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Abstract: Bcl-2 is an antiapoptotic protein located in the
outer mitochondrial membrane. Cellular perturbations as-
sociated with programmed cell death may be the conse-
quence of disrupted mitochondrial function as well as
excessive production of reactive oxygen species (ROS).
Numerous studies indicate that Bcl-2 is involved in op-
posing cell death induced by oxidative stimuli, but its
mode of action is uncertain. We reexamined the role of
Bcl-2 by using a loss-of-function model, BcI-2 knockout
mice. Brains from Bc/-2-deficient mice had a 43% higher
content of oxidized proteins and 27% lower number of
cells in the cerebellum relative to wild-type mice. Incuba-
tion of cerebellar neurons from Bcl-2 +1+ brains with 0.5
mM dopamine caused 25% cell death, whereas in Bc!-
2-deficient cells, it resulted in 52% death; glial cells pro-
vided protection in both cultures. Splenocytes from Bc!-
2-deficient mice were also killed more effectively by do-
pamine as well as paraquat. Bc!-2-deficient mice did not
survive intraperitoneal injection of MPTP, which caused
a decrease in dopamine level in the striatum of Bc!-2
+1— brains, which was more significant than in wild-type
mice. When compared with Bcl-2 +1+ brains, brains of
8-day-old Bc!-2-deficient mice had higher activities of the
antioxidant enzymes GSH reductase (192%) and GSH
transferase (142%), whereas at the age of 30 days, GSH
peroxidase was significantly lower (66%). Activities of
GSH transferase and GSH reductase increased signifi-
cantly (158 and 262%, respectively) from day 8 to day 30
in Bc!-2 +1+ mice, whereas GSH peroxidase decreased
(31%) significantly in Bcl-2 —I— animals. In summary,
our results demonstrated enhanced oxidative stress and
susceptibility to oxidants as well as altered levels of anti-
oxidant enzymes in brains of Bc/-2-deficient mice. It is
concluded that Bcl-2 affects cellular levels of ROS, which
may be due to an effect either on their production or on
antioxidant pathways. Key Words: Apoptosis— Bc!-2-
deficient mice—Brain—Oxidative stress—Antioxidants
—Parkinson’s disease.
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Apoptosis (programmed cell death) is a physiologi-
cal suicide pathway that functions to delete specific

cells within a population (Kerr et al., 1972). It is a
distinct genetic pathway that responds to internal as
well as external stimuli. Various genes involved in the
regulation of apoptosis have been identified, including
Bcl-2, which encodes a 25-kDa intracellular integral
membrane oncoprotein (Korsmeyer, 1992; Davies,
1995; Hacker and Vaux, 1995; Steller, 1995; Wyllie,
1995). Bcl-2 is able to protect against stimuli that
induce cell death (Zhong et al., 1993; Bornkamm and
Richter, 1995). Several lines of evidence implicate a
role for reactive oxygen species (ROS) in triggering
apoptosis. This includes the presence of ROS during
apoptosis, the induction of apoptosis upon their exoge-
nous addition, and the depletion of endogenous antiox-
idants that can be reversed by exogenous antioxidants
(Buttke and Sandstrom, 1994; Greenlund et al., 1995;
Slater et al., 1995; Jacobson, 1996). The precise mech-
anism by which Bcl-2 prevents cell death is uncertain,
but several hypotheses involve its intracellular location
at mitochondrial, endoplasmic reticulum, and nuclear
membranes, which are also implicated as sites of oxy-
gen free radical generation (Hockenbery et al., 1990;
Lithgow et al., 1994). In accordance, Bcl-2 protected
cells from apoptosis induced by exogenous oxidants
or conditions that increased their intracellular produc-
tion and at the same time reduced oxidative damage
to cellularconstituents (Hockenbery et al., 1993; Kane
et al., 1993; Korsmeyer et al., 1995). There is a con-
sensus now that various distinct apoptosis-inducing
signals converge in permeability transition, which re-
sults in dissipation of .~.t/Jrn (Zamzami et al., 1995,
1997; Marchetti et al., 1996; Petit et al., 1996; Hirsch
et al., 1997). This is an obligatory and irreversible
step that precedes the activation of endonucleases in
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the nucleus. These alterations result in increased pro-
duction of ROS by the uncoupled respiratory chain
and in the oxidation of cardiolipin in the inner mito-
chondrial membrane (Zamzami et al., 1995). Conse-
quently, there is loss of membrane integrity, outflow
of matrix calcium and GSH, and release of soluble
intermembrane proteins such as cytochrome c (Liu et
al., 1996; Reed, 1997; Vander Heiden, 1997). Bcl-2
was shown to exert a stabilizing effect on
whereas Bax induces its disruption (Shimizu et al.,
1996); however, it is not known yet how they affect
permeability transition. Studies on the sequence of
events leading to neuronal apoptosis were performed
with a cell-free system of cerebellar neurons (Ellerby
et a]., 1997). Release of cytochrome c from the mito-
chondria was shown to be a major target for the anti-
apoptotic effect of Bcl-2, which blocked apoptosis in
the premitochondrial and mitochondrial phases (Kiuck
et al., 1997; Reed, 1997). Bcl-2 also protected cells
from apoptosis under conditions where presumably
ROS are unlikely to be produced, such as near anaero-
bic conditions or in cells depleted of mitochondrial
DNA (Jacobson et al., 1993; Jacobson and Raff, 1995;
Shimizu et al., 1995; Gardner et al., 1997a).

It has been suggested that oxidative stress generated
by dopamine metabolism triggers nigral degeneration
inParkinson’s disease and that dopaminergic cell death
may be mediated through apoptosis (Mochizuki et al.,
1996; Stern, 1996; Tompkins et al., 1997). We have
shown that dopamine-induced cell death in cultured
postmitotic chick sympathetic neurons, mouse spleno-
cytes, and rat pheochromocytoma (PC12) cells occurs
by an apoptotic mechanism (Ziv et al., 1994; Offen et
al., 1995, 1996). Furthermore, transfection of PC 12
cells with Bcl-2 provided them with markedprotection
against dopamine-induced apoptosis and inhibited do-
pamine oxidation to dopamine—melanin (Offen et al.,
1997).

This study is aimed at reexamining the role of Bcl-
2 in oxidative injury and metabolism in the setting of
Bcl-2 loss of function in knockout mice to compare
with the results of prior studies that used Bcl-2 overex-
pression. Bcl-2-deflcient mice complete embryonic de-
velopment but display growth retardation and early
mortality postnatally. Their phenotype includes loss of
lymphocytes, polycystic kidneys, and hair hypopig-
mentation, reflecting increased cell death (Kamada et
al., 1995; Veis et al., 1995). Here we observed en-
hanced oxidative stress and susceptibility to oxidants
in brains of Bc/-2-deficient mice, confirming an influ-
ence of Bcl-2 on antioxidant pathways.

Animals

MATERIALS AND METHODS

Bcl-2 heterozygous + I— mice were generated in the labo-
ratory of S. Korsmeyer (Veis et al., 1995). DNA prepared
from their tails was analyzed by PCR to identify —I---,
+1—, and +1+ animals.

Preparation of mice cerebellar cultures
Cerebellar granular neurons were obtained from dissoci-

ated cerebella of 8-day-old mice. Cells were dissociated by
trypsinization (0.25% in 0.05% EDTA for 30 mm at 37°C),
and the tissue was then triturated (25 strokes) with a Pasteur
pipette in BME medium (Biological Industries Co., Beit
Haemek, Israel) with 10% fetal calf serum and 0.1 mg/ml
trypsin inhibitor. Cells were plated at a density of 3 x 106
cells/well on polylysine-coated 96-well tissue culture plates
(Coming) and grown with DCCM-t medium containing
0.5% horse serum. Two days later, some of the plates were
treated with 20 pg/mI fluorodeoxyuridine and 50 pg/mI un-
dine to kill nonneuronal dividing (glial) cells. On day 7, the
cultures (±fluorodeoxyuridine and uridine) were treated
with dopamine (Sigma) for 24 h at 37°C.

Preparation of splenocytes
Splenocytes were obtained from 30-day-old Bcl-2-defi-

cient and Bcl-2 +1+ wild-type mice. Animals were killed
by cervical dislocation, and the spleens were removed and
placed in RPM! 1640 medium supplemented with 5% fetal
calfserum and 10 mM HEPES buffer. Cells were then plated
on polylysine-coated 96-well tissue culture plates at a con-
centration of 5 x l0~cells/well. The cultures were treated
with dopamine or paraquat (Sigma) for 48 h at 37°Cand
analyzed for viability.

Cell viability assays
Trypan blue exclusion assay. Five microliters of trypan

blue (0.5% in phosphate-buffered saline) was added to 40
p1 of resuspended cells. The trypan blue-excluding (live)
cells were counted in a hernocytometer in three randomly
selected fields and averaged.

Neutral red assays. Neutral red (0.34%; Sigma) was
added to cells in 96-well microtiter in DCCM-! medium
(0.1 mI/well; Bet-Haemek) and incubated for 2 h at 37°C.
The cells were then washed with cold phosphate-buffered
saline containing 10 mM MgCl2, and the dye was dissolved
in 50% ethanol in 50% Somerson buffer (70 mM sodium
citrate, 30 mM citric acid, 0. 1 M HCI). The remaining color
intensity was measured by ELISA reader.

Brain homogenates
Animals were killed by cervical dislocation. The brains

were removed, frozen promptly in liquid nitrogen, and stored
at —80°C.For preparation of homogenates, the brains were
thawed and homogenized in 50 mM potassium phosphate
(pH 7.2) containing 1 mM phenylmethylsulfonyl fluoride
(Sigma), I pg/mI leupeptin (Sigma), 1 mM EDTA, and
0.1% Triton. The extract was then sonicated (2 x 15 s) and
centrifuged at 150,000 g for I h. The supernatant was used
for the enzymatic assays and protein carbonyl determination.

Enzymatic assays
GSH reductase. OSH reductasewas assayed spectrophoto-

metrically by following NADPH oxidation at 340 nm (Carl-
berg and Mannervik, 1985). The reaction mixture contained
100 mM potassium phosphate (pH 7.4), 0.1 mM NADPH
(Sigma), 1 mM GSSG (Sigma), and 1 mM EDTA. One
unit of enzyme activity results in the reduction of 1 pmol
GSSG/min.

GSH peroxidase. GSH peroxidase was determined ac-
cording to Flohe and Gunzler (1984) with tert-butyl hydro-
peroxide as substrate. The assay is based on determination
of NADPH at 340 nm in a reaction mixture containing 50
mM potassium phosphate (pH 7.0), 1 mM GSH (Sigma),
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FIG. 1. Comparison of the number of cells obtained from cere-
bella of 8-day-old control +1+, heterozygous +1—, and Bc!-2-
deficient —I— mice. Means ±SD, n = 8.

0.12 mM tert-butyl hydroperoxide, 0.15 mM NADPH, and
0.24 U of GSH reductase. One unit of enzyme activity results
in the oxidation of 1 pmol GSH/min.

GSH transferase. GSH transferase was determined ac-
cording to Habig et al. (1974) using I-chloro-2,4-dinitrophe-
nol as a substrate. Oneunit of enzyme activity results in the
binding of I p.mol GSH/min.

Protein assays
The levels of oxidizedproteins were assessed by a method

based on derivatization of the protein carbonyls with 2,4-
dinitrophenylhydrazine and reaction of the products with
antibody specific for the 2,4-dinitrophenylhydrazine moiety,
using an OxyBlot kit (Oncor, Gaithersburg, MD, U.S.A.).
The kit was adapted for ELISA.

Protein was determined by the Bradford method (1976)
with bovine serum albumin as standard.

Determination of dopamine levels in striatum
Striata from both hemispheres were dissected out 18 days

after injections, weighed, and sonicated in 10 volumes of
0.1 M perchloric acid containing 0.01 M NaHSO3, 0.001%
ascorbic acid, and 1 mg/ml dihydroxybenzylamine (Sigma)
as an internal standard. After centrifugation (12,000 g, 10
mm), the supernatants were filtered (0.45-pm nylon filter;
Schleicher and Schuell), and 20 p1 was injected onto a Cl8
reverse-phase column (Phenomex). The mobile phase con-
sisted of 0.15 M monochloroacetic acid, 0.1 M NaOH, 0.6
mM EDTA, 0.2 mM sodium acetylsulfate, and 9% methanol
(pH 2.9). Dopamine was detected by electrochemical oxida-
tion against a glassy carbon electrode (+0.77 V).

Statistical analysis
Results are presented as means ±SD. We used two-way

ANOVA for data presented in Figs. 1—4 and 6—7. In Fig.
5, the significance of intergroup differences was evaluated
by the two-tailed Student’s t test.

RESULTS

Oxidative brain damage in Bcl-2-deficient mice
Figure 1 shows that the number of cells in the cere-

bellum of Bcl-2-deficient mice was 27% lower than
that in Bcl-2 +1+ or +7— animals (p < 0.05). As
one way to assess whether brains of Bcl-2-deficient
mice were more susceptible to oxidative stress in vivo,

FIG. 2. Levels of oxidized proteins in brain extracts of 30-day-
old control +1+ and Bc/-2-deficient —I— mice. Protein oxidation
was assessed by antibodies against 2,4-dinitrophenylhydrazine
bound to protein carbonyls, as described in Materials and Meth-
ods. Means ±SD, n = 4.

we measured the levels of oxidized proteins in crude
extracts. Figure 2 indicates that brain extracts from
Bcl-2-deflcient mice had 43% higher content of protein
carbonyls than wild-type Bcl-2 +7+ controls (p
< 0.05).

Sensitivity to oxidants
To examine whether brains of Bcl-2-deflcient mice

are more sensitive to oxidative stress, we compared
the effect of dopamine on neurons isolated from 8-day-
old Bcl-2-deflcient mice with that in controls. Figure 3
shows that incubation (for 24 h) of purified neurons
from +1+ and +1— brains with 0.5 mM dopamine
induced 25 and 23% cell death (not significant). In
contrast, Bcl-2-deflcient cells were significantly more
susceptible than wild-type cells to dopamine, which
caused 52% death using the same conditions (p
< 0.05). In all three genotypes, cerebellar neurons
containing glial cells were significantly less susceptible
to dopamine toxicity than neurons depleted of glia (p
<0.05) (Fig. 3). However, we could not detect statis-
tically significant differences between cultures from
+7+, +1—, and —I— mice (Fig. 3).

FIG. 3. Protective effect of glial cells against 0.5 mMdopamine
toxicity to primary cultures of cerebella of 8-day-old mice. Cell
viability was assessed by neutral red staining of cultures from
control +1+, heterozygous +I~~and Bc/-2-deficient —I— mice
at 24 h. Means ± SD, n = 9.
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FIG. 4. Toxic effects of dopamine or paraquat on splenocytes
of 30-day-old mice. Cells from control +7+ and Bc/-2-deficient
—I— mice were incubated for 48 h with 0.5 mM dopamine or
0.5 mM paraquat, and viability was assessed by the trypan blue
method. Means ± SD, n = 8.

To check if enhanced sensitivity of Bcl-2 — / — neu-
rons to oxidative stress is specific for the brain tissue,
we assessed the effect of dopamine and paraquat on
primary cultures of splenocytes. Figure 4 shows that
incubation of the splenocytes from Bcl-2-deficient and
Bcl-2 +1+ mice with 0.5 mM paraquat or 0.5 mM
dopamine for 48 h caused cell death in both prepara-
tions. However, cells from the Bcl-2 knockout mice
were significantly (p < 0.05) more susceptible to the
oxidants, displaying 51 and 21% survival with dopa-
mine and paraquat, respectively, with viability of the
Bcl-2 wild-type cells at 76 and 53%, respectively.

Dopamine concentrations in striatum
When mice were injected with 40 mg/kg MPTP, all

of the Bcl-2 + / — and Bcl-2 — / — animals (n = 5) died
after the first injection, whereas the wild-type mice
survived. Therefore, in later experiments, a lower con-
centration of MPTP (15 mg/kg) was used. Mice were
injected intraperitoneally three times at 24-h intervals.
Most of the wild-type (24/25) and Bcl-2 +7— (117
17) animals survived this treatment, but all of the Bcl-
2-deficient animals died within a fewhours of injection
(n = 5). Thus, dopamine levels in the striatum of
wild-type and Bcl-2 +7— mice were compared. Dopa-
mine basal levels in the striata of Bcl-2 +7— mice
were somewhat lower than in wild-type mice (not sta-
tistically significant) (Fig. 5). Following treatment,
dopamine levels were reduced in both groups. How-
ever, whereas the decrease in wild-type mice was mod-
erate though statistically significant (23%; p < 0.05),
the reduction in the Bcl-2 +1— mice was remarkably
lower (47%; p < 0.01).

Antioxidant enzymes
Cellular levels of GSH-related enzymes were as-

sessed in brains of 8- and 30-day-old mice, and a com-
parison was made between Bcl-2-deficient and wild-
type tissues. In 8-day-old Bcl-2 — / — mice, activities of
GSH reductase and GSH transferase were significantly

FIG. 5. Dopamine levels in striata of BcI-2 + I + or BcI-2 hetero-
zygous +I~ mice before (control) and after treatment with
MPTP (15 mg/kg x 3). Dopamine levels were determined by
HPLC as described in Materials and Methods. Means ±SD.

higher (p < 0.05), displaying 192 and 142%, respec-
tively, compared with Bcl-2 +7+ brains (Fig. 6).
There was no statistically significant difference in GSH
peroxidase levels detected between the two popula-
tions (p > 0.05). In contrast, in 30-day-old transgenic
mice, activity of GSH peroxidase was significantly
lower (66%; p < 0.05) than that in Bcl-2 +7+ animals
(Fig. 7), but the differences in GSH transferase and
GSH reductase were not statistically significant. Inter-
estingly, when comparing these activities between 30-
and 8-day-old mice, it can be seen (Table I) that GSH
reductase and GSH transferase increased significantly
(p < 0.05) in the Bcl-2 +7+ mice (262 and 158%,
respectively). In the Bcl-2-deficient animals, these en-
zymes did not change, but there was a significant (p
< 0.05) decrease (to 31%) in GSH peroxidase.

DISCUSSION

Bcl-2 protein has been shown to inhibit apoptotic
and perhaps necrotic cell death induced by a variety

FIG. 6. Activities of OSH-related enzymes in brain extracts of
8-day-old BcI-2 +1+ and Bc/-2-deficient —I— mice. GST, GSH
transferase; GRX, GSH reductase; GPX, GSH peroxidase. Means
± SD, n = 6.

J. Neurochen,., Vol. 71, No. 2, /998



OXIDATIVE STRESS IN Bcl-2-DEFICIENT MICE 745

FIG. 7. Activities of GSH-related enzymes in brain extracts of
30-day-oldBc!-2 +1+ and Bc/-2-deficient —I— mice. GST, GSH
transferase; GRX, GSH reductase; GPX, GSH peroxidase. Means
±SD, n = 6.

of stimuli and agents. Detailed studies on the mode of
action of Bcl-2 have implicated multiple mechanisms
by which it might participate in regulating cell death.
One theory is that Bcl-2 may affect the steady state of
cellular levels of ROS. This may be achieved either
by modulating their production, probably by the mito-
chondria, or by affecting the antioxidant capacity of
the cells. However, other studies argue that apoptosis
may take place without the participation of ROS, and
accordingly the function of Bcl-2 cannot be solely to
inhibit ROS.

In this article we reexamine the role of Bcl-2 in
oxidative injury and metabolism in the setting of Bcl-
2 loss of function in knockout mice to compare with
the results of prior studies that used Bcl-2 overex-
pression. We have assessed oxidative stress-related pa-
rameters in brains of mice deficient for Bcl-2. We
chose this tissue because programmed cell death plays
a central role in the development of the nervous system
that in turn is particularly useful for studying cell death
because neurons are in general postmitotic cells. Fur-
thermore, brain cells and neurons in particular are very
vulnerable to oxidative stress because of their high
phospholipid content, high levels of respiration, rela-
tively low levels of antioxidants, and high content of
catecholamines and oxidases (Olanow, 1992; Verity,
1994; Abe et al., 1995). This appears to manifest after
injuries such as ischemia/reperfusion, hypoxia, infec-
tion, and trauma and perhaps in diseases such as Par-
kinson’s disease, Alzheimer’s disease, epilepsy, and
amyotrophic lateral sclerosis. We compared neurons
with wild-type levels of Bcl-2 (Bcl-2 + / +) with those
deficient in Bcl-2 (Bcl-2 — / —) to avoid potential phar-
macological effects of overexpressed Bcl-2.

The results presented herein indicate a prominence
of oxidative stress in Bc/-2-deficient brain: (a) Bcl-2
deficiency results in oxidative damage as manifested
by a higher content of oxidized proteins and (b) brains
of Bc/-2-deficient mice at day 8 have higher cellular

activities of antioxidant enzymes, perhaps as a com-
pensatory response. Furthermore, neuronal cells as
well as splenocytes deficient in Bcl-2 are more sensi-
tive to oxidants, including dopamine and MPTP, sug-
gesting a lack of antioxidative capacity. Our studies
examined the role of Bcl-2 in an in vivo system in
which its activity was removed by gene deletion. These
data need to be placed in the context of other studies
using cultured cells overexpressing Bcl-2. Although
our studies show evidence consistent with oxidative
stress under unstimulated conditions, overexpression
of Bcl-2 was shown to prevent externally induced oxi-
dative damage. Murine T cell hybridoma (2B4) sus-
tained progressive lipid peroxidation following an apo-
ptotic signal, and overexpression of Bcl-2 suppressed
lipid peroxidation (Hockenbery et a!., 1993). Expres-
sion of Bcl-2 in GM7373 endothelial cell lines de-
creasedhyperglycemia-induced lipid peroxidation (Gi-
ardino et al., 1996). Overexpression of Bcl-2 in SK-
N-MC human neuroblastomacells conferred resistance
to apoptosis mediated by tumor necrosis factor-ct (Tal-
ley et al., 1995), as did the addition of the antioxidant
N-acetylcysteine.

The effect of ROS on apoptosis has also been studied
through other approaches using cells with diminished
antioxidant capacity. A bovine renal epithelial cell line,
MDBK, exhibited apoptotic death under selenium-
deficient conditions with lower doses of hydrogen per-
oxide than under selenium-supplemented ones (Kaya-
noki et al., 1996). This was due to a decreased amount
of GSH peroxidase in the cells under selenium-defi-
cient conditions, as other antioxidative enzyme activi-
ties were not affected by the selenium supplementa-
tion. Down-regulation of Cu/Zn superoxide dismutase
activity in PCI2 cells by exposure to an antisense oh-
gonucleotide caused their apoptotic death (Troy et al.,
1996). Overexpression of Bcl-2 was able to save these
cells. Expression of BcI-2 in the GT1-7 neural cell line
also prevented death as a result of oxidative stress
exerted by GSH depletion (Kane et al., 1993). Lipid
peroxides rose rapidly in control cells depleted of GSH
but not in cells expressing Bcl-2.

The studies that provide support for oxidants’ influ-
ence on apoptotic death are not necessarily in conflict
with those that dispute it. Since it was shown that Bc!-

TABLE 1. Comparison of changes in tissue activities of
enzymes in brains of 30- vs. 8-day-old mice

Enzyme

% activity in b
8-day-o

rains of 30- vs.
Id mice

BcI-2 +1+ Bcl-2 —l-

USH reductase 262° 1 04~
GSH transferase 158’ 85~
GSH peroxidase 486 31.4”

“p <0.05.
bp > 0.05.
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2 can block apoptosis in cells lacking mitochondrial
DNA (Jacobson et al., 1993), ROS generated by the
respiratory electron transport chain appear not to be
required for apoptosis. However, there are >200 en-
zymes known to have molecular oxygen as one of their
substrates (Malmstrom, 1982) that may generate ROS
and could affect susceptibility to cell death. Other stud-
ies reported protection by Bcl-2 in cells cultured under
near anaerobic conditions (Jacobson and Raff, 1995;
Shimizu eta]., 1995). However, ROS can be produced
under hypoxic conditions (Gorgias et a]., 1996; Hagar
et al., 1996; LeGrand and Aw, 1996), and these low
concentrations might influence apoptosis. The effect
of H202 on cells is dependent on its concentration.
When murine hematopoietic FLS. 12 cells, L929 fi-
broblasts, and human squamous cell carcinoma CAL-
27 were treated with different concentrations of H202,
the type of death was dependent on H202 concentration
(Hockenbery et al., 1993; Gardner et al., 1997b). High
doses induced necrotic death, 5—10 mM caused apo-
ptotic death, and the lowest concentrations induced
delayed cytotoxicity, indicating that Bcl-2 could pro-
tect the cells only against some forms of toxicity
(Gardner et al., 1997b). We found that 8-day-old Bc!-
2-deficient mice overexpress GSH-dependent antioxi-
dant enzymes. Whereas wild-type mice increased the
levels of both GSH reductase and GSH transferase
with age, Bcl-2-deficient mice did not substantially
change. Perhaps this might reflect the fall in CNS lev-
els of Bcl-2 known to accompany aging and explain
why Bcl-2 — / — tissues would show no additional ef-
fect with aging (Merry et al., 1994). In cell lines over-
expressing Bcl-2, pheochromocytoma PC12 and the
hypothalamic gonadotropin-releasi ng hormone cell
line GTI-7, elevated total glutathione levels were re-
ported, but the ratio of GSSG to total glutathione in the
cells overexpressing Bcl-2 was significantly reduced
(Ellerby et al., 1996). GT1-7 and PC12 cells overex-
pressing Bcl-2 had the same level of GSH peroxidase
and GSH reductase activities as control cells, and in
GTI-7 there was also no change in catalase or superox-
ide dismutase. On the other hand, PC12 cells overex-
pressing Bcl-2 had a twofold increase in superoxide
dismutase and catalase activity when compared with
matched control transfected cells. It was proposed that
overexpression of Bcl-2 shifts the cellular redox poten-
tial to a more reduced state, without consistently affect-
ing the major cellular antioxidant enzymes. One differ-
ence of this system from ours could be related to the
dose effect of antioxidant, as it is known that many
antioxidants are oxidation/reduction reagents and may
function both as antioxidants and as prooxidants.

MPTP is a neurotoxin that was shown to damage
nigrostriatal dopaminergic neurons. When it is admin-
istered systemically at concentrations of 15—40 mg/
kg, it rapidly enters the CNS where it is converted to
MPP~by monoamine oxidase B (Glover et al., 1986).
MPP accumulates in the dopaminergic neurons (Jay-
itch, 1984), where it inhibits complex I of the mito-

chondrial electron transport chain (Ramsey and Singer,
1986; Nicklas et a!., 1987). Consequently, ATP deple-
tion (Chan et at., 1992) and increased production of
ROS (Ali et al., 1994) occur, as indicated by oxidative
damage and increase in internal antioxidants (Desole
et al., 1995; Thiffault et a!., 1995; Battino et al., 1996;
Ebadi et al., 1996). These effects may account for
MPP~-induced nigrostriatal cell death and the re-
sulting dopamine depletion in the striatum. We found
that Bcl-2-deficient as well as the heterozygous Bcl-2
+ / — mice died a short while after they were treated
with 40 mg/kg MPTP, whereas the wild-type mice
survived the treatment. The transgenic animals were
also more sensitive to lower concentrations (15 mg/
kg) of the neurotoxin, but some Bcl-2 + / — mice sur-
vived and were used for this experiment. Dopamine
concentration in the striata of the heterozygous mice
was found to be lower than in the wild type, and a
relatively low concentration of MPTP caused a more
significant decrease in Bcl-2 + /— than in + / + mice.
In rats, 35 mg/kg MPTP was found to cause a 38%
death rate within 15 mm to 12 h (Desole et al., 1995),
and in the common marmoset as well as in other exper-
iments, it resulted in profound loss of dopamine in the
striatum (Perry et al., 1985, 1987; Baldessarini et al.,
1986; Martinovits et al., 1986; Mihatsch et al., 1991).
Our findings raise the possibility that decreased antiox-
idative capacity in Bcl-2-deficient striatum may en-
hance dopamine and MPTP cytotoxicity. Similarly,
mice on a selenium-deficient diet had decreased GSH
peroxidase activity in the brain and consequently en-
hanced lipid peroxidation following MPTP treatment
(Sutphin and Buckman, 1991). Attempts to protect
animal models against MPTP with external antioxi-
dants gave conflicting results (Perry et al., 1985; Bal-
dessarini et al., 1986; Martinovits et al., 1986; Mi-
hatsch et al., 1991).

In conclusion, our findings support a role for Bcl-2
in affecting cellular steady-state levels of ROS. Loss
of Bcl-2 resulted in both higher oxidative damage and
susceptibility to ROS in vitro and interfered with the
developmental program of antioxidant enzymes. Fur-
ther studies will indicate whether these effects are due
to lack of antioxidative capacity or excessive produc-
tion of ROS, probably by the mitochondria.
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