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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. 

Cx43(-M M 
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Junctionall  conductance (nS) 

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 
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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 
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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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