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Astrocytic p-connexin 43 regulates neuronal autophagy in
the hippocampus following traumatic brain injury in rats

LI-QIAN SUN', JUN-LING GAO?, CHANG-MEN CUI', YING CUI’, XIAO-BIN JING*, MAN-MAN ZHAO?,
YONG-CHAO WANG?, YAN-XIA TIAN?, KAI-JIE WANG® and JIAN-ZHONG CUI'"

lDepartrnent of Surgery, Hebei Medical University, Shijiazhuang, Hebei 050017;

2School of Basic Medical Science, Hebei United University; 3Tangshan Gongren Hospital;
4Tangshan Ophthalmology Hospital, Tangshan, Hebei 063000, P.R. China

Received April 8,2013; Accepted October 25, 2013

DOI: 10.3892/mmr.2013.1787

Abstract. Gap junctions are conductive channels formed by
membrane proteins termed connexins, which permit the inter-
cellular exchange of metabolites, ions and small molecules.
Previous data demonstrated that traumatic brain injury (TBI)
activates autophagy and increases microtubule-associated
protein 1 light chain 3 (LC3) immunostaining predominantly
in neurons. Although previous studies have identified several
extracellular factors that modulate LC3 expression, knowl-
edge of the regulatory network controlling LC3 in health and
disease remains incomplete. The aim of the present study was
to assess whether gap junctions control the in vivo expression
of LC3 in TBI. Using a modified weight-drop device, adult
male Sprague-Dawley rats (weight, 350-375 g) were subjected
to TBI. Phosphorylated gap junction protein levels and
LC3-II levels were quantified using western blot analysis. The
spatial distribution of immunoreactivity for phosphorylated
connexin 43 (p-CX43) and LC3-II was analyzed by immuno-
fluorescence. The results showed that p-CX43 expression in the
hippocampus reached a maximum level 6 h following injury. In
addition, the immunoreactivity of p-CX43 was localized in the
astrocytes surrounding pyramidal neurons. The LC3-II protein
content remained at high levels 24 h following injury. Double
immunolabeling demonstrated that LC3-II dots colocalized
with the hippocampus pyramidal neurons. Furthermore, inhi-
bition of p-CX43 reduced TBI-induced autophagy, according
to western blot analysis. As astrocytic gap junction coupling
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is affected in various forms of brain injury, the results suggest
that point gap junctions/connexins are important regulators of
autophagy in the hippocampal neurons following TBI.

Introduction

Traumatic brain injury (TBI) is the leading cause of mortality
in the young aged population and is a predominant reason for
hospital admission in modern life (1). Mechanical disruption
of neurons triggers a cascade of events leading to neuronal
cell death following TBI (2). Apoptosis has been attributed
to programmed neuronal cell death in TBI (3). Notably,
previous studies have also shown that autophagy is increased
following TBI (4). Autophagy is an evolutionarily conserved
pathway that leads to the degradation of proteins and entire
organelles in cells undergoing stress (5). The increased LC3
immunostaining was located predominantly in neurons 24 h
post-TBI (6). However, few studies have addressed how the
autophagy pathway is regulated following traumatic damage.

Previous studies demonstrated that astrocytes release ATP,
at least in part, by opening connexin 43 (CX43) hemichan-
nels (7). Connexins are a family of proteins with dual channel
functions (8) involved in forming gap junctions, which are
composed of two docked hemichannels linking the cytosol
of two neighboring cells. Gap junctions allow cell-to-cell
passage of ions and small molecules, including Ca**, cyclic
adenosine monophosphate, inositol triphosphate, ATP, gluta-
mate and glucose. In addition, the intracellular condition and
phosphorylation state of Cx affect the intercellular perme-
ability via gap junctions (9). Furthermore, TBI results in the
rapid loss of astrocytes and thereafter induces reactive astro-
cytes in the hippocampus (10). Glial fibrillary acidic protein
(GFAP)-positive astrocytes exist more extensively in CX43*/*
than in CX43*/ mice.

Gap junctions were shown to provide neurons, through
astrocytic gap junction channels, with energy-producing
compounds, such as ATP, glucose, glucose-6-phosphate and
lactate (11). Conversely, gap junctions also propagate death
signals in astrocytic networks, which may affect neuronal
fate (12). Based on the results of previous studies, it was
hypothesized that CX43 regulates autophagy in TBI-induced
damage. To confirm this hypothesis, using the relatively
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selective CX43 inhibitor, the present study aimed to determine
whether astrocytic gap junction-dependent modulation of
neuronic LC3 expression occurs under TBI conditions.

Materials and methods

Animals and TBI model. All experimental procedures were
conducted in accordance with the guidelines of the Chinese
Council on Animal Protection and were approved by the
Hebei Medical University Animal Care and Use Committee
(Hebei, China). A total of 126 male Sprague-Dawley rats (age,
12-16 weeks; weight, 350-375 g; Tangshan, China) were used
in the present study. The rats were housed with a standard of
12 h light/dark cycle and access to water and food ad libitum
prior to and following surgery or sham operation. The rat
model of TBI was induced using a modified weight-drop
device (Tangshan Railway Vehicle Co., Ltd., Tangshan,
China), as described previously by Marmarou et al (13).
Briefly, the rats were anaesthetised with sodium pentobarbital
(Nembutal 60 mg/kg). A midline incision was made to expose
the skull between bregma and lambda suture lines and a steel
disc (10 mm in diameter and 3 mm in thickness) was adhered
to the skull using dental acrylic (Tangshan Railway Vehicle
Co., Ltd., Tangshan, China). Animals were moved onto a foam
mattress underneath a weight-drop device where a weight of
450 g fell freely through a vertical tube from 1.5 m onto the
steel disc. Sham-operated animals underwent the same surgical
procedure without weight-drop impact. Rats were housed in
individual cages following surgery and placed on heat pads
(37°C) for 24 h to maintain normal body temperature during
the recovery period.

Groups and drug administration. The rats were randomly
divided into the sham, TBI and TBI treated with carben-
oxolone (CBX) groups. Each sub-group was composed of
five rats and the rats were killed 3, 6, 24 or 48 h following
TBI. CBX (50 ug/kg body mass; Sigma-Aldrich, Yorba
Linda, CA, USA) was administered by right ventricle injec-
tion 30 min prior to sham operation or TBI induction (14).
For intracerebroventricular injection, the animals were fixed
in a stereotaxic apparatus (RWD68025; RWD Life Science
Co., Ltd., Shenzhen, China), a midline incision was made in
the skin and a small hole was induced in the cranial region.
Using a Hamilton syringe (RWD62201; RWD Life science
Co., Ltd.), CBX in 5 ul saline was injected into the right cere-
bral ventricle according to the following coordinates: bregma:
AP -0.8 mm, L +1.6 mm (midline) and deep 3.4 mm form
dura (15).

Western blot analysis. Western blot analysis was conducted as
described previously (16). Briefly, the rats were deeply anesthe-
tized and underwent an intracardiac perfusion with 0.1 mol/l
phosphate-buffered saline (PBS; pH 7.4). The hippocampal
CA1 was rapidly isolated, total proteins were extracted and the
protein concentration was determined by the bicinchoninic acid
reagent (Beijing Solarbio Science and Technology Co., Ltd.,
Beijing, China) method. Samples were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis. Separated
proteins on the gel were transferred onto polyvinylidene fluo-
ride membranes (Roche Diagnostics, Mannheim, Germany).

Blots were blocked with 5% fat-free dry milk for 1 h at room
temperature. Subsequently, blots were incubated overnight at
4°C with the following primary antibodies: Rabbit anti-p-CX43
polyclonal antibodies, rabbit anti-LC3 polyclonal antibody
and mouse anti-f-actin monoclonal antibody (dilution, 1:500;
Santa Cruz Biotechnology, Inc.). The blots were then incubated
with horseradish peroxidase-conjugated anti-rabbit IgG and
anti-mouse IgG (dilution,1:5000; Cell Signaling Technology,
Inc.,Danvers, MA,USA) for 2 hatroom temperature. Subsequent
to incubation with a properly titrated secondary antibody, the
immunoblot on the membrane was visible following develop-
ment with an enhanced chemiluminescence (ECL) detection
system (ChemiDoc XRS; Bio-Rad, Hercules, CA, USA) and
the densitometric signals were quantified using an imaging
program (Image Lab 4.1; Bio-Rad). Immunoreactive bands
of the protein expression were normalized to the intensity of
the corresponding bands for -actin. The western blot analysis
results were analyzed with National Institutes of Health Image
1.41 software (Bethesda, MD, USA).

Immunofluorescence analyses. The brain tissues were fixed
in 4% paraformaldehyde for 24 h, and transferred to a 30%
sucrose solution (0.1 M PBS, pH 7.4). When the tissues had
sunk to the bottom of the solution, sections, 200 ym apart from
anterior to posterior hippocampus (bregma -1.90 to -3.00) were
made from TBI animal and embedded in OCT. Frozen sections
(15 pm) were sliced with a frozen slicer, treated with 0.4%
Triton X-100 for 10 min, and blocked in normal donkey serum
for 1 h. For double labeling, the frozen sections were incubated
with a mixture of rabbit anti-p-CX43 polyclonal antibody
(dilution, 1:100) and mouse anti-GFAP monoclonal antibody
(dilution, 1:100; Santa Cruz Biotechnology), or rabbit anti-LC3
polyclonal antibody (dilution, 1:100) and mouse anti-neuronal
nuclei (NeuN; dilution, 1:100; Santa Cruz Biotechnology) over-
night at 4°C. The following day, the sections were incubated
with a mixture of fluorescein-conjugated anti-rabbit IgG and
anti-mouse IgG (dilution 1:1000; Santa Cruz Biotechnology)
for 2 h at 37°C in the dark. Images were captured in a laser
scanning confocal microscope (Olympus Fluoview™ FV1000;
Olympus, Tokyo Japan). Primary antibodies were replaced
with PBS in the negative control group.

Statistical analysis. Experiments were repeated three times
and similar results were obtained. Statistical analysis was
performed using the SPSS 16.0 statistics software (SPSS,
Chicago, IL, USA). Data were expressed as the mean + SE.
Statistical analysis was performed using analysis of variance,
followed by the Student-Newman-Keuls post hoc tests or
Student's t-test (two means comparison). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

General. There were no significant differences in body weight
or temperature between the TBI and sham-injured groups, and
no differences in injury levels among the 3-, 6-, 24- or 48-h
TBI groups.

P-CX43 colocalizes with astrocyte markers. To assess the
effect of connexins on astrocytic gap junctions evoked by
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Figure 1. Phosphorylated-conncexin 43 (P-CX43) colocalizes with astrocyte glial fibrillary acidic protein (GFAP). Corresponding immunofluorescence
images obtained using anti-p-CX43 and anti-GFAP antibodies in hippocampal astrocytes 6 h after traumatic brain injury. The overlap is shown between
anti-p-CX43 and anti-GFAP immunoreactivities. Arrows show cytoplasmic p-CX43 immunoreactive structures and GFAP immunoreactivity at the cytoplasm
is indicated by arrowheads. All microphotographs were visualized by confocal laser scanning microscopy. Scale bar, 20 gm.
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Figure 2. Confocal images of microtubule-associated protein 1 light chain 3 (LC3) and neuronal nuclei (NeuN). LC3 immunoreactivity (green) was present
in NeuN-positive cells (red) 24 h following traumatic brain injury. Overlay of LC3 (green) and NeuN (red) showed specificity of LC3 for neuron cells. Arrows
show ring- or cup-shaped LC3-immunopositive structures and NeuN immunoreactivity in the hippocampal neurons is indicated by arrowheads. The micro-
photographs were visualized by confocal laser scanning microscopy. Scale bar, 20 ym.

TBI, double immunofluorescence staining was performed
to investigate co-localization of p-CX43 and GFAP expres-
sion. As shown in Fig. 1, p-CX43 was stained with rabbit
anti-p-CX43 antibody and secondary antibodies labeled
with green fluorescence. Astrocytes were stained with mouse
anti-GFAP antibodies and secondary antibody labeled with
red fluorescence. The images were merged and yellow was
observed under a laser scanning confocal microscope. These
results suggest that the majority of p-CX43 colocalizes with
astrocytes.

LC3 colocalizes with neuron markers. Experiments were
performed to investigate the involvement of autophagy in
TBI-induced brain damage. LC3 expression in hippocampal
neurons 24 h following TBI was detected using immunohis-
tochemistry and confocal microscopy (indicated by arrows,
Fig. 2). As shown in Fig. 2, LC3 was stained with rabbit
anti-LC3 antibody and secondary antibodies labeled with green
fluorescence. The LC3-immunoreactive structures appeared
cup-shaped or circular, which may reflect the different stages
of autophagosome formation (the isolation of membranes prior

to and following closure to form autophagosomal vesicles). In
addition, neurons were stained with mouse anti-NeuN anti-
body and secondary antibody labeled with red fluorescence.
The images were merged and yellow was observed under a
laser scanning confocal microscope. These results clarified
alterations in the LC3 proteins in neurons in the hippocampal
region following TBI.

CBX treatments suppress p-CX43 protein expression. P-CX43
protein expression was analyzed by western blot analysis
(Fig. 3A). The p-CX43 protein expression was identified at low
levels in the hippocampus in the sham group. The immuno-
reactivity of p-CX43 in the hippocampus was significantly
induced 3 h following injury, persisted at a high level until
24 h after injury and thereafter, gradually decreased. In
addition, the p-CX43 protein content reached a maximum
level 6 h following injury. As demonstrated in Fig. 3B, the
p-CX43 protein band intensity was quantified and the results
demonstrated that CBX pretreatment significantly inhibited
the upregulation of p-CX43 protein levels compared with that
of the TBI groups at 3, 6 and 24 h.
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Figure 3. Pretreatment with carbenoxolone (CBX) prevented traumatic brain injury (TBI)-induced p-CX43 activation. Animals were sacrificed at various
time points following TBI as indicated. Extracts from injured hippocampus were separated on sodium-dodecyl sulfate polyacrylamide gel electrophoresis.
(A) Western blot analysis of p-CX43 in the hippocampus. (B) Densitometry analysis of p-CX43 band corresponding to 3-actin. Optical densities of respective
protein bands were analyzed with ImagelJ. The quantitative results of p-CX43 protein are expressed as the mean of the ratio of densitometries of p-CX43
to B-actin bands +standard error for 5 different experiments. Results demonstrated that p-CX43 protein increased markedly at 3, 6 and 24 h following TBI
("P<0.05 and “P<0.01 vs. sham group). Treatment with CBX significantly decreased the level of p-CX43 protein expression at 3, 6 and 24 h following TBI.
"P<0.05 vs. the TBI group at the same time point).
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Figure 4. Pretreatment with phosphorylated-carbenoxolone (p-CBX) prevented traumatic brain injury (TBI)-induced microtubule-associated protein 1 light
chain 3 (LC3)-II activation. Protein levels of LC3-II in the hippocampus were detected with (A) immunoblotting and (B) densitometry analysis of p-CX43 band
corresponding to -actin. Results demonstrated that LC3 protein levels increased markedly at 6,24 and 48 h following TBI. Pretreatment with CBX resulted in
marked reduction of LC3-1I expression. Data are expressed as the mean = SE (n=5). “P<0.05 vs. the TBI group at the same time point; “P<0.05 vs. sham group.
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CBX treatments suppress LC3-1I protein expression. To deter-
mine how autophagic activity is altered following TBI and to
confirm the ability of CBX to inhibit autophagy, the protein
levels of LC3-II were determined (Fig. 4A). The expression of
LC3-II protein in the hippocampus was significantly upregu-
lated 6 h following TBI and persisted at a high level until 48 h
following injury. As demonstrated in Fig. 4B, pretreatment
with CBX significantly reduced the relative protein expression
of LC3-II in the hippocampus.

Discussion

Management of traumatic brain injury poses considerable
challenges to healthcare services (17). Brain injury may result
in an energy crisis and oxidative stress, which induces cell
death (18). Cell death is broadly classified into three types:
necrosis, apoptosis [type 1 programmed cell death (PCD)] and
autophagy (type 2 PCD) (19). Autophagy is a process that is
regulated and is key in numerous diseases (20-22). TBI causes
pathophysiologic responses leading to autophagy activation,
cell membrane breakdown, cell loss and motor and cogni-
tive outcome deficits. Pretreatment with 3-methyladenine
(3-MA), a relatively selective autophagy inbihitor, attenuates
TBI-induced cell death, lesion volume and behavioral outcome
deficits, thereby indicating that inhibition of autophagy may be
a therapeutic target for TBI treatment (23). However, the way
in which to manipulate the autophagy pathway is not clear,
therefore, the probable regulatory mechanism of autophagy in
TBI has been hypothesized based on the studies.

Previous studies using LC3 as an autophagic biomarker
showed that autophagy is detected in the human brain following
trauma and critical illness (24). LC3, an autophagosomal
ortholog of yeast Atg8, is one of the most reliable markers
in the study of autophagy induction (25). LC3 is synthesized
as pro-LC3, which is cleaved by ATG4 protease to form the
16-18 kDa LC3-I. On activation of autophagy, LC3-I is conju-
gated with phosphatidylethanolamine (lipidated). The lipidated
form is referred to as LC3-II (26). Another study has demon-
strated autophagosomal vacuole formation by the observation
of a shift from LC3-I to -II in hippocampal neurons following
TBI and has demonstrated a marked increase in LC3-II levels
from 1 to 48 h post-TBI. Pretreatment with a specific autophagy
inhibitor 3-MA partially inhibited traumatic-elicited induction
of LC3-II (23). Previous studies have demonstrated that astro-
cytes, the predominant cell type in the brain, receive signals
from neurons and also release neuroactive substances (27),
provide energy substrates to neurons (28) and are important in
neuronal support in normal and pathological conditions. In the
central nervous system, astrocytes established a glial syncy-
tium through intercellular connections via gap junctions (29).
CX43 is the primary component protein in astrocytic gap junc-
tions (30). Gap junctional intercellular communication (GJIC)
mediates electronic coupling and permits rapid propagation
among cell networks (31). GJIC between astrocytes may
regulate the concentration of extracellular K* and distribute
neurotransmitters (32). Certain studies have suggested that
astroglial cells may participate in neuronal apoptosis through
their gap junctions under ischemic conditions (33). However,
no studies have focused on astrocytic gap junction-dependent
modulation of neuronal autophagy following TBI in vivo.

In the present study, coupling of labeled LC3 with NeuN
and p-CX43 with GFAP was conducted to demonstrate the
correlation between p-CX43 and autophagy following TBI.
P-CX43 was colocalized with GFAP immunoreactivity in the
hippocampal astrocytes (Fig. 1). Thus, p-CX43 is expressed by
astrocytes. LC3 immunoreactivity was located predominantly
in living hippocampal neurons under confocal microscopy
(Fig. 2). Autophagy may occur in cells other than astrocytes,
particularly in neurons. Astrocytes may communicate through
their gap junctions and be able to affect neurons (27). In the
present study, astrocytic gap junction proteins were phos-
phorylated in the hippocampus following TBI. An increase in
p-CX43 protein expression was observed in the hippocampus
of injured brain at 3, 6 and 24 h, with peak relative abundance
at 6 h (Fig. 3). These results suggested that phosphorylation
of CX43 induces cell injury in the post-traumatic region.
Therefore, it was hypothesized that phosphorylation of
CX43 may contribute to hippocampal dysfunction through
astrocytic gap junction communication in the early phases
following TBI. The results also indicated that TBI activates
autophagy, which may begin at 6 h or earlier, and lasts at least
48 h in the hippocampus following TBI (Fig. 4). This result is
concurrent with that of previous studies (23). Carbenoxolone
is related to glycyrrhetinic acid and is thought to bind directly
to connexins, inducing a conformational change and results
in a closure of gap junctions (34). Pretreatment with a specific
CX43 inhibitor, CBX, partially inhibited traumatic-elicited
induction of p-CX43 (Fig. 3). The results of the present
study demonstrated that inhibition of p-CX43 suppressed
TBI-induced autophagy (determined by the expression of
LC3-II detected by western blot analysis) (Fig. 4). Thus, this
identified astrocytic gap junctions/connexins as part of the
regulatory network controlling in vivo autophagy in neurons
of the hippocampus.

Astrocytes exchange inositol 1,4,5-triphosphate, lactate,
glutamate and other smaller molecules through gap junctions
and provide energy substrates such as ATP to neurons (35).
It is well known that astrocytes also modulate extracellular
glutamate concentrations, thereby contributing to extracel-
lular neurotransmitter homeostasis and astrocyte-neuron
signaling (36). Disturbance of extracellular glutamate levels,
acting on N-methyl-D-aspartate receptors, is a primary cause of
neuronal cell death following acute damage, which is observed
following stroke, trauma and seizure (37). Furthermore, Rami
et al (38) demonstrated that the inhibition of gap junction
permeability effectively decreases neuronal death. A large
number of intracellular/extracellular stimuli, including amino
acid starvation and invasion of microorganisms, are able to
induce the autophagic response (39). The autophagy pathway
triggers a cascade of events leading to tissue edema, neuronal
cell death and impaired motor and cognitive functions
following TBI (23). Elucidation of the molecular mechanisms
by which astrocytic gap junctions regulate neuronic autophagy
is an important area of investigation and aims to develop novel
therapeutic interventions for the prevention of autophagy
formation following traumatic brain injury.

In conclusion, the correlation between gap junctions and
autophagy following TBI was shown and it was determined
that astrocytic gap junctions/connexins act as a regulatory
factor controlling neuronal autophagy in the hippocampus. As
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connexin expression and/or astrocytic gap junction coupling is
affected in various forms of brain injury (40), this regulatory
mechanism may be prominent in the diseased brain.
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