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Traumatic Scratch Injury in Astrocytes
Triggers Calcium Influx to Activate the
JNK=c-Jun=AP-1 Pathway and Switch on

GFAP Expression

Kai Gao,1 Chen Ran Wang,1 Feng Jiang,1 Ann Yuen Kwan Wong,1 Na Su,1

Jiao Hua Jiang,1 Rui Chao Chai,1 Greg Vatcher,1 Junlin Teng,2 Jianguo Chen,2

Yu-Wu Jiang,3 and Albert Cheung Hoi Yu1,4

Astrocyte activation is a hallmark of central nervous system injuries resulting in glial scar formation (astrogliosis). The activa-
tion of astrocytes involves metabolic and morphological changes with complex underlying mechanisms, which should be
defined to provide targets for astrogliosis intervention. Astrogliosis is usually accompanied by an upregulation of glial fibrillary
acidic protein (GFAP). Using an in vitro scratch injury model, we scratched primary cultures of cerebral cortical astrocytes and
observed an influx of calcium in the form of waves spreading away from the wound through gap junctions. Using the calcium
blocker BAPTA-AM and the JNK inhibitor SP600125, we demonstrated that the calcium wave triggered the activation of JNK,
which then phosphorylated the transcription factor c-Jun to facilitate the binding of AP-1 to the GFAP gene promoter to
switch on GFAP upregulation. Blocking calcium mobilization with BAPTA-AM in an in vivo stab wound model reduced GFAP
expression and glial scar formation, showing that the calcium signal, and the subsequent regulation of downstream signaling
molecules, plays an essential role in brain injury response. Our findings demonstrated that traumatic scratch injury to astro-
cytes triggered a calcium influx from the extracellular compartment and activated the JNK=c-Jun=AP-1 pathway to switch on
GFAP expression, identifying a previously unreported signaling cascade that is important in astrogliosis and the physiological
response following brain injury.
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Introduction

Astrocytes are the most abundant cell type in the central

nervous system (CNS). More and more evidence has

suggested that they are not “supporting cells” but are indeed

multifunctional in brain development, ionic homeostasis,

energy metabolism and synaptic signaling (Ransom and

Ransom, 2012; Scemes and Giaume, 2006). Under injury

and pathological conditions, quiescent astrocytes are rapidly

activated and form glial scars, a process called astrogliosis.

Astrogliosis is thought to be responsible for a deficit of neuro-

nal repair after injury, because the rapidly formed glial scars

create a physical barrier that prevents neuronal regeneration

(Miller, 2005; Pekny and Nilsson, 2005; Sofroniew, 2009;

Verkhratsky et al., 2012). Therefore, understanding the
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mechanisms of astrogliosis will allow the identification of

potential therapeutic targets for reducing glial scar formation

and thereby improve neural repair after injury.

One of the most remarkable changes in reactive astro-

cytes is an increase in glial fibrillary acidic protein (GFAP),

followed by cell hypertrophy and hyperplasia (Pekny and

Nilsson, 2005). First reported by Eng in 1969 (Eng et al.,

1971, 2000), GFAP is an astrocyte specific class III interme-

diate filament known to provide structural stability and is

widely used as a specific marker of mature astrocytes, injury-

induced reactive astrocytes, and astroglioma (Eng et al., 2000;

Jung et al., 2007). GFAP, however, was found to be more

than a pathological and tumor marker. It has been shown to

take part in maintaining cell structure (Nawashiro et al.,

1998), in the development of white matter and the blood

brain barrier (Liedtke et al., 1996), in astrocyte-neuron inter-

action by modulating synaptic efficacy (McCall et al., 1996),

and even in many neurodegenerative diseases such as amyo-

trophic lateral sclerosis (Yoshii et al., 2011) and Alexander

disease (Flint et al., 2012). We have previously shown that

GFAP upregulation accompanied hypertrophy and migration

of reactive astrocytes after a scratch traumatic injury in pri-

mary cultures of astrocytes (Ghirnikar et al., 1994; Yu et al.,

1993). Studies on mice deficient in GFAP and vimentin sug-

gested that the upregulation of these astrocytic intermediate

filaments is a crucial step in reactive gliosis and glial scar for-

mation (Pekny et al., 1999).

Calcium signals are one of the most universal intercellu-

lar and intracellular biological signals which modulate cells,

from fertilization, proliferation, and migration, to apoptosis

and necrosis. Calcium signals play an important role in the

physiology and pathophysiology of astrocytes (Verkhratsky,

2006). Calcium waves in astrocytes were first identified by

Smith and colleagues (Cornell-Bell et al., 1990). Since then,

their generation was thought to represent a form of glial exci-

tation (Zorec et al., 2012). Calcium waves have been found

to be involved not only in astrocyte–astrocyte communica-

tion, but also communication between astrocytes and neurons

(Fields, 2008). Calcium signals can be induced by many dif-

ferent stimuli, such as glutamate (Cornell-Bell et al., 1990),

ATP (Arcuino et al., 2002; Moln�ar et al., 2011), and

mechanical poking (Charles et al., 1991).

In this study, we report that scratch injury can mobilize

calcium influx from the extracellular compartment which is

then transmitted through gap junctions as calcium waves.

Blocking this calcium signal in vivo reduces the expression of

GFAP and the extent and size of glial scars caused by a stab

wound, showing that the calcium signal mediates astrocytic

responses to brain injury. The calcium wave might initiate the

traumatic signal created by scratch and transmit this signal to

the neighboring astrocytes and induce the astrogliosis process.

Our results also demonstrate that the calcium signal activates

the JNK=c-Jun=AP-1 signaling pathway and switches on

GFAP upregulation in astrocytes, an early and essential step

in the reactive astrogliosis process.

Materials and Methods

Primary Culture of Astrocytes
Primary cultures of astrocyte were prepared from cerebral cortices of

newborn ICR mice (Department of Laboratory Animal Science, Peking

University Health Science Center) as reported previously (Chen et al.,

2005; Lau and Yu, 2001; Yang et al., 2012). In brief, neopallia freed of

meninges and olfactory bulb were cut into small cubes (1 mm3) in Dul-

becco’s modified Eagle’s medium (DMEM). The tissue was disrupted

by vortex for 90 s and the resulting suspension was passed through two

sterile nylon Nitex sieves of pore sizes 70 and 10 lm (Spectrum Labora-

tories). Each dissociated cerebrum was distributed into 35 mm culture

dishes (Corning Incorporated) or glass-bottomed cell culture dishes

(NEST Biotechnology, China) containing 2 mL DMEM with 10%

(v=v) fetal bovine serum (FBS) (Thermo Fisher Scientific). All cultures

were incubated in a Heraus CO2 incubator (Germany) at 37�C with

5% CO2 (v=v). Culture medium was changed twice per week and after

2 weeks 7% (v=v) FBS was used thereafter. Confluent cultures used for

experiments were at least 4 weeks old and contained at least 95% astro-

cytes as determined by GFAP staining.

Scratch Wound
Confluent cultures of astrocytes were scratched with a plastic pipette

tip according to a preset grid which was equivalent to the removal of

approximately 40% of the total cells in the dish to simulate trau-

matic injury in astrocytes along the scratch wound (Yang et al.,

2012; Yu et al., 1993). Immediately following scratch, culture dishes

were washed twice with fresh DMEM to remove the debris and

incubated with fresh media containing 7% FBS.

Calcium Imaging
Before imaging, cultures were washed once in HEPES-buffered

saline (HBS; 125 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM D-

glucose, 2 mM CaCl2, 25 mM HEPES, pH 7.2) and incubated in

HBS containing 5 mM Fluo-3 AM (Biotium) and 0.02% pluronic

acid for 20 min at 37�C. Cells were observed with a TCS SP2 con-

focal microscope (Leica Microsystems, Germany) or an Olympus

IX71 microscope (Olympus, Japan). To prevent the influx of extrac-

ellular calcium, cells were preincubated for 10 min in Ca21-free

HBS (127 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM D-glu-

cose, 5 mM EGTA, 25 mM HEPES, pH 7.2) and experiments were

performed in Ca21-free HBS.

Stab Wound Models
All animal studies were approved by the Institutional Animal Care

and Use Committee of Peking University. Sprague Dawley rats

(approximately 300 g male) were purchased and maintained in the

Laboratory Animal Center of Peking University Health Science Cen-

ter, and housed in laminal-flow cabinets under specific pathogen-free

conditions. Before performing the stab wound, rats were anesthetized

with chloral hydrate (0.4 g=kg, i.p.) and the operations were
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performed on a stereotaxic apparatus (David Kopf Instruments). The

scalp was incised, and a small slit (Bregma from 22 mm to 26

mm, latero-lateral 2.5 mm) made with a dental drill as described

(Robinson et al., 2005). Then, 4 lL of 25 lM BAPTA-AM

(BAPTA) or DMSO in saline was injected into four points (Bregma

from 23 mm to 25 mm, latero-lateral 2.5 mm, at 2 and 4 mm

depth from the dura) symmetrically in the areas of the stab in both

hemispheres 0.5 h before performing the stab. Each injection was

delivered over 2 min, and the needle was left in the same position

for an additional 2 min after each injection to avoid reflux along the

injection track. Then, a number 23 dissection blade was inserted

through the slit to a depth of 5 mm to generate a stab wound. Rats

were killed a week after lesion (n 5 3).

Inhibitor Treatment
Cultures were pretreated with U0126 (blocks the MEK/ERK signal

pathway; Promega), SP600125 (inhibits JNK; Sigma-Aldrich),

SB203580 (inhibits p38; Sigma-Aldrich), BAPTA (chelates free cal-

cium; EMD Millipore), AG 490 (blocks the JAK/STAT signal path-

way; Beyotime, China), or carbenoxolone (CBX, blocks gap

junctions; Sigma-Aldrich) for 30 min in serum-free media before

scratch injury. During post-scratch incubation, the inhibitor

remained in serum-free incubation medium.

Immunofluorescent Staining
For immunocytochemistry, cells were washed three times with ice-cold

phosphate buffered saline (PBS) and fixed with 4% Paraformaldehyde

(PFA) for 20 min before being permeabilized with 0.3% Triton X100

for 15 min. The cultures were then blocked with 3% bovine serum

albumin (BSA) in PBS for 30 min at room temperature and incubated

with primary antibody (anti-GFAP 1:100) at 4�C overnight. Primary

antibodies used for immunostaining GFAP were polyclonal rabbit anti-

body to multiple sclerosis plaque GFAP (Smith et al., 1983). After

washing three times with PBS, the cultures were incubated with sec-

ondary antibody conjugated with Alexa Fluor 488 (1:200, Invitrogen)

for 1 h at room temperature. Hoechst 33342 (2 lg=mL, Sigma-

Aldrich) was used to stain nuclei. Finally the cultures were observed

with a TCS SP2 confocal microscope (Leica Microsystems, Germany)

or a DMI4000 B inverted microscope (Leica Microsystems, Germany).

For immunohistochemistry, brains were removed from rats

which had been anesthetized with chloral hydrate, and then transcar-

dially perfused with 300 mL 37�C saline followed by 300 mL 4%

PFA in PBS (4�C, pH 7.4). The brains were fixed at 4�C in 4%

PFA overnight and cryoprotected by 20% sucrose in PBS at 4�C

overnight, then 30% sucrose in PBS at 4�C for 3 days. Brains were

frozen on powdered dry ice and cryosectioned (20 lm in thickness).

Immunohistochemistry was performed in the same way as the

immunocytochemistry described above and observed with a TCS

SP2 confocal microscope (Leica Microsystems, Germany) or

DMI4000 B inverted microscope (Leica Microsystems, Germany).

Reverse-Transcription Polymerase Chain Reaction
and Quantitative Real-Time PCR
Total RNA was extracted with Trizol reagent (Life Technologies).

RNA (2 lg) was used for RT with MMLV reverse transcriptase

(Promega). PCR and real-time PCR were performed according to

our previously published method (Chen et al., 2005). Quantitative

real-time PCR was carried out with Taqman Mix (Life Technologies)

in 20 lL of final volume using a 7500 Real-Time PCR System (Life

Technologies). Samples were run for 40 cycles at default thermal

cycling conditions for Taqman Real-Time PCR (stage 1: 1 cycle,

50�C for 2 min; stage 2: 1 cycle, 95�C for 10 min; and stage 3: 40

cycles, 15�C for 15 s, 60�C for 1 min). Relative gene expression val-

ues were calculated with the 22DDCt method. GFAP primers and

probe were from ABI (Life Technologies). 18S was used as a control

(Forward: 50-AACGAGACTCTGGCATGCTAACT-30, Reverse:

50-CGCCACTTGTCCCTCTAAGAA-30, Probe: 50-TTACGCGAC

CCCCGAGCGG-30).

Western Blot Analysis
For testing the activities of p-JNK and p-c-Jun, cells were lysed

with NP-40 lysis buffer [20 mM Tris-HCl, pH 8.1, 150 mM

NaCl, 0.1% NP-40, 1 mM Phenylmethanesulfonyl fluoride

(PMSF), protease inhibitor cocktail (Roche, Sweden)]. For testing

the level of cytoskeleton protein, cells were lysed with RIPA buffer

[20 mM Tris-HCl, pH 8.1, 150 mM NaCl, 0.1% NP-40, 1%

SDS, 0.5% sodium deoxycholate, 1 mM PMSF, protease inhibitor

cocktail (Roche, Sweden)]. Cells were lysed in their respective lysis

buffers for 30 min on ice and centrifuged at 12,000g at 4�C for

30 min. Equal amounts of proteins in the supernatant were loaded

for each Western blot analysis. Proteins were separated by SDS-

PAGE and then transferred to a PVDF membrane (Millipore) for

2 h at 200 mA. Primary antibodies (GFAP, 1:5,000, Cell Signaling

Technology; p-JNK, 1:1,000, Cell Signaling Technology; p-c-Jun,

1:500, Santa Cruz Biotechnology; b-actin, 1:5,000, Sigma;

GAPDH, 1:5,000, Cell Signaling Technology) were incubated in

3% BSA in Tris-buffered-saline with Tween 20 (TBST) at 4�C

overnight and then in HRP-conjugated secondary antibodies

(1:5,000, Jackson ImmunoResearch Laboratories) for 1 h at room

temperature. The signals were detected by chemiluminescence with

ECL solution (Santa Cruz Biotechnology).

Plasmid Construction and Luciferase Reporter Assay
The 7X AP-1 binding site sequences (TGACTCA) from the pro-

moter region of GFAP (21,610 bp relative to translation start) were

inserted into pGL3-Basic (Promega). A luciferase reporter assay was

performed followed the protocol of the pGL3 Luciferase Reporter

Vectors Technical Manual (Promega). Briefly, cells were transfected

using 3 lg plasmid and 4 lL LipofectamineV
R

2000 (Life Technolo-

gies) per 35 mm culture dish. Twenty-four hours after transfection

the cells were used to perform experiments.

Quantitative Chromatin Immunoprecipitation Assay
Quantitative chromatin immunoprecipitation (ChIP) analysis for the

GFAP promoter region was performed as previously described (Buira

et al., 2010) with some modifications. Briefly, ChIP assays were per-

formed on primary cultures of astrocytes. Control and cells 1 h after

scratch were fixed with 1% formaldehyde in PBS at 37�C for 10

min before being lysed with lysis buffer [1% SDS, 5 mM EDTA, 50

mM Tris-HCl, pH 8.1, protease inhibitor cocktail (Roche, Sweden)].
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The lysed cells were collected into a 1.5 mL prechilled tube and

then processed ultrasonically to produce approximately 700 bp DNA

fragments. After centrifugation, an aliquot of supernatant was

removed from each sample and diluted (1:5) with dilution buffer

(1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-

HCl, pH 8.1, protease inhibitor cocktail) and used as a loading con-

trol for the experiment (input). Supernatants from each sample were

diluted with dilution buffer (1:10) and incubated with 5 lg anti-c-

Jun antibody for ChIP (Santa Cruz Biotechnology) or rabbit IgG

(Sigma-Aldrich) at 4�C overnight. Prewashed protein A beads (10

mL, GE Healthcare) were added and then incubated for 4 h at 4�C.

The immunoprecipitant was collected by centrifugation and washed

successively with TSE I (0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), TSE II (0.1%

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1,

500 mM NaCl), buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycho-

late, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1), and TE buffer (10

mM Tris-HCl, 1 mM EDTA, pH 8.1) for 10 min each at 4�C. The

protein–DNA complex was then eluted from the beads with elution

buffer (1% SDS, 0.1 M NaHCO3) at room temperature for 10

min. DNA was separated from protein by incubation at 65�C for 6

h and purified with a QIAquick PCR Purification kit (Qiagen,

Germany). The binding activity of AP-1 to its binding site on the

GFAP promoter was examined by real-time PCR with primers (For-

ward: 50-AGGCTGTTGCTATGAC-30, Reverse: 50-CTATGCCAA

GGTGAGT-30). Samples were run for 40 cycles (95�C for 30 s,

60�C for 1 min, 72�C for 30 s). Amplification specificity was

confirmed by analysis of melting curves.

Statistical Analysis
All analyses were performed using Prism 5.0 statistical software

(Graph Pad Software). Significance tests were performed using one-

way ANOVA followed by Newman–Keuls post hoc test. Values were

considered statistically significant at a 5% level of significance

(P 0.05). Graphic representations were mean 6 SEM.

Results

Scratch-Induced Calcium Waves in Primary Cultures
of Astrocytes
In primary cultures of astrocytes, scratch injury triggered an

increase of intracellular calcium levels in cells along the edge of

the wound, and the calcium signal spread inwards as a wave

(Fig. 1A and Supp. Info. Video 1). The calcium wave propaga-

tion took about 1 min to travel 600–800 lm (Fig. 1B), with a

speed declining from about 47–4 lm=s as the wave moved fur-

ther away from the wound (Fig. 1C). By comparing the ratio of

the fluorescence intensity of the calcium signal in cells before

and after scratch and at different distances from the scratch

edge, we noticed that the calcium signal in cells along the edge

(within 100 lm from the wound) was stronger and lasted lon-

ger than in cells further away (more than 100 lm) (Fig. 1D).

High-magnification imaging of a single cell demonstrated a

polarized calcium signal mobilized from the area near the

scratch injury (Fig. 1E and Supp. Info. Video 2).

Scratch-Triggered Calcium Waves Spread Through
Gap Junctions
Calcium wave propagation was demonstrated to be mediated

through gap junctions using the gap junction inhibitor CBX

(Fig. 2A). The CBX effect was dose-dependent, and 200 mM

CBX completely blocked the scratch-triggered calcium wave

propagation (Fig. 2B). At the same time, we observed a slight

increase of the intracellular calcium signal intensity in some

cells in the control culture without scratch under CBX treat-

ment. This suggested that CBX may not only be a gap junc-

tion inhibitor, but might also induce a release of calcium

from intracellular sources; therefore, its blockage of calcium

wave propagation is not through inhibition of calcium release

(Fig. 2C).

Source of Calcium was from the Extracellular
Compartment
BAPTA chelates both intracellular and extracellular calcium

ions. BAPTA treatment (10 mM) in astrocytes during scratch

could completely inhibit the generation of the scratch-

triggered calcium wave (Fig. 3A). The intensity and duration

of the calcium signal in cells along the edge of the scratch

wound were also significantly reduced (Fig. 3B). In order to

elucidate the source of calcium for generating the calcium

wave in the scratch-injured astrocytes, experiments were per-

formed in calcium-free HBS. We found that no calcium wave

was generated in astrocytes in the absence of extracellular cal-

cium (Fig. 3C). These observations indicated that the calcium

signals and waves generated in astrocytes after scratch were

from an influx of calcium ions from the extracellular

compartment.

Scratch-Induced GFAP Upregulation was Mediated
Through the JNK=c-Jun Pathway
We examined the changes of GFAP levels in control and

scratched astrocytes in primary cultures by Western blot (Fig.

4A). The levels of GFAP in scratched astrocytes were signifi-

cantly higher than in the control. Under similar experimental

conditions, we observed that scratch wound activated JNK

and c-Jun in astrocytes. The phosphorylation of JNK was

detected within 5 min after scratch and it reached a peak of

about 220% of the basal level at 0.5 h, and then gradually

returned to the basal level by 24 h (Fig. 4B).

c-Jun, one of the downstream targets of JNK, was also

phosphorylated after scratch with a time course quite similar

to JNK phosphorylation. c-Jun phosphorylation reached a

peak at 0.5 h and returned to basal levels at 24 h (Fig. 4C).

Reverse-transcription polymerase chain reaction and real-time

PCR results showed that the inhibition of JNK activity, but

not the inhibition of other mitogen-activated protein kinases

(MAPKs) or JAK=STAT, suppressed GFAP gene transcription

(Fig. 4D). To examine the effect of inhibiting JNK on GFAP
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levels in reactive astrocytes, Western blots demonstrated a dose-

dependent suppression of GFAP protein levels by SP600125 in

astrocytes 12 h after scratch (Fig. 4E). The DMSO control did not

show any effect on the GFAP RNA or protein levels. We also

treated cultures with 20 and 40 lM SP600125 and confirmed the

reduction in GFAP protein levels by immunostaining (Fig. 4F).

FIGURE 1: Scratch-induced calcium waves in primary cultures of astrocytes. (A) Time lapse recording of a scratch induced calcium wave
between astrocytes with the calcium indicator Fluo-3 AM. The time labels reflect the time points after scratch (s). Dotted lines show the
scratch edge. Bar 5 100 mm. (B) Distance of calcium wave propagation from the scratch edge at different time points after scratch. n 5

3. (C) Speed of calcium wave propagation after scratch. *P<0.05, **P<0.01 compared with 0–5 s, n 5 3. (D) Change of calcium signal at
different distances from the scratch edge (n 5 5). (E) Time lapse recording of a scratch-induced calcium wave in single astrocytes with
the calcium indicator Fluo-3 AM. The time labels reflect the time points (s) after the calcium signal was transmitted into the cell in the
center of the figures. Arrows show the edge of calcium wave propagation. Bar 5 20 lm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Calcium Activated JNK=c-Jun to Regulate GFAP
Levels
BAPTA at 10 lM inhibited scratch activation of JNK phos-

phorylation in scratched astrocytes (Fig. 5A). At the same

time, phosphorylation of c-Jun was also suppressed and

remained at the basal level (Fig. 5B). GFAP levels and the

activities of both JNK and c-Jun were not affected by

DMSO. The effect of BAPTA on GFAP protein levels in

scratched astrocytes was dose dependent, as observed in cul-

tures 12 h after scratch (Fig. 5C). This was detected from the

immunostaining of scratched astrocytes, in which GFAP fluo-

rescence intensity was decreased with an increase in BAPTA

concentrations (Fig. 5E). GFAP transcription after scratch

was also inhibited with BAPTA treatment in a dose-

dependent manner, as determined by real-time PCR

(Fig. 5D).

The Calcium=JNK=c-Jun Signaling Pathway
Switched on GFAP Upregulation Through AP-1
There is an AP-1 binding site in the GFAP gene promoter

region at 21,528 bp (Fig. 6A). We examined the AP-1 activ-

ity in scratched astrocytes with the 7X AP-1 luciferase

reporter assay and observed an increase in AP-1 activity in

parallel to the phosphorylation of c-Jun (Fig. 6B). It is inter-

esting to observe that scratch related activation of AP-1 could

be inhibited by SP600125 (Fig. 6C). We then examined

FIGURE 2: Scratch triggered calcium waves spread through gap junctions. (A) Time lapse recording of a scratch induced calcium wave
pretreated with 200 lM Carbenoxolone (CBX). The time labels reflect the time points after scratch (s). Dotted lines show the scratch
edge. Bar 5 100 lm (original videos are in Supp. Info.). (B) Distance of calcium wave propagation from the scratch edge after scratch
when astrocytes were pretreated with different concentrations of CBX (n 5 3). Cont: control without CBX treatment, ***P<0.001 com-
pared with Cont. (C) Time lapse recording of CBX (100 lM) induced calcium signal in astrocytes. Bar 5 100 lm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3: The source of calcium was from the extracellular compartment. (A) Time lapse recording of the scratch induced calcium wave
between astrocytes pretreated with 10 mM BAPTA with the calcium indicator Fluo-3 AM. The time labels reflect the time points (s) after
scratch. Dotted lines show the scratch edge. Bar 5 100 lm. (B) Differences of the calcium signal at the scratch edge between astrocytes
pretreated with 10 mM or without BAPTA treatment. (C) Time lapse recording of the calcium wave in astrocytes pretreated with Fluo-3
AM and calcium-free medium and scratched in calcium-free medium. Dotted lines showed the scratch edge. Bar 5 100 mm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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whether the activated c-Jun could bind to the conserved AP-1

sequence in the GFAP gene promoter region with a ChIP

assay. In the control cultures, the binding of c-Jun with the

AP-1 sequence was rather weak, suggesting a low transcrip-

tional activity of the GFAP gene by the AP-1 complex. Real-

time PCR demonstrated a prominent increase of c-Jun bind-

ing with AP-1 in astrocytes 1 h after scratch. The increase in

c-Jun=AP-1 binding was reduced by BAPTA and SP600125

treatments (Fig. 6D). These results clearly demonstrated

that calcium influx triggered by scratch could activate the

JNK=c-Jun signaling pathway and switch on GFAP transcrip-

tion through enhancing the AP-1 binding to its recognition

sequence in the GFAP gene promoter region.

A Calcium Signal was Involved in Astrogliosis
in vivo
In the stab wound model, GFAP protein levels in BAPTA

treated cortices were compared with the control a week after

the stab wound was inflicted. We observed a significant inhi-

bition in scar formation in the BAPTA treated cortex as com-

pared with control (Fig. 7A). By comparing the intensity of

GFAP fluorescence, we also observed a lower GFAP staining

intensity in astrocytes around the stab wound in the BAPTA

treated cortex (Fig. 7B). A reduction in the size of the glial

scar area in the BAPTA treated cortex (�0.16 mm2) com-

pared with the control (�0.44 mm2) was also noted (Fig.

7C). A reduction in cell size of reactive astrocytes in the

BAPTA-treated cortex (�146 lm2) was also observed as com-

pared with the control cortex (�369 lm2) (Fig. 7D) indicat-

ing the inhibition of hypertrophy by BAPTA.

Discussion

Astrocyte activation is thought to inhibit neuronal repair after

CNS injury due to the rapid formation of a physical bar-

rier—glial scars (Pekny and Nilsson, 2005; Sofroniew, 2009).

Upregulation of GFAP is an important and prominent feature

FIGURE 4: Scratch-induced GFAP upregulation was mediated through the JNK=c-Jun pathway. (A) Western blot measurements of GFAP
protein levels at different time points after scratch, **P<0.01 compared with Cont, n 5 4. (B) Activity of p-JNK at different time points
after scratch. Cont: control without scratch, *P<0.05 compared with Cont, n 5 4. (C) Activity of p-c-Jun at different time points after
scratch. Cont: control without scratch, *P<0.05 compared with Cont, n 5 4. (D) Real-time PCR measurements of the levels of GFAP
mRNA in astrocytes at 6 h after scratch with treatments of different MAPK inhibitors. Cont: control, Scr: scratch. DMSO: scratch1DMSO
treatment, U: scratch1U0126 (20 lM) treatment, SP: scratch1SP600125 (20 lM) treatment, SB: scratch1SB203580 (20 lM) treatment,
AG: scratch1AG 490 (3 lM) treatment. **P<0.01 compared with Scr, n 5 3. (E) Levels of GFAP protein in astrocytes 12 h after scratch
under treatments with different concentrations of SP600125. Cont: control without scratch, Scr: scratch. DMSO: scratch1DMSO treat-
ment, ***P<0.001 compared with Scr, n 5 4. (F) Confocal image of GFAP in astrocytes along the scratch edge under treatments with dif-
ferent concentrations of SP600125. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of astrocyte activation and astrogliosis (Eng et al., 2000; Yu

et al., 1993). The rational design of therapeutic interventions

for CNS injury depends critically upon a comprehensive

understanding of the process of scar formation, and thus

requires an understanding of the mechanism of GFAP upreg-

ulation after injury.

In this study, we used a scratch-injury model to simulate

traumatic injury. The scratch model was first used to study

astrocyte behavior after traumatic injury in vitro (Yu et al.,

1993). Subsequently other labs used the model to study cell

migration (Etienne-Manneville and Hall, 2001) and astroglio-

sis (MacFarlane and Sontheimer, 1997; Zhu et al., 2007).

FIGURE 5: Calcium activated JNK=c-Jun to regulate GFAP levels. (A) Activity of p-JNK in astrocytes pretreated with different concentra-
tions of BAPTA at 0.5 h after scratch. Cont: control without scratch; Sham: DMSO treatment without scratch; Scr: scratch; DMSO: DMSO
treatment with scratch. *P<0.05, ***P<0.001 compared with Scr, n 5 4. (B) Activity of p-c-Jun in astrocytes pretreated with different con-
centrations of BAPTA at 0.5 h after scratch. Cont: control without scratch; Sham: DMSO treatment without scratch; Scr: scratch; DMSO:
DMSO treatment with scratch. *P<0.05, **P<0.01 compared with Scr, n 5 4. (C) Level of GFAP protein in astrocytes 12 h after scratch
under treatments with different concentrations of BAPTA. Cont: control without scratch, Scr: scratch. (D) Real-time PCR measurements
of the levels of GFAP mRNA in astrocytes 6 h after scratch under treatments with different concentrations of BAPTA. Cont: control with-
out scratch, Scr: scratch. *P<0.05, **P<0.01, ***P<0.001, n 5 3. (E) Confocal image of GFAP in astrocytes along the scratch edge treated
with different concentrations of BAPTA. Bar 5 50 lm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The astrocytes along the scratch are traumatically injured and

exhibit GFAP upregulation, hypertrophy, proliferation, and

cell migration (Ghirnikar et al., 1994; Kornyei et al., 2000;

Lanosa and Colombo, 2007; Yu et al., 1993), all of which are

main characteristics of astrocyte activation in vivo (Sofroniew,

2009; Wu and Schwartz, 1998). Using this model we have

proven the importance and necessity of GFAP in the astro-

cytic hypertrophy and migration that occurs after astrocyte

activation (Ghirnikar et al., 1994; Yu et al., 1993). We have

also proven that reactive astrocytes release interleukin-1, inter-

leukin-6, tumor necrosis factor alpha, and interferon-gamma

after traumatic injury, indicating the role of reactive astrocytes

in neuroinflammation (Lau and Yu, 2001). In addition, we

have used this model to discover drugs that inhibit astrocyte

activation and astrogliosis (Wu and Yu, 2000). We have also

revealed the dedifferentiation of astrocytes after traumatic

injury (Yang et al., 2012), and have recently used this model

to study the effect of AQP5 on astrocytic hypertrophy after

injury (Chai et al., 2013). The scratch-injury model is cur-

rently widely accepted and used as an in vitro astrogliosis

model (Ebrahimi et al., 2012; Homkajorn et al., 2010; Hsu-

chou et al., 2012; Lim et al., 2007; Liu et al., 2011; MacFar-

lane and Sontheimer, 1997; Malhotra et al., 1997; O’Toole

et al., 2007; Perez-Ortiz et al., 2008; Puschmann et al., 2010;

Yuan et al., 2012; Zhu et al., 2007) or to induce a traumatic

injury (Eng et al., 1997; FaberElman et al., 1996; Huang

et al., 2009; Katano et al., 1999; Lu et al., 2013; Pan et al.,

2012; Robel et al., 2011; Tomobe et al., 1996) to study the

astrocytic response. We therefore believe the scratch model is

a suitable and credible model to study astroglisis in vitro.

The scratch triggered a calcium influx in astrocytes along

the scratch in primary cultures prepared from mouse cortex;

the calcium formed a wave and propagated through gap

junctions. Here, we report that calcium activated the

JNK=c-Jun=AP-1 signaling pathway to switch on GFAP upreg-

ulation and resulted in glial scar formation. This phenomenon

was confirmed in a stab wound performed in rat brain.

The influx of calcium into astrocytes triggered by

scratch became waves to propagate among astrocytes. Astro-

cytic calcium signals can modulate intracellular calcium levels

and the firing patterns of neighboring neurons (Fiacco and

McCarthy, 2006; Nedergaard, 1994; Newman and Zahs,

1998; Parpura et al., 1994). Calcium singals and waves

revealed many new physiological and pathological roles of

astrocytes, thus changing the view of astrocytes from “passive

support cells” to “active partner cells” (Ransom and Ransom,

2012). In this study, we reported that traumatic injury trig-

gered an influx of calcium, and the signal transmitted the

FIGURE 6: The calcium=JNK=c-Jun signaling pathway switched on GFAP upregulation through AP-1. (A) AP-1 binding site on the GFAP
promoter region. (B) The activity of the AP-1 transcriptional complex at different time points after scratch. *P<0.05, **P<0.01 compared
with 0 h, n 5 4. (C) The activity of the AP-1 transcriptional complex from astrocytes after treatments with different inhibitors at 1 h after
scratch. DMSO: DMSO treatment, U: U0126 (20 lM), SP: SP600125 (20 lM), SB: SB203580 (20 lM). * P<0.05, **P<0.01 compared with
Cont, ##P<0.01, ###P<0.001 compared with Scr, n 5 4. (D) The AP-1 complex binding to the GFAP promoter from astrocytes after treat-
ment with BAPTA (10 lM) and SP600125 (20 lM) by ChIP. *P<0.05, **P<0.01, n 5 4.
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injury information among astrocytes, which switched on

GFAP upregulation and resulted in astrogliosis.

The intense and rapid influx of calcium into astrocytes

after scratch indicated that calcium signals may be an early

intracellular signal in astrocytes in response to traumatic

injury. This is clearly indicated by the polarized mobilization

of calcium in a single astrocyte initiated from the injured side

(Fig. 1E). Many studies have shown that calcium influx and

intercellular calcium waves can be triggered in astrocytes by

various means, including various injury related factors like

glutamate (Cornell-Bell et al., 1990), ATP (Arcuino et al.,

2002; Moln�ar et al., 2011), bradykinin (Gimpl et al., 1992),

chemokine CCL21 (van Weering et al., 2010), and HIV-1

Tat (El-Hage et al., 2005). In this study, calcium influx and

waves were triggered by a scratch wound.

The calcium waves triggered by the scratch appeared to

spread away from the wounds. The CBX experiments demon-

strated that the scratch triggered calcium waves could be com-

pletely inhibited. These results supported the hypothesis that

calcium mobilized between astrocytes through gap junctions,

and thus, astrocytes in primary cultures formed a syncytium

(Finkbeiner, 1992; Jin and Chen, 2011). However, we

observed an increase of the intracellular calcium concentration

in some astrocytes treated with CBX, indicating that blocking

gap junctions could elevate intracellular calcium release in

some astrocytes. ATP can bind to the P2 receptor to generate

calcium waves between astrocytes with no physical contact

(Hassinger et al., 1996; Zhang et al., 2007). Blocking the P2

receptor with suramin did not affect the formation of calcium

waves in astrocytes after scratch, indicating that ATP was not

involved in the generation of calcium waves in astrocytes after

scratch (unpublished data).

The source of calcium to generate calcium waves could

be from either the extracellular compartment or release from

intracellular calcium storage compartments, like endoplasmic

reticulum and mitochondria (Scemes and Giaume, 2006).

That scratch triggered calcium influx from the extracellular

compartment into astrocytes was further confirmed in experi-

ments performed with BAPTA treatment or in calcium-free

HBS. Scratch induced an influx of extracellular calcium and

generated an elevation of calcium in astrocytes along the

scratch, which was then disseminated to neighboring astro-

cytes as a calcium wave through gap junctions. We also

noticed that the mobilization rate and fluorescence intensity

of the waves gradually decreased with distance. Whether these

changes would have any effect on the degree of astrocyte reac-

tivity to the traumatic scratch injury requires further

investigation.

In this study, scratch triggered an initial calcium mobili-

zation from the extracellular compartment and led to the

FIGURE 7: A calcium signal was involved in astrogliosis in vivo. (A) Brain slice of the stab wound model without (Cont) or with BAPTA
pretreatment. Cont (DMSO) and BAPTA (25 mM) pretreatment. Bar 5 1 mm. (B) Confocal image of GFAP in a stab wound and the aver-
age intensity of GFAP fluorescence in control and BAPTA treatment. Bar 5 100 lm. (C) Comparison of the area of the glial scar between
cont and BAPTA treatment. ***P<0.001, n 5 3. (D) Comparison of the cell sizes of astrocytes (the area of GFAP staining) around the glial
scar between Cont and BAPTA treatment. ***P<0.001, n 5 10. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Gao et al.: Calcium Upregulates GFAP Via the JNK=c-Jun=AP-1 Pathway

December 2013 2073

wileyonlinelibrary.com


astrocytes’ ultimate response of increased GFAP levels. Astro-

cytes along the scratch wound showed a more intense and

lasting calcium signal which at the same time resulted in these

astrocytes having a higher level of GFAP. Blocking the cal-

cium influx obviously inhibited this upregulation. BAPTA

treatment in rat brain stab wound also inhibited the increase

of GFAP expression and scar formation; this again confirmed

the role of calcium in astrogliosis. These results are consistent

with a study in spinal cord injury in which blocking calcium

influx reduced GFAP increase (Du et al., 1999). A similar

correlation was observed in rat brain after systematic injection

with kainic acid (Gramsbergen and van den Berg, 1994).

Therefore, calcium is very likely one of the early injury sig-

nals for traumatic scratch that initiates the signal transduction

cascade for the process of activation of astrocytes and an

increase in GFAP synthesis.

Calcium is known to act as a second messenger, initiat-

ing signal transduction cascades and altering the physiology

of the responding cell. To elucidate the mechanism for cal-

cium to induce GFAP upregulation, we examined the MAPK

pathway in astrocytes after scratch. This pathway contains

many proteins and controls multiple cellular functions. Acti-

vation of this pathway promotes cell division and cell migra-

tion, and many forms of cancer are associated with

aberrations in the pathway. Among the members of the path-

way, we identified that inhibition of JNK, but not ERK and

p38, suppressed GFAP upregulation after scratch. Blocking

calcium influx also inhibited JNK activation in astrocytes

after scratch. This is in agreement with the findings of a

study in which calcium activated JNK was involved with

CaMKII in IL-1b and lipoteichoic acid induced MMP-9

upregulation in astrocytes (Wang et al., 2010; Wu et al.,

2009). There is other evidence indicating that JNK might be

involved in regulating GFAP synthesis, such as in astrocytes

treated with endothelin-1 (Gadea et al., 2008), in brain

inflammation (Kaminska et al., 2009), in methamphetamine-

induced glial activation (Hebert and O’Callaghan, 2000), and

even in human astrocytoma cell line U87 after receptor

FPRL1 activation (Kam et al., 2007). Interestingly, we

noticed a basal level of JNK activity in control astrocytes

before scratch. If we treated the control with SP600125, the

GFAP level was further reduced, indicated that the JNK path-

way may also be involved in GFAP expression under physio-

logical conditions.

There are other signals and pathways reported to modu-

late the expression of GFAP under various experimental condi-

tions, such as Nuclear factor I (Cebolla and Vallejo, 2006),

DREAM (Cebolla et al., 2008) JAK=STAT (Morga et al.,

2009), ERK (Ciccarelli et al., 2004), and IKK=NFjB (Hwang

et al., 2010). Among them, JAK=STAT was the most studied

signaling pathway mediating GFAP upregulation in astrogliosis

induced by metallothioneins (Leung et al., 2010), LPS-induced

inflammation (Morga et al., 2009), ciliary neurotrophic factor

(Wang et al., 2002), and the dopaminergic neurotoxicant 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Sriram

et al., 2004). ERK, another member of the MAPK family, was

also reported to be involved in the GFAP upregulation in astro-

gliosis, in a manner similar to JNK, in brain inflammation

(Kaminska et al., 2009), methamphetamine-induced glial

activation (Hebert and O’Callaghan, 2000), and in human

astrocytoma cell line U87 after receptor FPRL1 activation

(Kam et al., 2007). To our surprise, blocking JAK=STAT with

AG 490 or blocking ERK with U0126 did not affect the GFAP

expression in astrocytes after scratch. This implies that the

scratch triggered calcium influx has a certain order of specificity

in activating JNK.

AP-1 is a transcription factor that plays a role in both

cell proliferation and differentiation (Raivich and Behrens,

2006). It is known in human (Masood et al., 1993) and

mouse (Sarid, 1991) that the GFAP gene has an AP-1 bind-

ing site in its promoter region. There are reports that AP-1

mediates the expression of GFAP and many astrocyte-specific

molecules during the development of the CNS (Gopalan

et al., 2006; Masood et al., 1993), kainate treatment, and

inflammation (Kleinman et al., 2008; Pennypacker et al.,

1994). In a SNP study of Alexander disease, an additional

AP-1 binding site in the GFAP promoter was shown to lead

to an increase in GFAP transcription (Bachetti et al., 2010).

As a component of AP-1 and a downstream target of JNK,

c-Jun’s activation enhanced AP-1 binding to the GFAP pro-

moter in scratch-injured astrocytes, defining a new signaling

pathway, calcium=JNK=c-Jun=AP-1, that mediated the GFAP

upregulation in scratch-activated astrocytes.

In this study, we also confirmed the results of the

scratch model with a stab wound model, as in earlier reports

(Lu et al., 2013; Robel et al., 2011). Our results showed that

blocking the calcium signal inhibited scar formation, hyper-

trophy, and GFAP upregulation, indicating the importance of

the calcium signal on trauma induced astrogliosis in vivo.

The stab wound model is a classic in vivo model that allows

the study of brain trauma and astrogliosis in rats (Vijayan

et al., 1990), mice (Theodoric et al., 2012), zebrafish (Baum-

gart et al., 2012), and turtles (Kalman et al., 2013). GFAP

upregulation has been found using the stab wound model

during astrocyte hypertrophy and proliferation (Moumdjian

et al., 1991; Vijayan et al., 1990). This model has also been

used to study the effect of trauma induced neuroinflamma-

tion on astrogliosis (Ghirnikar et al., 1998), showing that

interleukin-1 and chemokines are involved in neuroinflamma-

tion and astrogliosis after trauma (Ghirnikar et al., 1996;

Glabinski et al., 1996; Lin et al., 2006). Aquaporin-4 has

been proven to take part in astrocyte migration and scar
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formation in stabbed brain (Lu et al., 2011; Saadoun et al.,

2005). Based on the stab wound model, some studies have

reported that certain signaling pathways, including ERK

(Carbonell and Mandell, 2003; Nicole et al., 2005), Notch

(Givogri et al., 2006), and Fyn (Chun et al., 2004), are

involved in astrogliosis. Our study is complimentary with a

recent paper that reported that the calcium signaling pathway

mediated N-cadherin expression in stab wound induced astro-

gliosis (Kanemaru et al., 2013). Investigation of the regula-

tion and levels of these and other signaling molecules is an

important topic for future study.

In summary, we found that scratch traumatically injured

astrocytes and triggered a calcium influx from the extracellular

compartment along the wound. This influx of calcium formed a

calcium wave that propagated through gap junctions. At the same

time, intracellular calcium signals activated the JNK=c-Jun=AP-1

signaling pathway and switched on GFAP upregulation.

Acknowledgment

Grant sponsor: Beijing Natural Science Foundation; Grant

number: 7091004; Grant sponsor: National Basic Research

Program of China (973 program); Grant number:

2011CB504400; Grant sponsor: National Natural Science

Foundation of China; Grant numbers: 30870818, 31070974,

and 31171009; Grant sponsor: Foundation for Innovative

Research Groups of the National Natural Science Foundation

of China; Grant number: 81221002.

References

Arcuino G, Lin JH, Takano T, Liu C, Jiang L, Gao Q, Kang J, Nedergaard M.
2002. Intercellular calcium signaling mediated by point-source burst release
of ATP. Proc Natl Acad Sci USA 99:9840–9845.

Bachetti T, Di Zanni E, Lantieri F, Caroli F, Regis S, Filocamo M, Rainero I,
Gallone S, Cilia R, Romano S, Savoiardo M, Pareyson D, Biancheri R,
Ravazzolo R, Ceccherini I. 2010. A novel polymorphic AP-1 binding element
of the GFAP promoter is associated with different allelic transcriptional activ-
ities. Ann Hum Genet 74:506–515.

Baumgart EV, Barbosa JS, Bally-Cuif L, Gotz M, Ninkovic J. 2012. Stab
wound injury of the zebrafish telencephalon: A model for comparative analy-
sis of reactive gliosis. Glia 60:343–357.

Buira SP, Dentesano G, Albasanz JL, Moreno J, Martin M, Ferrer I, Barrachina
M. 2010. DNA methylation and Yin Yang-1 repress adenosine A2A receptor
levels in human brain. J Neurochem 115:283–295.

Carbonell WS, Mandell JW. 2003. Transient neuronal but persistent astroglial
activation of ERK=MAP kinase after focal brain injury in mice. J Neurotrauma
20:327–336.

Cebolla B, Fernandez-Perez A, Perea G, Araque A, Vallejo M. 2008. DREAM
mediates cAMP-dependent, Ca21-induced stimulation of GFAP gene expres-
sion and regulates cortical astrogliogenesis. J Neurosci 28:6703–6713.

Cebolla B, Vallejo M. 2006. Nuclear factor-I regulates glial fibrillary acidic
protein gene expression in astrocytes differentiated from cortical precursor
cells. J Neurochem 97:1057–1070.

Chai RC, Jiang JH, Wong AYK, Jiang F, Gao K, Vatcher G, Yu ACH. 2013.
AQP5 is differentially regulated in astrocytes during metabolic and traumatic
injuries. Glia 61:1748–1765. doi: 10.1002=glia.22555.

Charles AC, Merrill JE, Dirksen ER, Sanderson MJ. 1991. Intercellular signal-
ing in glial cells: Calcium waves and oscillations in response to mechanical
stimulation and glutamate. Neuron 6:983–992.

Chen XQ, Fung YW, Yu AC. 2005. Association of 14-3-3gamma and phos-
phorylated bad attenuates injury in ischemic astrocytes. J Cereb Blood Flow
Metab 25:338–347.

Chun JT, Crispino M, Tocco G. 2004. The dual response of protein kinase
Fyn to neural trauma: Early induction in neurons and delayed induction in
reactive astrocytes. Exp Neurol 185:109–119.

Ciccarelli R, D’Alimonte I, Santavenere C, D’Auro M, Ballerini P, Nargi E,
Buccella S, Nicosia S, Folco G, Caciagli F, Di Iorio P. 2004. Cysteinyl-leuko-
trienes are released from astrocytes and increase astrocyte proliferation and
glial fibrillary acidic protein via cys-LT1 receptors and mitogen-activated pro-
tein kinase pathway. Eur J Neurosci 20:1514–1524.

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ. 1990. Glutamate indu-
ces calcium waves in cultured astrocytes: Long-range glial signaling. Science
247:470–473.

Du S, Rubin A, Klepper S, Barrett C, Kim YC, Rhim HW, Lee EB, Park CW,
Markelonis GJ, Oh TH. 1999. Calcium influx and activation of calpain I medi-
ate acute reactive gliosis in injured spinal cord. Exp Neurol 157:96–105.

Ebrahimi F, Koch M, Pieroh P, Ghadban C, Hobusch C, Bechmann I,
Dehghani F. 2012. Time dependent neuroprotection of mycophenolate mofe-
til: Effects on temporal dynamics in glial proliferation, apoptosis, and scar for-
mation. J Neuroinflammation 9:89, doi:10.1186=1742–2094–9–89.

El-Hage N, Gurwell JA, Singh IN, Knapp PE, Nath A, Hauser KF. 2005. Syner-
gistic increases in intracellular Ca21, and the release of MCP-1, RANTES,
and IL-6 by astrocytes treated with opiates and HIV-1 Tat. Glia 50:91–106.

Eng DL, Lee YL, Lal PG. 1997. Expression of glutamate uptake transporters
after dibutyryl cyclic AMP differentiation and traumatic injury in cultured
astrocytes. Brain Res 778:215–221.

Eng LF, Ghirnikar RS, Lee YL. 2000. Glial fibrillary acidic protein: GFAP-thirty-
one years (1969–2000). Neurochem Res 25:1439–1451.

Eng LF, Vanderhaeghen JJ, Bignami A, Gerstl B. 1971. An acidic protein iso-
lated from fibrous astrocytes. Brain Res 28:351–354.

Etienne-Manneville S, Hall A. 2001. Integrin-mediated activation of Cdc42 con-
trols cell polarity in migrating astrocytes through PKCzeta. Cell 106:489–498.

FaberElman A, Solomon A, Abraham JA, Marikovsky M, Schwartz M. 1996.
Involvement of wound-associated factors in rat brain astrocyte migratory
response to axonal injury: In vitro simulation. J Clin Invest 97:162–171.

Fiacco TA, McCarthy KD. 2006. Astrocyte calcium elevations: Properties,
propagation, and effects on brain signaling. Glia 54:676–690.

Fields RD. 2008. Visualizing calcium signaling in astrocytes. Sci Signal 3:tr5.

Finkbeiner S. 1992. Calcium waves in astrocytes-filling in the gaps. Neuron 8:
1101–1108.

Flint D, Li R, Webster LS, Naidu S, Kolodny E, Percy A, van der Knaap M,
Powers JM, Mantovani JF, Ekstein J, Goldman JE, Messing A, Brenner M.
2012. Splice site, frameshift, and chimeric GFAP mutations in Alexander dis-
ease. Hum Mutat 33:1141–1148.

Gadea A, Schinelli S, Gallo V. 2008. Endothelin-1 regulates astrocyte prolifer-
ation and reactive gliosis via a JNK=c-Jun signaling pathway. J Neurosci 28:
2394–2408.

Ghirnikar RS, Lee YL, Eng LF. 1998. Inflammation in traumatic brain injury:
Role of cytokines and chemokines. Neurochem Res 23:329–340.

Ghirnikar RS, Lee YL, He TR, Eng LF. 1996. Chemokine expression in rat stab
wound brain injury. J Neurosci Res 46:727–733.

Ghirnikar RS, Yu AC, Eng LF. 1994. Astrogliosis in culture: III. Effect of
recombinant retrovirus expressing antisense glial fibrillary acidic protein RNA.
J Neurosci Res 38:376–385.

Gimpl G, Walz W, Ohlemeyer C, Kettenmann H. 1992. Bradykinin receptors
in cultured astrocytes from neonatal rat brain are linked to physiological
responses. Neurosci Lett 144:139–142.

Gao et al.: Calcium Upregulates GFAP Via the JNK=c-Jun=AP-1 Pathway

December 2013 2075



Givogri MI, de Planell M, Galbiati F, Superchi D, Gritti A, Vescovi A, de Vellis J,
Bongarzone ER. 2006. Notch signaling in astrocytes and neuroblasts of the
adult subventricular zone in health and after cortical injury. Dev Neurosci 28:
81–91.

Glabinski AR, Balasingam V, Tani M, Kunkel SL, Strieter RM, Yong VW,
Ransohoff RM. 1996. Chemokine monocyte chemoattractant protein-1 is
expressed by astrocytes after mechanical injury to the brain. J Immunol 156:
4363–4368.

Gopalan SM, Wilczynska KM, Konik BS, Bryan L, Kordula T. 2006. Astrocyte-
specific expression of the alpha1-antichymotrypsin and glial fibrillary acidic
protein genes requires activator protein-1. J Biol Chem 281:1956–1963.

Gramsbergen JB, van den Berg KJ. 1994. Regional and temporal profiles of
calcium accumulation and glial fibrillary acidic protein levels in rat brain after
systemic injection of kainic acid. Brain Res 667:216–228.

Hassinger TD, Guthrie PB, Atkinson PB, Bennett MV, Kater SB. 1996. An
extracellular signaling component in propagation of astrocytic calcium waves.
Proc Natl Acad Sci USA 93:13268–13273.

Hebert MA, O’Callaghan JP. 2000. Protein phosphorylation cascades associ-
ated with methamphetamine-induced glial activation. Ann N Y Acad Sci 914:
238–262.

Homkajorn B, Sims NR, Muyderman H. 2010. Connexin 43 regulates
astrocytic migration and proliferation in response to injury. Neurosci Lett 486:
197–201.

Hsuchou H, Kastin AJ, Pan WH. 2012. Blood-borne metabolic factors in obe-
sity exacerbate injury-induced gliosis. J Mol Neurosci 47:267–277.

Huang TT, Solano J, He DS, Loutfi M, Dietrich WD, Kuluz JW. 2009. Trau-
matic injury activates MAP kinases in astrocytes: Mechanisms of hypothermia
and hyperthermia. J Neurotrauma 26:1535–1545.

Hwang J, Lee HJ, Lee WH, Suk K. 2010. NF-kappaB as a common signaling
pathway in ganglioside-induced autophagic cell death and activation of
astrocytes. J Neuroimmunol 226:66–72.

Jin MM, Chen Z. 2011. Role of gap junctions in epilepsy. Neurosci Bull 27:
389–406.

Jung CS, Foerch C, Schanzer A, Heck A, Plate KH, Seifert V, Steinmetz H,
Raabe A, Sitzer M. 2007. Serum GFAP is a diagnostic marker for glioblastoma
multiforme. Brain 130:3336–3341.

Kalman M, Somiya H, Lazarevic L, Milosevic I, Ari C, Majorossy K. 2013.
Absence of post-lesion reactive gliosis in elasmobranchs and turtles and its
bearing on the evolution of astroglia. J Exp Zool B Mol Dev Evol 320:351–
367, doi: 10.1002=jez.b.22505.

Kam AY, Tse TT, Kwan DH, Wong YH. 2007. Formyl peptide receptor like 1
differentially requires mitogen-activated protein kinases for the induction of
glial fibrillary acidic protein and interleukin-1alpha in human U87 astrocytoma
cells. Cell Signal 19:2106–2117.

Kaminska B, Gozdz A, Zawadzka M, Ellert-Miklaszewska A, Lipko M. 2009.
MAPK signal transduction underlying brain inflammation and gliosis as thera-
peutic target. Anat Rec (Hoboken) 292:1902–1913.

Kanemaru K, Kubota J, Sekiya H, Hirose K, Okubo Y, Iino M. 2013. Calcium-
dependent N-cadherin up-regulation mediates reactive astrogliosis and neu-
roprotection after brain injury. Proc Natl Acad Sci USA 110:11612–11617.

Katano H, Fujita K, Kato T, Asai K, Kawamura Y, Masago A, Yamada K. 1999.
Traumatic injury in vitro induces IEG mRNAs in cultured glial cells, sup-
pressed by co-culture with neurons. Neuroreport 10:2439–2448.

Kleinman MT, Araujo JA, Nel A, Sioutas C, Campbell A, Cong PQ, Li H,
Bondy SC. 2008. Inhaled ultrafine particulate matter affects CNS inflamma-
tory processes and may act via MAP kinase signaling pathways. Toxicol Lett
178:127–130.

Kornyei Z, Czirok A, Vicsek T, Madarasz E. 2000. Proliferative and migratory
responses of astrocytes to in vitro injury. J Neurosci Res 61:421–429.

Lanosa XA, Colombo JA. 2007. Astroglial injury in an ex vivo model: Contribu-
tions to its analysis in enriched cell cultures. In Vitro Cell Dev Biol Anim 43:186–
195.

Lau LT, Yu AC. 2001. Astrocytes produce and release interleukin-1, interleu-
kin-6, tumor necrosis factor alpha and interferon-gamma following traumatic
and metabolic injury. J Neurotrauma 18:351–359.

Leung YK, Pankhurst M, Dunlop SA, Ray S, Dittmann J, Eaton ED, Palumaa P,
Sillard R, Chuah MI, West AK, Chung RS. 2010. Metallothionein induces a
regenerative reactive astrocyte phenotype via JAK=STAT and RhoA signalling
pathways. Exp Neurol 221:98–106.

Liedtke W, Edelmann W, Bieri PL, Chiu FC, Cowan NJ, Kucherlapati R, Raine
CS. 1996. GFAP is necessary for the integrity of CNS white matter architec-
ture and long-term maintenance of myelination. Neuron 17:607–615.

Lim JH, Gibbons HM, O’Carroll SJ, Narayan PJ, Faull RLM, Dragunow M.
2007. Extracellular signal-regulated kinase involvement in human astrocyte
migration. Brain Res 1164:1–13.

Lin HW, Basu A, Druckman C, Cicchese M, Krady JK, Levison SW. 2006.
Astrogliosis is delayed in type 1 interleukin-1 receptor-null mice following a
penetrating brain injury. J Neuroinflammation 3:15, doi:10.1186=1742–2094–
3–15.

Liu C, Wu ZZ, Shu CL, Li DF, Zeng YJ, Cui Q, Jiang WH. 2011. Experimental
investigation of HGF inhibiting glial scar in vitro. Cell Mol Neurobiol 31:259–
268.

Lu DC, Zador Z, Yao J, Fazlollahi F, Manley GT. 2011. Aquaporin-4 reduces
post-traumatic seizure susceptibility by promoting astrocytic glial scar forma-
tion in mice. J Neurotrauma, 22. [Epub ahead of print]. doi:
10.1089=neu.2011.2114.

Lu J, Frerich JM, Turtzo LC, Li S, Chiang J, Yang C, Wang X, Zhang C, Wu C,
Sun Z, Niu G, Zhuang Z, Brady RO, Chen X. 2013. Histone deacetylase inhibi-
tors are neuroprotective and preserve NGF-mediated cell survival following
traumatic brain injury. Proc Natl Acad Sci USA 110:10747–10752.

MacFarlane SN, Sontheimer H. 1997. Electrophysiological changes that
accompany reactive gliosis in vitro. J Neurosci 17:7316–7329.

Malhotra SK, Luong LT, Bhatnagar R, Shnitka TK. 1997. Up-regulation of reac-
tive astrogliosis in the rat glioma 9L cell line by combined mechanical and
chemical injuries. Cytobios 89:115–134.

Masood K, Besnard F, Su Y, Brenner M. 1993. Analysis of a segment of the
human glial fibrillary acidic protein gene that directs astrocyte-specific tran-
scription. J Neurochem 61:160–166.

McCall MA, Gregg RG, Behringer RR, Brenner M, Delaney CL, Galbreath EJ,
Zhang CL, Pearce RA, Chiu SY, Messing A. 1996. Targeted deletion in astro-
cyte intermediate filament (GFAP) alters neuronal physiology. Proc Natl Acad
Sci USA 93:6361–6366.

Miller G. 2005. Neuroscience. The dark side of glia. Science 308:778–781.

Moln�ar T, Dobolyi A, Nyitrai G, Barab�as P, H�eja L, Emri Z, Palkovits M,
Kardos J. 2011. Calcium signals in the nucleus accumbens: activation of
astrocytes by ATP and succinate. BMC Neurosci. 3:12:96.

Morga E, Mouad-Amazzal L, Felten P, Heurtaux T, Moro M, Michelucci A,
Gabel S, Grandbarbe L, Heuschling P. 2009. Jagged1 regulates the activation
of astrocytes via modulation of NFkappaB and JAK=STAT=SOCS pathways.
Glia 57:1741–1753.

Moumdjian RA, Antel JP, Yong VW. 1991. Origin of contralateral reactive
gliosis in surgically injured rat cerebral cortex. Brain Res 547:223–228.

Nawashiro H, Messing A, Azzam N, Brenner M. 1998. Mice lacking GFAP are
hypersensitive to traumatic cerebrospinal injury. Neuroreport 9:1691–1696.

Nedergaard M. 1994. Direct signaling from astrocytes to neurons in cultures
of mammalian brain cells. Science 263:1768–1771.

Newman EA, Zahs KR. 1998. Modulation of neuronal activity by glial cells in
the retina. J Neurosci 18:4022–4028.

Nicole O, Goldshmidt A, Hamill CE, Sorensen SD, Sastre A, Lyuboslavsky P,
Hepler JR, McKeon RJ, Traynelis SF. 2005. Activation of protease-activated
receptor-1 triggers astrogliosis after brain injury. J Neurosci 25:4319–4329.

O’Toole DA, West AK, Chuah MI. 2007. Effect of olfactory ensheathing cells
on reactive astrocytes in vitro. Cell Mol Life Sci 64:1303–1309.

2076 Volume 61, No. 12



Pan H, Wang HD, Wang XL, Zhu L, Mao L. 2012. The absence of Nrf2 enhan-
ces NF-kappa B-dependent inflammation following scratch injury in mouse
primary cultured astrocytes. Mediators Inflamm 2012:217580, doi:
10.1155=2012=217580.

Parpura V, Basarsky TA, Liu F, Jeftinija K, Jeftinija S, Haydon PG. 1994. Gluta-
mate-mediated astrocyte-neuron signalling. Nature 369:744–747.

Pekny M, Johansson CB, Eliasson C, Stakeberg J, Wallen A, Perlmann T,
Lendahl U, Betsholtz C, Berthold CH, Frisen J. 1999. Abnormal reaction to
central nervous system injury in mice lacking glial fibrillary acidic protein and
vimentin. J Cell Biol 145:503–514.

Pekny M, Nilsson M. 2005. Astrocyte activation and reactive gliosis. Glia 50:
427–434.

Pennypacker KR, Thai L, Hong JS, McMillian MK. 1994. Prolonged expression
of AP-1 transcription factors in the rat hippocampus after systemic kainate
treatment. J Neurosci 14:3998–4006.

Perez-Ortiz JM, Serrano-Perez MC, Pastor MD, Martin ED, Calvo S, Rincon M,
Tranque P. 2008. Mechanical lesion activates newly identified NFATc1 in pri-
mary astrocytes: Implication of ATP and purinergic receptors. Eur J Neurosci
27:2453–2465.

Puschmann TB, Dixon KJ, Turnley AM. 2010. Species differences in reactivity
of mouse and rat astrocytes in vitro. Neurosignals 18:152–163.

Raivich G, Behrens A. 2006. Role of the AP-1 transcription factor c-Jun in
developing, adult and injured brain. Prog Neurobiol 78:347–363.

Ransom BR, Ransom CB. 2012. Astrocytes: Multitalented stars of the central
nervous system. Methods Mol Biol 814:3–7.

Robel S, Bardehle S, Lepier A, Brakebusch C, Gotz M. 2011. Genetic deletion
of cdc42 reveals a crucial role for astrocyte recruitment to the injury site in
vitro and in vivo. J Neurosci 31:12471–12482.

Robinson ES, Nutt DJ, Jackson HC, Hudson AL. 2005. The uptake of a fluo-
rescently labelled antisense oligonucleotide in vitro and in vivo. J Neurosci
Methods 147:48–54.

Saadoun S, Papadopoulos MC, Watanabe H, Yan D, Manley GT, Verkman
AS. 2005. Involvement of aquaporin-4 in astroglial cell migration and glial
scar formation. J Cell Sci 118:5691–5698.

Sarid J. 1991. Identification of a cis-acting positive regulatory element of the
glial fibrillary acidic protein gene. J Neurosci Res 28:217–228.

Scemes E, Giaume C. 2006. Astrocyte calcium waves: What they are and
what they do. Glia 54:716–725.

Smith ME, Somera FP, Eng LF. 1983. Immunocytochemical staining for glial
fibrillary acidic protein and the metabolism of cytoskeletal proteins in experi-
mental allergic encephalomyelitis. Brain Res 264:241–253.

Sofroniew MV. 2009. Molecular dissection of reactive astrogliosis and glial
scar formation. Trends Neurosci 32:638–647.

Sriram K, Benkovic SA, Hebert MA, Miller DB, O’Callaghan JP. 2004. Induc-
tion of gp130-related cytokines and activation of JAK2=STAT3 pathway in
astrocytes precedes up-regulation of glial fibrillary acidic protein in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of neurodegeneration: Key
signaling pathway for astrogliosis in vivo? J Biol Chem 279:19936–199347.

Theodoric N, Bechberger JF, Naus CC, Sin WC. 2012. Role of gap junction
protein connexin43 in astrogliosis induced by brain injury. PLoS One 7:
e47311. doi:10.1371=journal.pone.0047311.

Tomobe YI, Hama H, Sakurai T, Fujimori A, Abe Y, Goto K. 1996. Anticoagu-
lant factor protein S inhibits the proliferation of rat astrocytes after injury.
Neurosci Lett 214:57–60.

van Weering HR, de Jong AP, de Haas AH, Biber KP, Boddeke HW. 2010.
CCL21-induced calcium transients and proliferation in primary mouse astro-
cytes: CXCR3-dependent and independent responses. Brain Behav Immun
24:768–775.

Verkhratsky A. 2006. Glial calcium signaling in physiology and pathophysiol-
ogy. Acta Pharmacol Sin 27:773–780.

Verkhratsky A, Sofroniew MV, Messing A, deLanerolle NC, Rempe D,
Rodriguez JJ, Nedergaard M. 2012. Neurological diseases as primary
gliopathies: A reassessment of neurocentrism. ASN Neuro 4, doi:
10.1042=AN20120010.

Vijayan VK, Lee YL, Eng LF. 1990. Increase in glial fibrillary acidic protein fol-
lowing neural trauma. Mol Chem Neuropathol 13:107–118.

Wang HH, Hsieh HL, Yang CM. 2010. Calmodulin kinase II-dependent trans-
activation of PDGF receptors mediates astrocytic MMP-9 expression and cell
motility induced by lipoteichoic acid. J Neuroinflammation 7:84.

Wang Y, Smith SB, Ogilvie JM, McCool DJ, Sarthy V. 2002. Ciliary
neurotrophic factor induces glial fibrillary acidic protein in retinal Muller cells
through the JAK=STAT signal transduction pathway. Curr Eye Res 24:
305–312.

Wu BY, Yu ACH. 2000. Quercetin inhibits c-fos, heat shock protein, and glial
fibrillary acidic protein expression in injured astrocytes. J Neurosci Res 62:
730–736.

Wu CY, Hsieh HL, Sun CC, Yang CM. 2009. IL-1beta induces MMP-9 expres-
sion via a Ca21-dependent CaMKII=JNK=c-JUN cascade in rat brain astro-
cytes. Glia 57:1775–1789.

Wu VW, Schwartz JP. 1998. Cell culture models for reactive gliosis: New per-
spectives. J Neurosci Res 51:675–681.

Yang C, Iyer RR, Yu AC, Yong RL, Park DM, Weil RJ, Ikejiri B, Brady RO,
Lonser RR, Zhuang Z. 2012. beta-Catenin signaling initiates the activation of
astrocytes and its dysregulation contributes to the pathogenesis of astrocyto-
mas. Proc Natl Acad Sci USA 109:6963–6968.

Yoshii Y, Otomo A, Pan L, Ohtsuka M, Hadano S. 2011. Loss of glial fibrillary
acidic protein marginally accelerates disease progression in a SOD1(H46R)
transgenic mouse model of ALS. Neurosci Res 70:321–329.

Yu AC, Lee YL, Eng LF. 1993. Astrogliosis in culture: I. The model and the
effect of antisense oligonucleotides on glial fibrillary acidic protein synthesis.
J Neurosci Res 34:295–303.

Yuan YM, Su ZD, Pu YY, Liu XJ, Chen JJ, Zhu F, Zhu YL, Zhang H, He C.
2012. Ethyl pyruvate promotes spinal cord repair by ameliorating the glial
microenvironment. Br J Pharmacol 166:749–763.

Zhang Z, Chen G, Zhou W, Song A, Xu T, Luo Q, Wang W, Gu XS, Duan S.
2007. Regulated ATP release from astrocytes through lysosome exocytosis.
Nat Cell Biol 9:945–953.

Zhu Z, Zhang QA, Yu ZY, Zhang LA, Tian DS, Zhu SQ, Bu BT, Xie MJ, Wang W.
2007. Inhibiting cell cycle progression reduces reactive astrogliosis initiated by
scratch injury in vitro and by cerebral ischemia in vivo. Glia 55:546–558.

Zorec R, Araque A, Carmignoto G, Haydon PG, Verkhratsky A, Parpura V.
2012. Astroglial excitability and gliotransmission: An appraisal of Ca21 as a
signalling route. ASN Neuro 4, doi:10.1042=AN20110061.

Gao et al.: Calcium Upregulates GFAP Via the JNK=c-Jun=AP-1 Pathway

December 2013 2077


