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The cellular distribution of connexin40 (Cx4O), a newly cloned gap junction structural
protein, was examined by immunofluorescence microscopy using two different specific
anti-peptide antibodies. Cx4O was detected in the endothelium of muscular as well as
elastic arteries in a punctate pattern consistent with the known distribution of gap junctions.
However, it was not detected in other cells of the vascular wall. By contrast, Cx43, another
connexin present in the cardiovascular system, was not detected in endothelial cells of
muscular arteries but was abundant in the myocardium and aortic smooth muscle. We
have tested the ability of these connexins to interact functionally. Cx4O was functionally
expressed in pairs of Xenopus oocytes and induced the formation of intercellular channels
with unique voltage dependence. Unexpectedly, communication did not occur when oocytes
expressing Cx4O were paired with those expressing Cx43, although each could interact
with a different connexin, Cx37, to form gap junction channels in paired oocytes. These
findings indicate that establishment of intercellular communication can be spatially regulated
by the selective expression of different connexins and suggest a mechanism that may
operate to control the extent of communication between cells.

INTRODUCTION

Cells communicate directly with their neighbors through
specialized intercellular channels present in gap junc-
tions. Genes encoding the structural components of
these channels have been cloned and comprise a family
of highly related proteins, the connexins, consisting of
at least 11 members (Kumar and Gilula, 1986; Paul,
1986; Beyer et al., 1987, 1992; Gimlich et al., 1988, 1990;
Ebihara et al., 1989; Zhang and Nicholson, 1989; Beyer,
1990; Hoh et al., 1991; Paul et al., 1991; Willecke et al.,
1991; Haefliger et al., 1992; Hennemann et al., 1992;
White et al., 1992). Different connexins display distinct
spatial and temporal patterns of expression (Paul, 1985;
Beyer et al., 1989; Dermietzel et al., 1989; Beyer, 1990;
Gimlich et al., 1990; Nishi et al., 1991; Risek and Gilula,
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1991; Valdimarsson et al., 1991). In addition, channels
composed of different connexins exhibit different func-
tional properties with regard to unitary conductance
(Burt and Spray, 1988; Eghbali et al., 1990; Fishman et
al., 1990) and gating by voltage and phosphorylation
(Swenson et al., 1990; Bennett et al., 1991). A critical
issue to be resolved is how differences in connexin dis-
tribution or channel properties contribute to the function
of organs constructing gap junctions from these proteins.
One important consequence of connexin diversity is

that cells expressing different connexins may come into
contact and form gap junctions that are mixed in con-
nexin content. This idea is supported by Northern anal-
yses of connexin mRNAs that indicate that certain or-
gans express multiple connexins (Haefliger et al., 1992).
Because intercellular channels span two plasma mem-
branes, they require the contribution from each cell of
a hemi-channel, or connexon. Two connexons interact
in the extracellular space to form the complete inter-
cellular channel. Thus, intercellular channels may be
defined as homotypic, when both connexons are com-
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posed of the same connexin, or heterotypic, when the
connexons differ. Using in vitro functional expression
systems, it has been shown that some connexins can
form both homotypic and heterotypic channels (Dahl
et al., 1987; Swenson et al., 1989; Werner et al., 1989;
Barrio et al., 1991). These studies indicate that hetero-
typic intercellular channels display asymmetric prop-
erties with respect to voltage dependent closure and
support the suggestion that such channels could account
for the asymmetric voltage sensitivity observed in vivo
at rectifying electrotonic synapses (Giaume et al., 1987).
However, the occurrence of heterotypic junctions in vivo
has not been demonstrated conclusively.
The expression of different connexins in adjacent cells

could also result in a failure to establish communication.
For example, when connexins from very different or-
ganisms were expressed in paired Xenopus oocytes, the
development of communication was dependent on the
type of connexins expressed. Thus, rat connexin43
(Cx43) could establish heterotypic communication with
Xenopus Cx38, whereas rat Cx32 could not (Swenson
et al., 1989). Clearly, if connexins expressed in the same
organism had the ability to discriminate between one
another, then it could provide a powerful mechanism
for limiting or segregating communication.
To investigate the potential for interactions between

connexins, it is necessary to establish the cellular lo-
cation of specific connexins more precisely than possible
by mRNA analysis and to describe their characteristic
functional properties, such as voltage dependence. We
selected Cx4O and Cx43 for this study because they
exhibited broad mRNA distribution, making them likely
candidates for interactions. Cx4O was abundant in vas-
cular endothelium of aorta and of muscular arteries in
lung and heart but not other elements of the vascular
wall. Cx43, in contrast, was readily detected in myo-
cardial cells and aortic smooth muscle but not in en-
dothelium or the media of small muscular arteries. We
also tested the ability of Cx4O and Cx43 to form homo-
and heterotypic intercellular channels. Intercellular
channels composed of Cx4O displayed a characteristic
voltage dependence similar to that recently described
for the mouse homolog (Hennemann et al., 1992),
whereas Cx43 channels, as previously shown, were not
voltage sensitive in oocytes (Swenson et al., 1989; Wer-
ner et al., 1989; but see also Veenstra, 1990; Wang et
al., 1992; Lal and Arnsdorf, 1992, who found that car-
diac gap junctions are modulated by voltage). Unex-
pectedly, it was found that oocytes expressing Cx4O
could not form intercellular channels when paired with
cells expressing Cx43. This restriction was not absolute,
as both Cx4O and Cx43 could form heterotypic channels
with another rat connexin, Cx37. This is the first dem-
onstration, using connexins obtained from the same or-
ganism, that cells may limit their ability to communicate
by the expression of incompatible connexins. These re-

sults suggest a general mechanism that may operate to
regulate the extent of communication between cells.

MATERIALS AND METHODS

Production and Purification of Antisera
Peptides corresponding to amino acids 313-330 (40S;
TQYGQKPEQPSGASAGHR) and 339-356 (40B; KRRLSKAS-
SKARSDDLSV) of Cx4O (Haefliger et al., 1992) and amino acids 252-
271 of Cx43 (Beyer et al., 1989) were synthesized commercially. The
Cx43 peptide was conjugated to keyhole limpet hemocyanin, and the
Cx40 peptide 40B was conjugated to bovine serum albumin (BSA)
using glutaraldehyde (Harlow and Lane, 1988). The Cx40 peptide
40S was synthesized with a cysteine residue at the N-terminal end
and coupled to BSA preactivated with sulfosuccinimidyl-4-(N-mal-
eimidomethyl) cyclohexane-1-carboxylate according to the manufac-
turer's recommendations (Pierce, Rockford, IL). Immunization and
collection of sera were performed by the Pocono Rabbit Farm and
Laboratory (Canadensis, PA). For affinity purification, peptides were
coupled to Sepharose 4B preactivated with cyanogen bromide ac-
cording to the manufacturer's instructions (Pharmacia, Uppsala,
Sweden). Purification of crude sera was performed as described by
Musil et al. (1990).

Immunocytochemistry
Adult CD rats were fixed using whole body perfusion through the
left ventricle after cutting the inferior vena cava. To prevent vascular
spasm and ensure complete perfusion, a prefix perfusion was per-
formed using 10 ml of a solution containing 150 mM NaCl, 0.025%
heparin, 0.6% polyvinylpyrrolidone, and 0.5% procaine-HCl, pH 7.4.
This was followed by 20 ml of 4% formaldehyde (Electron Microscopy
Sciences, Ft. Washington, PA) in phosphate-buffered saline (PBS; 135
mM NaCl, 3 mM NaH2PO4, 7 mM Na2HPO4, pH 7.4). Tissues were
manually cut into 2- to 3-mm slices and fixed for 1 additional h at
room temperature and then incubated in 0.5 M sucrose/PBS overnight
at 4°C for cryoprotection before embedding in Tissue-Tek (Miles, Elk-
hart, IN) and freezing in liquid nitrogen. Rat aorta was surgically
isolated, cleaned from most of the adventitial layer, and carefully
rinsed in PBS. Five-millimeter pieces were embedded in Tissue-Tek
and frozen in liquid nitrogen. Five- to 10-,um frozen sections were cut
as described previously (Goodenough et al., 1988). Sections were in-
cubated with affinity purified antibodies at 1:250-1:1000 dilution for
1 h at room temperature, washed in PBS, and then stained with a 1:
500 dilution of rhodamine-conjugated secondary antisera (Pierce,
Rockford, IL). Fluorescence microscopy was performed with a Zeiss
Axioskop (Thornwood, NY) recorded on Kodak (Rochester, NY)
Tmax400 film.

Preparation of cRNAs and Oligonucleotides
The coding sequence of either Cx43, Cx4O, or Cx37 was subcloned
into the Bgl II site of the RNA expression vector SP64T, in between
the 5' and 3' noncoding regions of Xenopus ,B-globin (Krieg and Melton,
1984). Recombinant plasmids were linearized with either BamHl or
Xba I (New England Biolabs, Beverly, MA), gel purified, and used as
templates (Maniatis et al., 1982). In vitro synthesis of cRNA with
unmethylated cap was carried out with SP6 polymerase (Promega,
Madison, WI), according to the manufacturer's instructions. Purified
cRNAs were aliquoted and stored in aqueous solutions at -120°C
until use.

Phosphothioate-modified DNA oligonucleotides (Baker et al., 1990)
were prepared by the Dana Farber Cancer Institute Molecular Biology
Core Facility (Boston, MA). The sequence of the oligonucleotide an-
tisense to a portion of mRNA coding for Xenopus Cx38 (nucleotides
204-227 within the protein coding region) (Ebihara et al., 1989; Gim-
lich et al., 1990) was 5'-CTGACTGCTCGTCTGTCCACACAG-3'. The
control oligonucleotide was a permuted ("scramble") sequence of
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identical nucleotide composition: 5'-CAGTCTGGTCCTCTGTCGA-
GACAG-3'. Oligonucleotides were deprotected and purified on a 19%
polyacrylamide gel containing 7 M urea. After elution from gel slices,
they were further purified on Sep-Pak cartridges (Waters, Milford,
MA) and ethanol precipitated (Maniatis et al., 1982). Oligonucleotides
were stored at -20°C in aqueous solution (66 ,g/ml) until use.

Isolation, Microinjection, and Pairing of Oocytes
Stage V-VI oocytes were isolated from Xenopus laevis by collagenase
digestion in modified Barth's (MB) medium (110 mM NaCl, 1.3 mM
KCl, 3 mM NaHCO3, 19 mM N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid [HEPES], 0.9 mM MgSO4, pH 7.6), followed by
manual defolliculation as previously described (Swenson et al., 1989).
Isolated oocytes were then placed in MB medium supplemented with
0.4 mM CaNO3 and 0.5 mM CaCl2, and injected with 40 nl of a 0.06
ng/nl solution of either an oligonucleotide antisense to Xenopus Cx38
mRNA or a "scrambled" version of it. Cells were incubated 24 h,
injected with 40 nl of either water or a 0.01-0.1 ng/nl solution of
cRNA coding for a rat connexin, and then manually paired in MB
medium, after the removal of the vitelline membrane in hypertonic
solution (200 mM potassium aspartate, 10 mM HEPES, 1 mM MgCl2,
10 mM ethylene glycol-bis(Ql-aminoethyl ether)-N,N,N',N'-tetraacetic
acid, 20 mM KCl, pH 7.4) (Methfessel et al., 1986). Oocytes were kept
at 18°C throughout the experimental procedures.

Labeling of Oocytes and Immune Precipitation
of Connexins
Oocyte proteins were metabolically labeled with 35S-methionine (1140
Ci/mmol, New England Nuclear, Boston, MA) essentially as described
by Swenson et al. (1989). Briefly, oocytes were coinjected with either
cRNA or water along with the label (6 uCi in 40 nl/cell) and incubated
for 6 h. Labeling was terminated by homogenizing each oocyte in
500 41 of lysis buffer (0.4% sodium dodecyl sulfate [SDS], 20 mM
tris(hydroxymethyl)aminomethane [Tris]-HCl pH 7.5, 100 mM NaCl,
2 mM EDTA, 0.02% NaN3, 1 mM phenylmethylsulfonyl fluoride, 10
uig/ml each of chymostatin, leupeptin, and pepstatin). A 50-,il aliquot
was dried under vacuum, resuspended in an equal volume of gel
sample buffer (25 mM Tris-HCl, pH 6.8, 0.5% SDS, 0.1% beta-mer-
captoethanol, 17% glycerol, 0.01% bromophenol blue), and analyzed
by SDS-polyacrylamide gel electrophoresis to assay incorporation of
35S-methionine into total protein. The remaining homogenate was
incubated at 100°C for 3 min, Triton X-100 was added to a final
concentration of 2%, and samples were cleared by centrifugation for
5 min at room temperature in an Eppendorf (Brinkmann Instruments,
Westbury, NY) microcentrifuge. The supernatant was divided into
two aliquots and incubated overnight on a rotating plate at 4°C with
either preimmune serum or primary antibodies, used at a final dilution
of 1:40 to 1:100. After the addition of Protein A-Sepharose CL-4B
(Sigma, St. Louis, MO), samples were incubated for 1-2 h at 4°C.
Beads were pelleted by brief centrifugation, washed two times in TBS
(10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.02% NaN3) with 2%
Triton X-100, two times in TBS, and eventually solubilized in 120 ,sl
of gel sample buffer. Aliquots of oocyte lysate (1/50 to 1/100 of one
oocyte) and immune precipitates (1/10 to 1/20 of one oocyte) were
separated on an 11% SDS gel and autoradiographed.

Measurements of Junctional Conductance
The formation of junctional channels was assessed 24-48 h after pair-
ing by a dual voltage clamp procedure that enables junctional con-
ductance to be directly quantitated (Spray et al., 1981; Swenson et al.,
1989). The two cells of a pair were voltage clamped, usually at -80
mV, and alternating symmetrical depolarizing pulses of various am-
plitudes were imposed. Under these conditions, the current supplied
by the voltage clamp to the cell not stepped is equal in amplitude but
opposite in sign to the junctional current. Junctional conductance is
the ratio of junctional current to the transjunctional voltage step. GC

values were normalized to the maximal conductance measured at the
lowest Vj (10 mV). Time resolution of initial junctional currents was

10-20 ms. To establish steady-state Gj,, values, 60-s depolarizing
steps were applied to ensure that junctional currents had reached
equilibrium.

RESULTS

Characterization of Anti-Connexin Antibodies
Two different antibodies against Cx4O were produced
by immunization of rabbits with synthetic peptides. One
peptide (40B) corresponded to the ultimate C-terminal
18 amino acids (residues 339-356). The other peptide
(40S) corresponded to residues 313-330 that are located
in the large C-terminal cytoplasmic region (Haefliger et
al., 1992). Antibodies against Cx43 were produced
against a peptide corresponding to residues 252-271
(Beyer et al., 1989). All antibodies were affinity purified
using the cognate peptide coupled to sepharose acti-
vated by cyanogen bromide, as described under MA-
TERIALS AND METHODS.
The specificities of the affinity purified antibodies

were assessed by immune precipitation of metabolically
labeled proteins synthesized by Xenopus oocytes (Figure
1). Oocytes were injected with 5S-methionine and either
water or connexin cRNAs. Oocytes injected with water
produced a characteristic pattern of 35S-labeled proteins
(Figure 1, lane 2) (see also Swenson et al., 1989). Injec-
tion of rat Cx43 cRNA resulted in the appearance of a
novel band with an apparent mobility of 45 kDa (Figure
1, lane 3). Injection of cRNA encoding rat Cx4O pro-
duced a doublet migrating at -40 kDa (Figure 1, lane
4). Affinity purified antibodies against rat Cx43 specif-
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Figure 1. Production of connexin proteins in Xenopus oocytes and
characterization of anti-connexin antibodies by immune precipitation.
Xenopus oocytes were injected with 40 nl of either water (lanes 2, 5,
7, and 9) or cRNAs coding for Cx43 (lanes 3 and 6) or Cx4O (lanes 4,
8, and 10) and labeled with 35S-methionine. Homogenates were made
from each oocyte and aliquots were analyzed for incorporation of
label into total protein (lanes 2, 3, and 4). Oocytes injected with cRNAs
produced high levels of the encoded proteins, which were easily de-
tected above the background of endogenously synthesized proteins.
An anti-Cx43 antibody specifically precipitated one band of -45 kD
from an oocyte injected with rat Cx43 cRNA (lane 6), whereas no
bands were detected in water injected oocytes using the same antibody
(lane 5). Similarly, both anti-Cx4O antibodies precipitated a doublet
migrating at -40 kD from oocytes injected with cRNA for Cx4O but
not from water-injected cells (40S; lanes 7 and 8; 40B, lanes 9 and
10). Lane 1 contains molecular weight markers: 200 kD, 97 kD, 69
kD, 46 kD, and 30 kD.
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ically precipitated one band of -45 kDa from a lysate
of an oocyte injected with rat Cx43 cRNA (Figure 1,
lane 6). No bands were detected when control oocyte
lysates were precipitated with the same antibody (Figure
1, lane 5). Both antibodies against rat Cx40 precipitated
the '40 kDa doublet from oocytes injected with Cx40
cRNA (Figure 1, lanes 8 and 10) as well as some slower
migrating bands. No bands were detected in precipitates
of control oocyte lysates (Figure 1, lanes 7 and 9). Nei-
ther Cx4O antibody precipitated Cx43. We have not in-
vestigated the reason for the appearance of a doublet
of - 40 kDa. Because it is recognized by both antibodies,
it could be caused by either proteolytic cleavage at the
N-terminus or abnormal initiation of protein synthesis.
Although posttranslational modifications such as phos-
phorylation have been described for other connexins
(Musil et al., 1990), this possibility seems unlikely, be-
cause synthesis of rat Cx40 in reticulocyte lysate also
resulted in the appearance of an -40-kDa doublet.

Immunofluorescent Localization of Cx4O and Cx43
In Vivo
The antibodies were used for immunofluorescence on
frozen sections of rat lung, heart, and aorta. The phase-
contrast image of the section of lung (Figure 2A) displays
a large artery that is mostly longitudinally sectioned. A
small portion of the artery turns obliquely, resulting in
a grazing section. This reveals a region of the intimal
surface en face. The phase-dark lines that delineate the
endothelial cells probably represent extensive tight
junctional complexes. Labeling produced by the affinity
purified 40B antibody consisted of numerous punctate
or macular regions of fluorescence, which appear at the
borders between endothelial cells (Figure 2B, arrows).
This staining is consistent with the pattern of gap junc-
tion distribution in the endothelium of arteries (Simi-
onescu et al., 1975; Larson, 1988). There was also readily
detectable punctate labeling in the parenchyma of the
lung (arrowhead). This staining may represent gap
junctions in the capillary endothelium of the alveolus.
However, the possibility that the parenchymal staining
arose from alveolar epithelium or connective tissue cells
cannot be excluded. In corroborative studies, the pattern
of labeling produced by 40S antibodies on similar sec-
tions was indistinguishable. Staining was abolished by
preincubation of the antibody with 20 ,tg/ml of the
cognate peptide.
The distribution of Cx4O in the heart and aorta and

its relationship to Cx43 expression was determined by
immunofluorescence on similar frozen sections (Figures
3 and 4). Sections of heart (Figure 3) contained cross-
sectioned small muscular arteries surrounded by myo-
cardium. The artery displayed in Figure 3, A and B, was
perpendicularly sectioned at one end but turned
obliquely at its other end. At the oblique end, an en face
view similar to the section from lung was presented.

The staining with anti-Cx4O (40S antibody; Figure 3B)
was punctate and appeared to be confined to apposi-
tional areas between cells, consistent with the expected
location of gap junctions. Nuclei of endothelial cells
that protrude into the lumen are evident (arrowheads).
Comparison of fluorescence and phase contrast images
(Figure 3, A and B) indicated that the labeling was con-
fined to the endothelial cells. The pattern of labeling
observed with the anti-Cx43 antibody was dramatically
different (Figure 3D). Cx43 staining was detected only
between the myocardial cells. The arrangement of
punctate staining into bands corresponding to the in-
tercalated disks between myocardial cells is consistent
with previous studies of the distribution of Cx43 in the
heart (Beyer et al., 1989). No specific staining above
background was observed in the vessel wall.
The relationship between expression of Cx40 and

Cx43 was also examined in the rat aorta (Figure 4). Sim-
ilar to lung and heart, labeling with anti-Cx40 antibody
(40S) produced macular or punctate fluorescence in the
lumenal aspect of the vessel wall (Figure 4B). No la-
beling was detected in other parts of the vascular wall.
In contrast, a high level of Cx43 expression was detected
only in the smooth muscle of the tunica media (Figure
4D). In corroborative studies, we found that arterial en-
dothelial cells from liver and kidney also express Cx4O
but not Cx43.

Formation of Homotypic Junctions Between
Xenopus Oocytes
We have used the paired Xenopus oocyte assay to 1)
determine if rat Cx4O is capable of forming intercellular
channels, 2) compare their voltage gating behavior to
intercellular channels formed from other connexins, and
3) test the ability of rat Cx40 to functionally interact
and form heterotypic intercellular channels with other
connexins. The rat connexins Cx40, Cx43, and Cx37
were expressed by microinjection of their specific cRNAs
into oocytes. After removal of the vitelline envelope
and manual pairing of two oocytes, the development
of junctional conductance was monitored by dual volt-
age clamp (Spray et al., 1981; Swenson et al., 1989).

It has been demonstrated that Xenopus oocytes con-
tain an endogenous connexin, Xenopus Cx38 (Ebihara
et al., 1989; Gimlich et al., 1990). Potentially, this en-
dogenous connexin could both contribute to background
conductance and interact with exogenous expressed
connexins. In our laboratory and some others, the back-
ground level of communication between water-injected
oocytes is generally low; 100-1000 times lower than
communication produced by expression of exogenous
connexins (Table 1, row 1) (Dahl et al., 1987; Swenson
et al., 1989, 1990). However, some rat connexins can
efficiently interact with the endogenous connexin
(Swenson et al., 1989). Therefore, the endogenous con-
nexin must be eliminated in experiments involving
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Figure 2. Immunohistochemical localization of Cx4O in rat lung. Five-micron frozen sections of formaldehyde-fixed rat lung were examined
by phase contrast (A) and immunofluorescence (B) microscopy. (A) The phase contrast displays a large artery that has been cut obliquely to
reveal a region of the intimal surface en face. (B) Labeling produced by the affinity purified 40B antibody consists of numerous punctate or
macular regions of fluorescence that outline endothelial cells (arrows). There is also smaller punctate staining in the parenchyma of the lung
(arrowhead). Scale bar is 10 ,um.

expression of some rodent connexins. Pairing oocytes
expressing either rat Cx43 or Cx37 with control oocytes
injected with water induced the development of large
junctional conductances, as the result of heterotypic in-
teraction with an endogenous connexin (Table 1, rows
2 and 3). By contrast, Cx4O failed to form junctional
channels with water-injected oocytes (Table 1). Injection
of antisense oligonucleotides against Xenopus Cx38
greatly inhibited the ability of both rat Cx43 and Cx37
to produce heterotypic channels with the endogenous
connexin (Table 1, rows 6 and 7). This effect resulted
from reduced Cx38 mRNA and protein levels (Gimlich
and Goodenough, personal communication). Although
the use of antisense oligonucleotides to suppress the
endogenous conductance of water-injected oocyte pairs
has been reported previously (Barrio et al., 1991; Hen-
nemann et al., 1992), our data demonstrate for the first
time the efficacy of this strategy in preventing the es-
tablishment of heterotypic coupling between mam-
malian and Xenopus connexins. The suppression of these
high levels of conductance (much higher than those

reported for endogenous coupling) is essential to analyze
the formation of heterotypic channels between foreign
connexins expressed by oocyte pairs.

All three connexins tested formed homotypic inter-
cellular channels with high conductances (Table 2).
Thus, expression of rat Cx4O was capable of inducing
the formation of intercellular channels. Junctional cur-
rents between oocytes expressing rat Cx4O decreased in
a time and voltage-dependent manner (Figure 5A). For
comparison, junctional currents in oocytes expressing
rat Cx37 are presented in Figure 5B. In both cases, the
rate of channel closure increased with increasing trans-
junctional potentials (Vi). The junctional currents for
Cx4O channels decayed exponentially and achieved
equilibrium more quickly than for channels composed
of Cx37. The decay in junctional currents from Cx37
channels did not fit simple exponentials and thus may
reflect several independent processes. For both connex-
ins, the rate of voltage-dependent closure was much
slower than for other well-characterized voltage-gated
ion channels. As previously reported, channels formed
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from Cx43 did not display voltage dependence over the
range of transjunctional potentials tested (Swenson et
al., 1989; Werner et al., 1989). The characteristics of rat
Cx40 and Cx37 channels are similar to those recently
reported for their mouse homologs (Cx37, Willecke et
al., 1991; Cx4O, Hennemann et al., 1992).
The normalized initial junctional conductance (Gjo)

and steady-state conductance (Gj,,) of homotypic Cx4O
intercellular channels are displayed in Figure 5C. Both
cells were initially clamped at -80 mV to ensure zero
transjunctional potential. Although one cell was held
at a constant potential, depolarizing voltage steps (10-
80 mV) were sequentially applied to the other cell, and
the resulting junctional currents were recorded. Gj val-
ues were normalized to the maximal conductance mea-
sured at the lowest Vj (10 mV). Time resolution of initial
junctional currents was - 10-20 ms. To establish
steady-state values, 60-s depolarizing steps were ap-
plied. Initial conductance of Cx4O channels was insen-
sitive to transjunctional potential. However, the steady-
state conductances decreased significantly at Vj > 30
mV. Half-maximal response (V0) occurred at Vj = 38
mV, and the normalized equilibrium value (Gj..i) was
0.18 at Vj = 80 mV. Results are the mean ± SEM of 18
pairs from eight experiments (Gjo) and 5 pairs from five
experiments (Gj,,). As expected for homotypic channels,
the observed conductances were the same regardless of
the polarity of transjunctional potential.

Unlike Cx4O, Cx37 formed channels in which Gjo de-
creased substantially for increasing Vj (Figure 5D). Gjs
of Cx37 was more sensitive to transjunctional voltage
than that of Cx4O (V0 = 25 mV). In addition, Gjmin was
lower than for Cx4O (0.08 at Vj = 80 mV). Results are
the mean ± SEM of 17 pairs from three experiments
(Gjo) and 12 pairs from three experiments (Gj,,). For
channels composed of either Cx37 or Cx4O, Gj decreased
symmetrically for depolarizing and hyperpolarizing
steps applied to either cell, indicating that conductance
was not directly affected by membrane potential.

Formation of Heterotypic Gap Junctions Between
Xenopus Oocytes
To examine heterotypic junction formation, we paired
oocytes expressing different connexins (Table 2). Un-
expectedly, when oocytes expressing Cx4O were paired
with those expressing Cx43, no communication was es-
tablished. In these pairs the conductance was below the
background levels (compare Table 2, heterotypic, row
3, with Table 1, rows 4 and 6). Because the oocyte

expression system can support the formation of ho-
motypic and heterotypic channels, as described below,
it is likely that the inability of Cx4O and Cx43 to func-
tionally interact reflects an intrinsic property of these
connexins.

In contrast, when oocytes expressing Cx4O or Cx43
were paired with those expressing Cx37, high levels of
conductance were observed (Table 2). The voltage de-
pendence of these heterotypic channels is displayed in
Figure 5E, where depolarizing steps were applied to the
cell expressing Cx4O, and in Figure 5F, where the cell
expressing Cx37 was depolarized. The voltage sensitiv-
ity of these heterotypic channels, unlike homotypic
channels, depended on the polarity of the transjunc-
tional potential (Figure 5, E and F). For each polarity,
the voltage dependence was qualitatively similar to that
of the corresponding homotypic channels, although a
small increase in sensitivity was observed for steady-
state Cx4O conductance in heterotypic pairs (compare
Figure 5, E with C and F with D). Results are the mean
± SEM of 7 (Gjs,) and 10 (Gjo) pairs. Similarly, asym-
metric voltage-dependent conductance was observed
with heterotypic channels composed of Cx43 and Cx37.
The asymmetry of junctional currents and the relative
conservation of each connexin's voltage sensitivity
showed that each cell contributed a connexon composed
of a different connexin and that a heterotypic channel
had been established.

DISCUSSION
We have demonstrated that rat Cx4O was prominently
expressed by vascular endothelial cells but not any other
cells in the vascular wall. In contrast, Cx43 was detected
in ventricular myocardium and aortic smooth muscle.
The paired Xenopus oocyte system was used to char-
acterize the behavior of rat Cx4O, Cx43, and Cx37. Al-
though each connexin formed homotypic gap junction
channels, we found that rat Cx43 and Cx4O were in-
compatible and did not form heterotypic channels. This
is the first indication that, with connexins of the same
organism, two cells may limit their ability to commu-
nicate by expressing different gap junction proteins. In
addition, we have established that incompatible con-
nexins are expressed in adjacent cells in the vascular
wall.

Connexin Expression in the Cardiovascular System
Our observations of connexin expression are consistent
with physiological demonstrations of extensive dye and

Figure 3. Immunohistochemical localization of Cx43 and Cx4O in rat heart. Five-micron frozen sections of formaldehyde-fixed rat heart were
examined by phase contrast (A and C) and immunofluorescence (B and D) microscopy. (A and C) Myocardial muscle and a transverse section
of a small muscular artery are visible in the phase contrast micrograph. The arterial lumen (L) and nuclei of endothelial cells that protrude into
the lumen are apparent (arrowheads). (B) Cx4O strongly labels the arterial endothelium. (D) In contrast, Cx43 is detected in the intercalated
discs between cardiac myocytes, consistent with previous reports and the known location of gap junctions in these cells. No staining of the
arterial wall above background can be observed. Scale bar is 10 ,um.
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Table 1. Injection of oligonucleotides antisense to mRNA encoding Xenopus Cx38 prevents the formation
of heterotypic channels between either rat Cx43 or rat Cx37 and Xenopus Cx38

Oocyte injection No. of experiments
cell 1/cell 2 Conductance (,gS)a (no. of pairs)

Water + scramble/water + scramble 0 6 (13)
Cx43 + antisense/water + scramble 8.2 ± 2.3 7 (23)
Cx37 + antisense/water + scramble 19.5 ± 0.8 9 (30)
Cx4O + antisense/water + scramble 0.06 ± 0.07 3 (10)
Water + antisense/water + antisense 0 4 (9)
Cx43 + antisense/water + antisense 0.4 ± 0.2 7 (23)
Cx37 + antisense/water + antisense 1.2 ± 0.2 9 (29)

a Values are means ± SEM.
Oocytes were injected with either an oligonucleotide antisense to a sequence within the coding region of
Xenopus Cx38 or a scrambled version of it. After an overnight incubation, oocytes were injected a second time
with either cRNAs for the rat connexins studied or with water and incubated another 24-48 h before mea-
surements of junctional conductance were performed.

electrical coupling between endothelial cells in vivo
(Beny and Gribi, 1989; Beny, 1990). Although other
connexins may have been present in endothelial cells
(see below), the abundance and selective expression of
Cx4O suggests a significant role for Cx4O in the estab-
lishment of junctions between arterial endothelium.
We do not detect Cx43 in the endothelium of small

or large arteries. However, the ability of cultured bovine
endothelial cells to express Cx43 in vitro has been doc-
umented (Larson et al., 1990; Beyer et al., 1992; Pepper
et al., 1992). Because these reports were based on studies
of primary cultures or cell lines, the apparent discrep-
ancy with our results may reflect changes in both types
and levels of connexin expression under culture con-
ditions. This hypothesis is supported by a recent report
(Stutenkemper et al., 1992) that the types of connexins
expressed by cells in vivo can change in culture. It is
also possible that Cx43 is present in endothelium in
vivo in amounts too small to detect. Further experiments
are needed to resolve this issue.
Cx43 was readily detected in the smooth muscle of

aorta. The fact that we did not detect Cx43 in the tunica
media of small muscular arteries may reflect the small
size and low frequency of gap junctions between these
cells. Supporting this idea, electron microscopic exam-
ination of smooth muscle in coronary arteries failed to
reveal the presence of gap junctions, even though these
cells are demonstrably coupled (Beny and Connat,
1992). Although Cx43 was found in A7r5 cells, an aortic
smooth muscle cell line (Moore et al., 1991), it is also
possible, as discussed above for endothelial cells, that

either Cx43 expression in smooth muscle cells is het-
erogeneous or changes under culture conditions.

In contrast to our results, Cx4O mRNA has been re-
ported in cultures of vascular smooth muscle (Beyer et
al., 1992). It is difficult to directly compare their results
with ours because we demonstrate connexin protein in
vivo, whereas they demonstrate only connexin mRNA
in cultured cells. It is possible that smooth muscle ex-
presses Cx4O mRNA in vivo but does not synthesize or
accumulate Cx4O protein. However, it seems more likely
that the types of connexins expressed by endothelial
and smooth muscle cells in vivo can change in culture
as recently shown for liver cells (Stutenkemper et al.,
1992).

Finally, our results do not confirm the finding of Kan-
ter et al. (1992), who reported immunoreactivity in iso-
lated canine ventricular myocytes using an anti-peptide
antibody directed against chicken Cx42. Rodent and
canine Cx4O are the closest connexin homologs to
chicken Cx42, although significant differences are pres-
ent. For example, the chicken sequence used to generate
the anti-peptide antibody was 55% conserved in canine
Cx4O (Kanter et al., 1992). Our failure to observe Cx4O
immunoreactivity in rat myocardial cells was consistent
with both of our two distinct anti-rat Cx4O antibodies.
It is possible that canine and rodent myocardium express
different connexins. However, we are not able to clearly
reconcile these results at this time.

In summary, we have established that rat Cx4O is
prominently expressed in rat arterial endothelium,

Vol. 4, January 1993

Figure 4. Immunohistochemical localization of Cx43 and Cx4O in rat aorta. Five-micron frozen sections of unfixed rat aorta were examined
by phase contrast (A and C) and immunofluorescence (B and D) microscopy. Luminal aspect of the vessel is indicated by L. (B) Labeling with
anti-Cx4O antibodies (40S) produced punctate fluorescence detected only in the endothelial layer. (D) In contrast, signal for Cx43 was confined
to the smooth muscle cells in the tunica media. Scale bar is 10 ,um.
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Table 2. Conductances developed by homotypic and heterotypic
gap junction channels in oocyte pairs

Oocyte injection No. of experiments
cell 1/cell 2 Conductance (ttS)a (no. of pairs)

Homotypic

Cx43/Cx43 16.1 ± 2.9 7 (19)
Cx37/Cx37 16.9 ± 3.8 9 (31)
Cx40/Cx40 14.1 ± 5.7 6 (25)

Heterotypic

Cx37/Cx4O 23.4 ± 5.9 5 (20)
Cx37/Cx43 6.0 ± 1.1 4 (17)
Cx4O/Cx43 0.2 ± 0.07 3 (14)

a Values are means ± SEM.
All oocytes received antisense oligonucleotides as detailed in MA-
TERIALS AND METHODS. Measurements of junctional conductance
were performed 24-48 h after the injection of connexin cRNAs and
pairing of the oocytes.

whereas Cx43 is abundant in the tunica media of large
elastic arteries.

Voltage Dependence of Connexins
The influence of transjunctional voltage on the per-
meability of gap junction channels has been the subject
of numerous studies (see Bennett et al., 1991, for a re-
view). Functional expression of connexins in commu-
nication-deficient cells (Eghbali et al., 1990; Fishman et
al., 1990) and Xenopus oocytes (Swenson et al., 1989;
Werner et al., 1989; Barrio et al., 1991; Willecke et al.,
1991; Rubin et al., 1992; White et al., 1992) has dem-
onstrated that voltage dependence of individual con-
nexins is markedly different. Some connexins display a
relatively high sensitivity to voltage (e.g., Cx37, Cx4O);
others show different behaviors depending on the
expression system (e.g., Cx32 and Cx43). Interpretation
of these data is complicated by the possibility that
unique physiological properties of connexins may not
depend only on differences in the primary sequence
lining the channel pore but also on cell specific post-
translational modifications. For example, phosphory-
lation of Cx43 may occur in a tissue specific fashion
(Kadle et al., 1991) and may be associated with a shift
in unitary conductance and a modification of voltage
dependent channel kinetics (Moreno et al., 1992). From
this perspective, it will be interesting to determine
whether Cx4O is phosphorylated by vascular endothelial
cells in vivo. The marked differences in voltage sensi-
tivity between Cx4O and Cx37 reported here and the
lack of voltage-induced closure of channels made of
Cx43 (Swenson et al., 1989) must be related, however,
to the connexins themselves and not to the cytoplasmic

environment, because measurements were made in the
same type of cell.
Why are connexins expressed in nonexcitable tissues

sensitive to transjunctional voltage? One possibility is
that closure of gap junction channels may serve as a
mechanism to prevent communication between injured
cells, which have become depolarized, and the sur-
rounding population, thereby protecting functionally
intact cells next to dying ones. By contrast, the presence
of intercellular channels relatively insensitive to voltage
in electrically excitable tissues, as for Cx43 in myocar-
dium and smooth muscle, would maintain communi-
cation between cells that become depolarized during
the normal propagation of electrical signals, thereby
playing a role in the coordination of contraction. In this
context, it is interesting to note that Cx43 is the principal
connexin expressed by pancreatic f-cells (Meda et al.,
1991). Because their secretory response to glucose is
triggered by depolarization (Prentki and Matschinsky,
1987), this may reflect a role for junctional coupling in
the coordinated regulation of insulin release (Meda et
al., 1984). Further studies are clearly needed to evaluate
the role of voltage-induced closure of gap junction
channels in physiological situations.

Significance of Selectivity Among Connexins
Both homo- and heterotypic gap junction channels have
been demonstrated in functional expression systems
(Dahl et al., 1987; Swenson et al., 1989; Barrio et al.,
1991), thus reinforcing previous suggestions that inter-
cellular communication is a promiscuous phenomenon
that is likely to occur between contacting cells (Michalke
and Loewenstein, 1971; Epstein and Gilula, 1977). Ear-
lier, we reported that connexins from markedly different
species failed to form heterotypic channels (Swenson
et al., 1989). In this study, we demonstrate that there
also can be incompatibility among connexins from the
same organism. Thus, the establishment of intercellular
communication is not a uniformly permissive process
but one that may be controlled by the expression of
alternative connexins.
How connexons composed of particular connexins

recognize and discriminate between alternative partners
in adjacent cells remains to be elucidated. Cx40, Cx43,
and Cx37 all belong to the a (Risek et al., 1990) or Type
II (Bennett et al., 1991) subgroup of connexins and are
very highly related. Although it is reasonable to spec-
ulate that the extracellular regions of the proteins, which
must physically interact, participate in this process of
recognition, these regions are the most highly conserved
among all connexins. The ability of connexins to dis-
criminate between each other could be influenced by
posttranslational modifications. Because Xenopus oo-
cytes may not accurately carry out these modifications,
it will be of interest to explore the in vivo physiology
of cells expressing incompatible types.
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C

Figure 5. Voltage dependence of
homotypic (A-D) and heterotypic (E
and F) gap junction channels com-

posed of Cx40 or Cx37 in Xenopus
oocyte pairs. (A and B) Junctional
currents (I) developed by pairs of
oocytes injected with synthetic cRNA
coding for Cx40 (A) and Cx37 (B).
Both cells were initially clamped at
-80 mV to ensure zero transjunc-
tional potential. Although one cell
was held at a constant potential, de-
polarizing voltage steps (20-80 mV)
were sequentially applied to the
other cell and the resulting junctional
currents were recorded. The currents
reflect voltage-induced closure oc-

curring with a relatively slow time
course, obtaining equilibrium within
10-50 s. (C and D) The relationship
of transjunctional voltage (V,) to ini-
tial (Gjo, filled circles) and steady-
state (Gj.,, open circles) junctional
conductances is displayed for ho-
motypic channels composed of Cx40
(C) and Cx37 (D). For Cx4O, Gjo was
not affected at Vj < 70 mv. Gj,,, de-
creased for transjunctional potentials
larger than 30 mv. The decreases
were faster for greater transjunc-
tional potentials. For Cx37, Gjo de-
creased substantially for increasing
Vj and Gj,,, was more sensitive to
voltage than Cx4O. (E and F) The re-

lationship of Vj to Gjo and GjC, in het-
erotypic gap junctions when depo-
larizing steps were applied to the cell
expressing Cx4O (E) and Cx37 (F).
Voltage dependence of heterotypic
junctional channels was asymmetric
as the properties of each connexin
were qualitatively maintained. A
small decrease in V0 (- 10 mv) was

observed for steady-state Cx4O con-
ductance in heterotypic pairs (com-
pare E with C and F with D).
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Selectivity among connexins may represent the mo-
lecular mechanism underlying the establishment of
"communication compartments," where cells commu-
nicate within, but not between, groups. Such compart-
ments, which have been observed in a variety of de-
veloping and adult organisms (Lo and Gilula, 1979;
Warner and Lawrence, 1982; Weir and Lo, 1982; Blen-
nerhasset and Caveney, 1984; Kalimi and Lo, 1988;
Serras et al., 1990; Kam and Hodgins, 1992), could result
from the inability of different connexins to interact
functionally. For example, in the pancreas, acinar cells
are not coupled to adjacent ductal cells (Findlay and
Petersen, 1983; Chanson et al., 1991). It remains to be
established whether other connexins are incompatible
and whether they may be present in physically adjacent
cells in developing and/or adult organisms.

In the vascular wall, because incompatible connexins
are expressed in physically adjacent endothelial and
smooth muscle cells, the purpose of alternative connexin
expression might be to reduce or regulate the frequency
of communication between those cells. In support of
this notion, no physiological demonstration of coupling
between these cell types in vivo has been reported
(Beny, 1990; Segal and Beny, 1992).
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