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I. Introduction

PDt is a degenerative disorder of the central nervous
system characterized clinically by akinesia, muscular

* To whom correspondence should be addresaeth Laboratory of Mo-

lecular Immunology, National Heart, Lung, and Blood Institute, Na-
tional Institutes of Health, 9000 Rockville Pike, Bethesda, MD 20892.

t Abbreviations: PD, parkinson’s disease; SN, substantia nigra SNc,
substantia nigra pars compacta L-dopa, L-3,4-dihydroxyphenylalarnne;

MP’FP, 1-methyl-4-phenyl-1,2,5,6-tetrahydropynidine- HC1; SNr, sub-
8tantia nigra reticulata mRNA, messenger nibonucleic acid MPP’,

methylphenyltetrahydropynidinium ion; NMDA, N-methyl-D-aspartic

acid; PC12, rat pheochromocytoma-12 cell line; DNA, deoxyribonucleic

acid; AMPA, a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid.

HBr, MPDP�, 1-methyl-4-phenyl-2,3-dihydropyridinium (dihydropyr-

idinium ion); AlP, adenosine tniphoaphate; NBQX, 2,3-dihydroxy-6-

nitro-7-sulfamoyl-benzo(f)quinoxaline; TIQ, tetrahydroisoquinoline;

mtDNA, mitochondrial deoxyribonucleic acid NGF, nerve growth fac-
tar; BDNF, brain-derived neurotrophic factor, FGF, fibroblast growth

factor� GABA, ‘y-aminobutyric acid GDNF, Glial cell line-derived

neurotrophic factor.

rigidity, and tremor. The discovery that this disorder is
directly caused by the degeneration of the nigrostriatal

dopaminergic pathway is a major landmark relating a

neurological disease to a specific neuronal system. In
fact, the progressive loss in the SNc of dopaminergic

neurons and their axons that project to the striatum
results in an imbalance in the relative activity of stria-
topallidal and striatonigral output pathways, with the
former becoming dominant. Increased striatopallidal ac-
tivity consequently increases the output from the inhib-
itory neurons of the basal ganglia (Klockgether et al.,

1991). In the early stages of the disease, most symptoms

are remarkably improved by replacement therapy with
L-dopa, which functions as an excessive substrate to
maximize dopamine synthesis in the remaining dopami-
nergic neurons. However, the initially almost totally

compensatory response to L-dopa therapy becomes in-

sufficient with the progression of neuronal degeneration.
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Within 5 years after the diagnosis of PD, the majority of

patients receiving L-dopa exhibit fluctuations in their

motor compensation that become less continuous and
more difficult to manage (Shults, 1992).

Treatment strategies directed to halt the progressive
loss of dopaminergic neurons in the midbrain are in

development (Shults, 1992). These strategies focus on

attempts to: (a) slow the progression of the pathogenic

process; (b) protect remaining dopaminergic pathways
that are still functioning; (c) increase the dopaminergic
innervation of the striatum with neural transplantation
in combination with neurotrophic factors; and (d) design

drugs that inhibit events that limit the trophic factor

efficacy.
Although the understanding of the pathophysiology of

motor dysfunction in PD has improved, major progress

in establishing an effective therapy is hampered by the

inability to limit the progression of the pathological

processes and by the fragmentary knowledge of the

cause(s) leading to the selective damage of dopaminergic
neurons. The question posed by such selectivity of neu-

ronal loss is further compounded by the inability to

define clearly the functionally decaying, as opposed to
surviving, neuronal phenotypes. Thus, not all dopami-

nergic neuronal pathways are simultaneously affected;
nor are all the dopaminergic neurons of the same group

equally sensitive to the pathogenetic process (Gibb,

1992).

Possible causes for the loss of dopaminergic neurons

in PD include an acute insult, chronic toxicity, and

acceleration of the loss in dopaminergic neurons associ-

ated with normal aging. Clues to a pathophysiological
mechanism that lead to selective dopaminergic cell loss

can be obtained from at least four independent research

trends: (a) comparison of the molecular mechanisms
operative in the pathophysiology of the lesion in patients
with PD with those occurring in dopaminergic neurons

of animal models used to study the neurobiology of PD;
(b) the viability of neurons in relationship to the desta-

biization ofcalcium homeostasis; (c) age-related changes
in oxidative metabolism; and (d) investigation of specific

factors prompting the survival of dopaminergic systems

both in vivo and in vitro.

Recent reviews of PD (Jenner, 1992; Jenner et a!.,
1992; Javoy-Agid, 1992; Beal, 1992; Hirsch, 1992) focused

on neurotoxicity due to free radicals of exogenous or of
endogenous origin, with very little heeding to the indig-
enous susceptibility of the target neurons (other than

looking into nonspecific deficits in the ability to deal
with oxidative stress). However, if development of PD is

triggered by abnormal formation of free radicals in the

face of a toxic insult by either an exogenous product or

an aberrant endogenous metabolite, the high specificity
of the lesion still remains unexplained, unless it involves

the formation of free radicals directly derived from do-
pamine. A phenomenon that deserves further study en-

tails the presence of a latent genetic program in dopa-
minergic neurons that could trigger cell death in the
presence of specific abnormalities in phenotypic protec-

tion of transmitter processing.
The purposes of this review are as follows: (a) to

marshall supporting and opposing evidence for each of

these viewpoints; (b) to evaluate the evidence for and
against the generation of free radicals structurally related

to dopaminergic transmission; (c) to propose a mecha-
nism for the pathogenic process of cell death in PD; and
(d) to look for a heuristic animal model that allows
analysis of experimental and clinical evidence.

H. Neuropathology of the Parkinson’s Disease

Lesion

In the brains of patients who died with PD, not all
dopaminergic cell groups were degenerated simultane-

ously to the same extent, indicating that neurons might
not be equally resistant or susceptible to the intrinsic

mechanism that triggers the disease (Kish et al., 1988;

Gibb, 1992). The most severe neuronal loss occurs in the
SNc, where the neurons that are most resistant to the

intrinsic degenerative process usually bear Lewy bodies
(which, however, are not pathognomonic of PD). Neu-

ronal loss within the SN shows a preferential degenera-
tive pattern of the lightly melanized dopamine-contain-
ing cells forming a ventral tier (or alpha strip) of SNc,

in contrast to the heavily melanized cells forming the

dorsal tier (or beta strip) of SNc that are relatively

resistant to pathogenetic insult (Gibb, 1992).

This pattern is contrary to what one would expect
from the tenets of the neuromelanin hypothesis that
proposes a selective sensitivity to injury of melanin-rich

dopaminergic neurons (Hirsch, 1992). In fact, according
to Hirsch (1992), oxidative stress might be a cause for
increased vulnerability of melanin-rich dopaminergic

neurons. The apparent discrepancy for the proposed
vulnerability of melanin-rich neurons in PD will be dis-
cussed in section IV.

An uneven pattern of neuronal loss was also reported
for the nigrostriatal projections, with nearly complete
deletion of dopaminergic markers in the caudal portions

of the putamen; there is approximately 96% depletion in

the dorsal rostral part of the cauclate nucleus and about
60% reduction in the remaining parts of the caudate
nucleus (Kish et al., 1988).

III. Animal Models of Parkinson’s Disease

A. Methyiphenyltetrahydropyridinium ion toxicity

The development of an irreversible PD-like syndrome
in a group of meperidine abusers led to the discovery of

the specific toxicology of MPTP in dopaminergic neu-

Tons (Davis et al., 1979; Langston et al., 1983). The
differences between lesions in idiopathic PD and those
caused in animals by MPTP are summarized in table 1.
MPTP, which selectively damages cells in the SN (Burns
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TABLE 1

Idiopathic Parkinson’S disease MPTP-induced disease

Course Slowly progressive Static or slow recovery observed after end of ex-
posure to toxin

Pattern 1. Lesions extended beyond SN
2. Uneven pattern of cell loss within the SN

Largely restricted to SN
Uneven pattern of cell loss (with chronic

administration)

Neurochemistry Greater depletion of dopamine in the putamen

than in the caudate nucleus
Greater depletion of dopamine in the putamen

than in the caudate nucleus (with chronic ad-
ministration)

Manifestations Rigidity, bradykinesia and

resting tremor (3-5 Hz)

Rigidity and brady-
kinesis
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et al., 1983; Heikkila et al., 1984), is now used to obtain

models for PD in monkeys and rodents. In the putamen
of MPTP-treated monkeys, the [3H]mazindol binding
was substantially reduced, indicating a loss of neurons

expressing the dopamine transporter. The characteristic

topological pattern of dopamine depletion in the caudate
nucleus observed in idiopathic PD, however, has not been

found consistently in caudate nucleus of MPTP-treated

monkeys (Moratalla et al., 1992).

Data acquired with histochemical techniques-in situ

hybridization for dopamine receptor mRNAs, and neu-

rotransmitter receptor-binding studies-made it possible

to detect in neostriatum of monkeys two intermingled

compartments called striosome and matrix. These corn-
partrnents exhibit distinct afferent and efferent connec-

tions, with the striosomes receiving input from the pre-

frontal cortex, the insular cortex, the amygda.la, and the

matrix from association and sensorimotor cortex (Rags-

dale and Graybiel, 1990).

The efferent projections of these two areas are also

segregated, with striosomal neurons projecting mainly to
the SNc and the majority of matrix neurons projecting

to the pars externa and pars interna ofthe globus pallidus

and to SNr. Dopamine D1 recognition sites were shown
to be diffusely distributed in matrix and striosomes,

whereas muscarinic M1-binding sites were denser in

striosomes than in the matrix. In contrast, dopamine D2
recognition sites, choline uptake, and benzodiazepine

recognition sites were denser in the matrix than in strio-

somes (Graybiel, 1990).
When low doses of MPTP were injected in the caudate

nucleus of monkeys, a selective vulnerability of matrix

as compared with striosomes was observed (Moratalla et

a!., 1992). Interestingly, when a low MPTP-dose para-

digm is used, within the MPTP-affected regions, the

[3H]mazindol binding in striosomes is relatively pre-

served as compared with the surrounding matrix (Mor-
atalla et a!., 1992). However, in idiopathic PD, a lesion

pattern that selectively targets the matrix has not yet

been described. MPP�-mduced toxicity in the rat is

spontaneously reversible in most cases because only a

transient loss of the expression of the tyrosine hydrox-
ylase phenotype was reported and not an irreversible

damage of dopaminergic neurons (Schneider, 1992;
Schneider et al., 1992). Using Nissi staining, Beal et a!.

(1993) found a loss in total cell number in rat SNc, but

the assessment of whether MPP� toxicity affects a spe-
cific cell phenotype, such as dopaminergic neurons ex-

pressing tyrosine hydroxylase, is still not defmitive.

1. Protective effect of gangliosides. Another, yet poorly

understood, part of the pathophysiology of MPTP is the

mechanism by which the ganglioside, GM1, exerts its

beneficial effects. GM1 was shown (a) to prevent MPTP-
induced neurotoxicity in mice (Gupta et al., 1990) and

(b) to promote recovery in MPTP-lesioned mice, rats,

cats, and monkeys (Janson, 1992; Hadjiconstantinou et
al., 1989; Schneider, 1992; Schneider et a!., 1992).

Better understood is the mechanism by which ganglio-

sides protect neurons against NMDA excitotoxicity. The

protective action seems to occur downstream from the
integral membrane receptor protein on a mechanism that

governs the Ca2� signaling amplification. Gangliosides
spare the mechanism of signal transduction at the iono-

tropic and metabotropic glutamate receptors (Manev et

a!., 1990). De Erausquin and coworkers (1990) showed

that in primary cultures of cerebellar granule cells, gan-

gliosides protect neurons against NMDA-induced toxic-

ity by preventing a deregulation of Ca2� homeostasis.
This important protective action of gangliosides is

achieved by inhibiting protein kinase C activation and

the translocation of the enzyme from the cytosol to the
membrane elicited by persistent glutamate receptor stim-

ulation (Favaron et a!., 1990).
The mechanism whereby gangliosides accelerate the

functional recovery of dopaminergic neurons is still Un-
known. Administration of GM1 to untreated mice had

no apparent effect on dopaminergic functions. In MPTP-

treated mice, GM1 significantly accelerated recovery in
all age groups ranging from 8 weeks to 20 months, but

in older mice, the recovery was delayed and was less

complete than that in young mice. This effect seemed to

depend upon the induction of compensatory mechanisms
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of dopamine synthesis and release from remaining ter-

minals, possibly by facilitating the trophic action of yet

unknown factors (Hadjiconstantinou and Neff, 1988;
Schneider, 1992). This antineurotoxic and proneuro-
trophic action of GM1 was also observed in MPP�-

treated mesencephalic neurons in primary culture. GM1
restores the reduction of tyrosine hydroxylase immuno-
reactivity and dopamine uptake elicited by MPP� (Dalia
et a!., 1993).

The provisional hypothesis that was reached with

MPTP lesion experiments maintains that gangliosides

might increase the efficacy of a trophic factor (perhaps

FGF) via a facilitatory action on tyrosine kinase activa-

tion.
Taken together, the two mechanisms of neurotoxic

protection afforded by gangliosides seem (a) to stimulate
the process of recovery from MPTP-caused degeneration

and (b) to limit glutamate-induced excitotoxicity by cur-
tailing the process of Ca2� signal amplification. In the
former mechanism, a facilitation of tyrosine kmase ac-

tivation might be operative, whereas in the latter, an
inhibition of membrane translocation of cytosolic Ca2�-

dependent protein kinases might be the prevailing mo-

lecular mechanism. In PC12 cells, gangliosides were

found to prevent neuronal cell death in neurotrophic

factor-deprived conditions by preventing apoptotic DNA

fragmentation (Ferrari et a!., 1993).

B. Excitatory Amino Acid Receptors in Dopaminergic

Neurons of Substantia Nigra

Immunocytochemical studies revealed the presence of
AMPA-preferrmg glutamate receptor subunits in the
dopamine-contairnng neurons of rat SNc (Martin et a!.,

1993). Most of the dopaminergic neurons identified by
tyrosine hydroxylase immunoreactivity were also im-

munoreactive to antibodies raised against GluRl-AMPA
receptor subunits (Martin et a!., 1993), whereas only

some reacted to those against G1uR2/3- and none against
GluR4-specific epitopes (Petralia and Wenthold, 1992).
Autoradiographic studies in the SNc of human brain
revealed the presence of a low number of NMDA-binding

sites (20 fmol/mg protein); the number was significantly

reduced in patients with PD (2.6 fmol/mg protein) (Di

Fazio et a!., 1992). However, the binding affinity and the
maximal binding capacity of [3Hjdizocilpine, a noncom-

petitive NMDA receptor antagonist, were not altered in

caudate nucleus, putamen, temporal, or frontal cortex of
parkinsonian brains (Holemans et a!., 1991). The density

of AMPA-binding sites in normal SNc is about ten times
higher (175 fmol/mg protein) than that of NMDA, and

is significantly reduced in PD (99 fmol/mg protein). In
contrast, the density of metabotropic receptor sites is
similar in SN of normal and PD patients (Di Fazio et

a!., 1992).

NMDA receptors in nigral dopaminergic neurons could
not be detected by immunohistochemistry (Petralia et

a!., 1994). Data on the expression of mRNA encoding for
various NMDA receptor subunits in dopaminergic neu-

rons has not received the necessary focus, but the mRNA
encoding for subunits of the NMDA receptor does not
seem to be abundant. This might explain why NMDA

fails to mediate excitotoxicity in primary cultures of
embryonic mesencephalic neurons (de Erausquin, et a!.,
1994). Whole cell recording of dopaminergic neurons in
slices of rat SN following afferent electrical stimulation

showed that excitatory postsynaptic potentials have a

prominent fast component induced by non-NMDA chan-

nel currents that participate in glutamate signal trans-

duction followed by a smaller slow component contrib-
uted by the opening of NMDA channels (Mereu et a!.,
1991). On the other hand, injection of kainic acid (but

not NMDA), into the SNc-induced seizures in rats: the
seizures are prevented by kynurenic acid, an NMDA-

and AMPA-receptor antagonist, when given in high
doses (Maggio et a!., 1990). Injection of AMPA into SNc
prolongs rotatory behavior contralateral to the injection

side (Masco, de Erausquin, Isaacs, Jacobowitz, Hanbauer
and Gale, unpublished observation). This is in keeping

with the view that nigra! dopaminergic neurons express

mainly non-NMDA selective glutamate receptors.

Contrary to these findings, NMDA was reported to

induce [3H]dopamine release from striatal slices (Bowyer

et a!., 1991) or from striatal synaptosomes (Araneda and
Bustos, 1989; Llinas et a!., 1984; Krebs et a!., 1991),

suggesting that NMDA receptors might be located on
dopaminergic axona! terminals. An explanation for these

seemingly contradictory data is offered by a report show-
ing that stimulation of NMDA receptors located in post-
synaptic neurons activates nitric oxide synthase. The

newly formed nitric oxide might diffuse almost instan-
taneously to presynaptic dopamine nerve endings where

it stimulates [3H]dopamine release (Hanbauer et a!.,

1992).

C. Excitotoxicity in Dopaminergic Neurons:

Dopaminergic and Glutamatergic Interaction

In rats, selective destruction of the striatonigral pro-

jection neurons reduced striatal NMDA-binding sites to
a greater extent than those of AMPA, kainate, or gluta-

mate metabotropic recognition sites (Tallaksen-Greene

et a!., 1992). The striatal matrix, which receives an input

from neurons that are selectively affected by MPTP, has

a greater number of binding sites for [3H]AMPA and

[3H]dizocilpine than the striosomes, whereas the strio-

somes have a greater number of [3H]kainate-binding
sites than the matrix (Dure et a!., 1992). A possible

explanation for these findings could be that NMDA and
AMPA receptors are present in different neurons but
participate in the same circuit.

In spite of the weak and inconsistent evidence of a role

of NMDA receptors in mediating dopaminergic cell

death, several competitive NMDA receptor antagonists
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were reported to provide temporary protection against

MPTP- and MPP’-induced toxicity when they were
either coadministered with the toxicant into the SNc, or

injected systemically in rats (Klockgether and Turski,
1990; Turski et a!., 1991). A similar protection by dizo-

dilpine was observed in monkeys (Zuddas et a!., 1992).
The protection by these antagonists was only temporar-

ily effective and might have been attributable either to

the difference in the pharmacokinetics of the toxicant

and the glutamate antagonists or to a potential radical

scavenging action of the NMDA-receptor antagonists.

However, other investigators failed to obtain protection
in mice with NMDA antagonists against MPTP toxicity

either acutely (Sonsalla et a!., 1992; Kupsch et a!., 1992)
or after treatment protracted for 20 days (Kupsch et a!.,
1992). It was reported that in decorticated rats, which
have a reduced excitatory input to the striatum, NMDA

antagonists also decrease the MPP�-induced lesions of

striatal dopaminergic terminals and halt the loss of do-
pamine-containing neurons in the SNc (Bea! et a!., 1993).

These data are incompatible with the theory that MPP�-
induced dopaminergic neurona! death might require ac-

tivation of NMDA receptors. In line with this hypothesis

are data showing that the protection by NMDA antago-

nists in decorticated rats might be caused by an extra-

cortical excitatory input to the striatum that may be
operative in the suppression of the dopaminergic phe-

notype by MPP� (Beal et a!., 1993).
A second site for dopaminergic and glutamatergic in-

teraction is the subthalamic nucleus, where glutama-

tergic output was increased after SNc destruction in
various experimental mammals (Greenamyre and

O’Brien, 1991). Overactivity of the subthalamic nucleus

glutamatergic excitatory projections to the lateral globus
paffidus and the SNr is postulated to play a central role

in the clinical manifestations of PD. In MPTP-treated
monkeys, the ablation of these glutamatergic projections

reduces akinesia, rigidity, and tremor (Bergman et a!.,
1990; Greenamyre and O’Brien, 1991). Injection of

NMDA receptor antagonists in the subthalamic nucleus,

as well as in the lateral globus pallidus and SNr, reduces

akinesia and rigidity in monoamine-depleted rats

(Greenamyre and O’Brien, 1991) or in MPTP-pretreated

monkeys (Graham et a!., 1990). Interestingly, identical

effects were described using NBQX, a specific antagonist
of the AMPA-kainate-glutamate-receptor subtype
(Klockgether et aL, 1991), which also augmented the
action of L-dopa. In another study, neither NBQX nor

NMDA receptor antagonists were effective by them-
selves, but coadministered with L-dopa, they facilitated
its antidystonic effects (Loschmann et a!., 1991).

D. Effect of Excitatory Amino Acids on [Ca2�]i

Homeostasis in Dopaminergic Neurons

A breakdown of the regulation of intracellular ionized

calcium concentrations ([Ca2�]i) leads to severe cell dys-

function and cell death (Siesjo and Bengtsson, 1989).

Different portions of a neuron simultaneously carry a

variety of functional processes that involve an increase

of [Ca2ii in spatial domains requiring a different extent
of increase and specific time courses (de Erausquin et
a!., 1992; Miller, 1992; Alkon and Rasmussen, 1988;

Carafoli, 1987).
The regulation of [Ca2�]i homeostasis depends on (a)

specialized membrane segments that contain clusters of

specific ionic channels, neurotransmitter receptors, cal-

cium transporters, and pumps; (b) on subcellular organ-
elles with calcium trapping/releasing functions within
well-defined compartments (e.g., mitochondria in den-

dritic spines); and (c) on the presence of specific types
of calcium-binding proteins. In theory, the mechanisms
involved in the modulation of [Ca2�]i signals could vary
not only in different neuronal phenotypes but also within
the same type of neuron. If abnormalities in [Ca2ii

horneostasis are responsible for the selective neurodegen-

eration ofdopaminergic neurons in PD, seems essential

to understand the regulation of [Ca2�]i in order to iden-

tify a signaling process involved in neuropathology.

1. Cakium Iwrneostasis in cultured dopaminergic neu-

rons. Information on the spatial distribution, within a

neuron, of the different types of voltage-dependent cal-

cium channels has been obtained by radioligand-binding
measurements (Sanna et a!., 1986), by channel-specific

fluorescent ligands (Robitaille et a!., 1990, Cohen et a!.,

1991), and by immunohistochemistry (Westenbroek et
a!., 1990). However, the specific functions associated with

different channel subtypes are not understood. In dopa-

minergic neurons, measurements of [Ca2ii steady state

and Ca2� fluxes made it possible to distinguish differ-

ences in the functional role of [Ca2ii pools in sorna and

neuronal fibers. [3H]Dopamine release from neurites of

cultured mesencephalic neurons is consistently associ-
ated with the increase of neuritic [Ca24]i that is abated

by N-type channel blockers. This pool seems to generate
the transient increase of [Ca2�]i in the vicinity of sites

probably linked to the regulation of dopamine secretion

(de Erausquin et a!., 1992). Depolarization with K� in-

duces a widespread increase of [Ca2�]i in the cell. N-type
voltage-dependent calcium channel blockers attenuate

the increase in [Ca2�]i in neurite and selectively prevent

[3H]dopamine release (de Erausquin et a!., 1992). L-type
voltage-dependent calcium channels, on the other hand,

seem to be responsible for the increase of [Ca2�ji in the
soma of dopaminergic neurons, but these channels could

not be linked to the function of dopamine release, be-

cause L-type channel blockers failed to prevent [3H]
dopamine release (de Erausquin et a!., 1992).

II primary cultures of embryonic rat ventral tegmental

mesencepha!on, NMDA (over a large concentration

range) failed to increase significantly somatic [Ca2�Ji in

Mg�-free buffer. This result suggests that NMDA recep-

tors either become desensitized very rapidly or are pres-
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ent in very low numbers (de Erausquin et a!., 1994). In
contrast, [Ca2ii in dopaminergic neurons was increased
selectively by stimulation of non-NMDA-type glutamate
receptors and seemed to be the basis for the atypical
vulnerability of dopaminergic neurons present in these

cultures (de Erausquin et al, 1994). In fact, excessive
stimulation with AMPA and other agonists of this recep-

tor caused destabilization of the [Ca2ii homeostasis,
leading to atypical death of dopaminergic neurons (de
Erausquin et a!., 1994). In dopaminergic neurons, the

increase of [Ca2�]i elicited by AMPA and agonists of the
same receptor subtype also involves the activation of L-

type, voltage-dependent calcium channels, because nife-
dipine was able to abate the increase of [Ca24]i elicited
by AMPA receptor agonists (table 2) (de Erausquin et
a!., 1994). The persistent destabilization of [Ca24]i ho-
meostasis elicited by AMPA agonists occurred exclu-

sively in dopaminergic neurons, whereas in other neurons

of the same culture dish, [Ca2ii rapidly returned to
normal levels (de Erausquin et a!., 1994). In fact, 6 to 7

h after a 5-mm exposure to 50 �tM-AMPA, propidium
iodide uptake was measurable only in dopaminergic

neurons (de Erausquin et a!., 1994). This phenomenon
is compatible with the concept of destabilization of

[Ca2ii homeostasis elicited by abusive stimulation of
glutamate receptors and suggests the possibility that
therapeutic agents that act on targets downstream from

the receptor (gangliosides?) may arrest the cascade of

events leading to cell death (Guidotti et a!., 1991).
In dopaminergic neurons, the persistent stimulation

ofthe AMPA receptor also seemed to involve the dynam-
ics of intracellular calcium stores, because pretreatment
with the ryanodine receptor antagonist, dantrolene, re-

duced the increase of [Ca2�]i homeostasis (de Erausquin
et a!., 1991). Hence, the calcium-induced calcium release

might play a role in the protracted elevation of [Ca2�]i
following persistent stimulation of AMPA receptors. In
central nervous system neurons, the demonstration of
calcium-sensitive calcium stores has remained elusive;
most neurons either do not express such a mechanism or

do so under very particular circumstances, such as
[Ca2�]i overload during membrane depolarization (Fohr-

man et a!., 1993). In primary cultures of mesencephalic
neurons, an overload of [Ca24]i could also be caused by
a reduction of either the content or the expression of
calcium-binding proteins that have [Ca2�]i buffering ca-
pacity.

Effect of voltage-depe
TABLE 2

ndent Ca� channel antagOnists on the AMPA-

elicited increase in [Ca�4]1

Ca’� channel

antagonist

Effect on AMPA-
Type of elicited increase of
channel [Ca2�],

Nifedipine L Inhibition

w-Conotozin N None
Flunarizine T None

2. Calcium-binding proteins. The few calcium-binding
proteins that have been studied in relation to neurode-

generation belong to a large family of more than 200
proteins structurally characterized by multiple repeats
ofthe EF-hand motiv (Heizmann and Braun, 1992). (EF-

hand is a structural motif in proteins, which binds Ca2�
selectively and with high affinity.) In the nervous system,

the most abundant members of this protein family are
parvalbumin, ca!bindin-D�K, and ca!retinin (table 3).
They are present in distinct subpopulations of neurons,

providing an additional marker for specific calcium-de-

pendent processes (Baimbridge et a!., 1992). These highly
soluble proteins are present throughout the cytosol, from
soma to thin neurite terminals and seem to be useful for
studies of neuronal connectivity and shape. Their func-
tion, however, remains largely unknown, and there is
little information on specific properties of the neurons
that contain them. The presence of parvalbumin and

ca!bindin-D�K in the dendritic trees of several types of
neurons was linked to the excitability of these neurons

(Baimbridge et al., 1992; Celio, 1986). Stable transfection
of ca!bindin-D25K into a cell line reduced the visualization
of Ca2� entry through voltage-dependent calcium chan-
nels and improved the ability of cells to reduce [Ca2ii
transients evoked by depolarization (Liedo et a!., 1992).

Another report, however, argued against a Ca2�-buffering
activity of ca!bindin-D�K, because its Ca2�-binding abil-
ity seems to be already maximal under resting conditions

(Leathers et a!., 1990).

Ca!retinin, a protein highly homologous with calbin-

din-D�K, �5 present in subsets of neurons throughout the
brain (Jacobowitz and Winsky, 1991). Coloca!ization of
calretinin and tyrosine hydroxylase was found at E16 in
SNr and at E20 in SN�. However, dopaminergic neurons
in mesencephalic cultures from 14-day-old rat embryos

do not possess cairetinin immunoreactivity (Isaacs, Han-
bauer and Jacobowitz, unpublished observations). So far,
ca!retinin serves mainly as a neuronal marker, but its

function remains completely obscure.
The initial clue for a role of [Ca2ii homeostasis desta-

bilization in the pathogenesis of PD was derived from

data on calcium-binding proteins in postmortem brains

of PD patients (lacopino and Christakos, 1990). In

MPTP-injected mice (Iacopino et a!., 1992) and monkeys
(German et a!., 1992; Lavoie and Parent, 1991), calbin-
thn-D�K-immunoreactive/dopamine-containing cells are
significantly spared. The content of calbindin-D� and
the expression of its mRNA are not altered in MPTP-

TABLE 3

Cakium-bindingproteins in the brain

Present in most cell types
Present in neurons in central and

peripheral nervous system

CaImOdUlin Calretinin
Calcium-dependent proteases Ca1bindm-D,,,�

Protein kinase C Parvalbumine

Actinin 5100,,
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treated animals (lacopino et a!., 1992), which suggests
that calbindin-D�K-containing neurons are not lesioned
by the exposure to the toxicant. In contrast, calbindin-

D�K-containing neurons were damaged in nucleus bas-
alis of Meinert in brains of PD patients (Gibb, 1992).

Calbindin-D�K-specffic mRNA and protein levels were
decreased in SNc, hippocampus, and raphe dorsalis of

patients with PD when compared with age- and sex-

matched controls (lacopino and Christakos, 1990), but
other reports showed that calbindin-D�K immunoreac-

tive neurons were relatively spared in the SNc of PD
patients (Yamada et a!., 1990; German et a!., 1992).

Similarly, in primary cultures of rat embryonic mesen-
cephalon, the ca!retinin-positive neurons are spared by
excitotoxic injury caused by exposure to AMPA or kain-

ate. In contrast, dopaminergic neurons in the same cul-

ture are irreversibly lesioned (Isaacs, Jacobowitz, de-
Erausquin and Hanbauer, unpublished observation).

Calretinin is found altered in genetically epilepsy-prone
rats (Montpied, Winsky and Jacobowitz, personal com-
munication). The question of whether calbin&n-D�K or
cairetinin may protect dopaminergic neurons from de-

regulation of [Ca2ii homeostasis in PD is still unre-
solved.

3. (Ca2ii homeostasis linked to mitochoridrial fur�,tion.

Under normal circumstances, the impact of long-lasting

[Ca2ii signals in neurons is regulated by accumulation

and release of Ca2� from mitochondria (Denton and

McCormack, 1990). The protein complex of the respira-

tory chain, located within the inner mitochondrial mem-

brane, extrudes protons from the mitochondria! matrix,

creating a mitochondrial membrane potential of 150-180

mV (negative inside). This gradient drives the synthesis

of ATP and fuels the transport of Ca2� inside the mito-
chondria.

Ca2� is transported through the inner mitochondrial
membrane by an electrophoretic uniporter without ion

exchange, and it is extruded from the matrix in exchange
for Na’ (predominant mechanism in neurons) or pro-

tons. The increase into the micromolar range of [Ca2411

in cytosol and mitochondrial matrix results in saturation

of the Na�/Ca2� exchanger. Under this condition, the

rate of Ca2� efflux from the matrix will be constant,
whereas the rate of Ca2� influx from the cytosol remains

fast. Mitochondria! Ca2� accumulation will continue un-
til cytosolic [Ca2ii has decreased to a level at which the
transport across the inner membrane is at steady state.
This point is known as the mitochondria! “set point”

(Nicholls, 1985). If cytosolic [Ca2�]i decreases below this
point, the net transport will turn outward, resulting in

prolonged Ca2� release from the matrix and slowing the

decline of [Ca2ii (Miller, 1992). Abnormal mitochon-

dna! function could conceivably cause a shift of the “set
point.” For example, a large Na� influx evoked by even

mild increases in excitatory amino acid receptor stimu-

lation (much below the level of stimulation usually used

in the in vitro paradigm) could shift the “set point” at
which mitochondria would maintain cytosolic [Ca2ii at

a higher level.

Increased vulnerability of neurons to [Ca2�]i overload
could also arise from mitochondrial functional abnor-
malities in PD (Beal et a!., 1993; see also section IV.E)

that might be indirectly linked to deficient cytosolic
content of calcium-binding proteins. It is possible that a

reduced buffering capacity caused by diminished expres-
sion of calcium-binding proteins could make dopami-
nergic neurons even more vulnerable to excitotoxic in-
jury, but experimental proof for such an allegation is still
missing.

IV. Free Radical Formation: Exogenous
Toxicants versus Abnormal Metabolism

A. Epidemiology

The discovery that MPTP causes a parkinsonian syn-

drorne (Davis et a!., 1979; Langston et a!., 1983) estab-
lished a working hypothesis that relates the etiology of

PD to an environmental toxic insult. MPTP is not a
naturally occurring compound and only accidentally
caused a few cases of PD. However, when the route of
MPTP metabolism by monoamino oxidase B in brain
was understood, it became an interesting model to study

the mechanism responsible for generating toxic rnetab-

olites (Jenner et a!., 1992). Table 4 categorizes neurotox-
icants into “exogenously formed” and “endogenously

formed.”

Although epidemiological evidence suggests that an

environmental toxicant might not be a significant factor
in causing the disease (Jenner, 1992; Jenner et a!., 1992;
Spencer et a!., 1992), the possibility of risks associated

with industrial or agricultural chemical contaminants
cannot be excluded (Jenner et a!., 1992).

On the other hand, the observation that 10% of pa-
tients with PD have an affected relative suggests the
existence of a genetic component (Jenner, 1992). Studies
of 65 pairs of twins seemed to exclude a major DNA

contribution (Ward et a!., 1983), but a more stringent

study showed that the incidence of the disease in families

of monozygotic and dizygotic twins was higher than
expected from population prevalence rates (Vieregge et

a!., 1992). A familial form of PD inherited as an autoso-
ma! dominant trait with very low penetrance has been
described (Jenner et al., 1992). Notwithstanding these

findings, none of the described studies showed a major
genetic impact in the etiology of PD and only indicated

TABLE 4

Exogenous and endogenously formed toxicants acting on dopaminergic

neurons

Exogenous toxicant

and metabolites

MPTP, MPP�, MPD�
Cycasine, methylazomethanol
fl-N-methylamine-L-alanine
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the presence of a genetic predisposition. It has been
suggested that this inherited trait could be the inability

to handle relevant toxicants (Jenner et a!., 1992), but the

evidence supporting this possibility is still inconclusive.

B. Exogenous Toxicants Acting on Dopaminergic

Neurons

Selective toxicity in humans and nonhuman primates
of MPTP toward dopamine-containing neurons of the

SN initiated research on the possible neurotoxic origin

of PD. MPTP is metabolized by monoamino oxidase B

to produce MPDP�, which in turn is converted to the

pyridinium, MPP�. This species is then transported by

the dopamine transporter into nerve terminals and ac-
cumulated within mitochondria; there, it inhibits corn-

plex I ofthe mitochondrial respiratory chain (Singer and
Ramsay, 1990), causes depletion of ATP (Jenner, 1992;

Jenner et a!., 1992), alters [Ca2�]i homeostasis (Wilson
et a!., 1991; Chiueh et a!., 1993), and triggers cell death.
In addition, the metabolism of MPTP to MPDP� and

MPP� by monoamino oxidase B might produce super-
oxide radicals (Rosetti et a!., 1988). Thus, the MPTP
model prompted an increase in research directed toward
unraveling the molecular mechanism that causes dopa-

minergic cell death. This trend led to a heuristic hypoth-

esis useful in studying biochemical targets in postmortem

human brain tissue. However, several unresolved differ-

ences still remain between MPTP-induced lesions and

idiopathic PD. These include differences in the anatorn-
ical topology of neurona! death (Jenner et a!., 1992) and

in the specific patterns of the neurodegeneration (Spen-

cer et a!., 1992).
Although exposure to MPTP and other excitotoxic

agents triggers distinct anatomical patterns of neuronal
degeneration in humans and animals, these patterns

diverge from those characteristic of PD (Jenner et a!.,

1992). In contrast to idiopathic PD, neuronal degenera-

tions in the SN elicited by excitotoxicants or MPTP fail
to progress once the toxicant has been metabolically

removed from the tissue (Spencer et a!., 1992). However,

this does not rule out the possibility that some cases of

PD might be etiologically linked to an environmental
source that continuously generates a toxic factor selec-

tive for dopaminergic neurons.
Several reports in the literature suggest a role for food-

contained excitatory amino acids in the etiology of PD.

Methylazoxymethanol-�9-glucoside (also known as cyca-

sin) and the amino acid fi-N-methylamino-L-a!anine,

both present in seeds of the cycad plant, might be in-

volved in the pathogenesis of a parkinsonian syndrome

also referred to as a progressive form of amyotrophic

lateral sclerosis/PD/dementia complex (Spencer et a!.,
1987). Because this syndrome has until now been found

only in a subpopulation of Western Pacific Islanders, it
is undoubtedly caused by an environmental factor (Spen-
cer et a!., 1992).

fl-N-Methylamino-L-a!anine administration in mon-

keys elicits an acute syndrome reminiscent of amy-

otrophic lateral sclerosis/PD/dementia complex. After

13-N-methylamino-L-a!anine is taken up by neurons, it
inflicts latent but nonprogressive neurotoxicity (Spencer

et a!., 1992). Interestingly, in neural tissue, cycasin is

taken up through the glucose transporter and is then
metabolized to methylazoxymethanol, a powerful neu-

rotoxicant with DNA-a!kylating properties. Alkylation

of guanine results in the formation of 7-methylguanine

(Spencer et a!., 1992), which might act as a gene sup-

pressor leading to metastatic transformation in mitotic

cells and to abnormal gene expression and possibly

neural degeneration in postmitotic cells (Spencer et a!.,

1992). In fact, another alkylating agent with neurotoxic

properties, vincristine, induces apoptosis in hypothal-

amic neurons by a yet unknown mechanism (Muzylak

and Maslinska, 1992). It is interesting to speculate that

alkylation of guanine could facilitate the expression of
programmed cell death through a permanent change in
the methylation status of regulatory nucleotides.

C. Endogerwus Toxicants Acting on Dopamiriergic

Neurons

Is it then possible that an endogenous toxicant that

selectively destroys dopamine-containing cells is pro-

duced as a result of aberrant metabolism? So far, two

possible groups of compounds have been studied in this

respect: dopamine metabolites and condensation prod-

ucts, such as TIQ and fl-carboline.

Dopamine metabolism by monoamino oxidase B, as
well as dopamine auto-oxidation to neuromelanin, gen-

erate free radicals (semiquinones) and reactive oxygen

species that might induce oxidative stress (Jenner et a!.,

1992). The evidence in favor of a role for oxidative stress

is reviewed in section IV.D..

Methylated derivatives of TIQ have been identified in

both normal and parkinsonian brains (the level being

much higher in the latter) (Niwa et a!., 1991) and in

cerebrospinal fluid of parkinsonian patients (Moser and

Kompf, 1992). In addition, a N-methyltransferase pres-

ent in human brain catalyses N-methylation of TIQ

using 5-adenosyl-methionine as donor (Naoi et a!., 1989).
The naturally occurring dihydroxytetrahydroisoquino-

line, salsolinol, is synthetized by a cytochrome P450

enzyme and can be methylated as described above (Ma-

ruyama et al., 1992; Suzuki et a!., 1989). Interestingly,

the rate of N-methylation of salsolinol is significantly
higher in the SN than in other brain regions (Maruyama

et a!., 1992). Finally, in the SN of mice and marmosets,

TIQ decreases tyrosine hydroxylase immunoreactivity
without changing the cell number (Ogawa et a!., 1989;

Nagatsu and Yoshida, 1988).

$-Carbolines that contain the MPTP moiety inhibit

mitochondria! respiration and cause cell loss in the SN
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of rats but do not cause cell loss, dopamine depletion, or

parkinsonian symptoms in monkeys (Jenner et a!., 1992).

D. Intrinsic Abnormalities in Oxidative Metabolism

A large body of literature suggests that oxidative me-
tabolism plays a role in dopaminergic cell death in PD
(Hirsch, 1992; Olanow, 1992; Jenner, 1992; Jenner et a!.,
1992; Youdim et a!., 1993; Chiueh et a!., 1993). The most
salient finding that supports the hypothesis relating PD

to oxidative stress is that in the SN of PD patients, the
content of reduced glutathione is decreased, whereas

glutathione peroxidase and catalase activity are not a!-
tered (Perry and Yong, 1986; Sofic et a!., 1992; Jenner,

1992).
Increased lipid peroxidation has been detected at au-

topsy in the SN of PD patients. The SN of these patients

also contains increased levels of malondialdehyde and
decreased concentrations of total polyunsaturated fatty

acids (Dexter et al, 1989). It is surprising that glutathi-
one peroxidase, catalase, vitamin C, and vitamin E, a!-

though present in high concentrations in the SN, failed

to prevent the increased formation of reactive oxygen

species (Jenner, 1992).
The increase of mitochondria! superoxide dismutase

activity and of the antioxidant ion, Zn2�, might reflect a

possible compensatory response to an increase of super-

oxide radical production in the SN of PD patients (Jen-
ner, 1992; Jenner et a!., 1992). This notion is further
supported by the reduced levels of Cu/Zn superoxide

dismutase mRNA in the SN of PD patients (Hirsch,

1992) and by the resistance to MPTP-induced toxicity

of transgenic mice with increased expression of Cu/Zn
superoxide dismutase (Przedborski et a!., 1992).

Immunohistochemically, glutathione peroxidase was

only demonstrable in glial cells of human SNc. In the

SNc of parkinsonian patients, it was observed that a

large number of glutathione peroxidase-containing glia!

cells surround the surviving dopaminergic neurons and

that their number correlates with the severity of the
dopamine cell loss (Damier et a!., 1993). From this find-

ing, one can infer that gliosis might be an attempt of the

tissue to limit the superoxide radical-caused dopamine

neuron death by increasing the number of glutathione

peroxidase-containing cells in the SN of PD patients.

The hypothesis that neuronal damage in PD might

involve the action of oxygen radicals also arises from
studies on iron metabolism. Accumulation of nonche-

lated iron and a decrease in ferritin content in SN of
patients with PD were found during later stages of the
disease (Riederer et a!., 1989; Jenner, 1992). However, in

earlier stages of PD, neither the chelated nor free iron
content of the SN differed significantly from that in

controls. In line with these findings are data showing

that death of dopamine neurons elicited by 6-hydroxy-

dopamine is linked to a release of iron from its binding

sites in ferritin. Coadministration of iron chelators could

prevent the toxic effect of 6-hydroxydopamine in rats

(Youdim et a!., 1993).
Although the evidence of oxidative stress in the SN of

patients with PD at the time of death might be convinc-

ing, it remains debatable whether this stress is a primary
process or the consequence of other events. As pointed

out by Jenner et a!. (1992), even if formation of reactive
oxygen species is not the primary process, its initiation
at any stage during the course of the disease could cause

devastating degeneration of dopaminergic cells in the SN
and could precipitate the onset of PD symptoms. At this

point, a commonly accepted view proposes that the de-
generative process is slow and gradual and causes degen-
eration of dopaminergic neurons that is associated with

senility (Jenner et a!., 1992). In fact, the expression of
mRNA encoding for the dopamine transporter in normal

human brain declines as much as 40% in the sixth decade
of life (Bannon et a!., 1992), which indicates that during
aging, dopaminergic cells undergo a significant sponta-
neous decrease in number, possibly caused by apoptosis.

Thus, apoptosis, together with other toxic effects, might

cause the loss of dopaminergic neurons and the decrease

of their function. These data provide new support for the

“double hit” hypothesis, which suggests that PD is the
result of the combined effects of aging and toxic insult
(Calne and Langston, 1983).

E. Mitochondrial Dysfunetion

The discovery that mitochondria play a role in MPTP
metabolism led to the initiation of research on mitochon-

dna! function in patients with PD. Studies on the four

respiratory chain complexes embedded in the inner mi-

tochondrial membrane were carried out in postmortem

brain tissue and show that the activity of �9-nicotin-amide

adenine dinucleotide (reduced form) coenzyme Qi (corn-

plex I) was selectively reduced in the SN of patients with

PD, whereas the other respiratory chain complexes (corn-

plex II, III, IV) were unaffected (Jenner et a!., 1992).

Hattori and coworkers (1991) confirmed these data by

immunostaining experiments in the SN in eight PD

patients, but they also found a reduction of succinate-

coenzyme Q reductase (complex II) in three of these

eight patients.

A deficiency in complex I was also observed in muscle
and platelets of PD patients (Bindoff at a!., 1989; Parker
et a!., 1989). Alterations in three specific subunits of the

mitochondria! complex I were also reported in the stria-
turn of PD patients, suggesting that a generalized deficit
of mitochondrial complex I enzymes might be extended

to other tissues (Mizuno et a!., 1989). The nature of this
deficit in mitochondrial enzymes reported in the SN

needs further study; also, the nonspecific peripheral mi-

tochondrial enzyme deficit must be investigated more

extensively and carefully.
Several groups have attempted to clarify the molecular

basis for the complex I defect. Complex I enzymes consist
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of seven polypeptides encoded by rntDNA and almost 20
other polypeptides (including iron-sulphur proteins) en-

coded by nuclear DNA. No differences were found in the

polypeptide structure of the iron-sulphur proteins of
normal and PD patients (Jenner et a!., 1992).

Studies of restriction fragment length polymorphism

of the mitochondrial genes encoding complex I enzymes

showed no major deletions in spite of a deficient oxidative

phosphorylation (Shoffner et a!., 1991; Lestienne et a!.,
1990; Schapira et a!., 1990; Nakagawa-Hattori et a!.,

1992). Ikebe et a!. (1990) reported the presence of the so
called “common deletion” in corpus striatum of parkin-

sonian brains. This deletion involved genes encoding four
polypeptides of complex I (mtDNA4977), and was detected
in PD patients with progressive external ophthalmople-

gia (Shoffner et a!., 1989) and with mitochondria! my-
opathy (Holt et a!., 1988). However, this deletion was

also present in corpus striatum, cerebra! cortex (Ikebe et
a!., 1990), and in platelets (Sandy et a!., 1993) of age-
matched controls. In fact, a recent study showed that in

normal adults, an age-related increase of mtDNA4977

deletion was detectable in caudate nucleus, putamen, and

SN (Soong et a!., 1992). These three regions are charac-

terized by high rates of dopamine metabolism catalyzed
by mitochondria! monoamino oxidase that results in the

production of oxygen radicals. The progressive accumu-
lation of this defect with aging could precipitate or am-

plify an underlying pathological process that could cause

dopaminergic cell death (Beal et a!., 1993). Point muta-

tions in mtDNA have also been reported in patients with

Alzheimer’s disease, but the relevance of this finding

remains to be established (Bea! et a!., 1993).
The mechanism whereby defects in mtDNA might lead

to neuronal death is still unknown. The mitochondria-
encoded polypeptides of complex I participate in the
formation of an hydrophobic ring or shell around the

iron-sulphur proteins, whose integrity seems necessary

for enzymatic activity (Beal et a!., 1993). Indeed, rote-

none and pethidine (two powerful complex I inhibitors)

bind to one of the mtDNA-encoded peptides, a site that
reportedly also binds MPP� (Beal et a!., 1993). Decreased
complex I activity measured in SN of parkinsonian pa-

tients could lead to excessive production of superoxide

radicals, which, in the presence of increased Fe3� content,

could promote production of highly destructive hydroxyl

radicals (Beal et a!., 1993). Interestingly, irrespective of

the initial cause of the decrease of complex I activity

(i.e., endogenous or exogenous pyridiniurn-like molecules
versus a genetic defect), increased oxidative metabolism
will lead to increased mutations of mtDNA and presum-
ably to further damage of complex I (Soong et a!., 1992).

Such a positive feedback loop could lead to a catastrophic

response, with a precipitous decline in the number of
dopaminergic neurons at a time when the age-dependent

decrease of dopaminergic functions occurs (Jenner et a!.,
1992; Bannon et a!., 1992). Such a multifaceted mecha-

nism could account for the delayed onset and progressive
course of the disease (Beal et a!., 1993).

V. Evidence of Neurotrophic Factor Dependency

A. Evidence from Transplant Experiments

The development and maintenance of the mammalian
nervous system requires neurotrophic factors. Degener-

ation of nigrostriatal dopaminergic neurons might be

partly attributed to reduced neurotrophic support. Neu-
rotrophic factors enhance the survival of transplants of

fetal dopaminergic cells or adrenal medulla into the
striatum of animals by promoting the survival and neu-
rite elongation of dopaminergic neurons (Shults, 1992).

In vitro, NGF facilitates the survival of transplanted
neonatal rat adrenal medullary cells and promotes neu-
rite elongation (Unsicker et a!., 1983). In rats with a 6-

hydroxydopamine-lesioned SN, NGF applied onto adre-

nal medullary grafts increases the number of surviving
cells (Stromberg et a!., 1985). A similar effect was ob-
tamed by cotransplanting C6 glioma cells with adrenal
medullary cells (Westermann et a!., 1988). Direct evi-

dence of a regenerative response of neurotrophins in

transplanted fetal dopaminergic cells is still lacking. In

MPTP-treated monkeys with implantations of fetal SN,
newly-sprouted collateral axons of dopaminergic neurons
were found to reinnervate the corpus striatum. But trans-
plantation of neonatal adrenal medulla, fetal cerebellum,
or fetal spinal cord into lesioned rat corpus striatum or

even a simple wound itself increases sprouting of dopa-

minergic axons and suggests that the beneficial effect of
these grafts might be related to their ability to stimulate

sprouting caused by the secretion of neurotrophic factors
(Shults, 1992). A feature common to any of the above-

described manipulations is the presence of inflammatory
cells, microglia, and reactive astrocytes at the site of the
manipulation. In fact, even transplantation of activated
leukocytes into the striatum increases explant reinner-
vation and behavioral improvement (Weber et a!., 1989).

B. Evidence from Tissue Culture and in Vivo

Experiments

Only certain trophic factors can promote survival of

dopaminergic neurons in vitro and enhance recovery of
dopaminergic neurons after acute injury. Among the
members of the neurotrophin family, only BDNF showed

effects on growth and differentiation of dopaminergic
neurons in vitro (Hyman et a!., 1991, Knusel et a!., 1991).

The effect of BDNF was dose-dependent, increasing
dopaminergic cell survival by three- to five-fold (Hyman
et a!., 1991), and protected cultured dopaminergic neu-
rons from the toxic effect of 6-hydroxydopamine and

MPP� (Spina et a!., 1992). In vivo, however, the neuro-
protective effect of BDNF has not yet been documented.

When recombinant BDNF was administered directly at

the medial forebrain bundle after ascending axons were
severed from the ventral mesencephalon, it failed to
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initiate outgrowth of dopaminergic neurites (Knusel et
a!., 1992). In corpus striatum of adult mice only a mini-

ma! amount of BDNF mRNA is detectable by northern

blot analysis (Hofer et a!., 1990), whereas hippocampus
and cerebellum, two structures virtually devoid of dopa-

minergic innervation, had the highest BDNF mRNA
expression (Shults, 1992). Studies with a dopaminergic
neuroblastoma cell line (SH-SY5Y) showed that BDNF,

by inducing glutathione reductase, might protect against

oxidative stress and 6-hydroxydopamine-elicited toxicity

(Spina et a!., 1992).
Insulin-like growth factor-i and insulin itself, both

present in the brain, stimulate dopaminergic cell devel-
opment in vitro, but there is no evidence of a neuropro-

tective action in vivo (Fuxe and Agnati, 1992).
Basic and acidic FGF family act as trophic factors on

dopaminergic neurons (Shults, 1992; Gaul and Lubbert,

1992). Both growth factors increased survival and pro-

moted neurite outgrowth in mesencephalic dopaminergic

neurons cultured in chemically defined media, and basic
FGF also promoted survival of dopaminergic mesence-

phalic neurons in vivo (Otto and Unsicker, 1992). Wan-

aka and coworkers (1990) showed the presence of FGF

receptor mRNA in the brain but found moderate expres-

sion in SN and only a small mRNA signal in the striatum.
The effect of FGF (either acid or basic) on survival of
cultured mesencephalic cells was found to be mediated

by glia! cell proliferation (Engele and Bohn, i99i). In-
deed, inhibition of glia proliferation abolished the sur-

viva! of dopaminergic neurons, whereas addition of con-
ditioned media from mesencepha!ic glial cultures in-

creased survival (Engele and Bohn, 1991).

In a detailed study, Beck and coworkers (1993) showed

that BDNF stimulated survival, primary-neurite forma-

tion, and dopamine uptake. In contrast, insulin-like
growth factor-i promoted survival but stimulated neu-

rites and dopamine uptake less effectively than did
BDNF. Basic FGF increased both mRNA levels and

tyrosine hydroxylase activity, but it increased only

slightly the survival of dopaminergic neurons and dopa-

mine uptake (Beck et a!., 1993).
The ciliary neurotrophic factor and dopamine itself

both lack survival-promoting properties, but they in-
crease tyrosine hydroxylase immunoreactivity in mes-

encephalic cultures (Magal et a!., i993). The effect of

dopamine was mediated by a dopamine D2 receptor, and
the effect of ciliary neurotrophic factor was independent

of the presence of glial cells, suggesting its direct action

on neurons (Magal et a!., 1993).
A common denominator of all of these trophic factors

is their lack of specificity. Insulin-like growth factor-i,

acidic and basic FGF, and BDNF increase GABA or

serotonin uptake (in addition to their effects on dopa-

minergic neurons) and are potent glial mitogens in mid-

brain cultures (Weiss, 1993).

Recently, a novel specific dopaminergic neurotrophic

factor was isolated from a rat glia! cell line, cloned, and
characterized (Lin et a!., 1993). GDNF is a glycosylated

disulfide-bonded homodimer distantly related to the
transforming growth factor-fl-superfamily (Lin et a!.,
1993) and has many features in common with sulfated

glycoprotein-2, a protein linked to neurodegeneration
(May and Finch, 1992). In embryonic cultures, GDNF

promoted survival as well as morphological and biochem-

ica! differentiation of dopaminergic neurons without aS-
fecting the growth of glial cells (Lin et al., 1993). Hence,

it is possible that the effects of basic FGF, which depend
upon glia! cell proliferation, might be mediated through

an enhanced secretion of GDNF.
When embryonic mesencephalic cells were cultured in

the presence of extracts prepared from striata of halo-
peridol-treated adult rats (Carvey et al., 1989) or from

brains ofpatients with PD (Carvey et a!., 1993), both the

survival and differentiation of dopaminergic neurons
were promoted. Interestingly, striatal extracts of patients
with PD contained more growth-promoting activity than

did that of normal age-matched subjects, suggesting that
a lack of trophic factor production might not have caused

the disease (Carvey et a!., 1993).

An alternative explanation for this phenomenon could
be that increased secretion in the striatum of patients is

a tardive compensatory response by the target cells
(either neuron or glia). Yet another possible explanation
is the loss of response to the growth-promoting activity

in the adult mesencephalon due to a change in expression

or regulation of receptors for neurotrophins. Inasmuch

as the active principle in the extract has not yet been

identified, it is difficult to establish the origin and the

physiological importance of this growth-promoting fac-

tor.

It is tempting to speculate that the above described
striatal extracts might contain GDNF, particularly in
the light of the structural similarities it shares with

glycoprotein-2. In fact, both GNDF and glycoprotein-2

are dimers formed by disulfide bonds, with a molecular

weight between 32 to 42 and 34 to 47 kDa, respectively.

In both cases each subunit has a cluster of cysteine

residues (seven for GNDF, five for glycoprotein-2) and

two to four asparagine-linked glycosylation sites (Lin et

a!., 1993; May and Finch, 1992). Glycoprotein-2 and

similar molecules were isolated from several mammalian
species and are associated with the responses of brain

and other tissues to injury. Recently, a clone isolated
from a human hippocampal cDNA library (pADHC-9)
was shown to encode the human isoforms resembling rat

glycoprotein-2 (May and Finch, 1992), which were in-
creased in hippocampal tissue of patients with Alz-

heimer’s disease. The same authors showed that perfor-

ans neuronal fiber path transection or kainate-induced
excitotoxic lesions of the hippocampus also elevated glial

and neurona! levels of glycoprotein-2 protein and its

mRNA (May and Finch, 1992). In addition, in prostate
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epithelial cells, mRNA encoding glycoprotein-2 was
found to be increased during programmed cell death
induced by castration (May and Finch, 1992).

VI. a-Amino-3-hydroxy-5-methylisoxazole-4.

propionic acid . �r Receptor Abuse-Induced
Apoptosis: A Model for Dopaminergic Cell Death

in Parkinson’s Disease

In several reviews, it was suggested that in neurons,

an apoptotic program might be initiated by a set of

factors (Altman, 1992; Lee et a!., i993). Apoptosis was

shown to be a [Ca2ii-dependent process that requires
new gene expression and protein synthesis. In nema-
todes, one of the two known apoptosis genes, (ced-4),
expresses two putative calcium-binding domains (Alt-

man, 1992).
As discussed before, the etiology of PD is characterized

by dopaminergic cell loss that progresses slowly and by

acute cell death that is induced by exogenous toxins. In
different types of tissue, stimulation of certain subtypes
of glutamate receptors might lead to an atypical vulner-

ability of specific neurona! groups, leaving others unaf-

fected. These observations suggest that conditions such
as deprivation of neurotrophins or stimulation of specific

types of glutamate receptors might inappropriately acti-

vats programmed cell death. In fact, cell death occurs in

the NGF-deprived rat PC12 cell line and in sympathetic
neurons. In both cell types, apoptosis, triggered by lack

of NGF, was prevented by transcription or translation
inhibitors (Mesner et a!., 1992).

Growth and maintenance of dopaminergic cells seem

to depend on trophic factors. However, adult dopami-
nergic neurons seem to be relatively deprived of BDNF.

Interestingly, the distribution of cell death in PD and in

MPTP toxicity overlaps with the distribution of AMPA
receptors. It was shown that exposure ofprimary cultures

of cerebellar granule cells to MPP� stimulated nucleo-

somal DNA degradation and led to the induction of

apoptosis (Dipasquale et a!., 1991). Although it was dem-

onstrated that in neurons, MPP� toxicity is linked to
alterations of complex I mitochondrial enzymes, no ex-

perimental evidence could link alterations of mitochon-
dna! function to apoptosis. Interestingly, overexpression

of the mammalian proto-oncogene bcl-2, a membrane-
bound protein that is associated with the nuclear enve-

lope, the endoplasmic reticulum, and the inner mito-

chondrial membrane (Jacobson et a!., 1993) prevents
apoptosis in sympathetic neurons (Garcia et a!., 1992) as

well as in a neuronal PC12 cell line (Mah et a!., i993).

However, in human mutant cell lines, which lack mito-

chondrial DNA and therefore fail to express a functional

respiratory chain, apoptosis can still be induced, and

overexpression of bcl-2 still protects the cells from pro-
grammed cell death. These fmdings suggest that neither

apoptosis nor the protective effect of bcl-2 depend on
mitochondrial respiration (Jacobson et a!., 1993).

Spina et a!. (1992) speculated that increased oxidative
stress could trigger a faster-than-normal rate of senes-
cence in dopaminergic neurons. The protective action of

BDNF against 6-hydroxydopamine toxicity in a human

dopaminergic neuroblastoma cell line was associated

with the induction of glutathione reductase, an enzyme

that prevents oxidative stress-induced damage in neu-
rons. In rat SN, the 6-hydroxydopamine-elicited lesions

of dopaminergic neurons were accompanied by a sub-

stantial increase of c-jun (but not c-fos) proto-oncogene

expression (Jenkins et a!., 1993). Inasmuch as the expres-
sion of c-jun and c-fos proto-oncogenes are also rapidly
induced in cell lines undergoing apoptosis (Lee et a!.,
1993), it will be important to investigate whether the

increased expression of these oncogenes might occur as

a signal for neurona! regeneration or might initiate pro-
grammed cell death.

It has been suggested that minimal overstimulation of

AMPA receptors might activate cell death by a mecha-
nism involving destabilization of [Ca2ii homeostasis.

Cells low in calbindin-D�K are more sensitive to excite-
toxicity. Moreover, in prostate cell lines, the expression
of a hybrid calbindin gene is specifically associated with

protection against apoptosis in the absence of hormone
(Lee et al., 1993), and overexpression of calbinthn-D�K

protects lymphocytes against glucocorticoid-, cyclic

adenosine monophosphate-, and calcium ionophore-in-

duced apoptosis (Lee et a!., 1993). Protection against

apoptosis has also been demonstrated in PC12 neuronal
lineages that have the characteristic of a dopaminergic

phenotype. In this cell line, NGF was neuroprotective

and induced the expression of two proteins related to
siOo calcium-binding protein (Altman, 1992).

Interestingly, vincristine, a chemotherapeutic agent
with remarkable neurotoxic side effects, induces apop-
tosis in neurons (but not in glial cells) in regions of the

central nervous system where the blood-brain barrier is
lacking (Muzylak and Maslinka, i992).

The information discussed here is summarized in a

unifying model for the mechanism of dopaminergic neu-
ronal death (fig. 1). Based on the interaction of neuro-

trophic and neurotoxic factors with dopaminergic neu-

rons, this heuristic model was designed with the aim to

be useful in the search for new neuroprotective agents as
well as new therapeutic approaches. From a pathological

standpoint, various factors could trigger an aberrant
cellular response that might damage dopaminergic neu-
rons. However, a common feature of the discussed met-

abolic abnormalities is that they are accompanied with a
loss of [Ca2ii homeostasis that is consistently linked to

dopaminergic cell death. For example, in the course of

their normal activity, dopaminergic neurons continu-

ously form free radicals that, during a lifetime, could lead

to the formation of high levels of specific neurotoxicants

or to the accumulation of mutated mitochondrial DNA.

Mutations above a certain threshold could result in com-
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FiG. 1. Unifying model for the mechanism of dopaminergic neu-
ronal death. MAO-B, monoamino ozidaae-B; CICR, calcium-induced

calcium release.

plex I dysfunction. In susceptible individuals, i.e., those

with deficits in the production ofkynurenic acid, minimal
overstimulation of AMPA receptors could activate pro-
grammed cell death by a mechanism involving destabil-
ization of [Ca24’]i homeostasis. Mitochondrial dysfunc-
tion, in this context, could produce partial depolarization

and thereby facilitate the filling of the intracellular Ca2�

stores sensitive to [Ca2�]i influx. As discussed in section
III.A, such a mechanism could be responsible for trigger-

ing an AMPA-induced [Ca2ii destabilization. A relative
deficit of trophic factors in adult caudate nucleus or a

lack of appropriate transduction system via trophic fac-

tor receptors in dopaminergic neurons would further
facilitate apoptosis under these circumstances. Indeed, it

has been demonstrated that several growth factors are
able to restore mitochondrial function and prevent loss

of [Ca2ii homeostasis and cell death in glucose-deprived
hippocampal neurons (Mattson et a!., 1993). In regard to
cytoprotection, naturally occurring and semisynthetic
gangliosides were found to protect trophic factor-de-

prived neurons (Ferrari et a!., i993). Thus, it is possible

that trophic factors as well as gangliosides could play a
common role in maintaining [Ca2�]i homeostasis in do-

paminergic neurons. Their lack might render dopami-
nergic neurons vulnerable to abusive stimulation of ex-
citatory aminoacid receptors. This model also explains
the delayed appearance, as well as the progressive nature,
of dopaminergic cell loss in PD, as opposed to exogenous

toxicant models that induce acute cell death of a limited
group of neurons.

REFERENCES

ALKON, D. L, AND RASMUSSEN, H.: A spatial-temporal model of cell activation.
Science (Wuhington D.C.) 239: 995-1005, 1988.

ALTMAN, J.: Programmed cell death the paths to suicide. Trends Neuroeci. 15:
278-281, 1992.

ARANSDA, R., AND BusTos, G.: Modulation of dendritic release of dopamine by
N-m.thyl-D-aspartate receptors in rat substantia nigra. J. Neurochem. 52:
962-997, 1989.

BAmawDoE, K. G., CEuo, M. R., �D Roozits, J. H.: Calcium-binding proteins
in the nervous .ystem Trends Neuroeci. 15: 303-308, 1992.

BANNON, M. J., PooscH, M. S., Xii, Y., Gogazi�, D. J., C�s8IN, B., AND
KAPATOS, G.: Dopamine transporter mRNA content in human 8ubstantla
nips decreases precipitously with age. Proc. NatL Aced. Sci. USA 89: 7095-
7099, 1992.

Bz*i, M. F.: Does impairment of ener� metabolism result in excitotoxic neu-

ronal death in neurodegenerative illnesses? Ann. NeuroL 31: 119-130, 1992.
Bz�, M. F., Hmusi, B. T., AND Konossm, W.: Do defect. in mitochondrial

energy metabolism underlie the pathology of neurodegenerative diseases?
Trends Neurosci. 16:125-131,1993.

BEcK, K. D., KNUSEL, B., AND Ham, F.: The nature of the trophic action of
brain derived neurotrophic factor, des (1-3)-insulin-like growth factor-i, and
basic fibroblast growth factor on inesencephalic dopeminergic neurons devel-
oping in culture. Neuroecience 52: 8��-866, 1993.

BgaGMAai, H., WIcHMANN, T., AND Da LoNG, M. R.: Reversal of experimental
parkinsonism by lesions of the subthalamic nucleus. Science (Washington
D.C.) 249: 1436-1438, 1990.

BINDOFF, L A., BIRCH-MACHIN, M., CARTuDGg, N. E. F., PAaxza, W. D., JR.,
AND TURNBULL, D. M.: Mitochondrial function in Parkinson’s disease. Laziest
2: 49, 1989.

BowYzR, J. F., ScAuzr, A. C., H0L80N, R. R., Ln’a, G. W., Suxxan, W., AND
ALl, S. F.: Interactions of Mk-801 with glutamate, glutamine and metamphe-
tamine-evoked release of[’Hjdopamine from striatal slices. J. PharmacOL Exp.
Ther. 257:262-270,1991.

Buaris, R. S., CHIugn, C. C., M�asxy, S. P., Esgrr, M. H., JACOBOW,TZ, D.
M., �t�D K0PIN, I. J.: A primate model ofparkinsonism selective destruction
of dopaminergic neurons in the pars compacts of the substantia nips by N-
rnethyl-4-phenyl-1,2,3,6-tetrahydropyridine. Proc. Nati. Aced. Sd. USA 80:

4546-4550, 1983.
CALNE, D. B., AND LANG8TON, J. W.: Aetiology of Parkinson’s disease. Laziest

2: 1457-1459, 1983.
C�uiArou, E.: Intracellular calcium homeostasig Annu. Rev. Biochem. 56:395-

433, 1987.
CARVEY, P. M., Pmx, L R., K�o, L C., �r�D Ki.AwAN8, H. L.: Striatal

homogenates from �nim�h chronically treated with haloperidol Stimulate
dopamine and GABAuptake in rostral mesencephalic tegmental cultures. Chin.
NeuropharmacoL 12: 425-434, 1989.

C�avzy, P. M., PT�uc, L R., NATH, S. T., Sianaris, D. K., MUPSON, C. G.,
G0ETZ, C. G., AND KLAWANS, H. L: Striate! extracts from patients with
Parkinson’s disease promote dopamine neuron growth in mesencephalic cul-
tiires. Exp. NeuroL 120: 149-152, 1993.

Czuo, M. R.: Parvalbumin in most -y-aminobutyric acid-containing neurons of

the rat cerebral cortex. Science (Washington D.C.) 231: 995-997, 1986.
CHIuas, C. C., MwAKa, H., AND PENG, M. T.: Role of dopamine autoxidation,

hydroxyl radical generation and calcium overload in underlying mechanisms
involved in MPTP-induced parkinsonism. Adv. Neurol. 60: 251-258, 1993.

COHEN, M. W., JONas, 0. T., �D ANGELIDE8, K. J.: Distribution of Ca’�
channels on frog motor nerve terminals revealed by fluorescent w-conotoxin.
J. Neuroeci. 11: 1032-1039, 1991.

� A., Ngn, N. F., HADJICONSTANTINOU, M.: GM1 ganglioside improves
dopaminergic markers of rat mesencephalic cultures treated with MPP. J.
Neurosci. 13: 3104-3111, 1993.

D�asian, P., HIRSCH, E. C., Ziw�G, P., AciD, Y., AND JAVOY-AGID, F.: Gluts-

thione peroxidase, glial cells and Parkinson’s disease. Neuroacience 52: 1-6,
1993.

DAvis, G. C., Wiu.i*jis, A. C., MAwcrir, S. P., Eaarr, M. H., CAINS, E. D.,
REICHERT, C. M., AND K0PIN I J.: Chronic parkinsonism secondary to
intravenous injection of meperidine analogues. Psychiatry Baa. 1: 249-254,
1979.

Dz ERAU8QUIN, G. A., MANzv, H., Gumorri, A., COSTA, E., AND BROOKER, G.:
GangIiOSidSS normalize distorted single-cell intracellular free Ca’ dynamics
after toxic doses of glutamate in cerebellar granule cells. Proc. NatL Acad. Sci.
USA 87: 8017-8021, 1990.

Da ERAU8QUIN, G. A., Bi�oonais, G., �s�D HANBAUSE, I.: K�-evoked dopamine
release depends on a cytosolic Ca’� pool regulated by N-type Ca’ channela
Neuroaci. Lett. 145: 121-125, 1992.

Dz ERAU8QUIN, G. A., BROOKER, G., COSTA, E., AND HANBAUER, I.: Persistent
AMPA receptor stimulation alters [Ca’�J� homeostasis in cultures of embryonic

dopaminergic neurons. MoL Brain Re.., 21: 303-311, 1994.
DENTON, R. M., AND McConsAc,c, J. G.: Ca’ as a second messenger within

mitochondria of the heart and other tissues. Annu. Rev. PhysioL 52: 451-466,

1990.
Dzxm, D. T., C�snu, C. J., Waiis, F. R., JAVOY-AGID, F., AGW, Y., LEES,

A.. JiNNzR, P., AND MAR$DEN, C. D.: Basal lipid peroxidation in substantia
nigra is increased in Parkinson’s disease. J. Neurochem 52: 381-389, 1989.

Di FAZIO, M. C., HowNoswowrH, Z., YOUNG, A. B., AND PENNEY, J. B., JR.:
Glutamate receptors in the aubstantia nigra of Parkinson’s disease brains.
Nsurologj� 42: 402-406, 1992.

DIPASQUALE, B., M�JuNI, A. M., AND YouLE, R. J.: APOPtOSIS and DNA
degradation induced by 1-methyl-4-phenylpyridinium in neurons. Biochem.

Biophys. Baa. Commun. 181: 1442-1448,1991.

Duitz, L. S., YOUNG, A. B., AND PENNEY, J. B.: Compartnientalization of

excitatory amino acid receptors in human striatum. Proc. NatL Aced. Sd. USA
89: 7688-7692, 1992.

ENGELE, J., AND BOHN, M. C.: The neurotrophic effects of fibrOblast growth
factors on dopaminergic neurons in vitro are mediated by mesencephalic gus.
J. Neurosci. 11: 3070-3078, 1991.

FAVARON, M., MANzv, H., Si�, R., BzRTour�o, M., Szznaix, A. M., DR
ERAUSQUIN, G. A., Gumorri, A., �D CosTA, E.: Down-regulation of protein

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


480 DE ERAUSQUIN ET AL.

kinase C protects cerebellar granule neurons in primary culture from guuta-
mate-inducedneuronal death. Proc. NatL Aced. Sc� USA 87: 1983-1987, 1990.

FERRARI, G., BATISTATOU, A., AND GREENE, L A.: Gangliosides rescue neuronal

cells from death after trophic factor deprivation. J. Neuroeci. 13: 1879-1887,
1993.

FomuuN, E. B., D� ERAU8QUIN, G. A., COSTA, E., AND Wojcix, w. J.:
Muscarinic m3 receptors and dynamics ofintracellular Ca2� cerebellar granule
neurons. Eur. J. Pharmacol., MoL PhBrmaCOL Section 245:263-271,1993.

FUXE, K., AND AGNATI, L F.: Neurotrophic factors and central dopamine
neurons. Neuroaci. Facts 3: 81, 1992.

G*itci�, I., MARTiN0u, I., TSUJIMOTO, Y., AND MARTINOU, J. C.: Prevention of

programmed cell death of sympathetic neurons by the bcl-2 proto-oncogene.

Science (Washington D.C.) 258: 302-304, 1992.

GAUL, G., AND Lusaswr, H.: COrtiCal astrocytea activated by basic fibroblast
growth factor secrete molecules that stimulate differentiation of mesencephalic
dopaininergic neurons. Proc. R. Soc. Lond. B Biol. Sci. 249:57-63,1992.

Gs�ri, D. C., MANAYE, K. F., SoNs�u�, P. K., AND BRooKs, B. A.: Midbrain
dopaminergic cell loss in Parkinson’s disease and MP’FP-induced parkinson-
isso: sparing ofcaIbindin-D��-containing cells. Ann. N.Y. Aced. Sci. 648: 42-
62, 1992.

Gina, W. R.: Melanin, tyrosine hydroxylase, calbindin and substance P in the
human midbrain and substantia nigra in relation to nigrostriatal projections
and differential neuronal susceptibility in Parkinson’s disease. Brain Baa.
581:283-291,1992.

Gaaiuai, W. C., ROBERTSON, R G., S*asnaooK, M. A., *i�D CROSSMAN, A. R.:
Injection ofexcitatory amino acid antagonists into the medial pallidal segment
of a MTPT treated primate reverses motor symptoms of parkinsonism. Life
Sci. 47: PL91-PL97, 1990.

Gjt�yami�, A. M.: Neurotransinitters and neuroinodulators in the basal ganglia.
Trends Neuroeci. 13: 244-254, 1990.

GmNA�ivna, J. T., AND O’BRIEN, C. F.: N-Methyl-D-upartate antagonists in
the treatment of Parkinson’s disease. Arch. NeuroL 48: 977-981, 1991.

Gtimoi’ri, A., DR ERAU8QUIN, G. A., BRooKaz, G., FAVARON, M., MANEV, H.,
AND COSTA, E.: Receptor abuse dependent antagonism (RADA): a new strategy
in drug targetting for excitatory amino acid induced neurotoxicity. Fidia Rae.
Found. Sympos. Ser. 5:635-646,1991.

GUPTA, M., SCHWARZ, J., CHv�i, X. L, AND ROISEN, F. J.: Gangliosides prevent
MPTP toxicity in mice-an immunocytochemicaistudy. Brain Rae. 527: 330-
334, 1990.

HADJICONSTANTINOU, M., MAIuANI, A. P., AND Nan, N. H.: GM1 ganglioside-
induced recovery of nigrastriatal dopaminergic neurons after MPTP: an im-
munohistochemical study. Brain Re.. 484: 297-303, 1989.

HADJICONSTANTINOU, M., AND NEFF, N. H.: Treatment with GM1 ganglioside
restores striatal dopamine in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine-treated mouse. J. Neurochem. 51: 1190-1196, 1988.

HANBAUER, I., WINK, D., O8AWA, Y., EDELMAN, G. M., AND GALLY, J. A.: Role

of nitric oxide in NMDA-evoked release of [�H1-dopamine from striatal slices.
Neuroreport 8: 409-412, 1992.

HAl-FOR!, N., T�i, M., OZAWA, T., AND MIZUNO, Y: linmunohistochemical
studies on complexes I, II, Ill and IV of mitochondria in Parkinson’s disease.
Ann. Neural. SO: 563-571,1991.

HEIKKILA, R. E., MANZINO, L, CAsuAT, F. S., AND DuvoIsiN, R C.: Protection
against the dopaminergic neurotoxicity of MPTP by monoamine oxidase
inhibitors. Nature 311: 467-469, 1984.

HIIZMANN, C. W., AND BRAUN, K.: Changes in Ca’�-binding proteins in human
neurodegenerative disorders. Trends Neurosci. 15:259-264,1992.

HIRSCH, E. C.: Why are nigral catecholaminergic neurons more vulnerable than
other cells in Parkinson’s disease? Ann. NeuroL 32 (SuppL): 588-593, 1992.

HonR, M., PAGLIUSI, S. R., HOHN, A., LEmaocx, J., AND BARDE, Y.-A.:
Regional distribution ofbrain-derived neurotrophic factor mRNA in the adult
mouse brain. EMBO J. 9: 2459-2464, 1990.

H0LmsANS, S., JAVOY, F., A0ID, Y., L*TziuiE, E. C., AND MALOTEAUX, J.-M.:
[‘HJMK-801 bindingto NMDA guut�t.�gu� receptors in Parkinson’s disease
and progressive supranuclear palsy. Brain Baa. 565:154-157,1991.

HOLT, I. J., HARDING, A. E., �D MORGAN-HUGHES, J. A.: Deletions of muscle

mitochondrial DNA in patients with mitochondrial myopathies Nature 331:
717-719, 1988.

Hnis�i, C., Honit, M., BARDE, Y.-A., Juaasz, M., YANcopouLos, G. D.,
SQUINTO, S. P., AND LINDSAY, R. M.: BDNF is a neurotrophic factor for
dopaminergic neurons of the subetantia nips. Nature 350:230-232,1991.

IACOPINO, A. M., AND CHwsT�ucos, S.: Specific reduction of calcium-binding
protein (28-kDa calbindin-D) gene expression in aging and neurodegenerative
diseases. Proc. NatL Acad Sci. USA 87: 4078-4082, 1990.

IACOPINO, A. M., CHRISTAKOS, S., GERMAN, D., SONSALLA, P. K., AND ALTAR,
C. A.: Ca1bindin-D�-containing neurons in animal models of neurodegener-
ation: possible protection from excitotoxicity. MoL Brain Rae. 13: 251-261,
199�

II(RBE, S., T�ruiu, M., OHNO K., SATO, W., H�!rroIu, K., KONDO, T., MIZUNO,
Y., AND OZAWA, T.: Increase ofdeleted mitochondrial DNA in the striatum in
Parkinson’s disease and senescence. Biochem. Biophys. Rae. Commun. 170:
1044-1048, 1990.

JACOBOWITZ, D. M. AND WINSKY, L: Immunocytochemical localization of cal-
retinin in the forebrain of the rat. J. Comp. NeuroL 304: 198-218,1991.

JACOBSON, M. D., Buiu��z, J. F., KING, M. P., MIYASHITA, T., RanD, J. C., AND

RAP?, M. C.: Bcl-2 blocks apoptosis in cells lacking mitochondrial DNA.
Nature 361:365-369,1993.

JANSON, A. M.: The mouse MPTP modelofParkinson’s disease. Neurosci. Facts
3: 89-90, 1992.

JAVOY-AGID, F.: Factors affecting neuronal death in PD. Neuroaci. Facts 3: 58,
1992.

JENKINS, R., O’SHi�, R, THOMAS, K. L, AND HuNT, S. P.: c-jun expression in
substantia nigra neurons following striatal 6-OH dopamine lesions in the rat.
Neuroscience 53:447-455,1993.

JENNER, P.: Whatprocesscauses nigral cell death in Parkinson’sdisease? NeuroL
Chin. North Am. 10:387-403,1992.

JENNER, P., SCHAPIRA, A. H. V. AND MAR8DEN, C. D.: New insights into the

cause of Parkinson’s disease. Neurology 42:2241-2250,1992.
KISH, S. J., SHANNAK, K., AND HoiiNyiuEwlcz, 0.: Uneven pattern of dopamine

loss in the striatum ofpatients with idiopathic Parkinson’ disease. N. EngI. J.
Med. 318: 876-880, 1988.

KLOCKGETHER, T., AND TUR8KI, L: NMDA antagonists potentiate antiparkin-
soz#{252}anactions of L-dopa in monoamine-depleted rats. Ann. NeuroL 28: 539-
546, 1990.

KLOCKGETHER, T., Ttmsiu, L, HONORK, T., ZitaNo, Z., G*.sH, D. M., Kum�tN,
a., AND Gna�r�m, T.: The AMPA receptor antagonist NBQX has anti-
parkinsonian effects in monoamine-deplet.drats and MPTP-treated monkeys.
Ann. NeuroL 30:717-723,1991.

KNUSEL, B., BEcK, K. D., WINSLOW, J. W., ROSENTHAL, A., BURTON, L E.,
WIDMER, H. R., NIxoucs, K., AND HEPTI, F.: Brain-derived neurotrophic
factor administration protects basal forebrain chohinergic but not nigral do-

paniinergic neurons from degenerative changes after axotomy in the adult rat
brain. J. Neurosci. 12: 4391-4402, 1992.

KNUSEL, B., WINSLOW, J. W., RosaNm�, A., BURTON, L E., Sam, D. P.,
Nncoucs, K., AND HEPTI, F.: Promotion of central cholinergic and dopami-
nergic neuron differentiation by brain-derived neurotrophic factor but not
neurotrophin 3. Proc NatL Aced. Sci. USA 88:961-965,1991.

KREaS, M. 0., DEScE, J. M., KEME., M. L, GAyesT, C., GODEHEU, G.,
CiraJls�y, A., AND GLOWINSKI, J.: Glutamatergic control of dopamine release
in the rat etriatum: evidence for preaynaptic N-methyl-D-aspartate receptors
on dopaminergic nerve terminals. J. Neurochem. 56: 81-8�, 1991.

KUPSCH, A., LOSCHMANN, P. A., SAtIRE, H., ARNOLD, G., BaNNER, P., PUPAL,
D., Buiw, M., WACHTEL, H., TEN BRUOGENCATE, G., AND OERTEL, W. H.:
Do NMDA receptor antagonists protect against MPTP-toxicity? Biochemical

and immunocytochemical analyses in black mice. Brain Rae. 592:74-83,1992.
LANG8TON, J. W., BAu.Aan, P., ThrRUD, J. W., AND IRWIN, I.: Chronic parkin-

sonism in humans due to a product of meperidine-analog synthesis. Science
(Washington D.C.) 219: 979-980, 1983.

LAVOIK, B., AND PARENT, A.: Dopaminergic neurons expressing calbindin in
normal and parkinsonian monkeys. Neuroreport 2:601-804,1991.

LEATHERS, V. L, LINSE, S., FORSEN, S., AND NoRaesai, A. W.: Calbindin-28 k,
a 1 alpha, 25-dihydroxyvitaminD3-inducedcalcium bindingprotein, binds five
or six Ca’� ions with high affinity. J. BioL Chem. 265: 9838-9841, 1990.

LEE, S., CHRI8TAKOS, S., AND SMALL, M. B.: Apoptosis and signal transduction:
clues to a molecular mechanism. Curr. Opin. Cell BioL 5:286-291,1993.

LE8TIENNE, P., NELSON, J., RIEDERER, P., JEWNGER, K., AND REIcHMANN,

H.: Normal mitochondrial genome in brain from patients with Parkinson’s
disease and complex I defect. J. Neurochem. 55: 1510-1812, 1990.

LIN, L-F. H., D0HgRTY, D. H., LILE, J. D., BEwFE8H, S., AND CoLLiNS, F.:
GDNF: A glisl cell line-derived neurotrophic factor for midbrain dopaminergic
neurons. Science (Washington D.C.) 260: 1130-1132,1993.

LLEDO, P. M., SOMASUNDARAM, B., MORTON, A. J., EMSON, P. C. AND MASON,
W. T.: Stable transfection of ca1bindin-D,� into the GH cell line alters
calcium currents and intracellular calcium homoestasis. Neuron, 9: 943-954,
199�

LLINAS, R., GREENPIELD, S. A., AND JAHNSEN, H.: Electrophysiology of pars
compacts cells in the in vitro subetantia nigra-a possible mechanism for
dendritic release. Brain Rae. 294: 127-132, 1984.

LOSCHMANN, P-A., LAriol, K. W., KUNOW, M., RrrTio, K.-J., J*iiNio, P.,
HoNona, T., TwiaKi, L, WATCHIIL, H., JariNsoi, P., AND MAJISDEN, C. D.:
Synergism of the AMPA-antagonist NBQX and the NMDA antagonist CPP
with L-dopa in models of Parkinson’s disease. J. Neural Tranem. 3:203-213,
1991.

MAGAL, E., BuRNiu.M, P., VARON, S., AND LOUIS, J. C.: Convergent regulation
by ciliary neurotrophic factor and dopamine oftyrosine hydroxylase expression

in cultures of rat substantia rngra. Neuroscience 52:867-881,1993.
M�oaio, R., LIMINGA, U., AND G�ii, K.: Selective stimulation of kainate but

not quisqualate or NMDA receptors in substantia nigra evokes limbic motor
seizures. Brain Rae. 528: 223-230, 1990.

MAH, S. P., ZHONG, L T., Lw, Y., R0NGARI, A., EDWARDS, B. H., AND

BREDa5EN, D. E.: The protooncogene bcl-2 inhibits apoptosis in PC12 cells.
J. Neurochem. 60: 11�3-1186, 1993.

M�zv, H., FAVARON, M., GUmo’rri, A., AND COSTA, E.: Delayed increase of
Ca’� influx elicited by glutamate: Role in neuronal death. MoL PharmacOL
36: 106-112, 1990.

MARTIN, L J., BLACKSTONE, C. D., LEvEy, A. I., HUGANIR, B. L, AND PRICE
D. L: AMPA glUtamate receptor subunits are differentially distributed in rat
brain. Neuroscience 53: 327-358, 1993.

MARUYAMA, W., N�.s�aiwtt, D., O’rA, M., TAx�sm, T., T�x�.aaaHI, A.,
NAGATSU, T., AND NA0I, M.: N-Methylation of dopamine-derived 6,7-dihy-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PARKINSON’S DISEASE

drozy-1,2,3,4-tetrahydroisoquinollne, (R)-salsolinol, in rat brains: in vivo mi-
crodialysis study. J. Neurochem. 59: 39�-400, 1992.

MArrsoN, M. P., ZHANG, Y., AND Bosa, S.: Growth factors prevent mitochon-
dual dysfunction, loss of calcium homeostasis and cell injury, but not ATP
depletion in hippocampal neurons deprived of glucose. Exp. Neurol. 121:1-
13, 1993.

MAy, P. C., AND FINCH, C. E.: Sulfated glycoprotein 2: new relationships of this
multifunctional protein to neurodegeneration. Trends Neurosci. 15:391-396,
199�

Miast;, G., COSTA, E., ARMSTRONG, D. M., AND VIcINI, S.: Glutamate receptor
subtypes mediate excitatory synaptic currents of dopamine neurons in mid-
brain slices. J. Neurosci. 11:1359-1386,1991.

MEaNER, P. W., WINTERS, T. R., AND GREEN, S. H.: Nerve growth factor
withdrawal-induced cell death in neuronal PC12 cells resembles that in sym-
pathetic neurons. J. Cell BioL 119: 1669-1680, 1992.

MILLER, IL J.: Neurons! Ca�: getting it up and keeping it up. Trends Neurosci.
15: 317-319, 1992.

MIZUN0, Y., Oiim, 5., TANAiu, M., TAXAMIYA, S., SuzuKi, K., SATO, T., OVA,
H., OZAWA, T., � KAGAWA, Y.: Deficiencies in complex I subunits of the
respiratory chain in Parkinson’s disease. Biochem. Biophys. Rae. Commun.
168: 1450-1465, 1989.

MORATALI.A, R�, QUINN, B., DR LANNEY, L E., IRWIN, I., LANGSTON, J. W.,
AND GRAYBIEL, A. M.: Differential vulnerabifity of primate caudate-putamen
and strisome-matrix dopamine systems to the neurotoxic effects of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine. Proc. Nati. Acad. Sci. USA 89: 3859-
3863, 1992.

MosER, A., AND KOMPP, D.: Presence of methyl-6,7-dihydroxy-1,2,3,4-tetrahy-

droisoquinolines, derivatives of the neurotoxin isoquinoline, in parkinsonian
lumbar CSF. Life Sci 50:1885-1891,1992.

Muzmti, M., AND MASLINSKA, D.: Neurotoxic effect of vincristine on ultra-
structure of hypothalamus in rabbits. Foils Histochem. CytobioL 30:113-117,
199�

NAGATSU, T., AND YOSHIDA, M.: An endogenous substance of the brain, tetrah-
ydroisoquinoline,producesparkinsonism in priniateawith decreased dopamine,
tyrosine hydroxylase and biopterin in the nigrOstriatsl regions. Neuroeci. Lett.
87: 178-182, 1988.

NAKAOAWA-HATTORI, Y., YoSmNo, H., KONDO, T., MizuNo, Y., AND H0RAI,
S.: Is Parkinson’s disease a mitochondrial disorder? J. NeuroL Sci. 107: 29-
33, 1992.

NAOI, M., M�Teuwt�, S., TAKAHASHI, T., AND NAGATSU, T.: A N-methyltrans-
ferase in human brain catalyses N-methylation of 1,2,3,4-tetrahydroisoquino-
line into N-methyl-1,2,3,4-tetrahydroisoquinoline, a precursor of a dopami-
nergic neurotoxin, N-methylisoquinolinium ion. Biochem. Biophys. Rae. Com-
mun. 161: 1213-1219, 1989.

NIcHou�8, D. G.: A role for the mitochondrion in the protection of cells against
calcium overload. Prog. Brain Res 63: 97-106, 1985.

NIWA, T., TAEEDA, N., YoSHIzu�u, H., TATEMATSU, A., YOSHIDA, M., DOSTERT,
P., NA0I, M., AND NAGATSU, T.: Presence of 2-metbyl-6,7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline and 1,2-dimethyl-6,7-dihydroxy-1,2,3,4-tetrahydroiso-
quinoline, novel endogenous amines, in parkinsonian and normal human

brains. Biochem. Biophys. Re.. Commun. 177:603-609,1991.
OGAWA, M., ARAKI, M., NAOATSU, I., NAGATSU, T., AND YOSHIDA, M.: The

effect of 1,2,3,4-tetrahydroisoquinoline (TIQ) on mesencephalic dopaminergic
neurons in C57BL/6J mice: immunohistocheinical studies- tyrosine hydroxyl-
aM. Biog. Amines 6: 427-436, 1989.

OLANOW, C. W.: An introduction to the free radical hypothesis in Parkinson’s
disease. Ann. Neurol. 32 (SuppL): 52-89, 1992.

OTTO, D., AND UN8ICKER, K.: Effects ofFGF-2 on dopamine neurons. NeuroscL
Facts 8: 82-83, 1992.

PARKER, W. D., BOYSON, 5. J., �w P�Rx8, J. K.: Abnormalities ofthe electron
transport chain in idiopathic Parkinson’s disease. Ann. NeuroL 26:719-723,
1980.

PERRY, T. L, AND YoNo, V. W.: Idiopathic Parkinson’s disease, progressive
supranuclear palsy and glutathione metabolism in the substantia nigra of
jiatisnta Neuroici. Lett 67: 269-274, 1986.

PrrRALIA R. S. AND WENTHOLD, R. J.: Light and electron immunocytochemical
localization of AMPA-selective glutamate receptors in the rat brain. J. Comp.
NeurobioL 318: 329-354, 1992.

PITRALIA, R. R., YOKOTANI, N., *.sw WENmoW, R. J. Light and electron-
microscope distribution of the NMDA receptor subunit in the net nervous,
system using a selective antipeptide antibody. J. Neuroaci. 14: 667-696, 1994.

PRZEDBORSKI, S., KosTic, V., JACKSON-LEWIS, V., NANI, A. B., SIMop�rrn,
5., FAIiN, 5., CARL8ON, E., EPSTEIN, C. J., AND C�Dwr, J. L: Tranegenic mice
with increased Cu/Zn superoxide disniutase activity are resistant to N-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine-induced neurotoxicity. J. Neurosci. 12:
1658-1667, 1992.

RAOSDALE, C. W., JR. AND GRAYmaL, A. M.: A simple ordering of neocortical
areas established by the compartmental organization of their striate! projec-

tions. Proc. NatL Aced. Sci. USA 87: 6196-6199, 1990.
RIEDERIR, P., SOPIC, E., RAUSCH, W. D., SCHMIDT, B., REYNOLDS, G. P.,

JELLINGER, K., AND YouDIM, M. B.: Transition metals, ferritin, glutathione
and ascorbic acid in parkinsonian brains. J. Neurochem. 52: 515-620, 1959.

ROBITAILLE, R., ArniR, E. M., AND CiiMu.T0N, M. P.: Strategic location of
calcium channels at transmitter release sites of frog neuromuscular synapses.

Neuron 5: 773-779, 1990.

481

Rosarri, Z. L, SOTOIU, A., SHARP, D. E., HADJ1CON8TANTINOU, M., AND N�rr,

N. H.: -Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and free radicals
in vitro. Biochem. PhSTmScOL 37: 4573-4574, 1988.

SANDY, M. S., LANGSTON, J. W., SMiTH, M. T., AND D. I. MoNTE, D. A.: PCR
analysis of platelet mtDNA. lack of specific changes in Parkinson’s disease.
Movement DisOrd. 8:74-82,1993.

SANNA, E., HEAD, G. A., AND HANBAUER, I.: Evidence for a selective localization

of voltage-sensitive Ca� channels in nerve cell bodies of corpus striatum. J.
Neurochem. 47: 1552-1557, 1986.

SCHAPIRA, A. H., HOLT, I. J., 5w�RT, M., HARDING, A. E., JENNER, P., AND
MARSDEN, C. D.: Mitochondrial DNA analysis in Parkinson’s disease. Move-
ment DisOrd. 5: 294-297, 1990.

SCHNEIDER, J. S.: Effects of age on GM1 ganglioside induced recovery of

concentrations of dopamine in the striatum in N-methyl-4-phenyl-1,2,3,6.
tetrahydropyridine-treated mice. Neuropharmacology 31: 185-192, 1992.

SCHNEIDER, J. S., POPE, A., SIMPSON, K., TAooA�, J., SMmi, M. G, Di-
STEFANO, L: Recovery from experimental Parkinsonism in primates with G�
ganglioside treatment Science (Washington D.C.) 256: 843-846, 1992.

SHOPFNER, J. M., Lorr, M. T., VOLJAVEC, A. S., S0UKIDAN, S. A., COSTIGAN,
D. A., AND WAL�ca, D. C.: Spontaneous Kearns-Sayre/chronic external
ophthalmoplegiaplus syndrome associatedwith a mitochondrial DNA deletion:
a slip replication model and metabolic therapy. Proc. NatL Aced. Sci. USA
86: 7952-7956, 1989.

SHOPPNER, J. M., WA’rrs, R. L., JUNCOS, J. L., ToiuioNl, A., AND WAu�ca,
D. C.: Mitochondrial oxidative phosphorylation defects in Parkinson’s disease.
Ann. NeuroL 30:332-339,1991.

SHULTS, C. W.: Future perfect? Presymptomatic diagnosis, neural transplanta-
tion and trophic factors. NeuroL Clin. North Am. 10: 567-593, 1992.

Sraajo, B. K., AND BENGTSSON, F.: Calcium fluxes, calcium antagonists, and

calcium-related pathology in brain lachemia, hypoglycemia, and spreading
depression: A unifying hypothesis. J. Cereb. Blood Flow Metab. 9: 127-140,
1989.

SINGER, T. P., AND RAMSAY, R. R.: Mechanism of the neurotoxicity of MP’FP,
an update. FEBS Lett. 274: 1-8, 1990.

SOPIC, E., LANGE, K. W., Jaz�uNcaR, K., AND RIEDERER, P.: Reduced and
oxidized glutathione in the sUbstantia nigra of patients with Parkinson’s
disease. Neuroaci. Latt. 142: 128-130, 1992.

SONSALLA, P. K., Z�EvALK, G. D., MANZINO, L, GIKOVANNI, A., AND NICIu.A8,
w. J.: MK-8O1 fails to protect against the dopaminergic neuropathology
produced by systemic 1-methyl-4-phenyl-1,2,3,6.tetrahydropyridine in mice or
intranigral 1-methyl-4-phenylpyridinium in rats. J. Neurochem. 58: 1979-
1982, 1992.

SooNo, N. W., HIN’roN, D. R., CORTOPASSI, G., AND ARNHEIM, N.: Mosaicism
for a specific somatic mitochondrial DNA mutation in adult human brain.
Nature Genet. 2:318-323,1992.

SPERcaIt, P. S., LUDOLPH, A. C., AND KISBY G. E.: Are human neurodegenerative
disorders linked to enviromental chemicals with excitotoxic properties? Ann.
N.Y. Aced. Sd. 648: 155-160, 1992.

SPENCER, P. S., NUNN, P. B., HUGON, S., LUD0LPH, A. C., Ross, S. M., RoY,

D. N., AND Roam�TsoN, B. C.: Guam amyotrophic lateral sclerosis-parkinson-
lam dementia linked to a plantexcitant neurotoxin. Science (Washington D.C.)
237: 517-522, 1987.

SPINA, M. B., Sqwi�n,o, S., MIu�g, J., LINDSAY, B. M., AND HYMAN, C.: Brain-
derived neurotrophic factor protects dopamine neurons against 6-OH-dope-
mine and N-methyl-4-phenyl-pyridinium ion toxicity involvement of the

glutathione system. J. Neurochein. 59: 99-106, 1992.
S’rlioMaznn, I., HERIusRA-MARSCHITZ, M., UNOERSTEDT, U., EBENDAL, T., AND

OLSON, L.: Chronic implants of chromaffin tiasue into the dopamine-dener-
vated striatum. Effects of NGF on graft survival, fiber growth and rotational
behavior. Exp. Brain. Res 60: 335-349, 1985.

SUZUKI, K., MIzuNo, Y., AND YOSHIDA, M.: Selective inhibition of complex I of

the brain electron transport system by tetrahydroisoquinolin.. Biocheni Bio-

phys. Rae. Commun. 162: 1541-1545, 1989.
T�u�xsER-Gu�z, S. J., Wu�ev, R. G., �rm ALBIN, R. L: Localization of

striatal excitatory amino acid binding site subtypes to striatonigral projection

neurons. Brain Re.. 594: 165-170, 1992.
TURSKI, L, BRE8Si.zzt, K., RE’I’l’IG, K. J., LOSCHMANN, P. A., AND WACHTEL,

H.: Protection ofsubstantia nips from MPP neurotoxicity by NMDA antag-
onists. Nature 349:414-418,1991.

UNSICKER, K., MILLAR, T. J., �,m HOFMANN H.-D.: Nerve growth factor
requirement of postnatal rat adrenal medullary cells in vitro for survival,
aggregate formation and maintenance of extended neurites. Day. Neurosci. 5:
412-417, 1983.

Vmnn&o�, P., SCHIPPKE, K. A., FRIEDRICH, H. J., MULLER, B., AND LUDIN, H.
P.: Parkinson’s disease in twins. Neurology 42: 1453-1461, 1992.

WANAKA, A., JOHNSON, E. M., JR, AND MILBRANDT, J.: Localization of FGF
receptormRNA in the adult ratcentral nervoussystem by in situ hybridization.
Neuron 5: 267-281, 1990.

WARD, C. D., Duv0ISIN, R. C., INCE, S. E. Nu,’r, J. D., ELRDIrOR, R., AND

CALNE, D. B.: Parkinson’ disease in 65 pairs of twins and in a set of quadru-
plate. Neurology 33: 815-824, 1983.

WEBER, R. J., EWING, S. E., AND ZAUNER, A.: Recovery in hemi-parkinsonian
rats following intrastriatal implantation of activated leukocytes (Abstr. 54).

Soc. Neuroaci. Abstr. 15: 123, 1989.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


482 DE ERAUSQUIN ET AL.

Wsiss, B.: Promising protein for Parkinson’s. Science (Washington D.C.) 260: YAMADA, T., Mc G�R, P. L, BAIMsamGE, K. G., AND M. C. G�ii, E. G.:
1072-1073, 1993. Relative sparing in Parkinson’s disease ofeubstanita nigra dopainine neurons

WESTENUROIK, B. E., AJILIJANIAN, M. K., AND CATI’ERALL, W. A.: Clustering containing Calbindin-D�. Brain Baa. 526: 303-307, 1990.
of L-type Ca’� channels at the base of major dendrites in hippocainpal YOUDIM, M. B., BEN-SHACHAR, D., AND RIEDERER, P.: The possible role of iron
pyramidal neurons. Nature 347: 281-284, 1990. m the etiopathology of Parkinson’s disease. Movement Disord. 8: 1-12, 1993.

WESTIRMANN, R., HARDUNG, M., MEYER, D. K., Emut&RD, P., OTPEN, U. AND ZUDDAS, A., VAGUNI, F., F0RNAi, F., FASc�’rri, F., SAGINARIO, A., �sw
UNsIcicu, K.: Neurotrophic factors releasedby C6 gliomacells. J. Neurochem. G. U.: Pharmacologic modulation of MP’FP toxicity Mk801 in prevention of
50: 1747-1758, 1988.

WILSON, J. A, Lau, Y. S., GLEasON, J. G., AND WILSON, J. S.: The action of dopaminergic cell death in monkeys and mice. Ann. N. Y. Acad. Sci. 648:
MPTP on synaptic transmission is affected by changes in calcium concentra- 268-271,1992.
tion. Brain Res. 541:342-346,1991.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/



