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Abstract

An endogenous dopaminergic neurotoxin, N-methyl(R)salso-

linol, was found to induce apoptosis in human dopaminergic

SH-SY5Y cells by step-wise activation of apoptotic cascade;

collapse in mitochondrial membrane potential, DCm, activa-

tion of caspases, and fragmentation of DNA. Recently,

accumulation of gylceraldehyde-3-phosphate dehydrogenase

(GAPDH) in nuclei was proposed to play an important role in

apoptosis. In this paper, involvement of GAPDH in apoptosis

induced by N-methyl(R)salsolinol was studied. The isoquino-

line reduced DCm within 3 h, as detected by a ¯uorescence

indicator, JC-1, then after 16 h incubation, GAPDH accumu-

lated in nuclei by detection with immunostaining. To clarify

the role of GAPDH in apoptotic process, a stable cell line

of Bcl-2 overexpressed SH-SY5Y cells was established.

Overexpression of Bcl-2 prevented the decline in DCm and

also apoptotic DNA damage induced by N-methyl(R)salsoli-

nol. In Bcl-2 transfected cells, nuclear translocation of

GAPDH was also completely suppressed. In addition, a

novel antiparkinsonian drug, rasagiline, prevented nuclear

accumulation of GAPDH induced by N-methyl(R)salsolinol in

control cells. These results suggest that GAPDH may

accumulate in nuclei as a consequence of signal transduction,

which is antagonized by anti-apoptotic Bcl-2 protein family and

rasagiline. The results are discussed in concern to intracellular

mechanism underlying anti-apoptotic function of rasagiline

analogues.
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Apoptosis has been proposed to be a major type of cell death

in neurodegenerative disorders (Thompson 1995), but in

Parkinson's disease (PD) it remains as an enigma whether

apoptosis is involved in the selective cell death of nigral

dopamine neurons (Jellinger 2000). However, analyses of

parkinsonian brains (Mochizuki et al. 1996; Anglade et al.

1997; Hartmann et al. 2000; Tatton 2000) suggest

occurrence of apoptosis in nigro-striatal dopamine neurons.
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The results in PD models of animals (Tatton and Kish 1997)

and cultured cells (Dipasquale et al. 1991; Maruyama et al.

1997) showed exogenous and endogenous neurotoxins, such

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

1(R),2(N)-dimethyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoqui-

noline [N-methyl(R)salsolinol, NM(R)Sal], can induce

apoptosis in dopaminergic cells. Apoptosis is initiated by

various stimuli and mediated by well-controlled step-wise

activation of death cascade, which is proposed to be a target

for neuroprotection or neurorescue of deteriorated neurons

(Tatton et al. 1997). (±)Deprenyl, an inhibitor of type B

monoamine oxidase (MAO-B), was proposed as a neuro-

protective or neurorescue agent (Olanow 1996; Boulton et al.

1998). In addition to (±)deprenyl, propargylamine deriva-

tives of a cyclic benzylamine, rasagiline [N-propargyl-1(R)-

aminoindan] (Finberg et al. 1996, 1998; Youdim et al.

2001a) and an aliphatic amine, R-2-heptyl-N-methylpropar-

gylamine (Yu et al. 1995), protected neuronal cells from

apoptosis induced by neurotoxins and reactive nitrogen

species (Maruyama et al. 1998, 2000a,b, 2001). As a

mechanism of anti-apoptotic activity, R-2-heptyl-N-methyl-

propargylamine (Paterson et al. 1998; Maruyama et al.

2001) and rasagiline (Maruyama et al. 2000a) prevented

reduction in mitochondrial membrane potential, DCm, an

initiating event in apoptotic cascade. Furthermore, rasagiline

prevented activation of caspase 3 and apoptosis induced by

NM(R)Sal (Maruyama et al. 2000a). Bcl-2 protein family

protects neurons from some forms of apoptosis through

regulation of DCm (for a review see Adams and Cory 1998;

Reed 1998; Tsujimoto and Shimizu 2000). However, it

has not been clari®ed whether the anti-apoptotic function

of propargylamines depends on anti-apoptotic Bcl-2 or

pro-apoptotic BAX family.

Glyceraldehyde-3-phosphate dehydrogenase [GAPDH,

d-glyceraldehyde-3-phosphate : NAD1 oxidoreductase (phos-

phorylating), EC 1.2.1.12], an enzyme in glycolysis, was

recently proposed to be involved in various intracellular

activities, translation control, nuclear tRNA transport, DNA

repair and replication (Sirover 1999). In addition, the

implication of GAPDH in neurodegeneration is suggested

by the fact that GAPDH interacts with products of genes

responsible for several neurodegenerative disorders, such as

huntingtin (Huntington's disease), atrophin (dentatorubral-

pallidoluysian atrophy) (Burke et al. 1996), and b-amyloid

precursor (Alzheimer's disease). Furthermore, it has been

suggested that GAPDH plays an integral role in neuronal

apoptosis (for a review see Sirover 1999; Berry and Boulton

2000). Increased expression and nuclear localization of

GAPDH were observed in apoptosis induced by cytosine

arabinonucleotide (Ara-C) in cerebellar granule neurons

(Saunders et al. 1997; Ishitani et al. 1998), which was

suppressed by GAPDH antisense oligodeoxynucleotide

(Ishitani and Chuang 1996). GAPDH accumulation or

translocation is observed in neuronal and non-neuronal

cells only undergoing apoptosis, but not necrosis (Sawa et al.

1997). In addition, the binding of propargylamines to

GAPDH has been proposed to account for their anti-

apoptotic capacity. (±)Deprenyl and a tricyclic analogue

without MAO-B inhibitory activity, CGP 3466, [N-methyl-

N-propargyl-10-amino-methyl-bibenzo[b,f]oxepin], bind with

GAPDH (Kragen et al. 1998) and inhibit the conversion of

tetrameric GAPDH to a dimer (Graeme et al. 2000).

However, it remains to be clari®ed by what mechanism

GAPDH contributes to apoptotic process in nuclei. Expres-

sion of GAPDH was reported to be up-regulated by p53

transcription factor during apoptosis induced by Ara-C

(Chen et al. 1999), but it has never been reported whether

GAPDH nuclear translocation was regulated by intracellular

components other than p53.

To clarify the role of GAPDH in apoptosis, a cell model

of dopaminergic cell death in PD was devised by use of

human dopaminergic SH-SY5Y cells and an endogenous

dopaminergic neurotoxin, NM(R)Sal. Various lines of

evidences suggest the involvement of NM(R)Sal in the

pathogenesis of PD (Maruyama et al. 1996; Naoi et al. 1998,

2000; Naoi and Maruyama 1999). This toxin enantioselec-

tively induces apoptosis in SH-SY5Y cells (Maruyama et al.

1997, 2000a, 2001). The apoptosis is mediated by sequential

activation of apoptotic cascade; opening of mitochondrial

permeability transition pore (PTP) (Maruyama et al. 2000a),

activation of caspase 3 and ®nally nucleosomal DNA

fragmentation (Akao et al. 1999).

In this paper, nuclear translocation of GAPDH was

examined in apoptosis induced by NM(R)Sal. To examine

the effect of an anti-apoptotic protein, Bcl-2, on apoptotic

process, a cell line transfected with Bcl-2 was prepared in

SH-SY5Y cells. Overexpression of Bcl-2 suppressed the

collapse in DCm and apoptotic cell death, and also nuclear

translocation of GAPDH. Rasagiline also was found to

prevent the decline in DCm and nuclear accumulation of

GAPDH. The results are discussed in relation to the signal

transduction of apoptosis induced by NM(R)Sal and the role

of GAPDH in the death cascade, which is regulated by Bcl-2

family and a neuro-protective anti-Parkinson drug, rasagi-

line (Parkinson Study Group 2000; Youdim et al. 2001a).

Materials and methods

Chemicals

NM(R)Sal was synthesized according to Teitel et al. (1972).

(R)(1)-N-propargyl-1-aminoindan (rasagiline) was prepared as

reported previously (Youdim et al. 1995) and kindly donated by

Teva Pharmaceutical (Tetanya, Israel). Ethidinium bromide,

propidium iodide (PI) and streptavidin-Cy3 conjugate were

purchased from Sigma (St Louis, MO, USA); 5,5 0,6,6 0-tetra-

chloro-1,1 0,3,3 0-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)

and Hoechst 33342 from Molecular Probes (Eugene, OR, USA).

RIPA buffer kit was obtained from Boehringer Mannheim
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(Mannheim, Germany); 3,3 0-diaminobenzidine tetrahydrochloride

(DAB) from Katayama Chemical (Osaka, Japan). Anti-Bcl-2

antibody was purchased from Santa Cruz (Santa Cruz, CA, USA)

and anti-b-actin antibody from Oncogene (Boston, MA, USA).

Mouse monoclonal anti-GAPDH antibody was purchased from

Chemicon International (Temecyla, CA, USA); DAKO immuno-

staining kit from DAKO Japan (Kyoto, Japan); geneticin from

Gibco BRL (Life Technologies, Rockville, MD, USA). Dulbecco's

modi®ed Eagle minimum essential medium (MEM) and other

reagents were purchased from Nacalai Tesque (Kyoto, Japan).

Establishment of Bcl-2 overexpressed SH-SY5Y cell line

A pcDNA3 eukaryotic expression vector (Invitrogen, San Diego,

CA, USA) was used to establish stable transfected cells over-

expressing Bcl-2. To construct pcDNA3-bcl-2, the full-length

human Bcl-2 gene pB4 (Tsujimoto and Croce 1986) was digested

with EcoRI and then inserted into an EcoRI-cleaved pcDNA3

vector. SH-SY5Y cells were transfected with pcDNA3 or pcDNA3-

Bcl-2 using lipofection technique according to the manufacturer's

Lipofection protocol (Gibco BRL, Life Technologies, Rockville,

MD, USA). Selections were started 3 days later using a medium

containing 0.7 mg/mL geneticin. Individual clones were isolated

and their characterization was examined by immunoblotting. Cells

were cultured in 75 cm2 ¯asks at 378C in 95% atmosphere and 5%

CO2 and the culture medium used was Cosmedium-001 (Cosmo-

Bio, Tokyo, Japan) supplemented with 5% Nakashibetsu newborn

calf serum (Mitsubishi Kasei, Tokyo, Japan).

Immunoblotting for Bcl-2 protein

Immunoblotting of Bcl-2 protein was performed as reported.

SH-SY5Y cells transfected with Bcl-2 or the vector were harvested,

washed twice by phosphate-buffered saline (PBS), sonicated in the

RIPA buffer (50 mm Tris-HCl, 150 mm NaCl, 1% Nonidet, 0.5%

sodium deoxycholate, 0.1% SDS and protease inhibitors), and

centrifuged. The protein concentration was quanti®ed according to

Bradford (1976). The cell lysate (20 mg protein) was subjected to

SDS±polyacrylamide electrophoresis using 12% polyacrylamide

gel, then blotted onto polyvinylidene di¯uoride membranes

(Millipore, Bedford, MA, USA). Immunoblots were probed using

mouse anti-Bcl-2 antibody and DAKO second antibody solution

(DAKO immunostaining kit, LINK, diluted to 1 : 50). The

membrane was incubated with DAKO streptavidin solution

(DAKO immunostaining kit, diluted to 1 : 20). Immunoblots

were then visualized by incubation of the membrane with 0.04%

DAB solution in 50 mm of Tris-HCl, pH 7.4, with 0.1% H2O2.

b-Actin was used as a housekeeping control protein.

Determination of apoptosis induced by NM(R)Sal

As reported previously, NM(R)Sal induced mainly apoptosis in

SH-SY5Y cells, and the number of necrotic cells was negligible

(Akao et al. 1999; Maruyama et al. 2001). The effect of Bcl-2

overexpression against apoptosis induced by NM(R)Sal was

examined. SH-SY5Y cells transfected with Bcl-2 (Bcl-2 transfected

cells) or with the vector (vector cells) were washed twice with

MEM and cultured in the presence or absence of NM(R)Sal in

MEM for 24 h. Apoptotic and necrotic cell death were observed

¯uorometrically with a ¯uorescence microscope, Olympus BX60

(Olympus, Tokyo, Japan) (Maruyama et al. 2000a, 2001). Cell

viability was determined by staining with membrane-impermeable

PI (10 mm in the ®nal concentration), and apoptotic cells with

typical condensed and fragmented nuclei were observed by staining

with Hoechst 33342 (10 mm). The cells with round, not condensed,

nuclei among those positively stained with PI were determined to

be necrotic. About 100 cells were counted in four different ®elds,

and four independent experiments were performed. The number of

apoptotic cells was expressed as percentage of the total cells and

compared between Bcl-2 transfected cells and vector cells.

Measurement of mitochondrial membrane potential, DCm

SH-SY5Y cells were treated with 200 mm of NM(R)Sal and the

change in DCm were measured using a ¯uorescence indicator,

JC-1, as reported previously (Maruyama et al. 2001). In brief, cells

cultured in poly-l-lysine-coated ¯asks were stained with JC-1

(4 mg/mL) for 30 min, then washed twice with MEM. The cells

were incubated with 200 mm of NM(R)Sal and changes in the

¯uorescence were monitored by ¯uorescence microscopy. The red

¯uorescence of J-aggregates (emission, above 580 nm; excitation,

520±550 nm) and green ¯uorescence of monomeric JC-1 (emis-

sion, 515±550 nm; excitation, 460±490 nm) were observed. The

¯uorescence intensity was digitalized by a color chilled 3CCD

camera controller M-3204C (Olympus, Tokyo, Japan), and

quanti®ed using a NIH imaging software (version 1.62, developed

at the US National Institute for Health). Four to six microscopic

®elds containing approximately 200 cells were analyzed and the

relative intensity of red to green ¯uorescence of JC-1 was

measured to assess changes in DCm in control, Bcl-2 transfected

and vector cells.

Nuclear translocation of GAPDH by NM(R)Sal

SH-SY5Y cells (control, Bcl-2 transfected, vector cells) were

cultured overnight on poly-l-lysine-coated slide glass in the culture

medium. The medium was changed to MEM in the absence or

presence of 200 mm of NM(R)Sal. After 4, 8, 16 and 24 h, the cells

were ®xed with 4% paraformaldehyde in PBS. Immunohistochem-

ical detection of GAPDH was performed according to the

manufacture's instruction. After blocking with 1% H2O2 in

methanol followed by DAKO blocking solution (DAKO immuno-

staining kit), the samples were incubated with mouse anti-GAPDH

antibody (diluted to 1 : 200) at 48C overnight. The samples were

incubated with second antibody (DAKO immunostaining kit) at

room temperature for 1 h and then with streptavidin-Cy3 conjugate

Fig. 1 Immunoblotting of Bcl-2 protein in SH-SY5Y cells. The lysate

of the cells were resolved by SDS-PAGE and blotted onto polyvinyli-

dene di¯uoride membranes, then probed with anti-Bcl-2 antibody.

The amount of Bcl-2 protein was signi®cantly increased in Bcl-2

transfected cells (b) compared to control (a) and vector (c) cells.

b-Actin was used as a housekeeping control protein.

Bcl-2 blocks GAPDH nuclear accumulation 729
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solution for 30 min at 378C. After mounting, samples were

observed by ¯uorescence microscopy. The number of the cells

with cytosolic GAPDH and of those with nuclear GAPDH were

counted and expressed as percentage of the total.

Statistics

Experiments were repeated 4±8 times and the results were

expressed as mean and SD. Difference was statistically evaluated

by analysis of variance (anova) followed by Sheffe's F-test. A

p-value less than 0.05 was considered to be statistically signi®cant.

Results

Effects of Bcl-2 overexpression on apoptotic cascade

activated by NM(R)Sal

In Bcl-2 transfected cells, the level of Bcl-2 protein

increased to be 2.3-fold compared with that in vector cells

and control cells, as shown in Fig. 1. The level of GAPDH

protein was estimated by the immunoblotting method, and

there was no signi®cant difference among control, vector

and Bcl-2 transfected cells.

Table 1 presents that Bcl-2 transfected cells were

markedly resistant to apoptosis induced by NM(R)Sal

compared to vector cells. As shown in Fig. 2, after treatment

with 200 mm of NM(R)Sal for 24 h, nuclear condensation

and fragmentation typical for apoptosis were observed in

about 27% of vector cells, whereas in Bcl-2 transfected cells

apoptosis was detected in less than 2% of the cells. Necrotic

cell death was observed in less than 5% of any type of cells

under conditions used in this study. Apoptotic cells began to

Table 1 Apoptosis induced by NM(R)Sal in Bcl-2 transfected and

vector cells

Concentration

of NM(R)Sal

(mM)

Number of apoptotic cells

in Bcl-2 transfected cells

(% of the total)

Number of apoptotic

cells in vector cells

(% of the total)

0� 0.69 �^ 0.60 3.17 �^ 1.02

100� 0.33 �̂ 0.24* 5.67 �^ 2.46

200� 1.32 �̂ 0.66* 27.30 �^ 5.17

500� 3.71 �̂ 3.13* 87.83 �^ 9.51

The cells were treated with each concentration of NM(R)Sal for 24 h

and apoptotic cell death was determined by nuclear staining with

Hoechst 33342, as described in Materials and methods. Four

independent ®elds containing about 200 cells were observed by

¯uorescence microscopy and the number of apoptotic cells was

expressed as percentage of the total. *Difference from vector cells is

signi®cant ( p , 0.01) by ANOVA followed by Sheffe's F-test.

Fig. 2 Effect of Bcl-2 overexpression on apoptosis induced by

NM(R)Sal. Vector cells (a) and Bcl-2 transfected cells (b) were trea-

ted with 200 mM of NM(R)Sal for 24 h, then stained with Hoechst

33342. Condensed and fragmented nuclei, a hallmark for apoptosis,

were observed in vector cells, but in Bcl-2 transfected cells the

number of apoptotic cells was negligible.

Table 2 Change in DCm by NM(R)Sal in control, Bcl-2 transfected

and vector cells

Relative ¯uorescence of JC-1 (red/green)

In cells

In the absence of

NM(R)Sal 200 mM

In the presence of

NM(R)Sal 200 mM

Control 120.74 �̂ 27.93 61.12 �^ 14.70*

Bcl-2 transfected 121.48 �^ 22.79 113.20 �^ 46.37

Vector 99.77 �^ 17.41 63.34 �^ 30.35*

SH-SY5Y cells were stained with JC-1 and then, with 200 mM of

NM(R)Sal for 3 h. The relative ¯uorescence intensity of JC-1 (red/

green ¯uorescence) was expressed as percentage of that at 0 time.

The values represent the mean and SD of measurement of 4 ®elds

containing about 200 cells in four independent experiments. *Differ-

ence from the cells without treatment with NM(R)Sal, is signi®cant

( p , 0.05) by ANOVA followed by Sheffe's F-test.

Fig. 3 The effect of Bcl-2 overexpression on collapse of DCm

induced by NM(R)Sal. Vector cells (a) and Bcl-2 transfected cells (b)

were treated with 200 mM of NM(R)Sal for 3 h. Red ¯uorescence of

JC-1 aggregate, which represents hyperpolarized DCm, was

observed by ¯uorescence microscopy. The red ¯uorescence of

J-aggregate in vector cells (a, before) reduced markedly after

NM(R)Sal treatment (a, after), whereas in Bcl-2 transfected cells (b,

after) it was virtually the same, as before the treatment (b, before).

730 W. Maruyama et al.

q 2001 International Society for Neurochemistry, Journal of Neurochemistry, 78, 727±735



be detected after 16 h incubation with NM(R)Sal, and its

number increased in a time-dependent way. After 30 h,

almost all the cells were shown to be apoptotic.

The mechanism underlying protective effects by Bcl-2

overexpression against apoptotic process were examined in

SH-SY5Y cells treated with NM(R)Sal. As shown in Table 2

and Fig. 3, in Bcl-2 transfected cells DCm did not change

by NM(R)Sal treatment. The ratio of red to green

¯uorescence of JC-1 representing hyperpolarized DCm did

not change in Bcl-2 transfected cells, but it decreased

signi®cantly in control and vector cells after incubation with

NM(R)Sal.

Nuclear translocation of GAPDH by NM(R)Sal and

effect of Bcl-2 overexpression and rasagiline

Intracellular translocation of GAPDH in SH-SY5Y cells was

examined in apoptosis induced by NM(R)Sal. Figure 4(c),

shows that GAPDH detected with anti-GAPDH antibody

almost completely moved from cytosol (Fig. 4bI-1) to

nuclei after 16 h of NM(R)Sal treatment (Fig. 4bII-1). The

number of cells with nuclear GAPDH translocation

increased and at 16 h incubation it reached to a maximum,

about 50% of the total cells (Fig. 4a). After 16 h, apoptotic

cells began to detach themselves from the slide glass, and

the number of remaining cells decreased. This caused the

percentage of the cells with nuclear GAPDH to be less than

60% of the total, even though GAPDH might be translocated

in nuclei before the cell death and detachment from the

glass.

In Bcl-2 transfected cells, nuclear translocation of

GAPDH was observed in about 10% of the cells even

before the treatment with NM(R)Sal. However, in Bcl-2

transfected cells, the number of the cells with nuclear

GAPDH did not increase after 16 h treatment with 200 mm

of NM(R)Sal (Fig. 5c). On the other hand, GAPDH was

translocated from cytosol into nuclei in 50% of vector cells

after NM(R)Sal treatment, as in the case of control cells

(Table 3 and Fig. 5b). In the cells treated with rasagiline

(1 mm) for 20 min before NM(R)Sal incubation, nuclear

Fig. 4 Nuclear translocation of GAPDH by NM(R)Sal. Control SH-

SY5Y cells were treated with 200 mM of NM(R)Sal for 0, 4, 8, 16

and 24 h and localization of GAPDH was determined by immunos-

taining with anti-GAPDH antibody. (a) The number of cells with

nuclear translocated GAPDH was expressed as percentage of the

total cells. GAPDH nuclear translocation was detected after 16 h

treatment with NM(R)Sal. Each point and bar represent the mean

and SD of 4±6 independent experiments. (b) Fluorescence micro-

scopy of GAPDH immunostainig (1) and phase contrast microscopy

(2) of SH-SY5Y cells before (I) and after (II) treatment with

NM(R)Sal.

Fig. 5 Effect of Bcl-2 overexpression on nuclear translocation of

GAPDH by NM(R)Sal. Control, Bcl-2 transfected and vector cells

were treated with 200 mM of NM(R)Sal for 16 h and stained with

anti-GAPDH antibody. Control SH-SY5Y cells before (a) and after

(b) treatment with NM(R)Sal. (c) Bcl-2 transfected cells after treat-

ment with NM(R)Sal. (d) vector cells after treatment with NM(R)Sal.
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translocation of GAPDH was reduced signi®cantly

( p , 0.01), which was very similar to the case with Bcl-2

transfected cells (Table 3, and Fig. 6a3).

Discussion

This paper reports, for the ®rst time, that an endogenous

neurotoxin, NM(R)Sal, induced marked GAPDH accumula-

tion in nuclei during apoptosis. Under normal conditions,

GAPDH is ubiquitous in the cells and a major fraction is

found in cytoplasm and associated with cytoskeletal proteins

and membranes, with small amounts in the nucleus

(Minaschek et al. 1992). Only in cells undergoing apoptosis

does GAPDH accumulate in nuclei, but it is still not clear

whether nuclear GAPDH accumulation results from trans-

location of pre-existing GAPDH in cytosol or from newly

synthesized protein. A recent study on accumulation of

GAPDH-green ¯uorescent protein fusion seems to support

the latter view (Shashidaran et al. 1999). As described

above, GAPDH has been proposed to participate in the

initiation or excursion of apoptosis, but the mechanism has

been only partially clari®ed. GAPDH modi®ed transcription

(Ronai 1993) and translation (Morgenegg et al. 1986; Sioud

and Jespersen 1996), and it was identi®ed with human

nuclear uracil DNA glycosylase and DNA repair activity

(Meyer-Siegler et al. 1991), and selectively bound to

AU-rich RNA and transport of RNA (Nagy and Rigby

1995). However, it remains to be elucidated how the nuclear

translocation of GAPDH is involved in apoptotic cell death

induced by NM(R)Sal.

In our experiments, NM(R)Sal increased GAPDH in

nuclei after 16 h treatment. In the cells undergoing

apoptosis, disruption of DCm occurs within 3 h after

NM(R)Sal treatment (Maruyama et al. 2000a) and activation

of caspase is detected after 18 h (Akao et al. 1999). These

data suggest that nuclear GAPDH accumulation may be

induced in a later stage of the apoptotic process. This is

further supported by the fact that Bcl-2 transfection

prevents nuclear translocation of GAPDH, in addition to

DCm decline and nucleosomal DNA fragmentation. Bcl-2

Table 3 The effect of Bcl-2 overexpression and rasagiline on nuclear translocation of GAPDH as induced by NM(R)Sal

Percentage of the cells with GAPDH translocated into nuclei

Before treatment with NM(R)Sal After treatment with NM(R)Sal

Control cells n.d. 57.81 �^ 12.92

Bcl-2 transfected cells 10.87 ^ 4.44 9.03 �̂ 2.71*

Vector cells n.d. 54.91 �^ 5.81

Control cells 1 rasagiline n.d. 14.17 �^ 4.48*

The cells were incubated with 200 mM of NM(R)Sal in MEM for 16 h, ®xed with 4% paraformaldehyde and stained with anti-GAPDH antibody. To

examine the effect of rasagiline, cells were pretreated with 1 mM of rasagiline for 30 min and then 200 mM of NM(R)Sal was added in the culture

medium. The samples were observed by ¯uorescence microscopy and independent 4±6 ®elds containing about 40 cells were examined. Number

of the cells with GAPDH translocation in nuclei was expressed as percentage of the total cells. n.d.; not detected. *p , 0.01 from control cells by

ANOVA followed by Sheffe's F-test.

Fig. 6 Rasagiline prevented nuclear trans-

location of GAPDH by NM(R)Sal. Control

SH-SY5Y cells were incubated in the

absence or presence of 1 mM of rasagiline

for 30 min, and were treated with 200 mM of

NM(R)Sal for 16 h. The cells were observed

by ¯uorescence microscopy after immuno-

staining with anti-GAPDH antibody (a) or

by phase contrast microscopy (b). (1) Cells

before treatment with rasagiline and

NM(R)Sal. (2) Cells incubated with

NM(R)Sal without pretreatment with rasagi-

line. (3) Cells incubated with NM(R)Sal after

pretreatment with rasagiline
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overexpression suppresses neural cell death induced by

various stimuli (Bredesen 1995), and also attenuates neuro-

toxicity of neurotoxins, such as MPTP and 6-hydroxy-

dopamine, as shown by in vivo experiments using mice

overexpressing Bcl-2 (Offen et al. 1998). The mechanism

underlying neuroprotection by Bcl-2 has been considered to

be due to its regulation of caspase-3 activation (Jacobson

1997), and of intracellular oxidation±reduction potential

(Ellerby et al. 1996). However, it was reported recently that

Bcl-2 interacts directly with voltage-dependent anion channel,

an outer membrane complex of mitochondrial PTP, and to

inhibit the release of death signal from mitochondria (Shimizu

et al. 1999). Our results presented in this paper proved that

Bcl-2 also inhibits nuclear GAPDH translocation, which is a

downstream of the mitochondrial event.

It should be emphasized that a neuroprotective drug,

rasagiline, prevents GPADH translocation, as reported

previously using another propagylamine (R)-N-2-heptyl-N-

methylpropargylamine (Berry 1999). Rasagiline is a selec-

tive MAO B inhibitor structurally related to (±)deprenyl, but

not metabolized into amphetamine derivatives (Youdim

et al. 2001a). SH-SY5Y cells contain only type A MAO

(Maruyama et al. 1998), and therefore the effect of

rasagiline cannot be ascribed to inhibition of MAO. It is

supported further by a fact that its optical S-enantiomer,

TV1022, which is not an MAO inhibitor, has the same

neuroprotective action (Youdim et al. 2001b). Rasagiline is

now gathering attention because of the neuroprotective

properties, as reported in a primary culture of rat fetal

mesencephalic cells (Finberg et al. 1996), PC12 cells

(Finberg et al. 1998; Youdim et al. 2001b), and also

SH-SY5Y cells (Maruyama et al. 2000a,b). Considering that

Bcl-2 overexpression prevents GAPDH accumulation, the

mechanism underlying anti-apoptotic function by propargy-

lamines may mimic that by Bcl-2 family. Our data

demonstrate that rasagiline prevents the collapse in DCm,

and following apoptotic process, which indicates that

mitochondria may determine the survival and death of the

cells. Further study will indicate a more detailed

mechanism of how propargylamines regulate mitochondrial

apoptotic process in relation to anti- and pro-apoptotic Bcl-2

and BAX protein family. Nevertheless, it has been shown

that in partially neuronally differentiated PC12 cells,

rasagiline prevented apoptosis and reduction of Bcl-2 and

SOD proteins induced by withdrawal of serum and NGF

(Youdim et al. 2001b). All these results suggest that

propargylamines function as anti-apoptotic agents by a

mechanism mediated by Bcl-2 protein family and they may

protect or rescue declining neurons in aging and age-related

neurodegenerative disorders.
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