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ABSTRACT 

Gap junctions form low resistance pathways between neighboring cells and 

thereby provide for coordination of tissue function. In vascular smooth muscle these 

channels are believed to be important in maintenance of and coordination of changes 

in vessel tone. In this study we demonstrate that vascular smooth muscle cells from 

vessels of different origin and species differ in the connexin protein expressed as well 

as in the size of the channel formed by these proteins. We have shown that pig 

coronary and rat mesentery express mRNA for Cx43 and exhibit a single channel 

conductance of 60 or 80 pS respectively. We have determined the A7r5 express Cx40 

in the form of a 70 pS channel and Cx43 as 108 and 141 pS channel. And finally we 

show that human coronary appear to express Cx40 exclusively, yet have two channel 

sizes with conductances of 52 and 104 pS. We further demonstrate that the effect of 

oleic acid (OA), the predominant fatty acid found in the cell membrane differs in its 

effect on the A7r5 vs. heart cells. The A7r5 cells responded with a rapid uncoupling 

to -50% at low dose, and did not further uncouple with increasing concentrations. 

Single channel analysis suggests the 70 pS channel was very sensitive to OA. The 140 

pS channel appeared to be insensitive to OA. 

Lastly, we examined the effect of the monoamine, serotonin on gap junctions 

from vessel beds known to differ in their regulation. Junctional conductance and 

dye-coupling was increased on both long- and short-term exposure to 1,5, or 10 p.M 

doses in all cell types. In the pig coronary cells and the rat mesentery, no change in 

unitary conductance was observed. The relative frequencies of the channel 

populations were shifted in both the A 7r5 and the human coronary cells. These data 

support the conclusion that multiple strategies exist for gap junction regulation. 
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CHAPTER! 

INTRODUCTION AND BACKGROUND 

Gap junctions have been shown to both electrically and metabolically couple 

cells in tissues, and in so doing, they facilitate synchronization of tissue activities and 

function (Barr 1965, Spray 1985). Virtually all cell and tissue types are coupled via 

gap junctions. The roles these junctions play varies with the tissue type. In 

electrically excitable tissues, their most obvious role is to produce an electrical 

syncitium such that action potentials or membrane depolarizations can be conducted 

cell-to-cell almost instantaneously, with resultant coordination of muscular 

contractions such as those seen in heart, myometrial smooth muscle, and crayfish tail 

flip responses. In liver and lens tissue, gap junctions function to coordinate 

metabolic activity by allowing passage of ions and small metabolites and messengers 

with molecular weights less than 1000 daltons. Another role for gap junctions has 

been suggested in developing systems, where an increase or decrease in 

communication between cells may signal differentiation of cell or tissue types, release 

of hormones, or initiation of ovum maturation. The following will review regulation 

of the microcirculation, the evidence for gap junctions in vascular cells, and their role 

in coordination of vascular activity, what is known about gap junction structure and 

regulation in the vasculature and other tissues, and the possible role that serotonin 

and gap junctions have in abnormal or pathologic microcirculatory function. The 

goal of this study is to determine tissue vs. connexin specificity of gap junction 

expression and function in vascular smooth muscle. In so doing we hope to better 

define the role of gap junctions in micro-circulatory function and lend support to the 
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argument that vessel bed specificity of response may be dictated in part by the 

connexin protein(s) expressed and secondarily by differences in channel gating 

dependent on the vascular smooth muscle cell it is expressed in. 

Regulation of the Microcirculation· Neural Control 

Maintenance of normal vascular tone requires the integration of neural, 

hormonal, and local factors, and an intact endothelium to modulate responses. The 

reduction in pressure that occurs as blood leaves the heart and flows through the 

circulatory systems results from increases in vascular resistance as the diameters of 

vessel decrease. In addition, vessel diameter is dynamically regulated on the arterial 

side through smooth muscle contraction and relaxation. The innermost layer of 

these vessels, the intima, consists of several layers of cells. The endothelial cell layer 

plays a major role in mediating local changes in response to hormonal and metabolic 

stimuli. The basal lamina is another component of the intimal layer and usually 

forms the boundary between the intima and the next layer of the media. In some 

vessels, such as the coronaries, smooth muscle bundles are located in the intima as 

well (Rhodin 1980). The media of small arteries and arterioles is made up of smooth 

muscle cells, and a network of collagen and elastic fibers. Vascular smooth muscle is 

largely responsible for changes in flow. The outermost layer, the adventitia, consists 

of fibroelastic type material. This layer also contains many nerves for the vessels, as 

well as for visceral and sensory organs. 

Neural regulation of peripheral vascular resistance occurs through 

sympathetic innervation of vascular smooth muscle. The presynaptic neurons form 

varicosities which are separated from the smooth muscle layer by a variable distance 

dependent on the tissue. Fluorescent staining of these varicosities suggest the 
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endothelial cell layer (intima) and most smooth muscle cells (media) are not 

innervated directly. The varicosities contain specialized vesicles which are thought to 

release the neurotransmitter norepinephrine across the junctional cleft (Luff, et al., 

1987). The junctional cleft contains connective tissue and other components 

(Kreulen and Keef, 1989) which are dependent on the tissue. In an early study by 

Fuxe and Sedvall (1965) the distribution of adrenergic fibers to the vasculature was 

determined using histochemical techniques. Their results suggest the adrenergic 

fibers contact the outer smooth muscle layer, but rarely penetrate it, although this 

appears to be tissue dependent as well. The capillaries did not appear to receive 

direct innervation, and only a small percentage of veins were directly innervated. 

Arteries entering the skeletal musculature were found to be sparsely innervated, but 

fiber number increased to 5 - 10 bundles around the larger arteries once into the 

muscle bed. As the vessel size decreased from 200p,m to 10 p,m so did the amount of 

adrenergic input. More recent fluorescent studies (Hirst and Neild, 1981) 

demonstrated that approximately 60 varicosities occurred per 100 p,m length of 

arteriole. These authors propose that given the syncitial nature of the vasculature, it 

is not surprising that the smooth muscle area involved in actual neuromuscular 

contact is small. This suggests gap junctions may have a direct role in the regulation 

or maintenance of tone (Fig. 1). 

The extent to which vessels respond to innervation varies. Furness and 

Marshall (1973) demonstrated complete cessation of blood flow due to 

vasoconstriction in the microvasculature when sympathetic nerves were stimulated at 

4 Hz. In the larger arterioles maximal vasoconstriction (6 Hz) consisted of only a 40-

70 % decrease in arteriolar diameter. Precapillaries, capillaries and venules showed 

little or no response to adrenergic stimulation, supporting the morphologic 
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observations. Similar responses were seen with direct application of 

neurotransmitter. 

The post synaptic response to neural stimulation can be quite varied; in some 

cases changes in membrane potential are almost certainly involved, in others they are 

not. In part, the response to norepinephrine reflects the receptor subtypes found in 

various vessel beds. The majority of vessels exhibit contraction in response to 

norepinephrine, due to stimulation of a1 adrenergic receptor subtypes. Some vessels 

contain beta-adrenergic receptors as well. Stimulation of these cause smooth muscle 

cell hyperpolarization if the a1 action is blocked by phentolamine (Kreulen and 

Keef, 1989). Sympathetically-induced contraction occurs through a rise in 

cytoplasmic calcium mediated by membrane depolarization-dependent and 

independent events (Hirst, 1989). If a sufficient depolarization occurs, voltage

operated calcium channels contribute to the rise in intracellular calcium. 

The electrical response of the smooth muscle cell to neural excitation is rarely 

an action potential. Excitatory junctional potentials (EJP's) are observed in some 

smooth muscle cells, these typically last 100 msec, have an amplitude of 

approximately 10 mY, and decay exponentially over several hundred milliseconds. 

These potentials are entirely dependent on extracellular calcium. EJP's can be 

recorded deep in the smooth muscle layer, without diminution of the potential, which 

presumably reflects cell-to-cell electrotonic conduction (Hirst and Edwards, 1989). 

These potentials are caused by quantal release of neurotransmitter(s) from the 

sympathetic varicosities, but may not occur physiologically (Kreulen and Keef, 1989). 

Membrane potential changes termed slow depolarizations also occur in smooth 

muscle cells and differ from EJP's in their duration and sometimes amplitude. These 

depolarizations may be as long as 3 minutes, depending on the vessel and species. 
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The transmitter involved in evoking both the EJP and the slow depolarization has 

been addressed by many laboratories. Norepinephrine may be responsible for the 

membrane potential changes in some vessels, but more likely is co-released with 

other agents which in turn cause the depolarization. One such agent may be ATP, 

based on the ability of purinergic receptor antagonists to abolish EJP's. As discussed 

in a review by Hirst and Edwards (1989) release of ATP and norepinephrine activate 

a variety of receptors, causing the opening of calcium, sodium and potassium 

channels, which in turn cause small membrane depolarizations. These 

depolarizations if of sufficient frequency and amplitude cause increased calcium 

influx and graded changes in vessel tone. Since innervation of smooth muscle cells is 

not one to one, the depolarizations must spread electrotonically to produce a 

coordinated response (Fig. 1). 

Regulation of the Microcirculation-Endothelium 

Endothelial cells release a variety of substances which influence the 

contractile state of vascular smooth muscle cells. As polarized cells there may be 

differences in the secretory products dependent on whether they are released from 

the apical or basal membranes. Some of the agents released into the circulation can 

have profound effects on target cells, these include mitogens, chemoattractants, and 

prostaglandins. The prostaglandins, such as prostacyclin PGI2, are substances which 

can act presynaptically to reduce transmitter or norepinephrine release resulting in a 

reduction of EJP amplitude. These agents have also been shown to reduce the 

response to the pressor agents angiotensin II and vasopressin. The response to PGI2 

also includes vasodilation of the microcirculation and prevention of platelet 

activation. Release of this prostacyclin appears to stimulate prostaglandin synthesis 
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in smooth muscle and other target cells (Vollotten, et al., 1989). Exposure to 

indomethacin blocks the response suggesting that this action is mediated through a 

second messenger pathway, most likely via protein kinase C activation. The 

response is elicited in the presence of nifedipine, a calcium channel blocker, 

suggesting the rise in calcium comes from intracellular versus extracellular sources. 

The mitogens (for example endothelial derived growth factor EDGF or platelet 

derived growth factor, PDGF) intluence smooth muscle proliferation and may act to 

attract monocytes or stimulate leukocyte adhesion. 

A variety of other vasoactive substances besides the prostaglandins and 

growth factors are released by the endothelium. These agents influence vascular 

tone through modulation of second messenger cascades in smooth muscle, or 

through antagonism of the responses to norepinephrine, serotonin, histamine, and 

acetylcholine (Ach). One of these substances first described by Furchgott and 

Zawadzki (1980), originally called endothelial relaxing factor (EDRF), has now been 

shown to be the substance nitric oxide (NO) (Palmer, 1987). NO is implicated in 

reducing coronary response to circulating vasoconstrictors that may promote 

vasospasm (see discussion on serotonin, Miller and Vanhoutte 1989; Thomas and 

Romwell, 1989; Golino et al., 1991). The release of EDRF from the endothelium is 

reduced, when the endothelial cell layer is damaged (Cox, et al., 1989), or diseased 

as in hypertension, hypercholesteremia, atherosclerosis, and during the process of 

aging (Luscher et al., 1991; Shimokawa and Vanhoutte, 1989; Shepherd et al., 1991). 

Endothelial dependent relaxation is mediated via changes in cGMP levels. Recently, 

Ganz (1989) demonstrated that vascular smooth muscle cells exhibited large 

increases in cGMP levels when co-cultured with endothelial cells stimulated by 

nitroprusside. Unlike neurotransmitters or receptor mediated processes, NO 
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(probably due to its size) apparently diffuses out of the endothelial cells across the 

intercellular space and through the smooth muscle cell membranes. The 

physiological half-life is very short, on the order of 5 seconds, after which this free 

radical is quickly oxidized to N02. NO is a product of L-arginine metabolism, which 

in a calcium-dependent reaction utilizing nitric oxide synthase (NOS) forms NO and 

citrulline. NOS has been localized to the endothelium of aortic and coronary vessels 

as well as to other smooth muscle, and non-vascular cell types (Bredt, 1990). The 

action of NO on its target cells appears to be in activating guanylate cyclase by 

binding to its heme moiety, thus resulting in the conversion of guanine triphosphate 

(GTP) to cGMP. The apparent blockade of NO action by hemoglobin is by binding 

of the free radical to the heme group of hemoglobin. Electrophysiological studies 

show the smooth muscle membrane to be hyperpolarized in response to NO, 

apparently through increased open-time probability of a calcium-activated potassium 

channel. Other vasoactive agents may be released that act in combination with 

EDRF to cause smooth muscle relaxation. These agents, prostacyclin and the beta

adrenergic agonist, isoprenaline, activate the adenylate cyclase-cAMP cascade, 

leading to a decrease in intracellular calcium. EDRF, or lack thereof, is implicated in 

the etiology of vasospasm in coronary artery disease (Maseri and Crea, 1991; Golino 

et al., 1991; McFadden et al., 1992), and that seen with subarachnoid hemorrhage 

(Dusting et al., 1989). 

Regulation of the Microcirculation - Local and Metabolic Factors 

Besides the local mediators EDRF and endothelin released by the 

endothelium, vascular smooth muscle tone is regulated by local factors associated 
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Figure 1 The nerve varicosity synapses in close proximity to the smooth muscle 
cell, and when stimulated releases neurotransmitters such as noradrenaline and 
A TP from the granular vesicles near the terminus. These transmitters diffuse 
across the junctional cleft and stimulate the smooth muscle cell through specific 
receptor interaction. Cell membrane resistance decreases through changes in ion 
channel activity (such as Na and K channels). Receptor-mediated events can lead 
to changes in intracellular calcium levels. If membrane depolarization occurring 
with increased current flow through ion channel activation is great enough, 
voltage-gated calcium channels may respond adding to the membrane 
depolarization. This in turn mediates the contractile event. As discussed in the 
text, the innervation of vascular smooth muscle is not one-to-one, thus gap 
junctions play a role in conduction of the membrane potential changes 
eJectrotonically through the smooth muscle layer. 
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with cell metabolism, exercise and tissue hypoxia. Adenosine has received attention 

for its ability to relax coronary vasospasm by acting on purinergic receptor sites. A 

role for adenosine in regulation of blood flow was originally suggested by Berne 

(1964). In coronary artery, the vasodilatory effects may be mediated through 

activation of adenylate cyclase. The response to adenosine is associated with a rise in 

cAMP only at concentrations greater than 10-4 M (Sabouri et a/., 1989). Since the 

effect on vessel tone is evident at lower concentrations (10-6 M) there may be other 

second messenger cascades linked to these receptors. This effect is mediated 

through hyperpolarization of the membrane by changes in potassium conductance. 

The vasodilatory effect may also be mediated through direct activation of P2 

purinoceptors located on the smooth muscle cells. Smooth muscle relaxation also 

occurs due to EDRF release from endothelial cells when exposed to adenosine 

(Ralevic and Burnstock, 1991). Evidence provided in the literature both supports, 

and refutes the physiological importance of potassium, oxygen, adenosine, ATP, and 

hyperosmolarity in regulation of vascular tone. All of these result from tissue 

metabolism and may be released under circumstances such as exercise. 

Besides local factors, mechanical changes such as shear stress, myogenic tone, 

and wall tension interact to regulate flow and vessel diameter. The myogenic 

response appears to be a flow independent, pressure dependent response of the 

vessel to maintain steady state flow to the tissue. This response has been studied in 

detail by Johnson (see review 1981). It appears microcirculatory regulation is an 

integrated response to neural and circulating humoral substances, locally released 

mediators and the physical forces within the vessel itself. 
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Evidence for gap junctions in the vasculature. 

Ultrastructural evidence of gap junctions between endothelial cells and 

smooth muscle cells has been reported frequently in the literature (Simionescu et a/., 

1975, Huttner et a/., 1973; Dermietzel, 1975; Larson and Sheridan, 1982, 1983, Nagy 

et a/.,1984; Davies et al.,1985, Shivers and Bowman, 1985; and Beny and Connat, 

1992). These studies are based on freeze fracture and thin section electron 

microscopy, and provide no evidence as to the actual functionality of the junctions. 

In 1977, Hirst and Neild attempted to describe current flow in arteriolar smooth 

muscle using two micro electrodes. One micro electrode functioned as the current 

passing electrode, and the second determined changes in membrane potential at 

some distance from the first. This study showed that smooth muscle cells were 

coupled electrically and functioned as a syncitium. The results indicated that current 

flow displayed no directionality, i.e., cells were electrically coupled in all directions, 

and when recording a short distance away on the same wall or edge, the cells 

demonstrated isopotentiality. These data imply that the spread of current in 

arteriolar smooth muscle can be described by cable theory. The electrical properties 

of smooth muscle cells were summarized in a recent review by Hirst and Edwards 

(1989). The average resting membrane potential is -60 to -75 mY, but varies with the 

different vessels, and the accepted membrane capacitance (Cm) is 1uF/cm2. The 

length constant derived from the square root of the RmembraneIRaxial is 0.3 - 1.5 mm, 

which again supports the presence of an electrical syncitia. 

In myometrial smooth muscle increased electrical and metabolic coupling 

between the smooth muscle cells is seen with parturition (Miller and Vanhoutte 

1989, Sims et a/., 1982). This increase in coupling presumably functions to 

synchronize uterine contractions during labor by allowing rapid spread of action 
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potentials. Impulse propagation in this tissue functions much as it does in the heart. 

In myometrium a synchronized burst of spikes occurs in intrinsic pacemakers, 

whereby lower frequency pacers become driven by higher frequency pacemakers, 

just as they do in 'cardiac and gastrointestinal tissues. The role gap junctions play in 

coordination of tone or contraction in these tissues may be similar to that which 

occurs in vascular smooth muscle during slow wave propagation. The length 

constant for the circular or circumferential myometrial cell layer is shorter than that 

for the longitudinal layer prior to the onset of labor. This indicates that propagation 

in one plane may differ from the other; however, at delivery these may become 

synchronized by an increase in gap junctions in the transverse plane. 

Perhaps the best evidence for a direct role for gap junction regulation of the 

microcirculation comes from the work of Segal and Duling (1987,1989). Hamster 

cheek pouch or gracilus muscle arterioles were used for evaluation of vessel 

vasodilatory response upon ionophoresis of acetylcholine over a small portion of the 

vessel. The vasodilatory response was observed to propagate in both directions in 

the vessel. Tetrodotoxin failed to block the response, suggesting it was not neurally 

mediated. Some early criticism voiced on this work questioned whether the 

vasomotor response was flow related. More recent experiments have controlled for 

flow directed responses and have had the same results. Perfusion of the preparation 

with agents known to uncouple cell communication such as C02 or hypertonic 

sucrose solution resulted in attenuation or loss of the conducted response, again 

suggesting this is a gap junction-mediated response. 

Despite the above evidence suggesting the presence of functional gap 

junctions, quantitation of gap junctions in vascular smooth muscle in the intact 

system is virtually impossible due to the numerous pathways for current flow. Thus a 
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simpler system for evaluation of gap junctions is desirable. Successful culture of 

vascular endothelial cells and vascular smooth muscle cells, and co-culture of the two, 

has been reported (Shaklai et al., 1978; Davies , et al., 1985 a, b; Larson and 

Haudenschild 1988; et al., 1990; Wadsworth et al., 1988). These studies demonstrate 

not only successful culture, but also maintenance of smooth muscle contractile 

properties and regulatory responses to vasoactive agents. Wadsworth et al., (1988) 

showed that smooth muscle cells isolated from canine carotid artery maintained 

contractile properties to 0.4 uM norepinephrine and 40 mM KCl. Numerous gap 

junctions were found between these cells as well. Several papers have demonstrated 

the functional capacity of cultured vascular cells. Simpson and Ashley (1989) 

reported calcium transients and oscillations in an AlO smooth muscle cell line in 

response to treatment with endothelin (200 nM) or vasopressin (1 nM). Each of 

these stimulate InsP3 production and release of intracellular calcium stores. In 

addition, a plateau phase indicating a maintained elevation of calcium was noted 

using Fura-2. There is also evidence that A 7r5 smooth muscle cells exhibit 

spontaneous action potentials in response to endothelin under certain conditions 

(Van Renterghem, 1988). In a study by Wallnofer et al., (1989), the effects of ATP 

or depolarizing medium on calcium entry in cultured rat aortic smooth muscle cells 

were evaluated in the presence of multivalent cations. Their data show cultured cells 

respond both to vasoconstrictor agents and to depolarizing treatments. The order of 

efficacy reported for purinergic agonists was similar to that reported by Kennedy and 

Burnstock in whole tissue (1985). 

In addition to retaining physiologic and pharmacological behavior typical of 

intact vessels, cultured vascular cells have proved useful as a model for 

demonstrating pathologic changes believed to occur in hypertension, atherosclerosis, 
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and wounding (Geisterfer and Owens, 1989). The observation of elevated levels of 

excreted arginine vasopressin in hypertensive patients has led to the belief that 

contractile agonists may have a role in smooth muscle hypertrophy. These authors 

present data that angiotensin II induced hypertrophy in cultured aortic smooth 

muscle cells but did not cause cell proliferation. In addition, they asked whether 

arginine vasopressin can modulate proliferation and hypertrophy as well. They 

concluded that both agents increase protein content and hypertrophy in quiescent 

cell cultures, but do not induce mitogenic or proliferative responses. The latter could 

be due to lack of specific growth factors, receptor numbers or signaling systems in the 

culture environment. In a recent paper by BIennerhassett (1987), rat aortic primary 

cultures from normotensive and hypertensive rats were examined for differences in 

resting membrane potential. Although Em was not different between normal and 

hypertensive rats, it changed with cell density. During proliferation, a continuous 

hyperpolarization was noted, indicating that excitation and contractility may be 

affected in newly replicating smooth muscle. Tagami et ai., (1986) examined the 

effect of culture media on cell morphology and function. Explants were grown for 30 

days before they were subcultured and seeded into dishes containing either 0,10, or 

20 % fetal calf serum (FCS). Smooth muscle cells from FCS-free medium 

maintained contractility, were mature, and well-differentiated, and demonstrated 

numerous gap junctions between cells. The cells maintained in 20 % FCS had no 

contractile activity and numerous cell organelles, and appeared to be actively 

proliferating. The response to 10 % FCS was intermediate. The work by Tagami et 

ai., (1986); Geisterfer and Owens (1989), and Blennerhassett et al.,(1989) suggests 

biochemical and electrical differences are present between proliferating and 

differentiated smooth muscle cells. Cultured cells have also been used to examine 
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the synthesis of various proteins, their incorporation and release by vascular cells, 

and the arachidonic acid pathways. Methods of study include radioimmunoassay and 

HPLC (Gerritsen and Cheli, 1983). A model for repair of wounded endothelium 

using cultured cells suggests gap junctions may have a role in this process (Larson 

and Haudenschild, 1988, Pepper, et al., 1989). These studies indicate that cultured 

vascular cells provide a good model in which many of the in vivo physiologic 

characteristics, biochemical pathways, and growth patterns are retained. 

Structure and regulation of gap junctions 

The presence of pores or channels between cells for intercellular ionic 

movement was first suggested by Muir in 1965. A common belief at that time was 

that impulse conduction occurred across the gap between closely apposed 

membranes (Dewey and Barr, 1962). Lowenstein (1981) proposed that a pair of 

membrane units, one from each cell were united tightly to form an aqueous channel 

that is well insulated from the extracellular space. The term gap junction was coined 

by Revel and Karnovsky (1968) and stemmed from the appearance of junctions in 

thin section electron microscopy as two parallel membranes separated by a gap of 2-

3 nm which is contiguous with the extracellular space. The gap was spanned at 

regular intervals by "spaces" not contiguous with the extracellular space. These 

spaces were thought to form the "channels" between cytoplasms of two cells. An 

accumulation of these channels make up the gap junction. The hemi-channels 

forming the pore have been given the name connexons (Goodenough 1976, Caspar 

1977). Each connexon is made of six protein subunits which join in the extracellular 

space to form the intact channel. The six identical subunits have been termed 

connexins or connexin proteins. Cysteines located on the extracellular domains (and 
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conserved in all of the connexins) of these proteins may help with "docking" of the 

proteins by forming disulfide bonds to stabilize the channel. Recent evidence has 

suggested that cell specific adhesion molecules may be co-expressed or playa role in 

formation of gap junctions and regulation of their expression (Musil et al., 1990). 

Several connexin proteins have been identified, cloned and sequenced (see Table1). 

The present nomenclature for naming the connexins (Beyer, et al., 1987) is by 

species and the predicted molecular weight. For example, the first connexin protein 

to be cloned and sequenced was connexin32 (Cx32) from rat liver (Paul, 1986). This 

connexin protein has been found in stomach, brain, and kidney, as well (Kumar and 

Gilula 1986, Paul 1986). Connexin43 (Cx43) cloned from rat heart cDNA (Beyer et 

al.,1987), has been found in uterine smooth muscle (Beyer et al., 1989, Risek et al., 

1990), vascular wall cells (Larson et al., 1990), and fibroblasts (Crow et al., 1990). 

Other connexins, Cx42 and Cx45, have been found to exist concurrently with Cx43 in 

chick heart (Beyer, 1990). Connexin26 was isolated from rat liver and exists jointly 

in the same junctional plaques with Cx32 (Traub et al., 1989). Data will be 

presented in the text of this dissertation which suggests that Cx43 and Cx40 are also 

functionally co-expressed in vascular smooth muscle cells such as the A 7r5 cells. 

Other investigators have published evidence that more than one connexin protein 

may be expressed by a particular cell (Traub, et al., 1989). Hydropathy plots of the 

gap junction proteins (Paul, 1986) suggest they have four membrane spanning 

domains with the carboxy and amino termini both lying on the cytoplasmic face (Fig. 

2). All of the identified connexins share conserved regions, mostly in the membrane 

spanning or hydrophobic domains. The length, as well as the amino acid sequence 

of the carboxy terminus varies with each connexin. The carboxy terminus in some 

connexins (Cx32, Cx40, and Cx43) have consensus sites for phosphorylation (Spray 
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and Burt, 1990; Saez et ai., 1989, Crowet ai., 1990, Beyer et ai., 1992), and most 

likely confer regulatory properties specific to each connexin, for example, gating by 

voltage or unitary conductance. Currently several laboratories are using techniques 

such as site directed mutagenesis to examine the role specific sequences play in 

conferring gating properties such as transjunctional voltage sensitivity and 

phosphorylation (Rubin et ai., 1992). The putative channel lining domain is the 

transmembrane region designated 3 in Figure 2. Using site directed mutagenesis 

chimera are made which differ from the wild type protein in single amino acid 

mutations or entire domain swaps with sequences from other connexins. The 

properties these domains confer to the protein can then be assessed. It is still 

unclear as to which regions confer voltage sensitivity in some, but not all of the 

connexins. Work currently underway (Rubin et ai., 1992) is aimed at addressing this 

question. Amino acid differences in the carboxy terminus have allowed the 

development of polyclonal antibodies which are specific to the various connexin 

proteins. The antisera or cDNA probes made to these regions can be used for 

immunoblotting, Northern blotting, and immunohistochemistry in order to identify 

the expression of connexins in different cell and tissue types. 

Early studies demonstrated that a variety of low molecular weight substances 

were able to traverse these junctions (reviews Loewenstein 1981; Spray and 

Bennett, 1985). The diameter of these channels as determined by the passage of 

neutral fluorescent probes, was 16-20 nm for mammalian cells and 20-30 nm for 

insect cells (Schwartzman et ai., 1981). Ion selectivity is not appreciable, although 

they may be slightly less permeable to anions, having calculated permeabilities for 

K+, Na +, and Cl- of 1, 0.81, and 0.69 respectively (Brink and Dewey, 1978). 

Electrophysiologic studies using patch or voltage clamp techniques have determined 
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the unitary conductances of gap junction channels from several tissues. The 

expected conductance, assuming the channel is a right cylindrical pore, can be 

calculated using the formula (Hille, 1984; Burt and Spray, 1988): 

Rj = P (1/:rcr2) + (2p/4r) 

then, 

Yj = 2r2/p (21 +:rcr) 

where Yj is the unitary conductance, 1 is the length (10-15 nm to span both bilayers), 

p is the conductivity of the fluid filling the pore (100-200 ohm cm), and r is the radius 

(0.8 nm). The unitary conductance would be expected to be between 30 and 200 pS. 

In cardiac myocytes, known to express Cx43 a 50 pS channel is observed using a 

patch solution containing potassium glutamate (Burt and Spray, 1988; Rook et al., 

1988). Although anion selectivity has not been established, glutamate being a large 

anion is apparently less mobile than chloride as a charge carrier. In patch solutions 

in which cesium chloride replaces K-glutamate the conductances measured are 

between 60 and 100 % larger (predicted and personal observation). Cardiac 

myocytes express a 60 and 90 pS channel with this solution (Spray personal 

communication). Apparently the larger conductances observed with cesium 

chloride allow differentiation of two channel populations that are hidden in a single 

peak with the glutamate solution. Rook has also published observations of a 20-30 

pS channel in their cultured myocytes. Connexin32 from rat liver has a reported 
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unitary conductance of 120-150 pS (EghbaJi et aI., 1990). In chick heart, which 

appears to express 3 separate connexin proteins at varying amounts dependent on 

developmental stage express many different conductances. Now with transfection 

techniques it has been possible to transfect non-communicating cell types (which 

when screened by Northern blot analysis do not contain message for any of the 

known connexins) with specific message for connexins. This allows one to examine 

the properties of a single connexin channel. Using this technique Veenstra et al., 

(1992) has determined that chick Cx43 expresses 45 and 70 pS channels in a 

glutamate solution, which would approximately correspond to 90 and 140 pS 

channels in cesium chloride (assuming complete cation selectivity). He has also 

determined that Cx42, the chick counterpart of Cx40 (found in vascular wall cells) 

has multiple conductances (as many as five). The significance of this is not clear, but 

may represent different phosphorylation states of this protein. 

In experiments using oocyte expression systems, hybrid channels can be 

formed from hemichannels composed of different connexin proteins. For example, 

hexamers of Cx32 can pair with hexamers of Cx43. These hybrid channels have 

intermediate electrophysiologic characteristics (Werner et al., 1989). It is not known 

whether hybrid channels can form from hexamers consisting of non-identical 

subunits. Rook et al., (1989) report intermediate channel characteristics in 

myocyte/fibroblast co-cultures. In myocyte cell pairs they report unitary 

conductances of 43 pS. In fibroblast cell pairs a unitary conductance of 20 pS was 

noted. In cell pairs consisting of a myocyte and a fibroblast, events of 36 pS were 

recorded, suggesting that hybrid channels form between these two cell types with 

intermediate conductance and channel characteristics. 



Table 1 - The Connexin Proteins 

PROTEIN 

Cx26 

Cx31 

Cx32 

Cx37 

Cx38 

Cx43 

Cx42and 45 

Cx40 

Cx30.3 

Cx31.1 

Cx33 

Cx46 

Cx50 

SPECIES 

Rat, Mouse 

Rat 

Rat 

Mouse 

Xenopus 

Rat, Mouse, Bovine 
Human 

Chick, Mouse 

Rat, Dog 

Rat, Mouse 

Rat,Mouse 

Rat 

Rat 

Mouse 

TISSUE 

Liver 
(Zhang and Nicholson, 
1989) 
Placenta 
(Hoh et ai., 1991) 
Liver 
(Paul, 1986) 
Lung, Endothelial cells 
(Willecke et al., 1991, 
Haefliger et ai., 1992) 
Oocytes 
(Ebihara et ai., 1989) 
Heart, Vascular Cells 
(Beyer et ai., 1987, 
Moore et ai., 1991, 
Heart 
(Beyer, 1990) 
Smooth Muscle 
(Beyer et ai., 1992 

Henneman et ai., 1992) 
Skin 
(Haefliger et ai., 1992) 
Skin 
(Haefliger et ai., 1992) 
Testes 
(Haefliger et ai., 1992) 
Lens 
(Paul et ai., 1991) 

Lens (White et ai., 
1992) 
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Diagram of a connexin protein. 
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Figure 2 Drawing of the membrane topology of connexin proteins as predicted 
by hydrophobicity plots (confirmed by protease digestions and antibody-binding 
studies for Cx43). Both the amino and carboxy tennini are located on the 
cytoplasmic surface of the membrane. The cytoplasmic regions demonstrate the 
most diversity in sequence between the connexins and for some contain the sites 
for protein kinase phosphorylation. Transmembrane spanning regions are 
numbered 1-4. The extracellular loops which are regions of great sequence 
similarity for all connexins are thought to function in recognition and linking of 
hemichannels together. 
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Gating is defined by actions which modulate or change the time a channel 

spends in the open state. The physical basis for opening or closing the channel has 

been modeled as a conformational change involving rotation or tilting of the six 

protein subunits resulting in a decrease in pore diameter. More recently it has been 

proposed by some investigators that a "ball and chain" type of gating process may be 

possible. This has not been substantiated by site directed mutation experiments 

which alter the cytoplasmic portions of the protein. The total conductance of gap 

junction channels between 2 cells, the macroscopic conductance, is given by: 

gj = (Yj • N • PO)cxl + (Yj· N • PO)cx2 + ..... 

where yj is the unitary conductance, N is the number of channels, and Po is the 

probability of the channel being in the open state (Moreno et al., 1990a; Burt and 

Spray 1988, 1989). The factors that control Po are described as changing the gating 

behavior of the channel. What defines normal gating behavior for gap junction 

channels is unknown, but several things are known to modulate gating behavior. 

These include voltage, pH, pCa, and a variety of lipophilic agents, as well as primary 

and secondary messengers. 

Voltage Dependence 

Voltage sensitivity appears to be most often dependent on transjunctional 

rather than membrane potential. Usually this is determined by clamping one cell at 

o mV and passing a continuous or pulsed voltage difference in cell 2 (see Fig. 3). 

The current flow is then recorded at different voltages and plotted as an I-V curve. 
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To date, gating by voltage has been demonstrated for Cx32 in liver (Moreno, et al., 

1990b), an unknown connexin in amphibian blastomeres (Spray et al., 1981), 

Chironomous salivary gland which also has an unknown connexin (Obaid et al., 

1983), and in drosophila (Verselis et al., 1991). Cx26 from liver also appears to be 

voltage sensitive when expressed in oocytes (Rubin et al., 1992). Cardiac gap 

junctions have been found to be less sensitive to voltage, and only partially close in 

response to transjunctional potentials of ± 50 m V or greater. Kinetic analysis 

suggests voltage sensitivity of connexins is conferred by a single voltage gate in each 

hemichannel (Harris et al., 1982; Moreno, et al., 1992; Rubin, et al., 1992). This 

gate may be a region of amino acids found on the cytoplasmic hinge region between 

the second and third domain (Spray and Burt, 1990) but is decidedly different from 

the conserved S4 domain found in other voltage-gated ion channels (Bennett et al., 

1991; Catterall, 1988). Recently Rubin et al., (1992) proposed the voltage sensing 

region may lie not on the cytoplasmic face, but on the extracellular domains which 

span the extracellular space, docking the two cells. Their reasons were based on the 

hypothesis that the sensing region should be sensitive to changes in membrane 

potential (inside-out sensitivity) as well as transjunctional voltages. In an effort to 

address this they used oocytes to express mutants from Cx26, and Cx32, two 

connexins with very different appearing I-V characteristics. These mutants had the 

first extracellular loop replaced with that of the other, and indeed they were able to 

alter the I-V characteristics in some permutations, but not with others, suggesting 

this domain may influence gating by voltage, but is not in itself the "voltage gate". 

Physiologically the role gating by voltage may play is not readily apparent. In 

myocytes, one would not necessarily want cells to be coupled by junctions that were 

overly sensitive to changes in potential between the range of ± 50 mY, since this is 
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the range in which cardiac action potentials occur. Although if voltage sensitivity 

were slow to be expressed (e.g. 2 or more times the duration of atypical action 

potential), then gap junction channel closure as a result of a transjunctional voltage 

difference could be protective of tissue function in situations of cell or regional 

tissue injury. The role it may play in the liver where both Cx32 and Cx26 are 

expressed unclear. In non-vertebrate systems the best example of voltage sensitive 

gap junctions is found in the giant axon of the crayfish. This rectifying junction has a 

critical role in the escape response of the animal by preventing retrograde 

conduction in the axon. 

pH and Calcium 

Gating by pH has been observed in several systems and appears to be protein 

specific as well as cell or tissue specific. A variable number of histidines in the 

cytoplasmic loop was thought to confer pH sensitivity, since Cx32 contains more 

histidines than Cx43, and Cx43 is less sensitive to pH (Spray et al., 1985, 1990). Cx38 

has the fewest histidines, however, and is very sensitive to pH (Bennett et al., 1988), 

arguing against the titratable histidines as the site for pH dependence. Site-directed 

mutagenesis experiments may provide answers to the question of which structural 

features of the different connexins confer sensitivity. Calcium also may regulate 

channel gating, but probably does so synergistically with H+ under pathologic 

conditions such as ischemia or hypoxia (Burt, 1987). pH sensitivity has been 

measured in several cell types (Spray and Bennett, 1985) leading to the calculation 

of Hill coefficients for heart of 2 and for liver of 8 (Burt, 1987). Burt demonstrated 

a 10 % reduction in junctional dye transfer when cells were made acidotic by 

NH3CI, a substance which has been shown to reduce cellular pH to - 6.5 in cardiac 
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cells. Exposure to increased intracellular calcium had no effect on dye transfer. 

However, if these treatments were combined, dye transfer or cell coupling was 

reduced by 82 %. Similar results have been reported by White et al., (1990). That 

calcium freely traverses gap junction channels (and therefore probably does not gate 

them at physiologic concentrations) has been demonstrated in an elegant 

experiment by Christ et al., (1992) whereby fura 2 loaded cells were given pulses of 

calcium in one cell and the "pulse or wave" of calcium was visualized moving through 

to the coupled cell. Some very exciting work recently published by Yuste et al., 

(1992) in developing brain neo-cortex has demonstrated that early in development, 

spontaneous synchronized calcium waves (probably in the form of calcium 

dependent action potentials) through columnar domains take the place of neuronal 

driven impulses (this is prior to their development). They hypothesize that the 

cortical architecture that later develops into discrete columns arises from the 

regions of cells that are coupled by gap junctions. Their findings led to the coining of 

the phrase "cells that fire together, wire together" (Now, 1992). 

Lipophilic Agents 

Lipophilic agents such as the volatile anesthetics, and non-esterified fatty 

acids (NEFA), and the short chain (7-12 carbon) alkanols alter the gating behavior 

of a variety of membrane channels (Andreason and McNamee, 1980; Burt, 1989; 

1991). The effect of these agents was initially attributed to changes in bulk 

properties of the membrane, specifically changes in membrane fluidity. This has 

been discreditied primarily due to the observance that channel activity is modulated 

at concentrations below which bulk changes are noted (Franks and Lieb, 1986). 

More recently the effect of the lipophiles has been thought to be mediated through 
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changes in the annular or interfacial lipids associated with specific membrane 

channels. Volatile anesthetics, such as halothane and isofluorane, and NEFA's alter 

the activity/function of the acetylcholine receptor and the gap junction channel 

without greatly affecting the ion channels responsible for mediation of the action 

potential. The increased incidence of cardiac arrhythmias noted in patients 

undergoing general anesthesia, and in patients who are experiencing episodes of 

myocardial ischemia (during which a rise in NEFA's occurs), (van Bilsen et ai., 1989; 

Fluri et al., 1990) has led several investigators to propose a possible role for these 

agents in modulation of gap junction channel function. We now believe the most 

probable mechanism of action for the lipophilic effect is destabilization of the 

channels by disordering the annular lipids in which the channels reside and thereby 

effectively changing the probability of the channel being in the open state (Po). The 

timecourse, dose dependency, and reversibility of the effect on channel activity is on 

the order of minutes (Burt, 1989; 1991; Massey et ai., 1992). This argues against a 

change in the number of channels in the membrane. Likewise, a change in unitary 

conductance has not been documented after treatment with these agents. The rapid 

reversibility of the effect on washout with albumin-containing solutions also supports 

a change in Po as the mechanism of the response. The data presented in Section 2.3 

supports the hypothesis of a Po-mediated effect, as well as the contention that 

protein specific channel-lipophile interactions may be involved. 

Second Messengers 

Regulation of gap junction channels by second messenger cascades is similar 

to that seen with other ion channels, causing both increases and decreases in 

channel activity. The most widely accepted mechanism for these changes in 
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Figure 3 Cell circuit diagram for dual whole cell voltage clamp. A microelectrode in 
each cell acts as both the recording and current carrying electrode. Alternate 
voltage pulses of -10 mY are given to each cell and the changes in current reflected 
in the 11 and 12 traces. Junctional current (Ij) is denoted as the equal but opposite 

deflections in 11 and 12. Total current represents hoth non-junctional and junctional 

current in each cell. 
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junctional conductance is through changes in open time probability (Po). Evidence 

from our laboratory (Section 2.1, 2.3) and other investigators (Moreno et al., 1992; 

Veenstra et al., 1992) suggests that Cx43 channels can exist in more than one stable 

conductance state, and further that this connexin exists in several different 

phosphorylation states (Moreno et al., 1992; Lau et al., 1992). This evidence raises 

the exciting possibility that regulation of junctional conductance by second 

messengers may occur through shifting populations of channels between different 

conductance states. The regulatory differences between the connexin proteins may 

reside in primary amino acid sequences on the cytoplasmic loop or carboxy terminus 

wherein consensus sites for phosphorylation by protein kinase A or C exist. 

Activation of second messenger cascades has been shown to cause a rapid change in 

channel activity, with a time course of minutes (Spray and Burt, 1990; Moore et 

al.,1991, App. A). Regulation may also occur over a longer time course of hours and 

involve changes in transcription, mRNA stability, translation, or changes in connexin 

insertion and degradation or turnover rate (Crow et al., 1990, Saez et al., 1989,1990). 

Modulation of gap junctions by agents that stimulate cAMP, cGMP, or IP3 cascades, 

or these messengers themselves has been an area of intense research in the last few 

years. Burt and Spray (1988) have shown macroscopic conductance is enhanced 76 

% on exposure of neonatal rat cardiac cells to membrane permeant forms of cAMP. 

cGMP on the other hand, reduced conductance by 29%. They have also 

demonstrated that application of isoproterenol, a beta-adrenergic agonist known to 

act via cAMP pathways, and carbachol, an activator of cGMP pathways, had similar 

effects. The functional implications of the changes in cell-cell communication in the 

heart with beta-adrenergic stimulation, besides the direct effect on contractility, are 
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an increase in conduction velocity with resultant synchronization of excitation

contraction coupling. 

In liver, (Saez et ai., 1989) the loss of the 27kD protein, Cx32, within 8 hours 

after isolation for culture (also seen post-hepatectomy), can be delayed by 8 hours 

by treatment with cAMP. Associated with this response was an increased level of 

mRNA for the gap junction protein. As with the cardiac protein (Cx43), the 

possibility arises that modulation occurs via phosphorylation of the junctional 

protein. The data presented by Saez et ai., (1989) suggests cAMP plays a role in 

mRNA stabilization. Their data demonstrates cyclic nucleotides regulate several 

post-transcriptional processes involving maintenance of channels in the membrane. 

Saez et ai., (1989) and Crow et ai., (1990) have attempted to determine the 

phosphorylation stoicheometry for rat liver Cx32 and fibroblast Cx43, respectively. 

Their experimental protocols included phosphatase digestions and pulse chase 

labelling to obtain different forms of the protein (phosphorylated vs. 

dephosphorylated). In fibroblasts transformed with rous sarcoma virus (RSV), the 

phosphorylation of a tyrosine on the Cx43 protein is associated with loss of 

intercellular communication, a process thought to be associated with some types of 

tumorigenesis. Swenson et ai., (1990) has localized this effect to tyrosine 265 of the 

Cx43 protein. Recently Lau et ai., (1992) published evidence for a fourth Cx43 

phosphorylation state. This state was observed when liver epidermal cells (which 

express Cx43) were treated with epidermal growth factor (EGF). The cells rapidly 

uncouple with this treatment, and by 3 hours return to control values. This 

phosphorylation appears to be on a serine residue, unlike the RSV phosphorylation, 

and is also associated with loss of communication. 
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The functional implication of phosphorylation of the Cx43 or Cx32 proteins as 

a means for regulation of gap junction channel activitity is that it provides cells with 

multiple strategies for responding to physiologic stimuli. There is an apparent loss 

of coupling when certain serine or tyrosine residues are phosphorylated. On the 

other hand several instances of increased coupling, message or protein stabilization, 

or up regulation of expression, as well as changes in conductance state may occur 

with phosphorylating agents. We will present data which supports these changes 

associated with phosphorylation of Cx43. In addition we will show that Cx40 may 

also be upregulated in response to phosphorylating agents. 

Roles of Gap Junctions in Pathophysiology 

Although little direct evidence exists for the functional role of gap junctions 

in the vasculature, much has been done using electron microscopy to suggest 

changes in gap junction morphology occur with pathologic conditions. Two studies 

provide evidence for changes in gap junction size and number in non-vascular 

hypertrophied smooth muscle (Gabella, 1979; Bortoff and Sillin, 1986). 

Hypertrophy and atrophy in jejuno-ileum was induced by experimental stenosis. 

Using freeze fracture techniques, Gabella provided data showing an increase in 

junctional area/muscle cell. Based on their ability to determine changes in cell 

volume and cell surface area, they propose the ratio of junctional area to surface 

area remains similar in hypertrophied muscle. Bortoff, using a similar experimental 

model, examined changes in cell impedance resulting from cytoplasmic acidification 

in normal, hypertrophic, and atrophic muscle, as a measure of cell-cell coupling. 

Their data indicates that an increase in number of gap junctions occurs with 
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hypertrophy. The same types of questions have been asked regarding hypertrophy 

of vascular smooth muscle occurring with hypertension in animal models (Holloway 

and Bohr, 1973; Huttner et at., 1982; Spagnoli et at., 1982; Owens 1988). Holloway 

and Bohr (1973) suggested increases in spontaneous rhythmic activity in 

hypertensive rats may result from changes in the membrane properties of myogenic 

pacemakers and in the cell-to-cell conduction of the resulting impulses in the 

smooth muscle. A possible role for gap junctions in tumorigenesis, has led to the 

fairly well supported hypothesis that gap junctions may function in growth control 

and healing. In a recent review, Owens (1988) discussed the mechanisms for the 

accelerated growth (without cell proliferation) that occurs in hypertensive animals 

and patients with atherosclerotic lesions. Although the factors remain as yet 

undefined, they do not appear to be caused solely by changes in blood pressure. A 

possible role for abnormal responses to angiotensin II (or other contractile agents) 

in hypertensive vs. normal animals may be indicated. Huttner (1982) demonstrated 

changes in both tight junction and gap junction morphometry in regenerating 

endothelium following endothelial denudation. Their results indicate gap junction 

area increases in the re-endotheliaIized regions within 15 days of denudation. The 

authors go on to suggest that junctional changes may play a role in the increased 

movement and turnover observed with wound healing. Recently, two conflicting 

observations have been published on changes in gap junction communication 

associated with wound healing (Larson and Haudenschild, 1988; Pepper et at., 

1989). Larson proposed gap junctions in the vessel wall may be responsible for 

signalling wounding, and initiation of increased cell motility by transfer of an 

unknown signal, possibly calcium through the junction. Using dye scrape-loading 

techniques, the authors observed a moderate decrease of dye transfer along the 
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margin of wounded endothelium suggesting decreased communication may occur 

with increased cell turnover and migration. Pepper on the other hand, found a 

marked reduction of dye coupling shortly after wounding, which then increased and 

exceeded control levels of dye coupling by 6 hours. Upon healing of the wound, the 

level of dye coupling returned to normal. These authors suggest the increases in gap 

junctional communication may control the turnover and migration of cells during 

the healing process. This is directly opposed to Larson's hypothesis that decreased 

cell contact enhances migration during healing. This work has been followed more 

recently by a paper in which the change in endothelial coupling was examined more 

critically (Pepper et ai., 1992). Pepper et ai., report a difference in basal levels of 

coupling between microvascular and large vessel endothelial cells, as well as a 

difference in response of the two cell types to wounding. The bovine microvascular 

cells expressed lower levels of dye coupling and message RNA than the large vessel 

endothelial cells. However, when microvascular monolayers were wounded they 

observed an increase in junctional communication and an increase in mRNA for 

Cx43. This response was not observed in the large vessel endothelial monolayers, 

wherein mRNA levels were unchanged as was the level of dye coupling. These data 

perhaps provide an explanation for differences previously reported by other 

investigators, and suggest that differences in vessel bed regulation of connexin 

proteins exist. 

The precipitating events leading to the changes in the vessel wall associated 

with atherosclerosis, hypertension and hyperlipidemia, are unknown at the present, 

and in fact may be multifactorial. With all three disease states distinct changes have 

been observed in the functional response of the endothelium to physiologic (and 

non-physiologic i.e. pathologic) stimuli. Many investigators have documented an 
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abnormal response of blood vessels in vivo and in vitro to agonists when the 

endothelium has been denuded, or is from diseased vessels (Shimokawa and 

Vanhoutte, 1989; Golino et al., 1991; Shephard et al., 1991; Maseri and Crea, 1991; 

Farber 1992, Kuo 1992, Luscher et al., 1992). This abnormal response appears to be 

due to the decreased release of NO or EDRF from the endothelium. At this point it 

is unknown whether other EDRF's exist and have altered release as well. In 

addition some evidence suggests that the vascular smooth muscle may be less 

responsive to NO. NO is released by endothelium in response to many humoral or 

circulating agents such as bradykinin, thrombin, ADP, ATP, platelet activating 

factor (P AF), vasopressin, and serotonin. Most of these agents are released when 

platelets aggregate. Vessels which exhibit changes due to age, hypertension, 

hypercholesteremia, and following balloon angioplasty appear to have some 

predisposition for the occurrence of platelet aggregation. 

The response of the vasculature to serotonin release from platelets has 

received much attention lately. Serotonin is normally released during processes 

associated with digestion in the gastrointestinal system. Under normal 

circumstances any free serotonin is then metabolized by the pulmonary endothelium 

or is bound and carried by platelets. This results in little or no circulating free 

serotonin. In normal vasculature EDRF (NO) release from endothelium in 

response to serotonin results in relaxation of the underlying vascular smooth muscle, 

primarily through activation of specific K+ channels. This leads to associated 

changes in cell potential (which as discussed earlier spread electrotonically to other 

VSM cells). In vitro experiments suggest that at high doses some serotonin may 

activate receptors on the VSM cells causing contraction. The observed response of 

the vessel wall (vasodilation or contraction) would then be the summed effect of 
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relaxation due to NO release from the endothelium and contraction due to 

activation of smooth musclereceptors. In the absence of, or if lesser amounts of NO 

are released the effect is mediated solely through activation of the smooth muscle 

receptors resulting in vasoconstriction or vasospasm. Serotonin receptors localized 

on the endothelial cell membrane mediating endothelial dependent relaxations have 

been identified as the 5-HT1 family (Houston and Vanhoutte, 1988). The receptors 

localized to vascular smooth muscle membrane which mediate the contractile 

response are from the family of 5-HT2 receptors (Vanhoutte, 1990). The 5-HT2 

type receptors can be blocked specifically by the antagonist ketanserin (Vanhoutte 

1990). Ketanserin has been used recently in the clinical treatment of patients with 

hypertension with good results. This drug also has mild alpha-adrenergic antagonist 

action and this may contribute to the clinical response (Reneman and Vander 

Starre, 1990). 

That serotonin plays an active role in the production of coronary vasospasm 

was purely speculative until recently. In two different clinical trials, serotonin was 

administered intracoronary during angiography in control patients (patients without 

underlying vascular disease such as atherosclerosis) and to patients with 

documented cardiac disease as evidenced by different types of anginal symptoms 

(McFadden et al., 1992, Golino et al., 1991). Both studies were able to clearly 

document immediate development of vasospasm in a dose dependent manner to 

intravenous serotonin. The spasm was treated with intravenous nitroprusside 

(produces NO). Vessel contraction only occurred in the patients with vessel disease. 

Blockade of the effect was demonstrated through pre-treatment with ketanserin 

(Golino et al., 1991). 
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Explanation of Thesis Format 

The purpose of this study was to examine gap junction activity/function in 

vascular smooth muscle, and to determine what, if any, differences exist specific to 

protein and tissue expression and function. 

The first objective was to characterize the channels formed by A 7r5 cells, an 

aortic smooth muscle cell line isolated from rat. Section 2.1 reproduces the 

published work (American Joumal of Physiology) by the dissertation author 

regarding this objective. Single channel conductances, and response to second 

messengers were determined. Channels of two distinct sizes, 70 and 141 pS, and 

possibly a third with a conductance of 108 ps were observed. Only Cx43 mRNA and 

protein were detected at this time. Cx40 has since been identified in these cells 

(Larsen et al., 1992). The responses to second messengers were unique relative to 

other tissues expressing Cx43, which supported the possibility of tissue specific 

regulation of connexin gating characteristics. All of the work in this chapter was 

performed by the dissertion author, some in the laboratory of Dr. Burt and some in 

Dr Beyer's laboratory. 

The second objective was to determine which of the three unitary 

conductances observed in the A 7r5 cells corresponded to which of the two proteins 

expressed by these cells. Using a novel approach, antisense oligodeoxynucleotides 

were used to reduce expression of one connexin protein or the other. We 

demonstrated the 70 pS channel is formed from Cx40 protein, while the 108 and 141 

pS channels are formed of Cx43. These results support a highly specific mode of 

action for the oligodeoxynucleotides. In addition these data suggest connexin 

specific regulation of coupling by the cells may occur. These results are described in 

Section 2.2. 
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Section 2.3 further addresses tissue specific differences in connexin 

activity/function. Specifically oleic acid, a fatty acid known to decrease Po in a 

rapid-dose dependent manner in heart cells, was found to have a different effect on 

the A 7r5 cells. Specifically, A 7r5 cells are only partially uncoupled by oleic acid, this 

partial effect was maximal at low doses. The differences between heart and A 7r5 

cells could not be attributed to differences in uptake or distribution of oleic acid. 

Rather, one of the three channel populations in this cell-type was very sensitive and 

another essentially insensitive to oleic acid. These results suggest a differential 

sensitivity based on connexin expression and state of the protein. The dissertation 

author performed the studies characterizing oleic acid sensitivity of the three 

channel populations. 

In the final section 2.4, vessel bed specific differences in connexin expression, 

channel size and modulation by the monoamine serotonin were addressed. We 

demonstrate that mesentery, coronary and aortic smooth muscle cells differ in their 

expression of connexins and channel function. The data support the conclusion that 

there are tissue as well as connexin-dependent differences in gap junction function. 

The dissertation author performed all of the experiments presented in this chapter. 

Mary Olsen developed techniques required for mesenteric smooth muscle culture. 



CHAPTER 2 

PRESENT STUDY 

2.1 CHARACTERIZATION OF GAP JUNCTION CHANNELS IN A7r5 

VASCULAR SMOOTH MUSCLE CELLSl 

Introduction 
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Gap junctions provide a cell-to-cell, low-resistance conduction pathway for 

coordination of tissue function. They are composed of non-selective channels which 

allow passage of ions, nucleotides and other small molecules with molecular weights 

less than 1000 Daltons. Hemichannels are formed in each cell, from six identical 

protein subunits termed connexins, and join to form the functional channel. Several 

connexins have been cloned and sequenced and have been named according to 

species and predicted molecular weight (Beyer et al., 1988). Connexin32 (Cx32), 

from rat liver, was the first connexin protein to be cloned and sequenced; it is also 

found in stomach, brain and kidney (Kumar and Gilula, 1986; Paul, 1986). 

Connexin43 (Cx43), cloned from rat heart cDNA (Beyer et al., 1987), has been found 

in uterine smooth muscle (Beyer et aI., 1989; Risek et al., 1990), vascular wall cells 

(Larson et al., 1990), and fibroblasts (Beyer et al., 1987; Crow et al., 1990). Other 

connexins, Cx42 and Cx45, have been found to exist concurrently with Cx43 in chick 

heart (Beyer, 1990). Cx46 has been isolated from lens gap junctions. 

Each connexin protein has been thought to form channels with a specific 

single channel or unitary conductance. For example, connexin32, from rat liver, has 

1 Section 2.1 summarizes the previously published work on this subject which is presented in the form 
of a reprint in Appendix A. All work presented in this section was conducted by the dissertation 
author. Some of the work was completed in the laboratory of Dr. Eric Beyer. 
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a reported single channel conductance of 120-150 pS (Eghbali et al., 1990). 

Connexin43, from rat cardiac myocytes, forms channels with a unitary conductance of 

approximately 50 pS (Burt and Spray, 1988; Rook et al., 1989); although Rook et al. 

(1989) also reported the presence of a 20-30 pS channel. More recently they 

suggested that the smaller channel is due to fibroblasts present in their heart 

cultures, and furthermore demonstrate formation of heterologous channels, between 

heart cells and fibroblasts, with intermediate channel conductances (Rook et al., 

1988). To date, the formation of several stable unitary conductance states from 

channels composed of a single connexin type has not been demonstrated. 

Gating of gap junction channels is influenced by pH, lipophilic substances 

such as heptanol and halothane, and voltage (Burt and Spray, 1988, 1989; Moreno et 

al., 1990b). These agents appear to influence the probability of channel opening 

rather than unitary conductance (Burt and Spray, 1988). Second messengers, such as 

cAMP and cGMP, also influence gap junctions, causing increases or decreases in 

junctional conductance on a short time scale (Burt and Spray, 1988), and influencing 

insertion or degradation of the channels into the membrane on a longer time scale 

(Saez et al., 1989). The effects of second messengers on junctional conductance are 

connexin and cell or tissue specific. For example, cardiac myocytes, which express 

connexin43, exhibit an increase in junctional conductance in response to cAMP and a 

decrease in response to cGMP (Burt and Spray, 1988; Spray and Burt, 1990). In 

myometrium, which also expresses Cx43 (Beyer et al., 1989, Risek et al., 1990), 

coupling is reduced by cAMP and agents that stimulate this pathway (Cole and 

Garfield, 1986). Connexin43 contains potential phosphorylation sites for protein 

kinase A and protein kinase C in cytoplasmic domains (Spray and Burt, 1990). The 
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observed different responses to second messengers could result from tissue specific 

regulation of connexin43 phosphorylation. 

Gap junctions may playa role in normal and abnormal vascular physiology. 

Experiments by Segal and Duling, (1989; Segal and Duling, 1986, 1989) in hamster 

cheek pouch arterioles suggest that gap junctions may coordinate vasomotor 

responses to acetylcholine and epinephrine by mediating cell-to-cell spread of the 

dilating or constricting wave. Gap junction size is increased in vessels from 

hypertensive rats (Grunwald et al., 1982; McGuire and Twietmeyer, 1985), although 

the functional significance of this is uncertain. The presence of gap junctions between 

smooth muscle cells and between smooth muscle and endothelial cells is suggestive 

of a functional electrical and metabolic syncitium (Blennerhassett et al., 1987; Segal 

and Duling, 1986). Junctional communication may also playa role in healing 

following vessel injury and in the pathogenesis of atherosclerotic plaques, although 

the exact role is unclear (Larson et ai., 1990; Spagnoli et al.,1982; Pepper et ai., 1989). 

The involvement of humoral and hormonal agents in the control of vessel tone 

(Brenner et al., 1989) and the probable effects of such agents on gap junction 

function suggest that junctional communication may play an important role in normal 

and pathologic behavior of blood vessels. 

In this paper the gap junction channels formed by A 7r5 cells, an aortic smooth 

muscle cell line isolated from rat, are characterized in terms of their single channel 

conductances, responses to second messenger cascade stimulation, and connexin 

composition. Channels of at least two distinct sizes, 36 and 90 pS, were detected. 

Only one connexin type, connexin43, could be detected. The responses to second 

messengers were unique relative to other tissues expressing connexin43, which raises 

the possibility of tissue specific regulation of connexin43 that includes control of 
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channel size and gating characteristics. The results are discussed in terms of channel 

behavior, regulation and the possible contribution of gap junctions to vascular 

function. 

Methods And Materials 

Cell culture and electrophysiology 

Rat aorta A7r5 smooth muscle cells (Kimes and Brandt, 1976) were obtained 

from ATCC at passage 12. The smooth muscle character of the cells was confirmed 

by testing the smooth muscle specific proteins a-actin and desmin. The cells were 

uniformly labeled with monoclonal antibodies (Sigma) to these proteins (data not 

shown). Cells were grown until confluent in Dulbecco's MEM (Gibco) supplemented 

with 10 % fetal calf serum and 0.1 % antibiotic solution (Gibco). Cells were 

dissociated for use with 0.25 % trypsin in phosphate buffered saline (PBS; Irvine 

Sci.). The resulting cell suspension was centrifuged at low speed for 5 minutes, and 

the cells plated in DMEM on 25 mm glass cover slips. Cells were ready for use in 

electrophysiologieal experiments 0.5-1.0 hour post plating. Cells were stored in an 

humidified environment in 95 % 02 and 5 % C02. Cover slips were then placed in a 

perfusion chamber, having a total volume of 1.2 to 2 ml, and perfused with calcium 

free Hank's with Hepes (in mM): KCL 3.6, MgCl2 0.3, NaCI 133.0, Hepes 3.0, 

dextrose 16.0, EGTA 0.5, pH 7.2, at a rate of 5 ml/minute. 

Macroscopic junctional conductance was measured as follows. Cell-pairs were 

identified and each cell voltage-clamped to a ° m V holding potential. Steps in 

command potential of -10 mV were alternately pulsed into the cells and junctional 

current was recorded in the opposite cell. Junctional conductance was determined 

by dividing the junctional current by the voltage step. 
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The same general methodology was used for determining single channel 

events, however constant transjunctional potentials of 20-70 m V were used as a 

driving force. Cells with high junctional conductance were reversibly uncoupled with 

2 mM halothane to obtain single channel recordings. Channel events of equal 

amplitude and opposite polarity in the two current traces were selected to construct 

the amplitude histograms. 

Data were digitized (Neurocorder model DR-484) for storage on a videotape 

recorder and displayed directly on a Gould Brush recorder. Single channel data were 

filtered at 10 to 1000 Hz dependent on cell-pair and whether the intracellular and 

extracellular solutions contained cesium. Patch-type microelectrodes were prepared 

from 1.2 mm glass with a resistance of 5 MX when filled with (in mM): K glutamate 

135, Hepes 10, EGTA 10, CaCl2 0.5, MgCl2 0.3, KCl 10, glucose 5, Na2ATP 5. In 

some experiments potassium was partially replaced with CsCl to reduce potassium 

channel activity and amplify the ionic conductance with the increased chloride 

mobility. The cesium patch solution consisted of (in mM): K glutamate 67, CsCI 67, 

Hepes 10, EGTA 10, CaCl2 0.5, MgC12 0.3, KCllO, glucose 5, Na2ATP 5. For the 

cesium experiments, the cells were bathed in the same solution as in the patch 

electrode. 

Northem Blot Analysis 

RNA was isolated by homogenization of cultured A7r5 ceJls or freshly 

dissected rodent organs (mouse or hamster heart, mouse or rat liver were used as 

sources of positive control RNAs) in guanidine isothiocyanate followed by extraction 

with aqueous phenol (Chomczynski and Sacchi, 1987). Northern Blots were 

performed essentially as described by Beyer et al., (1987). RNA samples (10 J.tg) 
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were electrophoresed on 1 % agarose/formaldehyde gels and capillary blotted onto 

nylon membranes (Hybond-N, Amersham). RNA was cross-linked by exposure to 

300 nm UV transillumination for 3 minutes. Radiolabelled cDNA probes were 

prepared by isolation of the DNA fragments by electrophoresis in low melting point 

agarose and labelling using the Klenow fragment of DNA Polymerase I and 

hexanucleotide primers as described by Feinberg and Vogel stein (1983). Blots were 

probed with cDNA's for rat connexin32 (Paul, 1986), rat connexin43 (Beyer et ai., 

1987), rat connexin46 (Beyer et at, 1988), rat connexin26 (Zhang and Nicholson, 

1989), chick connexin42 and chick connexin45 (Beyer, 1990). High stringency blots 

using the rat probes were hybridized overnight in 0.75 M Na2HP04 (pH 7.2), 1% 

SDS, 100 19/ml salmon sperm DNA at 65 oc. Blots were then washed in 0.3 M 

Na2HP04 pH 7.2, 1 % SDS once at room temperature, once at 650 C, and twice in 30 

mM Na2HP04 1% SDS at 65 0C prior to exposure to Kodak XAR-5 film at -120 °C , 
with an intensifying screen. Blots prepared under these conditions show complete 

specificity of hybridization of the connexin probes. For chick probes, stringency was 

reduced by lowering hybridization and wash temperatures to 60 °C and using only 

the 0.3 M Na2HP04 wash solution. A low stringency experiment with the rat 

connexin43 probe was performed at 50 oc. 

Immunohistochemistry and Immwzoblot Analysis 

A synthetic peptide whose sequence corresponds to a unique region of the 

cytoplasmic tail of rat connexin43 (amino acids 252-271) was conjugated to keyhole 

limpet hemocyanin and used to generate connexin43-specific antisera in rabbits. 

Other antisera directed against two different epitopes in Cx43 (252-271 and 365-382) 

were prepared similarly (Beyer et ai., 1989; Crow et ai., 1989). These antibodies 

detect immunoreactive Cx43 polypeptides of 43-47 kD in many cell types including 
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heart, lens, and fibroblasts. The specificity of reaction of these antisera has been 

demonstrated by inhibition of antibody binding by competition with the immunizing 

peptide (Beyer et at., 1989; Musil et at., 1990). The preparation and characterization 

of these antisera have been described elsewhere (Beyer et at., 1989). In all 

experiments pre-immune rabbit antisera or those specific for the cytoplasmic loop in 

connexin32 (amino acids 98-124) characterized by Goodenough et at. (1988) were 

used as control reagents. These reagents showed no reactivity with the 43-47 kD 

Cx43 polypetides in heart or the A 7r5 cells. 

For immunohistochemistry, A 7r5 cells were grown on glass microscope slides 

(Nunc Inc., Naperville, IL), fixed in methanol at -20 °C for 3 minutes, then processed 

for fluorescence microscopy by incubation for one hour in Cx43 specific antisera or 

preimmune serum at 1:200 or 1:400 dilution followed by three washes with PBS. 

Cells were then reacted with 1:1000 FITC-goat-anti-rabbit IgG (Fisher) in PBS for 

one hour. This was followed by three washes in PBS (Beyer et at., 198?). 

Western blots of crude membrane preparations of rat heart or of A7r5 cells 

were performed essentially as described by Beyer (Beyer et at., 1989). Whole hearts 

or A7r5 cells were homogenized in 50 volumes or more of 1 mM NaHC03/1 mM 

PMSF and centrifuged at 10,000 g (4 OC) for 10 minutes; the resulting pellet was 

resuspended in boiling SDS sample buffer, insoluble material was removed by 

centrifugation, and the supernatent was used for electrophoresis. Nitrocellulose 

transfer blots were reacted with primary antisera diluted 1:200 or 1:400 in PBS/0.5% 

Tween 20, followed by 1251-goat anti-rabbit IgG (ICN, Irvine, CA), and visualized by 

autoradiography. 
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Results 

A7r5 cell-pairs exhibited coupling within thirty to forty minutes post-plating. 

Junctional conductance increased from 30-100 pS immediately after plating to 10-40 

nS two to four hours post-plating. Single channel data were collected from naturally 

occurring low-conductance pairs (figure 4) and from pairs whose conductance was 

reversibly reduced by halothane. Single channel events, when plotted on an 

amplitude histogram (figure 5), showed a bimodal configuration. Mean and variance 

were estimated assuming a mixture of two normal distributions using the BMDP LE 

program (Dixon 1990). The smaller channel size had a mean ( ± SEM) channel 

conductance of 36 ± 0.5 pS. The larger channel conductance was 89 ± 1.1 pS. Total 

number of events measured was 739, with an estimated proportion of values in the 

first peak of 0.22. Events with amplitudes of 50 - 60 pS were observed, but did not 

constitute a separate, statistically significant peak. Experiments using cesium 

chloride in the patch pipette and bath gave a similar bimodal distribution (figure 6) 

with a mean of 75 ± 1.2 pS for the smaller channel, and 134 ± 2.2 pS for the larger 

channel (n=279, proportion of events in the first peak was 0.37). Unitary 

conductances were not different in the naturally occurring low conductance pairs and 

cell-pairs uncoupled by 2 mM halothane. The larger channel exhibited voltage 

dependence in the range of ±45-80 mV (data not shown). 

cAMp, cGMp, and TPA 

Exposure of cell pairs to 1 mM 8 bromo cAMP resulted in a moderate 

decrease in junctional current and conductance of 15 ± 2 % (n = 12, ± SEM, figure 

7). Exposure to 1 mM 8 bromo cGMP had no effect on junctional conductance in 

four experiments. The phorbol ester, 12 myristate 13 acetate (TPA), had mixed but 
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pronounced effects on junctional conductance. In four experiments after 2 minutes 

of perfusion with 10-7 M TPA conductance had decreased by 39 ± 6 % (figure 8) 

(range of response 21 - 50%). In two experiments TPA caused an increase in 

conductance (7 and 12%) and in two additional experiments TP A had no effect. 

Control experiments consisted of cells which were voltage clamped under the same 

conditions, but suffused only with calcium free Hanks. Junctional conductance was 

recorded for up to 15 minutes with a mean increase of 2% over this time period. 

Connexin Expression by A 7r5 Cells 

Total RNA from the A7r5 cells was analyzed by Northern blotting to 

determine expression of mRNAs corresponding to any of the identified members of 

the connexin family of gap junction proteins. Blots were hybridized under high 

stringency conditions using 32p labelled eDNA probes for rat connexins 26, 32, 43, 

and 46. Only the connexin43 probe hybridized to the A7r5 RNA (figure 9). mRNAs 

of identical mobility (3.0 kb) were detected by the connexin43 probe in the A7r5 

sample and in hamster or dog (not shown) heart. No hybridizing bands in the A7r5 

RNA were detected using probes for chick connexin42 or 45 under moderately 

reduced stringency conditions. Hybridization with the rat connexin43 eDNA probe 

under substantially reduced stringency conditions did not detect any additional 

bands. These data demonstrate that the A7r5 cells make connexin43 mRNA and do 

not make significant amounts of the mRNA for any of the other examined 

mammalian or chick connexins; further these results suggest that connexin43 may be 

the only connexin expressed by these cells, since no distinct, but related sequences 

were detected. 

We further sought to verify that connexin43 protein was expressed. Punctate 

spots of fluorescence, consistent with the expected localization of gap junctions, were 
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observed in a linear pattern along the appositional regions of adjacent cells when 

A 7r5 cells were probed with an anti-connexin43 antiserum and examined by indirect 

immunofluorescence (figure 10). Immunoblots of crude membrane preparations 

from rat heart and A7r5 cells were probed with antisera specific for different unique 

epitopes within connexin43. The heart preparation contained a major 

immunoreactive band of approximately 45 kD. The antisera reacted with up to three 

polypeptides of approximately the same mobility in the A7r5 preparations (figure 

11); however, the presence of multiple bands was not a consistent finding. Several 

blots showed only a single band which comigrated with the major immunoreactive 

band in the heart membranes. Non-immune sera or sera specific for rat connexin32 

did not show significant reactivity with these preparations. 
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Figure 4 - Single channel recording from A 7r5 cell pair. Recording from a naturally
occurring, low-conductance, cell-pair, obtained two hours post-plating. Patch pipette 
and bath contained CsCl to reduce K+ channel activity and to amplify current due to 
the increased mobility of CI- vs. glutamate. Junctional events are identified as equal 
and opposite deflections in 11 and 12. Events of two distinct sizes are observed; the 
smaller event is approximately 60 pS (arrow) and the larger event is approximately 
120 pS (arrowhead) in size. The transjunctional potential difference was 30 m V with 
cellI at -30 mV and cell 2 at 0 mY. 
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Figure S - Histogram of channel amplitudes from control A7rS cells. Data obtained 
from 8 cell-pairs, 739 total events. Patch pipette contained 140 mM K glutamate. 
Mean conductance for the first peak was 36 ± O.S pS. Mean conductance for the 
second peak was 89 ± 1.1 pS. 
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Figure 6 - Histogram of channel amplitudes obtained from A 7r5 cells in 50:50 cesium 
chloride:K+ glutamate. Data from 4 cell pairs, 279 events. Mean conductance for 
the first peak was 75 ± 1.2 pS and for the second 134 ± 2.2 pS. 
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Figure 7 - Uncoupling effect on cells treated with 8-bromo-cAMP.Moderate 
uncoupling of cells within 1 - 2 minutes after exposure to 1 mM 8 bromo cAMP. 
Cells were clamped at 0 mV and stepped alternately to -10 mV (Vl,V2 represent 
voltage in cell 1, cell 2). Upward deflections on the current traces (1 h 12 for Cell 1 
and Cell 2) represent junctional current. Downward deflections denote junctional 
plus non-junctional current. Recovery of coupling was not evident after washout of 
the cAMP. 
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Figure 8 - Decreased coupling following application of phorbol ester. Same 

conditions apply as in figure 4 only cells were exposed to 10-7 M TPA at the arrow. 



64 

HA 

Figure 9 - Northern blot analysis of connexin43 mRNA expression by A 7r5 cells. 
Total RNA was isolated from A7r5 cells (A) or whole hamster hearts (H), and 
hybridized at high stringency conditions with a radiolabelled Cx43 cDNA probe. A 
single band was detected. Arrowheads indicate the migration of I8S and 28S rRNAs. 
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Figure 10 - Immunohistochemical localization of connexin43 in cultured A7r5 cells. 
Cells grown on glass slides were fixed with methanol, then reacted with a rabbit 
antiserum to connexin43 (amino acids 252-271) followed by a fluorescein-labelled 
secondary antibody. Panel a shows the immunofluorescence, and panel b shows the 
phase contrast of the identical field. A region of bright, punctate immunoreactivity is 
observed at the contacts between adjacent cells, in a distribution consistent with gap 
junctions (solid arrows). Free edges of plasma membrane not in contact with 
another cell show no staining (open arrows). Bar, 101m. 
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Figure 11 - Immunoblot analysis of connexin43 expression. Crude membrane 
preparations of rat heart (H) or A7r5 cells (A) were solubilized in sample buffer and 
boiled. Samples were resolved by SDS-PAGE and transferred to nitrocellulose. 
Blots were reacted with whole antisera from one of two different rabbits immunized 
with a synthetic peptide representing amino acids 252-271 of rat connexin43 followed 

by an 125I-labelled secondary antibody. None of these anti-connexin43 sera show 
any cross reactivity with other identified connexins, but being whole unpurified 
antisera show some non-specific cross reactivity with different non-junctional 
polypeptides. Panels a and c were reacted with one antiserum and panels band d 
were reacted with the other. A major immunoreactive band of 45 kD is detected by 
all of the anti-connexin43 antisera in the heart preparations. The A 7r5 preparation 
analyzed in blots a and b appears to contain three immunoreactive polypeptides in 
this region (arrowsheads). However, a different preparation of A 7r5 cells (panels c 
and d) shows only one distinct immunoreactive band in this region. Panel e shows 
preimmune serum from the same rabbit as panels band d, which gave little binding. 
The migration of molecular mass standards (in kD) is indicated to the left of the 
figure. 
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Discussion 

The results presented here indicate that A 7r5 cells are well coupled. 

Channels of at least two unitary conductances have been observed, and junctional 

conductance is regulated by second messenger cascades. The RNA blots, 

immunoblots and immunocytochemistry data demonstrate that the A7r5 cells make 

connexin43 mRNA, protein, and structures with an appearance and localization 

consistent with gap junctions. Screening of Northern blots and immunoblots with 

cDNA or antibody probes for Cx26, 32, 42, 45 and 46 have failed to detect these 

connexin mRNAs or proteins. Screening under low stringency conditions with a 

Cx43 probe in hopes of identifying an mRNA homologous to but slightly different 

from Cx43 also failed. These data suggest that Cx43 is the only known connexin 

protein expressed in these cells, and that it is capable of forming stable channels with 

at least two distinct conductances (50 pS, as observed in heart (Burt and Spray, 

1988), and either 89 or 36 pS). 

Analysis of the single channel events observed in the A 7r5 cells revealed 

channels with unitary conductances of 36 and 89 pS, although 50 pS events were also 

noted. Channels with a unitary conductance of 50 pS are routinely observed between 

neonatal rat heart cells (Burt and Spray, 1988; Rook et a/., 1988), a tissue thought to 

express only connexin43. However, the A7r5 cells, which we have demonstrated 

also express connexin43, contain channels of two previously unreported 

conductances. There are several possible explanations for the different channels 

observed in these cells. First, the A 7r5 cells might also express another, currently 

uncharacterized, connexin, in addition to connexin43, with its own distinct channel 

size, and which might form heteromeric channels with Cx43. Our data do not 

conclusively rule out this possibility. However, the absence of any connexin-like 
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mRNAs detected on the low stringency Northern blot suggests that any such 

unidentified gap junction sequence would either have to be quite divergent from the 

known connexins and/or of the same mobility as Cx43 and consequently obscured by 

Cx43 on our blots. Second, the connexin43 protein expressed in vascular smooth 

muscle might be different from that expressed in heart, which could influence 

channel size. However, Cx43 cDNAs isolated from different tissues have identical 

sequences (Beyer et al., 1987; Risek et al., 1988), and Southern blots suggest that 

Cx43 has a single copy gene, with no introns in its coding sequence (Beyer, 1990 and 

unpublished observations), which precludes expression of alternate primary 

sequences or differently spliced forms. Third, the observed multiple conductance 

states might reflect multiple post-translational modification states of the connexin43 

protein. This explanation is supported by the presence of 3 bands in the 45 kDa 

region on some of the immunoblots (e.g. lane 1, A 7r5, figure 11). Evidence for 

multiple forms of connexin43 due to protein phosphorylation has recently been 

published (Crow et al., 1990; Musil et al., 1990). It is reasonable to speculate that 

channel size or gating might be affected as a result of different phosphorylation 

states. The voltage dependence we observed in the larger, 90 pS channel (data not 

presented here) may also result from changes in channel conformation or charge due 

to phosphorylation. To date, no evidence for a shift in voltage sensitivity has been 

shown experimentally to occur with changes in phosphorylation. 

The pattern of regulation by second messengers differs from that observed in 

heart but is similar to that observed in myometrial smooth muscle (Cole and 

Garfield, 1986). In heart, cAMP and TPA cause increases in junctional conductance 

whereas cGMP causes a decrease. In myometrial smooth muscle cAMP causes a 

decrease in the spread of 2 deoxy glucose, consistent with a decrease in coupling. As 
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was true for heart the underlying mechanism for the observed change in junctional 

conductance in A 7r5 cells in response to cAMP is uncertain. The demonstration of 

multiple conductance states raises the exciting possibility that second messenger 

systems may influence junctional conductance by shifting the population of channels 

between conductance states in addition to or instead of changing the probability of 

channel opening. The variable response to TP A is also of interest. If the population 

of channels is shifted between the various unitary conductance states by second 

messengers, then the response to stimulation of a given second messenger cascade 

would be expected to depend on the initial phosphorylation state of the channel 

population. 

Vascular smooth muscle has been demonstrated to be coupled by gap 

junctions (Grunwald et ai., 1982; Larson et al., 1990; Segal et al., 1989; Segal and 

Duling 1986; Spagnoli et al., 1982). The fact that junctional conductance between 

vascular smooth muscle cells is regulated by second messengers suggests that changes 

in this communication pathway may have a direct impact on coordination of vascular 

activity. The importance of regulation of intercellular communication in the aorta 

may be small, but in resistance vessels, where changes in vascular tone in response to 

stimuli could be impeded or enhanced by altered junctional conductance, the effect 

could be much greater. 

Vascular smooth muscle cells are not thought to fire action potentials under 

normal conditions; however, under abnormal conditions rhythmic contractile activity, 

which is electrically mediated (Keef and Ross, 1986), and spasm, which may be 

mediated by action potentials, occur. It is possible that changes in cell-to-cell 

coupling during ischemia or other stimuli may enhance the probability of occurrence 

of such electrically mediated events. The presence of gap junction channels that are 
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regulated by voltage and second messenger cascades increases the strategies open to 

smooth muscle for regulation of vascular activity. Finally, in view of the different 

responses of various vascular beds to identical primary messengers and to 

innervation, it is likely that the impact of a given second messenger cascade will be 

dependent on the vascular bed in question. 

In summary these data suggest that connexin43 forms stable channels of more 

than one unitary conductance. These different conductance states may represent 

different states of the channel proteins. Responses to second messenger stimulation 

indicate that gap junctions in vascular smooth muscle are actively regulated, and 

support the conclusion that they may contribute to normal and pathophysiologic 

behavior of the vasculature. 

SUMMARY 

Recent evidence suggests that coordination of blood flow in the 

microcirculation involves cell-to-cell coupling via gap junctions. In this study, using 

A 7r5 cells as a model of vascular smooth muscle, we have characterized the gap 

junctions in terms of the unitary conductances of the observed channels, the response 

to second messengers, and protein expression. The cells were typically well-coupled 

several hours after plating, with junctional conductances on the order of 20-40 nS. 

Channels with mean conductances of 36 and 89 pS were observed in low 

conductance cell pairs and in cell pairs whose macroscopic conductance was reduced 

by exposure to halothane. Connexin43 was the only known gap junction sequence 

detected by Northern blots (low and high stringency), immunoblots, or 

immunohistochemical studies. Junctional conductance was reduced 15% by 8-

bromoadenosinse 3',5'cyclic monophosphate; 8-bromoguanosine 3',5' cyclic 

mono phosphate had no effect. The results suggest that connexin43 can form stable 
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channels of at least two distinct conductances and gap junctions with differing 

responses to second messengers. 
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PRESENT STUDY 

2.2 SELECfIVE BLOCK OF GAP JUNCfION CHANNEL EXPRESSION 

WITH CONNEXIN SPECIFIC ANTISENSE OLIGODEOXYNUCLEOTIDES 

Introduction 

Gap junctions are membrane specializations that mediate intercellular 

communication through low-resistance cell-to-cell channels. Evidence supports their 

role in development, growth control, and differentiation of mammalian cells. 

Cardiac, uterine and vascular smooth muscle function as electrical syncitia due to the 

non-selective movement of ions through these channels. In tissues such as the liver 

and lens, they allow for functional metabolic cooperation between the cells and tissue 

types. Gap junction channels are formed by protein subunits termed connexins. 

These proteins are encoded for by a mUltigene family (Fishman et ai., 1991) and are 

named according to their predicted molecular weight and species (Beyer et ai., 1987). 

Several connexins have been cloned and sequenced. These proteins demonstrate a 

high degree of sequence similarity in the four membrane spanning regions and the 

extracellular domains, but differ considerably in the cytoplasmic carboxy and N

terminal regions. The cytoplasmic domains are thought to confer the variability in 

gating by second messengers and phosphorylation noted in cells expressing different 

connexins. 

A 7r5 cells express Cx43 mRNA and protein (Moore et ai., 1991), and Cx40 

mRNA (Beyer, 1992). Connexin43 has been demonstrated to form channels with a 

unitary conductance of 50 pS in heart using 135 mM K-glutamate patch solution 

(Burt and Spray, 1988). With this same patch solution, the A7r5 cells form channels 

of 36 and 90 pS (Moore et al., 1991). A 50 pS channel is also evident. The 

conductances of these same channels are increased to 70 and 141 pS in 67 mM K-
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glutamate/67mM Cesium chloride solution, 108 pS for the third channel. In addition 

human Cx43 has been reported to form channels between transfected SKHep cells 

of 60 and 90 pS (cesium chloride patch solution, (Moreno et al., 1992)) and chick 

Cx43 in transfected N2A cells forms channels of 28, 44 and 67 pS (K-glutamate patch 

solution, (Veenstra et al., 1992)). Thus it seems likely that the 50 pS channel in the 

A7r5 cells (in K-glutamate, 108 pS in K-glutamate/cesium chloride mixture) is 

composed of Cx43. It is unclear which connexins form the 34 and 90 pS channels (in 

K-glutamate, 70 and 141 pS channels in cesium chloride/K-glutamate mixture). 

Antisense oligodeoxynucleotides (ODN's) have been used recently to block 

oncogene expression (Citro et al., 1992), and viral (HIV and Herpes) gene expression 

(Agrawal et al., 1992; Matsukura et al., 1987). ODN's suppress protein synthesis at 

the target mRNA level in a highly specific manner in that even a single base 

mismatch can interfere with its efficiency. Specificity is determined by nucleotide 

sequence and length. Binding may be by standard Watson-Crick base pairing or 

Hoagstein base pairing (Agrawal et al., 1992). Several methods of introducing 

ODN's to cells have been used, including injection via micropipette (Ao et aI., 1991; 

Melton 1985; Sumikawa and Miledi, 1988), stable transfection (Dreher and Cowan, 

1991), incubation with cells in culture (Bielinske et aI., 1990; Maeir et al., 1990), and 

endocytic delivery (Citro et al., 1992). Apparent mode of uptake across cell 

membranes is by binding to a polypeptide that causes receptor-mediated and ATP

dependent endocytosis (Wickstrom, 1992). Once inside, the ODN causes translation 

arrest by binding to the target mRNA or is degraded by nucleases. In some, but not 

all cells, the double stranded RNA-DNA duplex is degraded by RNase H (Dash et 

al., 1987). Obstacles to ODN use include low rates of uptake and nuclease 

degradation. Modified ODN's, with either phosphorothioate or phosphoroamidate 
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nucleotide analogs, have greater nuclease resistance (Bielinski et al., 1990; 

Matsukura et al., 1987) but base-pair with lower affinity. The phosphoroamidated 

ODN's hybridize to the target RNA but do not activate RNase H (Agrawal, 1992). 

In this paper we report the use of ODN's to identify which connexins likely 

compose each of the channel types identified by electrophysiologic means. Channels 

of three sizes are readily identified in the A7r5 cells, with conductances of 70, 108, 

and 141 pS under control conditions. The 70 pS channel appears to be composed of 

Cx40 whereas the 108 and 141 pS channels appear to be composed of Cx43. 

Methods 

Rat aorta A 7r5 cells were obtained from the American Type Culture 

Collection at passage 12. Cells were maintained in a humidified environment in 

95% 02 and 5% C02 in Dulbecco's modified Eagle's medium (DMEM; GIBCO) 

supplemented with 10% fetal calf serum and 0.1 % penicillin and streptomycin. Cells 

were passaged weekly with 0.25% trypsin in phosphate buffered saline and were used 

at passages 13-20. Sense (identical to message) and antisense (complementary to 

message) oligonucleotides, corresponding to the 9 bases upstream (5') and 6 bases 

down stream (3') from the initiation codon, were made by the Macromolecular 

facility at the University of Arizona, Integrated DNA Technologies, Inc. (IDT, 

Coralville, IA), or by Biopolymer Laboratories (Cambden, N.J.). The selected 

sequences are illustrated in Table II. The oligos were reconstituted in a small amount 

of sterile water to make a stock solution and then applied to cells in DMEM at 30 

p,M concentration. 

Electrophysiology. 

Cells for electrophysiology were trypsin digested and plated at low density on 

25 mm glass cover slips. Coverslips were placed in a perfusion chamber and 
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perfused at 5 ml/minute with either Hank's balanced salt solution containing (in mM) 

CaCl2 1, KCI 3.6, MgCl2 0.3, NaCI 133, Hepes 3, and dextrose 16, pH 7.2 or a 

solution containing NaCl 130, KCI 4, CaCl2 2, or CaCl2 0.7, MgCl2 1, Hepes 5, 

Dextrose 5, pyruvate 2, BaCl2 1, and CsCl2 (Rudisuli and Weingart, 1989). 

Dual whole cell voltage clamp was used to determine macroscopic junctional 

and single channel conductance. Patch-type microelectrodes having a resistance of 

3-7 MOhms were pulled from 1.2 mm diameter glass and filled with a patch solution 

containing (in mM) potassium glutamate 67, cesium chloride 67, TEA 10, CaCl2 0.5, 

MgCI 0.3, ethylene glycol-bis (aminoethyl ether) N, N, N', N', -tetraacetic acid 

(EGTA) 10, KCllO, HEPES,10, glucose 5, KlATP 5, or for comparison, CsC1135, 

CaCl2 0.5, MgC121, EGTA 10, HEPES 10, Na2ATP 5. High resistance membrane 

seals were formed with each cell and then the membrane between the pipette and 

interior of the cell ruptured using gentle suction. Series resistance was not 

compensated and was less than 10% of the combined junctional, non-junctional and 

seal resistances. Macroscopic junctional conductance was determined by voltage 

clamping both cells of a pair to a 0 m V holding potential. Command potential pulses 

of -10 m V were alternately applied to each cell and the junctional current measured 

in the opposite cell. Junctional conductance was determined by dividing the 

junctional current by the voltage step (in this case 10 m V). This same methodology 

was used to determine the size of single channel events. In cell pairs having a 

naturally low junctional conductance, or in pairs reversibly uncoupled with 2 mM 

halothane, a 20-70 m V driving force was applied to one cell of the pair, the other cell 

was clamped to 0 m V. Channel events of equal magnitude but opposite polarity in 

the two current traces were selected as junctional events, and the conductance 

determined by dividing the event current by the transjunctional voltage. Data were 
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digitized on Neurocorder Model DR 484 for storage on a videotape recorder and 

displayed directly on a Gould Brush recorder. Filtering ranged from 10-10,000 Hz 

dependent on the cell pair. 

Step changes in current identified as junctional events were measured by 

hand. Most experiments were blinded as to which ODN treatment had been applied. 

In some cases analysis of junctional events was performed by both investigators 

independently prior to unblinding. For each cell pair, events were binned (lOpS) and 

the frequency of events in each bin relative to events in all bins calculated. The mean 

relative frequency for each bin from all cell pairs in a treatment group was then 

calculated and plotted as a histogram. The data in these frequency-histograms were 

fit (Peakfit, Jandel Scientific) to 1,2,3, and 4 Gaussian peaks. The fit with the best F 

value (and r2 value) in which all peak center parameter values, which represent 

unitary conductance of the channel, were significant was considered to represent the 

best fit. 

Northem Blot Analysis 

Total RNA was isolated from cultured cells in guanidine isothiocyanate 

followed by phenol-chloroform extraction (Chomzynski and Sacchi, 1987). RNA 

samples (10 or 15 J.Lg) were electrophoresed on 1 % agarose-formaldehyde gels and 

capillary blotted onto nylon membranes (Hybond N, Amersham). RNA was 

crosslinked to the membrane by exposure to 300 nm ultraviolet transillumination for 

3 minutes. Radiolabelled cDNA probes to Cx43, Cx40 and glyceraldehyde 

phosphate dehydrogenase (GAPDH) were prepared by isolation of the DNA 

fragments from low melting point agarose gels and labeling using the KIenow 

fragment of DNA (Feinberg and Vogelstein, 1983). Membranes were prehybridized 

for 30 minutes at 650 C prior to hybridization over night with GAPDH and either 
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Cx43 or Cx40 in solution containing 0.75 M Na2HP04, 1% sodium dodecyl sulfate, 

and 0.1% nonfat dry milk as a blocker for nonspecific binding of the probes to the 

membrane. Hybridization and prehybridization conditions were the same. Blots 

were washed once at room temperature and once at 650 C in O.3M Na2HP04-1 % 

SDS for 20 minutes, followed by two washes at 650 C in a 30 mM Na2HP04 solution 

prior to exposure to Kodak XAR film at -SOoC. The intensity of all bands was 

assessed densitometrically (Molecular Dynamics Computing Laser Densitometer, 

model 300A with Image Quant software), and the various samples normalized to 

GAPDH content. 

Results 

The A 7r5 cells exhibited 3 channel sizes when examined using dual whole cell 

voltage clamp. Single channel events were collected on naturally low conductance 

cell pairs and those whose macroscopic conductance was reversibly reduced with 

halothane. No differences in channel population were noted in the halothane 

treated cells (data not shown). The relative frequencies of events in the different 

bins (15S9 individual open or close events from 10 cell pairs) were plotted on an 

amplitude histogram (Fig. 12) and fit to Gaussian curves using landel's Peakfit 

program (as described in methods). The best statistical fit was achieved with 3 

peaks; the mean conductances for these peaks were 70 ± 2.4, lOS ± 10.2, and 141 ± 

21 pS. Each channel, based on peak area, composed approximately 1/3 of the 

population (Areas from Peakfit: 70pS channel 34.S%, lOSpS channel 31%, 141pS 

channel 33%) suggesting that each channel's probability of opening was very similar 

under our recording conditions. It is noteworthy, however, that every cell pair did 

not exhibit all three channel sizes at this relative frequency. Table III shows the 
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relative frequency of each channel size for the ten cell pairs that constitute the 

control data set. Note that the relative frequencies of each channel for all cell pairs 

(indicated by mean ± SEM at the bottom of each column) closely matches that 

derived from the curve fit program (areas). We have also examined the single 

channel conductances for these cells using a cesium chloride patch solution for 

comparison to conductances published by Spray for human Cx43 expressed in 

SKHep (Moreno et al., 1991) and rat Cx43 expressed in WB (Spray et al., 1991) cells. 

The event data (due to small sample size, 5 cell pairs, event data were used in 

histogram construction) were best fit (F value = 16, r2=.934) by 3 peaks 

corresponding to unitary conductances of 75 ± 9, 114 ± 1.6, and 152 ± 5 pS. 

Antisense to Cx40 and Cx43 

In order to determine which of the two proteins expressed by these cells 

composes the three channel types seen in single channel analysis we treated cells in 

culture with antisense oligonucleotides (ODN's) to each connexin. Treatment 

consisted of incubating the cells with the specific ODN for 24, 48, or 72 hours prior to 

single channel analysis. Treatment with 18 mer antisense ODN to Cx40 resulted in a 

significant reduction in the relative frequency at which the 70 pS channel was 

observed at all time points (pooled 24, 48 and 72h data displayed in Fig. 12C), 

suggesting that Cx40 protein composes the 70pS channel. Conversely treatment with 

antisense ODN to Cx43 resulted in reduced frequency of both the 108 and the 141 pS 

channels at all time points (pooled 24, 48 and 72h data displayed in Fig. 12B), 

suggesting that Cx43 protein forms both of these channels. Essentially no differences 

were seen in the 24 vs. 48 or 72 hour treatments (data not shown). In the course of 

these studies numerous batches of the antisense Cx40 and Cx43 ODNs were used. 

Antisense Cx40 consistently reduced the relative frequency of the only the 70 pS 
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channel, and antisense Cx43 only the 108 and 141pS channels; however, the 

magnitude of the reduction varied between batches, possibly reflecting relative purity 

and concentration of the ODN. Use of modified ODN's such as the amidated oligos 

has been reported to increase efficiency of the antisense "effect" by decreasing 

susceptibility to nuclease digestion and, in the case of amidated forms, enhancing cell 

permeation. We found these modified ODNs to be less effective than the normal 

oligos. No toxic effects of the ODNs were noted at the concentration used in this 

study. Indeed, the effects of the antisense treatments on single channel events were 

at least partially reversed on cells which were treated with ODN's and then placed 

back into normal DMEM for one week. In these cells the channels that had been 

"knocked out" by the ODN treatment were again evident (Fig. 13). The shift to the 

left (relative to control) in the Cx43 recovery histogram, (Fig. 12A) could reflect the 

relatively small sample sizes for this data set or incomplete recovery at this time 

point. 

As controls for these antisense experiments, the cells were treated with Cx43 

and Cx40 sense ODNs and with an antisense ODN to Cx32 (which is not expressed 

by these cells). These ODNs had no effect on the relative frequencies of the three 

channel types, thus demonstrating the specificity of action of the ODN's (Fig. 14). 

Effects of the ODN treatment on macroscopic junctional conductance (gj) 

differed in antisense Cx43 vs. Cx40 treated cells. The normal gj for control cell pairs 

was 12 ± 2.1 nS (n=31). This was dependent on time after plating cells. For 

example, if cell pairs were voltage clamped within 40-60 minutes post-plating low 

conductance pairs were frequently encountered. The conductance increased with 

time and by 2 hours post-plating generally most pairs were well coupled. In cell pairs 
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treated with antisense ODN to Cx43 gj was 14 ± 3 nS (n=17) whereas in cells treated 

with antisense ODN to Cx40 gj was reduced by -50% to 6 ± 1.4 nS (n=31). 

Northern blot analysis 

A7r5 cells express Cx43 and Cx40 (Moore et aI., 1991; Larsen et al., 1992). 

High stringency screening with rat Cx32, 26, 46, Cx37, chick Cx42 and 45 (Moore et 

al., 1991; Reed et al., 1993), and low stringency screening with rCx43 and cCx45 

failed to reveal additional Cx messages, which suggests that only Cx40 and Cx43 are 

expressed. In Northern blot analysis of total RNA isolated from two batches of cells 

treated for 24h with antisense to Cx43 and probed on several different gels, there was 

a 45 ± 6 % (data from 5 gels) and 100% decrease (relative to non-treated controls) 

in Cx43 mRNA levels in the two batches of cells. Cx40 levels were not affected by 

this treatment, 58 ± 57% increase (data from 5 gels) and 53% decrease in the two 

samples. 



TABLE 2 - Sequences of connexin oligodeoxynucleotides. 

Antisense Cx43 

Antisense Cx40 

Antisense Cx32 

Sense Cx43 

Sense Cx40 

Phosphorothioate 

or Amidated Cx43 

5' 3' 

GTCACCCATGTCTGGGCA 

GTCACCCATCTTGCCAAG 

CCAGTTCATCCTGCCTCA 

TGCCCAGACATGGGTGAC 

CTTGGCAAGATGGGTGAC 

~8~CCATGTCTQQQ~A 

Amidated or thioated residues are double-underlined, initiation codon (or 

complimentary sequence is in boldface. 
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TABLE 3 Relative frequencies (%) of the three channel types in 

individual A7r5 cell pairs. 

70 pS channel 108 pS channel 141 pS channel 

21.8 64.6 13.4 

25.4 50.2 24.7 

20.7 25.4 53.9 

45.5 32.6 21.6 

35.6 34.8 29.6 

42.2 21.1 36.9 

29.4 31.7 38.8 

64.7 11.2 24 

48 30.9 21.2 

34.1 19.8 45.5 

mean ± SEM mean ± SEM mean ± SEM 

37 ± 4.3 % 32± 5 % 31 ± 4% 

The 70pS channel includes events in bins 40-80, the 108pS channel includes 
events in bins 90-120 plus half those in bin 125, and the 141 pS channel includes 
events in bins 125-170 plus half those in bin 120, in each case relative to the total 
number of events in the cell pair. 
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Figure 12. Frequency distribution of amplitudes expressed under control conditions (A) and 
during antisense Cx43 (B) or Cx40 (C) treatment. (A) data are from 10 cell pairs (1589 

events). The best fit (F=18, r2=0.961), revealed three peaks of 70 ± 2.4 (SE), 108 ± 10.2, 
and 141 ± 21 pS. The relative areas of these peaks were 35%, 31% and 33%. For the 
antisense Cx43 histogram (n) data are from 24, 48 and 72 (16 cell pairs, 1225 events) hour 

treated cells. The best fit (F=350, r2=.985) revealed a single peak with a unitary 
conductance of 65 ± 0.5pS. For the antisense Cx40 experiments (C), data are from 24, 48, 

and 72 (23 cell pairs, 2015 events)hour treatments. The best fit was (F=38, r2= 0.977) with 
the third peak locked at 141. The remaining peaks had unitary conductances of 72 ± 7pS and 
114 ± 2 pS. The relative areas for these peaks were 11% ,57% and 32% (141 pS). These 

antisense Cx40 data were also well fit (F=64, r2=0.97) with two peaks corresponding to 68 ± 
7 and 123 ± 1 pS. In this fit, only 7.5% of the total area was due to the 70pS channel. 
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Figure 13 Recovery of channel populations previously "knocked-out" by antisense 
Cx43 (A) or antisense Cx40 (B) treatment. The cells used in the Figure 12 Band C 
histograms were allowed to "recover" for 1 week in DMEM without antisense ODN. 
For the antisense Cx43 treated cells (A), data were from 7 cell pairs (493 events). 

The best fit (F= 110, r2=0.984) revealed. two peaks, 70 ± 0.6 and 98 ± 3 pS. 
Comparison of 13A to 12B reveals a significant number of events with conductances 
greater than lOOpS, consistent with recovery of the 108 and 141pS channel 
populations. For the antisense Cx40 treated cells data were from 2 cell pairs with a 
total of 123 events. A good fit could not be obtained on this small sample size without 

smoothing the data; illustrated is an 8% smooth of the data (F=59, r2=0.974) which 
revealed two peaks, 68 ± 2 and 128 ± 1 pS. Comparison of 13B to 12C reveals a 
significant number of events with conductances less than lOOpS, consistent with 
recovery of the 70pS channel population. These data indicate that the "knock-out" 
effect is reversible and that there was no toxic effect of the treatment. 
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Figure 14. Amplitude histogram showing sense treated cells. Treatment of cells with 
sense ODN to Cx43 (A) and Cx40 (B) and with an antisense ODN to Cx32 (C), a 
connexin not expressed by these cells failed to alter the amplitude distributions. 
Channels with amplitudes corresponding to those seen under control conditions are 
observed. 
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Discussion 

The results presented here indicate that Cx40 and Cx43 form 70, 108 and 141 

pS channels in the A 7r5 cells; Cx40 composes the 70 pS channel and Cx43 composes 

the 108 and 141 pS channels. Since Cx40 and Cx43 account for all channel types 

expressed by these cells, expression of other connexins as functional channels in 

these cells seems unlikely. Cells treated with antisense to Cx40 exhibited a -50% 

decrease in junctional conductance, consistent with loss of the Cx43 channel 

population. In contrast in antisense Cx43 treated cells, despite virtual elimination of 

the 108 and 141 pS channels, junctional conductance was not significantly reduced. 

This may indicate that A 7r5 cells compensate functionally for loss of Cx43 channels. 

The presence of three channel sizes when only two connexins are expressed 

suggests several possibilities relative to which protein composes each channel size 

(type). Each channel type could be composed of only one type of connexin, i.e. pure 

Cx40 channels and pure Cx43 channels, in which case the presence of three channel 

sizes would necessitate that one connexin type be capable of forming channels of 

multiple sizes (or sub-conductance states). Alternatively, one of the channel sizes 

might reflect a hemichannel of Cx40 pairing with a hemichannel of Cx43 to form a 

channel of intermediate conductance. For example, if pure Cx40 channels had 

conductances of 70pS and pure Cx43 channels had conductances of 140pS, then the 

mixed channel (hemichannel of each connexin) would be predicted to have a 

conductance of 105pS. The antisense strategy for identification of channel 

composition discriminates between these two possibilities. If the 105pS channel 

represented a mixed channel, then treatment with antisense to either connexin would 

be expected to eliminate this channel. Instead, this intermediate channel size was 

eliminated only by antisense to Cx43. Thus our data suggest that CX40-CX43 mixed 
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channels are not formed (or formed at low frequency) in this cell type. This indicates 

that Cx40 composes the 70pS channel, since the frequency of this population of 

channels is uniquely reduced by antisense to Cx40, and Cx43 composes the 108 and 

141pS channels, since the frequency of these channels is virtually eliminated by 

antisense to Cx43. The absence of effect on the channel population of sense-Cx40, 

sense-Cx43 and antisense Cx32 further supports the specificity of the antisense Cx40 

and Cx43 oligonucleotides for their respective channel populations. 

In view of the available evidence, it may not be surprising that Cx43 forms 

channels of two sizes in the A7r5 cells. Several investigators have shown that in some 

tissues Cx43 exists in multiple phosphorylation states with both serines and tyrosines 

phosphorylated (Lau et al., 1992; Musil et al., 1990, 1991). These different 

phosphorylation states represent different functional forms of the Cx43 channel. 

Tyrosine phosphorylation results in loss of intercellular communication (Crow et ai., 

1990; Swenson et al., 1990). Of the 4 serine-dependent phosphorylation states 

identified by Lau et ai., (1992), formation of one is also associated with loss of 

intercellular coupling. In an elegant study, Moreno et al., (1992) demonstrated that 

the relative frequencies of the two channel sizes expressed in Cx43 transfected 

SKHep cells are altered by phosphorylating (frequency of the 60pS channel 

enhanced) and dephosphorylating (frequency of the 90pS channel enhanced) agents. 

Thus the available information suggests that the various phosphorylation states of 

Cx43 correspond to unique functional forms. If true, then at least 4 different 

conductance states (non-phosphorylated, and 3 serine-dependent phosphorylation 

states) and several closed states (one serine and one tyrosine phosphorylation 

dependent) may exist. And, to the extent that individual connexins of a functional 

channel may be differentially phosphorylated, additional conductance states could 
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exist. The A7r5 cells express multiple forms of Cx43 as identified by Western 

blotting (Moore et al., 1991). The current data demonstrate multiple functional forms 

of Cx43 as well, possibly corresponding to the various forms identified by Western 

blotting. 

In our previous studies (Moore et al., 1991), we compared the conductance 

profile of the A7r5 cell channel population when the patch pipet contained 135 mM 

K-glutamate vs. a mixture of 67 mM K-glutamate and 67 mM CsC!. We 

demonstrated that the conductances of the 36 and 90pS channels observed with K

glutamate are shifted to 75 and 134 pS with the K-glutamate/CsCI mixture. A -50pS 

population, which could not be fit statistically (presumably due to small sample size), 

also shifted to a higher conductance, -90 pS, with the change in patch pipet solution. 

Similar shifts in unitary conductance have been observed by others (Spray et al., 

1991) and likely reflect enhanced permeability and mobility of CI vs. glutamate 

(Flagg-Newton et al., 1979; Neyton and Trautmann 1985; Brink et al., 1987; Brink 

and Fan, 1989). In the current data set, the intermediate channel size was a 

statistically significant peak with a unitary conductance of 108 pS. When the patch 

pipet solution was switched to one containing 135 mM CsCI, the conductances of the 

three channels were shifted upwards by 5-10 pS, about what would be predicted by a 

cation to anion selectivity ratio of 1.5:1. It is not yet clear whether either of the Cx43 

channel types in the A 7r5 cells corresponds to the 50-60pS channels (K-glutamate 

patch solution) observed in heart by several (Burt and Spray, 1988; Rook et al., 1988, 

1989) investigators (which shifts to -105pS when K-glutamate/CsCI mixture is used 

(personal observation)), to the 45 or 70pS channels (K-glutamate patch solution) 

observed in N2A cells transfected with chick Cx43 (Veenstra et al., 1992), to the 60 or 

90pS channels (esCl patch solution) observed in human Cx43 transfected SKHep 
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cells (Moreno et al., 1992), or the 90pS (CsCI patch solution) channels observed in 

WB cells (Spray et al., 1991). In the latter study, there were also 120pS channels that 

were attributed to simultaneous openings of a 90 and 30pS channel, but could 

represent an additional form of Cx43. In the A 7r5 cells, based on a shift in the 

relative frequencies of the 141 and 108pS channels during serotonin treatment, it 

appears that the 108pS state is favored when phosphorylating kinases are activated 

(Moore et al., 1993). This may suggest that the 108 pS channel corresponds to the 50-

60pS (K-glutamate) Cx43 channel that dominates in neonatal heart (which is 

believed to be "maximally" phosphorylated), or to the 60pS (CsCl) channel observed 

in Cx43 SKHep cells, which is favored under phosphorylating conditions. However, 

with respect to the latter, given its small size in CsCI, it is possible that the channel 

sizes observed in A 7r5 cells correspond to phosphorylation states (or some other 

channel modification) that are not observed in the SkHep cells (or heart cells). 

The 70 pS channel expressed in the A 7r5 cells may represent only one of 

several conductance states possible for Cx40. Recently Veenstra et al., (1992) 

reported the expression of multiple channel conductances in N2A cells transfected 

with Cx42, the chick homolog of rat Cx40. These conductances were 86, 121, 158, 

201, and 236 pS measured in a K-glutamate patch solution; the 158 and 121pS forms 

were present at a much higher frequency than the other forms. We have observed 

multiple channel sizes in human coronary smooth muscle cells which express Cx40, 

but not Cx43 (Moore et al., 1993). If Cx40 indeed forms channels of multiple sizes, as 

apparently Cx43 does, it will be interesting to identify how and why cells regulate the 

channel form expressed. 

Maintenance of junctional conductance in the anti-Cx43 treated cells, despite 

loss of the Cx43 channel population, suggests that cells may have some mechanism 



90 

for "monitoring" how well they are coupled by Cx43 channels and compensating for 

reduction of coupling by up-regulating expression of other proteins or modifying the 

functional behavior of existing channels. If such "monitoring" and "compensating" 

mechanisms exist they are connexin specific, because there was no apparent 

compensation when the Cx40 population of channels was eliminated by anti-Cx40 

ODN (i.e. Cx43 mediated junctional conductance was not increased). 

In summary, our data indicate that Cx40 forms the 70pS channel and Cx43 the 

108 and 141pS channels in the A7r5 cells. These three channel types may be gated in 

unique ways by common gating stimuli. Given the variability in expression of the 

three channel populations in pairs of cells, unique gating behavior would explain the 

variability in response of junctional conductance to phorbol esters (Moore et ai., 

1991) and voltage (personal observation). In addition, our data are suggestive of the 

possibility of a feedback regulatory pathway that is connexin specific and allows the 

cells to maintain junctional conductance in the face of adverse conditions. If the 

latter is true, then the response to a common physiologic stimulus of various cell 

types that express the same connexins may vary dependent on which functional form 

of those connexins is expressed and the levels of regulation involved in that 

expression. 

Summary 

Gap junctions in vascular smooth muscle provide a cell-to-cell conduction 

pathway that may provide for regulation of, and coordination of changes in vascular 

tone. A 7r5 cells, a cell line derived from embryonic rat aorta, express both connexin 

43 (Cx43) and 40 (Cx40) proteins. Channels with three distinct unitary conductances 

were observed, with values of 70, 108, and 141pS. Treatment of the cells with an 
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antisense DNA oligonucleotide to either Cx43 or Cx40, to reduce expression of the 

respective protein product, revealed that the 70pS channels were formed by Cx40 

and the 108 and 141 pS channels were formed of Cx43. Treatment of cells with 

antisense Cx43 also produced a decrease in message levels for this protein as 

determined by Northern blot analysis. Whereas in antisense Cx40 treated cells 

macroscopic junctional conductance was decreased relative to control cells, 

macroscopic junctional conductance was maintained in antisense Cx43 treated cells 

despite loss of the 108 and 141 pS channel populations. This could be indicative of a 

compensatory up-regulation of Cx40 in the antisense Cx43 treated cells. Consistent 

with this possibility was an apparent upregulation of message levels for Cx40 in these 

cells. 
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PRESENT STUDY 

2.3 OLEIC ACID DIFFERENTIALLY AFFECTS GAP JUNCTION MEDIATED 

INTERCELLULAR COMMUNICATION OF HEART AND VASCULAR 

SMOOTH MUSCLE CELLS2 

Introduction 

Gap junctions (GJs) are aggregates of intercellular channels that connect cells 

of most tissues and allow them to exchange ions and small molecules. In cardiac 

tissue and vascular smooth muscle, these channels provide a low resistance pathway 

through which intercellular propagation of the action potential or changes in 

membrane potential occur; hence, they facilitate coordination of contractile activity 

of the heart and blood vessels (Spray and Burt, 1990). As the conductance of this 

pathway is reduced (i.e. resistance to propagation from cell-to-cell is increased), the 

likelihood of vasospasm, heart block and re-entrant arrhythmias is greatly enhanced 

(Jalife et al., 1989; Janse and Wit, 1989). 

Arrhythmias are common during ischemia and reperfusion and a role for GJs 

in their genesis and maintenance is strongly indicated (Burt and Spray, 1988, 1989; 

Burt et ai., 1991). Of particular interest here is the role of non-esterified fatty acids 

(NEFA) in GJ-mediated arrhythmogenesis. NEFA, in particular oleic acid (OA; the 

most abundant fatty acid in mammalian membrane phospholipids), arachidonic acid 

and short-chain (8-lOC in length) fatty acids, accumulate during ischemia and 

reperfusion (Chien et ai., 1984; Hearse et ai., 1981, Katz and Messineo 1981, van 

2 Section 2.3 summarizes work currently undergoing review by the American Journal of Physiology. 
A substantial portion of the work presented in this section leading to figures 17,21-23 were 
conducted by the dissertation author. 
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Bilsen et a/., 1989). These fatty acids, at concentrations comparable to those seen 

during and after ischemic events, produce electrical uncoupling of neonatal rat heart 

cells (Burt, 1989). Thus, reduction of cell-cell coupling by NEFAs could contribute 

to the arrhythmias commonly observed during ischemia and reperfusion. 

The NEF As that uncouple heart cells are believed to reduce the Po of the GJ 

channels (composed of Cx43) by destabilizing the channel. We have hypothesized 

that this destabilization occurs either as a result of specific binding directly to the 

Cx43 channel proteins or by disturbing the stabilizing interaction of interfacial 

(annular) lipids on the GJ channel. Several observations led to this hypothesis. First, 

only lipophiles that tend to disorganize the interiors of biological membranes affect 

channel function and they do so at membrane concentrations too low to produce 

changes in bulk membrane properties, e.g. fluidity or membrane thickness. Second, 

complete block of GJ channels occurs at concentrations that do not block other 

channels, e.g. those that support the action potential. These observations suggest a 

localized and specific effect of NEF A on GJ channels. The rate of uncoupling and 

recoupling (with washout), less than 5 seconds for halothane and two minutes for 

OA, precludes involvement of an intermediate step, such as an enzyme-dependent 

alteration of membrane lipid composition in uncoupling. These observations suggest 

a direct effect of these lipophiles on the GJ channels. 

If NEFA produce their uncoupling effect by binding (via electrostatic or Van 

der Waal type forces) directly to the GJ channel proteins, then GJ channels 

composed of different connexins might be expected to exhibit different sensitivities 

to NEF A due to their different amino acid compositions. However, if NEF A disturb 

protein-interfacial lipid interactions, then connexin-specific differences might not be 

expected because channel structure and clustering appear to be similar for all GJs. 
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Rather, tissue-specific differences might be expected since interfacial lipid 

composition could vary between tissues. Available data do not allow us to distinguish 

between these possibilities and in fact appear to support both possibilities. GJ 

channels appear to be gated by protons (Burt, 1987; Spray and Burt, 1990) and 

voltage (Burt and Spray, 1988a; Spray and Burt, 1990) in a connexin-specific fashion. 

In contrast, gating by lipophiles does not appear to be connexin-specific. Halothane 

(and short chain alkanols) uncouples virtually every cell type in which it has been 

tested despite expression of different connexins, e.g. heart (Burt and Spray, 1989), 

A 7r5 cells (Moore et ai., 1991), and cells transfected with Cx43, Cx32 or Cx26 

(Moore et ai., 1991, Spray et ai., 1992). In addition, it appears that lipophiles with 

very diverse structures, e.g. halothane and OA, may produce uncoupling by a 

common mechanism (Burt and Spray, 1989; Burt et ai., 1991; Burt, 1991). 

To address the possibility of tissue- and connexin-specific regulation of GJ 

function, we have compared the effects of OA on GJ mediated communication 

between neonatal rat heart cells and A 7r5 cells. The heart cells express Cx43 as 

predominantly 108pS channels. The A 7r5 cells also express Cx43, but in these cells it 

forms channels of two sizes, 108 and 141 pS . The A 7r5 cells also express Cx40, as 70 

pS channels (Moore et ai., 1992). Thus these cells allow comparison of tissue- (Cx43 

in heart vs. smooth muscle cells) and connexin- (Cx43 vs. Cx40 in smooth muscle 

cells) specific regulation ofGJ function. 

In the current paper we will test the hypothesis that OA, which completely 

uncouples heart cells, completely uncouples A7r5 cells. We will demonstrate that OA 

only partially uncoupled A 7r5 cells irrespective of concentration and produced this 

effect at concentrations 25 times lower than that required to produce maximal effect 

in the heart cells. We will further demonstrate that these differences in sensitivity to 
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OA were not due to differences in incorporation of OA into cellular membranes or 

into the plasma membrane. Instead, it appears that the 70 pS channel population 

(composed of Cx40) was more sensitive to OA than were the 108 or 141 pS channels 

(composed of Cx43) in either the heart or A7r5 cells. These data indicated the 

presence of both connexin- and tissue-specific regulation of GJ channel function. 

Therefore, via expression of Cx40 and Cx43, vascular smooth muscle cells may have 

available to them more strategies for regulating intercellular coupling than neonatal 

heart cells. These various strategies may facilitate the role of such smooth muscle 

cells in vascular function during exposure to the multitude of stimuli they receive. 

Materials and Methods 

Cell Culture. Neonatal rat cardiac myocytes were prepared using a 

modification of the method described by Harary and Farley (1963). Neonatal rats 

(20-25 rats/culture; 0-1 day old) were killed by cervical dislocation and their hearts 

rapidly removed, minced and subjected to sequential 12 min periods of digestion in 

0.15% pancreatin (GIBCO, Grand Island, NY) at 37 oc. Supernatants from 

digestions 4-6 were collected and the cells preplated in large petri dishes for 90 min 

to allow non-muscle cells to attach. The remaining unattached muscle cells were 

then collected and replated onto glass coverslips at a density of 8-10 x 106 cells per 

100 mm culture dish. All cells were maintained in a humidified incubator with 5% 

C02 in air at 37 0C and used 3-5 d after plating. 

A7r5 cells were obtained from ATCC (Rockville, MD) and maintained in 

DMEM supplemented with 10% fetal calf serum (FCS) (Moore et al., 1991). When 

confluent, the cells were subcultured with 0.25% trypsin in pancreatic salt solution 

and replated at a 3-fold dilution. For dye-coupling studies the cells were plated onto 

glass coverslips and subsequently used when confluent. For uptake and washout 
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studies the cells were plated into culture dishes and used when confluent. For 

voltage clamp studies, the cells were plated onto coverslips and used within 4hrs 

post-plating. The A 7r5 cells were maintained in the same environmental conditions 

as the heart cells. 

Dye-Coupling Studies. Neonatal heart and A7r5 cells were incubated for 10-30 

min at room temperature with various concentrations of OA (0, 0.1, 1, 5, 10, 25 and 

100,uM) in Hanks balanced salts solution (HBSS) containing (in mmole/liter): 1 

CaCI2, 3.6 KCl, 0.3 MgCI2, 133 NaCl, 3 HEPES, and 16 dextrose, pH 7.2. OA was 

diluted into HBSS from a 10 mM stock in ethanol (which was stored refrigerated in a 

nitrogen atmosphere) such that the final ethanol concentration was always 1%. This 

concentration of ethanol had no effect on dye-coupling (or electrical coupling (Burt 

et al., 1991)). Extent of dye-coupling was assessed by ionophoretically injecting 

Lucifer Yellow dye (5% in distilled water) into a cell and observing whether it 

diffused to an adjacent cell(s) within 60 sec of injection (Burt, 1987). Each cell 

injected was scored as either positive or negative for dye-coupling; 10-20 injections 

were typically performed during each experimental period. Results are expressed as 

percent coupling and represent the number of injected cells that were coupled to at 

least one neighbor divided by the total number of injected cells. A substantial 

reduction in the intensity of cellular fluorescence immediately following removal of 

the electrode from the cell (usually removed immediately following impalement) was 

interpreted as cell injury, in which case the results of the experiment were discarded. 

In some experiments, the potential for recovery of coupling was assessed by 

washing the OA out of the cells by either superfusing the cells for 15min with HBSS, 

0.1 % bovine serum albumin (BSA) in HBSS, or 0.5% BSA in HBSS, or by swirling 

the dish with 0.5% BSA three times and subsequently superfusing with 0.5% BSA for 
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15 min. Dye-injections, as described above, were performed on these cells following 

the washout period. 

Junctional Conductance Studies. Glass coverslips with attached A 7r5 cells 

were mounted in a perfusion chamber with a total volume of 2 ml, and perfused (5 

ml/min) with a HBSS. During experimental periods, 5, 10, 25 or 50.uM OA was 

added to the perfusate. The cells were viewed at 400x magnification using a phase

fluorescent inverted microscope (Zeiss IM-35). 

Macroscopic junctional conductance was determined using dual whole-cell 

voltage clamp techniques (van Bilsen et al., 1989; White et al., 1985). Glass 

microelectrodes (patch-type, 4-7 MQ), fabricated from 1.2 mm fiber-filled glass and 

filled with a solution containing (in mmole/l): 67 CsCl, 67 K-glutamate, 10 HEPEs, 10 

EGTA, 0.5 CaCI2, 0.3 MgCI2, 10 KCI, 5 glucose, 5 Na2ATP, were lowered onto the 

surface of each cell of a cell-pair and high resistance seals established by gentle 

suction. Further suction ruptured the membrane beneath the electrode and 

established the whole-cell voltage clamp configuration. Each cell of the pair was 

clamped to a 0 m V holding potential. Steps in command potential of -10 m V were 

alternately pulsed into the cells and junctional current was recorded in the opposite 

cell. Voltage and current data were digitized (Neurocorder model DR-484) for 

storage on a videotape recorder and displayed directly on a Gould Brush recorder. 

Junctional conductance was determined from Ohm's Law by dividing the junctional 

current by the voltage step. Conductance during the experimental period was 

normalized to that of the control period and expressed as a percentage thereof. 

Oleic Acid Uptake Studies. Uptake of OA into the lipid fraction of neonatal 

heart or A7r5 cells was determined as previously described (Burt et aI., 1991). 

Briefly, neonatal heart and A 7r5 cells were incubated with various concentrations of 
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14C-OA in HBSS for 20 min. Samples of the uptake solutions were counted to 

determine OA specific activity. At the end of each incubation period, the cells were 

rinsed three times with 5 ml aliquots of fatty acid-free HBSS and scraped from their 

culture dishes with a rubber policeman following addition of 0.25 ml of HBSS. Mter 

three additional, successive scrapings of the dish, one with 0.25 ml of HBSS and two 

with 0.25 ml of methanol, the cells were homogenized with a Dounce homogenizer 

(total volume = 1 ml; 50:50 HBSS:methanol). An aliquot (0.1 ml) of this 

homogenate was removed to determine total OA uptake (by counting in a 

scintillation counter). The lipids in the remainder of the homogenate were then 

extracted (Bligh and Dyer, 1959) with two 1 ml aliquots of chloroform and the 

chloroform-lipid extract dried. The lipids were then baked in 0.5 ml perchloric acid 

plus 1 drop of nitric acid for 3 h at 180 0C to reduce the phospholipids to inorganic 

phosphate, which was subsequently quantified colorimetrically (Stewart, 1974). The 

OA taken up by the cells was then normalized to the phospholipid content and 

expressed as mole% OA incorporation (Burt et al., 1991). 

BSA Washout Studies. Neonatal heart and A 7r5 cells were incubated for 20 

min with 25 ,uM 14C-OA or 14C-inulin in HBSS. Incubation solution was 

subsequently removed and discarded. Five milliliters of label-free HBSS solution 

was then added, swirled for 15 sec and collected for scintillation counting. This wash 

step was repeated five more times. Subsequently, eight 5-ml washes with HBSS with 

or without 0.5% BSA were performed in a similar fashion. Again, wash solutions 

were collected and aliquots counted in a scintillation counter to determine OA 

content of each successive wash. The total OA content of the cells at the conclusion 

of these wash periods was also determined as described above. 
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Unitary Conductance Studies. The same general methodology used for 

junctional conductance measurements (described above) was used for determining 

the unitary conductances of the individual GJ channels (Burt, 1989; Burt et al., 1991; 

Burt and Spray, 1988; Moore et al., 1991), except constant transjunctional potentials 

of 20-70 m V were used instead of alternate pulses of -10 m V. Cells with high 

junctional conductances were reversibly uncoupled with 2 mM halothane, which does 

not alter the unitary conductance profile (Burt and Spray, 1989). The amplitudes of 

channel events that were equal in magnitude and opposite in polarity in the two 

current traces were determined and for each event the unitary conductance (Yj) 

calculated by dividing the current by the transjunctional potential difference. These 

Yj values were binned in lOpS bins and an amplitude histogram constructed. The 

binned data were iteratively fit to Gaussian distributions using Peakfit (Jandel 

Scientific). Each data set was fit to 1, 2, 3 and 4 peaks and the quality of these fits 

compared. The fit with the best F value in which all peak center values were 

significant (p<.05) represented the best statistical fit of the data set. If a good fit 

could not be obtained on the raw data, the data were smoothed 8% and refit. Peakfit 

uses a polynomial interpolation function that fits a cubic polynomial to the two points 

on both sides of each data point. The Y-value from the polynomial interpolation for 

the central X point replaces the point's original Y -value. 8% smoothing corresponds 

to 2 passes of this algorithm. The smoothed data are refit again optimizing for F 

value and significance of peak center values. Peak center values represent channel 

unitary conductances, expressed in pS. The unitary conductances of channels with 

very low (or zero) Po will not be detected by these protocols as distinct channel sizes. 

Similarly, channels with high frequency-short duration openings will not be detected 

due to the low frequency filtering used (30-100 Hz). 
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Statistics. Data are expressed throughout the text as mean ± SEM. Where 

appropriate, statistical analyses were performed using one- and two-way ANOV A 

and least significant differences (LSD; (Steele and Torie 1960)). Statistically 

significant differences were denoted by p<O.OS. 

Results 

OA significantly decreased dye-coupling between both neonatal heart and 

A7rS cells during acute exposures (10-30 min). Coupling between A7rS cells was 

reduced from 89.1 ± 2.1% (non-treated cells) to 7S.0 ± 2.9% during treatment with 

O.l,uM OA and to 48.7 ± 6.6% with 1,uM OA (Figure IS). In heart cells similarly 

treated with 1 ,uM OA, coupling was reduced to only 73.7 ± 4.6 % (Figure IS), 

indicating that through this low concentration range the A7rS cells were more 

sensitive to uncoupling by ~A. Further increase in OA concentration to S, 10, 2S 

and 100,uM, had no further effect on coupling in the A7rS cells. In contrast, the 

neonatal heart cells uncoupled in a concentration-dependent manner over this 

higher concentration range. Similarly, using dual whole-cell voltage clamp, Sand 10 

,uM OA (Figure 16) were observed to reduce gj between A 7rS cells by 4S ± 7% 

(n=6) and 29 ± 4% (n=6), respectively. We have previously demonstrated that 

these concentrations of OA reduce gj between heart cells to zero (Burt et ai., 1991). 

The simplest explanation for these data is that there are two populations of channels 

in the A 7rS cells, one that is more sensitive to OA than the channel population in 

heart cells and one that is less sensitive, if not completely insensitive. However, an 

alternative possibility is that despite increasing aqueous concentration, the 

concentration of OA incorporated into the subcellular compartment of the A 7rS cells 



101 

that influences GJ channel function is insufficient (and less than observed in heart 

cells) to produce complete uncoupling. 

To address the latter possibility, we examined uptake of OA relative to 

phospholipid content for both cell types. The mole% OA incorporated within 20 min 

was comparable between neonatal heart and A 7r5 cells treated with 1, 5, 10 and 25 

,uM OA (Figure 17). A 7r5 cells treated with 100,uM OA, had more than three times 

as much OA as the heart cells treated with 25 ,uM, and yet remained 50% coupled. 

These data indicate that uptake in the two cell types was comparable; however, we 

have not addressed potential differences in subcellular distribution. To do so, we 

performed BSA washout experiments as described below. 

In previous studies ((Burt et a/., 1991), and see Figure 24), we found that in 

order to reverse the uncoupling effects of OA on heart cells, albumin had to be 

present in the washout solution. This suggested that albumin facilitates removal of 

OA from the cellular compartment where it influences gap junction channel function 

- presumably the cell membrane. To determine whether this compartment was of 

comparable size in A7r5 and heart cells, washout of incorporated 14C-OA with and 

without 0.5% BSA in HBSS were compared. Similar washout studies were 

performed with cells incubated with 14C-inulin (an extracellular space marker). In 

the absence of BSA, the timecourse of 14C-OA washout was comparable to washout 

of 14C-inulin for both cell types, indicating that OA was not readily washed out of the 

cells by HBSS (Figure 18). Upon addition of BSA to the wash solutions, 14C-OA 

was washed out at a comparable rate and extent from the two cell types (Figure 18). 

The amount of OA remaining in the cells after these BSA washes was also 

comparable, 2.7 ± 0.7 nmole OA in heart and 2.8 ± 1.0 nmole OA in A 7r5 cells. 
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These data indicate that the subcellular distribution of OA in the two cell types, at 

least in the compartment that influences coupling, was comparable. 

To address the possibility that there might be a population of GJ channels in 

the A 7r5 cells whose activity (probability of opening) is preferentially reduced by OA 

and a second population whose activity is resistant to OA, we examined GJ channel 

acitivity in the presence vs. absence (during washout) of OA. Under control 

conditions these cells exhibit channels of three sizes (Figure 19). The three channel 

sizes have conductances of 70, 108 and 141 pS (Moore et ai., 1991, 1992). Events with 

amplitudes between 40-89 pS, 90-125 pS and 125-180 pS constituted the 70, 108 and 

141 pS channels, respectively (Moore et al., 1991,1992). A7r5 cell-pairs uncoupled 

with OA (and halothane as necessary) exhibited predominantly channels with 

conductances between 90 and 180 pS (Figure 20A). Washout of the OA with 0.5% 

BSA restored activity of channels with conductances between 40 and 90 pS (Figure 

20B). An amplitude histogram (Figure 21A) of single channel events observed in the 

prescence of OA revealed two peaks with mean conductances of 108 ± 4 and 148 ± 

2 pS whereas during washout of OA (with 0.5% BSA) three peaks were evident 

(Figure 21B) with mean conductances of 73 ± 1.4, 114 ± 5.3 and 160 ± 3.6 pS 

(SEM). When the OA single channel data were grouped using the peak parameters 

that describe control data (Moore et al., 1991, 1993), it was apparent that the relative 

frequency of the 70 pS channel was reduced to a greater and greater extent as OA 

concentration was increased (Figure 22A). Similarly, when the relative frequencies 

of the 108 and 141 pS peaks relative to the sum of these two peaks were examined, as 

OA concentration increased, the relative frequency of the 108 pS channel population 

decreased (Figure 22B). These data indicate that the activities of the 70, 108 and 140 
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pS channels were differentially reduced by increasing concentrations of OA, and 

suggest that perhaps OA binds to these channels with different affinities. 

If these channels have different affinities for OA, then one would predict that 

it would be more difficult to reverse the uncoupling induced by OA in the A7r5 cells 

relative to the heart cells. To test this hypothesis, we examined dye-coupling 

between A 7r5 and heart cells under control conditions, during exposure to 5 (Figure 

23A and 23C) or 25 (Figure 23B and 23D) ,uM OA, and following a 15 minute 

perfusion with either HBSS, 0.1 % BSA or 0.5% BSA. For both cell types, complete 

recovery of control levels of coupling could be obtained when BSA was present in the 

washout solution; however, full recovery in the A 7r5 cells required more vigorous 

wash conditions (higher concentration of BSA, Figure 23B) than were required for 

the heart cells. No recovery of coupling in either cell type was seen following 

perfusion with HBSS alone (no BSA). These data are consistent with the hypothesis 

that OA reversibly binds to these channels with different affinities. 
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Figure 15 Reduction of coupling by oleic acid in heart or A 7r5 cells. Oleic acid 
reduced the incidence of coupling between A7r5 and neonatal heart cells to differing 
extents" 0.1 and 1,uM OA reduced coupling between A7r5 cells to 75% and -50%, 

respectively. Further increase in OA concentration had no further effect on 
coupling. In contrast, coupling between heart cells was reduced in a dose-dependent 
manner between 1 and 25 ,uM OA. OA exposure time was 30 minutes. GJ 
permeability was assessed between 10 and 30 minutes using the Lucifer Yellow dye
transfer technique. No differences were observed in data collected between 10 and 
20 minutes vs. between 20 and 30 minutes, suggesting that by 10 minutes the cells had 
equilibrated with the OA. It is note worthy, that in most cases dye was detected in 
only one neighbor, if any, one minute after injection. All values represent the mean 
± SEM of 5-16 experiments. Values not sharing superscripts differed statistically at 
the level of p < 0.05. 
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Figure 16 Influence of 10 ,uM OA (indicated by horizontal bar) on junctional 
conductance between a pair of A7r5 cells. VI, V2 and II, 12 represent voltage and 

current, respectively, in cell 1 and 2 respectively. The magnitude of the upward 
deflections in the current trace represent junctional current (Ij), the magnitude of the 

downward deflections represent the sum of junctional and non-junctional current. 
Note that Ij is reduced by 30% and does not decrease to zero, indicating that OA did 

not completely uncouple these cells. Subsequent addition of halothane (at arrow) 
completely uncoupled the cells. Total duration of OA exposure was 7min. 
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Figure 17 Mole % incorporation of oleic acid into heart and A 7r5 cells.14C-oleic 
acid incorporation into the phospholipid fraction of A7r5 and neonatal heart cells. 

A7r5 or neonatal heart cells were incubated with 14C-OA (1,5, 10 and 25 ,uM) for 20 
min; A7r5 cells were also incubated with 100,uM OA. Mole% OA incorporated was 
similar in both cell types incubated with 1-25,uM OA. All values represent the mean 
± SEM of 3-9 experiments. 
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Figure 18 . Washout of oleic acid into heart and A7r5 cells. BSA washout of 14C_ 

oleic acid and 14C-inulin (inset) from A7r5 and neonatal rat heart cells. A7r5 

(circles) and neonatal heart cells (squares) were incubated with 25,uM 14C-OA or 

14C-inulin for 20 min. Cells were then washed (15sec/wash) 6 times with HBSS and 
subsequently 8 times with HBSS containing 0 (filled symbols) or 0.5% BSA (open 
symbols). Nanomoles of OA or inulin in each wash are plotted as a function of time. 
Note that washout of OA without BSA had a timecourse comparable to that of 
inulin, an extracellular space marker, which suggests that no OA was removed from 
the cells in the absence of BSA. With addition of BSA the amount of OA washed out 
from the two cells types was essentially identical, suggesting that OA in the plasma 
membrane fraction of the two cell types was comparable. Furthermore, the amount 
of OA remaining in the two cell types was comparable after BSA washout, 2.7 ± 0.7 
nmole OA in heart and 2.8 ± 1.0 nmole OA in A 7r5 cells, and not significantly 
different from the values determined in the incorporation studies (Figure 18). All 
values represent the mean ± SEM of 3 experiments. 
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Figure 19. Single channel events between a pair of A 7r5 cells observed under control 
conditions. Cell 1 was held at -50 m V and cell 2 at 0 m V, thereby establishing a 50m V 
transjunctional driving force. Single GJ channel events can be recognized as 
transitions of equal magnitude but opposite polarity in the two current traces. 
Examples of 70, 108 and 141 pS channels are indicated by short, intermediate and 
long shafted arrows, respectively. Channel openings are downward in Cell 1, upward 
in Cell 2; position of zero junctional current is indicated by a horizontal line to the 
right of each current trace. 
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Figure 20. Single channel events in a pair of A 7r5 cells observed during exposure to 
10 IlM OA (A) and during BSA washout of OA from the same cell pair (B). In the 
presence of OA (A), channels with conductances of 140 pS (long-shafted arrows) 
predominated. Activity of channels with similar amplitude persisted during washout 
with BSA (B), and activity of channels of 70 pS amplitude (short arrows) was 
restored. Transjunctional driving force in A was 56 m V (cell 1 at -56m V) and in B 
was 60 mV (cell 2 at -60 mY). Position of zero junctional current is indicated by a 
horizontal line to the right of each current trace. 
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Figure 21. Amplitude histograms of single channel events observed in the presence 
of lO.uM OA (A) and during BSA washout of OA in the same cell pairs (B). The 
OA data were from 6 cell pairs with a total of 416 events. The fit (solid curve) was 
performed on 8% smoothed data (illustrated data points are raw data, non
smoothed), mean conductances were 148 ± 2.4 pS (t=61) and 108 ± 3.9 pS (t=27), 

F value was 37 and r2 was 0.964. The washout data were from 4 of the 6 cell pairs 
displayed in A with a total of 292 events (high resistance seals were lost on the 
remaining 2 pairs before washout could be initiated). The fit was performed on the 
raw data (non-smoothed), mean conductances were 73 ± 1.4 pS (t=51), 114 ± 5 pS 

(t=21), and 160 ±3.6 pS (t=44), F value was 6.55 and r2 was 0.897. Note the virtual 
absence of events with amplitudes corresponding to the 70 pS channel (i.e. with 
conductances between 35 and 89 pS) when OA was present (A). 
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Figure 22. Relative frequencies of the three channel types in A7r5 cells as a function 
of OA concentration. Single channel events were binned in 10 pS bins and the 
frequency of events in each bin size relative to events in all bins was calculated for 
each cell pair. Bins were grouped as described by Moore et al. (23,24) (40-80 pS bins 
represent the 70 pS channel, 90-125 pS bins represent the 108 pS channel, and 125-
180 pS bins represent the 141 pS channel). The relative frequency of each group (or 
channel type) was calculated and plotted here as a function of OA concentration. 
The control, 5, 10, 25 and 50,uM data were derived from 10 (24), 6, 6, 3, and 1 cell 
pairs, respectively. Mean + SEM are displayed. In A, note the decreased relative 
frequency of the 70 pS channel and increased frequency of the 141 pS channel. The 
frequencies of the 108 and 141 pS channels relative to the sum of these two channels 
is plotted in B. Note the increased frequency of the 141 pS channel population and 
concomitant decreased frequency of the 108 pS channel population with increasing 
OA concentration. 
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Figure 23. Recovery of gap junction-mediated coupling between A 7r5 cells (A,B) 
and neonatal rat heart cells (C,D) following uncoupling with either 5 (A,C) or 25 
(B,D) .uM OA. Coupling was assessed using the Lucifer Yellow dye-transfer 
technique under control conditions, during a 20 minute exposure to either 5 or 25.uM 
OA, and during perfusion washout with HBSS, 0.1 % BSA in HBSS, or 0.5% BSA in 
HBSS (in one experiment washout included swirling the dish 3 times with subsequent 
perfusion). Note the absence of recovery in both cell types when HBSS without BSA 
was used as the washout solution. Importantly, coupling between heart cells treated 
with 5 or 25 .uM OA was essentially fully restored by 0.1 % BSA washout whereas 
coupling between similarly treated A7r5 cells was only partially restored by 0.1 % 
BSA. Washout with 0.5% BSA resulted in essentially complete recovery in the A7r5 
cells (B). BSA data represent the mean of three experiments ± SEM, the HBSS 
data represent only one experiment. 
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Discussion 

During and following ischemic events, both heart and vascular cells are 

exposed to NEF As, such as OA, which are thought to interfere with their normal 

contractile activity and, hence, lend to the development of arrythmias and 

vasospasm In this study we tested the hypothesis that coupling between aortic 

smooth muscle cells (A7r5 cells) would be reduced by OA in a fashion comparable to 

that observed previously in neonatal heart cells (Burt et al., 1991). This hypothesis 

stems from our previous studies in which we concluded that OA, octanol and 

halothane gate cardiac gap junction channels by a common mechanism (Burt et al., 

1991) and studies in which halothane was demonstrated to also uncouple A7r5 cells 

(Present Study 2.1; Moore et al., 1991). The present data are not consistent with this 

hypothesis and, instead, revealed a biphasic response of dye-coupling in the A 7r5 

cells to increasing OA concentration. The cells were maximally uncoupled at very 

low (relative to heart cells) aqueous concentrations; however, maximal uncoupling 

was only -50%. These differences in response of A7r5 cells to OA were not due to 

differences in OA uptake or subcellular OA distribution. Rather, the data indicate 

that the activity of the 70 pS channel population (composed of Cx40) was inhibited 

by low concentrations of OA whereas the activity of the 141 pS channel population 

(composed of Cx43) was relatively unaffected by OA, even at high concentrations. 

These results are discussed with respect to the mechanism of OA action, tissue- vs. 

connexin-specific regulation of intercellular coupling, and the potential effects of 

NEF A accumulation on heart and vascular function. 

Neonatal heart cells can be completely uncoupled by OA (Burt et aI., 1991); 

in the absence of extracellular calcium, a twenty minute exposure to 1-5 ,uM OA is 

sufficient to completely uncouple the cells. Under these conditions, the heart cells 
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incorporate 1-2 mole% OA (relative to cellular phospholipid). In the present study, 

we found that in the presence of 1mM Ca, 25-50,uM OA was required to completely 

uncouple the heart cells (see Figure 15). The uptake studies demonstrated, however, 

that despite disparate aqueous concentrations, uncoupling of heart cells in the 

presence vs. absence of extracellular calcium occurred at comparable levels of 

incorporated OA, i.e. 1-2 mole%. 

The A 7r5 cells were only partially uncoupled by 25 ,uM OA and yet exhibited 

similar levels of OA incorporation, 1-2 mole%. Even at nearly 10 mole% (achieved 

by incubating cells with 100,uM OA; see Figure 7), the A 7r5 cells remained 50% 

coupled. Failure to uncouple in the presence of high levels of incorporation could 

reflect differing subcellular distribution of the OA in the two cell types. For example, 

if the A7r5 cells mobilized the fatty acid to intracellular compartments at a greater 

rate than the heart cells, or if they metabolized the fatty acid at a greater rate, then 

the concentration of OA available in the plasma membrane to influence intercellular 

communication might be less in the A 7r5 vs. heart cells. The present data are not 

consistent with these possibilities. If OA was being metabolized or mobilized to an 

intracellular compartment and consequently its concentration in the membrane 

prevented from reaching a level comparable to that observed in the heart cells, then 

one would expect to see recovery of coupling during washout with HBSS (as the 

concentration in the membrane is decreased by the mobilizing/metabolizing 

processes). Instead, in both cell types, no recovery was observed during HBSS 

washout (see Figure 23). One would also expect that the fraction of incorporated 

OA accessible to BSA washout would be less in the A 7r5 vs. heart cells. Instead, the 

time course and magnitude of OA washout by BSA were comparable. These data 
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indicated that differential sensitivity of A 7r5 and neonatal heart cells to uncoupling 

by OA reflect tissue- or connexin-specific differences in the channels. 

Neonatal rat heart cells express predominantly, if not exclusively, Cx43 and 

exhibit channels of 50-60 pS (with K-Glutamate in patch pipet) (Burt and Spray, 

1988, 1989) or 108 pS with CsCI:K-glutamate in the patch pipet (personal 

observation). The A7r5 cells express two GJ proteins, Cx43 (Moore et ai., 1991) and 

Cx40 (3), and exhibit channels of 70, 108 and 141 pS (with CsCI:K-Glutamate in 

patch pipet) (Moore et ai, 1991). Cx40 forms the 70 pS channel and Cx43 forms the 

108 and 141 pS channels (Moore et ai., 1991). Because the 70 and 141 pS channels 

are unique to the A 7r5 cells one would predict that these channels account for the 

differences, relative to heart cells, in A7r5 cell response to OA. Activity of the 70 pS 

channel was essentially eliminated by OA in a dose-dependent fashion. In contrast, 

activity of the 141 pS channel was essentially unaffected over this same dose range 

(Figures 20,21). Recognizing that as the activity of the 70 pS channel decreases the 

relative frequencies of the other two channels must increase, it is interesting to note 

that over this same concentration range the relative frequency of the 141 pS channel 

increased while that of the 108 pS channel decreased (Figure 22B). Thus reduced 

activity of the 70 pS channel accounted for the reduced coupling between A 7r5 cells 

that occurred at OA concentrations < 1 ,uM, and insensitivity of the 141 pS channels 

accounted for sustained coupling in the presence of 100 ,uM OA. These data 

indicated that differential sensitivity of neonatal heart and A7r5 cells to uncoupling 

by OA reflects both tissue-specificity, in that the A 7r5 cells express a unique connexin 

(Cx40) and a different form of a common connexin (Cx43-141 pS), as well as 

connexin-speificity, in that Cx40 channels have greater sensitivity than Cx43 channels. 
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Regarding the mechanism by which OA influences channel activity, previously 

published data and the data herein provide support for the theory that the fatty acid 

acts specifically at the level of individual GJ channels. As demonstrated previously 

(Burt and Spray, 1991) only lipophiles which tend to disorganize the interiors of 

biological membranes affect GJ channel (Cx43-108 pS) function and they do so at 

membrane concentrations too low to produce changes in bulk membrane properties. 

In the current study we demonstrate that the activity of the 70 pS channel is reduced 

at even lower membrane concentrations « 1 mole%), whereas the activity of the 141 

pS channel is not eliminated even at membrane concentrations in excess of 10 

mole%. Since these channels are in the same membrane, this differential sensitivity 

must reflect unique characteristics of these channels. Each of the GJ channels in 

A 7r5 cells, whether composed of Cx40 or Cx43, presumably has the same general 

structure (1-3): each is composed of two connexons joined in the extracellular space; 

each connexon is composed of 6 connexins; and each connexin has four membrane 

spanning domains with both the amino and carboxy termini located in the cytoplasm. 

In addition, all GJ types are believed to cluster in the membrane to form the 

characteristic GJ plaques. Thus, on the basis of their similar secondary, tertiary and 

quaternary structure, the fact that they reside in the same membrane (possibly in the 

same plaques), and the low effective concentration, the differential sensitivity of 

these channel types to OA must reflect differences in their primary amino acid 

sequences. 

Thus, the current data suggest that OA gates GJ channels and that specificity 

of OA'S action reflects, at least in part, connexin composition. The exact mechanism 

of action remains uncertain but could involve either 1) binding of OA to specific 

amino acid residues of the channel protein, 2) disturbance of the interaction between 
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channel and interfacial lipid (without binding), or 3) an indirect effect involving some 

kind of intermediate (e.g. activation of specific post-translational modification 

pathways). Our data do not allow us to discriminate conclusively between these 

possibilities. Nevertheless, in favor of direct binding, the activity of a channel (or 

enzyme) with high affinity for an inhibitor is expected to be affected at low 

concentrations of the inhibitor and, since affinity is high, dissociation is expected to 

be slow (and consequently washout of the inhibitor's effects is also expected to be 

slow). These were the characteristics of OA's effects on the GJ channels in A7r5 

cells. Unfortunately we do not know the actual concentration of OA in the 

membrane; consequently, it is not possible to calculate Km or Kd values. However, it 

seems fair to assume, based on our uptake studies, that the membrane concentration 

is very low at aqueous OA concentrations of 0.1,uM. Thus, any channel population 

whose activity is affected at these low concentrations must have higher sensitivity 

(affinity) for the OA than a channel whose activity is unaffected at aqueous 

concentrations three orders of magnitude higher (100 ,uM). Arguing against 

involvement of an intermediate (i.e. indirect effect of OA), the time course for 

uncoupling is very short at high concentrations (under 2 min (Burt et al., 1991», 

which would necessitate very rapid formation of a very potent intermediate that acts 

uniquely on different connexins dependent on their amino acid composition. The 

time course of recoupling during washout is also very rapid and coincident with 

washout of the OA. If an intermediate were involved its halflife would have to be 

comparable to that of OA in the membrane. While both of these conditions (rapid 

formation and breakdown, very potent) could be satified, no intermediates have 

been identified that fit these criteria. Finally, arguing against disturbance of the 

interaction between channel and interfacial lipid (without fatty acid binding), very 
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low OA concentrations cause closure of the 70 ps channel population, whereas very 

high concentrations fail to close the 141 pS channel. If the mechanism were simply 

disturbance, it seems likely that high concentrations would cause closure of all 

channels in much the same way that halothane does. Thus, while we cannot rule out 

alternatives 2 and 3, it seems likely that OA binds to the channel protein. 

If OA does indeed have to bind to a specific amino acid residue in order to 

cause channel closure, then the nature of the binding is most likely through H

bonding or Van der Waal interactions. This conclusion is based on our previous 

results, in which the effective membrane concentrations of OA and oleyl alcohol 

were shown to be equal, suggesting that ionic interactions are not involved. If H

bonding is involved differences in Cx43 and Cx40 charge (in the extracellular loop or 

elsewhere) may be of importance. In addition, in view of the fact that the 108 and 

141pS channels are both composed of Cx43, it would appear that differences in post

translational processing also contribute to OA sensitivity. 

Cx43 is known to exhibit different unitary conductance states as a function of 

changes in phosphorylation (Moreno et al., 1992). Based on changes in 

electrophoretic mobility, there are now believed to be at least four different 

phosphorylation states where serines are phosphorylated (Lau et al., 1992). In 

addition, at least one tyrosine is known to be phosphorylated (Swenson et al., 1990). 

Each of these forms of Cx43 could have a unique unitary conductance. Thus, it is 

possible that a difference in phosphorylation states accounts for the two forms of 

Cx43 found in the A 7r5 cells. If true, the implications for mechanism of OA action 

and tissue function are profound. It is intriguing to consider that a change in 

phosphorylation state, which likely occurs in the cytoplasmic domain of the channel, 

might alter the channel's configuration such that either a binding site within the 
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membrane domain is no longer available for OA binding, or the ability of OA to 

disturb the channel's interaction with interfacial lipids is compromised. If such were 

the case, then in addition to expression of potentially insensitive channel types, cells 

might also have strategies for altering the sensitivity of existing channels in order to 

maintain intercellular communication in the face of naturally occurring (although 

pathophysiological) inhibitors. 

To the extent that smooth muscle cells from other vessel beds express 

different connexins, or different forms of the same connexin, the susceptibility of the 

intercellular communication pathway to ischemia induced dysfunction would also be 

expected to vary. For example, in a vessel expressing predominantly the 70 pS 

channel (Cx40), the intercellular spread of information could be dangerously reduced 

by ischemia. These vessels might be highly susceptible to vasospasm. In contrast, 

vessels expressing predominantly the 141 pS channels might be very resistant to 

ischemic uncoupling. An intermediate response might be expected in vessels 

expressing the 108 pS channel, or a mixture of the 70 and 141 pS channels. 

Comparatively little is known about Cx expression and function in smooth muscle 

cells from other vascular beds. Our preliminary data (Moore et al., 1993) suggest 

Cx40 expression in human coronary, Cx43 in rat mesentery, and possibly both in rat 

aorta. If these data are correct, the sensitivity of GJs in different vascular beds to 

ischemia-induced functional alterations, via NEFA, could be significantly different. 

In summary, the current data indicated that due to expression of a unique 

connexin (Cx40) and a unique form of a common connexin (Cx43-141pS), A7r5 cells 

exhibited a biphasic response to OA distinct from the response of neonatal rat heart 

cells. The 70 pS channel (Cx40) conferred on the A7r5 cells susceptibility to 

uncoupling by low concentrations of OA, whereas the 141 pS channel (Cx43) 
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conferred on the cells resistance to uncoupling by OA, even at high concentrations. 

These tissue- and connexin-specific differences in sensitivity to uncoupling by fatty 

acids suggest that the conduction properties of cardiac and vascular tissues may be 

influenced to different extents during ischemic episodes. Significantly, by expression 

of an insensitive channel type, this vital intercellular communication pathway would 

appear to be at least partially protected from closure in aortic smooth muscle. 

However, in smooth muscle cells that express a disproportionate number of the more 

sensitive channel type, this intercellular communication pathway would be at risk and 

consequently the vessel at risk for vasospasm. 

SUMMARY 

The effects of oleic acid (OA) on gap junction-mediated intercellular 

communication between A 7r5 cells and neonatal rat cardiac myocytes were 

determined. In A 7r5 cells the extent of dye-coupling was influenced in a biphasic 

manner by increasing concentrations of OA. Low concentrations of OA (D.1-1 ,uM) 

reduced the incidence of dye-coupling from 9D% (in control cells) to -5D%. Further 

increases in OA concentration, up to 1DD ,uM, had no further effect on extent of dye

coupling. In contrast, dye-coupling between cardiac myocytes was reduced to near 

zero levels in a linear fashion by 1-25,uM OA. Furthermore, high OA concentrations 

reduce junctional conductance (gj) between heart cells to zero (8), whereas gj 

between A7r5 cells was decreased by a maximum of 45% by ~A. These differences 

in OA sensitivity between the two cell types were not explained by differences in the 

rate or magnitude of OA uptake by the cells, nor by differences in the fraction of 

incorporated OA accessible to albumin washout, i.e. the plasma membrane fraction. 

Instead, the individual channel types exhibited different sensitivities to OA. In the 

presence of increasing concentrations of OA, the incidence of first the 7D pS channel 
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population (composed of Cx40) and then the 108 pS channel population (composed 

of Cx43) was diminished, leaving predominantly the 140 pS channels (composed of 

Cx43) at high OA concentrations. The uncoupling effects of OA in both cell types 

could be reversed by washout with albumin-containing solution; however, higher 

concentrations of albumin and more vigorous wash conditions were required for full 

recovery in the A 7r5 cells. These data suggest that OA binds with greater affinity to 

the 70 vs. 108 or 140 pS channels, and associated with binding is reduced channel 

activity. 
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PRESENT STUDY 

2.4 REGULATION OF CONNEXINS IN VASCULAR SMOOTH MUSCLE 

BY SEROTONIN 

Introduction 

Serotonin is released during digestive processes from the gastrointestinal tract 

and is either metabolized directly by pulmonary endothelium or taken up directly by 

platelets and released during aggregation. As a consequence the free circulating 

serotonin concentration is extremely low or non-measurable. Platelet aggregation 

can occur during cardiac surgery as a result of suction, exposure of blood to the 

extracorporal circuit, or treatment with heparin, and may be a causative factor in the 

development of pulmonary hypertension following surgery (Reneman and Vander 

Starre, 1990). Platelet aggregation and thrombus formation also occur in 

atherosclerotic vessels in regions of fissured plaque (Maseri and Crea, 1991; 

McFadden et al., 1991), and is elevated in patients suffering from unstable angina. 

These patients, with underlying coronary artery disease, have been shown to have 

high levels of serotonin in the coronary sinus (van den Berg et at., 1989). Normal 

coronary vessels exhibit a biphasic, dose-dependent contractile response to 5-HT 

(Houston and Vanhoutte, 1988; McFadden et at., 1991). The vasodilation seen with 

lower doses is thought to be mediated via 5-HTI receptors on the endothelial cells, 

activation of which causes release of EDRF (nitric oxide) (Vanhoutte, 1990a). 

Higher doses may activate underlying smooth muscle cells directly resulting in 

vasoconstriction. In contrast both ill vitro and ill vivo studies have shown coronary 

arteries with abnormal endothelium, such as occurs in diseased arteries, respond with 

contraction to 5-HT at all doses tested (VanHoutte 1990b; McFadden et at., 1991; 
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Golino et ai., 1991). This effect appears to be mediated through the 5-HT2 receptor 

located on the vascular smooth muscle, and can be blocked by the use of specific 5-

HT2 receptor antagonists such as ketanserin. The doses reported in the studies 

above and used in the present study are within the range of levels measured in the 

coronary sinus for patients with angina and coronary lesions. In addition to the role 

serotonin may play in vasospasm, it appears to also potentiate platelet aggregation, 

and the progression of stable to unstable angina, as well as causing changes in 

morphology of the vessel wall in conjunction with the release of platelet-derived 

growth factors. 

Functional gap junctions are necessary for coordinated regulation of tone and 

flow in the vasculature. They are also likely to be an important factor in vascular 

pathologies associated with injury and the subsequent longer-term recovery. Gap 

junctions are aggregates of channels that span the membranes of neighboring cells 

and mediate the movement of ions and small molecules between cells. Each channel 

is composed of two hexamers of proteins termed connexins, one hexamer from each 

cell, that join in the extracellular space to form the patent channel. Several connexins 

have been identified. They share significant homology in the membrane spanning 

and extracellular domains, but differ considerably in their cytoplasmic domains 

(Willecke et ai.,1990; Fishman et ai., 1991). The cytoplasmic domains probably 

confer on gap junction channels their unique gating and regulatory differences. Of 

particular interest in the context of the present study, is the modulation of gap 

junction channels via second messengers and phosphorylation processes (Burt and 

Spray, 1988; Spray et ai, 1988; Moreno et ai., 1991, 1993). Thus serotonin, which 

triggers intracellular second messenger pathways, is likely to modulate gap junction 

function in vascular cells. 
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Vascular smooth muscle cells express Cx43 (originally isolated from cardiac 

tissue) and Cx40 (Larson et al., 1991; Moore et al., 1991; Beyer et al., 1992). Previous 

studies from our laboratory suggest tissue specificity in regulation of these connexins 

by liphophilic agents and second messengers (Hirschi et al., 1993; Moore et al., 1991). 

We have shown that junctional communication in A 7r5 cells, a cell line derived from 

embryonic rat thoracic aorta is regulated differently by 8-bromo cAMP, phorbol 

ester and oleic acid than cardiac cells treated with the same agents. We now present 

data that supports not only tissue specific regulation and expression of connexins, but 

vessel bed specific regulation as well. 

In this study we examine connexin expression and gap junction function as 

modulated by serotonin in vascular smooth muscle cells (SMCs) from vessel beds 

known to differ physiologically in their regulation. We will demonstrate that SMCs 

from coronary, mesentery and aorta (A7r5 cells) differ in their expression of 

connexins and channel function. Despite these differences the response of all cell 

types to short-term exposure to 5-HT was an increase in dye and electrical coupling. 

But because of the differences in connexin expression and function, the mechanism 

underlying the increased coupling differed. Thus, our data support the conclusion 

that there are tissue- as well as connexin-dependent differences in gap junction 

function. 

Materials and Methods 

Cell Culture 

A 7r5 cells, a SMC line originating from neonatal rat thoracic aorta, were 

obtained from American Type Culture Collection at passage 12 and maintained in 

culture with Dulbecco's Modified Eagle's Medium (DMEM; GIBCO) supplemented 
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with 10% fetal calf serum and 0.1 % antibiotic solution. Cells were maintained in a 

humidified, 5% C02 incubator at 370 C. Cells were passaged weekly with 0.25% 

trypsin in phosphate buffered saline (PBS) (Moore et al., 1991). Cells were not used 

after passage 20. 

Human coronary vessels were obtained from recipient heart tissue following 

transplant surgery. Tissue was recieved within 1 hour, and was maintained cold in 

sterile saline up until time of culturing. Primary cultures of pig and human coronary 

cells were obtained using an explant method (Tagami et ai., 1986). Vessels (left 

anterior descending or circumflex arteries) were manually stripped of adventitia and 

the endothelial cell layer was removed by gently scraping the intimal lining with a 

scalpel blade. The remaining smooth muscle layer was then minced into 1 mm 

square pieces and placed in 60mm culture dishes pre-coated with 1 % gelatin solution 

in PBS. Small glass coverslips were used to "weight" the tissue down so that it 

remained in contact with the dish. A small amount of DMEM was added to cover 

the tissue and the dishes placed in the incubator. After 4 - 5 days cells could be 

observed growing out from the explants. Cells were confluent after 3 -4 weeks and 

passaged with the same methodology as used for the A 7r5 cells. Cells were not used 

after passage 8. 

For isolation of mesentery SMCs, Wistar Kyoto rats were anesthetized using 

ether or C02. The abdomen was prepped with alcohol and a midline incision was 

made through the skin and the peritoneal lining. The mesentery was quickly 

dissected away from loops of intestine and placed in sterile PBS for further 

dissection. The mesenteric artery arcades were dissected free of extraneous tissue 

and placed in a dissociation mixture consisting of balanced salts solution with 0.2 mM 

Ca2+, 15 mM HEPES buffer, 0.125 mg/ml elastase (Pancreopeptidase, Sigma 
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Chemical Co., St. Louis, MO. Type III, 90 U/mg), 1.0 mg/ml collagenase (CLS Type 

I, Worthington Biochemical Corp., Freehold, NJ, 135-180 U/mg) , and 2.0 mg/ml 

bovine albumin (Sigma Chemical) as described by Gunther et ai.,(1982). This 

solution was filter sterilized prior to use. Tissue dissociation was carried out at 370 C 

in a shaker bath for up to one hour. The tissue was then triturated, strained through 

sterile 100 micron mesh screen, and the resulting cells placed in 60mm culture dishes 

with DMEM containing 10% fetal calf serum. Cells were stored in a humidified 

environment in 95% 02 and 5% C02. Cells were passaged as described above and 

used through passage 6. 

Smooth muscle character of all cells was confirmed by staining with smooth 

muscle specific alpha actin monoclonal antibodies (Chalmey/Campbell). Absence of 

endothelial cell contamination was verified by staining for von Willebrand factor, an 

endothelial cell specific marker. 

Dye Coupling Studies 

Dye injections were performed on confluent cells grown on glass coverslips. 

Microelectrodes were fabricated from thin-walled filament glass and had resistances 

of 15-30 MOhm when the tips were filled with 5% Lucifer Yellow in water and the 

electrode back-filled with 2.7 M LiCI. A single cell was impaled and a brief over

compensation of the negative capacitance compensation control was applied to move 

dye into the cell. Coupling was determined in cells that did not demonstrate loss of 

dye to the bath or appear visibly damaged upon removal of the electrode. Two 

minutes after removal of the electrode, dye coupling was scored as the number of 

cells which exhibited fluorescence. 
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Electrophysiology 

For dual whole-cell voltage clamp experiments, cells were trypsin digested 

and plated at low density on 25 mm coverslips. A 7r5 cells typically attached to the 

coverslips and began to flatten quickly; they were ideally suited for patch clamping 

between 1 and 4 hours post-plating. The human and pig coronary cells were not well 

attached to the coverslips until 3 hours and were most easily patched up to 8 hours 

post-plating. The mesentery smooth muscle cells were intermediate between the 

A 7r5 cells and the coronary cells. Once cells were adequately attached, coverslips 

were placed in an experimental chamber and perfused at 5ml/min with either 70,uM 

or 2 mM Ca2+ saIt solution containing (in mM): NaCI 130, KCl 4, MgCl2 1, HEPES 

5, dextrose 5, pyruvate 2, BaCl2 1, and CsCl 2 (Rudisuli and Weingart, 1989). 

Serotonin or ketanserin (from stock solutions) were brought to final concentration 

with one of these solutions and perfused over cells at the same rate. 

Dual whole cell voltage clamp was used to determine macroscopic junctional 

and single channel conductance. Macroscopic conductance was determined by 

voltage clamping both cells of a cell-pair to a 0 m V holding potential. -10 m V 

command potential pulses were alternately applied to each cell and junctional 

current measured in the opposite cell. Junctional conductance was determined by 

dividing the junctional current by the transjunctional voltage difference. This same 

general methodology was used to determine unitary channel conductance. In ceIl

pairs having a naturally low junctional conductance, or in pairs reversibly uncoupled 

with 2 mM halothane, a 20-70 m V transjunctional driving force was applied. Gap 

junction channel events (openings and closings) could be recognized by their equal 

amplitude but opposite polarity in the two current traces. Unitary conductances were 

determined by dividing the amplitudes of opening or closing events (in pA) by the 
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transjunctional voltage. Data were digitized on Neurocorder model DR 484 for 

storage on a videotape and displayed directly on a Gould Brush recorder. Filtering 

ranged from 10-1000 Hz dependent on the cell pair. For each cell pair, events were 

binned (lOpS) and the frequency of events in each bin relative to events in all bins 

calculated. The mean relative frequency for each bin from all cell pairs in a 

treatment group was then calculated and plotted as a histogram. The data in these 

frequency-histograms were fit (Peakfit, Jandel Scientific) from one to several 

Gaussian peaks. The fit with the best F value (and r2 value) in which all peak center 

parameter values, which represent unitary conductance of the channel, were 

significant was considered to represent the best fit. 

Patch type microelectrodes having resistances of 3-7 MOhm were pulled from 

1.2 mm diameter glass (AM systems) and filled with a patch solution containing (in 

mM) potassium glutamate 67, CsCl2 67, tetra ethyl ammonium 10, CaCl2 0.5, 

MgCl2 0.3. ethylene glycol-bis (amino ethyl) N, N, N', N',-tetraacetic acid (EGTA) 

10, KCllO, HEPES 10, glucose 5, K2ATP 5. 

Northem Blot Analysis 

Total RNA was isolated from 3-4 dishes of confluent cells. Cells were washed 

with PBS and placed in guanidine isothiocyanate. RNA was obtained following 

phenol chloroform extraction (Chomzynski and Sacchi,1989). 10 or 15 j.tg of RNA 

were electrophoresed on 1 % agarose-formaldehyde gels followed by capillary 

blotting onto nylon membranes (Hybond N, Amersham). RNA was then crosslinked 

to the membrane by exposure to 300 nm ultraviolet transillumination for 3-5 minutes. 

Radiolabelled cDNA probes to rat Cx43 and Cx40 (both generously provided by E.c. 

Beyer), and glyceraldehyde phosphate dehydrogenase (GAPDH) were prepared 

using the Klenow fragment of DNA as described previously (Moore et al., 1991 and 



129 

modified from Feinberg and Vogelstein, 1983). Membranes were prehybridized for 

30 minutes at 650 C prior to overnight hybridization at the same temperature in a 

solution containing 0.75 M Na2HP04, 1% sodium dodecyl sulfate, and 0.1 % nonfat 

dry milk as a blocker for nonspecific binding, as well as the labelled GAPDH and 

either Cx43 or Cx40 probes. High stringency washes were performed as described by 

Moore et al. (1991), followed by exposure to Kodak XAR film at -800 C. The 

intensities of all bands were assessed densitometrically (Molecular Dynamics 

Computing Laser Densitometer, model 300A with Image Quant software), and the 

various samples normalized to GAPDH content. 

RESULTS 

Connexin Expression 

Rat mesentery, human and pig coronary SMCs were screened for expression 

of Cx40 and Cx43, the only connexins that have previously been found in vascular 

wall cells. Rat mesentery and pig coronary SMCs expressed message for Cx43 only, 

while human coronary VSM cells expressed message for Cx40 only (Figs. 24 and 25, 

respectively). Human coronary Cx43 has been shown to be 84% homologous at the 

nucleotide level with rat Cx43 (Fishman et ai, 1991), therefore failure to detect Cx 43 

in human cells strongly suggests its absence or if present, the message level is not 

detectable. Also illustrated in these figures is expression of both Cx40 and Cx43 by 

the A7r5 cells, as previously demonstrated (Moore et ai., 1991; Larson et al., 1992; 

Chapter 2.2). 

Dye Coupling 

To determine whether the observed differences in connexin expression were 

indicative of differences in coupling or response to serotonin, we examined each cell-
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type under control conditions for basal level of dye coupling and during 10-30 

minutes (short-term) or after 24h (long-term) of exposure to 5 J.LM 5-HT. 

Experiments were performed in a paired manner, with control and experimental 

groups done on the same day using cells from the same passage. The culture 

medium on experimental and control groups was replaced with fresh medium with or 

without drug, respectively, 10 minutes or 24h prior to assessment of coupling. 

Mesentery SMCs were too well coupled under control conditions to evaluate for 

changes with serotonin treatment. Typically, all of the cells in the field and beyond 

contained dye (greater than 15-20 cells) at two minutes post-injection. Under control 

conditions nearly all injected pig coronary SMCs and A 7r5 cells were coupled to one 

or more of their neighbors (Figures 26, 29 and Table 4). Following both short-and 

long-term treatment with 5 J.LM 5-HT, coupling in both of these cell types was 

enhanced nearly two fold (Figures 27,29). The human coronary SMCs were the least 

well coupled under control conditions (Table 4). Nevertheless, short-term treatment 

of these cells also resulted in a two-fold increase in dye coupling (Fig. 28 and 29). 

However, the 24 hour treatment group was not significantly different from the 

corresponding control group (Figure 29). Thus, as expected, all cell types exhibited 

dye-coupling, although the extent of coupling varied. Interestingly, those cell types 

expression Cx40 were less well coupled than those expressing Cx43 or Cx43 and 

Cx40. In addition, despite expression of different connexins, response to short-term 

treatment with serotonin in all of these cell types was comparable. However, with 

long-term treatment response to serotonin amongst the cell types differed. These 

observations suggested possible differences in gating properties of the connexins 

between cell types as well as possible differences in connexin expression during long

term exposures. 
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Electrophysiology 

To better quantitate the effect of serotonin on coupling and to determine 

whether freshly plated cells responded in a comparable fashion to confluent cells, we 

evaluated each cell-type for a serotonin mediated increase in junctional conductance. 

Ketanserin, a 5-HT2 receptor-specific antagonist, was used to examine specificity of 

any observed response. Each cell of a pair was whole-cell clamped under control 

conditions, and after stability of coupling was evident, 1, 5 or 10 .uM serotonin 

introduced into the perfusion chamber. In all cell types an increase in junctional 

current was observed within 1 minute of application of drug. Peak response was 

typically observed by 2-3 minutes. The mesentery and human coronary SMCs 

exhibited a 20-30% increase in junctional conductance (Table 5 for summary of 

data). Pig coronary SMCs exhibited a slightly larger response of 36%, and the A7r5 

cells exhibited the most pronounced increase in junctional current of 74 ± 44% 

(Figure 30 and Table 5). In some cell-pairs the increase in junctional conductance 

was short-lived with conductance returning to pre-treatment values after 4-5 minutes 

of exposure (Fig. 30B). In a similarly designed set of experiments, we found that 0.1 

and 1 p,M ketanserin had no effect on junctional conductance (Table 5). Pre

treatment of cells with Ketanserin prevented any subsequent response of the cells to 

serotonin even when serotonin was present at 10 or 100 fold higher concentration 

than the antagonist (Table 5). 

To evaluate possible tissue-specific differences in channel function under 

control conditions and during treatment with serotonin, the unitary conductances of 

expressed channels in each cell-type were evaluated using dual whole-cell voltage 

clamp. Pairs of cells were whole-cell clamped under control conditions or after short

term exposure to serotonin. When pairs were too well coupled to allow resolution of 
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single channel events, halothane was used to reduce coupling. Amplitudes of single 

channel events were measul "'~J binned in lOpS bins, the relative frequency of each 

bin calculated and a relative frequency of amplitude-histogram constructed. Analysis 

of single channel events from pig coronary SMCs, which express Cx43 but not 40, 

revealed the presence of a single channel population with a unitary conductance of 

59 ± 0.5 pS (Figure 31A). Similarly the rat mesentery SMCs, which also express Cx43 

but not 40, exhibited a single peak with a unitary conductance of 78 ± 0.4 pS (Figure 

32A). In contrast, the human coronary SMCs, which express Cx40 but not 43, 

exhibited two channel populations with unitary conductances of 52 ± 2 and 107 ± 4 

pS (Figure 33A). The 52pS channel constituted 38% of the total number of events. 

As demonstrated previously, under control conditions the A 7r5 cells, which express 

both Cx40 and 43, exhibit three channel populations: a 70 pS channel composed of 

Cx40, and 108 and 141 pS channels which are composed of Cx43 (Figure 34 and 

Moore, 1993). Each of these channel types constituted a third of the total population. 

These data suggest that vascular SMCs specifically regulate the form in which Cx43 

(as channels of -60, 80, 110 or 140pS) and Cx40 (as channels of -50, 70 or 110 pS) 

exist. 

To determine whether the increase in macroscopic conductance produced by 

serotonin involved a change in the unitary conductances of expressed channels, we 

evaluated single channel events after short-term exposure to 5-HT. As illustrated in 

Figures 31B and 32B, serotonin had no effect on channel size in the pig coronary and 

rat mesentery SMCs. In contrast, both the human coronary SM and A 7r5 cells 

exhibited striking changes in their channel populations following exposure to 5-HT 

(Figures 33B and 34B). In the human coronary SMCs, channels of multiple sizes 

were observed following 5-HT (Figure 35). Analysis of these events from multiple 
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cell pairs revealed that the 52pS channel, which constituted only -38% of the total 

channel population under control conditions, constituted nearly 80% of the 

population after 5-HT treatment (Figure 33B). In addition the frequency of large 

channels was enhanced in some cell pairs (Figure 35). Similarly, in the A 7r5 cells the 

relative frequencies of the 70 and 141pS channels, which constituted -30% of the 

total population each under control conditions, were diminished during 5-HT 

exposure, and the frequency of the 108pS channel was enhanced (Figure 34). 
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Figure 24. Northern blots of total RNA isolated from several vascular smooth 
muscle cell types and screened for Cx43 mRNA expression. (lower band represents 
screening for GAPDH, for normalization of sample). Each lane contains 15,ug of 
total RNA isolated from (A) A7r5 cells (lane 1 ), and pig coronary (lane 2), and 
(B) mesentery VSM cells (lane 3)demonstrate message for Cx43 but not Cx40. 
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Figure 25. Northern blots of total RNA isolated from several vascular smooth 
muscle cell types screened for Cx40 mRNA expression Each lane contains 15ILg of 
total RNA isolated from A 7r5 cells (lane 1) and human coronary (lane 2). 
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TABLE 4 Dye coupling in vascular smooth muscle cells under control, short-term 
and 24 hour exposure to serotonin. 

Mesentery Coronary Coronary A7r5 
(Pig) (Human) 

Control >15 4.5 ± 3.2 * 1.13 ± 0.6 2.2 ± 1.8 
(n=3) (n=9) (n=8) (n=21) 

Short-term ND** ND 4.6 ± 1.2 4.5 ± 2.0 
5p,M5-HT (n=7) (n=6) 

24 Hour 5p,M ND 8.54 ± 5.5 1.14 ± 1.0 4.8 ± 3.4 
(n=l1) (n=7) (n=12) 

Control*** ND ND 0.5 ± 0.2 1.5 ± 0.54 
(n=lO) (n=6) 

24 Hour 10p,M ND ND 1.1 ± 0.4 3.4 ± 4.1 
(n=7) (n=12) 

*Denotes Mean ± S. E. M. cells dye coupled. 

**Indicates result were not determined. Mesentery VSM were too well coupled 
under control conditions to quantitate changes with treatment. 

***Control values were lower than than values obtained on previous days, therefore 
the control and treatment values for this concentration are reported separate from 
the other treatment groups. The data indicate however a doubling over control 
values, consistant with the rest of the values. 
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TABLE 5 Control and treatment values for junctional conductance in 

various vascular smooth muscle cells. 

Mesentery Coronary Coronary A7r5 
(Pig) (Human) 

gj Control 11.8 ± 0.3* 20.5 ± 0.1 14.8 ± 3.3 11.3 ± 2.1 

(nS) (n=12) (n=22) (n=l1) (n=31) 

5-HT l~M 29% ±11.8* 36% ± 7.0 26.5% ± 17.5 74.5% ± 44 
(n=4) (n=6) (n=3) (n=7) 

increase increase increase 

5-HT5~M ND** ND 41.3% ± 5.3 
(n=3) 

increase 

5-HT lO~M ND 71% ±41 no change 93% 
(n=2) (n=2) (n=l) 

increase increase 

Ketanserin ND 2.6% ±4.3 1% ± 6.9 no change 
(n=3) (n=4) (n=3) 

decrease increase 

Ketanserin ND 8.6% ±5,4 1.3% ± 1.3 
and 5-HT (n=3) (n=3) 

decrease increase 

*Denotes Mean ± S. E.M. 

**Data not determined. 
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B 

Figure 26. Dye coupling in control A7r5 cells, phase (A) and fluorescent (B) images. 
Cells were injected briefly with Lucifer Yellow dye. Photograph taken of 
fluorescence was 2 minutes after injection of dye and removal of microelectrode. 
Cells passed dye only marginally under control conditions to only 1 or 2 other cells, 
with a mean of 2.18 ± 0.48 (SEM, n=21) 
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Figure 27. Dye coupling in A7r5 cells following 10 minute exposure to 
5 p,M 5-HT (phase (A) and fluorescent (B) images. Photograph of fluorescence was 
2 minutes after dye injection. A 2 fold increase in dye coupling was noted after 
treatment,4.5 ± 0.84 (n=l1) or 4.75 ± 0.9 (n=12) for 24 hour treated cells. 



140 

A 
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Figure 28. Dye coupling in human coronary VSM cells following 10 minute 
exposure to 5 ,uM 5-HT (phase (A) and fluorescent (B) images). Cells were only 
marginally dye coupled under control conditions. Following treatment greater than a 
2 fold increase in coupling was observed (4.6 ± 1.2 (n=7)). 
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Dye Coupling in USM Cells Treated With 5-HT 

20,----------------------------------------------------------~ 

II Control 

II Short Term 

~ 24 Hour 

o 
A7rS Pig Coronary. Human Coronary Mesentery 

Figure 29. Histogram demonstrating dye coupling in VSM cells under control 
conditions and following treatment with 5-HT for short term and 24 hour exposures. 
Values were not determined for short term treatment of the pig coronary cells, nor 
was treatment with 5-HT determined for mesentery cells due to the substantial 
amount of coupling under baseline conditions. 



A 
~ 5HT 

1500 pA 
--.J 40mV 
20sec. 

142 

Figure 30. (A.) 5-HT increases junctional conductance between A7r5 (A) and pig 
coronary (B) VSM cells. Dual whole cell voltage clamp recorded from A7r5 cells 
perfused with 1J.tM 5-HT show an increase in junctional conductance of 43%. Cells 
were clamped at 0 m V and stepped alternately to -10 m V. VIand V 2 represent 

voltage in cell 1 and cell 2 respectively, 11 and 12 represent junctional (upward 

deflection) and total current (downward deflection) for cells 1 and 2. (B.) Pig 
coronary cells perfused with 1 J.tM 5-HT demonstrate a 42% transient increase in 
junctional conductance. Same conditions apply as in A. 
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Figure 31. (A.) Histograms of single channel events in pig coronary VSM cells under 
Control (A) and during 5-ht treatment (B). Cells exhibited a mean unitary 
conductance of 59 ± 0.5 pS under control conditions. Data were from 4 cell pairs, 
422 events (F=244, r2=0.987). (B.) Cells exposed for several minutes to 1 J.LM 5-HT 
also exhibited a single peak correspondin to 66.7 ± 1.0 pS. Data were from 6 cell 
pairs, 442 events (F= 18, r2=0.84). Differences in mean unitary conductance of 
control vs. treated cell pairs are probably not significant. 
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Figure 32. (A.) Histograms of single channel event amplitudes in rat mesentery 
VSM cells under control (A) and during 5-HT treatment (B). Cells exhibited a mean 
unitary conductance of 78 ± 0.4 pS under control conditions. Data were from 8 cell 
pairs, 918 events (F=313, r2 = 0.99). (B.) Cells exposed for several minutes to l,aM 
5-HT also exhibited a single peak corresponding to a unitary conductance of 80 ± 1.7 
pS. Data were from 4 cell pairs, 182 events (F= 18, r2=0.88) 
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Figure 33. (A.) Histogram of single channel event amplitudes in human coronary 
VSM cells under control (A) and during 5-HT treatment (B) revealed two peaks with 
mean conductances of 52 ± 1.7 pS and 107 ± 3.8 pS. Data were from 6 cell pairs, 
633 events (F=25, r2=0.92). (B.) Single channel analysis of events during 5-ht 
exposure revealed a shift in frequency of channel populations. The first peak with 
mean center of 57 ± 1.2 pS now represents 80% of the total events observed. The 
second peak center was 144t 14.6 pS. The broadness of this peak probably reflects 
the low number of multiple channel sizes observed (see figure 35), or may represent 
double or triple openings of the smaller channel population. Data from 3 cell pairs, 
663 events. Data in B was smoothed 4% by the Peakfit program. 



A A7r5 
1.~----______________________ -, 

12 

>. 10 
() 

i:: 
QJ 
;j 8 
cr 
QJ 
s.. 
r.. 6 
QJ 
> 

:;:; . 
Cj -QJ 

~ 2 

B 

.0 60 80 100 120 1.0 160 180 

Unitary Conductance (pS) 

A7r5 5-HT Trettlea 

20.-------------------------____ ~ 

I 

/ \. 

40 60 80 100 120 140 160 160 

Unitary Conductance (pS) 

146 

Figure 34. (A.) Histograms of single channel event ,!mplitudes in A7r5 cells under 
control conditions (A) and during 5-HT treatment (B), exhibit 3 peaks with 
conductances of 70, 108, and 141 pS are observed. During short term exposure to 
1,uM 5-HT there was a reduction in both the 70 and 141 pS peaks with an increase in 
the frequency of the 108 pS channel population. Peak centers were 100 and 150 pS. 
Data obtained from 10 cell pairs, 1,128 events (F=352, r2=0.99). The increased 
SEM relative to control for the 108 pS channel suggests both the 70 and 141 pS 
channel types are "hidden" in this peak, consistent with their presence in the single 
channel records. 
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Figure 35. Single channel recording from human coronary smooth muscle cell pair 
following short term exposure to 1 ,uM 5-HT. Junctional events are identified as 
equal and opposite deflections in II and 12 (currents for cell 1 and cell 2). Multiple 
channel conductances are evident as demonstrated various arrows. They measure 
70, 130, 160, and 180 pS (corresponding to increasing size of arrows). Although these 
events could represent double openings of the smaller channel, this is unlikely based 
on the amplitudes ( 52 + 52 = 104 pS not 70 , 130 etc.). Some non-junctional channel 
events are evident in this recording. Transjunctional potential difference was 40 m V 
with cell 1 at 0 m V and cell 2 at -40 m V. 
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Discussion 

In this study we sought to determine whether regulatory differences displayed 

by various vessel beds might in part reflect differences in gap junction expression or 

function in the smooth muscle cells of those vessels. We found that there were 

differences in connexin expression as well as differences in the specific functional 

forms of each expressed connexin. Despite these differences all of the SMC types 

examined exhibited increased coupling upon exposure to serotonin. This response 

was blocked by ketanserin, indicating a 5-HT2 receptor-mediated response. 

Although coupling was increased in all cell types, the underlying mechanisms 

differed, reflecting the differences in connexin expression and function. 

Vascular wall cells have been shown to express both Cx40 and 43, although 

controversy continues over differences in expression in in vivo versus in vitro 

preparations. Larson et ai., (1992) demonstrated that A7r5 cells express message for 

Cx40. This message has not been found in adult rat aorta; its presence (or absence) 

in embryonic and neonatal rat aorta has not been determined, but expression in 

chick heart of the homolog of Cx40, Cx42, is developmentally regulated. Thus it is 

possible that embryonic aortic SMCs express Cx40. The results presented herein 

indicate that Cx40 is also expressed by human coronary SMCs, at least those derived 

from an individual afflicted with coronary artery disease. Interestingly, these cells did 

not contain Cx43 despite its presence (and Cx40's absence) in the pig coronary 

SMCs. Thus our data indicate that cultured vascular SMCs from different species, 

vessel beds and developmental ages express different connexins. 

In addition to expression of different connexins, our data indicate that the 

functional form of the channel expressed by the different cell types also varied. Cx43 
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forms both the 108 and 141pS channels in the A7r5 cells (Chapter 2.2). In the 

mesentery and pig coronary SMCs, Cx43 apparently forms 78 and 59 pS channels. It 

is not clear how Cx43 might be post-translationally modified to account for these 

various forms in these cell-types. However, based on the results of others, one 

possibility is differences in protein phosphorylation. Cx43 has been demonstrated to 

exist in multiple phosphorylation states, at least some of which exhibit different 

electrophoretic mobilities on SDS gels, and some of which exhibit differences in 

function. Based on electrophoretic mobilities, Cx43 exists as at least four different 

phosphorylated forms where only serines are phosphorylated (Lau et al., 1992). In 

addition, the non-phosphorylated form and a tyrosine-phosphorylated form exist 

(Swenson et al., 1990; Crow et al., 1990). Formation of one of the serine 

phosphorylation forms and the tyrosine-phosphorylated form is associated with loss 

of intercellular communication, indicating that changes in phosphorylation state can 

lead to changes in function of the channel. Moreno and colleagues demonstrated that 

human Cx43 transfected SkHep cells and human corpus cavernosum cells (which 

also express Cx43) exhibit shifts in the relative frequencies of the various channel 

populations associated with treatments that activate second messenger systems or 

with intracellular exposure to phosphatases (Moreno et al., 1992; Moreno et ai., 

1993). Some of these shifts in unitary conductance of expressed channel populations 

were associated with changes in electrophoretic mobility, others were not. Similarly, 

Takens-Kwak et ai., (1992)found multiple channel sizes for Cx43 in neonatal rat 

heart cells. The relative frequencies of the various sizes were altered by 

phosphorylation/dephosphorylation strategies. Thus, the available evidence indicates 

that the functional form of Cx43 expressed in cells varies in association with 

phosphorylation. If such differences in phosphorylation account for the various 
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forms of Cx43 observed in the vascular SMC types examined herein, then one would 

predict that the responses of gap junctions in these vessel beds to stimuli that activate 

specific kinases and phosphatases would vary and perhaps, in part, contribute to the 

differences in regulation of vascular behavior observed amongst vessel beds. 

Less is known about phosphorylation of Cx40. Based on the presence of 

consensus sequences for protein kinases A and C in the carboxy terminus region of 

Cx40, it is likely that Cx40 will also exhibit multiple phosphorylation states. Recently 

Veenstra and colleagues (Veenstra et al., 1992) demonstrated that Cx40 forms 

channels of multiple sizes. Our data also suggest that in human coronary SMCs, 

Cx40 forms channels of multiple sizes. Although we cannot definitively rule out the 

possibility that this cell type expresses other connexin proteins (for which we have 

not screened) that could account for one of the multiple channel sizes, this possibility 

seems unlikely in view of the failure of other investigators to detect other connexins 

in a variety of vessels. If indeed the only connexin expressed by the human coronary 

SMCs is Cx40, then our data would support the ability of Cx40 to form channels of 

multiple sizes. 

Given the differences in connexin expression described above, it was 

surprising that all of these cell types were approximately equally well electrically

coupled, although the degree of dye coupling differed significantly. The cell types 

expressing Cx40 were not as well dye-coupled as the cell-types expressing Cx43 

alone. This suggests that the Cx40 channel exhibits greater size or charge selectivity 

than the Cx43 channel. Similar connexin-specific differences in dye-permeation were 

recently reported by Veenstra and colleagues (Veenstra et ai., 1993). Since gap 

junctions permit the spread of electrical as well as other types of cellular signals, for 

example they also mediate intercellular diffusion of second messengers and 



151 

metabolites (Christ 1992), the demonstrated differences in dye-permeability may also 

be of significance in explaining differences in vascular bed regulation. 

It was also surprising, in view of the differences in dye-permeability, connexin 

expression and single channel function, that each of the examined cell-types 

exhibited an increase in junctional conductance and dye-coupling with serotonin 

stimulation. However, the mechanisms underlying the observed increases differed 

dependent on cell-type and connexin expression. Junctional conductance, gj' reflects 

the sum for each connexin type of the product of unitary conductance ( Yj), . 

probability of being open (Po), and number of channels (N). Consequently, an 

increase in gj could reflect an increase in anyone of these elements, Y} Poor N, for 

any of the expressed channel-types or a simultaneous decrease in one element offset 

by an increase in another. The time course of increase in gj with serotonin is 

sufficiently fast, 1-2min, that changes in N are an unlikely cause. Consequently, 

changes in Po, Y} or both are the most likely mechanism of gj increase. In the 

mesentery and pig coronary SMCs there was no change in the unitary conductance of 

the expressed channel (Cx43). Consequently, an increase in Po most likely accounts 

for the observed increase in gj- In contrast, in the human coronary SMCs, the relative 

frequency of the channel population with the smaller unitary conductance was 

enhanced nearly two fold with serotonin stimulation. This change, by itself would be 

expected to cause a decrease in gj; thus, in this cell-type it is most likely that there 

was a simultaneous increase in Po that offset the Yj decrease (possibly explaining the 

low to moderate response noted to 5-HT). The response to serotonin in the A7r5 

cells was also complicated. It appears that the relative frequency of both the 141 and 

70 pS channels were diminished with a simultaneous increase in the 108pS channel. 

Since the Pas for these various channel types is unknown, it is impossible to know 
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from the current data set whether Po for any of the channel types was enhanced. 

Thus, our data indicate that the mechanism underlying the increase in macroscopic 

junctional conductance observed in each of these cell-types with serotonin treatment 

differed, with changes in only Po involved with some and simultaneous changes in Po 

and Yj involved in others. 

It is not clear to us what physiologic advantage differential expression of 

connexins and functional forms confers on the SMCs of different vessels, but given 

the central role that gap junctions play in mediating intercellular communication it 

seems likely that these differences serve a biological function. Although serotonin 

caused a similar change in junctional conductance in the various cell types, other 

primary messengers may differentially influence conductance in these different 

vessels. Such a conclusion would be consistent with available evidence regarding 

phosphorylation states of junctional proteins and channel function reviewed above. 

In addition, it is possible that despite comparable junctional conductances, 

permeability of these channels to other intracellular components (non-ionic) may be 

of critical importance in differential responsiveness of vessels. It is interesting to 

consider that serotonin is only elevated under abnormal conditions, when many other 

alterations of vessel function or release of vasoactive agents are likely to occur. 

In heart and myometrium an increase in cell-to-cell coupling results in 

increased conduction velocity and functional coordination of the contractile 

response. Although action potentials are infrequently noted in vascular smooth 

muscle, changes in membrane potential perhaps mediated via pacemaker type 

regions spread electrotonically through the vessel wall. Segal and Duling (1989) have 

shown that spread of vasodilatory waves in response to vasoactive agents such as 

acetylcholine is mediated through cell-cell communication. The results presented 
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here suggest that the powerful vasoconstrictive effect of agents such as serotonin, 

which not only mediate changes in membrane potential via activiation of receptor

operated ion channels but increase cell-coupling as well, leading to a coordinated, 

albeit pathologic response of the vessel bed. 

Summary 

In vascular smooth muscle (VSM) gap junctions are believed to be important 

in maintenance of and coordination of changes in vessel tone and consequently may 

be important in vascular pathophysiology. Serotonin effect on vessel tone has been 

linked to the occurrence of vasospasm and other disease processes which may also 

involve abnormal GJ function. VSM cells from human and pig coronary, rat 

mesentery and A 7r5 cells, a cell line derived from rat aorta, expressed different 

connexins and formed channels with distinct unitary conductances. Mesentery and 

pig coronary expressed Cx43 and 78 and 59 pS channel conductances. A 7r5 cells 

expressed 70, 108, and 141 pS channel populations and both Cx43 and Cx40. 

Human coronary VSM cells expressed Cx40 and two channel populations of 60 and 

100 pS. All cell types responded to brief exposure to 5-HT with an increase in 

junctional conductance in the range of 29-75%. Dye coupling in cells expressing 

Cx40 was low under control conditions. Exposure of pig and human coronary, and 

mesentery cells to 5-HT for 10 minutes or 24 hours resulted in a doubling of the 

number of cells dye coupled. Analysis of channel populations after short term 

treatment demonstrated a reduction in the frequency of the100 pS channel in 

human coronary and the 70 and 141 ps channels in the A7r5 cells. No change in 

channel population was observed in the other two cell types. These results suggest 

more than one mechanism for the increase in coupling dependent on the cell type 

and functional form of the protein. 
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CONCLUSIONS 

Gap junctions were first reported in smooth muscle cells by Dewey and Barr 

in 1962. This in fact was the first use of the term "nexus" to describe the gap 

junction structure. Their function was thought to provide structural support to the 

tissue. Today, 30 years later, a definitive role for gap junctions in the vasculature is 

still not well established even though their presence between endothelial and 

smooth muscle cells is well documented. In part, the fault lies in the difficulty in 

obtaining electrophysiological data from the whole tissue. The ubiquitous presence 

of these structures between all excitable cells and in virtually all mammalian tissues 

suggests they function to provide both electrical and metabolic continuity. The 

objective of these studies was to determine whether tissue as well as connexin 

specific differences in channel regulation occur. In addition these results address 

connexin expression and regulation in vascular cells in hopes of providing a greater 

understanding of their function in microcirculatory control. 

Work in our laboratory and by others had previously characterized neonatal 

heart cells in terms of connexin expression and the response of these channels to 

gating by voltage, lipophiles and second messengers. Because the vasculature was 

also known to express Cx43, we selected vascular smooth muscle as a model system 

to test tissue-, and as it turns out connexin-specific regulation of gap junction 

function. All of our studies utilized A 7r5 cells, a smooth muscle cell line originally 

derived from embryonic thoracic aorta. One study also utilized coronary and 

mesentery artery smooth muscle cells. The data presented in Chapters 2.1 and 2.2 

characterized these cells in terms of connexin expression, function, and regulation by 

various activators of second messenger pathways. We demonstrate the A7r5 cells 
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are well coupled, express Cx40 and Cx43, and three channel populations with 

unitary conductances of 70, 108, and 141 pS. Using antisense oligonucleotides we 

demonstrate that the 70 pS channel is composed of Cx40, whereas the 108 and 141 

pS channels are composed of Cx43. The pattern of regulation by second messengers 

in these cells differs from that seen in heart, but is similar to that in myometrial 

smooth muscle. The response observed in A 7r5 cells to membrane permeant forms 

of cAMP, cGMP, and to phorbol ester was variable. A similar variability in 

response was noted during experiments designed to evaluate gating of these 

channels by voltage. This variability is likely explained by variable numbers of the 

three channel types among cell pairs. The results presented in these sections are of 

interest in that they demonstrate expression of multiple channel conductances for 

Cx43, (one of which has not been previously reported) in one cell type. In addition, 

they characterize, for the first time, the conductance of Cx40 channels in a cell type 

that naturally expresses this connexin (as opposed to transfection of cells which do 

not normally express connexins). The results also provide a probable explanation 

for variability in gating responses in cell types that express these connexins. They 

also demonstrate a highly specific mode of action for antisense oligonucleotides. 

And finally, they indicate that different tissues express the same gap junction 

proteins in unique forms, thus providing evidence for tissue specific regulation of 

gap junction expression and function. 

During ischemia and reperfusion products of lipid metabolism (or 

peroxidation) are formed which in heart lead to arrhythmia production, by affecting 

impulse conduction in the myocardium. We and others have previously shown that 

some of these products, e.g. non-esterified fatty acids (NEFA's) and short chain 

alkanols have a profound effect on gap junction channels in that they produce a 
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rapid but reversible uncoupling of cells by reducing Po. This has led to the 

suggestion that disruption of gap junction function in the myocardium can produce 

heart block and the re-entry phenomena often observed after ischemic episodes. 

To test the hypothesis that fatty acids have an identical effect on gap junctions in 

vascular smooth muscle, and therefore disrupt the low resistance pathway for 

conduction of impulses or changes in membrane potential in the vessel wall 

(perhaps leading to vasospasm) we examined the response of A7r5 cells to acute 

treatment with oleic acid. 

In Chapter 2.3 we present the results of treatment of A 7r5 cells with 

increasing concentrations of oleic acid. A 7r5 cells exhibited a very steep uncoupling 

effect at low dose of oleic acid to approximately 50% coupling. Increases in oleic 

acid concentration did not further uncouple these cells. This contrasts sharply with 

the response of heart cells, which exhibit a rapid, dose-dependent total uncoupling. 

These results support our hypothesis that connexin and tissue specific differences in 

gap junction function are present. 

To further characterize these tissue and connexin specific differences single 

channel analysis was performed during or after treatment with various 

concentrations of oleic acid. There was a reduction in the frequency of the 70 pS 

channel at all OA concentrations, and of the 108 pS channel at higher 

concentrations. The larger 141 pS conductance state remained even at membrane 

concentrations of 10 mole%, ten times that necessary to eliminate the 70 and 108 pS 

channels. These observations suggest a variable sensitivity of the three channel 

populations to fatty acid uncoupling. While the data presented do not allow us to 

define the mechanism of interaction, they do provide evidence that not only are 
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there differences in response of specific connexin proteins to lipophiles, but also 

variable sensitivity dependent on conductance state of the protein and tissue. 

In order to further address tissue and connexin specific regulation in vascular 

smooth muscle cells we characterized the connexin expression and channel 

populations in primary vascular cells derived from vessel beds known to differ 

physiologically in their regulation. Our data indeed demonstrates vessel bed specific 

expression of connexin proteins. In order to address whether differences in vessel 

bed susceptibility to pathological states such as vasospasm, may be related to 

differences in connexin expression and regulation by vasoactive agents, we selected 

a primary agonist known to modulate vessel tone. Serotonin has recently been 

linked to the incidence of vasospasm in vessels which have abnormal anatomy or 

function (such as that seen with atherosclerotic changes) or have been injured (e.g. 

following angioplasty). We hypothesized that serotonin would affect gap junction 

mediated communication, and this effect would differ dependent on the vessel bed. 

The results presented in this final section (2.4) demonstrate clearly a dose

dependent increase in junctional current in all cell types after exposure to 5-HT. 

The timecourse of this response (1-2 minutes) suggests that it might occur via 

changes in Po and in some vessel types unitary conductance, and not through 

insertion of new channels into the membrane. Examination of channel populations 

following treatment demonstrated a shift in the relative frequencies of the various 

channel types in two of the cell types. Although such shifts in channel populations 

has previously been reported by Moreno et at., (1993) for Cx43, this is the first 

evidence that the Cx40 protein can alter conductance state in response to 

phosphorylating agents. In addition these results provide evidence that gap junction 
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regulation in response to physiological stimuli occurs via changes in conductances 

state, possibly changes in Po, as well as via changes in message levels. 

These results were not consistent with our hypothesis that gap junctions from 

vessel beds which differ physiologically in their regulation will differ in their 

response to serotonin. However, these results suggest a pronounced effect on 

intercellular communication when exposed both acutely and over longer timepoints 

to physiological (although released under pathological conditions) levels of 

serotonin. Finally of note is the apparent reduced level of dye passage noted under 

control conditions in cells expressing the Cx40 protein. Both the A 7r5 and human 

coronary cells exhibited low levels of dye coupling, even though they were observed 

to have macroscopic levels of coupling the same or exceeding that observed in the 

two cell types expressing Cx43 only. That differences in the permeability of different 

connexin proteins to dyes such as Lucifer yellow was recently suggested in abstract 

form (Veenstra et ai., 1993). 

In conclusion these studies are supportive of a possible role for gap junctions 

in the maintenance of low resistance pathways in the vasculature thereby providing 

for synchronization and coordination of both second messenger signalling and 

membrane potential changes necessary to normal vessel function. In addition, 

changes in this pathway, such as could occur during ischemic events or via reduced 

resistance in this pathway in response to vasoactive agents such as serotonin may 

adversely affect the maintenance of normal vessel tone. Additionally this work 

provides support for our hypothesis that gating of these channels involves both 

tissue and connexin specific mechanisms, thereby providing the cardiovasculature 

with multiple strategies for physiologic regulation. 
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These data bring up many questions that need to be addressed by future 

studies. Some of these are outlined below: 

1. The influence of lipophiIes on channel gating appears now to involve specific 

interaction with the connexin protein, and may be dependent on the conductance 

state, (presumably reflecting differences in phosphorylation) of the protein. With 

the advances of molecular techniques, the ability to alter entire protein domains, or 

to make specific point mutations, could allow one to definitively identify whether 

specific domains or amino acids bind preferentially to lipophiIes, thus bringing about 

changes in gating. It would be of interest to determine whether changes in charged 

residues influence gating by lipophilic agents. 

2. In addition, phosphorylating or dephosphorylating agents may influence 

channel activity by modulating gap junction expression at all levels. For instance, 

changes in junctional communication induced by phosphorylation appear to occur 

both due to transcriptional and translational modifications. Specific changes in 

open time probability with these treatments has not been determined. 

Phosphorylating agents may also regulate function in a tissue specific manner at the 

post-translational level as well as by affecting message levels and message stability. 

Critical evaluation of the effects of these treatments on message levels and post

translational modification could help to answer many questions regarding protein 

trafficking, half-life and control of membrane insertion and degradation. 

3. Determination of whether receptor-linked phosphorylation of connexin 

channels by agents such as serotonin is via the protein kinase C pathway or other 

second messenger pathways would be of interest. One question that arises is does 

this pathway vary dependent on cell and connexin type? With the many specific 
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kinase inhibitors available, as well as tissue specific phosphatases these types of 

experiments are now possible. 

4 Along this same line of questions; is the phosphorylation occurring on tyrosine 

or serine sites (and which of the several consensus sites is it occurring at), and 

secondly, is it the same for both connexin proteins. Immunoprecipitation of these 

proteins by affinity purified antibodies in labelled-phosphate pulse chase 

experiments would address these types of questions. 

5. In Section 2.4 the data suggest there may be differences in dye permeability 

between cells expressing Cx40 vs those expressing Cx43. Previously, it was thought 

gap junction channels in general were relatively non-selective to ions, and 

permeable to substances with molecular weights less than 1000 daltons. There is 

interest now in doing a more complete examination of charge selectivity and 

permeability studies (using dyes of differing molecular weights and charge). If there 

are differences between connexin "selectivity filters" then site directed mutations 

might be of interest to address which regions might lie in the pore forming region or 

specify which residues determine the selective nature of the channel. 
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APPENDIX A 

Characterization of gap junction channels in A7r5 vascular smooth muscle cells 

Characterization of gap junction channels in A 7r5 vascular smooth muscle cells. 
Reprint .of the publication as it appears in the American Journal of Physiology, 
260 C975-C981, 1991, L. K. Moore, E. C. Beyer, J. M. Burt, authors. 
Reproduced by permission of the American Journal of Physiology. 
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Characterization of gap junction channels 
in A 7r5 vascular smooth muscle cells 

LISA K. MOORE, ERIC C. BEYER, AND JANIS M. BURT 
Department of Physiology, University of Arizona, Tucson, Arizona 85724; and Division 
of HernatowgyfOncowgy, Washington University School of Medicine, St. Louis, Missouri 63104 

MOORE, LISA K., ERIC C. BEYER, AND JANIS M. BURT. 
Characteriz4lion 0/ gap juru:tion channels in A7r5 vascular 
smooth rrwscle cells. Am. J. Physiol. 260 (Cell Physiol. 29): 
C975-C981, 1991.-Recent evidence 8\lggesta that coordination 
of blood flow in the microcirculation involves cell-to-cell cou· 
piing via gap junctions. In this study, using A 7r5 cells as a 
model of vascular amooth muscle, we have characterized the 
gop junctions in terms of the unitary conductances of the 
observed channela, the responses to eecond meaaengers, and 
subunit protein composition. The cells were typica1Iy well cou
pled several houfll after plating, with junctional conductances 
on the order 2O--CO nS. Channels with mean conductances of 
36 and 89 pS were observed in low-conductance cell pairs and 
in cell pairs whose macroscopic conductance wu reduced by 
exposure to halothane. Connexin43 was the only known gap 
junction sequence detected by Northern blots (low and high 
stringency), immunoblots, or immunohistochemical studies. 
Junctional conductance wu reduced 15% by 8-bromoadenosine 
3',5'-eyclic monOPhosphate; 8·bromoguanosine 3',5'ocyclic 
monophosphate had no effect. The results suggest that 
connexin43 can form stable channels of at least two distinct 
conductances and gap junctions with differing responses to 
second messengers. 

intercellular communication; connexin43; unitary conductance 

GAP JUNCTIONS provide a cell-to-celllow-resistance con
duction pathway for coordination of tissue function. 
They are composed of nonselective channels that allow 
passage of ions, nucleotides, and other small molecules 
with molecular masses of <1 ltD&. Hemichannels are 
formed in each cell, from six identical protein subunits 
termed connexins, and join to form the functional chan
nel. Several connexins have been cloned and sequenced 
and have been named according to species and predicted 
molecular mass (2). Connexin32 (Cx32), from rat liver, 
was the first connexin protein to be cloned and se
quenced; it is also found in stomach, brain, and kidney 
(20,26). Connexin43 (Cx43), cloned from rat heart eDNA 
(4), has been found in uterine smooth muscle (3, 28), 
vascular wall cells (21), and fibroblasts (3, 12). Other 
connexins, Cx42 and Cx45, have been found to exist 
concurrently with Cx43 in chick heart (1). Cx46 has been 
isolated from lens gap junctions. 

Each connexin protein has been thought to form chan· 
nels with a specific single-channel or unitary conduct
ance. For example, Cx32, from rat liver, has a reported 
single-channel conductance of 120-150 pS (14). Cx43, 
from rat cardiac myocytes, forms channels with a unitary 

conductance of -50 pS (7, 30), slthough Rook et aI. (30) 
also reported the presence of a 20- to 30-pS channel. 
More recently they suggested that the smaller channel is 
due to fibroblasts present in their heart cultures and 
furthermore demonstrate formation of heterologous 
channels, between heart cells and fibroblasts, with inter
mediate channel conductances (29). To date, the forms
tion of several stable unitary conductonce states from 
channels composed of a sirigle connexin type has not 
been demonstrated. . 

Gating of gap junction channels is influenced by pH, 
lipophilic substances such as heptanol and halothane, 
and voltage (7, 9, 24). These agents appear to influence 
the prohability of channel opening rather than unitary 
conductance (7). Second messengers, such as adenosine 
and guanosine 3',5'-cyclic monophosphate (cAMP and 
cGMP, respectively), also influence gap junctions, caus
ing increases or decreases in junctional conductance on 
a short time scale (8) and influencing insertion or deg
radation of the channels on a longer time scale (31). The 
effects of second messengers on junctional conductance 
are connexin and cell or tissue specific. For example, 
cardiac myocytes, which express Cx43, exhibit an in
crease in junctional conductance in response to cAMP 
and a decrease in l'ejjponse to cGMP (8,36). In myomet
rium, which also expresses Cx43 (3, 28), coupling is 
reduced by cAMP and agents that stimulate this pathwsy 
(11). Cx43 contains potential phosphorylation sites for 
protein kinsses A and C in cytoplasmic domains (36). 
The observed different responses to second messengers 
could result from tissue specific regulation ofCx43 phos
phorylation. 

Gap junctions may playa role in normal and abnormal 
vsscular physiology. Experiments by Segal et al. (32-34) 
in hamster cheek pouch arterioles suggest that gap junc
tions msy coordinate vasomotor responses to scetylcho
line and epinephrine by mediating cell-to-cell spread of 
the dilating or constricting wsve. Gap junction size is 
increased in vessels from hypertensive rats (17, 23), 
although the functional significance of this is uncertain. 
The presence of gap junctions between smooth muscle 
cells and between smooth muscle and endothelial cells is 
suggestive of a functional electrical snd metabolic syn
citium (5, 32). Junctional communication may slso play 
a role in healing after vessel injury snd in the pathogen
esis of atherosclerotic plaques, although the exact role is 
unclear (21, 27, 35). The involvement of humoral and 
hormonal agents in the control of vessel tone (6) and the 
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C976 INTERCELLULAR COMMUNICATION IN VASCULAR SMOOTH MUSCLE 

probable effects of such agents on gap junction function 
suggest that junctional communication may play an im
portant role in normal and pathological behavior of blood 
vessels. 

In this paper the gap junction channels formed by 
A 7r5 cells, an aortic smooth muscle cell line isolated 
from rat, are characterized in terms of their single
channel conductances, responses to second messenger 
cascade stimulation, and connexin composition. Chan
nels of at least two distinct sizes, 36 and 90 pS, were 
detected. Only one connexin type, Cx43, could be de
tectecL The responses to second messengers were unique 
relative to other tissues expressing Cx43, which raises 
the possibility of tissue specific regulation of Cx43 that 
includes control of channel size and gating characteris
tics. The results are discussed in terms of channel be
havior, regulation, and the possible contribution of gap 
junctions to vascular function. 

METHODS 

Ceu culture and electrophysiology. Rat aorta A 7r5 
smooth muscle cells (19) were obtained from American 
Type Culture Collection at passage 12. The smooth mus
cle character of the cells was confll"lDed by testing the 
smooth muscle specific proteins a-actin and desmin. The 
cells were uniformly labeled with monoclonal antibodies 
(Sigma) to these proteins (data not shown). Cella were 
grown until confluent in Dulbecco's modified Eagle'S 
medium (DMEM; GmCO) supplemented with 10% fetal 
calf serum and 0.1% antibiotic solution (GIBCO). Cella 
were dissociated for use with 0.25% trypsin in phosphate
buffered saline (PBS; Irvine Scientific). The resulting 
cell suspension was centrifuged at low speed for 5 min 
and the cells were plated in DMEM on 25-mm glass 
cover slips. Cella were ready for use in electraphysiolog
ical experiments 0.5-1.0 h postplating. Cells were stored 
in a humidified environment in 95% O2-5% CO2, Cover 
slips were then placed in a perfusion chamber, having a 
total volume of 1.2-2 mI, and perfused with calcium-free 
Hanks' balanced salt solution containing (in mM) 3.6 
KCl, 0.3 MgCl2, 133.0 NaCl, 3.0 N-2-hydroxyethylpiper
azine-N'-2-ethanesulfonic acid (HEPES), 16.0 dex
trose, and. 0.5 ethylene glycol-bis(fl-aminoethyl ether)
N,N,N',N'-tetraaeetic acid (EGTA) (pH 7.2), at a rate 
of5 ml/min. 

Macroscopic junctional conductance was measured as 
follows. Cell pairs were identified, and each cell was 
voltsge clamped to a O-m V holding potential. Steps in 
command potential of -10 mV were alternately pulsed 
into the cells, and junctional current was recorded in the 
opposite cell. Junctional conductance was determined by 
di\'iding the junctional current by the voltage step. 

The same general methodology was used for determin
ing single-channel events; however, constant transjunc
tional potentials of 20-70 mV were used as a driving 
force. Cells with high junctional conductance were re
versibly uncoupled with 2 mM halothane to obtain sin
gle-channel recordings. Channel events of equal ampli
tude and opposite polarity in the two current traces were 
selected to construct the amplitude histograms. 

Data were digitized (Neurocorder model DR-484) for 

storage on a videotape recorder and displayed directly on 
a Gould Brush recorder. Single-channel data were fil
tered at 10-1,000 Hz dependent on cell pair and whether 
the intracellular and enracel(u1ar solutions contained 
cesium. Patch-type microelectrodes were prepared from 
1.2-mm glass with a resistance of 5 Mil when filled with 
(in mM) 135 potassium glutamate,10 HEPES, 10 EGTA. 
0.5 CaCh. 0.3 MgCh, 10 KC!, 5 glucose, and 5 Na2ATP. 
In some experiments potassium was partially replaced 
with CsCI to reduce potassium channel activity and 
amplify the ionic conductance with the increased chlo
ride mobility. The cesium patch solution consisted of (in 
mM) 67 potassium glutamate, 67 CsC!, 10 HEPES, 10 
EGTA, 0.5 CaCl2, 0.3 MgCh, 10 KCI, 5 glucose, and 5 
Na2ATP. For the cesium experiments, the cells were 
bathed in the same solution as in the patch electrode. 

Northern blot anal)'!is. RNA was isolated by homoge
nization of cultured A 7r5 cells or freshly dissected rodent 
organs (mouse or hamster heart, mouse or rat liver were 
used as sources of positive control RNAs) in guanidine 
isothiocyanate followed by extraction with aqueous 
phenol (10). Northern blots were performed essentially 
as described by Beyer et al. (4). RNA samples (10 pg) 
were electrophoresed on 1% agarose-formaldehyde gels 
and capillary blotted onto nylon membranes (Hybond· 
N, Amersham). RNA was cross-linked by exposure to 
300 nm ultraviolet transillumination for 3 min. Radio
labeled cDNA probes were prepared by isolation of the 
DNA fragments by electrophoresis in low-melting-point 
agarose and labeling using the Klenow fragment of DNA 
polymerase I and hexanucleotide primers as described by 
Feinberg and Vogelstein (15). Blots were probed with 
cDNAs for rat Cx32 (26), rat Cd3 (4), rat Cd6 (2), rat 
Cx26 (37), chick Cx42, and chick Cx45 (1). High strin
gency biota using the rat probes were hybridized over
night in 0.75 M Na2HPO. (pH 7.2),1% sodium dodecyl 
sulfate (SDS), and 100 pgfml salmon uperm DNA at 
65·C. Blots were then washed in 0.3 M Na2HPO. (PH 
7.2)-1 % SDS once at room ~mperature, once at 65·C, 
and twice in 30 mM Na2HPO.-l% SDS at 65"C before 
exposure to Kodak XAR-5 film at -120·C with an inten
sifying screen. Blots prepared under these conditions 
show complete specificity of hybridization of the con
nexin probes. For chick probes, stringency was reduced 
by lowering hybridization and wash temperatures to 6O·C 
and using only the 0.3 M NszHPO. wash solution. A low 
stringency experiment with the rut Cx43 p~be was per-
formed at SO·C. ~ 

Immunohistochemistry and immunoblot analysis. A 
synthetic peptide whose sequence corresponds to a 
unique region of the cytoplasmic tail of rat Cd3 (amino 
acids 252-271) was conjugated to keyhole limpet hemo
cyanin and used to generate Cx43-specific antisera in 
rabbits. Other antisera directed against two different 
epitopes in Cx43 (amino acids 252-271 and 365-382) 
were prepared similarly (3, 12). These antibodies detect 
immunoreactive Cx43 polypeptides of 43-47 kDa in 
many cell types including heart, lens, and fibroblasts. 
The specificity of reaction of these antisera has been 
demonstrated by inhibition of antibody binding by com
petition with the immunizing peptide (3, 25). The prep
aration and characterization of these antisera have been 
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---15 pA 
1 sec 

PIG. 1. Single..,hann.1 recording from a naturally occurring low· 
conductance cell pair obtained 2 h pos\plating. Patch pipette and hath 
contained Cael to reduce K+ channel activity and to amplify current 
due to the incnoued mobility of CI- VI. slutamate. Junctional events 
a ... identirlOd .. equal and oppoeite denectio/UI in I, and I. (currents 
for ~u. I and 2). Events of2 dininct aizee .... observed; amall.r event 
i. ~ pS (arrow) and lupr event is -120 pS (arrowhead) in u. 
TranajunctionaJ potential diff .... nce was 30 mV with ~U I at -30 mV 
.nd~U2atOmV. 

described elsewhere (3). In all experiments preimmune 
rabbit antisera or those specific for the cytoplasmic loop 
in Cx32 (amino acids 98-124) characterized by Gooden
ough et al. (16) were used as control reagents. These 
reagents showed no reactivity with the 43- to 47-kDa 
Cx43 polypeptides in heart or the A 7rS cells. 

For immunohistochemistry, A7rS cells were grown on 
glass microscope slides (Nunc, Naperville, IL), fixed in 
methanol at -20·C Cor 3 min, and then processed for 
fluorescence microscopy by incubation for 1 h in Cx43· 
specific antisera or preimmune serum at 1:200 or 1:400 
dilution followed by three washes with PBS. Cells were 
then reacted with 1:1,000 fluorescein isothiocyanate 
(FITC)-goat anti-rabbit immunoglobulin (Ig) G (Fisher) 
in PBS for 1 h. This was followed by three washes in 
PBS (3). 

Western blots of crude membrane preparations of rat 
heart or of A 7rS cells were performed essentially as 
described by Beyer et al. (3). Whole hearts or A7rS cells 
were homogenized in 50 vol or more of 1 mM NaHC03-

1 mM phenylmethylsulfonyl fluoride (PMSF) and cen
trifuged at 10,000 g WC) for 10 min; the resulting pellet 
was resuspended in boiling SDS oample buffer, insoluble 
material was removed by centrifugation, and the super· 
natant was used for electrophoresis. Nitrocellulose trans
fer blots were reacted with primary antisera diluted 1:200 
or 1:400 in PBS·O.S% Tween 20, followed by """I-goat 
anti-rabbit IgG (lCN, Irvine, CAl, and visualized by 
autoradiography. 

RESULTS 

A7rS cell pairs exhibited coupling within 30-40 min 
postplating. Junctional conductance increased from 30 

to 100 pS immediately after plating to 10-40 nS 2-4 h 
postplating. Single-channel data were collected from nat
urally occurring low-conductance pairs (Fig. 1) and from 
pairs whose conductance was reversibly reduced by ha
lothane. Single-channel events, when plotted on an am
plitude histogram (Fig. 2), showed a bimodal configura
tion. Mean and variance were estimated assuming a 
mixture of two normal distributions using the BMDP 
LE program (13). The smaller channel size had a mean 
(±SE) channel conductance of 36 ± O.S pS. The larger 
channel conductance was 89 ± 1.1 pS. Total number of 
events measured was 739, with an estimated proportion 
of values in the first peak of 0.22. Events with amplitudes 
of ~ pS were observed but did not constitute a 
separate statistically significant peak. Experiments using 
cesium chloride in the patch pipette and bath gave a 
similar bimodal distribution (Fig. 3), with a mean of 7S 
± 1.2 pS for the smaller channel and 134 ± 2.2 pS for 
the larger channel (n .. 279; proportion of events in the 
first peak was 0.37). UnitaJy conductances were not 
different in the naturally occurring low-conductance 
pairs and cell pairs uncoupled by 2 mM halothane. The 
larger channel exhibited voltage dependence in the range 
of±4S-80 mV (data not shown). 

cAMP, cGMP, and. phorbol I2-myristate I3-acetate. 
Exposure of cell pairs to 1 mM 8-bromo-cAMP resulted 
in a moderate decrease in junctional current and con
ductance of IS ± 2% (n .. 12, Fig. 4). Exposure to 1 mM 
8-bromo-cGMP had no effect on junctional conductance 
in four experiments. The phorbol ester, 12-myristate 13-
acetate (PMA), had mixed but pronounced effects on 
junctional conductance. In four experiments after 2 min 
of perfusion with 10-7 M PMA conductance hlftlo.de-
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0 .. .. 0 .. .. .. .. .. .. ~ 0 .. ... .. WI .. .. .. .. 0 

0 ~ ~ * ~ 
0 0 ~ 0 
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.. ... .. .. 
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nc.. 2. HiRtogram of channel amplitudes obtained from 8 cell pain;. 
73910141 evenL •. Patch pipette contained 140 mM K+ glutamate. Me.n 
conductance for h;1 peak was 36 ± 0.0 pS. M •• n conduct.an~ for 2nd 
peak wa. 89 ± 1.1 pS. 
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FIG. 3. Histogram or channel amplitudes obWned (rom 4 cell pai .... 
279 totAll evenl.B. Paech pipette and bath contaiDed 50-.50 CaCI·K+ 
glutamalA!. Mean conductance (or lit peak wee 76 ± 1.2 pS and (or 2nd 
134 ± 2.2 pS. 

creased by 39 ± 6% (Fig. 5; range of response 21-50%). 
In two ezperiments PMA caused an increase in conduct
ance (7 and 12%) and in two additional ezperiments 
PMA had no effect. Control ezperiments consisted of 
cells that were voltage clamped under the same condi
tions but suffused only with calcium-free Hanks' solu
tion. Junctional conductance was recorded for up to 15 

8bromo cAMP 1 mM 

min, with a mean increase of 2% over this time period. 
Connexin expression by A7r5 cells. Total RNA from 

the A7r5 cells was analyzed by Northern blotting to 
determine expression of mRNAs corresponding to any of 
the identified members of the connexin family of gap 
junction proteins. Blots were hybridized under high 
stringency conditions using "P-Iabeled cDNA probes for 
rat connexins 26, 32, 43, and 46. Only the Cx43 probe 
hybridized to the A 7r5 RNA (Fig. 6). mRNAs of identical 
mobility (3.0 kb) were detected by the Cx43 probe in the 
A 7r5 sample and in hamster or dog (not shown) heart. 
No hybridizing bands in the A 7r5 RNA were detected 
using probes for chick Cx42 or Cx45 under moderately 
reduced stringency conditions. Hybridization with the 
rat Ci43 eDNA probe under substantially reduced strin
gency conditions did not detect any additional bands. 
These data demonstrate that the A 7r5 cells make Cx43 
mRNA and do not make significant amounts of the 
mRNA for any of the other examined mammalian or 
chick connexins; these results further suggest that Cx43 
DUly be the only connexin expressed by these cells, since 
no distinct but related sequences were detected. 

We further sought to verify that Cx43 protein was 
expressed. Punctate spots of fluorescence, consistent 
with the expected localization of gap junctions, were 
observed in a linear pattern along the appositional re
gions of adjacent cells when A 7r5 cells were probed with 
an anti-Cx43 antiserum and examined by indirect im
munofluorescence (Fig. 7). Immunoblots of crude mem
brane preparations from rat heart and A7r5 cells were 
probed with antisera specific for different unique epi
topes within Cx43. The heart preparation contained a 
major immunoreactive hand of -45 kDa. The antisera 
reacted with up to three polypeptides of approximately 
the same mobility in the A7r5 preparations (Fig. 8); 
however, the presence of multiple hands was not a con-
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PIG. 4. ModeralA! uncoupling or cells 
within 1-2 min after exposure to 1 mM 
8·bromo<AMP. Cell. "",re clamped at 0 
mV and 8lA!pped a1lA!mately to -10 mV 
(V, and Vt represent voltage in ""u. I 
and 2). Upward deflections on current 
traces (/, and I. represent currents ror 
«u. I and 2) represent junctional cur· 
",nt. Downward deflections denote junco 
tional plus nonjunctional current. Re· 
covery or coupling wee not evident arter 
w.shout or cAMP. 
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PIG. 5. Decreased coupling arur application of phorbol ester. Same 
conditions apply IS in Fig. 4 elcepl thai cells _re expooed to 10-' M 
PMA II Irrow. 
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FIG. 6. Northern blot lnal)'lia of connelin43 (C1431 mRNA expres· 
.ion by A7r5 cells. Total RNA "'IS isolated from A7r5 cells (AI or 
whole hamsl<!r hearts (HI and hybridized II high .• lrinlt"ncy conditions 
with a radiolabelled C.43 eDNA probe. A aingl. b4nd ",as deU!Cted. 
Arrowheads indicate the migration of ISS and 28S rRNA •. 

sistent finding. Several blots showed only a single band 
that comigrated with the major immunoreactive band in 
the heart membranes. Nonimmune sera or sera specific 
for rat Cx32 did not show significant reactivity with 
these preparations. 

DISCUSSION 

The results presented here indicate that A 7r5 cells are 
well coupled. Channels of at least two unitary conduct
ances have been observed, and junctional conductance is 
; ··gulated by second messenger cascades. The RNA blots, 
immunoblots, and immunocytochemistry data demon
strate that the A7r5 cells make Cx43 mRNA, protein, 

rIG. 7. Immunohilltochemicallocalilltion of connelin43 (C1431 in 
cultured A7r5 cells. Cells pown on st-a1ides _filed ",ith methanol 
and then reacted ",ith a rabbit antiaenml to CI43 (amino .ads 252-
2711 followed by a fluoreocein-\abeled o«ondary antibody. A: immu· 
nofluoreocence; S: phase contraxt of identical r .. ld. A ftIion of briRhl 
punctate immunoreactivity ia obaerwd at contacll between adjacent 
cell. in a distribution conaiatent with pp junctionx (solid an'OWlI. Free 
ed.c'es of plasma membrane not In contact with another cell show no 
staining (open arrowsl. Bar, 10,un. 

and structures with an appearance and locafu.ation con
sistent with gap junctions. Screening of Northern blots 
and immunoblots with cDNA or antibody probes for 
connexins 26, 32, 42, 45, and 46 have failed to detect 
these connexin mRNAs or proteins. Screening under 
low-stringency conditions with a Cx43 probe in hopes of 
identifying an mRNA homologous to but slightly differ
ent from Cx43 also failed. These data suggest that Cx43 
is the only known connexin protein expressed in these 
cells and that it is capable of fonning stable channels 
with at least two distinct conductances (50 pS, as ob
served in heart (7), and either 89 or 36 pSj. 

Analysis of the single-channel events observed in the 
A 7r5 cells revealed channels with unitary conductances 
of 36 and 89 pS, although 5O-pS events were also noted. 
Channels with a unitary conductance of 50 pS are rou
tinely observed between neonatal rat heart cells (7,30), 
a tissue thought to express only Cx43. However, the A 7r5 
cells, which we have demonstrated also express Cx43, 
contain channels of two previously unreported conduct
ances. There are several possible explanations for the 
different channels observed in these cells. First, the A 7r5 
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riG. 8. Immunobiot anaIyoia of connexiM3 (Cx43) espresaion. 
Crude membrane preparationl of rat heart (H) or A 71"5 cella (A) .... '" 
IOlubw-l in aample buff.r and boiled. Samples we", reoolved by 50S· 
polyaaylamide ;el elec:trophotaia and tnnIf.ned to nitroceUu~. 
BIota we", reacted with wbolo antiaen from 1 of 2 rabbita immunized 
with a oynthetic: peptlde rep ...... ntinc amino acids 252-271 of rat C.43 
followed by an "',·labeled -..nduy antibody. None of theooe anti· 
Cx43 .. ra abow any CR*·nactivity with other identirted connesina, 
but bec.ouae they ..... wbole, unpuri(ted antiatra ahow lOme nonspecific 
croII·reactivity with diff.",nt nonjunctlonal polypeptides. A and C 
we", reacted with one antiatrum; B and D we", reacted with the other. 
A ~r immunoreactive band of 45 kOa la detecud by all anti.cx43 
antiatra in heart prepuationa. A 71"5 prepuation analyzed in biota A 
and B appears to contain 3 immunoJUCtive polypeptides in thla rqion 
(arrowbeacla). However, a diff ..... nt preparation of A71"5 cen. (C and D) 
ahows only 1 distinct immunoreactive band in thla rqion. E abows 
p",immune .. rum from ume rabbit" B and D, which pve little 
binelinc· Mipation of molecular _ ltandarda (in kOa) la indicated 
onleCt. 

cells might also express another, currently uncharacter
ized, connexin, in addition to Cx43, which has its own 
distinct channel size and which might form heteromeric 
channels with Cx43. Our data do not conclusively rule 
out this possibility. However, the absence of any con
nexin-like mRNAs detected on the low-stringency 
Northern blot suggests that any such unidentified gap 
junction sequence would either have to be quite divergent 
from the known connexina and/or of the same mobility 
as Cx43 and consequently obscured by Cd3 on our blots. 
Second, the Cx43 protein expressed in vascular smooth 
muscle might be different from that expressed in heart, 
which could influence channel size. However, Cx43 
cDNAs isolated from different tissues have identical 
sequences (4, 28), and Southern blots suggest that Cx43 
has a single-copy gene, with no introns in its coding 
sequence (1; and unpublished observations), which pre
cludes expression of alternate primary sequences or dif
ferently spliced forms. Third, the observed multiple con
ductance states might reflect multiple posttranslational 
modification states ofthe Cx43 protein. This explanation 
is supported by the presence of three bands in the 45-
kDa region on some of the immunoblots (e.g., lane I, 
A 7r5, Fig. 8). Evidence for multiple forms of Cd3 due 
to protein phosphorylation hss recently been published 
(12, 25). It is reasonable to speculate that channel size 
or gating might be affected as a result of different phos
phorylation states. The voltage dependence we observed 
in the larger 9O-pS channel (data not presented here) 
may also result from changes in channel conformation 
or charge due to phosphorylation. To date, no evidence 

for a shift in voltage sensitivity has been shown experi
mentally to occur with changes in phosphorylation. 

The pattern of regulation by second messengers differs 
from that observed in heart but is similar to tbat observed 
in myometrial smooth muscle (11). In heart, cAMP and 
PMA cause increases in junctional conductance, whereas 
cGMP causes a decrease. In myometrial smooth muscle 
cAMP causes a decrease in the spread of 2-deoxy-o
glucose, consistent with a decrease in coupling. As was 
true for heart, the underlying mechanism for the ob
served change in junctional conductance in A 7r5 cells in 
response to cAMP is uncertain. The demonstration of 
multiple conductance states raises the exciting possibil
ity that second messenger systems may influence junc
tional conductance by shifting the population of channels 
between conductance states in addition to or instead of 
changing the probability of channel opening. The vari
able response to PMA is also of interest. If the population 
of channels is shifted between the various unitary con
ductance states by second messengers, then the response 
to stimulation of a given second messenger cascade would 
be expected to depend on the initial phosphorylation 
state of the channel population. 

Vascular smooth muscle has been demonstrated to be 
coupled by gap junctions (17, 21, 32, 33, 35). The fact 
that junctional conductance between vascular smooth 
muscle cells is regulated by second mesaengers suggests 
that changes in this communication pathway may have 
a direct impact on coordination ofvascular activity. The 
importance of regulation of intercellular communication 
in the aorta may be small, but in resistance vessels, 
where changes in vascular tone in response to stimuli 
could be impeded or enhanced by altered junctional 
conductance, the effect could be much greater. 

Vascular smooth muscle cells are not thought to fue 
action potentials under normal conditions; however, un
der abnormsl conditions rhythmic contractile activity, 
which is electrically mediated (18), and spasm, which 
may be mediated by action potentials, occur. It is possible 
that changes in cell-to-cell coupling during ischemia or 
other stimuli may enhance the probability of occurrence 
of such electrically mediated events. The presence of gap 
junction channels that are regulated by voltage and sec
ond messenger cascades increases the strategies open to 
smooth muscle for regulation of vascular activity. Fi
nally, in view of the different responses of various vas
cular beds to identical primary messengers and to inner
vation, it is likely that the impact of a given second 
messenger cascade will be dependent on the vascular bed 
in question. 

In summary these data suggest that connexin43 forms 
stable channels of more than one unitary conductance. 
These different conductance states may represent differ
ent states of the channel proteins. Responses to second 
messenger stimulation indicate that gap junctions in 
vascular smooth muscle are actively regulated, and sup
port the conclusion that they may contribute to normal 
and pathophysiological behavior of the vasculature .. 
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