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Abstract

Aim: Gap junction intercellular communication (GJIC)

and hemichannel permeability may have important

roles during an ischemic insult. Our aim was to

evaluate the effect of ischemia on gap junction

channels and hemichannels. Methods: We used

neonatal rat heart myofibroblasts and simulated

ischemia with a HEPES buffer with high potassium,

low pH, absence of glucose, and oxygen tension was

reduced by dithionite. Microinjection, western blot,

immunofluorescence, cell viability and dye uptake

were used to evaluate the effects induced by

dithionite. Isolated perfused rat hearts were used to

analyse infarct size. Results: Short period with

simulated ischemia reduced the ability to transfer a

dye between neighbouring cells, which indicated

reduced GJIC. Prolonged exposure to simulated

ischemia caused opening of hemichannels, and cell

death was apparent while gap junction channels

remained closed. Connexin 43 became partially

dephosphorylated and the total amount decreased

during simulated ischemia. We were not able to detect

the alternative hemichannel-forming protein, Pannexin

1, in these cells. The potential importance of Connexin

43 or Pannexin 1 hemichannels in ischemia-induced

infarct in the intact heart was studied by perfusion of

the heart in the presence of peptides that block one

or the other type of hemichannels. The connexin-

derived peptide, Gap26, significantly reduced the

infract/risk zone ratio (control 48.7±4.2% and Gap26

19.4±4.1%, p<0.001), while the pannexin-derived

peptide, 10Panx1, did not change infarct/risk ratio.

Conclusion: Connexin 43 is most likely responsible

for both closure of gap junction channels and opening

of hemichannels during simulated ischemia in

neonatal rat heart myofibroblasts. Opening of

connexin 43 hemichannels during ischemia-

reperfusion seems to be an important mechanism for

ischemia-reperfusion injury in the heart. By preventing

the opening of these channels during early ischemia-

reperfusion the infarct size becomes significantly

reduced.
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Introduction

Gap junctions are specialized membrane areas with

structured aggregates of connexin proteins forming

intercellular channels connecting the cytoplasms of two

adjacent cells. In many tissues and cells, Connexin 43

(Cx43) is the predominant protein forming gap junction

channels. Under resting conditions, gap junction channels

are in an open state while hemichannels are predominantly

in a closed state, and their gating is regulated, among

other factors, by the phosphorylation status of the

connexins [1]. The presence of non-junctional

hemichannels located to the cell membranes has also been

proposed [1].

Due to the widespread occurrence of athero-

sclerosis, ischemic injury is a common cause of organ

dysfunction in humans, with the heart as an important

victim. Ischemia results in accumulation of metabolites

in the extracellular compartment in combination with

reduced oxygen supply. Anaerobic metabolism and lack

of flow cause severe intra- and extracellular acidosis.

The loss of high-energy phosphate compounds leads to

failure of membrane-based ion pumps resulting in increase

in extracellular potassium [2]. We have previously shown

that neonatal cardiac fibroblasts suffer time-dependent

viability loss as a consequence of ischemia-like culture

conditions [3]. These cells also respond to cardioprotective

strategies in the same way as cardiomyocytes [3, 4].

There might be differences in the regulation of Cx43

hemichannels and gap junction channels during ischemia.

Whereas metabolic inhibition opens Cx43 hemichannels

[5], ischemia induces closure of gap junction channels,

both when determined electrophysiologically [6] or by

transfer of gap junction-permeable dyes [3, 7]. Increased

cytosolic Ca2+ concentration, reduced ATP concentration,

changes in phosphorylation of Cx43, and acidification, all

occurring during ischemia, close gap junction channels

[8], whereas a decrease in extracellular Ca2+

concentration or changes in phosphorylation have been

described to open Cx43 hemichannels [1].

Hawat et al. [9] showed that Cx43 mimetic peptide

Gap26 given during ischemia and reperfusion protected

the heart against ischemia-reperfusion injury, and that this

protection was due to inhibition of opening of Cx43

hemichannels.

More recently, another group of channel proteins,

the pannexins, were discovered. Although there are

structural similarities between connexins and pannexins,

they appear to be two evolutionary distinct families [10].

In humans and other mammals there are three pannexins;

1, 2 and 3, where Pannexin 1 (Panx1) in particular forms

hemichannels [11]. Thompson et al. [12] showed that

ischemia opens neuronal Panx1 hemichannels. Panx1 is

also widely expressed in the body [13], making it a potential

candidate for hemichannel activities found in different

cells and organs. Karpuk et al. [14] showed that Panx1

mimetic peptide 10Panx1 can block Panx1 hemichannels

during inflammation in astrocytes.

The first aim of this study was to correlate the time

course of ischemia induced gap junction closure and

phosphorylation pattern of Cx43. Since Cx43 exists both

in gap junctions and in hemichannels the second aim was

to test hemichannel opening in ischemia using cell cultures

subjected to simulated ischemia and isolated hearts

subjected to regional ischemia in order to determine

hemichannel subtype and the role of these channels in

cell death.

Materials and Methods

Animals

Adult female pregnant and non-pregnant Wistar rats (250-

300g), from Charles River (Sulzfeld, Germany) were used in this

study. They were treated according to the Guidelines on

accommodation and care of laboratory animals by: The

European Convention for the protection of vertebrate animals

used for experimental and other scientific purposes (Council of

Europe No. 123, Strasbourg 1985). The Norwegian Committee

on Ethics in Animal Experimentation approved all procedures.

Before heart harvesting rats were anticoagulated by heparin

(200 IU per animal) and anesthetized with sodium pentobarbital

(100 mg kg-1) via intraperitoneal administration.

Chemicals and antibodies

Sodium dithionite (NaO
2
SSO

2
Na) was bought from Sigma

(St. Louis, MO). Three anti-Cx43 antibodies were used. The

rabbit polyclonal anti-Cx43 was from Sigma (C6219). This

antibody recognizes an epitope in the extreme C-terminal tail of

Cx43, and it is not affected by phosphorylations, and thus can

recognize all phosphovariants of Cx43. The mouse monoclonal

antibody 13-8300 was from Zymed (Carlsbad, CA). This

antibody was first reported to recognize only the

nonphosphorylated version of Cx43 [15], but was later shown

also to recognize some phoshorylated versions of Cx43 [16].

The antibody binds to a serine-rich epitope (positions 364-

373), and according to the supplier serine in position 368 must

be nonphosphorylated for recognition to occur. The rabbit

polyclonal phosphospecific anti-Cx43 antibody was from

Chemicon (AB3841; Temecula, CA). According to the supplier,

this antibody recognizes Cx43 when serine in position 368 is

phosphorylated. For simplicity, the three antibodies will be

called anti-Cx43 (C6219 from Sigma), anti-NP (13-8300 from

Zymed) and anti-pS368 (AB3841 from Chemicon). Two anti-
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Panx1 antibodies were used. Rabbit polyclonal anti-Panx1 was

from Millipore (AB9886; Billerica, MA) and goat polyclonal

anti-Panx1 from Santa Cruz (sc-49695; Santa Cruz, CA). A

monoclonal anti- -actin antibody (Sigma) was used for loading

control.

Cell cultures and incubation in modified HEPES buffer

Rat neonatal fibroblasts were isolated from the hearts of

1-2 day old pups by enzymatic dissociating as previous

described [3, 17]. Mass cultures were grown in Dulbecco’s

Modified Eagle’s Medium supplemented with glutamine and

10% fetal calf serum (Invitrogen) in a humid 5% CO
2
 atmosphere

at 37 C. Cells were maintained in culture until confluent.

To mimic ischemic conditions a HEPES buffer with

elevated K+, lowered pH and reduced oxygen content was used.

The modified HEPES buffer was freshly made for every

experiment and contained (in mM): 128 NaCl, 15.6 KCl, 0.5 MgCl
2
,

0.9 CaCl
2
, 20 HEPES, 20 lactate plus varying amounts of the

oxygen scavenger dithionite (0-2.5 mM). After addition of

dithionite in the given concentrations, pH was adjusted to 6.2

by addition of predetermined amounts of 0.2 M KOH, and

immediately added to the cells as described below. A blood gas

analyzer (Rapidlab 860, Chiron Diagnostics, Essex, UK) was

used to measure oxygen tension in the modified HEPES buffer.

Oxygen tension was measured at time 0, 15 min, 30 min, 60 min

and 90 min in three separate experiments (Fig. 1).

The experiments were performed two days after seeding

using nearly confluent cell monolayers. The growth medium

was removed, and the cells rinsed twice with modified HEPES

buffer containing the relevant concentration of freshly added

dithionite (0, 0.25, 0.75 or 2.5 mM), before adding the buffer for

a third time and leaving the cells at 37 C in a humid atmosphere

for 15, 30, 60, 90 or 120 min. The cells were then assayed as

described below.

Cell death/survival was measured by the CellTiter AQ
ueous

One Solution Cell Proliferation Assay (Promega; Madison, WI)

as described by the supplier. The assay measures the formation

of a formazan product in the presence of dehydrogenases and

NADH [2]. Cells were seeded in 96 well plates (15,000 cells/

well), and they were cultured for 48 h before use. The exposure

to modified HEPES buffer was done as described above. At the

end of the exposure period, the cells were gently washed twice

in PBS before adding 100 μl DMEM (without serum) and 20 μl

CellTiter solution, followed by 2 h incubation at 37 C in a

humid 5% CO
2
 atmosphere. The medium (100 l) was then

transferred to another 96 well plate, and absorbance read at 492

nm. Cells that had not received any modified HEPES buffer

indicated the relative cell viability of 1. The absorbance in wells

without cells, but with medium (without serum) and CellTiter

solution, was subtracted from all the other measurements. The

data are presented as relative cell viability, and the experiment

was done five times.

Dye transfer and hemichannel opening

Gap junction intercellular communication (GJIC) was

assessed by microinjection of Lucifer Yellow (LY; 10% solution

in water; Sigma) into single cells. Five minutes after injection,

the cells were fixed in 4% formaldehyde in phosphate-buffered

saline (PBS), and the number of dye-containing cells was

counted.

Hemichannel opening was assayed by adding LY to the

modified HEPES buffer during the last 2 minutes of incubation.

One ml buffer was transferred from the dish into a tube, and 10

μl of 10% LY was added to the tube followed by mixing. The

remaining buffer was removed from the dish, and the LY-

containing buffer was gently added to the dish. After 2 min of

incubation, the dishes were gently rinsed twice in PBS before

fixation in 4% formaldehyde. After 30 min, the cells were

incubated for 5 min in 0.1% Triton X-100 in PBS for

permeabilization, followed by 30 min incubation with 5 nM DAPI

in PBS. The dishes were then rinsed three times in PBS before

five randomly selected areas in each dish were photographed

to reveal LY and DAPI. The number of nuclei stained by DAPI

was taken as the total number of cells. LY uptake in endosomes

could be seen as small dots, and was easily distinguished from

uptake of LY through hemichannels, where the dye was

uniformly spread out in the whole cell. The experiments have

been done four times under identical conditions.

Western blotting

Cells were treated as described above. Samples were

prepared by scraping the cells into electrophoresis sample

buffer, followed by sonication. The samples were run on 7.5%

polyacrylamide gels, and blotted onto nitrocellulose membranes.

The different conditions have been examined at least three

times, although all conditions have not been examined in every

experiment.

Connexin 43

The membranes were blocked in 2% skimmed milk in Tris-

buffered saline (TBS) for 1 h for anti-Cx43 and anti-NP, or in

0.1% Tween-20 in TBS (TBS-T) for anti-pS368. The membranes

were probed with antibodies diluted in 0.4 % skimmed milk or

0.025% Tween-20 in TBS (1000-, 500-, 500 and 1000-fold dilutions

Fig. 1. Oxygen tension in modified HEPES buffer with different

concentrations of dithionite over time. Modified HEPES buffer

without dithionite (open circle), and with 0.25 mM (grey triangle),

with 0.75 mM (grey diamond) and with 2.5 mM dithionite (filled

square).

Ischemia Closes Gap Junction Channels and Opens Hemichannels Cell Physiol Biochem 2011;28:103-114
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for anti-Cx43, anti-pS368, anti-NP and anti- -actin, respectively)

for 1 h, rinsed three times in TBS-T, before incubation with the

relevant HRP-conjugated secondary antibodies (BioRad;

Hercules, CA; 50,000 fold dilution in 0.4% skimmed milk or

TBS-T) for 1 h. The antibodies were detected by

chemiluminescence (Pierce; Rockford, IL).

Pannexin 1

After blocking for 1 h in 5% skimmed milk in TBS-T, the

membrane was probed overnight at 4 C with anti-Panx1 (1:2000,

Millipore) or anti-Panx1 (1:1000, Santa Cruz) in 3% skimmed

milk in TBS-T. Following washing in TBS-T, the membrane was

probed for 1 h at room temperature with HRP-conjugated anti-

rabbit antibody (1:2000, CST) in 3% blocking buffer. After

washing in TBS-T, Panx1 was visualized by chemiluminescence

(Millipore).

Immunofluorescence

The cells were fixed in 4% formaldehyde in TBS for 30 min,

before 5 min permeabilization in 0.1% Triton X-100 in TBS. The

cells were blocked in bovine serum albumin (10 mg/ml in TBS)

for 1 h. Anti-Cx43 (1:500), anti-pS368 (1:100) or anti-NP (1:100)

were diluted in blocking solution and incubated for 1 h. After

washing three times in TBS, the cells were incubated in anti-

rabbit or anti-mouse secondary antibodies conjugated to

Alexa488 (Molecular Probes; 1:1000 dilution in blocking

solution) for 1 h. The samples were rinsed five times in TBS

before mounting in Mowiol mounting medium.

Isolated perfused rat heart, infarct size measurements

Hearts from adult female Wistar rats were isolated and

perfused in Langendorff mode [18]. Coronary flow rate (ml/

min) was measured by timed collection of the coronary effluent

and left ventricular pressure measured by the aid of an

intraventricular balloon connected to a pressure transducer.

All hearts were subjected to regional ischemia for 30 min,

followed by 120 min reperfusion. Infarct measurements were

performed using triphenyltetrazolium chloride (TTC) staining

in combination with Evans blue for ischemic risk zone size

determination as described elsewhere [18]. Necrotic tissue

remained unstained while non-infarcted tissue was stained red

by TTC. Stained x 2 mm thick sections were digitally analysed

by ImageJ (ImageJ 1.44m, USA). Volumes were calculated as

area x 2 mm, and infarct size was expressed as the percentage of

infarct tissue volume within the ischemic risk zone volume.

Hearts were excluded from further study if they failed to produce

a left ventricular developed pressure greater than 60 mmHg

during stabilisation, or they had a coronary flow rate outside

the range 8-18 ml/min.

Hearts were divided into three groups: (i) Controls (n=6)

were subjected to 25 min stabilisation followed by 30 min of

regional ischemia and 120 min reperfusion. (ii) The second group

received 0.5 μM Gap26, a Cx43 mimetic peptide (Anaspec, CA)

(n=6), which was added from the last 2 minutes of ischemia to

10 min into reperfusion. (iii) The third group received 0.5 μM
10Panx1, a Panx1 mimetic peptide (Anaspec, CA) (n=4), which

was added from the last 2 minutes of ischemia to 10 min into

reperfusion.

Fig. 2. Cell toxicity after exposure to modified HEPES buffer

with/without dithionite. The cells were gently rinsed twice in

PBS, and 100 μl DMEM and 20 μl CellTiter solution were added.

The cells were incubated for 2 h before the formation of

formazan was measured at 492 nm. The relative cell viability/

activity of 1.00 corresponds to cells that have not received

modified HEPES buffer. Significant difference (*p < 0.01) were

found for 2.5 mM dithionite vs. the corresponding modified

HEPES buffer [0 mM dithionite] at 90 and 120 min. Modified

HEPES buffer without dithionite (open bar), and with 0.25 mM

(light grey bar), 0.75 mM (dark grey bar) and with 2.5 mM

dithionite (black bar).

Fig. 3. Dithionite inhibits dye transfer in neonatal rat heart

myofibroblasts. The control cells were in growth medium during

the microinjections, and had not been exposed to modified

HEPES buffer. The control cells had 12.71 ± 0.46 dye-containing

cells per microinjection (mean ± SEM, n = 78 microinjections).

All other points shown in the diagram are based on n = 42-58

microinjections. Significant difference (p < 0.001) were found

for 0.75 mM and 2.5 mM dithionite at 30, 60, and 90 min, and for

0.25 mM at 120 min. Modified HEPES buffer without dithionite

(open circle), and with 0.25 mM (grey triangle), 0.75 mM (grey

diamond) and with 2.5 mM dithionite (filled square).

Statistical analysis

Data are expressed as mean ± SEM. Statistical differences

in cell culture-studies were evaluated by using Mann-Whitney

test or Kruskal-Wallis with Dunn’s post-test. One-Way ANOVA

Johansen/Cruciani/Sundset/Ytrehus/MikalsenCell Physiol Biochem 2011;28:103-114
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with Holm-Sidak post-test was used for comparing isolated

perfused rat hearts. A value of P<0.05 was accepted as

statistically significant.

Results

Cell viability in cell cultures

With respect to cell viability, up to 2 h exposure with

modified HEPES buffer without dithionite did not affect

the formation of the formazan product. A significant

decrease was only observed after exposures to the

highest concentration of dithionite (2.5 mM) and the

longest exposure times (90 to 120 min) (Fig. 2). Dithionite

is a scavenger of oxygen and it therefore rapidly

decreases the oxygen tension in the solution [19, 21]. As

shown in Fig. 1, 0.75 and 2.5 mM dithionite immediately

removed all oxygen from the buffer, but already at 60

minutes, the oxygen tension was back at control level.

Thus, the decrease in oxygen tension was transient, but

significant cell death could be demonstrated.

Gap junction intercellular communication

When dye transfer was assessed by microinjection

of Lucifer Yellow into single cells in a confluent monolayer

cultured in growth medium, 12.71 ± 0.46 (mean ± SEM,

n = 78 microinjections) dye-containing cells/microinjection

were observed. This level of dye transfer was maintained

during 2 h in the modified HEPES buffer without dithionite

added (Fig. 3). Thus, the low pH and elevated potassium

in the buffer did not affect dye transfer to any appreciable

degree. The cells were exposed to 0.25, 0.75 or 2.5 mM

dithionite for up to 2 h. The lowest concentration of

dithionite had a moderate effect on dye transfer, inhibiting

dye transfer by 30% at 1 to 2 h. The two highest

concentrations of dithionite showed a pronounced

inhibition of dye transfer at 30 minutes which were

maintained throughout the exposure period. The results

thus showed that the dithionite-induced decrease in dye

transfer occurred before the reduction in cellular viability

as measured by formazan generation. In this setting, it is

therefore not reduced cell viability per se that caused

decrease in dye transfer.

Fig. 4. Hemichannel opening in neonatal

myofibroblasts induced by dithionite. Cells exposed

to modified HEPES buffer and different

concentrations of dithionite for 2 h before addition

of Lucifer Yellow during the last 2 min of incubation.

A) 0 mM dithionite, B) 0.25 mM dithionite, C) 0.75

mM dithionite, D) 2.5 mM dithionite, E) 2.5 mM

dithionite for 2 h with 2 mM heptanol 10 min before

addition of LY and F) LY uptake in percent of total

cells with different concentration of dithionite over

time. Modified HEPES buffer without dithionite

(open circle), and with 0.25 mM (grey triangle), 0.75

mM (grey diamond) and with 2.5 mM dithionite (filled

square). Significant differences were (p < 0.01) were

found for 90 and 120 min exposures to 2.5 mM

dithionite vs. modified HEPES buffer alone.

Ischemia Closes Gap Junction Channels and Opens Hemichannels Cell Physiol Biochem 2011;28:103-114
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Hemichannels

We observed an increasing number of unsuccessful

microinjections as a function of exposure time to, and

concentration of, dithionite. We therefore asked whether

this observation could have been caused by the opening

of hemichannels. Consequently, we added LY to the

modified HEPES buffer during the last two minutes of

incubation, and quantified the number of LY-containing

cells after fixation. Control cells incubated in modified

HEPES buffer alone often had a large number of small

vesicular structures, presumably early endosomes, labelled

by LY during the 2 min incubation. This could easily be

distinguished from the uniform uptake of LY into the whole

cell (Fig. 4A-D). An increase in cells with a uniform

labelling with LY was observed for cells exposed to

dithionite, depending on time and concentration (Fig. 4A-

D). Thus, hemichannels open upon exposure to high

concentrations of dithionite, and this opening occurred in

parallel with loss of cell viability. We have recently showed

that pre-treatment with heptanol is cardioprotective

A

B

Fig. 5. A) Dithionite affects the

phosphorylation status of Cx43.

The cells were exposed to modified

HEPES buffer and dithionite as

indicated (0 mM to 2.5 mM

dithionite). Modified HEPES buffer

without dithionite (open bar) n=4,

and with 0.25 mM (light grey bar)

n=2, 0.75 mM (dark grey bar) n=4

and with 2.5 mM dithionite (black

bar) n=4. Figure 4A I-IV shows

densitometric quantification and

results are normalised to 30 min

modified HEPES buffer with 0 mM

dithionite. I) Total Cx43 as detected

by anti-Cx43 from Sigma, II) “Non-

phosphorylated” Cx43 as detected

by monoclonal antibody from

Zymed, III) Phosphorylated Cx43

as detected by polyclonal

phosphospecific anti-Cx43

antibody from Chemicon, IV)

representative Western blots. The

control cells were not exposed to

modified HEPES buffer. Upper

panel, anti-Cx43; second panel,

anti-NP; and third panel, anti-

pS368. Note the change in

phosphorylation status of Cx43 as

indicated by the three Cx43

antibodies. This is described in

more detail in the text. Also note

the shadow above Cx43, e.g. at 0.75

and 2.5 mM dithionite at 30 min

exposure. B) Detection of potential

degradation intermediates of Cx43.

Acrylamide was increased to 12%,

and 2x2 pixel binning and long

exposure times were used to

capture the images. The shadow

above Cx43 can be resolved into

several distinct bands. In addition,

two shorter anti-Cx43 reactive

bands were detected at around 23 and 20 kDa. Each of the two bands could be seen as a double band. Note that the 23 kDa band

disappeared with increasing concentration of dithionite.

Johansen/Cruciani/Sundset/Ytrehus/MikalsenCell Physiol Biochem 2011;28:103-114
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against ischemic injury and that heptanol increases time

to mitochondrial permeability transmission pore opening

[22]. By adding 2 mM heptanol 10 min before LY-

exposure we prevented LY uptake into the cells (Fig. 4E).

Also, Gap26 100 μM reduced the number of LY-containing

cells by 67% and 85% in two separate experiments, while
10Panx1 100 μM did not change the amount of LY-

containing cells (data not shown). This result indicates

that LY uptake into these cells is regulated and that this

regulation probably is through Cx43 hemichannels.

Western blot

Modified HEPES buffer alone minimally affected

Cx43 band pattern over a period of 2 h as detected by an

antibody that recognizes all phosphorylated variants of

Cx43 (Fig. 5A I). Cx43 showed two major bands,

corresponding to P0 and P1, and a weaker band

corresponding to P2. Two other anti-Cx43 antibodies, anti-

NP and anti-pS368, both recognizing overlapping epitopes

close to the C-terminal tail, were also used (Fig. 5A II,

III). The former antibody mainly recognizes the

nonphosphorylated version of Cx43, the latter antibody

recognizes Cx43 when it is phosphorylated at S368. Thus,

in case of any changes in the phosphorylation of the

epitope, it would be expected that the two antibodies should

show opposite responses. The exposure to 2.5 mM

dithionite caused a pronounced decrease in the intensity

of the P1 version of Cx43 already at 30 min. Concurrently,

there was an increased recognition of Cx43 by the anti-

NP antibody, and a clear decrease in recognition of Cx43

by anti-pS368. Only small changes were seen in the

intensity of the P1 band (data not shown) when dithionite

was added to serum-free medium. Thus, the combination

of modified HEPES buffer and dithionite is needed for

the effect, and some of the changes in phosphorylation

are occurring in a serine-rich area close to the C-terminal

tail of Cx43 as indicated by the opposite responses of

anti-pS368 and anti-NP.

The amount of Cx43 appeared to decrease with

increasing concentration of dithionite and increasing

exposure time (Fig. 5A I). Ubiquitin- and proteasome-

dependent degradation of Cx43 has received some

attention [23-25] in addition to lysosomal degradation [26,

27], but also a more direct proteolytic action on Cx43

embedded into the plasma membrane or Golgi membrane

is possible. This could be of importance, as experimental

expression of the Cx43 C-terminal tail in cultured cells

may have functional consequences (see Discussion). We

therefore analyzed the samples using 12% polyacrylamide

gels. Upon extended periods of image-capturing, and with

Ischemia Closes Gap Junction Channels and Opens Hemichannels

Fig. 6. Panx1 is expressed in heart left ventricle, but is not

detected in neonatal rat heart myofibroblasts. Fig. 6 shows a

representative blot with anti-Panx1 from Millipore. FB, neonatal

rat heart myofibroblasts; LV, left ventricle from rat heart. Ladder,

FB and LV are from the same gel. The corresponding Ponceau

S-stained Western membrane is pasted below the blot to show

that there are loaded higher amounts of protein in FB than in

LV.

binning of pixels to increase the sensitivity, two fast-

migrating double bands at 23 and 20 kDa were detected

by anti-Cx43 (Fig. 5B). Densitometric quantification

indicated that the 23 and 20 kDa bands constituted from

0.5% to a maximum of 2% of total amount of Cx43. The

upper 23 kDa double band weakened upon exposure to

dithionite, while there was a tendency for increased

intensity of the lower band. Modified HEPES buffer alone

minimally affected the two bands. Thus, dithionite

appeared responsible for changing the relative amount of

the two fast migrating bands.

The extended exposure time for the images also

revealed a ladder-like pattern in the slow-migrating Cx43

versions visible as a shadow in Fig. 5A IV. The pattern

could be due to ubiquitination. The modified HEPES buffer

alone caused an apparent decrease in slow-migrating

forms, which was reversed by the addition of dithionite.

The highest amount of slow-migrating forms was seen at

60 min exposures to 0.75 or 2.5 mM dithionite.

Recent work in astrocytes has suggested that

hemichannel opening in response to hypoxia could in fact

be pannexins [12]. In order to exclude the possibility that

Panx1 hemichannels were involved in the increased

uptake of Lucifer Yellow under ischemic conditions we

used Panx1 antibodies to test for the presence of Panx1

Cell Physiol Biochem 2011;28:103-114
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in protein extracts from neonatal myofibroblasts. Although

the presence of Panx1 was confirmed in homogenates

of rat heart tissue, no reactivity could be detected in the

neonatal cardiac myofibroblasts (Fig. 6). The result

suggests that neonatal rat heart myofibroblasts do not

have Panx1 hemichannels, and this further supports the

finding that 10Panx1 did not affect LY-uptake through

hemichannels.

Immunofluorescence

The neonatal cardiac fibroblasts showed relatively

strong staining of Cx43 in Golgi-like structures in most

cells, in addition to a number of relatively small spots

located in or close to the cell membrane (Fig. 7A).

Presumably, these spots are gap junction plaques. Many

cells had numerous intracellular spots, presumably vesicles

transporting Cx43 to the cell membrane, or internalized

gap junctions destined for degradation. However, the

growth pattern of these cells was quite unordered in that

the cells showed extensive overlapping, which several

times could make it difficult to clearly define spots as

intracellular or not. Modified HEPES buffer alone caused

a slight decrease in staining intensity of Cx43 in some

cells over a period of 120 minutes, but this did not appear

as a general effect. In contrast, the high concentrations

of dithionite (2.5 mM) in modified HEPES buffer caused

a decrease in staining intensity of Cx43 in most cells at

30 to 60 minutes of exposure.

As Western blots showed that the amount of Cx43

had decreased only slightly relative to unexposed control

or cells exposed to modified HEPES buffer alone, these

results may indicate a partial epitope masking. On the

other hand, the low intensities of immunofluorescent

staining of Cx43 at long exposure times (90 to 120 min)

and high concentrations of dithionite (0.75 and 2.5 mM)

are consistent with the decrease in amount of Cx43 in

Western blots. Thus, the exposure to dithionite in modified

HEPES buffer caused epitope masking, Cx43 degradation

and an apparent redistribution of Cx43, depending on the

concentration of dithionite and the exposure time (Fig.

7).

Triggered by the changes in Cx43 phosphorylation

in Western blots detected by anti-pS368 and anti-NP, we

also used these antibodies for immunofluorescent analysis

of Cx43 localization. Anti-pS368 showed unexpectedly

poor recognition with only a few spots in a few cells,

even in unexposed control cells (not shown). The spots

seemed to be located both along the cell-cell border and

intracellularly. The low recognition of Cx43 even in

unexposed control cells by anti-pS368 was surprising, as

Johansen/Cruciani/Sundset/Ytrehus/Mikalsen

Fig. 7. A) Immunofluorescence of Cx43 in control neonatal myofibroblasts. The antibody recognizes all phosphovariants of

Cx43. Note the well developed perinuclear staining (presumably in or close to the Golgi), the numerous small gap junction plaques

at the cell-cell borders (apposing arrowheads), and vesicles in the cytoplasm (single arrowhead). The nuclei have been stained

by DAPI. B) Immunofluorescence of Cx43 in neonatal myofibroblasts exposed to 0.75 mM dithionite for 90 min. The

immunofluorescence staining of Cx43 has been enhanced in Photoshop. Note that most of the cells have relatively diffuse

localization of Cx43 in the Golgi area (large arrows), and that gap junctions along the cell-cell borders often form longer structures

(apposing arrowheads) than in control cells. Also some diffuse structures containing Cx43 are sometimes found close to the

plasma membrane (single arrowhead). The nuclei have been stained by DAPI. C) Recognition of Cx43 by anti-NP in neonatal

myofibroblasts exposed to 0.75 mM dithionite for 120 min. Note the major part of immunorecognition is located in or close to the

plasma membranes, often in relatively long structures (apposing arrowheads), and with very little recognition in the perinuclear

area. The nuclei have been stained by DAPI.
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Fig. 8. Infarct size in isolated rat hearts expressed as percentage

of  ischemic risk volume. Control (light grey), Gap26, Cx43

mimetic peptide (dark grey), 10Panx1, Pannexin1 mimetic peptide

(black). *P<0.05, significant difference compared to control.

a relatively strong band was found in Western blots (Fig.

5A). This might suggest epitope masking, either by the

three-dimensional folding of Cx43 or by binding of other

molecules to Cx43.

Consistent with the results obtained in Western blots,

anti-NP showed poor recognition in unexposed control

cells and in cells exposed to modified HEPES buffer alone.

Only a low number of cells showed a few spots (not

shown). After 90-120 min of exposure to 0.75 or 2.5 mM

dithionite some cells showed a staining distributed along

the membrane (Fig. 7C), sometimes in more or less diffuse

aggregates close to the cell membrane or intracellularly,

similar to the observation in cells analyzed by anti-Cx43

(Fig. 7B). Thus, this could suggest that at least a part of

the Cx43 is dephosphorylated while present in the plasma

membrane. Potentially, this could also be the signal for

the redistribution from the small gap junction plaques seen

in control cells (Fig. 7A) to the longer plaques seen in

exposed cells (Figs. 7B and C).

Infarct size in perfused hearts

There were no statistically significant differences in

ischemic risk zone volumes between the tree groups.

Addition of Gap26 resulted in a significant reduction in

infarct size compared to controls (infarct in % of risk

zone volume 48.7±4.2% vs. 19.4±4.1%, p<0.001).

Treatment with 10Panx1 did not reduce infarct size

compared to controls (48.7±4.2% vs. 52.6±5.7%, ns) (Fig.

8). There were no significant differences in coronary flow,

heart rate and left ventricle developed pressure (LVDP)

at baseline or at the end of the experiment between

intervention groups and control.

Discussion

In the present work, we used neonatal rat heart

myofibroblasts to evaluate the effect of ischemia-like

culture conditions (high potassium, low pH and reduced

oxygen) on gap junctional communication between cells.

The main findings were that ischemia-like conditions

caused the gap junction channels to shut down the transfer

of a dye to the neighbouring cells. In addition, Cx43 became

partially dephosphorylated and the amount decreased.

One possibility consistent with our data is that an ubiquitin-

induced degradation of Cx43 takes place. Upon prolonged

exposure to simulated ischemic conditions, hemichannels

opened and cell death was apparent while the complete

gap junctional channels remain closed. Consistent with

Cx43 being the channel forming protein we could limit

infarct size by preventing opening of Cx43-hemichannels

at reperfusion after regional ischemia. Also, we were not

able to detect the alternative hemichannel forming protein

Panx1 in the cultured cells, and Panx1 hemichannel

inhibitor did not change infarct size.

The simulated ischemia rapidly inhibited GJIC

between neonatal rat myofibroblasts. Within the same

timeframe changes could be seen with the two antibodies,

anti-NP and anti-pS368. The two antibodies are said to

detect the same epitope in nonphosphorylated and in

phosphorylated form, respectively. As could be expected,

the two latter antibodies showed opposite responses, and

the loss of detection by anti-pS368 partly correlates with

the loss of GJIC. Thus, the two phospho-sensitive

antibodies more easily detect changes in phosphorylation

of the relevant epitope of Cx43 than the antibody that

recognizes all forms of Cx43. One reason for this is that

several phosphorylation variants may have the same

migration rate during SDS-PAGE. E.g., the Cx43 variants

recognized by anti-NP and by anti-pS368 migrate at the

same position [16, 28] (and data not shown). The reason

for the change in phosphorylation of Cx43 could be the

action of protein phosphatases, maybe in concert with

Cx43 degradation and synthesis. It was previously shown

that several of the major protein phosphatases could

dephosphorylate Cx43 in a cell-free system [29] and

PP2B has been implicated in cellular responses to hypoxia

in the brain [30]. The present results strongly suggest

that some of the dephosphorylations occur in the repetitive

sequence (positions 364-373) close to the C-terminal tail

of Cx43. This area may be of high importance for the
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opening and the closing of the channels [31, 32]. Of special

interest is that the suggested major protein kinase C

phosphorylation site is S368, positioned in the middle of

the repetitive sequence. Protein kinase C is involved in

ischemic preconditioning effect in the heart [33], and

previous results have shown that preconditioning delays

the dephosphorylation in cardiac myocytes in culture [3].

Thus, dephosphorylation may occur because the balance

of activity between phosphatases and protein kinase C

has been displaced in favour of the phosphatases.

Simulated ischemia caused a decrease in Cx43

amount. Several mechanisms could be involved in the

decrease of Cx43, including decreased translation and

increased degradation. Both proteasomal and lysosomal

degradation have previously been implicated in Cx43

turnover [23-27]. Although we have not studied this in

more detail, the ladder pattern above the main Cx43 bands

is consistent with ubiquitination. Some of the samples

clearly indicated four slow migrating bands above the P1-

P2 area. It was evident that dithionite added to modified

HEPES increased the amount of the slow-migrating

versions relative to modified HEPES buffer alone. At 2.5

mM dithionite and long exposure periods (60 min or more),

the slow-migrating forms collapsed into one major slow-

migration form, possibly containing only one ubiquitin.

Ubiquitin-induced degradation of Cx43 might thus explain

the decrease in the amount of Cx43 protein evident in

Western blots after exposure to dithionite. In contrast to

some previous studies [24, 34], ubiquitination appears to

be induced by loss of phosphorylation and not by increased

phosphorylation of Cx43. Our results do not give any

information of the Cx43 isoform that becomes

ubiquitinated, but with the low amounts of the P2 form,

we believe it is likely that the NP or the P1 forms are the

substrates for the conjugation. The role of protein

ubiquitination, and more specifically Cx43 ubiquitination,

in ischemic injury in the heart or in heart-derived cells is

not clarified in detail. Recently Zhang et al [35] showed

that preconditioning was associated with a marked

reduction of ubiquitin-conjugated protein aggregation after

cerebral ischemia in mice.

Anti-Cx43 detected a low amount of two fast-

migrating (20 and 23 kDa) double bands in the Western

samples. Recently, evidence was found for the presence

of an approximately 20 kDa form of the C-terminal tail in

several other systems [36, 37], and its presence was not

due to accidental proteolytic activity during sample

preparation [36]. Experimental expression of the C-

terminal tail has revealed that this domain of Cx43 might

have growth-regulatory properties independent of the

channel functions of the intact protein [37-39]. However,

in some contrast to the other groups [36, 37], we find two

double band versions of the C-terminal tail. Each of the

double bands is presumably due to variable

phosphorylation. As the intact Cx43 may become

ubiquitinated, the two fast-migrating variants could be due

to the conjugation of one ubiquitin molecule to the C-

terminal tail. However, we do not find this likely, as ubiquitin

is around 8 kDa, and would probably have resulted in a

larger difference in migration of the two variants. The

other main possibility is that these are two cleavage

variants of the C-terminal tail. Whether the presence of

the free C-terminal tail in low amount in the cell has some

biological functions remains to be seen, but it is intriguing

that degradation of the 23 kDa form is induced by the

ischemic buffer, while the 20 kDa form is not degraded.

As the intensity of the 20 kDa form is increasing when

the 23 kDa form disappears, it is possible that this is

caused by an N-terminal cleavage of the 23 kDa form to

generate the 20 kDa form. If the cleavage had been C-

terminal, recognition by the anti-Cx43 antibody should have

been lost.

The immunofluorescence experiments indicated

some redistribution of Cx43 in the cells. The mechanism

could be similar to acute Cx43 remodelling observed in

the heart [3]. At the same time, epitope masking was

observed. The two most likely explanations for epitope

masking are other proteins binding to Cx43 covering the

relevant epitope, or a spatial change in conformation that

hides the epitope. The present experiments cannot

distinguish between the two alternatives. It is tempting to

speculate that there could be a connection between

redistribution and epitope masking, e.g., by cytoskeletal

proteins binding to Cx43 [40]. The cytoskeleton could

also be responsible for the internalization of the gap

junctions as annular junctions [41].

A remarkable, but not unique [5], observation is the

opposing regulation of the complete channels and the

hemichannels. Previous work has assumed the

hemichannels simply are connexons not assembled into

gap junction plaques, and Cx43 has been pointed out as a

major source of hemichannels [1, 5, 42]. One of the

arguments in favour of Cx43 hemichannels is that the

hemichannel activity is sensitive to gap junction blockers

[5]. However, this does not explain why other gap junction

blocking situations, like ischemia, should have differential

effects on complete channels and hemichannels. Only a

few years ago, another family of gap junction proteins,

the pannexins, was detected in mammals [43]. Later work

has shown that pannexins have a strong propensity for
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making hemichannels, and not complete channels [44, 45],

although recent work may make the image more complex

[46]. Furthermore, astrocytes exposed to hypoxia open

hemichannels [5], and the pannexin hemichannels are

sensitive to at least some of the agents that block connexin

channels, like CO
2
[44] and carbenoxolone [43]. Although

it has been largely assumed that these hemichannels

consisted of Cx43, recent work has suggested that they

could in fact be pannexins in astrocytes [12]. Western

blot with two different antibodies was used to test whether

Panx1 could be detected in neonatal rat heart fibroblasts.

We were not able to demonstrate Panx1 expression or

blockade of hemichannel opening in these cells. 10Panx1,

a Panx1 hemichannel blocker, did not have a

cardioprotective effect. Therefore we conclude that both

dye uptake after prolonged simulated ischemia and

ischemia-reperfusion injury are due to opening of Cx43

hemichannels and not Panx1 hemichannels.

An important question that the present data cannot

answer is if the observed effects in cell cultures are only

due to the initial low oxygen tension in the medium or

potential other parameters. The rapid inhibition of dye

transfer might be due to the low oxygen tension, but the

sustained low level of dye transfer is not, as the reversal

of this response was much slower than the reversal of

the oxygen tension. Low pH plus high potassium do not

cause these effects. Dithionite is known to reduce ATP

production [19], which may affect the kinase/phosphatase

balance. Furthermore, dithionite has reducing capacity,

and could affect e.g. disulfide bonds. Certain protein

tyrosine phosphatases are redox sensitive which will have

impact for the activity of the kinases that they control

[47]. Alternatively, Cx43 itself might be the direct target

for dithionite due the disulfide bridges in the extracellular

loops, a conserved characteristic of the connexin family.

Thus, multiple mechanisms could act together to give the

observed effects. With the highest dose, 2.5 mM dithionite

and 2 h of exposure, the dye injection experiments often

failed. Although some cells showed morphological

changes, possibly due to toxic effects, toxicity per se does

not necessarily cause decreased GJIC [48]. We know

that neonatal cardiac myofibroblasts also express connexin

45 (data not shown), and can not exclude that these

channels may affect GJIC and hemichannel opening.

In conclusion, these data indicate that ischemia have

opposite effects on hemichannels and functional gap

junctional channels. Hemichannel opening occurs in

parallel with reduction in cell viability, and by preventing

opening of Cx43-hemichannels in the early ischemia-

reperfusion period infarct size is reduced. A better

understanding of the molecular mechanisms involved in

hemichannel opening could help to develop a treatment

that decreases the cellular injuries at reperfusion after

ischemic attacks. Cx43-hemichannel opening plays an

important role in the pathophysiology during early

ischemia-reperfusion injury, and it is possible to reduce

this injury by prevent opening of Cx43-hemichannels

during early ischemia-reperfusion.
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