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Abstract. Gap junctions produce low resistance pathways between cardiomyocytes and are major
determinants of electrical conduction in the heart. Altered distribution and function of connexin 43
(Cx43), the major gap junctional protein in the ventricles, can slow conduction, and thus contribute to
arrhythmogenesis in experimental models such as ischemic rat heart and pacing-induced atrial fibril-
lation. The mechanisms underlying reduced gap junctional density and conductance during ischemia
may involve decreased Cx43 synthesis, increased degradation and/or Cx43 migration into areas which
do not contribute to intercellular communication. To test more rigorously the hypothesis that hypoxia
resulting from ischemia causes Cx43 internalization, we infected neonatal rat ventricular myocytes
(NRVM) with a Cx43-GFP chimera, which enabled us to investigate by means of confocal microscopy
the effect of hypoxia (1% O, for 5h) on Cx43 distribution in live cardiomyocytes. Importantly, this
protocol permitted each culture to serve as its own control. To this end we used life confocal microscopy
analysis to determine in the same pair of myocytes the effects of hypoxia on Cx43-GFP distribution
at the gap junctional (GJ) and non-GJ areas. In support of this hypothesis, we found that compared
to normoxia, 5 h of hypoxia reduced the Cx43-GFP signal at the GJ areas (defined as the border area)
and caused a corresponding increase in the Cx43-GFP signal at the non-border areas, thus providing
an additional explanation for the intercellular uncoupling during ischemic conditions.
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Abbreviations: Cx43, connexin 43; NVRM, neonatal rat ventricular myocytes; GFP, green fluores-
cence protein; GJ, gap junctional.

Introduction

Gap junctions interconnecting adjacent cardiomyocytes form
low resistance electrical communications, which enable propa-
gation of the action potential throughout the complex cardiac
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structure. Thus, along with excitable features, gap junctions
constitute important determinants of the coordinated me-
chanical performance of the myocardium. Due to the central
role of connexin 43 (Cx43, the major gap junctional protein in
the ventricles) in conduction, alterations in their distribution
and function can cause arrhythmogenesis, as demonstrated in
several experimental models such as hypertrophy, ischemic
rat heart (Rohr et al. 1998; Beardslee et al. 2000; Saffitz et al.
2000), and pacing-induced atrial fibrillation (Polontchouk et
al. 2001; Ausma et al. 2003; Sosunov et al. 2005; Chaldoupi
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et al. 2009). In these settings, decreased gap junctional con-
ductance can slow conduction velocity thereby contributing
to initiation and/or perpetuation of arrhythmias (Spach et al.
2000; Rohr 2004; Zeevi-Levin et al. 2005). The mechanisms
responsible for decreased gap junctional conductance during
ischemia may involve decreased Cx43 synthesis, increased
degradation and/or Cx43 migration into areas which do not
contribute to intercellular communication.

Several studies have investigated the mechanisms respon-
sible for decreased conduction velocity during ischemia/
hypoxia (Beardslee et al. 2000; Turner et al. 2004). Ex vivo
ischemia was induced by stopping perfusion of the Lan-
gendorft-perfused rat heart, and in vitro, cardiomyocytes
cultures were exposed to hypoxia and diminished nutrients
supply (e.g., Turner et al. 2004; Zeevi-Levin et al. 2005). In
this regard, we exposed neonatal rat ventricular myocytes
(NRVM) to 5 h of hypoxia (1% O;), and found that conduc-
tion velocity was decreased by ~20%. Concomitantly, Cx43
protein content in whole cell lysates was decreased by ~50%
and the Cx43 immunofluorescence signal decreased similarly
(Zeevi-Levin et al. 2005). Other studies that showed compa-
rable gap junctional electrical uncoupling by hypoxia but no
decrease in Cx43 protein level, suggested that the underlying
mechanism is a shift from the phosphorylated to the non-
phosphorylated form of Cx43 as well as internalization of the
channel protein (Beardslee et al. 2000; Turner et al. 2004). In
these studies total Cx43 protein content was not changed by
hypoxia, but the immunofluorescence Cx43 signal at the gap
junctions was decreased. A weakness of these experiments
was that separate observations were made on control and
hypoxic cultures, and the results were inconclusive.

To test more rigorously the hypothesis that hypoxia causes
Cx43 internalization, we infected NRVM with a GFP-tagged
Cx43 (Cx43-GFP) chimera, which enabled us to investigate
by means of confocal microscopy the effect of hypoxia on
Cx43 distribution in living cardiomyocytes. Importantly, this
protocol permitted each culture to serve as its own control.
As will be demonstrated, hypoxia caused migration of Cx43
away from the gap junctional areas into the cell interior,
which may contribute to attenuated intercellular coupling
during ischemia.

Materials and Methods

The research conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH publication No. 85-23; revised 1996).

Cultures of neonatal rat ventricular myocytes (NRVM)

NRVM cultures were prepared as previously described
(Rubin et al. 1995), with minor modifications. In brief,

ventricles from 1-2 day-old Sprague-Dawley rats were dis-
sociated enzymatically at room temperature, using the pro-
tease RDB (catalog no. 300-0; IIBR, Israel). Myocytes were
collected following 10-12 cycles of 10 min digestion, and
pooled cells were re-suspended in growth medium: Ham’s
F10 supplemented with 5% fetal calf serum, 5% horse serum,
100 U/ml penicillin, 100 mg/ml streptomycin (Biological In-
dustries, Bet-Haemek, Israel) and 1 mM CaCl, (up to a final
concentration of 1.3 mM). To reduce fibroblast content, cell
suspensions were pre-plated on culture flasks for 1 h in the
incubator, and 5 mg/100ml bromodeoxyuridine (BrdU;
Sigma) were added to the medium. Subsequently, myocytes
were seeded on micro-electrode-array (MEA) plates or on
6-cm Petri dishes pre-coated with collagen type I (Sigma,
C-8919) diluted 1 : 10 in acetic acid, at a density of 10* and
10® cell/mm?, respectively. The cultures were maintained
in a humidified incubator, with 5% CO, + 95% air, at 37°C.
Unsettled cells were washed out after 24 h and the medium
replaced, and then replaced again on alternating days. Cul-
tures were maintained in the incubator 5 days prior to data
recordings.

Extracellular electrograms recordings using the MEA data
acquisition system

Unipolar electrograms were recorded from NRVM seeded on
MEA plates (Multi Channel Systems, Reutlingen, Germany)
as previously described (Meiry et al. 2001; Zeevi-Levin et al.
2005; Reisner et al. 2009). In brief, the MEA plate contains
an 8 x 8 matrix of 60 titanium-nitride electrodes (30 um
diameter) embedded in its center, with an inter-electrode
distance of 200 pum. For the electrophysiological measure-
ments, MEA plates were removed from the incubator, placed
in the recording apparatus preheated to 37°C. Spontaneous
electrical activity of the NRVM culture was recorded within
5 min after removal from the incubator. Electrogram analysis
was performed automatically using custom-made MATLAB
(MATLABR 6.5) routines (Meiry et al. 2001; Zeevi-Levin et
al. 2005; Reisner et al. 2009). The local activation times (LAT)
at each electrode, defined as the time of occurrence of the
first derivative plot minimum of the fast activation phase,
was used to construct activation maps and calculate conduc-
tion velocity. The scalar value of local conduction velocity
was calculated at each of the array electrodes as previously
described (Meiry et al 2001; Zeevi-Levin et al. 2005; Reisner
et al. 2009). The value of the conduction velocity presented
for each measurement was taken as the mean value of local
velocities of all 60 electrodes.

Exposing NRVM cultures to hypoxia

Five-day-old NRVM cultures seeded on 6-cm Petri dishes
were photographed using laser confocal microscopy (see
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details below) before, and after introduction into the hypoxia
chamber (Billups-Rothenberg Inc., Del Mar, CA, USA).
A hypoxic atmosphere was generated by flushing the cham-
ber with a pre-analyzed gas mixture of 94% N, 5% CO,, and
1% O,. The incubator temperature was 37°C. The exposure
time to hypoxia was 5 h, based on our previous studies
showing that 5 h of hypoxia decreased conduction velocity,
total Cx43 protein and the Cx43 immunofluorescence signal
(Zeevi-Levin et al. 2005). At the end of the experiment the
cultures were immediately fixed in 4% paraformaldehyde
in PBS for 10 min, and then re-photographed to determine
Cx43 locations.

Immunofluorescence measurements in NRVM

For validation of the colocalization between GFP signal and
Cx43, cultures were fixed for 10 min with 4% paraformalde-
hyde and permeabilized with Triton X-100 (0.2% in PBS).
Blocking was performed with 10% goat serum in PBS for 1 h
at 37°C, and then incubated overnight at 4°C with mouse-
anti-Cx43 (1:100 dilution), followed by incubation with
rhodamine anti-mouse secondary antibody (1 : 200 dilution)
for 1 h at room temperature. Cultures were also stained for
nuclei (TO-PRO, 1 : 500 dilution). For the hypoxia experi-
ments, confocal microscopy was performed using an upright
Nikon Eclipse E600 microscope and Bio-Rad Radiance 2000
scanning system. Cultures were examined by a fluorescence
microscopy at a magnification of 40x using a water immer-
sion lens with numerical aperture of 0.8, lateral resolution of
0.29 pm and depth resolution of ~2 pm. Areas selected for
analysis consisted of well-preserved beating cardiomyocytes
expressing Cx43-GFP. Selected cells were marked, and loca-
tions were registered in order to re-photograph the same
cells after exposure to hypoxia. By so doing, each pair of
cells served as its own control. The same optical parameters
of magnification, iris dimensions and gain were used in pre-
and post-hypoxia exposures.

Generation of recombinant adenoviruses using the AdEasy
System and NRVM infection

The construct of GFP-tagged Cx43 was kindly provided
by Dr. Matthias Falk (Falk 2000) (The Scripps Research
Institute, La Jolla, CA, USA). The construct was first cloned
into the shuttle vector pAdTrack-CMV, and the result-
ant plasmid was linearized by digestion with restriction
endonuclease Pme I, and subsequently cotransformed
into Escherichia coli B]5183 cells with an adenoviral back-
bone plasmid, pAdEasy-1. Subsequently, the linearized
recombinant plasmid was transfected into the adenovirus
packaging cell line HEK 293 cells. Following infection, the
generated recombinant adenoviruses were amplified and
purified as previously described (He et al. 1998). The am-

plification was performed in HEK 293 cells using DMEM
5% medium. HEK 293 cells were infected by the virus for
24-36 h, until cell lysis was noted. The supernatant was
collected and used for infection of larger amount cell plates,
until a large amount of viral supernatant was obtained.
Viral purification was performed by ultracentrifugation
(90 min, 35,000 rpm, followed by a second round of 20 h
at 35,000 rpm) in a CsCl gradient. The viral aspirate un-
derwent desalting of CsCl by using Sephadex G-25 column.
The titer was calculated and the viral stock was kept at
-70°C until the experiment. The purified recombinant
adenoviruses were used for gene transfer into NRVM.
Dissociated NRVM were seeded in collagen-coated Petri
dishes (~5 x 10 cells/cm?). At this low concentration of
cells, the cardiomyocytes are stretched relatively flat on the
Petri dishes, form small number of contacts with adjacent
cells (2-4 cells), and their borders can be easily examined.
The cells were grown in complete basic medium (F10, 5%
FCS, 5% DHS, P/S, 1 mM CaCl, and BrdU). After several
trials, we determined that the best approach to receive
relatively homogenous Cx43-GFP expression is to mix the
virus with NRVM before seeding. After 24 h, the virus-
containing medium was replaced with virus-free medium.
The MOI (multiplicity of infection) was ~10. Subsequently,
the medium was replaced every other day until the day of
the experiment (5-6 days after seeding).

Validation of Cx43-GFP expression in NRVM

Five-day-old cultures expressing Cx43-GFP were fixed in 4%
paraformaldehyde in PBS for 10 min and permeabilized with
0.1% triton-X in PBS for 10 min. After blocking with goat
serum (1 : 10 in PBS) to suppress nonspecific fluorescence,
cultures were incubated with monoclonal mouse anti-rat
Cx43 antibodies (Chemicon, Temecula, CA, USA) for 1 h,
followed by incubation with goat anti-mouse Cye3 antibod-
ies. Cultures were photographed using a confocal microscope
(x40 oil immersion lens, NA = 1.3), and colocalization of
the GFP and Cye3 signal (representing the GFP protein
and the Cx43 antibody, respectively) was calculated using
LaserSharp software.

Statistical analysis

The results are presented as mean + SEM. Statistical analysis
was performed using Sigmastat ™ 3.0 software. To analyze
the electrophysiological parameters, two-way repeated
measure ANOVA was used to compare variables between
groups. For comparing the distance of Cx43-GFP spots from
the gap junction area (see below), Student paired ¢-test was
used. In cases where normality test failed, a Mann-Whitney
rank sum test was used. p < 0.05 was considered statistically
significant in all comparisons.
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Figure 1. Confocal images of a NRVM culture showing the Cx43-GFP signal and the immunofluorescence staining for the native Cx43.
A. The green channel shows the Cx43-GFP signal. The signal represents the GFP protein attached to Cx43. B. The red channel: the signal
represents the secondary antibody attached to Cx43. C. The far-red channel shows the signal from ToPro staining (nuclei). D. A merge

of all 3 layers.

Results

Validation of Cx43-GFP expression in NRVM cultures fol-
lowing viral infection

The first requisite of our study was to apply/develop a variety
of analytical tools permitting the immunofluorescence track-
ing of Cx43-GFP in live NRVM. To satisfy this requirement,
NRVM cultures underwent viral infection, and Cx43-GFP
expression was confirmed using confocal laser microscopy.

Thereafter, the cultures were processed for immunofluores-
cence analysis, as described in the Methods, and shown in
a representative experiment (Fig. 1). To ascertain that the
GFP signal (Cx43-GFP) is co-localized with the native Cx43
(determined by immunofluorescence staining), LaserSharp
software was utilized, and the following three correlation
coeflicients were calculated:

1.Pearson correlation coefficient is a common measure
of the correlation between two variables (Manders et al.
2003; Comeau et al. 2006; Crawford 2006; Amazit et al.
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2007). It is most accurate when the intensity of the 2 signals
is approximately equal, and is calculated according to the
following equation:

R = 2i(S1i = Staver) * (S2i — Szaver)

.=
\/Zi(sli - Slaver)z * NSz — SZaver)z

(1)

where Sy is intensity of pixels in the first image and S, is the
intensity of pixels in the second image. S1,yer and Syaye; are
the average intensities of first and second images, respec-
tively.

2. Overlap correlation has a relative insensitivity to differ-
ences in signal intensities between various components of an
image, and thus is more accurate than Pearson coefficient for
unequal signals. The major disadvantage is that the overlap
correlation is proportional to the number of co-localized
pixels; i.e., two “similar” images with only few enhanced
pixels will receive a relatively low score.

2iS1i* Sy

R =
(Es0% + RS20

()

3.The colocalization coefficients M1 and M2. To overcome
the dependency of the overlap correlation on the number
of the co-localized pixels, the overlap correlation was di-
vided into two coefficients as follows (Eq. 3) (Comeau et
al. 2006):

M1 = ZiSli,colc
2iS1
3)
M2 = ZiSZi,colc
252

where Sli, coloc = SliifSZi > 05 Szi) coloc = 524 ifSli > 0.

The values of the 3 co-localization coefficients (Table 1)
indicate a high degree of correlation between the GFP and
the immuno-labeled (native) Cx43 signals. In conclusion,
the GFP signal reliably represents the presence of the fusion
protein consisting of GFP and Cx43, which is preferentially
located at the outer cell membrane.

GFP-Cx43 viral infection does not affect the electrophysi-
ological properties of NRVM cultures

To determine whether the infection procedure affected the
electrophysiological properties of NRVM, electrograms
were recorded in the MEA apparatus, and activation maps
generated in spontaneously beating control and GFP-Cx43-
infected cultures (Fig. 2). In these experiments performed

on 20 control and 6 transfected cultures, conduction veloc-
ity (25.3 + 2.7 and 23.7 £ 2.1 cm/s), the maximal upstroke
velocity of the electrogram (dV/dtp,x = 5.5+ 0.7 and
-5.1£0.7 uV/s), electrogram duration (6.22 + 0.16 and
6.27 £ 0.32 ms) and electrogram amplitude (101.41 + 5.42
and 104.56 + 11.86 V) were comparable in the two groups.
Further, the spontaneous beating rate was similar in the con-
trol and Cx43-GFP cultures: control (n = 20): 1.47 + 0.23 Hz;
GFP-Cx43 (n=6): 1.46 £ 0.35 Hz (p = 0.99). Collectively,
these results indicate that infecting NRVM with Cx43-GFP
did not alter their electrophysiological properties or spon-
taneous beating rate.

Effect of hypoxia on Cx43 distribution

After confirming by means of the correlation coefficients
that the Cx43-GFP signals co-localizes with native Cx43,
we investigated the effect of hypoxia on Cx43 distribution.
Since the analysis required clear visualization of cell borders,
in these experiments NRVM were seeded at a low density,
which caused flattening of individual myocytes. To photo-
graph the same cells before and after exposure to hypoxia,
a grid was drawn on the bottom of the Petri dish, enabling
accurate marking of the cell location.

The first step in these experiments was to infect NRVM
with Cx43-GFP. Subsequently, the expression of Cx43-GFP
was confirmed, and beating myocytes with well-defined
boundaries were photographed and their exact location
marked. Next, the cultures were transferred to the hypoxia
incubator for 5 h, and then the same myocytes were re-
photographed using the same optical parameters (Fig. 3).
As seen in these two pairs of myocytes, a strong GFP signal
is confined to the border area between adjacent cells. To
determine whether hypoxia causes migration of Cx43 away
from the border area into the cell interior, a MATLAB
semi-automatic tool was developed, as follows: Cx43-GFP
locations are represented by the highlighted pixels, but
maximally saturated pixels may represent different amounts
of Cx43. Therefore, the intensity of the pixels was not taken
into consideration. The analytical process was as follows:

Table 1. Statistical analysis of the correlation coefficients of the
colocalization between the GFP-Cx43 signal and the immunola-
beled Cx43

Mean value S.E.M.
Pearson coefficient 0.79 0.047
Overlap R coefficient 0.855 0.034
M1 colocalization coefficient 0.969 0.035
M2 colocalization coefficient 1 0

A high degree of matching was observed for all methods of
comparison (#n = 6 cultures), between the GFP signal and the im-
munolabeled Cx43.
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Figure 2. Representative electrograms and activation maps from control and Cx43-GFP transfected cultures. A and C. Electrograms
recorded from a control and a Cx43-GFP infected culture. B and D. Activation maps generated in a control culture and in a Cx43-GFP
infected culture (see Methods for details). The red represents early activation and blue late activation (see bar scale time below the map).
In B and D, conduction velocity was 18.7 cm/s and 22.2 cm/s, respectively.

initially, the border between two myocytes was marked by
the operator in the pre-hypoxia image, using three points
that determine the equation of a circle (Fig. 4A and C).
Subsequently, the distance of the Cx43-GFP signal from the
border was automatically calculated using Eq. (4):

Distance = abs (((Xi - Cx)? + (Yi - Cy)z))l/2 -R) (4)

where Cx and Cy are the coordinates of the circle center,
and R is its radius. Xi and Yi are the Cx43 coordinates. An
absolute value is used in the Eq. (4) since the inner expression
can be positive or negative, depending whether the Cx43-
GFP spot is inside or outside the circle, while the distance
from the circle is a positive number by definition. We defined
a maximal distance L; Cx43-GFP spots which are closer than

L to the circle are considered close to the border, while spots
which are further away than L are considered outside the
border area. L is calculated by Eq. (5):

L = Mean distance + 2 - Standard deviations (5)

The border area was defined to include all the areas within
the distance L from the borderline. This definition includes
approximately 95% of the Cx43-GFP signals within the
border zone. After defining the border line and the border
zone in the pre-hypoxia image (Fig. 4A and C), the post-
hypoxia image was analyzed using the same definitions
(Fig. 4B and D). By so doing, we were able to compare the
pre-hypoxia to the post-hypoxia number of non-border
Cx43-GFP spots (spots at a distance from the border that is
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A Pre-hypoxia

B Post-hypoxia

Figure 3. The effect of hypoxia on GFP-Cx43 distribution in two pairs of cardiomyocytes. A and C. Pre-hypoxia images of two different
pairs of cardiomyocytes expressing GFP-Cx43, from experiments No. 1 and 2 (see Table 2), respectively. B and D. Post-hypoxia images
of the same cells obtained after 5 h of hypoxia. It can be seen that in both cell pairs, the strongly-stained boundary areas (encircled by

the white ellipsoid) are broader after hypoxia.

larger than L; see Eq. (5)). Indeed, as seen by the histogram
analysis in a representative experiment, the shape of the
histogram in the post-hypoxia state declines less sharply
than the pre-hypoxia histogram (Fig. 5). This phenomenon
indicates that in the latter more spots are located closer to the
border, as well as that Cx43 distribution is gradual process.
To evaluate this phenomenon mathematically, we defined
x as the distance from the borders that includes 66% of the
non-border Cx43-GFP spots. In the pre- and post-hypoxia
states, x (mean + SEM) was 20.3 + 9.7 and 25.5 * 7.6 pixels
(n = 9; t-test, p = 0.014), respectively. This calculation has the
advantage that it eliminates any effect of a significant number

of perinuclear Cx43-GFP spots that might be present due to
an over-expression of the virus.

Finally, to provide a quantitative measure of the Cx43-
GFP migration from the gap junctional areas into the cell
interior, we compared in 9 pairs of myocytes, the number
of border vs. non-border Cx43-GFP spots, and the distance
distribution of Cx43-GFP spots from the border before and
after the induction of hypoxia. To determine the changes
in Cx43-GFP distribution, the analysis included only spots
outside the border zone. Hence, an analysis that considers
only non-border spots may achieve more accurate results
since many of the in-border spots are represented by fully
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A Pre-hypoxia B Post-hypoxia

Pre-hypoxia image with border Post-hypoxia image with border
and non-border Cx43-GFP and non-border Cx43-GFP

* 4172 Border Cx43-GFP * 5249 Border Cx43-GFP
* 469 Non-border Cx43-GFP 1233 Non-border Cx43-GFP

Figure 4. A representative example of the analysis of border and non-border Cx43-GFP distribution before and after hypoxia in
experiment No. 2. A. The border between the 2 cells was marked as a circle line (green color) in the pre-hypoxia state. B. The same
circled border line was employed in the post-hypoxia state. Subsequently, calculation of the border and non-border Cx43-GFP
spots was performed, as described in the text. C and D. Pre- and post-hypoxia images, respectively, illustrating the border area.
The green dots represent the border Cx43-GFP, and the red dots the non-border Cx43-GFP. The border area is marked by the 2
dashed white lines.
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Figure 5. Histograms of Cx43-GFP spots distance distribution derived from experiment No. 2. A and B. illustrate the Cx43-GFP distance
distribution before and after exposure to hypoxia, respectively. In this experiment, 469 non-border Cx43-GFP spots were present in the
pre-hypoxia state, compared to 1233 in the post-hypoxia state.

saturated pixels, which can contain large and unknown num-  the mean distance of non-border gap junctions was higher
bers of Cx43-GFP molecules. In this regards, Table 2 shows  post-hypoxia, while in the other 3 experiments, there was no
the mean distance of non-border Cx43-GFP spots from the statistically significant difference. A binomial test was used to
border in the 9 experiments performed. In 6 experiments  determine whether these results are statistically significant;

Table 2. Comparison of the mean distance of non-border Cx43-GFP spots from the border, between pre- and post-hypoxia NRVM cultures

Pre-hypoxia Post-hypoxia
Experiment No. p
n Mean distance n Mean distance
1 14.75 333 24.02 0.031
2 4 22.29 109 28.98 0.018
3 248 16.41 594 15.48 0.251
4 0 0 53 12.76 <0.001
5 64 18.64 257 20.10 0.002
6 19 34.13 17 31.71 0.296
7 212 30.13 122 34.51 <0.001
8 19 28.22 86 27.64 0.997
9 117 17.77 783 23.67 <0.001

In 6 experiments (where Mann-Whitney test with p < 0.05 was considered significant) the mean distance of non-border Cx43-GFP from

the border was larger after exposure to hypoxia. In the remaining 3 experiments (No. 3, 6, 8), no significant difference was found. n, the
number of non-border Cx43-GFP spots.
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this test is more appropriate than the Student t-test since few
“very positive” experiments can cause a bias. In addition,
it is thought that the Cx43-GFP internalization has the
same effect on conduction velocity regardless of the mean
distance of the internalization. In summary, the number of
non-border Cx43-GFP spots was significantly higher post-
hypoxia (p = 0.038 for comparison of non-border Cx43-GFP
spots number; p = 0.066 for Student ¢-test (2-tailed t-test;
p = 0.04)). Since the analysis of the mean distances from the
border can underestimate the number of Cx43-GFP spots,
a comparison of the value of n x mean distance, which takes
into account only the non-border Cx43-GFP spots, was
performed. This value may better represent the Cx43-GFP
internalization in response to hypoxia. As shown in Fig. 6
this value was significantly (p < 0.05) higher after exposure
to hypoxia. Based on these experiments, we concluded that
in this model hypoxia caused migration of Cx43 from the
gap junction area into the cell interior, an effect which will
contribute to the reduction in conduction velocity under
hypoxic conditions.

Discussion

The present study provides evidence supporting the hy-
pothesis that hypoxia causes Cx43 internalization, thus
contributing to the reduction in conduction velocity by
hypoxic/ischemic conditions. A critical difference between
this and earlier studies which analyzed control and hypoxic
cultures separately is that we determined the effect of hypoxia
on Cx43 by monitoring the Cx43-GFP signal in the same
culture before and after hypoxia.

Experimental model

Monitoring individual proteins in living cells has become
feasible due to the development of gene transfer techniques,
and by coupling the protein of interest to a fluorescence label
(e.g., GFP or YFP) (Jordan et al. 1999; Gaietta et al. 2002).
Importantly, in the present study we used a cytomegalovirus
promoter, which with the use of adenovirus resulted in
over-expression of Cx43, which in turn might affect the
electrophysiological properties of the cardiomyocytes. None-
theless, as shown in Fig. 2, activation and conduction prop-
erties were unaffected. These findings agree with previous
reports in NRVM demonstrating that only a relatively large
decrease (~50%) in the Cx43 amount affected conduction
velocity (Rohr et al. 1997, 2004). In contrast, in NRVM, 6 h
of pulsatile stretch caused dramatic upregulation of Cx43
(the Cx43 signal increased from 0.73 to 2.02% of the cell
area) paralleled by an increase in conduction velocity from
27 cm/s to 37 cm/s (Zhuang et al. 2000). Based on these and
on our own findings, it is reasonable to conclude that this in
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Figure 6. Comparison of the product of n x mean distance of non-
border Cx43-GFP from the border between cells, before and after
hypoxia. After exposure to 5 h of hypoxia, the # x mean distance of
non-border (from the border) Cx43-GFP was significantly higher
than in pre-hypoxia (n =9, " p < 0.05).

vitro experimental setting is suitable for testing the hypoth-
esis that hypoxia causes Cx43 internalization.

Hypoxia causes Cx43 internalization

To provide a more rigorous support to the hypothesis
that hypoxia causes migration of Cx43 from the gap junc-
tional area into the cell interior, we developed the means to
monitor in the same pair of cardiomyocytes, the changes in
Cx43-GFP distribution within the border and the non-bor-
der areas. The first step was to ascertain that the Cx43-GFP
signal indeed represents the native Cx43. As indicated by
the 3 calculated coefficient correlations, the native Cx43
(represented by the immunolabeled Cx43 protein) and
the GFP signals were co-localized. Next, to determine
quantitatively whether Cx43-GFP molecules migrated away
from the gap junctional areas, we defined for every cell pair
a “border area” and a “non-border” area; this procedure
enabled us to count (usinga MATLAB routine) the number
of GFP-Cx43 hot spots before and after hypoxia, thus pro-
viding an objective means to assess Cx43 internalization.
Using the border and non-border definitions, as shown
in Table 2, the mean distance of non-border Cx43-GFP
spots was higher post-hypoxia. To further estimate Cx43-
GFP internalization, we calculated the value of n x mean
distance (n = number of non-border hot spots), which was
much higher after exposure to hypoxia. Collectively, these
findings support the hypothesis that in this experimental
model hypoxia caused Cx43 internalization, an effect which
can contribute to the decreased conduction velocity by
hypoxic/ischemic conditions.
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Effects of hypoxia on Cx43

Several studies reported that hypoxia decreases conduction
velocity, and proposed that this can result from decreased
gap junctional conductance, a decrease in the content of the
Cx43 protein, a shift from the phosphorylated to the non-
phosphorylated state and/or Cx43 translocation (Beardslee et
al. 2000; Jain et al. 2003; Zeevi-Levin et al. 2005; Zhang et al.
2006). For example, ischemia caused Cx43 dephosphoryla-
tion and accumulation of non-phosphorylated Cx43 within
the gap junctions (Beardslee et al. 2000). Importantly, these
authors also demonstrated that hypoxia caused translocat of
Cx43 into cellular pods, an observation based on Western
blot analysis (which represents the total amount of Cx43 in
the cell) showing similar amounts of Cx43 in the pre-hypoxic
and post-hypoxic cultures, while the immunoflourescence
signal at the cell membrane was decreased. Hence, in con-
trast to our study, Beardslee and co-workers provided an
indirect support for the hypothesis that Cx43 undergoes
internalization during hypoxia. In this regards and in partial
disagreement with Beardslee et al., we found that after 5 h
of hypoxia in NRVM, total Cx43 protein was decreased by
50%, while the non-phosphorylated Cx43 isoform was un-
changed. Confocal analysis showed a 55% decrease in the gap
junctional Cx43 fluorescence signal, a 55% decrease in gap
junction number and a 26% decrease in size. The reduction
in Cx43 protein levels was associated with an approximately
20% decrease in conduction velocity compared to normoxic
cultures (Zeevi-Levin et al. 2005).

Study limitations

Although we showed that hypoxia causes Cx43-GFP inter-
nalization, there are several limitations to this technique
of monitoring the infected Cx43-GFP signal: 1) the new
constructed gene has a powerful promoter thus increasing
the amount of Cx43 produced, which may change the elec-
trical properties of NRVM. However, as shown in Fig. 2, at
the network level, propagation and activation did not differ
between control and infected cultures. 2) The biophysical
characteristics of Cx43-GFP may differ from the native Cx43.
Specifically, while the Cx43-GFP channel seems to lack the
low-conductance state seen in the native channel (Bukaus-
kas et al. 2001), the assembly and transport of Cx43-GFP
molecule are similar to those of the native channel (Jordan
et al. 1991; Falk 2000; Lauf et al. 2002).

In summary, in the present study we tested the hypoth-
esis that hypoxia causes Cx43 internalization, using in situ
confocal microscopy to monitor NRVM transfected with
Cx43-GFP, with each culture serving as its own control.
In support of this hypothesis, we found that compared to
normoxia, 5 h of hypoxia caused a reduction of the Cx43-
GFP signal at the gap junctional areas (border area) and an

increase in the Cx43-GFP signal in the non-border areas,
thus providing an additional explanation for the intercellular
uncoupling during ischemic conditions.
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