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GeneralGeneral discussion  discussion 

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 

132 132 



GeneralGeneral discussion 

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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