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inn neonatal rodent cardiac myocytes 
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AUAU e rations of intercellular communication in neonatal cardiac myocytes from connexin43 (-/-) mice 

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) 
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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. . 
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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). 
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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 

86 86 



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

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). 

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

Unitar yy conductanc e (pS) Unitar y conductanc e (pS) 

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 
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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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