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(Background: The gap junction protein Cx43 is implicated in maintaining anti-oxidative defense in astrocytes.
Results: In contrast to hypoxia/reoxygenation, oxidative stress induced by H,O, triggers more astrocytic death in the absence

Conclusion: Gap junction intercellular communication is required for Cx43-mediated resistance to H,O,.
Significance: An altered Cx43 phosphorylation state in response to cellular stress may be critical for Cx43-mediated cell death
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Oxidative stress induced by reactive oxygen species (ROS) is
associated with various neurological disorders including aging,
neurodegenerative diseases, as well as traumatic and ischemic
insults. Astrocytes have an important role in the anti-oxidative
defense in the brain. The gap junction protein connexin43
(Cx43) forms intercellular channels as well as hemichannels in
astrocytes. In the present study, we investigated the contribu-
tion of Cx43 to astrocytic death induced by the ROS hydrogen
peroxide (H,0,) and the mechanism by which Cx43 exerts its
effects. Lack of Cx43 expression or blockage of Cx43 channels
resulted in increased ROS-induced astrocytic death, supporting
a cell protective effect of functional Cx43 channels. H,O, tran-
siently increased hemichannel activity, but reduced gap junc-
tion intercellular communication (GJIC). GJIC in wild-type
astrocytes recovered after 7 h, but was absent in Cx43 knock-out
astrocytes. Blockage of Cx43 hemichannels incompletely inhib-
ited H,0,-induced hemichannel activity, indicating the pres-
ence of other hemichannel proteins. Panx1, which is predicted
to be a major hemichannel contributor in astrocytes, did not
appear to have any cell protective effect from H,O, insults. Our
data suggest that GJIC is important for Cx43-mediated ROS
resistance. In contrast to hypoxia/reoxygenation, H,O, treat-
ment decreased the ratio of the hypophosphorylated isoform to
total Cx43 level. Cx43 has been reported to promote astrocytic
death induced by hypoxia/reoxygenation. We therefore speculate
the increase in Cx43 dephosphorylation may account for the facilita-
tion of astrocytic death. Our findings suggest that the role of Cx43 in

* This work was supported by a grant-in-aid from the Heart and Stroke Foun-
dation of Canada (to C.C.N.) and the Fondo Nacional de Desarrollo
Cientifico y Tecnologico Grant FONDECYT 3120006 (to J.L.V.) of Chile.
Funding was partly provided through the CIHR Team Grant on "Vascular
Cognitive Impairment: Animal Models of Co-morbidity.”

" To whom correspondence should be addressed: Department of Cellular
and Physiological Sciences, Life Sciences Institute, University of British
Columbia, 2350 Health Sciences Mall, Vancouver, BC V6T 173, Canada.
Tel.: +1-604-827-4383; Fax: +1-604-827-3922; E-mail: christian.naus@
ubc.ca.

JANUARY 17,2014 +VOLUME 289-NUMBER 3

response to cellular stress is dependent on the activation of signaling
pathways leading to alteration of Cx43 phosphorylation states.

Astrocytes are the most abundant non-neuronal cell type in
the central nervous system (1). They play an essential role in
adult brain homeostasis, including glutamate uptake, potas-
sium ion buffering, nutrient support, and antioxidant protec-
tion for neurons (2-5). The gap junction protein connexin43
(Cx43)?is highly expressed in astrocytes and is crucial for main-
taining their normal function (6, 7). Cx43 can form gap junction
channels as well as hemichannels. Gap junctions allow the pas-
sive intercellular diffusion of small molecules, such as gluta-
mate, glutathione, glucose, ATP, cAMP, IP,, and ions (Ca*™,
Na™, K¥) (8, 9). A single gap junction channel consists of two
opposing channels, called hemichannels, which are made of six
connexin proteins (10, 11). Hemichannels predominantly exist
in a closed state under normal physiological conditions, mainly
due to ambient levels of Ca®* (12, 13). However, various cellular
stress conditions, such as hypoxia/reoxygenation (H/R) and
metabolic starvation, have been reported to cause the opening
of hemichannels in cultured astrocytes (14, 15).

Oxidative stress is a result of the imbalance between reactive
oxygen species (ROS) production and antioxidant activity.
Astrocytes are the center of the brain’s defense from oxidative
stress as they maintain high intracellular concentration of anti-
oxidant molecules (16). However, oxidative stress can interfere
with astrocyte function depending on the severity of the insults
(17, 18). Knockdown of Cx43 in cortical astrocytes is reported
to increase cell death induced by the ROS hydrogen peroxide
(H,O,) (19). However, the mechanism underlying this Cx43-
mediated ROS resistance in astrocytes has not been investi-
gated, although several lines of evidence indicate the involve-

2 The abbreviations used are: Cx43, connexin43; ROS, reactive oxygen spe-
cies; Cbx, carbenoxelone; 18-aGA, 18-a-glycyrrhetinic acid; Etd, ethidium.
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ment of Cx43 gap junctions or hemichannels in H,O,-
mediated cell death in epithelial cells and osteocytes (20-23).
In addition, whether Cx43 plays a protective or detrimental role
in response to ROS-induced oxidative stress is still under
debate (21-23). In the present study, we employed two different
systems, one using Cx43 ™/~ astrocytes and another with Cx43
channel blockers, to carefully examine the importance of Cx43
expression and channel activity in H,O,-induced astrocytic
death. Previous studies reported that phosphorylation of Cx43
and its channel activity are altered during hypoxia and reoxy-
genation in astrocytes, leading to cell death (14, 15, 24-27).
Therefore, we investigated whether H,O, generated by hypoxia
and reoxygenation (28, 29) can induce those changes in Cx43.
Here, we demonstrated that Cx43 oppositely modulates H,O,-
and H/R-induced cell death in astrocytes and that these distinct
effects of Cx43 are correlated with differential regulation of
Cx43 phosphorylation and spatial distribution.

EXPERIMENTAL PROCEDURES

Animals—Wild-type (WT) mice (C67BL) were obtained
from homozygous mating. Cx43 ™/~ mice were generated from
crossing Cx43™/~ mice. Complete knock-out of Cx43 is neona-
tal lethal due to abnormal heart development (30). Therefore,
Cx43 /" astrocytes were isolated from embryonic day 20 (E20)
mice. Mice of either sex used for all experiments were main-
tained in an animal facility for 12 h light/dark cycle and pro-
vided food and water ad libitum. All breeding and animal pro-
cedures were approved by The University of British Columbia
Animal Care Committee and performed in accordance with the
guidelines established by the Canadian Council on Animal
Care.

Astrocyte Culture—W'T astrocytes were isolated from early
postnatal (PO-P1) cortices. Cx43 /™ astrocytes were isolated
from E20 brains. Each brain from littermates of heterozygous
mating was processed separately and Cx43 /™ mice were char-
acterized by gross right ventricle morphologic abnormalities
(31). The absence of astrocytic Cx43 was confirmed by immu-
nostaining. Astrocytes were prepared from mouse cortices as
previously described (32). Briefly, dissected cortices were tritu-
rated in DMEM (Sigma-Aldrich). The cell suspension was
passed through a 70 wm cell filter strainer and then seeded into
flasks (2 cortices/T75 flask). Culture media (DMEM supple-
mented with 10% FBS, 10 units/ml penicillin, and 10 ug/ml
streptomycin) was replaced 3 days after plating and every sec-
ond day thereafter. Primary astrocytes reached subconfluence
at 7—8 days in vitro. Subconfluent cells were vigorously shaken
to remove cells loosely attached to the astrocyte monolayer
(mainly oligodendrocytes). Astrocytes were then harvested
with trypsin-EDTA (Invitrogen) and frozen in freezing medium
(DMEM, 10% FBS, and 8% DMSO). Frozen astrocytes were
thawed and plated on glass coverslips coated with poly-L-orni-
thine (0.01% solution, Sigma-Aldrich) or culture dishes. Cul-
tures were maintained for 5-7 days prior to experiments. All
experiments were carried out on confluent astrocytes and per-
formed independently at least three times. Astrocytes isolated
from different breeding pairs were used for each set of
experiments.
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Hydrogen Peroxide and Gap Junction Blocker Treatment—
Astrocytes were washed once with serum-free medium and
then subjected to indicated concentrations of H,O, (Sigma-
Aldrich) in the same medium for 45 min. Cells were then
washed once and maintained in fresh culture medium for
recovery. The control group was treated the same way except
for the addition of H,O,.

To study the effect of gap junction blockers on H,O,-in-
duced cell death, gap junction blockers carbenoxelone (100 wm,
Sigma-Aldrich) and 18-a-glycyrrhetinic acid (100 uMm, Sigma-
Aldrich) were added 30 min before and during H,O, treatment,
and in the recovery medium.

Cell Death Analysis—Cell death by loss of membrane integ-
rity was evaluated using the dye rhodamine B dextran (Rdex) as
previously described (15). Cultured astrocytes were incubated
with 100 uMm Rdex (10 kDa, Invitrogen) for 3 min followed by
five washes with phosphate-buffered saline (PBS). Total num-
ber of cells was determined by nuclear staining with 1 um
Hoechst 33342 (Invitrogen). The staining was immediately
detected by microscopy using a Zeiss Axioplan2 fluorescence
microscope (Carl Zeiss). The number of cells positive for Rdex
was evaluated.

In other experiments, cell death was accessed using the dye
propidium iodine (PI) (33). Briefly, astrocytes were exposed to
PI (40 pug/ml, Sigma-Aldrich) for 10 min. Cells were then fixed
with 4% paraformaldehyde for 15 min, washed with PBS, and
mounted using Prolong Gold reagent with DAPI (Molecular
Probes). PI positive round red nuclei and condensed blue nuclei
were considered dead cells. Pictures were taken from random
fields using a Zeiss Axioplan2 fluorescence microscope. Nuclei
were counted using Image] with a pixel value of 100.

Dye Coupling Measurement—To evaluate gap junction cou-
pling, astrocytes were grown on 35 mm culture dishes to 100%
confluence. After medium was removed, a mixture of gap
junction-permeable carboxyfluorescein (0.1%) and gap junc-
tion-impermeable Rdex (0.1%) in serum free medium was
added, and cells were then scraped with a surgical blade. Two
minutes later, the excess dye was washed off with serum-free
medium. Pictures were taken after 10 min incubation using a
Zeiss Axioplan2 fluorescence microscope. The gap junction
blocker carbenoxolone was added to prevent further cou-
pling. The distance carboxyfluorescein traveled was meas-
ured from the scrape line to the point the fluorescence inten-
sity reduced to 1.5X the background intensity using Image]J
software.

Ethidium Bromide Uptake Measurement—To assess hemi-
channel activity, astrocytes grown on poly-L-ornithine coated
coverslips were exposed to 5 um ethidium bromide in Locke’s
solution (in mm: 154 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 10
HEPES pH 7.4) supplemented with 5 mm glucose. For time
lapse imaging, fluorescent signal was recorded every 30 s using
a Zeiss Axioplan2 fluorescence microscope. To determine the
changes in slope, regression lines were fitted to points before
and after various treatments using Microsoft Excel, and mean
values of the slopes were compared.

Western Blot Analysis—Cells were washed with cold PBS and
then lysed in RIPA buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1
mMm EDTA, 1% Triton X-100, 0.5% NaDOC, and 0.1% SDS)
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supplemented with protease and phosphatase inhibitors. Cell
homogenates were incubated on ice for 30 min and then cen-
trifuged at 16,000 X g for 15 min. The resulting supernatants
were collected and assayed for protein concentration using
BCA protein assay reagent (Thermo Scientific). To examine the
expression level of Cx43, 20-30 ug of protein was loaded on
SDS-PAGE and transferred to PVDF membranes. The mem-
branes were blocked with 5% skim milk and treated with rabbit
anti-Cx43 (1:5,000, Sigma-Aldrich) and mouse anti-GAPDH
(1:5000, HyTest) antibodies. To determine the expression level
of Panxl, the membranes were incubated with rabbit anti-
Panx1 antibody (1:5,000, a gift from Dr. D. Laird, University of
Western Ontario, Canada). The secondary antibodies were
goat anti-rabbit and anti-mouse horseradish-peroxidase conju-
gated (Sigma-Aldrich). The intensity of the bands was quanti-
fied using Quantity-One software (Bio-Rad).

Immunocytochemistry—Cells were fixed with 4% parafor-
maldehyde for 15 min at room temperature, rinsed three times
with PBS, and permeabilized in 0.2% Triton X-100 (Sigma-Al-
drich) for 10 min. Cells were blocked in 2% bovine serum albu-
min (Invitrogen) in PBS for 1 h, then incubated with rabbit
polyclonal anti-Cx43 (1:2000, Sigma-Aldrich) primary anti-
body overnight at 4 °C or for 1 h at room temperature. After
incubation with primary antibody, cells were washed three
times with PBS and then incubated with secondary antibody,
goat anti-rabbit antibody conjugated to Alexa Fluor 488
(1:1000, Molecular Probe). Following the incubation, cells were
washed three times with PBS and mounted using Prolong Gold
reagent with DAPIL. All images were captured using a Zeiss
Axioplan2 fluorescence microscope.

To evaluate the average size of Cx43 plaques, the images
captured at 40X magnification were used. Briefly, each image
was converted into a binary image and the average plaque areas
were determined by the “Analyze particles” function in the
Image] software.

Hypoxia/Reoxygenation Protocol—Astrocytes were sub-
jected to hypoxia for 4 h in Locke’s solution inside a chamber in
an incubator. The chamber was purged with a CO,/N, (5%/
95%) flow. The oxygen concentration inside the chamber was
kept between 0.3 to 0.5%. After hypoxia, cells were maintained
in culture medium and returned to an incubator containing a
CO,/air atmosphere (5%/95%) environment. For normoxic
control, cells were maintained in the same solution under nor-
moxic conditions for 4 h. All other procedures were the same as
described in the hypoxia experiments.

Assessment of Mitochondrial Respiration—Astrocytes in
24-well plate were incubated with 0.5 mg/ml MTT (Sigma-Al-
drich) in Hank’s balanced salt solution (Invitrogen) for 30 min
at 37 °C. Formazan crystals generated by living cells were dis-
solved in 0.5 ml of dimethyl sulfoxide (Sigma-Aldrich). Color
formation was determined by measuring the optical density at
562 nm.

Statistical Analysis—Data are expressed as the average = S.E.
and analyzed using Student’s ¢ test to evaluate the significant
between groups. p < 0.05 is considered significant (*), and p <
0.01 is considered highly significant (**).
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RESULTS

Functional Channels Contribute to Cx43-mediated ROS
Resistance in Cortical Astrocytes—It has been previously
reported that siRNA knockdown of Cx43 leads to an increase in
H,0,-induced apoptosis in primary astrocytes, almost 2-fold
over the scrambled siRNA control (19). However, whether
Cx43 hemichannels and/or gap junction channels contribute to
the anti-apoptotic effect of astrocytic Cx43 has not been inves-
tigated. Therefore, we first determined whether complete lack
of Cx43 in astrocytes further enhances H,O, toxicity. Secondly,
we asked whether functional Cx43 channels in astrocytes are
essential for their resistance to H,O,. Wild-type (WT) and
Cx43~/~ astrocytes were exposed to 0.7 mm and 1.4 mm H,0O,.
This compound is unstable and decomposes rapidly over time
to undetectable levels after 1 h in cell culture medium (34). To
obtain the maximum effect, we treated cells with H,O, in
serum-free medium for 45 min. The medium was then removed
and replaced with fresh culture medium to prevent H,O, from
reacting with other components of the medium and allow cells
to recover. H,0, is reported to induce cell death in astrocytes
by both necrotic and apoptotic pathways, 39 = 10% and 26 =
14% of the total number of cells, respectively (35). In our study,
cell death was analyzed using the dye Rdex, an indicator of loss
of membrane integrity, 24 h post-treatment. No dead cells were
detected after exposing WT cells to 0.7 mm H,O, (Fig. 1, A and
B). However, astrocytes lacking Cx43 exhibited 13 = 3% cell
death at this concentration. With 1.4 mm H,O,, only 20 % 3% of
WT astrocytes died while the majority of Cx43 /" cells (63 *
5%) were positive for Rdex. This result indicates that Cx43-
deficient astrocytes are more sensitive to H,O, toxicity. To
determine whether functional Cx43 channels are important for
protection against H,O,, astrocytes were exposed to the Cx43
channel blockers carbenoxelone (Cbx) or 18-a-glycyrrhetinic
acid (18-aGA), which have been previously shown to inhibit
both astrocytic Cx43 gap junction coupling and hemichannel
activity (36). Astrocytes were left untreated (control) or treated
with 1.2 mm H,O,. Cx43 channel blockers were added 30 min
before, during, and after treatment (Fig. 1, C and D). Cells that
were positive for the membrane impermeable dye PI or had
condensed round nuclei were considered dead cells. WT astro-
cytes exhibited 12 * 2% cell death when treated with H,O,.
There was a 3.3- or 2.8-fold increase in ROS-induced cell death
in the presence of Cbx or 18-aGA, respectively, over the vehicle
control. Altogether, this finding suggests that channel activity
of Cx43 is important for cell survival in response to H,O,.

Hydrogen Peroxide Treatment Leads to Reduced Cx43 Gap
Junction Intercellular Communication in Astrocytes—Cx43 can
function as a gap junction channel or as a hemichannel. First,
we examined whether H,O, treatment affects Cx43 GJIC in
astrocytes. We employed two fluorescent dyes, carboxyfluores-
cein (376 Da) and Rdex (10 kDa), in a scrape loading assay. Cx43
channels are permeable to carboxyfluorescein but not to Rdex.
WT and Cx43/~ cells were either untreated (control) or
treated with 0.7 mm H,O, for 45 min; gap junction activity was
assessed immediately or after 3, 7, and 24 h recovery in fresh
media. In agreement with previous findings (37, 38), lack of
Cx43 prevented cultured astrocytes from transferring dye to
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FIGURE 1. Connexin43 channels protect astrocytes from hydrogen peroxide toxicity. A, WT and Cx43 '~ astrocytes were exposed to 0.7 mm or 1.4 mm
H,0, for 45 min in serum-free medium and then maintained in fresh culture medium for up to 24 h. Live cells were incubated with Rdex and Hoechst.
Representative micrographs show H,O,-induced cell death by loss of membrane integrity (uptake of Rdex, red). Total cells were identified by staining with
Hoechst (blue). Scale bar: 50 um. B, quantification of cell death by Rdex staining method. Data represent average = S.E. (n = 3). C, WT astrocytes were treated
with 1.2 mm H,0, in the absence (vehicle) or presence of channel blockers carbenoxolone (Cbx) and 18-a-glycyrrhetinic acid (18-aGA). Cells were labeled with
Pl (red) and DAPI (blue) at 24 h post-treatment. Scale bar: 50 um. D, cell death was quantified (red round nuclei and condensed nuclei), as shown in the graph.

Data represent average = S.E. (n = 3).*, p < 0.05 and **, p < 0.01.

neighboring cells, as dye could not be detected beyond the
injured cells at the scratch boundary (Fig. 2A4). Dye travel dis-
tance in WT astrocytes was measured and is shown in Fig. 25.
WT untreated astrocytes exhibited active GJIC (170 = 9 um),
while treatment of astrocytes with H,O,, for 45 min resulted in
less GJIC, which is evident from the shorter dye travel distance
(125 £ 8 um) (Fig. 2B, 0 h). Following the 3 h recovery, the
extent of gap junction coupling in treated cells was still reduced
(Fig. 2, A and B). However, GJIC had recovered to a level com-
parable to control cells by 7 h after treatment (Fig. 2B), suggest-
ing that H,O, treatment leads to transient Cx43 gap junction
uncoupling in cortical astrocytes. The recovery of GJIC may be
due to an increased level of newly synthesized Cx43 that has yet
to be phosphorylated, or altered activities of kinases and phos-
phatases, all of which contribute to an increased level of
hypophosphorylated protein that we observed in Fig. 4.
Hydrogen Peroxide Treatment Results in Enhanced Cx43
Hemichannel Activity in Astrocytes—Cx43 hemichannels are
usually closed under normal physiological conditions (12, 13).
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Opening of hemichannels is regulated by various physiological
and pathological conditions (14, 39-41). A previous study
showed that oxidative stress induced by H,O, leads to mem-
brane depolarization and hemichannel opening in epithelial
cells (21). We asked whether H,O,, causes the opening of hemi-
channels, especially Cx43 hemichannels, in primary astrocytes
by measuring the uptake rate of the hemichannel-permeable
ion ethidium (Etd) using time lapse imaging. Representative
pictures demonstrate Etd uptake before (Fig. 3A, untreated)
and 15 min after addition of H,O, (Fig. 34, H,0,). Quantifica-
tion of uptake rate is shown in Fig. 3B. The uptake rate prior to
the addition of H,O, was minimal and set at 100%. We
observed a 3.4-fold increase in the Etd uptake rate by WT astro-
cytes when 0.7 mMm H,O, was added. This is similar to Etd
uptake rate triggered by the removal of extracellular Ca**/
Mg>" (Fig. 3A). The hemichannel stimulating effect of H,O,
was reduced, but not completely abolished, in Cx43-deficient
astrocytes. Similarly, there was a decrease in Etd uptake when
Cx43 channel blockers, Gap 26 and Cbx, were applied. WT cells
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FIGURE 2. Hydrogen peroxide treatment transiently decreases astrocytic
Cx43 gap junction coupling. WT and Cx43 /™ astrocytes were left untreated
(control) or exposed to 0.7 mm H,0, for 45 min and then cells were main-
tained in fresh culture medium for recovery. Gap junction coupling was mea-
sured at 0, 3, 7, and 24 h post-treatment using a scrape loading assay. A,
representative micrographs show carboxyfluorescein (green) and Rdex (red)
after scrape loading at 3 h after treatment. Scale bar: 50 um. B, distance of dye
transfer in the control and H,O,-treated WT cells was quantified, as shown in
the graph. Data represent average = S.E. (n = 3).* p < 0.05 and **, p < 0.01.

preincubated with the antioxidant glutathione abolished the
H,0,-induced increase in Etd uptake. The opening of hemi-
channels is, however, transient as we did not observe an
increase in Etd uptake after 45 min treatment with H,O, (Fig. 3,
Cand D, 0 h).

Cx43 Expression, Phosphorylation, and Distribution Is
Altered in Response to Hydrogen Peroxide—It is well-estab-
lished that Cx43 has a short half-life of 1.5 to 5 h (42— 44). Thus,
regulation of Cx43 assembly and turnover are important for its
physiological and pathological functions (45). In addition, it is
reported that Cx43 contains multiple phosphorylation sites,
which influence gap junction assembly, channel gating, and
half-life (46, 47). As an initial step in understanding the mech-
anism that regulates Cx43-mediated ROS resistance, we inves-
tigated the expression and phosphorylation of Cx43 as well as
its spatial distribution in WT astrocytes in response to ROS
treatment.

Astrocytes were treated with 0.7 mm H,O, for 45 min in
serum-free medium and then left to recover in culture medium.
Cells were harvested immediately after treatment (0 h) or at 3,
7, and 24 h post-treatment. Untreated (control) cells were
maintained in the same condition and harvested at the same
time. In control cells, we detected three different bands when
probing with anti-Cx43 antibody (which recognizes total
Cx43): PO, P1, and P2, of which PO is the isoform with the fastest
mobility on SDS-PAGE gels (Fig. 44). These isoforms represent
different phosphorylation states of Cx43 (48). H,O,-treated
astrocytes showed a 32% reduction in Cx43 level immediately
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after 45 min of treatment (Fig. 4B, 0 h). Cx43 levels remained
low at 3 h and 7 h post-treatment. At 24 h after treatment, the
Cx43 level returned back to the basal level. Since H,O, induced
junctional uncoupling in astrocytes, we investigated whether
Cx43 phosphorylation is a mechanism that regulates astrocytic
Cx43 GJIC in response to H,0,. Cx43 can be phosphorylated
on multiple sites by various protein kinases and dephopshory-
lated by phosphatases PP1 and PP2A (46, 47). The PO isoform is
conventionally classified as the non-phosphorylated form (49),
however, a later study suggested that the PO isoform can be
phosphorylated (50), therefore the PO isoform is referred to as
the hypophosphorylated isoform. The ratio of the PO isoform to
total Cx43 level was analyzed and shown in Fig. 4C. We
observed a 30% decrease in the ratio after 45 min of treatment
(Fig. 4C, 0 h). Since the level of Cx43 is also reduced at this time,
our results suggest that the PO isoform of Cx43 is dramatically
reduced after 45 min of treatment. Interestingly, the ratio
increased back to alevel comparable to the controlat3hand 7 h
post-treatment although total Cx43 is still low compared with
untreated cells (Fig. 4, B and C). It is not clear whether the
decrease in PO isoform is due to increased conversion to the
phosphorylated P1 and P2 isoforms, however, we did not detect
any significant difference in the ratio of P1/2 level to total Cx43
level (data not shown). At 24 h, the level of PO as well as the total
Cx43 level has recovered. In summary, H,O, treatment leads to
adecrease in total Cx43 expression and a transient reduction in
the ratio of the hypophosphorylated form to total Cx43 level in
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age * S.E.(n = 4).C, bars represent the ratio of the PO form to total Cx43 in the
untreated (control) and treated samples. Data represent average = S.E. (n =
4).*,p < 0.05and **, p < 0.01.
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FIGURE 5. Effect of hydrogen peroxide treatment on Cx43 distribution in
astrocytes. WT astrocytes were exposed to 0.7 mm H,0, for 45 min in serum-
free medium and then maintained in fresh culture medium for recovery. A,
WT astrocytes were fixed before treatment (control) and at 0, 1, 3, 5,and 24 h
after treatment. Fixed cells were immunostained for Cx43 (green) and DAPI
(blue). Scale bar: 20 um. B, average size of Cx43 plaques was quantified, as
shown in the graph. Data represent average =+ S.E.

astrocytes. To determine whether the changes in Cx43 phos-
phorylation can translate into alterations in gap junction orga-
nization, astrocytes were immunostained for Cx43. A previous
study reported that Cx43 in confluent primary astrocytes is
distributed between astrocytes at the contact areas in a pattern
known as gap junction plaques (38). Similarly, we found that
prior to H,O, treatment, the majority of Cx43 was arranged
into large gap junction plaques, evident as intense punctate
labeling (Fig. 54, Control). After 45 min of treatment, the num-
ber of large plaques was reduced (Fig. 54, 0 h). At 1 h post-
treatment, the intense punctate structure disappeared. This
phenomenon was also observed at 3 h and 5 h post-treatment.
By 24 h, large gap junction plaques had reappeared. The average
size of Cx43 plaques was quantified by ImageJ and is shown in
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FIGURE 6. Panx1 expression and function in response to hydrogen perox-
ide treatment in astrocytes. WT, Cx43 /", and Panx1 ™/~ astrocytes were
exposed to 0.7 mm H,0, for 45 min in serum-free medium and then main-
tained in fresh culture medium for recovery. A, astrocytes were harvested
before treatment (C) and at 3 h, and 24 h post-treatment. Lysates prepared
from these cells were immunoprobed with anti-Panx1 and anti-GAPDH anti-
bodies. B, WT and Panx1~/~ astrocytes were exposed to 0.7 mm or 1.4 mm
H,0,. Cell death was analyzed by Rdex staining method. Data represent aver-
age = S.E.(n = 3).

Fig. 5B. The average size of Cx43 positive plaques was reduced
at 1-5 h post-treatment, but recovered by 24 h. The reduction
in Cx43 plaque size is caused by a decrease in the number of
larger plaques and an increase in the number of smaller plaques
(data not shown). Altogether, this evidence suggests that H,O,
decreases Cx43 levels and transiently reduces the ratio of the
hypophosphorylated isoform to total Cx43 level. Interestingly,
there is a correlation between reduced Cx43 plaque size and
GJIC (Figs. 2 and 5).

Panx1 Channels Do Not Contribute to Hydrogen Peroxide-
induced Astrocyte Death—TIt is reported that Panx1 is a major
hemichannel contributor and does not have gap junction activ-
ity in cultured astrocytes (51-54). Our results showed that
application of Cx43-specific pharmacological agents incom-
pletely blocked the ROS-induced increase in astrocyte mem-
brane permeability as measured by Etd uptake, suggesting that
Panx1 may also mediate the increase in Etd uptake in response
to H,O, treatment. First, we asked whether the level of Panx1 is
altered in Cx43 /™ astrocytes. We detected two major bands in
lysates from WT and Cx43 /" astrocytes but not in lysates
from Panx-1"/" astrocytes, indicating that the two bands are
Panx1 (Fig. 6A). Previous studies showed that Panx1 is N-gly-
cosylated, therefore, these bands most likely represent the
degree of glycosylation (55, 56). We did not detect any differ-
ence in Panx1 level between WT and Cx43 /" cells at any
investigated time points, suggesting elevated ROS-mediated
cell death in Cx43 ™/~ astrocytes is not due to altered Panx1
expression. This is consistent with an earlier study (51). Inter-
estingly, Panx1 levels significantly increased 24 h after treat-
ment in both WT and Cx43~/~ astrocytes. To investigate
whether the elevated Panx1 protein level is critical for the
recovery of astrocytes in response to ROS, we evaluated H,O,-
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FIGURE 7. Effect of hypoxia/reoxygenation on astrocytic Cx43 level, phosphorylation, and distribution. WT astrocytes were subjected to hypoxia or
maintained under normoxic conditions (normoxia) in Locke’s solution for 4 h and then reoxygenated in fresh culture medium. A, cell survival was determined
by MTT assay at 20 h after reoxygenation. The bars represent astrocytic survival calculated as percentage of the control under normoxia. Data represent
average * S.E. (n = 3). B, cells were fixed after 4 h hypoxia or 4 h normoxia (0 h), and 1 h and 20 h after reoxygenation. Fixed cells were immunostained for Cx43
(green) and DAPI (blue). Scale bar: 20 um. C, cells were harvested before (Control), after 4 h hypoxia or 4 h normoxia (0 h),and at 1 h and 20 h after reoxygenation.
Lysates prepared from these astrocytes were immunoprobed with anti-Cx43 antibody (top panel), and anti-GAPDH antibody (bottom panel). D, bars represent
the amount of Cx43 protein as a percentage of the loading control, GAPDH. The control samples (harvested before hypoxia) were set at 100%, and the samples
harvested after hypoxia and reoxygenation were expressed relative to the control samples. Data represent average = S.E. (n = 3).E, bars represent the ratio of
the PO isoform to total Cx43 before (control) and after 4 h hypoxia (0 h) and 1 and 20 h after reoxygenation. Data represent average * S.E. (n = 3).*,p < 0.05

and **, p < 0.01.

induced cell death in Panx1~/~ astrocytes. WT and Panx1~/~
astrocytes were treated with 0.7 mm or 1.4 mm H,O,. Cell death
was analyzed using the dye Rdex as described earlier. Lack of
Panx1 did not result in any changes in H,O,-induced cell death
(Fig. 6B). This finding suggests that Panx1l does not have a
major role in astrocytic death induced by ROS.

Distinct Alterations in Cx43 Phosphorylation and Distribu-
tion in Response to Hypoxia/Reoxygenation Cause Astrocytic
Death—ROS have been long thought to be a critical mediator of
brain damage related to H/R (28, 29). In stroke, hypoxia and
reoxygenation are important components of ischemia and rep-
erfusion, respectively. In contrast to the cell protective effect of
Cx43 in response to H,0,, Cx43 has been implicated in pro-
moting astrocytic death in response to H/R (15). Therefore, we
characterized the modulatory mechanisms that may explain
these opposite effects of Cx43 in astrocytes. WT and Cx43 '~
astrocytes underwent hypoxia for 4 h and then were reoxygen-
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ated in culture medium for 20 h. Control cells were maintained
in the same solution but under normal oxygen conditions. First,
we examined the contribution of Cx43 in H/R-induced cell
death. Astrocytes lacking Cx43 showed no reduction of cell
viability after H/R, whereas WT astrocytes exhibited a 30 * 7%
reduction in cell viability (Fig. 7A). This result agrees with a
previous study showing that Cx43 hemichannel activity is asso-
ciated with H/R-induced cell death (15). To identify the reason
underlying the opposite effect whereby Cx43 prevents H,O,-
induced cell death but promotes H/R-mediated cell death in
astrocytes, we examined Cx43 expression and distribution in
WT astrocytes. Interestingly, 4 h of hypoxia caused a marked
increase in Cx43 immunostaining at the plasma membrane,
and a complete disappearance of Cx43 punctate structures (Fig.
7B, 0 h, upper panel). This is distinct from H,O,-induced sub-
cellular changes of Cx43 plaques (Fig. 5). After 1 h of reoxygen-
ation, Cx43 was redistributed but the punctate structures were
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still missing. By 20 h of reoxygenation Cx43 returned to its
normal (normoxic condition) distribution pattern as punctate
plaques (Fig. 7B, 20 h). Next, we investigated Cx43 expression
and phosphorylation. Similar to H,O, treatment, 4 h of hypoxia
caused a reduction in Cx43 expression (Fig. 7, C and D). In
contrast to H,O,, hypoxia treatment resulted in a 2-fold
increase in the ratio of the PO isoform to total Cx43 level (Fig.
7E). After 1 h of reoxygenation, this ratio was reduced to a
1.4-fold increase, suggesting that Cx43 PO level was decreased.
Cx43 expression and phosphorylation was completely restored
to control levels after 20 h of reoxygenation in culture medium.
In summary, hypoxia causes the disappearance of punctuate
gap junction plaques and a marked increase in the hypophos-
phorylated isoform of Cx43.

DISCUSSION

The role for Cx43 channels in H,O,-induced cell death has
been studied in several cell types, including epithelial cells and
osteocytes, with mixed results. Some studies suggest a cell pro-
tective role whereas others propose a cell destructive role (21—
23). Moreover, whether Cx43 hemichannels and/or gap junc-
tions are important for H,0O,-mediated cell death is still under
debate. The involvement of Cx43 in H,0O,-mediated astrocytic
death has been previously reported (19, 35). Knockdown of
Cx43 sensitized primary rat brain astrocytes to H,O, (19).
However, inhibition of Cx43 GJIC by pharmacological agents
did not interfere with H,O,-induced cell death in rat striatum
astrocytes (35). In this study, we have demonstrated that Cx43
channel activity is crucial for Cx43-mediated ROS resistance of
cortical astrocytes as astrocytes lacking Cx43 or blockage of
Cx43 channels show similar elevated cell death induced by
H,0,.

Next, we addressed the mechanism by which astrocytic Cx43
exerts its effects. Cx43 can form gap junction channels and
hemichannels in astrocytes. Here, we show that H,O, causes an
increase in hemichannel activity but a reduction in GJIC medi-
ated by Cx43. Enhanced hemichannel activity could result from
an increase in opening probability of hemichannels and/or an
increase in the number of hemichannels in the plasma mem-
brane. The immediate increase in the dye uptake after the addi-
tion of H,O, suggests that H,O, causes hemichannel opening
in astrocytes. In addition, we detected a reduction in Cx43 aver-
age plaque size which is associated with an increase in the num-
ber of smaller Cx43 plaques and a reduction in the number of
larger plaques in astrocytes after H,O, treatment. H,O,-in-
duced increases in Cx43 hemichannel activity and cell surface
expression were reported in osteocytes (23). Thus, it is likely
that the H,O,-induced increase in Cx43 hemichannel activity is
also associated with an increase in the number of Cx43 hemi-
channels at the cell surface in astrocytes. However, the effect is
transient as hemichannels returned to a closed state soon after
the removal of H,O,. In contrast to the effect on hemichannels,
H,O0, caused uncoupling of gap junctions in cultured cortical
astrocytes. This is in agreement with various studies done in
epithelial cells and other cell types (20, 23, 57— 61) but incon-
sistent with the finding from rat striatum astrocytes (35). These
authors pointed out that H,0,-induced increase in GJIC in
astrocytes is very atypical as endogenous GJIC is typically high
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in astrocytes (35). This difference may explain why Cx43 in
striatum astrocytes exhibits distinct effects on H,O,-induced
cell death. Unlike hemichannels, the effect of H,O, on GJIC is
prolonged as GJIC returned to control levels only observed
after 7 h post-treatment. Astrocytes lacking Cx43 did not
exhibit coupling, suggesting that Cx43 is solely responsible for
GJIC in astrocytes in culture under the conditions used in this
study. Therefore, the reduction in coupling observed in WT
astrocytes treated with H,O, as measured by dye transfer is
mainly due to Cx43. This is supported by the finding that there
is a significant change in the average size of Cx43 plaques and
Cx43 level in response to ROS treatment in WT astrocytes. We
detected a reduction in the number of large Cx43 gap junction
plaques (62), suggesting that reduced Cx43 levels after H,O,
treatment could be a result of increased degradation of Cx43
gap junctions (46, 63). The phosphorylation of Cx43 has been
linked to its internalization and degradation (46, 64). In this
study, we show that Cx43 phosphorylation state is altered after
H,O, treatment, suggesting that changes in phosphorylation of
Cx43 may contribute to reduced number of Cx43 gap junctions.

Our findings suggest that H,O, treatment alters Cx43 GJIC
as well as hemichannel activity in cortical astrocytes, leading to
ROS resistance. If hemichannels contributed to ROS resistance,
the opening of hemichannels would be expected to benefit the
cells. However, a previous study suggested that ROS can enter
cells via opened hemichannels, indicating the detrimental
effect of hemichannels (21). To dissect hemichannel function
from GJIC, we studied the role of Panx1 in H,O,-induced cell
death. It has been reported that Panx1 is the major substrate of
hemichannels and does not form functional gap junction in
cultured astrocytes (51-54). Here, we reported that knock-out
of Panx1 in cultured astrocytes did not prevent H,O,-mediated
cell death. It is worth noting that H,O,-induced hemichannel
opening is very transient, as short as 45 min, whereas cell death
appeared at much later time point. Altogether, Panx1 as well as
Cx43 hemichannels do not appear to play an important role in
astrocytic death induced by H,O,. This suggests that GJIC is a
major contributor to ROS resistance mediated by Cx43.

It is interesting to note the distinct effects of Cx43 in oxida-
tive stress and H/R pathways. This is unexpected because ROS
including H,O, are also produced during H/R and thought to
contribute to H/R-induced cell death (28, 29). This suggests
that H/R may stimulate additional pathways besides ROS-me-
diated signaling, leading to distinctively different modulation of
Cx43. Previous studies reported an immediate change in Cx43
expression and distribution at the plasma membrane after
hypoxia (15, 24, 65). Here, we demonstrated that after 4 h
hypoxia, intense punctate structures disappear and non-punc-
tate Cx43 localizes over the entire plasma membrane, which
was correlated with a marked increase in the PO isoform of
Cx43. This phenomenon was not observed in response to ROS.
Interestingly, the non-punctate membrane staining of Cx43 in
hypoxia treated cells are very similar to astrocytes harboring a
G60S mutation at its extracellular loop (66). This mutant also
shows increased hemichannel activity, indicating that a redis-
tribution of Cx43 may be correlated with the reciprocal
increase of hemichannel and decrease of gap junction activity.
Indeed, hypoxia and reoxygenation increases hemichannel
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activity and decreases GJIC in astrocytes (14, 15, 24). In addi-
tion, Orellana et al. (2010) reported that blockage of Cx43
hemichannels during reoxygenation can prevent astrocytic
death caused by H/R (15). This suggests that a prolonged
increase in Cx43 hemichannel activity is the main cause of
astrocytic death induced by H/R.

In summary, our finding suggests that the controversial role
of Cx43 may be attributed to the extent of dephosphorylation
that results in varying degrees of hemichannel enhancement
and GJIC inhibition. If hypoxia-induced redistribution of Cx43
is correlated with marked dephosphorylation resulting in sus-
tained hemichannel opening compared with H,O,-treated
cells, the cellular damage by the GJIC mediated role of Cx43
may be irreversible. In contrast, the damage caused by transient
opening of Cx43 channels in H,O,-treated cells is reversed by
the recovery of GJIC, and therefore Cx43 has a beneficial role.
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