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ABSTRACT 

Cells of the cardiovascular system express multiple connexins (Cx) with Cx40 

and Cx43 being commonly coexpressed in many tissues. The expression levels of 

connexins are dynamic and can vary in response to a growth stimulus. It is not clear why 

cells express multiple connexins, or what advantage such dynamic regulation of 

expression pattems have on cell function. These issues are further complicated by the 

ability of some connexins to interact to form heterogeneous gap junction channels, with 

little being known regarding functional properties of such channels. The purpose of these 

experiments was threefold: I) To determine whether Cx40 and Cx43 are capable of 

interacting to form heteromeric/heterotypic gap junction channels: 2) To characterize the 

functional properties of Cx40/Cx43 heteromeric/heterotypic channels: and 3) To 

determine the effect that changing Cx40:Cx43 expression ratio has on functional 

properties of heteromeric/heterotypic channels. 

Cell lines were developed that express only Cx43 (Rin43), Cx40 (Rin40), and 

Cx40 and Cx43 in varying Cx40:Cx43 expression ratios (6B5n, A7r5, A7r540Cl, and 

A7r540C3). The Cx40:Cx43 expression ratios in the 6B5N, A7r5, A7r540Cl, and 

A7r540C3 cells are approximately 1:1,3:1, 5:1, and 10:1, respectively. Functional 

properties of the gap junction channels formed between these cells were determined using 

both electrophysiological and dye coupling techniques. 

Pairing of Rin43 and Rin40 cells demonstrated that Cx40 and Cx43 are capable of 

forming homomeric/heterotypic gap junctions with unique voltage-dependent gating and 

single channel behaviors. Rin43/A7r5 cell pairs displayed voltage-dependent gating and 
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single channel conductance profiles that could only be explained by the presence of 

heteromeric/ heterotypic gap junction channels between these cells. Pairing Rin43 cells 

with coexpressing cells of high Cx40:Cx43 expression ratio resulted in channel activities 

that were not predicted by the gating and conductance patterns of Cx40/Cx43 heterotypic 

channels. However, the dye coupling characteristics of these same cells in coculture 

demonstrated that the permeability of the channels formed between these cell types 

reflected that of Cx40 channels. 

In summary, Cx40 and Cx43 are capable of forming heteromeric/heterotypic gap 

junction channels. Increasing the Cx40:Cx43 ratio in coexpressing cells results in 

channels with unique gating and conductance properties, however dye permeability of 

these cells is predicted by their relative Cx40 content. Therefore, varying Cx40:Cx43 

expression ratio provides cells with a mechanism to finely control the types of molecules 

shared between cells. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

It is well established that cell-to-cell communication plays an important role in the 

growth of multicellular organisms. Cell survival in these organisms requires that each 

cell type retain its individuality while at the same time coordinating its activities with 

other neighboring cells. Gap junctions facilitate this by allowing intercellular 

communication to take place in a cell specific and coordinated fashion. This action has 

led to the development of several hypotheses which attempt to describe the role of gap 

junction proteins in controlling numerous cellular functions, including growth. However, 

to date, little is understood regarding how gap junctions actually regulate cell growth. 

Gap junctions are found in almost all mammalian organ systems and connect the 

cytoplasms of adjacent cells permitting the passage of small molecules between cells. 

Many cells express more than one type of gap junction protein (connexin, Cx) and the 

expression of these proteins can be dynamically regulated. Connexins can oligomerize to 

form homogeneous or heterogeneous gap junction channel populations. Little is known 

regarding the purpose of heterogeneous gap junction channel formation , but it could be 

speculated that they either permit differential selective pathways for molecular exchange 

between cells, or provide an increased selectivity filter for molecular transfer. 

The extent of hetero-oligomerization of connexins in a variety of organ systems 

needs to be addressed to determine whether communication compartments exist between 

cells that would permit selective sharing of molecules for eliciting or controlling a 
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physiological response. Evidence exists that heterologous channel assembly creates 

channels with unique conductance, gating and permeability properties, however little is 

known regarding the relationship between channel stoichiometry, channel function, and 

the types of molecules permitted to pass between cells. To settle these issues the 

following has to be accomplished: I) The extent and favorability of connexin hetero-

oligomerization has to be determined; 2) The effect of heterogeneous channel formation 

on channel function has to be characterized; 3) Stoichiometry-function relationships need 

to be developed by examining the effect of altered channel expression on channel 

behavior; and 4) in vivo models for heterogeneous gap junctions need to be developed to 

understand the impact of these channels on organism function. 

The purpose of this review will be to introduce the basic structure and function of 

gap junctions, to examine mechanisms of regulation of these channels, and to study the 

role that gap junctions play in cellular growth control. Specific focus will be placed on 

hetero-oligomerization of connexins of the cardiovascular system and the effects that this 

may have on cellular growth control. 

Gap Junction Structure 

Gap junctions are ubiquitous protein channels which functionally exist in 

juxtaposed cellular membranes. They link the interiors of adjacent cells and permit the 

exchange of small molecules (<1000Da) such as ions, secondary messenger molecules 

and metabolites (Loewenstein, 1981). Each cell contains one-half of the channel (a 

hemichannel) called a connexon, with each connexon being molded by the 
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oligomerization of six structural proteins called connexins (Ungeret al., 1999) (Figure 

1.1). When a connexon is composed of six identical Cxs, it is called a homomeric 

connexon, while if it is composed of more than one type of Cx it is termed a heteromeric 

connexon. When two hemichannels dock to form a functional channel, if both 

hemichannels are mirror images, it is termed a homotypic gap junction, while the docking 

of two dissimilar connexons is called a heterotypic channel. Not all Cxs are compatible, 

some are unable to dock to form heterotypic channels (White and Bruzzone, 1996), and 

the extent of heteromeric channel formation amongst all Cx family members has not been 

thoroughly studied. Differences in the ability of Cxs to form heterotypic channels can be 

attributed to the expression system in which the interactions were studied. In the Xenopus 

oocyte model, Cxs 40 and 43 are incompatible and do not form heterotypic channels 

(Bruzzone et al., 1993), whereas in mammalian cell systems heterotypic Cx40/Cx43 

channels readily form (Valiunas et al., 20(X)). The reasons for this disparity are unknown, 

however it does impose limitations for extrapolations between experimental systems. 

The Cx protein contains four transmembrane spanning regions with cytoplasmic amino 

and carboxyl termini (Beyer et al., 1987; Hennemann et al., 1992b; Paul, 1986) (Figure 

1.2). In mammals Cxs are expressed in a cell-, tissue-, and developmentally-specific 

manner and are part of a large multi-gene family with 20 isoforms being identified to date 

(Willecke et al., 2001). Current nomenclature distinguishes Cxs on the basis of species 

of origin and on the molecular mass predicted by cloned DNA sequences (Beyer et al., 

1987). For example rCx40 represents a Cx protein of approximately 40 kDa isolated 

fn)m the rat. A second, less frequently used nomenclature for Cxs is on the basis of their 
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phylogenetic similarities whereby there are three (maybe four) major branch points of Cx 

divergence, these being labeled as a, P and y followed by an arbitrary number that 

assigns a rank order to the Cxs, such that al is synonymous with Cx43 (Kumar and 

Gilula, 1996). Both nomenclatures have limitations, and in the near future a new 

classification method for Cx naming is likely to be developed. 

Gene Structure and Transcription Regulation. 

The Cx proteins share a similar topology and a high degree of conservation. 

Alignment comparisons of Cxs show that the transmembrane regions are highly 

homologous, whereas the amino terminus, cytoplasmic loop, and the carboxyl terminus 

are divergent (Beyer et al., 1987; Hennemann et al., 1992b). The purpose of this 

diversity between Cx species may be to facilitate the establishment of unique 

communication compartments allowing for specificity in communication between one 

cell type and not others. 

Cx genes have more than one motif, however a common theme between family 

members is a gene that consists of two exons separated by a long intron (~6000bp) (Seul 

et al., 1997; Miller et al., 1988; Sullivan et al., 199S). The first exon is quite short 

(-lOObp) and contains no protein coding information, with the entire coding sequence 

derived from the second exon. Relatively little is known regarding the regulatory control 

of Cx gene expression, this being partially due to the size and novelty of the Cx 

muWgene family. The use of promoter-reporter constructs has provided some insights 

into the promoter structure of a variety of Cxs and the tissue specific variability in 
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Figure 1.2: Secondary structure of a Cx protein. 



expression for a given Cx. Cx32 has been shown to have two promoter regions that 

appear to be regulated in a cell-specific manner and cause the expression of two different 

Cx32 mRNA transcripts (Miller et al., 1988; Neuhaus et al., 1995). The promoter regions 

of Cx40 and Cx43 have also been characterized and are similar in that they contain both 

ci5-acting enhancer and repressor domains as well as API binding sites (Chen et al., 

1995; Seul et al., 1997; Sullivan et al., 1993). The negative regulatory element in Cx43 is 

upstream of the transcriptional start site (Chen et al., 1995), while for Cx40 it is found 

downstream of the transcriptional start site in the area of the intron and may be regulated 

by the tumor suppressor protein p53 (Seul et al., 1997). 

Tissue specific regulation of gap junctions is most easily illustrated with the Cx43 

gene. Immediately preceding parturition there is a dramatic increase in Cx43 expression 

in the myometrium with no changes in cardiac expression of Cx43, the major cardiac gap 

junction, thus indicating separate, cell-specific pathways of gene regulation (Orsino et al., 

1996). 

There are several physiological and pharmacological agents that enhance Cx 

expression in various cells and tissues. Many of these agents such as steroid hormones, 

cyclic adenosine monophosphate (cAMP) analogues and antagonists, and retinoids and 

carotenoids have been postulated to interact with the promoter/enhancer segments on the 

Cx genes to increase or decrease gene expression (Mehta and Loewenstein, 1991; Mehta 

et al., 1996; Rogers et al., 1990; Zhang et al., 1992). In contrast, circulating cytokines 

have been shown to decrease Cx43 promoter activity in the heart (Femandez-Cobo et al., 

1999), and many other expression inhibitors are likely to be found. 
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Many cells express more than one Cx protein with certain ceil types consistently 

coexpressing specific combinations of Cxs. In the epidermis there are at least four 

different gap junctions identified, Cx26, Cx30.1, Cx30.3 and Cx43 (Risek, 1994; 

Hennemann et al., 1992a; Salomon et al., 1994). The relative expression levels of each of 

these Cxs will change depending on the extent of differentiation in each epidermal layer 

(Risek, 1994; Kam et al., 1987). Cells of the myocardium express Cx40, Cx43, and to a 

lesser extent Cx45, in a chamber-specific pattern (Vozzi et al., 1999). Smooth muscle 

cells of arterioles express mainly Cx40 and Cx43, with possible expression of Cx37, 

while the endothelial cell layer expresses predominantly Cx37, Cx40 and lesser amounts 

of Cx43 (Li and Simard, 1999; van Kempen and Jongsma, 1999; Little et al., 1995a). 

These expression patterns vary greatly in a tissue- and species-specific manner and will 

change in response to a variety of external stressors. The advantage to be gained by the 

expression of multiple Cxs in a given cell type is not known but is assumed to be related 

to differential pathways for cell communication that permit the preferential sharing of 

specified molecules. 

Assembly, Docking and Degradation. 

The formation of functionally competent intercellular channels consists of a 

sequence of steps leading to the oligomerization of the connexon and eventual insertion 

into the plasma membrane. Evidence suggests that this oligomerization takes place in the 

trans-golgi network (Laird et al., 1995; Diez et al., 1999; George et al., 1999) although 

there is also evidence of endoplasmic reticulum (ER) assembly (Diez et al., 1999). There 

appear to be differences in the pathways utilized for Cx assembly and trafficking 
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whereby Cxs can be sequestered to different regions of the ER and golgi network, and 

have differing time courses for membrane insertion (Diez et al., 1999; George et al., 

1999). The signaling involved in directing the oligomerization and translocation of 

connexons are not known, however it is associated with a variety of phosphorylation 

events (Musil and Goodenough, 1991; Laird et al., 1995), and some mutations associated 

with the Charcot-Marie-Tooth disease result in a loss of Cx oligomerization and 

trafficking (Martin et al., 2000). 

The mechanism of control for hemichannel docking in the plasma membrane is 

poorly understood. There is a close interaction between the formation of functional gap 

junction channels and cell adhesion properties. Some cell adhesion molecules such as L-

CAMs promote docking of juxtaposed hemichannels (Musil and Goodenough, 1991) 

while other adhesion molecules such as cadherins either increase or decrease functional 

gap junction formation dependent on cell type (Wang and Rose, 1997). In either case, 

there appears to be important bi-directional signaling between cell adhesion molecules 

and Cxs in many cell types (Jansen et al., 1996). The actual docking step likely involves 

the staggered interdigitation of the extracellular loops and formation of an antiparallel 

beta sheet between these regions in opposed connexons (Foote et al., 1998). 

Cx disassembly and degradation may play a significant role in the regulation of 

intercellular communication. Biochemical studies have demonstrated that Cxs are 

synthesized and degraded very rapidly, with the estimated half-life of Cxs being between 

one and five hours (Saffitz et al., 2000). It is possible that different gap junction plaques 

may undergo different rates of degradation within the same cell. Jordan et al (1999) 
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observed high rates of turnover in some membrane bound Cxs, while other gap junction 

plaques were highly stable. Phosphorylation of the Cx subunits appears to be associated 

widi differential rates of degradation with both membrane bound and intracellular Cx 

populations (Laird et al., 1995). Degradation can involve both proteosomal and 

lysosomal pathways and reinsertion of connexons following endocytosis has not been 

observed (Laing et al., 1997; Saffitz et al., 2000). 

Gap Junction Function and Disease 

Gap junctions have many physiological roles including: the rapid equilibration of 

fluids, ions and nutrients between cells; electrical coupling of electrically excitable cells; 

enhancing the responsiveness of cells to hormones and other external stimuli; and 

regulation of embryonic development. As a result, manipulation of intercellular 

communication can affect numerous pathological states. 

Studies of genetic diseases and transgenic Cx knockout animals has resulted in the 

identification of several Cx related diseases. Mutations in Cx26 cause nonsyndromic 

hereditary deafness (Kelsell et al., 1997), Cx32 mutations bring about the human 

peripheral neuropathy Charcot-Marie-Tooth disease (Bergoffen et al., 1993), and Cx50 

mutations are associated with the formation of congenital cataracts in humans (White et 

al., 1992). 

Transgenic knockout studies have resulted in embryonic lethality in a number of 

cases. The Cx32 knockout mouse surprisingly did not display any neuropathies but did 

have severe hepatic abnormalities (Nelles et al., 1996). Cx37 deletion results in female 



infertility (Simon et al., 1997), Cx40 knockouts display aberrant cardiac conduction 

(Simon et al., 1998) and homozygous breeding of these two knockouts results in 

embryonic lethality (Simon et al., unpublished). Cx43 knockout mice have abnormal 

cardiac development and die shortly after birth (Reaume et al., 1995), and Cx46 

knockouts are predisposed to cataract formation (White et al., 1997; Gong et al., 1997). 

Evidence for gap junctions was first discovered in the heart and was quickly 

hypothesized to be the mechanism for electrotonic conduction of action potentials 

throughout the myocardium (Weidmann, 1970). In the normal myocardium, gap 

junctions are colocalized with fasciae adherentes and desmosomes in discrete zones of 

interaction between adjacent plasma membranes called intercalated discs (Severs, 20(X)). 

Ischemic heart disease was found to be associated with a dramatic shift in gap junction 

distribution whereby Cx43 was spread extensively over the myocyte surface in the 

damaged region (Smith et al., 1991a; Peters et al., 1997). The loss of ordered gap 

junction distribution was found to contribute to reentrant circuits and ventricular 

tachycardia (Peters et al., 1997), and treatment of whole rabbit heart preparations with the 

gap junction uncoupler palmitoleic acid resulted in decreased atrioventricular conduction 

and arrythmias (Dhein et al., 1999). The synthetic antiarrhythmic peptide AAPIO 

increases gap junction communication, although the mechanism by which this occurs is 

not clear (Muller et al., 1997). 

Distributions of gap junctions in the heart are not homogeneous. The atrium has 

relatively equal distribution of Cx40 and Cx43, with some Cx45 also being expressed, 

while ventricular myocardium expresses mainly Cx43 with traces of Cx45 (Vozzi et al.. 
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1999). The sinoatrial node, atrioventricular node and Purkinje system display 

predominantly Cx40 with some expression of Cx45 and Cx43 in certain regions (Simon 

et al., 1998; Dhein, 1998). The predominance of Cx40 in the cardiac conduction system 

led to the prediction that cardiac function in Cx40 knockout mice would be severely 

compromised. Surprisingly these mice lived with few superficial abnormalities, however 

they did have cardiac conduction abnormalities characteristic of atrioventricular block, 

bundle branch block and a general predisposition to arrhythmias (Hagendorff et al., 1998; 

Kirchhoff et al., 1998; Simon et al., 1998). It appears that low-level expression of Cx45 

in the Purkinje system was sufficient to permit the propagation of action potentials to 

maintain pacing of the myocardium. Perhaps this is indicative of a role for multiple Cx 

coexpression in cells such that there is some level of redundancy for intercellular 

communication. 

Gap junctions in the heart and vasculature are not only important for the 

conduction of excitatory or inhibitory potentials between cells, they also appear to play 

important roles in growth, development and disease. The conotruncal heart malformation 

observed with Cx43 knockout mice is indicative of the importance of gap junction 

mediated communication in the development of the cardiac neural crest (Huang et al., 

1999). Changes in Cx expression and distribution in the vascular wall incited by 

mechanical stress have been studied. When hypertension was induced in rats, there was a 

two-fold increase in Cx43 expression in the aorta with no alteration in heart Cx43 

expression (Haefligeret al., 1997). Gabriels and Paul (1998) identified upregulation of 

Cx43 in the endothelial cell layer in areas of disturbed flow, such as branch points and 



bifurcations, with noticeable upreguiation of Cx43 following coarctation induced 

disruption of flow. In other models of disturbed flow (DePaola et al., 1999), endothelial 

expression of Cx43 increased in areas under high mechanical stress from disrupted flow. 

This increase, however, was accompanied by a loss of punctate staining of Cx43 in 

membrane border areas and a decrease in the ability of the cells in this area to transfer 

dye. This observation conflicts with that of Gabriels and Paul (1998) who observed 

punctate staining of Cx43 in areas of disturbed flow, and may reflect differences between 

whole tissue and cell culture models of disturbed flow. 

Atherosclerosis is associated with injury of the vascular wall, and similar to 

mechanical stress, would likely be associated with changes in gap junction expression 

and distribution. Blackburn et al (1995) examined Cx43 expression patterns between 

intimal smooth muscles of early and late atheromatus lesions. They found an increase in 

Cx43 expression in early lesions and a decrease in Cx43 expression with lesion 

progression. Polacek et al (1993) identified an upreguiation of Cx43 expression in foam 

cells that had infiltrated the intimal wall of an atherosclerotic lesion and in a subsequent 

study found that hypercholesterolemia was associated with a decrease in smooth muscle 

Cx43 expression and an increase in Cx43 expression of macrophages (Polacek et al., 

1997). This is an interesting observation in that two different cells in the same region can 

have opposite Cx43 expression responses to what can be assumed to be similar localized 

extracellular signaling ligands. In fact, cells may regulate expression in a precise, yet 

varied, fashion. Hu et al (1997) cocultured human umbilical vein smooth muscle and 

endothelial cells and then exposed them to a variety of proinflanunatory mediators and 
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assessed communication using dye injection. They found that there were no significant 

changes in communication between groups of smooth muscle cells or endothelial cells, 

but myoendothelial communication was lost. The populations of gap junctions found at 

the myoendothelial borders were not characterized, but there is a high likelihood that 

these channels were predominantly of a heteromeric/heterotypic composition. 

Heteromeric/heterotypic gap junction channels have been shown to be more susceptible 

to closure induced by acidic environments (Gu et al., 2000) or the anesthetic halothane 

(He and Burt, 2000), and may also be more susceptible to closure mediated by 

phosphorylation events. If this were true then the myoendothelial junction could be more 

sensitive to signaling cascades than those junctions between smooth muscle or 

endothelial cells. 

There is some debate as to whether gap junctions play a significant role in the 

control of vascular tone. Some studies have failed to show the presence of 

myoendothelial gap junctions in vivo. As well, the neurohumoral acetylcholine pathways 

mediating vasodilation have associated with them secondary messengers such as nitric 

oxide that are membrane permeable and do not require gap junctions to traverse between 

endothelial and smooth muscle cells. It appears however that there are other muscarinic 

acetylcholine receptor mediated pathways that cause vasodilation via some form of 

propagated hyperpolarization. Originally it was predicted that this hyperpolarization was 

mediated by diffusion of an elusive endothelium-derived hyperpolarizing factor (EDHF); 

however, evidence currently suggests that gap junctions may be propagating the 

hyperpolarization between endothelial cells and smooth muscle cells via myoendothelial 



gap junctions (Dora et al., 1999; Edwards et al., 2000; Yamamoto et al., 1999). These 

findings have been further supported by the recent observations of small gap junctional 

interfaces between endothelial and smooth muscle cells in vivo (Sandow and Hill, 2000), 

as well as by observations of a reduced conducted vasomotor response and an increase in 

arterial pressure in Cx40 knockout mice (de Wit et al., 2(X)0). 

Current studies of relationships between gap junctions and mechanical stress or 

injury in both the heart and vasculature have had three major limitations; 1) the data only 

correlates Cx expression with some aspect of cell function and provides limited insight 

into the role that these Cxs may play, 2) expression levels do not necessarily reflect the 

functional channel populations, and 3) heteromeric/heterotypic interactions are not 

considered. Although there are no immediate solutions to determining what kinds of 

channels exist in vivo and which ones are functional, valid inferences can be obtained 

from cell culture studies whereby Cx coexpression techniques are used in conjunction 

with electrophysiology to analyze which functional channel populations exist. As well, 

using a combination of dye injection and electrophysiological techniques, a better 

understanding of which types of molecules can traverse such junctions can be 

determined. 

Permeability and Selectivity of Gap Junctions 

Permeability and selectivity (permselectivity) of a channel is determined by the 

physical pore size of the channel and the electrostatic charges that line the pore region. 

Originally, gap junctions were treated as simple non-selective pores that exist between 
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cells. More recently they have been found to display a significant diversity of 

permselectivity. 

Early studies demonstrated that mammalian gap junctions are non-selective 

conduits that permit the passage of ions up to lOOODa with a maximal diameter of less 

than 16 angstroms (Simpson et al., 1977). Based on this it was realized that gap junctions 

had the potential to permit the sharing of smaller molecules such as metabolites, ions, 

secondary messengers and small oligopeptides, however, larger molecules which define 

cellular identity such as DNA, RNA and proteins are restricted. To date, numerous 

molecules involved in secondary messenger signaling cascades and metabolic 

homeostasis have been identified as traversing gap junction channels. Glucose, ATP, 

ADP, amino acids, Ca^"^, cAMP, cGMP, and inositol trisphosphate (IP3) are capable of 

gap junction transfer (Bevans and Harris, 1999; Carteret al., 1996; Goldberg et al., 1998; 

Niessen et al., 2000; Paemeleire et al., 2000; Saez et al., 1989; Toyofuku et al., 1998), 

and it is likely that this list represents a very small fraction of permeant molecules. As a 

result, the ability to understand the permselectivity properties of the various gap junction 

proteins may be crucial in the elucidation of mechanisms by which these channels can 

affect and control cell physiology. 

Gap Junction Permselectivity in situ. 

Studies of dye transfer between cells of the vasculature provide interesting 

insights into the permselectivity properties of cells in situ. Beny (1990) demonstrated that 

when the permeant dye lucifer yellow was microinjected into endothelial cells of pig 

coronary arteries, it transferred between adjacent endothelial cells, but did not show 
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noticeable diffusion to neighboring smooth muscle cells. Segal and Beny (1992) provided 

further evidence that myoendothelial junctions do not form by using lucifer yellow 

injections into microvessels of the hamster cheek pouch. They found dye transfer 

between endothelial cells, but no dye transfer between endothelial and smooth muscle 

cells, and unique in this study, no transfer of dye between smooth muscle cells. These 

observations conflict with those of Beny and Pacicca (1994) who found electrical 

conductance between endothelial and smooth muscle cells that occurred without a time 

delay and could not be explained by signaling cascades. Furthermore, they found 

endothelial-endothelial, smooth muscle-smooth muscle, and smooth muscle-endothelial 

dye transfer of lucifer yellow in pig coronary arteries, but no endothelial-smooth muscle 

dye transfer. The unidirectional conductance of dyes between endothelial and smooth 

muscle cells was attributed to possible heterotypic gap junction channel formation 

between two different cell types. 

To further examine the extent of permselectivity between endothelial and smooth 

muscle cells in the vascular wall. Little et al (1995) injected a variety of dyes of different 

size and charge into the endothelial and smooth muscle cells of hamster cheek pouch 

arterioles. They found that biocytin (373Da, neutral), ethidium bromide (3I4Da, +1), and 

carboxyfluorescein (376Da, -2) had equally effective endothelial-endothelial, smooth 

muscle-smooth muscle, and endothelial-smooth muscle dye transfer with little or no 

smooth muscle to endothelial cell coupling. In contrast lucifer yellow (443Da, -2) had 

high levels of endothelial-endothelial coupling but no smooth muscle-smooth muscle, 

endothelial-smooth muscle, or smooth muscle-endothelial cell coupling. The size and 
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charge characteristics of lucifer yellow did not differ significantly from 

carboxyfluorescein, therefore other structural differences were examined. It was 

determined that lucifer yellow contains a sulfate moiety that may interact with pore lining 

regions of the gap junction, therefore essentially blocking the channels. 

Preferential directional dye transfer has been found between All amacrine cells 

and cone bipolar cells of the retina (Mills and Massey, 1995), and between astrocytes and 

oligodendrocytes (Ransom and Kettenmann, 1990). As well, although neurobiotin was 

readily transferred between All amacrine cells and cone bipolar cells, lucifer yellow was 

not (Ransom and Kettenmann, 1990), and although astrocyte/oligodendrocyte cell pairs 

were electrically coupled, they did not permit lucifer yellow dye transfer (Ransom and 

Kettenmann, 1990). As a result, in situ dye permeability studies aimed at assessing gap 

junction coupling between cells are severely limited by the varying permselectivity of the 

channel populations in these tissues, and are therefore poor indicators of cell coupling. 

There are three conclusions that can be made from the in situ studies; 1/ the 

endothelial-endothelial and endothelial-smooth muscle gap junctions have differing Cx 

compositions, 2/ different gap junctions display different selectivity properties, and 3/ 

there can be preferential directionality for molecular diffusion through gap junctions. To 

better understand the rules for gap junction permselectivity, isolated cell systems must be 

used. 

Permselectivity in Isolated Cell Systems 

It was originally proposed that gap junction unitary conductance and 

permeability are du^ctly related (Verselis et al., 1986). Where unitary conductance is a 



function of the diameter and length of the pore, it was thought that a channel with a large 

single channel conductance would permit the passage of larger molecules. This 

hypothesis has not been validated. 

In two separate studies (Elfgang et al., 1995; Traub et al., 1994), confluent 

monolayers of Cx40 or Cx43 expressing cells were injected with lucifer yellow and the 

extent of dye coupling was compared between cell types. One study (Traub et al., 1994) 

demonstrated less dye transfer in Cx40 expressing cells despite an equal extent of 

electrical coupling between Cx40 and Cx43 expressing cells. The second study (Elfgang 

et al., 1995) found equal magnitudes of dye and electrical coupling between Cx40 and 

Cx43 expressing cells. In the former case, one could argue that although there was less 

dye coupling, there were also likely fewer gap junction channels in the Cx40 expressing 

cells, for Cx40 has almost a two-fold greater unitary conductance than Cx43. This is in 

conflict with the latter study where theoretically there would be fewer Cx40 channels but 

equal dye transfer, thus reflecting a more favorable transfer of lucifer yellow through 

Cx40 channels. Such quantitative relationships between dye coupling of confluent cell 

monolayers and cell pair electrical coupling may be erroneous. The extent of coupling 

between cell pairs may not represent proportional coupling between confluent cells, and 

in tiie two studies mentioned here, the high macroscopic conductances measured (40-

70nS) are likely not to be accurate due to the confound of access resistance increasing 

exponentially with an increase in macroscopic conductance, thus leading to decreased 

reliability and increased variability in conductance measures. Furthermore, in this study, 

multiple dyes of differing sizes and charges were used to investigate differences in 



permselectivities of Cxs 26,31,32,37,40,43 and 45. There was significant variability 

between Cxs for extent of dye coupling with no noticeable trends in selectivity for certain 

dye sizes or charges, and no obvious relationships between unitary conductance 

properties and dye permeability. These observations cast doubt on the proportional 

relationship between molecule size and unitary conductance, and provide evidence for 

dye selectivity (i.e. charge, structure) of gap junction channels. 

Veenstra et al (1994,1995) performed a comprehensive biophysical analysis of 

gap junction channel permselectivity using electrophysiological and dye injection 

techniques. They determined that chCx45, rCx40, chCx43, and hCx37 favored cation 

flux (anionrcation = 0.12-0.43) while rCx43 showed only a slight preference for anion 

flux (anionrcation = 1.17). The selectivity of these channels was further evaluated using 

two similar dyes with differing electronegativities. Carboxyfluorescein (-2) or 

dichlorofluorescein (-1) was placed in a single intracellular electrode during dual whole-

cell voltage clamping of ceil pairs, permitting the concurrent measurement of electrical 

and dye coupling between cells expressing the same Cxs. The gap junctions that favored 

cation flux (chCx45,. rCx40» chCx43,. and hCx37) demonstrated a greatly diminished 

ability to transfer carboxyfluorescein as compared to dichlorofluorescein, while rCx43 

channels transferred either dye equally well. As well, no correlation was found between 

unitary conductance and charge or size selectivity. 

Other studies have demonstrated similar evidence for selectivity of gap junction 

channels. Cx46 hemichannels were identified as having a cationic preference (Trexler et 

al., 1996), and evidence exists for surface charges lining the pore region of Cx37 
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affecting permselectivity (Banach et al., 2000). Goldberg et al. (1999) also demonstrated 

differential selectivity of Cx43 and Cx32 for endogenous metabolites. 

Site directed mutagenesis has identified several residues in the pore lining region 

which, when mutated, significantly affect permselectivity (Hu and Dahl, 1999). Manthey 

et al (2001) have demonstrated that the intracellular loop may regulate the 

permselectivity of gap junction channels. Cx26 and Cx30 have differing abilities to 

transfer lucifer yellow. Cx30 and Cx26 chimeric constructs were developed in which the 

intracelleular loop regions were exchanged between Cxs, resulting in a predictable 

exchange in Lucifer yellow dye transfer between these two Cxs. 

These observations have several implications: 1/ there are no relationships 

between unitary conductance, ionic selectivity and dye permeability; 2/ numerous Cxs 

show a preference for cationic flux; 3/ all gap junctions support electrical conductance 

via ionic flux but are not equally capable of transferring larger molecules; and 4/ gap 

junctions have a greater range of permselectivity than first recognized. It is interesting to 

note that many of the secondary messenger molecules identified as being capable of 

passing through gap junctions (i.e. cAMP, IP3, ATP) are electronegative and may not 

traverse all gap junctions equally well, therefore the types of channel populations in a 

given cell will determine how well some of these molecules will be shared with 

neighboring cells. 

Heteromeric/Heterotypic Channel Permselectivity 

The issue of gap junction permselectivity is further complicated by the presence 

of heteromeric/heterotypic gap junctions. Early work by Brissette et al (1994) showed a 
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correlation between developmentally regulated changes in Cx expression in keratinocytes 

and selective alterations in the junctional transfer of cytidine triphosphate and 

methionine. It was predicted by Veenstraet al (1995) that heterotypic channel formation 

between two connexons with different inherent permselectivities could result in 

assymetric junctional permeabilities whereby there would be a preferential directional 

transfer dependent on the molecule and the Cxs involved. With the realization that many 

Cxs are capable of interacting to form heterogeneous gap junction channels, there is an 

increasing need to determine the effects of channel confirmation on channel 

permselectivity. 

Elfgang et al (1995) performed dye injection studies of heterotypic cell 

populations. Cells expressing either Cx26, Cx31, Cx32, Cx37, Cx40, Cx43, or Cx45 

were cocultured and lucifer yellow dye injections were performed. From these 

experiments a table of Cx compatibility was constructed, although it has since been 

demonstrated not to be representative of compatibility but instead permselectivity of 

heterotypic channels. In their study, Cx40 and Cx43 were both capable of transferring 

dye when in a homomeric/homotypic configuration, but do not transfer lucifer yellow 

when paired heterotypically. Future studies revealed that Cx40 and Cx43 were capable 

of forming heterotypic channels (Valiunas et al., 2000). From this it can be concluded 

that dye permeability is not an accurate predictor of electrical coupling for heterotypic 

channel formation, nor is individual homomeric/homotypic channel permselectivity a 

predictor of heterotypic permselectivity. In hindsight, it would have been useful to use a 



variety of dyes of differing size and charge to characterize permselectivity of these 

channels. 

Cell lines were developed that coexpress Cx43 and Cx45 to determine the effects 

of heteromerization of two different Cxs on permeability of the junction to dyes (Koval et 

al., 1995). Cx43 expressing cells transferred lucifer yellow dye much more readily than 

Cx45 cells, and coexpressing cells had significantly diminished dye transfer when 

compared to Cx43 only expressing cells. It could be argued that there was no Cx43-Cx45 

heteromeric channel formation in the coexpressing cells and that the results represent a 

dominant Cx45 expression; however, Cx45 was transfected into the Cx43 expressing 

cells used as a control, therefore there should be an equal amount of Cx43 in the 

coexpressing cells, and equal levels of dye coupling to Cx43-only expressing cells. This 

is not the case and provides evidence for the presence of heteromeric channel formation 

that has permeability properties that differ from homomeric channels. 

Bevans et al (1998) provided the first evidence of Cx-specific selectivity for 

biological molecules. They used reconstituted connexin channels in liposomes to 

examine the permeability of cAMP and.cGMP in both, homomeric and. heteromeric Cx26 

and Cx32 settings. It was found that homomeric channels were equally well permeated 

by cAMP and cGMP, however the heteromeric Cx26-Cx32 channels had a decreased 

permeability for cAMP, while cGMP permeability was unchanged. The authors 

concluded that Cx26 contributed to a narrowing of the pore and that isoform 

stoichiometry and arrangement of Cxs within a connexon determines whether cyclic 

nucleotides can pass through. 
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Further physiological ramifications for heteromeric/heterotypic channel formation 

and permselectivity were discovered in the neonatal rat aortic smooth muscle cell line, 

A7r5, that naturally coexpresses both Cx40 and Cx43 (Kuijiaka et al.. 1998). A7r5 cells 

grown in the presence of 10% growth serum communicated the dye lucifer yellow with 

less efficiency than cells in a growth arrested state (1% serum). Despite these 

differences, the cells under both conditions were equally well electrically coupled. Using 

patch solutions in which the dominant conductive ions varied in size, further evaluation 

of permselectivity of the gap junctions formed between these cells under both growth 

conditions was performed and resulted in confirmation that the proliferating cells had a 

decreased ability to transfer large molecules. These observations were coincident with 

more recent observations that cells with high Cx40:Cx43 expression ratios have a 

diminished ability to transfer the dye lucifer yellow (Burt et al., 2001). In combination, 

these studies imply that altering Cx expression ratios in coexpressing cells can lead to 

large changes in gap junction permeability, however the role that channel 

heteromerization has in these shifts in permselectivity are not clear. 

The downfall of many studies examining permselectivity of heteromeric and 

heterotypic channels are that they fail to perform electrical and dye coupling experiments 

in tandem, and that only a small selection of dyes are used that do not adequately explore 

the size and charge restrictions possible with heterologous channel formation. 

Electrophysiological techniques are the only method by which the extent of functional 

gap junction coupling can be assessed, ff this is not performed, the absence of dye 

coupling, or low levels of dye coupling, may be the result of low levels of junctional 
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coupling therefore limiting the causative relationships that can be made between 

heteromeric/heterotypic channel formation and permselectivity properties of these 

channels. 

Gap Junction Channel Regulation 

Gap junction channels are highly regulated and have functions that vary 

dependent on the cellular environment to which they are exposed. Not only is gap 

junctional communication (GJC) affected by rates of Cx transcription, translation, 

assembly, trafficking and degradation, it can also be affected by channel gating stimuli 

such as decreasing pH, phosphorylation, intracellular calcium, and voltage. This 

dynamic multi-faceted regulation of GJC permits fine control of intercellular 

communication. 

The most accurate way by which acute channel regulation can be measured is by 

the use of electrophysiological techniques such as dual whole-cell voltage clamping of 

mammalian cells, or the equivalent two electrode voltage clamping in oocytes. By this 

technique the behavior of functional gap junction channels can be monitored and 

characterized using measures of macroscopic or single channel conductance. 

Macroscopic gap junction conductance (Gj) is a product of the number of functional 

channels (N), the probability of open time for these channels (Po) and the 

unitary conductance for each of the channels (Yj), such that Gj = N*Po*Yj- Any change in 

macroscopic conductance, whether an increase or decrease, is the result of a change in 

one or more of these three parameters. Gap junctions differ in their unitary conductance 
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such that each gap junction type has its own conductance "signature", often with multiple 

conductance states. As well, for a given transjunctional voltage potential, different gap 

junctions will display a different Po, this being the result of Cx specific voltage sensitive 

gating. 

Voltage-Dependent Gating 

Gap junctions are sensitive to transjunctional voltage potentials, with some 

channels showing sensitivity to transmembrane potentials as well (Barrio et al., 1991b). 

For a given homogeneous gap junction channel, an increase in transjunctional voltage 

potential (Vj) results in a proportional increase in instantaneous current flux through the 

channels, however this current flow rapidly degrades until it reaches a steady state 

residual conductance. When normalized steady state conductance is plotted as a function 

of transjunctional voltage, it has the appearance of a regular bell shaped curve that can be 

fit using a Boltzmann equation (Harris et al., 1981; Spray et al., 1981). Such an analysis 

provides values for half maximal voltage sensitivity (VQ), residual conductance (Gnun). 

and gating charge (z). Each gap junction has unique voltage sensitivity with 

representative VQ and Gmm. values distinguishing between them. The polarity of voltage 

sensitivity can differ between gap junction channels, with some channels gating under a 

negative Vj and others gating in response to a positive Vj. These differences can be 

observed only when gap junctions of opposite voltage polarity sensitivity are paired 

heterotypically. 

The voltage sensing domain of gap junction channels is elusive. The N-terminus, 

C-terminus, first transmembrane domain, first extracellular loop, and the intracellular 
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loop have all been implicated in contributing to voltage sensitivity of the channel (Oh et 

al., 2000; Revilla et al., 2000; Verselis et al., 1994; Wang et al., 1996). Recent evidence 

indicates that voltage-dependent gating has both a fast and a slow time component 

indicating two distinct mechanisms of voltage dependent closure (Revilla et al., 2000). It 

was concluded that the C-terminus conveys the fast-inactivating component to the 

channel, while the slow inactivating component is the result of complex tertiary 

interactions that occur throughout the rest of the channel. 

The physiological ramifications of gap junction voltage dependent gating are 

unclear. The time-course of voltage gating is too long (measured in seconds) to influence 

orthodromic conduction of propagated action potentials in excitable tissues, or to create 

refractory periods for propagated conduction. 

pH-Dependent Gating 

Macroscopic gap junction conductance decreases rapidly in response to 

intracellular acidification. This phenomenon is likely to offer a protective effect whereby 

the gap junctions in cells that are dying or ischemic - as in the case of the myocardium 

during an ischemic event - will close to protect neighboring cells from the transfer of 

cytoplasmic constituents that could be harmful, such as hydrogen ions or calcium. 

Different Cxs will have differing pH sensitivities, with these differences being attributed 

to the length and structure of the C-terminus (Liu et al., 1993). 

The mechanism of pH sensitivity has been extensively studied with pH induced 

decreases in GJC being associated with a decrease in channel Po (Hermans et al., 1995). 

Liu et al (1993) determined that the C-terminus is necessary for pH dependent gating 
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while Ek et al. (1994) found evidence that a histidine residue (H95 in Cx43) bordering 

the second transmembrane domain and the cytoplasmic loop was also necessary for pH 

sensitivity. The importance of the H95 residue for pH gating may be associated with a 

protonation of this residue upon acidification of the intracellular environment which then 

could result in interactions occurring between the C-terminus and intracellular loop 

region. Wang and Peracchia (1996) confirmed the importance of the intracellular loop in 

pH gating. Experiments were then performed that confirmed a "ball and chain" 

mechanism for pH gating (Ek-Vitorin et al., 1996; Morley et al., 1996). In these 

experiments, the C-terminal region of Cx43 was removed to affect a loss of pH 

sensitivity that was regained following the expression of the C-terminal peptide in 

combination with the tmncated Cx43. 

Gating by Lipophilic Compounds. 

There are a number of non-esterified fatty acids and other lipophilic compounds 

that cause a decrease in gap junction communication. These compounds are a 

structurally diverse group of lipophiles that include fatty acids, fatty alcohols and volatile 

anesthetics (Burt et al.» 1993). The mechanism of action of these compounds has not 

been fully determined. It appears that they affect Gj by decreasing channel PQ (Burt and 

Spray, 1989) and it is hypothesized that these compounds interact at the membrane-

protein interface to disrupt channel tertiary structure and cause channel closure (Burt, 

1989). Lipophilic compounds are commonly used in gap junction research to uncouple 

cells that are well coupled so as to permit the observation of single channel behavior. 
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Phosphorylation 

Gap junctions are known to be responsive to growth factors. Growth factor 

stimulation of cells coupled by gap junctions is associated with a decrease in gap junction 

communication in growth factor-sensitive cells. One mechanism by which this occurs is 

through phosphorylation of gap junction channels. 

Maldonado et al (1988) were able to link a decrease in GJC with activation of 

tyrosine kinases within the cell. In this case, treatment of cells with epidermal growth 

factor (EOF) and platelet-derived growth factor (PDGF) led to a fast reduction in 

Junctional permeability. This was an important finding, for it directly linked stimulation 

of growth with GJC. It was originally proposed that this decrease in GJC occurs by 

phosphorylation mediated channel closure or by calcium induced gating of the gap 

junction channel. It was soon confirmed that EGF induced phosphorylation of Cx43 on 

serine residues (Lau et al., 1992), and that this occurs via a mitogen-activated protein 

kinase (MAPK) (Kanemitsu and Lau, 1993) at specific consensus sites (Wam-Cramer et 

al., 1996). These findings have been validated further by the use of Cx43 mutant clones 

expressing site mutations of the MAPK consensus sequence serine residues of Cx43 

(Wam-Cramer et al., 1998). In this case, closure of gap junction channels in response to 

EGF treatment was attenuated in mutant cells. 

There appear to be interactions between multiple signaling cascade regulatory 

components and protein kinases that work together to phosphorylate Cx43 (Hossain et al., 

1999b; Hossain et al., 1999a). As well, phosphorylation of a Cx protein is not always 

associated with a gating-induced decrease in intercellular communication, but instead 



may be related to cell sorting, trafficking and degradation pathway signaling (Hossain et 

al., 1998). Growth factors are not the only ligands that influence GJC, G-protein coupled 

receptors also activate secondary messenger cascades that decrease GJC (Postma et al., 

1998; Lampe et al., 2000). 

The mechanism by which phosphorylation induces decreases in gap junction 

conductance has not been well defined. It has been shown that increased phosphorylation 

of Cx43 is associated with a shift in unitary conductance from a main-state to a substate 

conductance (Moreno et al., 1992; Moreno et al., 1994), thus accounting for the overall 

decrease in Gj. Homma et al (1998) have evidence that phosphorylation-dependent 

gating occurs by a ball and chain mechanism similar to pH-dependent gating. Although 

this may be true, the mechanism for ball and chain interactions following 

phosphorylation must be very different from pH gating. pH gating effects channel Po 

while phosphorylation effects Yj- As well, intracellular acidification results in the 

association of positive charges with Cxs while phosphorylation results in the accrual of 

negative charge, therefore these two gating pathways must occur through differing 

mechanisms. 

Regulation of Heteromeric/Heterotypic Channels 

The regulation of homomeric/heterotypic and heteromeric/heterotypic gap 

junction channels has not been well characterized. Formation of heterotypic channels is 

known to alter voltage-dependent channel gating (Barrio et al., 1991a; Brink et al., 1997; 

Bruzzone et al., 1993; Moreno et al., 1995; Werner et al., 1989; White et al., 1995). 

Although the polarity of gating for the individual channels does not appear to change. 



overall voltage sensitivity does. It could be predicted that heterotypic channel behavior, 

in response to a transjunctional voltage of a given polarity, would reflect the behavior of 

the most voltage sensitive connexon for that polarity. Instead, the heterotypic channel 

develops a voltage-dependent gating pattern that can vary widely from that predicted by 

their homomeric/homotypic counterparts (Brink et al., 1997; Valiunas et al., 2000; 

Cottrell and Burt, 2001). 

Single channel conductance properties can also be altered in a heterotypic setting. 

In a simple non-interacting model, the conductance of a gap junction channel is 

considered to be a product of the resistance of each hemichannel in series. The 

conductance of a heterotypic channel is therefore predicted by the summation of the 

resistances of each of the contributing hemichannels measured in a homotypic state. 

Moreno et al (1995) paired Cx45 and Cx43 expressing cells and observed unitary 

conductance values that were predicted by each of the contributing hemichannels. 

Similar results have been found with Cx43/Cx37 heterotypic channels (Brink et al., 

1997). 

Predicting the conductance of heterotypic gap junction channels is often 

complicated by multiple substate conductances for each of the hemichannels. Two 

hemichannels with one main state and two other conductance substates could have as 

many as nine different single channel event transitions. As well, the conductance of two 

unique hemichannels joined in series may not be readily predicted. It is possible that the 

interaction of two hemichannels results in aUosteric modifications or charge cancellations 

that change the overall behavior of the channel. Recent evidence confirms this possibility 
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whereby heterotypic Cx40/Cx43 channels display a voltage polarity dependent 

rectification of channel conductance (Valiunas et al., 2000). 

Heteromeric gap junction channel formation can also significantly affect channel 

behavior. Unlike heterotypic channel behavior, the properties of heteromeric channels 

cannot be readily predicted by any logical model at this time. The coexpression of lens 

fiber Cxs in oocytes resulted in heteromeric hemichannel formation with properties that 

differ from those expected based on observations of homomeric hemichannels (Ebihara et 

al., 1999). Voltage dependent gating of heteromeric/heterotypic gap junctions is highly 

variable and is not readily predicted by the summed behavior of two independent 

homotypic populations or mixed populations of homomeric and heterotypic channel types 

(Brink et al., 1997; He et al., 1999). As well, heteromeric/heterotypic channels have been 

shown to be more sensitive to the gating influences of decreasing pH (Stergiopoulos et 

al., 1999; Gu et al., 2000) and the volatile anesthetic halothane (He and Burt, 2000). 

The formation of heteromeric/heterotypic channels significantly complicates our 

understanding of gap junction channel function. Assuming random association of two 

Cxs expressed at comparable levels into connexons, and random association of those 

connexons into channels, a total of 196 different channel types are possible. Probability 

theory predicts that small changes in the expression of only one of the two contributing 

connexins will cause large shifts in the composition of channel populations. For example 

in a cell that naturally coexpresses Cx40 and Cx43, a change in Cx40:Cx43 expression 

ratio from 1:1 to 3:1 is predicted to result in a 131 fold increase in the probability of 

observing a homomeric/homotypic Cx40 channel, an -4000 fold decrease in the 



likelihood of observing a homomeric/homotypic Cx43 channel, and a predominance of 

heteromeric forms with more than three subunits of Cx40. 

A relationship between connexin stoichiometry, and channel conductance and 

gating has yet to be determined. Evidence from heteromeric Cx32 chimeras suggests that 

gating of only one Cx subunit is sufficient for channel closure (Oh et al., 2000), however 

it is not known whether a heteromeric channel with a Cx40:Cx43 ratio of 5:1 has a 

significantly altered conductance profile or voltage-dependent gating response when 

compared to a channel with a 3:3 ratio. In order to better understand the role of gap 

junction heteromerization in cellular function it is necessary to address these issues of 

stoichiometry and their effect on intercellular communication. 

Gap Junctions in Cellular Growth Control 

It is well established that gap junction function is regulated by growth factors, 

however the direct or indirect roles that gap junctions may play in cellular growth control 

are not well understood. Loewenstein (1979) was the first to hypothesize that junctional 

membrane channels are instrumental in the cell-to-cell transmission of molecules 

necessary for cellular growth control. This hypothesis was based on earlier observations 

that absence or obstruction of junctional channels resulted in the disturbance of cellular 

growth control. Loewenstein proposed a "dilution" model by which cell growth control 

was initiated through the achievement of a threshold stimulus. He suggested that 

communicating cells diluted this signal by an equal sharing of chemical messengers, thus 

decreasing the incoming signal to a given cell and preventing a growth response. When 
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intercellular communication was reduced, however, the incoming signal reached 

threshold, in a given cell or cells, and growth was stimulated. This model, although 

insightful, has not been validated to date. 

Much of the evidence for the interrelationship between gap junctions and cellular 

growth control has been derived from studies of cells displaying cancerous phenotypes. 

Gap junctional communication (GJC) is repeatedly shown to be decreased in transformed 

cells when compared to their non-transformed counterparts, with this decreased GJC 

often being accompanied by a decreased expression of Cxs in these cells (Budunova et 

al., 1995; Goldberg et al., 1994; Mesnil et al., 1994). In one study, eight different 

carcinoma cell lines derived from tumors of the human cervix, pancreas, pharynx and 

murine bladder were analyzed for GJC by using microinjection dye transfer techniques 

(Mesnil et al., 1994). It was determined that none of the tumorigenic cell lines were dye 

coupled, no Cx protein could be detected by immunocytochemistry, and only six out of 

the eight cell lines tested had measurable levels of Cx mRNA transcripts. 

In contrast to the results supported by Mesnil et al (1994), some neoplastic cells 

do not have downregulated Cx protein levels. In these cases, GJC is diminished between 

transformed and nontransformed cells (heterologous conununication), while GJC still 

exists between transformed cells (homologous communication) (Krutovskikh et al., 

1994). An interesting follow-up to these observations is that the decrease in heterologous 

communication occurs despite there being Cx43 expression in both cell types. Instead of 

a direct effect of Cx protein modifications creating the loss of communication it appears 

that this may be a secondary effect of a loss in cell-cell recognition between cancerous 



and noncancerous ceils, whicii may be ttie result of alterations in ceil adhesion molecules 

(Jansen et al., 1996). These findings could challenge Loewenstein's dilution hypothesis, 

for the presence of communication in cancerous cells would reflect a sharing of growth 

signals and a greater difficulty in achieving a threshold signal. In contrast, it is also 

possible that the cancerous cells in this study had upregulated signaling cascade activity 

which would partially negate the dilution effect of the gap junctions. As well, the tumor 

represents a relatively small mass surrounded by a significantly larger syncitium of cells, 

therefore it would be easier for this smaller mass of cells to achieve a signaling threshold 

especially if under the influence of upregulated intracellular signaling cascades. 

The finding that GJC is decreased in transformed and cancerous cells has led 

some to speculate whether tumorigenesis can be induced by removal of GJC or if tumor 

growth can be suppressed by the introduction of Cx proteins into a noncommunicating 

cell line. It would be reasonable to assume that if loss of GJC is closely related to 

cancerous growth, then removal of functional gap junctions from a cell may induce an 

uncontrolled proliferative state in that cell. The Cx32 knockout mouse studied by 

Temme et al (1997) demonstrated an increased susceptibility to tumors, both spontaneous 

and chemically induced. 

In the opposite scenario, transfection of Cx32 into human hepatoma cell lines 

resulted in a decreased growth rate in vivo (Eghbali et al., 1991). Others have found that 

Cx transfection into a variety of cell lines results in tumor suppression (Yamasaki and 

Naus, 1996). Cx transfection has also been suggested to increase genetic stability of 

cancerous cells (Zhu et al., 1997), and that antisense Cx43 transfection is not as effective 
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as sense Cx43 transfection at inhibiting foci formation of transformed cells (Goldberg et 

al., 1994). The question that remains is whether all Cx proteins will have similar effects 

on the growth cycle of a given tumorigenic cell, or if certain Cxs possess this property 

while others do not. 

Transcriptional regulation of gap junctions can also occur in cellular models of 

growth control. The treatment of cells, both in vivo and in vitro, with retinoids has 

demonstrated that Cx43 expression and GJC are upregulated in these cells (Goldberg and 

Bertram, 1994). This has been proposed to be the result of a direct influence of the 

retinoic acid receptor on the Cx gene enhancer region, increasing transcription. As well, 

retinoids have been shown to reverse or inhibit many precancerous cutaneous lesions. 

These findings implicate Cxs as targets for regulation of tumor suppression in cancerous 

models, although it is not conclusive as to whether Cx upregulation alone inhibited tumor 

growth. Despite this, a strong relationship exists between transcriptional upregulation of 

Cxs and tumor growth suppression, and future trends in research may be aimed at 

exploiting this relationship. 

Due to the multifaceted and cell specific nature of growth control, regulation of 

GJC is more complex than presented thus far. It is well established that treatment of a cell 

expressing phosphoproteins, such as Cx43 or Cx32, with a growth factor can induce a 

relatively rapid decay in GJC (minutes), followed by a timely restoration of 

conmiunication (hours), however the details of this process are not well understood. For 

example, Cx43 has multiple serine, threonine and tyrosine phosphorylation sites. It is not 

known which of these phosphorylation sites induces channel gating and which others 
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may signal degradation pathways. It is also not known whether there are single or 

multiple sites that have to be coordinately phosphorylated in order to observe channel 

gating, or whether channel behavior will change slightly with each successive 

phosphorylation event. As well, there may be an order in which the consensus sites must 

be phosphorylated to properly signal channel gating. 

Acute gap junction regulation is complicated by the potential for heteromeric 

channel formation in coexpressing cells. Heteromeric/heterotypic channels are likely to 

respond very differently than their homomeric/homotypic counterparts. As well, chronic 

regulation of Cx expression by growth factors in coexpressing cells can confuse these 

issues. For example, the expression of Cx37 and Cx43 in endothelial cells was dependent 

on cell density and growth factors (Larson et al., 1997). These two Cxs are capable of 

forming heteromeric/heterotypic channels, so varying their expression ratios could 

dramatically affect the permselectivity of the channel and their ability to be influenced by 

growth factor mediated phosphorylation. 

Hypotheses can be developed to help explain the purpose of multiple Cx 

expression in a given cell type. For example, in a cell coexpressing Cx40 and Cx43, 

acute exposure to a growth factor results in phosphorylation of Cx43 subunits leading to a 

decrease in the conductance and permeability of channels composed of Cx43. The 

decreased permeability of large signaling molecules prevents their travel, or dilution, to 

other cells and creates an accumulation of such products within the cell. The increase in 

signaling molecules favors their interaction in cascades that initiate early response 

pathways for cellular growth control. Eventually normal GJC is restored, however, by 
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this time the transcription of Cx40 has been upregulated and there is an increased 

trafficking of Cx40 into assembly and docking pathways. The increased presence of 

Cx40 subunits in gap junction plaques decreases the overall ability of cells to share large 

molecules and therefore maintains the ability of the cell to concentrate its signaling 

molecules and further progress the growth stimulation signaling cascades. 

In summary, it is well established that gap junctions play either a direct or indirect 

role in cellular growth control, however the mechanisms involved are not understood. To 

properly evaluate such mechanisms, the following questions need to be addressed: 1) 

What are potential substrates that traverse gap junctions to influence growth control?; 2) 

What determines the selectivity characteristics of individual gap junction channels?; and 

3) What is the influence of multiple connexin coexpression on gap junction permeability? 

Once models are developed that can accurately test these questions, our understanding of 

gap junction influence on cellular growth control will be greatly enhanced. 

Summary 

Many cells coexpress multiple Cxs. All gap junctions permit the propagation of 

electrical potentials between cells and most do not show a great deal of selectivity for 

specific ions or molecules but have general size permeability restrictions and slight 

charge preferences. Due to this grossly homogeneous behavior, the rationale for 

coexpression of multiple Cxs is hard to decipher. A few hypotheses could be made: 1/ 

there is redundancy in Cx expression; 21 individual gap junctions have undiscovered 

selectivities for different molecules that are crucial for cell fimction regulation; or 3/ the 



formation of heteromeric connexons creates channels with unique permselectivities 

which provide a more precise mechanism for controlling intercellular conununication. 

Redundancy of Cx expression may have provided an evolutionary advantage such 

that chance mutations that limit or remove function of one gap junction do not result in 

cell death or developmental defects. An example of this can be seen in Cx40 knockout 

mice that survived despite losing the predominant Cx of the cardiac His-Purkinje system 

(Simon et al., 1998). In this case, low levels of Cx45 expression were able to 

compensate for the loss of Cx40, thus permitting the animals to live. Despite this, it is 

hard to imagine the advantage offered to cells that express more than two Cxs, such as 

those of skin cells. Surely, dominant negative Cx mutations do not occur with a 

frequency that would warrant multiple levels of backup. 

We do not clearly understand the specific functions of individual Cxs and have 

not developed a comprehensive list of transferable molecules that can effect cell function, 

therefore there could be a molecular compound, or group of compounds, that are 

selectively permeable through different gap junctions. As a result, the expression of 

more than one Cx would result in more than one type of message that could be conveyed 

between cells above the background of all of the other transferring molecules. It is 

unlikely, however, that a single unknown compound could have such dramatic effects on 

cellular homeostasis and not be known. This hypothesis is also challenged by the ability 

of many of the Cxs to interact to form heteromeric channels, therefore the concept of 

separate and distinct pathways for communication may be a mute point in many 

coexpressing cells. 
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The formation of heteromeric channels would provide a cell with relatively easy 

mechanisms of dramatically shifting channel populations with minimal energy expended 

on protein expression. Small shifts in expression ratio of only one of two Cxs in a given 

cell would result in large changes in channel populations. There is significant evidence 

that heteromeric channels have permeability properties different from their homomeric 

counterparts and that these channels may be more selective for molecular size or charge. 

As well, the potential formation of heterotypic channels can further change gap junction 

permselectivity and may even permit the directional transfer of certain molecules. 

Complete characterization of heteromeric and heterotypic gap junction channel 

permselectivities has not been performed, and it is not known whether changing 

expression levels of Cxs in a cell result in predictable changes in channel function. 

Cells of the cardiovascular system coexpress Cx40 and Cx43, with these Cxs 

having the potential to form heteromeric/heterotypic gap junction channels. Expression 

ratios of Cxs40 and 43 can vary dependent on the cellular environment. If these Cxs are 

capable of hetero-oligomerization, this regulation could have an impact on the types of 

channels present, channel gating, and permselectivity. To better understand the purpose 

of cellular Cx40 and Cx43 coexpression, it will be necessary to do the following; 1/ 

characterize the functional channels in Cx40/Cx43 coexpressing cells as 

homomeric/homotypic, heteromeric/heterotypic or a combination of either, 2/ determine 

if the channel populations in coexpressing cells change in relationship to their protein 

expression ratios; 3/characterize differences in permselectivity of gap junctions that are 

homomeric/homotypic, heteromeric/heterotypic or a combination of either; and 4/ 
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determine whether these permselectivities change with different heteromeric/heterotypic 

Cx stoichiometries. 

SpeciHc Aims 

Aim 1. Determine whether Cx40 andCx43 form heteromeric/heterotypic gap junction 

channels. 

Hypothesis 1: Cx40 and Cx43 form heteromeric/heterotypic gap junction 

channels 

Aim n. Determine if altered cellular Cx40:Cx43 expression ratio can be detected using 

electrophysiological techniques. 

Hypothesis 2: Cells with high Cx40:Cx43 expression ratio have channel gating 

and conductance properties similar to Cx40 homomeric channels when paired 

with a Cx40 only expressing cell. 

Hypothesis 3: Cells with low Cx40:Cx43 expression ratio have channel gating 

and conductance properties similar to Cx43 homomeric channels when paired 

with a Cx43 only expressing cell. 

Hypothesis 4: Cells with high Cx40:Cx43 expression ratio have channel gating 

and conductance properties similar to Cx40/Cx43 homomeric/heterotypic 

channels when paired with a Cx43 only expressing cell. 

Aim in. Determine the effect that varying Cx40:Cx43 expression ratio will have on 

permeability and selectivity of gap junction channels in co-expressing cells. 



55 

Hypothesis 5: As the Cx40:Cx43 ratio increases in a coexpressing cell, the dye 

permeability of those cells will shift from that of Cx43-only expressing cells, to 

that of Cx40-only expressing cells. 

Hypothesis 6: Cells with high Cx40:Cx43 expression ratio have dye permeability 

properties similar to Cx40/Cx43 homomeric/heterotypic channels when 

cocultured with Cx43-only expressing cells. 
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CHAPTER 2 

HETEROTYPIC GAP JUNCTION CHANNEL FORMATION BETWEEN 

HETEROMERIC AND HOMOMERIC CX40 AND CX43 CONNEXONS 

Introduction 

Gap junction channels provide intercellular pathways that permit the conununal 

sharing of ions, second messengers and metabolites between cells in a given tissue. 

These fairly ubiquitous intercellular channels are composed of protein subunits called 

connexins (Cxs), with 20 different mammalian Cxs characterized to date (Willecke et al., 

2001). Six Cxs oligomerize to form a hemichannel, or connexon, and two connexons 

from adjacent cells dock to form a functional gap junction channel. Connexons composed 

of only one Cx isoform are termed homomeric, whereas connexons formed firom more 

than one Cx isoform are labeled heteromeric. When two identical connexons dock they 

form a homotypic channel, whereas the channel formed by the docking of non-identical 

connexons is heterotypic. If a cell type expresses two Cx isoforms that are free to 

associate in a random fashion to form connexons, the cell could contain up to 14 different 

connexons, 12 heteromeric and 2 homomeric. If each of these 14 connexons can dock 

with all of the others, then pairing two such co-expressing cells could result in as many as 

196 (14x14) different channel types, the proportions of which would depend on the 

isoform expression ratio. In view of the differences in conductance and gating properties 

of homomeric/heterotypic and heteromeric gap junctions when compared to 

homomeric/homotypic channels (Barrio et al., 1991a; Brink et al., 1997; Werner et al., 

1989; White et al., 1995), it is probable that heteromeric/heterotypic channel types will 



display unique functional properties that are likely to have profound effects on 

intercellular communication and tissue function. 

Since Cxs 40 and 43 are co-expressed throughout the cardiovascular system, several 

investigators have explored their functional interactions. In the Xenopus laevis oocyte 

expression system Cx40 and Cx43 fail to form readily detected functional 

homomeric/heterotypic channels (Haubrich et al., 1996; Bruzzone et al., 1993; Elfgang et 

al., 1995; White et al., 1995). Since both proteins form homomeric/homotypic channels 

in this expression system, failure of heterotypic channel formation must occur in the final 

stages of channel assembly. In other studies, the formation of functional channels with 

unique pH-dependent gating properties between an oocyte injected with Cx40 and Cx43 

mRNA at a 1:10 (or 10:1) ratio and an oocyte injected with only Cx40 (or Cx43) mRNA 

was interpreted by Gu et al. (Gu et al., 2000) as evidence for functional Cx40-Cx43 

heteromeric/heterotypic channels. The authors reasoned that since Cx40/Cx43 

homomeric/heterotypic channels do not form in oocytes, no communication would have 

occurred if heteromeric/heterotypic channels were also non-functional. Their conclusion 

would have been greatly strengthened if they had demonstrated the presence of 

heteromeric connexons in the co-injected oocyte. In the absence of this demonstration, 

their data could also suggest that formation of a few homomeric/homotypic channels 

makes possible the formation of many homomeric/heterotypic channels. If such were the 

case, then the unique pH-dependent gating behavior would be that exhibited by 

homomeric/heterotypic channels, not heteromeric/heterotypic channels. 
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The possibility of functional interactions between Cx40 and Cx43 has also been 

explored in mammalian cells. Using dye transfer techniques, HeLa cells expressing Cx40 

were not capable of forming functional junctions with HeLa cells expressing Cx43 

(Elfgang et al., 1995). Haubrich et al. (1996) verified this observation using 

electrophysiologic techniques and explored the structural basis for incompatibility. In 

light of these results, significant variability in voltage-dependent gating and single 

channel conductance, and the presence of heteromeric connexons in cells that co-express 

Cx40 and Cx43, were interpreted by He et al. (1999) as evidence for formation of 

functional heteromeric channels. However, recent evidence of homomeric/heterotypic 

channel formation by Cx40 and Cx43 in HeLa and Rin cells (Valiunas et al., 2000) raises 

the question of whether the heteromeric connexons detected biochemically by He et al. 

were non-functional and the reported variability in gating and single channel behavior a 

property of functional homomeric/heterotypic channels. 

If heteromeric/heterotypic Cx40/Cx43 channels do form, then cell pairs formed 

between coexpressing cells and cells expressing only Cx40 or Cx43 would have unique 

voltage dependent gating and single channel conductance properties that could not be 

attributed to homomeric/homotypic, homomeric/heterotypic, or a combination of these 

channel types. In the current study, we verify that Cx43 and Cx40 form 

homomeric/heterotypic channels and further characterize the voltage-dependent gating 

behavior and transitional amplitudes of these channels, addition, by demonstrating 

channel behaviors and voltage dependent gating properties distinct from both 
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homomeric/heterotypic and homomeric/homotypic channels, we provide strong evidence 

that Cx40 and Cx43 form functional heteromeric/heterotypic channels. 

Materials and Methods 

Cells and Cell Culture 

Experiments were performed with A7r5 cells (American Type Tissue Culture, 

Rockville, MD), Cx43 transfected Rin cells (Rin43)(generously provided by Dr. Paolo 

Meda, see Banach and Weingart, 1996), and Cx40 transfected Rin cells (Rin40). Rin40 

cells were obtained following transfection of Rin 1046 cells (generously provided by Dr. 

Ron Lynch) with pcDNA3 (Invitrogen, Carlsbad, CA) containing a 1.1 kilobase fragment 

of rCx40 that included the entire coding domain. Using PCR and primers that added 

BamR I and EcaiR I restriction sites at the 5'and 3'ends respectively, the coding sequence 

of rCx40 was amplified fi-om SP64T-Cx40 (kindly provided by Dr. David Paul, see 

Bruzzone et al., 1993). The amplified fragment was digested and subcloned into the 

BarriR I and EcoR I sites of pcDNA3, and the sequence confirmed. Transfection was 

accomplished using Lipofectamine PLUS reagent (LifeTechnologies, Rockville, MD). 

Stable transfectants were selected with 125^g/ml Geneticin (LifeTechnologies, 

Rockville, MD). Parental Rin cells displayed no background Cx expression when 

evaluated using electrophysiological techniques. 

A7r5 and Rin cells were cultured in DMEM (Sigma#! 152) and RPMI-1640 

(Sigma#1383) media, respectively. All media were supplemented with 10% fetal bovine 

serum (Invitrogen, Carlsbad, CA) and antibiotics (5% streptomycin and 3% penicillin). 



Cells were kept in a 5% CO2 humidified incubator at 37°C and were passaged weekly, or 

as required, using 0.25% trypsin in Ca'^^-Mg""^ firee phosphate buffered saline. 

Electrophysiology 

Both a fluorescent tag and cell morphology were used, in combination, to 

distinguish between cell types in coculture during electrophysiology experiments. Cells 

were first grown to confluence in lOOmm plates. Old media was aspirated off and 

replaced with media containing 5|J,M Calcein AM (Molecular Probes, Eugene, OR). 

Cells were incubated in Calcein AM containing media for 30 min at 37°C and then 

washed, lifted and replated onto coverslips as described below. Detectable calcein 

transfer did not occur at the level of junctional coupling required for our experiments 

(<8nS), therefore calcein labeling in combination with morphological differences 

inherent in Rin and A7r5 cells were effective for distinguishing new cell pairs in 

coculture. 

Dual whole-cell voltage clamp experiments were performed on Rin43/Rin43, 

Rin40/Rin40, A7r5/Rin43, A7r5/Rin40, and Rin40/Rin43 cell pairs. All cells were 

grown to confluence prior to trypsinization (0.25% trypsin in Ca'^^-Mg^^ free PBS) and 

were replated at low density on glass coverslips. Cells were then incubated for 1-12 

hours at 37°C prior to electrophysiological analysis. The coculturing of different cell 

types required varying incubation periods for junctional communication to develop. 

Rin40 cells were plated at low density 24hr in advance of electrophysiological study. 

Dual whole-cell voltage clamp was carried out as reported (He et al., 1999; Kuqiaka 

et al., 1998). Electrodes were fabricated from 1.2-nmi filament glass (AM systems. 
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Everett, WA) on a Sutter Instruments puller (Novate, CA) and were filled with (in mM) 

67.8 CsCl, 67.8 KGlutamate, 10 TEACl, 0.5 CaCh, 3 MgCb, 5 glucose, 10 HEPES, 10 

EGTA, and 5 NaiATP (320m0sm, pH = 7.2). After the dual whole-cell voltage clamp 

configuration was achieved, both cells were held at OmV and then alternately stepped to -

lOmV to determine macroscopic junctional conductance (gj). Voltage-dependent gating 

was evaluated as previously described (He et al., 1999) in cell pairs in which the gj and 

series resistance values ensured accurate space clamp with an error rate of no greater than 

10% in the normalized data. Single channel events were studied in cell pairs with one or a 

few functional channels (gj < 0.5nS) using a40mV transjunctional voltage (Vj) applied 

for durations greater than 20s. The uncoupling agent halothane was used only for 

Rin43/Rin43 experiments; no uncoupling agents were used for any other experiments. No 

differences in single channel conductances are observed for Rin43 cell pairs in the 

presence vs. absence of halothane. 

Data Analysis 

Non-linear regression of voltage dependent gating was performed using the 

Boltzmann equation in two different ways. If all experiments within a given treatment 

group could be fit with the Boltzmann equation, Gmin and Vo were determined for each 

experiment, averaged across treatment groups and compared using a student's t-test. In 

treatment groups where data were irregular and could not be At using a Boltzmann 

equation, all experiments were pooled and simultaneously fit. The pooling of all of the 

data for a given treatment group did not permit statistical comparisons between groups 

but did provide Gmin and Vo values that could be subjectively compared and an value 
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that served as an overall indicator of variability within the treatment group. Boltzmann 

fits were considered adequate if all outcome values were unaltered with changing initial 

parameters. 

Single channel recordings were digitized for analysis using the software developed by 

Ramanan et al. (1993), as has been previously reported by He et al. (1999). Single 

channel event transitions were manually counted, normalized, and arranged into lOpS 

bins for histogram comparisons. To limit the effect of voltage polarity-dependent 

rectification of single channel conductances on variability within groups, single channel 

event frequencies were compared between groups under a similar gating charge 

influence. 

Results 

Voltage-Dependent Gating 

The ability of a gap junction channel to gate closed in response to a change in the 

voltage potential between cells is variable, with each type of gap junction channel being 

associated with a unique voltage response "sigiature". Examination of the macroscopic 

transjunctional current-voltage response in cell pairs permits the determination of which 

types of gap junctions may be present between a given cell pair. 

Rin43 cell pairs (n = 6, gj = 1.9 ± 0.5nS) had a consistent voltage response across 

experiments (Fig. 2.1 A). The data were Boltzmann fit using both individual and pooled 

fitting approaches with comparable outcomes. There was no polarity-dependent 

asymmetry in the gating response, and Gmin (negative = 0.33 ± 0.03, positive = 0.37 ± 



0.03) and Vo (negative = 64 ± 3mV, positive = 60 ± ImV) values were similar to those 

previously reported for Cx43 homomeric/homotypic channels (Banach and Weingart, 

1996; Valiunas et al., 1997). R" values for the fit were 0.94 and 0.92 for negative and 

positive holding potentials respectively, reflecting low variability between experiments. 

Voltage-dependent gating of Rin40 cell pairs also demonstrated a consistent voltage 

response across experiments. Gmin (negative = 0.21 ± 0.04, positive = 0.23 ± 0.05) and Vq 

(negative = 37 ± 5mV, positive = 39 ± 2mV) values were similar to those previously 

reported for Cx40 homomeric/homotypic channels (n = 5, gj = 6.5 ± 2.3nS) (Fig. 2.1B) 

(Bukauskas et al., 1995; He et al., 1999). values were 0.81 and 0.79 for negative and 

positive holding potentials respectively, reflecting a somewhat higher variability than 

observed for Rin43 cell pairs. 

In contrast to the symmetric dependence of conductance on voltage observed in the 

homomeric/homotypic setting, Rin40/Rin43 homomeric/heterotypic junctions (n = 10, gj 

= 1.9 ± 0.6nS) displayed a highly asymmetric voltage-dependent gating pattern (Fig. 

2. IE). In the Cx43 negative (-)/Cx40 positive (+) polarity, the most voltage sensitive 

polarity, the data were individually ftt using the Boltzmamr equation with Gmin (0.13 ± 

0.03) being significantly different firom both homomeric/homotypic Cx43 and Cx40 

channels (p<0.001), and Vo (39 ± 2mV) being significantly different from Cx43 (p < 

0.001) channels, but not different from Cx40 (pooled data R^ = 0.84). In the 

Cx43+/Cx40- polarity, the pooled fits gave Gmin (0.6 ± 0.05) and Vo (53 ± 6mV) values 

that were indicative of a gating effect, however such an effect was highly variable (R^ = 

0.47). These data indicate that Cxs 40 and 43 form functional homomeric/heterotypic 
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channels that display voltage-dependent gating properties distinct from their 

homomeric/homotypic counterparts. 

In most A7r5/Rin43 pairs (n = 8, gj = 6.2 ± 0.8nS) voltage-dependent gating was 

strongly asymmetric with a polarity of asymmetry opposite to that predicted by the 

Cx40/Cx43 homomeric/heterotypic junction (compare Fig. 2.1C to 2. IE). When the 

Rin43 cell was held at a negative potential, Gmia and Vo values were 0.45 ± 0.09 and 79 ± 

3mV respectively (R^ = 0.65), as compared to Gmin and Vo values of 0.06 ± 0.29 and 63 ± 

19mV when the Rin43 cell was commanded with a positive potential (R~ = 0.64) (pooled 

fits). Boltzmann fits for all individual A7r5/Rin43 experiments could not be 

accomplished (3 of 8 A7r5+/Rin43- experiments and 4 of 8 A7r5-/Rin43+ experiments) 

thus precluding further statistical comparisons. The variability between experiments for 

A7r5/Rin43 pairs (R^ = 0.65) was greater than the tlin40/Rin43, and the Rin43/Rin43 

pairs, when the Rin43 cell was held at a negative potential, further differentiating these 

cell pairs from the homomeric/heterotypic and homomeric/homotypic phenotypes. 

The voltage-dependent gating behavior of A7r5/Rin40 cell pairs (n = 7, gj = 5.9 ± 

2.3nS) was more variable than that observed in homomeric/homotypic and 

homomeric/heterotypic pairs when in the presence of a gating charge (Rin40+), and 

demonstrated only slight asymmetry (compare Fig. 2.ID to 2.IB and 2. IE). When the 

Rin40 cell was held at a positive potential, Gmin, Vo and values were 0.3 ± 0.07,44 ± 

6mV, and 0.6 respectively, as compared to Gmin, Vo and R^ values of 0.23 ± 0.2,64 ± 

l3mV, and 0.57 when the Rin40 cell was commanded with a negative potential (pooled 

fits). As with the A7r5/Rin43 pairs, the data firom some A7r5/Rin40 pairs were not fit by 



the Boltzmann equation (1 of 7 data sets from A7r5+/Rin40-, 2 of 7 data sets from A7r5-

/Rin40+), thus precluding statistical comparisons. 

Single Channel Conductance 

Each type of gap junction channel has a unique ability to conduct current. This single 

channel unitary conductance can be used to characterize which gap junction channels are 

present in a given cell pair. Amplitudes of Cx43 and Cx40 homomeric/homotypic 

channel events were evaluated. 100% of single channel event transitions in the Rin43 cell 

pairs were measured in the 60-90pS range, with 75pS events predominating (Fig. 2.2A 

and C, Table 2.1). In contrast to previous studies of Cx43 channel conductance (He et al., 

1999; Valiunas et al., 1997), the Rin43 cells did not have repeatedly observable 

subconductance (or residual) states in the 2G-30pS range. The reason for this is unclear 

but may be related to an absence of phosphorylation-mediated reductions in channel 

conductance (Moreno et al., 1994). 

Rin40 cell pairs typically displayed main and residual states of approximately 170 

and 25-30pS, respectively, with frequent transitions of ~140pS (Fig. 2.2B and D). The 

long-lived, low-conductance state (residual state) of -25pS was observed in almost all 

records and could only be measured as the transjunctional voltage was returned to zero, 

therefore these events were not reflected in the event frequency histogram. There was 

significant variability in event amplitudes both between and within experiments, however 

88% of the transitions occurred between 120 and 180pS (Fig. 2.2B, Table 2.1), which 

could reflect the difference between full open and transition states. 
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A7r5/Rin43 cell pairs had channel events that were similar in amplitude to 

homomeric/ homotypic Cx43 channel events (e.g.: 66,74, 88, and 91pS) as well as many 

atypical event amplitudes (e.g.: 98,105, 116, and l30pS) (Fig. 2.3A and C). 49% of the 

events occurred in the 60-I20pS range with 45% of event transitions being less than 

60pS, clearly separating these channel events from typical homomeric/homotypic Cx43 

channels (Table 2.1). A7r5/Rin40 cell pairs had channel events that were similar to 

Cx40/Cx40 channels (e.g.: 129,140, 164, 170pS), as well as many dissimilar events (e.g.: 

62,79,86,103, 115, 119,190pS) (Fig. 2.3B and D). Events of low amplitude (<120pS) 

occurred at a much higher frequency than in the Cx40/Cx40 settings (32% vs 5%), which 

suggests that these events were unlikely to represent the activity of 

homomeric/homotypic channels (Table 2.1). 

Rin40/Rin43 cell pairs also displayed significant variability with events being 

measured in the 30-150pS range with 90-100 and 120-130pS events predominating (Fig. 

2.4A). The majority of channel events were greater than 60pS (88%), similar to that 

reported for Rin43 cell pairs but far greater than that observed for A7r5/Rin43 cell pairs 

(Table 2.1). Similar to previous reports, the homomeric/heterotypic channels displayed 

transjunctional voltage polarity-dependent rectification. Such rectification is evident in 

Figures 2.4B and C wherein the Rin40 cell of a Rin40/Rin43 cell pair was held 

alternately at -40 mV (Fig. 2.4B), where 122 and 80pS events were observed, and +40 

mV (Fig. 2.4C), where 150 and 108pS events were observed. This observation was 

consistent between experiments, however the large variability of channel transitions, both 
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within and between experiments, did not permit a clear distinction of polarity-specific 

channel conductances. 
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Figure 2.1: Voltage-dependent gating of gap junction channels with normalized 
junctional conductance [steady state relative to maximal (Gss/Gm)] plotted as a function 
of transjunctional voltage for A, Rin43 (n = 6); B, Rin40 (n = 5); C, A7r5/Rin43 (n = 8); 
D, A7r5/Rin40 (n = 7); and E, Rin40/Rin43 (n = 10) cell pairs. The solid line represents 
the mean normalized conductance (plus sem error bars) across experiments with the 
symbols representing individual experiments. Transjunctional voltage is plotted relative 
to the Rin43 cell in C and E, and relative to the Rin40 cell in D. Rin43 and Rin40 cells 
have uniform, synraietrical voltage responses. A7r5/Rin43 and A7r5/Rin40 cell pairs 
showed highly variable and asymmetrical voltage responses. Rin40/Rin43 cell pairs 
displayed a strongly asynmietric voltage-dependent gating response opposite to that 
observed for A7r5/Rin43 experiments. 
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Figure 2.2: Single channel properties of homomeric/homotypic Cx43 and Cx40 gap 
junctions. A and B, Histogram of single channel event amplitudes (at Vj = 40mV) for 
Rin43 (A) (n = 5, mean events = 115) and Rin40 (B) (n = 4, mean events = 104) cell pairs 
illustrating their unique single channel conductance characteristics. Events were counted 
for each cell pair and normalized to the total events for that cell pair. The mean event 
frequency across cell pairs for each lOpS bin is plotted. C and D, Multichannel records 
obtained from Rin43 (C) and Rin40 (D) cell pairs. Asterisks indicate Vj = OmV. 



B 

Event Amplitude (pS) Event Amplitude (pS) 

C D 
125pS 

'"PS- '"ii 50PS 

Figure 2.3: Single channel properties of A7r5/Rin43 and A7r5/Rin40 cell pairs. A and 
B, Histogram of single channel event amplitudes (at Vj = 40mV) for A7r5/Rin43 (A) (n = 
5, mean events = 397) and A7r5/Rin40 (B) (n = 10, mean events = 195) cell pairs 
illustrating variability and unique channel events in the heteromeric setting. Events were 
counted for each cell pair and normalized to the total events for that cell pair. The mean 
event frequency across cell pairs for each lOpS bin is plotted when the Rin43 celt is being 
held at a negative potential (A) or when the Rin40 cell is being held at a positive potential 
(B). C and D, Multichannel records obtained from A7r5/Rin43 (C) and A7r5/Rin40 (D) 
cell pairs. Asterisks indicate Vj = OmV. 
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Figure 2.4: Single channel properties of homomeric/heterotypic Cx43/Cx40 gap 
junctions. A, Histogram of single channel event amplitudes (at Vj = 40mV) for 
Rin40/Rin43 cell pairs (n = 4, mean events = 199) demonstrating event populations that 
are predicted from a resistors in series model of channel conductance as well as some 
anomalous conductances. Events were counted for each cell pair and normalized to the 
total events for that cell pair. The mean event frequency across cell pairs for each lOpS 
bin is plotted when the channels are being held with a gating potential (Rin40+/Rin43-). 
B and C, Multichannel records obtained from a Rin40/Rin43 cell pair while the Rin40 
cell was held at -40mV (B) or +40mV (C). Records demonstrate channel conductances 
unique from Rin43 and Rin40 cells and an asymmetry in conductance dependent on Vj 
polarity. Two channels can be observed in this cell pair. When the Rin40 cell is held 
negative, total conductance of both channels was 220pS, whereas when held positive, 
total conductance of both channels was 290pS. The increased number of transitions 
between the open and closed state and the shorter open durations in C, indicate a polarity-
dependent decrease in Po. Asterisks indicate Vj = OmV. 
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Table 2.1: Normalized single channel event frequencies sorted into five separate 
conductance bins for each experimental group. 

Cell Pair <60pS 60-90pS 90-120pS 120-l80pS >180pS 

Rin43/Rin43 0 100 0 0 0 

Rin40/Rin40 0 0 5 88 6 

Rin43/A7r5 45 24 25 6 0 

Rin40/A7r5 6 7 19 64 5 

Rin40/Rin43 12 8 43 37 0 

Events were counted for each cell pair, normalized to the total events for that cell pair, 
averaged across experiments, and grouped into indicated conductance bins. All values 
are percentages. 
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Discussion 

To convincingly demonstrate that Cx40 and Cx43 form heteromeric/heterotypic 

channels, the properties of such channels must be distinct from both the 

homomeric/homotypic channels (Cx40/Cx40 and Cx43/Cx43) and the 

homomeric/heterotypic channels (Cx40/Cx43). Distinct voltage-dependent gating and 

single channel behaviors were observed in settings where formation of 

heteromeric/heterotypic channels was favored, which leads us to conclude that Cxs 40 

and 43 form heteromeric/heterotypic channels. 

The voltage gating data for A7r5/Elin43 cell pairs provides the most striking evidence 

for heteromeric/heterotypic gap junctions formed by the oligomerization of Cx40 and 

Cx43. In this pairing, the dominance of the Cx43 connexon is lost in the gating response. 

When the Rin43 cell is held negative, the gating effect is much less than that observed in 

the Cx43/Cx43 setting (compare Fig. 2.1 A with 2.1C). Comparatively, the greatest 

average gating response is observed when the Rin43 cell is positive, indicating that either 

the Cx43 connexon has shifted to a positive gating sensitivity or that the coexpressing 

cell is dominating the gating effect. In either case, this implies that the channels observed 

in the coexpressing cell are not just homomeric Cx40 or Cx43, but unique hemichannel 

types that are derived from heteromeric connexon formation. This is further supported by 

an opposite asymmetrical voltage gating response in the A7r5/Rin43 cells than would be 

predicted by a combination of homomeric/homotypic and homomeric/heterotypic 

channels. Assuming an equal combination of Cx43/Cx43 and Cx40/Cx43 channels, 

macroscopic voltage gating responses should result in a Gmin of approximately 0.2 and VQ 



of 39mV when the Rin43 cell is held at a negative potential. This was not observed. In 

fact there are no possible combinations of Cx43/Cx43 and Cx40/Cx43 channels that 

would account for the observed A7r5/Rin43 voltage gating response. As well, the 

variability between cell pairs did not reflect the voltage response of heterotypic channels 

or an average distribution between homomeric/homotypic and homomeric/heterotypic 

channels. The high variability in gating response between cell pairs, loss of the Cx43 

dominated gating typical of the Cx43/Cx40 cell pairs, and opposite asymmetrical voltage 

dependence provide direct evidence for the presence of heteromeric connexons in the 

coexpressing cells. 

A7r5/Rin40 cell pairs do not demonstrate dramatic shifts in asymmetric voltage 

response, however they do display high variability between experiments. As well, the 

upward shift in Gaua when the Rin40 cell is held with a positive potential is opposite to 

that which is predicted by a combination of Cx40/Cx40 and Cx40/Cx43 channels. The 

lack of significant asymmetry in A7r5/Rin40 cell pairs, despite the purported heteromeric 

channels in the coexpressing cells, implies that Cx40 maintains a dominant gating effect 

in both the heteromeric and homomeric connexon populations. It could also be the result 

of a greater proportion of Cx40 connexons in the coexpressing cell. Cx40 and Cx43 

protein content has been quantified for confluent A7r5 cells, with the Cx43:Cx40 

expression ratio being calculated as 0.41 (Burt et al., 2001). This value falls in 

subconfluent cells to levels as low as 0.17. Little is known about heteromeric channel 

assembly, but at the 0.41 expression ratio, assuming channel assembly can be described 

by probability theory, as is true for other channel types (MacKinnon et al., 1993), 13% of 



connexons in the A7r5 cells would be homomeric Cx40, with 0.06% being homomeric 

Cx43, and 81% being heteromeric connexons containing 3,4, or 5 Cx40 subunits. Thus, 

when paired with cells that express only Cx40, >94% of channels would contain 9 or 

more subunits of Cx40 whereas when paired with cells that express only Cx43, none of 

the channels would contain this many Cx40 subunits. Instead, 13% of channels would be 

homomeric/heterotypic, and 81% of channels would contain 3,4 or 5 subunits of Cx40. If 

channel behavior is increasingly Cx40-like as the number of Cx40 subunits in the channel 

increases, then it would be expected that the A7r5/Rin40 cells pairs would display far less 

channel diversity than the A7r5/Rin43 cell pairs. These assumptions on channel assembly 

and behavior require further testing, but certainly they are consistent with the available 

data. 

The single channel event transitions for A7r5/Rin43 cell pairs provide further 

evidence for Cx40 and Cx43 heteromerization. 100% of Rin43/Rin43 single channel 

amplitudes measured were 60-90pS, and 88% of Rin40/Rin43 amplitudes were 60-l50pS 

(Table 2.1). If the channels formed between A7r5 and Rin43 cell pairs are a combination 

of homomeric/homotypic and homomeric/heterotypic channels, then 88-100% of the 

A7r5/Rin43 transition events should be in the 60-150pS range. Instead, only 55% of the 

channel events fall in this range for these cell pairs. Furthermore, 45% of the channel 

amplitudes were below 60pS in the A7r5/Rin43 pairs, as compared to 0% in Rin43/Rin43 

and 12% in Rin40/Rin43 cell pairs. No combination of Cx43/Cx43 and Cx40/Cx43 

channels can account for these data, providing further support for heteromeric Cx40 and 

Cx43 connexon formation in the coexpressing cells. 
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The single channel evidence was less convincing for A7r5/Rin40 cell pairs. 88% of 

Rin40/Rin40 and 37% of the Rin40/Rin43 channel events were in the 120-190pS range 

(Table 2.1). 64% of the A7r5/Rin40 events fell in this same range which represents 

almost exactly what would be predicted for an equal contribution of Cx40/Cx40 and 

Cx40/Cx43 channels. There are several possible explanations for this; 1/ Similar to the 

voltage gating data, Cx40 dominates channel conductance even in heteromeric channels, 

2/ There are more Cx40 channels due to the low Cx43:Cx40 expression ratio, 3/ 

Heteromeric Cx40-Cx43 connexons, when paired with a homomeric Cx40 connexon, 

have a dominant conductance that is coincidentally in the midrange between Cx40/Cx40 

and Cx40/Cx43 channels, and 4/ The channels measured are not heteromeric and instead 

reflect a combination of homomeric/homotypic and homomeric/heterotypic channels, 

although this latter explanation is not supported by the A7r5/Rin43 findings. 

It is interesting to note that if the voltage-dependent gating and single channel event 

frequency data of Rin40/A7r5 and Rin43/A7r5 cell pairs are combined, the results are 

similar to that previously reported for A7r5 cell pairs (He et al., 1999; Kwak and 

Jongsma, 1999;Moore et al., 1991). This observation provides evidence that the gap 

junction channels observed in A7r5 cell pairs are representative of a large variety of 

heterologous channel assemblies. 

Our data permitted further characterization of homomeric/heterotypic Cx40/Cx43 

channels to that previously published by Valiunas et al. (2000). The asymmetry of the 

voltage-dependent gating response of homomeric/heterotypic Cx43/Cx40 channels (Fig. 

2. IE) was expected from the positive gating of Cx40 and negative gating of Cx43 (Brink 
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et al., 1997; Bruzzone et al., 1993; Moreno et al., 1995), however, the presence of a 

slight, yet inconsistent, gating effect when the Elin43 cell was held positive (Rln40 -) was 

not. This latter observation suggests that either voltage sensing components of the 

individual hemichannels are not clearly defined, or that the formation of a heterotypic 

channel somehow changes the voltage sensing component(s) of the individual connexons. 

The lower Vq and Gmin values of Cx40/Cx40 versus Cx43/Cx43 channels might have 

predicted that the heterotypic channel's voltage-dependence would resemble that of 

Cx40/Cx40 channels (Bruzzone et al., 1993). The similarity of Vq values reported here 

supports this expectation; however, the disparity in Gmin values suggests that the 

heterotypic channels display unique properties not readily predicted by the 

homomeric/homotypic channels. A shift to a lower Gmin value in the heterotypic setting is 

provocative in that it suggests that either the non-voltage sensitive substate had a lower 

conductance than in the homotypic setting, or Po was lower than is typical of the 

homomeric/homotypic channel. Unfortunately, neither of these factors could be resolved 

in these experiments. Valiunas et al. (2000) also observed asymmetric gating behavior, 

but reported that heterotypic channels were less voltage sensitive than homotypic 

channels. In their study they used 800ms bipolar pulses. Our observations with > 10s 

pulses suggest that 800ms is insufficient for a true steady state to be achieved. 

Consequently they only partially characterized the voltage-dependent gating, the portion 

termed "fast-inactivation", while changes in slow-inactivation were not assessed. 

The unique properties of Cx40/Cx43 heterotypic channels include not only gating 

differences but conductance differences (Fig. 2.4A). The high frequency of smaller 
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events (<100pS) might be explained by long-lived substates, but the basis for larger 

events (>130pS) is more difficult to discern. Since the conductance of a channel reflects 

its length, width (including access resistance) and selectivity, docking of the two 

dissimilar connexons by necessity results in an asymmetric channel. Such asymmetry is 

predicted to result in non-linear conductance behavior (Vogel and Weingart, 1998), 

which may be further augmented by allosteric interactions that affect channel length, 

width or selectivity. The resulting asynunetric channel displays a variety of event 

amplitudes, some larger than expected, and polarity-dependent rectification. Valiunas et 

al. (2000) also described rectification in their examination of heterotypic channels, 

however the short time course of their holding potentials during single channel analysis 

restricted their ability to observe the diversity of conductances described here for the 

heterotypic setting. 

Cx40 and Cx43 are dynamically expressed in cells of the cardiovascular system in a 

species- and tissue-specific manner (van Kempen and Jongsma, 1999; Vozzi et al., 1999). 

Expression levels in these tissues vary during development and in response to disease and 

injury (Blackburn et al., 1997; Polacek et al., 1997; Smith et al., 1991b). Because of the 

unique conductance and gating properties of heteromeric/heterotypic channels, these 

changes in connexin expression could result in dramatically altered intercellular 

conmiunication and tissue function. Kuqiaka et al. (1998) provided evidence of this, 

whereby proliferating versus growth arrested A7r5 cells were less capable of 

communicating large molecules but maintained equivalent electrical coupling. Recent 

evidence (Burt et al., 2001) suggests that these shifts in communication were comparable 



to that observed with an increase in the Cx40:Cx43 ratio in proliferating cells and 

therefore may reflect an alteration in contribution of heteromeric/heterotypic channel 

populations. The heteromeric/heterotypic channel formation found here provides 

corroborating evidence supporting this hypothesis. The unique channel properties 

conveyed by heteromeric/heterotypic channels are likely to profoundly influence tissue 

function. 

Unfortunately, an understanding of the relationship between channel composition and 

channel conductance and gating has yet to be determined. It is not known whether a 

heteromeric channel with a single subunit of Cx43 and 11 of Cx40 can be distinguished 

from another with a 50:50 mixture. If there are 196 different channel types, the possibility 

that each has unique conductance properties makes fitting the current data set with only a 

few Gaussian curves inappropriate. As a result, there are no appropriate statistical tools 

that would permit the differentiation of multiple channel types in a single channel record. 

Establishing a relationship between channel conductance and channel composition will 

require examination of channel behavior in settings where the number of possible channel 

forms is restricted by altered expression ratios. 

In previous research, five studies have concluded that Cx40 and Cx43 are incapable 

of forming functional homomeric/heterotypic channels (Bruzzone et al., 1993; Gu et al., 

2000; Elfgang et al., 1995; Haubrich et al., 1996; White et al., 1995), whereas one study 

has shown that they do form (Valiunas et al., 2000). Here we confirm the ability of Cx40 

and Cx43 to form homomeric/heterotypic channels. These channels have altered voltage 

sensitivity, a multitude of single channel conductance events, and a voltage polarity-



dependent rectification of single channel conductances that are partially obscured by the 

high variability in channel events. We also support the findings of He et al. (1999) and 

demonstrate that, indeed, Cx40 and Cx43 form heteromeric/heterotypic channels and 

these channels display highly variable voltage sensitivities and single channel events. It 

is not clear why the oocyte model fails to form detectable homomeric/heterotypic 

Cx40/Cx43 channels, nor is it clear why Elfgang et al. (1995) and Haubrich et al. (1996) 

did not see such channels in HeLa cells when Valiunas et al. (2000) did. Regardless, 

heterologous assembly of connexins may be more robust than once thought and the 

complexity of these interactions and their impact on cell function remain to be 

discovered. 
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CHAPTERS 

FUNCTIONAL CHARACTERISTICS OF HETEROMERIC/HETEROTYPIC 

GAP JUNCTION CHANNELS FORMED WITH VARYING EXPRESSION 

RATIOS OF CX40 AND CX43 

Introduction 

Through communal sharing of ions, second messengers and metabolites between 

cells, gap junctions influence organism development, growth, death, and homeostatic 

control. Unfortunately, the specific mechanisms by which gap junctions regulate such 

cellular and tissue responses is unclear, and how intercellular flux of molecules is 

regulated and differentiated in different cell systems has not been determined. 

20 mammalian gap junction genes (connexins; Cx) have been identified to date 

(Willecke et al., 2001), with Cxs being expressed in almost all mammalian organ 

systems. Different patterns of Cx expression in differing tissue systems suggests that 

there may be a specificity of molecular movement through gap junctions. Such 

specificity of signaling control is complicated by cellular coexpression of multiple Cxs. 

Coexpression of more than one Cx in a cell creates the potential for the interaction of 

multiple Cx types in the formation of a heteromeric connexon. As well, dissimilar 

connexons, contributed by neighboring cells, can dock to form heterotypic channels, thus 

adding to the channel complexity. The pervasiveness and favorability of Cx hetero-

oligomerization is currently unclear, however many heterologous interactions of this 

nature have been identified to date (Barrio et al., 1991b; Brink et al., 1997; Bruzzone et 



al., 1993; Cottrell and Burt, 2001; Elenes et al., 2001; White et al., 1995). The 

physiologic consequences of heterologous gap junction channel formation on 

intercellular communication remains unclear. 

Cx40 and Cx43 are gap junction proteins that are frequently co-localized in cells 

of the cardiovascular system (van Kempen and Jongsma, 1999; Vozzi et al., 1999; Yeh et 

al., 2000), and have been demonstrated to interact in the formation of heteromeric/ 

heterotypic gap junction channels (Cottrell and Burt, 2001; He et al., 1999; Valiunas et 

al., 2001). A convenient model for the study of these interactions is the neonatal rat 

aortic smooth muscle cell line A7r5, which naturally coexpresses both Cx40 and Cx43 

(Moore et al., 1991). Recently it was observed that growth arrested A7r5 ceils have an 

increased ability to transfer Lucifer yellow dye when compared to cells cultured in the 

presence of growth serum (Kuijiaka et al., 1998). These differences occurred despite 

comparable electrical coupling in the two conditions. In essence, the growth signal 

limited the ability of A7r5 cells to transfer large molecules while at the same time 

maintaining electrical excitability between cells, thus suggesting that there was an 

alteration in permselectivity of the channels. These observations correlated with more 

recent data showing that as the Cx40:Cx43 expression ratio increased in genetically 

modified A7r5 cells, dye permeability decreased (Burt et al., 2001). Together these 

observations suggest that the chronic presence of a growth stimulus results in alterations 

in expression/degradation rates of Cx40 and Cx43 in A7r5 cells such that the Cx40:Cx43 

ratio increases, and this in turn decreases large molecule transfer between cells. 



Little work has been done to characterize the effects of changing Cx expression 

ratios on channel function. Bevans et al. (1998) examined reconstituted Cx26/Cx32 

heteromeric hemichannels in liposomes and concluded that there was a relationship 

between Cx26 fraction in the liposome and cGMP permeability, but not cAMP 

permeability. Gu et al. (2000) studied pH sensitivity of Cx40-Cx43 coexpressing oocytes 

and found that the Cx expression ratio could predict pH gating sensitivity, however, the 

extent of heteromerization in this model is uncertain. Oh et al. (2000) used heteromeric 

gap junction models to successfully determine the stoichiometry of gap junction voltage 

gating. These studies commonly suggest a predictability of gap junction assembly in 

coexpressing cells, such that changing expression ratios result in a shift in channel 

behavior to that of the dominantly expressed Cx. 

In theory, if a cell type expresses both Cx40 and Cx43 isoforms, and if they are 

free to associate in a random fashion to form connexons, the cell could contain up to 14 

different connexons, 12 heteromeric and 2 homomeric. If each of these 14 connexons can 

dock with all of the others, then pairing two such co-expressing cells could result in as 

many as 196 (14x14) different channel types, the proportions of which would depend on 

the isoform expression ratio. If random assembly occurs in coexpressing cells, and if 

channel behavior reflects the majority composition of its constituents, then as the 

Cx40:Cx43 ratio is increased in a coexpressing cell, overall channel behavior should shift 

to reflect a Cx40 channel phenotype. Alternatively, channel assembly may not be 

random and channel properties may not reflect relative expression ratios. 
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We explored the effect that altering Cx40;Cx43 expression ratio has on 

electrophysiological and dye permeability properties of cells coexpressing these Cxs. It 

was determined that channel electrophysiological properties do not reflect behaviors of 

the predominant Cx, however the dye permeability characteristics in these same cell 

types is predicted by the relative expression ratio of the Cx constituents. 

Materials and Methods 

Cells and Cell Culture 

Experiments utilized the following stable cell lines which have been previously 

characterized: Rin43, rat insulinoma cell line transfected with Cx43 (Banach and 

Weingart, 1996); Rin40, rat insulinoma cell line transfected with Cx40 (Cottrell and Burt, 

2001); A7r5, neonatal rat aortic smooth muscle cell naturally coexpressing Cx40 and 

Cx43 (American Type Culture Collection, Rockville, MD); and 6B5n, A7r5 cell line 

transfected with Cx43 antisense oligomer (Burt et al., 2001). To develop cell lines with 

varied Cx40:Cx43 expression ratios, A7r5 cells were transfected with pcDNA3 

(Invitrogen, Carlsbad, CA) containing a 1.1 kilobase fragment of rCx40 that included the 

entire coding domain. Transfection was accomplished using Lipofectamine PLUS 

reagent (LifeTechnologies, Rockville, MD). Stable transfectants were selected with 

300^g/ml Geneticin (LifeTechnologies, Rockville, MD). Four subclones were harvested 

and labeled as A7r540Cl, A7r540C2, A7r540C3 and A7r540C4, respectively. A7r5-

derived cell lines and Rin-derived cell lines were cultured as previously described 

(Cottrell and Burt, 2001). 



Western Blot Analysis and Protein Quantification 

Polyclonal Cx40 antibody was raised in rabbits against glutathione S-transferase 

protein fused to amino acids 231 to 331 of Cx40. Antibody purification was performed 

as described previously (Gabriels and Paul, 1998). The antibody failed to react with 

Cx43 or Cx43 C-terminus standard, but reacted well with Cx40 and Cx40 C-terminus 

peptide. 

A7r5 transfected subclones were assayed for Cx40 and Cx43 content as previously 

described (Burt et al., 2001). Briefly, total protein isolate was electrophoretically 

separated on 10% SDS gels and transferred to nitrocellulose (Hybond ECL, Amersham 

Pharmacia Biotech). Following a blocking step, nitrocellulose membranes were exposed 

to polyclonal, affinity purified Cx43 (Sigma) and Cx40 antibodies. Blots were then 

incubated with ^®S-labeled anti-rabbit IgG (0.4|iCi/ml, Amersham Pharmacia Biotech). 

Blots were visualized for position specific radioactivity using an Instant Imager (Packard 

Instruments). Each gel was loaded with several samples, protein ladder, and either Cx40 

or Cx43 standards. The standards were loaded in a staggered fashion in the same lane in 

0.5,1,2 and 4pmoIe amounts. The counts from these standards were used to construct a 

standard curve against which the connexin content of the samples could be compared. 

Immunofluorescence 

For immunofluorescence labeling, cells were subcultured at high density on 

coverslips in six well plates. Following a 24-48 hour incubation period, cells were 

washed three times in divalent cation fi:ee phosphate buffered saline (PBS) and fixed with 

methanol at -20°C for 5 min. Coverslips were washed, then permeablized using 0.2% 
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Triton X-100 in PBS for 30 min followed by another washing step and a 15 nnin 

incubation with 0.5M NH4CI in PBS. Cells were then washed twice with PBS and 

incubated for 10 min with a blocking reagent featuring 4% fish skin gelatin (Sigma) and 

1% goat serum (Sigma) in PBS. Primary colabeling was performed using a mouse 

monoclonal anti-Cx43 antibody (Chemicon) and rabbit polyclonal anti-Cx40 antibody 

suspended in blocking reagent at dilutions of 1:200 and 1:300 respectively. Two to three 

hours of antibody treatment was sufficient for effective labeling, although some slides 

were incubated overnight with equal effect. Following a washing step, secondary 

antibody co-labeling was performed using either goat anti-rabbit Cy2 antibody and goat 

anti-mouse Cy5 antibody, or goat anti-mouse Cy2 and goat anti-rabbit Cy5, all at a 1:200 

dilution in blocking buffer (all secondary antibodies from Jackson Immunoresearch 

Laboratories, Inc.). Cells were then washed twice in blocking buffer and once in PBS for 

10 min. Coverslips were mounted on microscope slides in Fluoromount G (Southern 

Biotechnology Associates, Inc.) and examined using an Olympus BX50WI microscope 

with appropriate filters. Images were captured using a SenSys KAF1401 CCD camera 

(Photometries Ltd., Tucson, AZ) and analyzed using imaging software (Digital 

Optics, New Zealand). 

Electrophysiology 

A fluorescent tag was used to distinguish between cell types in coculture during 

electrophysiology experiments (Cottrell and Burt, 2001). Dual whole-cell voltage clamp 

experiments were performed on Rin43/Rin43, Rin40/Rin40, Rin40/Rin43, Rin43/6B5n, 

Rin43/A7r540Cl, Rin43/A7r540C3, Rin40/6B5n, Rin40/A7r540Cl, and 



8& 

Rin40/A7r540C3 cell pairs. All cells were grown to confluence prior to trypsinization 

(0.25% trypsin in Ca^'^-Mg^'^ free PBS) and were replated at low density on glass 

coverslips. Cells were then incubated for 1-12 hours at 37°C prior to electrophysiological 

analysis. 

Dual whole-cell voltage clamp was carried out as reported previously (He et al., 

1999; Kuijiaka et al., 1998). Electrodes were fabricated from 1.2-nun filament glass 

(AM systems, Everett, WA) on a Sutter Instruments puller (Novato, CA) and were filled 

with (in mM): 124 KCl, 14 CsCl, 9 HEPES, 9 EGTA, O.SCaCh, 5 Glucose, 9 TEACl, 3 

MgCl2,5 NaaATP (320m0sm, pH = 7.2). After the dual whole-cell voltage clamp 

configuration was achieved, both cells were held at OmV and then alternately stepped to -

lOmV to determine macroscopic junctional conductance (gj). Voltage-dependent gating 

was evaluated as previously described (He et al., 1999) in cell pairs in which the gj and 

series resistance values ensured accurate space clamp with an error rate of no greater than 

10% in the normalized data. Single channel events were studied in cell pairs with one or a 

few functional channels (gj < 0.5nS) using a 40mV transjunctional voltage (Vj) applied 

for durations greater than 20s. The uncoupling agent halothane was used only for 

Elin43/Rin43 and Rin40/Rin40 experiments; no uncoupling agents were used for any 

other experiments. No differences in single channel conductances were observed for 

Rin43 or Rin40 cell pairs in the presence or absence of halothane. 

Dye Transfer 

Dye transfer was evaluated in both homogeneous and heterogeneous cell monolayers. 

For homogeneous cell monolayers, cells were plated at confluent density (15000 -200(X) 
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cells/cm") onto glass coverslips in combination with the same cell type, prelabelled with 

the cell marker DiD (Molecular Probes, Inc.), plated at a lower density (~lOOOcells/cm^). 

Prelabeling of cells with DiD was accomplished by applying a 10|xM DiD solution (in 

PBS) to cells in culture for 30 minutes at 37°C prior to lifting and replating. 

For heterogeneous cell monolayers, Rin40 or Rin43 cells were plated on coverslips at 

confluent density (~2(K)00 cells/cm^) in combination with either 6B5n, A7r5, or 

A7r540C3 cells, prelabeled with DiD, at a low density (~1000 cells/cm"). The goal of 

both homogeneous and heterogeneous cell coculturing was to have one DiD labeled cell 

surrounded by 20-50 unlabelled cells. Following a 24hr incubation period, coverslips 

were mounted in a perfusion chamber and visualized on a microscope equipped with 

differential interference contrast and fluorescence optics. 

Four separate dyes were used to assess gap junction function: NBD-TMA ([2-(4-

nitro-2,l,3-benzoxadiol-7-yl)aminoethyl]trimethylammonium), MW 280, net charge T 

(5mM) (kindly provided by Dr. Stephen Wright, see Bednarczyk et al, 2000); Alexa 350, 

MW 326, net charge 1" (lOmM); Alexa 488, MW 548, net charge 2" (lOmM); and Alexa 

594, MW 736, net charge 2" (lOmM) (all Alexa dyes fix)m Molecular Probes, Inc.). 

Microelectrode tips were filled by capillary action with one of the four dyes, backfilled 

with 200niM KCI, and lowered onto the surface of the cell. Cells were impaled by the 

overcompensation of the capacitance feature of the amplifier (A-M Systems, Inc.), 

withdrawn following 10s, and the cells receiving dye were counted after three minutes. 

The percentage of cells in contact with the injected cell that received dye were compared 

between groups. 
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Data Analysis 

Non-linear regression of voltage dependent gating was performed using the 

Boltzmann equation. Normalized steady-state conductance (Gss/Gm) values for each 

voltage polarity and each treatment group were pooled and simultaneously fit. The 

pooling of all the data for a given treatment group did not permit statistical comparisons 

between groups but did provide Gmin and Vq values that could be subjectively compared, 

and an value that served as an overall indicator of variability within the treatment 

group. Boltzmann fits were considered adequate if all outcome values were unaltered 

with changing initial parameters. 

Single channel recordings were digitized for analysis using the software 

developed by Ramanan et al. (1993), as has been previously reported by He et al. (1999). 

Single channel event transitions were manually counted, normalized, and arranged into 

lOpS bins for histogram comparisons. 

Dye transfer was compared for each dye across treatment groups using a single 

factorial ANOVA. t-tests were used to compare NBD-TMA vs. Alexa 350 (similar size, 

opposite charge), and Alexa 350 vs. Alexa 594 (different size, same charge) transfer 

within treatment groups. 

Results 

Protein Quantification 

Quantification of protein expression ratios utilizing a protein standard and ^^S-

labeled secondary antibody has previously been shown to be both highly accurate and 
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reliable (Burt et al., 2001). Four Cx40 transfected A7r5 subclones were evaluated on two 

separate occasions, with representative Western blots presented in Figure 3.1 A and B. 

A7r540Cl, A7r540C2, A7r540C3, and A7r540C4 subclones had average Cx40:Cx43 

ratios of 5.3:1, 10.7:1,10.6:1, and 14.4:1, respectively (Fig. 3.1C). Untransfected 

parental A7r5 cells have an average Cx40:Cx43 expression ratio of 2.7:1 (Burt et al., 

2001), indicating that Cx40 transfection was sufficient to increase the expression ratio in 

the subclones examined. 6B5n cell Cx40:Cx43 expression ratio has been calculated at 

1.5:1 (Burt et al., 2001) therefore, to study a range of expression ratios, 6B5n, A7r5, 

A7r540C 1 and A7r540C3 cell lines were used in further experiments. 

Immunofluorescence 

There is evidence that A7r5 cells display significant colocalization of Cx40 and 

Cx43 protein (Chaytor et al., 2001). To confirm that the transfected cells had both Cx40 

and Cx43 localized to the membrane and that these Cxs were colocalized, 

immunofluorescence was performed. Co-immunolabeling of 6B5n cells revealed 

prominent staining of gap junction plaques for both Cx40 and Cx43 (Fig. 3.2A). 

Overlaying of the Cx40 and Cx43 immunolabeled images showed many areas of 

colocalization (yellow regions), as well as regions where only Cx40 or Cx43 were 

observed independendy, although the resolution inherent in the staining procedure may 

limit the levels at which proteins can be visualized. A7r5 cells had strong Cx40 staining 

and relatively weaker Cx43 staining (Fig. 3.2B), while A7r540Cl (Fig. 3.2C) and 

A7r540C3 (Fig. 3.2D) cells had dominant Cx40 immunostaining with less observable 

Cx43 in plaque regions. In all cases the immunofluorescence data strongly correlated 



with protein expression levels in the same cell types. On rare occasions some cells had 

strong Cx43 plaques colocalized to regions of comparable Cx40 staining (not shown). 

These differences may be indicative of changing Cx expression with progression through 

the cell cycle. In either case, all cell types appeared to form gap junction plaques with 

colocalized Cx40 and Cx43 protein. 

Voltage-Dependent Gating 

Rin43/Rin43, Rin40/Rin40 and Rin40/Rin43 cell pairs had similar voltage-

dependent gating responses to those previously described for these channel types under 

similar conditions (Fig. 3.3, Table 3.1) (Banach and Weingart, 1996; Bukauskas et al., 

1995; Cottrell and Burt, 2001; He et al., 1999). When Rin43 cells were paired with 6B5n 

cells, there was increased variability between experiments, as denoted by a shift to lower 

R" values, and a slight asymmetry in gating response with the greatest mean voltage 

gating effect occurring when the Rin43 cell was held with a positive Vj (6B5n negative 

yj) (Fig. 3.4A, Table 3.1). Mean Gmin and Vo values were similar to 

homomeric/homotypic Cx43 channels when the Rin43 cell was at a negative Vj. 

Jlin43/A7r540Cl (Fig. 3.4B) and Rin43/A7r540C3 (Fig. 3.4C) cell pairs had 

greater variability between experiments than Rin43/6B5n or Rin43/Rin43 cell pairs 

(Table 3.1). In these cell pairs there was increased asynmietry of voltage-dependent 

gating such that the mean voltage sensitivity was greatest when the Rin43 cell was held 

with a positive Vj, with Vo and Gmin values progressively decreasing. When the Rin43 

cell was held with a negative Vj, there was an overall decrease in Vj sensitivity and a loss 

of ability to reduce conductance to the voltage insensitive state with the Vj ranges used in 
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these experiments. Despite the progressively increasing Cx40:Cx43 ratio in 6B5n, 

A7r540Cl and A7r540C3 cells, respectively, the resultant asymmetry in Vj gating is 

opposite to that predicted by Rin40/Rin43 cell pairs. 

Pairing Rin40 cells with A7r540C3, A7r540Cl, and 6B5n cells resulted in little 

change in voltage-dependent gating response despite the progressive decrease in 

Cx40:Cx43 ratio associated with these cell types (Fig. 3.5). Although these cell pairs had 

slightly more variability between experiments than the Rin40/Rin40 cell pairs, there were 

no noticeable differences in mean voltage gating parameters when compared to the 

homomeric/homotypic Cx40 channels (Table 3.1). 

Single Channel Analysis 

Trends in single channel event amplitudes between Rin43/Rin43, Elin40/Rin40 

and Rin40/Rin43 cell pairs were similar to those previously reported (Cottrell and Burt, 

2001) and are summarized in Figure 3.6A and 3.6B. 96% of Rin43 single channel events 

were measured between 90 and 130pS, with no low conductance residual state being 

recorded. Rin40 cell pairs had a concentration of channel events in the 150-220pS range 

(85%). Small residual conductance events of ~35pS were only consistently observed 

when Vj was returned to OmV and therefore were not reflected in the frequency 

histograms. Rin40/Rin43 cell pairs had predominant conductance events in the 100-

140pS range. 32% of events in these cell pairs were between 130 and 160pS, making 

them unique from Rin43/Rin43 and Rin40/Rin40 cell pairs that had only 4-6% of events 

in this range. Close analysis of single channel records show a 150pS main state and a 

25pS residual state, with frequent 125pS transitions being measured. Similar to previous 
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observations, there was a voltage polarity-dependent rectification of channel conductance 

(20% difference in conductance) which resulted in increased variability within the event 

frequency histogram. 

When Elin43 and 6B5n cells were paired there was an increase in the variability of 

single channel event amplitudes, when compared to Rin43/Rin43 cell pairs, although 

similar to Rin43 cells, the predominant events were within the 90-130pS range (63%) 

(Fig. 3.7A and 3.7B, top traces). Rin43/A7r540Cl cell pairs also displayed a wide range 

of single channel event amplitudes, however the predominant events were shifted to a 

lower conductance (61% in 80-ll0pS bins) (Fig. 3.7A and 3.7B, middle traces). 

Rin43/A7r540C3 cell pairs also displayed considerable variability of event amplitudes, 

and there was a further shift to a predominance of low conductance events with 60% of 

transitions occurring between 40 and 90pS and only 37% of the events in the 90-I30pS 

bins (Fig. 3.7A and 3.7B, bottom traces). The high Cx40:Cx43 ratio in A7r540C3 cells 

would predict a shift in single channel events to amplitudes larger than that observed with 

Rin43/Rin43 cell pairs, similar to what was observed in the heterotypic Rin40/Rin43 

setting. The opposite occurred in this case. 

Rin40/A7r540C3 cell pairs had single channel events that were similar to 

Rin40/Rin40 cell pairs with 75% of channel events occurring within 150-220pS bins; 

however, there was a slight increase in the proportion of smaller channel events (Fig. 

3.8A and 3.8B, top traces). Rin40/A7r540Cl single chaimel events were also very 

similar to Rin40/Rin40 cell pairs (89% in 150-220pS range) (Fig. 3.8A and 3.8B, middle 

traces). Rin40/6B5n cell pairs demonstrated a larger variability in single channel events 
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than Rin40/A7r540C3 or Rin40/A7r540Cl cells, however the 150-220pS events still 

predominated (Fig. 3.8A and 3.8B, bottom traces). As the Cx40:Cx43 ratio progressively 

decreased in A7r540C3, A7r540Cl and 6B5n cell pairs, respectively, the channel 

populations are predicted to shift from that of Rin40/Rin40 cell pairs to events more 

similar to Rin40/Rin43 cell pairs. Although such a shift is evident, especially in the 

Rin40/6B5n cell pairs, the Cx40 phenotype still predominates. Perhaps ratios that 

favored Cx43 over Cx40 would have revealed greater variability, comparable to that 

observed when Rin43 cells were paired with coexpressing cells of 5:1 and 10:1 

Cx40:Cx43 expression ratios. 

Dye Transfer 

Alexa 350, Alexa 488 and NBD-TMA all transferred equally well between Elin43 

cells, indicating absence of charge selectivity. Cx43 channels do display significant size 

selectivity with Alexa 594 transferring to fewer neighboring cells than Alexa350 (73.3 ± 

5.6% vs. 91.1 ± 2.4%) (Fig. 3.9A). When 6B5N, A7r5 or A7r540C3 cells were 

cocultured with Rin43 cells, an increasing Cx40:Cx43 ratio resulted in increased charge 

and size selectivity (Fig. 3.9A). E{in43/6B5N junctions did not differ significantly from 

Rin43/Rin43 junctions, whereas Rin43/A7r540C3 junctions displayed significant charge 

selectivity (NBD-TMA = 84.1 ± 6.1% vs. Alexa 350 = 59.8 ± 12.1%) and increasing size 

selectivity (Alexa 350 = 59.8 ± 12.1% vs Alexa 594 = 11.2 ± 4.8%). 

Rin40 cells showed significant charge selectivity, permitting efficient NBD-TMA 

transfer (70.8 ± 6.9%) but little Alexa 350 transfer (11.2 ± 4.1%) and no Alexa 488 or 

Alexa 594 transfer. When 6B5N, A7r5 or A7r540C3 cells were cocultured with Rin40 



cells, the homomeric Cx40 expressing cell dictated size and charge selectivity. Thus, 

junctional permeability in these cocultures was comparable to that observed in Rin40 cell 

monolayers. 6B5N, A7r5, and A7r540C3 cell monolayers independently displayed 

charge and size selectivity that increased with increasing Cx40:Cx43 expression ratio 

(Fig. 3.9C). Non-transfected parental Rinl046 cells displayed background levels of dye 

coupling of 2-3% for all dyes (data not shown). 

There were no differences in the extent of electrical coupling between 

Rin40/Rin40 and Rin43/Rin43 cell pairs (Fig. 3.10), therefore the dye coupling 

differences between these cell types can not be attributed to differences in the product of 

channel number and channel probability of open time. However, the formation of 

homomeric/heterotypic Cx40/Cx43 channels does not appear to be favored (Fig. 3.10), 

which may explain why none of the dyes transferred between Rin40/Rin43 cells in 

coculture (data not shown). 
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Figure 3.1: A and B; Western blots of total protein for A7r540C4 (lane a), A7r540C3 
(lane b), A7r540C2 (lane c), and A7r540Cl (lane d) cells probed for Cx40 (A) or Cx43 
(B) and visualized with ^®S-labeled anti-rabbit IgG. Cx40-GST (A) and Cx43 (B) peptide 
standards were stagger loaded in the far left lane at the concentrations indicated (pmol). 
The band labeled as n.s. represents non-specific binding of the secondary antibody. C; 
Cx40:Cx43 protein ratios for A7r540Cl, A7r540C2, A7r540C3, A7r540C4, and 
untransfected A7r5 cells (A7r5-unTF). 
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Figure 3.2: Representative expression patterns of Cx40 (green) and Cx43 (red) in 6BSn 
(A), A7r5 (B), A7r540Cl (C) and A7r540C3 (D) cells. The far right column represents 
an overlay of Cx40 and Cx43 staining, with strong areas of colocalization appearing 
yellow. Cx40 plaques are easily distinguished in all four cell types (green arrows), with 
Cx43 plaques only staining strongly in 6B5n cells (red arrows). There was strong 
colocalization of Cxs in all cell types (yellow arrows). 



99 

Gss/Gtn 

-120 -80 -40 

Gss/Gm Gss/Gm 

Rin43-

40 80 120 -120 -80 -40 40 80 120 -120 -80 4 0 0 40 80 120 

Transjunctional Volage(mV) Transjunctional Voltage (mV) Transjunctional Voltage (mV) 

Figure 3.3: Voltage-dependent gating of gap junction channels with normalized 
junctional conductance [steady state relative to maximal (Gss/Gm)] plotted as a function 
of transjunctional voltage for Rin43/Rin43 (A), Rin40/Rin40 (B), and Rin40/Rin43 (C) 
cell pairs. The solid line represents the mean normalized conductance (± SE) across 
experiments, with the symbols representing individual experiments. In C, transjunctional 
voltage is plotted relative to the Rin43 cell. 
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Figure 3.4: Voltage-dependent gating of gap junction channels with normalized 
junctional conductance plotted as a function of transjunctional voltage for Rin43/6B5n 
(A), Rin43/A7r540Cl (B), and Rin43/A7r540C3 (C) cell pairs. The solid line represents 
the mean normalized conductance (± SE) across experiments with the symbols 
representing individual experiments. All plots are relative to the Rin43 cell. Rin43/6B5n 
cell pairs are more variable but have similar mean gating characteristics to Rin43/Rin43 
cell pairs (see Fig. 3A). Rin43/A7r540C 1 and Rin43/A7r540C3 cell pairs show a 
progressively asymmetric shift in voltage sensitivity away from the symmetry displayed 
by Rin43/Rin43 and Rin43/6B5n cell pairs. This shift is opposite to that which would be 
predicted by Rin40/Rin43 cell pairs (compare to Fig. 3.3C). 
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Figure 3.5: Voltage-dependent gating of gap junction channels with normalized 
junctional conductance plotted as a function of transjunctional voltage for 
Rin40/A7r540C3 (A), Rin40/A7r540Cl (B), and Rin40/6B5n (C) cell pairs. The solid 
line represents the mean normalized conductance (± SE) across experiments with the 
symbols representing individual experiments. All plots are relative to the Rin40 cell. 
/Although slightly more variable, all plots have voltage-dependent gating behavior similar 
to Rin40/Rin40 cell pairs. 
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Table 3.1: Summary of macroscopic junctional conductance measures and Boltzmann fit 
data for each treatment group. 

Negative Vj Positive Vj 

n gj (nS) Grain Vo (mV) R^ Grain Vo(mV) R^ 

Rin43/Rin43 6 1.9 ±0.6 0.33 ± .02 -64 ±3 .94 0.36 ± .02 61 ± 1 .92 

Rin40/Rin40 
8 

3.2 ±0.8 0.29 ± .03 -40±2 .82 0.3 ± .03 40 ±2 .82 

Rin40/Rin43 6 1.9 ±0.7 0.15 ±0.06 -42 ±4 .74 0.26 ±.11 69 ±6 .82 

Rin43/6B5n 15 3.7 ±0.7 0.3± .05 -67 ±3 .8 0.23 ± .06 55 ±4 .76 

Rin43/A7r540Cl 11 3.3 ±0.7 -0.04 ± .35 -89 ± 16 .73 0.2 ±.15 48 ±12 .5 

Rin43/A7r540C3 7 3.9 ± 1.3 0.43 ± .07 -72 ±3 .84 0.22 ±.13 31 ±9 .41 

Rin40/6B5n 9 2.9 ±0.6 0.3 ± .04 -43 ±3 .76 0.25 ± .03 38 ±2 .78 

Rin40/A7r540Cl 7 2.5 ±0.4 0.31 ±.03 -41 ±48 .85 0.24 ± .03 38 ±2 .88 

Rin40/A7r540C3 8 3.9 ±0.9 0.40 ± .04 -42 ±5 .74 0.26 ±.03 40 ±2 .89 

Negative or positive Vj refers to the holding potential of the homomeric connexon 
expressing cell when paired with coexpressing cells. In Rin40/Rin43 cell pairs it refers to 
the Rin43 cell, and is arbitrarily assigned to the pulsed cell of Rin43/Rin43 and 
Rin40/Rin40 cell pairs. Gmin = residual conductance of voltage inactivated junction. Vo 
=tranqunctional membrane potential at which half of the channels are gated closed. 
= variance of fit for the nonlinear regression. 
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Figure 3.6: A; Multichannel records obtained from Rin43/Rin43 (top), Rin40/Rin40 
(middle), and Rin40/Rin43 (bottom) cell pairs. Asterisks indicate Vj = OmV. B; 
Histogram of single channel event amplitudes (at Vj = 40mV) for Rin43/Rin43 (top, n = 
10, mean number of events = 145 ± 27), Rin40/Rin40 (middle, n = 6, mean number of 
events = 176 ± 56), and Rin40/Rin43 (bottom, n = 6, mean number of events = 154 ± 23) 
cell pairs illustrating their unique single channel conductance characteristics. Events 
were counted for each cell pair and normalized to the total events for that cell pair. The 
mean event frequency across cell pairs for each lOpS bin is plotted. 32% of events in 
Rin40/Rin43 cell pairs fell midway (130-160pS) between those of Rin43/Rin43 (96% in 
90-130pS bins) and Rin40/Rin40 (85% in 150-220pS bins) cell pairs. The gray shaded 
bar corresponds to the unique event amplitudes in the Rin40/Rin43 cell pairs (130-160pS) 
and can be used for comparison between Figures 3.6,3.7 and 3.8. 
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Figure 3.7: A; Multichannel records obtained from Rin43/6B5n (top), Rin43/A7r540Cl 
(middle), and Elin43/A7r540C3 (bottom) cell pairs. Asterisks indicate Vj = OmV. B; 
Histogram of single channel event amplitudes (at Vj = 40mV) for Rin43/6B5n (top, n = 8, 
mean number of events = 121 ± 24), Rin43/A7r540C I (middle, n = 5, mean number of 
events = 195 ± 66), and Rin43/A7r540C3 (bottom, n = 9, mean number of events = 186 ± 
24) cell pairs illustrating their unique single channel conductance characteristics. Events 
were counted for each cell pair and normalized to the total events for that cell pair. As 
the Cx40:Cx43 expression ratio increases in the coexpressing cell, the frequency of 
smaller channel conductance events increases. The gray shaded bar corresponds to the 
unique event amplitudes in the Rin40/Rin43 cell pairs (130-160pS). 
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Figure 3.8: A; Multichannel records obtained from Rin40/A7r540C3 (top), 
Rin40/A7r540Cl (middle), and Rin40/6B5n (bottom) cell pairs. Asterisks indicate Vj = 

OmV. B; Histogram of single channel event amplitudes (at Vj = 40mV) for 
Rin40/A7r540C3 (top, n = 5, mean number of events = 268 ±61), Rin40/A7r540C 1 
(middle, n = 8, mean number of events = 168 ± 39), and Rin40/6B5n (bottom, n = 7, 
mean number of events = 300 ± 45) cell pairs illustrating their unique single channel 
conductance characteristics. Events were counted for each cell pair and normalized to the 
total events for that cell pair. There are only small shifts in conductance with changing 
Cx40:Cx43 ratios in the coexpressing cells, with overall channel amplitudes similar to 
that observed in Rin40/Rin40 cell pairs. The gray shaded bar corresponds to the unique 
event amplitudes in the Rin40/Rin43 cell pairs (130-160pS). 



eo 
Frequency 

of Events (%) 
Frequency 

of Events (%) 
Frequency 

of Events (%) 

t'-J T3 

00 "O cn 
00 

*o 
( / )  

c  

00 

•S>1 

ON 

O 
--4 •o C/) 

tf. i 

00 

•a (A 

L/i *0 Ui 

oc o •o C/J 

2?. 
2. 

> 
•n U* 4^ O n u> 

o PO 



m 

Figure 3.9: Dye coupling in homogeneous and iieterogeneous cell monolayers. A; Rin43 
cells cocultured with DiD labeled Rin43,6B5n, A7r5, or A7r540C3 cells B; Rin40 cells 
cocultured with DiD labeled Rin40, A7r540C3, A7r5, or 6B5n cells. C; 6B5n, A7r5, and 
A7r540C3 homogeneous cell monolayers. DiD labeled cells were injected with either 
NBD-TMA (open circles), Alexa 350 (open squares), Alexa 488 (open triangles), or 
Alexa 594 (open diamonds). The percentage of cells in contact with the injected cell that 
received dye were compared between groups. As the Cx40:Cx43 expression ratio 
increased in the coexpressing cell, dye transfer approached that of the Rin40 cells, except 
when Rin40 cells were cocultured with the coexpressing cells, in which case all dye 
coupling was similar to the Rin40 cells. Asterisks, significant difference from the 
homogeneous Rin43 cells (p < 0.05). t/ significant difference between NBD-TMA and 
Alexa 350 within each treatment group (p < 0.05). t, significant difference between 
Alexa 350 and Alexa 594 within each treatment group (p < 0.05). 
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Figure 3.10: Macroscopic conductance of Rin40/Rin40 (n = 14), Rin43/Rin43 (n = 11) 
and Rin40/Rin43 (n = 20) cell pairs. Cells were incubated for 24hr and macroscopic 
conductance was measured. There are no differences in electrical coupling between 
Rin40/Rin40 and Rin43/Rin43 cells, however the coupling between Rin40/Rin43 cells is 
significantly reduced (asterisk, p<0.01) suggesting that the formation of these channels is 
not favored. 
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Discussion 

Cx40 and Cx43 expression ratios are dynamically regulated in numerous cells 

coexpressing these Cxs (Larson et al., 1997; Polontchouk et al., 2001). It is not known 

what effect this regulation has on gap junction channel behavior or whether changes in 

expression ratio can yield predictable channel behaviors based on the dominant Cx 

phenotype of each gap junction channel, and probability theory of gap junction assembly. 

We have demonstrated that Cx40:Cx43 expression ratio is not predictive of gap junction 

voltage-dependent gating or single channel conductances. Nevertheless, dye coupling 

demonstrated changes that were predicted by the relative proportions of Cx40 and Cx43 

in coexpressing cells. 

Table 3.2 contains a schematic representation of the 14 possible hemichannel 

conformations that probability theory predicts exist in a cell coexpressing Cx40 and 

Cx43. Assuming random assembly and an equal likelihood of interaction between Cx 

subunits, the percentage contribution of each of the connexon isoforms for Cx40;Cx43 

expression ratios of 1:1,3:1, 5:1, and 10:1 are displayed in the table. A shift in 

expression ratio from 1:1 to 5:1 is predicted to result in almost a complete loss of 

connexons composed of four or more Cx43 subunits, with 73% of the connexons being 

composed of five or more Cx40 subunits. Such dramatic shifts in channel populations 

could be hypothesized to result in channel behavior that is very similar to Cx40 when the 

Cx40:Cx43 expression ratio is 5:1 or greater. 

When Rin43 cells were paired with the coexpressing cells, the Cx40:Cx43 

expression ratio in the coexpressing cells did not predict the electrophysiological 
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behavior of the channels. Mean voltage-dependent gating in Rin43/6B5n cells was 

similar to that of Rin43/Rin43 cells, whereas Rin43/A7r540Cl and Rin43/A7r540C3 

were not similar to Rin43/Rin43 or Rin40/Rin43 cell pairs (Fig. 3.4). In Rin40/Rin43 

cell pairs, voltage sensitivity was greatest when the Rin43 cell was held at a negative Vj 

(Rin40 positive) (Fig. 3.3). In contrast, in Rin43/A7r540C3 cell pairs, voltage sensitivity 

when the Rin43 cell was at a negative Vj was less than when at a positive Vj. These 

observations suggest that the heteromeric connexon dominated the Vj gating effect and 

that interactions between the two connexons changed the Cx43 connexon's voltage 

gating behavior. 

These results are intriguing in that they demonstrate flexibility in channel 

behavior that is dependent on the interaction of two connexons. The loss of voltage 

gating sensitivity in Rin43/A7r540C3 cell pairs when the Rin43 cell is held with a 

negative potential implies that the allosteric interactions of the two connexons alters the 

ability of Cx43 to gate effectively in response to a negative transjunctional voltage 

potential. Such an observation is not unprecedented. Our current study, as well as 

previous studies, have demonstrated that homomeric/heterotypic Cx40/Cx43 channel 

voltage gating exhibits a lower Gmin than Cx43 homotypic channels when the Cx43 

expressing cell is held at a negative gating potential (Cottrell and Burt, 2001). This 

implies that the interaction of Cx40 and Cx43 hemichannels altered the voltage sensing 

and gating properties of the constituent Cxs. 

When Rin40 cells were paired with the coexpressing cells there were no dramatic 

shifts in mean voltage-dependent gating behavior with increasing Cx40:Cx43 expression 
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ratio. It was hypothesized that Rin40/A7r540C3 cell pairs would display Vj gating 

siniilar to Rin40/Rin40 cell pairs, whereas Rin40/6B5n cell pairs would be quite 

different, especially when a gating charge is not present in the Rin40 cell (i.e. Cx40-). 

The symmetry in Vj gating and consistency of gating when Rin40 is paired with the 

coexpressing cells suggests that either the Cx40 connexon, or Cx40 within the 

heteromeric connexon, dominates the gating effect. The interaction between a 

homomeric Cx40 connexon and a heteromeric Cx40-Cx43 connexon may reinforce the 

Vj gating sensitivity of the Cx40 subunits in the heteromeric hemichannel such that the 

channel behaves much like a Cx40 connexon. 

The single channel events corroborate the Vj gating data. When Rin43 cells were 

paired with coexpressing cells, an increased Cx40:Cx43 ratio in the coexpressing cell 

resulted in a shift toward smaller single channel event amplitudes, a result that is opposite 

to the hypothesized outcome. A resistors-in-series model of single channel conductances 

states that when a Cx40 connexon is paired with a Cx43 connexon, the resistance of the 

channel should be the sum of the resistances of each connexon. With a main state 

conductance of 195pS and 1 lOpS for Cx40 and Cx43, respectively, the predicted channel 

conductance would be 140pS, which is essentially what is observed in the Rin40/Rin43 

cell pairs. The high incidence of 50-60pS events in the Rin43/A7r540C3 cell pairs 

suggests that the predominant connexons in the coexpressing cells do not display 

resistances typical of Cx40 connexons. In fact, using the same resistors-in-series model, 

and a single channel event amplitude of 60pS, the conductance of the dominant 

heteromeric hemichannel, if allowed to form a functional channel, is predicted to be 
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40pS. These observations suggest that either the heteromeric connexons involved in gap 

junction formation between Rin43 and A7r540C3 cells are high resistance connexons, or 

that the interaction of the homomeric and heteromeric connexons results in allosteric 

interactions that alter overall channel behavior in an unpredicted fashion. 

The absence of large single channel events (>l30pS) in Rin43/A7r540C3 ceil 

pairs suggests that either the model of channel distributions described in Table 3.2 is not 

accurate, or that there is preferential channel formation between heteromeric connexons 

and homomeric Cx43 connexons. The absence of events in the 150-160pS range would 

be highly unlikely if 56% of the channels were homomeric/ heterotypic Cx40/Cx43 

channels, as predicted by probability theory (Table 3.2). Instead, the majority of the 

single channels observed were clearly something other than Cx40/Cx43 channels. The 

low levels of coupling between Rin40 and Rin43 shown in Figure 3.10 make evident a 

weak interaction between Cx40 and Cx43 connexons. As a result, it is likely that Cx43 

connexons preferentially dock with heteromeric connexons containing one or more 

subunits of Cx43. A similar model was suggested in the Xenopus laevis oocyte system 

wherein formation of heteromeric channels was induced by low level expression of a 

docking-compatible Cx (Gu et al., 2000). In either case, it is apparent that 

heteromerization drastically changes channel behavior in a way that does not reflect the 

electrophysiological properties of the Cx constituents. 

In contrast, when a Rin40 cell is paired with a coexpressing cell that favors Cx40 

expression, despite shifts toward smaller conductance events, there are few differences in 

event frequencies with changing Cx40:Cx43 expression ratio. These observations 
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suggest that Cx40 is dominating the single channel events, with little overt influence 

being contributed by any heteromeric hemichannels. It is not clear why single channel 

conductance and voltage-dependent gating properties do not change when cells of 

varying Cx40:Cx43 expression ratio are paired with E?jn40 cells. Such a phenomenon 

could be due to one of the following; 1) the Cx40 hemichannel is favorably docking with 

only Cx40 hemichannels in the coexpressing cells; 2) the expression ratios are not 

predictive of the distributions depicted in Table 2; or 3) The Cx40 hemichannel exerts a 

dominant effect when interacting with heteromeric Cx40-Cx43 connexons. 

Our current data, and previous publications, clearly demonstrate that 

homomeric/heterotypic Cx40/Cx43 channels do indeed form (Cottrell and Burt, 2001; 

Valiunas et al., 2000), although current evidence suggests that these interactions are not 

comparably favorable. In the Xenopus oocyte model, Cx40 expressing cells did form 

functional channels with oocytes coexpressing both Cx40 and Cx43 at a high Cx40:Cx43 

ratio, and these channels had unique pH gating properties (Gu et al., 2000). These 

observations suggest that Cx40 connexons are capable of docking with both homomeric 

Cx43 connexons and heteromeric Cx40-Cx43 connexons, although there are questions 

regarding the favorability of these interactions. 

The predictions in Table 3.2 assume that there is an equal likelihood for the 

formation of each of the 14 hemichannel phenotypes presented and relies on binomial 

probability to predict channel distributions based on this assumption. The validity of the 

distribution presented in Table 3.2 has already been questioned for reasons stated earlier. 

It is possible that there are actually more Cx40 homomers in the coexpressing cells than 



H7 

predicted by this model, thus giving the strong Cx40 channel behavior observed. If there 

are truly more Cx40 homomeric hemichannels in the coexpressing cells, then we would 

expect to see some homomeric/heterotypic Cx40/Cx43 channel behavior when Rin43 and 

coexpressing cells are paired. Such an observation was not made therefore casting doubt 

on this supposition. 

It is quite possible that certain Cx types dominate voltage-dependent gating 

behaviors such that when they are paired with other Cxs in a heterologous channel they 

determine the gating response. There is evidence to suggest that gap junction channel 

voltage gating requires a conformational change in only one subunit for gating to occur 

(Oh et al., 2000). Due to the high Cx40:Cx43 expression ratios in the coexpressing cells, 

it is likely that the majority of the channels had at least one subunit of Cx40. If so, a 

dominant Cx40 gating effect would account for the symmetrical gating response when 

the Rin40 cell was held at both a positive and negative potential. 

The consistency of single channel events when Rin40 cells were paired with the 

coexpressing cells suggests that either the Cx40 henuchannel somehow stabilizes the 

pore when it pairs with a heteromeric hemichannel,. or thai the presence of Cx40 subunits 

in the heteromeric hemichannel maintains the pore resistance when pained with a Cx40 

hemichannel. As stated previously, the Rin43/A7r540C3 data presents the possibility 

that the A7r540C3 pore is high resistance when compared to Cx43 or Cx40 pores; 

however, this high resistance behavior is not observed in the single channel data from 

Rin40 and coexpressing cell pairs, therefore supporting the supposition that the Cx40 

connexon is stabilizing the overall pore behavior. In contrast, when the Cx43 connexons 
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dock with heteromeric hemichannels the "flexibility" of the Cx43 connexon could lead to 

a loss of stabilization within the pore and create a high resistance channel. 

Similar to previous studies examining gap junction charge selectivity (Beblo and 

Veenstra, 1997), we have demonstrated that Cx43 gap junctions allow diffusion of 

positive and negative dyes equally well, whereas Cx40 gap junctions are cation selective. 

Figure 3.9C demonstrates that as the Cx40:Cx43 expression ratio increases in 

coexpressing cells, the permeability properties shift from that of Cx43 gap junctions to 

that of Cx40 gap junctions. These data alone do not provide information regarding the 

permeability properties of heteromeric channels. Conversely, the influence of the 

heteromeric connexon on channel permeability could be discerned in the 

Rin43/coexpressing cell cocultures, whereby any deviation of permeability away from 

that of Rin43 cells is representative of homomeric/heterotypic or heteromeric/heterotypic 

gap junction permeability. The channels formed between coexpressing and EUn43 cells 

displayed a shift in dye permeability towards that characteristic of Rin40 cells as the 

Cx40:Cx43 expression ratio increased in the coexpressing cells (Fig. 3.9A). Thus, 

despite the unique and unpredicted electrophysiological properties of these cell types, the 

dye permeability was predicted by the relative contribution of the most dye restrictive Cx, 

in this case Cx40. 

That Cx40:Cx43 expression ratio is predictive of dye permeability but not single 

channel event amplitude suggests that single channel conductances do not correlate with 

channel permeability characteristics. It was originally suggested that there is a 

relationship between dye permeability and single channel conductance (Verselis et al.. 
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1986), with larger molecules traversing channels of larger unitary conductance. However, 

more recent evidence, and the data presented herein, show no relationship between the 

two (Veenstra et al., 1995; Cao et al., 1998). 

The comparable macroscopic conductance of Rin40 and Rin43 cell pairs (Fig. 

3.10) suggests that differences in dye coupling between these cell types cannot be 

attributed to differences in the extent of gap junctional coupling between these cells. In 

contrast, the low conductance of Rin40/Rin43 cell pairs indicates that these interactions 

are not favorable and may imply that changes in dye coupling observed when Rin43 and 

A7r540C3 cells are grown in coculture may be the result of decreased coupling between 

these cell types due to non-favorable docking of Cx43 with Cx40 dominant hemichannels 

in the coexpressing cell. Although favorable interactions may be playing a role in the 

types of channels formed, as the electrophysiological data suggest, the comparable levels 

of NBD-TMA transfer across all E?in43 coculture experiments indicate comparable levels 

of coupling and expression. If there was a loss of coupling between Rin43 and 

A7r540C3 cells in coculture, then it would be expected that the extent of NBD-TMA dye 

transfer in these experiments would be significantly diminished, this is not the case. 

Furthermore, as the Cx40:Cx43 ratio increased, size and charge selectivity increased, thus 

the changes in dye coupling are not an artifact of the number, and probability of open 

time, of gap junction channels present between these cells but rather reflect true changes 

in gap junction permeability. 

It is difficult to ascertain the proportional protein composition of functional gap 

junction channels. The protein expression ratios depicted in Figure 3.1 are derived from 
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whole-cell total protein extract and may not be representative of the expression ratios of 

the functional gap junction channels. It is possible that the functional protein populations 

are of differing ratios than total cell protein. Western blot data indicate that the Cx40 and 

Cx43 contents of 6B5n cells were both high, whereas in the A7r540Cl and A7r540C3 

cells the Cx40 contents were equivalent to the 6B5n cells, while Cx43 protein content 

was decreased. The immunofluorescent staining of these cells demonstrated strong Cx40 

plaques in all three cell types, while Cx43 staining was noticeably diminished in the 

A7r540Cl and A7r540C3 cells when compared to the 6B5n cells (Fig. 3.2). Therefore, 

the protein quantification and inmiunofluorescence results are compatible. 

If the Cx40:Cx43 expression ratios of the functional channel populations were not 

different between cell types, then there should be few differences in voltage-dependent 

gating and single channel conductances of Rin43 cells paired with the coexpressing cells. 

That these properties changed as Cx40:Cx43 ratio increased argues for a predictive 

relationship between Cx40:Cx43 ratio in total protein and Cx40:Cx43 ratio in functional 

channels. As well, predicted shifts in dye coupling when Rin43 cells were cocultured 

with coexpressing cells lends further evidence of increasing Cx40 predominance in 

functional channel composition. The combined immunofluorescence, 

electrophysiological and dye coupling data confirm that expression ratios changed in a 

progressive fashion in the coexpressing cells; however, we cannot definitively state the 

Cx40:Cx43 expression ratios of the functional channels in these cells. 

The combined electrophysiological and dye coupling data demonstrate that 

heteromeric/heterotypic Cx40/Cx43 channels are not more restrictive to dyes than their 
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homomeric/homotypic counterparts, instead tlie permeation properties of these channels 

reflects the relative contribution of the most permeability restrictive Cx, in this case 

Cx40. These findings support previous research demonstrating decreases in Lucifer 

yellow dye transfer with increasing Cx40:Cx43 ratio in coexpressing cells (Burt et al., 

2001). They also coincide with dye permeability data from growth arrested and 

proliferating A7r5 cells in which the cells grown in the presence of growth serum had a 

five-fold decrease in the ability to transfer Lucifer yellow (Kurjiaka et al., 1998). These 

combined observations suggest that a growth stimulus that increases cellular Cx40:Cx43 

expression ratio will cause shifts in gap junction channel populations that effect a 

progressive loss of permeability to anions in a precise and graded fashion. Such a change 

in permeability would result in the concentration of anionic signaling molecules, thus 

stimulating a continued growth response. Therefore, the advantage of channel 

heteromerization is that it provides a cell with the ability to finely control the types of 

molecules transferred between cells through small shifts in expression of only one of the 

two Cxs expressed, while at the same time maintaining overall electrical coupling, a 

characteristic essential for excitable tissues. 

In summary, altering Cx40:Cx43 expression ratio in coexpressing cells results in 

heteromeric channel populations with unique voltage-dependent gating and single 

channel conductance properties that are not predicted by the relative contributions of each 

of the connexins. In contrast, the dye permeability properties of the same channels do fit 

that which would be predicted by the relative contribution of Cxs to channel formation. 

Although electrophysiological techniques are useful tools for characterizing unique 
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channel populations, they are not predictive of overall permeability characteristics of gap 

junction channels. Such changes in permeability properties brought about by alterations 

in Cx expression ratio are likely to play an important role in the control of intercellular 

growth signaling. 



Table 2: Predicted connexon frequency for different Cx40:Cx43 expression ratios. 

oo« 

Cx40:Cx43 

expression ratio 

6:0 5:1 4:2 3:3 2:4 1:5 0.6 

1:1 1.6 9.4 23.4 31.3 23.4 9.4 1.6 

3:1 0.0 0.4 3.3 13.2 30 35.6 17.8 

5:1 0.0 0.1 0.9 5.6 20.6 40.2 32.7 

10:1 0.0 0.0 O.l 1.1 8.3 33.7 56.8 

Connexon frequency is represented as a percentage of total connexons. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

The hypothesis that Cx40 and Cx43 arc capable of fomaing heteromeric/ 

heterotypic gap junction channels has been supported. The channels formed between 

cells expressing only Cx43 and cells coexpressing Cx40 and Cx43 clearly do not display 

behaviors that would be predicted by a combination of homomeric/homotypic 

Cx43/Cx43 and homomeric/heterotypic Cx40/Cx43 channels, therefore permitting the 

conclusion that these are heteromeric/heterotypic channels. 

Altering the Cx40:Cx43 expression ratio in coexpressing cells had mixed 

outcomes. It was hypothesized that cells with high Cx40:Cx43 expression ratio would 

have channel gating and conductance properties similar to Cx40 homomeric/homotypic 

channels when paired with a cell expressing only Cx40, and that cells with low 

Cx40;Cx43 expression ratio would have channel gating and conductance properties 

similar to Cx43 homomeric/homotypic channels when paired with cells expressing only 

Cx43. These hypotheses were supported. There were few differences in voltage-

dependent gating and single channel event amplitudes between Rin40/Rin40 and 

Rin40/A7r540C3 cell pairs, and Rin43/6B5n cell pairs were not strongly distinguishable 

from Rin43/Rin43 cell pairs. Despite this, when cells expressing only Cx43 were paired 

with cells expressing Cx40 and Cx43 at a high Cx40:Cx43 ratio, the voltage dependent 

gating did not reflect that predicted by homomeric/heterotypic Cx40/Cx43 gap junction 

channels. Furthermore, there were no differences in gating or conductance characteristics 
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between cells expressing Cx40 and coexpressing cells with varying expression ratios. In 

all of these cell pairings, the parameters measured were almost identical to that of Cx40 

homomeric/homotypic channels. 

It was hypothesized that the dye permeability characteristics of cells with high 

Cx40:Cx43 expression ratio would be similar to homomeric/homotypic Cx40 channels. 

This hypothesis was supported, with progressively increasing Cx40:Cx43 expression 

ratio from 1:1 to 10:1 resulting in a shift in permeability from that similar to Cx43 

channels to that of Cx40 channels. Coculturing Cx43 expressing cells with coexpressing 

cells resulted in a predictable shift in dye transfer towards that of Cx40 channels with 

increasing Cx40:Cx43 expression ratio; however, when cells expressing only Cx40 were 

cocultured with coexpressing cells, there were no differences in dye permeability 

between treatment groups, with all groups displaying dye transfer similar to Cx40 

homomeric/homotypic channels. Cx40/Cx43 homomeric/heterotypic dye coupling could 

not be measured due to the poorly favored association of these connexons. 

Although electrophysiological techniques were effective for identifying unique 

channel behaviors associated with heteromeric/heterotypic gap junction channels, they 

were not representative or predictive of the permeability properties of these same channel 

populations. Despite this, the combined electrophysiological and dye coupling data 

demonstrates that heteromeric/heterotypic Cx40/Cx43 channels are not more restrictive 

to dyes than their homomeric/homotypic counterparts, instead the permeation properties 

of these channels reflect the relative contribution of the most permeability restrictive Cx, 

in this case Cx40. 
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As stated previously, the Cx40:Cx43 expression ratio in coexpressing cells can be 

dynamically regulated in response to a growth stimulus. A growth stimulus that increases 

the Cx40:Cx43 expression ratio will cause shifts in gap junction channel populations that 

effect a progressive loss of permeability to anions in a precise and graded fashion. Such 

a change in permeability would result in the concentration of anionic signaling 

molecules, thus stimulating a continued growth response. Therefore, the advantage of 

channel heteromerization is that it provides a cell with an increased ability to finely 

control the types of molecules transferred between cells through small shifts in 

expression, while at the same time maintaining overall electrical coupling, a 

characteristic essential for excitable tissues. 
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