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November, 11, 2011; doi:10.1152/ajpheart.01218.2010.—Gap junc-
tions are composed of connexin (Cx) proteins, which mediate inter-
cellular communication. Cx43 is the dominant Cx in ventricular
myocardium, and Cx45 is present in trace amounts. Cx43 immunosig-
nal has been associated with cell-to-cell coupling and electrical
propagation, but no studies have directly correlated Cx43 immunosig-
nal to electrical cell-to-cell conductance, gj, in ventricular cardiomyo-
cyte pairs. To assess the correlation between Cx43 immunosignal and
gi» we developed a method to determine both parameters from the
same cell pair. Neonatal rat ventricular cardiomyocytes were seeded
on micropatterned islands of fibronectin. This allowed formation of
cell pairs with reproducible shapes and facilitated tracking of cell pair
locations. Moreover, cell spreading was limited by the fibronectin
pattern, which allowed us to increase cell height by reducing the
surface area of the pattern. Whole cell dual voltage clamp was used to
record g; of cell pairs after 3—5 days in culture. Fixation of cell pairs
before removal of patch electrodes enabled preservation of cell mor-
phology and offline identification of patched pairs. Subsequently,
pairs were immunostained, and the volume of junctional Cx43 was
quantified using confocal microscopy, image deconvolution, and
three-dimensional reconstruction. Our results show a linear correla-
tion between g; and Cx43 immunosignal within a range of 850 nS.

electrical cell-to-cell coupling; cell engineering; microcontact print-
ing; dual voltage clamp

CONNEXINS (CX) ARE PROTEINS that assure cell-to-cell transfer of
ions and small regulatory molecules and are important deter-
minants of cardiac electrical function. Cardiac tissue expresses
three major Cx, Cx43, Cx40, and Cx45, which show specific
distributions in various cardiac regions (9, 19, 32). In ventric-
ular myocardium, Cx43 is the dominant protein, and Cx45 is
present in small amounts. In certain species, Cx45 modifies
average gap junction channel conductance (3). Cx43 and Cx45
are remodeled in pathophysiological states; in the case of
cardiac failure, downregulation of Cx43 and upregulation of
Cx45 are observed (1, 12, 35).

The amount of Cx expressed by cardiomyocytes is known to
play an important role in cardiac electrical function. Measure-
ment of Cx by Western blot provides information about total
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cellular Cx, but may not necessarily be related to the Cx
contributing to gap junction channels (4). Comparison of Cx43
immunosignals in gap junctions with gap junction plaque
dimensions assessed by electron microscopy suggests that
Cx43 immunosignal is a reliable measure of the gap junction
area in which Cx43 is distributed (24). Relating altered levels
of Cx43 in gap junctions, induced either by remodeling or
genetic ablation, to electrical propagation suggests that there is
a quantitative relationship between the Cx43 immunosignal
measured over an area comprising >100 cells and propagation
velocity (4, 8, 27, 28). However, experimental and theoretical
work indicate that propagation velocity is not linearly related to
cell-to-cell coupling and is relatively insensitive to moderate
changes of normal cell-to-cell coupling (20).

The goal of the present study was to directly compare the
Cx43 immunosignal in a pair of cultured ventricular cardio-
myocytes to the electrical properties of its cell-to-cell junction.
To this aim, we developed a method for generating cell pairs of
controlled dimensions using microcontact printing. This also
enabled us to consistently generate cell pairs with specific
dimensions, allowing us to understand how cell shape can
modify gap junction size. We used a method for preserving and
immunostaining cell pairs after patch clamp by applying fixa-
tive while the patch clamp pipettes were still attached to the
cell membranes. This allowed us to obtain electrical measure-
ments and Cx43 immunostaining data from the same cell pair.
Our results suggest a direct correlation between Cx43 immu-
nosignal and electrical intercellular conductance, gj, within a
range of gj values from 8 to 50 nS.

MATERIAL AND METHODS

Photolithography, micropatterning, and cell culture. A photolitho-
graphic mask was designed in AutoCAD (Autodesk, San Rafael, CA)
to produce cell pairs with control of cell shape. The mask design
consisted of arrays of two rectangles (dimensions: 40 X 12 pum?,
60 X 12 wm?, or 80 X 12 wm?) paired along their short axis with a
2-pm separation (Fig. 1, A and B). A given group of 8§12 pairs was
outlined with a 100-pwm-thick rectangular cell adhesion region serv-
ing as a conditional cell layer and labeled with a number and letter
(Fig. 1A). This label facilitated offline identification of cell pairs.

Standard soft lithography techniques were used to create polydim-
ethylsiloxane (PDMS) (Dow Corning, Midland, MI) stamps for mi-
crocontact printing, as previously reported (5, 15). Briefly, silicon
wafers (Wafer World, West Palm Beach, FL)) were spin-coated with
SU-8 2002 photoresist (MicroChem, Newton, MA) to form a 2-pm
layer on the surface. The wafer was aligned under the photolitho-
graphic mask described above using a mask aligner (ABM, Scotts
Valley, CA) and then exposed to UV light and submersed in propyl-
ene glycol methyl ether acetate to dissolve the regions not blocked by
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Fig. 1. Fabrication of engineered cell pairs. A: the photolithographic mask
consists of an array of blocks, with each block containing patterns for 8—12 cell
pairs. Blocks are labeled with letters and numbers to serve for offline identi-
fication of cell pairs. B: each block contains cells growing on a rectangular
frame. Within each frame, 8—12 cell pairs are patterned with a staggered or
nonstaggered interface. C: cell pair in a nonstaggered arrangement showing
Cx43 immunofluorescence (red), nuclei [4,6-diamidino-2-phenylindole
(DAPI), blue], and actin (phalloidin, green). D: cell pair in a nonstaggered
arrangement showing connexin (Cx) 45 fluorescence (red).

the mask. PDMS was poured over the wafer and allowed to polym-
erize, at which point it was peeled off the wafer and cut into smaller
sizes to be used as stamps. PDMS stamps (26) were coated with 25
pg/ml fibronectin (Sigma-Aldrich, St. Louis, MO), and glass cover-
slips spin-coated with PDMS were treated in a UV-ozone cleaner
(Jelight, Irvine, CA) before stamping. The fibronectin-coated stamps
were placed on the coverslips to transfer fibronectin in the desired
pattern, which were subsequently immersed in 1% Pluronic F108
(BASF, Ludwigshafen, Germany) to block cell adhesion to unpat-
terned areas.

Ventricular tissue from 2-day old Sprague-Dawley rat hearts was
minced, and a cell suspension was obtained by enzymatic digestion (22).
The cell suspension was preplated to eliminate fibroblasts and subse-
quently seeded on the PDMS-coated coverslips at a concentration of
250,000 cells/coverslip. All animal procedures were approved by the
State Veterinary Department and the Swiss National Science Foundation.

Dual-voltage clamp. The methods utilized to assess the junctional
conductance, gj, and conductance of a single gap junction channel, vy;,
in cell pair preparations, superfusion solutions, and pipette filling
solutions have been described previously in detail (10). Electrophys-
iological measurements were performed using an EPC 10 dual-patch
clamp amplifier (HEKA). Patch electrodes were pulled using a DMZ
puller (Zeitz) and filled with a solution containing the following (in
mmol/): 120 K*, 10 Na*, 1 Ca®*, 120 asparate, 2 C1—, 5 HEPES, 10
EGTA, and 3 Mg-ATP, at a pH = 7.3. Pipette tip resistances ranged
from 2 to 4.8 MQ (3.2 = 0.27 M()). After establishment of electrode
seals, electrode access resistances were in a close range (9.3 = 0.35
MQ), as previously reported (34). The membrane resistance of the
patterned neonatal ventricular myocytes amounted to 2.76 = 0.35 G()
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(34). Engineered pairs (3-5 days in culture) were selected to measure
the transjunctional current (/;) and to determine g; (g; = I;/V;), where
Vj is junctional voltage, using dual-voltage clamp (DVC) and the
whole cell recording mode at room temperature. In the majority of
cultures, blebbistatin (10 M) was added to eliminate contraction
(14). Initially, both cell membrane potentials (Vy,) were clamped at
Vi1 = V2 = 0 mV to prevent the interference of any nonjunctional
membrane current. Thereafter, a 10-mV voltage pulse was adminis-
tered to cell 1, and I; was measured from cell 2. Cell pairs treated with
heptanol (2.5 mmol/l) were used to determine <y; with voltage pulses
of different amplitude and of different polarity (29). As expected, the
absence of a significant difference between current 1 (I,) and current
2 (I>) (I; = — D) indicated that the measurement of g; was not affected
by any shunt current through the membrane resistances of the two
cells (31). In such a case, the calculation of the “true” gj can be made
using a simplified electrical circuit consisting of the gap junction resis-
tance in series with the two access resistances of the patch electrodes.
Therefore, to obtain the true value of gj, the measured value was corrected
using the value of the mean access resistance of 9.3 M(). Since each
measurement of g; and the corresponding three-dimensional (3D) analy-
sis of the Cx43 immunosignal in the same cell pair implicated immediate
fixation of the preparation with the patch electrodes attached, only one
measurement was obtained per cell culture.

To determine the v; with voltage pulses of different amplitude and
of different polarity (29), cell pairs treated with heptanol (2.5 mmol/l)
were used. Measurements of y; were obtained in a total of 7 different
cell cultures from 32 different cell pairs. In these measurements,
single-channel events (n = 745) lasting > 10 ms were identified from
current traces showing maximally three distinct levels (13). In nine
cell pairs, only one channel event was observed during the application
of both a negative and a positive Vj. The abrupt change in junctional
channel current amplitude, and accordingly in <y, was used for
detection of asymmetrical gating, suggesting the presence of hetero-
meric Cx43/Cx45 connexons.

Data acquisition was done in ‘“Pulse”; data analysis and curve
fitting were done in “PulseFit” (HEKA Electronic, Lambrecht, Ger-
many) and “SigmaPlot” (Systat, San Jose, CA).

Immunostaining, confocal microscopy, and image deconvolution.
Immediately after electrical recordings were completed, the Tyrode
bath solution was replaced with 4% paraformaldehyde (5 min) for cell
fixation, while the electrodes remained attached to the cells. The bath
was then rinsed with HBSS (Invitrogen, Carlsbad, CA), and the pi-
pettes were slowly retracted. This preserved the morphology of the
patched cells, which is usually destroyed on pipette retraction, if the
cells are alive. The location of the patched cell pair was noted using
the indexing system mentioned above (Fig. 1A).

Fixed cells were incubated in blocking buffer (HBSS with 10%
bovine serum albumin, 0.15% Triton X-100, 3% normal goat serum)
for 30 min at room temperature. Certain coverslips were stained with
4,6-diamidino-2-phenylindole (D1306, Invitrogen, Carlsbad, CA) and
Alexa Fluor 488 Phalloidin (A12379, Invitrogen) for visualization
purposes (Fig. 1C). Anti-Cx43 (MAB 3068, Chemicon, Billerica,
MA) primary antibodies were diluted 1:200 in blocking buffer and
applied in a humid chamber overnight at 4°C. Secondary antibodies
(T-2762, Tetramethylrhodamine, Invitrogen) were diluted 1:200 in
blocking buffer and applied for 2 h at room temperature. In some
experiments, Cx45 was visualized with anti-Cx45 antibody (18)
(kindly provided by Dr. T. Steinberg and Dr. K. Yamada, St. Louis,
MO). The Cx45 immunosignal was faint relative to the Cx43 signal.
This excluded analysis using image deconvolution and 3D reconstruc-
tion of the Cx45 immunosignal (Fig. 1D). Coverslips were mounted
on glass slides using ProFade Gold AntifadeReagant (Invitrogen) and
sealed with clear nail polish.

Immunostained cells were imaged with a Zeiss LSM 510 confocal
microscope using a Plan-Apochromat X 100 numerical aperture 1.4 oil
differential interference contrast objective to collect both Cx43 im-
munofluorescence and bright-field images. High-resolution image
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Fig. 2. A-C: three-dimensional (3D) morphology of cell pairs. Left: maximum z-projections of wheat germ agglutinin (WGA) stain (green), Cx43 (red), and DAPI
(blue). Right: rotated view of 3D reconstruction through the center of the cell-to-cell junction. A: cell pair with a length-to-width ratio (PLW) of 3.5. The height
of the junction is 5.9 wm. B: cell pair with a PLW of 5.2. The height of the junction is 4.5 wm. C: cell pair with a PLW of 7.1. The height of the junction is
3.6 wm. D: junction length increases with increasing PLW. E: junction height decreases with increasing PLW. F: Cx43 immunosignal increases with increasing
PLW from 3.5 to 5.2. G: junctional conductance (gj) increases with increasing PLW from 3.5 to 5.2. Values are means = SD. *P < 0.05, ANOVA.
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stacks were collected with 300-nm separation between slices (z-
stacks). Z-stacks were median filtered and deconvolved using blind
deconvolution in Huygens Essential (Scientific Volume Imaging,
Hilversum, The Netherlands) and imported into Imaris (Bitplane,
Zuerich, Switzerland). For each z-stack, the same threshold was
chosen to separate positive Cx43 staining from background staining.
The cell-to-cell junction was determined by referencing the bright-
field images. The volume of junctional Cx43 was determined by
creating isosurfaces in Imaris from the thresholded z-stack of the
Cx43 immunosignal and outputting the volume of the isosurfaces in
micrometers cubed. The Cx43 isosurfaces not located in the cell-to-
cell junction were not used for the correlation between the electro-
physiological measurements and the immunosignal.

To determine parameters characterizing cell shape, cell pairs were
fixed and incubated with wheat germ agglutinin (WGA) conjugated to
Alexa Fluor 488 (Invitrogen) for 10 min at room temperature. The actual
width and length of each cell pair was measured and averaged. The ratio
of the length to the width was defined as “cell pair length-to-width ratio”
(PLW). To determine the junction height, WGA z-stacks were imaged
using the same protocol mentioned above for Cx43, reconstructed in
ImageJ (NIH, Bethesda, MD) and resliced in the y-plane to facilitate
viewing of the junction from the side. Manual measurements of the
height of the junction were taken midway through the junction. The
length of the cell-to-cell junction was manually measured in ImageJ using
maximum projections of the WGA stain.

Statistics. All data are reported as mean values * SD. Data were
statistically analyzed using ANOVA for comparison between groups,
with P < 0.05 considered significant (MATLAB, MathWorks, Natick,
MA). Regression lines with R? values were determined using the
curve-fitting tool of MATLAB.

RESULTS

Interface of cell pairs and Cx43 immunosignal. After 3-5
days in culture, pairs of cells were most commonly observed
on a single island or grown across the engineered border
(Fig. 2). Pairs spanning two islands with the cell border
anchored at the engineered gap were rare (10%) and, there-
fore, not used. The pairs were subdivided into three groups,
with PLW of 3.5 = 0.2 (n = 9, Fig. 2A4),5.2 = 0.2 (n = 12,
Fig. 2B), and 7.1 = 0.4 (n = 10, Fig. 2C). As illustrated in
Fig. 2, the length of the cell-to-cell junction increased with
increasing PLW. Cell pairs with PLW of 3.5, 5.2, and 7.1
had junction lengths of 24.9 = 2.7 um (n = 9), 35.9 = 6.4
pm (n = 11), and 48.9 = 6.2 pm (n = 10), respectively
(Fig. 2D). Conversely, the height of the junction was in-
versely related to PLW, with junction heights of 5.7 = 1.2
pm (m =9),45 = 1.1 pm (n = 10), and 4.0 £ 0.6 pm
(n = 11) for PLW of 3.5, 5.2, and 7.1, respectively (Fig.
2F). Cx43 immunosignal volumes in the PLW of 3.5, 5.2,
and 7.1 groups were 4.4 + 3.1 pm? (n = 6), 15.2 = 9.5 um?
(n="T),and 12.7 £ 7.1 wm3 (n = 6), respectively (Fig. 2F).
Cell pairs with PLW of 3.5, 5.2, and 7.1 had an average g;
of 24.7 = 159 nS (n = 8), 66.6 = 37.6 nS (n = 11), and
39.2 = 22.7 nS (n = 7), respectively (Fig. 2G). Both the
increases of Cx43 immunofluorescence and g; between PLW
3.5 and 5.2 were statistically significant (P < 0.05 and P <
0.01, respectively). Increasing PLW beyond 5.2 did not
further increase Cx43 immunofluorescence or g; (Fig. 2, F
and G).

Electrical cell-to-cell coupling. To assess the functional
consequences of the mixed Cx43/Cx45 composition of rat
ventricular gap junctions, we analyzed single gap junction
channel currents, as shown in Fig. 3. Figure 3A illustrates four

COUPLING BETWEEN ENGINEERED CARDIAC MYOCYTES
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Fig. 3. Dual-voltage clamp in patterned cell pairs and analysis of single gap
junction channels. A: illustration of four measurements showing openings of
single gap junction channels to a full open state and to substates. Note that,
depending on polarity of junctional voltage (V;), the channels have a different
conductance. This suggests the presence of mixed Cx43/Cx45 channels (see

DISCUSSION). B: histogram summarizing the measurements of single channels.
The Gaussian fit shows a peak at 45 pS (0.8 pS; R?> = 0.96; n = 745).

individual recordings of openings of single gap junction chan-
nels. To assess the change in <y; upon the change in Vj,
recordings were selected that showed only one single-channel
opening. In the depicted traces, the difference between y; of the
last opening before the change in polarity of Vj, and v; of the
first opening after the change in Vj, ranged from 1 to 15 pS
(17). For the nine recordings in which one channel opening
was observed during the clamp at both polarities of Vj, the
difference in <y; upon the change in polarity amounted to
12.9 = 2.6 pS. This was significantly different from the level
of noise in each trace (P < 0.05), which amounted to 1.1 = 0.1
pS. As shown in Fig. 3B, the distribution of single-channel
conductances yielded a close fit to a Gaussian with a peak at 45
pS (0.8 pS; R? = 0.96; n = 745). This frequency distribution
of y; values was closely similar to the distribution in wild-type
murine ventricular myocyte pairs (3). The single-channel re-
cordings favor the hypothesis that rat ventricular gap junction
channels are composed of mixed heteromeric Cx43-Cx45 con-
nexons (see DISCUSSION).

Correlation between g;j and Cx43 immunosignal. The major
goal of this study was to correlate the junctional Cx43 immu-
nosignal to the electrical properties of its cell-to-cell junction.
To do this, we patched cell pairs and then fixed and immuno-
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Fig. 4. Relationship between Cx43 immunofluorescence and g; in individual cell pairs. A: illustration of procedure used to correlate Cx43 immunofluorescence
and gj in individual pairs. Following dual-voltage clamp recordings, cardiomyocyte pairs were immediately fixed and immunostained for Cx43, which was
followed by quantitative image analysis. B: the withdrawal of the patch electrodes after fixation enabled the identification of the pair by the suction marks of
the electrodes (white circles), in addition to the labeling system shown in Fig. 1. C—/J: phase-contrast images of representative patched cardiomyocytes pairs (C,
E, G, I) are overlaid with the contour of the cell-to-cell junction (white dashed lines) and the maximum projection of Cx43 immunofluorescence (red). 3D

reconstructions of the junctional Cx43 immunosignal (D, F, H, J) are shown. The measured Cx43 volume and g; are indicated for each pair.

stained against Cx43 to directly correlate the conductance g;
with the presence of Cx43 at the cell-cell junction, as illus-
trated schematically in Fig. 4A. Figure 4B illustrates a cell pair
used to correlate gj to the Cx43 immunosignal and shows the
suction marks of the patch-clamp pipettes in a confocal slice
near the top of the z-stack. This suction mark, together with the
label of the patterned square (Fig. 1), allowed for the direct
correlation between the Cx43 immunosignal and gj in each
individual pair. This relationship is illustrated for four cell
pairs in Fig. 4, C and D, E and F, G and H, and [ and J, ordered
according to increasing value of g;. The plaque shape of the
junctions in the Y/Z projection is demonstrated in the 3D
animation showing Cx43 immunofluorescence in the pair
shown in Fig. 4, [ and J (Supplemental Movie S1; the online
version of this article contains supplemental data). Of note, the
pair with the largest PLW ratio (Fig. 4, G and H) had a smaller
gi and Cx43 immunofluorescence signal than the pair with the
smaller PLW ratio shown in Fig. 4, I and J. This was due to
the formation of a cleft in the center of the interface between
the pair with the largest PLW (Fig. 4G).

The summarized data of the correlation between the Cx43
immunosignal and gj is presented in Fig. 5, in which each point
represents a cell pair (n = 15). The total Cx43 signal showed
a positive correlation to gj, with exception of one outlier value
(79.8 nS vs. 10.7 wm?), which deviated from this correlation.
Between 0 and 25 pum® Cx43 immunosignal, the dependence of
g; was highly linear (R* = 0.83). However, the two cell pairs
with Cx43 immunosignals > 25 pm?® showed a very high value
of g; (exponential fit: R* = 0.70). This deviation from linearity

may be related to the very large interference of the electrode
access resistances at this level of coupling (see piscussioN) (31,
34). Interestingly, the correlation line does not pass through the
origin. The observation that the “zero intersect” of the corre-
lation corresponds to an average gj level of ~10 nS (corre-
sponding to ~100 channels in the open state) suggests a lower
limit for immunofluorescence detection of Cx43 in gap junc-
tions in our experiments (see DISCUSSION).

DISCUSSION

As a main finding of this study, our experiments show a
linear correlation between the g;j of patterned cell pairs and the
Cx43 immunosignal within a range of electrical conductances
of 8-50 nS in rat ventricular cardiomyocytes. Moreover, the
measurements of single-channel conductances suggest the
presence of mixed Cx43/Cx45 channels in the engineered
neonatal ventricular rat myocytes.

Soft lithography and microcontact printing techniques were
used to control the dimensions of cell pairs used for DVC
experiments. Because isolated cardiomyocytes generally con-
serve their volume (15), we were able to increase the height of
the cells by decreasing the surface area of the pattern. The
ability to modulate cell height was especially advantageous for
DVC experiments because increased cell height reduces the
amount of strain on the cell membrane during seal formation
with the pipette, thereby minimizing damage to the cell. Mi-
cropatterning also increased the probability of cell pair forma-
tion, compared with plating cells seeded at random onto an
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Fig. 5. Relationship between Cx43 fluorescence and g;j in individual cell pairs.
Each point on the graph illustrates the relationship between g; and the Cx43
immunosignal in an individual pair for a total of 15 cell pairs. With exception
of one outlier value, there is direct relationship between the two parameters.
Between 0- and 25-pm?® Cx43 immunosignal, the dependence of g; is highly
linear (R? = 0.83). However, the two cell pairs with Cx43 immunosignals >
25 pm?® showed a very high value of gj (exponential fit to the whole data set
showed an R? = 0.70; see DISCUSSION).

isotropic surface. Another advantage of micropatterning is the
ability to reproduce cell shape and, therefore, investigate how
cell shape contributes to cell-to-cell electrical coupling. Be-
cause of the constraints imposed by the pattern, the cell pairs
formed cell-to-cell interfaces with consistent junction lengths
and heights for a given PLW, demonstrating the ability of
microcontact printing to regulate both cell shape and properties
of the cell-to-cell interface. For our experiments, there were
consistent increases in junction length and decreases in junc-
tion height as PLW increased. The g; and Cx43 immunofluo-
rescence showed a significant increase with increasing PLW
from 3.5 to 5.2, suggesting that gap junction formation was
related to junction length. However, increasing PLW further to
7.1 did not show further increases of either g or Cx43 immu-
nosignal. This was most likely due to /) the decrease in cell
height (Fig. 1); and 2) frequent formation of gaps in the center
of the cell pair interface at high PLW (Fig. 4, G and H).

A goal of this study was to correlate the immunofluores-
cence signals of junctional Cx43 to the intercellular elec-
trical conductance g;. It has been shown previously that reduc-
tion of Cx43 expression is associated with a decrease in
average cumulated gap junction length and number of gap
junctions, whereas the average size and size distribution of gap
junctions remain the same (24). Our finding of a linear rela-
tionship between the Cx43 immunosignal and g; within a given
range of junctional conductances from ~8 to 50 nS supports
the notion that the Cx43 immunosignal is a measure of inte-
grated gap junction size or area at the cell interface rather than
gap junction protein. Moreover, the present work suggests that
there is a lower threshold for immunodetection of gap junction
size, below which significant electrical coupling can still be
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detected. In our work, the electrical conductance corresponding
to this threshold amounted to ~8 nS (intersect of linear and
exponential fits with ordinate in Fig. 5B). Theoretical compu-
tations of the relationship between electrical propagation ve-
locity and cell-to-cell resistance have shown that, independent
of the model (continuous vs. discontinuous), propagation ve-
locity in linear structures is relatively insensitive to changes in
the level of cell-to-cell coupling (25). These arguments to-
gether suggest that electrical ventricular propagation, albeit at
a significantly lower level, can be preserved in the absence of
detectable immunosignal for Cx43. The suggestion that very
low levels of Cx43 are not detectable by immunofluorescence
is also supported from the comparison of g; measurements in
cultured rat (our study) and murine cell pairs (3) with genetic
ablation of Cx43. Full Cx43 knock out in murine cell pairs
produced a decrease of average gj to 1.4 nS (3), i.e., to a level
amounting to ~15% of the g; level at the Cx43 immunodetec-
tion threshold. The observation of an immunodetection thresh-
old of cell-to-cell coupling may, at least partially, explain
several previously obtained observations in experimental and
pathological settings. In a mouse model of conditional knock-
out of Cx43, which increased with age, ventricular arrhythmias
and inducible ventricular tachycardias started to occur only at
markedly reduced levels of Cx43 immunosignals in gap junc-
tions (7). In arrhythmogenic right ventricular cardiomyopathy
in humans, a condition most frequently associated with des-
mosomal mutations, Cx43 in gap junctions is downregulated
and shows a faint immunosignal. Although arrhythmogenic
right ventricular cardiomyopathy patients frequently die from
ventricular tachycardia, their hemodynamic function before the
arrhythmic event is not markedly impaired, which implicates
significant cell-to-cell communication in the working myocar-
dium, despite postmortem evidence of markedly reduced Cx43
in right and left ventricular myocardium (2).

The determination of g; at high levels of cell-to-cell coupling
is hampered by the fact that the sum of the access resistances
of the patch electrodes largely determines the flow of current in
the measuring circuit. A small change of these values during
the experiment may, therefore, introduce an error in the mea-
surements of g; (31, 34). The correlation between Cx43 immu-
nofluorescence signals and gj at high levels of coupling has,
therefore, to be interpreted with caution.

Immunofluorescence signals for Cx45 have been shown to
be present in small amounts in rat, mouse, and human ventri-
cles (3, 18, 33, 35). The low level of Cx45 in ventricular
myocardium was confirmed in our study, and interference from
background fluorescence precluded a quantitative 3D analysis
of this immunosignal. Despite its small quantitative contribu-
tion, Cx45 may play a modulatory role in ventricular cell-to-
cell coupling. Cx45 has been implicated in electrical remodel-
ing in left ventricular hypertrophy and may play a role in
limiting gap junction size (16, 35). Moreover, knock out of the
coxsackie-adenovirus receptor protein both specifically de-
creases Cx45 expression in gap junctions and concomitantly
increases intercellular dye diffusion between ventricular myo-
cytes (21). In our study, two observations indicate a functional
role for Cx45 in rat ventricle. First, the frequency distribution
of yj showed a peak at 45 pS for the main channel states. These
data, which are almost superimposible to the findings in wild-
type murine ventricular cells pairs (3), indicate that Cx45 may
decrease average <y, compared with a population of pure,
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homomeric-homotypic Cx43 channels (23, 30). Second, we
observed a significant change of gap junction channel conduc-
tance upon a switch in the polarity of Vj. This suggests the
presence of channels composed of different heteromeric Cx45/
Cx43 mixtures. Since the presence of consecutive single-
channel openings, as shown in Fig. 3A, during a voltage clamp
does not assert that the openings can be attributed to the same
channel, these measurements are not fully conclusive. How-
ever, the immunofluorescence data in this and earlier studies,
the single-channel measurements, and the earlier observations
of heteromeric Cx43/Cx45 formation in heterologous expres-
sion systems make it highly likely that Cx43 and Cx45 form
heteromeric connexons and mixed gap junction channels in rat
ventricle (6, 11).

A potential limitation of our study may be due to the fact that
we assessed cell junctions that have been reformed from
association of dissociated cells. However, none of the multiple
studies involving neoformation of cell junctions in cultured
cardiac or heterologous cell systems has shown basic differ-
ences in gap junction composition compared with gap junc-
tions in vivo.

In summary, our study demonstrates a direct correlation
between the volume occupied by the Cx43 immunosignal and
intercellular electrical conductance. Although we did not asso-
ciate levels of electrical coupling <7 nS with immunofluores-
cence, this observation raises the question of whether immu-
nofluorescence can detect very small, but still electrically
conducting, gap junctions.
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