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Abstract

The capacity of multiple connexins to hetero-oligomerize into functional heterogeneous gap junction channels has been demonstrated in

vivo1, in vitro2, and in nonmammalian expression systems. These heterogeneous channels display gating activity, channel conductances,

selectivity and regulatory behaviors that are sometimes not predicted by the behaviors of the corresponding homogeneous channels. Such

observations suggest that heteromerization of gap junction proteins offers an efficient cellular strategy for finely regulating cell-to-cell

communication. The available evidence strongly indicates that heterogeneous gap junction assembly is important to normal growth and

differentiation, and may influence the appearance of several disease states. Definitive evidence that heterogeneous gap junction channels

differentially regulate electrical conduction in excitable cells is absent. This review examines the prevalence, regulation, and implications of

gap junction channel hetero-oligomerization.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The ability of different connexin (Cx) isoforms to

oligomerize into single gap junction (GJ) channels is both

intriguing and disconcerting. The complexity of GJ function

created by heterogeneous (mixed Cx composition) channels

is fascinating to consider, yet our limited understanding of

the physiological roles of homogeneous (single Cx compo-

sition) channels makes contemplation of the consequences

of heterogeneous assembly daunting.

Six Cxs oligomerize to form a connexon (GJ hemi-

channel), and two connexons from adjacent cells dock to

form a functional GJ channel (Fig. 1A). Connexons

composed of only one Cx isoform are termed homomeric
Fig. 1. Heteromeric / heterotypic GJ channel formation. (A) Cartoon depiction of n

two Cxs (CxA, blue; CxB, red). (B) Connexons composed of only one Cx isoform

one Cx isoform are labeled heteromeric (HeM). When two identical connexons doc

docking of nonidentical connexons is heterotypic (HeT). There are two types of He

and those containing two HeM connexons (HeM/HeM). (C) Schematic representa

Cxs. The table presents the predicted frequency of each of the conformations as
(HoM), whereas connexons formed from more than one Cx

isoform are labeled heteromeric (HeM). When two identical

connexons dock, they form a homotypic (HoT) channel,

whereas the channel formed by the docking of nonidentical

connexons is heterotypic (HeT) (Fig. 1B). For the purposes

of this review, we will distinguish the various combinations

of connexons as shown in Fig. 1B. Notably, there are two

types of heterogeneous channels: ones containing HoM and

HeM connexons, which we refer to as HoM/HeM channels

(e.g., Cx40/Cx40–Cx43, connexons isolated by /) and those

containing two HeM connexons, which we refer to as HeM/

HeM channels (e.g., Cx40–Cx43/Cx40–Cx43). Collec-

tively, these heterogeneous channels are referred to as

HeM/HeT channels.
umerous possible GJ channel assembly patterns between cells coexpressing

are termed homomeric (HoM), whereas connexons formed from more than

k, they form a homotypic (HoT) channel, whereas the channel formed by the

M/HeT channels: ones containing HoM and HeM connexons (HoM/HeM),

tion of the 14 possible connexon conformations in a cell coexpressing two

a function of the CxA:CxB expression ratio.
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If a cell expresses two Cx isoforms that are free to

associate in a random fashion, then it could contain up to 14

differentially composed connexons, 12 HeM and 2 HoM. If

each of these 14 connexons were able to dock with all of the

others, then pairing two such coexpressing cells could result

in as many as 196 (14�14) differentially composed channel

types, the proportions of which (assuming random assembly)

would depend on the relative expression levels of Cx

isoforms (Fig. 1C). Probability theory predicts that small

changes in expression ratio could result in substantial

changes in the connexin composition of expressed channels

(see, e.g., the predictions for a 10:1 vs. 1:1 expression ratio in

Fig. 1C).

The prevalence of heterogeneous GJ channel assembly in

nature has not been established. It is clear that such channels

can and do form (see, e.g., Ref. [1]); however, the extent to

which they alter intercellular communication in physiolog-

ically necessary ways is not clear in part because unique

functional properties that specifically characterize these

channel types have not been identified. In the absence of

identified unique functional properties, definitive evidence

for their (functional) presence in cells or tissues requires a

combination of biochemical, imaging, and electrophysio-

logical data, which can be challenging to obtain, especially

in vivo.

Based on available data, it seems clear that heteroge-

neous GJ channel assembly affords cells, and the tissues

they comprise, an efficient and sensitive strategy for acute

and long-term regulation of intercellular communication.

Given what is already known about Cx-specific differences

in selectivity and regulation of HoM/HoT channels, the

capacity for heterogeneous assembly could benefit cells in

the following ways: (1) increase (or limit) the diversity of

exchanged molecules between cells; (2) increase the options

for regulation of intercellular molecular exchange by intra-

cellular signaling cascades; and (3) provide control over the

assembly and trafficking of hemichannels and formation of

functional GJ channels and plaques.

To achieve a greater appreciation for the functional

consequences of heterogeneous GJ assembly, it will be

necessary to (1) determine the favorability of Cx interactions

in a tissue- and cell-specific manner; (2) characterize the

effects of heterogeneous channels on gating and permselec-

tivity; (3) develop relationships between Cx stoichiometry

and function; and (4) discover in vivo models of hetero-

merization in healthy and diseased tissues. The purpose of

this review will be to examine the advancements that have

been made in progressing each of these goals.
2. Evidence for heterogeneous gap junction channels

2.1. Evidence in vivo

As mentioned earlier, it is difficult to verify the presence

of functional heterogeneous channels in cell and tissue
samples. There are numerous settings in which two or more

Cxs have been demonstrated to co-localize to the same GJ

[2–7]. To demonstrate that these Cxs form HeM connexons

requires isolation of connexons from GJ plaques, immuno-

precipitation of those connexons with an antibody specific

to one of the comprising Cxs and subsequent detection of

another Cx isoform in the immunoprecipitate [8,9]. To

demonstrate that the HeM connexons contribute to func-

tional heterogeneous channels, either unique channel

behaviors or dominant-negative effects must be observed.

Such data are not easily obtained and as a consequence

evidence for functional heterogeneous channels in vivo is

incomplete.

That mixed composition GJs might be functional was

initially explored in an indirect fashion by determining

whether communication occurred between pairs of cells

originating from different tissues and organisms [10–12];

these studies predated the molecular characterization of gap

junction genes and consequently the mixed composition of

junctions was unproven. The first definitive evidence for in

vivo colocalization of two Cxs to the same GJ plaque came

in 1987 [5]. These authors used immunohistochemistry and

immunoprecipitation techniques to demonstrate in hepato-

cytes the colocalization of what would later be defined as

Cx26 and Cx32 to the same GJ plaque, although they

concluded that HeM connexons either did not form or were

not common. Subsequent studies by numerous authors using

a variety of experimental approaches in hepatocytes and cell

expression systems clearly demonstrated that Cx26 and

Cx32 can form HeM connexons [13–15] and HeT [16–19]

channels. Reconstitution of connexons isolated from liver

into liposomes further demonstrated that HeM connexons

are present in vivo [20].

The cells of the lens express three gap junction proteins:

Cxs 43, 46, and 50. Cx46 and Cx50 are coexpressed and

colocalize in fiber cells where they form HeM connexons

[9,21]; Cx50 is expressed without Cx46 in the lens

epithelium. That animals deficient for either of these

proteins develop cataracts indicates that the roles of these

Cxs are not completely redundant [22,23]. Supporting this

conclusion, transfected cell studies show unique functional

properties for HoM/HeT as well as HeM/HeT Cx46 and

Cx50 mixed channels [24–26]. A recent study in which

Cx46 was knocked into the Cx50 locus such that both

proteins are expressed in the lens epithelium demonstrated

that the lenses of heterozygous animals (Cx50+/46) devel-

oped dense cataracts (regardless of whether the animals had

Cx46 in the Cx46 locus). These studies all support the

conclusion that HeM/HeT channels display unique proper-

ties necessary for normal development and function of the

mammalian lens.

Cells of the cardiovascular system express Cxs 37, 40, 43

and 45 in a tissue- and developmental stage-specific manner.

Dual whole-cell voltage clamp recordings from canine atrial

cells, which coexpress Cxs40 and 43, demonstrate single

channel conductances (cj) that are not observed in cells that
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express only one of these proteins [27], thus providing

evidence that HeM/HeT Cx40 and Cx43 channels function

in the atrium. In a mammalian smooth muscle cell line,

A7r5, it was demonstrated using biochemical and electro-

physiological techniques that HeM Cx40 and Cx43 con-

nexons form and contribute to functional channels that

display properties distinct from either HoM/HoT counterpart

[8]. That Cxs 40 and 43 form functional HeM/HeM and

HeM/HoM channels has been verified by pairing commu-

nication-deficient cell lines made to express one or both Cxs

[28–31]. Comparable studies using communication-defi-

cient cell lines have demonstrated Cxs 37 and 43 [32], and

Cxs 43 and 45 [33–35] form functional HeM/HeM

channels, while Cxs 40 and 45 [36], and Cxs 40 and 37

[37] form functional HoM/HeT channels. Whether Cx40

and Cx45 and Cx40 and Cx37 form HeM/HeM channels

has not yet been explored (or reported).

The prevalence of heterogeneous GJ channel assembly

and function in vivo is not yet clear; however, the studies

described above indicate that it does occur. The extensive

literature documenting tissue-specific changes in patterns of

Cx coexpression and colocalization during development and

in response to disease and injury, in combination with the

limited functional data discussed above, highlight the

potential of such heterogeneous channels to significantly

affect the physiology of coexpressing cells and tissues.

2.2. Evidence from cell expression systems

The use of communication-deficient expression systems

for the assessment of heterogeneous GJ communication

has been critical in the advancement of our understanding

and has led to the mapping of many of the Cx

compatibilities depicted in Table 1. Werner et al. [38]

demonstrated that a Xenopus laevis oocyte made to

express Cx43 would form a functional junction with

oocytes expressing their endogenous Cx, Cx38, and with

oocytes expressing Cx32 (and Cx38). The Cx43/Cx38

junction displayed asymmetric voltage-dependent gating

properties that were consistent with each hemichannel

retaining its unique gating characteristics. Furthermore, the

level of coupling observed in such pairs was considerably

larger than that observed between pairs expressing only the

endogenous Cx, suggesting that expression of Cx43 in one

oocyte somehow favors the development of a junction in

the paired oocytes. Swenson et al. [39] confirmed these

results and further demonstrated that Cx32-expressing

oocytes would not form functional junctions with oocytes

that expressed only the endogenous Cx38. More recent

work demonstrating that HeT Cx43/Cx32 channels do not

form [36,40] leads to the simple conclusion that the HeT

channels observed in the Werner and Swenson studies

were between Cx43 and the endogenous Cx38 rather than

between Cx43 and Cx32.

In subsequent studies, the ability of various Cxs to form

functional HoM/HeT channels was extensively examined in
both X. laevis oocyte [16,26,37,40] and communication-

deficient mammalian cell [36] expression systems. A

summary of much of this work can found in the review

by White and Bruzzone [41]. Collectively, these studies

demonstrated that not all connexons dock successfully with

all others to form HoM/HeT channels. Cxs have been

phylogenetically classified into a, h, g, and q subgroups.

Initially, it was hypothesized that HoM connexons com-

posed of either an a Cx or a h Cx would dock with any

member of the same phylogenetic group, but would not

dock with members of another group. These restrictions

were thought to reflect differences in the primary amino acid

sequences, specifically in the E1 and E2 loops. Despite

providing convincing evidence supporting this premise,

White et al. [40] downplayed the role of the E1 and E2

loops in defining compatibility because HoM Cx40 did not

interact successfully with several other a group Cxs

including HoM Cx43, Cx46 and Cx50 (see also Ref. [26])

and h group Cxs32 and 26 were both compatible with a

group Cxs46 and 50.

Using HeLa cells as a mammalian expression system and

Lucifer yellow dye coupling to assess communication,

Elfgang et al. [36] also concluded that docking between a

and h HoM connexons is not favored. They also reported

that some a combinations were not favored; for example,

Cxs 40 and 43 failed to form HeT channels. Through use of

chimeric constructs in which portions of Cx43 replaced

Cx40, Haubrich et al. [42] concluded that both the E1 and

E2 loops as well as the C-terminus participated in

determining docking compatibility.

Some of the HoM/HeT combinations found incompatible

in the oocyte expression system have subsequently been

demonstrated compatible in mammalian expression sys-

tems; and some combinations in mammalian expression

systems found incompatible by dye coupling assays have

subsequently been demonstrated as compatible by electrical

coupling assays. The most prominent example is the

successful HeT interaction of HoM Cx40 with HoM Cx43

[28,31]. These findings indicate that conclusions regarding

Cx compatibility derived from the Xenopus oocyte expres-

sion system or mammalian expression systems using dye

transfer assays should be treated with caution. Discrepancies

between oocyte and mammalian expression systems are

particularly interesting for they prompt consideration of the

roles of accessory proteins (e.g., adhesion proteins) or

system-specific post-translational modifications (e.g., phos-

phorylation) in guiding the docking process.

Cell expression systems have also been used to explore

promiscuity in HeM connexon formation. Early work by

Stauffer [15] used a biochemical approach to demonstrate

that Cx32 and Cx26 could form HeM connexons in

transfected insect cells, although there were no functional

data to demonstrate that these connexons participated in

functional GJ channels. Functional confirmation of HeM/

HeT channels requires that these channels display gating or

conductance properties distinct from the HoM/HoT and



Table 1

Heterotypic and heteromeric compatibility among mammalian Cxs

l
Yellow squares represent HeT Cx compatibility. Green squares represent HeM Cx compatibility. + indicates a compatibility between Cxs. � indicates that

the Cxs are incompatible. A blank cell indicates that the relevant experiments determining compatibility have not been performed. These data were obtained

from Refs. [6,7,11–13,18–20,23,27,29,31–36,38,77].
a
Unpublished data as reported in Ref. [36].

b
HeT compatibility was assessed in oocyte pairs; therefore, it may not apply in other systems.

c
HeT compatibility was assessed with dye coupling; therefore, it may not apply to electrical coupling.

d
The chicken homolog of human Cx50 was used (cCx56).
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HoM/HeT properties of their constituent Cxs. If distinct

properties are not observed, the presence of HeM/HeT

channels could be falsely rejected. Despite this risk,

several groups have confirmed functional HeM/HeT

configurations in transfected mammalian cells [24,28,

29,32,33], although others have failed to show that there

are differences in voltage gating and conductance proper-

ties where HeM connexons have been biochemically

identified [25,30,43].

Cell expression systems have proven valuable for the

assessment of Cx compatibility in both HoM/HeT and

HeM/HeT GJ channel formations. They have also provided

us with insights into the behaviors of such channels. Despite

this, their usefulness in predicting HeM/HeT channel

formation and function in vivo is not clear. In part, this

reflects our incomplete knowledge of the extent to which the

cellular trafficking and assembly machinery differs in a cell-

specific manner and how this machinery is regulated

spatially and temporally.

2.3. Trafficking and assembly

The complexities of GJ assembly and trafficking are still

being unraveled for HoM hemichannels (see reviews in

Refs. [44,45]), with HeM connexons furthering the detail of

this puzzle [46]. Ahmad et al. [47] used an in vitro

transcription protocol to assess the preferred assembly

compartments for HoM and HeM Cx26 and Cx32 hemi-

channels. They found that the efficiency of HeM connexon

formation in microsomes was greatly increased by the

addition of Golgi membranes. This observation implies that

machinery supplied by the Golgi facilitates the formation of

HeM channels, and that regulation of HeM connexon

assembly can occur independently of HoM connexon

assembly.

Cx26 and Cx32 hetero-oligomerization was also exam-

ined in guinea pig liver membrane fractions [14]. Cx32 was

found in all membrane fractions (endoplasmic reticulum,

Golgi, sinusoidal plasma membrane, lateral plasma mem-

brane) with the highest levels in the lateral plasma

membrane. Cx26 was found in these same fractions;

however, the ratio of Cx26:Cx32 varied with each fraction.

Although their methodology did not allow for direct

comparison of protein levels, the Cx26:Cx32 ratio was

much lower in the Golgi, endoplasmic reticulum-Golgi

intermediate compartment, and microsomal fractions. The

authors speculated that this might be the result of Cx26

taking an alternative route to the membrane, bypassing the

Golgi complex. This concept was supported by the

observations of Ahmad et al. [47], where it was described

that Cx26 can assemble into membranes post-translation-

ally. Cxs do not contain conventional signal sequences for

trafficking and assembly, therefore opening the option of

multiple routes for trafficking and assembly [14]. So,

although Cx32 and Cx26 are capable of forming HeM

connexons, the proportions of Cxs in these hemichannels
may not be representative of the relative expression levels of

the two Cxs in functional GJs.

Insights into HeM channel assembly can be gained from

the use of dominant-negative mutant Cxs to knock down GJ

formation. Das Sarma et al. [48] exploited this phenomenon

(observed in Refs. [49,50]) by using a dominant-negative

Cx consisting of bacterial h-galactosidase (h-gal) fused to

the C-terminus of Cx43. This Cx43/h -gal mutant was

capable of forming heteromers with wild type (wt) Cx43

and wtCx46, but the heteromers were retained in intra-

cellular compartments. The Cx43/h-gal mutant did not

oligomerize with wtCx32 implying incompatibility of these

Cxs or assembly in different compartments. Importantly, the

Das Sarma study provided evidence that some cells have the

capacity to regulate whether compatible Cxs intermix. Thus,

in HeLa and alveolar epithelial cells, Cx43 and Cx46

coassemble into HeM connexons, but in ROS osteoblastic

cells, despite expression of both proteins, only Cx43 traffics

to the cell membrane. Similar observations were made for

Cx46 and Cx43 assembly and trafficking in ROS, lens, and

HeLa cells [51]. These observations further indicate that

connexon assembly may not be a random process but rather

can be regulated in a cell-specific manner.
3. Effects of heterogeneous GJ channel assembly on

channel function

3.1. Gating behavior

3.1.1. Voltage-dependent gating

Relative to HoM/HoT junctions, mixed composition

junctions frequently display significant differences in trans-

junctional voltage-dependent gating (Vj -gating; for review,

see Ref. [52]). For HoM/HeT junctions, these differences

arise, at least in part, from differences in the voltage polarity

and magnitude that result in bfastQ gating, but protein–

protein interactions within and between connexons also

influence voltage-dependent gating, sometimes in unex-

pected ways [19]. An illustration of the basis for polarity-

dependent differences in voltage-dependent gating can be

demonstrated in the following example. If Cell 1 of a HoM/

HeT junction expresses a Cx that gates in response to a

positively oriented voltage and Cell 2 expresses a Cx that

gates in response to a negatively oriented voltage, then

when Cell 1 is held at a positive voltage relative to Cell 2,

both connexons experience a voltage polarity that results in

their gating. In contrast, when Cell 1 is held at a negative

voltage relative to Cell 2, neither connexon experiences the

voltage polarity necessary for gating and junctional con-

ductance is independent of Vj. Werner et al. [38] were the

first to show this type of asymmetry in Vj -gating. They

studied HoM/HeT Cx38/Cx43 channels in oocytes and

found that as the transjunctional voltage difference

increased junctional conductance decreased, but only when

the Cx43 oocyte was negative relative to the Cx38 oocyte;
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voltages of the opposite polarity had no effect on

conductance. Many others have since reported asymmetric

Vj -gating for this and other Cx pairs [16,17,28,31–34],

although for most connexon pairs complete absence of

voltage sensitivity with one polarity of voltage difference is

rare (see, e.g., Fig. 2). The variable degree of asymmetry

displayed by different HoM/HeT combinations may be

explained by multiple voltage-sensitive gates and/or mod-

ification of gating behavior through connexon–connexon

interactions.

Vj -gating of GJs involves both fast and slow compo-

nents; the fast component results in closure of the full open

channel to a residual state whereas the slow component

involves complete closure of the channel. The fast gate (in

Cx43 and Cx32) resides at the channel’s entrance and likely

involves interaction of the N-terminal [53,54] and C-

terminal domains [54,55]; the location of the slow gate

remains uncertain but is likely deep within the pore rather

than at its entrance. Although for some Cxs, the voltage

polarity that influences the fast and slow gates is the same,

e.g., Cxs 32, 43, and 45, for others it differs, e.g., Cx46 and

50 [52,56]. Sensitivity of the fast vs. slow gates to

oppositely oriented voltage polarity likely contributes to
Fig. 2. Heterotypic GJ channels often display asymmetric Vj - dependent

gating behavior. Mean (FS.E.) normalized conductance (circles, solid line,

n =16) derived from a series of transjunctional voltage steps between cell

pairs expressing Cx43 in one cell and Cx40 in the other. All data are

reported relative to the Cx43-expressing cell. The dotted lines represent

two individual experiments that demonstrate the variability in Vj - gating in

the absence of a gating charge, with the squares representing a relatively

low voltage sensitivity and the triangles representing a relatively high

voltage sensitivity that does not reach a minimum conductance state over

the transjunctional voltage steps applied. Data adapted from previous

publications [28,29].
the asymmetry of some HoM/HeT combinations, like Cx40/

Cx43 (Fig. 2).

Docking of dissimilar connexons can modify various

aspects of Vj -gating, including fast - and slow-gate func-

tionality, fast -gating rectification, and Vj sensitivity. Fast

Vj -gating of Cx43 is typically triggered when the Cx43-

expressing cell is negative relative to the other cell.

However, when Cx43 docks with Cx45, this Vj -gating

response of the Cx43 connexon is lost [33,34]; as a result,

when the Cx45 expressing cell is held positive (Cx43 cell

negative) there is only a gradual, prolonged closure of a

slow gate [33,34,57]. Slow gating activity of Cx32 is lost

when it pairs with Cx26 and the heterotypic channel

displays fast Vj -dependent rectification [19]. Vj sensitivity

of HoM/HeT Cx40/Cx43 GJs differs from that observed

for either HoM/HoT counterpart (Fig. 2) [28,29]. When the

polarity of the voltage difference favors fast gating (Cx40

positive, Cx43 negative), the voltage sensitivity is enhanced

with a lower Gmin (the voltage-insensitive residual con-

ductance) and V0 (the transjunctional potential difference at

which half the voltage sensitive current is lost). When the

polarity of the voltage difference for fast gating is not

favorable (Cx40 negative, Cx43 positive), junctional con-

ductance ( gj) still declines with increasing Vj (perhaps

through similarly oriented slow gates), but the magnitude of

the decline is variable (Fig. 2) [28]. The mechanistic bases

for these deviations in predicted behavior are not under-

stood. It has been suggested that the fast-gate may act as a

prop to maintain the slow gate open (possibly by decreasing

the voltage field across the slow gate), thereby inducing an

apparent decrease in the Vj sensitivity of the slow gate. HeT

docking can result in the functional removal of the fast gate,

which then permits full closure of the channel via the slow

gate [57]. Variability in the gating response of HoM/HeT

junctions may suggest that the slow Vj gate is only modestly

sensitive to Vj, is sensitive to the opposite (compared to the

fast gate) gating polarity, or is sensitive to Vjs of either

polarity. In summary, Vj -gating of HoM/HeT junctions

demonstrates that interactions between the docked connex-

ons can alter the capacity of the fast and slow gates to act as

well as their voltage sensitivity.

Vj -dependent gating is further complicated for HeM/

HeT channel configurations. Again, the easiest prediction to

make regarding the Vj -gating behavior of these channels

would be that the relative contribution of the different Cxs

to the channel would determine the channel’s gating

behavior. In some studies, this prediction has been

confirmed [25,30,43]; however, other studies have demon-

strated a large variety of Vj -gating behaviors in HeM/HeT

channels that are not predicted by the (approximate) Cx

composition of the comprising connexons [24,28,29,32,33].

From data generated in our laboratory, it appears that

specific Cxs may have dominance over the Vj -gating

activity of HeM/HeM and HeM/HoM channels [28,29].

When a cell that coexpresses Cx40 and Cx43 is paired with

a Cx40 -expressing cell (Cx40–Cx43 /Cx40 GJ), the
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observed Vj -gating behavior is very similar to that observed

in HoM/HoT Cx40 GJs, regardless of the Cx40:Cx43

expression ratio in the coexpressing cell and regardless of Vj

polarity. However, when these coexpressing cells are paired

with a Cx43-expressing cell (Cx40–Cx43/Cx43 GJ), Vj -

gating behavior depends on Vj polarity. When the Cx43 cell

is hyperpolarized, gating of the HeM/HoM junction

resembles that of HoM/HoT Cx43 GJs although with

greater Vj variability; when the Cx43 cell is depolarized,

the gating behavior depends heavily on the Cx40:Cx43

expression ratio in the HeM cell (see Fig. 5A). The Vj

sensitivity of Cx40 exceeds that of Cx43 in HoM/HoT

configuration. In HeM/HoM configuration, it appears that

the connexon with the highest Cx40 content dictates the

voltage response. Similar conclusions were drawn for

Cx43–Cx45/Cx43 vs. Cx43–Cx45/Cx45 junctions [33]. A

mechanistic understanding of Vj -gating in HeM/HeT GJ

channels will be challenging to tease apart; however, the

important consideration for the purpose of this review is that

protein–protein interactions within and between connexons

can cause significant changes in Vj -dependent gating,

changes that are not readily predicted by the behavior of

the participating Cxs in HoM/HoT or even HoM/HeT

channel configurations.

3.1.2. Chemical gating

Perhaps a more physiologically relevant aspect of GJ

gating is that induced by cellular acidification (pH-depend-

ent gating, or pH-gating). The mechanistic basis for pH-

gating has been studied extensively with the consensus

being that it occurs through a ball-and-chain-type interaction

between the C-terminus (the ball) and intracellular loop

[58]. Once the ball and chain mechanism was described,

questions arose as to how Cxs within a hemichannel may

cooperate to cause the observed gating effect. Two potential

hypotheses have been advanced: (1) each Cx acts inde-

pendently—therefore pH-gating of a HeM connexon will be

determined by its most sensitive Cx constituent; or (2) the

Cxs in a hemichannel interact cooperatively creating pH-

gating that is a unique function of the Cx constituents and

(possibly) distinct from the HoM/HoT channels formed by

either Cx constituent. The first hypothesis implies that a

single ball is sufficient to close the channel; the second

hypothesis implies that multiple balls might be necessary for

channel closure or that Cx interactions within the HeM

connexon influence the sensitivity of the pH gate.

The first study to determine the impact of hetero-

oligomerization on pH-gating utilized Cx32 and a mutant

of Cx32 (Cx32*5R/N) in which five arginines (R) in the C-

terminus were replaced with asparagines (N) to create an

increased sensitivity to pH [59]. If each Cx acts independ-

ently, then coexpression of these Cxs in an oocyte model

would be expected to result in pH-gating indistinguishable

from that observed for the HoM/HoT configuration of the

most sensitive Cx (Cx32*5R/N). The data did not support

this possibility. When a coexpressing cell was paired with
either another coexpressor or with a Cx32-only expressing

cell, the pH sensitivity was very similar to a HoM/HoT

Cx32 GJ. In contrast, when a HoM Cx32*5R/N oocyte was

HeT paired with either a coexpressor or Cx32, pH-gating

was similar to the Cx32*5R/N HoM/HoT GJ, but with

slowed kinetics. The data suggest that (cooperative)

interactions both between and within connexons influence

(negatively or positively) the sensitivity and kinetics of the

Cx-specific pH-gating response.

Working with a-group Cxs, additional studies lent

further support for the presence of cooperative interactions

within connexons contributing to pH-gating [60,61]. In

these studies, HeM/HeM Cx40–Cx43 channels were

shown to be more sensitive to pH than either of the HoM/

HoT counterparts. They further showed that coexpression of

the C-terminus of Cx43 with a pH-insensitive truncated

Cx40 restored pH sensitivity and rendered the junction more

sensitive than HoM/HoT Cx40 channels alone. Such

observations imply that not only does cooperativity exist

in pH-gating of these Cxs, but that this cooperativity

involves an enhanced interaction between the C-terminus

and other Cx regions (intracellular loop?).

Increased gating sensitivity was also found for Cx40 and

Cx43 HeM/HeM junctions responding to halothane [62].

The mechanism of halothane- induced gating is not clear;

therefore, it is not known whether the C-terminus plays a

functional role in this increased sensitivity. It is interesting

that the increase in pH and halothane sensitivity is not

correlated with increased Vj -gating sensitivity of HeM/HeM

Cx40 and Cx43 GJ channels [29]. The greater impact of

heteromerization on pH- and halothane-gating than Vj -

gating likely reflects a diversity of structural mechanisms

contributing to the gating process and highlight the

complexity of gating regulation offered by HeM/HeT

channels.

3.2. Channel conductance

Single-channel properties of HeM/HeT GJ channels are

also quite complicated. A resistors-in-series model predicts

that single channel conductance (cj) will be determined by

the sum of the resistances contributed by each hemichannel.

This expectation holds true for most HoM/HeT channel

formations. Studies of Cx43/Cx45, Cx43/Cx40, and Cx43/

Cx37 HoM/HeT channels show cj variability that generally

falls within the range predicted from the corresponding

HoM/HoT channels [28,32,43]. However, two caveats are

worth noting. First, when HoM/HeT channels are formed

between Cxs with opposite fast -Vj -gating polarity, there is

significant rectification in the measured cj [17,28,31,57].

When Vj polarity favors gating, a full open state con-

ductance predicted by a resistors-in-series model can be

measured as well as a Vj -induced residual state. When the

Vj polarity does not favor gating, the observed full open

state conductance can be much smaller than that predicted

by a resistors-in-series model and transitions to a residual
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state are not observed. Second, as suggested by channel

events not predicted by a resistors-in-series model, it may be

that additional conductance states can occur in some HoM/

HeT pairings [28,29], although these states could reflect

alternative phosphorylation states (see below).

For HeM/HeM channels, rules for predicting the con-

ductances of the 196 possible channel configurations have

yet to be elucidated. It might be reasonable to expect that cj
would reflect the relative contributions of the component

Cxs, such that (1) all conductances would lie between those

of the corresponding HoM/HoT channels and (2) as the

ratio of expression increases the population of channel

events would shift towards HoM/HoT behavior of the

favored Cx. To evaluate whether this might be the case, the

Burt lab generated cell lines in which the Cx40:Cx43

expression ratio increased from 1.5:1 to 10:1 [29,63].

Comparison of event frequency histograms obtained from

pairs of 10:1 expressing cells vs. 3:1 expressing cells

revealed a clear shift towards HoM/HoT Cx40 - like

channels (Fig. 3), which suggests that the relative contribu-

tion of Cx40 to the population was a significant determinant

of channel amplitude. Interestingly, when these coexpress-

ing cells were paired with HoM Cx43, the prevalence of

smaller cj states increased (Fig. 5B) as the Cx40:Cx43 ratio

in the coexpressing cell increased [29]; however, when

paired with HoM Cx40, all cj conductance profiles looked

very similar to that of HoM/HoT Cx40 irrespective of the

Cx40:Cx43 ratio in the coexpressing cell. These data
Fig. 3. Connexin expression ratio influences the relative frequency of

observed unitary conductances. A7r5 cells express Cx40 and Cx43 at a ratio

of ~3:1 whereas A7r5 -C3 cells express these proteins at a ratio of 10:1.

Note that relative to the A7r5 cells, the channel amplitudes observed

between A7r5 -C3 cells more closely resemble the channel amplitudes

observed for Cx40 HoM/HoT channels, 175-200pS.
indicate that the conductance of HeM/HoM GJ channels

reflects interactions within and between connexons and

specific Cxs may play a dominant, controlling effect.

3.3. Changes in phosphorylation-dependent regulation

All Cxs, except Cx26, are phosphoproteins; however,

whether HoM/HoT channels containing phosphorylated

Cxs function differently from nonphosphorylated channels

is largely unexplored. Where examined, it is apparent that

phosphorylation can alter channel gating and/or conduc-

tance [64–67]. Comparatively little is known about the

effects of hetero -oligomerization on phosphorylation-

dependent regulation. A critical issue in this context is

whether or not the sensitivity to phosphorylation-dependent

regulation shows cooperativity.

Using the oocyte expression system, Stergiopoulos et al.

[61] found that the C-terminus of the phosphoprotein Cx43

is capable of interacting with Cx26 and Cx32 and in so

doing confer on these channels sensitivity to insulin-

activated signaling cascades. The recent, still preliminary,

work of Burt and Steele [64] shows that the conductance of

Cx40 HoM/HoT GJs is not reduced by PDGF whereas

conductance of Cx43 HoM/HoT GJs is. The conductance of

GJs formed by several cell lines that coexpress these

proteins was also regulated by PDGF, even when the ratio

of Cx40/Cx43 expression was high. These observations

offer insight to the physiologic significance of coexpression-

HeM/HeT GJs may be regulated by a broader array of

strategies than the corresponding HoM/HoT GJs. Clearly,

this possibility requires a great deal more attention.

3.4. Changes in GJ channel permselectivity

Permeability and selectivity (permselectivity) of a

channel are determined predominantly by the size (cross-

sectional area) of the channel’s pore and the electrostatic

charges that line the pore and vestibule regions. Originally,

GJs were regarded as simple, nonselective pores. In recent

years, however, it has become abundantly clear that the

HoM/HoT GJs formed by various Cx isoforms display

distinct permselectivity properties [68–73]. Four studies are

notable in this context. Elfgang et al. [36] compared the

extent of the dye coupling (using Lucifer Yellow (LY; 2�,

9.5 2), propidium iodide (PI; 2+, 9.3 2), ethidium bromide

(EB; 1+, 9.3 2) and DAPI; 1+, 6 2) as mediated by HoM/

HoT junctions composed of Cx26, Cx31, Cx32, Cx37,

Cx40, Cx43, or Cx45. All of these Cxs formed junctions

that were reasonably well permeated by LY and DAPI; PI

and EB coupling was Cx-specific and typically the level of

coupling with these dyes was less than with LY or DAPI.

Although the study did not estimate the number of channels

contributing to coupling in each setting, the data clearly

suggest that the degree of Cx-specific selectivity is not

extreme. In more recent studies, permeation rates (mole-

cules /s /channel) for various HoM/HoT junctions have been



Fig. 4. Dye coupling is limited by the dominant Cx. (A) Cx43-expressing

cells (Rin43) cocultured with cells coexpressing Cx40 and Cx43 at

Cx40:Cx43 ratios of approximately 1.5:1 (6B5n), 3:1 (A7r5), and 10:1

(A7r5C3) were injected with dyes of various size and charge; NBD-TMA

(+1 charge, 280 Da, circles), Alexa 350 (�1 charge, 326 Da, squares), and

Alexa 594 (�2 charge, 736 Da, triangles). (B) Experimental conditions

were identical to A except that Cx40-expressing cells (Rin40) were

cocultured with coexpressing cells. In both A and B, the relative

contribution of the less permeable Cx (Cx40) determines the extent of

dye transfer. Data adapted from Ref. [29].
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made and size selectivity evaluated. Valiunas et al. [72,74]

estimated the flux rate for LY as 1530, 300, and 213

molecules /s /channel, a 7-fold difference, through Cx43,

Cx40, and Cx45 HoM/HoT junctions, respectively. Weber

et al. [73] compared the size selectivity of HoM/HoT GJs

composed of Cxs 26, 32, 37, 40, 43, or 45 using the anionic

Alexa dyes 350, 488, and 594. For the smallest dye (Alexa

350), channel permeability decreased 6-fold as follows:

Cx45NCx40NCx32NCx26cCx43NCx37. For the largest

dye (Alexa 594), the sequence changed to Cx32NCx43NN

Cx45NCx26NCx40 and Cx37 was not detectably perme-

ated. The magnitude of the difference between Cx32 and

Cx40 was 16-fold. Importantly, the Lucifer Yellow flux

values obtained by Valiunas et al. for Cx40, Cx43, and Cx45

channels were ~200-fold lower than the Alexa 488 values

obtained by Weber et al. for these same channels, despite the

comparable size and charge of the dyes. The basis for the

differences in the two studies is not yet clear, but in both

studies Cx43 was much better permeated than Cx40

channels by small, negatively charged molecules. These

data speak to significant Cx-specific selectivity differences.

Given the Cx-specific selectivity differences described

above, it seems clear that the range of permselective

properties defined by HoM/HoT channel configurations

could be greatly expanded by HoM/HeT and HeM/HeT

configurations. In early studies addressing this possibility

(e.g., Refs. [75,76]), the extent of dye coupling in

heterocellular settings in vivo was examined and directional

dye transfer was observed. Although the Cx composition of

the junctions tested in these studies was not rigorously

determined, the authors suggested that heterotypic junctions

might be responsible for directional transfer—an intriguing

conclusion. Elfgang et al. [36] examined the permeability to

Lucifer yellow of HoM/HeT junctions formed by Cx26,

Cx31, Cx32, Cx37, Cx40, Cx43, or Cx45. It was

determined that some HeT combinations were not perme-

ated by the dye, whereas others were—in no case was

directional transfer observed. Although the authors con-

cluded that failure of dye coupling resulted from incompat-

ibility of the partnered connexons, subsequent studies have

revealed notable exceptions to this conclusion. For example,

Cx40 and Cx43 were concluded to be incompatible for GJ

formation because Lucifer -Yellow-permeable junctions

were not detected when these connexons were paired.

Several labs have subsequently shown that these connexons

do form functional HoM/HeT channels [28,30], although

this pairing is not as favorable as HoM/HoT channel

formation [29] and results in poor dye coupling (possibly

due to low numbers of channels). Valiunas et al. quantified

the Lucifer Yellow flux rate /channel for Cx40/Cx43 and

found it was intermediate (550 molecules /sec /channel) to

that measured for the corresponding HoM/HoT forms (see

above and Ref. [72]). Weber et al. examined the flux rates

for Cx32/Cx26 GJs and Cx37/Cx43 GJs; for Alexa 350,

permeability was determined either by the most restrictive

partner (Cx26) or was intermediate to the partners (Cx37/
Cx43). As dye size increased, the more restrictive partner

had a larger and larger impact on permeability. Several

conclusions can be drawn based on these results. First,

permeability of HeT channels for small molecules that are

not near the size cutoff are reasonably predicted by the

properties of the HoT channels. As the permeating molecule

approaches the size cutoff for the channel, the more

restrictive connexon partner dominates the permeability

properties of the channel. Finally, for the pairs thus far

tested, directional transfer of dye has not been observed.

The impact of hetero-oligomerization on junctional

permselectivity has also been examined, although conclu-

sions are still largely qualitative in nature. Early work by

Brissette et al. [3] showed a correlation between devel-

opmentally regulated changes in Cx expression in kerati-

nocytes and selective alterations in the junctional transfer of

cytidine triphosphate and methionine. Koval et al. [77]

introduced Cx45 into cells that naturally expressed Cx43

and showed that a consequence of coexpression was a

reduction in the extent of Lucifer yellow and calcein dye

coupling. Since these Cxs are now known to form HeM

connexons, it seems likely that Cx45 and Cx43 HeM/HeM

channels are less well permeated by Lucifer yellow than

HoM/HoT Cx43 channels. This conclusion has since
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gained further support [43]. Bevans et al. [20] reconstituted

HoM Cx32 and HeM Cx32 and Cx26 connexons into

liposomes and compared permeability to cAMP and cGMP.

They found that HoM Cx32 connexons were equally well

permeated by cAMP and cGMP but HeM Cx32 and Cx26

connexons, while comparably permeated by cAMP, were

poorly permeated by cGMP. Because the permeability of

HoM Cx26 connexons was not determined in these studies,

the impact of the HeM configuration on selectivity cannot

be conclusively stated. However, these studies certainly

indicate differences between HeM and HoM forms.

The only published studies addressing ratio-dependent

changes in permselectivity of HeM/HeM and HeM/HoM

GJs derive from the Burt laboratory. Their data support the
conclusion that permselectivity of such junctions is

reasonably well predicted by the relative contribution of

the Cx constituents (see Figs. 4A, and 5C). In an initial

study, Burt et al. [63] found that as the Cx40:Cx43

expression ratio increased in coexpressing cells, the

permeability to Lucifer yellow decreased despite compa-

rable levels of electrical coupling. Cottrell et al. [29]

explored the impact of expression ratio on permselectivity

more thoroughly by comparing results obtained with dyes

of differing size and charge. They found that HoM/HoT

Cx43 junctions were equally well permeated by positively

and negatively charged dyes with only a slight decrease in

extent of coupling as dye size increased (Fig. 4A). In

contrast, Cx40 junctions were poorly permeated by

negatively charged dyes but were comparably permeated

by positively charged dye (Fig. 4B). When cells of

increasing Cx40:Cx43 expression ratio were tested, GJ

permeability shifted from that resembling HoM/HoT Cx43

to that of HoM/HoT Cx40. Of particular interest here were

their observations of HoM/HeM junctions. When Cx43-

expressing cells were cocultured with cells that coex-

pressed Cx40 and Cx43 (Cx43/Cx43–Cx40 GJs), they

found that as the Cx40:Cx43 expression ratio increased,

the GJ permeability again shifted towards that of HoM/

HoT Cx40 (Fig. 4A). However, when Cx40-expressing

cells were cocultured with these same coexpressing cell

lines (Cx40/Cx43–Cx40 GJs), the permeability did not

shift with increasing expression ratio; instead, permeability

resembled that of HoM/HoT Cx40 junctions irrespective of

the Cx40:Cx43 expression ratio in the HeM connexon

(Fig. 4B). These observations suggest that the relative

contribution of a bdominantQ Cx to HeM/HeM channels

(Cx40 in this case) can be used to predict the permse-

lectivity characteristics of that channel. If the mechanistic

basis for the restricted permselectivity of Cx40 channels is
Fig. 5. Alteration of Cx expression ratios can result in progressive shifts in

Vj - gating, c j, and permselective properties of GJ channels. Functional

properties of Rin43 cells paired homotypically (black bar), heterotypically

with coexpressing cells (Cx40:Cx43 ratio in 6B5N cells is ~1.5:1, in A7r5-

C1 cells is 5:1, and in A7r5 -C3 cells is 10:1; gray bars), or heterotypically

with Rin40 cells (white bar) can be compared to observe the influence of

changing Cx expression ratio on HeM channel behavior. (A) The Vj

resulting in a 50% reduction of the voltage-sensitive conductance (V0) is

plotted for each type of junction. In this case, the Cx43-expressing cell is

held positive relative to the coexpressing cell such that the gating properties

of the HeM connexons is revealed. Note that as Cx40:Cx43 expression ratio

increases, the V0 decreases. (B) The mean conductance of the single-

channel events observed in each cell pair was determined and the

meanFS.E. for all pairs in each group plotted. Note the high degree of

variability observed in the HoM/HeM pairs (gray bars) and the reduced

values therein relative to both HoM/HoT and HoM/HeT junctions. (C) The

permeability to a relatively large anionic dye (Alexa 594) is plotted for each

type of junction. Note that as the Cx40 content of the coexpressing cell

increases, the permeability to the dye decreases to undetectable levels. In all

cases, electrical coupling was present between the cells, although coupling

in the HoM/HeT cells was reduced relative to the others. Data adapted from

Ref. [29].
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pore diameter and charge, and if these properties are

retained by Cx40 connexons, then the presence of a HoM

Cx40 connexon in HeM/HoM or HoM/HeT channels also

containing Cx43 would logically be expected to be the

principle determinant of permselectivity. In the absence of

a HoM Cx40 connexon, the Cx40 content of the HeM

connexon might reasonably be expected to be a primary

determinant of selectivity properties.

3.5. Stoichiometry and channel function

As stated previously, there are 14 possible hemichannel

configurations in a cell that coexpresses two Cxs and 196

possible channel configurations in a pair of such cells. Are

there rules governing the assembly of connexons and GJ

channels? Are there preferred combinations? The mecha-

nisms that regulate assembly of connexons, trafficking of

these connexons to the membrane, docking of connexons

to form channels, removal of channels from the membrane

and their degradation were recently review in this

publication [46]; consequently, they are not reviewed here.

With regard to HeM connexon and channel formation, it is

worth noting, however, the results of Das Sarma et al.

[48], who clearly demonstrated that regulation of HeM

connexon assembly can be cell-specific, with preferential

assembly in one cell type and random assembly of the

same Cxs in another.

To determine whether channel assembly is random, cell

lines induced to express two Cxs at different molar ratios are

necessary. A comparison of expression ratio in total and

plaque protein must then be performed in these cell lines.

Finally, because not all channels in plaques are (necessarily)

functional, parameters of junctional function must be

determined and correlated, if possible, to expression ratio.

If assembly of channels is a random function of Cx

expression levels, then measured parameters should corre-

late strongly with the Cx expression ratio. Some progress

has been made in this area by the Burt laboratory. They

generated A7r5 cell lines with different stable expression

ratios (in total protein) of Cx40 and Cx43 and characterized

multiple parameters of junctional function in these lines.

The data derived from these cell lines strongly support the

contention that assembly of functional channels is well

described by the assumptions of random assembly. Vj -

gating, single-channel conductances, and junctional selec-

tivity differed [29] in cell pairs wherein a cell that

coexpressed Cx40:Cx43 at ratios ranging from ~1:1 to

10:1 was paired with a cell expressing only Cx43 (Fig. 5).

When single-channel events were examined in pairs of

these coexpressing cells, the channel population shifted

towards HoM/HoT Cx40 behaviors as the Cx40:Cx43 ratio

increased (Fig. 3). If there were no functional parameters

that correlated with expression ratio, then there would be

little doubt that preferential assembly of functional channels

occurs in the A7r5 cell line; in contrast, since there are

several functional parameters that correlate with expression
ratio, it seems reasonable to conclude that assembly of these

Cxs into connexons and channels in the A7r5 cell line is

largely dictated by random processes with the consequence

that probability theory provides considerable insight to the

channel populations formed by these cells. Eventually,

through the use of similar strategies, the behavior of

junctions with known Cx and connexon composition will

be discovered.
4. Influence of heterogeneous assembly on health and

disease

4.1. Regulation of cellular growth control

Acute response to growth factors commonly involves the

activation of intracellular signaling cascades that phosphor-

ylate Cx phosphoproteins to induce transient decreases in

GJ communication. In chronically proliferating cells, e.g.,

cancerous cells, GJ communication is often down-regulated

[78]. It has been proposed that decreased cell- to-cell

communication results in concentrating growth signals in

the responding cells, thereby facilitating (or even permit-

ting) the growth response [79]. HeM/HeT channel assembly

has the potential to significantly alter both acute and chronic

growth signaling responses.

We have previously discussed the phosphorylation-

mediated gating behavior of HeM/HeT channels. Chronic

exposure of the parental line, A7r5, to growth factors

(serum) results in a loss of Lucifer yellow dye transfer when

compared to growth-arrested cells [80] despite maintenance

of electrical coupling. The results of later studies indicated

that the observed changes in permselectivity were likely due

to an elevated Cx40:Cx43 expression ratio in proliferating

vs. growth-arrested cells [81]. The subsequent development

of cell lines that expressed these proteins at ratios similar to

that observed in the differing growth conditions validated

the original observations of decreased permselectivity in

growing cells, and demonstrated that Cx40 had the capacity

to significantly limit the transfer of anionic dyes in HeM/

HeT GJ channels [29]. These observations suggest that a

growth stimulus that increases Cx40:Cx43 expression ratio

will cause shifts in GJ channel populations that affect a

progressive loss of permeability to anions in a precise and

graded fashion.

It is not clear what anionic molecules would not be

allowed to transfer between cells in the model above, but

others have shown that heteromerization of GJ channels can

result in an altered ability to share signaling molecules such

as cAMP and cGMP [20]. Coexpression of Cx26 with

Cx32, which results in the formation of HeM connexons,

results in a loss of cGMP permeability while cAMP

permeability is relatively unchanged. It would be easy to

visualize that the controlled communication of these two

ubiquitous signaling molecules could have significant

effects on cellular growth control.
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4.2. Effects on conduction in excitable tissues

Many excitable cells are known to express multiple Cxs.

Cells of the myocardium can express Cx40, Cx45, and Cx43

[82]. Smooth muscle cells can express Cx37, Cx40, Cx43,

and Cx45 [4,83,84]. Neurons can express Cx36, Cx43, and

Cx45 [2]. Although in each of these systems the Cx

expression pattern varies spatially and temporally, the

potential for HeM/HeT channel formation is significant.

Early studies demonstrating rectifying electrical synapses

[85] provided evidence that HeT channels may promote

orthodromic conduction of electrical current in neurons and

other excitable cells. The prevalence of asymmetric Vj -

gating in GJs composed of the cardiovascular Cxs was also

suggested by many to account for orthodromic conduction

in these excitable tissues [31,33,86]. However, in neither

neuronal nor cardiovascular tissues has the existence of

HoM/HeT GJ channels been proven. Furthermore, if such

HeT channels existed, it is difficult to comprehend how their

Vj sensitivity could contribute to directional propagation of

electrical current, for the kinetics of Vj -gating are orders of

magnitude slower than the rate of conduction of the action

potential (however, see the studies of Veenstra et al.

[87,88]).

Evidence from canine atrial cells suggests that HeM/HeT

channels are prevalent in these excitable cells [27]. Vj and cj
data from numerous labs have demonstrated that the gating

of these types of channels is variable [29,32,33]. In most

cases, Vj -gating sensitivity was reduced in the HeM/HeT

setting. Taken together, it is not at all clear from the

available data that HeM/HeT channels play a significant

role in the conduction properties in excitable cells.

4.3. Dominant inhibition in disease states

The extent to which heterogeneous GJ formation affects

tissue health and disease is not clear. However, for

mutations of Cx26, heterogeneous channel formation has

been shown to contribute to disease phenotypes for the inner

ear and skin. Mutations of Cx26 have been identified as a

causal factor in nonsyndromic sensorineural deafness [89]

and syndromic deafness associated with palmoplantar

keratoderma (PPK). Using the Xenopus oocyte expression

system, Rouan et al. [1] evaluated dominant mutations of

Cx26 associated with these phenotypes for their capacity to

interfere with the assembly of wtCx26 and wtCx43, which

colocalize in skin but not the inner ear. None of the mutant

forms of Cx26 formed functional channels and all had a

dominant inhibitory effect when coexpressed with wtCx26.

However, only those mutants associated with PPK inhibited

channel formation by coexpressed wtCx43. This result

suggests that the PPK phenotype results from dominant

interference of wtCx43 function by mutant Cx26. Domi-

nant -negative effects of Cx26 on HeM channels formed

with Cx31 may contribute to other skin disorders [90,91].

Using the HeLa expression system, Marziano et al. [92]
tested four mutations of Cx26 (including two from the

Rouan study) for their capacity to interfere with the

assembly of wtCx26 and wtCx30, which co-localize in the

inner ear. All the mutant forms of Cx26 failed to form

functional channels, which for two of the mutants reflected

failure to assemble and traffic normally to the plasma

membrane. These intracellular retention mutants were

rescued when coexpressed with wtCx26 or wtCx30, which

suggests HeM connexon assembly between Cx26 and Cx30.

Although all mutants caused hearing loss and were

dominantly inherited, none completely eliminated intercel-

lular communication in the coexpression setting, which

suggests a more subtle mechanism than complete loss of

communication underlies the disease phenotype. These

studies indicate that (1) Cx26 hetero-oligomerizes with both

Cx43 and Cx30 and (2) that some mutations selectively alter

oligomerization with one of these Cxs without affecting the

other. The latter observation lends further support to

regulated assembly of connexons.
5. Conclusion

The capacity for heterogeneous GJ channel formation has

been demonstrated in vivo, in vitro (cell lines and in various

mammalian expression systems), and in nonmammalian

expression systems. Heterogeneous channels display gating

activity, channel conductances, selectivity, and regulatory

behaviors that are sometimes not predicted from the

behaviors of the corresponding homogeneous channels.

Assembly and trafficking of heteromeric connexons can be

regulated, and it would not be surprising if docking were

also regulated. The available evidence strongly suggests an

important role for heterogeneous GJ channels in growth

control and in several disease states. Definitive evidence

that heterogeneous channels regulate electrical conduction

in excitable cells is absent, although clearly GJ channels are

essential in this function.

In studies to date, the focus has been on HeM/HeT

channels composed of only two Cxs; however, there is no

evidence to suggest that this number is limited to two

Cxs. With 20 human Cxs identified to date, there are 190

possible HeT channel conformations and potentially

thousands of different HeM channel conformations.

Ultimately, to appreciate whether HeM/HeT channels play

a significant role in the physiology and/or pathophysiol-

ogy of cells and tissues, it will be necessary to discover

the brulesQ governing their assembly and function (gating,

conductance, selectivity behaviors). Expression systems in

which the stoichiometry of assembled channels is known

will be critical for elucidation of these rules and ultimately

recognition of their contribution to cell and tissue

function. Progress in these areas will not only help us

to better understand the gap junction’s role in health and

disease, but will facilitate development of any therapeutic

potential.
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