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ABSTRACT

Excessive free radical formation or antioxidant enzyme deficiency can result in oxidative stress,
a mechanism proposed in the toxicity of MPTP and in the etiology of Parkinson’s disease (PD).
To be effective as a roxin, MPTP must be metabolized by monoamine oxidase-B (MAO-B) to
form MPP". The latter compound leads to the degeneradon of the dopaminergic cell bodies of
the substanda nigra (SN) and sriazal dopamine (DA) depletion that are reminescent of PD. The
toxic effects of MPP* are related to the inhibition of NADH dehydrogenase activity in the
mitochondrial respiratory chain. This event leads to the rapid depletion of ATP synthesis and
loss of membrane potential to further enhance free radical formations. Similar respiratory
deficits are reported in PD. The major andoxidant enzymes in the CNS are superoxide
dismutase (SOD), glutathione peroxidase (GSH-PX) and catalase (CAT). SOD catalyses the

dismucadon of superoxide (O, ) radical into H,O,, while GSH-PX and CAT convert H,O; to

H,O. Lipid peroxidation and SOD activity are increased in PD brains, whereas CAT and
GSH-PX remain unchanged or reduced. This observation is suggestive of a deficiency in dealing
with excessive H,O, formadon which exacerbates iron-caralysed free radical generations. To date
however, it is unclear if the alteracion in SOD activity observed in PD is sufficient to enhance
free radical formation and, consequently, to increase lipid peroxidation. We were able to
demonstrate that, despite marked alterarions in SOD and CAT activides in the SN and striacum
of MPTP-treated mice, lipid peroxidation remained unaffected. These results suggest thac
facrors other than antioxidant enzymes play a pivotal role in the moduladon of peroxidarive

damage to lipids as observed in PD. Surprisingly, L-deprenyl, a potent MAO-B inhibitor known



to protect dopaminergic neurons against the deleterious effects of MPTP by blocking MPP”
formadion, failed to reverse the effect of MPTD on the actvity of andioxidant enzymes in mouse
brain. In fact, L-deprenyl lead to similar alteradons as those observed in MPTP-treated mice,
induding enhanced SOD activites. Several studies suggest that SOD activity is up-regulated in

response to O, , leading us to evaluate the effects of L-deprenyl on catecholamine levels and

mitochondrial functions, the major intracellular sources of free radicals. Our results suggested

chac alterations in SOD activity as observed in the brain of PD as well as in L-deprenyl- and
MPTP-treated mice represented an adaptive response due to a leakage of O, radicals resulting

from dysfuncrions of the mitochondrial respiratory chain. This is of particular interest since L-
deprenyl has been proposed to exert a "rescuing” effect in degenerating dopaminergic neurons.
However, this hypothesis has not been substantiated in clinical trials or on the recovery of DA
levels in MPTP-treated mice. In addition, our results demonstrated a reduction in tyrosine
hydroxylase (TH) immunopositive cell density when L-deprenyl was administered to MPTP-
treated mice compared to animals administered MPTP alone. Accordingly, the possibility that
L-deprenyl induces low oxidative stress by altering mitochondrial functions may be masked by

its acute stimulatory effects on dopaminergic transmission.
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RESUME

Le stress oxydaif causé par une production excessive de radicaux libres ou par une défaillance
des enzymes andoxydants est proposé parmi les facteurs édologiques de la maladie de Parkinson
(MP) et comme mécanisme de toxicité du MPTP. Le MPTP est mérabolisé par la monoamine
oxydase type B (MAO-B) en MPP’, le médiateur de la neurotoxicité du MPTP.
L'administradon du MPTP produit un état parkinsonien tel que démontré par la dégénérescence
des neurones du systéme nigro-strié accompagnée par une perte de dopamine (DA) au niveau
du striacum. La toxicitd du MPP* est associée i l'inhibition de I'activité de la NADH
deshydrogénase au niveau de la chaine respiratoire mitochondriale. Une déficience respiraroire
semblable est observée dans la MP. Il s'en suit une diminution de la synthése de I'ATP et de la
perte du potendel électrochimique de la membrane augmentanc ainsi la formation de radicaux
libres. Les enzymes jouant un réle fondamental dans I'élimination des radicaux libres sont la
superoxide dismutase (SOD), la glurathione peroxidase (GSH-PX) et la caralase (CAT). La SOD

caalyse la dismunation de radicaux supéroxyde (O, ) en H,Q,, tandis que la GSH-PX et la CAT

convertissent H,0O, en H,O. L'accumulation du raux de lipides péroxidés et une augmentation
de l'activité de la SOD sont observées au niveau de la substance noire (SN) et du striatum des
parkinsoniens, tandis que I'activité de la CAT et de la GSH-PX est réduite ou inaltérée. Certe
observation suggére une défaillance dans I'éliminadon du H,O, qui induir la formarion de
radicaux libres caralysés par le fer. Toutefois, il reste a préciser si une augmentation de I'actvicé
de la SOD, en I'absence d'une augmentation de l'activité de la GSH-PX ou de la CAT, peut

conduire 4 un érat oxidarif et donc causer une augmentation de la péroxidarion lipidique. Nos

il



résultats onc démontré qu'une altération de 'activité de la SOD, de la GSH-PX ou de la CAT
est insuffisante pour induire la péroxidation lipidique. Il est donc fort probable que d'autre
facreurs conduisent 4 une induction de la péroxidation lipidique telle qu'observée chez les
parkinsoniens. Les changements de I'activité des enzymes antioxidants observés dans la SN et
striarum de souris traitdes au MPTP sont étonnamment similaires 3 ceux obrenus aprés
I'administradon du L-déprenyl, un inhibiteur de l'activité de la MAO-B. En effer, le L-déprenyl
est aussi efficace que le MPP* 4 augmenter l'activité de la SOD. Plusieurs érudes ont démoneré

que l'activité de la SOD est induite par la formation de radicaux O, ce qui nous a emmené 2

examiner les effets du L-déprenyl sur les sites majeurs de formartions de radicaux libres, tels que
I'oxydarion des catécholamines et la chaine respiratoire mitochondriale. Les résultats obtenus
suggerent que l'augmentation de I'activité de la SOD relle qu'observée chez les patients
parkinsoniens ainsi que chez les souris traitées au L-déprenyl ou au MPTP représente une
réponse adapratrice die 2 une libération de radicaux libres suivanc I'inhibition de la chaine
respiratoire. Ces observations sont particulierement intéressantes puisque le L-déprenyl a éié
suggéré comme "salvateur” des neurones dopaminergiques en voie de dégénérescence. Par
contre, cette hypothése n'a pas été soutenue par des érudes diniques ni par la normalisation de
la DA dans le striatum de souris traitées au MPTP. De plus, nos résultaes onc démontré que le

L-déprenyl conduit 2 une réduction du nombre de neurones immunoposidfs i la tyrosine

iv



hydroxylase (TH) dans la SN de souris pre-traitées avec le MPTP comparativement au souris
recevant seulement le MPTP. Par conséquent, la possibilit¢ que le L-déprenyl induit un stress
oxydadf en modifiant la fonction mitochondriale peut étre masquée par la stimulation aigué de

la transmission dopaminergique induite par ce méme L-déprenyl.
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CHAPTER 1

General Introduction




Preface to Chapter 1

The main objective of this General Introduction is to provide background information on
oxidative stress proposed as a mechanism in the etiology of Parkinson's disease and in 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTTD)-induced parkinsonism. Cellular damage by
oxidative stress involves numerous mechanisms including activation of stress activated protein
kinases (Derijard ez al., 1994), activation of microglia (Giulian, 1993) and free radical formation
(Beal ez al, 1993; Coyle and Purttfarcken, 1993; Halliwell, 1992). The focus of this work is on
the role of free radicals and antioxidant defence systems. The first section refers to the cardinal
neuropathological and biochemical features of Parkinson's disease. Sections 2, 3 and 4 contain
discussions of experimental models such as 6-hydroxydopamine and MPTP, and their relevance
to the study of Parkinson's disease. Growth factors, such as glia-derived neurotrophic factors,
promote the survival of dopaminergic neurons and their use has been proposed as a novel
therapeutic approach for the treatment of Parkinson’s disease (Weiss, 1993); this general
inroduction will focus on currenc treatment strategy. L-Deprenyl, a monoamine oxidase cype
B (MAO-B) inhibitor, known to protect against the deleterious effects of MPTP, provides
symptomatic relief in early and mild Parkinson's disease. However, the pharmacology of L-
deprenyl is not restricted to MAO-B inhibition, and this aspect is reviewed in the fifth section.

Finally, the last section of this introduction addresses the general objectives of the thesis.



1 Pathophysiological and Neuropathological Features of Parkinson's Discase

1.1 Historical Hallmarks

Parkinson's disease (PD) is a disorder of unknown etiology affecting about 1% of the general
populaton over 50 years of age. The average age of onset is the late fifdes, although 5% of
patients are under age 40. The disease was originally described in 1817 by a British physician
named James Parkinson (1755-1824) as shaking palsy ot paralysis agitans, which incidencally is
a misnomer since there is no paralysis. He listed its salient features as resting tremor, gait
disturbance and bradykinesia. However, he overlooked an important feature, which was later
recognized as rigidity. Interestingly, his observations were based on six patients and other
occasional street encounters. The disorder was granted its eponymous tide L maladie de

Parkinson by Charcot in 1867.

The earliest reference to shaking palsy in the Western medical literature is by Galen (AD 138-
201). Ancient historical texts refer to diseases which bear resemblance to the clinical features of
shaking palsy. For example, ayurvedic treatises in Sanskrit (India, 5000 to 3000 BC) described
the disorder kampavata (kampa meaning uemor and vatz meaning psychomotor). Seeds of

mucuna prureins were prescribed to alleviate kzmpavata symproms and have now been shown



to possess antiparkinsonian capabilities (Gourie-Devi ez 2L, 1991; Vaidya et al, 1978). Although
it is difficult to interpret ancient texts accurately, nonetheless it is important to realize that PD
existed long before industrialization and the extensive use of pesticides and herbicides in

agriculture.

While che dinical description of PD was essendally complete by 1910, it was during subsequent
years that its main neuropathological features were delineated. Lewy (1912) described in the
substandia nigra (SN) the appearance of an inclusion body that was later to bear his name.
Ulerastructurally, Lewy Bodies are composed primarily of a filament mesh that surrounds a
compact core made up of basic proteins, phospholipids, tyrosine hydroxylase (TH), aromartic
amino acids, aliphatic amino acids and ubiquitin (Bancher er 2/, 1989; den Hartog Jager, 1969;
Duffy and Tennyson, 1965; Forno ez 2/, 1986; Goldman ez 2/, 1983; Hirsch et al., 1985;

Kuzuhara ez 2/., 1988; Nakashima and Tkuta, 1984).

In 1919, Trétiakoff recognized the hallmark lesion in the SN. He noticed “a loss of black
February 9, 1997pigment in the locus niger de Soemmering". However, it was not undil the
mid-1950s that the remaining clinical manifestations could be linked to neurochemical
dysfuncrion. Among them are: 1) The observation of Montagu (1957) that dopamine (DA) is
present in the brain in about equal concentrations to those of norepinephrine (NE). This
significant finding suggested that DA could no longer be exclusively considered an intermediate
in the synthesis of NE and epinephrine. 2) The proposal of Carlsson and his colleagues (1958),

based on reserpine-induced parkinsonism and its effects on DA metabolism that DA might be
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important to extrapyramidal function. The distinct distribution of DA, NE and epinephrine in
the brain implied a role for DA as a neurotransmirter (Andén ez 2/, 1964). 3) The finding of
Ehringer and Hornykiewicz (1960) as well as Barbeau, Murphy and Sourkes (1961a) of lowered
DA in the basal ganglia and in urinary excretion led to the suggestion that DA was accountable
for the symptomatic presentation of the disease. 4) The pardal reversal of reserpine-induced
extrapyramidal reactions by L-dopa (Carlsson ez 4., 1957) led to its introduction in the

treatment of PD.

The search was launched in the early 1960s for a dinical approach to the treatment of PD. In
the spring of 1961, two groups reported simultaneously and independently on the use of L-
dopa. In Monuéal, Barbeau, Murphy and Sourkes, using oral L-dopa, noticed marked but
short-lasting improvement in rigidity and wemor (Barbeau ez 2/, 1961b). Meanwhile in Vienna,
Birkmayer and Hornykiewicz, using the intravenous route, observed changes in akinesia with

L-dopa. So far, L-dopa remains the most effective treacment in PD.

Despite grear strides made in the last 35 years, which have considerably improved the functional
oudook of patients suffering from PD, and despite demonstration of a crucial DA deficiency in
the basal ganglia, the etiologic factor or factors responsible for this condition remain an enigma.
Since PD is primarily a disease of older people affecting only humans, it appears therefore that
aging itself represents a risk factor. It is rare before the age of 40 years, and the incidence race

increases at least undl the sixch or seventh decade of life.
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1.2 Manifestations of Aging in the Nigrostriatal Dopaminergic System

A gradual decrease in TH -the rate limiting enzyme in the synthesis of DA- is reported to
occur in the course of aging accompanied by a decline in striatal DA concentrartions, which
progresses at a rate of approximately 5 to 8% per decade (Bannon ez 2/, 1992; Carlsson and
Winblad, 1976; Cété and Kremzner, 1983). Interestingly, DA transporter mRNA, responsible
for the termination of neuronal signaling, falls precipitously at a time corresponding to the mean
age of onset of PD (Bannon ez al, 1992). These observations led to the concepr that PD

presents some form of "accelerated aging phenomenon,” first proposed by Barbeau (1973).

The notion of selective aging clearly implies an inherent and hence genetically determined
predisposition. Although inheritance is only known to contribute to a subgroup of patients
(Barbeau and Pourcher, 1982; Golbe ez 2/., 1990), three independent studies failed to reveal a
high concordance rate for PD in monozygotic or dizygotc twins (Marsden, 1987; Marttila ez
al., 1988a; Ward er al,, 1983). In addidon, only 1 in 40 people over the age of 65 is affected by
PD and the incidence of the disease declines past the age of 80 (Hoehn and Yahr, 1976;
Kurland ez 2/, 1973). It is therefore unlikely chat the functional changes that occur in these
catecholamine-conuining cells with aging alone would normally result in PD. Important
differences in the partern of dopaminergic degeneration and DA losses exist in normal aging as
compared with PD (Fearnley and Lees, 1991; Kish ez 2/, 1992). A dorsolateral-to-ventromedial
DA gradient is observed in the striatum of PD, with the greartest deficit occurring in the more

dorsal parts; however, no such gradient is seen with normal aging (Kish ez 2L, 1992). In



addition, the decrease in DA levels in aging is similar for both the caudate and puramen, wich

a rostro-to-caudal gradient. Similarly, dopaminergic cell loss in che SN is most marked in the

venwrolateral regions in PD pathology, whereas with age it is the dorsal der that is more affected

(Fearnley and Lees, 1991).

An alternatdive concept is that
PD is due to a toxic insult
occurring in the course of life
that decreases the number of
dopaminergic cells and thac this
decline is exacerbated by the
aging process to produce the
symproms of the disease. This
hypothesis is consistent with the
variable rate  of  disease

progression among  patients

(Barbeau and Roy, 1984;

SN neurons (%)

100 ™ -
N
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Fig. 1. Theoretical rate of do inergic neuron losses in normal aging and
inson's disease. A toxic insuit superimposed on the normal age-
related atfrition (a). Neuronal cell losses taking place at the
embryonic stage compounded to a toxic insult exarcebating the
decline in celi numbers (b). Exposure to a neurotoxic agent resulting
in & subclinical lesion and an exponential decline occurs thereafter
(c). A rapid decline taking place early in fife (d).
Modified from Schulzer et &/., 1994

Birkmayer ez 2/, 1979; Mortumer ez 4l, 1982). An exponential decline in cell number best fits

the rate of disease evolution and the progressive dopaminergic cell losses, suggesting thac a

putative neurotoxin (environmental or endogenous) alters the linear atrrition in cell number

expected from normal aging (Fig. 1) (McGeer et al, 1988; Schulzer ez 2/, 1994). However,



attempts to correlate a single specific feature to the incidence of the disorder have so far been
unsuccessful, despite observadons that parkinsonian signs can be experimentally occasioned by

selective neurotoxins.

A valid hypothesis of PD must therefore explain the preferential cell death as well as the almost
universal appearance of Lewy bodies in the pigmented cells. A number of hypotheses have been
proposed as a mechanism underlying the degeneradon of the nigrostriatal dopaminergic pathway
in PD. With respect to virology (Duvoisin, 1981; Elizan and Casals, 1983; Gibbs and Gajdusek,
1982), studies of aging, genetics (Golbe, 1990; Duvoisin, 1993), toxicology (Langston ez 2/,
1987b) and epidemiology (Zhang and Roman, 1993; Tanner, 1989; Lilienfeld ez 2/, 1990) have
revealed that none of these concepts have proven completely satisfactory when taken as a single
cause, possibly because all of these factors have a particular role, but are not exclusive elements
in the edology of PD (Barbeau, 1984; Poirier ez 2, 1991). Accordingly, the developmenc of the
disease would be favoured by an interplay between genetic predisposition and exposure to
putartive environmental toxins compounded with the aging process. In this respect, parkinsonian
patients have an inherent reduced capacity to metabolize xenobiotics (Green er 4/, 1991;
Heafield ez al., 1990; Steventon er al, 1989; Waring er a/., 1989). These findings suggest a
deficiency in the detoxification pathways of xenobiotics, which could have a2 major impact on
a genetic predisposition to putative neurotoxins. In addition, neuropathological features provide
additional insights into possible mechanism(s) underlying the degeneracion of the nigrostriazal

pathway in PD.



1.3 Neuroanatomical and Neurochemical Findings: Clues to the Cause of PD

1.3.1 The Significance of Lewy Body Inclusions

Lewy bodies, named after the man who first described chem in 1912 (Lewy, 1912), represent
another characteristic neuropathological feature of PD. They are usually found within cell
bodies but may also lie in nerve cell processes (Forno, 1986). These cytoplasmic inclusions are
present consistendy and with greatest frequency in neurons of the SN and locus ceruleus of
parkinsonian patients (Forno, 1986). The significance of Lewy bodies lies therefore in their
intimate relation co neurodegeneration and PD. Lewy bodies are also observed in surviving
neurons of PD padents and are consistent with the notion of an active process taking place until
the end-stage of the disease (Lewy, 1912). Moreover, the presence of ubiquitinylated proteins
in these scrucrures (Bancher ez 2L, 1989) indicates that the neurons in which they are found are
undergoing a degenerative process. Reactive microglial cells (Boka ez 2/, 1994) accompanied by
the deterioration of the surviving dopaminergic neurons suggest that nerve cell death is still
occurring at the patents’ death, sometimes 20 years after the onsert of PD. The incidence of
Lewy bodies in asymptomatic individuals who also present some death of dopaminergic cells,
known to degenerate in PD, suggests a preclinical phase (Forno, 1986; Gibb, 1986; Gibb and
Lees, 1988). DA merabolism in the striatum of affected individuals is also consistent wich the

view that PD is a slow and progressive neurological disorder.



1.3.2 DA Metabolism in PD

Parkinsonian symptoms become evident only when striatal DA levels are reduced by
approximately 80% corresponding to a decline in nigral neurons of about 50% (Bernheimer and
Hornykiewicz, 1965; Fearnley and Lees, 1991; Hornykiewicz, 1966; Hornykiewicz and Kish,
1986; Sherman ez 2L, 1989). DA losses less than 80% seem to be very effectively compensated
on the functional level by the remaining dopaminergic neurons prior to the appearance of
symptoms. The increased DA metabolism and wrnover rate, as demonstrated by a higher
content of homovanillic acid (HVA, a DA metabolite) to DA, at autopsy is consistent with this
view (Bernheimer and Hornykiewicz, 1965). Furthermore, a reduction in DA transporter
mRNA per surviving neurons is also reported to contribute to these compensatory changes
(Harringron er al., 1996). This observarion suggests that DA may diffuse outside the synaptic
dleft to act at remote DA receptor sites. A reduction in nigral TH levels and its mRNA has been
reported, confirming the altered metabolism of DA in the surviving dopaminergic neurons in

PD (Javoy-Agid ez al, 1990; Kastner et al., 1993a; 1993b).



1.3.3 Selective Vulnerability of Melanized Dopaminergic System

The massive cell death that occurs in DA-conuining neurons of the mesencephalon
accompanied by a loss of striatal DA represents the cardinal neurochemical and neuroanatomical
features of PD. However, its pathology is not restricted to a dopaminergic deficit since neuronal
degeneration is also observed to various degrees in noradrenergic neurons of the locus coeruleus
(Forno, 1975; Forno and Norville, 1981) and in cholinergic neurons of the nucleus basalis of
Meynert (Arendt ez 4/., 1983) and the hippocampus (Aubert ¢z 2/, 1992; Candy ez /., 1983;
Smith er al., 1988). Decreases in serotonin (5-HT) and peptides are also reported in several
brain areas (Epelbaum ez 2/, 1983; Halliday er al, 1990). Although changes in other
neurotransmitter systems can be found in the parkinsonian brain, dopaminergic cell loss is by
far the most prominent effect and it is present in every case with PD. In addition, the severity
of symptoms correlates best with the degree of dopaminergic neuronal degeneration

(Bernheimer ez 2/., 1973; Forno and Alford, 1971).

However, not all mesencephalic dopaminergic neurons degenerate to the same extent, as
demonstrated by TH immunohistochemistry, indicating that a subpopulation is particularly
vulnerable (Hirsch ez 2/, 1988). Accordingly, the loss of dopaminergic neurons is severe (77%)
in the SN pars compacta (analogous to the catecholaminergic cell group A9 in the rar),
intermediate in the peri- and retrorubral region (cell group A8) as well as in che vencral
tegmencal area (A10) (48 and 43% loss, respectively) and almost negligible in the central gray

substance (3% loss). The retrorubral region and the ventral tegmental area are located adjacent
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to the SN, with the ventral tegmental area located medially and the retrorubral region located
caudally and dorsally (in the ventrai reticular formation). Nigral dopaminergic cell bodies project
widely to the caudate nucleus and putamen (the nigrostriatal pathway) (Andén ez al., 1964;
Jimenez-Castellanos and Graybriel, 1989; Parent ez 2/, 1983; Smith and Parent, 1986). Within
the SN pars compacta, the ventral cells project primarily to the dorsolateral striatum and are che
most vulnerable, while the dorsal cells projecting to the ventromedial striatum are the least
affected (Szabo, 1980). The intrinsic distribudon of dopaminergic cell bodies in the SN pars
compacta is consistent with the dorsolateral-to-ventromedial losses in DA observed in the
striacum of PD, with the greatest deficit occurring in the more dorsal parts (Kish ez 2/, 1992).
The midline cell group (ventral cegmental area) relatively spared in PD directs its efferent
projections toward the ventral striatum, the nucleus accumbens and olfactory tuberdle (the
mesolimbic system) and frontal and entorhinal cortex (the mesocortical pathway) (Bjorklund
and Lindvall, 1984; Fallon and Loughlin, 1987; Graybiel and Ragsdale, 1983). The retrorubral
field, presending moderate cell losses, projects to the caudare nucleus and putamen (Feigenbaum
and Graybiel, 1988; Graybiel, 1989; Jimenez-Castellanos and Graybriel, 1987). One hypothesis
to explain the pactern of DA cell loss is that the pathological process originates in the striatum
and inidially affects those DA cells that project to the striatum. As the disease progresses, non-
striatal regions (e.g., nucleus accumbens and pre-frontal cortex) may also become involved in
the pathological process and those DA neurons projecting to these non-striatal regions may be

affected subsequendy as well (German ez 2/, 1988).
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Interestingly, 84% of catecholaminergic neurons in the SN are melanized, whereas 98% of these
neurons in the cencral gray substance are devoid of neuromelanin (Hirsch, 1992). The ventral
tegmental area and rewrorubral field conuin melanized neurons and non-melanized
catecholaminergic neurons in similar proportions (Hirsch, 1992). Thus, the presence of
neuromelanin in the nigrostriatal system is a key factor in determining the susceptibility of

dopaminergic neurons to degeneration, as was first suspected by Trétiakoff (1919).

Neuromelanin, a brown-black deposit also called the aging pigment, is localized to the cytoplasm
of neurons in the SN, locus ceruleus and additional loci in the midbrain (Bazelon ez 2/, 1967;
Lillie, 1955; 1957). It is not present at birth and increases linearly with age undil dhe sixth
decade, a dme which corresponds to the age of onset of the disease (Mann and Yates, 1974). A
decline is seen thereafter as more pigmented neurons are lost (Mann and Yates, 1974).
Therefore, the process of neuronal melanization implies some role for aging in the etiology of
PD. Neuromelanin is knov.n to be generated from the polymerization of oxidized products of
DA, epinephrine and NE which leads to the formadon of cytotoxic free radicals and H,O, (Fig.
2) (Graham, 1978; 1979). Oxidized catechols have been shown to covalendy crosslink
neurofilaments, a mechanism thought to contribute to Lewy body formation (Montine ez /.,
1995). Thus, free radicals generated from an increase in DA turnover and neuromelanin
formation participate, at least in part, to the degeneration of the nigrostriatal pathway. This view
is consistent with the increase in neuromelanin content with aging. As discussed above, however,
aging itself cannot be solely accountable for the occurrence of the disease. These observations

suggest that free radicals generated as a result of catecholamine oxidation and neuromelanin
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Fig. 2. Enzymatic and non-enzymatic oxidation of dopamine.

formarion may not be the "event" that triggers initial cell death, but rather a mechanism which
may contribute to the progressive degeneration of the neurons in which they are produced. In
addidon, there exist several potential sources for the generation of cytotoxic free radicals, other

than catecholamine oxidation, and these sites are also affected in PD.
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1.3.4 Antioxidant Enzymes and Free Radical Equilibrium: Evidence of Oxidative Stress in the

Parkinsonian Nigrostriatal Pathway

Oxidative stress is thought to be the result of excessive free radical formation overwhelming the
antioxidant defense capacity of the cell, a mechanism proposed in the etiology of PD. Free
radicals are defined as any species having one or more unpaired electrons in their outer orbiral,
giving them an inherent ability to react with a variety of cellular constituents such as membrane
lipids, the sulfhydryl group of proteins, polysaccharides and nucleic acids (for reviews Halliwell,
1992; Halliwell and Gueteridge, 1985). The gradual loss of membrane fluidicy and potendial,
induced by a peroxidative damage to lipids, alters permeability to ions such as Ca* that in turn
activates a2 number of degenerative processes involving enzymes such as pepridases,
phospholipases and endonucleases, leading to neuronal death (for review Beal ez 4/, 1993; Coyle
and Purtfarcken, 1993; Dawson ez 2L, 1995). A selective increase in lipid peroxidation levels and
8-hydroxy-2-deoxyguanosine concentrations, an oxidized product of a DNA base which results
in sarand breakage, is observed in the parkinsonian nigrostriacal pathway compared with other
brain areas and age matched controls (Dexter ez 2L, 1989a; Pall ez 2/, 1986; Sanchez-Ramos ez
al., 1994). These observations are consistent with a free radical- mediated neuronal degeneration

in PD.

The major free-radical scavenging enzymes or antioxidants are superoxide dismutase (SOD),
glutathione peroxidase (GSH-PX) and catalase (CAT) (Fig. 3). Two major forms of SOD exist,

mitochondrial or Mn-SOD and cytosolic or CuZn-SOD (Weisiger and Fridovich, 1973).
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Fig. 3. Major free radical detoxifying enzymes.

Mn-SOD is present in both neuronal and glial cells, while CuZn-SOD is mostly neuronal and
is found in large amounts in melanized nigral neurons of mice and humans as reported by us
and others (Ceballos-Picot ez 2L, 1991; Poirier ez al., 1994; Rosenberg ez al, 1989; Takashima
et al., 1990; Zhang et al., 1993). SOD catalyzes the dismuration of superoxide (O, ) radical to
O, and H,0,, while CAT converts H,O, into O, and H,O. Current knowledge is lacking on the
discribution and the significance of CAT in the brain, considering its presence in minurte
amounts (Gaunt and de Duve, 1976). This enzyme is confined to peroxisomes of both neural
and glial cells in the brain of rats and humans, albeir at different levels (Geremia ez al., 1990;
Hassan and Fridovich, 1977; Houdou ez 2/, 1993; Moreno ez 2L, 1995; Victorica et al., 1984).
Glial cells show intense immunoreactivity, while neurons express a variable staining, wich high
signal in the brainstem, intermediate in the striacum and low in the SN of rat (Moreno e 4l.,
1995). The brain has acquired octher means to deal with excess H,O,, which is achieved by the

means of GSH-PX at the expense of glutathione (GSH) with a concomitant formadon of
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oxidized glutathione (GSSG) (Fig. 3). In addidon, GSH-PX deroxifies lipid peroxides and is
present in the cytosol and mitochondria of glial cells of rats and humans (Damier ez 4/, 1993;
Geremia et al,, 1990; Prohaska and Ganthier, 1976). The possibility that GSH-PX is expressed

in neurons, albeit in small amounts, should not be excluded (Geremia ez 2/, 1990).

We and others have observed an increase in SOD activity, whereas GSH-PX and CAT activities
are unchanged or reduced, in the SN and striacum in PD (Ambani ez 2L, 1975; Kish ez 2/,
1985; Marrtila er 2/, 1988b; Poirier and Thiffault, 1993; Poirier er 2L, 1994; Saggu ez al,
1989). Although the increase in overall SOD activity in PD is now well established, it is not
clear if the CuZn-SOD, Mn-SOD or both types are affected. An increase in SOD without
concomitane increments in GSH-PX or CAT activities (Ambani ez 2/, 1975; Kish et 2/, 1985;
Marttila ez 2/, 1988b; Poirier and Thiffault, 1993) resules in the accumulation of H.O.. In
addidon, the enzymardic, by monoamine oxidases (MAQ), and non-enzymaric oxidation of DA
contributes to the levels of H,O, formacion (Fig. 2 section 1.3.3, p. 13). MAO-B acuvity
increases with aging (Robinson, 1975), contributing to the levels of H,O, produced. The latter
may in turn react with transidon metals, such as iron, via a Fenton reacrion, and further increase
the production of oxygen centred radicals (Fig. 4) (for review Halliwell, 1992). An increase in
nigral iron concentrations is reported in PD (Dexter ez 2/, 1989b; Earle, 1968; Riederer ez al.,
1989), whereas levels of GSH, a potent antioxidant, are reduced in the SN (Perry ez 2/., 1982;
Perry and Yong, 1986; Sofic et al., 1992). These results are consistent with a deficient ability
to deal with excess H,O,. Taken together, this evidence suggests a widespread oxidarive stress

within the parkinsonian nigrostriaral pachway. In addition, the main form of iron found is Fe”,
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which results in a shift in the ratio of Fe**/Fe’* from 2:1 to 1:2, known to optimize lipid
peroxidadion in brain synaptosomal preparations (Braughler ez 2/, 1986). Interestingly, iron
levels are known to increase in the human brain with aging, and a plateau is seen around 50-6G0
years (Hallgren and Sourander, 1958), the age range at which PD becomes clinically detecrable.
Iron levels comparable with those of the liver can be found in the globus pallidus and SN,
whereas intermediate levels are observed in the putamen and caudate nucleus of rat and humans
(Barkai ez al., 1991; Connor er 2., 1990; Francois ez 2, 1981; Hill and Swirzer, 1984; Morris

et al., 1992; Uit ez al., 1987).

The most reactive of the free radical species (Fig. 4) is the hydroxyl radical (OH'), which can
also be formed from O, and H,0, (a non-radical) by the Haber-Weiss reaction to oxidize any

molecule within a few Angsadms from the site at which they are generaced (for review Halliwell,
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1992). However, O, is much less reacrive but can cross the cell membrane and acr at a distance.
It can react in the absence of transition metals with nitric oxide (NO') to form peroxynitrite
(ONOQ)), at an exremely fast rate (6.7 x 10° M™"), and the latter can decompose to OH and
nitrogen dioxide (NO, ) radicals (Beckman ez al., 1990). ONOO" can diffuse over several cell
diameters and, consequently, has been proposed as a prime candidate for mediating directdy or
indirectly oxidative damage in vivo (Beckman and Crow, 1993). In spite of its low reacdviry,
O, is capable of inactivating a number of enzymes, including those with iron-sulphur dusters
in which the oxidized duster then loses Fe?”, which is less rightly bound to sulfide ligands than
Fe’* (Gardner and Fridovich, 1991a, 1991b; Liochev and Fridovich, 1994). The former may

be oxidized to Fe™* through a Fenton type of reaction to participate in the cyclic production of

free radicals (Fig. 4).

Alchough there are a number of intracellular sources of free radical formaton, such as
catecholamine oxidation and a reduced rate of H.O, elimination, as discussed above, the
mitochondria are chought to be the most important. An elegant demonstration was the finding
that yeast with a complete absence of the electron transport chain grew normally in elevated O,
levels (hyperoxia), which causes oxidative stress, whereas hyperoxia inhibited the growth of
normal yeast {Guidot ez 2, 1993). Isolated mitochondria generace 0.6 to 1.0 nmol of H,0,
min"' mg of protein’, and this is estimated to account for 2 to 4% of oxygen uprake under

physiological conditions (Boveris and Chance, 1973). The main sites where O, is thought o

escape are ubiquinone and NADH dehydrogenase (complex I, Fig. 5) (Boveris ez 4/., 1976;
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Fig. 5. Schematic diagram of the 4 major mitochondrial electron transporters.
Electrons are transfered subsequently to molecular oxygen. A proton
gradient generated by complexss |, Ili, and IV is used by complex V
for ATP sythesis. Note that the major sites of electron leakage
occur at complex | and ubiquincone (Q). C= cytochrome-C.

Madified from Beal et &/., 1993

Paraidathathu ez 2, 1992; Turrens and Boveris, 1980). Electrons are transferred one ar a time
to form ubisemiquinone, which can then react with O, to produce O, (De Jong and Albracht,

1994). Evidence favouring ubiquinone as a major site of free radical generation is the
observation that antimycin (a complex III inhibitor) leads to increased mitochondrial H,O,

production by blocking electron transfer from more proximal components of the respiratory
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chain. Furthermore, depletion of ubiquinone from mitochondria results in a decrease in H,O,

generadion (Patole ez 2/, 1986). Similarly, irreversible inhibition of NADH dehydrogenase by
rotenone increases O, formation in submitochondrial particles (Adams er a, 1993;
Krishnamoorthy and Hinkle, 1988; Ramsay and Singer, 1992; Turrens and Boveris, 1980).
Production of O, at the NADH dehydrogenase site accounts for approximately 50% of that

generated ac the ubiquinone pool (Kashkarov ez 2/., 1994; Turrens and Boveris, 1980).

Defects in mitochondrial electron transport chains have been reported in the SN and striacum
of parkinsonian patients (Mizuno et 2, 1989; Schapira ez 2., 1989; 1990), with a reduction in
NADH dehydrogenase activity. These findings further support an association berween free
radical-mediated cellular injuries and dopaminergic degeneration as observed in PD. It is known

that O, has the ability to deactivate the NADH dehydrogenase complex of the mitochondrial

electron transport chain in vitro (Fukushima er 2/, 1995; Zhang et al., 1990), although its

ability to do so iz vive remains to be demonstrated.

To date it is not clear whether altered andoxidant enzyme acuvities are sufficient to enhance free
radical formation and, consequendy, to an increase in lipid peroxidacion levels and
mitochondrial dysfunctions as observed in PD. Alternatively, changes in andoxidant capacity
could merely reflect an adaptive response due to a leakage of oxygen-centered radicals resulting
from the reductdon of NADH-dehydrogenase activity. We have therefore undertaken the study
of these possible relationships, which represent the central core of our work. Since PD is a

disorder only observed in humans, it renders this analysis difficulc. To address this issue ic is
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therefore important to be able to replicate biochemical and anatomical alteracions observed in
PD. The existence of selective neurotoxins which can mimic strikingly a number of deficits

observed in PD have proven to be very useful tools in this respect.

2 Neurotoxins Provide Experimental Models with which to Study the Role of Oxidative Stress in the

Etiology of PD

It has been known for some time that pharmacological agents that interfere with the production,
storage, release or recepror recognition of DA cause a parkinsonian-like syndrome in animals and
humans. For example, reserpine induces a reversible sympromatic conditon by blocking the
storage of DA in the synaptic vesicles in the terminals of nigrostriatal neurons (Carlsson er 2/,
1958; Sdrzel, 1976). This eventually leads to a hypodopaminergic state which is fully reversible
after reserpine is discontinued. -Methyl-p-tyrosine produces a similar state by inhibicting TH
acdvity and by acting as a false dopaminergic neurotransmicter (Masserano ez 2., 1989). By far
the most common cause of drug-induced reversible parkinsonian-like syndrome in clinical
practice results from the use of DA receptor antagonists for the treatment of psychiatric
disorders (Baldessarini, 1996). While pharmacological manipulations of dopaminergic
transmission tend to produce reversible effects, toxicological agents often lead to cell deach.
Accordingly, neurotoxins are considered the tools of choice for the study of the
neurodegenerative process. An understanding of this process is critical to the development of
strategies for altering or preventing neuronal degenerations in disease states such as PD.

Furthermore, such studies could provide clues regarding the edology of various
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neurodegenerative diseases. The discovery that G-hydroxydopamine (6-OHDA) destroys
catecholaminergic systems (Tranzer and Thoenen, 1968) has given birth to the speculation that
endogenous generation of this compound could be involved in the pathogenesis of PD. Finally,
the more recent discovery of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Langston ez al., 1983) has created a dramadic resurgence of interest in the mechanisms

of the neuronal degeneration observed in PD.

2.1 6-Hydroxydopamine

2.1.1 Neuropathology

In 1968, Tranzer and Thoenen published their monograph now considered classic decailing the
selective destruction of peripheral nerve endings by 6-OHDA. To be effective as a neurotoxin
in the central nervous system (CNS), 6-OHDA must be administered directly into the brain of
animals, since it does not cross the blood-brain barrier. Intracerebroventricular (ICV)
administration of large doses induces a widespread degeneradon of dopaminergic and
noradrenergic neurons thac is well documented both neurochemically and morphologically
(Blanchard er 2, 1995; Breese and Traylor, 1970; Hedreen and Chalmers, 1972; Pasinetti ez
al,, 1989; Sherman and Moody, 1995; Ungerstedt, 1968). In contrast, serotonergic, cholinergic
and GABAergic neurons, among others, remain unaffected by 6-OHDA (Kostrzewa and
Jacobowirz, 1974). The selectivity of 6-OHDA is related to its accumulation in dopaminergic

and noradrenergic neurons through their high-affinity uptake systems (Kostrzewa and
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Jacobowitz, 1974; Thoenen and Tranzer, 1973). This theory is supported by the use of
antagonists of catecholamine uptake systems, which protect against 6-OHDA-induced neuronal
losses (Kostrzewa and Jacobowitz, 1974; Thoenen and Tranzer, 1973). In order to achieve a
degree of selectively towards dopaminergic systems, pre-treatment of rats with noradrenergic
uptake inhibitors, such as desipramine, is required prior to an ICV administration of 6-OHDA
(Breese and Traylor, 1971; Iversen and Uretsky, 1973). In addition, the selectivity of the lesion
induced by 6-OHDA is dependent on the dose, volume and injection techniques (Agid ez 2/,
1973; Hokfelt and Ungerstedt, 1973). For example, Hokfelt and Ungerstedt (1973) reported
a large area of necrotic tissue surrounding the site of injection after local ad