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One consequence of the diversity in gap junction structural proteins is that cells express-
ing different connexins may come into contact and form intercellular channels that are
mixed in connexin content. We have systematically examined the ability of adjacent cells
expressing different connexins to communicate, and found that all connexins exhibit
specificity in their interactions. Two extreme examples of selectivity were observed.
Connexin40 (Cx4O) was highly restricted in its ability to make heterotypic channels,
functionally interacting with Cx37, but failing to do so when paired with Cx26, Cx32,
Cx43, Cx46, and Cx5O. In contrast, Cx46 interacted well with all connexins tested except
Cx4O. To explore the molecular basis of connexin compatibility and voltage gating, we
utilized a chimera consisting of Cx32 from the N-terminus to the second transmembrane
domain, fused to Cx43 from the middle cytoplasmic loop to the C-terminus. The chimeric
connexin behaved like Cx43 with regard to selectivity and like Cx32 with regard to
voltage dependence. Taken together, these results demonstrate that the second but not
the first extracellular domain affects compatibility, whereas voltage gating is strongly
influenced by sequences between the N-terminus and the second transmembrane
domain.

INTRODUCTION

Cells communicate directly with their neighbors
through specialized intercellular channels present in
gap junctions. Genes encoding the structural compo-
nents of these channels have been cloned and com-
prise a family of highly related proteins, the connexins
(Cx). Connexins oligomerize into channels called con-
nexons that span a single plasma membrane; complete
intercellular channels spanning two plasma mem-
branes are formed when connexons in adjacent cells
align. Presently, thirteen different connexins have
been identified and cloned in rodents (Dermietzel and
Spray, 1993; White et al., 1995). Individual connexins
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display unique spatial and temporal patterns of ex-
pression (Paul, 1985; Beyer et al., 1989; Dermietzel et
al., 1989; Gimlich et al., 1990; Nishi et al., 1991; Risek
and Gilula, 1991; Valdimarsson et al., 1991; Goliger
and Paul, 1994). In addition, channels composed of
different connexins exhibit distinct functional proper-
ties with regard to unitary conductance (Fishman et
al., 1990; Moreno et al., 1991; Veenstra et al., 1994),
gating by voltage (Bennett et al., 1991; Chen and De-
Haan, 1992; Veenstra et al., 1992; Nicholson et al., 1993)
and by phosphorylation (Swenson et al., 1990; Takens-
Kwak and Jongsma, 1992; Kanemitsu and Lau, 1993;
Moreno et al., 1994), and permeability (Steinberg et al.,
1994; Veenstra et al., 1994). An important issue to be
resolved is how differences in connexin distribution or
channel properties contribute to the function of organs
constructing gap junctions from these proteins (Good-
enough and Musil, 1993).
One consequence of connexin diversity is that cells

expressing different connexins may come into contact
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and form intercellular channels that are mixed in
connexin content. This idea is supported by North-
ern analyses of connexin mRNAs, which indicate
that certain organs express multiple connexins (Wil-
lecke et al., 1991; Haefliger et al., 1992; Kanter et al.,
1992; Dermietzel and Spray, 1993; Paul et al., 1993),
and by the immunolocalization of multiple connexin
proteins within single gap junctions (Nicholson et
al., 1987; Traub et al., 1989; Paul et al., 1991; Risek et
al., 1994). Because intercellular channels span two
plasma membranes, they may be defined as homo-
typic, when both connexons are composed of the
same connexin, or heterotypic, when each connexon
contains a different connexin. Using in vitro func-
tional expression systems, it has been shown that
some connexins can form both homotypic and het-
erotypic channels (Dahl et al., 1987; Swenson et al.,
1989; Werner et al., 1989; Barrio et al., 1991). These
studies indicate that heterotypic intercellular chan-
nels display asymmetric properties with respect to
voltage-dependent closure and support the sugges-
tion that such channels could account for the asym-
metric voltage sensitivity observed in vivo at recti-
fying electrotonic synapses (Giaume et al., 1987).
Although it had been generally accepted that cel-

lular coupling could be established between differ-
ent cell types, we have previously used the paired
oocyte system to demonstrate that some connexins
are restricted in their ability to form heterotypic
channels (Bruzzone et al., 1993; White et al., 1994b).
The inability of certain connexin combinations to
form heterotypic channels provides a simple mech-
anism to limit or segregate communication that
could have profound biological consequences. Se-
lective communication could explain the observa-
tion of "communication compartments," which are
characterized by clusters of cells that are permeable
to dyes within, but not between, adjacent groups
(Lo and Gilula, 1979; de Laat et al., 1980; Warner and
Lawrence, 1982; Weir and Lo, 1982; Meda et al.,
1983; Blennerhasset and Caveney, 1984; Kam et al.,
1987; Chanson et al., 1991; Lo Turco and Kriegstein,
1991; Yuste et al., 1992).
The goal of this study was to examine whether

selective formation of heterotypic channels is a com-
mon property shared by all members of the connexin
family. We demonstrate that adjacent Xenopus oocytes
that are programmed for expression of different con-
nexins have a high probability of not establishing
intercellular communication. Fourteen of twenty-
seven heterotypic connexin combinations failed to be-
come electrically coupled. Two extreme examples of
selectivity were found. Cx4O was highly restricted in
its ability to make heterotypic channels, functionally
interacting with Cx37, but failing to do so when paired
with Cx26, Cx32, Cx43, Cx46, or Cx5O. In contrast,
Cx46 was quite indiscriminate, forming intercellular

channels with Cx26, Cx32, Cx43, and Cx5O. Further-
more, we have used a chimeric connexin to define the
domains involved in the regulation of compatibility
between connexins and of voltage gating. Our results
demonstrate that all connexins exhibit selectivity in
heterotypic interactions and that the second but not
the first extracellular domain affects compatibility,
whereas voltage gating is strongly influenced by se-
quences between the N-terminus and the second
transmembrane domain.

MATERIALS AND METHODS

In Vitro Transcription
Cx26, Cx32, Cx37, Cx4O, Cx43, Cx46, and Cx5O were previously
subcloned (Swenson et al., 1989; Paul et al., 1991; White et al., 1992;
Bruzzone et al., 1993) into the transcription vector SP64T (Krieg and
Melton, 1984). The strategy for the production of chimeric connexins
and some properties of the chimera designated as 3243H4 have been
previously described (Bruzzone et al., 1991, 1994). Constructs were
linearized with restriction endonucleases, and capped mRNAs were
transcribed in vitro with SP6 RNA polymerase using the mMessage
mMachine (Ambion Inc., Austin, TX) according to the manufactur-
er's instructions. Purity and yield of transcribed mRNA were as-
sessed using agarose gel electrophoresis, and by comparing the
intensity of ethidium bromide staining to a known standard (RNA
ladder, Life Technologies, Grand Island, NY).

Preparation of Xenopus Oocytes
Oocytes were collected from Xenopus laevis females and processed
for the paired oocyte expression assay as described (Swenson et al.,
1989), except that the final concentration of calcium in the modified
Barth's medium was adjusted to 2.9 mM with CaCl2 in experiments
utilizing Cx46 (Ebihara and Steiner, 1993). To eliminate the possible
contribution of endogenous intercellular channels to the measured
conductance, defolliculated oocytes were injected with an antisense
oligonucleotide (Barrio et al., 1991) corresponding to a region within
the coding sequence of Xenopus Cx38 (3 ng/oocyte, 5'-CTGACT-
GCTCGTCTGTCCACACAG-3'; Bruzzone et al., 1993). The efficacy
of the antisense treatment was tested by measuring the recruitment
of Xenopus Cx38 into heterotypic channels with Cx43 or Cx37 in the
presence of injected oligonucleotides. After incubation for 24 to 72 h
at 19'C, antisense-treated oocytes were then injected with 40 nl of
connexin mRNA (10-100 pg). It has been our experience that al-
though all connexin mRNAs induce conductance in a dose-depen-
dent manner, individual connexins vary in the specific concentra-
tion of mRNA required to achieve any given level of conductance.
In the experiments described here, the amounts of connexin mRNAs
were varied so that homotypic channels had similar levels of con-
ductance regardless of the connexin type. For heterotypic channel
formation, each oocyte was injected with the same concentration of
mRNA used in the homotypic experiments, so that for each indi-
vidual connexin the levels of homotypic vs. heterotypic conduc-
tance are comparable. It should be noted, however, that channels
composed of a single connexin exhibit multiple conductance states
(Chen and Dehaan 1992; Veenstra et al., 1994), and that equal mac-
roscopic conductances for different homotypic channels do not im-
ply similar numbers of actual open channels. After RNA injection,
oocytes were stripped of their vitelline membranes and paired in
homotypic (same connexin mRNA in each oocyte) or heterotypic
(different connexin mRNAs injected in each oocyte) configurations.

Electrophysiological Measurements
Intercellular communication was directly quantitated by double
voltage clamp (Spray et al., 1981) 24-48 h after oocyte pairing.
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Voltage clamping of oocyte pairs was performed using two
GeneClamp 500 amplifiers (Axon Instruments, Foster City, CA)
controlled by an IBM-PC compatible computer through a Digidata
1200 interface (Axon Instruments). C-Lab II software (Indec System,
Sunnyvale, CA) was used to program stimulus and data collection
routines. Current outputs were filtered at 10 Hz for steady-state
measurements, where the sampling interval was 150 ms and at 500
Hz for initial measurements, where the sampling interval was 1 ms.
Electrodes had a resistance of 1-2 Mfl and were filled with 3 M KCl,
10 mM ethylene glycol-bis(,-aminoethyl ether)-N,N,N',N'-tetraace-
tic acid, and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid, pH 7.4. Both cells of a pair were initially clamped at -40
mV to ensure zero transjunctional potential. To impose a transjunc-
tional potential, one cell was depolarized 10 mV, while the other cell
was held at -40 mV. Current delivered to the cell clamped at -40
mV during the voltage pulse was equal in magnitude to the junc-
tional current, and was divided by the voltage to yield the conduc-
tance. To ensure adequate control of voltage across the transjunc-
tional membrane and avoid the risk of overestimating the actual
transjunctional potential at steady state (Wilders and Jongsma,
1992), oocyte pairs exhibiting conductance less than 5 ,uS were
selected for analysis of voltage dependence. Transjunctional poten-
tials of opposite polarities were generated by hyperpolarizing or
depolarizing one cell in 10 mV steps, while clamping the second cell
at -40 mV. After the imposition of voltage steps, initial currents
were resolved at 5-10 ms, and steady state currents were measured
at 30 s. Initial and steady-state conductance values were normalized
to their value at ± 10 mV, and plotted against the transjunctional
potential. Data were fit to a Boltzmann equation in the form: G,ss =

(Gimax - Gimin)/t1 + exp(A[V - VOl)) + Gjmin, where Giss is the
steady-state conductance, G1max is maximum conductance over the
range of Vjs tested, Gjmin is minimum conductance, A is propor-
tional to the number of electron charges moving through the ap-
plied voltage, and VO is the voltage at which the decrease in G.ss is
half maximal (Spray et al., 1981).
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The ability of different rodent connexins to form
heterotypic channels was systematically tested us-
ing the paired Xenopus oocyte expression system
(Swenson et al., 1989; Dahl, 1992). Experiments were
designed to examine the six possible interactions
(three homotypic, three heterotypic) among sub-
groups containing three connexins each. The con-
nexins in each subgroup were chosen so that one of
the heterotypic combinations was previously
known to be functional. Therefore, each set of ex-
periments tested two novel heterotypic combina-
tions. Five such combinations are illustrated in Fig-
ures 1 and 2.
As previously reported, connexins 26, 32, 37, 40,

43, 46, and 50 made homotypic channels in the
oocyte system (Figure 1; Swenson et al., 1989; Barrio
et al., 1991; White et al., 1992; Bruzzone et al., 1993;
Ebihara and Steiner, 1993). To eliminate any possi-
ble contribution of endogenous Xenopus Cx38
(Swenson et al., 1989; Werner et al., 1989; Bruzzone et
al., 1993) to our measurements, we used antisense
DNA oligonucleotide injection to deplete the endo-
genous connexin. The efficacy of this treatment was
demonstrated by constructing Cx37/H20 and
Cx43/H20 pairs, because Cx37 and Cx43 readily
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Figure 1. The formation of intercellular channels is a selective
process dependent on connexin compatibility. Oocytes pre-treated
with an oligonucleotide antisense to Xenopus Cx38 were injected
with the specified connexin mRNAs and paired for 24-48 h before
measuring junctional conductance by dual voltage clamp. Asterisks
denote the novel combinations tested. (A) Heterotypic Cx26/Cx43
and Cx32/Cx43 pairs did not develop junctional conductance above
background levels (cf. with Cx43/antisense in Table 1). Values are
means + SEM of 7-12 pairs from two to three independent exper-
iments. (B) Cx32 failed to interact with either Cx37 or Cx4O (cf. with
Cx37/antisense in Table 1). Values are means _ SEM of 6-20 pairs
from two to three independent experiments. (C) Similarly, Cx4O was
unable to form heterotypic channels with either Cx46 or Cx5O (cf.
with antisense/antisense in Table 1). Values are means ± SEM of
6-16 pairs from two to three independent experiments.

Vol. 6, April 1995

4I1
-L-1

461



T.W. White et al.

25

26/26 32/32 46/46 26/32 26/46 32/46

20

15 -

10-

5-

n

* *

26/26 32/32 50/50

Cell Injection

26/32 26/50 32/50

[cell 1/cell 2]

Figure 2. Compatible connexins form heterotypic intercellular
channels. Oocytes pre-treated with an oligonucleotide antisense to
Xenopus Cx38 were injected with the specified connexin mRNAs
and paired for 24-48 h before measuring junctional conductance by
dual voltage clamp. Asterisks denote the novel combinations tested.
Cx46 (A) and Cx5O (B) efficiently interacted with both Cx26 and
Cx32. Values are means ± SEM of 8-16 pairs from two to three
independent experiments.

interact with Xenopus Cx38 (Bruzzone et al., 1993).
Antisense treatment resulted in a 95-98% reduction
of conductance levels in these pairs (Table 1). Al-
though the other connexins examined do not form
heterotypic channels with Xenopus Cx38 (Swenson et
al., 1989; Werner et al., 1989; Barrio et al., 1991;
Bruzzone et al., 1993; White et al., 1994b) antisense
Cx38 treatment was always included.

Functional Connexins Do Not Always Form
Heterotypic Channels
Heterotypic connexin combinations did not always
result in detectable conductance. As previously re-

ported, Cx26 formed channels with Cx32 (Barrio et al.,
1991), whereas Cx43 failed to form channels with both
Cx26 and Cx32 (Figure 1A). The lack of interaction
between Cx32 and Cx43 contradicts earlier reports of
heterotypic channel formation by these two connexins
(Swenson et al., 1989; Werner et al., 1989; see DISCUS-
SION). In addition, Cx37 interacted with Cx40 (Bruz-
zone et al., 1993), whereas Cx32 was incompatible with
both Cx37 and Cx40 (Figure 1B). Finally, Cx46 formed
heterotypic channels with Cx50 (White et al., 1994b),
although Cx40 did not make channels with either
Cx46 or Cx50 (Figure 1C). Cx40 also failed to make
functional channels when paired with Cx26 (0.03 ±
0.01 ,uS, n = 7) and Cx43 (Bruzzone et al., 1993). These
data show that adjacent cells expressing different con-
nexins regularly fail to become electrically coupled,
and that all tested connexins show some limitation in
their ability to form heterotypic channels. Cx40 failed
to form channels when paired with Cx26, Cx32, Cx43,
Cx46, or Cx5O, making it the most highly restricted in
its ability to interact with other connexins among the
combinations examined.

Cx46 and Cx5O Were Relatively Unrestricted in
Their Ability to Form Heterotypic Channels
Functional interaction was often observed in combi-
nations that included Cx46 or Cx5O. Cx46 formed het-
erotypic channels with both Cx26 and Cx32 (Figure
2A; White et al., 1994a). In addition, Cx5O also inter-
acted with Cx26 and Cx32 (Figure 2B). Cx46 also
formed channels when paired with Cx43 and Cx50
(White et al., 1994b), making it the least restricted in its
ability to interact with other connexins among the
combinations that we tested. A summary of these
results is presented in Table 2, along with other ho-
motypic and heterotypic combinations that have been

Table 1. An anti-Xenopus Cx38 oligonucleotide greatly reduces the
endogenous contribution to junctional conductance

Oocyte injection
Junctional

cell 1/cell 2 conductance (pS) No. of pairs

antisense/antisense 0.02 ± 0.01 12
Cx37/H20 4.63 ± 0.72 15
Cx37/antisense 0.22 ± 0.06 13
Cx43/H20 6.65 ± 2.40 14
Cx43/antisense 0.17 + 0.07 14

Oocytes were injected with either an oligonucleotide antisense to a
portion of mRNA coding for Xenopus Cx38 or mock-treated (H20)
24 h before the injection of the specified mRNAs. Cells pairs were
analyzed for the development of junctional conductance as de-
scribed in MATERIALS AND METHODS. Values are means ± SEM
of the indicated number of pairs, pooled from three to four inde-
pendent experiments.
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previously published. Taken together, these data
clearly illustrate that all connexins exhibit selectivity
in their ability to form heterotypic channels.
Of the eleven novel heterotypic combinations tested,

the four that yielded functional intercellular channels
were analyzed for voltage gating properties. Plots of
initial (5-10 ms) and steady-state (30 s) conductance
(Gj) vs. transjunctional potential (VN) revealed that het-
erotypic channels displayed unique voltage sensitivity
(Figure 3). Cx26/Cx46 channels show reduced steady-
state conductance for both positive and negative tran-
sjunctional potentials, and a slight reduction in initial
conductance for positive values of Vj (Figure 3A).
Cx26/Cx5O channels also showed steady-state closure
for both polarities of V. as well as a greater initial
reduction for positive transjunctional potentials (Fig-
ure 3B). In sharp contrast, both Cx32/Cx46 and Cx32/
Cx5O channels were much more electrically asymmet-
ric, showing fast rectification, i.e., a decrease in
conductance for relative positivity and an increase in
conductance for relative negativity of the Cx32-in-
jected cell. Moreover, when the Cx32 cell was rela-
tively positive, all voltage-dependent closure occurred
during the initial 5-10 ms after the imposition of tran-
sjunctional potential (Figure 3, C and D).
The voltage sensitivity of the Cx26/Cx46, Cx26/

Cx5O, Cx32/Cx46, and Cx32/Cx5O heterotypic chan-
nels differed dramatically from homotypic channels
composed of these connexins (Barrio et al., 1991; White
et al., 1994a,b). Previously we had demonstrated that
heterotypic Cx46/Cx5O and Cx46/Cx43 channels had
different functional properties when compared with
homotypic Cx46 channels (White et al., 1994b). In all

cases, the voltage sensitivity of the channel for relative
positivity in the Cx46- or Cx5O-containing cell varied
depending on the identity of the connexin in the ad-
jacent cell. These differences were quantitated by fit-
ting the data to Boltzmann equations, the parameters
for which are given in Table 3.

Molecular Domains Involved in the Formation and
Gating of Heterotypic Channels
To elucidate the molecular determinants involved in
the formation and gating of heterotypic channels we
used a previously characterized chimeric connexin,
composed of portions of Cx32 and Cx43, and exam-
ined its interactions with Cx46 and Cx5O. The chimera,
designated as 3243H4, consists of Cx32 from the ami-
no-terminal through the second transmembrane do-
main, and Cx43 from the central cytoplasmic through
the carboxy-terminal domain (Figure 4A; Bruzzone et
al., 1994). The rationale for this series of experiments
relied on the finding that Cx46 and Cx5O showed
different compatibilities with the parent molecules of
the chimera. Cx46 formed channels with both Cx32
and Cx43, whereas Cx5O made channels with Cx32 but
not Cx43 (Table 2). As previously reported, the chi-
mera readily forms channels with H20-injected oo-
cytes, contributing the endogenous Xenopus Cx38. The
assembly of these 3243H4/Cx38 channels is substan-
tially inhibited by the injection of antisense Cx38 oli-
gonucleotides (Figure 4B; Bruzzone et al., 1994). Under
the latter conditions, oocytes injected with 3243H4
mRNA developed high conductances when paired
with Cx46-containing cells, whereas 3243H4/Cx5O

Table 2. Rodent connexins exhibit selective compatibility in intercellular channel formation

Partner connexins tested in paired Xenopus oocytesa

Connexin Develop conductanceb Do not develop conductancec

26 26 32 46 50 31.1 40 43
30.3 30.3
31.1 ? 26 31.1 32 43
32 26 32 46 50 37 40 43
33 ? 33 37 43
37 37 40 43 32 33
40 37 40 26 32 43 46 50
43 37 43 46 26 32 33 40 50
46 26 32 43 46 50 40
50 26 32 46 50 40 43

a This table also includes previously reported combinations (Barrio et al., 1991; Hennemann et al., 1992a, b; Bruzzone et al., 1993, 1994; White
et al., 1994b). New data from this study are shaded gray.
b These heterotypic channels developed similar conductance levels to homotypic control channels (Figures 1 and 2).
c These connexin combinations never developed conductance exceeding that of antisense-treated control oocyte pairs (Table 1).
? The question mark denotes that both Cx31.1 and Cx33 are unable to form homotypic channels between paired Xenopus oocytes.
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Figure 3. The physiolog-
ical properties of hetero-
typic channels are modi-
fied by the identity of the
connexin partners. Anti-
sense-treated oocytes
were injected with con-
nexin mRNAs and incu-
bated for 24-48 h after
manual pairing. Voltage
gating was analyzed by
dual voltage clamp. The
two paired oocytes were
initially clamped at -40
mV to ensure zero tran-
sjunctional voltage (V4).
While one cell was held at
a constant potential, Vi
steps of opposite polari-
ties were sequentially im-
posed on the other cell
and the resulting junc-
tional currents (IY) and
conductance (G,) were re-
corded. Traces show the
time-dependent decay of
I. induced by Vj steps of
the duration of 30 s, ap-
plied in 20 mV incre-
ments. Plots describe the
relationship of Vito initial
(filled squares) and
steady-state (open circles)
junctional conductances,
normalized to the values
obtained at ± 10 mV. V, is
defined as positive for de-
polarization of the right-
hand cell (Cx46 or Cx5O)
relative to the left-hand
cell (Cx26 or Cx32) and
vice versa. All curves rep-
resent the best fits to Boltz-
mann equations whose
parameters are given in
Table 3. Values are means
± SEM of three to four
pairs. (A and B) Both het-
erotypic channels contain-
ing Cx26 exhibited some
degree of asymmetry in
the steady-state currents
with a marginal effect on
the fast component of
channel closure. (C and D)
Both combinations with
Cx32 were characterized
by a fast rectification and a
marked asymmetry of the
slow voltage-dependent
component.

pairs were not coupled above background levels
(compare to 3243H4/antisense). Thus, with regard to

selectivity, the chimera behaved more like Cx43 than
Cx32, suggesting that sequences comprised between
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Table 3. Boltzmann parameters of novel heterotypic channels

Channel V. A VO G,max G,min
Cx26/Cx46 + 0.20 44 1.00 0.20
Cx26/Cx46 - 0.15 62 1.00 0.16
*Cx32/Cx46 + 0.21 63 1.15 0.34
Cx26/Cx50 + 0.12 39 1.00 0.10
Cx26/Cx5O - 0.22 59 1.00 0.26
*Cx32/Cx50 + 0.19 65 1.11 0.22
*3243H4/Cx46 + 0.12 28 1.13 0.07

Steady-state junctional conductance was measured and fit to a Boltz-
mann equation of the form given in the text. The plus and minus
signs for V, indicate the polarity of the transjunctional potential.
Thus, positive potentials indicate relative positivity of the right-
hand (e.g. Cx46 in row 1) relative to the left-hand connexin (e.g.
Cx26 in row 1).
*For these combinations, negative V,s were not well fit by a Boltz-
mann relation.

the central cytoplasmic and carboxy-terminal domains
regulate connexin compatibility. These results support
our hypothesis that the second extracellular domain is
a major determinant of selectivity, as previously sug-
gested by domain swapping experiments between
Cx46 and Cx5O in which compatibility and discrimi-
nation segregated with the identity of the second ex-
tracellular region contributed by each connexon
(White et al., 1994b).
Analysis of voltage gating in 3243H4/Cx46 hetero-

typic channels revealed a pronounced asymmetry,
where all voltage-dependent closure occurred during
the initial 5-10 ms when the 3243H4 cell was relatively
positive (Figure 4C). These properties were very sim-
ilar to those displayed by Cx32/Cx46 channels (Figure
3C) and differed significantly from those exhibited by
Cx43/Cx46 where no fast rectification was observed
(White et al., 1994b). Therefore, with regard to voltage
dependence, the chimera behaved more like Cx32 than
Cx43, suggesting that connexin sequences between the
N-terminus and the end of the second transmembrane
domain regulate voltage gating.

DISCUSSION

Adjacent cells are able to contribute different connex-
ins to the intercellular channel, which spans two
plasma membranes. In the paired Xenopus oocyte as-
say, the two cells can be injected with mRNA encod-
ing different connexins to test whether heterotypic
channels are formed. Early tissue culture experiments
suggested that intercellular communication was a pro-
miscuous phenomenon, likely to occur between all
contacting cell types (Michalke and Loewenstein,
1971; Epstein and Gilula, 1977), although some exam-
ples of selective coupling have been reported (Ketten-
mann et al., 1983; Kam et al., 1987; Mesnil et al., 1987).

In this study, we have demonstrated that most of the
rodent connexins are restricted in their heterotypic
interactions. Specifically, we show that adjacent Xe-
nopus oocytes expressing different connexins have a
high probability of not establishing intercellular
communication. These observations are likely to ap-
ply to other cell types as well, as it has been dem-
onstrated that mammary epithelial cells transfected
with Cx43 do not communicate with transfected
cells expressing Cx26 (Tomasetto et al., 1993). Thus,
the establishment of intercellular communication is
not a uniformly permissive process, but one which
is controlled by the expression of alternative con-
nexins. Our results also demonstrate that the second
extracellular domain plays a critical role in deter-
mining compatibility. Furthermore, the physiologi-
cal properties of a connexon containing a given
connexin are specified in part by sequences from the
amino terminus through the second transmembrane
domain.

In the present study no coupling was detected be-
tween heterotypic pairs expressing Cx32 and Cx43;
however, it had been suggested that these two con-
nexins were able to form heterotypic channels (Swen-
son et al., 1989; Werner et al., 1989). A major difference
between this and those two studies was our elimina-
tion of endogenous Xenopus Cx38, using antisense oli-
gonucleotides. Cx43-injected oocytes are known to be-
come highly coupled to uninjected cells in the absence
of antisense treatment (Swenson et al., 1989; Werner et
al., 1989; White et al., 1992, 1994b; Bruzzone et al., 1993,
1994), complicating the interpretation of the earlier
reports. Although no voltage gating data for Cx32/
Cx43 channels were shown in these earlier reports, it
was suggested that these pairs could be distinguished
from Cx43/Cx38 pairs by a symmetrical lack of volt-
age sensitivity (Swenson et al., 1989). This is also dif-
ficult to reconcile with the dramatic asymmetric
changes in voltage gating normally exhibited by
Cx32 in heterotypic channels (i.e., with Cx26, Cx46,
and Cx5O, see below). When Xenopus Cx38 is inhib-
ited by injecting oocytes with antisense oligonucle-
otides, we have found that cells expressing Cx43
failed to become electrically coupled to cells ex-
pressing Cx32. A lack of interaction between Cx32
and Cx43 in antisense-treated oocytes has also been
observed independently in another laboratory (B.J.
Nicholson, personal communication).
What are the molecular mechanisms by which con-

nexins select compatible partners? On the basis of
primary sequence relationships, connexins are di-
vided into two groups: a and f3 (Risek et al., 1990;
Kumar and Gilula, 1992). Although this subdivision
could have provided a general means to discriminate
between family members, our data indicate that con-
nexin selectivity is not simply based on group identity.
Although Cx4O, Cx46, and Cx5O are all group a con-
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nexins, Cx4O does not interact with either Cx46 or
Cx5O. Furthermore, Cx32 and Cx26, which are group
,B, both readily interact with group a Cx46 and Cx5O.
The selectivity behavior of the chimeric connexin

3243H4 is consistent with a model in which compati-
bility is controlled by sequences comprising the sec-
ond extracellular domain. Connexin topological mod-
els, which are based on hydropathy plots, proteolysis
studies, and experimental analysis with site-specific
antibodies (Goodenough et al., 1988; Hertzberg et al.,
1988; Milks et al., 1988; Yancey et al., 1989), indicate
that there are two extracellular domains. It is reason-
able to speculate that these regions, parts of which
must physically interact, participate in the process of
recognition. Indeed, mutational analysis had empha-
sized the role of conserved cysteine residues in both
domains for the development of functional homotypic
channels (Dahl et al., 1992). To determine the relative
importance of each extracellular domain in the process
of discrimination, we constructed a chimera whose
extracellular sequences are derived from two connex-
ins with different patterns of selectivity. The ability to
form intercellular channels segregated with the sec-
ond extracellular domain, consistent with previous
studies using other chimeric connexins (White et al.,
1994b). The general applicability of this model re-
quires further testing.
The electrical behavior of the chimera 3243H4 is

most consistent with a model in which sequences from
the N-terminus to the end of the second transmem-
brane domain contribute to voltage gating. The char-
acteristic rectification exhibited by Cx32 in heterotypic
configurations (Barrio et al., 1991; Rubin et al., 1992;
Suchyna et al., 1993; Figure 3, C and D) was main-
tained in this chimera where those domains were de-
rived from Cx32 (Figure 4C). Although our studies do
not permit us to define the specific residues more
precisely, they are in agreement with previous reports
that have separately implicated the N-terminus
(Verselis et al., 1994), the first extracellular domain
(Rubin et al., 1992; Verselis et al., 1994) and the second
transmembrane domain (Suchyna et al., 1993) as com-
ponents of the voltage gating mechanism.
Cx32 is unique in that it imposes dominant electrical

properties when heterotypic channels are formed
(Cx32/Cx26, Barrio et al., 1991; Cx32/Cx46, Cx32/
Cx5O, present work), whereas other connexins exhibit
unpredictable changes in electrical behavior (Henne-

Figure 4. Different domains specify compatibility and voltage gat-
ing behavior. (A) Schematic representation and membrane topology
of the chimeric construct 3243H4. Portions corresponding to Cx32
(amino acid residues 1-96) are depicted in gray, whereas portions
corresponding to Cx43 (amino acid residues 98-382) are depicted in
black. (B) Antisense-treated oocytes were used to study the interac-
tions of 3243H4 with Cx46 and Cx5O. The chimera readily formed
heterotypic channels with Cx46 whereas it discriminated against
Cx5O. Values are means SEM of 5-10 pairs from three indepen-

dent experiments. (C) Voltage dependence of 3243H4/Cx46 chan-
nels. Plots describe the relationship of Vi to initial (filled squares)
and steady-state (open circles) junctional conductances, normalized
to the values obtained at ± 10 mV. Vi is defined as positive for
depolarization of the Cx46 side relative to the 3243H4 side. The solid
line represents the best fit to a Boltzmann equation, the parameters
for which are given in Table 3. Values are representative of three
independent experiments.
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mann et al., 1992b; Bruzzone et al., 1994; White et al.,
1994b). The rectification observed in heterotypic
Cx32/Cx26 intercellular channels occurs because con-
nexons composed of Cx26 and Cx32 close in response
to voltages of opposite polarities (Verselis et al., 1994).
Cx26, like most other connexins, closes in response to
relative positivity at the cytoplasmic end of the chan-
nel. In contrast, Cx32 closes when relatively negative,
and this results in rectification when Cx32 is hetero-
typically paired with other connexins. It would appear
that Cx32 retains this polarity of closure when paired
with Cx46 or Cx5O (Figure 3, C and D), although it has
been recently demonstrated that polarity of voltage
gating is not an intrinsic property of the connexon. For
example, the polarity of voltage gating of Cx46 con-
nexons reverses upon incorporation into an intercel-
lular channel (White et al., 1994a). In addition, muta-
tion of a proline residue in the second transmembrane
domain of Cx26 resulted in connexons that also had a
dominant rectifying phenotype when paired with ei-
ther wild-type Cx26 or Cx32, which should exhibit
opposite polarities of voltage gating (Suchyna et al.,
1993). Together, these studies do not identify a single
domain within connexins that dictates voltage prop-
erties of gap junction channels, but suggest that com-
plex interactions between different domains, and pos-
sibly between opposing connexons, are involved in
the voltage gating of intercellular channels.
The ability of some connexins to form heterotypic

channels could lead to greater functional diversity.
Allosteric interactions between opposing connexons
can, as we have shown, generate novel electrical prop-
erties. This model has been invoked to explain the
behavior of rectifying electrical synapses where only
orthodromic impulse propagation is allowed (Giaume
et al., 1987). Although our analysis is limited to voltage
gating, other properties, including permeability to
ions, second messengers, and metabolites may be
modified by heterotypic interaction. For example, pas-
sage of microinjected dyes was readily detected from
astrocytes to oligodendrocytes but rarely in the oppo-
site direction (Robinson et al., 1993; see also Finkel-
stein, 1994 for an alternative view). Although not ex-
tensively documented, it has been suggested that
different connexins are expressed in these two cell
types (Dermietzel et al., 1989). Similarly, unidirectional
movement of Ca21 from astrocytes to neurons has
been reported after triggered calcium transients (Ne-
dergaard, 1994).
What are the possible biological consequences of

selective communication? Connexin selectivity could
explain the observation of communication compart-
ments. In many animal tissues, communication occurs
within but not between physically adjacent groups of
cells, even in the absence of an obvious anatomical
boundary (Lo and Gilula, 1979; de Laat et al., 1980;
Warner and Lawrence, 1982; Weir and Lo, 1982; Meda

et al., 1983; Blennerhasset and Caveney, 1984; Kam et
al., 1987; Chanson et al., 1991; Lo Turco and Kriegstein,
1991; Yuste et al., 1992). This behavior could result
from the expression of incompatible connexins by
neighboring groups of cells. For example, Cx4O, which
we have shown to be extremely limited in its ability to
interact, is prominently expressed in the Purkinje fi-
bers of the cardiac conduction system (Bastide et al.,
1993; Gourdie et al., 1993; Gros et al., 1994). It would
likely be deleterious to the coordinated propagation of
excitation in the myocardium if Purkinje fibers could
indiscriminately form electrical contacts with sur-
rounding myocardial cells. We hypothesize that Pur-
kinje fibers may form electrical connections only be-
tween themselves and with a subset of myocardial
cells that express Cx4O. Now that the patterns of con-
nexin interaction have been established, it should be
possible to better correlate connexin distribution with
the presence of communication compartments. Other
factors in addition to the expression of compatible
connexins may also influence the ability of adjacent
cells to communicate. For example, dye transfer me-
diated by Cx43 has been shown to depend on the
proper expression and interaction of cell adhesion
molecules (Mege et al., 1988; Meyer et al., 1992). Con-
sequently, the expression of compatible connexins is a
necessary, but not sufficient, step for adjacent cells to
establish intercellular communication.
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