spray et al, 1995). Gap 
junctionn channels in the heart provide low resistance intercellular channels that are 
permeablee to cytoplasmic ions, carrying current underlying impulse propagation, and 
smalll  molecules, presumably mediating metabolite and second messenger exchange. Gap 
junctionn channels are composed of hemichannels (connexons) contributed by each cell, 
whichh are made up of connexin proteins. Cells in different tissues are connected through 
gapp junctions formed of different connexins, although there is considerable overlap and 
mostt cells express multiple connexins. In the mammalian cardiovascular system, 
expressionn of five of the thirteen known connexins has been reported: Cx37, Cx40, Cx43, 
Cx455 and Cx50 (for recent review, see Spray et al, 2000). Of these, Cx43 appears to be 
thee most abundantly expressed throughout the heart and entire cardiovascular system, 
Cx400 is particularly prominent in atrium and the conduction system, and Cx45, which is 
lesss abundant than the other connexins, is diffusely expressed throughout the heart but 
formss a major core conduction component in the conduction system (Coppen et al, 
1999b).. Cx37 is expressed only in the endothelial cells of the heart and vessel wall (Reed 
ett al, 1993; Van Rijen et al, 1997), whereas Cx50 has been reported to be confined to 
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cardiacc valve tissue (Dong et al, 1994). 
Previouss functional studies on gap junction channels between acutely dissociated or 

culturedd cardiovascular cells have resulted in reports of a range of unitary conductances 
andd diverse pharmacological sensitivities in cells prepared from different regions in the 
cardiovascularr system and in different species (see Gros and Jongsma, 1996). Although 
thiss diversity in channel properties is presumably due in part to species differences and to 
thee multiple channel sizes of Cx43 gap junction channels depending on applied voltage 
andd phosphorylation state (Moreno et al, 1994a, b), the expression of additional gap 
junctionn proteins by these cells would suggest that channels corresponding to the other 
connexinss (either as homomers or as heteromeric assemblies with Cx43) should be 
observed. . 

Eachh of the cardiovascular connexins has now been stably expressed in Xenopus 
oocytess and in communication-deficient mammalian cells, allowing electrophysiological 
evaluationn of individual connexin properties in the absence of other connexins (Kwak et 
al,, 1995b; Fishman et al, 1990; Moreno et al, 1994a,b; Beblo et al, 1995; Barrio et al, 
1997;; Banach et al, 1996; Veenstra et al, 1992; Swenson et al, 1989). As a result, unitary 
conductances,, ionic selectivity, pharmacological responsiveness and voltage sensitivities 
aree now known to be connexin-specific biophysical properties by which the functional 
presencee of gap junctions formed of individual connexins can be assessed using 
electrophysiologicall  techniques (see Spray et al, 2000; Verselis and Veenstra, 2000). 
Thee objectives of the present studies were to characterize gap junction channels in cardiac 
myocytess isolated from neonatal mice and to compare these results with findings 
previouslyy obtained by our laboratory and by others using neonatal rat cardiac myocytes 
underr similar conditions. In addition, we have compared functional properties and 
connexinn expression patterns of myocytes selectively isolated from atrium and ventricle 
andd of mouse myocytes treated with the membrane permeant cyclic guanosine 
monophosphatee derivative 8Br-cGMP and the nitric oxide donor nitroglycerine. Our data 
indicatee that gap junction channels from cardiac myocytes isolated from different rodents 
exhibitt species and strain-specific characteristics and that myocytes isolated from different 
regionss of the heart also display functionally different gap junction properties. Because of 
thee current interest in transgenic mice as model systems in which molecular genetic 
approachess can be applied to determine the impact of gene expression on tissue function, 
thee present studies should serve to establish baseline conditions for functional gap 
junctionn expression in mouse cardiac myocytes. 

4.33 Material s and methods 

4.3.11 Cell cultures 

Wholee hearts or dissected atria or ventricles of rats (Sprague-Dawley) or mice (CD1 
orr B6) were isolated from newborn pups and cells were dissociated using modifications of 
previouss methods (Burt and Spray, 1988; Suadicani et al, 2000). Hearts from each litter 
weree harvested after cervical dislocation and decapitation and placed in ice cold 
Dulbecco'ss phosphate-buffered saline (PBS:Gibco BRL, Grand Island, New York). 
Tissuess were washed in fresh PBS, then minced in 1 ml 0.125% pancreatin (Gibco) and 
200 mg bovine serum albumin (BSA; Sigma, St. Louis, MO) and dissociated in 7 ml of the 
pancreatin/BSAA solution at 37°C for 20 min while constantly stirring with a small (1 cm) 

80 80 



AlterationsAlterations of intercellular communication in neonatal cardiac myocytes from connexin43 (-/-) mice 

magneticc stirring bar. Supernatant was collected and spun at 1,5000g for 4 min. The 
pancreatinn procedure was repeated 5-7 times or until hearts were totally dissociated. The 
pellett containing the myocytes was resuspended in Dulbecco's Modified Eagle Medium 
(DMEM)) containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin 
(Gibco)) and placed in the incubator until a sufficient number of dissociated cells was 
obtained.. All harvested cells were preplated for 1 hour on 100 mm dishes (Primaria, 
Falcon)) to reduce fibroblast growth, and then onto 10 mm glass coverslips placed in 35 
mmm culture dishes. 

4.3.22 Dye coupling 

Luciferr yellow CH (5% [wt/vol]) in 150 mM LiCl was injected through 
microelectrodess (resistance about 20 MOhms if filled with 3M KC1) using short 50 mV 
hyperpolarizingg pulses or brief overcompensation of negative capacitance control on a 
WPII  model M4A electrometer (World Precision Instruments, New Haven, CT). 
Epifluorescencee was examined on a Nikon diaphot inverted microscope equipped with 
mercuryy or xenon illumination and FITC excitation and barrier filters. Fields of semi-
confluentt cells were photographed on Kodak TAX 400 film 1 min after the injection was 
initiated.. Dye spread was scored by counting the number of cells to which Lucifer Yellow 
spreadd one min after injection. 

4.3.33 Electrophysiology 

Glasss coverslips on which heart cells were attached were used at 1-2 days after plating 
forr electrophysiological recordings from cell pairs. Cells were constantly superfused with 
aa bathing solution containing (in mmol/1): NaCl 140, CsCl 4, CaCl2 2, MgCl2 1, HEPES 
5,, KC1 4, dextrose 5, pyruvate 2, BaCl2 1) at pH 7.4 and room temperature (21-23°C) 
duringg the experiments. Dishes containing the coverslips bearing the cells were placed on 
ann Olympus IMT-2 inverted microscope and observed under phase contrast at a total 
magnificationn of 400X. Each cell of a pair was voltage clamped (Axopatch 1-D patch 
clamp,, Axon Instruments, Sunnyvale, CA) with heat polished patch pipettes (5-10 
MOhms;; Flaming/Brown Micropipette puller model P-87, Sutter Instrument Co., 
Sunnyvale,, CA) filled with either CsCl-containing internal solution (in mmol/1): CsCl 
130,, KC1 10, EGTA 10, CaCl2 1, MgCl2 1, HEPES 10 or K-glutamate internal solution: 
Kglutamatee 135, HEPES 10, EGTA 10, CaCl2 0.5, KC1 10, glucose 5, Na2, ATP 5 at pH 
7.2.. Giga-Ohm seals on the cell surfaces were formed with suction, while 20 msec pulses 
off  5 mV were applied at 10 Hz and the resulting currents measured. Access to the cell 
interiorr was established by brief strong suction. 

Inn order to record single channel currents, 2-3 mM halothane (saturated halothane in 
externall  solution is 7 mM: Burt and Spray, 1989; this mixture was freshly diluted 1:3 
vol/voll  before each experiment) was circulated through the bathing solution. After the 
couplingg was reduced by halothane application, the short pulses were stopped and one cell 
wass kept at a holding potential of 0 mV, while the other was switched to a holding 
potentiall  of -30 to -40 mV. Unitary current events were low pass filtered at 500 Hz and 
recordedd on a chart recorder (Gould recorder 2400, Gould Instruments, Cleveland, OH) 
andd on a videocassette recorder (Fisher VSH-840) as a pulse code modulated signal 
(modell  DR-484, Neurodata Instruments Corp.). Unitary current events were measured 
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fromm chart recordings (in which single junctional channel currents were recognized as 
simultaneouss events of opposite sign in the current traces of the two cells) with a 
digitizingg board (Surnrnagraphics) and analyzed through Sigmascan software (Jandel, San 
Rafael,, CA). The current values were divided by the driving force and plotted with 
Sigmapiott software (Jandel) in 5 pS bins, after which the histogram values were fitted 
withh Gaussian distributions using Peakfit software (Jandel). Peaks detected by this 
programm in which SE values approached or even exceeded mean values were regarded as 
spurious. . 

4.3.44 Northern blot analysis 

Totall  RNA was isolated from heart tissue using a modification of the method of 
Chomczynskyy and Sacchi (1987). Atrium and ventricle were processed separately. RNA 
concentrationss were determined by absorbance (Ab) measurements at 260 nm and 280 nm 
(Hitachii  U-l 100); Ab26o/Ab28o was typically about 1.7-2.0. 10 jxg from each sample was 
electrophoresedd in a 1.2% formaldehyde-agarose gel. The integrity and levels of loading 
off  the RNAs were analyzed by ethidium bromide staining. Gels were capillary blotted in 
20xSSCC onto Gene Screen membrane (Du Pont Co., Wilmington, DE). The RNA was 
UV-linkedd to the membrane by exposing it to a wavelength of 254 nm (UV Stratalinker-
2400-Strategene-Laa Jolla, CA). RNA blots were pre-hybridized in Rapid Hybridization 
Bufferr (Amersham Corporation, Arlington Heights, IL) for 1 hr at 65°C and then 
hybridizedd in the same buffer for 2.5 hrs at 65°C after the addition of the denatured 
randomm primed probe. Probes used were full length (1.3 kb) coding region of rat Cx43 
(obtainedd from E.C. Beyer, Washington University, St. Louis, MO), full length (1.2 kb) 
Cx400 (obtained from Dr. David Paul), full length Cx45 (obtained from Dr. Klaus 
Willecke),, p-actin probe was generated by RT-PCR from mouse brain tissue using the 
followingg primers: 5'AAC CGC GAG AAG ATG ACC CAG ATC ATG TTT 3' and 
5'AGCC AGC CGT GGC CAT CTC TTG CTC GAA GTC 3' producing an amplicon of 
3500 bp (Briggs et al, 1993). Washes after hybridization were done once for 20 min at RT 
withh 2xSSC + 0.1% SDS and twice for 15 min at 65°C with O.lxSSC + 0.1% SDS. The 
membraness were then exposed to RX film (FUJI Photo Film CO., LTD) at -80°C for 
differentt periods of time. 

4.3.55 Western blot analyses 

Atriaa and ventricles were collected for each species and placed in cold Dulbecco's 
phosphatee buffered saline (PBS, Gibco, BRL, Grand Island, NY). The tissue was 
homogenizedd and sonicated. Total protein content was determined using the Bradford 
Assayy (Biorad). Samples were separated using 10% SDS gels at 30 mA for 1 hr. The 
separatedd samples were then transferred to nitrocellulose using a transfer chamber running 
att 300 mA for 2 hr. 

Nitrocellulosee was blocked overnight at 4°C in 4% dry milk and rinsed and incubated 
forr 1 hr in goat anti-rabbit connexin43 antibody (supplied by Dr. Elliot Hertzberg, Albert 
Einsteinn College of Medicine; see Yamamoto et al, 1990). The nitrocellulose was rinsed 
andd incubated in I125-labelled protein A for 1 hr, rinsed for 1 hr and bands visualized using 
autoradiography. . 

82 82 



AlterationsAlterations of intercellular communication in neonatal cardiac myocytes from connexin43 (-/-) mice 

4.3.66 Pharmacological agents 

Finall  concentrations and sources of drugs used in these studies were 1 mM 8-
bromoguanosinee 3'-5'-cyclic monophosphate (8Br-cGMP:Sigma): 2-3 mM halothane 
(Halocarbonn Laboratories, North Augusta, SC), and 10"5M nitroglycerine (NTG: 1,2,3-
propanetrioll  trinitrate). In cases where macroscopic conductance was high after 8Br-
cGMPP or NTG treatment, single channel conductances were evaluated by adding 
halothanee to the solutions containing the other drugs. 

4.44 Results 

4.4.11 Northern blot analysis of connexin expression in rodent atria 
andd ventricles 

Expressionn patterns of mRNAs encoding the cardiac connexin isoforms Cx40, 
Cx433 and Cx45 were evaluated in atria and ventricles of hears of differnt rodents using 
fulll  length cDNA probes for each connexin; connexin mRNA levels were compared to 
thosee of (3-actin in order to control for equal loading of samples in each lane. All samples 
containedd detectable hybridization to cDNAs for each connexin (Figure 4-1). Cx43 was 
abundantt in all cardiac samples, and abundance was similar in atrial and ventricular 
tissuess when normalized to p-actin expression. Cx45 expression was higher in mouse than 
ratt samples. In mice Cx45 mRNA levels revealed littl e difference in expression with 
regardd to either strains or region, with the small differences in hybridization intensity 
beingg attributable to variation in sample loading. For Cx40, however, Northern blots 
revealedd strikingly higher levels in atria than ventricles of rat and both mouse strains (CD| 
andd B6). 

toto Si 

l i l !!  e * 

II  ! I I I i 
<< 5 < * | J 
**  <r o u 3 £ 

Cx43 3 

AcHnn ^ ^  m m m 

^^^^^  ̂ Figure 4-1: Northern blot analysis of connexin 
Cx400 expression in rodent atrial and ventricular tissues. Total 

RNARNA extracted from rat and CD1 and B6 mouse atrium 
andand ventricle were hybridized with PcDNA probes for 
Cx43,Cx43, Cx40 and Cx45. Blots were also hybridized to 
probeprobe for f3-actin in order to assess equality of loading 
samplessamples in each lane, ositions relative to 18s and 28s 
rRNArRNA signals provided estimates of transcript sizes. 

Cx4S S 

* < = « "" fe *es*  mm 

,S.i ,S.i 



ChapterChapter 4 

4.4.22 Western blot analysis of connexin43 expression in mouse atria 
andd ventricles 

Whenn run on SDS-PAGE gels, Cx43 generally has been found to exhibit multiple 
electrophoreticc mobilities, which have been attributed to differences in Cx43 
phosphorylationn state (Musil et al, 1991). In order to compare relative abundance and 
isoformm distribution, Western blot analysis was performed on atria and ventricles of rats 
andd of CD1 and B6 mice (Figure 4-2). These Western blots revealed higher levels of 
Cx433 protein in ventricles of both species (Figure 4-2), with the less mobile, 
phosphorylatedd P2 isoform being more abundant in mouse all samples. In Western blots 
off  CD1 atrium (and perhaps ventricle as well), Cx43 was marginally higher than in the 
samee tissues from B6 mice. Comparison of Northern and Western blots of Cx43 levels in 
mousee heart thus indicate that in spite of similar levels of Cx43 mRNA in atrium and 
ventricless of all species, Cx43 protein is more abundant in ventricles than in atria. 
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FigureFigure 4-2: Western blot of neonatal rat and CD] and B6 mouse atrial and ventricular myocytes. The samples 
werewere separated by SDS (-PAGE) and transferred to a nitrocellulose membrane. This membrane was incubated 
inin 18A goat anti-rabbit connexin43 protein provided by Dr. Elliot Hertzberg (AECOM) and labelled with l'25-
labelledlabelled protein. Arrows indicate P2 and NP isoforms of Cx43: note that P2 form predominated in all samples 
andand that C\43 abundance was higher in ventricular than atrial samples. 

4.4.33 Immunocytochernistry 

Cardiacc myocytes cultured separately from atrium and ventricle of CD1 mice were 
immunostainedd with antibodies monospecific for Cx43, Cx45 and Cx40. As illustrated in 
Figuree 4-3A for atrium and Figure 4-3D for ventricle, Cx43 was abundant in both regions, 
bothh as discrete appositional staining (arrows) and as punctate, globular and apparently 
Golgi-ERR associated intracellular localization. Cx45 was also present in both atrial and 
ventricularr myocytes (Figure 4-3B and E) both as strands of appositional labeling (arrows) 
andd as diffuse small punctate. Cx40 immunostaining showed the most prominent 
differencess between cells of the two regions, being much higher and in longer linear 
arrayss in atrial than ventricular cells (Figures 4-3C,F); nevertheless, Cx40 staining was 
alsoo present in neonatal ventricular myocytes (Figure 4-3F). 

Inn order to determine purity of myocytes in cultures from atrium and ventricles, 
culturess were double-immunostained with antibodies for cardiac-specific (3-myosin and 
forr Cx43. As illustrated in Figure 4-4B,C for atrial cells and Figure 4-4E,F for ventricular 
cells,, virtually all cells in the cultures were positive for both (3-myosin and Cx43. 
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Cx433 Cx45 Cx40 

FigureFigure 4-3: Immunostaining for connexins in cultured atrial (A-C) and ventricular (D-F) myocytes from CD] 
mice.mice. Cells were stained with antibodies specific for Cx43 (A,D), Cx45 (B,E) and Cx40 (C,F). Arrows indicate 
representativerepresentative immunoreactive regions in each panel. Note that Cx43 immunostaining is pronounced in both 
atrialatrial  and ventricular myocytes (A,D). Cx45 is present in both regions (B,E), and that Cx40 immunoreactivity is 
muchmuch higher in atrial than ventricular myocytes (C,F). 

FigureFigure 4-4: Double staining of atrial (A-C) and ventricular (D-F) myocytes from CD1 mice with antibodies 
specificspecific for cardiac fi-myosin (B,E) and Cx43 (C,F). Phase contrast micrographs shown in A and D. Note 
uniformityuniformity in fS-myosin immunoreactivity and presence of Cx43 immunostaining (arrows) in p-myosin positive 
cells. cells. 

AAAAAA Dye injections 

Neonatall  rat cardiac myocytes have previously been reported to be dye-coupled with 
regardd to Lucifer Yellow (Burt et al, 1982). To determine whether mouse cardiac 
myocytess were also dye-coupled, we injected Lucifer Yellow into cultured cardiac 
myocytess from both mouse strains at the second day after plating (not illustrated). The 
densityy of both CD1 and B6 heart cells in these cultures was subconfluent, so that not all 
cellss had equal numbers of contiguous neighbors. However, because culture densities 
withh both strains of mouse heart cells were similar, evaluation of dye coupling strength 
fromm counting number of recipients was expected to reveal whether coupling strengths 
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weree comparable. Seventeen dye injections were performed in CD1 cells: in one case 
cellss were not coupled; in four cases spread was to only one cell; in six cases cells were 
coupledd to 2 other cells; four myocytes passed dye to 3 other cells and one to 4 other cells. 
Sixteenn dye injections into B6 cardiac myocytes showed five instances of spread to one 
otherr cell; 2 cases of dye coupling to 2 cells, 8 to 3 other cells, and only one was coupled 
too 5 neighboring cells. Thus, mouse cardiac myocytes from both strains are moderately 
welll  dye coupled. 

4.4.55 Single channel conductances 

RatRat cardiac myocytes. In this study, we have primarily recorded from cardiac 
myocytess from different species and cardiac regions using a pipette solution in which the 
mostt mobile ions are Cs and CI. In order to compare these data to data previously 
publishedd on rat cardiocytes (in which recordings were performed using internal solutions 
withh K salts of organic anions, e.g. with K-glutamate or K-gluconate), we have recorded 
fromm rat cardiac myocytes using 130 mM CsCl internal solution. 

FigureFigure 4-5: Histograms showing the single channel conductance distributions of rat heart cells recorded with 
differentdifferent internal solutions. Gray bars in A represent the histogram as published in a earlier paper (Burt and 
Spray,Spray, 1988) with K glutamate used as the major Ion carrier; black bars in A and open bars in B represent rat 
cardiocytecardiocyte single channel events recorded with internal solution containing 130 mM CsCl. Inset in A illustrates 
representativerepresentative single channel recording from pairs of rat cardiocytes using CsCl as the charge carrier. The 
GaussianGaussian distribution obtained on rat myocytes using Kglutamate displays a peak at about 50-60 pS whereas 
thethe histogram of single channel events recorded with CsCl show peaks at 78.0  0.5 (mean  SE) and 116.3
2.02.0 (mean  SE) pS. The minor peak centered at 68.9  0.5 was necessary to optimize fitting and does not 
representrepresent a discrete channel population (see text). 

Representativee recordings under these conditions are shown in Figure 4-5 (inset), and 
thee transition histogram obtained with K-glutamate in a previous publication (Burt and 
Spray,, 1988) is compared with that found using CsCl in Figure 4-5A. Whereas K-
glutamatee recordings exhibited a single population of unitary currents centered at 50-60 
pS,, two event populations were evident using CsCl internal solution, both of which 
exhibitedd higher unitary junctional conductances (Yj). Because both channel sizes coexist 
inn recordings from individual cell pairs (recording in Figure 4-5 inset, summary data in 
Tablee 1), they appear to represent discrete events; because the smaller event is recorded at 
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loww applied driving force (Vj < V0), it is unlikely to represent the voltage-induced substate 
off  Cx43 seen at high Vj (Moreno et al, 1994b). 

Bestt fits of normalized transition histograms obtained in CsCl (Figure 4-5B) required 
threee Gaussian distributions with means  SEs at 68.9  0.5, 78.0  0.5, and 116.3  2.0 
pS;; areas under the peaks respectively comprised 9.9%, 85.8%, and 4.3% of the events. 
Althoughh the 68.9 pS peak was required to adjust the peak corresponding to the highest Yj 
values,, its inclusion or exclusion only minimally affected the value of the 78 pS peak, 
suggestingg that the 68.9 and 78 pS peaks represent the same channel population. With 
thiss interpretation, recordings from rat cardiac myocyte cell pairs using a CsCl internal 
solutionn exhibit two populations of  j}: one population predominates, with values centered 
att about 78 pS and a second population of 116 pS channels contributes fewer than 5% of 
thee total events and was seen in only one of five cell pairs included in this analysis. This 
comparisonn of data obtained with CsCl on rat heart cells with those published previously 
usingg K-glutamate suggest that this ion substitution results in a shift in unitary 
conductancee of the predominant junctional channels from 50-60 to 78 pS, representing an 
increasee in Yj of about 25 to 50%. 

Mouse:Mouse: whole heart preparations. To characterize functional differences in mouse 
heartt gap junction channels to those of rat, and at the same time being able to compare the 
resultss to those previously reported, single channel recordings were obtained in heart cell 
preparationss from CD1 and B6 strains of mice. Kglutamate and CsCl internal solutions 
weree used in recordings from CD1 cardiomyocytes to determine the extent to which 
channell  activity was similar in these rodents under the same ionic conditions. 
Representativee recordings are illustrated in Figure 4-6A,B, normalized conductance 
histogramss from all experiments are presented in Figure 4-7A,B and peaks determined in 
histogramss from individual experiments from curve fitting with Gaussian distributions are 
indicatedd in Table 1. 

Unitaryy junctional currents were recorded from six CD1 cardiac myocyte pairs using 
K-glutamatee internal solution. Histograms of CD1 whole mouse heart cells measured 
withh K-glutamate as internal solution showed resolvable peaks at 56.3  2.3 pS (17% of 
thee events); 99.1  0.5 pS (71% of events) and 136.5  2.6 pS (3%; Figure 4-7A). (Note 
thatt an additional fourth peak was detected by the Peakfit program based on a high 
proportionn of events of this conductance in one cell pair; because the standard error of the 
Gaussiann curve describing this peak was 73 times that of the peak value, it was discarded 
inn this analysis). Unitary conductances were calculated from single channel current 
transitionss in six CD1 cell pairs in which the internal solution contained CsCl (Figure 4-
7B).. Three cell pairs exhibited conductance events at 75.9-77.4 pS, accounting for 5.3-
100%% of the events. Five cell pairs exhibited events of 93.4-105.4 pS, accounting for 
15.8-100%% of total events. Larger channels (127.5-152 pS) were seen in two cell pairs, 
accountingg for 17.9 and 84.2% of events in these pairs. To compare frequency of 
occurrencee of events of different sizes in the different cell pairs, Gaussian best fits were 
calculatedd for the normalized transition histogram (Figure 4-7B). These fits revealed 
peakss at 78.4  8.8 and 102.9  5.3 pS accounting for about 21 and 56% of events, with 
peakss of 132-153 pS accounting for the remaining 23% of events. 
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FigureFigure 4-6: Representative single channel recordings from mouse cardiocytes illustrating differences in unitary-
conductancesconductances using Kglulamate and CsCI internal solutions. Note that events in B are about 20-30% larger 
thanthan in A. 
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FigureFigure 4-7: Three histograms showing the distribution of single channel events (5 pS bins). A. Distribution of 
CDiCDi mouse cardiocytes single channel conductances recorded with K-glutamate as internal solution. The 
histogramhistogram fitted with a Gaussian fit curve shows peaks at 56  2.3; 77  5596.4; 99.1  0.5 and 136.5  2.6 pS. 
(The(The second peak represents very well the data with regard to the place of the peak, but not the height). B. The 
singlesingle channel distribution of CDI mouse heart cells measured with CsCI as internal solution. The peaks are 
locatedlocated at 78.4  8.8; 102.9  5.3; 132.6  236.0; 153.0  3.6 (Third peak represents place only). C. Single 
channelchannel recordings from B6 mouse cardiocytes with CsCI as internal solution. Peaks occur at 54.0  96.3
1.5;1.5; 137.3  167.9

Thee comparison of Yj values using pipettes filled with CsCI or K-glutamate on CDI 
cardiacc myocytes indicates that 56 and 99 pS populations in K-glutamate may correspond 
too 78 and 103 pS populations in CsCI. Thus, whereas CsCI solution caused a shift of 
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magnitudee in the lower Yj values comparable to that seen in rats, the 100 pS population 
appearss minimally affected. 

Inn order to determine whether Yj values obtained from another mouse strain were 
comparablee to those seen in CD1 heart cells, Yj was measured in six pairs of cultured 
cardiacc myocytes obtained from B6 mice, using CsCl internal solution (Figure 4-7C). 
Threee of these cell pairs displayed a prominent contribution to total events of Yj values 
fromm 51.1 to 55.7 pS, accounting for 38-100% of total events (Table 1). Four cell pairs 
displayedd channels with Yj in the range 89.3 to 104.2 pS, accounting for 20-100% of the 
totals.. One cell pair exhibited a very high percentage of channels with Yj above 130 pS 
(80%)) and another cell pair displayed 82 pS channel activity; this latter channel type, 
accountingg for 60% of events in that cell, possibly represents the 78 pS population seen in 
CD11 cardiomyocytes that is otherwise missing from B6 pairs. Gaussian best fits of 
overalll  data from B6 myocyte pairs reveal histogram peaks at 54 and 96 pS, each 
accountingg for about 40% of the channels, and peaks above 135 pS accounting for the 
remainingg 20% of events. 

Comparedd to CD1 cardiac myocytes, junctional channels recorded using CsCl from B6 
cardiocytess thus show two populations of events below 130 pS comprising about 80% of 
thee events and events above 130 pS accounting for the remainder. However, the lower 
conductancee events from B6 cell pairs are considerably smaller than those from CD1 (or 
rat),, 54 vs 78 pS. 
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FigureFigure 4-8: Representative single channel recordings from separated atrium (A,B) and ventricles (C)from 
CD1CD1 mice. Note larger amplitudes of unitary conductances in the two cell pairs from atrium (A,B) when 
comparedcompared to ventricle (C). Transjunctional voltage is indicated above each set of traces. 
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ComparisonComparison of unitary junctional conductances in atrial and ventricular myocyte 
pairspairs in B6 and CD1 mice. The considerable variability in channel populations 
encounteredd in recordings from individual cell pairs from each mouse strain might be due 
inn part to differences in connexin abundance in different cardiac communication 
compartments.. For example, Cx40 mRNA (Figure 4-1) and protein are more abundant in 
atriumm than ventricle (Figures 4-1, 4-2). In order to test this hypothesis, cardiac myocyte 
culturess were separately obtained from atria and ventricles of both strains of mice. 

Representativee junctional current recordings from atrial and ventricular myocytes from 
CD11 mice are shown in Figure 4-8 and from B6 mice in Figure 4-9. In CD1 atrial 
myocytes,, channels were predominantly about 100 and 140 pS (Figures 4-8A,B). By 
contrast,, single channels recorded from ventricular cell pairs were smaller (55 and 90 pS 
inn Figure 4-8C). In atrial cell pairs from B6 mice, 135 pS channels were common (Figure 
4-9A),, as were channels in the 70-90 pS range (not illustrated). In pairs of B6 ventricular 
myocytes,, channel sizes ranged from 55 to 100 pS (Figure 4-9B-D) with occasional larger 
channelss as well (Figure 4-9D). Gaussian best fits of normalized histograms from single 
channell  recordings obtained in six pairs of CD1 and five pairs of B6 atrial myocytes 
(Figuree 4-10A,C) show contributions of events > 130 pS of 26 and 31%, with events of 92-
1122 pS comprising about 74 and 21% of the events in CD1 and B6 atrial cells (Table 1). 
Inn the atria of B6 mice three cell pairs showed significant numbers of events in the 66-77 
pSS range, resulting in a peak at 71 pS with 48% events in the normalized histogram 
(becausee events of this size range were only detected in low number in two of the CD1 
celll  pairs, their presence in the normalized histogram is not required for curve fitting). 
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FigureFigure 4-9: Representative recordings from separated atrium (A) and ventricles (B-D) from B6 mice. As in the 
casecase of CD] mice, larger single channel conductances are more prominent in atrial than in ventricular cell 
pairs. pairs. 

Gaussiann best fits were also calculated for unitary conductances of ventricular 
myocytess measured in nine CD1 and five B6 cell pairs, revealing differences with atrium 
andd also with regard to strain (Figure 4-10B,D). In eight of the CD1 ventricular myocyte 
pairs,, channels in the 41-64 pS size range accounted for 4-100% of the total events; in 
fourr cell pairs 72-79 pS events contributed 35-100% of the total and in three cell pairs 92-
955 pS channels contributed 20-96% (Table 1). The Gaussian best fits to the normalized 
transitionn histogram revealed that two peaks, at about 52 and about 82 pS, contributed 
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almostt equally to the population. In five pairs of B6 ventricular myocytes, two pairs 
showedd exclusively 72-76 pS events, three showed significant contribution of events from 
91-1188 pS (28-100%) and two revealed unitary conductances above 130 pS (12 and 42% 
off  events in these cell pairs) (Table 1). Gaussian best fits of normalized data indicated 
well-definedd peaks at 75 and 109 pS (55 and 26% of the overall events), with 13% of the 
eventss above 130 pS. 

00 20 40 60 80 100 120 140 160 160 200 0 20 40 60 80 100 120 140 160 180 200 

Unitaryy conductance (pS) Unitary conductance (pS) 

00 20 40 60 80 100 120 140 160 180 200 0 20 40 60 60 100 120 140 160 180 200 

Unitaryy conductance (pS) Unitary conductance (pS) 

FigureFigure 4-10: Transition histograms obtained from atrial and ventricular cell pairs of CD I and B6 mice. A. 
CDICDI atrial myocyte pairs show peaks in unitary conductance values centered at 105.0  1.2; 145.4  5.6 and 
152.9152.9  91.1 pS (mean  SE). B. Ventricular cardiocytes from CDI mice show two peaks, at 51.5  1.2 and at 
82.082.0  pS. C. B6 atrial cardiocyte histograms have peaks at 70.6  1.3; 91.8  112.0  1.7 and 140.4
0.50.5 pS (mean  SE). D. B6 ventricular card iocytes show a wide range of single channel events. Peaks were 
measuredmeasured at 75.1  108.5  122.9  139.6  158.6  189.7

Wee conclude from these studies that unitary conductances in both CDI and B6 
ventricularr myocytes consist of channel populations in which large events are less 
commonn than in atrial myocytes. Although there is considerable overlap in channel sizes 
detectedd in B6 cells from these heart regions, the overall histograms obtained from atrial 
andd ventricular CDI mice demonstrated that separation of channel population was 
virtuallyy complete. Inspection of data obtained from individual cell pairs indicated that all 
responsee types seen in cell pairs from whole hearts were found in cell pairs from atria or 
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ventricless in both mouse strains. 

UnitaryUnitary conductances in mouse cardiac myocytes exposed to 8Br-cGMP and to 
nitroglycerine.nitroglycerine. Variation in populations of unitary conductances recorded in individual 
cardiacc cell pairs might also arise from differences in levels of second messenger 
moleculess within the myocytes. In order to explore this issue, we exposed CD1 myocytes 
too 8Br-cGMP, which has been shown in rat myocytes and cells transfected with rat Cx43 
too reduce y, (Takens-Kwak et al, 1992b; Kwak, et al, 1995a, 1996), and to nitroglycerine 
(NTG),, which we recently found to affect Yj in pairs of rabbit arterial smooth muscle cells 
(Vinkk et al, submitted). 
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FigureFigure 4-11: Single channel conductances measured in CD1 mouse cardiocytes after treatment with NTG (A) 
andand 8Br-cGMP (B). A. Treatment with NTG showed peaks at 59.4  8.7: 87.1  1.6 and 142.8  ##. (This last 
peakpeak needed to be included in the fitting in order to show a representative second peak. This peak has to be 
ignoredignored in order to represent individual cell pair data). B. Treatment with 8Br-cGMP showed peaks at 41.9
9.09.0 and 79.2  1.2 pS (mean  SE). 

Inn three of five CD1 cell pairs treated with 1 mM NTG, 50-100% of events were in the 
rangee >70 pS and in the other two all events were in the 89-90 pS category (Table 1). The 
Gaussiann best fits to the normalized event histogram, displayed a peak at 87 pS 
accountingg for >50% of all events and a peak at about 60 pS accounting for the remainder 
off  the events (Figure 4-11 A). 

Inn all six cell pairs treated with 1 mM 8Br-cGMP, events in the range 68-82 pS 
accountedd for 38-100% of the channel population (Table 1). Three pairs showed events in 
thee 92-105 pS range (comprising 8-42% of the totals) and one cell pair showed 46 pS 
eventss (36%). The Gaussian best fit  of the normalized histogram revealed that 95% of 
eventss were described by a peak centered at 79 pS, with other 5% contributed by 42 pS 
channelss (Figure4-1 IB). 

Thus,, the primary result of experiments on CD1 myoctyes after treatment with 8Br-
cGMPP and NTG was to change the distribution of events from the 78, 103 and >130 pS 
peakss (21, 56 and 23%) seen under control conditions to rather uniform populations of 79 
andd 87 pS events. 
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4.55 Discussion 

Thee goal of this study was to characterize rat and mouse cardiac gap junction channels 
withh regard to populations of single channel events comprising the total conductance. 
Northernn blot analyses confirmed previous reports that mRNA encoding Cx40 and Cx43 
showw reciprocal relative abundances in atrium and ventricle (Darrow et al, 1995) and that 
Cx455 mRNA is present in both cardiac compartments (Davis et al, 1994, 1995). Western 
blott analysis of Cx43 abundance indicated that Cx43 is more highly expressed in 
ventricless than atria of these rodents. Our recordings from neonatal rat cardiac myocytes 
usingg CsCl internal solution and low transjunctional voltages revealed junctional channels 
primarilyy in the 80 pS category, although in one cell pair 120 pS events accounted for 9% 
off  the channel activity. As is indicated below, these recordings are interpreted as 
indicatingg that Cx43 is the gap junction protein that is most highly expressed functionally 
inn neonatal rat cardiac myocytes. 

Previouss electrophysiological studies on neonatal rat cardiocytes revealed single 
channell  events of 50-60 pS using K-Glutamate in internal solution (Burt and Spray, 
1988),, 20 and 40-50 pS (in K-Gluconate) and 30 and 60-70 pS in KC1 (Rook et al, 1992). 
Thesee ranges of unitary conductance values are similar to those obtained using CsCl 
internall  solution in mammalian cells transfected with human or rat Cx43 (e.g., Moreno et 
all  1994a, b.). Depending on transjunctional voltage (Vj) and phosphorylation state of the 
proteinn channels of three sizes can be recorded using CsCl as internal solution: 25-30, 60-
800 and 95-120 pS. The smallest events correspond to the channel substate that is favored 
att high VJ; the larger events correspond to mainstate conductances, where the 
intermediate-sizedd events appear to those of phosphorylated channels and the largest 
eventss are unphosphorylated (Moreno et al, 1994a,b). In rat but not human Cx43, 
treatmentt with cGMP activating agents favors another apparently mainstate conductance 
thatt is smaller than the 60-80 pS population but larger than the voltage-induced substate 
(Kwakk etal, 1995a). Smaller unitary conductances obtained using glutamate and 
gluconatee instead of chloride within the patch solution appear to be attributable to lower 
mobilityy and larger size of these organic anions (Burt and Spray, 1988; Valiunas et al, 
1997;; Rook etal, 1992). 

Ourr strategy used to sample the channel populations present in each preparation was to 
applyy low transjunctional voltages (thereby favoring transitions between mainstate and 
fullyy closed state and disfavoring transitions between mainstate and substate 
conductances)) while reducing total conductance through superfusion with halothane. The 
validityy of this method depends on the assumptions that halothane reduces total 
conductancee without affecting unitary conductances and that this anesthetic equally 
affectss all channel populations. The first of these assumptions appears to be valid: 
amplitudess of unitary conductances in weakly coupled cardiac myocytes and connexin 
transfectantss are identical with values obtained during halothane uncoupling of strongly 
coupledd cell pairs (Burt and Spray, 1989, Moreno et al, 1994a). However, it remains to be 
rigorouslyrigorously demonstrated that halothane does not bias recordings from one channel type or 
anotherr through unequal sensitivity of channels formed of each connexin. Nevertheless, 
alll  connexins expressed in transfected cells appear to be halothane sensitive and studies 
applyingg this method to single channels in a cell line co-expressing Cx43 and Cx40 have 
shownn that channels of one type or the other are favored when relative expression levels 
off  the connexin proteins or mRNAs are manipulated (Moore and Burt, 1995). Thus, 
unlikee uncoupling by intracellular acidification or transjunctional voltage, which have 
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veryy different actions on different connexins (Spray, 1994), halothane appears to be 
relativelyy nonspecific. 

Ourr experiments on mouse cardiac myocytes revealed the presence of a population of 
largerr unitary conductances (>130 pS) that was absent in recordings from rat cardiocytes. 
Itt appears likely that the expression of Cx40 in these cells accounts for these larger 
conductancee events, which must be less active in rat than in mouse cardiocytes. Human 
andd rat Cx40 expressed exogenously or endogenously in mammalian cells display 
mainstatee conductance >150 pS and substate conductance of about 70 pS (Hellmann et al, 
1996,, Veenstra et al, 1992; Beblo et al, 1995). Although initially Cx40 and Cx43 
hemichannelss were not believed to form functional channels (Bruzzone et al, 1993; White 
ett al, 1995; Haubrig et al, 1996), Valiunas et al (2000) have recently shown that cells 
transfectedd with Cx40 and Cx43 are able to communicate through such heterotypic gap 
junctionall  channels. Another possibility we cannot rule out is that mixed hemichannels, 
formedd of these connexins or Cx45 with either Cx43 or Cx40, might contribute to this 
classs of unitary events (see Elenes etal, 1999; He et al, 1999; Li and Simard, 1999). 
Althoughh this possibility might seem likely, based on the range of possible configurations 
thatt heteromeric channels might offer, our data suggests that event sizes tend to cluster 
aroundd a few values. This finding may indicate that certain homotypic or heterotypic 
configurationss are most probable. 

Channell  populations recorded from mouse atrium and ventricles, and particularly from 
thee CD1 strain, showed striking differences. In atrial myocytes, the proportion of events 
>1300 pS was much higher than in ventricular myocytes, and cell pairs expressing such 
channelss were enriched in atrial samples compared to whole hearts. By contrast, cell pairs 
expressingg large channels were depleted in ventricular samples. These results are 
consistentt with immunostaining studies of rat and mouse atrium and ventricle (De 
Mazieree et al, 1992) and with reports of single channel conductances comprising adult 
rabbitt ventricular and atrial myocytes (Verheule et al, 1997; Saffitz et al, 1994) and are 
attributablee to higher expression of Cx40 in atrium compared to ventricle (Davis et al, 
1994;; Chen et al, 1994; Saffitz et al, 1994). 

Cx455 forms endogenous channels in SKHepl cells and in transfected N2A cells with 
unitaryy conductances of about 30 pS (Moreno et al, 1995a; Veenstra et al, 1994). Our 
recordingss (and those of others: Verheule et al, 1997) have failed to reveal single channel 
currentss of this size range in cardiac myocytes despite the expression of Cx45 mRNA at 
highh levels throughout the heart. Although the high voltage sensitivity of Cx45 cannels 
mightt obscure this channel population when large driving forces are applied, their absence 
inn these studies with Vj as low as 25 mV is surprising. Cx45 hemichannel avidly form gap 
junctionss with Cx43 hemichannels, resulting in unitary conductances in the 45 pS range 
(Morenoo et al, 1995b). Channels of this size were found in individual cell pairs (see Table 
1,, CD1 ventricle summary) and it remains possible that such heteromeric pairing provides 
functionall  channels even though functional Cx45-Cx45 channels are not common. 

Differencess in connexin expression in different pairs of cardiac myocytes thus appears 
too contribute to the diversity of channel sizes recorded in individual cell pairs. In order to 
testt whether differences in second messenger system activation might also contribute, we 
treatedd cells with a membrane permeant cGMP derivative and with a nitric oxide donor 
(nitroglycerine)) that exerts its actions through guanylyl cyclase-cGMP second messenger 
pathways.. Both agents were found to produce marked uniformity in cell pairs, with 
cGMPP producing a shift of all events into the 75-85 pS category. In cells transfected with 
ratt but not human Cx43 and in rat cardiac myocytes, treatment with cGMP produced a 

94 94 



AlterationsAlterations of intercellular communication in neonatal cardiac myocytes from connexin43 (-/-) mice 

markedd uniformity of conductance sizes also, but a proportion of events with conducance 
sizess lower than the intermediate sized peak, increased. This was attributed to 
phosphorylationn of the rat but not human Cx43 (Kwak et al, 1995a). In our mouse 
cardiomyocytess treatment with cGMP did not induce a similar additional peak, which 
indicatess that mouse probably does not have a cGMP-phosphorylatable consensus site. 
Strikingly,, however, our study indicates that the large channels, which were attributed to 
Cx40,, disappear from these recordings after treatment with either agent. Whether this 
actionn is through reducing amplitude of the Cx40 single channel currents to sizes similar 
too those of Cx43 or to selective closure of Cx40 channels will require further experiments 
onn cells expressing only this connexin. Nevertheless, such selective blockade of large 
conductancee channels would be expected to impact enormously on the conduction system 
off  the heart, where Cx40 is the major gap junction protein expressed. 
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TableTable 4-1: Comparison of the contribution of peak values ofy, in each separate cell pair to the overall peak 
valuesvalues of the Gaussian best fits for normalized values in each cell type and under each condition. 

Ratt  heart Kglut 
Ratt  whole heart CsCl internal solution 
Summ of 5 cell pairs 

I I 
2 2 
3 3 

4 4 
5 5 

Mousee CD1 whole heart CsCl internal 
solution n 
Summ of 6 cell pairs 

1 1 

2 2 

3 3 
4 4 
5 5 

6 6 

Mousee CD1 whole heart Kglut internal 
solution n 
Summ of 3 cell pairs 

1 1 

2 2 

3 3 

T.(PS)  SD 
50-600 pS 

68.99  0.5 
78.00  0.5 

11633  2.0 
72.2 2 

86.6 6 
83.2 2 

121.5 5 
68.4 4 

79.0 0 

78.44  8.8 
102.99  5.3 

132.66  236.0 
153.00  3.6 

75.9 9 
95.9 9 
42.5 5 
93.4 4 
93.4 4 
77.4 4 
76.1 1 

105.4 4 
134.8 8 

101.5 5 
127.5 5 

152 2 

5 633  2.3 
77.11  5596.4 

99.11  0.5 
1366 J  2.6 

73.4 4 
106.0 0 
135.6 6 

50.3 3 
84.2 2 
61.7 7 
98.6 6 

Area(%) 4 4 

100 0 
9.9 9 

85.8 8 
4.3 3 

100 0 

100 0 
91.2 2 

8.8 8 
100 0 

100 0 
20.9 9 
56.3 3 
11.6 6 
11.1 1 

30.2 2 
69.8 8 

6.5 5 
93.5 5 

100 0 
100 0 
5.3 3 

76.7 7 
18.0 0 
15.8 8 
53.5 5 
30.7 7 

18.2 2 
9.3 3 

71.7 7 
0.7 7 

18.3 3 
74.4 4 
7.2 2 

26.1 1 
73.9 9 
13.0 0 
87.0 0 

44 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative number of events comprising each population; na: not available 
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|| (Table 4-1 continued) 

Mousee CD1 Atriu m 
Summ of 6 cell pairs 

1 1 

2 2 

3 3 

4 4 

5 5 
6 6 

Mousee CD1 Ventricl e 
Summ of 9 cell pairs 

1 1 
2 2 

3 3 
4 4 

5 5 

6 6 
7 7 

8 8 

9 9 

Yii  (pS)  SD i Area (%)5 

105.00  1.2 
145.44 6 

152.99 1 
77.7 7 

109.2 2 
137.9 9 
157.9 9 
180.0 0 
110.6 6 
144.4 4 
57.5 5 
82.0 0 

101.2 2 
122.5 5 
152.5 5 

102.6 6 
121.8 8 
85.7 7 

117.9 9 
147.5 5 
166.6 6 

51.55 2 
82.00  3.2 

43.9 9 

23.8 8 
40.9 9 
71.7 7 

73.0 0 
58.2 2 
92.4 4 
63.7 7 
78.9 9 
94.3 3 
49.9 9 
51.9 9 

56.5 5 
95.3 3 

59.0 0 
71.8 8 

73.6 6 
18.5 5 
7.9 9 

11.3 3 
55.4 4 
20.0 0 

7.2 2 
6.1 1 

96.8 8 
3.2 2 
5.3 3 

19.7 7 
46.4 4 
23.3 3 

5.3 3 
51.5 5 
48.5 5 

100 0 
89.1 1 

8.1 1 
2.7 7 

47.2 2 
52.8 8 

100 0 
15.1 1 
4.4 4 

80.5 5 

100 0 
8.7 7 

91.3 3 

45.1 1 
34.9 9 
20.0 0 
100 0 

100 0 
3.9 9 

96.1 1 
37.4 4 
62.6 6 

55 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative number of events comprising each population; na: not available 
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{Table{Table 4-1 continued) 
Mousee B6 whole heart 
Summ of 6 cell pairs 

1 1 
2 2 

3 3 
4 4 

5 5 
6 6 

Mousee B6 Atriu m 
Summ of 5 cell pairs 

1 1 
2 2 

3 3 

4 4 

5 5 
Mousee B6 Ventricl e 
Summ of 5 cell pairs 

1 1 
2 2 
3 3 

4 4 
5 5 

T,, (PS)  SD 
54.00  0.4 

5 5 
137.33 4 
167.99 5 

51.1 1 
99.8 8 

133.1 1 
144.5 5 
165.1 1 

89.3 3 
54.6 6 
82.3 3 

104.2 2 
55.7 7 
95.8 8 

70.66 3 
91.88  0.8 

7 7 
140.4  0.5 

77.1 1 
95.5 5 

136.9 9 
66.8 8 
87.6 6 

114.4 4 
140.9 9 

65.5 5 

75.11  1.7 
108.55 4 

3 3 
139.66  0.9 
158.66  2.7 
189.77 4 

76.1 1 

72.0 0 
54.6 6 

113.2 2 
148.8 8 
189.9 9 
90.7 7 

118.3 3 
139.3 3 

Areaa (%f 
40.4 4 
43.3 3 
10.5 5 
5.8 8 

100 0 
20.3 3 
27.7 7 
9.5 5 

42.5 5 

100 0 
38.2 2 
61.8 8 

100 0 
72.5 5 
27.5 5 
47.9 9 
15.2 2 
6.1 1 

30.9 9 

100 0 
14.1 1 
85.9 9 
17.0 0 
83.0 0 
4.2 2 

95.8 8 
100 0 

54.7 7 
26.2 2 
7.2 2 
7.6 6 
3.3 3 
2.0 0 

100 0 

100 0 
29.3 3 
28.3 3 
33.2 2 
9.2 2 
100 0 

88.1 1 
11.9 9 

66 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative number of events comprising each population; na: not available 
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(Table(Table 4-1 continued) 

Mousee CD1 whole heart with 8Br-cGM P 
Summ of 6 cell pairs 

1 1 

2 2 
3 3 
4 4 
5 5 

6 6 

Mousee CD1 whole heart with NTG 
Summ of 5 cell pairs 

1 1 
2 2 

3 3 
4 4 

5 5 

Yii  (pS)  SD 

41.99 0 
79.22  1.2 

45.7 7 
78.5 5 
95.3 3 

79.3 3 
76.4 4 
81.9 9 
76.7 7 

105.0 0 
140.1 1 
68.1 1 
92.0 0 

59.44  8.7 
87.11  1.6 
142.88  ## 

69.6 6 
66.1 1 
79.6 6 

89.9 9 
89.2 2 

45.9 9 
73.3 3 

117.5 5 
154.9 9 

Areaa (%y 
5.2 2 

94.8 8 

36.2 2 
38.1 1 
25.7 7 

100 0 
100 0 

100 0 

70.0 0 
8.3 3 

21.7 7 
58.2 2 
41.8 8 
19.9 9 
79.0 0 

1.1 1 

100 0 
51.9 9 
48.1 1 

100 0 
100 0 

24.1 1 
72.9 9 

2.6 6 
0.5 5 

77 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative number of events comprising each population; na: not available 
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5.11 Abstract 

Thee most abundant gap junction protein in mammalian heart is connexin43 (Cx43). In 
orderr to determine the functional importance of Cx43 in intercellular communication, we 
havee compared cardiac myocytes obtained from Cx43 gene knockout [Cx43 (-/-)] to 
thosee from wildtype [Cx43 (+/+)] neonatal mice with regard to rates and synchrony of 
spontaneouss contractions, expression levels of other cardiac connexins, extent of Lucifer 
Yelloww dye transfer, and magnitude and gating characteristics of junctional conductance. 
Northernn blot analyses of neonatal Cx43 null (-/-), heterozygous (+/-) and wildtype (+/+) 
heartss revealed similar levels of Cx40 and Cx45 in all genotypes, although in adult cardiac 
tissuee from wildtype mice, Cx43 expression were higher than in heterozygotes. After 
culturingg dissociated cells for 3-4 days, cardiocyte clusters from all genotypes beat 
spontaneously;; in Cx43 (+/+) and (+/-) cultures, the beating was generally quite 
synchronous.. In Cx43 (-/-) mice, interbeat intervals were on average twice as long as in 
Cx433 (+/+) or Cx43 (+/-) cultures; variability of interbeat intervals was much higher in 
Cx433 (-/-) heart cells, suggesting less synchronization. Junctional conductance was lower 
byy about 60% in Cx43 (-/-) as compared to Cx43 (+/-) and (+/+) littermates; Lucifer 
Yelloww dye coupling was virtually absent in Cx43 (-/-) cardiomyocytes but was 
comparablyy strong in wildtype and heterozygous siblings. Macroscopic junctional 
conductancee measurements on Cx43 (-/-) cardiocytes showed stronger voltage sensitivity 
inn these cells than in Cx43 (+/+) cardiocytes. Unitary junctional conductance 
measurementss revealed distinct populations of channels contributing to macroscopic 
conductancee for Cx43 (+/+) and Cx43 (-/-) genotypes. For Cx43 (+/+) mice, peaks in 
amplitudee histograms suggested that Cx43 was the predominant gap junction protein, 
whereass for Cx43 (-/-) mice, channels were of distinctly larger and smaller sizes, 
indicatingg the functional presence of Cx40 and Cx45, possibly as heteromeric or 
heterotypicc Cx40/Cx45 assemblies. Findings of this study thus indicate that in cardiac 
myocytess from mice lacking Cx43 the expression of other cardiac connexins only partially 
compensatess for the functional loss, with dye coupling and synchrony of spontaneous 
beatingg being strongly impaired. The abnormally developed outflow tract in these 
animalss could thus result not only from changes in coordinated conduction, but also 
possiblyy from the loss of anion-permeant connexins, thereby limiting diffusion of 
developmentallyy relevant morphogens at critical ontogenetic periods. 

5.22 Introductio n 

Thee heart is a muscular tube that contracts in a synchronized, coordinated pattern, to 
achievee efficient pumping of blood throughout the vascular network. Heart tissue is 
composedd of a variety of cell types with distinct phenotypes, and these phenotypically 
discretee components are connected into electrically syncytial communication 
compartments,, including the atria, ventricles, nodes and conduction system (Spray et al, 
1994,2000).. The channels that provide the pathway for intercellular communication 
withinn and between compartments are the units of gap junctions, through which 
potassium,, the most abundant and mobile current-carrying ion, as well as other ions and 
smalll  molecules diffuse from one cell to the next. Although conduction of the cardiac 
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actionn potential between cells is discontinuous and highly anisotropic due to geometric 
variabless such as cell length and width, as well as the variable distribution and expression 
off  gap junctions between heart cells (Saffitz et al, 1995), conduction throughout the 
conductionn compartment appears to be macroscopically continuous, and the safety factor 
forr impulse propagation is considered to be very high (see Spach and Heidlage, 1995). 

Gapp junction channels are formed of hemichannels (connexons) contributed by each 
cell;; hemichannels dock across the extracellular gap to connect cells without leakage to 
extracellularr fluid. Hemichannels consist of six connexin proteins, each of which spans 
thee membrane four times, leaving a small amino terminus, a cytoplasmic loop or hinge 
region,, and a variable length carboxyl terminus at the cytoplasmic aspect or mouth of the 
channel.. More than a dozen connexin types are expressed in rodents, with over-lapping 
tissuee specificity. Connexin43 (Cx43) was the first gap junction protein found in the heart 
(Beyerr et al, 1987) and is generally considered to be the most abundant connexin in the 
workingg myocardium of the atrium and ventricles (Gros and Jongsma, 1996; Spray et al, 
2000).. However, other connexins are also present. Although the regional distribution of 
thesee connexins varies in the hearts of different species, Cx40 is abundantly expressed in 
atriumm and conduction system (Bastide et al, 1993; Davis et al, 1994; Delorme et al, 1995; 
DeMazieree et al, 1993; Gros et al, 1994). Cx45 is expressed throughout the whole heart 
(Daviss et al, 1994; Vink et al, submitted), although it may be preferentially concentrated 
inn the outer zone of the rodent His-Purkinje conduction system (Coppen et al, 1999a,b). 
Cx377 is confined to endothelial cells (Reed et al, 1993; Van Rijen et al, 1997) and Cx50 
hass been reported to be found only within the cardiac valves (Dong et al, 1994). 

Thee functional implications of redundant connexin expression in heart are 
incompletelyy resolved. However, expression of different connexins by different groups of 
cellss could provide strong coupling within each compartment, yet functional separation of 
thee different cardiac compartments. For example, it has been reported that cells 
exogenouslyy expressing only Cx43 do not form functional channels when paired with 
cellss expressing Cx40, suggesting that homologous hemichannels of these connexins are 
functionallyy incompatible (Bruzzoneet al, 1993; Elfgang et al, 1995; but Valiunas (2000) 
reportedd that Cx40/Cx43 heterotypic channels are coupled, when the Cx43 cell is stepped 
positivelyy or the Cx40 cell is stepped negatively.) Such incompatibility could serve to 
insulatee the conduction system from the working myocardium except at contact regions 
wheree compatible connexins are expressed. 

Alternativelyy or in addition, differences in gating properties or selective permeability 
off  gap junction channels formed of the variouss connexins could result injunctions that are 
differentiallyy vulnerable to pathophysiological stimuli, electrically rectify to favor 
unidirectionall  transmission, or preferentially pass current-carrying ions, but not negatively 
chargedd metabolites (Spray et al, 1994). For example, unitary conductance (YJ) of Cx43 
channelss is increased under dephosphorylating conditions (Moreno et al, 1994b; Kwak et 
all  1995b; Takens et al 1992b), whereas yj of other connexins is reduced or unchanged 
(Kwakk et al, 1995b), the profoundly different voltage sensitivities of Cx43 and Cx45 
resultt in strong rectification when cells expressing each connexin are heterotypically 
pairedd (Moreno et al, 1995b) and Cx43 channels are more permeable to anions than are 
channelss formed of either Cx40 or Cx45 (Veenstra et al, 1995). 

Withh regard to cardiac development, Cx43 expression and aggregation into junctional 
plaquess temporally correlates with the increase of conduction velocity that occurs from 
fetall  stages to adulthood (Fishman et al, 1991; Fromaget et al, 1992; van Kempen et al, 
1991).. Furthermore, experimentally altered connexin expression or function of this gap 
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junctionn protein during development leads to axis asymmetry (Lo et al, 1997; Ewart et al, 
1997).. Moreover, point mutations corresponding to or nearby phosphorylation sites of 
Cx433 have been detected in some patients with visceroatrial heterotaxia syndromes, in 
whichh complex developmental cardiac malformations are compounded with abnormalities 
off  visceral asymmetry (Britz-Cunningham et al, 1995; but see Penman-Splitt (1997), who 
didd not find changes in the Cx43 consensus sequence in a group of patients with 
visceroatriall  heterotaxy). 

Transgenicc mice have been generated in which Cx43 has been deleted through 
homologouss recombination (Reaume et al, 1995, Spray et al, 2000). Homozygous null 
(-/-)) offspring die shortly after birth due to an obstructed right ventricular outflow tract 
(RVOT).. Thus, these mice survive without Cx43 until closure of the foramen ovale and 
ductuss arteriosus, when ROVT obstruction causes cyanosis and death. This in utero 
survivall  indicates that changes in cardiac conduction velocity and patterned contraction 
thatt presumably result from the absence of Cx43 are not immediately lethal, although the 
lackk of coupling through Cx43 channels in these mice apparently leads to a pronounced 
developmentall  defect. The availability of Cx43 null (-/-) (KO) mice has allowed us to 
testt the hypothesis that Cx43 gap junctions provide the major route for intercellular 
communicationn between cardiac myocytes. In this study, we have compared a variety of 
parameterss measuring gap junction function and cardiac conduction in cultured cardiac 
myocytess from wildtype and Cx43 null (-/-) mice. These data show that there is minimal 
compensatoryy upregulation of other connexins in the Cx43 (-/-) heart. However, whereas 
junctionall  conductance is reduced by only 60% in these animals, rhythmic beating and 
junctionall  permeability to Lucifer Yellow are substantially impaired. These results imply 
thatt the safety factor for cardiac conduction and the potential for normal tissue 
developmentt and organization may be dependent on not only how many junctional 
channelss are present between the cells, but also on the properties of the channels formed 
byy the connexins that are expressed. 

5.33 Materials and methodes 

5.3.11 Cx43 (-/-) animals 

Matingg pairs of Cx43 heterozygous [Cx43 (+/-)] mice (CGJ1) were obtained from 
Jacksonn Laboratories (Bar Harbor, ME) and maintained in AAULC accredited animal 
facilities.. Results described below were representative of measurements obtained on 
numerouss platings of cardiac myocytes during the first four days of cultures isolated from 
fifteenn litters of matings of different parents. 

5.3.22 Genotyping progeny 

Inn order to determine the genotype of the animals from which cardiac tissue was 
studied,, the polymerase chain reaction (PCR) was performed on genomic DNA obtained 
fromm 0.6 cm lengths of tails of the mice obtained at birth. Primers corresponded to 5' 
antisensee sequences of Cx43 and the neomycin resistance gene neo and 3' sense sequence 
off  an untranslated region of Cx43 as illustrated in Figure 5-1 (see Dermietzel et al, 2000). 
Applicationn of this PCR assay to a litter containing Cx43 (+/+), Cx43 (+/-) and Cx43 (-/-) 
micee is illustrated in Figure 5-1. 
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Cx433 KO construct 

-vvrr IOCUS 

%2%2  M269bp 

ar» » i—— Mutated !OCJS 

^ »» Targeting vector MP®^ ^P 

FigureFigure 5-1: Genotypes of progeny from a mating ofCx43 (+/-) mice. Ethidium Bromide staining was performed 
onon amp\icons generated from rat-tail DNA using PCR with primers listed in Table, corresponding to loci shown 
inin the top portion of this figure. Two C.x43 (+/+)  mice display only the 269 bp amplicon, a Cx43 (-/-) litlermate 
displaysdisplays only a 101 bp fragment, and a heterozygote displays both alleles. Bottom bands represent non-extended 
primers. primers. 

5.3.33 Cell cultures 

Withinn 15 min to 1 hr after birth, hearts were removed from each littermate and either 
thee whole heart or isolated atrial or ventricular regions was individually dissociated using 
proceduress modified from those previously used in neonatal rats (Burt and Spray, 1988). 
Inn brief, hearts or heart regions were dissected from newborn mice and placed in ice cold 
Dulbecco'ss phosphate-buffered saline (PBS:Gibco BRL, Grand Island, New York) until 
alll  hearts from the litter were harvested. Hearts were separately washed in fresh PBS, 
thenn minced in 1 ml 0.125% pancreatin (Gibco) and 20 mg BSA (Sigma, St. Louis, MO) 
andd dissociated in 7 ml of the pancreatin/BSA solution at 37°C for 20 min while 
constantlyy stirring with a small (1 cm) magnetic stirring bar. Supernatant was collected 
andd spun at 1,500g for 4 min. The pancreatin procedure was repeated 5-7 times or until 
heartss were totally dissociated. The pellet containing the myocytes was resuspended in 
Dulbecco'ss Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (Gibco) 
andd 1% penicillin/streptomycin (Gibco) and placed in the incubator until a sufficient 
numberr of dissociated cells was obtained. All harvested cells were preplated for 1 hour to 
reducee fibroblast growth on Primara dishes (Falcon), and then nonadhered cells were 
culturedd on 10 mm round glass coverslips placed in 35 mm culture dishes. 

5.3.44 Indirect immunocytochemistry of cardiac myocytes in culture 

Cardiacc myocytes at 80% confluence were processed for immunocytochemistry using 
antibodiess obtained commercially or generously provided by other investigators. Cells 
weree washed in PBS and fixed, in most cases, in 4% paraformaldehyde for 15 min at room 
temperature.. For the cardiac p-myosin specific probe, cells were fixed and permeabilized 
inn 100% methanol at 20 min at -20°C. For connexin proteins, cells were treated in cold 
acetonee 50% (5 min), 100% (2 min) and 50% (5 min) continuously for Cx40 and Cx45, 
andd 70% ethanol at -20°C (20) min for Cx43. After three washes in PBS, the coverslips 
weree incubated in a blocking solution containing 0.1% bovine serum in PBS for connexin 
antibodies.. All antibodies were processed singly for immunocytochemistry. The 
followingg antibodies were used: monoclonal anti-Cx40 (provided by Dr. D.L. Paul, 
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Harvardd University Medical School, Boston), rabbit polyclonal anti-Cx43 (provided by 
Dr.. E.L. Hertzberg, A. Einstein College of Medicine, Bronx, NY; see Yamamoto et al, 
1990)) and anti-chicken polyclonal Cx45 (generated in the laboratory of Dr. R. Dermietzel, 
Universityy of Regensburg, Germany). All antibodies were incubated for 1 hr at room 
temperaturee or overnight at 4°C. Cells were rinsed three times in PBS and incubated with 
FITC-conjugatedd anti-rabbit IgG or anti-mouse IgG and anti-chicken IgG. The coverslips 
weree rinsed in PBS and mounted on slides with 0.1% paraphenylenediamine in a 10:1 
mixturee of 33% glycerol and PBS prior to fluorescence microscopy. 

5.3.55 Dye coupling 

Luciferr Yellow (5% wt/vol in 150 mM LiCl) was injected into cells through sharp 
microelectrodess (resistance 20 MOhm if filled with 3M KC1) until the injected cell 
glowedd brightly, using brief overcompensation of the negative capacitance control on a 
WPII  electrometer (World Precision Instruments, New Haven, CT). Cells were 
photographedd at 1-2 min after the end of the injections using TMAX 400 film on a Nikon 
Diaphott microscope equipped with a xenon arc lamp and FITC filters. 

5.3.66 Measurements of rates of spontaneous beating in culture 

Intracellularr Ca2+ levels were measured from cells and cell regions using the dual 
emissionn ratiometric Ca2+ indicator Indo-1, which was introduced intracellular̂  by 
exposuree of cells cultured on glass bottomed microwells (Model 15, MakTek Company) 
too 5-10 uM Indo-1 AM (Molecular Probes, Eugene, OR) at 37° C for 30-45 min. After 
rinsingrinsing with PBS, Indo-1 fluorescence was imaged using an argon-ion laser with 
excitationn at 351 nm and emission at 400 and 480 nm. Images were acquired using the 
Nikonn real time confocal microscope (RCM8000) with UV large or small pinhole settings 
andd the Nikon water immersion 40x objective (NA 1.15; working distance, 0.2 mm). 
Eachh image was stored to an optical disk recorder (OMDR) as the average of 2-4 single 
wavelengthh images acquired at video rate (30/sec). For each experiment, additional 
imagess were obtained at a focal plane approx. 0.5 mm below the cells for correction of 
backgroundd and shading of ratiometric images. Images stored on the OMDR were played 
backk as ratio images acquired at the two emission wavelengths for analysis of intercellular 
Ca2++ changes within regions of interest (generally circular areas containing about 400 
pixels)) using Nikon Polygon-Star software. Data are presented here as ratios of intensities 
obtainedd at the two emission wavelengths (indicated as "Fluorescence ratio" on ordinates 
off  graphs) and images illustrated are pseudo-colored in prints made with SONY video 
printerr to enhance the visualization of changes in Ca"1" levels. 

5.3.77 Electrophysiological studies 

Thee dual whole cell voltage clamp technique (Spray et al, 1979) with patch pipettes 
(Whitee et al, 1985; Neyton and Trautmann, 1985) was used to measure macroscopic 
junctionall  conductance, voltage sensitivity of junctional conductance, and unitary 
conductancess of junctional channels between pairs of cardiac myocytes obtained from 
wildtype,, heterozygous, and Cx43 (-/-) animals. For these studies, cells plated on 1 mm 
roundd glass coverslips were used after being transferred to the stage of a Nikon or 
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Olympuss inverted microscope. High resistance seals to each cell of a pair were obtained 
byy applying moderate suction to the rear of unpolished 3-5 MOhm patch-type pipettes 
containingg (in mM): 130 CsCl, 10 KC1, 10 EGTA, 10 HEPES, 1 CaCl2 and 1 MgCl2 at pH 
7.4;; access to cell interior was obtained using brief strong suction or application of brief 
highh frequency electrical stimulus through the Axoclamp 2B amplifiers (Axon 
Instruments).. Cardiac myocytes were generally voltage clamped at 0 mV holding 
potentials.. Junctional currents (Ij) were measured as the currents recorded in one cell in 
responsee to 300 msec 2 mV pulses (V,) applied to the other cell; junctional conductance 
(gj)) was calculated as I/Vj . Voltage sensitivity was evaluated as the decline in Ij occurring 
duringg 8-12 sec steps to  100 mV in 10 or 20 mV increments. Data were acquired at 1.5 
kHzz and were displayed and analyzed using pClampó software (Axon Instruments) 
runningg on IBM compatible computers. 

Forr single channel recordings, cell pairs with low gj were chosen or gj was reversibly 
reducedd to low levels by applying 3 mM halothane to the bathing medium (which 
contains:: NaCl 140, CsCl 4, CaCl2 2, MgCl2 1, HEPES 5, KC1 4, dextrose 5, pyruvate 2, 
BaCl22 1) at pH 7.4 and room temperature); treatment with this agent reduces gap junction 
channell  open probability but does not affect unitary conductance (Burt and Spray, 1989). 
Singlee channel currents (ij) were detected as abrupt, step-like transitions occurring 
simultaneouslyy in both cells' current traces when transjunctional voltages were applied to 
onee cell; amplitudes of unitary currents with durations > 0.2 sec were measured by hand 
usingg a Summagraphics digitizing tablet and Scan Software (Microtech). Histograms of 
unitaryy conductances (yj = i/Vj ) were obtained from 30-244 unambiguously discrete 
eventsevents in each cell pair; normalized frequencies of yj values in different cell pairs were 
obtainedd as events of each size and are displayed as the means + standard errors of 
normalizedd yj values for all pairs of Cx43 (+/+) and Cx43 (-/-) cardiac myocytes. 
Representativee single channel events are illustrated from chart recordings obtained during 
thee experiments; due to limited frequency response of the chart recorder (Gould Brush), 
recordingss are lowpass filtered at < 150 Hz. In some experiments, macroscopic and single 
channell  data were obtained and analyzed using the Axon Instruments (Sunnyvale, CA) 
Pclampóó programs Clampex and Clampfit. 

Thee current values were divided by the driving force to give junctional conductances, 
whichh were plotted with Sigmapiot software (Jandel) in 5 pS bins, after which the 
histogramm values were fitted with Gaussian distributions using Peakfit software (Jandel). 

5.3.88 Northern blot analysis 

Totall  RNA was isolated from individual whole hearts using a modification of the 
methodd of Chomczynsky and Sacchi (1987). RNA concentrations were determined by 
absorbancee (Ab) measurements at 260 nhn and 280 nm (Hitachi U-l 100); Ab260/Ab280 was 
typicallyy about 1.7-2.0. 10 pig from each sample was electrophoresed in a 1.2% 
formaldehyde-agarosee gel. The integrity and levels of loading of the RNAs were analyzed 
byy ethidium bromide staining. Gels were capillary blotted in 20xSSC onto Gene Screen 
membranee (Du Pont Co., Wilmington, DE). The RNA was UV-linked to the membrane 
byy exposing it to a wavelength of 254 nm (UV Stratalinker-2400-Strategene-La Jolla, 
CA).. RNA blots were pre-hybridized in Rapid Hybridization Buffer (Amersham 
Corporation,, Arlington Heights, IL) for 1 hr at 65°C and then hybridized in the same 
bufferr for 2.5 hr at 65° C after the addition of the denatured random primed probe. The 
probess used were full length (1.3 Kb) coding region of rat Cx43 (obtained from E.C. 
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Beyer,, Washington University, St. Louis, MO), (1.2 kb) of rat Cx40 (from Dr. David 
Paul,, Harvard University Medical School) and full length coding region Cx45 (from Dr. 
K.. Willecke, University of Germany, Bonn). 18S and 28S ribosomal RNA probes were 
obtainedd from Ambion, Inc. (Austin, TX). fi-actin was generated by RT-PCR from mouse 
brainn tissue using the following primers: 5'AAC CGC GAG AAG ATG ACC CAG ATC 
ATGG TTT 3' and 5'AGC AGC CGT GGC CAT CTC TTG CTC GAA GTC 3' producing a 
fragmentt of 350 bp (Briggs et al, 1993). Washes after hybridization were done once for 
200 min at RT with 2xSSC + 0.1% SDS and twice for 15 min at 65°C with O.lxSSC + 
0/1%% SDS. The membranes were then exposed to RX film (FUJI Photo Film CO., LTD) 
att -80°C for different periods of time. 

5.3.99 Western blot analyses 

Heartss and separated atria and ventricles were collected from Cx43 (+/+), Cx43 (+/-) 
andd Cx43 (-/-) mice and placed in cold Dulbecco's phosphate buffered saline (PBS, Gibco, 
BRL,, Grand Island, NY). The tissues were homogenized and sonicated. Total protein 
contentt was determined using the Bradford Assay (Biorad). Samples were separated 
usingg 10% SDS gels at 30 mA for 1 hr. The separated samples were then transferred to 
nitrocellulosee using a transfer chamber running at 300 mA for 2 hr. 

Nitrocellulosee was blocked overnight at 4°C in 4% dry milk and rinsed and incubated 
forr 1 hr in a goat anti-rabbit connexin43 antibody (supplied by Dr. Elliot Hertzberg, 
Albertt Einstein College of Medicine; see Yamatomo et al, 1990). The nitrocellulose was 
rinsedrinsed and incubated in Il25-labelled protein A for 1 hr, rinsed for 1 hr and visualized using 
autoradiography. . 

5.44 Results 

5.4.11 PCR analysis of a litter  of mice 

Novell  PCR primers were developed in order to provide shorter amplicons than those 
originallyy reported (Reaume et al, 1995) and thus more reliable genotyping. Use of these 
primerss to determine genotypes within a litter of mice bred to a heterozygous pair is 
illustratedd in Figure 5-1. Note that in this litter of 4 pups, there were two Cx43 (+/+), one 
Cx433 (+/-), and one Cx43 (-/-) progeny. 

5.4.22 Northern blot analyses of Cx43 expression in Cx43 (-/-), Cx43 
(+/-)) and Cx43 (+/+) neonatal littermates 

Inn order to determine whether the absence of Cx43 led to compensatory expression of 
otherr cardiac connexins, hearts from each genotype were combined in litters from matings 
off  Cx43 (+/-) mice and Northern blots performed using Cx43, Cx40 and Cx45-specific 
probess (Figure 5-2A). Blots were subsequently probed for expression of (i-actin in order 
too normalize for gel loading inequalities. Normalized densitometric scans for Cx40 and 
Cx433 levels in three litters are shown in Figures 5-2B and 5-2C, and average values for 
twoo litters probed for Cx45 are shown in Figure 5-2D. Note that although Cx43 is absent 
inn Cx43 (-/-) mouse hearts, levels of the other mRNAs do not differ significantly with 
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genotype.. Although Cx43 levels in Cx43 (+/-) hearts were on average about 23% lower 
thann in wildtype littermates, this difference was not statistically significant. 
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FigureFigure 5-2: Northern blot analyses of Cx43, Cx40 and Cx45 expression in Cx43 (-/-), Cx4i <+/-)  and Cx4i 
(+/+)(+/+)  mice. A. After genotyping progeny, cardiac tissue from each genotype was combined into a single sample 
andand hybridized for Cx43, Cx40, Cx45 and ji-actin, the latter to allow normalization against a constitutively 
expressedexpressed mRNA. B-D show histograms of densitometric tracings of Northern blots from cardiac tissues in two 
litterslitters after normalization to ji-actin. Note that mRNA levels for each connexin are similar in animals of each 
genotype,genotype, with the exception of the absence of Cx43 mRNA in the homozygous null animals (non-zero values in 
Cx43Cx43 KO mice represent baseline variance). 

5.4.33 Northern and Western blot analyses of Cx43 expression in 
Cx433 (+/-) and Cx43 (+/+) adults 

Thee lack of gene dosage effect in Cx43 (+/-) mice was surprising in contrast to the 
reportss of an approximately 50% reduction in Cx43 mRNA levels in adult Cx43 (+/-) 
heartss (Guerrero et al, 1997) and brains (Dermietzel et al, 2000). In order to examine this 
issuee more closely, hearts of four matched female mice of each genotype were bisected, to 
alloww both Northern and Western blot analyses. Northern blot analyses on each sample 
aree illustrated in Figure 5-3A and normalized densitometric voltage are provided in Figure 
5-3B.. Mean normalized densitometric values were 0.63 5 for Cx43 (+/-) and 0.93
0.188 for Cx43 (+/+) hearts. This difference is not statistically significant (p = 0.44). For 
Westernn blot analysis, one sample was lost during processing; nevertheless, all Cx43 (+/+) 
sampless expressed higher amounts of Cx43 than did any of the Cx43 (+/-) hearts and the 
differencess in densitometric values were statistically significant (p= 0.029). We conclude 
fromm these measurements that Cx43 protein is reduced in the hearts of Cx43 (+/-) mice; 
presumablyy Cx43 mRNA is also lower in these hearts (as it is in brains: Dermietzel et al, 
2000),, although variance was too high to demonstrate the difference. 

5.4.44 Connexin expression patterns in culture wildtype and Cx43-
nulll  cardiac myocytes 

Immunostainingg of cultured cardiac myocytes from wildtype mice with Cx43 
antibodiess revealed abundant linear and punctate staining as well as diffuse cytoplasmic 
immunoreactivityy (Figures 5-4A,D). Cx40 antibodies also recognized appositional 
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membraness between wildtype myocytes (Figures 5-4B,E), whereas Cx45 immunostaining 
appearedd more diffuse (Figures 5-4C,F). This staining indicates that Cx43 and Cx40 are 
bothh prominent constituents of gap junctions in wildtype neonatal mouse hearts, whereas 
Cx455 is a more minor component. 
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FigureFigure 5-3: Comparison of Northern (A,B) and Western blots (CD) of hearts from adult Cx43 (+/-) and Cx43 
(+/+)(+/+)  mice. For these experiments, hearts of four age matched female mice of each genotype were divided for 
subsequentsubsequent Northern and Western blot analyses (one heterozygote protein sample was lost). Northern blot 
analysesanalyses revealed considerable variability; mean normalized densitometric scans were 0.63  0.15 for Cx43 
(+/-)(+/-)  and 0.93  0.18 for Cx43 (+/+)  mice. This difference is not significant (p = 0.44). For Western blots, 
Cx43Cx43 was more abundant in all Cx43 (+/+)  samples than in any of the Cx43 (+/-) samples. Densitometric scans 
revealedrevealed that intensity was 2.04 fold as high in Cx43 (+/+)  samples as in Cx43 (+/-) samples (p = 0.029). 

Immunostainingg of cultured cardiac myocytes from Cx43 null mice did not detect 
Cx433 in these cells (Figures 5-4G,K), whereas staining of appositional regions of the cells 
inn cultures was apparent using both Cx40 (Figures 5-4H.L) and Cx45 (Figures 5-4I,M) 
antibodies.. We conclude from these experiments that both Cx40 and Cx45 may be 
componentss of gap junctions in neonatal cardiac myocytes from Cx43-null mice. 

5.4.55 Beat rate and rhythmicity in cultured cardiac myocytes from 
wildtypee and Cx43 (-/-) mice 

Phasee contrast observations of cultured cardiac myocytes from Cx43 (+/+), Cx43 (+/-) 
andd Cx43 (-/-) littermates revealed that cardiocytes began to beat spontaneously within 24 
hrr after plating, with highly synchronized contractions occurring in Cx43 (+/+) cultures at 
48-722 hr. In order to quantitatively compare synchrony and rate of spontaneous beating in 
culturess from littermates with different Cx43 genotypes, intracellular Ca2+ levels were 
measuredd using the ratiometric Ca2+ indicator Indol. Spontaneous changes in intracellular 
Ca2++ were measured from images obtained at 8Hz using a Nikon RCM 8000 Real Time 
Scanningg Confocal microscope. As is illustrated in Figure 5-5, such measurements on 
wildtypee cells resolved relatively stable systolic and diastolic Ca2+ levels and permitted 
analysiss of the mean frequency of beating and the average interbeat interval. Such 
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measurementss obtained simultaneously from numerous cardiac myocytes within the same 
fieldd are illustrated in Figure 5-5A for myocytes from Cx43 (+/+) mice and in Figure 5-5B 
forr myocytes from Cx43 (-/-) littermates. These recordings show prominent differences. 
Calculationss of the interbeat intervals of 38 beating cell clusters from two litters of 
wildtypee mice showed that a mean of 0.85  0.02 sec, corresponding to a beat rate of 
aboutt 71/min. Cx43 (-/-) cardiocytes, however, beat more slowly, with an average 
interbeatt interval of 1.51 1 sec (n=42), corresponding to a beat rate of about 40/min. 
Evenn more striking than this 1.75 fold difference in beat rate was the variability in 
interbeatt interval. Cell clusters and even adjacent cells from Cx43 (-/-) hearts showed 
beatingg that was only poorly synchronized, in contrast to the virtual simultaneous beating 
throughoutt wildtype cultures. This variance or dispersion in beat rate was 5 times higher 
inn Cx43 (-/-) than in Cx43 (+/+) cardiocytes. 

Cx433 Cx40 Cx45 

FigureFigure 5-4: Immunostaining for Cx43 (A,D,G,K), Cx40 (B,E,H,L) and Cx45 (C.FJ.M) in cardiac myocytes 
preparedprepared from wildtype (A-F) and Cx4i (-/-) mice (G-M). Cx43 was prominent at interfaces between wildtype 
myocytesmyocytes and was also present intracellularly (A,D), Cx43 was absent in Cx4i(-/-) cells (G,K). Cx40 was 
detectabledetectable in cells cultured from both genotypes (B,E,H,L) as was Cx45 (G,F,J,M)- For Cx40, immunostaining in 
cardiocytescardiocytes from both genotypes revealed linear oppositional distribution (arrows, B,H), whereas for Cx45 only 
scatteredscattered punctate staining was observed. 

5.4.66 Lucifer Yellow permeability of gap junctions in wildtype and 
Cx433 (-/-) cardiac myocytes 

Inn order to compare gap junction permeance to small molecules in cardiac myocytes 
fromm Cx43 (-/-) and Cx43 (+/+) littermates, individual cells in clusters of cardiocytes were 
injectedd with the dye Lucifer Yellow. Dye transfer was measured under FITC 
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illuminationn by counting the number of contiguous cells to which the dye spread at 1-2 
minn after the injection. 

Timee (sec) Timee (sec) 
FigureFigure 5-5: Graphs showing synchronous contractions in wildtype and knockout mouse heart cells, revealed by 
fluctuationsfluctuations in Ca2*  concentrations during beating, which were captured at 30 msec intervals. Interbeal 
intervalsintervals of 38 different macroscopic fields showed an average interbeat interval of 0.85  0.02 sec in wildtype 
heartheart cells. The average interbeat interval measured in knockout cells was 1.51  sec. Variance of beat rate 
waswas thus 5 times as high in Cx43 (-/-) than in wildtype cardiocytes. 

Cx43(« )) Cx43(*/») 

FigureFigure 5-6: Photographs of Lucifer Yellow dye coupling in sister cultures of wildtype (A.C) and Cx43 knockout 
(B,D)(B,D) heart cell cultures. As shown in the graph (E), dye coupling in knockout mouse heart cells was 
significantlysignificantly less extensive than in wildtypes (p< 0.05 confidence level). KO Cx43 heart cells were mostly not 
coupledcoupled or coupled to only one other cell, whereas wildtype mouse heart cells always transferred dye to multiple 
contiguouscontiguous and second order cell layers. 

Dyee transferred to first and generally even second cell layers in wildtype cultures, 
whereass dye coupling was much less extensive in Cx43 null cardiocytes. Control 
(wildtype)) cell injections (n=ll) showed dye transfer in all injections; 5 times to one 
neighboringg cell and 2 times to 2, 3 times to 3 and 1 time to 5 neighboring cells. 
Cx433 (-/-) cardiocytes were less commonly dye coupled; in 25 injections there were no 
couplingg at all and in the other 5 injections dye passed to only one other cell in the cluster. 
Dyee coupling strength of wildtype compared to Cx43 (-/-) cardiocytes was significantly 
differentt (p < 0.05). 

Inn another series of experiments, a total of 15 Lucifer Yellow injections were 
performedd on a total of two coverslips each on which Cx43 (+/+), Cx43 (+/-) or Cx43 (-/-) 
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cardiocytess from a single litter were plated. Representative photomicrographs from this 
experimentt are illustrated in Figure 5-6A-D and a histogram displaying the number of 
cellss to which dye spread in each cardiocyte genotype is presented in the panel to the right 
(Figuree 5-6E). Mean number of cells to which dye spread in Cx43 (-/-), Cx43 (+/-) and 
Cx433 (+/+) cultures was 0.6  0.2, 2.5  0.3 and 2.5  0.4, respectively. The difference in 
strengthh of dye coupling between Cx43 null and both heterozygous and wildtype 
cardiocytess was statistically significant (p < 0.01), whereas dye coupling strength in Cx43 
(+/-)) and Cx43 (+/+) myocytes was not. Although myocytes were plated at similar 
densities,, in order to further evaluate whether differences in confluence might contribute 
too the difference in dye coupling strength, dye coupling was also quantified as the 
incidencee of spread to first order neighbors (# contiguous cells with dye/total number of 
contiguouss neighbors). For Cx43 (-/-) myocytes this ratio was 0.16; for both Cx43 (+/-) 
andd Cx43 (+/+) myocytes this ratio was 0.76. We conclude from these studies that dye 
couplingg between Cx43 null myocytes is strongly impaired, whereas it is similarly strong 
inn heterozygous and wildtype myocytes. 
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FigureFigure 5-7: Macroscopic junctional conductances measured in Cx43WT (Cx43 (+/+))  and Cx43 KO (Cx4i 
(-/-))(-/-)) cardiocytes. The junctional conductances of Cx43 KO cardiocytes were severely attenuated by the lack of 
Cx43Cx43 expression. High conductance values were more often measured in wildtype myocytes, whereas many KO 
cardiaccardiac myocytes were not coupled or were poorly coupled, with conductances of 0.5 - 2 nS. The average 
conductanceconductance of Cx43  cell pairs was 4.2  nS (n=62; see histogram), less than half the value of the 
wildtypeswildtypes (12.5  nS, n =22) or heterozygoses (11.1  nS, n=20, not illustrated). 

5.4.77 Macroscopic junctional conductance and its voltage sensitivity 
inn pairs of cardiac myocytes from wildtype and Cx43 (-/-) mice 

Electrophysiologicall  measurements were performed to investigate the functional 
aspectss of junctional conductance between wildtype and between Cx43 null cardiac 
myocytess (Figure 5-7). The mean macroscopic conductance of wildtype cardiocytes was 
12.55  1.3 nS (n=22), the mean macroscopic conductance of heterozygous cardiocytes 
wass 11.1  1.6 nS (n=20) and Cx43 null cardiocytes showed a mean macroscopic 
conductancee (gj) of 4.2  0.6 nS (n =62). As in the case of dye coupling strength 
measurements,, junctional conductances (gj) were significantly lower for Cx43 null cell 
pairss than for either Cx43 (+/-) or wildtypes, whereas heterozygotes did not differ 
significantlyy from wildtypes. 
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Thee dependence of the macroscopic junctional conductance (gj) on transjunctional 
voltagee (Vj) was determined by applying >5 sec pulses of increasing voltages to one cell 
off  a pair and plotting gj (normalized to that obtained at small voltages; Gj) as a function 
off  Vj. At low voltages, junctional current was stable during the pulses, whereas at higher 
voltages,, junctional currents declined to reach steady state levels over a time course of 
severall  seconds or less (Figure 5-8A). 

-1000 -50 0 50 100 

Transjunctionall voltage (Vj) 

FigureFigure 5-8: The dependence of the macroscopic junctional conductance (Gj) on transjunctional voltage (Vj) in 
Cx43Cx43 null cardiac myocytes. A: negative and positive voltage steps with increasing value were applied to Cx43 
nullnull cell pairs. Steady state conductances were normalized to initial conductances during the pulse for each 
experimentexperiment (Gj). Gj vs the transjunctional voltage was plotted in a graph and. after subtraction of the residual 
conductance,conductance, fitted to the Boltzmann relation. B: conductance-voltage relations of Cx43 (-/-) cardiocytes (black 
dots)dots) are compared to values in literature are also illustrated (Hellmann et al. 1996; Moreno, et al 1994b, 
1995b1995b ). 

Evenn at the highest Vj values, however, a voltage insensitive component remained 
(gmjn,, see Spray et al, 1979). Mean Gj values obtained from five pairs of Cx43 (-/-) 
cardiacc myocytes are plotted as a function of Vj in Figure 5-8B. These data points were 
comparedd to the Boltzmann equations obtained previously for gap junctions formed by 
cardiacc connexins (Cx43: Moreno et al; 1994b, Cx40: Hellmann et al; 1995, and Cx45 
Morenoo et al; 1995b). The differences in V0, A and gmjn/gmax strongly indicate that 
junctionall  conductance is more sensitive to Vj in Cx43 (-/-) than in wildtype cardiac 
myocytes.. Presumably, this difference reflects a different complement of connexins 
formingg the gap junctions between cardiac myocytes of the two genotypes. 

5.4.88 Unitary conductances of gap junction channels in wildtype and 
Cx433 (-/-) cardiac myocytes 

Singlee channel conductances were measured by holding one cell of a pair at -30 or -40 
mVV while holding the other cell at 0 mV, creating a driving force of 30 or 40 mV (see 
Materialss and Methods). Generally, gj was too high to resolve single channel currents and 
inn order to do so, cells were exposed to 3 mM halothane, which reversibly reduced gj to 
reveall  single channels. Examples of such single channel recordings are shown in Figure 
5-9. . 

Amplitudess of each channel opening or closing were digitized and these values plotted 
inn histograms for wildtype and Cx43 null cardiocytes, shown respectively in Figures 

115 115 



ChapterChapter 5 

5-10AA and 5-1 OB. In wildtype cell cultures, single channel openings and closings were 
measuredd in six cell pairs from two heart preparations. 
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FigureFigure 5-9: Examples of unitary conductance measurements from Cx43 null cardiac myocytes. Note that both 
veryvery large (A) and rather small (B) y; values were obtained. 
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FigureFigure 5-10: Histograms showing the relative frequency of events of unitary conductances at 40 mV 
transjunctionaltransjunctional voltages of wildtype (A) and KO Cx43 (B) cardiocytes. The wildtype histogram (6 cell pairs; 
18721872 events) shows peaks at (mean  SE) 54.0  0.4; 96.4  1.5; 137.2  5.4; 167.8  5.5 pS with areas of 
respectivelyrespectively 40, 43, 11, 6%. The histogram of KO cardiocytes however (17 cell pairs, 2461 events) lacks the 
channelchannel events of Cx43 and therefore shows peaks at 56.6  and 156. 9  1.6 pS with areas of respectively 
3535 and 65%. 
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Thee histogram was fitted to a Gaussian distribution, revealing peaks at 54.0  0.4 pS; 
96.33  1.5 pS; 137.3  5.4 pS and 167.9  5.5 pS (mean  SE), with areas under the curves 
off  respectively 40, 43, 11 and 6%. In Cx43 null cell cultures, data were obtained from 17 
celll  pairs from 4 different heart preparations. Fitting of the amplitude histograms (n=2461 
events)) revealed two peaks, corresponding to 55.6 1 and 156.9  1.6 pS with areas of 
355 and 65% (Figure 5-10B); although not statistically separable, this larger peak appeared 
too have components centered at about 140 and 170-180 pS, similar to the amplitudes of 
thee two larger peaks seen in wildtypes (compare Figures 5-10A,B). When the histograms 
obtainedd from wildtype and Cx43 null myocytes are compared, the prominent difference 
iss the absence in Cx43 null myocytes of events comprising the 96 pS population, which 
representt 43% of the total events in wildtype cardiocytes. 

Becausee Cx43 is believed to contribute more substantially to junctional 
communicationn in ventricles than atria, we hypothesized that recordings from myocytes 
fromm these regions in Cx43 null mice might be revealing as to the functional expression of 
thee other connexins. Cardiac myocytes were separately cultured from atrium and 
ventriclee in Cx43 (-/-) mice from three litters. 
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FigureFigure 5-11: Properties of gap junctions between ventricular (A,C) and atrial (B,D) myocytes from Cx43 (-/-) 
mice.mice. A. Representative recording from Cx43 (-/-) ventricular myocyte pair showing rapid current relaxations 
inin response to 40 < - 40 mV. B. Macroscopic junctional currents in a pair of atrial myocytes exhibit slower time 
coursecourse of relaxation. C. Single channel currents recorded in a Cx43 (-/-) ventricular myocyte pair; note that 
eventsevents are generally < 55 pS in amplitude. D. Recording from Cx43 (-/-) atrial myocyte pair in response to
100100 mV transjunctional voltage ramp, showing the large amplitude unitary current fluctuations characteristic of 
thesethese cells. 

Macroscopicc voltage sensitivity was generally stronger and with more rapid kinetics 
inn ventricular than atrial Cx43 (-/-) myocytes, as illustrated in Figures 5-11A,B. Whereas 
unitaryy conductances recorded from ventricular cell pairs were generally small (40-55 pS 
illustratedd in Figure 5-11C), channels recorded in atrial cell pairs generally exhibited 
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currentss corresponding to unitary conductance of > 150 pS. Nevertheless, these features 
weree not absolute; y, values about 120 pS were occasionally seen in Cx43 (-/-) ventricular 
myocytess whereas 40-55 pS channels were observed in many of the atrial myocyte pairs. 
Ass was the case for recordings obtained from whole heart cultures, a channel population 
correspondingg to 95 pS was totally lacking from cell pairs obtained from both cardiac 
regionss from Cx43 null mice. 

5.55 Discussion 

Functionall  gap junctions between cardiac cells are an absolute necessity for action 
potentiall  conduction throughout the heart and thus for orderly synchronous contraction of 
thee heart. Extensive research in this field during the last thirty years using a wide variety 
off  techniques has detailed the ultrastructure of gap junctions and the proteins (connexins) 
thatt form them and the molecular genetic determinants that control their expression. The 
functionall  aspects of the channels have been studied as well, leading to characterization of 
thee elemental events of transmission. 

Althoughh connexin43 was the first cardiac connexin described (Beyer et al, 1987) and 
remainss the most abundant gap junction protein in this tissue, additional connexins have 
beenn subsequently identified and localized to specific cardiac compartments. The two 
mostt important of these additional cardiac connexins are Cx40 and Cx45. Cx40 is the 
secondd most abundant gap junction protein in the heart, where it is found primarily in 
atriumm and conduction system (Kanter et al, 1993; Gros et al, 1994). Cx45 is found 
diffuselyy throughout the heart but is concentrated in the conduction system, where it 
surroundss the Cx40-expressing core (Coppen et al, 1999a,b). 

Micee in which Cx43 has been genetically ablated through homologous recombination 
(Reaumee et al, 1995) offer an opportunity to evaluate the extent to which Cx43 
contributess to normal propagation as well as to evaluate the functional properties of the 
otherr connexins expressed in the heart. Cx43 deficient mice die at birth, due to a 
developmentall  defect leading to hypertrophy and hyperplasia of the right ventricular 
outfloww tract. When the placental circulation is cut off, these animals cannot pump blood 
too the lungs, and they die of asphyxia. Despite this abnormality, however, the hearts of 
thesee animals still beat rather rhythmically, suggesting that gap junction proteins in 
additionn to Cx43 may functionally compensate for the loss of intercellular connections. 

Ann initial question that we addressed in our studies was whether expression of the 
otherr cardiac connexins (Cx40 and Cx43) might be upregulated so as to compensate for 
thee loss of Cx43. However, Northern blots on neonatal myocytes from each genotype 
showedd that levels of Cx40 and Cx45 did not change in compensation for the lack of Cx43 
inn the Cx43 null mice. Surprisingly, we also did not detect significant differences in Cx43 
mRNAA levels when comparing heterozygous with wildtype hearts obtained from either 
neonatall  or adult mice. This result contrasts with reports of an approximately two-fold 
differencee in Cx43 mRNA levels in wildtype and heterozygous hearts (Guerrero et al, 
1997)) and in adult brain (Dermietzel et al, 2000), as is to be expected based on gene 
dosage.. However, Western blot analyses on adult hearts confirmed the approximately 
two-foldd differences in levels of Cx43 protein between heterozygous and wildtype mouse 
hearts.. Although the lack of mRNA level differences remains to be explained, they may 
bee due to variability in the samples or to compensatory expression of another gene that 
modulatess Cx43 mRNA (such as wtn-1, see Ai et al, 2000). 
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Thee functional impact of the 50% reduction in Cx43 on impulse propagation in 
heterozygotess has become controversial. Although slowing of ventricular conduction was 
reportedd using electrical measurements (Guerrero et al, 1997), optical mapping has not 
confirmedd this (Morley et al, 1999). Moreover, the high safety factor for conduction in 
thee normal heart (e.g. Delmar et al, 1987) would not be expected to be compromised by a 
50%% reduction in gj. 

Thesee Northern blot studies indicated that Cx40 and Cx45 were present in the hearts of 
bothh wildtype and Cx43 null cardiocytes, a result confirmed by immunostaining in 
culture.. In order to determine the extent to which these other connexins compensated 
functionallyy for Cx43, contraction synchrony and strength of dye and electrical coupling 
weree examined in cardiocyte cultures. Cx43 KO cardiocytes were found to beat more 
irregularlyy and on average more slowly than wildtypes. Treatment with agents that 
upregulatee Cx43 has been reported to accelerate beating in wildtype myocytes (Ai et al, 
2000),, and both the slowing and asynchrony in Cx43 (-/-) cultures might be due to less 
efficientt entrainment of beating as a consequence of reduced coupling to endogenous 
pacemakingg cells in the cultures. Lucifer Yellow dye transfer, which is normally strong 
betweenn wildtype myocytes, was virtually absent from Cx43 (-/-) mice. Although the loss 
off  dye coupling is attributable in part to the reduction in junctional conductance (see 
below),, it is also presumably caused by the properties of the remaining gap junction 
channels,, because Cx40 and Cx45 channels are less permeant to anions than is Cx43 
(Veenstraa et al, 1995). The implications of this charge selectivity for the function of the 
Cx433 KO heart may be to restrict diffusion of negatively charged second messenger 
moleculess (see below). 

Thee coupling strength between KO cardiocytes, measured as the macroscopic 
conductancee in cell pairs, was found to be less than half that in wildtype cardiocytes, 
supportingg the Northern blot results showing lack of compensatory expression of other 
cardiacc connexins. Recordings of single channel openings and closings revealed that both 
wildtypee and Cx43 (-/-) myocytes exhibited a wide range of unitary conductance values. 
However,, Gaussian fitting of the amplitude histograms of the channel sizes revealed 
discretee populations of channels in both genotypes. For wildtype myocytes, these peaks 
weree centered at 54, 96, 137 and 168 pS, with 43% of the events being in the 96 pS 
conductancee category. In the Cx43 null myocytes, channels of this size were missing, 
withh 65% of the events being fit with a peak of 157 pS (apparently representing the sum 
off  137 and 168 wildtype channel populations) and the remainder being of the smallest 
amplitudee (57 pS). Studies on gap junction channels expressed exogenously indicate that 
Cx433 channels display mainstate conductances of about 90 and 110 pS and substate 
conductancee of about 30 pS (see Moreno et al, 1994b). Because our experiments were 
performedd using low driving forces, at which substate currents are rarely detected, we 
interprett the 96 pS events in wildtype myocytes as most likely representing mainstate 
conductancess of homomeric Cx43 channels, which are absent in the Cx43 null mice. 
Expressionn of Cx40 in mammalian cells leads to channels with mainstate conductances in 
thee 135-180 pS range and substate conductances about 40-60 pS (Bukauskas et al, 1995; 
Bebloo et al, 1997; Valiunas et al, 2000). Such events predominate in the Cx43 null 
myocytes,, and it is possible that they account for most of the non-Cx43 activity in 
wildtypes. . 

Theree are several other possible explanations for the channel sizes recorded in these 
studies,, involving the potential formation of heterotypic or heteromeric hemichannels. 
Forr example, Cx43 readily forms heterotypic channels with homomeric Cx45 

119 119 



ChapterChapter 5 

hemichannels,, with perhaps an even higher affinity for each other than for themselves; the 
unitaryy conductances of such hybrids is about 50 pS (Moreno et al, 1995b). Moreover, 
Cx433 and Cx40, which were initially reported to be incompatible for heterotypic pairing 
(Haubrichh et al, 1996) have recently been shown to form such channels, with unitary 
conductancess of about 60 and 100 pS, when the Cx43 or Cx40 side was stepped positively 
(Valiunass et al, 2000). Whether Cx45/Cx40 hybrids form has not yet been demonstrated; 
however,, the predicted conductance of such a pairing would be about 50-60 pS. It is int-
erestingg that the unitary conductances of such heterotypic combinations are in the range of 
thee smallest unitary conductances observed in these studies on wildtype and Cx43 (-/-) 
myocytes.. An additional possibility is provided by three recent reports that channel sizes 
inn cells expressing both Cx40 and Cx43 are not as predicted from the parallel sum of 
hemichannell  resistances, thereby supporting the notion that connexins may mix within a 
hemichannell  to form a heteromeric channels may be a common occurrence within cells 
expressingg both connexins {Li and Simard, 1999; Elenes et al, 1999; He et al, 1999; 
Valiunass et al, 2000). 

Inn addition to the electrophysiological studies described here, we have also performed 
Ca2++ imaging experiments comparing slow Ca2+ wave spread between wildtype and 
betweenn Cx43 KO myocytes (Suadicani et al, 2000). These studies demonstrate 
attenuationn in the velocity and propagation of such waves in Cx43 (-/-) cardiocytes, 
providingg additional evidence for the necessity for Cx43 in providing intercellular 
communicationn in the normal heart. 

Thee deficiencies in intercellular coupling that we have quantified in cardiac myocytes 
fromm Cx43 (-/-) mice indicate that dye coupling is more profoundly disturbed than is 
junctionall  conductance. These mice are characterized by a profound hypertrophy of the 
rightt ventricular outflow tract, leading to pulmonary stenosis and perinatal lethality. 
Whilee it is conceivable that abnormal impulse propagation in the developing ventricles 
mightt contribute to abnormal alignment of the ventricular fibres, the severity of this 
abnormalityy implies the disruption of an early event in ontogeny. Using mouse mutants in 
whichh nonfunctional Cx43 was targeted to ventricular precursor cells, Cecilia Lo's group 
hass suggested that the causative defect is failure of migration of neural crest derivatives 
(Loo et al, 1997; Ewart et al, 1997). Thus, the missing function in Cx43 (-/-) cells that 
wouldd have been provided by Cx43 gap junctions is the signal that coordinates migration. 
Althoughh the identity of such a signal is unknown, the profoundly reduced Lucifer Yellow 
permeabilityy that we have found in Cx43 (-/-) cardiocytes suggests that intercellular 
diffusionn of anionic morphogens might be impaired. Conceivably, the loss of such 
signalingg could have catastrophic consequences, leading to the retarded migration of 
requisitee components of the cardiovascular system to their appropriate sites. 
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TableTable 5-1: Peak values and % contributions determined from Gaussian distributions of single channel 
conductancesconductances recorded in Cx43(-/-) cardiocytes. These data include those from the overall histogram shown in 
FigureFigure 5-10 as well as the peak values of each individual cell pair used to calculate the overall peak histogram. 
TheThe % contribution of each peak value is the relative area under the Gaussian distribution. 

Cx433 KO heart. 
Summ of 17 cell pairs 

1 1 

2 2 
3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

D D 
55.66 1 

156.99 6 
56.2 2 

137.6 6 
52.3 3 

131.6 6 
195.6 6 
90.0 0 

132.2 2 
184.8 8 
44.7 7 
91.9 9 

121.8 8 
76.2 2 

138.6 6 
154.9 9 
177.5 5 
27.9 9 
54.7 7 
45.0 0 

142.3 3 
164.3 3 
186.0 0 
389.0 0 
69.6 6 

104.1 1 
30.1 1 
65.9 9 

107.1 1 
130.9 9 
145.1 1 
45.9 9 
73.9 9 
87.5 5 

122.0 0 
177.5 5 
59.8 8 

114.9 9 
148.6 6 
202.0 0 
74.1 1 

112.3 3 
145.3 3 
265.2 2 
65.0 0 

190.4 4 
64.9 9 

122.5 5 
161.2 2 
210.6 6 

89.8 8 
152.5 5 

Area(%)* * 
34.8 8 
65.2 2 
72.0 0 
28.0 0 
100 0 

20.4 4 
79.6 6 
8.7 7 
3.8 8 
7.4 4 

42.7 7 
14.2 2 
43.1 1 
13.7 7 
18.9 9 
11.2 2 
56.2 2 
34.6 6 
65.4 4 

na a 
na a 
na a 
na a 
na a 

55.8 8 
44.2 2 
0.9 9 

58.6 6 
28.1 1 
7.3 3 
5.1 1 

52.2 2 
47.8 8 
4.1 1 
4.6 6 

91.3 3 
32.0 0 
11.1 1 
35.6 6 
21.4 4 
3.0 0 
5.6 6 

65.0 0 
26.4 4 
44.3 3 
55.7 7 
0.8 8 
7.1 1 

22.7 7 
69.4 4 
2.8 8 

97.2 2 

88 Values indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative number of events comprising each population; na: not available 
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Cellss within almost all mammalian tissues share ions, second messengers and small 
metabolitess through clusters of intercellular channels called gap junctions. This type of 
intercellularr communication permits coordinated cellular activity and is unique in that the 
ionss and small messenger molecules involved in coordination pass directly between the 
cellss without access to extracellular space. Gap junctions between smooth muscle cells in 
thee vascular wall provide a direct communication pathway important for maintenance of 
thee basal vascular tone and for active modulation of vessel diameter. Gap junctions 
betweenn cells of the heart are known to play an important role in synchronizing cardiac 
pacemakerr cells and in allowing impulse propagation throughout the heart. The general 
objectivess of the studies described in this Thesis were to develop new preparations and 
characterizee their baseline parameters in the cardiovascular system. These new 
preparationss were then utilized as model systems to provide information on the role of gap 
junctionall  communication under the influence of drugs or after genetic alterations. During 
thee past few years, an enormous amount of new information on the physiological roles of 
connexinss has emerged from genetic studies. At the same time, we have begun to 
understandd the significance of connexin diversity from structural and functional studies. In 
thiss Overall Discussion, findings described in the preceding chapters are discussed in 
regardd to these most recent studies. 

6.11 Gene knockout models involving cardiovascular 
connexins. . 

Althoughh gap junction channels have been relatively well characterized in terms of 
structure,, biochemistry and biophysical properties, information with respect to their 
biologicall  functions is still limited. The fact that mutations in some connexins are 
associatedd with human diseases, however, proves that gap junctional intercellular 
communicationn is essential and required for diverse physiological processes. Thus, 
detailedd analysis of human connexin mutations underlying X-linked Charcot-Marie-Tooth 
disease,, sensorineural hearing loss and congenital cataract has enlarged our knowledge 
aboutt connexins and their biological functions immensely. Moreover, the generation of 
micee with targeted disruption of specific connexin genes has provided detailed 
informationn about the biological functions of the disrupted connexin as well as 
possibilitiess that other connexins may functionally compensate in place of the disrupted 
one.. To date, many transgenic mice with connexins knocked out, knocked-in, or 
substitutedd have been generated, and cell-type specific connexin knockout mice using the 
Cre-LoxPP system have been described; this list is lengthening every month. In relation to 
thee studies described in this Thesis it is important to note that mice in which the genes for 
Cx433 or Cx40 were disrupted were among the first connexin knockout mice to be created. 
Consequently,, the cardiovascular effects of disrupting these genes have been studied in 
detail. . 

Micee in which Cx43 was deleted by homologous recombination (Cx43 KO mice) were 
generatedd by a collaboration between Janet Roussant and Gerry Kidder (Reaume et al, 
1995)) and have until very recently been commercially available from the Jackson 
Laboratoryy (Bar Harbor, ME). These animals die at birth, due to hyperplasia of the right 
ventriclee and stenosis of the pulmonary artery, leading to reduced or total loss of 
circulationn to the lung. However, cells derived from these perinatal animals can be 
maintainedd in culture, allowing comparison of their properties with those obtained from 
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wildtypee littermates. In cardiac myocytes obtained from Cx43 KO mice and wildtype 
littermates,, we have compared junctional conductance, single junctional channel 
properties,, dye coupling, as well as synchrony of spontaneous contractions. Junctional 
conductancee in pairs of myocytes isolated primarily from ventricular tissue was 
significantlyy lower in Cx43 KO than wildtype mice (12.5  1.3 vs. 4.2  0.6 nS; p<0.05). 
However,, transfer of intracellularly injected Lucifer Yellow was reduced to almost zero in 
Cx433 KO myocytes, in contrast to strong dye coupling to contiguous and second order 
myocytess from wildtype littermates. Consistent with the reduced junctional conductance 
andd Lucifer Yellow transfer, propagation of Ca2+ waves between myocytes under Ca2+ 

overloadd conditions was markedly less extensive in Cx43 KO than in wildtype myocytes 
(Suadicanii  et al, 2000). When contraction synchrony was compared, interbeat intervals of 
Cx433 KO myocytes were twice as long as for wildtype cells and showed much greater 
dispersion,, reflected in a five-fold greater variability in inter-beat intervals. We concluded, 
therefore,, that cardiac myocytes of Cx43 KO mice are largely deficient in intercellular 
coupling.. The more profound reduction in dye coupling than electrical coupling 
presumablyy reflects the decreased anion permeability of the other cardiac gap junction 
proteinss (Cx40 and Cx45) compared to Cx43. Conceivably, the reduced anion 
permeabilityy of gap junctions in Cx43 KO ventricular myocytes may contribute to the 
developmentall  abnormality, perhaps by limiting diffusion of anionic morphogens. Mice 
heterozygouss for expression of Cx43 (Cx43 +/- animals) exhibit about half as much Cx43 
inn the heart as compared to their wildtype littermates (Guererro et al, 1997). Perhaps 
surprisingly,, junctional conductance, dye spread and calcium wave velocity were not 
foundd in our studies to be significantly different between cardiac myocytes cultured from 
wildtypess and heterozygotes. Nevertheless, electrical mapping of ventricular conduction 
onn these heterozygotes revealed that such conduction was significantly slower than 
wildtypes,, although action potential properties were similar and there were no detectable 
anatomicall  abnormalities. This difference was reported to result in significant 
prolongationn of the QRS potential in ECGs of the heterozygotes (Guererro et al, 1997). 
However,, optical mapping studies by another group have failed to confirm these 
abnormalitiess (Morley et al, 1999). Both research groups have reported that atrial 
conductionn in Cx43 (+/-) mice is normal, with no differences in P wave parameters or 
heartt beat rates and no increased propensity for arrhythmogenesis. The difference in 
behaviorr of conduction in atria and ventricles of Cx43 (+/-) mice reported by the first 
groupp (Thomas et al, 1998) was attributed to the abundant expression of Cx40 in the atrial 
muscle,, which serves to compensate functionally for the reduction in Cx43 expression. In 
aa sophisticated study by Gutstein et al (2001), mice with cardiac-restricted knockout of 
connexin433 were generated. These conditional knockout (CKO) mice exhibited normal 
heartt structure and contractile function, but ventricular conduction velocity was reduced 
transverselyy more than longitudinally. Eventually, such mice develop spontaneous 
ventricularr arrhythmias, causing sudden death before the age of 2 months. This study 
clearlyy supports the idea that the lethal anatomical changes in Cx43 knockout heart are 
duee to developmentally arising defects as might be explained by a primary neural crest 
origin.. It also shows that the loss of Cx43 expression in adult cardiomyocytes, which are 
stilll  coupled by other connexins, is arrhythmogenic. Such asynchrony might be due to 
reducedd coupling and/or the reduction in anionic permeability. 

Recentt studies on mice lacking Cx40 have revealed abnormal ECGs, with evidence of 
conductionn slowing; in 6 of 31 Cx40 (-/-) mice, atrial rhythm disturbances were noted 
(Kirchhofff  et al, 1998). Heart rates in Cx40 (+/+) and Cx40 (-/-) mice were similar and 
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sinuss rhythms were normal but atrioventricular conduction was slower (PR interval 21 % 
longer)) as was intraventricular conduction (QRS complexes 34% larger, presumably due 
too slowed conduction in the Purkinje system). Ninety percent of Cx40 (-/-) mice showed 
differencess in ventricular activation as evidenced by split QRS complexes and atrial P 
wavess 9% longer than wildtypes. All findings are similar to first degree AV block and 
associatedd bundle branch block, and these findings have been attributed primarily to 
effectss on Purkinje fibers (Simon et al, 1998). Studies by Verheule et al (1999) have 
confirmedd the conduction abnormalities, showing that especially conduction in atria and 
thee AV conduction system is disturbed by the lack of the Cx40-gene. 

Inn conclusion, deletion of either of the two major cardiac gap junction proteins 
apparentlyy does not result in a lethal change in cardiac impulse propagation before birth. 
Althoughh conduction becomes slower in the late stages of mouse embryonic development 
(Vaidyaa et al, 2001), impulse propagation is relatively well maintained. This can only be 
explainedd by the presence of additional cardiac connexins, which apparently provide the 
knockoutt heart with sufficient electrical coupling to compensate for the loss of Cx43. 
Theree is, however, no evidence that Cx40 or Cx45 expression levels are upregulated in 
Cx433 knockout hearts. This illustrates very well the high safety factor (which appears to 
evenn be increased with reduced gap junction coupling (Shaw and Rudy, 1997)) for 
conductionn in normal heart (Delmar et al, 1987). On the other hand, our study and that of 
others,, (see Gutstein et al, 2001) show that the function of knockout cells is impaired (e.g. 
reducedd heart frequency and a higher variability in interbeat intervals), suggesting that 
otherr properties of gap junction channels, rather than just the number of the channels, may 
playy a significant role in impulse propagation. Despite the expression of Cx40 and Cx45 
inn neonatal mouse hearts, we observed a complete loss of Lucifer Yellow dye coupling in 
thee Cx43 KO myocytes. This can be explained by the differences in permeability of the 
differentt connexins and suggest a restricted diffusion of second messenger molecules in 
connexin433 KO hearts, which may contribute to the alterations in conductance 
parameters,, ultimately leading leading to arrhythmias and death. 

Thee use of knockout animals in studies of gap junctions in the vasculature is still 
scarce,, and should be encouraged (Liao and Duling, 2000). The conduction of vasomotor 
responsess is inevitably dependent on the function of gap junctions within the vessel wall. 
Knockingg out the expression of the individual vascular connexins is expected to provide 
uss with more mechanistic insight in the role of gap junction channels in intercellular 
communication,, as evidenced by impaired propagation of vasodilations in arterioles 
lackingg connexin40 (De Wit et al, 2000). Since animals missing Cx43 are also available, 
theirr vessels can be used to investigate the role of this connexin in vasculature as well. 

6.22 Differences and changes in intercellular  communication 
duee to connexin expression, and phosphorylation state 

Intercellularr communication between muscle cells in heart and vasculature relies on 
thee expression of three connexins: Cx40, Cx43, and Cx45. Gap junction channel 
conductance,, permeability and gating behavior depend on which (combination of) 
connexin(s)) is expressed, and also on whether the proteins are phosphorylated. Although a 
varietyy of other discussion points has been presented in the individual studies, the 
consequencess in terms of altered cell-to-cell communication due to changes and 
differencess in connexin expression, together with changes in phosphorylation state 
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remainss interesting for this general discussion. Because our electrophysiological 
recordingss (in combination with other techniques) have been performed in different 
rodentss and cardiovascular cells, we have the opportunity to compare data from different 
chapterss with regard to these topics. 

Inn both the heart and vessels we used in our studies, Cx43 is the major connexin 
expressed.. Nevertheless, various factors may have influenced the range of unitary 
conductancee values that were recorded. The internal pipette solution used during 
experimentss influences the recorded channel sizes: the CsCl internal solution we used in 
ourr recordings produced higher values than the solutions mainly used by others. The 
differencee can be explained by the higher mobility due to the smaller size of the molecule. 
Unitaryy channel sizes of cells transfected with Cx43 from human and rat, with a CsCl 
internall  solution in the pipette, can be recorded at 25-30, 60-80, 95-100 pS, depending on 
transjunctionall  voltage (Vj) and phosphorylation state (Moreno et al, 1994b). The smallest 
eventss correspond to the channel substate that is favored under high Vj. We, however, 
usedd a 30-40 mV driving force for our recordings, which is below V(l and thus minimized 
occupancyy of this substate in our recordings. The larger events (between  50-110 pS) 
correspondss to the mainstate conductances, where the intermediate-sized events originate 
fromm the of phosphorylated channels, and the largest events are unphosphorylated 
(Morenoo et al, 1994a,b). (This will be discussed in more detail later.) Human and rat 
connexin400 exogenously or endogenously expressed in mammalian cells display 
mainstatee conductance values >150 pS, and a subconductance state of  70 pS (Hellmann 
ett al, 1996; Veenstra et al, 1992; Beblo et al, 1995). Cx45 channels exhibit a maximal 
openn channel conductance state of 30 pS, with smaller (-15-20 pS) conductances at high 
voltagess that are difficult to measure accurately (Veenstra et al, 1994; Moreno et al, 
1995a). . 

Inn the studies presented in this Thesis, we describe recordings from two types of rabbit 
vascularr smooth muscle cells and from cardiac myocytes from rat, two strains of wildtype 
mice,, and Cx43 knockout mouse. The vascular smooth muscle cells were found to express 
Cx433 only, and cardiac myocytes expressed Cx40, Cx43, and Cx45 as shown by 
immunofluorescencee and Northern blot analysis. Electrophysiological recordings of the 
cardiacc myocytes revealed a variety of channel sizes, which can be explained by the 
expressionn of more than one connexin within a single gap junctional plaque, which might 
potentiallyy result in the formation of homomeric-, heterotypic-, and heteromeric 
hemichannels.. Heterotypic channel formation is a process regulated by compatibility 
amongg connexins (Bruzzone et al, 1993; Elfgang et al, 1995), and although cells 
expressingg different connexins have a high probability of not establishing intercellular 
communicationn (Elfgang et al, 1995, White et al, 1995), cardiac connexins are able to 
formm heterotypic channels. Initially Cx40 appeared not to form functional channels with 
Cx433 (Bruzzone et al, 1993; White etal, 1995; Haubriget al, 1996), but Valiunas et al 
(2000)) showed that Cx40-Cx43 heterotypic channels are functional, displaying single 
channell  conductances of 60 and 100 pS. Cx43 easily forms heterotypic channels with 
Cx455 with unitary conductances of about 50 pS (Moreno et al, 1995b); whether 
Cx45/Cx400 hybrids form functional channels has not yet been demonstrated, but the 
predictedd conductance value for such channels would be expected to be around 50-60 pS. 
Heteromericc connexons have also been isolated (Jiang and Goodenough, 1996), and 
heteromericc channels are believed to be functional (e.g. Li and Simard, 1999). Our studies 
showw conductance values that can be explained by being different phosphorylation states 
off  Cx43. However, the lower conductances of about 50 pS could very well be due to 
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substatee Cx40 or heterotypic channels composed of Cx45/Cx43 or Cx45/Cx40 (the latter 
onlyy in the case of knockout Cx43 heart cells). Although (a part of) the channel events 
couldd be explained by the formation of heteromeric channels, we believe that homomeric 
orr heterotypic connexons may be the preferred form of connexin association, with 
heteromericc connexins being a fortuitous event. Our single channel events basically show 
aa distinct distribution of peaks with variation in the percentage of events per peak, which 
indicatess that certain homotypic or heterotypic configurations are most probable. 

Alll  connexins expressed in heart are phosphoproteins, which means that they have 
phosphorylationn sites on either serine, threonine, or tyrosine. Modulation of the function 
off  gap junctions by activation of specific kinases that phosphorylate the connexin protein, 
iss kinase- and connexin-specific. Unravelling the basic mechanisms of connexin gating by 
phosphorylation,, and being able to link shifts in conductance to changes in permeability 
andd size-selectivity might provide us with a tool to actively restrict or facilitate 
intercellularr coupling. Takens-Kwak and Jongsma (1992b) were the first to show that 
pharmacologicall  activation of kinases, besides changing macroscopic conductance, also 
resultedd in a shift in the conductances of single channels. Cx43 channels endogenously 
expressedd in transfected SKHepl cells have been shown to display three mainstate 
conductancess that are inter-convertible by phosphorylation and dephosphorylation (Kwak 
ett al, 1995b; Moreno et al, 1994b). In cardiac myocytes and rat and human Cx43 
transfectedd cell lines, the highest y} values are obtained after dephosphorylating 
treatments,, and events comparable in amplitude to the intermediate sized mainstate 
conductancee are favored by inhibition of phosphatase or activation of protein kinases A or 
C,, and presumably represent conductances of one or more phosphorylated states (Kwak et 
al,, 1995b; Moreno et al, 1994b). In rat cardiac myocytes and SKHepl cells transfected 
withh rat Cx43, lower mainstate conductances are favored by treatment with agents that 
stimulatee cGMP-dependent protein kinase (Kwak et al, 1995a). 

Thee other two cardiovascular connexins (Cx40 and Cx45) have recently been 
investigatedd for modulation by phosphorylation. Human Cx40 transfected into SKHepl 
cellss show three unitary conductances, that were demonstrated to be modulated by protein 
kinasee A phosphorylation (Van Rijen et al, 2000), whereas mouse Cx45 transfected in the 
samee cell line revealed to be differentially modulated by phosphorylation after application 
off  different protein kinases (Van Veen et al, 2000). 

Ourr studies on the modulation of gap junction channels in rabbit vascular smooth 
musclee cells (SMC) show channels sizes, which are comparable to the PKA/PKC, induced 
phosphorylatedd mainstate of rCx43, namely 72 and 81 pS in femoral and mesenteric 
SMC.. Femoral SMC show an additional conductance state that is comparable to the 
highestt Yj values obtained after dephosphorylating treatments. Mesenteric SMC show an 
additionall  unitary conductance state of 56 pS. Although this conductance might be due to 
thee cGMP-dependent induced phosphorylation state of Cx43, this is not very likely. The 
effectt of treatment at single channel level is to reduce unitary conductance from 71 and 96 
pSS (controls) to mainly 64 pS after NTG and 71 pS after cGMP in femoral SMC, and to 
increasee unitary conductance from 56 and 81 pS (controls) to mainly 77 pS after NTG, 
andd 72 (and 99 pS) after cGMP. This means that treatment of both smooth muscle cells 
withh NTG and cGMP favor channels events of an intermediate unitary conductance 
mostly,, indicating that these treatments do not activate the cGMP/PKG pathway, which 
wouldd have favored channels sizes of about 55 pS. Absence of the lowest conductance 
populationn in femoral cells also suggests either that the rabbit sequence lacks this cGMP-
phosphorylatablee site or that considerable crosstalk with other second messenger 
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pathwayss exists in these cells. In addition, Western blots of cells treated with both agents 
didd not show a shift in distribution between isoforms; most protein was in the P2 band, 
correspondingg to the major Cx43 phosphorylation state, and therefore support the idea that 
rabbitt Cx43 does not have a cGMP phosphorylatable site. Testing the same hypothesis 
thatt mouse neonatal cardiocytes might have a cGMP phosphorylatable site, we treated 
CD11 mouse cardiac myocytes with both NTG as 8Br-cGMP as well. Beside the 
disappearancee of the conductance events due to Cx40 (130-150 pS), the highest Cx43 
conductancee events (around 100 pS) shifted toward the Cx43 intermediate conductance 
peakk (87 and 79 pS treated with NTG and cGMP respectively). An additional conductance 
valuee of 59 pS appeared after treatment with NTG only. We believe that this peak cannot 
bee attributed to a cGMP phosphorylatable site either, because treatment with cGMP does 
nott favor events of this size, and the 59 pS conductance size events are also measurable in 
knockoutt Cx43 CD1 cells. Additionally, the unitary conductance sizes measured in CD1 
(ventricular),, and B6 (whole heart) show, besides sizes that can be attributed to Cx40 
(>1300 pS) and to the Cx43 intermediate and/or highest conductance events (  90-110 pS), 
aa conductance peak of about 55 pS. This additional conductance peak, which is similar to 
thee size seen in CD1 myocytes treated with NTG, might very well be due to heterotypic 
(orr heteromeric) connexin channels. 

6.33 Isolated cells and tissue rings in this study 

Inn the studies described above we used tissue rings and/or isolated cells as a model 
systemm in which gap junction properties can be investigated. Primary neonatal heart cells 
inn culture have been used for many years, in a variety of studies regarding the functional, 
physiological,, and biochemical properties of cardiac tissue. Cardiocytes in culture 
maintainn excitability and contractile responses, and are able, after establishing gap 
junctionall  communication, to develop beat rate synchronization (Jongsma et al, 1987). 
Propertiess of junctional channels are well described (Burt and Spray, 1988; Rook et al, 
1988),, with connexin expression in cultured neonatal myocytes corresponding to the 
patternn of connexin expression in the intact ventricle (Kwak et al, 1999). Because of the 
broadd amount of experience in the use of cultured cardiocytes together with the 
observationn that characteristics of the mouse neonatal heart cells used were similar to the 
culturescultures used by others, we are confident that this model is useful and reliable. In the 
vascularr studies, we have combined studies of tissue rings and cultured cells in order to 
showw that vascular smooth muscle cells in a tissue were able to contract and especially 
relaxx based on the involvement of gap junctions. Cells cultured from these vessels allowed 
determinationn of the properties of smooth muscle gap junctions and of the channels of 
whichh they were composed. The major advantages provided by the use of tissue rings 
include: : 

 the preparation technique is not complicated to perform; 
 one animal at a time provides us with all tissue (and cells) we need to do all types of 

experimentss in the study, which also means that different experiments are performed 
onn cells obtained from the same animal; 

 endothelial cells can be removed, in order to have an easy model where the influence 
off  other cell types is reduced; 

 the technique of vessel rings mounted on wire hooks gives relatively easy access to 
testt contraction and relaxation patterns under different pharmacological conditions; 
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Thee use of these smooth muscle rings as a model is very well justifiable, because prior 
experiencee with aortic rings showed that rabbit vascular tissues could be stored at room 
temperaturee in Kreb's buffer without detectable loss or viability (Christ el al, 1990), and 
ourr data regarding effects of gap junction blockade on contraction and relaxation are in 
linee with comparable experiments performed on other vessel rings (Gondre and Christ, 
1998).. Staining of rings (endothelial cells left in place) with toluidine blue showed that 
vessell  anatomy didn't differ much from what might be expected. Furthermore, 
immunostainingg of the tissue rings with connexin43 antibodies showed immunoreactivity 
att contacts between adjacent cells suggesting that connexin43 channels are inserted in the 
adjoiningg membranes properly. The use of these rings is a tool to investigate physiological 
processess of the vessel wall. As such, we are aware that it will approach, but will not 
exactlyy duplicate the physiological processes in vivo. Nevertheless, it is a model system 
thatt is well suited to the investigation of the role of gap junctions in the contraction- and 
relaxationn processes of the vessel wall. 

Inn addition we performed experiments on femoral and mesenteric smooth muscle cells 
inn culture, which were obtained by explant culture of vessel sections after removal of 
endothelium.. After outgrowing smooth muscle cells adhered, explants were removed 
fromm the cultures; virtually pure smooth muscle cell cultures could then be split and 
maintainedd for further use. We only used the cells from passages 2-5 in order to optimise 
thee degree of differentiation of the studied cells. Although the use of cells in culture will 
alwayss be controversial, the cells used in these studies resembled those in the intact vessel 
inn several important respects: 

 all cultured smooth muscle cells regained their spindle shaped morphology, when the 
densityy was subconfluent or confluent; 

 a-actin staining showed no loss of this cytoskeletal protein under our tissue culture 
conditionss in the passages used by us; 

 connexin43 was found to be expressed in smooth muscle cells from both vascular 
beds;; the topological distribution and electrophysiological results being in agreement 
withh similar data obtained for Cx43 in other rodents (Takens-Kwak, 1992b), and 
mRNAA levels corroborating the strong presence of Cx43; 

 calcium imaging experiments demonstrated that mechanical stimulation of individual 
smoothh muscle cells resulted in spread of calcium waves to neighboring cells, which 
wass blocked by the gap junction inhibitor heptanol; 

Thee disadvantages of using cultured cells include the artificial medium and plastic 
substratee in which the cells are grown and the process of splitting the cells, which involves 
exposingg the cells to an enzyme (trypsin) in order to separate the cells and disrupt gap 
junctions.. There is littl e question that such manipulations may affect Cx43 expression (see 
Lashh et al, 1990). Nevertheless, the use of this tissue culture model in which we tried to 
controll  important parameters but are aware of such limitations, provided a system in 
whichh gap junctional functions and connexin expression patterns could be evaluated and 
pharmacologicall  agonists evaluated. 
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6.44 The ideal approach 

Thee ideal research laboratory is a laboratory that provides challenging research 
projectss as well as adequate tools available to answer the scientific questions. 

Thee definition of a challenging research project is not easy to describe. For a major 
part,, it depends on the interests and abilities of the researcher. But even more important, 
thee research project itself should be clearly described, with the hypotheses or 'goals to 
meet'' as a starting-point. 

Thee ideal technical approach with regard to research in gap junctions of the 
cardiovascularr system is multi-disciplinary. The combination of different preparations or 
methodss to work with: from whole animal, via organ systems or organs, isolated cells and 
organelles,, to a molecular biological/genetic approach, will provide us detailed 
informationn of the expression and function of gap junctions, and the consequences for a 
cell,, system, or the whole animal (and, ultimately, man). For research in the field of 
cardiovascularr gap junctions, a variety of tools and methods are available, and combining 
thesee methods will lead to increasing insight into of functions and expression patterns of 
gapp junctions. Interestingly, two potentially useful but quite different strategies are now 
generallyy used to investigate gap junctions. First, the heart and cardiovascular gap 
junctionss display a variety of electrophysiological properties that can be investigated with 
aa combination of standard electrophysiological techniques. Electrocardiograms can be 
measuredd from the intact animal, which provides non-invasively acquired information 
aboutt electrophysiological condition and function of the heart in vivo. Using telemetry, 
arrhythmiass or other electrophysiological parameters can be captured in time. (In addition, 
echocardiographyy could give a more complete picture of the heart function.) 

Too investigate arrhythmogenic processes, electrophysiological or optical mapping of 
thee propagation of wave fronts will give more insight in the discontinuous nature of cell-
to-celll  coupling. On a cellular level the multiplicity of connexin sequences leads to 
differentt gating properties or permeabilities of gap junction channels. To elucidate gating 
propertiess of gap junction channels the dual whole cell voltage clamp technique (Spray et 
al,, 1997) can be used to determine characteristics of conductances on a macroscopic level 
(e.g.,, voltage dependence) and at the single channel level, and can also be used to 
determinee permeability, through ionic substitution experiments. Second, the function and 
expressionn of gap junctions can be investigated with molecular and biochemical/ 
immunologicall  techniques. Different connexins are expressed at different developmental 
stages.. Immunocytochemical techniques using antibodies raised against specific 
sequencess of connexin proteins have been developed to examine the distribution and 
abundancee of the different gap junctions within a tissue or between cells, and to obtain 
detailedd information of the structure of gap junction plaques. The use of recombinant-
DNA-technologyy applied as e.g. in situ- hybridization, Northern blots, and RT-PCR 
techniquess are used to qualify and quantify specific connexin mRNAs. Using specific 
bindingg of antibodies or other specific probes possibly combined with the variation in 
electrophoreticc mobility (e.g. connexin modification like changes in phosphorylation) 
differentt treatments can be evaluated as to effect on connexin protein levels and 
modifications.. New approaches to use molecular genetic strategies to manipulate 
connexinn expression and intercellular coupling have been and will continue to be 
developed.. For example, antisense oligonucleotide strategies have been used to reduce 
intercellularr coupling (Bevilacqua et al, 1989; Moore and Burt, 1994), although data 
obtainedd thus far have been difficult to interpret. However, the dominant-negative 
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approachh has been successfully used to change alter expression and intercellular 
communicationn (Paul et al, 1995; Kwak et al, 2001). Homologous recombination to 
generatee connexin deficient mice (Reaume et al, 1995), has enabled the investigation of 
thee consequences of the lack of a certain connexin, and the most recent studies have 
interbredd such offspring to identify functional changes in animals deficient in multiple gap 
junctionn proteins. Although Cx43 knockout mice die at birth due to severe developmental 
defects,, a new technique, the inducible knockout, has been developed, in which a delay in 
genee inactivation can be achieved so that the stage in development that causes lethality 
cann be passed. Another example of this kind of gene targeting is the conditional knockout 
Cx433 mouse generated by Gutstein et al (2001), in which a mouse with a cell-specific lack 
off  Cx43 is produced, to reduce the connexin deficiency to cardiomyocytes only, to 
circumventt the developmental lethality also. The introduction of functional mutations into 
endogenouss genetic loci, the so called knock-ins, has the advantage that expression of the 
replacedd isoform will follow the temporal and spatial course of the wildtype animal, 
becausee it is under the transcriptional control of the endogenous locus. 

Thee availability of all these methods and the necessity to acquire the sophisticated 
toolss to use the methods, should force researchers to define their needs. The aim of our 
studyy was to set the baseline parameters for the function and expression of gap junctions 
inn arteries, and mouse hart cells, together with the modulation of the expressed gap 
junctionss with a NO donor and cGMP. To study which connexins were expressed and if 
theyy were modulated by shifts in phosphorylation, we used molecular/immunological 
approachess in the form of immunostaining of tissue and cells, together with Western blots 
andd Northern blots. For the functional aspects we have combined studies of function of 
tissuee (relaxation experiments) and cells (electrophysiological measurements). In addition, 
wee were able to extend the functional experiments with Ca 2+ experiments when the 
confocall  microscope became available. This approach gives an over-all picture of gap 
junctionall  communication in the cardiovascular system. 

6.55 Conclusions 

 Junctional conductance of cardiac myocytes lacking the connexin43 protein is lower 
thann wildtype cardiomyocytes, and transfer of intracellularly injected Lucifer Yellow 
iss reduced to almost zero in Cx43 knockout myocytes. This difference in reduction of 
intercellularr coupling reflects a decrease in anion permeability of the remaining Cx40 
andd Cx45 proteins compared to Cx43. This reduction may contribute in the 
developmentall  abnormality, by limiting diffusion of anionic morphogens. 

 Mouse cardiomyocytes display a variety of distinct unitary junctional conductances. 
Thee conductance size recorded with a value of around 55pS (in whole heart B6, 
ventricularr myocytes CD 1, and whole heart Cx43 knockout) most probably reflects a 
channelss size due to a heterotypic channel configuration, although phosphorylation of 
thee connexin protein through activation of a second messenger pathway cannot be 
excluded. . 

 Femoral and mesenteric smooth muscle cells together with mouse CD1 cells, show 
conductancee sizes that can be attributed to the intermediate and higher conductance 
valuess of Cx43. Channel sizes recorded after treatment with the NO donor 
nitroglycerinee and with the membrane permeant molecule 8Br-cGMP do not support 
thee hypothesis that activation of the PKG-dependent second messenger pathway is 
inducingg phosphorylation of the Cx43 protein. 
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Summary Summary 

Gapp junctions are channels between cells. One can find gap junctions in the cell 
membraness of most cells. One half of the channel, also referred to as connexon, can be 
foundd in one cell of a cell pair, whereas the other half is located in the adjacent cell. Gap 
junctionss bridge a narrow gap between both cells, from which the name arises. One 
connexonn consists of 6 proteins, called connexins, with four transmembrane domains. The 
proteinss are located in a circle, forming a channel. Two connexons in line therefore form 
onee channel between two cells. There are various gap junction proteins that are identified 
inn name by adding the number of the molecular mass to the name connexin. Connexins 
(Cx)43,, Cx40 and Cx45 are of particular relevance for the cardiovascular system. Their 
expressionn in the different parts of the heart can be represented as a collection of different 
compartments,, that are coupled in a specific way (electric or through means of second 
messengers).. Which connexons make up gap junctions determine the function of the 
channel.. In its turn, the distribution of the various channels throughout the body 
determiness the function within organs or tissues. Gap junctions are low resistance 
channels,, through which ions, particularly K+ and CI, and second messengers such as IP3, 
Ca2+,, cAMP, and cGMP flows. The diameter of the channel, and whether the channels are 
openn or closed (gating), determine the electric and second messenger coupling, which is a 
primee functional aspect of gap junctions. The conductance of gap junctions can be 
measuredd using the dual whole cell voltage-clamp technique, whereby one cell of a cell 
pairr will be held to a different voltage than the other cell, while at the same time the 
currentt that is needed to do so is measured. With this information the resistance and 
thereforee the conductance can be calculated. 

Ourr research was focused on both heart cells and arterial smooth muscle cells. Both 
typess of cells will be summarized separately. 

GapGap junctions in the vascular system. Smooth muscle cells of vessels are of 
importancee because they determine the tonus of the vascular system. Contraction and 
relaxationn are governed by different mechanisms, amongst which is the direct route from 
celll  to cell via gap junctions. For our research into the role of gap junctions in the vascular 
systemm we used primary cell cultures of vessel cells from rabbits from two different 
locations;; the Femoralis and the Mesenterica. We have chosen these cell cultures because 
theyy can be obtained relatively easily and because they continue to show the 
characteristicss of smooth muscle cells even after repeated splitting. 

Chapterr 2. In the second chapter the anatomy at tissue level and some contraction 
characteristicss of femoral and mesenteric rabbit strips are examined, as well as functional 
characteristicss of smooth muscle cells obtained from these tissue segments. Parts of the 
arteriess were stained with toluidine blue and they show that mesenteric arteries contain 
moree layers of muscle cells than femoral arteries. Staining of parts of arteries of both 
vesselss with an antibody specific for Cx43 shows immuno reactivity at the border of 
adjacentt cells, throughout all layers of the media. Contraction experiments show that 
mesentericc strips contract more strongly than femoral strips. Heptanol, a linear alcohol 
thatt closes gap junction channels reversibly, reduces the size and speed of a contraction in 
aa comparable way for both types of vessel compartments. In order to end this research at 
thee tissue level to the cellular level, we used cell cultures of a uniform population of 
smoothh muscle cells, as shown with immunocytochemical staining for a-actin. Cx43 
antibodyy also showed a significant presence of immunoreactivity in these cell cultures. 
Thee function of gap junctions can be examined through various methods. Initially, we 
demonstratedd the coupling of gap junctions by iontophoretic injections of the dye Lucifer 
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Yellow.. The transfer to an average of 3 cells was observed. The dual whole cell voltage-
clampp technique was used to measure the macroscopic gap junctional conductance: both 
celll  types showed moderate coupling. Next, the voltage dependence of cell pairs was 
measuredd by applying a voltage pulse to one cell of a cell pair for 6 seconds (with 
incrementall  steps from -lOOmV to +100mV). Data points of steady state sensitivity 
showedd a curve expected for junctional channels composed of Cx43. With the same 
techniquee and after treatment with decoupler halothane, microscopic junctional 
conductancee was calculated by dividing the current (which can be recognized by similarly 
shapedd rectangular deflections of the opposite polarity) by the transjunctional voltage. 
Mesentericc smooth muscle cells showed unitary conductances of 56 pS and 81 pS, while 
femorall  cells showed conductances of 72 pS and 96 pS. The different conductance values 
off  both cell types are perhaps due to different phosphorylation states possibly reflecting 
differentt states of second messenger activation. 

Chapterr 3. Endothelial cells produce the vascular smooth muscle relating factor nitric 
oxidee (NO). The mechanisms underlying this relation involve an NO-initiated cascade in 
whichh cyclic guanine nucleotide monophosphate (cGMP) ultimately modifies the muscle 
contractilee apparatus and ion channels through protein phosphorylation. In this study, we 
investigatedd whether the NO donor nitroglycerine (NTG) affected gap junction channels 
inn a way that might facilitate smooth muscle relaxation, and also whether membrane 
permeantt cGMP produced similar effects. Parts of the rabbit A. Femoralis and the A. 
Mesentericaa were precontracted with phenylephrine. Treatment with NTG resulted in 
relaxationn which was more profound in mesenteric than femoral strips. This is consistent 
withh the difference in the number of layers of smooth muscle cells as described in Chapter 
2.. If NTG was first applied, the contraction response as a result of phenylephrine was less 
forceful,, but only in mesenteric strips. 8Br-cGMP treatments did not cause any significant 
relaxationn in precontracted strips. Cell cultures of smooth muscle cells of both artery types 
weree used to study the effect of NTG and 8Br-cGMP on macroscopic conductance. Both 
agentsagents reduced the macroscopic conductance (gj) between mesenteric smooth muscle 
cells.. The conductances between femoral cell pairs were only reduced with NTG, which 
causedd a more rapid and complete reduction in the coupling of mesenteric cells than 
femorall  smooth muscle cell pairs. The unitary conductance (yj) for both cell types after 
treatmentt with NTG showed a shift towards higher conductance states, whereas the 
additionn of 8Br-cGMP produced the opposite effect. Additional experiments, where one 
celll  was mechanically stimulated with a microelectrode and subsequently the Ca 2+ 

wavespreadd was measured, indicated effects of NTG consistent with decreased junctional 
conductance.. Anisotropic conduction was not significantly exaggerated by these agents. 
Thesee studies thus reveal curious differences in pharmacological responses of smooth 
musclee cells from two arterial beds, and support the possibility that actions of NTG on 
vascularr smooth muscle may extend beyond pathways involving cGMP activation. 

GapGap junctions in the heart. The heart is an electric syncytium, in which the spread of 
thee activation wavefront depends on the function of gap junctions as well as on other 
factors.. There are many mechanisms that govern junctional conductance. The 
conductancee is influenced by gap junctions because of the wide diversity in connexin 
expressionn combinations possible in the different regions of the heart. This results in 
differencee in conductance velocity, unidirectional conductance and block. The failure of a 
well-organizedd conductance results in arrythmia, that can possibly cause fibrillation and 
cardiacc arrest. Although most research related to gap junctions in heart was performed on 
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ratt cells, we have used mouse hearts in order to lay the foundation for studies on 
transgenicc animals, in particular those animals lacking expression of Cx43. 

Chapterr 4. In this chapter we describe research regarding the switch from rat to mice 
heartt cells that laid the foundation for our research on transgenic mouse heart cells. We 
havee compared connexin expression patterns and junctional conductance properties in 
cardiacc myocytes obtained from neonatal rat (Sprague-Dawley) with those obtained from 
twoo strains of mice (B6 and CD1). Northern blot analyses revealed that Cx40 was more 
highlyy expressed in atrium than ventricle in mouse and rat and was less abundant in rat 
thann in mouse atrium. Cx43 was found to be expressed at equivalent levels in rat atrium 
andd ventricles, but expression levels differed slightly in these tissues in mouse. Cx45 was 
foundd to be expressed in roughly equivalent but low levels in both heart regions of all 
rodents.. Western blot analysis of mouse and rat hearts showed that a phosphorylated Cx43 
isoformm (P2) predominated in both heart regions and that Cx43 levels were higher in 
ventriclee than in atrium. 

Immunocytochemistryy with antibodies against Cx40, Cx43 and Cx45 in ventricular or 
atriall  cells of CD1 mice confirmed the aforementioned results. This study thus confirms 
thee model that Cx43 is expressed in the working myocardium, while Cx40 is 
preferentiallyy expressed in the conduction system. We have investigated the function of 
gapp junctions by injecting Lucifer Yellow and subsequently measuring the conductance of 
celll  pairs. LY injections into cultured mouse cardiac myocytes revealed moderately strong 
dyee coupling with transfer to as many as 4-5 neighboring cells. The unitary conductance 
off  cell pairs (y_j) was first determined in rat heart cells with a CsCl pipette solution: the 
differencess in conductance values compared to values from the literature can be explained 
byy the lower mobility and larger size of the organic anions used by others, in the pipette 
solution.. Single channel recordings from CD1 and B6 mouse heart cells revealed a variety 
off  conductances, wherein individual cells showed wide variations. However, taking all 
electrophysiologicall  experiments into account, we have determined the 96-103 pS peak to 
bee the main conductance state of Cx43 channels, whereas conductances >130 pS are 
likelyy attributable to the main open state of Cx40. The latter values were not observed in 
ratt heart cells. Next, we separated the atria from ventricles. Conductance values >130 pS 
weree more commonly found in atrial myocytes, consistent with higher levels of Cx40 
expressionn in this region. After treatment of CD1 mouse heart cells with NTG or cGMP, 
conductancee values were respectively 87 pS and 79 pS, and conductance values >130pS 
disappeared.. This result can be explained either by the reduction of amplitude of the Cx40 
conductancess (Yj) or selective closure of Cx40 channels. 

Chapterr 5. In this chapter we describe the functional role of Cx43 for intercellular 
communication.. We have used transgenic B6 mice wherein Cx43 is not expressed because 
off  a mutation in the Cx43 gene by homologous recombination. Heart cells of these Cx43 
knockk out (Cx43(-/-)) mice were compared with cells of the wildtype (Cx43(+/+)) 
neonatall  mice with regard to rates and synchrony of spontaneous contractions, expression 
levelss of other cardiac connexins, extent of Lucifer Yellow dye transfer, and magnitude 
andd gating characteristics of junctional currents. Using the dual whole cell voltage clamp 
technique,, we examined the macroscopic conductance (gj), the voltage dependence and 
unitaryy conductances. Northern blot analyses of neonatal Cx43 null (-/-), heterozygous 
(+/-)) and wildtype (+/+) hearts revealed similar levels of Cx40 and Cx45 in all genotypes, 
althoughh in adult cardiac tissue from wildtype mice, Cx43 expression was higher than in 
heterozygotes.. After culturing dissociated cells for 3-4 days, cardiocyte clusters from all 
genotypess beat spontaneously; in Cx43 (+/+) and (+/-) cultures, the beating was generally 
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quitee synchronous. In Cx43 (-/-) mice, interbeat intervals were irregular and thus less 
synchronous.. Intercellular diffusion of the negatively charged dye Lucifer Yellow was 
virtuallyy non-existent in Cx43 (-/-) cell cultures, while the intercellular spread of this dye 
inn both Cx43 (+/+) and Cx43 (+/-) myocytes was substantial. The macroscopic 
conductancee in CX43 (+/+) and Cx43 (+/-) was comparable at 12.5 nS and 11.1 nS, while 
thee conductance between Cx43 (-/-) cells was found to be significantly less at 4.2 nS. The 
voltagee dependence of Cx43 (-/-) cell pairs was also more substantial. The microscopic 
conductancee revealed distinct populations of channels contributing to macroscopic 
conductancee for Cx43 knockout and wildtype cell pairs. For Cx43 (+/+) mice, peaks in 
amplitudee histograms suggested that Cx43 was the predominant gap junction protein, 
whereass for Cx43 (-/-) mice, channels were of distinctly larger and smaller sizes, 
indicatingg the functional presence of Cx40 and Cx45, possibly as heteromeric or 
heterotypicc Cx40/Cx45 assemblies. Findings of this study thus indicate that in cardiac 
myocytess from mice lacking Cx43 the expression of other cardiac connexins only partially 
compensatess for the functional loss, with dye coupling and synchrony of spontaneous 
beatingg being strongly impaired. The knockout Cx43 mice appear to have a hypertrophic 
rightt ventricular outflow tract with pulmonary stenosis that causes their death after birth. 
Thee abnormal impulse propagation in the developing ventricles might contribute to 
abnormall  alignment of the ventricular fibres but the severity of the abnormality leads us to 
suspectt that we are dealing here with an early onset developmental disorder. The causative 
defectt could be failure of migration of neural crest cells, because a signal is lacking to 
coordinatee the migration. This might be due to the profoundly reduced anionic 
permeabilityy of Cx43 (-/-) cells. 
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Gapp junctions zijn kanalen tussen cellen. Ze bevinden zich in het celmembraan van de 
meestee soorten lichaamscellen. Eén helft van het kanaal, connexone genaamd, bevindt 
zichh in de ene helft van een celpaar, terwijl de andere helft zich in de naburige cel bevindt. 
Zee overbruggen een heel nauwe spleet tussen beide cellen, waarvan de naam dan ook is 
afgeleid.. Eén connexone is opgebouwd uit 6 proteïnen, connexines genaamd, die het 
membraann 4 keer overbruggen. De proteïnen liggen in een cirkel, zodat ze een kanaal 
vormen.. Twee connexones in lijn vormen dus één kanaal tussen twee cellen. Er zijn 
verschillendee gap junction proteïnen die van elkaar in naam onderscheiden worden door 
hett getal van het soortelijk gewicht aan het woord connexine toe te voegen. Voor het 
cardiovasculairee systeem zijn met name connexine (Cx) 43, Cx40 en Cx45 van belang. 
Hunn expressie in de verschillende delen van het hart, kan voorgesteld worden als een 
verzamelingg van verschillende compartimenten, die op een specifieke manier gekoppeld 
zijnn (electrisch dan wel door middel van 'second messengers'). Uit welke connexines de 
gapp junctions opgebouwd zijn, bepaalt de functie van het kanaal. Distributie van de 
(soorten)) kanalen door het lichaam op zijn beurt, bepaalt de funktie van een orgaan of 
weefsel.. Gap junctions zijn kanalen met een zeer lage weerstand, waardoor ionen, met 
namee K+ en Cl, en ' second messengers', zoals IP3, Ca2+, cAMP, en cGMP stromen. De 
diameterr van het kanaal, en of de kanalen open of dicht zijn ('gating'), bepalen de 
electrische-- en 'second messenger' koppeling, hetgeen een belangrijk funktioneel aspect 
vann gap junctions is. De geleidbaarheid van gap junctions kan worden gemeten door de 
'duall  whole cell voltage-clamp' techniek, waarbij aan elke afzonderlijke cel van een 
celpaarr een potentiaal wordt opgelegd, terwijl tegelijkertijd de stroom die er voor nodig is 
wordtt gemeten. Met deze gegevens kan de weerstand en dus geleiding berekend worden. 

Hett onderzoek heeft zich gericht op zowel hartcellen, als arteriole gladde spiercellen. 
Omm het overzicht te bewaren worden beide onderdelen apart samengevat. 

GapGap junctions in het vaatstelsel. Gladde spiercellen van bloedvaten zijn van belang 
omdatt zij de tonus van het vasculaire systeem bepalen. Contractie en relaxatie worden via 
verschillendee mechanismen geregeld, waaronder de directe weg van cel naar cel via gap 
junctions.. Voor ons onderzoek naar de rol van gap junctions in het vasculaire systeem, 
hebbenn wij primaire celculturen van arteriecellen van het konijn gebruikt, die we van twee 
verschillendee locaties (de A. Femoralis en de A. Mesenterica) hebben verkregen. Voor 
dezee celculturen is gekozen, omdat ze relatief makkelijk te verkrijgen zijn, en omdat ze 
naarr herhaald opdelen, nog steeds de kenmerken van gladde spiercellen bezitten. 

Hoofdstukk 2. In het eerste hoofdstuk wordt de anatomie op weefsel niveau en enkele 
contractiee karakteristieken van femorale en mesenteriale konijnenarteriestrippen 
onderzocht,, alsmede enkele functionele karakteristieken gemeten bij gladde spiercellen 
afkomstigg van deze weefselsegmenten. Stukjes vaatwand werden gekleurd met toluidine 
blauww en deze coupes laten zien dat de mesenteriale vaatwand meer lagen spiercellen 
heeftt dan de femorale vaatwand. Kleuring van stukjes vaatwand van beide vaten, met een 
antilichaamm specifiek voor Cx43 toont immunoreactiviteit op de grens van naast elkaar 
gelegenn cellen, door alle lagen van de media heen. Contractie-experimenten laten zien dat 
mesenterialee strippen sterker contraheren dan femorale strippen. Heptanol, een lineair 
alcoholl  dat zorgt voor een reversibele afname van de geleidbaarheid van gap junctions, 
verminderdee in beide soorten vaatwandsegmenten op een vergelijkbare manier de grootte 
enn snelheid van contractie. Na deze experiementen op weefselniveau zijn we overgegaan 
opp celniveau. Hierbij maakten we gebruik van celculturen van een uniforme populatie 
gladdee spiercellen, zoals aangetoond met een immunocytochemische kleuring van cc-
actine.. Een Cx43 antilichaam toonde ook een grote hoeveelheid immunoreactiviteit in 
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dezee celculturen. De functie van gap junctions zijn op verschillende manieren te bepalen. 
Inn eerste instantie hebben we de doorganklijkheid van de gap junctions aangetoond met 
hett iontoforetisch injecteren van de kleurstof Lucifer Yellow. Koppeling van gemiddeld 3 
omliggendee cellen werd voor beide celsoorten gezien. De 'dual whole cell voltage-clamp1 

methodee werd gebruikt om de macroscopische gap junction koppeling te meten: deze was 
redelijkk van sterkte voor beide celsoorten. Hierna werd de spanningsafhankelijkheid van 
celparenn gemeten, door een ongeveer 6 seconde durende puls (met sprongsgewijs 
oplopendee waarden van -100 mV tot +100 mV) aan één cel van een celpaar te geven. 
Datapuntenn van de steady state geleiding ten opzichte van het spanningsverschil, waren 
alss verwacht voor celkanalen gevormd door Cx43. Met dezelfde techniek werd na 
toevoegingg van de gap junction ontkoppelaar halothaan, de geleiding (conductantie) van 
enkelvoudigee kanalen berekend, door de stroom (te herkennen aan gelijke rechthoekige 
uitslagenn voor beide cellen, maar met tegenovergestelde polariteit) te delen door de 
waardee van het opgelegde spanningsverschil. Mesenteriale gladde spiercellen lieten 
conductanciess (yj) van met name 56- en 81 pS zien, terwijl femorale cellen waarden van 
72-- en 96 pS lieten zien. Het verschil in conductantiewaarden tussen beide celsoorten, 
kann mogelijk worden toegeschreven aan verschillen in fosforylering als gevolg van 
verschillendee activatie van 'second messengers'. 

Hoofdstukk 3. Endotheelcellen produceren nitric oxide (NO), dat zorgt voor relaxatie 
vann de vaatwand. Het onderliggende mechanisme van deze relaxatie berust op de activatie 
vann een door NO opgestartte cascade, waarbij cyclic guanine monofosfaat (cGMP) 
uiteindelijkk het contractie apparaat en de ionen kanalen door middel van fosforylering van 
dee proteïnen, beïnvloedt. Dit hoofdstuk beschrijft ons onderzoek naar de vraag of de NO-
donorr nitroglycerine (NTG) gap junction kanalen beïnvloedt, zodanig dat er relaxatie van 
dee gladde spier cellen optreedt, en of cGMP hetzelfde effect veroorzaakt. Stukjes 
vaatwandd genomen uit de A. Femoralis en de A. Mesenterica van het konijn werden in 
contractiee gebracht met behulp van fenylefrine, waarna toevoeging van NTG relaxatie 
veroorzaakte,, die bij mesenteriale strippen groter was, dan bij femorale strippen. Dit zou 
inn overeenstemming zijn met het verschil in het aantal lagen gladde spiercellen zoals 
beschrevenn in hoofstuk 1. Als eerst NTG werd toegevoegd, dan was de contractie 
responsee als gevolg van fenylefrine minder krachtig, maar alleen in mesenteriale strippen. 
8Br-cGMPP behandeling liet geen significante relaxatie zien in geprecontraheerde strippen. 
Celculturenn van gladde spiercellen van beide vaten werden gebruikt om het effect van 
NTGG en 8Br-cGMP op de macroscopische geleiding te onderzoeken. Beide stoffen 
verminderdee de macroscopische geleiding (gj) tussen mesenteriale gladde spiercellen. De 
geleidingg tussen femorale celparen werd alleen verminderd door NTG. NTG veroorzaakte 
eenn snellere en grotere reductie in koppeling in mesenteriale dan femorale celparen. De 
microscopischee geleiding (y}) voor beide celsoorten na behandeling met NTG liet een 
verschuivingg naar hogere geleidingswaarden zien, terwijl behandeling met 8Br-cGMP het 
omgekeerdee effect sorteerde. Aanvullende experimenten waarbij één cel met behulp van 
eenn een microelectrode mechanisch werd gestimuleerd, waarna de verspreiding van de 
Ca2++ golf werd gemeten, toonde na behandeling met NTG een beeld dat past bij een 
afnamee in gap junction geleiding. Duidelijke verschillen in anisotropic in de geleiding, 
werdenn ook niet aangetoond. Concluderend laat dit onderzoek merkwaardige verschillen 
inn farmacologisch respons van de gladde spiercellen van de twee arteriële vaatbedden 
zien.. Dit ondersteunt de mogelijkheid dat het mechanisme achter de behandeling van 
arteriëlee gladde spiercellen met NTG een andere is dan de weg via cGMP-activatie. 

GapGap junctions in het hart. Het hart is een electrisch syncytium, waarvan de 
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verspreidingg van het activatiefront onder andere afhankelijk is van het functioneren van 
gapp junctions. Er zijn veel regelmechanismen om richting te geven aan deze geleiding. 
Gapp junctions beïnvloeden de geleiding doordat er een grote diversiteit aan connexin 
expressiee combinatie's in de verschillende hartregio's mogelijk is. Dit uit zich in 
verschillendee geleidingssnelheden, unidirectionele geleiding en blokkade van geleiding. 
Hett falen van een goed georganiseerde geleiding uit zich in het ontstaan van aritmieën, die 
fibrillerenn en stilstand van het hart tot gevolg kunnen hebben. Veel onderzoek naar gap 
junctionss in het hart is gedaan met rattenharten. Wij hebben gebruik gemaakt van 
muizenharten,, omdat wij de basis wilden leggen voor onderzoek met transgene muizen, 
mett name die muizen waarbij het Cx43 niet meer tot expressie kan komen. 

Hoofdstukk 4. In dit hoofdstuk wordt de overstap beschreven van onderzoek dat gedaan 
iss op rattenhartcellen naar muizenhartcellen, om vervolgens als uitgangspunt voor 
onderzoekk van transgene muizen te dienen. Daartoe hebben we connexine-expressie en de 
eigenschappenn van gap junction geleiding van hartcellen verkregen van neonatale 
Sprague-Dawleyy ratten en van twee soorten neontale muissoorten (B6 and CD1) 
beschrevenn en vergeleken. Northern blots toonde aan dat er meer Cx40 in atrium dan 
ventrikell  cellen tot expressie komt in zowel muis als rat, maar dat de totale hoeveelheid 
Cx400 in rat minder uitgesproken is in rat dan in muis. De hoeveelheid Cx43-expressie in 
atriumm vergeleken met ventrikel in rat was ongeveer gelijk, maar in muis was er een klein 
verschill  aantoonbaar. Cx45-expressie liet weinig variatie zien met betrekking tot diersoort 
off  hartregio. Western blots van zowel muizen- als rattenharten toonden aan dat de 
gefosforyleerdee Cx43 isoform (P2) meer dominant was dan de ongefosforyleerde vorm, 
enn dat de hoeveelheid Cx43 proteïne in ventrikels meer was dan in atrium. 
Immunocytochemiee met Cx40, -43, en-45 antilichamen op CD1 cellen van atrium of 
ventrikell  bevestigde de bovengenoemde resultaten. Dit onderzoek bevestigt dan ook het 
modell  dat Cx43 vooral in het werkmyocard aangemaakt wordt, terwijl Cx40 
gespecialiseerdd is in het geleidingssysteem. Het functionele aspect van gap junctions 
hebbenn we onderzocht met Lucifer Yellow (LY) injecties gevolgd door 
electrofysiologischh meten van de geleiding tussen celparen. LY-kleurstof injecties in 
celculturenn van muizencardiomyocyten, toonde een redelijke koppeling aan, waarbij 4-5 
naburigee cellen opkleurden. De geleiding tussen celparen op microscopisch niveau (Yj) 
werdd allereerst bij rattenhartcellen bepaald, met een CsCl pipet oplossing: het verschil in 
conductantieniveauu in vergelijking met de waarden zoals in de literatuur vermeld, is goed 
verklaarbaarr door de lagere mobiliteit en verschil in grootte van de door anderen gebruikte 
organischee anionen in de pipet oplossing. De microscopische geleiding van muizenhart 
cellenn van CD1 en B6 muizen toonden een variëteit aan conductanties, waarbij ook 
individuelee cellen grote variatie lieten zien. Echter alle electrofysiologische experimenten 
overziendd duiden we de 96-103 pS-piek als zijnde 'main state concuctance' van Cx43 
kanalen,, terwijl de conductantie >130 pS waarschijnlijk toe te schrijven is aan de 'main 
openn state' van Cx40. Deze laatste waarden werden bij ratenhartcellen dus niet gemeten. 
Hiernaa hebben we de atria gescheiden van ventrikels. Conductantiewaarden >130 pS, 
werdenn in atriale celparen vaker gemeten, hetgeen overeenkomt met de grotere Cx40 
expressiee in atria. Na behandeling van CD1 muizenhartcellen met NTG of cGMP 
concentreerdee de conductantiewaarde zich in respectievelijk 87 en 79 pS, waarbij de 
waardenn >130 pS geheel verdwenen. Dit laatste resultaat kan verklaard worden door 
afnamee van de amplitude van de Cx40 conductanties (Yj) of selektieve sluiting van Cx40 
kanalen. . 

Hoofdstukk 5. In dit hoofdstuk wordt het functionele belang van Cx43 voor de 
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intercellulairee communicatie beschreven. We hebben gebruik gemaakt van trangene B6 
muizenn waarbij Cx43 niet tot expressie kan komen door een mutatie in het Cx43 gen door 
middell  van homologe recombinatie. Hartcellen van deze Cx43 'knockout' [Cx43 (-/-)] 
muiss werden vergeleken met cellen van de 'wildtype' [Cx43 (+/+)] met betrekking tot 
contractiee frequentie en -synchronie, expressie van de andere hartconnexines, en de 
verspreidingg van Lucifer Yellow na injectie. Met behulp van de 'dual whole cell patch-
clamp'' techniek werd de macrocopische geleiding <gj), de spanningsafhankelijkheid van 
dezee geleiding en de geleiding op microscopisch (Yj) niveau gemeten. Northern blots van 
neonatalee Cx43 nul (-/-), heterozygote (+/-), en 'wildtype' (+/+) harten lieten 
vergelijkbaree hoeveelheden Cx40 en Cx45 mRNA zien in alle genotypen, terwijl in 
hartweefsell  van volwassen 'wildtype' muizen de Cx43 mRNA expressie hoger was dan in 
hartweefsell  van heterozygote muizen. Clusters van hartcelculturen van alle genotypen 
contraheerdenn na ongeveer 3-4 dagen spontaan. In Cx43(+/+) en Cx43(+/-) culturen 
verliepenn de contracties nagenoeg synchroon. In de celculturen van de Cx43(-/-) muizen 
warenn de contracties irregulair dus veel minder synchroon. De intercellulaire diffusie van 
dee (negatief geladen) geïnjecteerde kleurstof Lucifer Yellow was in Cx43(-/-) celculturen 
nagenoegg nihil, terwijl intercellulaire verspreiding van deze kleurstof in celculturen van 
zowell  Cx43(+/+) en Cx43(+/-) muizen zelfs sterk te noemen is. De macroscopische 
geleidingg was in Cx43(+/+), en Cx43(+/-) vergelijkbaar, namelijk 12.5 en 11.1 nS, terwijl 
dezee geleiding tussen Cx43(-/-) significant minder was (namelijk 4.2 nS). De 
spanningsafhankelijkheidd van de Cx43(-/-) celparen was ook sterker. De microscopische 
geleidingg liet duidelijke populaties van kanalen zien, die een bijdragen leveren aan de 
macroscopischee geleiding voor zowel 'knockout' als 'wildtype' celparen. Bij de verdeling 
vann de conductanties van de Cx43(+/+) cellen, duidden pieken in de amplitude 
histogrammenn erop dat Cx43 het dominantste gap junction proteïne is, terwijl voor Cx43(-
/-)) muizen de pieken meer kanalen met hogere en lagere conductantie lieten zien. Dit 
duidtt op de aanwezigheid van Cx40 en Cx45, mogelijk als heteromere of heterotypische 
kanalen.. De resultaten van deze studie duiden er dus op dat hartcellen die Cx43 niet tot 
expressiee brengen, slechts gedeeltelijk in staat zijn dit gebrek te compenseren. De 
koppelingg tussen cellen na Lucifer Yellow kleurstof injecties en het contractiepatroon zijn 
duidelijkk aangedaan. Dat de 'knock out' Cx43 muizen een hypertrofisch rechter ventrikel 
uitstroomm traject met pulmonale stenose blijken te hebben en na de geboorte met name 
hierr aan overlijden. Een abnormale impuls propagatie zou in de zich ontwikkelende 
ventrikelss tot een abnormale opbouw van hartspiervezels kunnen leiden, maar de ernst van 
dee afwijking doet vermoeden dat hier sprake van een zeer vroege ontwikkelingsstoornis 
is.. Hierbij valt te denken aan het falen van de migratie van neurale crest cellen, doordat 
eenn signaal ontbreekt nodig om de migratie te coördineren. Dit zou het gevolg kunnen zijn 
vann de duidelijk afgenomen anionen permeabiliteit van Cx43(-/-J cellen. 
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