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Astrocytes Protect Neurons from Hydrogen Peroxide Toxicity
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Recent reports indicate that neurons are particularly sensitive
to hydrogen peroxide (H,O,). The present study was under-
taken to investigate the putative role of astrocytes in the mod-
ulation of the neurotoxic effect of H,O,. The exposure to H,O,
of cultured striatal neurons from mouse embryos induced a
concentration-dependent (10-1000 uwm) cell death as estimated
24 hr later. Two methods were used to estimate neuronal
survival: the 3-[4,5-dimethylthiazol-2-yl}-2,5-diphenyltetra-
zolium bromide assay or an enzyme-linked immunosorbent
assay with antibodies directed against an antigen located in
neurons (microtubule-associated protein-2). The neurotoxic ef-
fect of H,O, on neurons cocultured with astrocytes was
strongly attenuated compared with that observed on a pure
population of neurons seeded at the same density. Moreover,
the protective effect of astrocytes depended on the astrocytes/

neurons ratio, a significant neuroprotection being detectable for
1 astrocyte to 20 neurons. Catalase seems to be the main
hydrogen peroxidase activity involved in the neuroprotective
effect of astrocytes. Indeed, in the culture conditions used, this
enzymatic activity was enriched in this cell type compared with
neurons; its inhibition, and not that of glutathione peroxidase,
reduced the disappearance rate of the oxidant. On the contrary,
glutathione peroxidase appeared to be the main enzymatic
activity involved in the neuronal defense against H,O, toxicity.
Therefore, astrocytes could delay neuronal death in patholog-
ical situations in which H,O, has been, at least partially, dem-
onstrated to be involved.
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Oxidative stress is believed to be implicated in a wide variety of
human degenerative disorders of the CNS, including Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis,
and in pathological conditions such as ischemia (Halliwell, 1992;
Coyle and Puttfarcken, 1993; Olanow, 1993). The particular vul-
nerability of the brain to such damage could be related to its high
rate of oxygen consumption. The cytotoxic oxygen species are
mainly hydrogen peroxide (H,0,) and two free radicals: superox-
ide anions (O,") and hydroxyl radicals (OH’). However, the re-
spective neurotoxic efficiencies of each of these oxygen species, as
well as their respective roles in various experimental models of
neurotoxicity, are debatable. Indeed, their rates of production are
strictly interdependent because O,” spontaneously dismutates
into H,O,, a reaction that is accelerated by superoxide dismutase.
In addition, by reacting with iron or copper, H,O, can lead to the
production of OH'. (Fenton, 1894; Haber and Weiss, 1934). As
proposed by some authors, superoxide anions could be involved in
the NMDA-induced neurotoxicity (Lafon-Cazal et al., 1993) but
the respective contributions of H,O, and OH' in this process
remain to be determined. The B-amyloid protein that accumulates
in CNS plaques during Alzheimer’s disease (Glenner, 1988) is
toxic for cultured cortical neurons (Loo et al., 1993; Behl et al,,
1994) and, as recently proposed, H,O, could be responsible for
this neurodegenerative process (Behl et al., 1994). A neurotoxic

Received July 31, 1995; revised Jan. 19, 1996; accepted Jan. 24, 1996.

This study was supported by Institut National de la Santé et de la Recherche
Meédicale and grants from Direction des Recherches, Etudes et Techniques (No.
94158) and Rhone-Poulenc-Rorer.

Correspondence should be addressed to Solange Desagher, Chaire de Neuro-
pharmacologie, Institut National de la Santé et de la Recherche Médicale U114,
College de France, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05, France.

Copyright © 1996 Saciety for Neuroscience 0270-6474/96/162553-10$05.00/0

effect of H,O, originating from microglial cells has also been
reported (Théry et al., 1991).

As generally accepted, the enzymes catalase (H,0, oxidoreduc-
tase: EC 1.11.1.6) and glutathione peroxidase (H,O, glutathione
oxidoreductase: EC 1.11.1.9) participate in the cellular defense
against H,0O, (Buckman et al., 1993; Makar et al., 1994, Makino
et al,, 1994). However, little is known about the cellular distribu-
tion (i.e., neurons vs astrocytes) of these enzymatic activities and,
therefore, about the putative role of astrocytes in the modulation
of the neurotoxic effect of H,O,. In the present study using
cultured cells from the striatum of mouse embryos, we demon-
strate that astrocytes protect neurons against H,O, toxicity.

MATERIALS AND METHODS
Materials

Swiss mice were obtained from IFFA Credo (Lyon, France); PBS without
calcium and magnesium, trypsin-EDTA solution, and culture media from
Gibco (Gaithersburg, MD); fetal calf serum from Dutcher (Brumath,
France); NU-Serum from Becton Dickinson (Bedford, MA); mouse
monoclonal anti-microtubule-associated protein 2 (MAP-2) antibodies
from Biomakor (Rehovot, Israel); peroxidase-coupled goat-anti-mouse
IgG from Biosys (Compiégne, France); monoclonal anti-mouse macro-
phage antibody (anti-MAC 1) from Serotec (Oxford, UK); antisera
directed against glial fibrillary acidic protein (GFAP) from ICN Bio-
chemicals (Costa Mesa, CA); phenylmethyl-sulfonylfluoride from Boehr-
inger Mannheim (Mannheim, Germany); 6,7-dinitroquinoxaline-2,3-
dione (DNQX) from Tocris Cookson (Bristol, UK); D-2-amino-5-
phosphonovaleric acid (APV) from Research Biochemicals (Natick,
MA). Horseradish peroxidase, catalase (bovine liver), superoxide dis-
mutase (bovine erythrocyte), glutathione reductase (spinach), glutathione
peroxidase (bovine erythrocyte), and all other chemicals or reagents used
in the present study were purchased from Sigma (Saint Quentin Fallavier,
France).

Cell cultures

Primary cultures of striatal neurons. Primary neuronal cultures were pre-
pared using the method of El Etr et al. (1989) with slight modifications.
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Briefly, striata were removed from 14- to 15-d-old Swiss mouse embryos
and mechanically dissociated with a flame-narrowed Pasteur pipette in
PBS supplemented with glucose (33 mm). Cells were plated on 24-well
NUNC culture dishes (4 X 10° cells per well containing 0.5 ml of medium;
Roskilde, Denmark) previously and successively coated with poly-L-
ornithine (15 pg/ml, My 40 kDa) and the culture medium containing 10%
fetal calf serum. After the removal of the last coating solution, cells were
seeded in a serum-free medium consisting of a 1:1 mixture of DMEM and
Ham’s F12 nutrient, supplemented with glucose (33 mm), glutamine (2
mM), NaHCO; (13 mm), HEPES buffer (5 mM, pH 7.4), penicillin—
streptomycin (5 IU/ml and 5 pg/ml, respectively) and a mixture of salt and
hormones containing insutin (25 pg/ml), transferrin (100 ug/ml), proges-
terone (20 nm), putrescine (60 uM), and sodium selenite (Na,SeOs; 30
nMm). Cells were cultured at 37°C in a humidified atmosphere of 92% air
and 8% CO.. After 6-7 d under these conditions, cells were immunocy-
tochemically defined according to El Etr et al. (1989) as purified neurons
devoid of detectable glial elements.

Primary cultures of striatal astrocytes. Primary cultures of striatal astro-
cytes were prepared as described previously (El Etr et al., 1989). Disso-
ciated cells from striata were plated on 100 mm NUNC petri dishes (6 X
10° cells per dish) previously coated with poly-L-ornithine (1.5 ug/ml).
The culture medium consisted of a 1:1 mixture of Minimal Essential
Medium (MEM) and Ham’s F12 nutrient, supplemented with glucose (33
mM), glutamine (2 mm), NaHCO; (13 mm), HEPES buffer (5 mm, pH
7.4), and 10% NU-Serum. After 7 d in vitro, the culture medium was
changed, and cytosine arabinoside (5 uM) was added for 48 hr to prevent
the formation of cell multilayers and the proliferation of microglial cclis.
Thereafter, the culture medium was changed every 3 d. Under these
conditions, after 21 d in vitro, >95% of the cells werc immunostained
against GFAP. Remaining cells (5%) could be immaturc glioblasts or
O2A progenitors, which are known to be unlabeled by GFAP antibodies
(Eng, 1985). The astrocytic cultures were devoid of microglial cells
because no staining was observed using anti-MAC 1.

Astrocytoneuronal cocultures and secondary cultures of striatal astrocytes.
After 19-21 d in culture, astrocytes were washed in PBS and incubated in
a trypsin-EDTA (0.05 and 0.02%, respectively) solution for 5 min at
37°C. Dissociated cells were harvested, and trypsin was saturated with
20% fetal calf serum. Astrocytes were washed, resuspended in the culture
medium, and then seeded onto 5-d-old cultured neurons or into sister
wells without neurons. For these secondary astrocytic cultures, the culture
medium consisted of a 1:1 mixture of DMEM and Ham’s F12 nutrient.
The astrocytoneuronal cocultures, as well as the secondary astrocytic
cultures, were cultured for an additional 24 hr period.

Neurotoxicity experiments

Cells were first washed with Krebs’ bicarbonate buffer (in mm): 124 NaCl,
3.5 KCl, 1.25 K,HPO,, 26.3 NaHCO;, 1.2 CaCl,, 1.2 MgSO, 10 HEPES,
11 glucose, previously equilibrated with 95% O,/5% CO, at 37°C, pH 7.4,
and preincubated for indicated times in the presence of different agents.
Cells were then incubated in the same buffer at 37°C in a humidified
atmosphere (92% air and 8% CO, for 30 min, except when otherwise
stated) in the presence of drugs. After the incubation period, cells were
washed with Krebs’ bicarbonate buffer and cultured for 24 hr in the initial
culture medium previously stored.

To obtain conditioned media, neurons or astrocytes were washed and
incubated for different times with either H,0, at the indicated concen-
trations or the control buffer. These incubation media were then collected
and added for 30 min onto other washed neuronal cultures. The viability
of the second cell cultures was assessed 24 hr later, two methods being
used for the quantification of the surviving neurons.

MTT colorimetric assay

This method is based on the reduction of the tetrazolium salt MTT
(3-[4.5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) into a blue
formazan product mainly by the mitochondrial enzyme succinate-
dehydrogenase (Denizot and Lang, 1986). Therefore, the amount of
formazan produced is proportional to the number of living cells. Briefly,
the culture medium was replaced by a solution of MTT (0.5 mg/ml) in
PBS supplemented with glucose (33 mm). After a 3 hr incubation at 37°C,
this solution was removed and the produced blue formazan was solubi-
lized in 1 ml of pure dimethyl sulfoxide. The optical density of the formed
blue formazan was estimated at 560 nm.
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Enzyme-linked immunosorbent assay of MAP-2

MAP-2 is a protein selectively localized in neuronal soma and dendrites
(Matus et al, 1981). Therefore, its immunoenzymatic determination
allows the distinction of neurons from astrocytes and thus the quantifi-
cation of neuronal survival, especially in cocultures. Enzyme-linked im-
munosorbent assay (ELISA) analysis was performed as described previ-
ously (Théry et al., 1991). After washing with warmed PBS, cells were first
fixed (1 hr at 4°C) with paraformaldehyde (4% in PBS, pH 7.4) and
washed twice with PBS containing glycine (0.1 M) and then twice with
PBS-Tween 20 (0.1%). Cells were then incubated (1 hr at 37°C) in
PBS-Tween supplemented with 10% fetal calf serum (buffer A) and after
washing, further incubated with mouse monoclonal anti-MAP-2 antibod-
ies (IgG1) diluted (1/4000) in buffer A. After extensive washing, cells
were finally incubated for 1 hr at 37°C with peroxidase-coupled goat-anti-
mouse IgG (1/3000 in buffer A). After washing, bound peroxidase was
visualized by incubating for 5 min at 37°C the cells with 0.04%
o-phenylenediamine and 0.012% H,0,, diluted in citrate buffer, pH 5.
The reaction was stopped by adding H,SO, to each well (final concen-
tration 0.3 N). Optical density was estimated at 490 nm, and nonspecific
binding (determined by substituting the buffer A for the anti-MAP-2
antibodies) was subtracted to obtain MAP-2-specific immunoreactivity.

Determination of H,O, concentration

The concentrations of H,O, remaining (or released) in the astrocytic or
neuronal media after various incubation periods were estimated with a
colorimetric assay. Conditioned media were centrifuged at 10,000 X g for
2 min, and 400 ul of the supernatants were added to 200 ul of 3,3'-
dimethoxybenzidine (2 mM) and 200 pl of horseradish peroxidase (240
1U/ml). 3,3'-Dimethoxybenzidine, which is colorless in its reduced form,
is oxidized in the presence of H,O, and peroxidase into a red-colored
product. Optical density was estimated at 500 nm. The concentrations of
H,0, in conditioned media were determined using standard solutions.

Assay for glutathione peroxidase activity and total glutathione

Neurons or astrocytes cultured in 100 mm petri dishes were washed in
PBS, collected in Versene, and centrifuged for 10 min at 200 X g. Cell
pellets were resuspended and homogenized in 50 ul of ice-cold lysing
buffer containing 50 mm Tris-HCI, pH 7.5, 3 mm EDTA, 100 uM
phenylmethyl-sulfonylfiuoride, and 1% Triton X-100. Samples were then
centrifuged for 6 min at 450,000 X g, and supernatants were finally stored
at —20°C before use. Glutathione peroxidase activity was determined
according to the method described by Flohé and Giinzler (1984). Briefly,
the following solution was preincubated for 10 min in the absence or
presence of 5 mM 3-amino-1,2,4-triazole (ATZ) or 0.3 mM diethyl mal-
cate (DEM): 50 mM phosphate buffer, pH 7.0, 0.5 mm EDTA, and 0.5 mM
sodium azide, cell supernatants (~20 ug proteins, Triton X-100 final
concentration: 0.005%), 0.24 IU/ml glutathione reductase, 1 mm gluta-
thione (GSH), and 0.15 mm B-nicotinamide adenine dinucleotide phos-
phate (NADPH). The overall reaction was started by adding 0.15 mMm
H,0,, and the change in absorbance of NADPH at 340 nm (€54, = 6220
1-mole™! - cm ') was monitored for 5 min. The nonenzymatic reaction
rate, assessed by replacing the cell supernatant by buffer, was subtracted
from the observed rate. The activity was expressed in nmoles of H,O,
consumed/min/mg of protein contained in the sample, which was equiv-
alent to the NADPH consumption.

To determine the total content of glutathione, cell pellets were treated
by adding 100 ul of 1 M perchloric acid containing 2 mM EDTA. Acid
extracts were then centrifuged at 12,000 X g for 5 min to remove proteins,
and supernatants were neutralized with a solution containing 2 M KOH
and 0.3 M N-morpholinopropanesulfonic acid. Finally, glutathione con-
tent was determined according to the method of Tietze (1969).

Assay for catalase activity

Catalase activity was estimated by the method of Aebi (1984). Samples,
prepared as described above, were diluted (1/100) in 50 mM phosphate
buffer, pH 7.0. Six hundred microliters of this solution (~12 ug proteins)
were added to 300 ul of buffer containing 30 mm H,0,, and the decom-
position of H,O, was directly estimated by the decrease in absorbance at
240 nm (€545 = 39.4 1+ mole™ ' - cm™ 1), recorded for 2 min in the absence
or presence of 5 mm ATZ or 0.3 mM DEM. The kinetics of the catalase
reaction does not follow the normal pattern because it is not possible to
saturate the enzyme with the substrate within the feasible concentration
range (up to 5 M H,0,). Therefore, the catalase-induced decomposition
of H,0, apparently follows first-order kinetics (Aebi, 1984). For this
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reason, the specific activity of the enzyme was expressed as the first-order
rate constant, k, divided by the weight of protein (min™! - mg™" protein).
The constant k was calculated by dividing the initial slope ([H,O,]
decrease/min) by the initial concentration of H,0, (10 mm).

Protein concentration was estimated by the method of Bradford (1976).

RESULTS

Kinetic characteristics of the

H,0,-induced neurotoxicity

As previously observed with cultured cortical neurons (Théry et
al., 1991; Whittemore et al., 1994), the 30 min exposure of striatal
neurons to H,0, led to a concentration-dependent (10-1000 um)
decrease of cell viability as estimated 24 hr later. The potency and
efficacy of the H,O,-induced toxicity were identical, regardless of
the method used to estimate the neuronal survival of pure culture
of striatal neurons [i.e., MTT assay or an ELISA with antibodies
directed against an antigen located in neurons (MAP-2)] (Fig. 1).

After a 30 min exposure to 100 um H,O,, the neuronal survival
was 45 = 7% of the control (mean = SD obtained from 24
independent experiments performed in triplicate). Increasing the
time of exposure of the striatal neurons to 100 uM H,O, progres-
sively decreased the cell viability as estimated 24 hr later (Fig. 1).

The toxic effect of 100 um H,O, was totally prevented by
catalase (200 IU/ml) or glutathione peroxidase (5 IU/ml in the
presence of 500 uM reduced glutathione), but not by superoxide
dismutase (500 IU/ml) (Table 1)

H,0, has been shown to increase the release of p-[*H]aspartate
from cortical synaptosomes (Gilman et al., 1994). Therefore, the
neurotoxic effect of H,O, could indirectly be mediated by an
excitotoxic amino acid. However, in contrast to that observed with
12-d-old neurons (Marin et al., 1994), the 30 min exposure of
6-d-old striatal neurons (identical to those used in the present
study) to glutamate (up to 200 um) induced <15% of cell death as
estimated 24 hr later (our unpublished observations). Moreover,
the H,0O,-induced neurotoxicity was not prevented by the gluta-
mate ionotropic receptor antagonists APV (1 mm) and DNQX (10
puM) (Table 2).

Respective roles of catalase and glutathione
peroxidase in the modulation of the

H,0,-induced neurotoxicity

Enzymatic and nonenzymatic processes can contribute to the
degradation of H,O,. Catalase and glutathione peroxidase are
responsible for the enzymatic clearance of H,O, (Coyle and
Puttfarcken, 1993; Makino et al., 1994). Therefore, the ability of
striatal neurons to remove H,O, and the respective roles of these
enzymes in this process were successively determined.

Cultured striatal neurons (4 X 10° cells seeded per well corre-
sponding to ~20 ug proteins) were preincubated for increasing
times with 100 um H,O,. The incubating medium corresponding
to each incubating period was then transferred onto other striatal
neurons for an additional 30 min incubation. In each case, the cell
survival of this second neuronal culture was then estimated 24 hr
later. In fact, increasing the preincubation time of neurons in the
presence of H,O, decreased the neurotoxic effect of the corre-
sponding conditioned media (Fig. 2), probably reflecting a decline
in the extracellular level of the oxidant. Indeed, the concentration
of H,0, remaining in each conditioned medium progressively
decreased with increasing preincubation times, demonstrating the
clearance of extracellular H,O, by neurons (Fig. 2). It must be
noted that the spontaneous degradation rate of 100 um H,O, in
the incubation buffer was <1% after 1 hr at 37°C.

As estimated after a 15 min preincubation, the capacity of
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Figure 1. Kinetic characteristics of the neurotoxic effect of H,0,. Top,
Primary cultures of striatal neurons were exposed for 30 min to increasing
concentrations of H,O,. Neuronal survival was estimated 24 hr later using
both the MTT colorimetric assay and an ELISA with anti-MAP-2 anti-
bodies. Data are the mean * SEM of triplicate determinations obtained in
a typical experiment representative of three independent experiments
performed with different cultures. Bottom, Neurons were incubated for
increasing times with 100 um H,O,, and neuronal survival was estimated
with the MTT colorimetric assay 24 hr later. Data are the mean + SEM
of three independent experiments performed in triplicate. Results are
expressed as the percentage of surviving neurons compared with control
cultures not treated with H,O,. When not visible, the sizes of the error
bars are less than those of the symbols.

striatal neurons to remove external H,O, (100 um) was 46 + 6
nmoles/mg protein/min (mean value = SD of three independent
experiments performed in triplicate).

The effects of inhibitors of catalase or glutathione peroxidase
were then examined to distinguish the respective contributions of
these hydrogen peroxidase activities in the clearance of H,0,.
ATZ has been shown to irreversibly inactivate catalase (Schon-
baum and Chance, 1976). Because specific inhibitors of glutathi-
one peroxidase are not yet available, DEM is generally used to
indirectly decrease the activity of glutathione peroxidase. In fact,
DEM depletes glutathione from the cells via a reaction catalyzed
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Table 1. Catalase and glutathione peroxidase but not superoxide
dismutase prevented H,0,-induced neurotoxicity

Neuronal survival

Treatment (% of control)
H;0, 56 £5
H,0, + SOD 551
H,0, + catalase 931
H,0O, + GPx + GSH 100 =9

Striatal neurons were exposed to 100 um H,O, for 30 min in the absence or presence
of superoxide dismutase (SOD, 500 IU/ml), catalase (200 IU/ml), or glutathione
peroxidase (GPx, 5 TU/ml) with 500 pMm reduced glutathione (GSH). Neuronal
survival was estimated 24 hr later with the MTT colorimetric assay. Neither SOD,
catalase, nor GPx + GSH significantly changed neuronal survival in the absence of
H,0,. Results are expressed as the percentage of surviving neurons compared with
control cultures not treated with H,O,. Values are the means * SD of data obtained
in two independent experiments performed in triplicate.

by glutathione S-transferase (Plummer et al., 1981; Meister,
1988). As expected, 0.3 mmM DEM did not directly inhibit the
activity of glutathione peroxidase in homogenates of striatal neu-
rons (Table 3), but effectively decreased by 70% the neuronal
content of glutathione (Table 3). In addition, we verified that 5
mM ATZ did inhibit (by 86%) the activity of catalase in neuronal
homogenates and altered neither the activity of glutathione per-
oxidase nor the neuronal content of glutathione (Table 3).

The neurotoxicity of increasing concentrations of H,O, was
estimated in the absence or presence of either 5 mm ATZ or 0.3
mM DEM. The inhibition of glutathione peroxidase by DEM
increased the H,O, toxicity. Indeed, after a 30 min incubation of
neurons with 10 um H,O,, no significant cell death was observed,
whereas in DEM-treated neurons, a 35% decrease in the cell
viability was detected (Fig. 2). In addition, DEM enhanced the
neurotoxicity induced by higher concentrations of H,O, (up to
100 um) (Fig. 2). On the contrary, even in the presence of DEM,
ATZ did not alter the H,0,-induced neurotoxicity (Fig. 2).

As expected, for an initial added concentration of 20 uM, the
level of H,O, remaining in the external medium after a 45 min
incubation was doubled (5-10 um) when striatal neurons were
pretreated with DEM, but a pretreatment by ATZ was ineffective.

Therefore, in our culture conditions, the neuronal defense
against H,O, toxicity appears to be mediated primarily by
glutathione peroxidase. This conclusion was further confirmed
by experiments in which H,O, was endogenously produced
using menadione (2-methyl-1,4-naphthoquinone). Indeed, via
the redox cycling of quinonoid drugs, menadione leads to the
formation of superoxide anions whose enzymatic or spontane-

Table 2. Lack of protection of glutamate ionotropic receptor
antagonists against H,0O,-induced neurotoxicity

Neuronal survival

Treatment (% of control)
H,0, 42+2
H,0, + APV 42+ 1
H,0, + DNQX 37+1
H,0, + APV + DNOX 35+2

Pure neuronal cultures were preincubated for 30 min with the competitive NMDA
receptor antagonist APV (1 mm) or the AMPA receptor antagonist DNQX (10 um),
or both, and then incubated for 30 min with 100 uM H,0, in either the absence or
presence of the antagonists. Neuronal survival was estimated 24 hr later using the
MTT colorimetric assay. Results are the means + SEM of triplicate determinations
obtained in a typical experiment representative of three experiments performed with
different cultures.
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Figure 2. Neuronal enzymatic activities involved in the protection
against H,O,-induced toxicity. Top, Cultured striatal neurons were
preincubated for increasing times (Preincubation time) with 100 um
H,0,. Conditioned media, corresponding to each preincubation time,
were then collected and transferred onto another neuronal culture for
a 30 min incubation. Control (Ctrl) refers to a medium conditioned for
45 min without H,0,. Neuronal survival of the second culture was
estimated 24 hr later using the MTT colorimetric assay. In the pre-
sented experiment, each well contained 17.5 ug proteins. Remaining
concentrations of H,O, (uM) estimated in the conditioned medium
corresponding to each preincubation time are indicated above the bars;
ND, Nondetectable. *p < 0.01; significantly different from the neuronal
survival value obtained with unconditioned medium referred to as the
0 time of preincubation (ANOVA followed by Dunnett’s test). Boitom,
Striatal neurons were preincubated for 1 hr without (Control) or with
the hydrogen peroxidases inhibitors (5 mm A7Z, 0.3 mm DEM, or both)
and then further incubated for 30 min with increasing concentrations of
H,0, in either the presence or the absence of the inhibitors. Neuronal
survival was estimated 24 hr later using the MTT colorimetric assay.
For simplification and clarity, only the curves for Control and DEM are
shown. *p < 0.01; significantly different from the corresponding values
determined in the absence of inhibitors (ANOVA followed by Dun-
nett’s test). Results are expressed as the percentage of surviving neu-
rons compared with control cultures not treated with H,0,. Data are
the mean = SEM of triplicate determinations obtained in a typical
experiment representative of three experiments performed with differ-
ent cultures. When not visible, the sizes of the error bars are less than
those of the symbols.
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Table 3. Glutathione cell content and catalase and glutathione
peroxidase activities in homogenates from striatal neurons or
astrocytes

Treatment Astrocytes Neurons
Catalase activity: k (min~' - mg~"' protein)
Control 19.5 £ 4.0 4303
DEM 18.6 = 2.7 47+03
ATZ 1.8 +1.1* 0.6 = 0.1*
Glutathione peroxidase activity
(nmol H,0, /min~! - mg~! protein)
Control 1037 23+3
DEM 84 £7 25%2
ATZ 104 £5 24 +3
Glutathione content (nmol/mg protein)
Control 18+2 33x2
DEM 321> 10 = 2*
ATZ 201 315

Catalase and glutathione peroxidase activities and glutathione cell content were
assayed and cxpressed as indicated in Materials and Methods in the abscnce or
presence of 5 mm ATZ or 0.3 mm DEM. Values are the means = SD of two
independent experiments perfomed in triplicate. *p < 0.05; significantly different
from the corresponding control value (ANOVA followed by Dunnett’s test).

ous dismutation is responsible for H,O, formation (Thor et al.,
1982; White and Clark, 1988). In fact, a 30 min incubation of
striatal neurons with increasing concentrations of menadione
induced a progressive cell death (Fig. 3). Consistent with the
major role of glutathione peroxidase, when menadione was
used at its threshold effective concentration (20 um), its neu-
rotoxic effect was unmasked in the presence of 0.3 mm DEM,
and an accumulation of H,O, was detected in the extracellular
medium (Fig. 4). This latter observation probably reflects the
occurrence of an important intracellular production of H,O,
taking into account the very high difference between the intra-
and extracellular volumes. In contrast, 5 mm ATZ ncither
significantly unmasked the neurotoxic effect of the threshold
concentration of menadione nor induced any H,O, accumula-
tion in the extracellular medium (Fig. 4).

Protective role of striatal astrocytes against
H,0,-induced neurotoxicity

To look for a putative neuroprotective role of astrocytes against
H,0,, the neurotoxicity of H,0, was assessed using astrocytoneu-
ronal cocultures. Preliminary experiments indicated that the via-
bility of striatal astrocytes is not affected 24 hr after a 1 hr
exposure of these cells to H,O, (up to 1 mm) (not shown).

In striatal cocultures, the neuronal survival was determined
using an ELISA with antibodies directed against an antigen se-
lectively located in neurons (MAP-2). Compared with that ob-
served on a pure neuronal population, the neurotoxic effects of 30
and 100 um H,O, were respectively suppressed and markedly
decreased in astrocytoneuronal cocultures made up of 5 X 10*
astrocytes per 4 X 10° neurons plated per well (Fig. 5).

The protective effect of astrocytes depended on their seeding
density (Table 4). Under the culture conditions used, ~40% of
the seeded neurons died during the first 6 d in culture (Birman et
al., 1989). It can thus be calculated that a significant neuropro-
tection is detectable for 1 astrocyte to ~20 neurons (1:20) present
at the time of the experiment (Table 4). On the contrary, neurons
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Figure 3. Neurotoxic effects of menadione. Primary culturcs of striatal
neurons were incubated for 30 min with increasing concentrations of
menadione. Neuronal survival was measured 24 hr later using the MTT
colorimetric assay. Results are expressed as thc percentage of surviving
neurons compared with control cultures not treated with menadione. Data
are the mean = SD of two experiments performed in triplicate.

did not seem to protect each other because the toxic effect of 100
uM H,0, was not significantly changed at any neuronal seeding
density tested (2-6 X 10° cells per well) (Table 4).

Further revealing the prominent protective role of astrocytes,
the neurotoxic effect of astrocytic-conditioned media, obtained by
preincubating 100 uM H,0, with astrocytes (5 X 10* cells per well
corresponding to 6 ug proteins), rapidly decreased when these
cells were preincubated for increasing times (Fig. 6). This proba-
bly reflects the clearance of H,O, by astrocytes, as indicated by
the concomitant decrease of H,O, concentrations in the condi-
tioned media (Fig. 6). When the neurotoxic effects of the concen-
trations of H,O, remaining in the astrocytic-conditioned media
were compared with those induced by various concentrations of
H,0, directly added to neurons, no significant difference could be
observed (Fig. 6). This suggests that the protective effect of
astrocytes is mainly related to their intrinsic capacity to remove
H,0, and not to a possible release of compounds that could
protect neurons against H,O,-induced toxicity.

To confirm the latter conclusion, we tested the neurotoxic
effects of increasing concentrations of H,O, added to three dif-
ferent incubating media: (1) the fresh incubating standard buffer;
(2) a conditioned medium obtained by preincubating astrocytes
with 100 uM H,O, for 2 hr to completely remove the oxidant (the
remaining H,O, concentration was <1 pm); and (3) a medium
conditioned with astrocytes for 2 hr without H,O, (Fig. 7). If
astrocytes released a neuroprotective compound either spontane-
ously or in the presence of H,O,, the neurotoxic effect of H,O,
should be decreased when tested in an astrocytic-conditioned
medium. As shown in Figure 7, this was not the case, and this
further supports the conclusion that the neuroprotective effect of
astrocytes is mainly attributable to their capacity to clear external
H,0..

As estimated at the end of a 15 min incubation, the capacity of
striatal astrocytes (5 X 10* per well) to remove external H,O, (100
uM) was 317 = 27 nmoles/mg protein/min (mean * SD of three
independent experiments performed in triplicate), which is ap-
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Figure 4. Modulation by hydrogen peroxidase inhibitors of the effects of
menadione. Neurons were preincubated for 1 hr with either 5 mM ATZ or
0.3 mMm DEM alone and then further incubated for 30 min with 20 um
menadione in either the absence or the presence of the inhibitors. Top,
Neuronal survival was estimated 24 hr later using the MTT colorimetric
assay. Results are expressed as the percentage of surviving neurons com-
pared with control cultures not treated with menadione. Bottom, Concen-
trations of H,0, (uMm) in the different incubation media were estimated at
the end of the 30 min incubation with menadione. H,O, was not detect-
able in the medium of neurons incubated in the absence of menadione
(not shown). Data are the mean * SD of two independent experiments
performed in triplicate. *p < 0.01; significantly different from the neuronal
survival, or the H,O, concentration present in the incubation medium, of
neurons incubated with 20 uM menadione in the absence of inhibitors
(ANOVA followed by Dunnett’s test).

proximately sevenfold higher than that measured with neuronal
cultures. This observation is in accordance with the higher activ-
ities of catalase and glutathione peroxidase in homogenates from
astrocytes than from neurons (Table 3). Indeed, these enzymatic
activities were 4.5-fold higher in astrocytic than in neuronal ho-
mogenates, but this may not reflect the hydrogen peroxidase
activities in the living cells. In fact, the content of glutathione was
approximately twofold lower in astrocytes than in neurons (Table
3), likely leading to a reduced glutathione peroxidase activity in
astrocytes. This difference in glutathione content could be related
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Figure 5. Protective effect of astrocytes cocultured with neurons on
H,O,-induced neurotoxicity. Either pure cultures of neurons or a cocul-
ture consisting of 5 X 10° astrocytes and 4 X 10° neurons per well (see
Materials and Methods) were exposed for 30 min to increasing concen-
trations of H,0,. Neuronal survival was estimated 24 hr later using an
ELISA with anti-MAP-2 antibodies. Results are expressed as the percent-
age of surviving neurons estimated in each experimental condition (in
either the absence or the presence of astrocytes) in the absence of H,0,.
An 18% increase of the MAP-2 content was observed when neurons were
cocultured with astrocytes (not shown). Data are the mean + SEM of
three independent experiments performed in triplicate. *p < 0.05; signif-
icantly different from the corresponding values determined on pure cul-
tures of neurons (unpaired Student’s 7 test).

to the different compositions of the media used for the astrocytic
and neuronal cultures. Supporting this statement, when astrocytes
were cultured for the last 6 d in a medium similar to that of
neurons, their content in glutathione increased, reaching a value
(43 nmoles/mg protein) higher than that of neurons. Nevertheless,
the activities of catalase and glutathione peroxidase in homoge-

Table 4. H,0,-induced neurotoxicity in the presence of different
densities of astrocytes or neurons

Number of astrocytes (X 107%)

cocultured with 4 X 10° neurons Neuronal survival

per well (% of control)
0 53x7
12,5 70 + 1%
25 81+ 1*
50 85 + 4%
100 97 + 1%

Number of neurons (X 107%) per well (without Neuronal survival

astrocytes) (% of control)
200 416
400 45+ 6
600 44+ 5

Astrocytoneuronal cocultures or pure neuronal cultures were incubated for 30 min
with 100 um H,O,. Neuronal survival was estimated 24 hr later using an ELISA with
anti-MAP?2 antibodies for cocultures or the MTT colorimetric assay for pure cul-
tures. Data are the means = SEM of three independent experiments performed in
triplicate. *p < 0.01; significantly different from the corresponding values determined
on pure cultures of neurons (4 X 10° neurons) (ANOVA followed by Dunnett’s test).
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Figure 6. Clearance of H,0, by astrocytes. Top, Cultured striatal astro-
cytes were preincubated for increasing times in the presence of 100 um
H,0,. Conditioned media, corresponding to each preincubation time,
were then collected and transferred onto a primary neuronal culture for a
30 min incubation. Remaining concentrations (uM) of H,O, in each
conditioned medium are indicated above the bars. ND, Nondetectable.
Control (Ctrl) refers to the medium conditioned in the absence of added
H,O,. Neuronal survival was estimated 24 hr later using the MTT color-
imetric assay. Compared with results obtained with the control uncondi-
tioned medium, the astrocytic-conditioned medium obtained after a 45
min incubation in the absence of H,O, did not alter neuronal survival as
estimated 24 hr later (not shown). *p < 0.01; significantly different from
the neuronal survival value obtained with unconditioned medium referred
to as the 0 time of preincubation (ANOVA followed by Dunnett’s test).
The bottom of the figure is partially derived from the top. The neurotox-
icity induced by increasing concentrations of H,O, added directly to
neurons was compared with that observed in a sister culture that received
the astrocytic-conditioned media (described above). In both cases, neuro-
nal survival was plotted as the function of either the concentrations of
H,0, directly added or the remaining concentrations of H,O, in the
conditioned media (at the end of each indicated time of preincubation
with 100 um H,0,). Results are expressed as the percentage of surviving
neurons compared with control cultures not treated with H,O,. Data are
the mean * SEM of triplicate determinations obtained in a typical
experiment representative of two experiments performed with different
cultures.
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Figure 7. A putative protective compound released from astrocytes does
not seem to be involved in the protecting cffect of these cells against the
H,0,-induced neurotoxicity. The neurotoxicity induced by increasing con-
centrations of H,0, directly added to neurons was tested in three exper-
imental conditions: using a fresh incubating buffer (FIB) or conditioned
media obtained by preincubating astrocytes for 2 hr with the incubating
buffer initially enriched (CM-H202), or not (CM) with 100 um H,O,. We
verified that the remaining concentration of H,O, present in the condi-
tioned medium (CM-H,0,) was <1 uM. Neurons were incubated for 30
min with these incubating media in which increasing concentrations of
H,0, were added. Neuronal survival was estimated 24 hr later using the
MTT colorimetric assay. Results are expressed as the percentage of
surviving neurons compared with control cultures not treated with H,O,.
Data are the mean * SD of two independent experiments performed in
triplicate.

nates from these astrocytes did not significantly change (21.3 =+
1.9min~" - mg™! protein and 104 = 1 nmol H,O,/min/mg protein,
respectively). Finally, as expected, when astrocytes were cultured
in the neuronal medium, the inhibiting effect of DEM pretreat-
ment on their capacity to clear extracellular H,O, was increased,
but it still remained significantly lower than that of ATZ (not
shown).

Respective roles of catalase and glutathione
peroxidase in the protective effects of astrocytes
against the H,0,-induced neurotoxicity

The respective contributions of catalase and glutathione peroxi-
dase in the capacity of striatal astrocytes to clear H,O, from the
extracellular medium were determined using a pharmacological
strategy similar to that selected for neurons. Indeed, 5 mm ATZ
induced a 91% inhibition of catalase activity in the astrocytic
homogenates, but modified neither the activity of glutathione
peroxidase nor the cell content of glutathione (Table 3). In
addition, 0.3 mm DEM did not significantly alter the activity of
glutathione peroxidase, but it decreased the astrocytic content of
glutathione by 83% (Table 3).

The viability of striatal neurons was only slightly reduced when
these cells were exposed for 30 min to a conditioned medium
obtained by preincubating for 45 min astrocytes with 100 um
H,0, (Fig. 8). However, when astrocytes were pretreated with 5
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Figure 8. Catalase is involved in the protecting effect of astrocytes against
the H,0O,-induced neurotoxicity. Top, Primary cultures of striatal neurons
were exposed for 30 min either to a 100 um H,O, solution without (H202)
or with 5 mm ATZ (H202 + ATZ) or to astrocytic-conditioned media.
These media were obtained by preincubating for 4 hr the astrocytes with
either the control buffer or the buffer enriched with 5 mm ATZ, and then
by incubating the cells for 45 min with 100 uM H,O, in the absence
(H202) or the presence of S mM ATZ. Neuronal survival was estimated 24
hr later using the MTT colorimetric assay. Results are expressed as the
percentage of surviving neurons compared with control cultures not
treated with H,O, (Ctrl). Bottom, Cultured astrocytes were preincubated
for 4 hr with either the control buffer or S mm ATZ, 0.3 mm DEM, or both,
and then incubated for 45 min with 100 uM H,O, in cither the absence
(Ctrl) or the presence of ATZ and/or DEM (ATZ+DEM). Conditioned
media were then collected, and remaining H,O, concentrations were
estimated in each experimental condition. *p < 0.05; significantly different
from the value determined in the presence of H,O, and in the absence of
inhibitors (ANOVA followed by Dunnett’s test). Data are the mean =
SEM of three independent experiments performed in triplicate.

mM ATZ, the neurotoxic effect of the astrocytic-conditioned me-
dium was largely increased (Fig. 8). Additional experiments in
which the remaining concentrations of H,O, were estimated after
a 45 min incubation of the astrocytes initially exposed to 100 um
H,O, further supported this conclusion. Indeed, 5 mm ATZ
strongly decreased the clearance of H,O, by astrocytes, whereas
only a slight effect could be observed with the glutathione perox-

Desagher et al. » Astrocytes and Hydrogen Peroxide-Induced Neurotoxicity

idase inhibitor DEM (Fig. 8). Together, these results suggest that
most of the hydrogen peroxidase activity in astrocytes is attribut-
able to catalase, in the culture conditions used.

DISCUSSION

H,0, originates from the enzymatic or spontaneous dismutation
of superoxide anions, which are the byproducts of a wide and
ubiquitous variety of oxidases (Cross and Jones, 1991). H,O, has
been known for a long time to be toxic for numerous cell types
(Kim and Kim, 1991; Byler et al., 1994; Cantoni et al., 1994; Clapp
et al,, 1994). Because of its high membrane permeability (Halli-
well, 1992; Makino et al, 1994), intracellularly formed H,O,
could induce its deleterious effects not only within its cell of
origin, but also in neighboring cells. Recent reports indicate that
neurons are particularly vulnerable to this mild oxidizing agent
(Théry et al,, 1991; Buckman et al., 1993; Behl et al., 1994;
Whittemore et al., 1994). Because astrocytes contain high concen-
trations of antioxidant/antioxidant enzymes (Raps et al., 1989;
Sagara et al., 1993; Makar et al., 1994), these cells could protect
neurons from oxidative stress. This was demonstrated in the
present study using cultured astrocytes and neurons from the
mouse striatum. Indeed, because of their high hydrogen peroxi-
dase activity, astrocytes were shown to protect neurons against the
toxicity of exogenous H,0O,.

H,0, induced the cell death of cultured striatal neurons in a
range of concentrations similar to that observed for neurons from
the cerebral cortex (Théry et al., 1991; Whittemore et al., 1994),
In our experimental conditions, when applied onto a pure culture
of striatal neurons, 100 uM H,O, induced an ~55% decrease in
the survival of these cells. However, at the same concentration,
H,0O, was almost devoid of neurotoxic effect on striatal neurons
cocultured for 24 hr with astrocytes. This neuroprotective effect of
astrocytes was observed for concentrations of H,O, (30-100 um)
that can be reached during reperfusion of the ischemic rat stria-
tum (Hyslop et al., 1995), and it could be estimated that only one
astrocyte has the capacity to significantly protect 20 neurons
against the toxicity induced by the 30 min application of 100 pm
H,0,. As expected, this prominent astrocytic neuroprotection
increased with the astrocytes/neurons ratio.

Several observations suggest that astrocytes protect neurons
mainly by removing H,O, from the external medium and not by
releasing a possible neuroprotective compound. (1) The clearance
capacity of astrocytes for H,O, is particularly high because the
rate of H,0, disappearance from the astrocytic extracellular me-
dium was sevenfold higher than from the neuronal incubating
medium. (2) The attenuation of the toxic effects of the astrocytic-
conditioned media observed when astrocytes were incubated for
increasing times with 100 uM H,O, was in perfect correlation with
the expected toxicity of the respective remaining concentrations of
the oxidant. (3) Finally, the neurotoxic effects of various concen-
trations of H,0, directly added to the striatal neurons were
identical when they were tested using either a fresh unconditioned
medium or astrocytic-conditioned media.

Catalase seems to be the main hydrogen peroxidase activity
involved in the neuroprotective effect of astrocytes. Indeed, the
inhibition of this enzyme, but not that of glutathione peroxidase,
reduced the rate of H,O, degradation by astrocytes. In addition,
as estimated in cell homogenates, the activity of catalase was
4.5-fold higher in astrocytes than in neurons.

The size and shape of astrocytes could facilitate the catalase-
induced degradation of H,O, by these cells. Indeed, in contrast to
the neuronal cell bodies, which are small and rather spherical,
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astrocytes are much larger and spread out, forming a thin mono-
layer. Therefore, because of the surface/volume ratio, which is
much higher for astrocytes than for neurons, H,0O, should more
rapidly diffuse into astrocytes and thus reach a higher concentra-
tion in these cells than in neurons. Moreover, because H,0,
decomposition by catalase is a first-order reaction, the rate of
H,0, disappearance is always proportional to the concentration
of H,0, in the cell (Aebi, 1984). Hence, the degradation of H,O,
by catalase should be further enhanced in astrocytes than in
neurons. Finally, according to Harris and Rosenberg (1993), a
physical sequestering of sensitive neuronal regions by astrocytes
may facilitate the protection of neurons against glutamate toxicity.
If such a cellular organization also occurs in our astrocytoneuro-
nal cocultures, this should further reinforce the capacity of astro-
cytes to protect neurons.

As observed with catalase, the activity of glutathione perox-
idase was also 4.5-fold higher in astrocytic than in neuronal
homogenates. Nevertheless, the depletion of glutathione by the
DEM pretreatment did not significantly alter the rate of H,O,
degradation by astrocytes. This apparent contradiction may
result from the particular kinetic characteristics of glutathione
peroxidase, which can be saturated by H,O, but not by gluta-
thione (Wendel, 1981). According to Makino et al. (1994), in
fibroblasts, the activity of glutathione peroxidase is close to
saturation at 100 um H,O,, the concentration used in most of
our experiments. Therefore, in our experimental conditions,
the rate of H,O, degradation by glutathione peroxidase should
be more dependent on the concentration of glutathione than
on that of H,O,. Interestingly, in our culture conditions, the
content of glutathione in astrocytes was approximately twofold
lower than that found in neurons. This could explain, at least
partially, why the DEM-induced depletion of glutathione had a
lower impact on the rate of H,O, degradation by glutathione
peroxidase in astrocytes than in neurons. Interestingly, when
astrocytes were cultured in the neuronal medium for the last 6
d, their content in glutathione reached the same range of that
found in neurons, but the activities of catalase and glutathione
peroxidase in these cells did not change. In this condition, the
inhibitory effect of DEM on H,0, degradation was substantial,
but nevertheless, it remained lower than that of ATZ and thus
catalase was still the main hydrogen peroxidase involved in the
degradation of H,O, by astrocytes. However, the latter obser-
vations suggest that modifications in the astrocyte environment
can influence their glutathione content and therefore their
protective effect against the H,O,-induced neurotoxicity.

In contrast to that found with astrocytes, glutathione peroxidase
appears to be the main hydrogen peroxidase activity involved in
the neuronal defense against H,O, toxicity. Indeed, the inhibition
of the activity of glutathione peroxidase, but not that of catalase,
strongly aggravated the toxicity of H,O,, the oxidant being either
added to the incubation medium or endogenously produced from
menadione metabolism. Moreover, when neurons were incubated
with menadione, H,0, accumulated into the incubation medium
only after the inhibition of glutathione peroxidase. Therefore, this
enzymatic activity very likely ensures the protection of each neu-
ron by reducing its intracellular concentration of H,O,. However,
when compared with astrocytes, the much lower (sevenfold) ca-
pacity of neurons to clear H,O, from the external medium sug-
gests that the neuronal activity of glutathione peroxidase is too
low to reduce to a large extent the extracellular concentration of
added H,O, and thus to protect neighboring neurons. This inter-
pretation is also supported by additional results indicating that the
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H,0,-induced neurotoxicity is not affected when the neuronal
density is increased.

Because catalase follows first-order reaction kinetics, its mar-
ginal contribution to the neuronal protection against H,O, could
indicate that the intracellular concentration of H,O, in neurons is
maintained at a low level in the experimental conditions used.
This could result from the high content of glutathione in neurons,
which leads to a higher rate of H,O, degradation by glutathione
peroxidase. The respective subcellular locations of catalase and
glutathione peroxidase could reinforce this process. Indeed, glu-
tathione peroxidase is located in cytosol and in mitochondria
(Flohé and Schlegel, 1971), whereas catalase is located predomi-
nantly in peroxisomes (Gaunt and DeDuve, 1976). Therefore, in
neurons, the interaction of H,O, with glutathione peroxidase and
glutathione very likely may intervene before the interaction with
catalase. However, because of the flat shape of astrocytes, the
consequences of this enzymatic subcellular compartmentalization
should be more limited in these cells.

Despite the prominent protecting roles of catalase and gluta-
thione peroxidase in astrocytes and in neurons, respectively, the
simultaneous inhibition of these hydrogen peroxidase activities
did not completely suppress the clearance of H,Q, in either cell
type. Therefore, a nonenzymatic process, such as the Fenton
reaction (Fenton, 1894), could also contribute to the disappear-
ance of H,0O,. Indeed, this reaction leads to the formation of
hydroxyl radicals, which are probably responsible for the neuro-
toxic effects of H,O, (Olanow, 1993).

In conclusion, our results demonstrate the protective role of
astrocytes against H,O, neurotoxicity. This provides an additional
example of the neuroprotective properties of astrocytes. For in-
stance, astrocytes have already been shown to protect neurons
against glutamate toxicity (Rosenberg and Aizenman, 1989). In
both cases, the protecting effect of astrocytes is linked to their
capacity to remove the compound responsible for the neuronal
death from the extracellular space (Rosenberg, 1991; Dugan et al.,
1995). As proposed by Harris and Rosenberg (1993) based on
experiments performed with glutamate, the cellular organization
should be of particular importance because astrocytes form a
physical buffer allowing the interception of H,O, before its inter-
action with neurons.

Because of their neuroprotective effect against H,O,, astrocytes
could delay neurodegenerative processes such as Parkinson’s dis-
ease and Alzheimer’s disease, in which H,O, has been, at least
partially, demonstrated to be involved. Indeed, as proposed pre-
viously (Olanow, 1993), as a result of dopamine oxidation by
monoamine oxidase, H,O, could be generated within the nigro-
striatal dopaminergic neurons whose degeneration is responsible
mainly for Parkinson’s disease. Astrocytes could also contribute to
the development of Alzheimer’s disease because H,O, is an
important intermediate in the B-amyloid protein-induced neuro-
toxicity (Behl et al., 1994).
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