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We investigated the role of the astrocytic and neuronal hemichannels (HCs) in the spread of cortical neu-
ronal death in a rat cortical injury model. Over time (by 6 h), propidium iodide (PI)-positive cells with
labeling either with anti-neuron specific enolase or anti-parvalbumin (indicating GABAnergic interneu-
rons) antibody spread in the deep cortical layers adjacent to the injury and co-localized with activated
l-calpain. Connexin (Cx)-43, glial fibrillary acidic protein (GFAP), activated l-calpain and a-fodrin break-
down product (FBP) increased post-injury, peaking at 1 h, in the injury and adjacent areas. GFAP-Cx43-
positive reactivated astrocytes exhibited similar distribution to the dead neurons. Cx43 and Cx36 primar-
ily comprise HCs in the astrocyte and neuron, respectively. Ethidium bromide (EtBr) uptake was
enhanced post-injury, and confirmed in the Cx43- and Cx36-positive cells. A Cx43-HC inhibitor Gap26
prevented the opening of the Cx43-HC and Cx36-HC, l-calpain activation, a-fodrin proteolysis and death
in the deep cortical neurons. Collectively, opening of the astrocytic Cx43-HC and neuronal Cx36-HC
would induce the regional spread of cortical neuronal death through l-calpain activation in the rat brain
injury model.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Brain injuries induce intracellular Ca2+ overloading and l-cal-
pain activation [1,2], which result in necrosis through proteolysis
of cytoskeletal proteins such as a-fodrin [3,4]. In the in vivo models
of cortical injury, immunostaining of activated l-calpain and a-fo-
drin breakdown products (FBP) were detected in the early phase
[5]. Additionally, the spread of FBP was inhibited by calpain inhib-
itors [6], and the expansion of neuronal injury was blocked by l-
calpain knockdown [7]. These findings support the critical role of
l-calpain activation in secondary neuronal death after brain injury.

Transcripts of the connexin (Cx) gene family form hexamers
called connexons in the membrane [8]. Open connexons in the
nonjunctional plasma membrane, referred to as hemichannels
(HCs), promote the release of ATP and glutamate in response to
depolarization and ischemia [9,10]. The docking of two connexons
at cell–cell appositions results in the formation of gap junction (GJ)
and promotes intercellular transfer of ions and small molecules [8].
Dramatic changes in the GJ communication have been reported in
reactivated astrocytes with glial fibrillary acidic protein (GFAP) up-
regulation, in association with the enhanced expression of Cxs [11].

It depends on the experimental setting whether spatial and
functional interactions between astrocytes and neurons through
GJ or HC are protective or deleterious to the neurons [11]. In astro-
cyte-neuron co-cultures, astrocytic GJ prevents neuronal death fol-
lowing oxidative stress NMDA challenge [12], whereas astrocytic
GJ promotes the propagation and amplification of cell death [13].
Pharmacological or genetic blockade of Cx43 inhibits the expan-
sion of secondary neuronal injury in the hippocampal slices [14]
and the spinal cord [15]. Meanwhile, Cx36 is the primary Cx in
neurons, particularly in the GABAnergic inhibitory interneurons,
and can form GJ [16]. In cortical impact injury in mice, secondary
striatal death depends on the expression of Cx36 [17].

Increasing evidence favors a crucial role of HCs in reactivated
astrocytes in the secondary neuronal death. Cx43-HC enhances
the generation of inter-astrocytic Ca2+ waves through ATP release
upon pharmacological stimulation [18] and induces neuronal
death upon metabolic inhibition [19]. Recently, astrocytic Cx43-
HC and neuronal HC comprised of pannexin-1 or Cx36 have been
implicated in the spread of in vitro neuronal injury following expo-
sure to amyloid-b peptide (Ab), cytokines and hypoxia-reoxygena-
tion in co-cultures [20,21].

This study aims to investigate whether the activation of HC or
GJ in the astrocytes and the neurons promotes the spread of
in vivo secondary neuronal death after injury through l-calpain
activation and elucidate which Cx isoforms are involved in this
process.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.10.091&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.10.091
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2. Materials and methods

2.1. Materials

Carbenoxolone (CBX), propidium iodide (PI), and ethidium bro-
mide (EtBr) were purchased from Sigma–Aldrich (St. Louis, MO),
Gap26 from Seven Biotec (Kidderminster, Worcester, UK), MedGel�

from MedGEL (Kyoto, Japan), and OCT compound from Sakura
Finetek (Torrance, CA).

The rabbit anti-l-calpain and rabbit anti-FBP antibodies were
kindly provided by Dr. K. Inomata (Tokyo Metropolitan Institute
for Gerontology). The rabbit anti-Cx43 antibody (71-0700) was
purchased from Invitrogen (Carlsbad, CA), the rabbit anti-GFAP
antibody (AB5804) from Millipore (Billerica, MA), the anti-neuron
specific enolase antibody (NSE, AB951) from Chemicon (Mansfield,
TX), the anti-parvalbumin antibody from Millipore (Billerica, MA),
Iba-1 from Wako Pure Chemical (Osaka, Japan).
2.2. The rat cortical ablation model

Animal experiments were performed according to a protocol
approved by the Ethics Committee on Animal Experiments at The
University of Tokyo, Graduate School of Medicine and followed
the Committee’s Guideline for Animal Experiments. Adult male
Sprague–Dawley rats (200–250 g) were anesthetized with an i.p.
injection of pentobarbital (64.8 mg/kg). A 5 � 5 mm2 midline cra-
niotomy was made with a rhomboid suture at the rear end. A
4 � 4 mm2 ablation injury that was 2 mm deep with 3 coronal inci-
sions within the area was made with a scalpel blade through the
craniotomy, following a previously described method with some
modifications [22] (Fig. 1A). In parallel experiments, a reagent or
the vehicle (5 ll each) were applied to the injury site at the ipsilat-
eral and contralateral cortical surfaces, respectively and covered
with 5 � 5 mm gels (MedGel�, PI5-9480E53) soaked with the re-
agent or the vehicle (20 ll each). After the specified time, the
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Fig. 1. The model of brain ablation injury, and the distribution and identification of PI-p
spread rightward from the injury margin (left bar-line) to the adjacent areas in the 5–6 co
(in GABAnergic inhibitory neurons), PI-GFAP (in astrocytes) and PI-iba 1 (in microglia) in
positive neurons.
injured area and the adjacent area anterior to the injury were har-
vested en bloc (4 � 4 � 2 mm) and frozen at �80 �C.
2.3. Western blot analysis

The frozen tissue (0.04 g) was homogenized in 0.4 ml ice-cold
STE buffer containing 320 mM sucrose, 10 mM Tris–HCl (pH 7.4),
1 mM EDTA, 50 mM NaF, 1 mM Na3VO4 and complete protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), and
underwent Western blotting. Protein concentrations were deter-
mined using a Coomassie Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA). The lysates (5 lg protein/lane) were
separated by SDS–PAGE on 7.5% gels (l-calpain and fodrin) and
15% gels (others). After transfer, the nitrocellulose membrane
was blocked with 5% nonfat dry milk in Tris-buffered saline
(TBS-T; 150 mM NaCl, 10 mM Tris–HCl, pH 7.4, 0.05% Tween-20)
for 1 h, washed with TBS-T, and incubated with primary antibodies
against activated l-calpain (1:10,000), a-fodrin (1:1000), Cx43
(1:500), GFAP (1:1000), or actin (1:5000). Peroxidase-conjugated
anti-mouse or -rabbit IgG antibodies (Promega, Madison, WI) were
used for chemiluminescence detection.
2.4. Cell death

PI penetrates necrotic cells via the disrupted membranes and
emits fluorescent signals, which is not observed in the intact cells.
PI-positive neurons were shown in hippocampal slices after impact
injury [14]. We employed this method to determine the spreading
of dead cells. PI (10 lM) in physiological saline (5 ll) was immedi-
ately applied to the injury, and a gel soaked with PI (10 lM, 20 ll)
was overlaid. The sagittal planes in the area adjacent to the edges
of the injury site (at the left bar-line) were examined for PI-positive
cells. The ratio of PI-positive to DAPI-positive (whole) cells was cal-
culated in 3 randomly-selected 5 lm sections. Fluorescent images
were acquired and analyzed with Image-Pro Plus software (Media
Cybernetics, Bethesda, MD). Pixel intensity in 1.2 � 1.2 mm2 area
NSE
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albumin
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ositive dead cells. (A) PI-positive dead cells (evident at 6 h but not 1 h post-injury)
rtical layers (40�). (B) Immunofluorescence of PI-NSE (in neurons), PI-parvalbumin
the deep cortical layers 6 h post-injury indicates the death of NSE- or parvalbumin-
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(within a standard size box) was obtained from the cortical layers
adjacent to the injury. Gains and black (negative signal) levels were
standardized for each experiment.
2.5. HC activity

To monitor the HC activity, EtBr (5 lM) in physiological saline
(5 ll) was applied to the injury immediately, and a gel soaked with
EtBr (5 lM, 20 ll) was laid over the site for 1 h. EtBr-positive cells
in the 5-lm sections were imaged with rhodamine filters. The ratio
of EtBr-positive to DAPI-positive cells, within a 2 � 2 mm2 area
(standard box) adjacent to the injury, as described in the PI assay,
was used to assess the HC activity.
2.6. Immunofluorescence microscopy

Under anesthesia, rats were perfused with PBS and 4% parafor-
maldehyde via trans-cardiac cannulation, and the brain was ex-
cised and postfixed with 8% paraformaldehyde for 2 h. After
cryoprotection with 30% sucrose in PBS, the tissues were immersed
in OCT compound, frozen in liquid nitrogen and stored at �80 �C.

Cryosections (10 lm thick) were placed on Siran II glass slides,
washed with TBS, blocked with 5% BSA in TBS for 1 h, and incu-
bated with anti-Cx-43 (1:500), anti-activated l-calpain (1:500),
anti-GFAP (1:1000), or anti-NSE (1:1000) antibodies in 1% BSA at
4 �C overnight. The sections were then washed with PBS and incu-
bated with anti-rabbit IgG or anti-mouse IgG secondary antibodies
(each diluted 1:500) in 1% BSA for 2 h. Fluorescent images were ac-
quired using the Axioskope 2 fluorescence microscope (CarlZeiss,
Gottingen, Germany).
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Fig. 2. Post-injury spreading of Cx43-GFAP-immunofluorescence in astrocytes and the ef
(red) and Cx43 (green) in the sham and 6 h post-injury sections. (B) Western blots show
results are expressed as means ± SE, n = 4 (⁄⁄Indicates P < 0.01 vs. sham, Dunnet’s test). (
ratio of PI-positive to DAPI-positive cells (⁄⁄Indicates P < 0.01 vs. vehicle, Dunnet’s test).
2.7. Statistical analysis

The results are expressed as the means ± SE. Data were analyzed
using ANOVA with post hoc analysis using Dunnet’s test at 99%
confidence levels.

3. Results

3.1. Neuronal cell death in deep cortical layers post-injury

PI-positive dead cells, reflecting necrosis, spread from the mar-
gins of the injury (left bar-line) to the adjacent areas in the deep
(5–6) cortical layers (rightward) 6 h post-injury, but were not de-
tected 1 h post-injury (Fig. 1A). In the sham (contralateral) brain,
PI-positive cells were not detected in any cortical layer (Fig. 1A).

In order to identify the type of the dead cells, NSE was used for
neurons, parvalbumin for the GABAnergic interneurons [16], GFAP
for astrocytes [23], and Iba-1 for microglia. The PI fluorescence co-
localized with NSE and parvalbumin fluorescence in the deep cor-
tical layers in the adjacent area 6 h post-injury (Fig. 1B), indicating
neuronal cell death. Compared to the PI-NSE-positive cells, the PI-
parvalbumin-positive cells were larger, and consistent with the
morphology and localization of the GABAnergic interneuron [16].
The lack of co-localization of PI with GFAP or Iba-1 (Fig. 1B) ruled
out the death of astrocytes and microglial cells.

3.2. Increase in Cx43 and GFAP expression in astrocytes, and inhibition
of secondary neuronal death by HC inhibitors post-injury

As reported in the infarct penumbra [24], an increase in the
expression of Cx43 and GFAP was markedly increased 6 h post-in-
jury in the deep cortical layers in the adjacent area (Fig. 2A). Wes-
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tern blotting confirmed the rapid and sustained increase in the
expression of Cx43 and GFAP, peaking at 1 h post-injury, in the in-
jury and adjacent areas (Fig. 2B).

The PI-positive dead neurons and the GFAP-positive reactivated
astrocytes were both localized in the deep cortical layers (Figs. 1A
and 2A). Additionally, the extended images of PI-NSE (indicating
neurons as predominant dead cells) and PI-GFAP (indicating dead
cells and reactivated astrocytes in the same field) (Fig. 1B) suggest
that the interaction of the reactivated astrocytes and the neurons
contributes to the secondary neuronal death in the deep cortical
layers (Figs. 1 and 2).

The distribution of the PI-positive dead cells in the area adja-
cent to the injury was quantified as the ratio of PI-positive to
DAPI-positive cells in the fixed area adjacent to the margins of
the injury (left bar-line) (Fig. 2C). CBX inhibits GJ and HC, and lan-
thanum (La3+) blocks HC, irrespective of the Cx isoforms. Gap26, a
peptide mimetic of the Cx43 extracellular loop, is a relatively spe-
cific inhibitor of Cx43-HCs [25,26]. CBX (150 mM), La3+ (200 lM)
and Gap26 (200 lM) prevented the spread of the PI-positive cells
(secondary injury) 6 h post-injury by 70–80% in the adjacent areas
(Fig. 2C), supporting the involvement of Cx43-HCs in the spread of
secondary neuronal death.

3.3. The opening of astrocyte and neuronal HCs post-injury

The Cx43-HC in reactivated astrocyte has been implicated in the
neuronal death in the co-cultures of astrocytes and neurons after
treatment with Ab or cytokines or after ischemia [20,21]. EtBr pen-
etrates the cell through HC, but cannot traverse intact cell mem-
branes. We found that injury induced the spread of EtBr
fluorescence in the adjacent cortical layers 1 h post-injury
(Fig. 3A), when the increase in Cx43 expression peaked (Fig. 2B).
The 1 h time point was selected because the PI-positive cells were
not detected in the adjacent area (Fig. 1A), ruling out the potential
uptake of EtBr through the disrupted membranes. The ratio of the
EtBr-positive cells to DAPI-positive cells in the fixed area in the
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cortical layers adjacent to the injury was used to assess the HC
activity (Fig. 3A). Gap26 prevented the HC activity (Fig. 3A). We
then examined the Cx species that comprise the HC opened in
the deep cortical layers. Cx43 and Cx36 are the primary Cx of astro-
cytes and neurons, respectively [27]. We found EtBr uptake in the
Cx43-positive cells and the Cx36-positive cells post-injury, imply-
ing the opening of astrocytic Cx43-HC and neuronal Cx36-HC
(Fig. 3B). Gap 26 prevented the post-injury opening of the Cx43-
HC and Cx36-HC (Fig. 3B). Given that Gap26 is a relatively specific
inhibitor of Cx43-HC [25,26], we speculate that Gap 26 inhibited
not only the astrocytic Cx43-HC but also the neuronal Cx36-HC
that might have been opened by a factor released through the
Cx43-HC.

3.4. The spread of l-calpain activation and a-fodrin proteolysis to the
adjacent cortical area post-injury

Brain injury induces neuronal cell death through the activation
of calpain and calpain-dependent proteolysis of a-fodrin [2,3].
Western blotting demonstrated an increase in the levels of acti-
vated l-calpain in the injury and adjacent areas, which reached a
peak at 1 h and remained elevated for over 6 h (Fig. 4A). Likewise,
FBP increased in the injury and adjacent areas, peaking at 1 h
(Fig. 4B). CBX, La3+ and Gap26 treatment prevented the increase
in activated l-calpain and FBP in the adjacent area 1–6 h post-in-
jury (Fig. 4A and B), supporting the Cx43-HC-dependent spreading
of l-calpain activation in the adjacent area. In the injury area, CBX,
La3+ and Gap26 reduced the FBP but not the activated l-calpain
(Fig. 4A and B), suggesting that a Cx43-HC-dependent process is re-
quired for a-fodrin proteolysis but not for l-calpain activation.

3.5. Post-injury spread of l-calpain activation on PI-positive cells

To address the relationship between l-calpain activation and
cell death post-injury, we examined double fluorescence of acti-
vated l-calpain and PI in the deep cortical layers 6 h post-injury.
ha
m

Veh
icle

Gap
26

**
**

Cx36 EtBr Merge

20µm

bition by Gap26. (A) HC activity, quantified as the ratio of EtBr-positive to the whole
tes P < 0.01 vs. vehicle, Dunnet’s test). (B) EtBr fluorescence was enhanced in Cx43-
ibited by Gap26.



A

B

S
1 h
I A

3 h
I A

6 h
I A

Vehicle

CBX

La3+

Gap26

Activated µ-calpain

S
1 h
I A

3 h
I A

6 h
I A

FBP

100

0

200

300

400

Ac
tiv

at
ed

 µ
-c

al
pa

in
(%

 o
f s

ha
m

)

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Sha
m

1 h 3 h 6 h

Injury area

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Sha
m

1 h 3 h 6 h

Adjacent area

** ** **
**

** **

**
**

**
100

0

200

300

400

200

0

400

600

800

FB
P

(%
 o

f s
ha

m
)

Injury area Adjacent area

**
**

** **

**

**
**

**

100

0

200

300

** ** **
**

**
**

**

Activated µ-calpain MergePI

Vehicle Gap26C

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Sha
m

1 h 3 h 6 h
Veh

icleCBX
La

3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Veh
icleCBX

La
3+

Gap
26

Sha
m

1 h 3 h 6 h

Vehicle

CBX

La3+

Gap26

Activated µ-calpain MergePI

Fig. 4. Western blotting analysis and quantification of the temporal change in activated l-calpain (A) and a-fodrin breakdown product (FBP) (B) in the injury and adjacent
areas, 1, 3 and 6 h post-injury, and the effects of CBX, La3+ and Gap26. The results are expressed as means ± SE, n = 4 (⁄⁄Indicates P < 0.01 vs. vehicle, Dunnet’s test). Panel C
shows merged fluorescent images of activated l-calpain and PI in the adjacent deep cortical layers 6 h post-injury and the effect of Gap26 (400�).

Y. Ishii et al. / Biochemical and Biophysical Research Communications 441 (2013) 457–462 461
Fluorescent images showed the co-localization of the activated l-
calpain and the PI-positive cells, which was inhibited by Gap26
(Fig. 4C). These results suggest the coordinated propagation of l-
calpain activation and neuronal death through the opening of the
astrocytic Cx43-HC in the deep cortical layers.

4. Discussion

We demonstrated that in vivo cortical injury induces Cx43-HC
opening in the reactivated astrocytes, Cx36-HC opening and l-cal-
pain activation in the neurons, and spreading of neuronal death in
the deep cortical layers of the adjacent area. This is the first dem-
onstration of the link between the spread of reactivated astrocytes
with Cx43-HC opening and the l-calpain-mediated secondary neu-
ronal death, each of which has been known as independent
phenomena.

The extended images of PI-NSE (dead neurons) and PI-GFAP
(dead cells and reactivated astrocytes in the same field) (Fig. 1B)
support the known spatial interaction between the dead neurons
and the reactivated astrocytes [11] in the deep cortical layers
post-injury (Figs. 1A and 2A). The activated l-calpain and PI-dou-
ble positive cells were also found in the same region (Fig. 4C). Cx43
is the primary Cx in the astrocyte [27]. Besides GFAP up-regulation
in reactivated astrocytes, we confirmed the increase in Cx43 levels
(Fig. 2) and the Cx43-HC opening (Fig. 3) 1 h post-injury in the
deep cortical layers. Previous studies on injuries in the hippocam-
pal slices [14] support the critical role of Cx43 in the expansion of
secondary neuronal death. Additionally, reactivated astrocytes
with enhanced Cx43 expression are supposed to promote neuronal
death through enhanced inter-cellular communications, either
though GJ or HC [11].

It is supposed that CBX and La3+ are non-specific inhibitors for
Cx-GJ/HC and Cx-HC, respectively. Gap26 is a relatively specific
inhibitor for Cx43-HC, even though it may inhibit Cx43-GJ at high-
er doses with longer periods of application [25,26]. In this study,
the striking inhibition of the EtBr uptake in the adjacent area at a
low dose and an early time-point (1 h) after injury (Fig. 3) supports
that Gap26 inhibited Cx43-HC. Given the Cx43 expression in astro-
cytes but not neurons [27], Gap26, CBX and La3+ inhibited l-cal-
pain activation, a-fodrin proteolysis (Fig. 4A and B) and death in
neurons (Fig. 2) in the peri-injury area. Gap 26 also diminished
double fluorescence of PI and activated l-calpain in neurons
post-injury (Fig. 4C). These findings suggest that the astrocytic
Cx43-HC indirectly contributes to the l-calpain-mediated second-
ary neuronal death in the adjacent area post injury.

The propagation of the inter-astrocytic Ca2+ waves via Cx43-HC-
mediated release of ATP [18] would induce the spread of the Ca2+-
overloading and l-calpain activation in neurons post-injury
(Fig. 4). Consistently, l-calpain activation peaked at 1 h in the in-
jury area and at 3 h in the adjacent area, and Gap26 prevented
the propagation of l-calpain activation to the adjacent area
(Fig. 4). Recently, Choo et al. reported that in vivo hippocampal
trauma and in vitro astrocyte stretch trigger inter-astrocyte Ca2+

waves, which contribute to expansion of the neuronal death
through purinergic receptors including P2Y1 [28]. In hippocampal
slices, ATP activates P2Y1 receptors and increases Ca2+ in the astro-
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cytes and interneurons [29]. Additionally, glutamate receptor
antagonists inhibit calpain-mediated cytoskeletal proteolysis in fo-
cal cerebral ischemia through blocking neuronal Ca2+-influx [30].
These findings suggest that the purinergic and/or glutamate recep-
tors contribute to the post-injury Ca2+-overload and calpain activa-
tion in neurons, through the opening of the neuronal HC.

Orellana et al. proposed that the reactivation of astrocytes in-
duces opening of the astrocytic Cx43-HC and the neuronal HC com-
prised of Cx36 or pannexin-1 via a paracrine mechanism [20,21].
Meanwhile, pharmacological or genetic inhibition of Cx36 prevents
secondary striatal neuronal death following cortical injury in mice
[17]. In this study, given that La3+ inhibits Cx-HC but not pannexin-
HC [31], La3+ would have inhibited the post-injury calpain activa-
tion (Fig. 4) and neuronal death (Fig. 2) through blocking Cx-HC
rather than pannexin-HC. Given that Cx36 is the primary Cx in
neurons [3,16,32], the EtBr uptake in the Cx36-positive cells 1 h
post-injury (Fig. 3) imply the opening of the Cx36-HC in neurons.
The Cx43-HC blocker Gap26 inhibited the opening of the Cx36-
HC in neurons (Fig. 3) possibly through a paracrine mechanism.
Consistently, Orellana et al. proposed that the reactivation of astro-
cytes induces the closing of GJ and opening of Cx43-HC, and the
Cx43-HC-mediated secretion of ATP enhances the opening of the
neuronal HC [20,21]. We identified a part of the PI-positive dead
cells as the parvalbumin-positive GABAnergic interneurons
(Fig. 1). Besides the regional reactivation of astrocytes, the GABA-
nergic interneurons may be involved in the spreading of the neuro-
nal death via Cx36-HC in the deep cortical layers.

The results of this study suggest that the Cx43-HC inhibitors are
useful in preventing the secondary injury derived from surface
injuries such as brain contusions. The topical application of the
drugs by use of gel could avoid the side effects induced by systemic
administration of the drugs.
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