
Biochemical Pharmacology, Vol. 50, No. 1, pp. 1-16, 1995. 
Else&r Science Ltd 

Printed in Great Britain. 
M)o6-295@5 $9.50 + 0.00 

Pergamon 

0006-2952(95)00051-8 

COMMENTARY 

NEXJROPROTECTIVE THERAPEUTIC STRATEGIES 

COMPARISON OF EXPERIMENTAL AND CLINICAL RESULTS 

MANFRED GERLACH,*t PETER RIEDERER*$ and MOUSSA B. H. YOUDIMS 
*Department of Clinical Neurochemistry, University Psychiatric Clinic, University of Wiirzburg, 
Germany; TDepartment of Clinical Neurochemistry, University Neurological Clinic, St. Josef’s 

Hospital, Bochum, Germany; and PFaculty of Medicine, Department of Pharmacology, Technion- 
Israel Institute of Technology, Haifa, Israel 

Key words: neuroprotection; neurodegenerative diseases; Parkinson’s disease; oxidative stress; excito- 
toxic mechani:sms; calcium homeostasis 

In the context of neurodegenerative disorders, neu- 
roprotective therapy refers to interventions that are 
designed to preserve the integrity and function of 
vulnerable neurons in order to prevent the mani- 
festation of the disease, or at least to slow down or 
halt the progressively disabling course of the disease. 

Degenerative diseases of the CNS frequently have 
a predilection for specific cell populations. For 
example, Alzheimer’s disease involves many neu- 
ronal populations, but relatively early in its course it 
appears to affect clnolinergic projections from the 
basal forebrain [l, 21. By contrast, Parkinson’s 
disease has a more dramatic predilection for the 
dopaminergic neurons of the substantia nigra but can 
also affect cell popu.lations using other monoamines 
as neurotransmitters (for a review, see Refs. 3 and 
4). Although many different hypotheses have been 
advanced, the reasons for the selective vulnerability 
of neuronal cell populations remain elusive as yet. 
The partial elucidatron of the processes that underlie 
the selective action of neurotoxic substances, such 
as 6-hydroxydopamine, glutamic acid, kainic acid, 
quinolinic acid or MPTP]] [5-71, has, however, 
revealed possible molecular mechanisms that give 
rise to illnesses (Table 1). Neuroprotective strategies 
corresponding to these concepts have been devel- 
oped (Table l), and in experimental models various 
substances were shown to exert a neuroprotective 
effect (Table 2). 

Selegiline (L-deprenyl: its chemical name is vari- 
ously given as isopropylphenylmethylpropargylam- 
ine, N,2-dimethyl-N-propynyl-2_phenylethylamine, 
R-(-)-N-methyl-N-l.(l-phenyl-2-propyl)-2-propynyl- 
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I/ Abbreviations: ALS, amyotrophic lateral sclerosis; 
AMPA, o-amino-3.hydroxy-5-methyl-4-isoxazole-propi- 
onic acid; BOAA, PN-oxalylamino-t_-alanine; MAO, 
monoamine oxidase; MPP+, 1-methyl-4-phenylpyridinium 
cation; MPTP, I-methyl-4-phenyl-1,2,3,6_tetrahydro- 
pyridine; NMDA, N-methyl-D-aspartate; NOS, nitric oxide 
synthase; and SOD, superoxide dismutase. 

amine hydrochloride or n-propynyl-methamphet- 
amine) and vitamin E (o-tocopherol) were the first 
substances with which the clinical demonstration 
of a neuroprotective effect was supposed to be 
achieved in prospective controlled clinical studies 
[32-341. The results obtained so far could not, 
however, unequivocally demonstrate a neuro- 
protective effect in patients with Parkinson’s 
disease [34]. 

In this paper we discuss the relevance of the pro- 
posed molecular mechanisms underlying the patho- 
genesis of neurodegenerative disorders. In addition, 
we give a review of preclinical results that show 
neuroprotective effects of representative drugs in 
experimental models, and the results of clinical trials 
with selegiline and vitamin E in the treatment of 
Parkinson’s disease. Finally, we also discuss the 
problems associated with carrying out clinical neu- 
roprotective studies, using as an example Parkinson’s 
disease, the most thoroughly investigated neu- 
rodegenerative disease. 

PROPOSED MOLECULAR MECHAMSMS UNDERLYING NEU- 
RODEGENERATIVE DISORDERS 

Oxidative stress 

Parkinson’s disease is characterized in pathological 
terms by a progressive loss of catecholaminergic 
neurons in the brainstem [3]. The degeneration of 
the melanin-pigmented neurons of the substantia 
nigra pars compacta and the resulting dopamine 
deficiency in the striatum are the neuropathological 
basis of the movement disorders characterizing Par- 
kinson’s disease [4]. The cause of the degeneration 
of the nigrostriatal dopaminergic neurons in Park- 
inson’s disease is still unknown. However, there are 
suggestions that degeneration of these neurons is 
associated with and may even be due to an active 
toxic process involving highly reactive oxygen species 
such as hydroxyl (‘OH) and superoxide (‘02) free 
radicals, and nitric oxide [4, S-10,35,36]. 

The “oxidative stress” hypothesis infers an imbal- 
ance between the formation of cellular oxidants and 
the antioxidative processes. Oxidative stress, due to 
the excessive formation of hydrogen peroxide and 
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Table 1. Possible molecular mechanisms of neuronal cell death 

Molecular mechanisms Possible causative processes Neuroprotective strategies 

Oxidative stress [S, 8-101 
Neurotoxic effects of oxygen- Metabolism of catecholamines and 
derived free radicals endogenous or exogenous 

neurotoxins, impaired free-radical 
scavenging systems, altered brain 
iron metabolism, postischemic 
reperfusion, inflammatory cytokine- 
induced gliosis 

Excitotoxic mechanism [6,7] 
Excitatory amino acid receptor- Abnormal glutamate accumulation, 
mediated influx of cations gives exogenous excitotoxins (e.g. domoic 
rise to neurotoxic effects acid, &V-oxalylamino-L-alanine) 

Disturbance in mitochondrial energy metabolism [5,11-131 
Diminished or completely ceased Mitochondrial toxins (MPP’, 
ATP synthesis paraquat, nitric oxide), glutamate- 

induced processes, disturbance of 
calcium homeostasis 

Disturbance of intracellular calcium homeostasis [5, 141 
Excessive activation of calcium- Cell membrane damages, impaired 
dependent enzymes (e.g. protein energy supply (e.g. inhibition of 
kinase C, phospholipases, mitochondrial respiratory chain 
proteases, nitric oxide synthase) enzymes), excitotoxins 
that are involved in neuronal 
function 

Antioxidative strategies with 
monoamine oxidase inhibitors, iron 
chelators, vitamins C and E 
Antiinflammatory drugs 

Glutamate-receptor antagonists. 
calcium-channel blockers 

Normalization of mitochondrial 
energy metabolism (e.g. ubiquinone 
supplementation), glutamate- 
receptor antagonists, calcium- 
channel blockers 

Calcium-channel blockers 

oxygen-derived free radicals, can cause cell damage 
through chain reactions of membrane lipid per- 
oxidation and/or alterations in membrane fluidity 
[8, lo]. Hydrogen peroxide is produced in human 
tissues by several enzymes, such as SOD 
(superoxide : superoxide oxidoreductase; EC 
1.14.1. l), L-amino acid oxidase, glycollate oxidase, 
and MAO (amine : oxygen oxidoreductase (de- 
aminating; flavin-containing); EC 1.4.3.4) [8]. 

In dopaminergic nerve cells, it is mainly generated 
by MAO via deamination of dopamine, and non- 
enzymatically by auto-oxidation of dopamine (Fig. 
1). Hydrogen peroxide is relatively inert and not 
toxic to cells [8]. However, damage is done when 
hydrogen peroxide interacts with the reduced forms 
of transitional metal ions, e.g. iron(I1) or copper(I), 
and decomposes to the highly reactive hydroxyl free 
radical (the Fenton reaction) (Fig. 1). However, 
hydroxyl radicals are also produced in the mito- 
chondria of nerve cells during oxidative phos- 
phorylation, as shown in equation 1 below. 

+e- +e- +e- +e- 

02 + ‘0; +2H+ H202 + ‘OH + OH- ++ 2H20 
+2H 

(1) 

Hydroxyl radicals rapidly react with and have a 
strong affinity for almost every molecular species 
found in living cells. Such reactions include breakage 
of single- and double-stranded DNA, and chemical 
alterations of the deoxyribose purine and pyrimidine 
bases, membrane lipids and carbohydrates [8], lead- 

ing to a cascade of events with subsequent damage 
to the mitochondrial electron-transport system, 
decompartmentalization of intracellular calcium 
homeostasis, induction of proteolysis by proteases, 
increased membrane lipid peroxidation, and finally 
cell death (Fig. 2). 

Although the proof that oxidative stress actually 
causes the loss of dopaminergic neurons in patients 
with Parkinson’s disease is lacking, there is a con- 
siderable body of indirect evidence from studies in 
both animals and humans that supports this concept. 
This includes a shift of the iron(II)/iron(III) ratio in 
the substantia nigra from almost 2: 1 in the normal 
brain to 1: 2 in the Parkinsonian brain [37], decreased 
glutathione peroxidase (glutathione : hydrogen per- 
oxide oxidoreductase; EC 1.11.1.9) and catalase 
(hydrogen peroxide : hydrogen peroxide oxido- 
reductase; EC 1.11.1.6) activities, an increased 
superoxide dismutase (superoxide : superoxide 
oxidoreductase; EC 1.15.1.1) activity, and a 
decreased content of reduced glutathione (reviewed 
in Refs. 4 and 38-40). In addition, an increase in 
the basal levels of thiobarbituric acid-reactive 
substances (a measure of secondary products of lipid 
peroxidation) coupled with a decrease in the levels 
of polyunsaturated fatty acids (the substrates for 
lipid peroxidation) has been shown in the substantia 
nigra of patients with Parkinson’s disease [41]. 
Measurements of more specific peroxide products, 
lipid hydroperoxides, have confirmed these results: 
a lo-fold increase in the levels of lipid hydroperoxides 
has been found in the substantia nigra in Parkinson’s 
disease [42]. 



Drug 

Neuroprotective therapeutic strategies 

Table 2. Neuroprotective effects of drugs in experimental models* 

Mode of action Experimental model 

3 

References 

Selegiline 

Desferrioxamine 
Vitamin E 

GM1 ganglioside 

U74006F 
Dihydrolipoate 
r-Kynurenine 

MK-801 (dizocilpine) 

Memantine 

Nimodipine 

Veratridine 

HA1077 

Monoamine oxidase 
inhibition, stimulation of 
superoxide dismutase, induces 
synthesis of neurotrophic 
factors 
Iron chelator 
Antioxidant 

Neuritogenic action 
Neurotrophic effects 
Lipid peroxidation inhibitor 
Antioxidant 
Glutamate-receptor antagonist 
of the glycine site 

6-Hydroxydopamine model in the rat 
MPTP model in the mouse and ape 
Rat middle cerebral occlusion model 
Rat middle cerebral occlusion model 
Hypoxia-ischemia in the neonatal rat 
NMDA-induced neurotoxicity in the 
neonatal rat 

Non-competitive NMDA- Methamphetamine model in the mouse 
receptor antagonist and rat 

NMDA-induced toxicity in isolated 
chick embryo retina 
Glutamate-induced neurotoxicity in 
fetal cortical cultures 
NMDA-induced neurotoxicity in fetal 
neuronal cultures, MPTP model in the 
mice and ape+ 
Glutamate-induced neurotoxicity in 
fetal neuronal cell cultures 
Anoxia in hippocampal neuronal cell 
cultures 

Non-competitive NMDA- 
receptor antagonist 
L-Type calcium-channel 
blocker 

Calcium and sodium-channel 
blocker 
Calcium-channel blocker 

6-Hydroxydopamine model in the rat 
MPTP model in the mouse and ape 

6-Hydroxydopamine model in the rat 
6-Hydroxydopamine model in the rat 
MPTP model in the mouse and apet 
glutamate-induced toxicity in a 
neuronal cell line 

WI 

t:? 171 
[181 

[I91 

B 211 

[;:I 

[25,261 

P31 

t27,w 

t291 

[301 

[311 

Abbreviations: MPTP, 1-methyl-4-phenyl-1,2,3,6_tetrahydropyridine; and NMDA, N-methyl-D-aspartate. 
* The list is not exhaustive, and only representative compounds are shown. 
t The reported results are contradictory. 
$ Kupsch A, Gerlath M, Pupeter SC, Sauer HJ, Dirr A, Arnold G, Opitz W, Przuntek H, Oertel WH and Riederer 

P. Manuscript submitted for publication. 

Further evidence for the occurrence of oxidative 
stress in Parkinson’s disease comes from studies on 
experimental mode:ls of this disease. For example, 
the iron chelator de:sferrioxamine (desferal) and vit- 
amin E (Table 2) protect rats against the 6-hydr- 
oxydopamine-induced reduction in striatal dopamine 
content and decrease of dopamine-related spon- 
taneous locomotor activity. These findings indicate 
the prevention of 6-hydroxydopamine-induced 
degeneration of nigro-striataldopaminergicneurons. 
6-Hydroxydopamin8e is thought to induce nigro-stri- 
atal dopaminergic lesions via generation of hydrogen 
peroxide and hydroxyl radicals derived from it [43- 
451, presumably initiated by a transition metal such 
as iron. In fact, it has been shown by magnetic 
resonance (MR) imaging studies that iron is 
increased in the striatum of 6-hydroxydopamine- 
lesioned rats [46]. Furthermore, 6-hydroxydopamine 
releases iron from ferritin in vitro [47]. Finally, 
intranigral injections of iron(II1) produce neurotoxic 
effects similar to those observed with 6-hydroxy- 
dopamine [48-501. 

Although earlier data showed that MPTP-induced 
dopaminergic neurotoxicity does not involve oxi- 
dative stress (reviewed in Ref. 5), Chiueh et al. 
[51] recently presented convincing evidence that the 

neurotoxic action of MPTP involves the generation 
of hydroxyl free radicals from released dopamine. 
Additionally, Adams et al. [52] demonstrated that 
hydrogen peroxide and hydroxyl radicals are also 
products of the interaction of MPP+ (probably the 
ultimate toxic agent) with mitochondrial NADH 
dehydrogenase (NAD[P]H : ubiquinone oxidore- 
ductase; complex I; EC 1.6.99.3). The neurotoxic 
effects of MPTP [induction of a Parkinson-like 
akinesia in monkeys, which is accompanied by a 
striatal dopamine deficiency and a diminished cell 
number of neurons showing tyrosine hydroxylase 
(EC 1.14.16.1) immunoreactivity] can be completely 
prevented by prior treatment with the selective 
MAO-B inhibitor selegiline (Table 2), which pre- 
vents the metabolism of MPTP to the neurotoxic 
MPP+. Lipid membrane-constituents such as GMl- 
gangliosides (Table 2) exert only a partial neu- 
roprotective action. On the other hand, the neu- 
roprotective actions of vitamins C and E are uncer- 
tain (see Ref. 5). 

The most convincing indication, thus far, of a 
causal relation between an oxidative process and 
a neurodegenerative illness has come from genetic 
investigations of the SOD gene in familial ALS, a 
lethal progressive degenerative disease in which the 
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Feedback Stimulation 

Lipid Peroxidation 

Fig. 1. Reaction pathway illustrating the ability of hydrogen peroxide and melanin to alter the redox 
state of iron between its two valencies with resultant formation of cytotoxic hydroxyl radical and 

induction of lipid peroxidation (modified according to Ref. 135). 

motor neurons in the spinal cord, brainstem and 
motor cortex decay. Rosen and co-workers [53] have 
reported recently that patients with ALS showed 11 
different point-mutations in the gene for the cytosolic 
copper/zinc SOD (SODt), which is located on chro- 
mosome 21. Since these changes were not demon- 
strable in any of the 100 controls investigated and 
therefore cannot be regarded as normal allelic vari- 
ants, the authors concluded that these mutations to 
the SOD1 gene are responsible for causing familial 
ALS. The Cu/Zn SOD protein is located in the 
cytosol and in the peroxisomes, and is a member of 
an SOD family that also includes the mitochondrial 
Mn-dependent SOD2 and the extracellular SOD3 
[54]. These enzymes convert the toxic superoxide 
anion radical ‘Oz into hydrogen peroxide. SOD 
activity in red blood cells lysates of the family mem- 
bers carrying the mutation was less than half that of 
members without the mutation [55]. By contrast, in 
patients with sporadic ALS and age-and sex-matched 
controls, red blood cell SOD activity was normal. 
These studies indicate that this SOD activity is 
reduced in familial ALS patients but not in sporadic 
ALS patients. Moreover, this SOD enzyme abnor- 
mality is detectable years before the onset of clinical 
ALS in carriers of the familial ALS mutations. 

It has been known for some time that glia, reactive 
microglia, and activated macrophages can also 
induce severe tissue oxidative stress [X%58] and be 
cytotoxic to neurons [59]. Macrophages are also cyto- 
toxic to human tumor cells in- culture, resulting in 

inhibiton of metabolic functions [60-64]. Such a 
phenomenon also has been stressed repeatedly in 
neurodegenerative disorders, especially in Parkin- 
son’s disease [65,66]. The mechanism by which mic- 
roglia and macrophages lead to metabolic inhibition 
and finally neuronal death is not known but must be 
associated with some endogenously released 
product. Cytokines and arachidonic acid are a few 
candidates. However, evidence now is accumulating 
to suggest that nitric oxide generation from L-argi- 
nine by such cells could also contribute to and even 
initiate the cytotoxic effects and neuronal cell death 
(reviewed in Refs. 67-69). 

Biosynthesis of nitric oxide involves an oxidation 
of L-arginine by NADPH and molecular oxygen cata- 
lyzed by a monooxygenase called NOS (EC 1.12.23). 
It has been shown that its enzyme exists in at least 
three isoforms that were classified on the basis of 
their regulation by Ca2+ and their subcellular local- 
ization [7&72]. Since non-heme iron(B) may be 
involved in the electron transfer to oxygen, the shift 
in the ratio of iron(II)/iron(III) in the substantia 
nigra from about 2 : 1 in the normal brain to 1: 2 in 
the Parkinsonian brain [37] may also reflect a higher 
synthesis of nitric oxide, possibly by reactive micro- 
glia. NOS is not confined to macrophages and mic- 
roglia cells but exists in a host of cell types including 
neurons [73]. In the rat brain, immunocytochemical 
studies localized NOS to selective neuronal popu- 
lations including basket and granule cells of the 
cerebellum; neurons within the pedunculopontine 
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Fig. 2. Interacting mechanisms of cell injury by oxidative stress, excitotoxins, and toxins poisoning 
mitochondrial respiratory chain enzymes (modified according to Ref. 8). 

tegmental nucleus; and medium to large aspiny neu- 
rons within the corpus striatum, cerebral cortex, and 
numerous other sites [73]. 

The mechanism by which nitric oxide kills cells 
and expecially neurlsns is not fully understood. On 
the one hand, toxicity may involve nitric oxide itself 
(Fig. 3). It is known that nitric oxide inhibits several 
enzymes including complex I, complex II (succinate: 
ubiquinone oxidoreductase; EC 1.3.99.1) and com- 
plex IV (cytochrome c oxidase, EC 1.9.3.1) of the 
mitochondrial electron transport complex [60- 
63,741; the citric acid cycle enzyme, aconitase [62]; 
and the rate-limiting enzyme in DNA replication, 
ribonucleotide reductase [75,76]. Complex I activity 
has been reported to be decreased also in the sub- 
stantia nigra of the Parkinson’s disease brain and 

appears to be anatomically specific to the substantia 
nigra and disease-specific to Parkinson’s disease 
(Reviewed by Ref. 11). All these enzymes have a 
catalytically active non-heme iron-sulfur complex. 
The ability of activated macrophages to inhibit non- 
heme iron-dependent mitochondrial enzymes as well 
to synthesize nitric oxide led Lancaster and Hibbs 
[64] to suggest a direct interaction between iron 
and nitric oxide. Indeed, they were able to provide 
evidence for iron-nitrosyl complexes in cytotoxic 
activated-macrophage effector cells. The relatively 
large amount of iron decompartmentation led 
Wharton et al. [63] to speculate that some of the iron 
may arise from its storage site in the protein ferritin, 
since ferritin can store up to 4500 atoms of iron per 
molecule as iron(II1). Indeed, Reif and Simmons 
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Fig. 3. Diagram illustrating the interacting biochemical events of nitric oxide (NO) and iron in the 
expression of neurotoxicity in Parkinson’s disease (modified according to Ref. 9). 

[77] and Youdim and Riederer* have shown that the 
addition of a nitric oxide-generating agent, sodium 
nitroprusside, to the iron-storage protein ferritin 
resulted in the release of iron from ferritin (measured 
spectrophotometrically as an iron(II)/ferrozine 
complex) and promotion of lipid peroxidation. 
Furthermore, as a functional antagonist to nitric 
oxide [78], hemoglobin [77] and desferrioxamine* 
inhibited these processes. The authors suggested that 
nitric oxide generation in vioo could lead to the 
mobilization of iron ferritin, disrupting intracellular 
iron homeostasis, and increasing the level of reactive 
oxygen species with consequential lipid peroxidation 
(Fig. 3). 

On the other hand, nitric oxide as a fee radical per 
se is a highly reactive molecule that can react with 
molecular oxygen and the superoxide anion (Fig. 3). 
The last reaction results in the formation of the 
peroxynitrite anion (‘ONOO-), which is described as 
an extremely reactive molecule with potent oxidant 
properties [79,80]. The peroxynitrite anion de- 
composes to the hydroxyl free radical and to nitrogen 
dioxide (Fig. 3), which are potent activators of lipid 
peroxidation [79,80]. However, recent observations 
in human leukocytes [81] indicate that nitric oxide 
can be regarded as a scavenger of superoxide anion 
and suggest that nitric oxide may provide as a chemi- 
cal barrier to cytotoxic free radicals. Experiments 
with transgenic mice overexpressing human extra- 
cellular SOD led to the conclusion that SOD 

* Youdim MBH and Riederer P, Neurotoxicity of 
nitric oxide and decompartmentation of ferriton-iron. 
Proceedings of the 14th ISM, Montpellier, 1993. 

increases CNS oxygen toxicity by inhibiting superox- 
ide anion-mediated inactivation of nitric oxide [82]. 

Excitotoxic mechanism 

The concept of excitotoxic cell death postulated 
by Olney [83] implies two paradoxical modes of 
action of amino acid neurotransmitters (e.g. glutamic 
acid, aspartic acid) or of excitatory amino acid recep- 
tor agonists (e.g. kainic acid, quinolinic acid), 
namely that they exert an excitatory action and at 
the same time a neurotoxic effect. Excitatory amino 
acids bind to specific receptor binding sites, and 
operate to stimulate neurons by opening receptor- 
coupled ion channels [84]. This action is essential for 
the normal functional activity of the CNS. In the 
case of a neurotoxic effect, there is a massive increase 
of the intracellular calcium concentration as a result 
of the excessive stimulation of glutamatergic 
neurons. 

The concept of excitotoxic cell death (for a review, 
see Refs. 6,7 and 36), which has in recent years 
received experimental verification points to possible 
mechanisms of how not only endogenous trans- 
mitters (glutamic acid, for example), but also 
exogenous neurotoxins (for example BOAA) can 
damage neurons. It is recognized nowadays [6,7] 
that the receptors that are particularly involved in 
the toxic effects of excitatory amino acids are both 
the subtypes of the glutamate receptor, the NMDA 
receptor and AMPA receptor. It is possible to imitate 
the neuropathological correlates of Huntington’s 
disease (loss of GABAergic and cholinergic markers 
in the striatum) in animal experiments by the injec- 
tion of quinolinic acid, an endogenously occurring 
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Table 3. Neurodegeneration syndromes associated with excitatory amino acids (according 
to t61) 

Disease Excitotoxin and excitotoxic mechanism, respectively 

Food excitotoxins 
Neurolathyrism 
Guam disease [amyotrophic 
lateral sclerosis (ALS)/ 
Parkinsonism/dementia 
complex] 

Metabolic disorders 
Sulfide oxidase deficiency 
Olivopontocerebellar 
atrophy (OPCA) 
ALS 

/3-N-Oxalylamino-L-alanine (BOAA) 
PN-Methyl-amino-L-alanine (BMAA) 

Cysteine-S-sulfate 
Glutamate, because of a postulated defect in CNS 
catabolism of glutamate 
Glutamate, because of a postulated unknown 
metabolic defect 

Energy deficiency disorders 
Epilepsy Partial exhaustion of energy resources in the 

microenvironment of the NMDA receptor is a 
responsible factor in seizure-related brain damage 

Hypoxia/ischemia Excessive release of glutamate 

Chronic neurodegenerative diseases 
Alzheimers’ disease Glutamate/aspartate? 
Huntington’s disease Glutamate? Quinolinate? 
Parkinson’s disease Glutamate? 

NMDA agonist [85,8#6]: The conclusion reached was 
that an increased rate of synthesis of glutamic acid 
or an increased sensi.tivity of cortical glutamatergic 
neurons was causally responsible for this neu- 
rodegenerative disease [87,88], which is inherited 
via the autosomal dominant mode (chromosome 4) 
with complete penetrance. 

Although patients who had died with Huntington’s 
chorea had an up to 5-fold increase in brain activity 
of the enzyme 3-hydroxyanthranilic acid oxygenase, 
the enzyme responsible for synthesizing quinolinic 
acid, compared with controls [89], increased con- 
centrations of quino.linic acid could not be demon- 
strated in urine [90] or cerebrospinal fluid [91,92] 
nor in the brain itself [92,93]. Post mortem inves- 
tigations of the NMDA receptor [94], which showed 
a decrease in glutamate binding in the putamen 
(- 97%) of patients with Huntington’s disease, but 
not in the frontal cortex, might, however, indicate 
a possible role for excitatory amino acids in the 
pathogenesis of this disease. Table 3 gives further 
examples of neurodegenerative diseases in which an 
excitotoxic effect is discussed. 

The excessive stinmlation of the NMDA receptor 
by glutamic acid or NMDA agonists leads to a mass- 
ive influx of calcium ions into the cell; the activation 
of calcium-dependent enzymes sets in action mech- 
anisms that lead to the decline of the cell (for a 
review, see Refs. 7,35,36). For example, the acti- 
vation of calpain I and II leads to alterations in the 
cytoskeleton; the aclivation of protein-kinase C and 
nitric oxide synthase results in the formation of toxic 
free radicals (Fig. 4); the activation of phospholipase 
A2 leads to the breakdown of phospholipid mem- 
branes. The fatty acids liberated by this process, such 
as arachidonic acid, then get into the extracellular 

space and are broken down further into free radicals. 
In this way, a vicious circle of cell damage is main- 
tained or even reinforced (Fig. 4). In this connection 
it is interesting to note the recently described finding 
according to which the glutamate of astrocytes cul- 
tured from embryonic rat or mouse striatum is capa- 
ble of releasing arachidonic acid [95]. Thus, gluta- 
mate-evoked release of arachidonic acid seems to be 
regulated in opposite fashion by protein kinases A 
and C, because stimulation of adenylate cyclase by 
the Padrenergic agonist isoproterenol, vasocative 
intestinal peptide or pretreatment of the striatal 
astrocytes with cholera toxin decreased the gluta- 
mate-evoked release of arachidonic acid. By 
contrast, ATP, which markedly stimulated inositol 
phosphate production, strongly potentiated the 
glutamate-evoked release of arachidonic acid [95]. 

The ligand-coupled activation of the NMDA 
receptor, however, does not lead to an influx of only 
calcium ions, but sodium ions also enter the cell, 
which produces a strong depolarization of the neuron 
[96]. This results in an additional massive calcium 
influx through the opening of the “voltage-depen- 
dent” type-l ion-channels. 

In cultured cells and in animal experiments it is 
possible to prevent the toxic action of excitatory 
amino acids by the administration of non-competitive 
NMDA-receptor antagonists and by calcium-channel 
blockers, which inhibit the entry of calcium ions 
(Table 2). 

Disturbance in mitochondrial energy metabolism 

The mitochondria supply cells, including neurons, 
with energy (for a review see Ref. 13). High-energy 
carrying compounds such as NADHz and FADH, 
are formed during the Krebs cycle within the mito- 
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Excitatory Amino Acids 

Xanthine I 
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Fig. 4. Cascades of molecular events leading to neuronal cell death (modified according to Ref. 35). 

Fig. 5. Schematic representation of the effect of MPP+ on the respiratory chain (modified according to 
Ref. 5). C, cytochrome c, and Q, ubiquinone. 

chondrial matrix. NADH2 and FADHz donate elec- nucleotides (FMN) and the multiple iron-sulfur 
trons that are required for the generation of an centres of complex I or II and passed to ubiquinone 
electrochemical gradient across the inner membrane (coenzyme Q, CoQ). The electrons are then trans- 
of the mitochondrion and thus for the synthesis of ported to the ubiquinol : cytochrome c oxidoreduct- 
ATP. The enzymes responsible for electron transport ase (complex III), which contains cytochrome b, 
are located in the inner mitochondrial membrane. Rieske iron-sulfur protein, and cytochrome cl. From 
Two very important members of this highly organ- complex III electrons are transferred via cytochrome 
ized and hierarchical system of enzymes are NADH c to cytochrome c oxidase (complex IV) containing 
dehydrogenase (complex I) and succinate dehydro- cytochromes a and a3 equipped with copper atoms, 
genase (complex II) (Fig. 5). The electrons entering and finally passed to oxygen (Fig. 5). As electrons 
the system are transported via flavin mono- pass through complexes I/II, III and IV, protons 
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cross the inner mitochondrial membrane, creating 
an electrochemical gradient. This energy is used by 
ATP synthase (complex V) for the synthesis of ATP. 
The adenine nucleotide translocator then exchanges 
ATP for cytosolic ADP. 

Poisoning of oxidative phosphorylation disturbs 
the function of the mitochondrial respiratory chain, 
and results in a depletion of the ATP stores in the 
mitochondria and in tlhe cytoplasm. MPP+, probably 
the ultimate neurotoxin responsible for degeneration 
of dopaminergic neurons, is a specific complex I 
inhibitor, blocking one of the two major pathways 
for electrons entering the mitochondrial respiratory 
chain (Fig. 5). Aminooxyacetic acid (AOAA), an 
excitotoxin, interrupts the supply of electrons to 
mitochondrial NADH, and this leads indirectly to a 
relative insufficiency of complex I since reducing 
equivalents required for oxygenation do not enter 
the respiratory chain [97]. The intrastriatal appli- 
cation of this non-selective inhibitor of transaminases 
gives rise to axon-sparing lesions in the rat striatum, 
similar to quinolinic acid, which can be blocked by 
NMDA agonists and by prior decortication [97]. 

The selective inhibition of complex I activity by 
high concentrations of MPP’ (1 mM) demonstrated 
in both heart and liver mitochondria might be con- 
sidered as the sole cause for the neurodegenerative 
effect seen after systemic treatment with MPTP, but 
the latest investigations have also shown that this 
inhibition of complex 1 additionally leads to the 
mitochondrial production of superoxide free radicals 
[98,99], hydrogen peroxide and hydroxyl radicals 
[52]. Inhibition of complex I by paraquat likewise 
leads to the formation of superoxide radicals [loo]. 
Interestingly, it was shown recently that 6-hydroxy- 
dopamine, a neurotl3xin that is thought to induce 
nigro-striatal dopaminergic lesions via generation of 
hydrogen peroxide and hydroxyl radicals derived 
from it [4%45], is even more toxic to complex I than 
MPP+*. What is also particularly interesting in this 
connection is the finding that in patients with Par- 
kinson’s disease a dllminished activity of complex I 
could be demonstrated specifically in the substantia 
nigra (for a review, see Ref 11). Experiments on rats 
showed [loll that chronic treatment with levodopa 
(L-3,4_dihydroxyphenylalanine, the metabolic dopa- 
mine precursor capable of crossing the blood-brain 
barrier, which is used in the symptomatic treatment 
of Parkinson’s disease) leads to reversible inhibition 
of complex I activil:y, but not of the activities of 
complexes II and IV. Incubation of whole brain 
mitochondria in vitro showed that both levodopa and 
dopamine inhibit complex I activity in a dose- and 
time-dependent manner, whereas other metabolites 
of levodopa were minimally effective. Reduced glu- 
tathione, ascorbate, SOD and catalase prevented the 
effect of dopamine. In agreement with a critical role 
of MAO in the effect in vitro, other non-cat- 
echolamine substrates of this enzyme, such as sero- 
tonin and pphenylethylamine, were potent inhibi- 
tors of complex I [loll. However, auto-oxidation 
may also be involvl:d in this process, because the 
effects of levodopa, 6-hydroxydopa and 6- 

* Galenke Y and Ye>udim MBH. Manuscript submitted 
for publication. 

hydroxydopamine on complex I activity were only 
partially suppressed by MAO inhibitors [loll. These 
observations demonstrate that the chronic adminis- 
tration of levodopa can cause alterations in mito- 
chondrial respiratory chain activity in rats, and that 
these changes are most likely related to oxidative 
stress provoked by the increase in dopamine turn- 
over. 

Disturbance of intracellular calcium homeostasis 

The calcium hypothesis of necrotic cell death pos- 
tulates that whenever pathologically increased intra- 
cellular calcium concentrations occur, there will be 
an uncontrolled stimulation of calcium-dependent 
enzyme reactions, and that these will lead to altered 
cell function and the destruction of cellular structures 
[14]. It was originally assumed that the excessive 
calcium influx was caused by “voltage dependent” 
ion channels, but a calcium influx coupled to the 
NMDA receptor and/or free radical-induced mem- 
brane damage could equally lead to a breakdown of 
calcium homeostasis (Fig. 2). Thus it can be argued 
that the breakdown of intraneuronal calcium hom- 
eostasis represents an ultimate pathobiochemical 
mechanism that may also occur as the result of these 
previously described mechanism (induced by free 
radicals or excitotoxins through interference with the 
mitochondrial energy supply; see Figs. 3 and 4). 
In the light of this hypothesis, it appears distinctly 
possible that the effects of various neurotoxins exert- 
ing their action via a variety of different pathological 
mechanisms could all be prevented by calcium-chan- 
nel blockers. In fact, in animal experiments using 
the MPTP model in the mouse and in the monkey, 
a neuroprotective effect was indeed demonstrated 
with the calcium-channel blocker nimodipine (Table 
2). Similarly, in primary neuronal hippocampal cell 
cultures, glutamate-induced toxicity was prevented 
by the novel calcium-channel blocker KB-2796 [ 1021. 
Furthermore, it could be shown that (S)-emopamil 
(a novel calcium-channel blocker of the phenyl- 
alkylamine type and a serotonin antagonist) sig- 
nificantly improved post-ischemic hypoperfusion and 
metabolic impairment and protected against 
ischemia-dependent damage to nerve cells [ 1031. To 
provide further support for this hypothesis, however, 
it will be necessary to carry out investigations with 
other calcium-channel blockers and with other neu- 
rotoxins such as 6-hydroxydopamine, methamphet- 
amine, kainic acid or quinolinic acid. 

There are indeed findings in a whole range of other 
neurodegenerative diseases that give a reason to 
conclude that calcium metabolism has been altered 
(for a survey see Refs. 104 and 105); the overall 
calcium concentration, however, appears to be 
unaltered. Thus, all the brain regions of patients who 
had died with Parkinson’s disease were found to have 
unchanged calcium concentrations [106]. On the 
other hand, in the brains of deceased Alzheimer 
patients a significant loss of the calcium-binding pro- 
tein calbindin D28k was reported [107], although 
this does not appear to be specific for this disease. 
Similar deficiencies were found in the substantia 
nigra of patients with Parkinson’s disease [log]. 
Other intracellular calcium-binding proteins such as 
calmodulin, calpain and Sloop, are equally affected 
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in patients with Alzheimer’s disease [109, 1101. A 
diminished density of dihydropyridine-binding sites 
was found in the temporal cortex of patients with 
Alzheimer’s disease [ill], in the striatum of patients 
with Huntington’s disease [105], and in the nigro- 
striatal system of patients with Parkinson’s disease 
[112]. Since it is specifically the neurons in these brain 
regions, respectively associated with these diseases, 
that degenerate, one may assume that the dihydro- 
pyridine-binding sites are pre-synaptically located on 
these degenerating neurons. 

REASONS FOR CARRYING OUT CLINICAL STUDIES WITH 
SELEGILINE AND a-TOCOCPHEROL FOR THE DEMON- 
STRATION OF A NEUROPROTECTIVE EFFECT IN PAR- 

KINSON’S DISEASE 

Various indirect evidence, as has been extensively 
described above, is available for the idea that oxi- 
dative stress is the cause of Parkinson’s disease or at 
least it plays a role in the pathogenesis of the disease 
as a secondary factor. It is known that various 
enzymes (e.g. SOD, catalase), free radical scav- 
engers (e.g. reduced glutathione, vitamins C and 
E), and inhibition of MAO (e.g. by selegiline) can 
prevent the damage caused by free radicals in uitro 
and in vivo (Table 2; for reviews, see Refs. 5,s and 
10). The concept of oxidative stress as the molecular 
pathological mechanism of the dopaminergic neu- 
rodegeneration in Parkinson’s disease is matched by 
the idea that antioxidant strategies should be able to 
prevent Parkinson’s disease or at least to retard the 
course of the disease. 

Selegiline and a+tocopherol were the first sub- 
stances with which prospective controlled clinical 
trials were carried out with the aim of demonstrating 
a neuroprotective effect. The starting point for these 
trials was the 9-year retrospective investigation by 
Birkmayer and his colleagues [113] on 841 patients 
with Parkinson’s disease, who had been treated 
either with levodopa alone or in combination with 
selegiline. A significantly longer life expectancy 
could be shown for the group of patients who had 
received selegiline and levodopa compared with 
those who had received levodopa alone. This result, 
as well as preclinical indications of a neuroprotective 
effect of selegiline and actocopherol (Table 2) 
together with theoretical considerations (oxidative 
stress as cause of nerve cell death), invited the 
assumption of a neuroprotective potential for these 
two drugs. Selegiline is a selective and irreversible 
inhibitor of type B MAO when administered at a 
dosage of 10 mg/day [ 1141. cu-Tocopherol, a bio- 
logically active component of vitamin E, attenuates 
the effects of lipid peroxidation by trapping free 
radicals [8]. 

PROBLEMS DURING THE IMPLEMENTATION OF CLINICAL 
STUDIES ON NEUROPROTECTION WITH PARKINSON’S 

DISEASE AS AN EXAMPLE 

The neuroprotective effectiveness of selegiline and 
a-tocopherol was investigated in two recently com- 
pleted placebo-controlled double-blind studies on 
patients with hitherto untreated Parkinson’s disease. 
The time at which it became necessary to begin 
symptomatic treatment with lovodopa was taken as 

the end-point. Tetrud and Langston [32] investigated 
32 patients with Parkinson’s disease over a 3-year 
period and found that with selegiline there was a 
significant deferment of the time at which symp- 
tomatic levodopa treatment became necessary. In 
the multicenter DATATOP study (deprenyl and toc- 
opherol antioxidative therapy of Parkinsonism) that 
was initiated in 1987, the effect of cu-tocopherol and 
selegiline was investigated in 800 patients with Par- 
kinson’s disease [33,34]. An interim analysis of the 
trial after 12 * 5 months indicated that selegiline 
reduced the risk of disability requiring levodopa 
therapy by approximately 50% [33]. However, it was 
unclear whether the effects of selegiline would be 
sustained or whether selegiline resulted in only short- 
term amelioration of clinical features (symptomatic 
effect), a slowing of underlying nigral degeneration 
(protective effect), or both of these mechanisms. An 
extended analysis after a mean (5 SD) follow-up of 
14 t 6 months showed no beneficial effects of a- 
tocopherol, nor any interaction between m-toc- 
opherol and selegiline. Further, the beneficial effects 
of selegiline, which occurred largely during the first 
12 months of treatment, remained strong, and sig- 
nificantly delayed the onset of disability requiring 
levodopa therapy. The difference in the estimated 
median time to the end-point was about 9 months. 

The improvement in the rating scores for Parkin- 
son’s disease disease after the initiation of selegiline 
and the worsening of motor performance during the 
2 months after withdrawal suggest that the observed 
benefit of selegiline in delaying disability is partly 
related to a symptomatic amelioration of Parkinson’s 
disease. On the other hand, the superior survival 
with respect to the primary end-point even among 
selegiline-treated subjects who initially had no 
improvement in total rating scores, and the overall 
persisting benefit (as compared with baseline status) 
among the selegiline-treated subjects who did not 
reach the end-point and who did not require sele- 
giline during the 2 months after withdrawal, do sug- 
gest a protective influence. 

Hence, a neuroprotective effect of selegiline is 
neither confirmed nor refuted in these clinical trials. 
To establish whether an amphetamine-like effect is 
contributing to the symptomatic action of selegiline 
(selegiline is metabolized, alongside other metabolic 
routes, to amphetamine and methamphetamine 
[115]), an 8-week double-blind study was carried out 
by “The Parkinson Study Group” [116], using the 
MAO-B inhibitor lazabemide (Ro 19-6327), because 
the chemical structure of this substance did not sug- 
gest that it would be metabolized to products with 
an amphetamine-like action. Four weeks after the 
start of treatment with lazabemide, the patients with 
Parkinson’s disease showed a symptomatic effect 
similar to that with selegiline. This signified that the 
symptomatic effect demonstrated with selegiline was 
not called forth by the amphetamine-like component 
in its activity. 

The dopamine therapy delaying effect was also 
demonstrated with the dopamine agonist lisuride in 
retrospectively organized studies (for a review see 
Ref. 117). The results led to the conclusion, anal- 
ogous to that of the DATATOP study, that this 
effect was mediated via the symptomatic component 
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of lisuride’s activity. However, it is equally plausible 
to conclude that here too a decreased formation of 
free radicals may lead to slowing down the pro- 
gression of the disease, because dopamine agonists 
can also lead to a diminished dopamine turnover and 
in this way contribute to a reduced formation of 
oxygen radicals. 

Results similar to those of the DATATOP study 
were also reported recently by Przuntek. This was 
also a placebo-controlled and multicenter longi- 
tudinal study designed to measure the effect of sele- 
giline on the time course of changes in the required 
dosage of levodopa a.nd of the levodopa-determined 
fluctuations in mobility (SELEDO study: selegiline 
and levodopa long-period trial). Interim analysis of 
the findings after 4 years showed significantly 
reduced values for both these parameters in the 
group treated with selegiline and levodopa compared 
with the group treat’ed with levodopa alone.* 

The results of the studies cited here emphasize 
how difficult it is to demonstrate in clinical studies 
on patients that a neuroprotectively active drug is 
actually exerting a neuroprotective effect. What 
makes it even more difficult is that the clinical symp- 
toms of Parkinson’s disease only begin to show up 
when more than two-thirds of the available dopa- 
minergic neurons have degenerated and there is a 
dopamine deficit of X-80% [llS, 1191. One can thus 
expect clinical studies of potentially neuroprotective 
substances at best to halt the progression of the 
disease. Effective neuroprotection could only be 
obtained by attempting treatment at very early stages 
of the disease before it is clinically manifest. 
However, this is not possible at present, because of 
the inability to mak’e an early diagnosis. 

Since the effect of a potentially neuroprotective 
substance has, up to now, been judged only on the 
basis of the motor symptoms, a symptomatic effect 
of the substance h,as to be excluded in order to 
demonstrate a neuroprotective effect when eval- 
uating motor performance parameters. In the sense 
in which the definition of a neuroprotective effect 
was defined in the introduction, that is to protect 
neurons against neurotoxic effects and to safeguard 
the integrity of vulnerable neurons, it is really nec- 
essary to demonstrate such effects at the cellular 
level. However, thi:s is not possible with the equip- 
ment currently available. The resolving power of 
positron emission tomography (PET), with which 
one can visualize the functional activity of dopa- 
minergic neurons in actual patients after adminis- 
tration of ‘sF-levodopa, is at present not sufficiently 
great to display the substantia nigra, or to dem- 
onstrate a disease-related progressive diminution of 
r8F-levodopa and ‘“F-dopamine enrichment in the 
striatum of patients with Parkinson’s disease [120]. 

SUMMARY AND FUTURE OUTLOOK 

Although it has proved possible in various exper- 
imental models of neurodegenerative diseases to 
show that certain drugs exert a neuroprotective 

* Przuntek H, “!3eledo” longtime trial: 4 years 
interim analysis. Symposium “Selegeline in Perspective,” 
Wiirzburg, Germany, 22 November 1993. 

action at the cellular, biochemical and functional 
levels (Table 2), it has thus far not proved possible 
to demonstrate an unequivocal neuroprotective 
effect for any drug in clinical studies. On the one 
hand this is because symptomatic parameters have 
to be used as criteria of proof while in the evaluation 
of the results it is impossible to separate out the 
symptomatic effects of the substances being inves- 
tigated from the possible conclusion of a neuro- 
protective effect on the basis of symptomatic 
changes. In principle, even a slight neuroprotective 
effect would need to be established at the cellular or 
biochemical level. However, the resolving power of 
the currently available imaging techniques such as 
PET or SPECT (single photon emission tomography) 
is not sufficiently great to display the relevant cellular 
structures or to demonstrate a progression of the 
disease. On the other hand, because we lack the 
ability to make diagnoses before the appearance of 
symptoms, clinical studies are at present being car- 
ried out on patients in whom the disease is already 
clinically apparent. 

In spite of a great deal of effort to develop objec- 
tive biochemical and instrumental methods for the 
early diagnosis of neurodegenerative disease [ 121- 
1241, with the exception of the pre-symptomatic 
gene-diagnosis of Huntington’s disease [ 1251 there is 
at the moment no procedure by which these diseases 
can be diagnosed with certainty before their sym- 
ptoms manifest themselves. In Parkinson’s disease 
one starts off with the knowledge that on the first 
appearance of symptoms already at least 60% of the 
neurons are damaged [118,119]. What this means is 
that with a neuroprotective drug of high potency the 
best that one can achieve for a patient is to halt the 
progression of the disease. Finally, one should not 
forget that in spite of the known molecular mech- 
anisms that lead to cell death (Tables 1 and 3; Figs. 
l-3), the actual causes of many diseases are not 
known. If a drug shows a neuroprotective effect in 
a particular model of a neurodegenerative disease, 
the only immediate conclusion one can draw is that 
the neuron-damaging effect of the toxin, cor- 
responding to more or less well-known molecular 
mechanisms has been prevented. One cannot argue 
the reverse, that a substance which has not shown 
any benefit in a particular model would also fail 
to be neuroprotective with a different model. The 
ultimate proof of the effectiveness of a neuro- 
protective drug in a neurodegenerative disease must, 
in the end, be provided by a clinical trial. 

Therefore, in the planning and performing of 
future clinical investigations, the following points 
should be taken into consideration: 

(1) The substances to be tested should be those 
which, on the basis of their pharmacological profile, 
would be expected to have few or no symptomatic 
effects. These are, above all iron chelators able to 
cross the blood-brain barrier such as antioxidative- 
acting lazaroids [22], calcium-channel blockers of the 
dihydropyridine type such as nimodipine or nitren- 
dipine, which are able to act on NMDA-coupled 
and voltage-dependent calcium channels [126], non- 
competitive NMDA antagonists such as memantine 
[ 1271, irreversible NOS inhibitors such as N-nitro-L- 
arginine, which when given systemically can inhibit 
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NOS in the brain (see Ref. 128), substances with 
antiphlogistic activity such as corticoids, indo- 
methacin and aspirin, or immunosuppressive drugs 
such as cyclosporin A and FK 506. The reasons for 
testing the last-named substances for their clinical 
neuroprotective effectiveness are histopathological 
findings that point to auto-immune factors in the 
etiology of Alzheimer’s disease and Parkinson’s 
disease [65,66, 1291. Reactive microglia and acti- 
vated macrophages can likewise elicit oxidative stress 
via messenger substances such as cytokines or nitric 
oxide, and so lead to the destruction of neurons (for 
a review, see Ref. 9). Cyclosporin A and FK 506, 
which have been used successfully to protect against 
immunological reactions in transplantation surgery 
[130], inhibit the production of cytokines, such as 
interleukin-2, and in this way suppress the immune 
response. 

(2) Clinical trails should be carried out on sub- 
stances that have shown some neuroprotective 
activity at the cellular, biochemical and functional 
levels (e.g. calcium-channel blockers) in different 
models. 

(3) Neuroprotective strategies should be tested in 
model experiments in Huntington’s disease, a 
chronic neurodegenerative disease that can actually 
be diagnosed before the onset of symptoms, and 
which in comparison to Parkinson’s disease or Alz- 
heimer’s disease has a more rapid progressive course 
over a shorter time-span. 

(4) Particular subtypes of neurodegenerative dis- 
eases (for example, the rigidity-akinesia type of Par- 
kinson’s disease; the bulbar form of ALS), are known 
to have a more marked clinical progression, and in 
these a more pronounced effect may be anticipated 
in a shorter period of observation; therefore, in 
future studies patients shoud be selected accordingly. 

(5) Modern methods of statistical analysis of the 
data should be used to evaluate the results of clinical 
studies. In a recent longitudinal Gompertzian analy- 
sis, the supposed neuroprotective effect of cigarette 
smoking on Parkinson’s disease was not upheld [131]. 
However, it will require future clinical studies to 
determine whether this statistical approach was suit- 
able for distinguishing between symptomatic and 
neuroprotective effects [ 1321. 

(6) Because neuroprotective therapy can only pro- 
tect intact neurons against damage, in future studies 
greater emphasis should be placed on testing neuro- 
regenerative strategies (for reviews, see Refs. 133 
and 134). Admittedly, the practical application of 
neurotrophic factors such as NGF (nerve growth 
factor), BDNF (brain-derived neurotrophic factor), 
neurotrophins (NT3, NT4/5) or GDNF (glial- 
derived neurotrophic factor) is limited by their low 
blood-brain barrier permeability and by their rapid 
proteolytic degradation. For these reasons, phar- 
macological attempts to stimulate endogenous syn- 
thesis of such factors are to be preferred. 

Acknowledgements-Research carried out in the lah- 
oratories of the authors (M.G., P.R.) was supported by 
grants from the Bundesministerium fiir Forschung und 
Technologie (01 KL 9013,Ol KL 9101-O) and the European 
Community (Biomed I), and that of M.B.H.Y. bv the 
European Community (Biomed I) and the Goldin; Par- 
kinson’s Disease Research Fund Technion, Haifa. 

REFERENCES 

1. Arendt T, Big1 V, Arendt A and Tennstedt A, Loss 
of neurons in the nucleus basalis of Meynert in Alz- 
heimer’s disease, paralysis agitans and Korsakoff’s 
disease. Acra Neuropathol Berl61: 101-108, 1983. 

2. Whitehouse PJ, Price DL, Clark AW, Coyle JT and 
DeLong MR, Alzheimer disease: Evidence for selec- 
tive loss of cholinergic neurons in the nucleus basalis. 
Ann Neurol 10: 122-126, 1981. 

3. Jellinger K. Pathology of Parkinson’s disease. In: 
Handbook qfExperimenta1 Pharmacology, (Ed. Calne 
DB), Vol. 8, DD. 47-112. Smineer, Berlin, 1989. 

4. Geilach M ani Riederer P’, TKe pathophysiological 
basis of Parkinson’s disease. In: Inhibilors of Mono- 
amine Oxidase B (Ed. Szelenyi I), pp.’ 25-50. 
Birkhiuser, Base1 1993. 

5. Gerlach M, Riederer P, Przuntek H and Youdim 
MBH, MPTP mechanisms of neurotoxicitv and their 
implications for Parkinson’s disease. Eur JPharmacol 
208: 273-286, 1991. 

6. Olney JW, Excitatory amino acids and neuropsy- 
chiatric disorders. Biol Psychiatry 26: 505-525, 1989. 

7. Meldrum B and Garthwaite J. Excitatory amino acid 
neurotoxicity and neurodegenerative disease. In: The 
Pharmacology of Excitatory Amino Acids: A TiPS 
Special Report (Eds. Lodge D and Collingridge G), 
pp. 54-62. Elsevier, Cambridge, 1990. 

8. Halliwell B, Reactive oxygen species and the central 
nervous system. J Neurochem 59: 1609-1623, 1992. 

9. Gerlach M. Ben-Shachar D, Riederer P and Youdim 
MBH, Altered brain metabolism of iron as a cause of 
neurodegenerative diseases? J Neurochem 63: 79s 
807, 1994. 

10. Gatz ME, Kiinig G, Riederer P and Youdim MBH, 

11 

Oxidative stress: Free radical production in neural 
degeneration. Pharmacol Ther 63: 37-122, 1994. 
Reichmann H, Lestienne P, Jellinger K and Riederer 
P. Parkinson’s disease and the electron transport chain 
in post mortem brain. In: Advances in Neurolopy (Eds. 
Narabayashi H, Nagatsu T, Yanagisawa N and%i‘zuno 
Y), Vol. 60, DD. 297-299. Raven Press. New York. 
1493. ** 

12. Beal MF, Hyman BT and Koroshetz W, Do defects 

13 

14 

15 

16 

17 

18. 

19. 

in mitochondrial energy metabolism underlie the path- 
ology of neurodegenerative diseases? Trends Neurosci 
16: 125-131, 1993. 
Turski L and Turski WA, Towards an understanding 
of the role of glutamate in neurodegenerative 
disorders: Energy metabolism and neuropathology. 
Experientia 49: 1064-1972, 1993. 
Siesjii BK, Calcium in the brain under physiological 
and pathological conditions. Eur Neural 30 (Suppl): 
3-9, 1990. 
Gerlach M, Riederer P and Youdim MBH, The mol- 
ecular pharmacology of L-deprenyl. Eur J Pharmacol 
226: 97-108. 1992. 
Ben-Shachar D, Eshel G, Finberg JPM and Youdim 
MBH, The iron chelator desferrioxamine (desferal) 
retards 6-hydroxydopamine-induced degeneration of 
nigrostriatal neurons. J Neurochem 56: 1441-1444, 
1991. 
Perumal AS, Gopal VB, Tordzro K, Cooper TB and 
Cadet JL, Vitamin E attenuates the toxic effects of 6- 
hydroxydopamine on free radical scavenging systems 
in rat brain. Brain Res Bull 29: 699-701, 1992. 
Miyamoto M, Murphy TH, Schnaar RL and Coyle 
JT, Antioxidants protect against glutamate-induced 
cytotoxicity in a neuronal cell line. J Pharmacol Exp 
Ther 250: 1132-1140, 1989. 
Kojima H, Gorio A, Janigro D and Jonsson G, GM, 
ganglioside enhances regrowth of noradrenaline nerve 
terminals in rat cerebral cortex lesioned by neurotoxin 



Neuroprotective therapeutic strategies 13 

6-hydroxydopamine. Neuroscience 13: 1011-1022, 
1984. 

20. Fazzini E, Durso R, Davoidi H, Szabo GK and Albert 
ML, GM1 gangliosides alter acute MPTP-induced 
behavioral and neurochemical toxicitv in mice. J Neu- 

21. 

22. 

23. 

24. 

2.5 

26. 

27. 

28. 

29. 

30. 

31 

32 

33 

34 

35. 

36 

37 

mortem substantia nigra of Parkinsonian brain. J Neu- 
ral Transm 74: 199-205, 1988. 

38. Fahn S and Cohen G, The oxidant stress hypothesis 
in Parkinson’s disease. Evidence supporting it. Ann 
Neural 32: 804-812, 1992. 

rol Sci 99: 59-68, 1.990. 
Schneider JS, Pope A, Simpson K, Taggart J, Smith 
MG and DiStefano L, Recovery from experimental 
Parkinsonism in primates with GM, ganghoside treat- 
ment. Science 256: 84%846, 1992. 
Umemura K, Wada K, Uematsu T, Mizuno A and 
Nakashima M, Effect of 21-amino-steroid lipid per- 
oxidation inhibitor, U74006F, in the rat middle cere- 
bral artery occlusion model. EurJ Pharmacol251: 69- 
74, 1994. 
Prehn JH, Karkoutly C, Nuglisch J, Peruche B and 
Krieglstein J, Dihydrolipoate reduces neuronal injury 
after cerebral ischemia. J Cereb Blood Flow Metab 12: 
78-87, 1992. 
Nozaki KM and Beal F, Neuroprotective effects of L- 
kynurenine on hypoxia-ischemia and NMDA lesions 
in neonatal rats. .I Cereb Blood Flow Metab 12: 400- 
407, 1992. 
Sonsalla PK, Nicklas WJ and Heikkila RE, Role for 
excitatory amino acids in methamphetamine-induced 
nigrostriatal dopaninergic toxicity. Science 243: 398 
400, 1989. 
Ohmori T, Koyama T, Muraki A and Yamashita I, 
Competitive and noncompetitive N-methyl-n-aspar- 
tate antagonists protect dopaminergic and sero- 
tonergic neurotoxicity produced by methamphetamine 
in various brain regions. J Neural Transm 92: 97-106. 
1993. 

39. Lange KW, Youdim MBH and Riederer P, Neuro- 
toxicity and neuroprotection in Parkinson’s disease. J 
Neural Transm 38 (Suppl): 27-44, 1992. 

40. Youdim MBH, Ben-Shachar D and Riederer P, Iron- 
melanin interaction and Parkinson’s disease. Trends 
Pharmacol Sci 8: 45-49, 1993. 

41. Dexter DT, Cater CJ, Wells FR, Javoy-Agid F, Agid 
Y, Lees A, Jenner P and Marsden CD, Basal lipid 
peroxidation in substantia nigra is increased in Park- 
inson’s disease. / Neurochem 52: 381-389, 1989. 

42. Jenner P, Oxidative stress as a cause of Parkinson’s 
disease. Acta Neurol Stand 136 (Suppl): 615, 1991. 

43. Heikkila RE and Cohen G, Further studies on gen- 
eration of hydrogen peroxide by 6-hydroxydopamine: 
Potentiation by ascorbic acid. Mol Pharmacol8: 241- 
248, 1978. 

44. Graham DG, Tiffany SM, Bell WR and Gutknecht 
WF, Autooxidation versus covalent binding quinones 
as the mechanism of toxicity of dopamine, 6-hy- 
droxydopamine and related- compounds towards 
Cl300 neuroblastoma cells in uitro. Mol Pharmacol 
14: 644-653, 1978. 

45. Sachs CH and Jonsson G, Mechanism of action of 6- 
hydroxydopamine. Pharmacology 24: 1-8, 1975. 

46. Hall S, Rutledge JN and Schallert T, MRI, brain iron 
and experimental Parkinson’s disease. J Neural Sci 
113: 198-208, 1992. 

Erdo SL and Schafer M, Memantine is highly potent 
in protecting cortical cultures against excitotoxic cell 
death evoked by glutamate and N-methyl-D-aspartate. 
Eur J Pharmacol 1’98: 215-217, 1991. 

47. Monteiro HP and Winterbourn CC, 6-Hydroxy- 
dopamine releases iron from ferritin and promotes 
ferritin-dependent lipid peroxidation. Biochem Phar- 
macol38: 4177-4182, 1989. 

Seif el Nasr M, Peruche B, Rossberg C, Mennel H-D 
and Krieglstein J, Neuroprotective effect of mem- 
antine demonstrated in uiuo and in uitro. Eur J Phar- 
macol 185: 19-24, 1990. 
Azmitia EC, Nimodipine attenuates NMDA- and 
MDMA-induced toxicity of cultured fetal serotonergic 
neurons: Evidence for a generic model of calcium 
toxicity. In: Nimodipine and Central Nervous System 
Function New Vistas (Eds. Traber J and Gispen WH), 
pp. 141-159. Schatrauer, Stuttgart, 1989. 
Pauwels PJ, Van-A.ssouw HP, Peeters L and Leysen 
JE, Neurotoxic action of veratridine in rat brain neu- 
ronal cultures: Mechanism of neuroprotection by Ca” 
antagonists nonselective for slow CaZ+ channels. J 
Pharmacol Exp Ther 255: 1117-1122, 1990. 
Maiese K, Wagner J and Boccone L, Nitric oxide- 
A downstream mediator of calcium toxicity in the 
ischemic cascade. Neurosci Left 166: 43-47, 1994. 
Tetrud JW and Langston JW, The effect of deprenyl 
(selegiline) on the natural history of Parkinson’s 
disease. Science 245;: 519-522, 1989. 
The Parkinson Study Group, Effect of deprenyl on the 
progression of disability in early Parkinson’s disease. N 
Engl J Med 321: 1364-1371, 1989. 
The Parkinson Study Group, Effects of tocopherol 
and deprenyl on the progression of disability in early 
Parkinson’s disease. N EnglJ Med 328: 176184,1993. 
Olanow CW, A radical hypothesis for neurodegener- 
ation. Trends Neurosci 16:439-444. 1993. 
Coyle JT and Puttfsrcken P, Oxidative stress, gluta- 
mate, and neurodegenerative disorders. Science 262: 
689-695, 1993. 

48. Ben-Shacher D and Youdim MBH, Intranigral iron 
injection induces behavioral and biochemical “Par- 
kinsonism” in rats. J Neurochem 57: 2133-2135, 1991. 

49. Sengstock GW, Olanow CW, Dunn AJ and Arendash 

50 

51 

GW: Iron induces degeneration of nigrostriatal 
neurons. Brain Res Bull 28: 645-649, 1992. 
Sengstock GW, Olanow CW, Menzies RA, Dunn 
AJ and Arendash GW, Infusion of iron into the rat 
substantia nigra: Nigral pathology and dose dependent 
loss of dopamineraic markers. J Neurosci Res 34: 67- 
82, 1993. _ - 
Chiueh CC, Miyake H and Peng MT, Role of dopa- 
mine autoxidation, hydroxyl radical generation and 
calcium overload in underlying mechanism involved 
in MPTP-induced Parkinsonism. Adu Neural 60: 251- 
258, 1993. 

52. Adams JD Jr, Klaidman LK and Leung AC, MPP+ 
and MPDP+ induced oxygen radical formation with 
mitochondrial enzymes. Free Radic Biol Med 15: 181- 
186, 1993. 

53. Rosen DR, Siddique T, Patterson D, Figlewicz DA, 
Sapp P, Hentati A, Donaldson D, Goto J, O’Regan 
JP, Deng H, Rahmani Z, Krizus A, McKenna-Yasek 
D, Cayabyab A, Gaston SM, Berger R, Tanzi R, 
Halperin JJ, Herzfeldt B, Van den Bergh R, Hung W, 
Bird T, Deng G, Mulder DW, Smvth C, Laing NG, 
Soriano E, Pericak-Vance MA, Haines J, Rouleau 
GA, Gusella JS. Horvitz HR and Brown RH Jr. 
Mutations in CujZn superoxide dismutase gene are 
associated with familial amyotrophic lateral sclerosis. 
Nature 362: 59-62, 1993. 

54. Beyer W, Imlay J and Fridovich I, Superoxide dis- 
mutases. Prog Nucleic Acid Res Mol Biol40: 221-253, 
1991. 

Soiic E, Riederer P, Heinsen H, Beckmann H, 55. Robberecht W, Sapp P, Viaene MK, Rosen D, 
Reynolds GP, Hebenstreit G and Youdim MBH, McKenna-Yasek D, Haines J, Horvitz R, Theys P and 
Increased iron(III) and total iron content in post Brown R Jr, Cu/Zn superoxide dismutase activity in 



14 M. GERLACH, P. RIEDERER and M. B. H. YOUDIM 

familial and sporadic amyotrophic lateral sclerosis. J 
Neurochem 62: 384-387, 1994. 

56. Colton CA and Gilbert DL, Production of superoxide 
anions by a CNS macrophage, the microglia. FEBS 
Lett 223: 284-288, 1987. 

57. Frei K, Siepl C, Groscurth P, Bodmer S, Swerdel 
C and Fontana A, Antigen presentation and tumor 
cytotoxicity to interferon-treated microglia cells. Eur 
J Immunol 17: 1271-1278, 1987. 

58. Giulian D, Vaca K and Noonan CA, Secretions of 
neurotoxins by mononuclear phagocytes infected with 
HIV-l. Science 250: 1593-1596. 1990. 

59. Thery C, Chamak B and Mallat M, Cytotoxic effect 
of brain macrophages on developing neurons. Eur J 
Neurosci3: 1155-1164, 1991. 

60. Granger DL and Lehninger AL, Sites of inhibiton 
of mitochondrial electron transport in macrophage- 
injured neoplastic cells. J Cell BioZ95: 527-535, 1982. 

61. Hibbs JB Jr, Taintor RR and Vavrin Z, Iron depletion: 
Possible cause of tumor cell cytotoxicity induced by 
activated macrophages. Biochem Biophys Res Com- 
mun 123: 716723, 1984. 

62. Drapier J-C and Hibbs JB Jr, Differentiation of 
murine macrophages to express nonspecific cyto- 
toxicity for tumor cells results in L-arginine-dependent 
inhibition of mitochondrial iron-sulfur enzymes in the 
macrophage effector cells. J lmmunot 140: 2829-2838, 
1988. 

63. Wharton M, Granger DL and Durack DT, Mito- 
chondrial iron loss from leukemia cells injured by 
macrophages: a possible mechanism of electron trans- 
port chain defect. J Zmmunol 141: 1311-1317, 1988. 

64. Lancaster JR and Hibbs JB Jr, Demonstration of iron- 
nitrosyl complex by cytotoxic activated macrophages. 
Proc Nat1 Acad Sci USA 87: 122>1227, 1990. 

65. McGeer PL, Itagaki S, Akiyama H and McGeer EG, 
Rate of cell death in Parkinsonism indicates active 
neuropathological process. Ann Nemo1 24: 574-576, 
1988. 

66. McGeer PL, Itagaki S, Boyes BE and McGeer EG, 
Reactive microglia are positive for HLA-DR in the 
substantia nigra of Parkinson’s and Alzheimer’s 
disease brains. Neurology 38: 1285-1291, 1988. 

67. McCall T and Valiance P, Nitric oxide takes center 
stage with newly defined roles. Trends Pharmacol Sci 
13: 1-6, 1991. 

68. Dawson TM, Dawson VL and Snyder SH, A novel 
neuronal messenger molecule in brain: The free 
radical, nitric oxide. Ann Neurol32: 297-311, 1992. 

69. Youdim MBH, Ben-Shachar D, Eshel G, Finberg 
JPM and Riederer P. The neurotoxicitv of iron and 
nitric oxide: Relevance to the etiology of Parkinson’s 
disease. In: Aduances in Neurology, (Eds. Nar- 
abayashi H, Nagatsu T, Yanagisawa N and Mizuno 
Y), Vol. 60, pp. 259-266. Raven Press, New York, 
1993. 

70. Bredt DS and Snyder SH, Isolation of nitric oxide 
synthetase, a calmodulin-requiring enzyme. Proc Natt 
Acad Sci USA 87: 682-685, 1990. 

71. Mayer B, John M and BShme E, Partial purification 
and characterization of a Ca’+/calmodulin-dependent 
endothelium-derived relaxing factor-forming enzyme 
from procine cerebellum. J Cardiouasc Pharmacol 17 
(Sup& 3): S46-S.51, 1991. 

72. Schmidt HHW and Murad F. Purification and charac- 
terization of a human NO synthase. Biochem Biophys 
Res Commun 181: 1372-1377, 1991. 

73. Bredt DS, Hwang PM and Snyder SH, Localization 
of nitric oxide synthase indicating a neural role for 
nitric oxide. Nature 347: 768-769, 1990. 

74. Cleeter MWJ, Cooper JM, Darleyusmar VM, Mon- 
cada S and Schapira HV, Reversible inhibition of 
cytochrome c oxidase, the terminal enzyme of the 

mitochondrial respiratory chain, by nitric oxide. Impli- 
cations for neurodegenerative diseases. FEBS Lett 
345: 50-54, 1994. 

75. Keller R, Cystostatic elimination of syngeneic rat 
tumor cells in vitro bv nonspecificallv activated macro- 
phages. J Exp Med i38: 625-644, i973. 

76. Nakaki T, Nakayama M and Kato R, Inhibition by 
nitric oxide and nitric oxide-producing vasodilators of 
DNA synthesis in vasular smooth muscle cells. Eur J 
Pharmacol 189: 347-353, 1990. 

77. Reif DW and Simmons’ RD, Nitric oxide mediates 
iron from ferritin. Arch Biochem Biophys 283: 537- 
541, 1990. 

78. Moncada S, Radomski MW and Palmer RMJ, Nitric 
oxide. Biochem Pharmacol37: 2495-2501, 1988. 

79. Beckman JS, Beckman TW, Chen J, Marshall PA and 
Freeman BA, Apparent hydroxyl radical production 
by peroxynitrite: implications for endothelial injury 
from nitric oxide and superoxide. Proc Nat1 Acad Sci 
USA 87:162&1624, 1990. 

80. Radi R, Beckman JS, Bush KM and Freeman BA, 
Peroxynitrite oxidation of sulfhydryls. The cytotoxic 
potential of superoxide and nitric oxide. J Biot Chem 
266: 42444250, 1991. 

81. Rubanyi GM, Ho EH, Cantor EH, Lumma WC and 
Botelho LH, Cytoprotective function of nitric oxide: 
Inactivation of superoxide radicals produced by human 
leukocytes. Biochem Biophys Res Commun 181: 1392- 
1397, 1991. 

82. Oury TD, Ho YS, Piantadosi CA and Crapo JD, 
Extracellular superoxide dismutase, nitric oxide, and 
central nervous system Or toxicity. Proc Nat1 Acad Sci 
USA 89: 9715-9719, 1992. 

83. Olney JW, Neurotoxicity of excitatory amino acids. 
In: Kainic Acid as a Tool in Neurobioloav (Eds. 

84 

McGeer EG and Olney JW), pp. 95-121. Ravzn Press, 
New York, 1978. 
Headley PM and Grillner S, Excitatory amino acid 
neurotoxicitv and svnaptic transmission: The evidence 
for a physiological function. In: The Pharmacology of 
Excitatory Amino Acids: A TiPS Special Report (Eds. 
Lodge D and Collingridge G), pp. 3@36. Elsevier, 
Cambridge, 1990. 

85. Beal MF, Kowall NW, Ellison DW, Mazurek MF, 
Swartz KJ and Martin JB, Replication of the neuro- 
chemical characteristics of Huntington’s disease by 
quinolinic acid. Nature 321: 168-171, 1986. 

86. Beal MF, Ferrante RJ, Swartz KJ and Kowall NW, 
Chronic quinolinic acid lesions in rats closely resemble 
Huntington’s disease. J Neurosci 11: 1649-1659, 1991. 

87. Bruyn RPM and Stoof JC. The quinolinic acid hypoth- 
esis in Huntington’s chorea. J Neurol Sci 95: 29-38, 
1990. 

88. Schwartz R, Okuno E, Speciale C, Kohler C and 
Whetsell WO Jr, Neuronal degeneration in animals 
and man: The quinolinic acid connection. In: Neuro- 
toxins and their Pharmacological Implications (Ed. 
Jenner P), pp. 19-32. Raven Press, New York, 1987. 

89. Schwarz R, Okuno E, White RJ, Bird ED and Whet- 
sell WO, 3-Hydroxyanthranilate oxygenase activity is 
increased in brains of Huntington’s disease victims. 
Proc Nat1 Acad Sci USA 85: 40794081, 1988. 

90. Heyes MP, Garnett ES and Brown RR, Normal 
excretion of quinolinic acid in Huntington’s disease. 
Life Sci 37: 1811-1816, 1985. 

91. Heyes MP, Swartz KJ, Markey SP and Beal MF, 
Regional brain and cerebrospinal fluid quinolinic acid 
concentrations in Huntington’s disease. Neurosci Lett 
122: 265-269, 1991. 

92. Schwartz R, Tamminga CA, Kurlan R and Shoulson 
I, Cerebrospinal fluid levels of quinolinic acid in Hunt- 
ington’s disease and schizophrenia. Ann Neurol 24: 
580-582, 1988. 



93. 

94 

95 

96 

97 

98 

99 

100 

101 

102 

Neuroprotective the] 

Reynolds GP, Pearson SJ, Halket J and Sandler M, 
Brain quinolinic acid in Huntington’s disease. J 
Neurochem 50: 1959-1960, 1988. 
Young AB, Greenamyre JT, Hollingsworth Z, Albin 
R, D’Amato C, Shoulson I and Penney JB, NMDA 
receptor losses in putamen from patients with Hunt- 
ington’s disease. Science 241: 981-983, 1988. 
Stella N, Tence M, Glowinski J and Premont D, 
Glutamate-evoked release of arachidonic acid from 
mouse brain astrocvtes. J Neurosci 14: 568-575, 1994. 
Mayer ML and Miller RJ, Excitatory amino acid 
receptors, second messengers and regulation of intra- 
cellular Car+ in mammalian neurons. In: The Phar- 
macology of Excitaiory Amino Acids: A TiPS Special 
Report (Eds. Lodge D and Collingridge G), pp. 36- 
42, Elsevier. Cambridge, 1990. 
Beal MF, Swartz KJ, Hyman BT, Storey E, Finn SF 
and Koroshetz W, Aminooxyacetic results in excito- 
toxin lesions by a novel indirect mechanism. J Neuro- 
them 57: 10681073, 1991. 
Hasegawa E, Takeshige K, Oishi T, Murai Y and 
Minakami S, 1-Methyl-4-phenylpyridinium (MPP+) 
induces NADH-dependent superoxide formation and 
enhances NADH-dependent lipid peroxidation in 
bovine heart submitochondrial particles. Biochem 
Biophys Res Commun 170: 1049-1055, 1990. 
Cleeter MWJ, Cooper JM and Schapira AHV, Irre- 
versible inhibition of mitochondrial complex I by l- 
methyl-4-phenylpyridinium: Evidence for free radical 
involvement. J Neurochem 58: 786-789, 1992. 
Turrens JF and Boveris A, Generation of superoxide 
anion by the NADH dehydrogenase of bovine heart 
mitochondria. Bioc.hem J 19: 421-427, 1980. 
Przedborski S, Jackson-Lewis V, Muthane U, Jiang H, 
Ferreira M, Naini AB and Fahn S, Chronic levodopa 
administration alters cerebral mitochondrial respir- 
atory chain activity Ann Nemo1 34: 715-723, 1993. 
Hara H, Yokota K. Shimazawa M and Sukamoto T, 
Effect of KB-2796, a new diphenylpiperazine Ca” 
antagonist, on glutamate-induced neurotoxicity in rat 
hippocampal primary cell cultures. Jpn J Pharmacol 
61: 361-365, 1993. 

rapeutic strategies 15 

110. Sutherland MK, Wong L, Somerville MJ, Yoong 
LKK, Bergeron C, Parmentier M and McLachlan DR, 
Reduction of calbindin-28k messenger RNA levels in 
Alzheimer as compared to Huntington hippocampus. 
Mol Brain Res 18: 32-42, 1993. 

111. Pigott MA, Candy JM and Perry RH, [‘H]Nitren- 
dipine binding in temporal cortex in Alzheimer’s and 
Huntington’s diseases. Brain Res 565: 42-47, 1991. 

112. Nishino N, Noguchi-Kuno SA, Sugiyama T, and 
Tanaka C, [3H]Nitrendipine binding sites are 
decreased in the substantia nigra and striatum of the 

113. 

114. 

115. 

116. 

117. 

118. 

119. 

120. 

103. Szabo L and Hofmann HP, (S)-Emopamil, a novel 
calcium and serotonin antagonist for the treatment of 
cerebrovascular disorders. 3’d Communication: Effect 121 
on postischemic cerebral blood flow and metabolism, 
and ischemic neuronal cell death. Arzneimittelfor- 
schung 39: 314319, 1989. 

104. Landfield PW, Applegate MD, Schwitzer-Osborne SE 
and Naylor CE, Phosphate/calcium alterations in the 122 
first stages of Alzheimer’s disease: Implications for 
etiology and pathogenesis. J Neural Sci 106: 221-229, 
1991. 

105. Sen AP, Boksa P and Quirion R, Brain calcium chan- 
nel related dihydropyridine and phenylalkylamine 123 
binding sites in Alzheimer’s, Parkinson’s and Hunt- 
ington’s diseases. Brain Res 611: 216221, 1993. 

106. Riederer P, Sofic E, Rausch WD, Schmidt B, 
Reynolds GP, Jellinger K and Youdim MBH, Trans- 124 
ition metals, ferritiiry glutathione, and ascorbic acid 
in Parkinsonian brains. J Neurochem 52: 515-520. 125 

107. Iacopino AM and Christakos S, Specific reduction of 
calcium-binding protein (28-kilodalton calbindin-D) 
gene expression in iaging and neurodegenerative dis- 126 
eases. Proc Nat1 Acad Sci USA 87: 4078-4082, 1990. 

108. Chan-Palay V, Zetzsche T and Hochli M, Parvalbumin 
neurons in the hippocampus in senile dementia of the 

brain from patients with Parkinson’s disease. Brain 
Res 377: 186189, 1986. 
Birkmayer W, Knoll J, Riederer P, Youdim MBH, 
Hars V and Marton J, Increased life expectancy 
resulting from addition of L-deprenyl to Madopafi 
treatment in Parkinson’s disease: a longterm study. J 
Neural Transm 64: 11>127, 1985. 
Riederer P and Youdim MBH, Monoamine oxidase 
activity and monoamine metabolism in brains of Par- 
kinsonism patients treated with I-deprenyl. J Neuro- 
them 46: 1359-1365, 1986. 
Reynolds GP, Elsworth JD, Blau K, Sandler M, Lees 
AJ and Stern GM, Deprenyl is metabolized to 
methamphetamine and amphetamine in man. Br J 
Pharmacol6: 542-544, 1978. 
The Parkinson Study Group, A controlled trial of 
lazabemide (Ro 19-6327) in levodopa-treated Park- 
inson’s disease. Arch Neurol 51: 342-347, 1994. 
Runge I and Horowski R, Can we differentiate symp- 

tomatic and neuroprotective effects in Parkinson&t? 
J Neural Transm 4: 273-283. 1991. 
Riederer P and Wuketich S, Time course of nigro- 
striatal degeneration in Parkinson’s disease. A detailed 
study of influential factors in human brain amine analy- 
sis. J Neural Transm 38: 277-301, 1976. 
Bernheimer H, Birkmayer W, Hornkiewicz 0, 
Jellinger K and Seitelberger F, Brain dopamine and 
the syndromes of Parkinson and Huntington. J Neural 
Sci 20: 415455, 1973. 
Bhatt MH, Snow BJ, Martin WRW, Pate BD, Ruth TJ 
and Calne DB, Positron emission tomography suggests 
that the rate of progression of idiopathic Parkinsonism 
is slow. Ann Neural 29: 673-677, 1991. 
Agnoli A, Stocchi F and Carta A, Differential diag- 
nosis of Parkinson’s disease. In: Early Markers in 
Parkinson’s and Alzheimer’s Diseases (Eds. Dostert 
P, Riederer P, Strolin Benedetti M and Roncucci R), 
pp. 13-21. Springer, Wien, 1990. 
Gerlach M and Riederer P, Gibt es biochemische 
Marker der Parkinson-Krankheit? In: Parkinson- 
Krankheit. Verlaufsbezogene Diagnostik und Therapie 
(Ed. Fischer PA), pp. 3-17. Editiones Roche, Basel, 
1993. 
Przuntek H, Early markers in Parkinson’s disease. In: 
Early Markers in Parkinson’s andAlzheimer’s Diseases 
(Eds. Dostert P, Riederer P, Strolin Benedetti M and 
Roncucci R), pp. 5-11. Springer, Wien, 1990. 
Jenner P, Presymptomatic detection of Parkinson’s 
disease. J Neural Transm (Suppl) 40: 23-36, 1993. 
The Huntington’s Disease Collaborative Research 
Group, A novel gene containing a trinucleotide repeat 
that is expanded and unstable on Huntington’s disease 
chromosomes. Cell 72: 971-983, 1993. 
Skeen GA, Twyman RE and White HS, The dihydro- 
pyridine nitrendipine modulates N-methyl-D-aspartate 
receptor channel function in mammalian neurons. Mol 
Pharmacol44: 443-450, 1993. 

1989. 

Alzheimer type, Parkinson’s disease and multi-infarct 127. Kornhuber J, Bormann J, Retz W, Hiibers M and 
dementia. Dementia 2: 297-313. 1991. Riederer P, Memantine disolaces 13H1MK-801 at 

109. Heizmann CW and 13raun K, Changes in Ca” binding therapeutic concentrations in postmor;em human 
proteins in human neurodegenerative disorders. frontal cortex. Eur J Pharmacol 166: 589-590, 1989. 
Trends Neurosci 15: 259-264, 1992. 128. Vincent SR, Nitric oxide: A radical neurotransmitter 



16 M. GERLACH, P. RIEDERER and M. B. H. YOUDIM 

in the central nervous system. Progr Neurobiol 42: neuroprotective treatments. Clin Pharmacol 14: 48% 
129-160, 1994. 497, 1991. 

129. Jellinger K, Paulus W, Grundke-Iqbal I, Riederer P 
and Youdim MBH, Brain iron and ferritin in Parkin- 
son’s and Alzheimer’s diseases. J Neural Transm 2: 
327-340, 1990. 

130. Kabelitz D, Transplantationen. 2. Perspektiven der 
Transplantations-Immunologic. Dfsch Arzrebl 88: 
A33-A36, 1991. 

133. Mattson MP, Cheng B and Smith-Swinotsky LL, 
Mechanisms of neurotrophic factor protection against 
calcium- and free radical-mediated excitotoxic injury; 
Implications for treating neurodegenerative disorders. 
Exp Neural 124: 89-95. 1993. 

131. Riggs JE, Cigarette smoking and Parkinson’s disease: 
The illusion of a neuroprotective effect. C&t Phar- 
macol 15: 88-99. 1991. 

132. Riggs JE, Parkinson’s disease: An epidemiologic 
method for distinguishing between symptomatic and 

134. Lindsay RM, Altar CA, Cedarbaum JM, Hyman C 
and Wiegand SJ, The therapeutic potential of neuro- 
trophic factors in the treatment of Parkinson’s disease. 
Exp Neurol 124: 103-118. 1993. 

135. Ben-Shachar D, Riederer P and Youdim MBH, Iron- 
melanin interaction and lipid peroxidation: Impli- 
cations for Parkinson’s disease. JNeurochem 57: 1609- 
1614, 1991. 


