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Abnormal accumulation of the presynaptic protein

a-synuclein has recently been implicated in the

pathogenesis of Alzheimer’s and Parkinson’s dis-

eases. Because neurodegeneration in these conditions

might be associated with mitochondrial dysfunction

and oxidative stress, the effects of a-synuclein were

investigated in a hypothalamic neuronal cell line

(GT1-7). a-Synuclein overexpression in these cells re-

sulted in formation of a-synuclein-immunopositive

inclusion-like structures and mitochondrial alter-

ations accompanied by increased levels of free radi-

cals and decreased secretion of gonadotropin-releasing

hormone. These alterations were ameliorated by pre-

treatment with anti-oxidants such as vitamin E. Taken

together these results suggest that abnormal accumula-

tion of a-synuclein could lead to mitochondrial alter-

ations that may result in oxidative stress and, eventu-

ally, cell death. (Am J Pathol 2000, 157:401–410)

Alpha-synuclein (or the precursor of the non-Ab compo-

nent of Alzheimer’s disease amyloid) is a 19-kd presyn-

aptic protein1–3 from which a 35-amino acid peptide is

derived and found in Alzheimer’s disease plaques.2

a-Synuclein belongs to an expanding family of synuc-

lein proteins and is homologous to rat and torpedo

a-synuclein4 and the zebra finch synelfin.5 Other mem-

bers of the synuclein family include b-synuclein6 and

g-synuclein, or persyn7,8 and a recently identified protein,

synoretin.9 Recent studies have shown that mutations in

the a-synuclein gene lead to rare familial forms of Parkin-

son’s disease (PD), a disorder characterized by nigral

degeneration and formation of inclusions, denominated

Lewy bodies (LBs). In these two reports, Polymeropoulos

et al10 identified a mutation (A53T) in an Italian and Greek

kindred which conferred susceptibility to early-onset PD.

Subsequent analysis by Kruger et al11 revealed another

missense mutation (A30P) found in a German familial

case of PD. Furthermore, in the more frequent forms of

sporadic PD and other forms of LB disease there is

significant a-synuclein aggregation in LBs and neu-

rites.12–17

The mechanisms through which a-synuclein might

lead to neurodegeneration in LB disease are not yet

completely understood. Recent studies have shown that

overexpression of wild-type and mutant a-synuclein

leads to synaptic degeneration18 and cell death19,20 in

both in vivo and in vitro model systems. The role of abnor-

mal expression of a-synuclein in LB disease is currently

being explored. However, in vitro studies have shown that

increasing levels,21 mutations,22 and oxidative stress23

conditions lead to a-synuclein aggregation. Furthermore,

abnormal accumulation of a-synuclein might trigger mi-

tochondrial dysfunction. Supporting this, there is ample

evidence for a central role for mitochondrial dysfunction

in the pathogenesis of PD.24–28 In this context, the main

objective of the present study was to determine whether

overexpression of a-synuclein might dysregulate cell

function via mitochondrial alterations. For this purpose, a

murine hypothalamic tumor cell line (GT1-7)29 was trans-

fected with a-synuclein and analyzed for pathological

and physiological effects. We present evidence that over-

expression of a-synuclein in this cell system leads to

mitochondrial abnormalities and corresponding changes

in oxidative stress markers. These studies support the

contention that a-synuclein might play a role in the reg-

ulation of mitochondrial function and that alterations in

this pathway may be involved in the pathogenesis of PD.

Materials and Methods

Cell Culture

The GT1-7 murine hypothalamic tumor cell line (kindly

provided by Dr. Pam Mellon, Department of Neuro-

sciences, University of California at San Diego) was se-

lected because of its neuronal origin, expression of many

neuronal markers, ability to form synapses in culture, and

neurosecretory properties which may represent neuro-

transmitter-like activity.29 Cells were maintained at 37°C,

5% CO2 in Dulbecco’s modified Eagle’s medium (high
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glucose), supplemented with 10% fetal bovine serum

(Hyclone, Logan, UT), and 1% v/v penicillin/streptomycin.

cDNA Subcloning

The murine a-synuclein cDNA sequence was obtained as

previously described.30 Briefly, using this plasmid as a

template, the coding region was once again amplified

except that a simple polymerase chain reaction was used

with the annealing temperature of 55°C instead of the

touchdown program. The amplified product was run out

on a 0.8% agarose gel, purified via the phenol/chloroform

extraction technique, and ligated into a pCR3.1 T-vector

(Invitrogen, Carlsbad, CA). The clones, which contained

either the sense or antisense construct, were selected,

verified by sequencing, and amplified via the Qiagen

Maxi-Prep kit (Qiagen, Valencia, CA). These clones were

referred to as #1 and #9B, respectively.

Transfection and Selection of Stable

Transfectants

GT1-7 cells were seeded to ;50% confluence in 60-mm

tissue culture dishes. The Superfect transfection kit (Qia-

gen) was used to transfect cells with plasmids #1, #9B,

and pCR3.1 (vector alone). Briefly, plasmid DNA (7.5 mg)

was diluted with 200 ml of serum-free OPTI-MEM (Life

Technologies, Inc., Grand Island, NY) and 40 ml of the

Superfect reagent was added to this mix. Cells were

incubated for 3 hours at 37°C, washed in phosphate-

buffered saline (PBS), and cultured for 12 hours in regular

cell media.

The optimal concentration of G418 sulfate needed for

complete cell death in GT1-7 untransfected cells was ob-

tained after a 3-day treatment with various concentrations.

G418 (300 mg/ml) was added to the regular media after

transfection and replaced every 3 days. After 3 weeks,

cloning rings were used to select colonies and cells were

screened for expression via the ribonuclease protection

assay (RPA), Western blot, and immunocytochemical anal-

ysis. After the initial screening, essentially four clones were

selected: 1) sense-transfected (overexpressers), 2) anti-

sense-transfected (underexpressers), 3) vector (VEC)-

transfected, and 4) nontransfected wild-type controls.

Analysis of a-Synuclein mRNA Levels by RPA

Briefly, as previously described, riboprobe templates

were amplified by polymerase chain reaction.30 For the

murine a-synuclein template, primers (20 mers) started at

nucleotide 145 and nucleotide 490 of mouse a-synuclein

(GenBank Accession No. AF044672), respectively. An

actin riboprobe complementary to nucleotides 480 to 559

of mouse b-actin was used (GenBank Accession No.

M18194). RPAs were carried out with [32P]-labeled anti-

sense riboprobes, and signals were quantitated with a

PhosphorImager and ImageQuant software, as previ-

ously described.31 Actin signals were used to correct for

variations in mRNA content and loading.

Analysis of a-Synuclein Protein Expression by

Western Blot

Western blots were analyzed with the affinity-purified rab-

bit polyclonal antibody directed against C-terminal

a-synuclein (amino acids 131 to 140).32 Briefly, cell pel-

lets were sonicated and separated into cytosolic and

particulate fractions33 and protein levels were deter-

mined by the method of Lowry et al.34 Gels were blotted

onto nitrocellulose paper and incubated with antibodies

against a-synuclein, (1:1000) followed by 125I-protein A.

Blots were also stripped and reprobed with a mouse mono-

clonal antibody against actin (Chemicon, Temecula, CA) to

correct for loading variability. The specific19-kd signals cor-

responding to murine a-synuclein were quantified using the

ImageQuant software.

Analysis of a-Synuclein Immunolocalization by

Double-Immunocytochemistry and Laser

Scanning Confocal Microscopy (LSCM)

Briefly, as previously described35 cells were seeded onto

poly-L-lysine-coated glass coverslips, grown to 60% con-

fluence, fixed in 4% paraformaldehyde (30 minutes,

24°C), and pretreated with 0.1%Triton X-100 in PBS (20

minutes, room temperature). Cells were incubated over-

night at 4°C with antibodies against a-synuclein (rabbit

polyclonal) and microtubule-associated protein 2 (mouse

monoclonal) (Roche Molecular Biochemicals, Indianapo-

lis, IN). Cells were then incubated with the biotinylated

anti-rabbit secondary antibody (Vector Laboratories, Bur-

lingame, CA), followed by tyramide signal amplification-

Direct Red (Dupont-NEN, Boston, MA) and fluorescein

isothiocyanate-conjugated anti-mouse secondary anti-

body (Vector). Wild-type and VEC-transfected GT1-7

cells were run in parallel as negative controls. Coverslips

were air-dried overnight, mounted on slides with antifading

media (Vectashield, Vector), and imaged with the confocal

microscope (MRC1024; BioRad).

Gonadotropin-Releasing Hormone (GnRH)

Radioimmunoassay

To determine whether levels of a-synuclein expression

affected the secretory activity of GT1-7 cells, levels of

GnRH release were investigated by radioimmunoassay,

essentially as previously described.36 Briefly, tubes were

incubated overnight at 4°C with 200 ml of 0.1%Triton-PO4

buffer (0.063 mol/L Na2HPO4, 0.013 mol/L ethylenedia-

minetetraacetic acid, 0.02% NaN3, 0.1% Triton X-100, pH

7.4), 1% normal rabbit serum, and 100 ml of primary SD-7

antibody, (1:30,000) followed by 100 ml of 125I-GnRH

(5000 to 6000 cpm; Dupont-NEN) was added to each

tube. On the third day, 100 ml of goat anti-rabbit g glob-

ulin secondary antibody (1:25, Calbiochem, San Diego,

CA) in 50 mmol/L ethylenediaminetetraacetic acid buffer

(in 0.1% Triton buffer) and 1 ml of 6% polyethylene glycol

solution was added per tube and again incubated overnight

at 4°C. Tubes were then spun down, inverted, dried over-
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night, and radioactivity was counted in a g counter.

A duplicate number of wells and triplicate numbers of tubes

per well were used. Nonspecific binding, maximum bind-

ing, standard curve, and GnRH were added to the assay.

3-(4,5-Dimethythiazolyl)-2.5-Diphenyl-2H-

Tetrazolium-Bromide (MTT) Assay

To assess the effects of a-synuclein expression on mito-

chondrial activity, the MTT colorimetric assay was used to

determine the level of NADH production within the four

cell clones. For vitamin E treatment, a-tocopherol acetate

(stock 1:10 in 100% alcohol; Sigma Chemical Co., St.

Louis, MO) was further diluted 1:5 in fetal bovine serum

(Hyclone, Logan, UT) and then mixed 1:5 with regular cell

culture medium. Briefly, after exposure to treatments, the

standard medium was replaced with the MTT dye solu-

tion (final concentration, 0.9 mg/ml; Sigma) and cells

were incubated for 4 hours at 37°C. Then, 100 ml of

solubilization solution (50% dimethylformamide/20% so-

dium dodecyl sulfate) was added overnight and the blue

formazan was detected in a plate reader at 560 nm.

Lactase Dehydrogenase Activity Assay

To assess cell viability, the CytoTox 96 assay (Promega,

Madison, WI) was used. A minimum of 12 replicates per

clone was used per treatment and each experiment in-

cluded a plate of control cells. Briefly, after 3 hours of

incubation, media containing various treatments was re-

placed with 100 ml of normal media and 20 ml of CytoTox

reagent was added per well. Cells were incubated for an

additional 2 to 3 hours and counted on a 96-well plate

reader at 492 nm. Additional analysis of cell viability was

performed using the Trypan blue staining method.

Figure 1. Characterization of patterns of murine a-synuclein expression in GT1-7 cells. A: Representative autoradiogram of the RPA showing murine a-synuclein
mRNA levels in C (control nontransfected), AST (antisense transfected), VEC (vector-transfected), and ST (sense-transfected) cells. Protected fragment for murine
a-synuclein was detected at 385 bp, whereas actin was detected at 85 bp. The left-most lane shows signal of undigested (u/d) radiolabeled riboprobes, whereas
the other lanes contain riboprobes of RNase-digested samples. B: PhosphorImager analysis of murine a-synuclein mRNA signals (expressed as percent over
control) showing that ST cells expressed ninefold over control, whereas AST cells expressed 50% of control levels. C: Representative autoradiogram of the Western
blot showing that the a-synuclein antibody recognized a band at ;18 kd. The left-most lane shows signal of the recombinant a-synuclein protein. C, control
nontransfected; AST, antisense transfected; VEC, vector-transfected; and ST, sense-transfected cells. D: PhosphorImager analysis of a-synuclein signals from
semiquantitative Western blots showing, in the cytosolic fractions, that ST cells expressed twofold over control, whereas AST cells expressed 50% of control levels.

a-Synuclein and Mitochondrial Deficits 403
AJP August 2000, Vol. 157, No. 2



29-79-Dichlorofluorescein (DCF) Analysis

To determine whether free radical production was asso-

ciated with a-synuclein expression, DCF loading analysis

was performed. Briefly, cells were cultured on poly-L-

lysine (Sigma)-coated glass coverslips in six-well dishes

to 80% confluency. The cell permeable dye, 2979-dichlo-

rodihydrofluorescein diacetate (H2DCFDA, 75 mmol/L)

(Molecular Probes, Eugene, OR) was added to the media

and cells were incubated at 37°C, 5% CO2 for 15 min-

utes. Loaded cells were then imaged with the LSCM.

Glutathione Assay

Because it has been proposed that glutathione is the

primary cellular anti-oxidant response to free radical pro-

duction, we determined if levels of glutathione were af-

fected in the four clones expressing different levels of

a-synuclein. Briefly, as previously described,37 cells

were collected with 13 pancreatin and lysed with cold

10% sulfosalicylic acid. Lysates were incubated on ice

for 15 minutes and supernatants were collected by cen-

trifugation. After neutralization with triethanolamine (dilut-

ed 1:4), the concentration of total glutathione was deter-

mined. In addition, a standard curve of glutathione (0 to 2

nmol/L range; Sigma) was constructed. The A412 was

measured at intervals of 0 seconds, 30 seconds, 60

seconds, and 90 seconds, and the total protein cell pellet

was dissolved in 50 ml of 0.5 mol/L NaOH. Total protein

was measured using the Protein Assay Kit (Pierce, Rock-

ford, IL) and compared to a standard bovine serum al-

bumin curve. Final concentrations of glutathione were

obtained via linear regression analysis and expressed as

nmol/mg protein.

Electron Microscopy

GT1-7 cells were grown in Lux Permanox culture dishes

(Nalgene Nunc International, Naperville, IL) until conflu-

ence. Cells were fixed in 1% glutaraldehyde, 2% para-

formaldehyde in 0.1 mol/L Na cacodylate buffer (pH 7.4),

postfixed in 1% osmium tetroxide, and stained with sat-

urated uranyl acetate in 50% ethanol. The cell layer was

dehydrated through a graded series of ethanols to 90%

ethanol; 2-hydroxypropyl methacrylate was the interme-

diate solvent. All infiltrations of 2-hydroxypropyl methac-

rylate and Scipoxy 812 resin (Energy Beam Sciences,

Agawam, MA) were carried out on a shaker at slow

speed. After two changes of 100% resin the plates were

polymerized in a 65°C oven for 24 hours, the plastic was

detached and selected areas were sawed from the plates

and glued on dummy blocks. Thin sections (80 nm) were

cut on a Reichert Ultracut E Ultramicrotome (Leica, Vi-

enna, Austria), picked up on 200-mesh copper grids, and

poststained in ethanolic uranyl acetate followed by bis-

muth subnitrite. The sections were viewed and photo-

graphed with a Zeiss EM10 electron microscope.

Statistical Analysis

To ascertain differences among the various cell lines and

treatment groups, one-way analysis of variance (ANOVA)

Figure 2. Confocal analysis of a-synuclein expression in transfected GT1-7 cells. Cells were double-immunolabeled with antibodies against murine a-synuclein
(red) and the neuronal marker microtubule-associated protein 2 (green) and imaged with the laser-scanning confocal microscope. A: Control nontransfected cells
showed mild punctuate a-synuclein immunostaining associated with the cytoplasm and some neuritic processes. B: ST cells showed intense immunoreactivity
associated with granular cytoplasmic structures. C: Detail at higher magnification of the rectangular area presented in (B). D: Negative control with the primary
antibodies inactivated. E, F, and G: ST cells showed intense immunoreactivity associated with granular cytoplasmic structures (*) and dense intracellular inclusions
(arrows). H: AST cells showed microtubule-associated protein 2 immunoreactivity but minimal or none a-synuclein immunostaining.
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with post hoc Scheffé test was performed using the

SuperANOVA program (SAS Institute, Cary, NC).

Results

Establishment of a-Synuclein-Transfected

Cell Lines

RPA analysis showed that cells transfected with the

sense construct (ST) expressed eightfold to ninefold in-

creased levels of murine mRNA a-synuclein compared to

VEC-transfected and nontransfected control cells. In con-

trast, cells transfected with antisense (AST) showed a

50% reduction in a-synuclein mRNA levels (Figure 1,

A and B). To determine whether the increase in mRNA

levels was accompanied by similar changes at the pro-

tein level, Western blot analysis was performed. Consis-

tent with previous studies32 a-synuclein immunoreactivity

in GT1-7 cells was identified as an 18-kd band both in

cytosolic (Figure 1C) and particulate fractions (not

Figure 3. Ultrastructural analysis of mitochondrial alterations in transfected GT1-7 cells. Low power (original magnification, 35,000; scale bar, 5 mm) (A) and high
magnification (original magnification, 320,000; scale bar, 1 mm) (B) views of vector-transfected cells showing mitochondria of normal characteristics (arrow-
heads). Low power (original magnification, 35,000) (C) and high magnification (original magnification, 320,000) (D) views of ST cells demonstrating abnormally
enlarged mitochondria (arrowheads). ST cells also had mitochondria displaying vacuolization of the cristae (original magnification, 310,000) (E) and distorted
morphology (original magnification, 315,000) (F).

a-Synuclein and Mitochondrial Deficits 405
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shown). Semiquantitative Western blot analysis by Phos-

phorImager of a-synuclein signals showed that ST cells

expressed twofold over control, whereas AST cells ex-

pressed 50% of control levels (Figure 1D).

Immunocytochemical and Ultrastructural

Analyses Reveal Inclusion-Like Structures and

Abnormal Mitochondria in a-Synuclein

Overexpressing Cells

LSCM of double-immunolabeled control and VEC-trans-

fected GT1-7 cells showed that with the mouse-specific

a-synuclein antibody there was a moderate granular cy-

toplasmic immunoreactivity (Figure 2A). In contrast, ST

cells showed intense immunoreactivity associated with

granular structures (Figure 2; B, C, and E) and dense

cytoplasmic aggregates (Figure 2, F–G). Control experi-

ments where the primary antibodies were inactivated

show no immunoreactivity (Figure 2D). AST cells showed

microtubule-associated protein 2 immunoreactivity, but

mild or no a-synuclein immunostaining (Figure 2H). Anal-

ysis of the ST cells by transmitted electron microscopy

showed that, compared to nontransfected cells (Figure 3,

A and B), some of the mitochondria were enlarged (Fig-

ure 3, C and D) and displayed abnormal vacuolized

Figure 4. Ultrastructural analysis of other morphological alterations in transfected GT1-7 cells. Low power (original magnification, 35,000; scale bar, 5 mm)
(A) and high magnification (original magnification, 320,000; scale bar, 1 mm) (B) views of VEC-transfected cells demonstrating normal organelles. Low power
(original magnification, 35,000) (C) and high magnification (original magnification, 320,000) (D) views of ST cells demonstrating electrodense intracytoplasmic
inclusions (arrowheads). E and F: Furthermore ST cells displayed large numbers of secondary lysosomes and laminated bodies in their cytoplasm and complete
lack of neuritic processes (original magnification, 315,000).
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cristae (Figure 3, E and F). In addition, some of the ST

cells presented aggregates of electrodense material lo-

calized mainly in the perinuclear region (Figure 4, C and

D). These inclusion-like structures had a diameter of ;5

to 7 mm and were usually surrounded by laminated bod-

ies. These alterations were not observed in VEC or control

cells (Figure 4, A and B). Furthermore, some ST cells

displayed numerous secondary lysosomes and lami-

nated bodies in their cytoplasm and a relative lack of

neuritic processes (Figure 4, E and F).

Mitochondrial Activity Is Compromised in

a-Synuclein Overexpressing Cells

To determine whether structural alterations observed in

the mitochondria were associated with functional deficits

in the ST cells, the MTT assay (a measure of mitochon-

drial activity) was performed. In ST cells, this study

showed a 20% reduction compared to VEC and control

cells (Figure 5). Because previous studies have shown

that mitochondrial dysfunction might lead to oxidative

stress via disruption of the respiratory chain,27,33,38,39 it is

possible that mitochondrial deficiencies might be normal-

ized by treatment with anti-oxidants such as vitamin E.

Consistent with this, vitamin E-treated ST cells showed

levels similar to VEC and control cells (Figure 5). Because

it is possible that reduction in mitochondrial activity might

Figure 5. MTT assay in transfected GT1-7 cells. a-Synuclein sense-trans-
fected (ST) cells showed a significant 30% decrease in mitochondrial activity
compared to nontransfected control (C). Treatment with the anti-oxidant
vitamin E restored normal mitochondrial function in ST cells.

Figure 6. DCF staining in GT1-7-transfected cells. All images were obtained by LSCM. A: Control cells showed mild fluorescence. B: Positive-control experiment
where GT1-7 cells were exposed to 1 mmol/L hydrogen peroxide for 15 minutes showed a strong fluorescent signal (scale bar, 10 mm). C: a-Synuclein
sense-transfected (ST) cells showed a strong fluorescent signal associated with the vesicular structures, indicative of oxidative stress. D: Treatment with the
anti-oxidant vitamin E restored normal mitochondrial function in ST cells.

a-Synuclein and Mitochondrial Deficits 407
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be secondary to cell death rather than primarily associ-

ated with a-synuclein overexpression, the lactate dehy-

drogenase assay was performed. No significant differ-

ences in cell viability were observed among the clones

(data not shown).

Increased Oxidative Load in a-Synuclein

Overexpressing Cells

Because vitamin E pretreatment ameliorated the mito-

chondrial deficiencies observed in ST cells, we used the

membrane permeable dye, DCF to determine whether

the cells were under oxidative stress. For this purpose,

DCF-loaded GT1-7 cells were imaged with the LSCM.

This study showed a mild fluorescent signal in control

cells (Figure 6A) and an increased fluorescent signal in

the ST cells (Figure 6C). AST cells showed no significant

increase in the levels of DCF reactivity (not shown). Ex-

periments where control cells were treated with hydrogen

peroxide showed similar increased levels of the fluores-

cent signal as in the ST cells (Figure 6B). To further

corroborate that the increased DCF signal observed in

the ST cells was associated with generation of oxidative

stress, cells were pretreated with vitamin E. This anti-

oxidant treatment resulted in a reduction in the signal in

ST cells (Figure 6D) to levels similar to those found in

nontransfected control and VEC cells (Figure 6A).

Because the ST cells responded to vitamin E treatment

and the DCF imaging experiment indicated that these

cells seemed to be in a heightened state of oxidative

stress, but were still equally viable compared to the VEC-

transfected and wild-type counterparts, we hypothesized

that the selected ST cell clone might be able to compen-

sate for the oxidative stress by producing endogenous

anti-oxidants. To investigate this possibility we examined

the levels of glutathione expression. The rationale for

performing this assay is based on previous studies show-

ing that cells respond to oxidative stress by changing the

levels of this anti-oxidative factor.37 The present study

showed that ST cells displayed a 75% increase in levels

of glutathione compared to VEC and control cells (Figure

7A). AST cells showed no significant alterations in the

levels of glutathione expression (Figure 7A).

GnRH Secretion Is Decreased in a-Synuclein

Overexpressing Cells

To further confirm that the mitochondrial alterations and

oxidative stress conditions affected the function of ST

cells, levels of GnRH release were determined by radio-

immunoassay. This study showed that in ST cells there

was a 60% reduction in the levels of GnRH secretion

compared to VEC and control cells and treatment of ST

cells with the anti-oxidant vitamin E resulted in normaliza-

tion of GnRH secretion (Figure 7B). GnRH release was

within normal limits in AST cells (not shown).

Discussion

The present study showed that overexpression of

a-synuclein in GT1-7 cells leads to mitochondrial dys-

function, as reflected by the presence of giant mitochon-

dria, formation of laminated bodies and autophago-

zomes, and decreased MTT levels. Consistent with this

possibility, a recent study has shown that a-synuclein

exhibits homology with 14-3-3 proteins and is capable of

interacting with BAD, a Bcl-2 homologue that controls

mitochondrial function and promotes cell death.40 In this

regard, BAD interacts with Bcl-x1 to form a heterodimer

which displaces Bcl-2 leading to release of cytochrome c

from mitochondria, which is thought to be one of the

earliest steps involved in apoptotic cell death.41 Because

recent studies have also shown that cytochrome c inter-

acts with a-synuclein in LBs,21,42 then release of this

mitochondrial molecule might not only trigger cell death,

but also promote a-synuclein aggregation.

As to other potentially important consequences of the

a-synuclein-mediated mitochondrial dysfunction, the

present study showed that overexpression of a-synuclein

in GT1-7 cells resulted in decreased GnRH release and

cellular changes consistent with oxidative stress. Re-

garding the reduced vesicular secretion of GnRH in ST

cells, it has been demonstrated that cellular energy

Figure 7. Glutathione and GnRH levels in transfected GT1-7 cells.
A: a-Synuclein sense-transfected (ST) cells showed a significant 85% increase
in glutathione levels compared to nontransfected controls (C), vector-trans-
fected cells (VEC), and antisense-transfected (AST) cells. B: a-Synuclein
sense-transfected (ST) cells showed a significant 60% decrease in GnRH
levels compared to nontransfected control (C). Treatment with the anti-
oxidant vitamin E restored normal levels of GnRH secretion in ST cells.
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stores affect functioning of vesicular transport proteins

such as N-ethylmaleimide-sensitive fusion protein.43 Ves-

icle activity correlates well with synaptic function or neu-

ral plasticity and levels of a-synuclein seem to follow

those of other proteins important for synaptogenesis and

development.30 In addition, it has been shown that in the

zebra finch model, levels of a-synuclein homologue, syn-

elfin, are developmentally regulated in the brain during crit-

ical periods of song learning.5 Furthermore, a-synuclein has

been shown to be capable of binding to synthetic mem-

branes of acidic phospholipids and preferentially to ves-

icles of smaller diameter suggestive of selective regula-

tion at the nerve terminal.44 a-Synuclein has also been

shown to inhibit the activity of phospholipase D2,45 an

enzyme that has been implicated in the vesicular activity

pathway.46 Taken together these studies suggest that

decreased neurosecretory activity in transfected GT1-7

cells may be indirectly associated with mitochondrial

dysfunction. Alternatively, the neurosecretory alterations

might also be associated with other toxic changes such as

generation of radical oxygen species. In this regard, con-

sistent with previous reports showing that mitochondrial

dysfunction leads to oxidative stress,27,47 the present study

indicated that a-synuclein overexpression results in mito-

chondrial alterations, accompanied by increased DCF flu-

orescence and altered glutathione levels. Furthermore,

these alterations were reversible by treatment with the anti-

oxidant, vitamin E. It should be noted that whereas we

observe an increase in cellular glutathione levels, this is in

contrast to the observed decrease in glutathione levels in

the brains of patients with PD.48 It is possible that this

difference can be accounted for by the selection process of

viable cell clones and corroborates the hypothesis that the

clones have altered their cellular anti-oxidant defenses to

counter the increased oxidative load.

These results are of significant importance for the un-

derstanding of PD pathogenesis, because in this disor-

der mitochondrial function is significantly compromised

as reflected by alterations, among others, in mitochon-

drial complex I levels23,25,49–54 and oxidative stress has

been postulated to play a central role in the neurodegen-

erative process in PD.27 In this context, it is possible that

overexpression of a-synuclein leads to mitochondrial al-

terations which, in turn, lead to generation of oxygen

radicals. This is notable in view of recent studies showing

that oxidative stress leads to a-synuclein aggregation23

and that cytochrome c, which is centrally involved in the

mitochondrial-associated apoptotic pathway, is closely as-

sociated with a-synuclein in LBs and triggers a-synuclein

aggregation.42 These results suggest that oxidative stress

might further accelerate a-synuclein aggregation which, in

turn, may result in LB formation.

In summary, the present study supports the contention

that a-synuclein might be involved in regulating mito-

chondrial activity and alterations in a-synuclein expres-

sion may lead to mitochondrial dysfunction and genera-

tion of radical oxygen species, that eventually results in

neurodegeneration in conditions associated with LBs

such as PD.
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