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GapGap junctional communication between rabbit arterial smooth muscle cells 

2.11 Abstract 

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

2.22 Introductio n 

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

Gapp junctions are aggregates of intercellular channels through which ions and other 
smalll  molecules pass directly from one cell to the next; the size limit for molecules to 
whichh gap junction channels are permeant is about 1 kDa, allowing passage of important 
secondd messengers such as Ca2+, inositol trisphosphate (IP3) and cyclic AMP (cAMP) 
(Saezz et al, 1989; Bennett et al, 1991). In vascular smooth muscle cells, intracellularly 
injectedd Ca"+ and/or IP3 apparently pass from one cell to the next through junctional 
channelss (Christ et al, 1992); electrical and second messenger coupling presumably 
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synchronizee both electrical and metabolic activity within vascular smooth muscle (see 
Spray,, 1994; Christ et al, 1996). 

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

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

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

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

2.33 Material s and methods 

2.3.11 Tissue preparation 

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

2.3.22 Tissue staining 

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

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

2.3.33 Cell cultures 

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

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

2.3.44 Dye coupling 

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

2.3.55 Electrophysiology 

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

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

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

2.44 Results 

2.4.11 Morphology and Cx43 expression in rabbit femoral and 
mesentericc arteries 

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

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

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

2.4.22 Contraction patterns of femoral and mesenteric arterial 
segments s 

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

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

2.4.33 Immunohistochemistry of arterial smooth muscle cells in tissue 
culture e 

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

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

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

-- r • . / 

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

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

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

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

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

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

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

22 3 4 5 

Numberr  of cells 
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2.4.55 Macroscopic junctional conductance 

Inn order to measure junctional conductance in cell pairs, pure populations of confluent 
celll  cultures (passages 2 or 3) were dissociated with trypsin, and were plated on 10 mm 
diameterr coverslips. After settling down in DMEM in an incubator (37 ° C, 95% 02-5% 
C02)) for 45 min, cells attached to coverslips were placed in a new dish under constant 
superfusionn with bathing solution (see Materials and Methods). During the first hr after 
dissociation,, both cell types remained approximately round in form, but became well 
adheredd to the glass coverslip. After 1 hr, however, smooth muscle cells, especially those 
fromm the femoral artery, flattened and spread onto the coverslips. All electrophysiological 
recordingss were obtained within 8 hr after plating; fresh coverslips were taken 
occasionally,, especially after exposure of dishes to halothane. The macroscopic junctional 
conductancee (gj) of 62 femoral cell pairs was measured under voltage clamp conditions 
(Figuree 2-8A). 

B B 

I I 

lllll ll  I I I 1 I I I 
100 15 20 25 

Junctionall conductance (nS( 

lip. .. I 
100 15 20 25 

Junctionall conductance (nS) 

FigureFigure 2-8: Histograms of macroscopic junctional conductances measured in 62 pairs of femoral (A) and 41 
pairspairs of mesenteric (B) smooth muscle cells using the dual whole cell voltage clamp technique. Cells obtained 
fromfrom both vessels are moderately well coupled. Mean junctional conductance calculated for the femoral smooth 
musclemuscle cells is 7.4  nS (n=62 cell pairs) and for the mesenteric cells is 5.2  0.7 nS (n=41). These values 
areare not significantly different (p > 0.05). 

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

2.4.66 Voltage sensitivity of junctional conductance in arterial smooth 
musclee cells 

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

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

2.4.77 Unitary conductance of femoral and mesenteric arterial smooth 
musclee cells 

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

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

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

Femorall  SMC 
Summ of 7 cell pairs 

1 1 
2 2 
3 3 

4 4 
5 5 

6 6 

7 7 

Mesentericc SMC 
Summ of 7 cell pairs 

1 1 
2 2 

3 3 

4 4 
5 5 

6 6 

7 7 

D D 
71.66  0.6 
96.11  1.2 

72.3 3 
82.3 3 
49.6 6 
80.4 4 

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

56.44  0.7 
81.11 3 

60.0 0 
14.7 7 
51.2 2 
56.1 1 
82.3 3 

105.0 0 
58.9 9 
54.4 4 
77.4 4 

107.8 8 
43.4 4 
72.7 7 
80.4 4 

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

89.01 1 
100 0 
16.3 3 
61.5 5 
22.1 1 

1.5 5 
98.5 5 
100 0 

74.7 7 
25.3 3 
100 0 
6.1 1 

93.9 9 
67.6 6 
30.3 3 

2.1 1 
100 0 

82.8 8 
14.3 3 
2.9 9 

11.8 8 
88.2 2 
100 0 

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

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

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

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

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

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

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

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

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

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

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

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

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