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Coexpression of Connexin45 with Connexin43 Decreases
Gap Junction Size

KATHARINA GRIKSCHEIT, NEIL THOMAS, ALEXANDRA F. BRUCE, STEPHEN ROTHERY, JOACHIM CHAN,
NICHOLAS J. SEVERS, and EMMANUEL DUPONT

Department of Cardiac Medicine, National Heart and Lung Institute, Imperial College London, London, United Kingdom

In the human heart, ventricular myocytes express connexin43 (Cx43) and traces of Cx45.
In congestive heart failure, Cx43 levels decrease, Cx45 levels increase and gap junction size
decreases. To determine whether alterations of connexin coexpression ratio influence gap junc-
tion size, we engineered a rat liver epithelial cell line that endogenously expresses Cx43 to
coexpress inducible levels of Cx45 under stimulation of the insect hormone, ponasterone A. In
cells induced to express Cx45, gap junction sizes are significantly reduced (by 15% to 20%;
p < 0.001), an effect that occurs despite increased levels of junctional connexons made from
both connexins. In contrast, coexpression of Cx40 with Cx43 does not lead to any change in
gap junction size. These results are consistent with the idea that increased Cx45 expression in
the failing ventricle contributes to decreased gap junction size.

Keywords coexpression, connexin, gap junction, heart, inducible cell model

INTRODUCTION

In the heart, gap junctions form sites of electrical
coupling between individual myocytes that mediate
the orderly spread of electrical excitation throughout
the heart (Desplantez et al. 2007). Gap junction chan-
nels comprise pairs of connexons (hemichannels)
made from hexamers of connexin subunits (Good-
enough et al. 1996). The connexins are a multi-
gene family of conserved proteins; 21 different con-
nexin types are expressed in human and twenty in
mouse (Sohl and Willecke 2004). Although cells
stably transfected with cDNAs encoding different
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connexins show distinct properties, such as uni-
tary conductance, voltage gating, ionic selectivity,
and molecular permeability (Veenstra et al. 1995;
Harris 2001), the precise functional properties of
gap junctions in vivo depend on the specific con-
nexins present (Cottrell and Burt 2005; Rackauskas
et al. 2007). Cardiomyocytes express connexins 43,
40, and 45 (Cx43, Cx40 and Cx45) in various com-
binations, in different specialized regions of the
heart (Severs et al. 2006; Desplantez et al. 2007),
which are hypothesized to contribute to the pat-
terns of current flow that govern the normal heart
rhythm.
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Human working ventricular myocytes predomi-
nantly express Cx43, with small quantities of Cx45
(Vozzi et al. 1999). In the diseased ventricle, expres-
sion of Cx43 is down-regulated, gap junction size
is decreased, and Cx45 expression is up-regulated
(Kaprielian et al. 1998; Dupont et al. 2001; Kita-
mura et al. 2002; Yamada et al. 2003). Correspond-
ingly, in the heterozygous Cx43 knockout mouse,
which expresses half the normal level of Cx43, an
increased ratio of Cx43:Cx45 is associated with di-
minished gap junction size in the neonates (Johnson
et al. 2002). These results raise the possibility that
the coexpression ratio (i.e., Cx43:Cx45) may con-
tribute to regulation of gap junction size. Because
this hypothesis cannot easily be investigated in hu-
man tissue or in transgenic animals, we have devel-
oped two inducible transfected cell models (Halli-
day et al. 2003; Severs et al. 2006). In addition to the
endogenous Cx43 present in the original rat liver ep-
ithelial (RLE) cell line, these models express Cx45
or Cx40 under the control of the ecdysone system
(RLE Ind45 and RLE Ind40 respectively). A range
of ratios of the inducible transfected connexin to the
endogenous Cx43 are thus obtainable using ponas-
terone A to stimulate the ecdysone promoter.

METHODS

Routine Cell Culture

HeLa cells transfected with a native or V5-
tagged version of Cx40, Cx43, Cx45, and RLE
cells (McMahon et al. 1986) engineered to express
mouse Cx40 (RLE Ind40) or Cx45 (RLE Ind45)
(Halliday et al. 2003; Severs et al. 2006), were main-
tained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum. For ref-
erence, a generic map of the DNA constructs used
and a diagram of the ecdysone system are shown in
Figure 1. Cx40 or Cx45 expression was induced by
adding ponasterone A to the medium and maximal
induction was obtained at 2 µM. To maintain ho-
mogenous expression, poorly expressing cells were
eliminated by seeding in 250 µg/ml hygromycin B

in induction medium. To obtain noninduced cells,
RLE Ind40 and RLE Ind45 were maintained for at
least 12 hours to remove remnants of hygromycin B,
before induction was removed.

Antibodies

For the detection of Cx43, either a monoclonal
antibody against residues 252 to 270 of rat Cx43
(Chemicon, MAB3067) or a rabbit polyclonal anti-
body raised against the C-terminus of Cx43 (Sigma,
C6219) were used. For Cx45, we used an “in
house” monoclonal antibody, (Q14E(mab19-11-5))
(Coppen et al. 2003), and for Cx40, a goat poly-
clonal antibody raised against the C-terminus of
Cx40 (Santa Cruz, SC20466) or an “in house” rab-
bit polyclonal antibody (S15C(R84)) (Severs et al.
2001). For immunoconfocal microscopy, appropri-
ate fluorophore-conjugated (FITC or Cy3) sec-
ondary antibodies were purchased from Jackson.
For immunoblots, appropriate alkaline phosphatase–
conjugated antibodies were supplied by Pierce.

Immunoconfocal Analysis

Cells grown on glass coverslips were fixed us-
ing either ice-cold methanol or 2% formalde-
hyde (freshly prepared from paraformaldehyde, in
phosphate-buffered saline; PBS) at 4◦C. After block-
ing with 1% bovine serum albumin in PBS, cells
were incubated with anti-connexin antibody, fol-
lowed by the secondary antibody, mounted, and ex-
amined using a Leica TCS SP confocal microscope.

Quantification of Gap Junction Size

Ten images per slide were taken using the ×63
objective with a detector pinhole of 50 µm, giving
an optical section of 0.5 µm. A zoom factor of 4
with a 512 × 512-pixel image was used. Images were
acquired with high brightness and contrast settings,
which were maintained throughout the experiment.
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Figure 1. Diagram of the DNA construct/system use in stable transfection. (A) Constitutive CMV promoter constructs (native and tagged
versions, three different antibiotic resistances cloned downstream from an internal ribosome entry site (IRES) are also available) were transfected
into HeLa cells. Lysates from stable transfectants expressing Cx40, Cx43, Cx45, and the tagged versions of these connexins were used to
calibrate the specific anti-connexin antibodies’ reactivity in Western blot experiments and thereby to compare the connexins to each other. The
position of the V5 epitope and the six-histidine stretch are indicated. (B) Diagram of the ecdysone system that permits inducible expression
of Cx40 and Cx45. RLE cells were first transfected with pVgRXR (Invitrogen) coding for the transcription factors of the ecdysone system
(ecdysone receptor, VgEcR; retinoid X receptor [RXR]) and can be selected using bleomycin. One stable clone expressing the transcription
factors was retransfected with DNA constructs coding for both a connexin (CxX; Cx40 or Cx45) and the hygromycin resistant gene (Hygro)
downstream from the IRES on the bicistronic construct. Upon association with ponasterone A, the VgEcR and RXR proteins form a heterodimer
that activates the IND promoter and induces the transcription of an mRNA coding for Cx40 or Cx45 and hygromycin resistance. Selection of
inducible RLE clones was therefore done in induction medium since the uninduced cells are not resistant to the antibiotic.

Quantification of gap junction size was performed
by applying a threshold on a 255-point grey scale to
each image to reduce any cell background. The gap
junction plaques in the membrane were manually
marked and their length measured using PC Image
software (Foster Findlay Ass.).

Western Blotting

Western blotting and quantification were carried
out as previously described (Dupont et al. 2001)
using anti-Cx43 (Sigma, C6219), anti-Cx40 (Santa
Cruz, SC20466), or anti-Cx45 (Q14E(mab19-11-5))
antibodies, followed by incubation with the appro-
priate alkaline-phosphatase-conjugated secondary
antibody. In order to quantify and compare the

amounts of Cx40, Cx43 and Cx45, we used a V5-
tagged version of the three connexins transfected
into HeLa cells. The anti-V5 antibody (Invitrogen)
immunoreactivity was used to calibrate the specific
anti-connexin antibodies (Severs et al. 2006).

Extraction of Nonjunctional and
Junctional Proteins

In order to quantify separately the cytoplas-
mic from junctional connexins, we used the Tri-
ton X-100 differential solubilization method (Musil
and Goodenough 1991). Cells were scraped in
phosphate-buffered saline (PBS) and pelleted (1000
rpm, 5 min). Nonjunctional connexins were ex-
tracted by resuspension of the pellet (10 µl per cm2
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of freshly confluent cells) in solubilization buffer
(1% [v/v] Triton X-100, 40 mM Tris pH 8, 150
mM sodium chloride, 0.04% [w/v] sodium azide,
1:250 [v/v] mammalian protease inhibitor cocktail
[Sigma, P8340]). Samples were homogenized by
vortexing and sonication and incubated on ice for
30 min, with vortexing every 5 min, then centrifuged
(15000 rpm, 30 min, 4◦C). Nonjunctional proteins in
the supernatant were collected. Junctional proteins
in the pellet were resuspended in an equal volume of
SB20 (20% SDS and 0.15 M Tris, pH 6.8) (Coppen
et al. 1998). Samples were sonicated then incubated
at room temperature for 30 min before processing
by western blotting as described above.

Statistical Analysis

All analysis was done using GraphPad Prism 4
(GraphPad Software). Data are expressed as mean ±
SEM. Statistical significance was evaluated with the
unpaired Student t test for comparisons between two
means or one-way analysis of variance (ANOVA)
(followed by Bonferroni’s correction). Statistical dif-
ferences were judged significant at p ≤ 0.05.

RESULTS

Figure 2 shows western blot analysis of inducible
Cx45 and Cx40 and endogenous Cx43 in the RLE
Ind45 and RLE Ind40 cell lines. For both cell lines,
with no induction, expression of the transfected con-
nexin is undetectable, indicating no leakage of the
uninduced ecdysone promoter. Expression of en-
dogenous Cx43 appeared to be slightly suppressed
at the highest levels of induction in both clones. The
coexpressed Cx43 and Cx45 (Fig. 3A to C) or Cx43
and Cx40 (Fig. 3D to F) are extensively colocalized,
indicating that in both RLE Ind40 and RLE Ind45
most if not all gap junctions are made of both con-
nexins.

In order to quantify the ratio of expression, we
have used our V5-tagged clones to calibrate the spe-
cific antibody (anti-Cx43, -Cx40, and -Cx45) reac-
tion, thereby allowing comparative quantification of

Figure 2. Dose-dependent expression of transfected connexins
upon induction with ponasterone A. The upper immunoblots show
the induction of Cx45 or Cx40 in the RLE Ind45 and RLE Ind40
cell lines, respectively. The black gradient slopes indicate increasing
ponasterone A concentrations (0, 0.1, 0.25, 0.5, 1, and 2 µM). Ex-
pression of both Cx45 and Cx40 is tightly regulated by the inducer.
Endogenous Cx43 expression (detected with the anti-Cx43 Sigma
antibody) is shown in the middle panel and equal protein loading is
demonstrated by Coomassie blue staining (lower panel).

the three connexins to each other (Severs et al. 2006).
By using the differential Triton X-100 solubilization
method (Musil and Goodenough 1991), we have also
quantified the proportion of each connexin present
in the junctional and nonjunctional fractions in both
cell lines and at different levels of induction (Fig. 4,
Table 1). Without induction (i.e., Cx43 only), ∼55 to
60 arbitrary units (AU) of the total protein is junc-
tional in both clones (100 AU is defined as 100%
of endogenous Cx43 expressed in both clones). As
induction increases, the total complement of connex-
ins (i.e., Cx43 + Cx40 or Cx43 + Cx45) increases
(Fig. 4, dashed line) to ∼240 AU in the RLE Ind45
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Figure 3. Double immunolabeling of Cx43 and Cx45 in RLE Ind45 cells (A, B, C) and Cx43 and Cx40 in RLE Ind40 cells (D, E, F)
at maximal induction. Cx43 (detected using the Chemicon antibody) is colocalized with Cx45 or Cx40 in the same junctions. Scale bar:
25 µm.

cells and ∼180 AU in the RLE Ind40 cells. The
amount of connexins used to make gap junctions
(Fig. 4, continuous line) remains very similar in the
RLE Ind40 clone (from ∼58 AU of Cx43 to ∼68
AU, with a ratio Cx40/Cx43 of ∼1, indicating a loss
of ∼25 AU of junctional Cx43), whereas in the RLE
Ind45 clone this value almost doubles (from ∼55 AU
of Cx43 to ∼107 AU made up of 46 AU of Cx45 and
61 AU of Cx43; see Table 1). Interestingly, lower in-
duction levels produce a more marked influence on
Cx43 expression than does maximal induction. At

0.5 µM ponasterone A, junctional Cx43 + Cx45 is
92 AU, of which Cx43 represents 78 AU and Cx45
only 13 AU. Large amounts of connexins in these
two cell lines therefore remain cytoplasmic (Fig.
3, dotted lines; Table 1), though this affects mostly
the transfected, inducible connexin. The amounts of
nonjunctional Cx43 (∼45 AU) remain constant at all
levels of induction in both cell lines (Table 1; data
for RLE Ind40 not shown).

The size of the Cx43/Cx45 gap junctions at dif-
ferent levels of induction was measured following

TABLE 1 Proportion of nonjunctional and junctional Cx43 (endogenous) and Cx45 with increasing levels of induction

Ponasterone A (µM)

0 0.1 0.5 1 2

Cx43
Nonjunctional 44.9 ± 2.5 44.8 ± 8.6 43.7 ± 5.5 43.6 ± 0.6 39.6 ± 4.7
Junctional 55.1 ± 3.4 68.5 ± 2.8 78.3 ± 11.9 76.8 ± 0.6 61.1 ± 4.6

Cx45
Nonjunctional ND ND 41.6 ± 10.8 80.4 ± 23.5 94.4 ± 26.1
Junctional ND ND 13.3 ± 2.2 33.5 ± 10.5 46.1 ± 12.0

Note. All data are in arbitrary units (AU) and are normalized to the amounts of total Cx43 in RLE Ind45 cells without induction (100 AU).
Result of two determinations, mean ±SEM. ND: Not detectable.
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Figure 4. Quantitative analysis of immunoblots to determine total,
nonjunctional and junctional connexins in transfected RLE cell lines.
(A) In RLE Ind45 cells, total connexin levels are increased by a factor
of 2.4 at maximum induction. However, junctional Cx43/Cx45 is
increased only by a factor of 2. (B) In RLE Ind40 cells, total connexin
levels are increased by a factor of 1.7 at maximum induction, but
junctional Cx40/Cx43 remains constant. 100 AU is defined as the
total amount of endogenous Cx43 in both cell lines in the noninduced
state.

immunolabeling with anti-Cx43 (Chemicon or
Sigma) or anti-Cx45 antibodies (Fig. 5). Induction of
Cx45 significantly reduced the size of gap junctions
by 15% to 20% (p < 0.001; Fig. 6), and maximal
effect was observed at low induction (0.5 µM ponas-
terone A).

At high levels of induction in the RLE Ind40 cell
line (i.e., more Cx40 in the junctions), the aver-
age size of gap junctions detected with the Chemi-
con anti-Cx43 antibody was significantly smaller,
but when detected using the Santa Cruz anti-Cx40

Figure 5. Representative images used to measure gap junction size.
In this example, RLE Ind45 cells at maximal induction were labeled
for either Cx45 (A) or Cx43 (B; Chemicon). Images were thresholded
before measuring gap junction size with PC Image software (C).
Scale bar: 5 µm.

antibody, gap junctions were larger (data not shown).
These observations suggest that in this case, there
is artefactual steric hindrance of antibody binding.
Because all the gap junctions contain both Cx43

Figure 6. Gap junction sizes measured in RLE Ind45 cells at vary-
ing levels of induction. In order to compare gap junction size labeled
with the anti-Cx43 and anti-Cx45 antibodies, data were normalized
to the average size at maximum induction (100 arbitrary units [AU]).
At both medium and high levels of induction Cx43-labeled gap junc-
tion size (measured with both the Chemicon and Sigma antibodies)
was significantly reduced compared to noninduced cells. The size of
Cx45-labeled gap junctions in induced cells was comparable to those
measured for Cx43. The concentrations (0, 0.5, 2 µM) of ponasterone
A used are indicated. ∗ p < 0.001.
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Figure 7. Anti-Cx43 antibody (Sigma) cross-reacts with Cx40. Screening of Cx40 transfected HeLa cells using (A) anti-Cx40 (S15C(R84)),
(B) anti-Cx43 (Sigma), and (C) anti-Cx43 (Chemicon). Cx40 is detected at cell interfaces (A). Labeling is also seen at cell interfaces when
using the anti-Cx43 antibody (Sigma) (B). However, labeling with anti-Cx43 antibody (Chemicon) indicates that Cx43 is not expressed and
the apparent anti-Cx43 Sigma antibody labeling is due to cross-reactivity with Cx40 (C). Scale bar: 100 µm.

and Cx40 (Fig. 3), their size should not vary in
opposite directions when different antibodies are
used for detection. Therefore, we used a third an-
tibody that detects Cx43 and cross-reacts with Cx40
(anti-Cx43, Sigma; Fig. 7). This antibody is raised
against the C-terminus of Cx43, which is similar
to that of Cx40 (Cx40-SKASSKARSDDLSV and
Cx43-SRASSRPRPDDLEI; i.e., 11 out of 14 amino
acid residues are either identical or similar). Using
this antibody, gap junction sizes in the RLE Ind40
cell line were identical regardless of the respective
amounts of Cx40 and Cx43 expressed. This demon-
strates that the differences seen by using the other,
more specific, primary antibodies were artifactual.

In the RLE Ind45 cell line, all three antibodies
(anti-Cx45 and anti-Cx43, Chemicon and Sigma)
gave almost identical results (Fig. 6), confirming a
true decrease in gap junction size upon Cx45 in-
duction. Without induction of the second connexin,
Cx43 gap junction sizes were virtually identical in
both RLE Ind45 and RLE Ind40 cell lines (data not
shown).

DISCUSSION

The normal spread of the action potential be-
tween myocytes, including the specialized nodal and
conduction cells, depends in part on the size, dis-
tribution, and connexin composition of gap junc-
tions. Gap junctions in slow conducting tissues, e.g.,
the sinoatrial and atrioventricular nodes, are small

and mostly made of Cx45, whereas large gap junc-
tions made of Cx43 and/or Cx40 are expressed in
faster conducting tissues (i.e., conduction system,
atria, ventricle (Severs et al. 2006; Desplantez et al.
2007)). Our cell lines allow a graded, homogenous
expression of Cx40 or Cx45 on a background of en-
dogenous Cx43 expression. Using these cell lines,
we have demonstrated that in the setting of increased
Cx45 expression, gap junction size is significantly
decreased. We also show that measuring stoichiom-
etry in the total or nonjunctional Triton X-100 solu-
ble fractions does not accurately represent the stoi-
chiometry of the gap junction (Table 1).

Two key properties of our cell model permitted
these findings. First, the original RLE cell line is
a nontransformed cell line that communicates ex-
tensively, suggesting tight regulation of intercellular
communication and/or connexin amounts in these
cells. Secondly, our plasmid systems are designed
specifically to obtain a homogenous level of the
transfected connexin so that the stoichiometries of
connexins we observe correspond to cells express-
ing similar ratios and not to averaged stoichiometries
of cells that express vastly different amounts of the
transfected connexin. The level of junctional Cx43
was altered in both cell lines, a feature that would
probably have been overlooked with cells express-
ing heterogeneous levels of the transfected, inducible
connexin.

Cx43 is reported to form heteromers with Cx40
(He et al. 1999; Valiunas et al. 2001) and with Cx45
(Martinez et al. 2002). Our immunoconfocal data



192 K. GRIKSCHEIT ET AL.

show that Cx40 + Cx43 or Cx45 + Cx43 are exten-
sively colocalized in the same gap junction plaques,
suggesting, yet not proving, heteromerization in this
particular cell line. That Cx40 and Cx43 coexpres-
sion leads to steric hindrance of antibody binding
implies that the two connexin epitopes are very
close to each other and is consistent with the pres-
ence of heteromers. Furthermore, homomeric, het-
erotypic Cx43/Cx40 channels are undetectable by
immunofluorescence in other transfection systems
(Elfgang et al. 1995; Rackauskas et al. 2007) and
so are unlikely to contribute significantly to the co-
localization seen in our model. For Cx45 and Cx43
coexpression, the increased amounts of both con-
nexins in the pool of junctional connexons would
fit the notion that less permeable heteromers would
be needed in greater number to maintain junctional
coupling. However, because Cx45 and Cx43 homo-
mers are fully compatible, and if homomers were the
predominant configuration, then the gap junctions
would be made mostly of Cx43 or Cx45 homomers
with the formation of both heterotypic and homo-
typic channels.

Our observation that gap junction size diminishes
when Cx45 but not Cx40 is coexpressed with Cx43
is consistent with a tight regulation of connexon ag-
gregation in these cell lines. One protein that has
received particular attention as a possible regula-
tor of Cx43 gap junction size is zonula occludens-
1 (ZO-1), which binds to the C-terminus of Cx43
through its second PDZ domain (Toyofuku et al.
1998; Giepmans and Moolenaar 1998). Blocking the
interaction between ZO-1 and Cx43 results in the
formation of exceptionally large Cx43 gap junction
plaques (Hunter et al. 2005); hence, transgenic mice
engineered to express a truncated Cx43 that does
not contain the ZO-1 binding site display very large
gap junctions at the periphery of intercalated disks
(Maass et al. 2007). Cx45 also binds to ZO-1, but it is
thought that the interaction is mediated by the first,
not the second PDZ domain of ZO-1 (Laing et al.
2001). Binding of ZO-1 to connexins through differ-
ent PDZ domains (or possibly to two PDZ domains
in coexpressing cells) may conceivably change its
signalling ability and therefore its capacity to reg-

ulate gap junction size. In the failing left ventricle,
the decreased Cx43/Cx45 ratio and gap junction size
(Dupont et al. 2001; Yamada et al. 2003) correlates
with an increased association of Cx43 with ZO-1
(Bruce et al. 2007). Similar mechanisms are likely
to operate in our cell system to regulate gap junction
size. Because Cx45 can be induced at varied levels,
the model is particularly suitable to investigate fur-
ther (1) if Cx43 and Cx45 form significant numbers
of heteromers; (2) if the association between ZO-1
and Cx43 or Cx45 or both is altered; and (3) if al-
teration of ZO-1 or Cx43 expression leads to altered
gap junction size. Conversely, the PDZ binding do-
main of Cx43 is well conserved in Cx40 (hence the
cross-reactivity of the Sigma anti-Cx43 antibody).
Cx40 probably interacts with ZO-1 through the same
PDZ domain as does Cx43. The size of gap junctions
made from Cx40 or Cx40/Cx43 may be regulated in
a similar way. This would explain our observation
that Cx40 and Cx43 coexpressing cells do not mod-
ify either the amounts of junctional connexons or the
size of the gap junctions.

We also observed that junctional Cx43 is increased
in the presence of low levels of Cx45. This may be
caused by the longer half life of Cx45 compared to
Cx43 (Berthoud et al. 2004) and raises the possibil-
ity that the half life of connexins aggregated in gap
junction channels may be different to the half life of
nonjunctional connexins.

In the failing human left ventricle, Cx43 is ex-
pressed at an average of half the level of control
ventricles (Dupont et al. 2001). Transgenic mice ex-
pressing half the normal level of Cx43 (Cx43+/−)
similarly display decreased ventricular gap junction
size as measured after labeling for Cx43 or Cx45
(Johnson et al. 2002). In the RLE-inducible cell lines,
the Cx43 levels remain constant or are slightly in-
creased. The reduction of gap junction size may well
be larger in the presence of decreased Cx43 levels.
Interestingly, relatively low levels of Cx45 expres-
sion exhibited the maximal effect on gap junction
size and on Cx43 expression. At this level, Cx45 ex-
pression is not high enough for every connexon to
contain Cx45. The presence of low levels of Cx45
in the presence of diminished Cx43 expression, as
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seen in a range of settings of ventricular disease,
may therefore have a disproportionately large effect
on gap junction size and distribution.
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