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ChannelChannel properties of gap junctions between rabbit femoral and mesenteric arterial smooth muscle cells 

3.11 Abstract 

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

3.22 Introductio n 

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

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

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

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

3.3.11 Measurement of relaxation in vascular  strips 

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

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

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

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

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

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

55 55 



ChapterChapter 3 

3.3.33 Electrophysiological experiments 

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

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

3.3.44 Northern blot analyses 

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

3.3.55 Western blot analyses 

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

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

3.3.66 Ca2+ measurements 

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

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

and d 

Cumulativee steady-state concentration response curves (CRCs) were constructed on 
bothh femoral and mesenteric ring preparations in order to compare NTG-induced 
relaxationn responses in these physiologically distinct vessels. To this end, rings from both 
vesselss were precontracted to -90% of maximum (3 uM PE for femoral rings, and 6 uM 
PEE for mesenteric rings; see Gondre and Christ, 1998), and when the contractile response 
achievedd steady state, NTG was added in half-log increments. Logistic analysis of CRC 
revealedd E ^, pEC50 and slope factor values of: 70.7  15.2%, 5.96  3.6 (i.e. ~ 1 uM) 
andd 0.73  0.2, for femoral artery (n=9 rings), respectively, and for mesenteric artery the 
correspondingg values were (n= 5 rings); 100%, 7.41  0.52 (-40 nM) and 0.55  0.02. 
Thesee initial values were used to ensure that we were examining equiactive (with respect 
too their individual CRCs) NTG-induced relaxation responses on both vessels. 
Representativee examples of relaxation responses to equiactive NTG concentrations are 
illustratedd for a femoral segment in Figure 3-1A and for a mesenteric segment in Figure 3-
1B. . 

PEE IN 
| ( 33 uM) _ J ( 6 

NTG G 
B B 

66 8 10 12 14 

Timee (min) 

X X 

I I 

i i 
i i 

NTG G 
(2000 nM) 

PE E 
(3p*l ) ) 

8Br-cGM PP \ 
(11 mM) 

/ / 
100 12 14 16 

FigureFigure 3-1: Effects of nitroglycerine (A,B) and 8Br-cGMP (C,D) on phenylephrine-induced contractions in 
femoralfemoral (A,C) and mesenteric (B,D) smooth muscle. At time 0 on these graphs, vessel segments were pre-
contractedcontracted by the addition of phenylephrine (PE). After responses attained their maximal values, nitroglycerine 
(NTG)(NTG) was added, leading to relaxation of the pre-contracted vessels. Dose-response curves CRC (values given 
inin the test) showed significantly greater sensitivity of mesenteric than femoral vessels to NTG. Note that in both 
vesselsvessels 8Br-cGMP evoked complete relaxation, while NTG effects were partial. 
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Havingg established tissue sensitivity to NTG, we sought to examine the effects of 
preincubationn with NTG on the PE-induced contractile response in rings from both 
vessels.. For these experiments, rings were preincubated with NTG for 5-10 minutes, and 
thenn exposed to equiactive PE concentrations (i.e., 3 uM PE for femoral rings, and 6 uM 
PEE for mesenteric rings). Representative examples of the effects of NTG preincubation 
onn the steady-state-PE-induced contractile responses observed in each vessel are shown in 
Figuress 3-2A and B, and mean results of additional experiments conducted on a total of 14 
femorall  and 12 mesenteric rings, respectively, are summarized in Figures 3-2C and 3-2D. 
Notee that for both femoral and mesenteric vessels, NTG pre-exposure significantly 
reducedd PE-induced contraction. In order to obtain additional mechanistic insight into the 
NTG-inducedd reduction of the PE-induced steady-state contractile response, we examined 
thee effects of maximal concentrations of 8Br-cGMP (1 raM 8Br-cGMP elicited complete 
relaxationn of equivalently PE-precontacted rings within 6-8 minutes; see Figure 3-lC,D). 
AA 5-10 minute preincubation with 8Br-cGMP was associated with a significant decrease 
inn the steady-state PE-induced contractile response observed in femoral, but not 
mesentericc rings (see Figure 3-2C and 3-2D). 

FemoralFemoral artery B B MesentericMesenteric artery 

ƒ ƒ ƒ 

ft' ft' 
I I 

1 1 
 Control 

oo + NTG 

Timee (min) Timee (min) 

-- significantly different from corresponding control 

value,, p<0.05, Student's t-test for paired samples. 

11 H i 

PE E 
3Br-cGMP P 
PE E 

 "~̂ T? NTG PE E 

PE E 

FigureFigure 3-2: Effects of NTG (A-D) and 8Br-cGMP (C,D) pretreatment on representative examples of 
phenylephrine-inducedphenylephrine-induced contractions in rings of rabbit femoral (A) and mesenteric (B) arteries. Mean contractile 
responsesresponses for all femoral and mesenteric rings in the absence and presence of NTG; asterisks indicate responses 
thatthat are significantly different from control values. Note that preincubation with NTG is associated with a 
significantsignificant decrease in the magnitude of the PE-induced contractile response in both mesenteric and femoral 
artery,artery, whereas HBr-cGMP is only effective in femoral segments. 
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3.4.22 Effects of NTG and 8Br-cGMP on junctional conductance in 
femorall  and mesenteric smooth muscle cells 

Inn order to evaluate effects of NTG and 8Br-cGMP on strength of electrical coupling 
betweenn smooth muscle cells, junctional conductance (gj) values in pairs of femoral and 
mesentericc smooth muscle cells were measured at one minute intervals for 25 minutes 
underr control conditions and during 25 minute treatments with 100 uM NTG and 1 mM 
8Br-cGMP.. Raw data from representative experiments are shown in Figure 3-3A-D and 
plotss of data in which gj was normalized to unity at the start of the drug application are 
shownn in Figure 3-4A,B. 

Control l 
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m-NTGG m-cGMP 

22 "TVT ~ m 

0''  15' 
M '' M l 
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Yll TTTI i m 

h h 

22 : T TT TTTT innrr -rmr 

o.. E 
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V,, m ~ 
T 22 T T T T1TT 

55 sec 

FigureFigure 3-3: Representative recordings of junctional conductance in pairs of femoral and mesenteric smooth 
musclemuscle cells in response to pharmacological treatments used in this study. For all recordings, voltage pulses 
(Vi,V(Vi,V22)) were passed alternatively in cell 1 and cell 2 and corresponding currents (It and I2) were measured. 
CurrentsCurrents downward from baseline were measured in the cell in which the voltage pulse was applied and 
representrepresent current flowing through junctional and nonjunctional membranes. Currents upward from baseline 
werewere recorded in the other cell and represent junctional current; when divided by the amplitude of the 
transjunctionaltransjunctional voltage, the amplitudes of the upward excursions give junctional conductance (gj). A (Control). 
RecordingsRecordings from a pair of mesenteric smooth muscle cells before (0') and fifteen min (15') after exposure to 
normalnormal extracellular solution. B (f-NTG). Recordings obtained from a pair of femoral smooth muscle cells 
beforebefore (0') and fifteen min (15') after exposure to extracellular solution containing 0.1 mM nitroglycerine. C (m-
NTG).NTG). Recordings from a pair of mesenteric smooth muscle cells before and 15 min after exposure to 0.1 mM 
NTGNTG in bathing solution. D (m-cGMP). Recordings from a pair of mesenteric smooth muscle cells exposed to 1 
mMmM 8Br-cGMP. Note that g, was relatively constant during exposure to normal bathing solution, but was 
decreaseddecreased in femoral cells exposed to NTG and in mesenteric cells exposed to NTG and 8Br-cGMP. 

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

o-:-:- --

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

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

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

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

Thus,, compared to histograms obtained for Yj in femoral smooth cells under control 
conditions,, the effects of both NTG and 8Br-cGMP were to shift the distribution of 
events,, with virtually all occurring in the lower unitary conductance state. 

63 63 



ChapterChapter 3 

Controll  mesenteric smooth muscle cells exhibit two populations of main state unitary 
conductancess (56 pS, accounting for 75% of events, and 81 pS, accounting for 25%: Vink 
ett al, submitted). Gaussian fits of the histogram of Yj values in mesenteric smooth muscle 
cellss treated with NTG (6 cell pairs; 1544 events) revealed two peaks in the distribution 
(Figuree 3-6B). A small peak at 49.5 7 pS contributed an area of 8.0%, whereas 92% of 
thee events were located within a Gaussian distribution centered at 77.0  0.7 pS. 

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

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

1 1 

2 2 
3 3 

4 4 
5 5 
6 6 
7 7 
8 8 

Femorall  SMC with NTG 
Summ of 5 cell pair s 

1 1 

2 2 
3 3 
4 4 

5 5 

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

1 1 
2 2 
4 4 
3 3 
5 5 

6 6 

7 7 

8 8 

7ii  <pS)  SD 
71.44 5 

45.8 8 
73.0 0 
64.0 0 

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

75.5 5 
63.99  0.5 
92.44  1.1 

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

72.22  0.4 
99.44  1.6 

64.7 7 
74.8 8 

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

Area(%) 2 2 

100 0 

7.5 5 
92.5 5 
100 0 

92.2 2 
7.8 8 

100 0 
100 0 

29.0 0 
100 0 
100 0 

93.9 9 
6.1 1 

72.7 7 
27.3 3 
100 0 
100 0 

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

32.4 4 
67.6 6 
100 0 

86.4 4 
13.6 6 
100 0 

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

Mesentericc SMC with NTG 
Summ of 6 cell pairs 

I I 

2 2 

3 3 

4 4 
5 5 

6 6 

YJJ (PS) D 
49.55  0.7 
77.00  0.7 

79.3 3 
140.4 4 
79.9 9 

120.0 0 
64.3 3 
92.8 8 

90.8 8 
52.8 8 
50.4 4 
77.5 5 

Areaa (%)3 

13.5 5 
86.5 5 
98.3 3 

1.7 7 
97.4 4 

2.5 5 
90.5 5 

9.5 5 
100 0 
100 0 

28.4 4 
71.6 6 

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

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

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

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

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

Valuess indicate areas under curves as determined by Peakfit software (Jandel Scientific) and are interpreted as 
representingg relative numbers of events comprising each population. 
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weree used as positive controls. By contrast, Cx43 mRNA was clearly expressed in cells 
fromm both femoral and mesenteric vascular beds, with consistently higher levels in 
mesentericc smooth muscle cells. After correction for a-actin levels, treatment with 
neitherr NTG nor 8Br-cGMP was found to alter Cx43 mRNA expression significantly in 
eitherr type of smooth muscle cells. Thus, altered Cx43 transcription or mRNA stability 
doess not appear to be responsible for the decreased junctional conductance measured after 
drugg exposure. 
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FigureFigure 3-7: Northern blot analyses ofCx37, Cx40, Cx43 and a-actin mRNA in control mesenteric and femoral 
smoothsmooth muscle cells and after treatment with NTG and HBr-cGMP. Brain and heart tissue samples provided 
positivepositive controls. Note the absence of specific Cx37 and Cx40 hybridization in treated or untreated femoral or 
mesentericmesenteric smooth muscle cells. Densitometric scans of Cx43 mRNA expression were normalized to 
hybridizationhybridization with probe for constitulively expressed a-actin; normalized Cx43 mRNA levels did not differ 
strikinglystrikingly with regard to smooth muscle cell type or treatment. 

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

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

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

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

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

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

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

FigureFigure 3-9: Ca2 + imaging of smooth muscle cells in culture. Pseudocolored photographs of ratiometric Ca2 + 
imagesimages acquired with a real time confocal microscope, illustrating Indo-loaded femoral smooth muscle cells at 
restrest (A), and after Ca2+ spread to numerous cells (B). The cell with the asterisk is the cell that was carefully 
proddedprodded with a microelectrode. A change of color from green to yellow to red represents an increase in 
fluorescencefluorescence ratio according to the color bar to the right, with values of 0.5 and 2.5 corresponding to 
intracellularintracellular Ca2+ concentrations of about 50 nM and lfiM. 
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FigureFigure 3-10: Time course of intracellular Ca2*  changes in stimulated and adjacent femoral smooth muscle cells. 
A.A. Control response of stimulated (filled circles) and 9 other cells in the field to brief mechanical stimulation. 
NoteNote that all cells respond, with latencies from about 5 to 15 sec. B. Response of femoral smooth muscle cells to 
mechanicalmechanical stimulation 5 min after treatment with 0.1 mM suramin, a blocker of purinergic receptors. Note that 
77 of 9 cells respond, with latencies similar to those seen under control conditions. C. Response of femoral 
smoothsmooth muscle cells to mechanical stimulation in the presence of 2 mM heptanol, a gap junction channel 
blocker.blocker. Note that none of the nine other cells responds. 
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FigureFigure 3-11: Representative responses of cultured mesenteric smooth muscle cells to mechanical stimulation 
afterafter exposure to NTG (A) and 8Br-cGMP (B). Fluorescent ratios (proportional to intracellular Ca2*  activity) 
areare plotted for the stimulated cell (filled circle) and nine cells around it. Note that touch of these cells leads to 
rapidlyrapidly increased Ca2*  in that cell and in about 50% of the others, with latencies between about 5 and 15 sec. 

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

Orderr of cells Order of ceHs Order of cells 

FigureFigure 3-12: Magnitudes of Ca2*  responses in stimulated and responding smooth muscle cells. The calculated 
averageaverage magnitude of the Ca2*  upstroke of the touched cells (order 0) serves as the 100% magnitude point for 
eacheach graph. The magnitude of responses of cells directly in contact with the stimulated cell are represented as 
orderorder 1; cells separated by one or two intermediate cells are displayed as second and third order. A. 
MagnitudesMagnitudes of Ca * responses in femoral cells aligned in all directions around the touched cell for controls
treatedtreated with NTG (m), 8Br-cGMP (A), suramin (W) and heptanol (filled diamond). B. Magnitudes of Ca2* 
responsesresponses in the same fields of control and treated cells, but only considering side-to-side orientations. C 
MagnitudesMagnitudes of Ca2*  responses with respect to end-to-end connected cells. D. Magnitudes ofCa2*  responses in 
allall  mesenteric smooth muscle cells. E. Magnitude of Ca2*  responses in side-to-side oriented mesenteric cells. F. 
MagnitudeMagnitude of Ca * responses in end-to-end positioned cells. Control cells are indicated by open circles, NTG 
treatmenttreatment by open squares and 8Br-cGMP treatment by open triangles. 
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Thesee morphological indices of asymmetry were not statistically different and were 
nott affected by pharmacological treatments. Under control conditions, Ca2+ waves in 
femorall  smooth muscle cells propagated at a velocity of 24  5 urn/sec; propagation was 
slowerr in the end- to-end configuration (18  5 urn/sec) than side-to-side (25  7um/sec) 
(Figuree 3-13A-C), implying that cytoplasmic conduction contributes significantly to the 
timee required for propagation. For mesenteric smooth muscle, overall mean velocity was 
slightlyy but not significantly faster (28  9 um/sec) and was more rapid in the side-to-side 
(311  14 um/sec) configuration than end-to-end (24  5um/sec). With regard to 
attenuationn of Ca2+ wave amplitude as a function of cell number, no striking differences 
weree seen according to cell type (about 50% decrease in the first tier of cells closest to the 
mechanicall  stimulation and about 40% decrement in the next tier of cells) or to orientation 
(Figuree 3-12). However, the three-to-four-fold anistropic geometry results in 3 to 4-fold 
differencee in attenuation as a function of distance when side-to-side vs end- to-end 
configurationss are compared. 
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FigureFigure 3-13: Histograms showing the conduction velocities of Ca2* waves for femoral (A-C) and mesenteric (D-
F)F) smooth muscle cells. Separate graphs are shown for all data, regardless of cell orientation (A,D), for side-to-
sideside oriented cells (B,E) and for end-to-end (C,F) connected cells. No. I are controls, no. 2 NTG treated, no. 3 
8Br-cGMP8Br-cGMP treated, no. 4 suramin treated, and no. 5 heptanol treated cells. Although in almost all cases the 
wavefrontwavefront slows down (except for mesenteric end-to-end) these graphs do not show a striking decrease in Ca * 
velocityvelocity in treated cells compared to controls, except in the case of heptanol. 

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

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

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

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

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

3.55 Discussion 

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

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

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

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

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

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

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

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

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

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

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

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

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