
Gap junctional communication promotes apoptosis in
a connexin-type-dependent manner
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Gap junctions (GJs) have been described to modulate cell death and survival. It still remains unclear whether this effect requires
functional GJ channels or depends on channel-independent effects of connexins (Cx), the constituents of GJs. Therefore, we
analysed the apoptotic response to streptonigrin (SN, intrinsic apoptotic pathway) or to a-Fas (extrinsic apoptotic pathway) in
HeLa cells expressing Cx43 as compared with empty vector-transfected (CTL) cells. Apoptosis assessed by annexin
V-fluorescein isothiocyanate/propidium iodide staining was significantly higher in HeLa-Cx43 compared with HeLa-CTL cells.
Moreover, the cleavage of caspase-7 or Parp occurred earlier in HeLa-Cx43 than in HeLa-CTL cells. Comparative analysis of the
effect of two further (endothelial) Cx (Cx37 and Cx40) on apoptosis revealed that apoptosis was highest in HeLa-Cx43 and lowest
in HeLa-Cx37 cells, and correlated with the GJ permeability (assessed by spreading of a GJ-permeable dye and locally induced
Ca2þ signals). Pharmacologic inhibition of GJ formation in HeLa-Cx43 cells reduced apoptosis significantly. The role of GJ
communication was further analysed by the expression of truncated Cx43 proteins with and without channel-forming capacity.
Activation of caspases was higher in cells expressing the channel-building part (HeLa-Cx43NT-GFP) than in cells expressing the
channel-incompetent C-terminal part of Cx43 (HeLa-Cx43CT-GFP) only. A hemichannel-dependent release and, hence, paracrine
effect of proapoptotic signals could be excluded since the addition of a peptide (Pep)-blocking Cx43-dependent hemichannels
(but not GJs) did not reduce apoptosis in HeLa-Cx43 cells. Treatment with SN resulted in a significant higher increase of the
intracellular free Ca2þ concentration in HeLa-Cx43 and HeLa-Cx43NT-GFP cells compared with HeLa-CTL or HeLa-Cx43CT-GFP
cells, suggesting that Ca2þ or a Ca2þ -releasing agent could play a signalling role. Blocking of inositol triphosphate receptors
reduced the SN-induced Ca2þ increase as well as the increase in apoptosis. Our observations suggest that Cx43 and Cx40 but
not Cx37 promote apoptosis via gap junctional transfer of pro-apoptotic signals between cells.
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A growing body of evidence shows that connexins (Cx) are
able to modulate essential cellular processes such as
proliferation, differentiation and migration. Likewise, survival
and apoptosis have been shown to be partially Cx-dependent
processes.1–3 However, it remains unclear whether Cx exert
their functions in a manner which is dependent on their ability
to form gap junction (GJ) channels or whether channel-
independent properties of Cx play a role such as that
observed in cell migration and proliferation.4–7 This question
is still controversially discussed. There are a few studies
suggesting that Cx, and in particular Cx43, have effects on cell
death and survival by mechanisms independent of gap
junctional communication. Most of these effects have been
related to the potential role of hemichannels that may allow the
passage of proapoptotic or survival factors from the intracel-
lular to the extracellular space or vice versa.8–12 Alternatively,
regulatory effects of Cx were found to play a role in pro- and
antiapoptotic genes.1 DNA arrays of Cx43-null and wild-type
mice indeed showed clear differences in gene expression.13

For example, in Cx43-expressing glioblastoma cells, a

decreased expression of bcl-2 has been described, and a
suppression of Src activity was observed in Cx43-expressing
malignant mesothelioma cells.14,15 Moreover, the intracellular
localisation of Cx43 at the mitochondrial16–19 or nuclear20

membranes has been shown to have a role in this context.
Other reports refer to a distinct role of gap junctional
communication in promoting apoptosis. For example, experi-
ments performed with heavy ions21 or cytochrome C22,23 as
inducers of apoptosis demonstrated cell death in untreated
neighbouring cells, which points towards a role of GJs in
modulating apoptosis. Not only death signals but also cell
survival factors have been proposed to be transferred via
GJs.24–26 However, in most cases, it has not been studied
whether GJ channels or channel-independent effects were
important. Thus, it remains unclear which of the two potential
Cx-related pathways is quantitatively more important and
whether the modulatory effect of Cx on apoptosis depends on
the type of Cx expressed. It is also unclear which signals or
small molecules, which are able to pass GJs, could be
involved in promotion of apoptosis.
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To clarify these questions, we studied apoptosis in
Cx-transfected HeLa cells with no background expression of
Cx in the wild-type state. Our results show that the Cx-dependent
enhancement of apoptosis requires gap junctional communica-
tion and that this effect varies with the type of Cx expressed.

Results

Expression of Cx43 enhances the rate of apoptosis. To
examine the effect of Cx43 expression on apoptosis, we
used HeLa cells stably transfected with Cx43 or Cx-deficient
empty vector-transfected HeLa cells (CTL) as controls.
Apoptosis was either induced by streptonigrin (SN; intrinsic
pathway) or a-Fas (extrinsic receptor-stimulated pathway).
Treatment with SN (1, 10 mM) or a-Fas (10, 100 ng/ml) lasted
for 5 h and the rate of apoptosis was determined by annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining. Under both conditions, the apoptosis was signifi-
cantly higher in HeLa-Cx43 cells compared with HeLa-CTL
cells (Figure 1b). Likewise, treatment with SN (10mM)
resulted in a higher and earlier increase of cleavage products
of Parp (cl. Parp) and caspase-7 (cl. Cas7) when Cx43 was
present (Figure 1c). Similarly, stimulation with a-Fas (100 ng/ml)
resulted in cleaved Parp and caspase-7 already after 2 h in
HeLa-Cx43 cells, whereas in HeLa-CTL cells, it started only
after 4 h (Figure 1c).

The Cx effect on apoptosis varies with the Cx type and
correlates with gap junctional dye or calcium transfer.
To elucidate the effect of other Cx proteins and their channel
properties on the development of apoptosis, HeLa cells
expressing either Cx37 or Cx40 or Cx43 were compared.
The expression of the different Cx proteins was analysed by
western blot (Figure 2a). Immunocytochemically, the cells
showed the typical expression pattern with an increased
localisation at cell–cell contacts (Figure 2b). Cx-deficient
HeLa-CTL cells were used as controls. Apoptosis was
induced with SN (1 mM, 3 h) and measured by annexin
V-FITC/PI staining. The increase of apoptotic cells after
stimulation with SN was lowest in HeLa-CTL cells
and highest in Cx43-expressing cells (Figure 2c). The
SN-induced increase in apoptotic cells was significantly higher
in Cx43-expressing cells compared with HeLa-Cx37 cells.

To figure out whether the differences in the increase of
SN-induced apoptotic cells were associated with different GJ
channel permeabilities, we assessed cell coupling by inter-
cellular spreading of a GJ-permeable fluorescent dye after
injection of a single cell (Figure 2d). HeLa-CTL cells showed
no (n stained cells, mean±S.E.M.: 0.1±0.1) and HeLa-Cx37
only little dye transfer (2±1). In contrast, cell coupling of
Cx40- and Cx43-expressing HeLa cells (Cx40: 9±1; Cx43:
17±2) was significantly elevated as compared with HeLa-
CTL cells. Thus, the highest number of stained neighbouring
cells was observed in HeLa-Cx43 cells. In addition, we
analysed the intercellular spreading of a Ca2þ signal after
mechanical stimulation of a single cell. Again, the signal
spread wider in HeLa-Cx43 cells compared with HeLa-Cx37
and HeLa-CTL cells (n cells with elevated Ca2þ ; mean±

S.E.M. – Cx43: 21±3; Cx37: 12±2; CTL: 0±0; Po0.05; two
different cell cultures, n¼ 10–14).

We further investigated whether the treatment with SN has
an influence on the gap junctional coupling. Dye transfer via
GJs was measured in HeLa-Cx43 cells, the cell population
with the highest amount of apoptosis. After treatment with SN
for 1 or 3 h, the cells were still able to form functional GJs,
although the rate of coupling decreased over time (n stained
cells; mean±S.E.M. – untreated cells: 17±2; 1mM SN for 1 h:
11±2; 1 mM SN for 3 h: 6±1; nZ7 in three different cell
cultures).

Gap junctional communication is required for enhance-
ment of apoptosis. The role of GJ communications for the
enhanced apoptosis was firstly investigated by using the GJ
blockers meclofenamic acid (M; 100mM) and heptanol
(H, 0.25 mM). The amount of SN- or a-Fas-induced apoptotic
HeLa-Cx43 cells (mean±S.E.M. – 1 mM SN: 15.5±4.7%;
100 ng/ml Fas: 24.1±3.6%) was significantly reduced under
treatment with GJ blockers (1mM SNþMH: 7.1±0.4%;
100 ng/ml FasþMH: 11.8±1.1%; Figure 3). GJ blockers
alone did not affect the basal rate of apoptosis (untreated
cells: 6.4±0.6%; cells treated with the GJ blockers only –
MH: 6.0±0.7%).

To further analyse whether an intact channel function
between cells was necessary for the enhanced apoptosis in
Cx43-expressing cells, we compared apoptosis in HeLa cells
expressing the N-terminal channel-building part of Cx43
(Cx43NT-GFP) with cells expressing the cytoplasmic C-term-
inal part (CT) of Cx43 (Cx43CT-GFP), which cannot form GJs
or hemichannels but exerts channel-independent functions of
Cx43.5 As controls, we used HeLa cells expressing full-length
Cx43 (Cx43-GFP). To determine the rate of SN-induced
apoptosis in these cells, the amount of activated caspases
(caspase-1, -3, -4, -5, -6, -7, -8 and -9) was measured (binding
of a red fluorescent-labelled inhibitor to active caspases),
as the expression of GFP interfered with the annexin
V-FITC/PI assay otherwise used. The fluorescence intensity
(red fluorescence units (RFUs)), indicating activated
caspases, was significantly higher in the channel-forming
HeLa-Cx43-GFP (mean±S.E.M.: 21 422±1494) and
HeLa-Cx43NT-GFP cells (22 546±2031) as compared
with the channel-incompetent HeLa-Cx43CT-GFP cells
(14 543±758; Figure 4).

Hemichannels are not involved in augmented apoptosis
of Cx43-expressing cells. The potential release of proa-
poptotic signals via Cx hemichannels, which may act in a
paracrine manner, was investigated by specific blockade of
Cx43 hemichannels using an inhibitory Pep (50mM),27 which
does not affect gap junctional communication (HeLa-Cx43
cells; Ca2þ spreading due to mechanical stimulation;
untreated: 25±2 cells; control peptide (ConPep): 28±3
cells; Pep: 27±2 cells; n¼ 9 in three different cell culture
wells). The amount of apoptosis of HeLa-Cx43 cells with SN
(10mM) or a-Fas (100 ng/ml) was not changed under
treatment with the hemichannel-blocking Pep (SNþPep;
FasþPep; Figure 5a). Apoptosis of cells incubated with the
inhibitory Pep alone was as low as that of untreated cells or of
cells incubated with the ConPep (Figure 5a). The efficiency of
the hemichannel-blocking Pep was tested by measuring the
uptake of PI via hemichannels in HeLa-Cx43 cells. Both
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untreated and SN-treated cells (10mM) showed a low basal PI
uptake, which was significantly increased in the presence of
the hemichannel opener ATP (Figure 5b). This ATP-induced
enhancement was abolished after pretreatment with the
inhibitory Pep (50mM). The ConPep did not reduce the
ATP-induced PI uptake in HeLa-Cx43 cells (mean fluores-
cence of single cells (mean grey) untreated: 149±1;
SN: 155±1; ATP: 194±3; ATPþPep: 155±1; ATPþ
ConPep: 207±2; in three different cultures, nZ80–160;
Po0.001 ATP/ATPþConPep versus untreated and SN).

GJ channels enhance the amount of cells responding to
SN with a Ca2þ

i increase. Ca2þ and inositol triphosphate
(IP3) are known to represent potential proapoptotic signal
molecules, which are small enough to pass through GJs. We,
therefore, analysed changes of intracellular free calcium
(Ca2þ

i) in cells without GJs (CTL and Cx43CT-GFP) and in
cells with functional GJs (Cx43, Cx43NT-GFP) after treat-
ment with SN. SN (10 mM) increased Ca2þ

i in 84±5% of
cells expressing full-length Cx43 and 59±8% of cells
expressing the N-terminal channel-building part of Cx43
(Cx43NT-GFP; Figure 6a). In contrast, only 27±7% of HeLa
cells expressing no Cx (CTL) or 28±7% of HeLa cells
expressing the channel-incompetent cytoplasmic CT of Cx43
(Cx43CT-GFP) reacted to SN with an increase of Ca2þ

i.

Inhibition of IP3 receptor-mediated Ca2þ release dimin-
ish apoptosis in GJ-coupled HeLa-Cx43 cells. In another
set of experiments (Figure 6b), preincubation (15 min) with
the IP3 receptor blocker xestospongin C (Sigma Aldrich,
Taufkirchen, Germany; 40 mM) restricted the SN-induced
Ca2þ increase to 36±12% of the cells (Cx43þSN: 99±1,
Po0.001, n¼ 8, in 3–4 different cultures). This number

corresponds well with the amount of GJ-deficient cells
responding with a Ca2þ

i increase to stimulation with SN
(Figure 6b). The inhibition of IP3 receptors by xestospongin C
reduced the rate of SN-induced apoptosis only in HeLa-Cx43
but not in HeLa-CTL cells (Figure 6c).

Discussion

In this study, we have shown that the enhancing effect
of Cx expression on apoptosis in HeLa cells is dependent on
their channel-forming capacity and their influence on channel
permeability. In contrast, channel-independent effects,
such as that observed to have a role in migration in the same
type of cells5 or in cell proliferation as shown in Neuro2a
cells,28 could not be observed. Thus, our study confirms and
extends previous reports on a decisive role of gap junctional
communication on augmentation of apoptosis in tumour
cell lines such as BC31 (a rat bladder carcinoma cell line)29

or C6 glioma cells,30 as well as in neuronal cells, for example,
astrocytes31 and Neuro2a cells.32

Our conclusion of gap junctional communication being a
prerequisite for the augmented apoptosis is based on several
lines of evidence. Firstly, the pharmacologic inhibition of GJs
decreased the extent of SN- or a-Fas-induced apoptosis. In
agreement with an inhibitory action of meclofenamic acid and
heptanol on GJ coupling,33 we have shown that GJs remain
open during the development of apoptosis and this concurs
with results from other groups.30,34 Although the inhibitors
used, meclofenamic acid and heptanol, may have unspecific
effects, they did not directly interfere with apoptotic signalling
processes since they did not affect the rate of apoptosis in
untreated cells. Second, the decisive role of gap junctional
communication but not of channel-independent effects of

�-FAS (100 ng/ml)

0 4 62 0 4 62

CTL Cx43

h

�-cl. Parp

�-GAPDH

�-cl. Cas7

20

15

10

5

25

30

untreated 1 10 100 200

SN (�M) �-FAS (ng/ml)

ap
o

p
to

ti
c 

ce
lls

 (
%

)

CTL
Cx43

*
#

*
#

*
#

*
#

untreated + �-Fas

HeLa-Cx43 HeLa-Cx43

P
I

annexin V-FITCannexin V-FITC

Cx43

h

SN (10 �M)

0 8 166

CTL

0 8 166

104

104

103

103

102

102

101

101
100

100 104103102101100

104

103

102

101

100

F
L2

-H

F
L2

-H

FL1-H FL1-H

Figure 1 Cx43 expression enhances apoptosis of HeLa cells. (a) Representative contour plots of untreated and a-Fas (100 ng/ml, 5 h)-treated HeLa-Cx43 cells. The
amount of apoptotic cells was determined by annexin V-FITC/PI staining and is displayed in the lower right quadrant (grey). (b) SN- or a-Fas-induced apoptotic cell death of
HeLa cells is significantly increased by the expression of Cx43. Apoptosis of HeLa-Cx43 and HeLa-CTL cells untreated or treated with increasing concentrations of SN or
a-Fas for 5 h was detected by annexin V-FITC/PI labelling. Mean±S.E.M., *Po0.05 versus untreated (NG); #Po0.05 versus CTL cells (NG); nZ8 in at least three different
cell cultures. (c) Representative western blots show that apoptotic cleavage of Parp (cl. Parp) and clevage of caspase-7 (cl. Cas) (induced by 10 mM SN and 100 ng/ml a-Fas)
is time-dependent and earlier detectable in HeLa-Cx43 cells compared with HeLa-CTL cells

Gap junctions promote apoptosis
P Kameritsch et al

3

Cell Death and Disease



Cx43 could be confirmed by our results obtained in HeLa cells
expressing truncated variants of Cx43. We have shown
before that cells expressing the N-terminal part (NT) of Cx43
are able to form functional GJs, whereas cells expressing the
C terminus of Cx43 did not.5 Accordingly, SN-induced

apoptosis was only augmented in cells expressing the
N-terminal channel-building part but not in cells expressing
the C-terminal cytoplasmic part of Cx43. We conclude that the
expression of functional Cx43 GJ channels is required for
enhancement of apoptosis.

A further piece of evidence that gap junctional communica-
tion enhances apoptosis can be deducted from the observa-
tion that the rate of apoptosis was clearly dependent on the
permeability of the gap junctions as determined by the Cx s
studied here: Cx43ZCx40ZCx374Cx-deficient controls.
These Cx-dependent differences in GJ permeabilities are in
agreement with own previous observations35 and another
recently published study, showing the highest dye transfer for
Cx43-composed channels, followed by Cx40 channels and
lowest transfer for Cx37 channels.36 Of note, our results are
based on the use of the GJ-permeant dye Alexa Fluor 488.
Although the cellular exchange of GJ-permeant dyes between
cells can differ with respect to their size and surface charge
and may not represent the permeability of any potential
proapoptotic molecule,36,37 it underpins a close connection
between gap junctional permeability and augmentation of
apoptosis in the experiments reported here. However, the
finding that the spreading of Ca2þ signals through GJs
showed a similar behaviour than Alexa Fluor 488 suggests
that the different permeabilities are not unique for this dye.

Cx37

Cx43 CTL

Cx40

�-GAPDH

Cx43

�-Cx43

CTLCTL Cx37

�-Cx37

Cx40CTL

�-Cx40

cell coupling

st
ai

n
ed

 c
el

ls

CTL Cx37 Cx40 Cx43
0

5

10

15

20

*
#

*
#

CTL Cx37 Cx40 Cx43

fo
ld

 in
cr

ea
se

o
f 

ap
o

p
to

ti
c 

ce
lls

0

1

2

3

4

5

6
*
#

*

*

apoptosis

Figure 2 The rate of apoptosis is dependent on the Cx type expressed and correlates to the GJ permeability. (a) Western blot analysis for the expression of Cx37, Cx40
and Cx43 in stably transfected HeLa cells compared with empty vector-transfected HeLa (CTL). (b) Immunofluorescence stainings of Cx proteins in stably transfected HeLa
cells demonstrate typical localisation at the membrane of adjacent cells. HeLa-CTL cells were used as controls and showed no Cx43 expression by staining for Cx43.
(c) Apoptosis (induced by 1 mM SN, 3 h) of stably transfected HeLa cells is dependent on the Cx type expressed and significantly increased by expression of Cx40 or Cx43
compared with HeLa-CTL. Apoptosis was determined by annexin V-FITC/PI labelling and fold increase of apoptotic cells is expressed as mean±S.E.M.; *Po0.05 versus
CTL; #Po0.05 versus Cx37; nZ5 in at least three different cell cultures. (d) Gap junctional cell coupling of HeLa cells varies with the Cx type expressed and correlates with
the rate of apoptosis. Cell coupling was measured by dye spreading (Alexa Fluor 488). The number of dye-stained cells is displayed as mean±S.E.M. (nZ18 dye injections in
Z3 different cell cultures; *Po0.05 versus CTL; #Po0.05 versus Cx37; NG). GAPDH, glyceraldehyde 3-phosphate dehydrogenase

untre
at

ed
0

5

10

15

20

25

30

MH

SN+M
HSN

Fas

Fas
+M

H

ap
o

p
to

ti
c 

ce
lls

 (
%

)

*

*

Figure 3 Impact of gap junctional communication on apoptosis of HeLa cells.
Apoptosis induced by SN (1 mM, 5 h) or a-Fas (100 ng/ml, 5 h) in HeLa-Cx43 cells is
significantly reduced by blocking the GJ channels with meclofenamic acid
(M, 100mM) and heptanol (H, 0.25 mM). Apoptosis was measured by annexin
V-FITC/PI staining and quantified using flow cytometry. The percentage of apoptotic
cells from the total cell number is expressed as mean±S.E.M. *Po0.05; NG; nZ3
in at least three different cell cultures

Gap junctions promote apoptosis
P Kameritsch et al

4

Cell Death and Disease



Our study shows a role of gap junctional communication on
apoptosis for both the exogenous and endogenous pathway
as induced by two different stimuli. Although our study does
not allow to conclude that there is a general role of gap
junctional communication in the control of apoptosis, it is not
limited to a single stimulus. Furthermore, a more general role
of gap junctional communication is suggested by the
observation that cells in a cluster are more susceptible to
the induction of apoptosis than single cells.29,31 However, our
experiments also clearly show that gap junctional commu-
nication is not an essential prerequisite for the development of
apoptosis but rather enhances its development.

Several studies have implicated a role of hemichannels in
cell survival and death.8,10,38,39 Although Cx s can form
hemichannels that could enable the release of pro-apoptotic
signals independent of gap junctions, we found no evidence

for such a mechanism in our experimental setting.
A hemichannel-blockingPep,27 which did not affect gap
junctional coupling could not decrease SN- or a-Fas-induced
apoptosis in Cx43-expressing HeLa cells. The fact that the
cellular uptake of PI in the presence of ATP as reported
elsewhere40 could be blocked by preincubation with the
hemichannel-blocking Pep confirmed its expected inhibitory
action in our experimental setting.

Obviously, the requirement of functional GJs for the
augmentation of apoptosis suggests that some proapoptotic
signals may be exchanged between apoptotic cells and their
neighbours. Such signals cannot comprise caspases or
proapoptotic regulator proteins like bad or bax, as these
molecules are too large to pass GJs, which allow passage
only for molecules up to 1.8 kDa.41 Small-molecule candi-
dates that have been suggested to be potential death
mediators when transferred via GJs are Ca2þ , IP3 and
cAMP.1,42 Several apoptosis-inducing stimuli are known to
affect Ca2þ

i. Ca2þ signals in turn can lead to the activation of
caspases, the mainstream apoptosis executioners and open-
ing of mitochondrial permeability transition pores (PTPs). PTP
formation and opening result in the release of cytochrome C,
which in turn has a role in the activation of the caspase
cascade, and other proapoptotic proteins.1,43 The impact of
the GJ-permeable molecule IP3 on apoptosis is related to
IP3-triggered Ca2þ release, whereby it contributes to the
induction of apoptotic cell events.1,42 The importance of
Ca2þ as a proapoptotic signal has been shown by the
treatment of cells with the calcium ionophore ionomycin
or with thapsigargin. Such induced sustained elevation of
Ca2þ was sufficient to trigger apoptosis without any other
apoptosis-inducing stimuli.44,45

We analysed whether changes of Ca2þ
i could be involved

into the enhanced rate of apoptosis observed in cells coupled
by gap junctions. Indeed, treatment with SN resulted in a fast
increase of Ca2þ

i. An increase of Ca2þ
i upon treatment with

SN has been described previously in lymphoblastoid cells.46

However, in cells without gap junctional coupling, only a minor
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part responded with a Ca2þ
i increase, whereas virtually all

cells responded when the cells were coupled. Interestingly,
pretreatment with the IP3 receptor inhibitor xestospongin C47

limited the calcium response to a fraction of cells, which was
numerically identical with the fraction of cells that responded
in the absence of gap junctions. We have shown before that
xestospongin C reliably abolished IP3-mediated Ca2þ

responses.33 Therefore, our findings are consistent with the
view that SN induced an IP3-independent increase of Ca2þ

i in
SN-sensitive cells. This Ca2þ signal could have spread to
neighbouring cells via GJs, which is also consistent with our
findings that part of the cells responded with a delayed Ca2þ

i

increase (up to 30 s) upon SN treatment (data not shown). As
shown before, an increase of Ca2þ

i can induce a secondary
release of calcium via IP3 receptors,48 which in our setting
may have spread via GJs to non-SN-responsive neighbouring
cells to induce increases of Ca2þ

i as well. Thus, both absence
of gap junctional communication and inhibition of IP3

receptors may restrict apoptosis by the same amount as
observed here. We have recently described that a similar
mechanism plays a pivotal role in the Ca2þ response of
endothelial cells to stimulation with histamine or ATP.49 Ca2þ

i

increases were also reported for Fas-initiated apoptosis with a
sustained increase in Ca2þ

i commencing between 1 and 2 h
after treatment.50,51

In agreement with our study, it has been reported that the
blockade of intercellular communication via GJs attenuated
the extent of apoptosis, for example, in BC31 cells,29

granulosa cells52 or astrocytes.53 A so-called bystander death
induced by gap junctional spreading of cell-killing signals from
cells undergoing apoptosis to healthy surrounding cells has
been described for several apoptosis-inducing condi-
tions.21,22 Although the physiologic role of a spread of
apoptosis signals to potentially healthy neighbouring cells
remains a matter of debate, the passage of ‘death signals’, for
example, from lethally irradiated cells to their neighbours via
GJs54,55 seems to be very promising for cancer therapies.56

GJ-mediated bystander effects are described also for a few
diseases, for example, retinitis pigmentosa57 or HIV-1
infection,58 and may represent a potentially important
therapeutic principle in these disease states.

In conclusion, our study has shown that Cx expression
enhances apoptosis induction. This is not a class effect but
varies considerably dependent on the type of the Cx as
studied here for Cx being expressed in vascular tissue. Our
results suggest that this effect is due to the transfer of
proapoptotic signals, among which IP3 may play a significant
role. Thus, gap junctional communication and the control of
gap junctional permeability by variation of Cx expression may
be a potential target for therapeutic control of apoptosis.

Materials and Methods
Cell cultures. HeLa cells stably transfected with murine Cx37, murine Cx40 or
rat Cx43 were kindly provided by Dr. Klaus Willecke (University of Bonn, Bonn,
Germany). HeLa cells transfected with the empty vector pBEHpac18 (CTL; kindly
provided by Dr. Willecke, Bonn, Germany) using SuperFect (Qiagen, Hilden,
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Figure 6 The immediate Ca2þ
i response is increased in cells expressing functional Cx43 channels. (a) The number of cells responding within 3 min with a Ca2þ

i increase
due to SN treatment (10 mM) was significantly enhanced in Cx43- and Cx43NT-expressing HeLa cells compared with HeLa-CTL or HeLa-Cx43CT cells. The percentage of
cells with a Ca2þ

i increase from the total cell number is expressed as mean±S.E.M.; *Po0.05 versus CTL/Cx43CT, nZ8 in at least three different cell cultures. In another
series of experiments (b), the Ca2þ increase induced by SN (10 mM) was blocked by preincubation (15 min) with xestospongin C (xesto, 40 mM). The percentage of cells with
a Ca2þ

i increase from the total cell number is expressed as mean±S.E.M.; *Po0.05, NG; n¼ 8 in three different cell cultures. (c) Inhibition of IP3-mediated Ca2þ release
(by xesto, 40mM) reduces significantly SN (10 mM, 5 h)-induced apoptosis of HeLa-Cx43 cells but does not affect Cx-deficient control cells. Apoptosis was determined by
annexin V-FITC/PI labelling and fold increase of apoptotic cells is expressed as mean±S.E.M.; *Po0.05 versus corresponding untreated; #Po0.05 versus Cx43 SN; n¼ 6
in three different cell cultures
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Germany), which served as controls. Generation of stably transfected HeLa cells
expressing the NT (amino acids (aa) 1–257, Cx43NT-GFP) or the CT of
Cx43 (aa 257–382, Cx43CT-GFP) was described previously.5 Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Life Technologies,
Darmstadt, Germany) with 10% new born calf serum (Biochrom, Berlin,
Germany), penicillin (100 U/ml; Sigma Aldrich) and streptomycin (100mg/ml;
Sigma Aldrich) at 37 1C and 5% CO2. Growth medium of stably transfected HeLa-
CTL, HeLa-Cx37, HeLa-Cx40 and HeLa-Cx43 was supplemented with puromycin
(1mg/ml; Sigma Aldrich) and of HeLa-Cx43NT-GFP and HeLa-Cx43CT-GFP with
zeocin (200mg/ml; Invitrogen, Life Technologies). Apoptosis was induced with SN
(Sigma Aldrich) or a-Fas antibody (Millipore Merck, Schwalbach, Germany) as
indicated.

Annexin V-FITC/PI staining. The annexin V-FITC apoptosis detection kit
(BD Biosciences, Heidelberg, Germany) was used according to the manufacturer’s
recommendations. The cells were treated as indicated, detached with Accutase
(PAA Laboratories, Coelbe, Germany) and collected by centrifugation (1500 r.p.m.,
5 min). Cell pellets were washed with phosphate-buffered saline (PBS),
resuspended in 1� binding buffer (0.01 M HEPES/NaOH, pH 7.4, 140 mM NaCl
and 2.5 mM CaCl2), and stained with annexin V-FITC and PI for 15 min at room
temperature in the dark. A total of 10 000 cells of each sample were analysed by
fluorescence-activated cell sorting (FACSort; BD Bioscience). Apoptotic cells were
defined as annexin V-FITC-positive and PI-negative cells.

Western blot analysis. Empty vector-transfected HeLa cells (CTL) or HeLa
cells stably expressing Cx37, Cx40 or Cx43 were seeded in 6-well plates and
lysed in Laemmli buffer59 the next day. The samples were boiled for 5 min and
size-separated by SDS-PAGE using 8–16% Tris-glycine gels (Thermo Scientific,
Bonn, Germany). The proteins were electrophoretically transferred to a Hybond-P
membrane (Amersham, GE Healthcare, Freiburg, Germany) at 0.8 mA/cm2 for 1 h
and unspecific antibody binding was blocked by 5% skimmed milk powder
(AppliChem, Darmstadt, Germany) in PBS solution containing 0.1% Tween-20
(Sigma Aldrich) for 1 h at room temperature. The membranes were incubated with
rabbit a-Cx37 (1 : 1000; Alpha Diagnostic, Biotrend, Koeln, Germany), rabbit
a-Cx40 (1 : 1000; Alpha Diagnostic) or rabbit a-Cx43 (1 : 1000; Sigma Aldrich)
overnight at 4 1C. After washing with PBS–0.1% Tween, the blots were incubated
for 2 h with the secondary antibody coupled to horseradish peroxidase (1 : 1000;
Calbiochem, Merck, Darmstadt, Germany). Primary antibodies were diluted in 5%
bovine serum albumin (BSA; AppliChem) in PBS–0.1% Tween and secondary
antibodies in 5% skimmed milk powder in PBS–0.1% Tween. The blots were
washed four times for 10 min each and bound antibodies were detected using a
chemiluminescence detection kit for horseradish peroxidase (AppliChem).

To analyse the apoptotic cleavage of caspase-7 and Parp in HeLa-Cx43 and
HeLa-CTL cells, the cells were seeded in 6-well-plates to 80% confluence. On the
next day, the cells were treated with 10 mM SN (Sigma Aldrich) or 100 ng/ml a-Fas
(Millipore) for the indicated time points and lysed in Laemmli buffer.59 For detection
of cleaved Parp, an a-Parp antibody (1 : 500; Cell Signaling, NEB, Frankfurt am
Main, Germany), and for cleaved caspase-7, an a-caspase-7 antibody (1 : 500; Cell
Signaling), was used. Detection of GAPDH (a-GAPDH, 1 : 10000; Chemicon, Merck
Chemicals, Schwalbach, Germany) was used to demonstrate equal loading.

Immunofluorescence staining. HeLa cells expressing Cx37, Cx40 or
Cx43 or HeLa-CTL cells were seeded on glass coverslips. On the next day, the cells
were fixed with 3.7% formaldehyde in PBS for 20 min at room temperature. After
rinsing with PBS, cells were permeabilised with 0.1% Triton X-100 (AppliChem) in PBS
for 4 min. Unspecific antibody binding was blocked with PBS containing 0.5% BSA for
1 h. Cells were incubated with rabbit a-Cx37 (Alpha Diagnostic; 1 : 100), rabbit a-Cx40
(Alpha Diagnostic; 1 : 100) or rabbit a-Cx43 (Sigma Aldrich; 1 : 100) overnight at 4 1C.
The cells were washed and incubated with a secondary antibody (1 : 200) coupled to
the fluorochrome Alexa Fluor 488 (Invitrogen) for 1 h at room temperature. Coverslips
were mounted and expression and localisation of the Cx proteins were analysed using
confocal microscopy (Leica, Wetzlar, Germany).

Detection of apoptosis in cells with inhibited gap junctional
coupling. To investigate the impact of GJs on the rate of apoptosis, HeLa-
Cx43 cells were incubated with meclofenamic acid (M; 100mM; Sigma Aldrich)
and heptanol (H; 0.25 mM; Sigma Aldrich), which nearly abolished the gap
junctional coupling and minimised the drugs’ side effects.33 To induce apoptosis,
the cells were additionally treated with 1 mM SN or 100 ng/ml a-Fas for 5 h and the

amount of apoptotic cells was quantified by flow cytometry with annexin V-FITC
staining as described above.

FLICA staining. Apoptosis was measured with the sulforhodamine FLICA
apoptosis detection kit (Immunochemistry Technologies, Biomol, Hamburg,
Germany). The red fluorescent inhibitor of caspases SR-VAD-FMK detects
activated caspases (caspase-1, -3, -4, -5, -6, -7, -8 and -9) of apoptotic cells.
Untreated or SN-treated (1 mM, 16 h) HeLa cells expressing full-length Cx43-GFP,
Cx43NT-GFP or Cx43CT-GFP were detached with trypsin-EDTA (Sigma Aldrich)
and 300 ml cell suspension (5� 106 cells per ml) were stained with FLICA reagent
according to the manufacturer’s instructions. After staining, the cells were washed
three times with 1�wash buffer and cell concentrations of untreated and
SN-treated cells were determined again. After equilibration of the cell
concentrations, the cells were resuspended in PBS and the red fluorescence
intensity of sulforhodamine (RFU) was measured in a fluorescence plate reader at
excitation/emission wavelengths of 550/595 nm.

Analysis of GJ-independent transfer of proapoptotic signals via
hemichannels. The effect of hemichannels on the rate of apoptosis was
analysed with a hemichannel-blocking Pep. HeLa-Cx43 cells were incubated with
a Cx43-specific Pep (H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-OH;
50mM; Biosyntan, Berlin, Germany), which reportedly inhibits hemichannels at a
concentration of 50mM by affecting the extracellular loop of Cx43.27 For control
experiments, cells were incubated with 50 mM ConPep (H-Gly-Asp-Glu-Gln-Ser-
Ala-Phe-Arg-Cys-Asn-Thr-Gln-OH). Apoptosis was induced by the addition of SN
(10mM) or a-Fas (100 ng/ml) for 5 h and the amount of apoptotic cells was
measured by annexin V-FITC/PI staining.

PI uptake via hemichannels. To analyse the activity of hemichannels,
HeLa-Cx43 cells were incubated with PI (20 mg/ml, 10 min) and fluorescence
images (excitation: 546 nm; emission: 570 nm; exposure time 1000 ms; experi-
mental set-up: see calcium measurements) were taken immediately after washout
of PI. The mean fluorescence (mean grey value) of single cells was calculated by
the the Till Vision software (Till Photonics, Gräfelfing, Germany). To verify that the
PI uptake is not due to cell death, the cells were stained with Trypan blue
afterwards and blue stained cells were excluded from calculations. Hemichannels
were activated by ATP (50mM).

Measurement of the Ca2þ
i. Intracellular changes of free Ca2þ were

detected with the Ca2þ -sensitive dye Fura2 (Invitrogen). After incubation with
4 mM Fura2 solved in DMEM (30 min at 37 1C and 5% CO2), HeLa cells (grown on
coverslips) were washed two times, transferred to the experimental chamber
(which had a wide opening on the top) and incubated in HEPES (pH 7.4; 125 mM
NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 1.5 mM MgCl, 10 mM
glucose). The chamber filled with 200ml HEPES was mounted on an inverted
microscope (Axiovert S100; Zeiss, Göttingen, Germany).

The Ca2þ -sensitive dye was alternatively excited at 340 and 380 nm and the
signal was detected at 505 nm with a computerised system (Till Photonics).
Frames at 340 and 380 nm of the analysed areas (640 nm� 480 nm) were stored
every 500 ms for 3 min and the signal ratio corrected for the background was
determined for each pixel after the experiment. Based on changes of the mean ratio of
single cells over time, the percentage of cells showing a Ca2þ

i increase due to
stimulation (reacting cells per cells in the visible area) was calculated. No attempt was
made to calculate the exact Ca2þ

i concentration from the ratio.
Cells were stimulated mechanically or by the addition of SN (10 mM). Mechanical

stimulation of single cells by touching with glass pipettes (tip diameter 1 mm)
increased the Ca2þ

i of the stimulated cell. In the presence of apyrase (Sigma
Aldrich; 50 U/ml), which degraded the ATP released due to the stimulation, the
Ca2þ signal spread to neighbouring cells via gap junctions. The number of cells
showing an elevated Ca2þ level (except of the stimulated cell) was counted. In
another set of experiments, SN was solved in double concentration (20 mM) in
HEPES and 200ml of this solution was rapidly added to the cells (120±14 cells per
visual field were counted). Addition of the solution without stimuli did not change the
Ca2þ

i signals. SN did not change the pH of the HEPES solution. IP3 receptors were
inhibited by preincubation (15 min) with xestospongin C (40 mM).

Dye coupling. Gap junctional coupling was detected by injecting a
GJ-permeable, membrane-impermeable fluorescent dye (3.5 mM Alexa Fluor
488 dissolved in 150 mM KCl; Invitrogen) into single cells and analysing the dye
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spreading within 5 min. The cell incubation unit and experimental settings were the
same as for the Ca2þ

i measurement. The dye was injected using a dye-filled
borosilicate micropipette (at a tip pressure of 60 mm Hg for 0.6 s, tip diameter
o1 mm) connected to an injecting system (FemtoJet; Eppendorf, Wesseling-
Berzdorf, Germany). The fluorescent dye was excited at 488 nm and fluorescence
signals were detected using a long-pass emission filter lemZ515 nm. Following
dye injection, images were captured using a digital camera (Imago; Till Photonics)
that was mounted on the inverted microscope (Axiovert S100; Zeiss). To assess
cellular coupling, the total number of dye-stained cells at the 5-min postinjection
timepoint was counted.

Statistics. Gaussian distributed data were analysed for statistically significant
differences by the Student’s t-test (two groups, unpaired data). Differences
between more than two groups were determined by one-way ANOVA, followed by
Student–Newman–Keuls method for multiple comparisons. Error probabilities of
Pr0.05 were considered significant. All values are expressed as means±S.E.M.
Non-Gaussian distributed data (indicated as ‘NG’ in the figure legends) were
analysed by the non-parametric Mann–Whitney rank-sum test. For multiple
comparisons, the Kruskal–Wallis test on ranks followed by pairwise multiple
comparisons with Dunn’s method was used. Although these tests do not allow
analysing differences of mean values, for descriptive reasons mean values are
presented throughout the manuscript. Medians are not displayed as they did not
differ from the means more than 20%.
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