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ABSTRACT
Many neurodegenerative diseases share common underlying features, most prominent of which are dysregulation of
calcium homeostasis and reactive astrogliosis, ultimately
triggered by oxidative stress. Interestingly, an additional
feature of the early response to stress conditions is the
upregulation and release of acetylcholinesterase (AChE).
This study therefore investigates the link between oxidative
stress, calcium inﬂux, gene expression, protein synthesis,
and AChE release. We report that, in astroglia and in an
immortalized cell line, GH4-ha7, acute oxidative stress
causes inﬂux of extracellular calcium through L-type voltage-gated calcium channels (L-VGCC), followed by
increased release of AChE into the extracellular medium.
Moreover, rapid and sustained changes in mRNA expression of AChE, L-VGCC, and melastatin-like transient receptor potential 2 (TRPM2) accompany profound suppression
of global protein synthesis. Application of L-VGCC blockers
selectively reduces stress-induced calcium inﬂux and AChE
release, mitigates changes in gene expression, and facilitates recovery from protein synthesis suppression. Although
glia exhibit greater sensitivity in their responses, the
results are comparable in astroglia and GH4-ha7 cells, and
suggest a generalized and integrated cellular response to
stress conditions that characterizes changes observed in
neurodegeneration. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis, the three most common neurodegenerative disorders, display overlapping pathologies,
(Greenﬁeld and Vaux, 2002) and share distinct features
with other rarer neurodegenerative diseases, such as
Huntington’s disease (Browne and Beal, 2006). The hallmark features characterizing the diverse range of neurodegenerative diseases suggest an underlying common
mechanism. Oxidative stress induces the increased production of reactive oxygen species (ROS), which at low
levels are important for neuronal development and signaling, but at higher levels appear to be a causative factor in neurodegeneration (Mariani et al., 2005; Markesbery and Lovell, 2006). Excessive oxidation damages
nucleic acids, proteins, and lipids, disrupting mitochondrial energy metabolism, and causing increased calcium
inﬂux across the plasma membrane (Sultana et al.,
2006). Calcium-dependent release of neurotrophic factors and cytokines by astroglia in response to oxidative
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stress initiates signaling cascades that, in the developing brain, eventually result in selective differentiation
or apoptosis of cell lineages (Mattson, 2006; Morale et
al., 2006). However, in the aged brain, where regulation
of ROS is impaired (Norris et al., 1998), high levels of
[Ca21]i become excitotoxic and lead to reactive astrogliosis (Marchetti et al., 2005), cell death (Alberdi et al.,
2005; Eimerl and Schramm, 1994), and neurodegeneration (Greenﬁeld and Vaux, 2002).
It is now well established that acetylcholinesterase
(AChE, EC 3.1.1.7) is an important trophic factor in
neurodevelopment (Coleman and Taylor, 1996; Dori et
al., 2005; Sharma et al., 2001; Whyte and Greenﬁeld,
2003), and in cellular stress responses (Kaufer et al.,
1998; Pick et al., 2004). In particular, alternatively
spliced 30 -isoforms of the AChE molecule correlate with
opposing determinants of neuronal fate (Sternfeld et al.,
2000). The ‘‘readthrough’’ form (R-AChE), speciﬁcally, is
upregulated in response to many forms of stress, including psychological stress (Pick et al., 2004), ischemia/
stroke, and head injury (Shohami et al., 1999). Moreover, we have demonstrated recently that transcription
and release of R-AChE by reactive astroglia is increased
in response to oxidative stress (Bond et al., 2006).
The trophic action of AChE (Day and Greenﬁeld,
2002) and astroglial release of neurotrophic factors
(Vaca and Wendt, 1992) are dependent on [Ca21] entry
through L-VGCC. Since L-VGCC have been shown to
speciﬁcally mediate neuronal excitation-transcription
coupling (Zhang et al., 2006), we have investigated the
role of these calcium channels in regulating AChE
release and changes in transcription and translation in
astroglia in response to oxidative damage. In addition,
recent studies have shown that ROS activate the neuronal TRPM2 channel, leading to sustained increases in
[Ca21]i and cell death (Fonfria et al., 2004). This proposed sensor of cellular redox status, highly expressed
in microglia, is generally absent in astroglia (Kraft
et al., 2004). However, astroglia are known to alter their
receptor and ion channel complement to adapt to local
environmental changes (Porter and McCarthy, 1997;
Verkhratsky et al., 1998). Thus, we also examined the
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effects of oxidative stress on astroglial TRPM2 expression and the consequences of TRPM2-mediated calcium
inﬂux.

cin B, and 1.8 mM BaCl2. Medium was sterilized by ﬁltration through a 0.22 lm polyethersulfone low protein binding membrane and stored at 4°C.

MATERIALS AND METHODS

Treatment with t-BHP and Drugs

All reagents were purchased from Sigma-Aldrich,
Poole, UK, unless otherwise noted. Verapamil, nimodipine, nifedipine, x-conotoxin MVIIC, and DHBP were
purchased from Tocris Cookson, Bristol, UK. Disposables
and cell culture plasticware were from Fisher Scientiﬁc,
Loughborough, UK.

Conﬂuent astroglia and GH4 cells were seeded into 6well plates at a density of 1 3 105 cells/well and allowed
to recover for 1–2 days, until cells were about 90% conﬂuent. Cells were conditioned overnight in serum-free
DMEM, then tert-butyl hydroperoxide (t-BHP) in serumfree medium or control serum-free medium was added to
the cells in the presence or absence of various calcium
channel blockers for 1 h. On the basis of preliminary
experiments, the optimal concentration of t-BHP to elicit
a measurable AChE response, without inducing signiﬁcant cell death, was 100–500 lM for astroglia and GH4
cells. Media was removed and cells were washed twice
with 2 mL serum-free DMEM to remove residual t-BHP,
then 1 mL serum-free medium was added to each well
and cells were incubated at 37°C for 1 h before sampling
medium for released AChE activity.
Stock solutions of nifedipine and nimodipine were prepared in sterile dimethylsulfoxide (DMSO); all other
stock drug solutions were prepared in sterile water.
Stock solutions were stored at 220°C and diluted at
least 1,000-fold in assay buffer or culture media before
use. The ﬁnal concentration of DMSO in treatment medium was less than 0.01%. Treatment of control cultures
with this concentration of DMSO alone had no effect on
cell viability, AChE release, gene expression, intracellular calcium levels, or protein synthesis. Because there is
currently no pharmacological agent available to speciﬁcally inhibit TRPM2, an indirect method was used.
Benzamide is a potent inhibitor of the nuclear enzyme
poly-adenosine diphosphate polymerase (PARP-1) that is
activated by DNA damage induced by oxidative stress.
TRPM2 activation is dependent on phosphorylation of
ADP-ribose generated by PARP-1 activity and PARP-1
inhibitors have been shown to block TRPM2 activation
(Fonfria et al., 2004).

Preparation of Astroglia and Cell
Culture Methods
Astroglia were prepared as previously described
(Whyte and Greenﬁeld, 2003). Brieﬂy, P1-P3 Wistar rats
were treated with an overdose of isoﬂuorane anaesthetic
(Schedule 1, Animal Scientiﬁc Procedures Act, UK,
1986), and then decapitated in a sterile environment.
The cerebrum was removed by blunt dissection, rolled
on sterile ﬁlter paper to remove meninges, cut into 1
mm3 pieces, and dissociated with gentle trituration in
Dulbecco’s modiﬁed Eagle’s medium with 4,500 mg/L
glucose and GlutaMAX (DMEM; Life Technologies Ltd.,
Paisley, UK) containing 10% fetal calf serum, 100 units/
mL penicillin, 100 lg/mL streptomycin, and 2.5 lg/mL
amphotericin B. The dissociated tissue was plated into
75-cm2 ﬂasks precoated with poly-D-lysine (PDL), then
incubated at 37°C in a humidiﬁed atmosphere (95% air:
5% CO2) for 7 days. Before passaging, conﬂuent ﬂasks
were agitated on a shaking platform to dislodge any contaminating microglia adhering to the astroglial monolayer. Microglia collected were washed and centrifuged
to pellet, then lysed and processed for RNA extraction.
Astroglia were washed with 13 Hanks balanced salt solution (HBSS), lifted with 13 trypsin, placed into clean
PDL-coated 75-cm2 ﬂasks and allowed to reach conﬂuency. Astroglia were again passaged into clean PDLcoated ﬂasks or 6-well plates and allowed to recover for
1–3 days before experimentation. Identiﬁcation of the
cultures as Type 1 reactive astrocytes was conﬁrmed by
microscopic examination of morphology and immunocytochemical detection with a glial ﬁbrillary acidic protein
antibody (>99% positive). To reduce inter-animal variability, each experiment using astroglia was performed
on a pool of astrocytes derived from the cortices of 20
pups from two litters.
GH4-ha7 cells (Merck & Co, Rahway, USA) were maintained in DMEM (4,500 mg/L glucose with GlutaMAX)
containing 10% fetal bovine serum, 100 units/mL penicillin, 100 lg/mL streptomycin, 2.5 lg/mL amphotericin B,
and 500 lg/mL active G418 (geneticin). Ca21-free, serumfree media was prepared with calcium-free DMEM (4,500
mg/mL glucose; Invitrogen, Paisley, UK), 25 mM HEPES,
2 mM GlutaMAX (Invitrogen, Paisley, UK), 100 units/mL
penicillin, 100 lg/mL streptomycin, 2.5 lg/mL amphoteri-

Measurement of Cholinesterase Activity
The method of Ellman et al. (1961) was used to determine the levels of cholinesterase released into media
samples. Brieﬂy, media was removed from the cells at
various time intervals, centrifuged, and 25 lL aliquots
were taken from the supernatant for analysis. To ensure
that observed esterase activity was exclusively attributable to AChE, rather than the alternative esterase
butyrylcholinesterase (BuChE), samples were assayed in
the presence of the speciﬁc BuChE antagonist tetra-isopropyl pyrophosphoramide (Iso-OMPA, 100 lM). Absorbance was read at 405 nm over 20 min using a Molecular
Devices plate reader (Alpha Laboratories, Hampshire,
UK). Baseline control values from cell media were subtracted from appropriate experimental values. AChE acGLIA DOI 10.1002/glia
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tivity was calculated (Vmax 3 enzyme efﬁciency factor 3
dilution factor 5 mU/mL/min) and statistical analyses
were performed by ANOVA, followed by appropriate
post hoc tests, using GraphPad Prism 4 data analysis
program (GraphPad Software, San Diego, USA).

Intracellular Calcium Assays
Calcium assays were performed using a Fluo-4 NW
calcium assay kit (Molecular Probes, Invitrogen, Paisley,
UK) as per the manufacturer’s recommendations for adherent cells. Brieﬂy, cells were seeded into a poly-Dlysine-coated black, ﬂat-bottom, 96-well plate (Greiner
Bio-One Ltd, Stonehouse, UK) at a density of 1 3 104
cells/well and allowed to recover for 24 h. Cell growth
media was removed and cells were washed with 200 lL/
well assay buffer (20 mM HEPES in 13 HBSS). One
hundred microliters of freshly prepared dye loading solution was added to each well and plates were incubated
in the dark, at 37°C for 30 min, then at 25°C for an
additional 30 min. Drug dilutions and t-BHP were prepared in assay buffer at 3-fold ﬁnal concentrations,
then, immediately prior to measurement, 50 lL aliquots
were added to the appropriate wells of the plate. Fluorescence was measured on a NOVOstar microplate ﬂuorometer (BMG Labtech, Ayesbury, UK) using excitation
ﬁlter 485DF12 and emission ﬁlter 520DF35. Fluorescence measurements were acquired at 1 min intervals
for 1 h, then drugs were washed out and measurements
were continued at the same rate for a second hour.
Finally, measurements were obtained every 5 min for 8
h. Relative ﬂuorescence was calculated by averaging six
baseline-subtracted measurements at each time point
acquired for each treatment.

Total RNA Isolation, cDNA Preparation, and PCR
Ampliﬁcation
Total RNA was isolated from astroglial and GH4 cells
using the Sigma GenEluteTM Mammalian Total RNA
kit. RNA was reverse transcribed into cDNA using
SuperScript First-Strand Synthesis System (Invitrogen,
Paisley, UK) as per the manufacturer’s instructions.
Brieﬂy, 2 lg total RNA was annealed with 50 ng random
hexamers and dNTP mix, then remaining reaction components were added to a ﬁnal volume of 20 lL. Reactions were incubated at 42°C for 50 min, terminated at
70°C, and then RNA was removed by incubation with
RNase H for 20 min at 37°C. One hundred nanograms
cDNA was ampliﬁed by PCR with 50 pmol gene-speciﬁc
primers, 1.5 mM MgCl2, 200 lM dNTPs, and 1.25 U Taq
DNA polymerase (Promega, Southampton, UK) in a
50 lL ﬁnal reaction volume. After an initial denaturation of 95°C for 2 min, reactions were ampliﬁed for 35
cycles: 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, followed by a ﬁnal extension of 72°C for 10 min. Reaction
products were separated by electrophoresis on 1.5–2.0%
agarose TAE gels and visualized by UV illumination.
GLIA DOI 10.1002/glia

Images were captured and band density determined
using a Bio-Rad Gel Doc 2000 and QuantityOne software (Bio-Rad, Hempstead, UK). Relative band density
was determined by calculating the ratio of speciﬁc gene
band density to GAPDH band density for each sample.
Values from three separate experiments were averaged
and statistical signiﬁcance was determined by ANOVA
followed by post hoc multiple comparison Bonferroni
test.

Determination of Protein Synthesis Levels
The effect of oxidative stress on overall protein synthesis was evaluated on cultures. Brieﬂy, conﬂuent cell layers
were lifted, washed, and replated into 6-well cell culture
dishes (precoated with poly-D-lysine for astroglia) at a
density of 1 3 105 cells/well. Cells were allowed to recover
for 1–2 days, until about 90% conﬂuent, conditioned overnight in serum-free medium, and then stressed with 200
lM t-BHP in serum-free medium for 1 h in the presence
or absence of various calcium channel blockers. The cultures were washed three times with cell medium to
remove residual t-BHP and drugs. Fresh cell medium was
applied containing 15 lCi/mL [3H]-leucine (Amersham
Biosciences, Chalfont St. Giles, UK) 6 h before harvesting
cells for analysis. After 6, 24, or 72 h, the medium fractions were collected and brought to 10% trichloroacetic
acid (TCA) concentration. The culture dishes were washed
with HBSS and the cell layers were harvested by scraping
into 10% cold TCA. Medium and cell fractions were combined and incubated for 24 h at 4°C. Protein precipitates
were collected and washed by rapid ﬁltration through
Whatman GFB ﬁlters, using a Brandel cell harvester
(SEMAT Technical, St. Albans, UK). The ﬁlters were
placed in scintillation vials containing 5 mL Ecoscint H
scintillation ﬂuid, allowed to shake overnight at 200 rpm,
and then radioactivity was determined in a liquid scintillation counter (Beckman LS60001C, Beckman Coulter,
High Wycombe, UK).

RESULTS
The Role of Calcium in Oxidative Stress-Induced
Morphological Changes and AChE Release
During exposure to t-BHP, astroglia showed no signiﬁcant change in AChE release or overt phenotypic
changes as determined by microscopic examination.
However, during the poststress recovery period, striking
morphological changes became apparent (Fig. 1A, a/b).
The severity and rapidity of this response was dependent on the concentration of t-BHP applied. Perforations
in the cell monolayer were observed within 1 h of recovery from t-BHP-induced oxidative stress, because of
retraction of cell processes, condensation of cell bodies,
and cell detachment from the plates. In addition, numerous inclusion bodies and vacuoles were observed in the
cytoplasm of treated cells. Astroglia exposed to high levels of t-BHP (>0.5 mM) in the presence of extracellular
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calcium did not recover, but continued to degenerate
over the course of the following week and eventually all
died. In contrast, those exposed to lower levels of t-BHP
(0.1–0.5 mM) exhibited dose-dependent phenotypic
changes and recovery. These profound phenotypic
changes were completely abolished, even at the highest
concentration of t-BHP tested, by eliminating extracellular Ca21 from the culture medium (Fig. 1A, c/d). In contrast to the ﬁndings in astroglia, GH4 cells stressed
with 0.1–1.0 mM t-BHP did not exhibit any apparent
morphological changes indicative of apoptosis, although
cells became less adherent during the recovery period.
Signs of necrotic cell death were observed at t-BHP
treatment concentrations over 0.5 mM, including cell
swelling, cell detachment from plates, and rupture of
cell membranes over a 24 h recovery period poststress.
After 1 h recovery from oxidative stress, astroglial
release of AChE increased more than 2-fold (255.56% 6
8.38%) as compared with unstressed glia controls (Fig.
1B). A similar increase in AChE activity was observed in
GH4 cells after exposure to t-BHP (229.71% 6 11.87%) as
compared with GH4 controls. Elimination of Ca21 from
the extracellular medium abolished the t-BHP-induced
release of AChE from astroglia. Basal AChE release from
astroglia and GH4 cells was not signiﬁcantly affected by
substitution of Ba21 for Ca21, or by chelation of Ca21 by
EDTA, in the extracellular medium.

Fig. 1. Effect of extracellular calcium inﬂux on astroglial response to
oxidative stress. A: Phase contrast micrographs of live astrocytes in culture.
Panel a: Control astroglia in serum-free medium containing CaCl2. Panel b:
Astroglia treated for 1 h with 1.0 mM t-BHP in serum-free medium with
CaCl2, followed by 1 h recovery period. Panel c: Control astroglia in serumfree medium with BaCl2 substituted for CaCl2. Panel d: t-BHP-treated astroglia in serum-free medium with BaCl2.substituted for CaCl2. (Magniﬁcation
5 203) B: Substituting BaCl2 for CaCl2 in the cell growth medium or chelating extracellular calcium with 1 mM EDTA abolished induced AChE release
from both astroglia and GH4 cells. Cells were exposed to 0.5 mM t-BHP
treatment for 1 h followed by recovery in serum-free medium for 1 h. Asterisks indicate values signiﬁcantly different from controls (n 5 9, P < 0.001).

Regulation of Stress-Induced AChE Release and
Morphological Changes by Calcium Channels
AChE levels were measured in media from cells
exposed to t-BHP in the presence and absence of various
calcium channel inhibitors. The compiled results of
AChE activity assays are summarized in Table 1. Basal
AChE release from astroglia was signiﬁcantly reduced
by the L-VGCC blockers, verapamil (33% of control val-

TABLE 1. Effect of Calcium Channel Blockers on Oxidative Stress-Induced AChE Release from Astroglia and GH4-ha7 Cells
Control
Astroglia
No drug
Verapamil
Nimodipine
Nifedipine
Conotoxin
DHBP
Benzamide
Benza 1 verap
GH4 Cells
No drug
Verapamil
Nimodipine
Nifedipine
Conotoxin
DHBP
Benzamide
Benza 1 verap

t-BHP stressed

Mean (mU/ml)

SEM

P vs. control

Mean (mU/ml)

SEM

P vs. control

P vs. stressed

0.90
0.30
0.37
0.49
0.23
0.18
0.88
0.29

0.12
0.11
0.12
0.12
0.10
0.10
0.13
0.12

–
0.004
0.036
0.013
0.002
0.001
0.912
0.005

2.47
1.06
1.26
1.17
1.95
1.58
2.36
1.01

0.28
0.15
0.33
0.34
0.12
0.23
0.22
0.18

0.0004
0.424
0.329
0.471
0.0001
0.025
0.0002
0.622

–
0.001
0.019
0.015
0.119
0.034
0.764
0.001

2.76
2.72
2.78
2.83
2.22
1.99
2.57
2.51

0.52
0.48
0.34
0.45
0.43
0.28
0.44
0.38

–
0.762
0.487
0.784
0.466
0.259
0.786
0.695

6.34
4.18
4.11
3.54
4.88
6.45
6.39
3.99

0.53
0.44
0.58
0.68
0.46
0.46
0.49
0.52

0.008
0.051
0.152
0.588
0.077
0.003
0.001
0.125

–
0.011
0.018
0.009
0.064
0.903
0.946
0.010

Cells were stressed with 0.5 mM t-BHP for 1 h in the presence and absence of calcium channel blockers, and then allowed to recover for 1 h before sampling medium for AChE
activity. Experiments were performed twice in triplicate. Data shown are expressed as mU/ml/min. Statistical analyses were performed by 2-way ANOVA for overall determination
of stress effect (50% of total variance, P < 0.0001), drug effect (16% of total variance, P < 0.0001), and interaction between stress and drug effects (6% of total variance, P 5
0.036). Unpaired t-tests were used to determine signiﬁcant differences of individual drug effects compared with no drug control and drug 1 stress effects versus no drug stressed
values.
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ues), nimodipine (41%), and nifedipine (54%); the N/P/QVGCC blocker x-conotoxin MVIIC (25%); and the ryanodine receptor inhibitor DHBP (20%), but not by the
poly-adenosine diphosphate polymerase (PARP-1) inhibitor benzamide. In contrast to the results seen in astroglia, GH4 cell basal AChE release was not affected by
any of the calcium channel blockers tested.
After treatment with t-BHP, AChE release increased
more than 2-fold in astroglia and GH4 cells. This
increased release was signiﬁcantly inhibited in both cell
lines by verapamil, nimodipine, and nifedipine, but not
by x-conotoxin MVIIC or benzamide. DHBP reduced
AChE release in t-BHP-stressed astroglia, but not in
GH4 cells. L-VGCC blockers coapplied with t-BHP treatment signiﬁcantly mitigated obvious morphological
changes in astroglia in the initial poststress recovery period. Although glia exhibited some process retraction
and condensation, fewer cytoplasmic inclusion bodies
were observed and cells remained adherent. DHBP, xconotoxin MVIIC, and benzamide alone had no effect on
observed stress-induced morphological changes in glia.
Because the measured AChE release from stressed
cells can include both basal and t-BHP-induced AChE
release, the effect on induced release attributed to different calcium channel blockers could be obscured by drug
effects on basal release. When the observed basal release
for each drug treatment was subtracted from the total
release under t-BHP stress, the actual drug effect on
induced release was revealed. In astroglia and GH4
cells, only L-VGCC blockade signiﬁcantly inhibited
induced AChE release (Figs. 2A,B). DHBP and x-conotoxin had no effect on induced AChE release in either
cell type. When GH4 cells were treated with verapamil
in a concentration range of 10 pM to 10 lM, a distinct
concentration dependent inhibition of AChE release was
observed in t-BHP stressed cells (EC50 5 2.5 nM, Fig.
2C). Comparison of normalized EC50 values (control 5
3.48 nM and t-BHP 5 3.31 nM) and Hill coefﬁcients
(20.56 and 20.64 respectively) veriﬁed that t-BHP
treatment did not alter verapamil efﬁcacy or potency to
effect AChE release inhibition.
Calcium Channel Regulation of Extracellular Ca21
Inﬂux During Oxidative Stress
Application of 100 lM t-BHP for 1 h to astroglia and
GH4 cells resulted in increased intracellular Ca21 during the treatment period (Fig. 3). Initiation of accelerated calcium inﬂux was delayed for about 20 min in
astroglia (Fig. 3A), whereas increasing calcium accumulation was observed immediately in GH4 cells (Fig. 3D).
In the presence of verapamil, the effect of t-BHP on cumulative [Ca21]i was abolished in both cell lines (Figs.
3A,D). After the initial nonresponsive period, calcium
levels in astroglia climbed sharply, rapidly surpassing
levels seen in GH4 cells. The maximum rate of change
in [Ca21]i increased 4-fold in astroglia exposed to t-BHP
(P < 0.001; Fig. 3B), resulting in a 200% increase in average rate of change in [Ca21]i in stressed cells as comGLIA DOI 10.1002/glia

Fig. 2. Effect of calcium channel blockers on oxidative stressinduced AChE release. A: Astroglia were exposed to 0.5 mM t-BHP for
1 h in the presence and absence of verapamil, nimodipine, and nifedipine (10 lM), x-conotoxin MVIIC (100 nM), DHBP (10 lM), and benzamide (100 lM). Cells were recovered for 1 h, and then medium was
sampled and assayed for AChE activity using the method of Ellman et
al. (1961). All AChE measurements were performed in triplicate.
Results shown were calculated by subtracting average control (basal)
from t-BHP-stressed (basal 1 induced) AChE levels for each drug treatment, then expressed as % unstressed, no drug control to reveal actual
changes in induced AChE release. Data were analyzed by ANOVA, followed by comparison of means by unpaired t-test. Asterisks indicate
values signiﬁcantly different from controls, P < 0.005, n 5 6. B: GH4ha7 cells were exposed to 0.5 mM t-BHP in the presence and absence
of indicated calcium channel blockers as described above. Data were analyzed and displayed as above. Asterisks indicate values signiﬁcantly
different from controls, P < 0.007, n 5 6. C: Dose response curve of
GH4-ha7 cells stressed with 0.5 mM t-BHP in the presence of indicated
verapamil concentrations. Data were expressed as % unstressed control
and analyzed by nonlinear regression with variable slope (Goodness of
ﬁt R2 5 0.997) followed by two-tailed paired t-test (means signiﬁcantly
different, n 5 3, P < 0.002).
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Fig. 3. Changes in [Ca21]i in response to 100 lM t-BHP treatment
for 1 h. Results obtained from astroglia are shown in the left panels;
results from GH4 cells are on the right. A: Cumulative [Ca21]i ﬂuorescence was measured in cells at 1 min intervals during exposure to oxidative stress in the absence and presence of verapamil. Values shown
are the average measurements (mean 6 SEM) of six replicate treatment samples recorded at 5 min intervals throughout the treatment period. B: Maximum change in [Ca21]i was determined by ﬁrst calculating the difference in [Ca21]i between consecutive measurements for
each sample, then the differences from six replicate treatment samples
were averaged and expressed as mean 6 SEM relative ﬂuorescence

units (RFU). The maximum change observed for each treatment group
is displayed. C: Average change in [Ca21]i was determined by ﬁrst calculating the average differences between consecutive measurements
across the entire treatment period for each sample. Data shown are the
mean 6 SEM RFU obtained by averaging replicate treatment sample
values. Asterisks (*) indicate values signiﬁcantly different from
unstressed, no drug controls; (#) indicates values from cells stressed in
presence of drugs that are signiﬁcantly different from t-BHP-stressed
controls. Abbreviations: C 5 control, T 5 t-BHP treated, V 5 verapamil
(10 lM), B 5 benzamide (100 lM).

pared with controls (P < 0.001; Fig. 3C). Neither verapamil nor benzamide had any effect on [Ca21]i in control
astroglia. In contrast, t-BHP-induced increases in maximum and average rates of [Ca21]i accumulation were
reduced to control levels in the presence of verapamil (P

< 0.001). Benzamide alone had no signiﬁcant effect on tBHP-induced [Ca21]i changes in astroglia. Similarly,
benzamide applied in combination with verapamil had
no further effect on t-BHP-induced [Ca21]i changes over
that of verapamil alone (Figs. 3B,C).
GLIA DOI 10.1002/glia
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Fig. 4. Changes in [Ca21]i in the poststress recovery period. Results
obtained from astroglia are shown in the left panels; results from GH4
cells are on the right. A: Cumulative [Ca21]i ﬂuorescence measured in
cells for 1 h after washout of drugs and t-BHP. Values shown are the
average (mean 6 SEM) of 6 replicate treatment samples recorded at 5

min intervals during the initial recovery period. B: Average change in
[Ca21]i throughout the initial 1 h recovery period. C: Average change in
[Ca21]i during the subsequent 8 h recovery period. Abbreviations: C 5
control, T 5 t-BHP treated, V 5 verapamil (10 lM), B 5 benzamide
(100 lM).

Although changes in [Ca21]i were apparent in GH4
cells immediately upon exposure to oxidative stress, the
observed increase was more gradual than that seen in
astroglia (Fig. 3D). Maximum and average rates of change
in [Ca21]i showed modest but signiﬁcant (P < 0.05)
increases in t-BHP-treated GH4 cells (Figs. 3E,F). As was
seen in astroglia, verapamil effectively abolished t-BHPinduced [Ca21]i increases (P < 0.001), whereas benzamide
alone had no effect. However, coapplication of verapamil
and benzamide with t-BHP further suppressed maximum
and average change in [Ca21]i as compared with the effect

of verapamil alone (P < 0.001; Figs. 3E,F). In contrast to
results in astroglia, verapamil also signiﬁcantly depressed
maximum (P < 0.05) and average (P < 0.01) [Ca21]i
changes in control GH4 cells.

GLIA DOI 10.1002/glia

Ca21 Inﬂux During Poststress Recovery
To follow variations during the poststress recovery
period, [Ca21]i measurements were continued after
washout of t-BHP and drugs. During the ﬁrst hour in

1355

EFFECTS OF OXIDATIVE STRESS ON ASTROGLIA
TABLE 2. Primers Used in RT-PCR for mRNA Expression Analysis
Gene

Gene bank accession no.

GFAP
GAPDH
R-AChE
T-AChE
LVGCCA1C
LVGCCA1D
TRPM2
CD11b

L27219
NM_017008
AY555735
BC094521
M59786
M57682
AY749166
NM_012711

50 -primer

30 primer

Product size (bp)

1,434–1,453
1,455–1,474
Same as T
1,783–1,804
2,623–2,642
2,482–2,502
2,424–2,443
1,950–1,969

1,808–1,827
1,514–1,532
189–206
1,872–1,893
2,861–2,881
2,644–2,663
2,509–2,528
2,175–2,194

394
78
98
111
259
182
104
245

Primers were designed using the Primer3 program (Rozen and Skaletsky, 2000) and analyzed for structural anomalies and dimer formation using NetPrimer software
(Premier Biosoft International, Palo Alto, USA). Then primer speciﬁcity was conﬁrmed by comparison with DNA sequence databases using nucleotide–nucleotide BLAST
(Available at: http://www.ncbi.nlm.nih.gov). Whenever possible, forward and reverse primers for each gene of interest were designed in separate exons to eliminate possible artifacts because of DNA contamination in RNA preps.

recovery, cumulative [Ca21]i levels in the different treatment groups converged (Figs. 4A,D), although the average rate of change in [Ca21]i remained high (Figs.
4B,E). Only control cells that had been exposed to verapamil displayed reduced cumulative and average (P <
0.02) [Ca21]i levels in both GH4 (Figs. 4D,E) and glial
cells (Figs. 4A,B), despite the fact that verapamil
appeared to have no effect on control astroglia [Ca21]i
levels during the initial hour. Over the course of the
subsequent 8 h, the average change in [Ca21]i gradually
declined and all treatment groups were identical to controls (Figs. 4C,F), although astroglial [Ca21]i levels
remained elevated as compared with initial values.

Oxidative Stress-Induced Changes in Gene
Expression
We next investigated whether changes in AChE gene
expression correlated with altered L-VGCC or TRPM2
expression. Speciﬁcs of primer design and sequences
used in RT-PCR experiments are described in Table 2.
RT-PCR analysis was performed in control and t-BHPtreated astroglia at 1, 4, and 24 h poststress (Fig. 5A).
RT-minus controls were negative, indicating that there
was no DNA contamination in the RNA preps. Gene
expression in control cells did not change signiﬁcantly
throughout the recovery period. After t-BHP treatment,
glial ﬁbrillary acidic protein (GFAP), R-AChE, and
TRPM2 mRNA were upregulated, while T-AChE, LVGCCA1C (CaV1.2), and L-VGCCA1D (CaV1.3) expression
decreased. GFAP expression was markedly increased
within 4 h (P < 0.001) as compared with controls and
remained elevated at 24 h (P < 0.001) poststress. Control astroglia expressed low levels of R-AChE and moderate levels of T-AChE. After t-BHP treatment, R-AChE
increased by more than 5-fold (P < 0.001), whereas TAChE expression decreased by 2-fold (P < 0.05). The
induced increase in R-AChE mRNA peaked at 1 h, then
slowly declined, approaching control levels by 24 h poststress. No evidence of TRPM2 expression was seen in
control astroglia; however, after t-BHP exposure, a rapid
but transient upregulation was observed. TRPM2 transcripts appeared within 1 h, peaked at 4 h (P < 0.001),

Fig. 5. RT-PCR analysis of gene expression in control and t-BHP
stressed astroglia and GH4 cells: representative gel photographs and
semiquantitative analysis. A: Gene expression in control astroglial cultures and in those treated for 1 h with 0.25 mM t-BHP or with 10 lM verapamil concurrent with t-BHP. Cells were recovered in serum-free medium for 1, 4, and 24 h poststress before extracting RNA for analysis. C
5 control astroglia, T1 5 t-BHP-treated at 1 h poststress, T4 5 t-BHPtreated at 4 h poststress, T24 5 t-BHP-treated at 24 h poststress, TV 5
verapamil 1 t-BHP-treated at 24 h poststress. B: GH4 gene expression in
control and 0.25 mM t-BHP treated cultures in the presence and absence
of verapamil. RNA was extracted after 1, 18, or 72 h recovery from oxidative stress. C 5 control cells, T 5 t-BHP-treated, V 5 verapamil treatment. Relative band density measurements were obtained from three replicate experiments. Data is expressed as mean 6 SEM.

and were diminished, but still apparent at 24 h poststress. L-VGCCA1C and L-VGCCA1D transcripts were
abundant in control astroglia. However, after t-BHP
GLIA DOI 10.1002/glia
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treatment, both L-VGCCA1C and L-VGCCA1D transcript
levels gradually declined in the initial 24 h poststress
period to about 25% of control values (P < 0.001).
Verapamil application concurrent with t-BHP stress
signiﬁcantly inhibited upregulation of GFAP (P < 0.01)
and R-AChE (P < 0.05) expression observed at 24 h
poststress, but had no effect on TRPM2. The observed
decrease in L-VGCCA1D expression in response to stress
was also partially inhibited by verapamil treatment (P
< 0.02). Although verapamil appeared to similarly mitigate downregulation of T-AChE and L-VGCCA1C expression in response to stress, the differences observed did
not attain statistical signiﬁcance (P 5 0.09, P 5 0.06
respectively).
Control GH4 cells expressed low levels of R-AChE and
TRPM2, moderate levels of T-AChE, and high levels of
GAPDH and L-VGCCs (Fig. 4B). No signiﬁcant difference was observed in controls at 1, 18, or 72 h time
points. Stress-induced changes in GH4 gene expression
exhibited similar patterns to those seen in astroglia, in
that R-AChE and TRPM2 were upregulated, while LVGCCs were downregulated during the initial 24 h poststress. However, in contrast to astroglia, T-AChE expression remained relatively unchanged. R-AChE expression
rapidly increased by 4-fold within 1 h (P < 0.001),
remained signiﬁcantly elevated at 18 h (P < 0.01), and
returned to control levels by 72 h poststress. Signiﬁcantly increased TRPM2 expression observed at 1 h
poststress (P 5 0.05) was still apparent and further
increased at 18 h poststress (P < 0.01). L-VGCCA1C
expression was reduced by 60% (P < 0.001) and LVGCCA1D by 40% (P < 0.05) 1 h after t-BHP exposure.
L-VGCCA1C transcripts remained suppressed at 18 h
poststress (P < 0.001), whereas L-VGCCA1D expression
had returned to control levels. However, at 72 h poststress, L-VGCCA1C expression was increased more than
2-fold (P < 0.001).
Verapamil treatment of unstressed GH4 cells had no
signiﬁcant effect on RNA expression at any of the time
points tested. Co-application of verapamil with t-BHP
treatment resulted in signiﬁcant repression of t-BHPinduced upregulation of R-AChE at the 1 h (P < 0.05)
and 18 h (P < 0.05) time points. In addition, verapamil
treatment signiﬁcantly mitigated stress-induced LVGCCA1C downregulation at 18 h (P < 0.05) and upregulation at 72 h (P < 0.01) poststress. In contrast, verapamil exposure increased t-BHP-induced upregulation of
L-VGCCA1D at 18 h (P < 0.01) and 72 h (P < 0.05) poststress. Neither T-AChE, nor TRPM2 expression, were
signiﬁcantly effected by verapamil treatment at any
time point tested (P > 0.05).
To verify that the observed astroglial upregulation of
TRPM2 mRNA was not an artefact caused by contamination of astroglial cultures by microglia, RT-PCR was
performed using primers for TRPM2 and the cell typespeciﬁc markers GFAP (astrocytes) and CD11b (microglia). Whole rat brain RNA was used as a positive control; appropriate RT- and water controls were negative
for ampliﬁcation products. Cultured astroglia exposed to
t-BHP for 1 h, then harvested for RNA extraction at 4 h
GLIA DOI 10.1002/glia

Fig. 6. RT-PCR analysis of cell type-speciﬁc markers and TRPM2
expression. B 5 rat brain, A 5 astrocyte culture treated with t-BHP
and harvested at 4 h poststress, M 5 microglia culture.

poststress, displayed both GFAP and TRPM2, but no detectable CD11b expression (Fig. 6). In contrast, microglia
expressed CD11b and TRPM2, but not GFAP.

Calcium Channel Modulation of Stress-Induced
Changes in Global Protein Synthesis
Astroglial protein production was inhibited by almost
90% at 6 h poststress (Fig. 7A). This highly signiﬁcant
(P < 0.0001) reduction in new protein synthesis was not
mitigated by blocking L-VGCC, or by inhibiting TRPM2
channel activation during exposure to stress conditions.
In fact, the presence of verapamil during t-BHP exposure further depressed poststress protein synthesis by
20% as compared with t-BHP-stressed controls (Fig. 7A,
inset graph); however, using the rigorous Bonferroni
multiple comparison test, this difference failed to attain
signiﬁcance (P 5 0.08). Although benzamide by itself
had no signiﬁcant effect on t-BHP-induced changes in
protein synthesis, coapplication of verapamil and benzamide concurrent with t-BHP resulted in signiﬁcant
additional suppression of protein synthesis (P < 0.01)
that was greater than was seen with verapamil alone.
Protein synthesis in astroglia remained suppressed 24
h after exposure to t-BHP as compared with controls (P
< 0.001), but was increased 2-fold over levels observed
at 6 h poststress (Fig. 7B). Recovery from initial protein
synthesis inhibition was signiﬁcantly enhanced in astroglia that had been exposed to calcium channel modulation during the period of oxidative stress. Glia stressed
in the presence of nimodipine, or verapamil and DHBP,
displayed double the amount of new protein synthesis as
compared with those exposed to t-BHP alone (P 5 0.048
and P 5 0.036 respectively). Although verapamil treatment alone also enhanced protein synthesis by 2-fold
over t-BHP-induced levels, this increase was not statistically signiﬁcant (P 5 0.089). DHBP alone did not signiﬁcantly alter t-BHP induced suppression of protein synthesis levels. As was seen at 6 h poststress, benzamide
alone had no effect on t-BHP-induced inhibition of protein synthesis, whereas in combination with verapamil,
or verapamil and DHBP, a highly signiﬁcant effect on
protein synthesis was observed when compared with tBHP treated cells in the absence of drugs (P < 0.007
and P < 0.001 respectively).
At 72 h poststress a reversal of stress and drug effects
was seen, with astroglial protein synthesis in stressed
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Fig. 7. Changes in protein synthesis in astroglia and GH4 cells in
response to oxidative stress Cells were stressed for 1 h with 0.2 mM tBHP in the absence and presence of various calcium channel modulators, then recovered in cell medium containing 15 lCi/mL [3H]-leucine.
Results are expressed as percent unstressed, no drug control values.
Asterisks (*) indicate values signiﬁcantly different from unstressed, no
drug controls; (#) indicates values from cells stressed in presence of
drugs that are signiﬁcantly different from t-BHP-stressed controls. All

experiments were performed in triplicate. A: Astroglia protein synthesis
after 6 h recovery from oxidative stress. Inset graph illustrates drug
effects on protein synthesis levels expressed as percent t-BHP-stressed,
no drug controls. B: Astroglia protein synthesis after 24 h recovery.
C: Astroglial protein synthesis after 72 h recovery. D: GH4 cell protein
synthesis after 6 h recovery. E: GH4 cell protein synthesis after 24 h
recovery.

cells signiﬁcantly elevated (P < 0.001) over that
observed in controls (Fig. 7C). Treatment with verapamil
or nimodipine concurrent with t-BHP reduced the
observed increase in protein synthesis (P < 0.05); however neither DHBP nor benzamide alone had a signiﬁcant effect. Application of DHBP and benzamide in combination with verapamil did not further mitigate protein
synthesis changes as compared with verapamil alone.

Similar ﬁndings were obtained with GH4 cells; however, protein synthesis changes were less sustained and
the responses seen were less profound than those
observed in astroglia. At 6 h poststress, protein synthesis was signiﬁcantly suppressed in GH4 cells that had
been exposed to t-BHP as compared with controls (P 5
0.006, Fig. 7D). Neither verapamil, nor benzamide alone
signiﬁcantly changed the cellular responses to t-BHPGLIA DOI 10.1002/glia
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induced oxidative stress, but when cells were treated
with both verapamil and benzamide, stress-induced protein synthesis suppression was effectively abolished.
Results in GH4 cells 24 h poststress were similar to
those seen in astroglia at 72 h (Fig. 7E). Protein synthesis in stressed cells was increased (P < 0.001) over that
observed in controls and DHBP had no effect on stressinduced changes. Cells that had been treated with verapamil (P < 0.01) or nimodipine (P < 0.001) during tBHP-induced stress showed reduced protein levels as
compared with t-BHP treated cells. In contrast with
results in astroglia, benzamide signiﬁcantly reduced
GH4 cell protein synthesis at 24 h poststress (P < 0.01).
Coapplication of benzamide with verapamil signiﬁcantly
reduced de novo protein synthesis as compared with
verapamil alone (P < 0.05).
DISCUSSION
Although the role of astroglia in the progression of
neurodegenerative disease is still relatively unknown,
their importance in regulating the normal and abnormal
neuronal environment is attracting increasing attention.
Through calcium signaling cascades, astroglia control
gene expression, neuronal differentiation, and programmed cell death, which are all integral to developmental and degenerative processes (Alberdi et al., 2005;
Verkhratsky, 2006). Under conditions of oxidative stress,
glial cells provide energy support for neurons, exert a
protective function by scavenging and detoxifying ROS,
and direct neuronal resistance or vulnerability to degeneration through calcium-dependent secretion of trophic
or inﬂammatory factors (Morale et al., 2006).
In light of the importance of stress-induced glial calcium dysregulation in neurodegenerative processes
(Alberdi et al., 2005; Mariani et al., 2005; Verkhratsky,
2006), we investigated the role of glial calcium channels
in regulating transcriptional changes and release of a
potential neurotrophic factor, AChE, in response to oxidative stress. To facilitate elucidation of the complex biological processes involved, we used cultured astrocytes
and GH4-ha7 cells for comparative studies. Primary
cortical astrocyte cultures are a well-documented standard model for measuring stress responses in vitro and
provide consistent results which correlate well with
results obtained in vivo (Gifford and Swanson, 2005;
Hertz et al., 1998). GH4 cells, a rat pituitary tumorderived cell line, are a proven system for studying mechanisms of intracellular calcium homeostasis and trophic
factor release in secretory cells (Albert and Tashjian,
1984). The derivative GH4-ha7 cell line was chosen as a
control for comparison with astroglia because preliminary experiments demonstrated that they release AChE
in response to t-BHP-induced oxidative stress and
express a full complement of cell surface receptors and
ion channels important for the maintainance of calcium
homeostasis by astroglia and neurons.
In this study, acute ROS exposure, comparable to oxidant levels measured in vivo in affected tissues in a rat
GLIA DOI 10.1002/glia

model of stroke (up to 200 lM H2O2; Hyslop et al., 1995)
and in neurodegenerative disease (reviewed in Butterﬁeld, 2006; Chinopoulos and Adam-Vizi, 2001; Halliwell,
2006; Mariani et al., 2005; Polidori et al., 2007), produced sustained increases in [Ca21]i, profound morphological changes, and increased AChE release in astroglia
and GH4 cells. Elimination of [Ca21] from the extracellular medium abolished induced phenotypic alterations
and AChE release, while blockade of [Ca21] entry via LVGCC signiﬁcantly diminished both effects. Whereas all
calcium channel blockers tested reduced AChE release
from unstressed astroglia, none had an effect on basal
AChE release from control GH4 cells, suggesting that
basal AChE release is differentially regulated in these
cell types. In contrast, we show that, in both astroglia
and GH4 cells, L-VGCCs predominantly control t-BHPinduced [Ca21] inﬂux and AChE release. Furthermore,
in GH4 cells, benzamide inhibition of TRPM2 activation
had an additive effect with L-VGCC blockers in reducing
[Ca21] inﬂux during t-BHP exposure, but had no effect
on poststress AChE release. These results indicate that,
while basal AChE release is constitutive and nonspeciﬁc,
induced AChE release is part of a generalized cellular
response to oxidative stress speciﬁcally regulated by
[Ca21] inﬂux through L-VGCC.
Previous reports investigating VGCC expression in
cultured astrocytes yield conﬂicting results as to which
alpha subunits they express (D’Ascenzo et al., 2004;
LaTour et al., 2003). Most agree nevertheless that LVGCC are not highly expressed by astrocytes under normal physiological conditions, but are upregulated in cultured and reactive astrocytes, and in pathological brain
states. In this study, GH4 cells and reactive astroglia
exhibited high expression of L-VGCCA1C and LVGCCA1D mRNA, which initially decreased after exposure to oxidative stress, followed by a compensatory
upregulation after 72 h. This ﬁnding is consistent with
in vivo studies that demonstrated upregulation of LVGCCA1C protein in astrocyte plasma membranes 7 day
to 3 week after ischemia or brain injury (Chung et al.,
2001; Westenbroek et al., 1998). However, in contrast to
the results presented here and in a previous study
(LaTour et al., 2003), these in vivo studies reported no
evidence of L-VGCCA1D in astroglia, perhaps reﬂecting a
signiﬁcant difference between astrocytes in culture and
those in a normal physiological environment.
Whereas other neuronal VGCCs (N,P/Q-type) mediate
calcium-dependent synaptic vesicle fusion and neurotransmitter release, the primary function of L-VGCCs
involves coupling of neuronal activity to gene transcription through [Ca21] signaling cascades (Zhang et al.,
2006). Consistent with that seen during neuronal differentiation (Luo et al., 1994), we found that upregulation
of R-AChE expression in response to oxidative stress is
mediated by [Ca21] inﬂux through L-VGCC. L-VGCC
blockade with verapamil during t-BHP treatment
resulted in partial suppression of R-AChE and GFAP
upregulation, as well as stress-induced changes in LVGCCA1C and L-VGCCA1D mRNA expression. Since LVGCC blockade alone was not sufﬁcient to abolish
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induced AChE release or transcriptional changes, other
factors, such as receptor-mediated signalling cascades,
may be involved.
We also observed transient upregulation of TRPM2
RNA expression in response to oxidative stress in astroglia and in GH4 cells. A previous report (Kraft et al.,
2004) cited evidence of weak TRPM2 mRNA expression
in cultured astroglia, but the ﬁnding was attributed to
microglial contamination of the cultures, since no functional response to ADP-ribose was observed. Although
we cannot rule out the possibility that some microglia
may have escaped detection, immunocytochemical analysis, and microscopic inspection indicate that our culture
method produces ÔpureÕ reactive astroglial cultures
(Bond et al., 2006). In addition, RT-PCR analysis of samples for cell type speciﬁc markers conﬁrmed the absence
of microglia in astroglial cultures (Fig. 6). Moreover,
TRPM2 expression in astroglia was detected only after
exposure to oxidative stress, but not in control cultures,
and both GH4 cells and astroglia displayed similar
changes in TRPM2 expression patterns in response to tBHP stimulation. These results indicate that reactive
astroglia have the capacity to express TRPM2 under oxidative stress conditions.
Chuang et al. (2002) have demonstrated that oxidative
stress induced by peroxides instigates upregulation of
more than 60 genes within a few hours after treatment.
Most notable among those overexpressed more than 2fold were growth and transcription factors, DNA damage
repair, anti-oxidant, and cAMP/Ca21-regulated genes.
Interestingly, the transient changes we have observed in
AChE and TRPM2 gene expression exhibited patterns of
response similar to genes known to be modulated by the
intermediate early genes c-fos and CREB. This observation is consistent with previous studies showing that
[Ca21] inﬂux via L-VGCC activates CREB (Dolmetsch
et al., 2001; Zhang et al., 2006) and that rapid c-fos
induction after exposure to acute stress precedes upregulation of R-AChE expression (Kaufer et al., 1998).
Whereas T-AChE expression is induced in many cells
undergoing apoptosis (Zhang et al., 2002), preferential
splicing for R-AChE is associated with stress responses
(Pick et al., 2004) and neurotrophic effects (Luo et al.,
1994). Oxidative stress-induced mitochondrial dysfunction, such as that seen in many neurodegenerative diseases (Andersen, 2004), can cause deﬁcits in energy metabolism and increased formation of alternative splicing
isoforms (Maracchioni et al., 2007). Thus the preferential upregulation of R- AChE may be a consequence of
stress-induced mitochondrial alteration of polyribosome
function. Such a mechanism would allow rapid production of a critical neurotrophic factor, while downregulating a pro-apoptotic molecule, to enhance neuronal
survival under stress conditions without taxing limited
cellular energy reserves. Similarly, the full transcript
form of TRPM2 (TRPM2-L) speciﬁcally mediates apoptosis, whereas the alternatively spliced TRPM2-S inhibits
apoptosis induced by oxidative stress (Fonfria et al.,
2005). Since TRPM2 expression follows the same pattern
as R-AChE, the observed increase in TRPM2 transcripts

1359

may represent a similar upregulation of the alternatively spliced anti-apoptotic isoform.
In addition to causing mitochondrial damage, oxidative stress and glial calcium dysregulation can exacerbate neurodegenerative processes through aberrant protein processing (McNaught et al., 2001; Shenton et al.,
2006) and the formation of aggregated proteins (Butterﬁeld and Kanski, 2001). Concommitent with AChE and
TRPM2 RNA upregulation, we observed profound suppression of de novo protein synthesis after t-BHP treatment, followed by global upregulation of protein synthesis in astroglia and GH4 cells. These results are consistent with a recent study in yeast demonstrating
increased mRNA transcription and polysome association
and decreased translation initiation after exposure to
peroxides (Shenton et al., 2006). Similar changes in
astroglial protein synthesis after ischemia were shown
to be essential to cell survival (Hori et al., 1994), suggesting that suppression of protein synthesis provides a
protective effect by preventing translational errors
under oxidative conditions. We also showed that the
additive effects of L-VGCC blockade and TRPM2 inhibition during oxidative stress signiﬁcantly enhanced recovery from protein synthesis suppression and repressed
subsequent compensatory protein over-expression. These
results indicate that calcium signaling is integral to
astroglial transcriptional and translational responses to
oxidative stress.
In conclusion, we have demonstrated that L-VGCCs
expressed in reactive astroglia and GH4-ha7 cells, mediate ROS-induced [Ca21] inﬂux and AChE release, alterations in AChE and calcium channel expression, and recovery from suppression of global protein synthesis (Fig.
8). In addition, we provide evidence that stress-induced
changes in protein synthesis are also modiﬁed by TRPM2

Fig. 8. Diagram summarizing the observed effects of oxidative stress
on astroglia. Abbreviations: L-VGCC 5 L-type voltage-gated calcium
channel, Ca1 5 calcium ions, R-AChE 5 readthrough acetylcholinesterase isoform, TRPM2 5 melastatin-like transient receptor potential 2,
NMDA 5 N-methyl-D-aspartate receptor, nAChR 5 nicotinic acetylcholine receptor.
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and report, for the ﬁrst time, upregulation of TRPM2 calcium channel expression in astroglia in response to oxidative stress. There is mounting evidence that perturbed
calcium homeostasis in glia plays a prominent role in the
pathogenesis of neurodegenerative disease. Indeed, reactive astrogliosis has been recognized as the distinguishing
feature characterizing both acute and chronic central
nervous system damage in most degenerative pathologies
(Marchetti et al., 2005). The data presented here highlights potential novel targets for interventive strategies in
neurodegenerative disease. Moreover, these results reveal
that through dynamic alterations oxidative stress initiates
multiple calcium-regulated cascades in astroglia that operate in concert to allow rapid adaptation to the changing
neuronal environment.
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