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Abstract

Many tissues express multiple gap junction proteins, or connexins (Cx); for example, Cx43, Cx40,
and Cx37 are coexpressed in vascular cells. This study was undertaken to elucidate the
consequences of coexpression of Cx40 or Cx37 with Cx43 at different ratios. ECR-293 cells
(which endogenously produce Cx43) were transfected with ecdysone-inducible plasmids encoding
Cx37 or Cx40. Immmunoblotting showed a ponasterone dose-dependent induction of Cx37 or
Cx40 while constant levels of Cx43 were maintained. The coexpressed connexins colocalized at
appositional membranes. Double whole-cell patch clamp recordings showed no significant change
in total junctional conductances in cells treated with 0, 0.5, or 4 UM ponasterone; however, they
did show a diversity of unitary channel sizes consistent with the induced connexin expression. In
cells with induced expression of either Cx40 or Cx37, intercellular transfer of microinjected
Lucifer yellow was reduced, but transfer of NBD-TMA (2-(4-nitro- 2,1,3-benzoxadiol-7-yl)
[aminoethyl]trimethylammonium) was not affected. In cocultures containing uninduced EcR cells
together with cells induced to coexpress Cx37 or Cx40, Lucifer yellow transfer was observed only
between the cells expressing Cx43 alone. These data show that induced expression of either Cx37
or Cx40 in Cx43- expressing cells can selectively alter the intercellular exchange of some
molecules without affecting the transfer of others.
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The intercellular channels in gap junctions are formed by docking of two hemichannels
(connexons), each composed of six subunit proteins called connexins (Cx) (for reviews, see
Harris 2001; Saez et al. 2003). Each connexin can form channels by itself (homomeric/
homotypic channels), and different connexins form channels with different conductance,
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permeability, and gating properties. In cells coexpressing more than one connexin,
heteromeric channels (containing different connexins in the same connexon) can potentially
be formed.

Most cells contain multiple connexins. Cx37, Cx40, and Cx43 are abundant components of
the gap junctions in various cells of the cardiovascular system, and they are coexpressed in
some of these cells. In ventricular myocytes, Cx43 is the predominant connexin; however, in
atrial myocytes, the abundances of Cx40 and Cx43 are approximately equal (Lin et al.
2010). In diseased myocardium, gap junctions may undergo remodeling, and the levels of
Cx40 and Cx43 may be altered (reviewed by Severs et al. 2008). Endothelial cells from
different sources or vascular beds contain Cx37, Cx40, and/or Cx43 (Johnstone et al. 2009).
The relative abundances of these proteins and their coexpression are dynamic and may vary
depending on a number of factors, including developmental stage (Delorme et al. 1997;
Gabriels and Paul 1998), aging (Yeh et al. 2000), hemodynamics or shear stress (Gabriels
and Paul 1998; Chang et al. 2010), and pathologies including inflammation, atherosclerosis,
and hypertension (Haefliger et al. 2004; Chanson et al. 2005; Brisset et al. 2009).

Coexpression of connexins and heteromeric channel formation may have profound effects
on conductance, permeability/selectivity, and regulation of gap junction channels (reviewed
by Cottrell and Burt 2005). Cx43 is one of the most widely expressed gap junction proteins,
and channels formed of this protein show little selectivity in the intercellular passage of
positively or negatively charged ions or dye tracers (Veenstra et al. 1995; Weber et al.
2004). In contrast, despite forming channels with larger unitary conductances, both Cx37
and Cx40 form channels with substantially less permeability to some negatively charged
molecules than to positive ones (Veenstra et al. 1994, 1995; Weber et al. 2004; Beblo et al.
1995). As examples, homomeric Cx43 channels exhibit substantial permeability to both
Lucifer yellow (net charge = -2, molecular weight 457) and NBD-TMA (2-(4-nitro-2,1,3-
benzoxadiol-7-yl)[aminoethyl]trimethylammonium; net charge = +1; molecular weight 280)
(Ek-Vitorin and Burt 2005; Heyman and Burt 2008); in contrast, while homomeric Cx37
and Cx40 channels also allow permeation by NBD-TMA, the permeation of Lucifer yellow
is much less (Cottrell et al. 2002; Valiunas et al. 2002; Heyman et al. 2009).

Because Cx37 and Cx40 are often coexpressed with Cx43 in different cells (especially those
of the cardiovascular system), the properties of intercellular communication will be
determined by the channel properties of each connexin and by their formation of
heteromeric and heterotypic channels. Strong evidence suggests that coexpressed Cx37 and
Cx43 mix to form many different heteromeric channels (Brink et al. 1997). Previous studies
have emphasized the effects of Cx40 and Cx43 coexpression on intercellular communication
(Valiunas et al. 2000, 2001; Burt et al. 2001; Cottrell et al. 2002), although there are
lingering controversies about the extent or ability of these two connexins to form heterotypic
channels (Valiunas et al. 2000; Cottrell and Burt 2001; Rackauskas et al. 2007). Some
previous studies have examined different clones of the same cells that had been manipulated
to express different relative amounts of two connexins. Burt et al. (2001) studied A7r5 cells
(that naturally coexpress Cx40 and Cx43) after stable transfection with a vector coding for
Cx43 in an antisense orientation; they identified different clones with different Cx43/Cx40
ratios depending on the number of copies of antisense Cx43 incorporated into genome.

The current study was designed to characterize (and contrast) the effects of induced
expression of Cx37 or Cx40 with Cx43 to allow regulated expression of different ratios of
the two coexpressed connexins.

J Membr Biol. Author manuscript; available in PMC 2013 June 23.
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Materials and Methods

Connexin Expression Plasmids, Cell Culture, and Transfections

Unless otherwise specified, plasmids, ECR293 cells (HEK- 293 cells stably transfected with
the ecdysone receptor), and culture medium ingredients were obtained from Invitrogen
(Carlsbad, CA). Connexin DNAs were generated by PCR methods. Human Cx37 (T1019/
Ser-319 polymorphic variant) with a C-terminal FLAG epitope tag was subcloned into
pIND/V5-His-A; Cx37 with a C-terminal HA tag was subcloned into pcDNA3.1/hygro; and
rat Cx40 was subcloned into pIND(Sp1)/hygro. Plasmids were purified using a high-purity
plasmid purification kit (Marligen Biosciences, ljamsville, MD) and fully sequenced.
EcR293 cells were grown in Dulbecco modified Eagle medium supplemented with 10 %
fetal calf serum, 2 mM c-glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin. Cells
were stably transfected with linearized DNA with lipofectamine 2000. Stable clones were
selected by culturing in medium containing 400 pug/ml G418 or 50 ug/ ml hygromycin
(EMD/Calbiochem, San Diego, CA).

Immunochemical Detection of Connexins

Cx43 was detected using a mouse monoclonal antibody (MAB 3068; Millipore/Chemicon,
Billerica, MA) or rabbit antibodies (C6219, Sigma Chemical Company, St. Louis, MO).
Cx40 was detected using rabbit antibodies directed against a bacterially expressed Cx40
carboxyl tail fusion protein (Kwong et al. 1998) or directed against a 19 amino acid peptide
sequence within its C-terminal domain (AB 1726; Millipore/Chemicon). Epitope-tagged
Cx37 was detected using anti-FLAG M2 monoclonal antibody (F3165; Sigma) or rabbit
anti-HA antibodies (71-5500; Invitrogen/Zymed).

Immunoblotting was performed similarly to our previous studies (Valiunas et al. 2001) using
protein extracts from cells prepared as described by Laing and Beyer (1995) resolved on 10
% polyacrylamide gels containing SDS, and blotted onto Immaobilon-P (Millipore, Bedford,
MA). Immunoblots were developed with ECL chemiluminescence reagents. Rainbow
molecular weight marker standards (GE Healthcare, Piscataway, NJ) were used to calibrate
the gels.

Immunofluorescence was performed by staining cells cultured on multiwell slides
essentially as described previously (Valiunas et al. 2001; Gemel et al. 2004, 2006). Briefly,
EcR293 cells were plated on slides coated for 30 min with 0.01 % poly-.-lysine (Sigma) to
increase their adherence, and cells were fixed using 4 % paraformaldehyde for 30 min. For
double-labeling experiments, cells were incubated simultaneously with both mouse anti-
Cx43 monoclonal antibody and rabbit anti-Cx40 antibodies or with both mouse anti-FLAG
monoclonal antibody and rabbit anti-Cx43 antibodies followed by Cy2- and Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA).

Detergent Solubilization and Affinity Purification of Connexons

Solubilization of connexons with Triton X-100 was performed essentially as described
previously (Berthoud et al. 2001; Gemel et al. 2004, 2006). Briefly, cultured cells were
harvested in PBS containing protease inhibitors, pelleted, and resuspended in buffer
containing 1 % Triton X-100. After incubation on ice for 30 min, samples were centrifuged
at 100,000g,ye for 30 min. In some experiments, we examined the relative solubilization of
total connexins and forms that differ in electrophoretic mobilities by immunaoblotting
comparable fractions of the initial homogenates, supernatants, and pellets.

The supernatant containing solubilized connexons was also used for purification of HA-
tagged connexins and associated proteins. For these experiments, ECR293 cells were
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transiently transfected with Cx37HA (in pcDNA3.1/ hygro) using lipofectamine, and HA-
tagged (and associated) proteins were purified 72 h later using the u(MACS HA isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) (Gemel et al. 2006, 2008). We have
previously established this as a system in which a coexpressed connexin that forms
heteromeric connexons copurifies with the tagged connexin (e.g., Cx40 and Cx43),
(Valiunas et al. 2001) while a connexin that does not participate in heteromers with the
tagged connexin does not copurify with it (e.g., Cx43 and Cx26) (Gemel et al. 2004).

Microinjection of Gap Junction Tracers

Cells cultured on coverslips (80-100 % confluent cultures) were impaled with a
micropipette filled with 150 mM LiCl and 4 % Lucifer yellow (Sigma Chemical Company)
or NBD-TMA (Bednarczyk et al. 2000). Solutions were microinjected with a picospritzer
(model PLI-188, Nikon Inc) using 0.2- to 0.3-s pulses of 1-2 psi; cells were impaled for 1
min. The extent of intercellular transfer of both tracers was determined by recording the
number of adjacent cells containing the tracer after visualization by epifluorescence and
digital microscopy. The statistical significance of differences between treated vs. untreated
cells was calculated by Student’s ¢test for paired data.

Some dye transfer experiments were also performed in mixed cocultures of ECR293 and
EcR293-Cx37 or ECR293-Cx40 cells in which the connexin coexpressing cells were labeled
with the red fluorescent dye PKH26 (Sigma) while the EcR293 cells were unlabeled.
EcR293- Cx37 (or ECR293-Cx40) cells were trypsinized, counted and labeled with PKH26
for 5 min. They were plated at a 1:1 ratio with unlabeled EcR293 cells. The next day,
expression of Cx37 or Cx40 was induced using 4 UM ponasterone. After 20 h, Lucifer
yellow was injected into an unlabeled (EcR293) cell that neighbored both unlabeled
(EcR293) and labeled (EcR293-Cx37 or ECR293-Cx40) cells; the extent of dye transfer was
determined by recording the number of adjacent cells (PKH26 labeled and unlabeled)
containing the tracer after visualization by epifluorescence and digital microscopy.

Electrophysiological Measurements

The dual whole cell voltage-clamp technique was used to assess both macroscopic and
single-channel conductance between pairs of cells in culture as described previously
(Cottrell et al. 2002). Cells were grown to confluence in a 100-mm dish, released with 0.25
% trypsin in Ca%*- and Mg?*-free buffer, and replated at low density on glass coverslips (in
the presence or absence of ponasterone). At 20-28 h after plating, coverslips were mounted
in a custommade chamber, and an Olympus inverted (IMT2) microscope with phase contrast
optics was used to identify pairs of cells in the dish (typically only two or three pairs of cells
were found on any given 25-mm coverslip). Cells were bathed in external solution
containing 142.5 mM NaCl, 4 mM KCI, 1 mM MgCl,, 5 mM glucose, 2 mM sodium
pyruvate, 10 mM HEPES, 15 mM CsCl, 10 mM TEACI, 1 mM BaCl,, and 1 mM CaCl,, pH
7.2, with an osmolarity of 330 mOsm. Junctional conductance was determined on all pairs
within 30 min using dual whole cell voltage-clamp techniques as previously described. The
pipette solution contained 124 mM KCI, 14 mM CsCl, 9 mM HEPES, 9 mMEGTA, 0.5
mMCaCl,, 5 mMglucose, 9 mMMTEACI, 3 mM MgCly, and 5 mM disodium ATP, pH 7.2
with an osmolarity of 326 mOsm. Macroscopic junctional conductance (g;) was evaluated
with 10-mV transjunctional pulses. Single-channel events were studied in cell pairs that had
been partially uncoupled with halothane such that only one or a few channels were active (g;
<0.5nS). Inall cell pairs, the transjunctional voltage (V) applied was 40 mV with pulse
durations of >20 s. Records were filtered at 50—100 Hz, and transitions in current amplitude
that were of equal amplitude but had opposite polarity in the two current traces and lasted
longer than 0.1 s were noted. Amplitude data were binned in 10 pS bins, and the relative
frequency of each bin was calculated for each cell pair. Histograms display the mean

J Membr Biol. Author manuscript; available in PMC 2013 June 23.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Gemel et al.

Results

Page 5

(£SEM, or range for sample sizes less than 3); the relative frequency of each bin was
derived by averaging each bin’s frequency across multiple cell pairs.

Generation and Immunological Characterization of ECR293-Cx37 and EcR293-Cx40 Cells
that Inducibly Coexpress Cx37 or Cx40 with Cx43

Cx37 (T1019/Ser-319 polymorphic variant) or Cx40 were introduced into ECR293 cells by
stable transfection (generating inducible ECR293-Cx37 and EcR293-Cx40 cells). Production
of connexin proteins was examined by immunoblotting after 20 h of induction with
ponasterone (Fig. 1). The EcR293 cells abundantly produced Cx43 (Fig. 1a, c), as expected,
because they are derived from HEK293 cells, which endogenously express Cx43 (Gemel et
al. 2006, 2008). The levels of Cx43 were not significantly affected by treatment with
different doses of ponasterone (Fig. 1a, ¢). No immunoreactive Cx37 or Cx40 bands were
detected in untreated ECR293-Cx37 or ECR293-Cx40 cells (Fig. 1a, c, lanes marked 0 uM
ponasterone). Connexin protein induction was detected after treatment with as little as 0.25
UM ponasterone (Fig. 1). Immunoblots showed that levels of Cx37 (Fig. 1a, b) and Cx40
(Fig. 1c, d) increased linearly when cells were treated with increasing concentrations of
ponasterone in the range between 0.5 and 4.0 uM ponasterone.

Acquisition of insolubility in 1 % Triton-X-100 has previously been associated with
incorporation of Cx43 into gap junction plaques (Musil and Goodenough 1991). We tested
whether induction of a second connexin affected the detergent solubility and electrophoretic
mobilities of Cx43 in the ECR293-Cx37 and EcR293-Cx40 cells. Cx43 immunoblots had
similar appearances in samples derived from both EcCR293-Cx37 and EcR293-Cx40 cells
regardless of treatment with any concentrations of ponasterone (Fig. 2). In samples prepared
from total cellular homogenates or in TritonX-100-insoluble material, three immunoreactive
Cx43 bands were observed (likely representing different phosphorylated forms of Cx43
(Musil et al. 1990; Musil and Goodenough 1991)) (Fig. 2, lanes labeled H and P). In contrast
samples prepared from the Triton X-100 soluble material predominantly contained a single
Cx43 band (likely representing the “NP” form based on its migration faster than the other
Cx43 bands). The bands in these immunoblots were quantified by densitometry. This
analysis showed that there was little major variation in the distribution of Cx43 between
supernatant (Triton soluble) and pellet (Triton insoluble) material regardless of ponasterone
treatments; each varied between 40 and 60 % (data not shown).

We used double label immunofluorescence microscopy to examine the localization of Cx43
and Cx37 or Cx40 in the coexpressing ECR293 cells. No immunoreactive Cx37 or Cx40 was
detected in noninduced EcR293-Cx37 or ECR293-Cx40 cells (not shown). Untreated and
ponaster-one treated ECR293-Cx37 and EcCR293-Cx40 cells abundantly produced Cx43
which localized within the cytoplasm and at appositional membranes in a distribution
consistent with that expected for gap junctions (Fig. 3b, d). After treatment with
ponasterone, Cx37 was detected in ECR293-Cx37 cells (Fig. 3a) and Cx40 was detected in
EcR293-Cx40 cells (Fig. 3e). Cx37 and Cx40 were both found at appositional membranes
where there was substantial overlap with Cx43 (Fig. 3c, f).

Although we have previously published biochemical data suggesting that Cx43 can form
heteromeric connexons with other connexins including Cx40 (He et al. 1999; Valiunas et al.
2001), no such analysis has been conducted for the combination of Cx37 with Cx43.
Therefore, we examined the potential heteromeric association of Cx37 with Cx43 using an
affinity purification strategy similar to that previously used to study formation of
heteromeric connexons between Cx43 and other connexins (Gemel et al. 2006, 2008). The
100,000 g supernatant was prepared from a 1 % Triton X-100 extract of ECR293 cells stably
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transfected with HA-tagged Cx37, and it was affinity purified using an anti-HA column,
which allowed binding and elution of the tagged connexin and any tightly associated
proteins. Both Cx37 and Cx43 were recovered in the eluate from this column (Fig. 4). A
reasonable explanation for the copurification of Cx43 with Cx37 is that this pair of
connexins can also form heteromeric associations.

Electrophysiological Characterization of Gap Junction Currents and Channels in ECR293-
Cx37 and EcR293-Cx40 Cells

We analyzed the gap junctional currents in pairs of parental ECR293, EcCR293-Cx37 and
EcR293-Cx40 cells using the double whole-cell patch clamp technique. As Cx37 or Cx40
expression was controlled by an inducible promoter, analysis was performed under control
conditions (no ponasterone, with or without ethanol treatment) and in cells treated with two
different concentrations of ponasterone (0.5 or 4 uM with comparable ethanol
concentration). All analyzed cell pairs showed substantial intercellular coupling (Table 1).
Although induction of Cx37 by treatment with either 0.5 or 4 pMponasterone produced an
apparent increase (33-60 %) of total conductance, the data did not differ significantly from
the mean junctional conductance measured in uninduced EcR293-Cx37 cells. Similarly,
mean junctional conductance in EcCR293-Cx40 cells was not significantly affected by
ponasterone treatment.

Individual channel events were observed in poorly coupled pairs of ECR293, ECR293-Cx37
or EcCR293-Cx40 cells. In EcR293 cells and noninduced EcR293-Cx37 or ECR293- Cx40
cells (with or without ethanol exposure), most channel events were between 50 and 100 pS,
and very few events larger than 120 pS were observed (Fig. 5a). This range is consistent
with the expected conductances of Cx43 channels (approximately 50, 80 and 100 pS)
recorded under these conditions (Cottrell and Burt 2001; Cottrell et al. 2002). In cells
coexpressing Cx37 and Cx43 (Fig. 5b) or ECR293- Cx40 and Cx43 (Fig. 5c¢) a diversity of
unitary channel conductances were observed many of which were much larger than
observed in the absence of induced coexpression.

Properties of Gap Junction Channels in ECR-Cx37 or ECR-Cx40 Cells Assessed by Dye

Transfer

To determine how induced coexpression of Cx37 or Cx40 with Cx43 affected intercellular
passage of larger molecules, we microinjected two different tracers (Lucifer yellow or NBD-
TMA) into noninduced EcR293-Cx37 or ECR293-Cx40 cells or into cells that had been
treated with 0.5 or 4 UM ponasterone. Dye transfer was quantified by performing multiple
injections and counting dye-filled neighbors (Fig. 6). Microinjected Lucifer yellow
transferred to 6.4 + 0.3 or 6.0 = 0.4 neighbors (mean £ SEM) for uninduced EcR-Cx37 or
EcR-Cx40 cells, respectively. Induction of Cx37 or Cx40 by treatment with 0.5 pM
ponasterone significantly reduced Lucifer yellow transfer by nearly 50 %. Induction of
greater levels of the second connexin by treatment with 4 pM ponasterone reduced Lucifer
yellow transfer to even lower levels; however, differences between dye transfer in cells
induced with 0.5 and 4 uM ponasterone did not achieve statistical significance. Uninduced
EcR-Cx37 and EcR-Cx40 cells exhibited robust transfer of NBD-TMA, but there was no
significant change in NBD-TMA transfer among these cells in response to treatment with
either 0.5 or 4 uM ponasterone (Fig. 6).

In vivo, cells expressing one connexin may border cells coexpressing multiple connexins,
and these differences in connexin expression might affect intercellular communication
within that tissue. We mimicked this situation by coculturing EcCR293 cells with
ponasterone-induced ECR293-Cx37 or ECR293-Cx40 cells. Lucifer yellow was
microinjected into ECR293 cells, and we examined the intercellular transfer of to
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neighboring EcR293 cells (unlabeled) and to ponasterone-induced EcR293-Cx37 or
EcR293-Cx40 cells (labeled with PKH26). Representative photomicrographs obtained after
such injections are shown in Fig. 7. In all injections, we observed substantial dye transfer to
EcR cell recipients: 7.9 + 1.0 (n=7) in ECR/EcR-Cx37 coculture and 8.0 £ 0.3 (7= 16) in
EcR/EcR-Cx40 coculture; however, no Lucifer yellow labeled EcR-Cx37 or ECR-Cx40 cell
neighbors were observed.

Discussion

In the current paper, we have developed a system for inducible expression of connexins and
used it to examine the functional consequences of their coexpression. Inducible systems
have previously been exploited to examine some other aspects of the biology of connexins.
Zhong et al. (2003) used a lactose-inducible/regulatable system to study effects of differing
amounts of Cx43 on its gating and single channel properties in N2A cells. Burt et al. (2008)
used an inducible system to express Cx37 in RIN cells and study the growth properties of
Cx37-expressing cells because they were unable to isolate constitutively Cx37- expressing
clones (because they would not proliferate). Ours is the first study to use inducible
coexpression specifically to study effects of different relative amounts of two coexpressed
connexins on the properties of channels in the coexpressing cells. Our transfections of cells
derived from human embryonic kidney (HEK293) that endogenously express Cx43 with
Cx37 or Cx40 allowed us to mimic the complexity of the intercellular communication
present in endothelial cells or atrial myocytes that coexpress differing ratios of these
connexins in vivo. Our current studies have expanded upon the data available from previous
studies of coexpression of connexins by allowing regulated coexpression.

When we induced Cx37 or Cx40, these connexins extensively colocalized with Cx43,
implying that the two connexins were both present in the same gap junction plaques. We
have previously studied connexons that were enriched by centrifugation, and shown that
Cx40 and Cx43 copurify (Valiunas et al. 2001) and can be coimmunoprecipitated (He et al.
1999) suggesting that at least some hemichannels contain both connexins. Similarly, in the
current study, we found that Cx37 and Cx43 copurified; this result provides biochemical
support for the extensive previous physiological data suggesting that Cx37 and Cx43 can
make heteromeric channels with intermediate properties (Brink et al. 1997).

Our biochemical studies suggest that induced coexpression of Cx37 or Cx40 had relatively
little effect on the endogenous Cx43. The relative amounts of Cx43 that were insoluble in
Triton X-100 were little changed by induced expression of a second connexin (Fig. 2),
suggesting little change in the fraction of Cx43 contained in gap junction plaques (Musil and
Goodenough 1991). Similarly, the electrophoretic mobility pattern of Cx43 observed in
immunoblots (a crude surrogate for phosphorylation; Musil and Goodenough 1991) also
showed little change. The absolute amount of Cx43 did not show significant changes with
Cx37 or Cx40 induction (Figs. 1, 2).

We observed selective effects on dye transfer after induction of Cx37 or Cx40. Some of
these results may be explained by differences in the charge selectivity of channels
containing the different connexins: Cx40 and Cx37 channels are cation selective, while
Cx43 channels are nonselective. We observed that induced expression of Cx40 or Cx37
reduced the extent of transfer of Lucifer yellow (charge —2) but did not affect transfer of
NBDTMA (charge +1). These data suggest that after induction the intercellular transfer was
dominated by the most restrictive connexin. It was previously observed that the properties of
a heteromeric channel may be determined by the more selective connexin (Martinez et al.
2002). Interestingly, induction of high levels of Cx37 or Cx40 by treatment with 4 uM
ponasterone did not completely abolish Lucifer yellow transfer. This argues that these cells
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still contained a substantial number of channels that were permeable to this tracer, possibly
homomeric or predominantly Cx43-containing channels, although previously published data
do suggest that negatively charged molecules as large as ATP can permeate Cx37
hemichannels (and likely intercellular gap junction channels) (Wong et al. 2006; Derouette
et al. 2009). Our dye transfer studies also illustrate an obvious consequence of the different
molecular permeabilities of these connexins and their heteromeric combinations, boundary
formation; when cells expressing only (or predominantly) Cx43 encounter a boundary with
cells coexpressing Cx37 or Cx40, the intercellular passage of larger and negatively charged
molecules is restricted (Fig. 7).

In both Cx37/Cx43 and Cx40/Cx43 coexpressing cells, we observed a large variety of single
channel conductances. As with previous studies of cells stably coexpressing these
connexins, the unitary conductances that differ from the expected sizes of homomeric/
homotypic Cx43, Cx37 or Cx40, likely represent “mixed” channels containing both of the
coexpressed connexins; we favor the interpretation that many of them are heteromeric Cx37/
Cx43 and Cx40/Cx43 channels. The conductance of the fully open Cx37 channel is 330-370
pS (Veenstra et al. 1994; Kumari et al. 2000), and that of Cx40 is 190-220 pS (Cottrell and
Burt 2001; Cottrell et al. 2002). Because these are larger than fully open Cx43 channels
(~100 pS), the shift toward larger conductances with induced expression of Cx37 or Cx40
matches expectations for production of heteromeric channels (containing Cx43 and the
induced connexin). Heterotypic channels represent a special case of “mixed” channels
formed by the docking of homomeric connexons containing the two different connexins.
Certainly, heterotypic Cx37/ Cx43 and Cx40/Cx43 channels might account for some of the
diversity of unitary conductances observed after induced coexpression. Indeed, the
histograms shown in Fig. 5¢ do not appear dramatically different from our previous studies
of heterotypic Cx40-Cx43 performed using transfected HeLa or RIN cells (Valiunas et al.
2001; Cottrell et al. 2002). As previously stated, determination of the abundance and
distributions of channel sizes do not permit us to distinguish unambiguously between
homotypic, heterotypic, and heteromeric forms (Valiunas et al. 2001). However, we suspect
limited contribution of Cx40-Cx43 heterotypic channels because our studies and those of
others have shown very reduced junctional conductances produced by pairing of Cx40- and
Cx43-expressing cells (Cottrell et al. 2002; Rackauskas et al. 2007).

When we induced Cx37 expression, the mean values for total junctional conductance in cell
pairs appeared to be increased (Table 1) (although not statistically different from the
uninduced controls). An increase in total conductance would have been expected if
induction led to a greater total amount of connexins in these cells. These cells may have
contained a greater number of gap junction channels; or, alternatively, the increased total
conductance could be explained by a nearly constant number of total channels that were
larger in individual conductance (Fig. 4). That Cx37 expression did not significantly
increase electrical coupling could reflect a relatively small sample size in the face of
considerable pair to pair variability. However, it could also reflect a decrease in channel
permselectivity (as suggested by the parallel dye coupling data) or open probability
differences (long duration events were much rarer in Cx37 coexpressing cells than in either
the parental cells or Cx40 coexpressing cells). The total junctional conductance of Cx40-
expressing cell pairs was certainly not different from uninduced cells. Total conductance
might be unchanged if Cx43 was reduced after Cx40 induction; however, we did not observe
a statistically significant change in Cx43 levels by immunoblotting. Alternatively, it might
reflect the formation of some heteromeric channels with differential permselective
properties (or even some that are nonfunctional). It is also possible that the 293 cells have an
absolute upper limit (a fixed capacity) to the number of gap junctional channels that they can
form thereby preventing an increase in channel number with expression of Cx37 or Cx40.
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We have previously observed that expression of Cx37 leads to the death of endothelial cells
(Seul et al. 2004) and greatly slows the proliferation of rat insulinoma cells (Burt et al.
2008). The effects of Cx37 on vascular growth require a functional channel (Good et al.
2011). However, in the current study, treatment of our cells with ecdysone (and its ethanol
vehicle) and induction of either Cx37 or Cx40 had little or no observed effects on growth or
cell viability (data not shown). This lack of effect may represent the brief induction period
required to perform the present experiments. It may also reflect our choice of human Cx37
polymorphic variant; we studied the serine- 319 polymorphic variant. Morel et al. (2010)
have observed that the proline-319 variant slows the proliferation of tumor cells, while the
serine-319 variant has no effect. Finally, it may be that our incorporation of an epitope tag
(FLAG) at the end of Cx37 reduced its toxicity.

There is certainly substantial biological importance of our observation that altered
coexpression of two connexins in the same cell has substantial functional consequences (like
alteration of the intercellular exchange of different small molecules). For example, changes
in the connexin expression ratio can affect the response of cells to growth factors. Burt and
Steele (2003) observed that Cx43 channels were sensitive to PDGF, while Cx40 channels
were not; intermediate sensitivity could be achieved by modifying the Cx40/Cx43
expression ratio. In the current study we have generated cell lines in which the stoichiometry
of connexin coexpression can be regulated; these cell lines may be useful for elucidating
how intercellular exchange of small molecules that differ in charge (and consequent
permeation through the endogenous vs. induced intercellular channels) affect various
processes such as stimulated proliferation.
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Treatment of transfected EcR293 cells with ponasterone for 20 h induces a dose-dependent
production of Cx37 or Cx40 while relatively stable levels of Cx43 are maintained.
Homogenates of EcCR293 cells transfected with Cx37 or Cx40 and treated with different
doses of ponasterone were analyzed by immunoblotting for Cx37 and Cx43 (a) or Cx40 and
Cx43 (b). Graphs show the densitometric values derived from these blots after induction of
Cx37 (b) or Cx40 (d). These data were fit with lines according to the equations: y=4.67x+
1.8 and y=3.7x+ 2.3 with /2 = 0.9443 and A% = 0.9294 for b and d, respectively
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Fig. 2.

Induced expression of Cx37 or Cx40 in EcR293 cells does not affect the detergent solubility
or electrophoretic mobilities of coexpressed Cx43. ECR293-Cx37 and EcR293-Cx40 cells
untreated or treated with different concentrations of ponasterone for 20 h. Then cells were
harvested; total homogenates (H) were prepared in Triton X-100 and centrifuged to separate
them into material that was detergent insoluble (pellet, P) or detergent soluble (supernatant,
S). Cx43 was detected by immunoblotting aliquots of the homogenates containing 30 g
protein and corresponding fractions of the supernatants and pellets
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Fig. 3.

Induced Cx37 or Cx40 extensively colocalizes with Cx43 at appositional membranes.
EcR293-Cx37 (a—c) and EcR293-Cx40 (d-f) cells were treated for 20 h with 0.5 pM
ponasterone, and Cx37 (redin a and c), Cx40 (greenin e and f), and Cx43 (greenin b and c;
redin d and f) were detected by double label immunofluorescence. The overlap of
immunoreactive Cx37 and Cx43 in ECR293-Cx37 cells or Cx40 and Cx43 in ECR293-Cx40
cells appears yellowin c and f, respectively. Bar = 10 um
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Copurification of Cx43 and Cx37 suggests that they form heteromeric connexons. Triton
X-100 soluble material (containing connexons) from EcR293 cells transfected with HA-
tagged Cx37 was affinity purified using an anti-HA resin. Fractions of the initial extract,
various column fractions, and the eluate were analyzed by immunoblotting. Even though
only Cx37 contained the HA-tag, both Cx37 and Cx43 were detected in the eluate
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Fig. 5.

Induced coexpression of Cx37 or Cx40 with Cx43 alters the distribution of single channel
events with a shift toward larger unitary conductances. Single gap junction channel events
were recorded in pairs of ECR293 cells, ECR293-Cx37 cells, and EcCR293-Cx40 cells. a
Control experiments including untreated ECR293 (black bars) and EcR-Cx40 cells (/ight
green bars) and ethanol (vehicle) treated ECR-Cx37 (red bars) and EcCR-Cx40 cells (dark
green bars). b ECR293-Cx37 cells exposed to 0.5 or 4 uM ponasterone (white and red bars,
respectively). c ECR293-Cx40 cells exposed to 0.5 or 4 UM ponasterone (white and green
bars, respectively). Horizontal bars indicate the distributions of the most common Cx43
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single channel events (black barsin all panels; 50-110 pS) and the fully open homomeric/
homotypic Cx37 channels (red barin b; 330-370 pS) or Cx40 channels (green barin c; 190
220 pS). Coexpression of either Cx37 (b) or Cx40 (c) with Cx43 resulted in many events
with amplitudes greater than those common in the Cx43 expressing ECR293 cells (a), but
smaller than fully open homomeric/homotypic Cx37 channels or Cx40 channels. The
numbers of cell pairs (n) and events recorded in each data set are shown in Table 1
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Fig. 6.

Induced coexpression of Cx37 or Cx40 with Cx43 selectively affects the intercellular
transfer of two different tracers. Intercellular transfer of microinjected dyes was studied in
uninduced or induced ECR293-Cx37 or ECR293-Cx40 cells. Lucifer yellowor NBD-TMA
were microinjected into individual cells within a monolayer. After 1 min, dye-filled
neighbors were counted. Black bars indicate untreated cells, gray bars cells induced with 0.5
UM ponasterone, and white bars cells induced with 4 uM ponasterone. Values represent the
mean + SEM (n= 13 for Lucifer yellow, n=8 for NBD-TMA). *p < 0.05 as compared to 0
UM ponasterone)
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Cx37 Cx40

Fig. 7.

Coexpression of Cx37 or Cx40 with Cx43 restricts communication with cells expressing
Cx43 alone. Intercellular transfer of microinjected Lucifer yellow was studied in ECR293-
Cx37 (a, ¢, ) or EcCR293-Cx40 (b, d, f) cells induced with 4 uM ponasterone and cocultured
with EcR293 cells. ECR293-Cx37 and EcR293-Cx40 cells were labeled with PKH26 red
fluorescent cell linker while cocultured EcR293 cells were not labeled (a, b). Lucifer yellow
was injected into an ECR293 cell (unlabeled) that neighbored both other ECR293 cells and
labeled ECR293-Cx37 (c) or ECR293-Cx40 (d) cells. Superimposed images e, f show dye
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transfer only among the EcCR293 cells, but not to the (red labeled) cocultured ECR293-Cx37
or ECR293-Cx40 cells. Bar = 30 pm
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