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This work addresses the differential effects of several
oxidative insults on two neuronal cell lines, PC12 and
Neuro 2a cells, extensively used as neuronal models in
vitro. We measured cellular damage using the cyto-
toxic assays for MTT reduction and LDH release and
found that acetylcholinesterase (AChE)–amyloid–b-
peptide (Ab) complexes, Ab25–35 fragment, glutamate
and H2O2 were over 200-fold more toxic to PC12 than
to Neuro 2a cells. 17a and 17b estradiol were able to
protect both cell types from damage caused by H2O2

or glutamate. By contrast, other insults not related to
oxidative stress, such as those caused by the nonionic
detergent Triton X-100 and serum deprivation, in-
duced a similar level of damage in both PC12 and
Neuro 2a cells. Considering that the Ab peptide, H2O2

and glutamate are cellular insults that cause an
increase in reactive oxygen species (ROS), the intracel-
lular levels of the antioxidant compound, glutathione
were verified. Neuro 2a cells were found to have 4- to
5-fold more glutathione than PC12 cells. Our results
suggest that Neuro 2a cells are less susceptible to
exposure to AChE–Ab complexes, Ab25–35 fragment,
glutamate and H2O2 than PC12 cells, due to higher
intracellular levels of antioxidant defense factors. J.
Neurosci. Res. 56:620–631, 1999.r 1999 Wiley-Liss, Inc.
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INTRODUCTION
Oxidative stress may contribute to the neuronal

degeneration observed in a wide variety of neurodegener-
ative disorders of the central nervous system, such as
Alzheimer’s disease, Parkinson’s disease, and amyotro-
phic lateral sclerosis, and in pathological conditions such
as ischemia and traumatic brain injury (Halliwell, 1992;

Coyle and Puttfarcken, 1993; Olanow, 1993; Markesbery,
1997). The particular vulnerability of the brain to oxida-
tive stress could be related to its high rate of oxygen
consumption, being oxidative damage particularly detri-
mental to nondividing cells like neurons. The reduction of
molecular oxygen to water during the course of oxidative-
phosphorylation involves the formation of ROS, includ-
ing hydrogen peroxide (H2O2), superoxide anions (O2· 2),
and hydroxyl radicals (OH·). Oxidative stress arises when
the production of ROS exceeds the rate of consumption
by cellular antioxidants, leading to the peroxidation of
proteins and lipids that results in deleterious cellular
effects (Olanow, 1993; Smith et al., 1996). The neuro-
toxic efficiency of each of the oxygen species varies
according to the experimental model used and also
depends on the antioxidant capacity of the cellular
system, which comprises antioxidant enzymes such as
GSH-Px, catalase, and superoxide dismutase, as well as
nonenzymatic factors such as vitamins E and C,b-caro-
tene and GSH. It is generally accepted that the enzymes
catalase (H2O2 oxidoreductase: EC 1.11.1.6) and glutathi-
one peroxidase (H2O2 glutathione oxidoreductase: EC
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1.11.1.9) participate in the cellular defense against H2O2.
GSH detoxifies H2O2 to water in a reaction catalyzed by
GSH-Px, generating GSSG, which is finally reduced to
GSH by the enzyme glutathione reductase (EC 1.6.4.2).
These reactions constitute one of the major defenses of
the brain against oxidative stress (Meister, 1988; Perez-
Polo, 1991).

Studies in neuronal cells in culture have indicated
that the toxicity of amyloid–b-peptide (Ab) complexed
with AChE presents some differences depending on the
system used (Alvarez et al., 1998). Considering that Ab is
known to induce cytotoxic damage through an increased
generation of ROS (Behl et al., 1994; Goodman and
Mattson, 1994; Mattson, 1997a) we wished to study the
sensitivity of rat pheochromocytoma PC12 and neuroblas-
toma Neuro 2a cells, two widely used in vitro neuronal
models (Klebe and Ruddle, 1969; Greene and Tischler,
1976), to different oxidative stress-induced insults. We
report here that both cell lines have different susceptibili-
ties to the damage caused by AChE–Ab complexes,
Ab25–35 fragment, glutamate and H2O2, and present
different levels of intracellular levels of intracellular
antioxidant defense against H2O2. The neuroprotection
role of 17a- and 17b-estradiol was also evaluated in these
cells.

MATERIALS AND METHODS
Chemicals

MTT, glutamate, 17a- and 17b-estradiol, synthetic
Ab peptide fragments corresponding to residues 25–35 of
the human Ab sequence (Soto et al., 1994), culture media,
SDS, Triton X-100 and DMSO were all purchased from
Sigma (St. Louis, MO). Synthetic Ab-peptide correspond-
ing to residues 1–40 of the human sequence was obtained
from Chiron (Emeryville, CA). H2O2 was obtained from
Merck (Darmstadt, Germany). The LDH assay was
provided as a kit (Cytotox 96) by Promega (Madison,
WI). Fetal bovine and horse serum were provided by
Gibco BRL (Grand Island, NY).

Complexes of Ab Peptide and AChE
Complex aggregates of Ab and AChE (G4 form)

were formed as described previously in detail by Alvarez
et al. (1997, 1998). Briefly, Ab1–40peptide was incubated
with AChE in a stirred aggregation assay for 6 hr, and the
mixture was then incubated without stirring for 4–5 days.
The aggregates formed were washed four times with PBS
to remove both soluble Ab and AChE. Pellets were
resuspended up to 100 µl with PBS and aliquots of 10 µl
were submitted to SDS-PAGE (Bronfman et al., 1996) to
quantify the concentrations of Ab-peptide and AChE
contained in the aggregates by densitometric scanning

relative to known concentrations of Ab and AChE. Data
were processed using the program GS365W from Hoefer
Scientific Instruments.

Purification of Brain AChE
The tetrameric G4 AChE form (sedimentation coef-

ficient 10.7 S) was purified from bovine brain caudate
nucleus, using acridine-affinity chromatography, as de-
scribed previously (Inestrosa et al., 1987). Both specific
activitiy (6,000 U/mg protein), and staining intensity
following SDS-PAGE (Laemmli, 1970) showing a single
band of 66 kDa, were used to verify purity (Inestrosa et
al., 1996). AChE activity was determined by the method
of Ellman et al. (1961).

Cell Cultures
PC12 is a rat pheochromocytoma derived cell line

originally described by Greene and Tischler (1976). PC12
cells were grown on collagen coated dishes in RPMI 1640
medium supplemented with 10% heat-inactivated horse
serum, 5% FBS, 100 µg/ml streptomycin, 100 U/ml
penicillin and 25 µg/ml amphotericin B (Inestrosa et al.,
1981). For the cytotoxicity experiments using AChE–Ab
complexes, PC12 cells were grown in DMEM supple-
mented with 10% FBS, 5% heat-inactivated horse serum,
100 U/ml penicillin and 100 µg/ml streptomycin. For the
estradiol protection experiments, PC12 cells were grown
in medium with charcoal-stripped FBS and horse serum
(to remove all estrogens) (Bonnefont et al., 1998). Neuro
2a is a neuronal cell line derived from a mouse neuroblas-
toma (Klebe and Ruddle, 1969; Prasad, 1975). Neuro 2a
were grown in DMEM supplemented with 5% FBS, 100
µg/ml streptomycin, 100 U/ml penicillin, and 25 µg/ml
amphotericin B (Caldero´n et al., 1998). As for PC12 cells,
Neuro 2a cells were grown in medium with charcoal-
stripped (steroid-deficient) bovine serum for the estradiol
experiments. All cell cultures were maintained at 37°C, in
an atmosphere of 5% CO2 and saturated humidity.

Cytotoxicity Assays
PC12 cells were dissociated with a Pasteur pipette

and seeded at a density of 4–53 103 cells per well on
collagen-coated 96-wells microtiter plate in 100 µl of
growth medium and maintained at 37°C in a 5% CO2

atmosphere. Neuro 2a cells were dissociated by trypsiniza-
tion before seeding, and maintained as described for
PC12 cells.

To measure cell viability, two assays were utilized:
the MTT reduction assay and LDH release assay; in both
cases cells were seeded in medium without phenol red.

MTT reduction assay. MTT reduction assay is
one of the most widely used assays for determining cell
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viability (Shearman et al., 1994; Liu and Schubert 1997;
Liu et al., 1997), it detects living, but not dead, cells, and
the signal generated is dependent on the degree of
activation of the cells (Mosmann, 1983). A modified MTT
assay (Caldero´n et al., 1998) was used, briefly, 10 µl of a 5
mg/ml MTT solution in sterile PBS was added to 100 µl
of medium and incubated for 2–4 hr in the incubator
chamber at 37°C. The reaction was stopped by adding
100 µl of a solution containing 50% (w/v)N,N-
dimethylformamide and 20% SDS (pH 4.8). The plates
were maintained overnight in the incubator at 37°C and
the absorption values at 540–650 nm were then deter-
mined using an automatic microtiter plate reader (Uni-
skam Labsystems, Finland). Results of MTT reduction in
treated cells were expressed as percentage of control
(untreated) cells (De Ferrari et al., 1998). All the experi-
ments were performed in triplicate, and graphic results
are shown as mean6SEM corresponding to 3–7 separate
experiments.

LDH release assay. The LDH release assay
measures the leakage of the soluble cytoplasmic lactate
dehydrogenase (LDH) enzyme into the extracellular
medium due to cellular lysis (Koh and Choi, 1987). LDH
release was measured following the instructions of the
manufacturers (Promega), and the results were expressed
as percentage of the total LDH cellular content. All the
experiments were performed in triplicate, and graphic
results are shown as mean6SEM corresponding to 3–7
separate experiments.

GSH Determination
Total GSH equivalents (GSH1 GSSG) were

determined by a catalytic assay (Tietze, 1969) as de-
scribed elsewhere (Ferna´ndez et al., 1991). Measure-
ments were carried out in neutralized supernatants ob-
tained after homogenization of 43 106 cells in NHClO4

and centrifugation at 2,500g for 10 min at 4°C.

RESULTS
Serum Deprivation and the Nonionic Detergent
Triton X-100 Cause Similar Cell Damage to PC12
and Neuro 2a Cells

The quantitative methods of LDH release, which
measures cell lysis (Koh and Choi, 1987) and MTT
reduction (Mosmann, 1983), which measures metabolic
activity dependent on endocytosis (Liu et al., 1997) were
used to evaluate cell damage. The effects of different
insults, namely, serum deprivation and incubation with
the nonionic detergent Triton X-100 were studied in two
different nervous system-derived cell lines, PC12 and
Neuro 2a. Serum deprivation caused a similar damage in
PC12 and Neuro 2a cells at 72 hr. At 24 and 48 hr, Neuro

2a cells appeared to be more sensitive to serum depriva-
tion than PC12 cells with a decrease to 60% in MTT
reduction levels compared to 80% for PC12 cells
(Fig.1A,B). An altered and heterogeneous morphology in
surviving Neuro 2a cells was observed at 24 hr in
comparison to control cells (Fig. 2B, D), whereas PC12
cells showed a relatively conserved morphology at 24 hr
of serum deprivation (Fig. 2A,C) despite a more aggre-
gated appearance than control cells. However, at 72 hr of
serum deprivation, the damage induced to PC12 and
Neuro 2a cells was very similar as evaluated by MTT
reduction and LDH release (Fig. 1A, B). In both PC12
and Neuro 2a cells, MTT reduction was decreased below
30% and LDH release reached 40–60%, revealing a
similar degree of damage under these conditions.

Treatment with different concentrations of the non-
ionic detergent Triton X-100 caused equivalent cell
damage in PC12 and Neuro 2a cells. At 0.01% Triton
X-100, the critical miscellar concentration of this deter-
gent or above, there was an abrupt decrease in MTT
reduction to 30–40% in PC12 and Neuro 2a cells and an
abrupt increase in LDH release (Fig. 1C, D).

Ab25–35Fragment and Complexes of AChE
and Ab1–40Cause Damage to PC12 Cells But Not
to Neuro 2a Cells

Treatment of the neuronal cells with either the
Ab25–35, a fragment of the Ab peptide containing the
region responsible for Ab toxicity (Yankner et al., 1990;
Pike et al., 1995) or with complexes of AChE–Ab1–40

induced a differential response in PC12 and Neuro 2a
cells (Fig. 3). These cells were incubated with different
concentrations of Ab25–35 fragment alone or AChE–
Ab1–40 complexes for 24 hr and 48 hr, respectively. As
can be seen in Figure 3A, the Ab25–35 fragment was able
to induce a 50% decrease in MTT reduction in PC12 cells
at the lowest concentration tested (0.01 µM) whereas
Neuro 2a cells appeared to be insensitive to the Ab25–35

fragment at any of the concentrations tested under these
experimental conditions (Fig. 3A). Incubation of PC12
cells with complexes of AChE–Ab for 48 hr without
serum showed that these complexes were able to induce a
dramatic decrease in MTT reduction, in fact, MTT
reduction levels fell to 55% at 0.01 µM and to 15% at 10
µM AChE–Ab. In comparison, Neuro 2a cells were
insensitive to the Ab–AChE complexes at 0.1 and 10 µM,
and MTT reduction decreased to only 60% at 25 µM, a
concentration at which PC12 cells exhibited 10% of MTT
reduction levels (Fig. 3B). AChE–Ab complexes proved
to be 200 times more toxic to PC12 cells than to Neuro 2a
cells, as estimated by the concentration of AChE–Ab,
which caused a 50% decrease in MTT reduction. It should
be noted that the experiments described above were
performed under different conditions (see Fig. 3): in the
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case of Ab25–35 fragment, cells were incubated with the
Abfragment without its previous aggregation and in the
presence of serum, whereas in the case of AChE–Ab
complexes, the Ab peptide was previously aggregated
with AChE, and the experiments were performed without
serum.

Much evidence has accumulated indicating that
oxidative stress lies behind the neurotoxicity of the Ab
peptide (Vitek et al., 1994; Behl, 1997; Mattson, 1997a).
Therefore, the differences in susceptibility to damage by
Ab25–35 and AChE–Ab complexes observed between
PC12 and Neuro 2a cells is probably related to a
difference in the ability to control and regulate the
intracellular levels of ROS. If this was the case, differen-

tial sensitivity would also be expected with the exposure
these cell types to other insults capable of inducing an
increase in intracellular ROS, such as H2O2 and gluta-
mate.

H2O2 and Glutamate Cause Damage to PC12 Cells
But Not to Neuro 2a Cells

PC12 cells and Neuro 2a cells were found to
respond differentially to both H2O2 and glutamate, insults
that induce oxidative stress. When both cell types were
exposed to different concentrations of H2O2 (Fig. 4A,B),
PC12 cells displayed a higher sensitivity than Neuro 2a
with MTT reduction decreased to 60% at 30 µM H2O2

Fig. 1. A,B: Cell survival after serum deprivation in PC12 (A)
and Neuro 2a cells (B). Cells were seeded on 96-well microtiter
plate, and, later, culture medium was replaced by fresh medium
without serum for 24, 48, and 72 hr. Cell viability was assayed
by the MTT reduction (white bars) and LDH release (striped
bars) assays.C,D: Cell survival after incubation with the
nonionic detergent Triton X-100, in PC12 (C) and Neuro 2a

cells (D). Cells were exposed to increasing concentrations of
Triton X-100 for 2 hr. To perform the MTT reduction assay,
MTT was added together with the detergent, whereas LDH
release was measured after a 2-hr incubation time with the
detergent. Values are the mean6SEM of three independent
experiments performed in triplicate.
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(Fig. 4A) and LDH release increased by 50% at 60 µM
(Fig. 4B). By contrast, Neuro 2a cells showed no
susceptibility to H2O2 at either 30 µM, 60 µM, or even
250 µM (Fig. 4A,B) displaying only a slight decrease in
MTT reduction to 80% (Fig. 4A) and no increase in LDH
release above the basal level of 22 % (Fig. 4B). This
difference in sensitivity can also be seen in Figure 5C in
which PC12 cells were exposed to 200 µM H2O2 for 24
hr, and a massive induction of cell death could be
observed with dead cells floating in the culture media.
The cells that remained adhered to the surface showed
different features of cellular damage, some cells were
lysed and others shrunken with surface blebbing (Fig.
5C). However, Neuro 2a cells exposed to 200 µM H2O2

for 24 hr did not undergo cell death, although some

morphological changes were apparent in some cells that
appeared to be more extended on the surface and larger in
size. Some cells also showed larger nuclei and numerous
dark vesicles in the cytoplasm than control cells (Fig.
5D). When H2O2 concentrations were increased, Neuro
2a cells showed a 40% and 70% decrease in MTT
reduction at 1 mM and 50 mM H2O2, respectively (Fig.
4C), whereas similar H2O2 concentrations caused an 80%
and 90% decrease in MTT reduction in PC12 cells. Hence
H2O2 was nearly 300-fold more toxic to PC12 cells than
to Neuro 2a cells, as estimated by the concentration of
H2O2 required to decrease MTT reduction to 40% of
control values (Fig. 4C).

Treatment of PC12 and Neuro 2a cells with differ-
ent concentrations of glutamate showed a similar differen-

Fig. 2. Effect of serum deprivation on PC12 and Neuro 2a cells.
Exponentially dividing cells were seeded on 24-well multiplate
culture dishes and photographed after the indicated treatment
under a contrast phase microscope.A: Control PC12 cells.B:
Control Neuro 2a cells.C: PC12 cells deprived of serum for 24
hr. Cells have lost the polygonal shape observed in control cells,
and damaged cells appear shrunken and birefringent (arrows).

Nuclei are conserved only in surviving cells.D: Neuro 2a cells
deprived of serum for 24 hr. Cells undergo a dramatic change in
shape and appear heterogeneous and rounded. Nuclei are hard
to distinguish in most cases, and there is general loss of
neurites, which, when present, are either irregular or frag-
mented. Bar5 100 µm.
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tial response pattern (Fig. 4D). An abrupt decrease in
MTT reduction to 47% was induced in PC12 cells
exposed to 0.1 mM glutamate, whereas MTT reduction in
Neuro 2a cells exposed to the same concentration dimin-
ished to only 83%. At 20 mM glutamate, MTT reduction
was decreased to 4% in PC12 cells, and to 40% in Neuro
2a cells. Therefore, glutamate was approximately 200-
fold more toxic to PC12 cells than Neuro 2a cells, as
estimated by the concentration needed to decrease MTT
reduction by 50%.

17b-Estradiol Protects From H2O2

and Glutamate-Induced Damage
It is well known that high concentrations of estro-

gens, including 17b-estradiol, protect neurons from oxi-
dative stress-induced damage due to the antioxidant
properties of these steroids, which act via a mechanism
independent of estrogen receptor binding (Behl et al.,
1995, 1997; Goodman et al., 1996; Mattson et al., 1997;
Inestrosa et al. 1998). PC12 and Neuro 2a cells were
exposed to different concentrations of H2O2 and gluta-
mate in the presence of 0.1 µM 17b-estradiol or 17a-
estradiol for 4 hr. 17b-Estradiol was able to protect PC12
and Neuro 2a cells to a great extent against the damage
caused by H2O2 and glutamate (Fig. 6A,B) as seen by the
rise in MTT reduction values closer to control levels. As
expected for an antioxidant, 17a-estradiol, the nonste-
roidogenic stereoisomer of 17b-estradiol (Behl et al.,
1997) was also able to protect PC12 and Neuro 2a cells
exposed to H2O2 and glutamate (Fig. 6A,B).

As previously stated, the difference in the sensitiv-
ity to Ab25–35 fragment, AChE–Ab1–40 complexes, gluta-
mate and H2O2, observed between PC12 and Neuro 2a
cells could be related to the ability of each cell type to
regulate and counteract the formation of intracellular
ROS and therefore to a difference in the intracellular
antioxidant defense (Smith et al., 1996). To evaluate this
point in both cell types, the total glutathione content was
measured. As shown in Figure 7, total glutahione levels
were higher in Neuro 2a cells by almost fivefold than in
PC12 cells. This result is consistent with the idea that the
levels of intracellular antioxidant defense modulate the
oxidative insults to which cells are exposed.

DISCUSSION
PC12 and Neuro 2a are two neuronal cell lines that

are widely and extensively used as neuronal models in
vitro. We show here that PC12 and Neuro 2a cells have
important differences in their susceptibility and response
to different insults that involve the production and/or
increase of ROS. PC12 cells proved to be severalfold
more sensitive than Neuro 2a to H2O2, Ab25–35fragment,

Fig. 3. Effect of the Ab25–35 fragment and AChE–Ab com-
plexes on PC12 and Neuro 2a cells.A: Cells were incubated
with different concentrations of Ab25–35 for 24 hr, and cell
viability was evaluated by the MTT reduction assay. Values are
the mean6SEM of three separate experiments performed in
triplicate. *P , 0.001 from 0.01 µM Ab25–35, the lowest
concentration tested, compared with corresponding values for
PC12 cells (ANOVA with Scheffe´’s post-hoc tests).B: Cells
were incubated with different concentrations of AChE–Ab1–40

complexes in medium without serum and supplemented with 2
µM insulin for 48 hr. Viability was then determined by the MTT
assay. AChE–Ab1–40concentrations represent the concentration
of Ab peptide calculated by gel densitometry (see the Materials
and Methods section). Values are the mean6SEM of 5–7
independent experiments performed in triplicate. *P , 0.01
from 0.01 µMAChE–Ab complexes, compared with correspond-
ing values for PC12 cells (ANOVA with Scheffe´’s post-hoc
tests).
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AChE–Ab1–40complexes, and glutamate. However, these
cells did not show differences when subjected to serum
deprivation or to the nonionic detergent Triton X-100,
insults that are not directly related to oxidative stress.

The greater resistance to oxidative stress-generating
compounds in Neuro 2a cells is probably related to a
higher content of antioxidant defense factors, as evi-
denced by the higher intracellular GSH levels in these

cells. It has been demonstrated that glutamate causes cell
toxicity and cell death via both glutamate receptor-
dependent (Lafon-Cazal et al., 1993) and glutamate
receptor-independent pathways, which inhibits the uptake
of cystine by the cystine-glutamate antiporter (Xc

2)
decreasing the intracellular GSH level, thus leading to
oxidative stress (Murphy et al., 1989). It has been
reported that glutamate induces cell death in PC12 cells

Fig. 4. Effects of H2O2 and glutamate on PC12 and Neuro 2a
cells. PC12 and Neuro 2a cells were incubated with different
concentrations of H2O2 for 4 hr, after which MTT reduction(A)
and LDH release(B) were measured. Values are the mean
6SEM of three separate experiments performed in triplicate.
*P , 0.005 from 30 µM H2O2 (A) and from 60 µM H2O2 (B),
compared with corresponding values for PC12 cells (ANOVA

with Scheffé’s post-hoc tests). Cells were incubated with
millimolar concentrations of H2O2 (C) or glutamate(D) for 4
hr, and viability was determined by the MTT reduction assay.
Values are the mean6SEM of four independent experiments
performed in triplicate. *P , 0.001 from 0.1 mM H2O2 or
glutamate, compared with corresponding values for PC12 cells
(ANOVA with Scheffé’s post-hoc test).
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by causing GSH depletion and hence oxidative stress
(Froissard et al., 1997; Pereira and Oliveira, 1997).
Consistently, glutamate toxicity can be prevented by the
use of antioxidants and reducing agents such as vitamin
E, idebenone, and selegiline (Pereira and Oliveira, 1997)
or by the presence of precursors of GSH synthesis such as
cystine andN-acetylcysteine (Froissard et al., 1997).

The Ab peptide has been demonstrated to be toxic
for primary and clonal neuronal cell lines in vitro. Much
evidence has implicated oxidative mechanisms involved
in the Ab peptide toxicity (Mattson, 1997a, 1997b). In
fact, Mark et al. (1995, 1997) have shown that Ab peptide
induces cell death by a mechanism that involves lipid
peroxidation, which, in turn, leads to impairment of
membrane transporters and disruption of calcium homeo-
stasis. Consistently, cellular damage induced by Ab
peptide is inhibited by antioxidants, inhibitors of oxida-

tive enzymes, and overexpression of antioxidative en-
zymes (Mattson, 1997a, 1997b).

Our results show that high concentrations of 17b-
estradiol and 17a-estradiol protect PC12 as well as Neuro
2a cells subjected to glutamate and H2O2 challenges from
oxidative damage. This probably occurs in a manner
independent of estrogen receptor activation and protein
synthesis and is instead due to the antioxidant properties
of these compounds (Goodman et al., 1996; Behl et al.,
1997; Mattson et al. 1997; Inestrosa et al., 1998).
Previous studies in our laboratory have shown that
estrogen protects cells against the toxicity of AChE–Ab
complexes by acting as an antioxidant in a receptor-
independent manner (Bonnefont et al., 1998). Consis-
tently, other studies have shown that estrogens protect
hippocampal neurons incubated with Ab peptide, gluta-
mate, H2O2, and FeSO4 by short-term nongenomic ac-

Fig. 5. Effect of H2O2 on PC12 and Neuro 2a cells.A: PC12 control cells.B: Neuro 2a control
cells.C: PC12 cells exposed to 200 µM H2O2 for 24 hr. There is a significant decrease in cell
number, most of the cells are lysed (large arrows) or shrunken (small arrows).D: Neuro 2a cells
exposed to 200 µM H2O2 for 24 hr. There are no signs of cell death, although cells appear larger,
more extended, and with numerous small cytoplasmic vesicles. Bar5 100 µm.
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tions (Goodman et al., 1996; Behl et al., 1997). Moreover,
Mattson et al. (1997) have shown that estrogens protect
the proapoptotic effect of presenilin-1 mutations in PC12
cells.

The importance of the intracellular antioxidant
defense system has been demonstrated by the work of

Sagara et al. (1996) in which selected Ab-resistant clones
of PC12 cells were shown to survive higher concentra-
tions of exogenously applied peroxides than parental
PC12 cells, due to higher levels of the antioxidant
enzymes catalase and GSH-Px. Similarly, glutamate-
resistant clones of HT-22 neuronal cells were found to be
more resistant to hydroperoxides due to higher levels of
the antioxidant enzyme catalase, and higher activities of
the GSH synthesis enzymes GCS and GSH reductase,
which resulted in glutamate-resistant cells with enhanced
rates of GSH regeneration (Sagara et al., 1998). GSH
participates in the reduction of peroxides to water, and in
the detoxification of the lipid peroxidation product 4-hy-
droxynonenal (Spitz et al., 1991), a mediator of oxidative
stress, which induced apoptosis in PC12 and hippocam-
pal neurons (Kruman et al., 1997). The role of GSH as an
active component of the antioxidant defense has been
shown in many instances. Our results demonstrate how a
low GSH content offers reduced protection and resistance
to oxidative challenges such as H2O2, glutamate, and
Ab25–25fragment, and AChE–Ab1–40complexes in neuro-
nal cells. Others have shown that an induced GSH
depletion generates oxidative damage (Reed and Fariss,
1984, Bridges et al., 1991; Jain et al., 1991) and that it
increases the vulnerability to excitotoxicity (Bridges et
al., 1991) and signaling systems to oxidative stress
(Lander et al., 1995; 1997; Li et al., 1998). On the other
hand, higher levels of GSH are able to protect neuronal
cells against oxidative insults whether GSH is exog-
enously added or endogenously increased in Bcl-2 over-
expressing cells (Ellerby et al., 1996; Hedley and McCul-

Fig. 6. Protective effect of estradiol on the toxicity of H2O2 and
glutamate.A: PC12;B: Neuro 2a cells. Cells were incubated
with H2O2 or glutamate at the indicated concentrations in the
presence or absence of 0.1 µM 17b-estradiol or 17b-estradiol
for 4 hr, and cell viability was determined by the MTT
reduction assay, which was performed for 4 hr in the presence
of the respective compounds. White bars: H2O2 or glutamate
alone; black bars: H2O2 or glutamate plus 17b-estradiol; striped
bars: H2O2 or glutamate plus 17b-estradiol. Values are the mean
6SEM of four separate experiments performed in triplicate.
*P , 0.001 compared to corresponding values for Neuro 2a
cells, **P , 0.001 compared with values for cultures exposed
to the same insult not treated with estradiol (ANOVA with
Scheffé’s post-hoc tests).

Fig. 7. Total GSH equivalents (GSH1 GSSG) were deter-
mined in the supernatants of 43 106 cells, by a catalytic assay
(Tietze, 1969). Values represent arithmetic mean6SEM of 5–7
independent experiments. *P , 0.05, the GSH content between
PC12 and Neuro 2a cells differed significantly (nonpaired
Student’s t-test).
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loch, 1996). Kruman et al. (1997) show that PC12 cells
overexpressing Bcl-2 are resistant to Ab peptide toxicity
and that Bcl-2 overexpressing cells have higher levels of
GSH.

Neurotrophins regulate neuronal survival during
development and are neuroprotective in certain models of
injury including oxidative stress (Perez-Polo et al., 1990;
Zhang et al., 1993; Mattson et al., 1995). In PC12 cells,
NGF is able to protect PC12 cells from oxidative stress by
increasing catalase activity (Jackson et al., 1990) and by
increasing GSH levels by the stimulation and induction of
GCS activity (Pan and Perez-Polo, 1993). Furthermore,
the elevated GSH concentrations caused by NGF in PC12
cells, are due in part to the increased uptake of L-cysteine
or L-cystine (Pan and Perez-Polo, 1996), the main
sources of precursor amino acids to synthesize GSH.
These antecedents support the proposed role of GSH in
the protection against H2O2 and other radical species, and
that levels of GSH are likely to be reinforced in Neuro 2a
cells as seen in this study.

Comparing various neurotoxic effects in different
models without considering the levels of antioxidant
defense factors in to each model could be a problem. Our
work shows that when working in neurotoxicity, the
constitutive antioxidant defense system must be consid-
ered in order to fully understand the effects caused by
oxidative stress-inducing insults.

Finally, differences in the constitutive levels of
cellular antioxidant factors may be in part responsible for
the selective neurodegeneration that occurs in neurodegen-
erative disorders such as Alzheimer’s disease.
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