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Abstract
Connexin43 plays an important role in neuroprotection in experi-

mental stroke models; reducing the expression of this gap junction
protein in astrocytes enhances injury upon middle cerebral artery
occlusion (MCAO). Because the C-terminal region of connexin43
is important for channel activity, we carried out MCAO stroke ex-
periments in mice expressing a truncated form of connexin43
(Cx43$CT mice). Brain sections were analyzed for infarct volume,
astrogliosis, and inflammatory cell invasion 4 days after MCAO.
Adult cortices and astrocyte cultures were examined for connexin43
(Cx43) expression by immunohistochemistry and Western blot. Cul-
tured astrocytes were also examined for dye coupling, channel con-
ductance, hemichannel activity, and Ca2+ wave propagation. The
Cx43$CT mice exhibit enhanced cerebral injury after stroke. Astro-
gliosis was reduced and inflammatory cell invasion was increased
in the peri-infarct region in these mice compared with controls; Cx43
expression was also altered. Lastly, cultured astrocytes from Cx43$CT
mice were less coupled and displayed alterations in channel gating,
hemichannel activity, andCa2+ wave properties. These results suggest
that astrocytic Cx43 contributed to the regulation of cell death after

stroke and support the view that the Cx43 C-terminal region is
important in protection in cerebral ischemia.

Key Words: Astrocyte, Connexin, Coupling, Gap junction, Gliosis,
Ischemia, Microglia, Stroke.

INTRODUCTION
Intercellular gap junction channels provide cytoplasmic

continuity between adjacent cells by allowing ions and mole-
cules less than 1.8 kd to pass (1). The role of gap junctions in
stroke is controversial. Some reports suggest that gap junc-
tions allow passage of cytotoxic substances, whereas other
authors suggest gap junctions pass required metabolites (e.g.
antioxidants, adenosine triphosphate [ATP], glucose) to areas
of demand while also buffering cytotoxic levels of excitatory
amino acids and ions through the astrocytic syncytium (2, 3).
Both theories may be correct, and the ratio of healthy to
unhealthy cells may determine whether gap junctions are
protective or destructive (2). We have previously shown that
selectively knocking out the gap junction protein connexin43
(Cx43) in astrocytes results in larger infarct volumes in a
middle cerebral artery occlusion (MCAO) permanent focal
stroke model (4), suggesting that astrocytic Cx43 limits
damage caused by stroke. In addition to forming gap junc-
tions, unopposed connexins may form hemichannels that are
known to release substances such as ATP, glutamate, and
glutathione (5, 6). Hemichannel activity has also been shown
to play a protective role in hypoxic preconditioning by re-
leasing ATP, which is subsequently converted to adenosine
that may protect neighboring neurons (7).

A site of interest in elucidating the neuroprotective role
of Cx43 is its C-terminal (CT) region, which exhibits several
phosphorylation sites that are believed to play a role in gap
junction assembly and activity (8, 9). Gating of the Cx43
channel caused by intracellular acid loads is also thought to
involve the CT (10). Moreover, the Cx43CT binds to other
proteins such as >-tubulin, A-tubulin, CCN3, c-src, and zona
occludens 1 (8). Given the wide range of interactions, we
were interested in determining whether truncation of the gate
of Cx43 alters cellular injury during stroke.

In this study, we used mutant mice in which the CT
of Cx43 has been truncated at amino acid residue 258
(Cx43$CT) (11). Truncation of this region removes casein
kinase 1, protein kinase A, protein kinase C, and most of
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the mitogen-activated protein kinase phosphorylation sites;
the src homology 2, src homology 3, and the PDZ zona
occludens 1 binding domains are also removed. Interaction
sites for microtubules are preserved in this mutant, as are a
p34cdc2, mitogen-activated protein kinase, and src phos-
phorylation site (8, 12Y17). Cells with the Cx43$CT muta-
tion are known to electrically couple, but single-channel
recording in cardiomyocytes reveals a lack of the 30 pS sub-
state and prolonged channel opening times (18). Similar
truncations of the CT are also known to cause disruption of
channel gating (19).

Because of the broad functions attributed to Cx43, in
this initial study we sought to determine the importance of
the CT region of Cx43 in stroke by examining several pro-
cesses relevant to stroke. We tested the susceptibility to
cellular injury, astrogliosis, and inflammatory cell invasion in
Cx43$CT mice after MCAO. Furthermore, we explored the
expression and functional properties of Cx43$CT in adult
cortices and cultured astrocytes.

MATERIALS AND METHODS
All experiments were performed in accordance with the

guidelines established by the Canadian Council on Animal
Care and were approved by The University of British
Columbia Animal Care Committee.

Knockout Mice and MCAO
Mice from a 129/Ola/C57BL/6 genetic background in

which Cx43 has been replaced by Cx43K258stop (Cx43$CT)
(11) were used. Breeding and genotyping of Cx43+/+,
Cx43+/j, Cx43$CT/+, Cx43$CT/j, and Cx43$CT/$CT mice
have been previously described (11, 18, 20). Cx43$CT/$CT

mice are not viable because of an epidermal barrier defect
(11), but it is possible to culture Cx43$CT/$CT astrocytes near
birth. Details of the MCAO surgeries are described in our
previous studies (4, 21, 22). In brief, 8- to 10-week-old mice
were anesthetized with sodium pentobarbital (65 mg/kg
intraperitoneally [i.p.]; MTC Pharmaceuticals, Cambridge,
Ontario, Canada). Once they were unconscious, hair over the
surgery site was cut with an electric razor, and the mice were
secured to a 37-C heating pad and placed in a stereotaxic
frame. A skin incision was made, and the squamosal bone was
exposed by retracting the temporalis muscle. A 3-mm burr
hole was made over the MCA with a Dremel drill using a no.
105 engraving cutter drill bit (Robert Bosch Tool Corp, Mount
Prospect, IL). The dura mater was pierced with a needle, and
the MCA was occluded above and below the rhinal fissure by
electrocautery. The skin incision was closed with sutures, and
the mice were kept in a cage warmed on a 37-C heating pad
until they regained consciousness.

Infarct Volume
At 4 days after MCAO, the mice were anesthetized with

sodium pentobarbital (70 mg/kg i.p.) and were transcardially
perfused with PBS followed by perfusion with 10% formalin
(Sigma-Aldrich, Oakville, Ontario, Canada). Brains were re-
moved and placed in 10% formalin overnight then stored in a
10% formalin-30% sucrose solution. Using a cryostat (HM
505E; Micron, Walldorf, Germany), 20-Km-thick brain slices

were collected every 100 Km and mounted sequentially on
glass microscope slides. To measure infarct sizes, sections
were stained with 0.125% thionin (Fisher Scientific, Ottawa,
Ontario, Canada). Quantification of the infarct volume con-
sisted of adding together the measured lesion area in each
section as previously described using Scion Image Software
(Scion Corporation, Frederick, MD) (21, 22).

Examination of Brain Vasculature
To visualize brain vasculature, 8- to 10-week-old mice

were anesthetized with sodium pentobarbital (65 mg/kg i.p.)
and were transcardially perfused with PBS then 10% for-
malin followed by 3 to 5 mL of a staining solution containing
3.5 g gelatin (Fisher Scientific) dissolved in 60 mL water,
plus 10 mL of 25% mannitol (Sigma-Aldrich) and 20 mL of
india ink (Speedball Art Company, Houston, TX) (23). The
mice were stored at 4-C for 24 hours to allow for solid-
ification of the gelatin, after which the brains were extracted
and stored in 10% formalin. Dark ink-filled blood vessels
were apparent using this protocol, and brains were photo-
graphed using a digital camera (Canon Powershot SD750;
Canon Inc, Mississauga, Ontario, Canada). To examine the
microvasculature in these mice, 50-Km coronal sections were
obtained using a vibratome (Campden Instruments, Lafayette,
IN). Sections were mounted on glass slides and stained with
1% neutral red (Sigma-Aldrich) for 5 minutes, followed by
washes in water, 50% ethanol, 70% ethanol, 100% ethanol
(twice), and 100% xylene (twice) (24). Slides were mounted
using Cryoseal XYL (Richard-Allan Scientific, Kalamazoo,
MI), and images were obtained on a Leica microscope (Leica
Microsystems, Richmond Hill, Ontario, Canada).

Astrocyte Cultures
Neonatal (0Y1 day) brains were removed from mice and

placed in PBS. Neocortices were isolated, freed of meninges,
and placed in high-glucose Dulbecco modified Eagle medium
(Invitrogen, Burlington, Ontario, Canada) supplemented with
10% fetal bovine serum (HyClone, Logan, UT), 10 U/mL
penicillin, and 10 U/mL streptomycin (Invitrogen). Tissue was
mechanically disrupted and passed through a 70-Km cell
strainer (BD Falcon, Bedford, MA). Cells were resuspended
in high-glucose Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum, 10 U/mL penicillin, and
10 U/mL streptomycin, and maintained in a humidified incu-
bator in 95% air/5% carbon dioxide at 37-C. A fresh medium
change was performed every 4 days (25). Confluent cells were
passed onto glass coverslips or plastic culture dishes, and
astrocytes were used between 14 and 21 days in vitro.

Immunohistochemistry
Immunohistochemistry was performed as previously

described on brain tissue obtained 4 days after MCAO and
after fixation with 4% paraformaldehyde (Sigma-Aldrich)
(4, 21, 26). In brief, 10-Km glass-mounted sections were
rinsed in PBS and exposed to 0.3% Triton X-100 (Fisher
Scientific) in PBS for 2 minutes. After a brief rinse in PBS,
cells were blocked in 5% normal goat serum ([NGS] Sigma-
Aldrich) for 30 minutes. Sections were then incubated over-
night in 1.5% NGS-PBS and primary antibody. Sections were
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then washed 3 times for 10 minutes with PBS and sub-
sequently incubated for 1 hour with the secondary antibody.
After incubation, slides were rinsed 3 times for 10 minutes
with PBS, dipped in water, and mounted with ProLong Gold
antifade reagent with 4¶,6-diamidino-2-phenylindole ([DAPI]
Molecular Probes, Eugene, OR). Control experiments were
performed by omitting the primary antibodies and by incu-
bating the primary antibody with the opposite secondary.
Primary antibodies were used at the concentrations indicated:
anti-Cx43 C-terminal (amino acid residues 363Y382) raised in
rabbit (1:2000 dilution, catalogue no. C6219; Sigma-Aldrich),
anti-Cx43 cytoplasmic loop (amino acids residues 131Y142)
raised in mouse (1:50, catalogue no. 05-763; Upstate, Lake
Placid, NY), anti-glial fibrillary acidic protein (GFAP) raised
in mouse (1:1000, catalogue no. G3893; Sigma-Aldrich) and
anti-ionized calcium-binding adaptor molecule 1 (IBA-1)
produced in rabbit (1:500, catalogue no. 019-19741; Wako
Pure Chemical Industries, Richmond, VA). Secondary anti-
bodies consisted of a 1:500 dilution of highly cross-adsorbed
goat anti-rabbit or anti-mouse IgG conjugated to Alexa Fluor
488 (catalogue no. A-11029 and no. A-11034) or Alexa Fluor
568 (catalogue no. A-11031 and no. A-11036) used as
appropriate (Molecular Probes). All images were obtained on
a Zeiss Axioplan2 fluorescence microscope (Carl Zeiss Ltd,
Toronto, Canada).

Immunocytochemistry on astrocyte cultures was per-
formed as previously described using the same concentration
of Cx43 antibodies and secondary antibodies (27). In brief,
astrocytes were rinsed in PBS, fixed in 4% paraformalde-
hyde, briefly rinsed in PBS, and then exposed to 0.1% Triton-
X-100 PBS (Fisher Scientific) for 2 minutes. After a brief
rinse, cells were blocked in 5% NGS for 20 minutes. Astro-
cytes were then incubated for 1 hour in PBS containing 1.5%
NGS and primary antibody. Astrocytes were then washed
3 times for 10 minutes with PBS and subsequently incu-
bated for 1 hour with a secondary antibody. After incuba-
tion, astrocytes were rinsed 3 times for 10 minutes with
PBS, dipped in water, and mounted with ProLong Gold
with DAPI.

Western Blot
Adult brain samples and astrocyte cultures were pre-

pared and probed as previously described (18). In brief, tissue
was lysed in Laemmli buffer supplemented with Complete
Mini (Roche, Indianapolis, IN) and phosphatase inhibitors
(Sigma-Aldrich), and the samples were drawn up by a sy-
ringe through a 26-gauge needle. Samples were then soni-
cated and centrifuged at 10,000 � g for 10 minutes. Protein
concentrations were determined using a BCA protein quan-
tification kit (Pierce, Rockford, IL). Protein samples (30 Kg)
were heated at 37-C for 30 minutes in Laemmli buffer and
loaded onto a 12% polyacrylamide gel for separation. Protein
was then transferred to a nitrocellulose membrane. The mem-
brane was blocked in 5% milk in Tris-buffered saline with
Tween (TBS-T) for 1 hour followed by incubation in a pri-
mary antibody in 5% milk and TBS-T overnight. The blot
was washed 3 times in TBS-T for 10 minutes and then
incubated in secondary antibody. Next, the blot was washed
3 times in TBS-T for 10 minutes and was placed in TBS for

5 minutes. Protein was detected by exposing the blot to Super-
Signal chemiluminescent substrate (Pierce). Note that when
the anti-Cx43 N-terminal antibody was used, all incubations
were in 1% milk and in the absence of Tween. Primary
antibodies were used at the following dilutions: anti-Cx43
C-terminal (1:8000), anti-Cx43 N-terminal clone P1E11 (1:300;
amino acid residues 1Y19; Fred Hutchinson Cancer Research
Center, Seattle, WA), anti-Cx43 cytoplasmic loop (1:200),
Cx30 (1:250, catalogue no. 71-2200; Zymed, San Francisco,
CA) and anti-glyceraldehyde 3-phosphate dehydrogenase
([GAPDH] 1:10,000, catalogue no. 5G4 MAb 6C5; HyTest,
Turku, Finland). The secondary antibodies, goat anti-mouse
or anti-rabbit horseradish peroxidase-tagged, were used at a
1:3000 dilution (catalogue no. A6154 and no. A8924; Sigma).
To ensure equal loading of protein samples, the blots were
stripped and reprobed for GAPDH.

Astrogliosis and Inflammatory Cell
Measurements

Ten-micrometer-thick sections from mice subjected to
MCAO were probed with a low concentration of anti-GFAP
antibody to stain reactive astrocytes (21, 26). Micrographs
were obtained along the lateral border of the section under a
16� objective from the edge of necrosis to the edge of
astrogliosis, where reactive astrocyte staining was similar to
that of the rest of the section (21, 26); each 16� field cor-
responded to 550 Km � 550 Km area. For each mouse, the
extent of astrogliosis was determined by averaging 5 mea-
surements from the necrotic edge to the edge of astrogliosis
in 3 separate sections.

To quantify the extent of inflammatory cells in the peri-
infarct region of the stroke, 10-Km-thick sections were
labeled with antiYIBA-1 to detect microglia and infiltrated
blood-derived macrophages. Sections (n = 3 per mouse) were
examined under 16� magnification. In each section, cells
were counted in 3 randomly chosen fields in the region
adjacent to the edge of necrosis, and data from each field
were averaged (21).

Gap Junction Coupling
To assess the extent of gap junction coupling, cells

were incubated with 50 KL of gap junctionYpermeable
carboxyfluorescein (0.1%) and gap junctionYimpermeable
dextran-rhodamine (0.1%; Molecular Probes) in PBS. Cells
were scraped with a scalpel blade and allowed to incubate for
2 minutes after which excess dye was washed off with PBS.
A gap junction blocker, carbenoxolone ([CBX] 20 Kmol/L;
Sigma-Aldrich), was then added to inhibit further coupling.
The distance carboxyfluorescein traveled from the source
cells was taken as a measure of the extent of coupling.

Electrophysiology
A dual whole-cell voltage clamp technique was applied

to cell pairs to measure their junctional conductance (gj).
The patch solution consisted of (in mmol/L) 130 CsCl2,
0.5 CaCl2, 2 Na2ATP, 3 MgATP, 10 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES), 10 EGTA, pH 7.2.
The recording solution consisted of (in mmol/L) 130 NaCl,
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7 CsCl2, 2.0 CaCl2, 0.6 MgCl2, 10 HEPES, pH 7.4. Single-
channel currents were measured using freshly plated astro-
cytes on glass covers slips. Unitary junction currents were
observed after 30-second superfusion of 2 mmol/L halothane
and digitized during long-voltage steps applied to one of the
cells. Amplitudes of unitary opening or closing current events
were digitized through a HEKA 9000 amplifier (HEKA,
Lambrecht, Germany) filtered at 200 Hz. Probability distribu-
tion histograms of the events and Gaussian distribution best
fits for each peak were calculated for each experiment (Ori-
gin 7.0; OriginLab Corporation, Northampton, MA). Single-
channel current traces were digitized at 5 kHz, filtered at
100 Hz, and used to generate all point histograms with a bin
resolution of 0.5 to 2.5 pS.

Hemichannel Assay
Hemichannel activity was assessed by propidium io-

dide uptake (7). Cells were washed with Hanks buffered salt
solution (Invitrogen Corp) with Ca2+ and then incubated in
Hanks buffered salt solution with or without Ca2+containing
1.5 mmol/L propidium iodide for 15 minutes. Cells were then
washed 3 times with Hanks buffered salt solution and were
fixed and mounted on glass slides for subsequent analysis.
Carbenoxolone was also applied 5 minutes before and during
the experiment in a portion of cells to test the specificity of
hemichannel openings.

Calcium Imaging
Confluent astrocytes were placed in imaging buffer (in

mmol/L): 136.5 NaCl, 3.0 KCl, 1.5 NaHCO3, 1.5 MgSO4,
10.0 D-glucose, 2.0 CaCl2, and 10.0 HEPES with 5 Kmol/L
fura-2 AM (Molecular Probes) for 1 hour at room temperature.
After washing, the cells were mounted in a perfusion chamber
on a Zeiss Axioskop2 FS Plus microscope (Carl Zeiss Canada
Ltd). Measurement of [Ca2+]i was performed using the dual
excitation ratio method (340 and 380 nm; Lambda DG-5,
Sutter Instrument Co, Novato, CA) under a 20� objective, and
fluorescence emissions greater than 505 nm were captured by
a 12-bit digital cooled CCD camera every 5 seconds (Retiga
EXi, QImaging, Burnaby, Canada) and analyzed offline using
SlideBook (version 4.1 Intelligent Imaging Innovations,
Denver, CO). Calcium waves were generated by mechanical
stimulation (20, 28). The following 3 parameters were mea-
sured: the distance of Ca2+ wave propagation (measured as the
distance between the stimulated cell and the furthest activated
cell); the wave velocity (calculated by dividing the furthest
distance by the time interval taken to reach that astrocyte);
and the efficacy of the Ca2+ spread (calculated as the number
of activated cells divided by the total number of cells).

Data Analysis
Results are reported as means T SE. Statistical com-

parisons were performed using a one-way analysis of vari-
ance with a Student-Newman-Keuls multiple comparisons
test, with a 95% confidence limit.

RESULTS
Given the importance of gap junctions in brain cellu-

lar injury (29) and the role of the CT region of Cx43 in
channel gating, we sought to determine the significance of

the Cx43$CT mutation during stroke after MCAO. In com-
parison with wild-type mice, infarct volumes were greater in
Cx43+/j, Cx43$CT/+, and Cx43$CT/j mutant mice (p G 0.05)
(Fig. 1). Moreover, infarct volumes from Cx43+/+ mice were
compared with Cx43$CT/+ mice, and Cx43+/j mice were
compared with Cx43$CT/j mice, and in both instances, the
presence of the Cx43$CT mutation conferred a larger infarct
volume (Fig. 1), and no differences were observed between
Cx43$CT/+ and Cx43$CT/j mice (p 9 0.05). The vasculature
of each genotype was examined by filling blood vessels with
india ink. Although brain vascularization patterns were
variable within each genotype at the gross and microvas-
culature levels, no obvious vessel abnormalities were detect-
able across the 4 genotypes (Figure, Supplemental Digital
Content 1, http://links.lww.com/NEN/A82).

Astrocytes increase their GFAP expression and inter-
weave to form a gliotic scar after a stroke (30), and Cx43 is
known to be increased in reactive and proliferating astrocytes
after stroke (31). We previously showed that Cx43+/j mice
exhibit reduced astrogliosis after MCAO (21, 26). In Cx43+/+

mice, the region of gliosis extended 891 T 69 Km from the
necrotic core (n = 6). As in our previous studies, gliotic re-
gion was significantly reduced (to 591 T 77 Km) in Cx43+/j

mice (n = 6, p G 0.05). Gliosis was further reduced to 558 T
98 Km and 500 T 31 Km in Cx43$CT/+ and Cx43$CT/j mice,

FIGURE 1. The Cx43$CT mutation results in increased infarct
size after middle cerebral artery occlusion (MCAO). Infarct
volumes after MCAO were increased in Cx43+/j, Cx43$CT/+,
and Cx43$CT/j mice compared with Cx43+/+ mice (*p G 0.05).
Infarcts were also larger in Cx43$CT/+ mice compared with
Cx43+/+ mice (†p G 0.05); and Cx43$CT/j infarcts were larger
when compared with Cx43+/j infarcts (‡p G 0.05). Numbers of
mice in each group are indicated. Representative coronal
sections showing infarcts corresponding to each group are
shown above the graph.
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respectively (n = 6, p G 0.05; Figs. 2A, B), suggesting that
disruption of the CT region of Cx43 interferes with glial
scar formation.

Microglial/macrophage responses in infarcts can be
beneficial or harmful depending on the inflammatory context
(32). Ablation of proliferating microglia is known to increase
ischemic injury (33), and microglia are known to effect gap
junctional communication (34Y36). Furthermore, microglia
express Cx43 and Cx36 (37, 38). Cx43$CT mice are known
to have increased inflammation and neutrophil recruitment in

an inflammatory lung model (39), and previous studies have
shown that microglial invasion is increased in the penumbral
region after MCAO in Cx43+/j mice (21). Here, we found
that the Cx43$CT mutation leads to changes in microglia/
macrophage (IBA-1Ylabeled) cells in the peri-infarct region
after stroke. In wild-type brains, there were 27 T 3.9 in-
flammatory cells per 16� field of view (n = 6). Inflammatory
cell invasion was greater in Cx43+/j (43 T 5.3 cells, n = 6;
p G 0.05), Cx43$CT/+ (50 T 7.0 cells, n = 6; p G 0.05), and
Cx43$CT/j (52 T 3.1 cells, n = 6; p G 0.05) brain sections

FIGURE 2. Reactive astrogliosis is decreased in Cx43$CT mice. (A) Staining for glial fibrillary acidic protein revealed a decrease in
the extent of astrogliosis in the peri-infarct region of Cx43+/j, Cx43$CT/+, and Cx43$CT/j mice. (B) Graph quantifying the degree
of astrogliosis indicated by the distance of the gliosis (extent) from the necrotic core in each of the genotypes tested (*p G 0.05 in
comparison with Cx43+/+). There was no significant difference between Cx43$CT/+ and Cx43$CT/j mice, p 9 0.05. Numbers of
animals in each group are indicated.

FIGURE 3. The inflammatory reaction is increased in Cx43$CT mice. (A) Ionized calcium-binding adaptor molecule 1 staining
(red) revealed an increase in microglia/macrophages in the penumbral region of Cx43+/j, Cx43$CT/+, and Cx43$CT/j compared
with control mice. Nuclei are labeled with DAPI (blue). (B) Graph quantifying the number of microglia/macrophages in each of
the genotypes tested (*p G 0.05 in comparison with Cx43+/+. There was no significant difference observed between Cx43$CT/+

and Cx43$CT/j mice, p 9 0.05). Numbers of mice in each group are indicated.
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(Figs. 3A, B). Microglia/macrophages in the peri-infarct
region had morphology consistent with those of activated
microglia (40, 41).

Immunostaining of astrocyte cultures (Figs. 4A, B)
and brain sections (Figs. 4C, D) using antibodies against the
C-terminal and cytoplasmic loop of Cx43 revealed typical
membrane localization in Cx43+/+ cells and less expression in
Cx43+/j cells, as previously reported (20). Membrane local-
ization was also observed in Cx43$CT/+ astrocytes with both
antibodies (Fig. 4), but more distinct immunolabeled gap
junction plaques were observed, and cytoplasmic staining
remained sparse. Plaques were also observed in Cx43$CT/j

astrocytes using the cytoplasmic loop antibody, but expression
seemed reduced overall (Figs. 4B, D). No staining was ob-
served using the C-terminal antibody in these sections
because the corresponding epitope is lacking (Figs. 4A, C).
Therefore, the use of the antiYC-terminal antibody in
Cx43$CT/$CT cultures resulted in no signal, whereas the
cytoplasmic loop antibody revealed overall reduced Cx43
expression, but plaque formationwas stillmaintained (Fig. 4B).

To characterize Cx43 expression further, Western blots
were preformed on samples from astrocyte cultures and cor-
tical brain tissue (Fig. 5). The concentrations of Cx43 protein
correlated with the intensity of staining observed in Figure 4.
Bands representing Cx43 were observed in Cx43+/+, Cx43+/j,
and Cx43$CT/+ samples when they were probed with the
antiYC-terminus Cx43 antibody. Furthermore, the use of an
antibody against the N-terminal of Cx43 resulted in additional
bands at approximately 30 kd in the Cx43$CT/+, Cx43$CT/j,
and Cx43$CT/$CT cells, representing the truncated form of
Cx43. Cx30 staining was also performed. Staining was ob-
served in adult cortical brain samples, whereas Cx30 was ab-
sent in cultured astrocytes, as previously reported. When the
density of the Cx30 band was normalized to GAPDH (n = 4)
and subsequently normalized to the Cx30 band obtained from
Cx43+/+ samples, it was found that Cx30 levels were un-
changed in Cx43+/j mice (1.004 T 0.09; p 9 0.05). Non-
significant decreases in Cx30 were observed in Cx43$CT/+

(0.71 T 0.15; p 9 0.05) and Cx43$CT/j (0.76 T 0.13; p 9 0.05)
tissue.

FIGURE 4. Immunohistochemistry for Cx43 in Cx43$CT mutants. (A) Cultured astrocytes from mice with the indicated
genotypes were stained for Cx43 using an antibody raised against the C-terminal of Cx43 (green). Nuclei are labeled with DAPI
(blue). Staining was absent in Cx43$CT/j and Cx43$CT/$CT astrocytes because of lack of the C-terminal. (B) Cultured astrocytes
were also stained with an antibody against the cytoplasmic loop of Cx43. Cx43 plaques appeared to form in all genotypes, but
expression was reduced in Cx43+/j, Cx43$CT/+, Cx43$CT/j, and Cx43$CT/$CT genotypes. (C, D) Brain sections from the cortical
region in the distribution of the middle cerebral artery from the indicated genotypes were stained for Cx43 (green) using an
antibody raised against the C-terminal of Cx43 (C) and the intracellular loop (D). The staining patterns appear similar to those
observed in cultured cells. Because Cx43$CT/$CT mice are not viable, only cultured astrocytes could be evaluated.
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Because gap junctional intercellular communication has
been proposed to play a role in stroke (2, 3), confluent cultures
of astrocytes were subjected to scrape load assays. In com-
parison with Cx43+/+ cultures, where dye passage extended
160 T 8 Km from the scrape edge, Cx43+/j and Cx43$CT/+

cells exhibited reduced levels of coupling (100 T 4 Km and
138 T 10 Km, respectively). Coupling was further reduced in
Cx43$CT/j and Cx43$CT/$CT astrocytes (74 T 13 Km and 72 T
18 Km, respectively) (Fig. 6A).

Double whole-cell voltage clamp was used to study
the electrophysiological properties of Cx43 and Cx43$CT.
Representative current traces from astrocytes expressing full-
length Cx43 are shown in Figures 6B1 and B2. The difference
in current calculated from the mean of the peak currents indi-
cates that the total opening of the channel was 110 pS, with
a residual state of 20 pS. Astrocytes expressing Cx43$CT
formed gap junction channels with different electrophysiolog-

ical properties. As shown in the trace in Figures 6B3 and B4,
both recorded channel openings show a conductance of about
110 pS with no residual conductance. Moreover, the open time
of these channels is much longer, indicating a reduced sen-
sitivity to transjunctional voltage. These are properties pre-
viously reported for C-terminal truncated Cx43 channels
in cardiomyocytes and transfected mammalian tumor cells
(18, 19).

To determine the extent of hemichannel activity, astro-
cytes were exposed to the hemichannel-permeable dye pro-
pidium iodine under normal and Ca2+-free conditions. Dye
uptake was minimal in the presence of Ca2+, as extracellular
Ca2+ blocks hemichannels (Fig. 6C). To determine if uptake
was specific for hemichannels and not a result of cell death,
the gap junction blocker CBX was applied. Dye uptake was
largely reduced in the presence of this blocker (Fig. 6C),
suggesting that the observed responses are mediated by
hemichannels. For analysis, the average number of dead cells
(i.e. labeled cells under Ca2+-free conditions with CBX) was
subtracted from the average number of labeled cells under
Ca2+-free conditions in the absence of CBX. Hemichannel
activity was greater in Cx43+/$CT astrocytes and less in
Cx43+/j and Cx43$CT/j astrocytes in comparison with wild-
type astrocytes. No further change in activity was observed in
Cx43$CT/$CT astrocytes relative to Cx43$CT/j astrocytes.

Ca2+ signaling is important in astrocyte signaling and
blood vessel regulation (42). Ca2+ waves were generated in
culture by mechanical stimulation. The distance of wave
travel was reduced in Cx43$CT/j and Cx43$CT/$CT cultures
(Fig. 6D1). The fraction of cells activated by mechanical
stimulation was reduced in Cx43+/j, Cx43$CT/j, and
Cx43$CT/$CT cultures (Fig. 6D2), and wave velocity was
unchanged in all genotypes tested (Fig. 6D3) (43). Repre-
sentative figures of Ca2+ waves in Cx43+/j and Cx43$CT/j

cultures are shown in Figures 6E1 and E2.

DISCUSSION
Astrocytes are known to protect neurons during brain

ischemia (2). During MCAO, a necrotic core develops that is
surrounded by a penumbral region. It is thought that astrocytes

FIGURE 5. Western blot of adult cortex and astrocyte culture
tissue. Samples obtained from the cortex of adult mice or
cultured astrocytes were stained with the anti-Cx43 C-terminal,
anti-Cx43 N-terminal, anti-Cx30, or anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibodies. Staining with
the C-terminal antibody was observed in Cx43+/+, Cx43+/j, and
Cx43$CT/+ samples and absent in Cx43$CT/j samples. Using
the N-terminal Cx43 antibody, staining of full-length (*) and
truncated (**) Cx43 could be observed. In adults, Cx30
expression was similar across the genotypes tested and absent
in cultured tissue. GAPDH served as a loading control.

FIGURE 6. Gap junction coupling, electrophysiology, hemichannel activity, and Ca2+ waves in culture. (A1) Gap junctional com-
munication was measured by the distance of dye passage through scraped confluent cultures. (A2) Graph quantifying the distance
of dye passage: gap junction coupling was reduced in each of the genotypes tested compared with the wild type (*p G 0.05). The
numbers of cultures examined are indicated. (B1) Junctional currents during an 80-mV pulse for 10 seconds from astrocytes
expressing full-length Cx43. (B2) Digitized points obtained from the region indicated by the bar in B1 were grouped in 0.025 bins
and plotted in the histogram. The main peaks were fitted to Gaussian equations, and the differences between the means indicated a
channel total conductance of 110 pS and a residual of 20 pS. (B3) Junctional currents in Cx43$CT tissue as recorded in B1. (B4)
Digitized points obtained from the region indicated by the bar in B3 were grouped in 0.05 bins and plotted in the histogram. The
main peaks were fitted to Gaussian equations, and the differences between the means indicated channel total conductances of 108
and 113 pS; no residual currents were recorded. (C) In comparison with Cx43+/+ astrocytes, hemichannel activity is increased in
Cx43$CT/+ cells (*p G 0.05) under Ca2+-free conditions (jCa2+). Under jCa2+ conditions, Cx43+/j and Cx43$CT/j had reduced
hemichannel activity (*p G 0.05), whereas hemichannel activity was not altered in Cx43$CT/$CT astrocytes (p 9 0.05). Specificity of
dye uptake through hemichannels was tested using the gap junction blocker carbenoxolone (CBX). (D) Data under Ca2+ conditions
(+Ca2+) are also plotted. The efficacy of Ca2+ wave generation caused by mechanical stimulation was greater in Cx43+/+ than in
Cx43$CT/j and Cx43$CT/$CT cultures (D1); the distance of Ca2+ wave travel was less in Cx43+/j, Cx43$CT/j, and Cx43$CT/$CT

cultures (D2); the velocity of Ca2+ wave propagation remained unchanged in each of the genotypes (D3). (E) A representative
figure of a Ca2+ wave experiment in Cx43+/j astrocyte cultures 20 seconds after stimulation at the site indicated (*) (E1). The
dashed line indicates the region of astrocytes activated at this time point. (E2) Figure is similar to (E1) and shows the Ca2+ wave in
Cx43$CT/j astrocytes.
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limit the expansion of cell death in the penumbra by buffering
cytotoxic substances such as free radicals, glutamate, and K+,
and by providing nutrients such as antioxidants, glucose, and
ATP to reduce cellular damage (2, 3). It has been suggested
that astrocyte Cx43 plays a role in reducing lesion expansion
during stroke (21, 26). The C-terminal of Cx43 is a site of
many interacting molecules and is known to be important in
channel gating (8, 9, 18, 19). We report that Cx43$CT mice
display increased stroke damage, suggesting that disruption of
the terminal portion of Cx43 significantly alters the ability of
astrocytes to protect the brain, and that full-length Cx43 is
important for attenuating brain damage.

During stroke, one of the initial events in neurons is
a decrease in ATP levels that leads to disruption of ion
gradients, including rises in extracellular K+, intracellular
Na+, intracellular Ca2+, and a decrease in pH. Because
astrocytes maintain ATP levels longer, they are less suscep-
tible to ionic disruption (2, 44), but this balance is short-lived
when ischemia persists. A reduction in pH is known to close
gap junctions, and this gating involves the C-terminal region
(10, 45Y47). During stroke in wild-type mice, astrocytes
would have a decrease in pH that would lead to reduced
coupling. This could be beneficial as the passage of cytotoxic
molecules to neighboring cells would be reduced (48), but
channel gating is impaired in the Cx43$CT mice. Interest-
ingly, in this study, the infarct volume in Cx43$CT/+ mice
was equivalent to that in the Cx43$CT/j mice, suggesting that
the Cx43$CT mutation could have a dominant negative role
in ischemic damage. Therefore, passage of cytotoxic mole-
cules could have led to the enhanced infarct volume observed
in these mutants. This scenario does not necessarily negate
our previous findings, where reduced expression of Cx43
(hence, less passage of cytotoxic molecules) was found to be
destructive during MCAO (4, 21, 22). It is possible that in the
early stages of ischemia, gap junction coupling is important
for aiding cell survival by allowing the passage of protective
molecules such as glucose and antioxidants. It is likely that
the ratio of healthy to nonhealthy cells determines whether
gap junctions are protective (2), and in the initial stages of
stroke, there are more healthy astrocytes in comparison with
later stages.

It is unlikely that changes in blood vessel structure
contributed to differences in infarct sizes in this study because
there were no obvious vessel abnormalities or differences ob-
served when the vessels were filled with india ink. Further-
more, the brain tissue in each of the genotypes under study
appeared to be well perfused by microvessels. In addition,
another study has shown that after MCAO, there were no
differences in cerebral blood flow between Cx30Y/YCx43fl/fl:
hGFAP-CreYknockout and wild-type mice (7). Infarct sizes
were also unlikely to have been affected by migration of new
neural tissue elements at the early time points studied because
under conditions that promote generation of new cortical tissue
after stroke, NeuN- and BrdU-labeled cells were not detected
in infarcts at 3 days and were not significantly appreciable
until approximately 11 days after stroke (49).

Our results indicate that in the mutants under study,
microglia are increased in the peri-infarct region of the stroke
and that astrogliosis is reduced. Cx43 expression is high in

infarct regions (50), and it is known to increase in reactive
and proliferating astrocytes after stroke (31). The exact role
of Cx43 in reactive gliosis is not well described, but it could
be involved in coordination of scar formation or through
interaction with purinergic receptors involved in cell prolif-
eration and migration (31, 51, 52). Cx43-null mice are known
to have reduced expression of P2Y1 receptors (52), and this
interaction is believed to involve the C-terminal domain of
Cx43 (51). Given the importance of C-terminal involvement,
it is not surprising that reduced astrogliosis was found in both
Cx43 knockouts (21, 26) and in the Cx43$CT mutants used
in this study. Activated microglia are known to decrease
astrocytic gap junction intercellular communication and in-
crease hemichannel activity (34Y36). Because microglial res-
ponses were increased in Cx43$CT mutants, it is possible
that altered communication in the Cx43$CT mutants caused
a failure to control microglial recruitment that might lead to
aggravation of brain tissue injury. It was recently shown that
Cx43$CT mice have increased inflammation and neutrophil
recruitment in a lung injury model (39); activated microglia
are known to decrease GFAP expression (53), which corre-
lates with our present findings. Furthermore, microglia them-
selves have been shown to express Cx43 and to couple (37).
Therefore, any disruption of Cx43 (i.e. either reduction of
Cx43 or alteration in the C-terminal region) could alter
microglia-microglia or microglia-astrocyte signaling pro-
cesses, thereby resulting in an altered astroglial response.
The exact mechanisms involving a Cx43 C-terminal domain
interaction require further study.

Full-length Cx43 was found to be reduced in Cx43$CT/+

and absent in Cx43$CT/j and Cx43$CT/$CT brain tissue.
Cx43$CT protein was abundantly expressed in Cx43$CT/+,
Cx43$CT/j, and Cx43$CT/$CT tissue, but despite robust ex-
pression of Cx43$CT (as detected by Western blot), gap
junction plaque formation was reduced. A change in locali-
zation and reduction in plaque formation in the heart has also
been described in Cx43$CT/j mice (18). The larger plaques
are likely caused by a longer Cx43 half-life (11), potentially
because of altered degradation, as the C-terminal has been
shown to interact with the ubiquitin degradation system (54).

Our data indicate that coupling is reduced in Cx43$CT-
expressing astrocytes. Although electrophysiological record-
ings indicate that Cx43$CT has a prolonged opening time, the
reduced coupling likely reflects a decrease in Cx43 at the
plasma membrane. It is important to note that although
Cx43$CT expression is reduced in the heart in these mutants,
whole-cell conduction between cardiomyocytes is not signifi-
cantly altered in Cx43$CT mutants, indicating that there is a
large safety factor for proper cell-cell communication under
normal conditions (18). Furthermore, heart rates do not differ
between Cx43+/j and Cx43$CT/j mice (11).

Astrocyte Ca2+ signaling is known to regulate arteriole
diameter (42). This may be important in vivo for perfusion of
the penumbral region of a stroke. Our data indicate that in
Cx43$CT/jastrocytes, Ca2+ wave distance and efficacy were
reduced. Conversely, the Ca2+ wave properties studied were
unchanged in Cx43$CT/+ astrocytes. Ca2+ wave propagation
depends on both hemichannel activity and gap junction com-
munication (43). Hence, the reduction in coupling observed
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may be compensated for by an increase in hemichannel
activity.

Hemichannel activity after preconditioning has been
proposed to be protective in MCAO, but in the absence of a
preconditioning stimulus (as in the present study), hemi-
channel activity is low (7). In Ca2+-free conditions, only a
small proportion of astrocytes displayed hemichannel activ-
ity, whereas Cx43$CT/+ astrocytes displayed a slight increase
in activity. Notably, at physiological Ca2+ concentrations,
hemichannel activity was negligible (55). Extrapolating to
our stroke data, it is unlikely that increased hemichannel
activity plays a role in Cx43$CT stroke size because in-
creased activity would be expected to decrease infarct vol-
ume rather than increase it as we found.

In summary, we found that truncation of the C-terminal
of Cx43 increases brain damage caused by experimental
MCAO. The consequences of this mutation were broad and
included alteration of gliosis, microglial/macrophage response,
coupling, channel gating, hemichannel activity, Ca2+ waves,
and Cx43 expression and localization. Based on comparisons
between Cx43+/+ and Cx43j/j astrocytes (56), it is also likely
that changes in gene expression occur as well (56). Determin-
ing which of these processes is most important in stroke
pathology is complex, and there are differences between the in
vitro and in vivo systems under study (i.e. Cx30 expression in
the latter). Unlike our studies of Cx43+/j mice (22), however,
truncation of the C-terminal involves disruption of the gating
region of Cx43 without the approximately 50% reduction in
Cx43 expression observed in the Cx43+/j studies. This $CT
mutant allows us to study whether the pore of Cx43 is suf-
ficient for protection or whether the C-terminal region is nec-
essary for protection. Gap junction activity and/or interactions
at the CT may affect the ultimate outcome of a stroke.
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