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ABSTRACT

Excessive free radical formation or anrioxidant enzyme deficiency can result in oxidarive suess,

a mechanism proposed in the coxicity of MPTP and in the eriology of Parkinson 's disease (PD).

To be effeaive as a roxin, MPTP musr be merabolized by monoamine oxidase-B (MAO-B) to

form MPp·. The latter compound leads tO the degenerarion of the dopaminergîc cell bodies of

the substancia nigra (SN) and striatal dopamine (DA) deplerion chat are reminescenr of PD. The

toxie effecrs of MPp· are rdated to che inhibition of NADH dehydrogenase acriviry in me

mitochondrial respirarory chain. This event lads tO the rapid deplerion of ATP synrhesis and

loss of membrane potential to further enhance free radical formations. Similar respiratory

defieics are reporred in PD. The major anrioxidant enzymes in the CNS are superoxide

dismurase (500), glurachione peroxidase (GSH-PX) and cawase (CAn. SOD catalyses me

dismutation ofsuperoxide (02') radical into H 20 2, while GSH-PX and CAT convert H20:; to

H 20. Lipid peroxidation and 500 acrivicy are increased in PD brains, whereas CAT and

GSH-PX remain unchanged or reduced. This observation is suggestive ofa deficiency in dealing

with excessive H 20 2 formation which exacerbares iron-catalysed free radical generations. T 0 date

however t it is unclear if the alreration in SaD acrivicy observed in PD is sufficienc co enhance

free radical formation and, consequently, tO increase lipid peroxidarion. We were able co

demonstrare chat, despite marked a1œrarions in SaD and CAT activiries in the SN and suiarurn

of MPTP-created mice, Iipid peroxidation remained unaffected. These resulrs suggesr char

factors other chan antioxidanc enzymes play a pivotal role in the modulation of peroxidative

damage ro lipids as observed in PD. Surprisingly, L-deprenyl, a porent MAO-B inhibiror known



,.'
i
\

tO protecr dopaminergic neurons against the deleterious effecrs of MPTP by bloeking MPp·

formatioD7 fàiled tO reverse the dfea of MPTP on the acrviry of anrioxidant enzymes in mouse

brain. In faCt7 L-deprenyllead to similar alrerations as chose observed in MPTP-rreated mice.

induding enhanced SaD acrivities. Severa! srudies suggesr mar SaD acrivity is up-reguJated in

response tO O 2'. leading us ro evaIuare the effeas of L-deprenyl on catecholamine levds and

mitochondrial functions, che major intracelluJar sources of free" radicals. Our results suggested

chat alterarions in SaD activity as observed in the brain of PD as weIl as in L-deprenyl- and

MPTP-treared miœ represenred an adaptive response due tO a leakage of O 2' radicals resuIring

frOID dysfunctions of the mitochondrial respiratory chain. This is of panicuJar interest since L-

deprenyl bas been proposed tO exerr a "rescuing" effeCt in degeneraring dopaminergjc neurons.

However. chis hyporhesis bas not been subsrantiared in clinicaJ crials or on the recovery of DA

levels in MPTP-creared mice. In addition. our resuIts demonsrrated a reducrion in tyrosine

hydroxylase (TH) immunoposirive cell density when L-deprenyl was administered to MPTP-

rreaœd miœ compared ro animaIs adminisrered MPTP alone. Accordingly. the possibiliry mat

L-deprenyl induces low oxidarive stress by altering mitochondrial functions may be masked by

its acuœ srimulatory effecrs on dopaminergic transmission.
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RÉsUMÉ

Le Stress oxydatif causé par une production excessive de radicaux libres ou par une défaillance

des enzymes antioxydanrs est proposé parmi les facteurs étiologiques 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'administration du MJYfP produit un état parkinsonien tel que démontré par la dégénérescence

des neurones du système nigro-suié accompagnée par une perte de dopamine (DA) au niveau

du striarum. La toxicité du MPp· est associée à l'inhibition de l'activité de la NADH

deshydrogénase au niveau de la chaîne respiratoire mitochondriale. Une déficience respiratoire

semblable est observée dans la MP. Il s'en suit une diminution de la synthèse de l'ATP et de la

perte du potentiel éleCtrochimique de la membrane augmentant ainsi la formation de radicaux

libres. Les enzymes jouant un rôle fondamental dans l'élimination des radicaux libres sont la

superoxide dismur.ase (500), la glutathione peroxidase (GSH-PX) et la cawase (CAn. La SaD

catalyse la dismutation de radicaux supéroxyde (Oz·) en H 20 z' candis que la GSH-PX et la CAT

convertissent H20 Z en H;!O. L'accumulation du taux de lipides péroxidés et une augmentation

de l'activité de la SOO sont observées au niveau de la substance noire (SN) et du scriarum des

parkinsoniens, candis que l'activité de la CAT et de la GSH-PX est réduite ou inaltérée. Cette

observation suggère une défaillance dans ('élimination du H 20 Z qui induit la formation de

radicaux libres catalysés par le fer. Toutefois, il reste à préciser si une augmentation de l'activité

de la SOD, en l'absence d'une augmentation de l'activité de la GSH-PX ou de la CAT, peut

conduire à un état oxidatif et donc causer une augmentation de la péroxidation lipidique. Nos

111



résulr.ars onr démontré qu'une altération de l'aetÏvité de la 500. de la GSH-PX ou de la CAT

est insuffisante pour induire la péroxidation lipidique. Il est donc fort probable que d'autre

facteurs conduisent à une induction de la péroxidation lipidique telle qu'observée chez les

parkinsoniens. Les changements de l'activité des enzymes antioxidants observés dans la SN et

striarum de souris traitées au MPTP sont étonnamment similaires à ceux obtenus après

l'administration du L-déprenyl, un inhibiteUr de l'activité de la MAO-B. En effet. le L-déprenyl

est aussi efficace que le MPP+ à augmenter l'activité de la 500. Plusieurs études ont démontré

que l'activité de la SOD est induite par la formation de radicaux Oz· ce qui nous a emmené à

examiner les effetS du L-déprenyl sur les sites majeurs de formations de radicaux libres, tels que

[' oxydation des catécholamines et la chaîne respiratoire mitochondriale. Les résultats obtenus

suggèrent que l'augmentation de l'activité de la SOD telle qu'observée chez les patients

parkinsoniens ainsi que chez les souris traitées au L-déprenyl ou au MPTP représente une

réponse adaptatrice dûe à une libération de radicaux libres suivant l'inhibition de la chaîne

respiratoire. Ces observations sont paniculièrement intéressantes puisque le L-déprenyl a été

suggéré comme n salvateur" des neurones dopaminergiques en voie de dégénérescence. Par

conrre. cette hypothèse n'a pas été soutenue par des études diniques ni par la normalisation de

la DA dans le srriarum de souris traitées au MPTP. De plus. nos résultats ont démontré que le

L-déprenyl conduit à une réduction du nombre de neurones immunoposirifs à la tyrosine
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hydroxylase (TH) dans la SN de souris pre-craitées avec le MPTP comparativement au souris

recevant seulement le MPTP. Par conséquent, la possibilité que le L-déprenyl induit un stress

oxydarifen modifiant la fonction mitochondriale peUt être masquée par la stimulation aiguë de

la transmission dopaminergique induite par ce même L-déprenyl.
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PrifllC~ to Chllpter 1

The main objective of chis General Introduction is ro provide background information on

oxidative srress proposed as a mechanism in me eriology of Parkinson1s disea.se and in I-methyl-

4-phenyl-l ,2~3,6-teuahydropyridine (MPTP)-induœd parkinsonism. Cellular damage by

oxidative Stress involves numerous mechanisms induding activation ofStress acrivated proœin

kinases (Derijard et al, 1994)~ activation of microglia (Giulian, 1993) and free radical formation

(BeaI et al, 1993; Coyle and Purnarcken, 1993; Halliwell~ 1992). The foeus of mis work is on

che raIe of free radica1s and antioxidanr defence syStems. The first section refers to che cardinal

neuropathological and biochemica1 feacures ofParkinson's disease. Sections 2, 3 and 4 contain

discussions ofexperirnenral modds such as 6-hydroxydopamine and MPTP, and their rdevance

ta the scudy of Parkinson's disease. Growth faccors~ such as glia-derived neurocrophic faccors,

promoœ the survival of dopaminergjc neurons and their use has been proposed as a novel

cherapeutic approach for che treacmenr of Parkinson's disease (Weiss~ 1993); chis general

introduction will focus on current treatrnenr straregy. L-Deprenyl, a monoamine oxidase type

B (MAO-B) inhibitor, known tO procecc against the deleterious effeccs of MPTP, provides

sympromaric relief in early and mild Parkinson's disease. However, che pharmacology of L-

deprenyl is not resoiaed co NfAO-B inhibition, and chis aspect is reviewed in the fifth section.

Finally~ the last section of chis introduction addresses the general objeaives of che chesis.



1.1 Histtnic4l HIIIlMllrits

Parkinson's disease (PD) is a disorder of unknown eriology affecting about 1% of the general

population over 50 years of age. The average age of onset is che late fifties, alchough 50/0 of

patients are under age 40. The disease was originally described in 1817 by a British physician

named James Parkinson (1755-1824) as shaking paisy or paralysis agitans, which incidencally is

a misnomer since there is no paralysis. He listed its salient fearures as resting tremor, gait

disrurbance and bradykinesia. However, he overloolœd an important fea.cure, which was later

recognized as rigidicy. Interestingly, his observations were based on six patients and other

occasional street encounters. The disorder was granted its eponymous ride la maladie de

Parkinson by Charcot in 1867.

The earliesc reference to shakt'ngpaisy in the Western medicalliterarure is by Galen (AD 138­

201). Ancient historical œxrs refer tO diseases which bea.r resemblance to the clinical features of

shakingpalsy. For example, ayurvedic creatises in Sanskrit (India, 5000 tO 3000 Be) described

the disorder kampavata (kampa meaning rremor and vata meaning psychomocor). Seeds of

mucuna prurrins were prescribed tO alleviate kampavata symproms and have now been shown
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ro possess anriparkinsonïan capabilities (Gourie-Devi etaL~ 1991; Vaidya etaL~ 1978). Alchough

ir is diffiœlr ro inrerprer ancienr texts accurately, nonetheless ir is importanr ro rea1ize mat PD

exisred long before industriaIization and che exrensive use of pesticides and herbicides in

agriculture.

While che dinical description ofPD W3S essenrially complere by 1910. ir was during subsequent

years mat ies main neuropathological fearures were delineaced. Lewy (1912) described in che

subsranria nigra (SN) the appearance of an inclusion body char was larer co bear his name.

Ultra5rrucruraIly, Lewy Bodies are composed primarily of a filament mesh mar surrounds a

compact core made up of basic proteins. phospholipids, tyrosine hydroxylase (TH), aromaric

amino acids~ alipharic amino acids and ubiquirin (Bancher et al., 1989; den Harrog Jager. 1969;

Duffy and Tennyson. 1965; Forno et al, 1986; Goldman et al. 1983; Hirsch et al.. 1985;

Kuzuhara et al., 1988; Nakashima and Ikura. 1984).

[n 1919. Trériakoff recognized che hallmark lesion in che SN. He noriced "a loss of black

February 9, 1997pigment in the locus niger de Soemmering". However. ir was nor unril the

mid-1950s chat the remaining clinical manifestations could be linked ra neurochemical

dysfuncrion. Arnong chem are: 1) The observation of Monragu (1957) char dopamine (DA) is

present in the brain in abour equa! concentrations tO chose of norepinephrine (NE). This

significant finding suggesœd mat DA could no longer be exclusively considered an incermediare

in the synthesis ofNE and epinephrine. 2) The proposa! of Carlsson and his colleagues CI 958).

based on reserpine-induced parkinsonism and ies effecrs on DA merabolism chat DA rnight be
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imporcmt [0 extrapyramidal funaion. The distina distribution of DA, NE and epinephrine in

che brain implied a role for DA as a neurocransmircer (Andén et al, 1964). 3) The finding of

Ehringer and Homykiewicz (I960) as well as Barbeau, Murphy and Sourires (1961 a) of lowered

DA in the basal ganglia and in winary excrerion led to the suggestion char OA was accountable

for che sympeomatic presentation of the: disease. 4) The partial reversai of reserpine-induced

extrapyramidal reaaions by L-dopa (Carlsson et al., 1957) led co ics incroduction in the

treaunenr of PO.

The search was launched in che ea.rly 1960s for a dinical approach co che creacment of PD. In

the sprin~ of 1961, (wo groups reported simuIcaneously and independencly on the use of L­

dopa. In Montréal, Barbeau, Murphy and Sourlees. using oral L-dopa, noticed marked but

short-lasting improvemene in rigidity and [l'emor (Barbeau et al. 1961 b). Meanwhile in Vienna,

Birkmayer and Hornykiewicz, using the ineravenous route, observed changes in akinesia wich

L-dopa. 50 far. L-dopa remains the most effeaive trearment in PD.

Despice grear suides made in che last 35 years. which have considerably improved che funaional

oudook ofpatients suffering from PD. and despire demonscrarion ofa crucial DA def1ciency in

che basal ganglia. che eriologic faaor or faaors responsible for chis condition remain an enigma.

Sina: PD is primarily a disease of aIder people affeaing oruy humans. ie appears cherefore char

aging icself represencs a risk factor. le is rare before the age of40 years, and the incidence rare

increases ac Ieasr untiJ che sixch or seventh decade of life.
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A graduaI decrease in TH -the rate limicing enzyme in the synthesis of DA- is reporœd ro

occur in the course of aging accompanied by a decline in striatal DA concentrations, which

progresses at a rate of approximately 5 ro 80/0 per decade (Bannon et al, 1992; Carlsson and

Wmblad, 1976; Côté and Kremzner, 1983). Inceresringly, DA transporter rnRNA, responsible

for the œrminarion of neuronal signaling, fal1s precipicously ar a cime corresponding to the mean

age of onser of PD (Bannon et al, 1992). These observations led tO the concept chat PD

presents sorne form of "accelerared 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 contribuee co a subgroup of patients

(Barbeau and Pourcher, 1982; Golbe et aL, 1990), three independenr srudies failed ro reveal a

high concordance rate for PD in monozygotic or dizygotic twins (Marsden, 1987; Mamila et

al, 1988a; Ward et al, 1983). In addirion, only 1 in 40 people over che age of 65 is affecœd by

PD and the incidence of the disease declines pa5t che age of 80 (Hoehn and Yahr. 1976;

Kurland et al, 1973). Ir is merefore unlikely chac che functionaI changes chat occur in mese

catecholamine-containing celIs wich aging alone would normally resulc in PD. Important

differences in the pattern of dopaminergic degeneration and DA losses exist in normal aging as

compared with PD (Fearn1ey and Lees, 1991; Kish et al, 1992). A dorsolateral-to-venrromedial

DA gradient is observed in the striaturn of PD, wich che greatesr deficit occurring in the more

dorsal parts; however, no such gradient is seen with normal aging (Kish et aL. 1992). In

5



addition? che decrease in DA levels in aging is similar for boch the audate and puramen, wim

a rostro-to-caudal gradient. Similarly, dopaminergjc cellioss in the SN is most marked in che

venrrolaœral regions in PD pathology, whereas with age it is the dorsal rier chat is more affecred

(Fearnley and Lees? 1991).

An alternative concept is chat SN neurons (%)

Aging

100 .........~,

"", ' .......... "",. ~ ........
.... (c)·, .......... ~

•••• t_ \., (a) , ........ ,
..!J , .., (b) .....

50~_···'.; >'\"".......~
:-: .. .. ..~~', ' ...,.... " .......-­... " ........ .

chat decreases the number of

PD is due to a [oxic insult

dopaminergic cells and ma[ chis

occurring in the course of Iife

dedine is exacerbared by the

aging process tO produœ the
(d)

symptoms of the disease. This

hypothesis is consistent with che

40 50 sa
Age (years)

(Barbeau and Roy, 1984;

variable

progression

rate of

among

disease

patients

Fig. 1. Theoretical rate of dopaminergic neuron losses in normal aging and
Parkinson's disease. A texic insult superimposed on the normal age­
relat8d attrition (a). NeuronaJ ceIl 108888 taking place at the
embryonic stage compounded te a texic insult exarcebating the
decline in cell numbers (b). Exposura te a neurotDxic agent resulting
in a subclinicaJ Ies!on and an exponentiaJ declins OCClUS thereafter
(c). A rapid decllne taking place earty in Iife (d).
Modlfied tom Schulzer et al., 1994

Birkmayer et al, 1979; Mortimer etal, 1982). An exponenrial decline in œU number best firs

the rate of disease evolurion and the progressive dopaminergjc cell losses, suggesting chat a

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

expeaed from normal aging (Fig. 1) (McGeer etal, 1988; Schulzer et al., 1994). However,

,
\
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anempts tO correlace a single specifie feature to the incidence of the disorder have so far been

unsucœssfùl, despite observations chat parkinsonian signs cao be experimentally occasioned by

selective neurotoxins.

A valid hypothesis of PD must merefore explain the preferential celI dach as well as the almost

universal appearance ofLewy bodies in the pigmented cells. A number of hypotheses have been

proposed as a mechanism underlying the degenerarion of the nigrosrriaral dopaminergic pamway

in PD. With respect tO vïrology (Duvoisin, 1981; Elizan and Casals, 1983; Gibbs and Gajdusek.

1982). stUdies of aging, generics (Golbe, 1990; Duvoisin. 1993). toxicology (Langston et al..

1987b) and epidemiology (Zhang and Roman, 1993; Tanner, 1989; Lilienfeid et al., 1990) have

revealed chat none of rhese concepts have proven complete1y sarisfactory when taken as a single

cause, possibly because ail of these factors have a parricuJar role, but are not exclusive elemenrs

in the eriology ofPD (Barbeau, 1984; Poirier et al, 1991). Accordingly, the deve10pment of the

disease would be favoured by an inrerplay berween generic predisposition and exposure ra

putative environmenral toxins compounded with the aging process. In chis respect, parkinsonian

patients have an inherent reduced capacicy to merabolize xenobiorics (Green et aL, 1991;

Heafield et al.• 1990; Stevenron et al, 1989; Waring et al, 1989). These findings suggest a

deficiency in che deroxification pathways of xenobiotics, which could have a major impact on

a genetic predisposition to putative neuroroxins. In addition, neuropachological features provide

addirional insights into possible mechanism(s) underlying che degeneration of the nigrosrriaral

pachway in PD.
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1.3.1 The Sipificll1lCe fIfLnu:1 BtlJ, [1I&huis,"

Lewy bodies, named after me man who first described them in 1912 (Lewy, 1912), represent

another characreristic neuropachological fearure of PD. They are usually found within cell

bodies but mayalso lie in nerve œll processes (Forno, 1986). These eytoplasmic inclusions are

present consistencly and with grearest frequency in neurons of the SN and locus ceruleus of

parkinsonian patients (Fomo. 1986). The significance of Lewy bodies lies therefore in their

intimate relation co neurodegeneration and PD. Lewy bodies are aIso observed in surviving

neurons ofPD patients and are consistent with che notion of an active process raking place until

the end-stage of me disease (Lewy. 1912). Moreover, the presence of ubiquirinylaced proceins

in these snucrures (Bancher etal. 1989) indicares thac the neurons in which chey are found are

undergoing a degenerarive process. Reactive rnicroglial cells (Boka et aL. 1994) accompanied by

the deteriorarion of me surviving dopaminergic neurons suggest mat nerve cell dearh is still

occurring at the patients' deam, sometimes 20 years mer the onser of PD. The incidence of

Lewy bodies in asymptomatic individuals who also present sorne death of dopaminergic cells.

known tO degenerate in PD. suggests a predinical phase (Fomo, 1986; Gibb, 1986; Gibb and

Lees. 1988). DA metabolism in the srriarum ofaffecred individuals is also consistent wirh the

view chat PD is a slow and progressive neurological disorder.
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1.3.2 DA MetillJo/ism ;n PD

Parkinsonian syrnptoms become evident only when striatal DA levds are reduced by

approximaœly 80% corresponding ra a dedine in nigral neurons ofabout 50% (Bernheimer and

Homykiewicz, 1965; FearnIey and Lees, 1991; Hornykiewicz, 1966; Hornykiewicz and Kish.

1986; Sherman et al, 1989). DA losses less chan 800/0 seem to be very effectivdy compensaced

on the functional levd br the remaining dopaminergic neurons prior to the appearance of

symptoms. The increased DA metabolism and turnover rate, as demonscrated by a higher

conrent ofhomovanillic acid CHVA, a DA Metabolite) to DA, at autopsy is consistent wich chis

view (Bernheimer and Hornykiewicz, 1965). Furthermore, a reduccion in DA transporter

mRNA per surviving neurons is aIso reported to contribute tO chese compensatory changes

(Harringron et al., 1996). This observation suggesrs mat DA May diffUse ourside the synapric

deft ra ace ac remoœ DA receptor sires. A reducrion in nigral TH levds and irs mRNA has been

reported, confirming che aIcered metabolism of DA in the surviving dopaminergic neurons in

PD Uavoy-Agid et al, 1990; Kasmer et al. 1993a; 1993b).
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1.3.3 Selective VtJ1In'"bility Il!Melll"izuI Dop"",innxic System

The massive cell death char oeeurs in DA-eonraining neurons of che mesencephaIon

accompanied by a loss ofstriatal DA represents the cardinal neurochemical and neuroanaromical

fearures ofPO. However. ics pathology is nor resttieted to a dopaminergjc deficit since neuronal

degeneracïon is also observed ra various degrees in noradrenergie neurons of the locus eoeruleus

(Forno. 1975; Fomo and Norville. 1981) and in cholinergie neurons of the nudeus basaIis of

Meynen (Arendr ad. 1983) and the hippocampus (Aubert etai.• 1992; Candy aaL. 1983;

Smith et al.• 1988). Deereases in serotonin (5-Hn and peptides are aIso reponed in several

brain areas (Epelbaum a al, 1983; Halliday et al. 1990). Although changes in other

neurouansminer systems cm be found in che parkinsonian brain. dopamincrgic cellioss is by

far the most prominent effect and it is present in every case wirh PD. In addition. the severity

of symptoms correlares best with che degree of dopaminergic neuronal degenerarion

(Bernheimer et al. 1973; Forno and Alford, 1971).

However. nor aIl mesencephalic dopaminergic neurons degenerate ta the same extent, as

demonstrated by TH immunohistochemisrry. indicaring chat a subpopulation is particuIarly

vulnerable (Hirsch etal, 1988). Aceordingly, the loss of dopaminergic neurons is severe (770/0)

in the SN pars compacta (analogous to che catecholaminergic ceil group A9 in the rat),

intermediare in che peri- and retrorubral region (œIl group AB) as weil as in the ventral

tegmental area (AIO) (48 and 43% loss. respectively) and almost negligible in the central gray

substance (3% 10ss). The rerrorubrai region and the venual tegmental area are located adjacenr
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ro the SN, WiID the ventral œgmenral area locared medially and the retrorubral region 10caced

caudallyand dorsally (in the ventrai retiwlar formation). Nigral dopaminergic cell bodies project

widely co the caudace nucleus and puwnen (the nigrosrriacal pathway) (Andén et al. 1964;

Jimenez-Castellanos and Graybrid, 1989; Parent et al. 1983; Smith and Parent, 1986). Within

che SN pars compacra, the ventral œlls projea primarily co the dorsolateraJ srriatum and are che

most vulnerable, while the dorsal cells projecting to the venrromedial striamm are the least

affected (Szabo. 1980). The intrinsic distribution of dopaminergic cell bodies in the SN pars

compaaa is consistent with the dorsolateraJ-co-vencromediaI losses in DA observed in che

striarum ofPO. with the greacesc deficic occurring in the more dorsal pans (Kish et al.. 1992).

The midline ceU group (ventral cegmental area) relarively spared in PD direcrs ics efferenr

projections coward the ventral srriatum. the nucleus accumbens and olfactory rubercle (che

mesolimbic system) and frontal and entorhinaI cortex (the mesocorrical pathway) (Bjorklund

and Lindvall. 1984; Fallon and Loughlin. 1987; Graybid and Ragsdale. 1983). The retrorubrai

field. presenring moderaœ celliosses. projeas ra che audace nucleus and pucamen (Feigenbaum

and Graybid. 1988; Graybiel. 1989; Jirnenez-Casrellanos and Graybriel, 1987). One hypomesis

to explain che pattern of DA cellioss is mat the pathological process origjnate5 in che striarum

and inirially affeCts chose DA ceUs chat project ro the strÏatuffi. A5 che disease progresses, non-

striaca! regions (e.g.• nucleus accumbens and pre-frontal COrtex) may aIso become involved in

che pathological process and chose DA neurons projecting to these non-srriaw regions may be

affected subsequendy as weU (German et aL, 1988).

Il
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Inœrestingly, 84% ofcaœcholaminergic neurons in the SN are mdanized, whereas 980/0 of these

neurons in the central gray substance are devoid of neuromeIanin (Hirsch, 1992). The ventral

cegmental ara and rerrorubral field conrain meIanized neurons and non-me1anized

carecholaminergic neurons in similar proportions (Hirsch, 1992). Thus, the presence of

neuromelanin in the nigrosrriatal system is a key factor in derermining the susceptibilicy of

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

Neuromelanin, a brown-black dePQsit aIso ca.lIed the aging pigment, is localized ta the eytoplasm

ofneurons in che SN, locus ceruleus and addirionalloci in the midbrain (Bazelon et al. 1967;

LilIie, 1955; 1957). Ir is nor present at birth and increases Iinearly with age unril the sixth

decade, a cime which corresponds tO the age of onset of the disease (Mann and Yates, 1974). A

decline is seen chereafter as more pigmenred neurons are lost (Mann and Yates, 1974).

Therefore. che process of neuronal meIanization implies sorne raie for aging in the etiology of

PD. Neurome1anin is known [0 be generared from the polymerization of oxidized product5 of

DA, epinephrine and NE which leacls [0 the formation of CYt0toxic free radicals and H 20 2 (Fig.

2) (Graham, 1978; 1979). Oxidized cacechols have been shown to covalencly crosslink

neurof11amentS, a mechanism thought to contribute co Lewy body formation (Montine et al..

1995). Thus, free radicals generated from an increase in DA turnover and neurome1anin

formation participaœ, ar le35t in part, tO the degeneration of the nigrostriaraI pamway. This view

is consistent widl the increase in neurorndanin content with aging. As discussed above, however,

aging icsdf cannot be soldy accouncable for the occurrence of the disease. These observations

suggesr chat free radicals generated as a result of catecholamine oxidarion and neurome1anin
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Fig. 2. Enzymatic and non-enzymatic oxidation of dopamine.

formarion may noc he che "evenc" chac ITiggers initiaJ cdl deam, but racher a mechanism which

may contribute to the progressive degeneracion of the neurons in which chey are produced. In

addition, there exist severaJ porentiaJ sources for che generacion of cycocoxic free radicaJs, other

chan catecholamine oxidarion, and these sites are aJso affeaed in PD.
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1.3.4~Eaymes IlJUime IWIietdEtpUliInifl.m: E1/Ü/ma ofOxiJative SIrtSS in the

Pllrltinso"i4" NiVtlstrÛltlll PIltlnuIlJ

Oxidarive suess is thought co he che resulc of excessive free radical formation overwhdming the

anrioxidant defense capacity of the celt a mechanism proposed in the eriology of PD. Free

radicals are defined as any species having one or more unpaired eleetrons in their outer orbiral,

giving cheIn an inherent willer to reaa with a variety of cellular consrituencs such as membrane

lipids, me sulfhydryl group ofproœins, polysaccharides and nucleic acids (for reviews Halliwell,

1992; Halliwell and Guaeridge, 1985). The gradualloss of membrane fluidity and potenrial,

induœd by a peroxidative damage co lipids, alters permeability co ions such as Ca2
+ chat in eurn

activates a number of degenerative processes involving enzymes such as pepcidases,

phospholipases and endonudeases, leading co neuronal deach (for review Beai et al., 1993; Coyle

and Puctfardœn, 1993; Dawson etal, 1995). A selective increase in lipid peroxidarion levels and

8-hydroxy-2-deoxyguanosine concentrations, an oxidized prndue! of a DNA base which results

in suand breaka.ge, is observed in the parkinsonian nigroscriacal pathway compared with other

brain areas and age macched contraIs (Dexcer et al, 1989a; Pall et al, 1986; Sanchez-Ramos et

al, 1994). These observations are consistent with a free radical- mediated neuronal degeneracion

in PD.

The major free-radical scavenging enzymes or anrioxidancs are superoxide dismucase (500),

gluclthione peroxidase (GSH-PX) and Clralase (CAT) (Fig. 3). Two major forms ofSOO exise,

mieochondrial or Mn-SOO and cycosolic or CuZn-SOO (Weisiger and Fridovich, 1973).
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Mn-SOD is present in both neuronal and glial cells. while CuZn-SOO is moscly neuronal and

is found in large amounts in melanized nigral neurons of mice and humans as reported by us

and others (Ceballos-Picot et aL. 1991; Poirier et aL. 1994; Rosenberg et aL. 1989; Takashima

et al, 1990; Zhang et al, 1993). SOD catalyzes the dismutation of superoxide (O~·) radical [0

distribution and the significance of CAT in the brain. considering its presence in minute

amounts (Gaunt and de Ouve, 1976). This enzyme is confined co peroxisomes of both neural

and glial cells in the brain of rats and humans. albeit ac differenc levels (Geremia et al, 1990;

Hassan and Fridovich. 1977; Houdou etal. 1993; Moreno et al. 1995; Victorica et aL. 1984).

Glial cd1s show intense immunoreacrivity, while neurons express a variable staining, wich high

signal in che brainsrem. intermediace in the suiaturn and low in che SN of rat (Moreno et al.•

1995). The brain bas acquired other means co deal with excess H 20 2• which is achieved by the

means of GSH-PX ac che expense of glucathione (GSH) with a concomitant formation of
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oxidized glucathione (GSSG) (Fig. 3). In addition, GSH-PX detoxifies lipid peroxides and is

present in the cyrosol and mitochondria ofglial ceUs cf rats and humans (Damier et al, 1993;

Gerernia et al, 1990; Prohaska and Ganthier, 1976). The possibility thac GSH-PX is expressed

in neurons, albeit in small amounts. should not be excluded (Geremia et al, 1990).

We and others have observed an increase in SOD activity, whereas GSH-PX and CAT activicies

are unchanged or reduced, in the SN and striacurn in PD (Ambani et aL, 1975; Kish et aL,

1985; Marnila et al, 1988b; Poirier and Thiffault, 1993; Poirier et al, 1994; Saggu et al,

1989). Alchough the increase in overall SOD acciviry in PD is now well escablished, ic is noc

clear if the CuZn-SOO, Mn-SaD or both types are affecred. An increase in SOD without

concomitant incremenrs in GSH-PX or CAT acrivicies (Ambani et ai., 1975; Kish et al., 1985;

MarttiIa et al., 1988b; Poirier and Thiffault, 1993) resulcs in the accumulation of H:O~" In

addition, the enzymatic, by monoamine oxidases (MAO), and non-enzymaric oxidacion of DA

contribuees tO the leve1s of H 20 2 formation (Fig. 2 section 1.3.3, p. 13). MAO-B a.crivicy

increases wirh aging (Robinson, 1975), contributing to the levels of H 20 2 produced. The latter

may in turn reacc with transition merals. such as iron, via a Fenton reaccion. and furcher increase

the production of oxygen cencred radicals (Fig. 4) (for review Halliwell. 1992). An increase in

nigraj iron conœnuations is reported in PD (Dexter et al. 1989b; Earle, 1968; Riederer et aL,

1989), whereas levds of GSH, a potent antioxidane, are reduced in the SN (Perry et al, 1982;

Perry and Yong, 1986; Sofic et aL, 1992). These results are consistent wirh a deficient abilicy

to deal with excess H20 2" Taken together, chis evidence suggescs a. widespread oxidacive stress

within me parkinsonian nigrostriaral pachway. In addition, the main farro of iron found is Fe3?,

16



°2
OXYGEN ~

Fe (IVlII)
0­

2

NITRIC OXlOE

ONOO-
PEROXYNITRITE

N02
NITROGEN OIOXlDE

H20 2

Fenten: + Fe {IVI~
Haber Weiss: + ~'; "'-

OH­
HYDROXYL

SUPEROXlOE

Fig. 4. Oxygen-derived he radicaJs and their reactions.

which results in a shift in the ratio of Fe2
+IFe3

+ from 2: 1 co 1:27 known co opcimize lipid

peroxidation in brain synapcosomal preparations (Braughler et al, 1986). Incerestingly, iron

levds are known co inaease in the human brain with aging, and a plateau is seen around 50-60

years (HaUgren and Sourander, 1958)7 the age range ar which PD becomes clinically detecrable.

Iron levds comparable with chose of the liver cao be found in the globus pallidus and SN,

whereas inrermediace levels are observed in the pucamen and caudace nucleus of rar and humans

(Barkai etaL, 1991; Connor et aL, 1990; Francois etai, 1981; Hill and Switzer, 1984; Morris

et al., 1992; Uitti et aL, 1987).

The mosr reacrive of the free radical species (Fig. 4) is the hydroxyl radical (OH'), which can

also be formed from O 2" and HI 0 2 (a non-radical) by the Haber-Weiss reacrion ro oxidize any

molecuJe within a few Angsrroms from the site at which chey are generared (for review Halliwell,

17



1992). However, 0," is much less rea.ccive but can cross the œll membrane and ace at a distance.

Ir can ract in the absence of transition merals wim nitric oxide (NO') tO forro peroxynitrite

(ONOO"), at an exrremdy fast rate (6.7 x 109 M- l
), and the latter can decompose to OH' and

nitrogen dioxide (NO!) radicals (Beckman etaL, 1990). ONOO' can diffuse over several cell

diameœrs and. consequencly, has been proposed as a prime candidate for mediaring directIy or

indirecdy oxidarive damage in vivo (Beckman and Crow, 1993). In spite of irs low reacrivicy.

O2' is capable of inactivating a number ofenzymes. including mose with iron-sulphur clusters

in which the oxidized duscer chen loses Fe2
., which is less cighcly bound to sulfide ligands chan

Fe3
• (Gardner and Fridovich, 1991a, 1991 b; Liochev and Fridovich, 1994). The former may

be oxidized co Fe3
• chrough a Fenton type of feaction co participace in che cyclic production of

free radicals (Fig. 4).

Although there are a number of intracellular sources of free radical formation. such as

catecholamine oxidation and a reduced race of H20 2 e1imination, as discussed above, the

micochondria are chought tO be the most importanc. An degant demonsuation was che finding

chat yeasc with a complete absence of the eleceron transport chain grew normally in elevaced O 2

levels (hyperoxia), which causes oxidative stress, whereas hyperoxia inhibiced the growth of

normal yeast (Guidot etal, 1993). Isolared micochondria generace 0.6 to 1.0 nmol of H 20 2

min- l mg of protein l
, and chis is esrimated co accoune for 2 co 40/0 of oxygen upcake under

physiologica1 condirions (Boveris and Chance, 1973). The main sites where O 2' is thoughc co

escape are ubiquinone and NADH dehydrogenase (complex 1, Fig. 5) (Boveris et aL.. 1976;
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Paraidarhathu et aL~ 1992; Turrens and Boveris~ 1980). Electrons are rransferred one ar a rime

to form ubisemiquinone, whicll ca.n chen reacr wim O~ to produce O 2 • (De Jong and Albrach[~

1994). Evidence favouring ubiquinone as a major site of free radical generarion is the

observation mat antimycin (a complex III inhibitor) leads to increased mitochondrial H 20 2

production br blocking e1ecrron transfer from more proximal componenrs of the respiratory
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chain. Funhermore, depletion of ubiquinone from mirochondria results in a decrease in H!02

generation (Parole et al, 1986). Similarly, irreversible inhibition ofNADH dehydrogenase by

rorenone increases O2' formation in submirochondrial parricles (Adams et al, 1993;

Krishnamoorthy and Hinkle, 1988; Ramsay and Singer, 1992; Tucrens and Boveris, 1980).

Production of O2' ae the NADH dehydrogenase site accounes for approximardy 50% of char

generated ar the ubiquinone pool (Kashkarov et al, 1994; Turrens and Boveris, 1980).

Defeas in rnirochondrial decrron transport chains have been reported in the SN and scriarum

ofparkinsonian patients (Mizuno etal, 1989; Schapira et al, 1989; 1990), with a reducrion in

NADH dehydrogenase acrivicy. These findings furcher support an association berween fcee

radical-mediated cellular injuries and dopaminergic degeneration as observed in PD. It is known

mar O2' has the abiliry tO deacrivate the NADH dehydrogenase complex of the mirochondrial

elecrron transport chain in vitro (Fukushima et al., 1995; Zhang et a/.. 1990), although ies

abilicy to do so in vivo remains to be demonsrrated.

T 0 dare ie is nor clear whether alcered antioxidanr enzyme activiries are sufficienr ro enhance free

radical formation and, consequencly, to an increase in lipid peroxidation levels and

mieochondrial dysfunctions as observed in PD. AIrernativdy, changes in anrioxidant capacicy

could merdy reflect an aciaprive response due ro a leakage ofoxygeo-centered radicals resuIring

from the reducrion ofNADH-dehydrogenase activicy. We have cherefore underraken che srudy

of mese possible rdarionships, which represenc the central core of our wodc. Since PD is a

disorder ooly observed in humans, ie renders chis analysis difficulc. To address chis issue it is
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merefoTe important to be able ro replicare biochemical and anaromical alterarions observed in

PD. The existence of sdective neurotoxins which can mimic srrikingly a number of deficits

observed in PD have proven to be very useful rools in chis respect.

2 Nnu-otœdnsPrtn1iJeExperimmtlllMoJelswithwhiJJ to Sttuly the RD/eofOxiJatifleStress;1I the

EtiolDD ofPD

lt has been known for sorne rime mat pharmacological agents char inrerfere with che production,

srorage, rdease or receptor recognition of DA cause a parkinsonian-like syndrome in animaIs and

humans. For example, reserpine induces a reversible sympromatie condition by blocking the

srorage of DA in che synaptic vesieles in the rerminaIs of nigrostriaral neurons (Carlsson et al.•

1958; Stitzel, 1976). This eventually leads to a hypodopaminergic scace which is fully reversible

afrer reserpine is disconrinued. a-Methyl-p-ryrosine produces a similar stace by inhibiring TH

acriviry and by acting as a faIse dopaminergic neurouansmitter (Masserano et al, 1989). Br far

me mos( common cause of drug-induced reversihle parkinsonian-like syndrome in clinical

pracrice results from the use of DA receptor anragonists for the treatrnenr of psychiatrie

disorders (BaIdessarini, 1996). While pharmacological manipulations of dopaminergie

transmission rend tO produce reversible effecrs, toxicologica1 agents often lead tO œil deam.

Accordingly, neurotoxins are considered the cools of choice for me srudy of the

neurodegenerarive process. An undersranding of chis process is cricical co che development of

strategies for aItering or prevenring neuronal degenerarions in disease States such as PD.

Furthermore, such smdies could provide dues regarding che eciology of various
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neurodegenerative diseases. The discovery mat 6-hydroxydopamine (G-OHDA) desrroys

caœcholaminergic systemS (Tramer and Thoenen, 1968) has given birth co the speculation chat

endogenous generarion of chis compound could be involved in the pathogenesis of PO. Finally,

the more recenr discovery of the neurotoxin I-methyl-4-phenyl-l.2,3,6-cerrahydropyridine

(MPTP) (Langsron etal. 1983) has crea.œd a dramatic resurgence of inreresr in the mechanisms

of the neuronal degeneration observed in PD.

2.1 6-HyJroxytioplZm;ne

2.1.1 NnlroplZtholoD

In 1968, T ranzer and Thoenen published their monograph now considered dassic derailing the

seJecrive destruCtion of peripheral nerve endings by 6-0HDA. To be effective as a neuroroxin

in the ceneral nervous system (CNS). 6-0HDA must be administered directly into the brain of

animals, since jt does not cross the blood-brain barrier. Incracerebrovenrricu1ar (ICV)

administration of large doses induces a widespread degenerarion of dopaminergjc and

noradrenergic neurons thar is weil documented both neurochemically and morphologically

(Blanchard et al. 1995; Breese and Traylor, 1970; Hedreen and Chalmers, 1972; Pasinerri et

al, 1989; Sherman and Moody, 1995; Ungersredt. 1968). In concrasc. serotonergic, cholinergie

and GABAergic neurons, among omers, remain unaffected by 6-0HDA (Kostrzewa and

Jacobowirz, 1974). The selecrivity of 6-0HDA is related ro irs accumulation in dopaminergic

and noradrenergic neurons through their high-affinity uprake systems (Kostrzewa and

22



;'

\

Jacobowitz, 1974; Thoenen and Tramer. 1973). This cheory is supponed by che use of

ancagonists ofcatecholamine uptake syscems, which protect against 6-0HDA-induced neuronal

losses (Kosrrzewa and Jacobowi(7., 1974; Thoenen and Tra.nzer. 1973). In order ro achieve a

degree of selecrivdy towards dopaminergic systems, pre-rreaonenc of rats with noradrenergic

uprake inhibicors, suc.h as desipramine, is required prior to an ICV administrarion of 6-0HDA

(Breese and Traylor, 1971; Iversen and Urersky. 1973). In addition, che selectivicy of che lesion

induced by 6-0HDA is dependenc on the dose, volume and injection techniques (Agid et al.

1973; Hokfelr and Ungerstedt, 1973). For example. Hëkfelr and Ungersredt (1973) reported

a large area of necrotic tissue surrounding the site of injection mer local administration of

6-0HDA inco the SN. This led researchers co speculace chat lesions produced by 6-0HOA may

not be auly more selective chan electrolyric, mechanica1 or chemical ones (Butcher et al, 1974;

Poirier et al., 1972).

2.1.2 M~chllnism Iltui Phll17NlCologicJZl MllniptJation of6-0HDA-M~JiIluJToxidty

Two rnechanisms have been suggesced to explain the coxicicy of 6-0HOA. induding oxidacive

suess and the impairment of micochondrial functions. First, autoxidation of 6-0HDA leads co

the generarion OH" and O2" radicals as well as H 20 2 which resuJts in an oxidative scare. an effecr

porenciared by ascorbic acid present in mM concentrations in the brain (Fig. 6) (Heikkila and

Cohen. 1972). Second. this neuroroxin is shown tO uncouple mitochondrial oxidative

phosphorylarion and to inhibit mitochondrial acnviries of complexes l and IV in vitro (Glinka

and Youdim, 1995; Wagner and Trende1enburg, 1971)" However, its abüicy [0 alrer
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Fig. 6. Neuromelanin biosynthesis and proposed pa1hway for lS-hydroxydopamine
formation from the 6-hydroxylation of dopamine in aqueous media. The
au1Dxidation of 6-hydroxydopamine fesults in the production of cytotoxic
free radicaJs.

mitochondriaI funcrions in vivo bas yer to be demonsrrated. lnterestingly, H:!O:! induces similar

mitochondrial aJteration in neuronal œlllines as measured bya marker of compla 1acrivicy,

suggesting mat chis effecr is rdated to free radical-mediaœd injuries (Vroegop et al, 1995). Lipid

peroxidative damage to the cellular and mitochondriaI membranes increases permeabiliry [Q ions

such as Cal. and consequenrly loss of membrane potential and ATP depletion. These events are

considered the concributing faccors to free radicaI-induœd œll deam. These observations are

consistent with the increase in Iipid peroxidation observed foUowing leV or intrascriaral

injection of 6-0HDA tO rodenrs (Ogawa et ai., 1994; Perumal et al, 1995). Iron is also

considered to play an important parc in promoting oxidative damage induced by the

autoxidation of 6-0HDA (Fig. 6). "Free ll ieon is not generally available under physiologica1

condirions but is scavenged by the storage prorein, ferritin, with high to moderaœ levels
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confined co the SN and strÏatum, respecrivdy, of ratS and humans (Morris et ai., 1992). Ferricin

iron can he rdeased by O 2 • radicals (Biemond et al., 1984; Bolann and Ulvik, 1987; Monreiro

et aL, 1989; Thomas and Aust, 1986; Yoshida et al, 1995) which cao be formed from the

autoxidation of 6-0HDA to promote lipid peroxidarion as demonsrrated by in vitro srudies

(Monteiro and Winterbollrn, 1989; Reif et aL, 1988; 1989; Winœrbollm et ai., 1991). This

effect is inhibiced by 500, CAT or the iron chelator, desferroxamine (Monreiro and

Winrerbollrn, 1989; Samokyszyn et al, 1989). These resulrs are consistent wich the effecrs of

6-0HDA and iron mobilizarion in vivo. In rars, nigraI iron levds are higher following a

unilaœrallesion induœd by 6-OHDA compared ro che ipsilaœral intact side (Oesrreicher et aL,

1994). Furthermore, degenerarion of nigrosrriaraI neurons after lev injections of 6-0HDA tO

rats is potenriared by che administration of iron (Ben-Shachar and Youdim, 1991 b) or mer

depletion of brain GSH by ICV administration of L-buthionine sulfoximine (BSO), an

inhibitor ofGSH biosynthesis (Pileblad etal, 1989). In contrast, viramin E (Cadet et aL., 1989)

or desferroxamine (Ben-Shachar et aL, 1991a) attenuated the 6-0HDA-induced deplerion of

srriatal DA in rats. Viramin E is a chain-breaking antioxidant that prevents che propagation of

free radiCl1 damage to biological membranes by scavenging lipid-peroxyl radicals (Fig. 9 section

4.3. p. 48) (for review Saskia et al. 1993; Traber and Packer. 1995). Thus. free radicaIs

generaœd as a result of 6-0HDA oxidation and the consequential rdease of iron from ferritin

play a role in the eytotoxiciry of chis compound in vivo.

An increase in SOD activicy and irs rnRNA has been reported in the striacurn of mice following

an lev administration of moderate levels of 6-0HDA (Ogawa et al.. 1994). However. one
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group reported a decrease in striacal 500 acriviry mer the ddivery of large amouncs of 6­

OHDA into the venrricle known tO cause a severe DA deplerion (Ben-Shachar et al, 1991 b;

perumaJ et al, 1989; 1992). As menrionned earlier, the nigroscriacal pachway is enriched wirh

SOD enzymes (CebaUos-Picot et al, 1991; Poirier et al, 1994; Rosenberg et ai., 1989;

Takashima cal, 1990; Zhang etaL, 1993). Accordingly, the reduccion in SaD activicy appears

co be associared with che severe degenerarion of dopaminergic neurons. This observation is

supporced by che pre-creacment of rats wich vicamin E, which parrially protecrs against 6­

OHDA-induced DA deplerion ro resrore the increase in scriaraI SaD activicy (Ben-Shachar et

al., 1991 b; Perumal et al, 1992).

Increases in SaD acrivity induced by 6-0HDA is consistent with an oxidarive stress-inducing

agent. Severa! srudies have demonscrared chat SaD acrivicy is up-regulared when cells are

exposed ro excessive production of O 2 • radica1s. For example, rats exposed to sublethal

concentrations of O 2 (hyperoxia) showed devations in CuZn-SOO and Mn-SaD acrivicy in

cheir lungs (Crapo and Tierney, 1973; Sjosrrom and Crapo, 1981; Stevens and Auror, 1977).

Free radicals have been implicaœd in the mechanism of roxicicy of the herbicide paraquat, which

inrerescingly bears a srriking structUral resemblance co the MPTP merabolice, l-methyl-4­

phenylpyridinium (MPP") (Fig. 8 secrion 2.2.2, p. 33). Paraquac is rapidly reduced tO forrn a

bipyridyl radical through an oxidation-reduction cycle with O 2, leading co enhanced O 2

formarion with a concomitant increase in lipid peroxidation in rat lungs and purified rat lung

microsomes (Bus et al, 1975; 1976; Bert etal, 1974; Trush et al., 1981). In addition,
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mamm:alian cells exposed co paraquat dernonsrrared increases in CuZn-SO0 and Mn-SO0

acrivity (Frank, 1981; Krall a al, 1988). Taken cogether, these results demonstrate thac O~·

itse1fhas the ability to modulate SaD activity.

In spire ofparkinsonmirneric effeas induced by chis neurocoxin, exogenous 6-0HDA has never

been involved as an eriologic agent in PD due to its inability to cross the blood-brain barrier.

Nonetheless, severa! reports suggested chat 6-0HDA is formed as parr of neurorndanin

biosynthesis (Fig. 6) (Graham, 1978). It is suggested chat che genesis of 6-0HDA couId result

in vivo from the 6-hydroxylation of DA in the presence ofwarer (Senoh et al., 1959). Tse and

his colleagues (1976) noced chat the latter reaction oceurs far roo slowly tO compere with

intracyclization of DA quinone to leukoaminochrome (Fig. 6). Identification of 6-0HDA in

che cerebrospina! fluid (CSF) or in the SN of parkinsonians has never been reporced. It is

therefore unlikely chat 6-0HDA participates in the degenerarion of the nigrostriatal pathway

in PD. Nevertheless, the above scudies provide a rational basis for the use of antioxidancs in the

treacment of diseases suspecred to involve oxidacive stress.

MPTP was discovered inadvercenclyas a byproducr of synthesizing heroin from Demerol. In

1979, Davis and his colleagues described the sudden onser of an irreversible parkinsonian-like

syndrome in a 19-year-old man who was attempting to synthesize meperidine analogues

(synthetic heroin) and was reguJarly injecring the producr intravenously. Afcer 2 years of
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rreatmenr with L-dopa and bromocriptine (a DA recepeor agonise) he commicred suicide.

Neuropathological exam.ination ofhis brain revealed loss of neurons in the SN, scrikingly similar

co changes obsetved in dassical PD. Langscon and co-workers (1983) have reported similar cases

in Northem California. Interestingly, a progressive dopaminergic disrurbance was observed in

these patients demonsuating subdinicallesions following exposure to MPTP as revealed by

positron emission tomography (PET) (Caine et al, 1985). This decline in function was more

rapid chan would he predicœd as a result of normal age-relared neuronal attrition consistent wim

the race of disease progression as observed in PD (Fig. 1 section 1.2, p. 6) (Vingerhoers et al,

1994). These reports suggested mar there may he neurotoxic substances within our environmenr

to which accidental exposure, and/or their improper merabolism or e1iminarion, could gradually

lead ro irreversible damage to che dopaminergic nigrosrriaraJ pathway.

2.2.1 NnlropatbololJ

MPTP bas aIso been demonsrraœd ro induce an irreversible PD-like syndrome in several animal

species. including monkeys (Burns et al. 1983; Langston et al, 1984a). mice (Sonsalla and

Heikkila, 1986), cars (Schneider and Markham, 1986), dogs (Wilson et al., 1987) and even

frogs (Barbeau etaL. 1985). To dace, the non-human primate remains che best animal mode!.

When subjecred ro sysremic adm:nisrration of MPTP, chese animais present dopaminergic

deficirs char are reminiscenr of PD. For instance. srriaral DA losses followa dorsolateral-to­

venrromediaI gradient (German et al. 1988; Pérez-Otafio et al., 1994; Varasret et al., 1994), a

pattern typical of PD (Kish et aL. 1992). However, Hornykiewicz and his colleagues (988)
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have dea.rly demon.srraœd mat the loss of DA in PD is gre~l.[er in che pucamen chan the caudare

nucleus, whereas in monlœys exposed to high levels of MPTP, mey found no such differences.

These differences may he attributed to the severiry of the parkinsonian syrnproms, which

correlate best with the degree of DA losses (Hornykiewicz et al., 1988; PiEl et al, 1991).

Alœmarively, chey could be related tO varied scheduIes of MPTP rreatment associated with ies

aoue-versus-chronic administration. These observations are consistent wirh reportS chat acute

and subacuœ MPTP administration co monkeys result in a suiaraI DA gradient opposite tO mat

observed in PD: a dorsoventral but not roscrocaudal pattern (Deutch et al, 1986; Elsworth et

al, 1987; 1989). In conrrast, chronic administration of MPTP resulred in che classical striatal

DA depletion charaaeristic of PD (German et aL, 1988; Pérez-Oraiio et al, 1994; Schneider,

1990; Varastet et aL, 1994).

Dopaminergic cdl loss in the SN of monkeys exposed to MPTP strikingly resembles mat

observed in PD, with the venrral portion being mosr affeceed (German et aL, 1988; Rinne et al.,

1991; Varastet et al, 1994). A corrdarion between neuromelanin content and che susceptibiliry

of mesencephalic dopaminergic neurons ro MPTP is aIso observed (Herrero et al., 1993b),

suggesting a role for chis pigment in MPTP-induced neuronal degeneration. Thus,

dopaminergic cell bodies ofche SN pars reticulara, cenual gray substances and ventral tegmencal

areas are relatively unaffecced by MPTP. However, reports of slight (Irnai et ai., 1988; Kitt et

al., 1986), moderate (German et al., 1988; Irwin et al., 1990; Schneider et aL, 1987) tO

considerable (Elsworth et al., 1990; Mitchell et al., 1985) loss of dopaminergic neurons of the

ventral œgmenral areas are aIso seen. The apparent discrepancies among these srudies may resuh
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from differences in individual and subspecies sensitiviry to the toxin? dosage or mode of

administration of MPTP and from the experimental procedures used tO visualize and count

carecholaminergic neurons. Again? reported damage to noradrenergic neurons in the locus

coeruleus bas ranged from minimal Ornai aai., 1988; Jacobowirz aal.? 1984; Kier etaI.. 1986)

tO severe (Forno et al? 1988; Kirr et al? 1986; Mitchell et al.. 1985). The vulnerabiliry of

noradrenergic neurons ta MPTP increases with age? a phenomenon mat may accounc for me

differential effects observed in these experimenrs (Fomo et al. 1986; 1988; 1993). Lewy-like

bodies are also observed in the SN and locus coeruleus ofolder primates and are a cypieaI fearure

of PD (Forno et a/.• 1986; 1993).

Alrhough che primate represenrs one of the best available models of MPTP-induced

parkinsonism. the rariry and cost of primates make their use difficu1t in extensive

pharmacologica.1 studies. For chis reason. mice subjecced co MPTP offer an alternative mode!.

Mic.e? like non-human primates. dernonsttared suiatal DA depletion and a concomitant decrease

in nigraI dopaminergic neurons fol1owing exposure to the neuroroxicant (Chiueh et ai., 1984;

German et al.. 1992; Hallman et a/.• 1985; Heikkila et al.. 1984a; Sundstrom et a/.. 1988).

However, mice are more resisrant to che ddererious effecrs of MPTP than primates (Heikkila

etal. 1984a) and young mice have demonstrated sorne degree of recovery (Hallman et al, 1985;

Irwin et al., 1992; Nishi et al, 1989; Ricaurre et aL. 1986). In addition. the appearance of

Lewy-like bodies has never been observed? even in oider mice. Dosages and regimen schedules

as wel1 as the age of the animal result in varied susceptibiliry of midbrain neurons to MPTP as

discussed above (Dawson et al.? 1995; German et al.. 1992; Seniuk et al, 1990). Taken
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togecher7 chese studies indicace mat che neuropachologicaI features observed in primates and

mice exposed co MPTP are much doser co chose observed in cypicaI PD co chose that can be

reproduced using 6-OHDA.

2.2.2 M~chll"ism

To he effective as a neurocoxin7MPTP musc be merabolized by!v1AO type B (MAO-B) co forrn

che active Metabolite MPP+J as disa..assed in derail in seaion 3 (Chiba et al.7 1984; Markey et al. J

1984). MPP+ has aIso been isolaced in the brains of mice and monkeys following the syscemic

administrarion of MPTPJ which favors MPP+ but not MPTP as the neuroroxic mediaror

(Langston et al. J 1984b; Markey et al, 1984). MAO-B aaiviry is known to augment wich age

(RobinsonJ 1975)7 a factor contriburing to che increased vulnerability to MPTP of oider animais

(Forno etaI. 1986; 1988; 1993; Irwin et al., 1992; Nishi et al., 1989; Tarton etai., 1992; Tsai

etal, 1994). The high race ofoxidation ofchis cerriary amine was unexpecred. despire extensive

scudies on che subscrace specifiàries of MAO-A and B in numerous Iaborarories, but was soon

confirmed (Fritz etal, 1985). In additionJ che selective degenerarion of mdanized dopaminergic

neurons induced by MPTP is puzzling considering che low levels of MAO-B enzyme present

oucside dopaminergic neurons (Gucceridge and Toeg, 1982; Hirsch et al., 1988; Wesclund et

al, 1985).
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Fig. 7. Meabolie pathway for the activation of MPTP te MPP + and the site of

MPP + toxieity.

The deleterious effeers of MPp· are related to the inhibition of the mitochondrial respiratory

chain at complc:x 1or NADH dehydrogerwe (Fig. 7) (Niddas et aL, 1985; Poirier and Barbeau,

1985b; Ramsay et al, 1986b). This event leads tO rapid ATP depletion and consequent lasses

of membrane potential, which in mrn resuJrs in che degeneration of nigral dopaminergic œil

32



bodies-CBradbury et al, 1986; Irwin and Langston, 1985; Javirch et al., 1985). Inreresringly,

similar respirarory deficitS are repQrted in me SN and srriarum of parkinsonian patientS wim a

reducéon ofNADH dehydrogenase acrivicy (Mizuno et al., 1989; Schapira et al, 1989; 1990).

These findings further suPPOrt a raie for an MPTP-like roxin in che etiology of PD.

Free radicals are also thought ro play a role in the mechanism or mechanisms of MPTP-induced

roxicicy (Adams et al, 1993; Chiueh et al.• 1992a; Poirier and Barbeau. 1985a; Poirier et al..

1985; PIZedborski etal. 1992h; Rossetti etal, 1988; Singer et al., 1993; Wu et al.. 1993). Free

radicals cao induce lipid peroxidation, leading ro an alcerarion in Caz" homeoscasis and

subsequent neuronal deam. Johannessen and colleagues (1986) were the firsr ro propose a role

for oxidarive stress based on the structural similarities berween MPP" and paraquar (Fig. 8).

CH3
1

8
1
CH3 CH3 CH3

MPTP MPP+ Paraquat

Fig. 8. structures of MPTPr MPP + and paraquat Note the structural similarity
between MPP + and paraquat.

However, che decrrochemical potencial for the reducrion of MPP" ro form a free radical is

greaœr chan char of paraquat and cannot occur under physiological conditions (Elsmer et aL.

1980; Frank et al.. 1987). In conuast, decuon spin resonance (ESR) scudies indicate mat the
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inclusion of MPp· in mitochondrial preparations induces the formation of O 2• (Adams etal,

1993; Rossetti aaL, 1988). Similarly, rorenone, which inhibirs the respiratory chain at che same

sire as MPP\ enhances ESR signais of O 2 • under these conditions (Adams et al. 1993). Thus.

disruption of the decuon transport chain cao lead tO the appearance of incompletely reduced

oxygen species, such as OH· and O 2• radicals, leading tO an oxidarive state. ReportS chat MPTP

administration to mice induces an increase in free radical formation favor mis view (Ali et al.

1994). In addition, intrasrriata1 infusion ofMPP+ resulted in OH· formation, as indicared by

salicylate hydroxylation (Wu et al, 1993). Accordingly, anrioxidant defense systems ca.n be

overwhelmed by devaœd levds of free radicals (Fig. 3 section 1.3.4, p. 15), which in tum couId

influence the levds of lipid peroxidation and consequencly membrane integriry. We merefore

made extensive use of MPTP as a mode! to srudy chese possible rdationships in che brains of

mlœ.

3 DaaiJeJ Biochm.içaJ Mecb""isms ofMPTP-InJt«eJ Parltinsonism

3.1 MPTPAai,,1lIitm by MtmOll7IJine 0xiJ4se IltulPllSSIlge ofMP? to the Locws ofNetmJtoxicity

The tranSformacion ofMPTP to MPP~ involves 2 and 4 decuon oxidation (Fig. 7 section 2.2.2,

p. 32), forming I-methyl-4-phenyl-2,3-dihydropyridinium (MPDP~) as an inrermediace in che

reaction (Chiba et al., 1984). Two merabolic pathways have been proposed for the activation

of MPTP. First, the obligatory conversion of MPTP co MPDP+ requires the participation of

MAO-B (Chiba et al, 1984). The second 4 decrron oxidarion can be caralyzed by MAO-B,
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transition metals (such as iron) or neuromelanin (Chiba et a/., 1984; Poirier and Barbeau,

1985a; Wu etal, 1986). Although purified MAO-A is known co oxidized MPTP in vitro, che

latter is a better substrate for MAO-B (Salach et al, 1984). Moreover, MPTP, MPDP~ and

MPp· are, to a certain degree, inhibitors ofbom MAOs (Fuller et al, 1985; Kinemuchi et al,

1985; Salach et al, 1984; Singer et al, 1985; 1986). MPTP is a suicidaI inactivaror

(mechanism-based inactivation) of MAO-B, whereas MPDP~ inhibirs MAO-A acrivicy more

effecciveIy (Salach et ai., 1984; Singer et al, 1986). In addition, the rate of inactivation of

MAO-B during the oxidarion ofMPDP~ tO MPP~ is faster chan during the oxidation of MPTP

ro MPDp· (Krueger et aL, 1990). Thus, the merabolism of MPTP is a self-lirniring process in

which the toral concentration ofMPp· formed depends on the amount ofMAO-B present. This

may conuibute tO the relative insensirivity of mire to MJYfP toxiciry, since the levels of MAO-B

present in the brain are lower chan chose of MAO-A in mice and MAO-B in humans (Fowler

and Serolin Benedetti, 1983; Garrick and À1urphy, 1980; Saura et al., 1992; Srenscrom et al..

1987). The incer-species difference in relation co MPTP roxiciry is discussed in more derail in

section 3.4.

Evidence favouring MAO-B as a predominant enzymaric pathway is provided by che pre­

aeaonene of mire and monkeys with selecrive and non-specifie MAO-B inhibitors, L-deprenyl

and pargyline, respecrively, which protecc against MPTP-induced striacal DA depletion

(Heikkila et al, 1984h; Langston et al., 1984b; Markey et al., 1984). In conrrast, c1orgyline, a

selective MAO-A inhibieor, was ineffeccive (Heikkila et al, 1984b). Accordingly, MPP\ which

could he formed by MAO-A in vivo, lus no derecrable effecrs on the roxicity of the nigrosrriatal
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pathway (Salach et aL~ 1984). However~ dopaminergic neurons of the nigroscriacal pathway of

humans~ monkeys and mire contain little or no MAO-B (Gurreridge and Toeg, 1982; Hirsch

et al., 1988; Stenstrom et al., 1987; Wesdund et al., 1985). It therefore appears chat the

metabolic activarion ofMPTP must raIœ place ourside chis system. This observation is consistent

with the distribution of radiolabeled MPTP in the brain and che site of MPp· coxicity.

Autoradiographie localisation of [.iH]-MPTP resembles mat of MAO-B distribution in rodent

and primare brains (Ekblom etal, 1993; Javitch et al., 1984; Konradi et al.~ 1988; Parsons and

Rainbow, 1987; Saura et al, 1996; Westlund et al, 1988; Willoughby et al., 1988).

ImmunohistochemicaI and in situ hybridizarion srudies revealed mat MAO-B is confined ta

astrocytes and 5-HT-conwning neurons. but not carecholaminergic neurons (Ekblom et al,

1993; Konradi et al., 1988; Saura et al~ 1996; Willoughby et al., 1988). In contrast. sysremic

adminisrration of radiolabeled MPTP in rodents and primates demonstrated inrense labeling of

the nigrosrriaca1 dopaminergic neurons (Herkenham et al., 1991; Takada et al., 1991). Pre­

treatment wich pargyline. a non-selective MAO-B inhibitor, which blocks the conversion of

eH]-MPTP tO fH]-MPP" eliminated che rerention of radiolabeled producrs. Moreover, the

biocransformarion of MJYrP tO MPp· as measured by high performance liquid chromatography

(HPLC) remained unaffected in mice in spire of a prior denervarion of carecholaminergic

neurons with 6-0HDA (Nwanze et al, 1995). TaIœn together, chese results suggesc that MPTP

is converred to MPp· in MAO-B-containing cells and escapes from mese siteS tO induce a

selecrive degeneration of dopaminergic neurons of the nigrostriaral system.
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Asrroeytes are proposed as a major site ofMJYrP merabolism (Di Monce et a/. y 1992; Wu et al,

1992). The role played by serotonergic neurons in the producrion of MPP+ may noc be critical

as lesions on chese cel1s induced by 5y7-dihydroxyrrypcamine did noc accenuate MPTP

neurocoxicity (Brooks etal, 1989). In addicion, no 1055 in seroconergic neurons or 5-HT levels

eould be dececced in the raphé nucleus foUowing a syscemic adminisrration of MPTP, even

chough losses ofstriatal DA were apparenc in cats (Lin et al, 1995) and young mice (Dace et al. y

1990). These observations suggest mar MPTP is not preferencially merabolized ro MPp·, a

potenc micochondrial roxiny in serotonergic neurons. Ir is therefore suggested chat astrocyces

represent the major sice of MPTP accivation. Since MPP+ bears a positive charge, ir poody

penerrares the blood-brain barrier and is therefore nor expecced ro leave che astrocycic

comparanene. Alrernarively, MPP+ may kil! glial cells, allowing ie to escape in the CNS where

ie remains rrapped and can diffuse tO the site of toxicity. However, the degeneration of glial cells

does nor appear to be an apparent neuropathologie fearure of MPTP exposure in vivo (Hess et

aL. 1990; Schneider and Denaro, 1988), suggesting chat ascrocyces may be relatively resisrant

tO MPTP/MPP+ toxicity. Altematively, gliosis may mask the damaging effectS of MPP+ roward

astrocyces (Francis et al. 1995; O'Callaghan et al., 1990; Reinhard et al..1988; Schneider and

Denaro, 1988), chus explaining, ac leasr in part, the failure ta observe obvious cycoroxiàry in

vivo. This is consistent wich me effecc of MPTP in astroeytic ceil cultures (Di Monre et aL.

1991; 1992; '\Q'u et al., 1992). Primary cultures of mouse astroeytes are shawn ta be sensitive

ra relativdy high levels (250 JlM) of MPTP present in che media, whereas lower concentrations

(25 ttM) were ineffective (Di Monce et al., 1991; 1992; Wu et al., 1992). In addition, MPP~

and MPDp· are observed in che media ofasrrocycic œil cultures exposed tO 10w levels of MPTP
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and meSe compounds were nored even wim MPTP removed from the media (Di Monre â al.,

1991; 1992; Wu et al, 1992). Ir is therefore proposed thar MPDP+ generared within the cell

crosses asrroeytic membranes in the forro of the lipophilic free base 1,2-MPDP and, finally,

undergoes oxidation ro MPp· , known ro he aIso caralized by transition merals or neurorndanin

(Fig. 7 section 2.2.2, p. 32) (Di Monre et al, 1987; 1991; Singer et aL, 1986; Wu aaL, 1992).

Accordingly, me rdease of MPP+ or MPDP+ from ascrocyœs may contribure to the degenerarion

of DA-containing neurons of the nigrostriaral pathway.

3.2MPP UjJtIlIte by DA TrtDI.fJH111e'ExpI4ins the~V~ ofthe Nif'1JSl1'iataJ System

The selectivity of MPp· as a neuroroxin is rdared to irs active upcake by dopaminergic neurons

of che nigrostriaral pathway. a mechanism mat is analogous ro 6-0HDA (Chiba et al., 1985;

Javitch et al.• 1985). An degant demonsrration of chis is the finding chat non-neuronal COS

cells lacking catecholamine uptake are fairly resiscant to MPp· roxicity (Kicayama et al., 1992).

Transfecrion ofcDNA encoding che rat DA rransporters in chese cells confers coxicicy co MPP+

(Kicayama ad. 1992). SimiJarly, mutant PC12 cells, derived from pheochromocyrorna, devoid

of catecholamine transporter are found tO be resistant ro MPp·-induced toxicity (Bicler et al..

1986). Ir has been demonsrrated char DA upcake inhibitors prorecc against sITiaral DA depledon

induced by sysremic administration of MPTP in mice (Mdamed et al., 1985; Sundstr6rn and

Johnson, 1985). In contrast, MPP'" is a poorer substrace for adrenergic and seroronergic

presynaptic uptake carriers (Chiba et al, 1985; Javitch a al., 1985; Sullivan and Tipton, 1988).

MPTP irself is not accumulated into striaw or cortical synaptosomes by either DA or NE
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uptakeprocesses Uavitch et a1.~ 1985). In addition. radiolabeled MPp· is found tO accumulare

in synaprosomes prepared from brain srriatal tissues and exhibiœd kinetic charaaeristics similar

ro chose found for DA (Chiba et aL~ 1985). Accordingly, the upcake of the roxicant is

comperirive1y inhibiœd br DA and DA uprake blockers such as rnuindol (Chiba et al. 1985;

Javitch et a/.• 1985). MPp· has been shown tO be released frOID dopaminergic nerve terminaIs

upon stimulation (Kdler and Da Prada. 1985), suggesring chat at least a portion may be stored

in the dopaminergic vesides. In addition, MPP+ binds with high affinity to neuromdanin and

merefore acts as a repository of mis toxin (D'Amato et al, 1986). Therefore~ dopaminergic

neurons retain MPP+ avidly. Accordingly. MPP+ acts as an effeaive substrate for DA uptake

carriers and chis provides a mechanism for ics accumulation in nigrostriaraJ cells.

3.3 BiDchnnictd Events LeIUli"K to the D~enerlltio"ofNigrostriatld Dopllminngic N~T01lS

The hypothesis which has received extensive suPPOrt frOID in vitro and in vivo studies suggescs

MPP+ as an inhibiror of mitochondrial NADH dehydrogenase or complex 1 leading tO the

cessarion ofoxidative phosphorylarion (Fig. 7 section 2.2,2, p. 32) (Nicklas et al., 1985; Poirier

and Barbeau. 1985b; Ramsay etal. 1986b). Injection of rorenone. known to inhibit at the same

site as MPp·, into the media! forebrain bundIe induces a selective degeneration of nigrosrriaral

dopaminergic neurons in ratS (Heikkila aaL, 1985). Thus, inhibition ofNADH dehydrogenase

is sufficient on its own tO induce neuronal œlliosses. However~ MPP+ is severa! rimes less porent

man rotenone at inhibiting mitochondrial complex 1 (Nicklas et al.• 1992). This apparent

discrepancy was delineated upon astute observations.
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Nicklas and his colleagues (1985) first demonstrated chat a relarive1y high concentration (0.5

mM) of MPP+ is required tO block che rate of oxygen upcake in livee and brain mirochondrial

preparations in che presence of pyruvate and malate (complex 1 subsuares) during ATP

synrhesis. The inhibition of NAD+-linked substrates was boch concencrarion- and time­

dependent, such dur the initial rate of mirochondeial respiration was unaffecred by MPP+ and

a progressive decline over several minutes was observed thereafter. In contrasr. mirochondrial

respirarion, measueed by a Clark oxygen elecrrode, was not inhibited by succinace (complex II

substrare), suggesting chat MPP+ affecred che transfer of eleetrons from complex 1 co complex

II. However, the concentration (~ 50 ~) of MPp· found in whole nigral homogenaces of

MPTP-treared mice was found to be [WO orders of magnitude lower chan chat required tO

achieve respiratory inhibition in vitro (Irwin et al., 1987; Langsron et al., 1987a; Nick1as ~t ai.,

1985). It was aIso difficulr ro conceive how a cation could penerrate me mitochondrial

membrane co gain access co NADH dehydrogenase.

Two major studies hdped ro explain chis apparent paradOXe First, dopaminergic cransporrers

could aCOlmulare sufficienc MPP+ co inhibit micochondrial respiration, as discussed in section

3.2. Second, che pyridiniwn cation is conœntraced in che macrix by the e1eCtrica1 gradient of me

mitochondriaI membrane at levels required co achieve inhibition ac chis locus (Davey et al.,

1992). This observation is consistent wirh the effecrs of rerraphenylboron anion (TBN-) and

respiratory chain uncouplers on MPP+-induced inhibition ofNADH dehydrogenase. TBN­

faciliraced the rransfer ofMPp· accross the mitochondriaI membrane by acting as an ion paieing

agenc. TBN- therefore reduces considerably the concentration of MPp· required for chis
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inhibition by shielding the positive charge of the latter (Aiuchi et al, 1988; Heikkila et al.,

1990; Ramsay et al 1989). In com:rast, this inhibition is prevenced in the presence of

mirochondrial uncouplers (Nicklas et al, 1985). Uncouplers induce an efflux of acewnulated

pyridinium carions, suggesring chat dUs inhibition is aIso reversible (Ramsay et aL, 1986a). The

effecr of uncouplers are remarkable as mey reduce che decrrochemical potenrial of mitochondria

byacting as a proton sink. Thus, the cransfer ofdeeuons in the respirarory chain cm no longer

sustain ATP synrhesis due ro the collapse of the rransmembrane porential. Therefore, the

mitochondrial roxicity of MPp· appears tO be self-limiring depending on the relationship

berween MPp· and ATP concentrations. Accordingly, ics uprake slows down as ATP

concenrrations faU, lowering the inrramitochondrial levds of chis toxin. This observation is

supported by the effect of MPp· on micochondrial membrane porential and NADH

dehydrogenase inhibition. A reducrion in mitochondrial membrane potenrial is observed when

chis compound is incubared with mirochondria (Lambert and Bondy, 1989). Inhibition of

NADH dehydrogenase has been shown co be of short duracion in mice brains, rerurning co

control levds wichin a few days of MPTP trearment (Mizuno et al., 1988). Taken together,

these observations dearly suggesc mat the half-life of MPp· within the nigrosrriaral system is a

crucial determining factor for its roxiciry and may account for the inrer-species differences in

MPTP sensitiviry.
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3.4Sp~MAreDijfirmtiIlJl1 Sruceptible ID MPTP-InJuc~J Toxicity

A srriking feature of MPTP is che marlœd inrer-species vuInerabiliry. Humans, monkeys and

dogs exhibir che grearest vulnerability followed by cats and mice (Burns et ai., 1983; Chiueh et

al., 1984; HeikkiIa et al., 1984a; Schneider and Markham, 1986; WiJson et al, 1987). In

conrrasr, rats and guinea pigs are more resisrant (Chiueh et al, 1984; Perry et aL, 19asb;

Walrers et al., 1984). There are aIso considerable differences among various strains of mice

(Giovanni et al, 1991; Riachi and Harik, 1988; Sonsalla and Heikkila, 1988). Several

explanarions relared (0 che srrain and species differences have been put forward during the recent

yeus. Differences in MPTP merabolism and MPp· recenrion as weil as itS distribution may be

conrributory factors. These observations are consisrent wich che half-life of MPP+ in the brain

after MPTP administration which is substalltially longer in monkeys and mice man in rars

(Giovanni et al, 1994a; Hallmann et al, 1985; Markey et ai., 1984; Nwanze et al.. 1995). Mice

excreœ 7-8 rimes the arnount of unrnerabolized MJYI1> chan do monkeys (Lau et aL, 1988). The

relative levels of MAO-B present in the brains of mice are lower chan chose of humans and

monkeys (Fowler and Srrolin Benedetti, 1983; Garrick and Murphy, 1980; Saura et al, 1992;

Sœnsrrom et al. 1987) and contribuee ra the contrasting merabolism of MPTP in these species.

In addition, MPP+ is retained in mice brains for approximarely 24 hrs with a half-life of

approximarely 2 ro 4 hrs as opposed to severa! days for primates Oohannessen et al, 1985;

Markey et al., 1984). MPP+ is found co bind co neuromelanin with high affiniry (D'Amato et

al.. 1986), suggesting char neuromelanin serves as a buffer, progressively liberating MPP+.

Inœrestingly. pigmentation of nigral neurons is an obvious characreristic in primates not evidenc
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in radentS. Consistent wim chis is the direct correlation berween neuromdanin content and che

degree ofdopaminergic cellioss in MPTP-created monkeys (Herrero et aL, 1993b). Agents mat

compete wich MPp· for neuromelanin binding, such as the antimaJarian drug ch1oroquine,

reduce or prevent MPTP-induced toxiàry in monkeys (D'amato et aL, 1987). However.

intracarocid injection of trace doses of [14C]_MPTP in monkeys failed co produce substanriaI

accumulation and rerention of labeled MPp· in nigral neurons (Herkenham et al.. 1991).

Perhaps the dose was coo low tO he toxic and to label neuromelanin intensely such chat che

radiolabeled producc was sequestered moscly by vesicuJar DA rransporters. Supporcing che

neuromelanin hypothesi5 is the observation chat older mire and monkeys are more sensitive to

MPTP treannent chan younger ones (Nishi et al., 1989) whose SN is not yet melanized

(Herrero et al., 1993a).

Alchough neuromelanin seems co underlie che unusual susceptibilicy of primates co MPTP. ic

does noc, however, relate tO the differential accribuces of chis neurocoxin among rodents. le has

been suggesced mac high MAO-B acciviry in the brain capillary endochelium. creacing a

biochemica1 barrier co MPTP. might explain the resiscance of rats co MPTP as compared co

mire (KaIaria etal, 1987; Riachi et al., 1991). However, MPTP-induced DA loss in cransgenic

mice overexpressing neuronal MAO-B is surprisingly similar to chat of cheir non-rransgenic

lictermates (Andersen et al., 1994). Asrrocyres are the main concribucors tO the conversion of

MPTP to MPP., whereas neuronal MAO-B participation is limited, as discussed in section 3.1,

which mayexplain these findings. Omer srudies have demonsrrated a high degree of correlation

beeween striacal concentrations of MPp· and sensitivicy to MPTP in severa! strains of mire
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(Giovanni tt aL, 1991; Sonsalla and Heikkila, 1988). To be effecrive as a neurotoxin, MPP"

must accumu1aœ and remain in high concentrations within the mirochondrial mauix since this

inhibition is weak and reversible. Thus, the rate of MPp· eliminarion is a key faCtor in

deœrmining suain and species sensirivity co MPTP. However, suiatal MPp· levels observed in

rats following the systemic administrarion of very large doses of MPTP were higher man chose

observed following similar dosages in mice (Giovanni et a/., 1994a). These srudies clearly

indicare chat MPp· reaches the nigrosrriaCl1 pachway in rars and chat blood-brain barrier tvfAO­

B activiry may not he a criticaJ faeror. In addition, the affinity of the DA transporter for MPP"

is similar to chat of DA itse1fin che suiatal tissue ofboch rats and mice Uavitch a a/., 1985;

Mayer et al, 1986; Sonsalla et al, 1987). Inreresringly, the EC'iO required to induce striaw DA

efflux in rars was 10 times higher chan chac of mice, as decermined by incrastriatal infusion of

MPP· (Giovanni et al, 1994b). Thus, rats require exposure tO a much higher concentration of

MPp· chan mire for the toxin co induce similar damage tO dopaminergic neurons (Giovanni et

al, 1994b), and these effecrs cannoc be actributed to differences in pharmacokineric properries

of DA transporters and MPP". Molecular differences in che vesicular monoamine transporter.

which sequestered and stored MPP", could be responsible for the differential toxicity observed

in mire and rats. The rat cDNA DA transporter encodes a 514 amino acid prorein with twelve

putative transmembrane segments chat is 90.70/0 homologous to humans (Lesch et a!., 1993).

However, a major sequence divergence (640/0) is noted in the large luminalloop locaced berween
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the first [wo cransmembrane domains (Leseb et aL., 1993). This loop may play an important role

in determining the relative affinicy to the roxicane for the transporter. Perhaps molecuJar

differences in che vesicular monoamine transporter of rars and mice explain rheir relative

sensitivity to the neurotoxic effecrs of MPP+.

4 MP1PA1mT the~ÛlpIldty oftbe Nigrostri4tllJ System: EtJiJenee Suppt11'ti7lg Il Ro/e

fir OziJatille SITeSS in .MPTP-/1IIJMeeJNeurott1%it:ity

Although inhibition of mitochondrial function appears tO be a sufficiene explanation for the

observed neurotoxic effect ofMPTP administration., oxidarive stress is thought tO contribuee tO

its long-rerm ouccome. In chis context, ie is importanc tO remember mac inhibition ofNADH

dehydrogenase by MPP" is weak and reversible. ~ the levels of ATP fail. the upcake of MPp·

slows and consequencly leads (0 decreased intramÎrochondriallevels of the toxicant. This process

may contribute tO the regeneration ofNADH dehydrogenase activicy observed in mice brains

(Mizuno et al., 1988). Changes in the appearance of brain mitochondria foUowing MPTP

administration to monkeys but nor ro mice have been reported (Adams et al., 1989a; Nakamura

et a!., 1989). Ir is therefore possible chat mirochondrial dysfunctions induced by MPTP are

transient and may not fully explain the long-term effeccs of MPTP. Alterations in the

antioxidant capaciry of che nigrostriatal pathway observed as a result MPTP or MPp·

administration seem tO support mis notion.
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4.1 MPTP 1l1Ul GI.tllthÛJne

GSH is a co-subsrraœ ofGSH-PX (Fig. 3 section 1.3.4. p. 15) and GSH-S-transferase is known

co play an imporcanr role in prorecring againsc oxidacive stress and the detoxificarion of

xenobiotics. MJYrP administration is shown co deplere nigraJ and scriacallevds of GSH in mice

and rars (Desole etai.• 1993; 1995; Ferraro aaL. 1986; Yong a a!.. 1986). This observation

suggests a role for chis antioxidanc in MPTP-induced oxidative stress. Although GSH depletion

can be a crait of sorne oxidarive stress-inducing agents. such as 6-0HDA. ie is more common

with agents chat deplere GSH by forming GSH conjugare5 (Perumal a a/.. 1989). However.

MPTP or MPP+ are noc known ro form GSH conjugares (Adams and Odunze. 1991). GSH

deplerion produced by MPTP treaonent may be relared to ATP depletion. as ATP is known co

be required by GSH syntherase and gamma-glucamylcysteine synmerase for the srnthesis of

GSH. This observation is supporced by the use of mirochondrial respiracory inhibicors. such as

porassium cyanide (complex IV inhibitor) and antimycin A (complex III inhibitor). known co

induce ATP deplerion char aIso resuIrs in GSH reduction (Michofer et al.. 1992). Pre-rreacment

with an antioxidanc (a-cocopherol or «-carotene) proreccs againsc GSH depletion but onJy

partially against striatal DA and nigral cellioss, suggesting chat sorne GSH reducrion is relared

co oxidarive Stress consequential [0 respiratory chain inhibition (Perry et aL, 1985a; Yong et aL.

1986). It is merefore reasonable co assume chat che manipulation of brain GSH content may

alter MPP+ toxicity. This hypothesis is consistent wich che effecc of carmustine and BSO. which

reduce brain GSH concent. on potentiacing nigral DA deplerion induced by MPTP in mice

(Adams etal, 1989b; Wüllner etal. 1996). Carmustine is a known inhibitor of GSH-reducrase
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involved in the regeneraàon ofGSH from irs inactive foern (GSSG) (Fig. 3 section 1.3.47p. 15)7

whereas BSO blocks gamma-glutarnylcysreine syntherase, the rare-Iimiting enzyme presenr in

the synthesis ofGSH. Morecver, adminisrration of (-)-2-oxo-4-thiazolidine carboxylare, a GSH

precursor known co increase brain GSH conrent, is found ro arrenuaee che MPTP-induced

reduction in striatal DA and irs metabolires (Weiner et al, 1988). Ineerestingly, GSH deplerion

has a differenrial effecr on midbrain dopaminergic neurons. Depletion of brain GSH by BSO

is known ro decrease nigral DA and ro induce neuronal hyperrrophy nor seen in the venerai

œgmental area ofmire (McNeill etaL 7 1985). This observation suggests constitutive free radical

formation wirhin the SN mar could be arrribured ro me degree of melanizarion. Accordingly,

che antioxidanrloxidant balance appears ro play a crucial role in nigral neuronal survival.

4.2 MPTP tttulAscorbit: .AdJ

Ascorbic acid (viramin C) is a porent warer-soluble ancioxidanr invoJved in the regeneration of

a-tocopherol (vitamin E) and GSH from their oxidized forms through a series of oxidation­

reducrion rearoons (Fig. 9) (W"mkler et ai., 1994). Thus, brain ascorbic acid concentrations are

maintained by an effeciene homeostacic mechanisffi. This may contribuee tO lack of alrerarions

in ascorbic acid leveIs7 whereas its oxidized form (dehydroascorbic acid) is increased in MPTP­

induced DA depletion in stfiaral synaptosomes prepared from rats (Desole et al., 1993; 1995).

Alterations in dehydroascorbic acid contene are consistent with free radica1-mediated
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Fig. 9. Raie of vitamine (Vil E), ascorbic acid (Asc) and glutathione (GSH) in
the detolCi1ication of peroxidized Iipids. The main features of the cellular
antioxidant cascades are shawn. with emphasis on the cyclicaJ redox
reactions. LH. polyunsatura1Bd fatty acid; L· ,carban-eentared fa1ty acid
radical; LOO· • Iipid peroxyl radical; LOOH, Iipid hydroperoxide;
vlt-E-o • ,a-tocophtlryl radical; Alle • •ascorbyl radical.
Modified from Emster and Dallner, 1995; Winkfer et 8/.• 1994.
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injuries. Ascorbic acid is also known to partially protect against MPTP neurotoxiciry in rnice~

thereby substantiaring chis notion (Perry et al., 1985a; Sershen et al.. 1985; Wagner et al.,

1985).

4.3 MPTP 1Zn4 a-Tocopherol

et-Tocopherol (viramin E), a lipid soluble anrioxidant, plays a criticaJ role in che protection of

lipid membranes from oxygen-derived free radica.Is (Fig. 9). Viramin E-deficienr animais have

significancly higher basallevels of O2' radical formation chan control animais. Nigral neurons

are found ro be more susceptible tO MPTP neurotoxiciry, as measured by alterarions in the

content of DA and its met:aboliœs (LeBel etal, 1989; Odunze et aL, 1990). An increase in Iipid

peroxidacion levels is observed in the SN of vicamin E-deficient mice foUowing MPTP
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intoxication (Adams a al, 1990). However, alterations in striaral lipid peroxidarion, DA

concentrations or DA metabolites were not exacerbated in these animais. These observations

suggest thar the antioxidative stare ofstriatal dopaminergic neurons differs from mat of the SN

in rerms of their suscepribiliry to free radica1s generared by MPTP treaunent. This is consistent

wirh the lower contenc of GSH found in dopaminergic cell bodies of the SN as compared tO

meir striatal rerminaI are2S (Slivka etal, 1987). Report mac a small deficiency in viramin E (3%

of control levels) in rats resulted in a decrease in TH immunoposirive neurons in the SN not

observed in the ventral cegmental area is a1so consistent with che higher vulnerabiliry of nigral

dopaminergic cell bodies to free radical damage (Dexter et al., 1994a). No alteration in DA

concentrations or turnover could be detected in the striaturn of these animais.

MPTP is also capable of producing changes in vitamin E in the brains of normal mice (Odunze

et al, 1990). A rapid increase in viramin E concentrations is observed in the striaturn of MPTP­

treated mice; these values return tO control vaIues within a few hours. In conuast, che

compensatory increase in nigral vitamin E levels in response to an oxidarive challenge tO che

membrane by MPTP occues very slowly and in a manner chat is consistent with the higher

susceptibility of this scruaure tO free radical-inducing agents. Changes in vitamin E conrent may

he responsible for the failure tO observe an increase in striarallipid peroxidation levels in MPTP­

treared mice (Adams et aL, 1990; Corongiu et aL, 1987).
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4.4MPTP IlruJ S.perr»dJe Dism.tIlSe

Mice pre-rreated with diethyldichiocarbamate, an inhibitor of CuZn-SOD. are subjecr to

enhanced striaw MPTP roxicity (Corsini et al.. 1985; Pikarsky et al. 1985). The increase

sensirivity to MP'TP induced by chis compound may indicare char sa0 plays a role in the

protection ofcells from chis neurotoxicanr, presumably by deroxifying O 2• radicaJs. T ransgenic

mice overexpressing CuZn-SOO, wim a three-fold increase in striaw CuZn-SOO activity, are

resisranc co low doses of MPTP, chereby supporting chis idea (przedborski et al., 1992b).

However. increases in SOD activiry in cransfecred cells and rransgenic miœ cause significanr

changes in the charaeteristics of me œil membrane as a consequence of increased lipid

peroxidarion (Ceballos-Picor et al., 1991; Elroy-Stein et al, 1986). In chis conrext. ir is

importanr tO remember char SOOs scavenge 02· wirh a concomitant production ofHz0 2• and

the accumulation of me latter participares in the cydic production of oxygen-derived free

radicaJs leading [0 oxidarive Stress (Fig. 3 and 4. section 1.3.4, p. 15 and 17. respecrively).

Transgenic mire overexpressing SaD are found [0 be more sensitive to che effecc ofhyperbaric

O 2 man non-cransgenic lirrermares (Oury et al., 1992). Converse1y. diethyldithiocarbamate

increased resistance co hyperoxia (Oury a a/., 1992). Since manipulation of antioxidant systems

also leads ro enhanced MPTP-mediated roxiciry (as discussed above), it is reasonable [0 expecr

a higher vulnerability ro MPTP in rransgenic mice overexpressing SaD. Ir may be char levels

of 50D expression achieved in these mice have differencial effeccs on models of &ee radical­

induced roxicity. AIrernarive1y, changes in other anrioxidants. such as increases in GSH-PX or

CAT activiry. could have counreracred the elevared concentrations ofH20 2• This assumption
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is supporred by che increase in CAT activity observed in rransgenic mice found resistanr to

MPTP neurotoxicity and whose G5H-PX activity remained una1rered (przedborski et al.,

1992a). T 0 our knowledge, the effects of MPTP on 500 aetivity has not been examined. We

cherefore invesrigared che role ofSOO in MPTP-induced toxiàty in normal mice (Chapter 2).

4.5 MPTP IltUl CIlld.",

A major consequence of MPP'" s action is the inhibition of oxiclative phosphorylation. if

susrained for a long period, results in ATP depletion. ATP is required, among omers things, for

the regularion of iooic gradients (such as Na"/K: ATPase) required for the passage of action

porentials and the Ca2
+-dependent relea.se of neurotransmitters. FaiJure to rapidly restore ionie

homeoscasis after depolarization leads tO the activarion of volrage-dependent Cah channels and

neuronal hyperexcicabiliry. Anocher reeurring characteristic of disruptions of the electron

transport chain is the excessive formation of free radicals leading ro oxidative Stress. In rurn,

alœrarions in membrane incegricy resuIr in increased permeabiliry ro ions such as Caz". leading

tO Ca!" overload, further depleting energy reserves (BraughIer et al, 1985; Paraidathathu et al.,

1992). A common effector of inrracelluIar Caz" overload is the activation of many ta ­

dependent processes which contribuee to œil damage. mus promoting a vicious cycle of

oxidarive Stress and mitochondrial dysfunctions (Dylœns, 1994; Kowaltowski et a/., 1995; Malis

and Bonvenrre, 1986). Those most often quoœd include activation of peptidases, phospholipases

and endonucleases (BeaI et a/.. 1993; Coyle and Pumarcken. 1993; Dawson et al, 1995). For

example, peptidases, such as calpain I, cacaIyze the enzymaric conversion of xanthine
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dehydiogenase tO xanthine oxidase involved in the carabolism of purine bases ro yield O 2•

(McCord, 1985). In addition, phospholipases such as phospholipase Az rdease arachidonic acid,

which in mm is merabolized by lipoxygenases and cydo-oxygenases ro form eiconasoids with

concomitant O 2• formation (Chan and Fishman, 1980). Furthermore, the rise in inrracellular

Cal~ cm lead tO the up-regularion in the activity ofNO synthase, an enzyme involved in the

formation of NO· that is expressed in striatal neurons (Bea1 et al, 1993; Bredt et al, 1990;

Coyle and Puttfardœn, 1993; Dawson aai, 1995; Lafon-Cazal aai, 1993). NO· reacrs rapidly

with O2• to form ONOO- which decomposes to OH· tO mediate neuronal injuries, as discussed

in section 1.3.4 (Fig. 4 section 1.3.4, p. 17). Inhibition of NO synthase wich nitro-L-arginine

reduces OH· radical formation produced by srriataI infusion of MPP~ in rars (Smith et aL,

1994). In addition, mice pre-treared with nitro-L-arginine showed atrenuared striaw DA

deplerion resulting from MPTP administration (Smich et al, 1994), suggesring a raIe for Ca2~-

induced free radical formation. Consistent with che raie of Ca.!~ in MPTP-induœd oxidarive

stress is the increase in inuace1Iular Cal
+ levds (Kass et aL, 1988) and ATP depletion (Di Monte

et ai., 1986) in rat hepatocyres exposed tO MPTP. Furmermore, MPP+ is demonstrated ro

increase inrracellular Cal.. levds in mesencephaIic cells, whereas chis effecr is not seen in cortical

cultures devoid of dopaminergic œlIs (Chen et al., 1995). Nimodipine, a blocker of volrage-

gaced Cal
+ channels (L-type), partially protecrs against MPTP-induced neurochemical changes

in a dose-dependent manner in the striaturn of mice (Gerlach et ai., 1993). The rise in

inrrace1Iular Cal
+ levels will trigger the exuusion ofCal.. from the cell, or ies sequestration wichin

the cell (endoplasmic reticuJum and rnirochondria). Cah is exrruded by a low-eapaciry high-
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affinityATPase (calmodulin-dependent) and by high-capacity low-affinity Na+/Caz+exchangers

mat urilize the energy srored in the sodium gradient to expel Ca2+. However, since the exchanger

is deetrogenic, carrying positive charges inta the cel1, it is also driven by membrane potential.

Ion exchangers of chis type are inherently bidirecrional such chat if the sodium gradient

collapses, che membrane is depolarized, leading ro a rise in inrracelluJar Cal +leve1s. Similarly,

failure ro produce ATP may aeee1erare Ca2+uptake, a mechanism thought ro contribute ro

MPTP-roxicity. The sequestration of Caz+into the endoplasmie reticulum is ATP-dependent

and its release oecurs in response tO the activation of a surface receptor on me endoplasmic

reticulum. The degree ofaaivation deœrmines whemer a net Cal +release or uprake ralœs place.

The upralœ ofCa2+into the mitochondria is similarly regulared and driven by a rransmembrane

potential (che inside of the mitochondria being negarive tO the cyrosol). However. the cyding

of Ca2
+ across che inner mitochondriaI membrane may normally serve tO reguJare me

mitochondriaI Ca2+gradient and, thereby, che activicy ofsevera1 Caz
+-dependent dehydrogenases,

including pyruvate dehydrogenase and isocirrare dehydrogenase (Dencon and McCormack,

1985; Hansford, 1985), providing a means tO control cellular ATP demands. Therefore, Ca:!+

accumulation by mitomondria as a mechanism for regularing inrracellular Cal
+ may only come

into play if a pachologicaJ rise in intracellular Ca2
+ occurs (Fig. 10). CaIbindin-D28K, a Cal..

binding prorein, may provide anomer means to deal WiID excessive Ca2+ accumulation by

functioning as a Ca2+ buffer (Baimbridge et al, 1992). This is of particu1ar interest since

calbindin-D28K positive mesencephalic dopaminergic neurons are preserved in PD and in

MPTP-treated animaIs (German et al, 1992; Haber et aL, 1995; Lavoie and Parent, 1991;

Yamada etaI, 1990). Accordingly, within che SN, the mdanized dopaminergic neurons of che
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Fig. 10. Diagram demonstrating the effects of energy fa/lure Jeading te increases in
intracellular ca2+ levels and oxidative stress. Impaired generation of AT?
reads te membrane depolariza1ion followed by relief 01111e Mg 2+ block of
the NMOA receptDr and. consequently, Icss in ca 2+ homeostatis (see tBxt).
Normally, ca2+ can be sequestered by mitcchondria and endoplasmic
reticulum (ER). Ca 2+ is ex1nJded by low.capacity high-affinity ATPase
(calmodulin-dependent) and by a high-capacity, 10w-a1finity Na + 1ca 2+

exchanger. In1Iux of Ca 2+ can also occur through the stimulation of NMDA
and 02 recep1Drs. leading te the activation of promues, phospholipases
and endonucleases. Ca 2+ accumulés in mitr:lchondria leading te 0;
generations. It aIso activates NO synthase te further exacerbate free
radical formation and ATP depletion, thereby promoting a vicious cycle.
Modified from Beai. 1995; Chlueh et al .• 1993; Coyle and Puttfarcken, 1995;
Kennedy, 1989; Siesjë. 1990.

AA = arachidonic acid. e=eiconasoids. POH =pyrwate dehydrogenase,
GOH = glutamatB dehydrogenase. IeOH = isocitrate dehydrogenase,
CaSP =calbindin.
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ventral tier which are che most susceptible to degenerarion in PD and MPTP pathology are

calbindin-D28K negative, whereas the dorsal tier chat is preserved demonsuates calbindin-D28K

immunostaining. Similarly, numerous dopaminergic neurons that are spared in the veneral

tegmentaI area and peri- and reerorubral regions are ca1bindin-D28K positive (German et al,

1992). In che œncral gray substance, calbindin-D28K is deteaed in aIl carecholaminergic neurons

where cellioss is minimal.

Ca2
• influx can aIso occur wough che activation of ionorropic N-mechyl-D-aspartate (NMDA)

receptors br excitatory amino acid (EAA) neurocransmitters such as glutaIllic acid. Under

normal conditions, the ionic channd of the NMDA receptor complex is blocked br magnesium

ions. Depolarization of the neuron removes the magnesium block and chus enhances the

srimuIatory effect ofglutamic acid on chis receptor. lt is weil known mat me SN pars compacca

receives a glucamatergic projection from che cerebral COrtex (Fonnuffi, 1984) and chat

dopaminergic neurons of che SN pars compacra have NMDA recepcors on their surface

(Overcon and Clark, 1992). This observation is aIso supported by the reduction in nigral

NMDA binding sites following MPTP intoxication (Wüllner et al, 1993). Moreover, it has

been suggesred chat dopaminergic rerrninals in the scriarum are parr of a eortico-scriato-thalamo­

cortical negative feedback loop, with DA causing the release of EAA (Carlsson and Carlsson.

1990). Hence it seems char glucamie acid influences the nigrosuiaral dopaminergjc neurons at

the level ofbom. cheir cell bodies and terminaIs. A synergistie toxie effecc is observed when the

complex l inhibitor rotenone is incubated with glutamic acid in mesencephalic dopaminergic

cultures (Marey-Semper et al., 1995). Therefore the influence ofNMDA ancagoniscs on che
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MPTP-induc.ed neurotoxicicy has been inrensivdy studied. However, the involvement of EAA

in this partîœlar modd where NMDA recepcor ancagonists have been used as procective agents

againsc me coxie effeccs of MPTP is concroversial (Chan et al., 1993; Kupsch et al., 1992;

Santiago aaJ., 1992; Sonsalla etaI, 1992; Storey et al., 1992; Turski et al., 1991; Zuddas et al.,

1992). The reasons for these eonflicting resuJcs remain co be fully ducidaced. For example, it

has been reported that MK801 (6 x 3.4-5 mglkg at 4 hrs incerval srarting 30 min prior tO

MPP+) is effective against dopaminergic cell loss and DA depletion up tO 24 hrs following

intranigral or incrastriata! infusion of MPP+ in rats (Storey et aL, 1992; Turski et al., 1991).

Moreover, MKSOI (7 x 0.01 mg/kg/day for 5 days) adminisrered in eombinarion with a daily

dose of MPTP prevenred degeneration of dopaminergje neurons as measured by levds of DA

and its merabolites in primates (Zuddas et al., 1992). In eonttasc, Sonsalla et al. (1992) found

no protection from MK801 (6 x 2.5 mg/kg at 4 hr inrerval srarring 30 min prior to MPP· or

MPTP) afœr inrranigral infusion of MPP+ in rars or 24 hrs afrer the syscemic adminiscration of

MPTP in mice. Dosage regimens of MKSO1, race of dimination and species differences may

explain the eontrasring resulrs obtained in chese experimencs. In addirion, MK801 has been

reported co modify the rate of e1imination of MPP+ from mouse striarum (Chan et al., 1993)

and co block MPp· uprake by rat synaptosomal preparations (Clarke and Reuben, 1995). Thus,

it may he chat high levds ofMK801 must he sustained for a long period in order to be effective

againsc MPp· toxiciry. However, chronic administration ofMK801 may noc be feasible given

ics known coxicity. Alcernative1y, it may be chac MK801 delays the neurocoxic effecrs of MPp·

by blocking the rise in Ca2
• influx which occur, in part, chrough the activation of NMDA

receptors rendered more sensitive tO EAA. In chis conrext, ATP depletion will resuJr in the
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collapse of ionic gradients and the loss of membrane potenrial. leading tO the activation of

volcage-gated Ca2
+ channels CL-type). This concept may be in line with the transient effecrs of

MK801 on MPP+-induced nigrostriatal toxicity, with protection seen up tO 24 hrs. while

impaired energy metabolism (ATP levels) conrinued for over 48 hrs (Chan et al. 1993;

Rouillard et al, 1990; Storey et al. 1992). Further srudies are required tO darify these issues.

4.6 MPTP~ OxiJarifJe Sn-ess and Parltinso71 S tlisellSe

In summary. the above srudies demonstrate that MPTP intoxication in mice induces

neurochemicaI, neuropathological and biochemical aIrerations that are reminiscent of PD. Table

1 shows the similarities among the aIreracions discussed so far berween MPTP-induced

parkinsonism and PD. Talœn together. mese observations lead researchers to rationalize char an

anrioxidarive therapy could be heneficial in patients suffering from PD, as manipulation of

antioxidanr defense systems cao. (0 a certain excent, acrenuate or exacerbate che deleterious

effecrs of MPTP in animal models. A large scale scudy hegan in 1989 to evaluate the effecrs of

viramin E and L-deprenyl on the progression ofdisabiliries in early. unueated PD patients (The

Parkinson Srudy Group, 1989a). Sînœ oxidarive suess is thought to play a significanr role in che

hrains of PD patients, as demonscrated by. among other findings, higher lipid peroxidation

levels (Dexter et al., 1989a; Pall et aL, 1986), vicamin E, a lipid peroxyl radical scavenger, was

considered of therapeutic value (The Parkinson Srudy Group, 1989a). However, viramin E did

not delay the anser of disabüiry in these patients as measured by the length of time before L-

dopa therapy was required (The Parkinson Srudy Group, 1993). The lack ofeffect of vicamin
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Table 1.

Summary of evidence supporting a role for oxidative stress in the substantia
nigra (SN) and striatum in PD and MPTP-induced parkinsonism.

PO MPTP References

Melanized nigral neurons

Oxidized DNA

Upid pero,adatian

Reactive oxygen species

GSH

SOO activi1ies

GSH-PX activity

CAT activity

NADH dehydrogenase activity

ND =Not Determined

selectÎVely last selectively lost

increased ND

increased na change

cannot be measured increased

reduced reduced

increased ND

littfe or no change ND

littfe or no change ND

reduced reduced

Hirsch et m., 1988
Herrera et m., 1993

Sanchez-Ramas et m., 1994

Dexter et m., 19894
Pail et 81., 1986
Adams et al., 1990
Corongiu et al., 1987

Ali et 81.,1994

Desole etai., 1993. 1995
Ferraro et 81.,1986
Sofic et a/., 1992
Yang et m., 1986

Marrtila et a/., 1988b
Poirier and Thiffault, 1993
Saggu et al., 1989

Marrtila et a/., 1988b
Poirier and Thiffault. 1993

Marrtila et a/., 1988b
Ambani et m., 1975
Kish et al., 1985

Mizuno et a/., 1989
Schapira et al., 1989. 1990

E may he relared co its low penetrance inco the hrain 01arassery et al., 1984). Conversely, the

MAO-B inhibicor, L-deprenyl was found co delay the necessiry of L-dopa therapy by 6 to 9

months in de nova Pafkinsonian parients (The Parkinson Study Group, 1989b). In addition, L-

deprenyl, in combination to L-dopa, permics the dosage of L-dopa ra be reduced by

approximately 10-30% (MyllylaetaL, 1995; Terrud and Langston, 1989; The Parkinson 5tudy

58



Group; 1993). This aspect was considered significant by neurologiscs as loss of efficacy occurs

during che prolonged use of L-dopa, characcerized by wearing-off and by the "on and off"

response fluctuations (abrupt swinging baek and forth in response tO L-dopa From clinical

effectiveness co sudden akinesia). However, doube has emerged in che clinical arena regarding

che use of L-deprenyl as an adjuna co L-dopa therapy. For instance, L-deprenyl used in

combination tO L-dopa bas been found oflittle henefit in patients wich early and mild PD (The

Parkinson's Disease Resea.rch Group, 1993). Increasing disability is aIso observed in patients

after 2 years of combined cherapy (Elizan et aL, 1989). Finally, che recene finding of a higher

morcalicy rare during a prolonged period ofL-deprenyl creacmenc raises sorne serious questions

regarding the safecy of chis drug (Lees, 1995).

ln addition, L-deprenyl is demonscrated co airer anrioxidane enzyme acrivicy, suggesring chat the

pharmacological profile of chis compound is complex and extends beyond MAO-B inhibition.

For instance, reports chat L-deprenyl induces an increase in 500 acrivity (Carrillo et al., 1991;

Clow et al, 1991; Knoll, 1988) are incriguing considering chat 500 is up-regulared in several

mode1s of free radical-induced toxicicy (hyperoxia, 6-0HDA, paraquat) (Crapo and Tierney.

1973; Frank, 1981; Krill etai., 1988; Ogawa etaI., 1994; Sjostrom and Crapa, 1981; Stevens

and Autor, 1977). Taken together, these srudies led us ta evaluate the possible mechanism

leading to an increase in sa0 acrivicy and che rdarianship beeween increases in 500 aetiviry

and lipid peraxidation levels in PD.
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5 The-Phllrmlll:olsD ofthe MAO-B InhibittIT L-Deprmyl

The incidental observation of the mood elevating effecc of iproniazid~ a MAO inhibiror used

in the rreaonent of tuberculosis, led researchers to invesrigace the possible beneficial effeccs of

MAO inhibitors in depressive patients (Crane~ 1956; Fox~ 1952; Kline~ 1958; Zeller and

Barsky, 1952). Accordingly, deprenyl (phenylisopropyl-N-methylpropinylamine~E-250) was

srnthesized as parr of new speccrurn of drugs developed for che treacment of depression some

30 years ago by Dr. Joseph Knoll ofBudapest~ Hungary (Fig. Il) (Knoll et aL~ 1965). The

Fig. 11. Stn.Icture of L-deprenyl. The asterisk iden1ffies the chiral carbon atDm.

raœmic mixture ofdeprenyl, or E-250 as it was chen called, was reporred ro cause hyperthermia

and excitation in rats and, most important, did not enhance the hyperrensive effecrs of ryramine

(so-called rtcheese effeas") , unlilœ the earlier MAO inhibitors (Knoll et al., 1968). The

psychoscimulant effecrs of deprenyl lead to its introduction as an antidepressant and the first

patients treared were depressed Soviet soldiers (Knoll et al., 1965; Varga and Tringer, 1967).

MAO locaced in che intestine and stomach offers a barrier against the abnormal absorption of

cyramine contained in fermenced produetS such as wine and cheese (Blackwell et af., 1967;

Hassan et al, 1988). Tyramine is an indirectly acting sympathomimetic mac causes the release

of intra-neuronal NE, resulting in life threacening episodes of hypertension. A derailed analysis

of the phannacological and biochemical profile of the racemic mixcure of deprenyl revealed mat
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the L-enanriomer (Eldeprenyl. Se1egiline) Jumex) Movergan) was less toxie chan the O-form and

found tO have150 rimes the poœncy tO inhibit MAO (Knoll and Magyar) 1972; Magyar et al.

1967). In 1968, Johnston developed dorgyline (2A-dichJorophenoxypropyl-N­

methylpropinylamine. MB 9302) and found ic to be a surprisingly potent inhibicor of MAO

chat deaminaced 5-HT. Conversely. L-deprenyl seleetively inhibired the deamination of

benzylamine and «-phenylethylamine ({~-PEA) (Yang and Neff. 1973») leading Johnston co

propose me existence of MAO subtypes. The nomenclature introduced by Johnscon was based

on subscraœ seleetivicy such chat che dogyline-sensirive isoform was called MAO-A) whereas che

L-deprenyl-inhibired type was referred ro as MAO-B Qohnston. 1968). The association of

MAO-A inhibition and the ryrarnine-induced hypertensive crisis was by men well esrablished

and discouraged dinicians from using these MAO antagonisrs in the treacment of depression.

Since L-deprenyl was exempc from cardiovascular sicle effecrs. and could potenrially reduce DA

merabolism and oxidarive stress associared wirh MAO merabolism (i.e.• H 20 2 formation) which

increa.ses with aging. chis compound was inrroduced in the crearment of PD (Birkmayer et aL.

1975; Robinson. 1975). Birkmayer and his colleagues in t 974 were che Rrsc to report on the

benefiàal effeccs of L-deprenyl on a group of 223 parkinsonian patienrs. However. the dinical

effects of L-deprenyl seemed Co dissipare within a few days mer therapy (Birkmayer et aL.

1977). Thus. the dinical efficacy ofL-deprenyl may nor be solely rdared ro MAO-B inhibition

as this block persists long mer the trearment is discontinued. This review will therefore focus

on the pharmacological aspeCtS ofL-deprenyl in the CNS.
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5.1 I"tert«lÜmS ofL-Deprnql with M(J7J(Jllmine OxiJases

MAO conrains a flavin-adenosine-dinudeotide (FAD) cofaaor and is locared on the ourer

mitochondriaI membrane where it catalyzes the oxidative dea.mination of amines according ra

me overall equation:

The enzymes occur both in the CNS and in peripheraI tissues and are classified as [wo forms,

A and B Oohnston, 1968). The naturaI suhsrrates of MAO-A include epinephrine, NE and 5­

HT, chose of MAO-B are g-PEA, benzylamine and te1e-methylliiscamine. Tyramine and DA

are subsrrates for both forms of che enzyme (Glover and Smdler. 1986). Although the name

monoamine seems implicit, it is not entirely appropriate since chese enzymes are aIso capable of

deaminaring long-chain diamine compounds such as che anticonvulsanr pro-drug 2-n­

penrylaminoaceramide (miJacemide) and even rerciary amines such as MPTP and I-methyl-g­

carhoIine (harman) (Blaschko, 1952; Chiba et al.. 1984; De Varebeke et al, 1988; Mayet al.,

1990). The relative substrate specificicy of che [wo types ofMAO is by no means universaI, since

it depends upon subsrrare concentrations and assay conditions (in vitro versus in vivo) (Fowler

et aL. 1981). As such, the compounds described above will inreracr wich both forms of MAO

under favourable conditions. Thus, rat brain MAO-B has been shawn ta mecabolîze 5-HT bue
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with a- much higher ~ value and at lower maximal vdocity (V) chan chose of the A forrn

(Fowler and Tipton, 1982). Conversely, &-PEA is aIso a substrate for MAO-A but with a higher

I\n value and lower V chan those reported for che B type (Fowler and Srrolin Benedetti, 1983).

The initial scep of the interaction of L-deprenyl and MAO-B is reversible, forming a

noncovalent complex within che active site. Subsequent reaction of L-deprenyl wirh chat

complex leads to che reduction of che enzyme-bound FAD with the concomitant oxidation of

che inhibitor, which in cums reacrs covalencly wich the N-5 residue of cysteinyl-flavin moiecy

(Maycock et al, 1975; Salach etal, 1979). lt is merefore concluded chat L-deprenyl belongs tO

the class of enzyme-activared irreversible inhibitors. aIso referred tO as mechanism-based

("suicide") inhibitors. Such inhibitors, as in the case of MPTP discussed in section 3.1, cao

show a high degree of specificity towards a target enzyme since the effective inhibitory species

is generared from an essenrially unreacrive compound from the catalytic domain of the enzyme.

The potency of inhibition will be governed by rwo factors. First, the affinity of the inhibitor

with the active site of the enzyme, which involves a non-covalent binding and second, the rate

of reaction within chat complex to form the irreversibly inhibited species. Thus, the degree of

selecrivity of an inhibitor cowards MAO-A or MAO-B will depend on the relative magnirude

of chese twO processes.

The IC"i() values reporced for the in vitro inhibition of mitochondrial MAO-B by L-deprenyl are

about 1 and 4 nM for primate and rodent brains. respectively. wim a selectivity of about [WO

orders of magnitude for MAO-B over MAO-A (Riederer et al, 1978; Terleckyj and Heikkila,
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1992). -The IC.,o value observed mer inrraperitonea.l injections of L-deprenyl in rodent brains

is 0.36 mgIkg (Terleckyj and Heikkila, 1992) and displayed a 160-fold seleccivity for MAO-B

over MAO-A. According tO Knoll (1978), the highest dose in rats mat blocks MAO-B but

laves MAO-A relarivdy una.ffeaed is abour 0.25-0.5 mg/kg. This dose is less man 0.50/0 of the

roxic dose or LD'io. A 1055 of selecrivity cowards MAO-B inhibition is observed in rat brains

given a repetitive daily administration of a low dose of L-deprenyl. For instance, the firsr dose

of 1 mgIkg inhibits by 10°,4) the oxidarion of 5-HT, which gradually increases co 70°1& following

the 14th dose. Similarly, me metabolism of g-PEA is inhibiced by 30% wim the first dose.

increasing co aboue 900/0 by day 14 (Waldmeier and Felner. 1978). With more merapeutically

relevant doses (0.25 mg!kg), che inhibition of 5-HT oxidation varies from 25 to 430/0 ar che end

of a 21-28 day period (Ekscedt et al. 1979; Knoll, 1978; Zsilla et al, 1986). Data are aIso

available from the brains of patients reœiving L-deprenyl ac a daily dose of la mg (= 0.15

mg/kg) for approximacely 6 days before dea.th (Riederer et al.. 1978; Riederer and Youdim.

1986). MAO acrivicy cowards DA and 5-HT is inhibited by 900/0 (range 86-950/0) and 650/0

(range 38-83%), respeetivdy. The concentration of 5-HT remained unchanged ac pose-mortem,

suggesting mat the remainding MAO-A acrivicy appeared to be sufficient for its metabolism.

Bload platelets offer a pracrica1 cool ca fal10w the kinerics of MAO-B inhibition in humans as

chey are enriched with the enzyme (Birkmayer et aL, 1977; Simpson et al., 1985). Inhibition

ra.kes place rapidly after an oral dose of la mg of L-deprenyl in healthy volunceers and reaches

28% within 5 min. On average, 500/0 inhibition is attained in 15 min. and complete block is

ohserved within an hour. During cantinuous trearment, the inhibition of plateler MAO-B is

practically 1000/0.
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The rare of recovery ofMAO-B acrivity wr irreversible inhibition by L-deprenyl is dependent

upon me de nova enzyme synthesis. The turnover rate for MAO is found to vary from organ to

organ and among species. For inscance, the half-life for the recovery of MAO-B activiry in

rodent brains is reported to vary from 8-14 days even when a high dose of L-deprenyl

OOmg!kg) is used (Felner and Waldmeier. 1979; Goridis and Neff, 1971), whereas in primaœ

brains it is found to be as long as 30 days (Amen aal, 1987; Fowler et al, 1994). These resulrs

are ofprofound impact wiID respect to the assessment of parkinsonian syrnptoms following L­

deprenyl withdrawaI in clinical trials (The Parkinson Srudy Group, 1993). The tvfAO-B

inhibitory effeas of L-deprenyl persist long after a wash-out period of 30 days, a criteria used

by The Parkinson 5rudy Group (993). Thus, a drug-free interval of several monms would be

required for the recovery of MAO-B aaiviry to more chan 900/0 of control values (Fowler et

al.,1994) in order (0 reduce the ambiguiry in drawing conclusions concerning L-deprenyl's

effeccs (symptomatic versus neuroproteaian) in PD (section 5.4).

5.2 DistriInaio71 of MAOs in th~ CNS awi Impliaztüms ofMAO 0xirJase Inhibition by

L-Deprmyl on DA MetIlbolism

Although DA is a mixed subsrrate for bath MAOs in vitro (Yu, 1986), it is preferenrially

metabolized in vivo by NtAO-B in primates (Oreland et aL, 1983; Paterson et al.. 1995;

Stensuom et a/., 1987), whereas MAO-A is che predominant form involved in ics merabolism

in rodents (Butcher et al, 1990; Finberg et al, 1995; KatO et aL, 1986). These differences are

attribured tO the relative amounrs of MAO subcypes in the brain and their respective
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compamnentalizarion. For example, DA is merabolized by both MAOs in I-tuman cortical area.s

where che rdative racio of MAO-A to MAO-B is 1: 1. However, DA is deaminare:d

predominandy by MAO-B in the human basal ganglia and brainsrem regions in which a ratio

of2:1 in favor ofMAO-B is found (Q'Carroll etai... 1983). The distribution oflv1AO-A and

B in the CNS is similar for both primates and rodentS.. whereas their relative quanriry differs

markedly lKonradi et al., 1988; Saura a al., 1996; Wesclund et al., 1988; Willoughby et aL,

1988). MAO-A predominaces in neurons where NA is the primary neurocransmicrer, such as

the locus coeruleus, whereas MAO-B is siruaced in 5-HT-projection regions of the

hypothalamus.. raphé and area poscrema of both rodents and primates. MAO-B is abundant in

the ventricular and microvessel linings and rars appear ro have remarkably higher levels of

MAO-B activiry than chose found in hurnans (KaJaria and Harik, 1987). Astroeytes contain

both MAO-A and MAO-B, with the latter predominant (Konradi et al., 1988; Wesclund et al..

1988). The increase of MAO-B activiry with aging appears to be associated with astrocytic

proliferation. This observation is consistent with the rdative increase in .NfAO-B acrivicy

observed in the SN of severely affected parkinsonians where intense gliosis is aIso observed

(Riederer and Jellinger, 1983). In the human brain about 700/0 of toral MAO aetivity is of type

B, whereas it is reporred co represent only 50/0 in rats (Oreland et al., 1983; Riederer et al.,

1978). These are important aspectS when evaluating the effeas of MAO-inhibirors in rodents

and extrapolacing these findings tO humans. For instance, the activicy of MAO is about five

rimes greater outSide the neuron and the majoriry is of type B in hurnan srriataI synaptosomal

preparations whereas in rat the opposite is seen (Ordand et aL .. 1983). In conrrast.. the SN of

human and rat appears to be virrua1ly devoid of MAO-A and MAO-B immunolaheling.

66



The question chen arises as tO whemer the extra-dopaminergic location of MAO-B could

influence DA meraholism. Two srudies have examined the contribution of incra- and exua­

neuronal MAO with respect to DA merabolism in human and rat scriara! synaprosomes. which

included physiologicaI DA concentrations in the assay (Oreland et al.• 1983; Stensrrom et al..

1987). Ir is estimared chat about 30/0 and Il% of DA is oxidized by extra-neuronal MAO-B and

MAO-A. respectivdy. in the rats when taking inco accoune neuronal DA reupra.ke mechanisms.

However. MAO-B contributions C3ll be moderate1y increased to approximacdy 10% when me

DA reuprake process is inhibited (Liccione and Azzaro. 1988). This finding is also consistent

with the lack of a significant effect observed on DA metabolism when MAO-B is inhibired by

L-deprenyi. ar doses which do not alrer MAO-A aetivity, in the rat striarurn (Berry et al.. 1994b;

Buccher et al. 1990; Paterson et al.• 1991) or in the unilacerally lesioned rats (Finberg et al..

1995). In contrast, a high proportion of DA carabolism proceeds via MAO-B (66%) locared

ourside the dopaminergic compartmenc in humans (Oreland et ai., 1983; Srenstrorn et al.,

1987). Thus. it cao he appreciated mac MAO-B inhibition will have a differencial impact wim

respect co DA mecabolisrn in me srriarum of rats chan humans. This is consistent with the

administration ofL-deprenyl. ac a dose chat selecrively bloeked MAO-B. resulting in an increase

in DA leve1s in the caudace nucleus of monkeys (Paterson et al.. 1995) and parkinsonian

monkeys (Rausch et al., 1990).

Almough MAO inhibition cao increase the concentration of DA ac me synapse. omer enzymes

are aIso involved in irs merabolism, such as membrane bound and soluble forms of cacechol 0­

methyltransferase CCOMn. Scriaca.1 COMT is locared oucside dopaminergic neurons and
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inacti"d.tes DA and L-dopa by O-methylation (Kasmer et al., 1994). Large doses of 3-0-

methyldopa, the major metabolite of L-dopa, given to rats resulted in an inhibition of L-dopa

utiIization in the striarurn (Reches and Fahn, 1982) and blocked L-dopa-induced rotationaJ

behavior in rars with uniIaterallesions tO the nigrostriatal pachway (Reches et a/., 1982). These

observarions might e:xplain why L-deprenyl irsdf is a less porent anri-parkinsonian or DA agonist

drug chan L--dopa. In addition tO an alterarion of DA metabolism, inhibition of MAO-B couJd

aIso provide a sympromatÏc rdief of PO through an elevarion ofB-PEA.. Whether g-PEA has a

physiological significance is still a matter ofconuoversy, although it has been suggested char B-

PEA may ace as an endogenous neuromodularor of dopaminergic funcrioning (Paterson et al.,

1990).

5.2.1 L-Deprmylll.nJ/f-Phmylethyl4mine

B-PEA is an indirectly acring sympathomimetic chat induces catecholamine release from che

presynapric exrragranular pool (Paterson et aL, 1990). B-PEA is formed from che

decarboxylarion of phenylalanine catalyzed by aromatic amino acid decarboxylase (AAAD), and

chis represenrs the rare-limiring srep. B-PEA does not appear tO be srored and irs rare of synchesis

in the brain is slow, whereas its catabolism ro phenylaceric acid by MAO-B is exuemely rapid.

Thus, the turnover of B-PEA is very rapid such char the steady scare levels are kepr at a low

concenuation «5 ng/g tissue) (Paterson et aL, 1990).
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Iontophoretically applied B-PEA is demonsrrared co porentiate nigral dopaminergic responses

co DA (Paterson a aL, 1990), suggesring chat «-PEA may act as a modulator of dopaminergic

rransmission. Similar findings have aIso come From srudies where changes in membrane fluidicy

caused by DA were found to be enhanced by «-PEA (Harris et aL, 1988). Furthermore.

presynaptic activation of DA receptors resulcs in a decrease in B-PEA synthesis and MAD

activiry (Paterson etai., 1990; Zhu etai., 1992), whereas DA receptor anragonisrs increase both

(Hadjüconsranrinou et al, 1993; Zhu etal, 1992). Destruction of nigral dopaminergic neurons

wich 6-0HDA leads to a decrease in both striaral DA and B-PEA levds, suggesring chat B-PEA

is localized in DA neurons (Boulton et al, 1990). Thus, not oruy can B-PEA modulate

dopaminergic transmission, but a functionallink may also exisr berween B-PEA srnmesis and

dopaminergic activiry.

Inhibition ofMAO-B acriviry markedly increases srriaral B-PEA levds in several animaIs species

including rats (Philips and Bouleon, 1979), dogs (Milgram a aL, 1995) and monkeys (Berry et

al, 1994b). Consistent wich these various findings is the reversai of chis effect by NSD 1015,

an inhibitor ofMAD, on alrerations of B-PEA levels caused by MAO-B inhibimrs in rats (Berry

et al, 1994b). Incerestingly, L-deprenyl is found ro increase the expression levels of MAD

mRNA (Li etal, 1992), which would presumably be seen as an increase in AAAD activiry and

fun:her enhance striatal B-PEA concentrations.

Urinaryexcretion ofB-PEA is increased during L-deprenyl therapy (Karoum et al, 1982). The

concentrations of B-PEA in postmortem brains of PD patients receiving L-deprenyl cherapy are

69



approximately 1000% and 3000% higher in the srriatum and limbic areas~ respectivdy~ chan

chose observed in caneraI brains (Riederer et aL, 1987). In comparison, the increase of DA

concentrations was 23% in the scriawm and 41 % in the limbic areas (Riederer et al., 1987).

Therefore the relarively higher increase in «-PEA may coneribute to the therapeutic efficacy of

L-deprenyl which reduees the dose of L-dopa required in the combined treaonent and may also

explain the iJccasionaI mood e1evation effeas reporred by patients.

5.2.2 OtherEjJias ofL-Dqn'mJllm Stri4ttdDA Levels thlltAppear ID beInJqJmdnuofMAD-B

Inhibition

L-Deprenyl is found to block the reuprake of [3H]-DA in rat striaral slices in a dose-dependent

manner widl an I~ of 54 J1M (Bondiolorri et aL. 1995; Fang and Yu. 1994; Lai et aL. 1980).

In comparison. methylphenidare. nomifensine and GBR12909 are more potent inhibitors of

the DA reuprake carrier, with [Cc;o vaIues of0.64. 0.11 and 0.016 flM. respecrively. In addition,

chronic low dose L-deprenyl (0.25 mg/kg/day for 3 weeks) prorected striataI dopaminergie

neurons against the ddeœrious effecrs of6-0HDA and chis effect was arrribured ta DA reuptake

block (Harsing et aL. 1979; Knoll, 1987). [n these srudies, L-deprenyl prevenred the

enhancemenr ofacerylcholine (ACh) rdease caused by 6-0HDA-induced scriaral DA depletion.

Ir is weU known mat the loss of DA inhibitory input causes hyperactiviry of cholinergie

inœrneurons, such an imbaIance being typicaI of PD. Although chis method is indirect, a more

direct approach aIso supports chis finding. For instance, L-deprenyl is found tO block [3H]-DA

reuptake and ro increase DA turnover rate in smacal slices prepared from L-deprenyl-treared rats
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(0.25 mg/kg/day for 2 weeks or 3 weeks) (Knoll, 1987; Knoll and Miklya, 1994; Tekes et al,

1988; Zsilla etal, 1986). Inhibition of DA reupcake is observed at 1 hr but not at 24 hrs mer

a single dose, indicating chat me reuptake block was reversible and merefore appeared tO act

independently of MAO-B inhibition (Knoll, 1987). L-Deprenyl up-regulared binding of

mazindole, a marlœr of DA uprake sites; this is a phenomenon associated with DA uptake

anragonists (Wiener et al, 1989a). Furmermore, L-deprenyl pre-rreannent decreased the

intenSity ofarnpheramine-induced stereocypy behavior, indicating mat L-deprenyl may reduce

me uptake of amphecamine (Timar et aL, 1993). Alterations in DA rurnover rate could have

resulced from MAO-A inhibition as the dosage of L-deprenyl used was shawn tO inhibit MAO­

A by 200/0 at the end of the 2 week rreaanenc. This observation appears unlikely since che MAO

enzyme needs (0 be inhibited by abour 850/0 tO obtain quantitative aIterarions in DA merabolism

in rars (Hirsing et al, 1979). Pargyline, a non-selective MAO inhibiror, is devoid ofeffecrs on

the dynamic of DA tranSmission (Knoll, 1987). In addition, L-ampheramine mecabolites of L­

deprenyl (section 5.3 and 5.3.1) may not he responsible for the increase in DA turnover rate (as

estimated by bloeking the de nova DA srnthesis wich a-merhyl-p-tyrosine) since D­

ampheramine (0.25 mg/kg/day s.c. for twO weeks) has an opposite effect (Zsilla and Knoll,

1982). Chronic L-deprenyl administration is aIso found (0 enhance DA release from striataI

slices upon Kel stimulation (Knoll, 1987; Knoll and Miklya, 1994; Zsilla et al, 1986). Taken

together, the dinica.l effiicacy of a chronic L-deprenyl trearment appears tO be rdated [0 ics

stimulacory effeces on dopaminergic tranSmission and seems ra play a more impOrt3JH role chan
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MAO..;B inhibition. This observation is consistent wim me loss of symptomatic effecrs of L­

deprenyl after a few days of rreatment in PD. while MAO-B inhibition is known co persist long

mer chis period (Birkmayer et al. 1977).

5.3 Pha1'1nllt:o/dnnic Aspects aMMn-abolism ofL-Deprmyl

L-Deprenyl is readily absorbed From the gastrointestinal tract as shown in animal and human

srudies (Magyar and T6chfalusi. 1984). The maximal plasma concentration is reached wichin

0.5 co 2 hrs in humans and rats following an oral dose wim a half-life of about 1 tO 2 hrs.

indicating mat L-deprenyl is rapidly merabolized (Mahmood et al.• 1994; Michaelis et al..

1993). An apparent volume of distribution of 150 co 300 L is achieved after an intravenous

administration and 94% is found tO be bound to serum proteins. especially tO macroglobulins

of mice and humans. with a bioavailabiliry ofless man 100/0 (Heinonen et aL. 1992; Magyar and

T6thfalusi. 1984; Mahmood et al. 1994; Szoko et al.. 1984). L-deprenyl rapidly penetrates

tissues due to its high degree oflipophiliciry. High radioactive levels are derected wichin seconds

of irs administration in che brains of mice (autoradiography) and humans (PET) aI levels 3.5

times higher chan chose found in plasma (Fowler et al, 1987; Magyar and T6thfalusi, 1984;

Mahmood et al, 1994). The uptake of [llCl-L-deprenyl is more chan twice as high in che

thalamus and srriatum man the cortical areas, reflecting a preponderance of MAO-B in the

former areas (Fowler et al., 1987).
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Rg. 12. Metabolism of L-deprenyl. Note thatthe stsreoselectivity is maintained during metabolism. Th. enantiomeric
carbon atom is identified by an asterisk. Modifed from Yoshida et al ., 1986.

The first-pass merabolism of L-deprenyl is intense and takes place mainly in che liver through

the microsomal eytochrome P-450 system (Fig. 12) (Yoshida et al, 1986). L-deprenyl is

metabolîzed co L-desmethyldeprenyl (also called nordeprenyl) and L-mechampheramine. L-

Desmethyldeprenyl is further metabolîzed to L-amphetamine, while L-amphecamine and L-

methamphetamine are convened tO their corresponding p-hydroxylated forms in rats and

humans (Kalasz etaL, 1990; Magyar and Téithfalusi, 1984; Yoshida et al, 1987). The formation

of L-arnpheramine is aIso parrially catalyzed by the monooxygenase system. Mecabolism of L-

deprenyl can also result from the in vivo deavage of che inhibirory molecule from MAO-B wim

the rdease of che metabolires L-methampheramine and L-ampheramine (Remolds et al., 1978a).

AlI three merabolites of L-deprenyl have been derected in human plasma, CSF and urine mer

single or conrinous administration of the drug (Heinonen et al. 1989). L-metharnphecamine

accounes for the majority of the metaholires and the parent drug has not been detected in urine.

In humans, the highesr median concentration of L-metharnpheramine after a 1 week

,
\

administration of a. daily dose of 10 mg L-deprenyl is about 30 ng/ml, seen approximardy 5 hrs
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after the administration of the compound. The median peak concentration of L­

desmechyldeprenyl and L-ampheramine is approximately t 5 ng!mL and is detecœd at around

1 hr and 5 hrs~ respecrivdy. No significanr differences are found in the plasma levels of the

metabolites wr a single or multiple dosage; chus no accumulation of che metabolires occurs

(Heinonen et al, t 992). The concentrations of L-desmethyldeprenyl, L-ampheramine and L­

methampheramine in the CSF are t ~ 7 and 15 ng/mL, respectively, after multiple dosing

(Heinonen et al, 1989; 1992). In addition, L-ampheramine has been detecred in the striarum

and various brain regions in PD (Reynolds et ai., 1978b).

The metabolites of L-deprenyl are tO a certain degree inhibicors of MAO-B. The inhibicory

porencies of L-desmethyldeprenyl, L-ampheramine and L-methampheramine are reported [0 be

30~ 500 and 1000 rimes, respecrivdy, lower chan chac ofL-deprenyl in vitro (Borbe et al., 1990).

However~ in vivo, L-desmethyldeprenyl is found to inhibit MAO-B irreversibly wich a potency

chac is ooly 3 rimes less chan chat of L-deprenyl (Borbe et a/. , 1990).

5.3.1 Do the Metltboutes ofL-Deprm,l Pl4.y Il Ro/e in L-Deprmyl Ther.peutic Actions?

The basic pharmacological action of D-amphecamine and D-methampheramine is ra release

catecholamines from che presynaptic nerve terminaIs (Fischer and Cho, t 979). Both compounds

inhibic DA uptake (Schaeffer et aL, 1976) and MAO activicy (Robinson~ 1985). Chronic

administration of high doses (> 16 mg/kg/day) of D-amphetamine or D-methampheramine

results in a neurotoxicicy characcerized by a Joss of DA nerve terminaIs (Fuller and Hernrick-
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Leucke, 1982: O'Callaghan and Miller, 1994; Robinson and Camp, 1987; Schmidt et al.,

1985). In addition, D-amphetarn.ine induces an increase ofblood pressure (Simpson, 1978),

stereotypie locomoter behavior in ratS (Segal, 1975) and self-adminisuation in monlœys (Balster

and Schusrer, 1973). Similarly, D-methamphecamine has acknowledged abuse potencial in

humans and is an effective reinforcer of inuavenous self-administration behavior În rats (YokeI

and Pickens, 1973).

To be effective as a psychosrimulant, che racemic mixture of deprenyl (E-250) must be

adminisrered at very high doses (50-100 mg daily) (Knoll a al., 1965; Varga and Tringer,

1967). These effeets have been artributed to D-ampheramine metabolires formed from 0­

deprenyl (Varga and Tringer, 1967). Thus, the stereoselecriviry of che merabolites maintained

during L- and D-deprenyl metabolism is a key factor in determining their properties (Fig. 12).

L-ampheramine and L-mechampheramine possess about one-tenth the ampheramine efficacy

of the corresponding D-isomer (Chiueh and Moore, 1974) and the former substances have been

derecœd in che brains of patients rreated wim L-deprenyl (Reynolds et a/., 1979b). L-deprenyl

is found ta substitute for D-arnpheramine in drug discrimination srudies in rats and monkeys

ar doses of 17 mglkg and 5.6 mg/kg of L-deprenyl, respecrively (Yasar and Bergman, 1994). Ir

is noreworthy chat «-PEA bas previously shawn ta produce arnphecamine-like behavioral effeas

(Borison aaL, 1977; Dourish, 1982). Conceivably, increased circulating leve1s of g-PEA after

the adminisuarion ofL-deprenyl may conuibute tO ics behavioral effeccs. However, doses of L­

deprenyl which maximally increase «-PEA concentrations in rats and monkeys are about one

renth chose mat substituee for D-amphetarn.ine or D-methamphetamine (Buu and Angers, 1987;
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Yasar and Bergman, 1994). These observarions suggest mat MAO-B inhibirion does not play

a major role in mese effects. MDL72974 (4-fluoro-«-(fluoromemylene)-benzeneburanamine.

mofegiline hydrochloride). a selective irreversible MAO-B which, unlike L-deprenyl, is nor

metaholized ro amphetarnine (Dow daf.. 1994). and presumably increases the levels of g-PEA,

failed co produce amphetamine-like discriminative stimulus effectS in rars at doses as high as 10

mg/kg (Moser, 1990). Therefore, «-PEA as a result of MAO-B inhibition may not be the

mechanism leading to the generalizarion ofamphetamine-like behaviour. Increases in locomoror

acrivity in rars adminisrered L-deprenyl is blocked by prodifen, a microsomal enzyme inhibiror,

supporting che notion mar these effecrs are related to the mecabolism of L-deprenyl (Engberg

et aL, 1991).

With a more therapeurically rdevant dose (0.15 mg!kg). self-administration of L-deprenyl is noc

an apparent behavior in primateS at levels up to 1 mg/kg (Wlnger et aL, 1994), and no inerease

in locomotor acriviry has been observed in dogs following chronic L-deprenyl rrearrnenr (1

mg/kg/day for 3 weeks) (Milgram et al.. 1995). Taken togemer. these resulrs suggesr mac che

levds ofL-amphetarnine and L-merharnphetamine achieved bya therapeucic dose of L-deprenyl

are insufficient to airer dopaminergic functions. This observation is consistent with plasma levels

observed in D-amphetarnine- and D-methamphetarnine-ueared animais ar doses known ro cause

stereotypie behavior. For inStance. che highesr levels of L-amphecamine recorded following 3

weeks ofL-deprenyl (l mg/kg) in dogs were 20-40 ng/mL (Milgram et al.• 1995). These levels

are less chan one-cench of che levels reporred by Bareggi and colleagues (1979) who observed

hyperthermia and scereorypy when D-amphetamine was administered ar 2 mg/kg orally,
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producïng approximaœ1y 500-600 ng/mL ofserum D-arnpheramine. In addition, che dueshold

dose of L-methampheramine to induce spontaJleous locomoror activicy in rats is estimared to

be around 0.5 mg/kg/day S.c. (Knoll and Miklya, 1994). This dose resulred in a plasma

concentrations ofabout 100-200 ng/mL plasma (Cook et al., 1992; Mdega et al, 1995) and is

higher man chat produced by L-deprenyl at levels up co 3 mg/kg (Heinonen et aL, 1994).

Furmermore, patients do not exhibit ampheramine-associaced behavior while receiving L­

deprenyl or withdrawal syroptoms after disconrinuing its use (Birkmayer et al., 1982; Thornron

et al., 1980). Substitution of L-methampheramine and L-ampheramine for L-deprenyl have

proved ineffective clinically (Stern et aL, 1983). In addition, AGN-1135, anomer selective

MAO-B inhibitor, is not mecabolized tO amphetamine, yet shares the antiparkinson effect of L­

deprenyl (Youdim and Finberg, 1987). T a.lœn rogether, these results suggesc mat the mecabolices

of L-deprenyl do not contribute significancly to its clinical efficacy in PD.

5.4 The NeuroprOUffl1Je Effias ofL-Deprmyl in Models ofNeuro1lll1 Injuries

In recent years L-deprenyl has been shown tO protecc neurons from a vuiery of injuries chat

would normally reswc in neurodegenerarion. A proteaive effecr of L-deprenyl is observed

againsr the neurocoxins MPTP, 6-0HDA and N-(2-chIoroethyl)-N-ethyl-2-bromobenzylamine

(OSP-4). In addition, L-deprenyl is found (0 improve che survival of motoneurons caused by

axotomy. The mechanism underlying the procecrive effectS of L-deprenyl againsc these various

neuronal insultli appears to he different.
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L-deprenyl prior to MPTP administration is known tO proteet nigrostriatal dopaminergic

neurons against degeneration, a mechanism relared ro MAO-B inhibition as discussed in detail

in section 2.2 and 3.1. ConverseIy, L-deprenyl administered ro mice 72 hrs following MPTP

significandy improved the recovery ofdoparninergic neurons of the SN as demonsrrated by TH

immunoposirive œIl counts CTatton and G reenwood, 1991). This effecr does not appear ro be

relared to MAO-B inhibition sinœ MPTP (30 mg/kg/clay) was adminisrered for 5 consecutive

days and 72 hrs prior to L-deprenyl rreacmenr. In addition, it appears unlikely chat L-deprenyl

protected against the deleterious effeccs of MPP· by blocking the DA reuprake system (see

section 5.2.2) sinœ the half-life of the neurotoxicant in the CNS of mice varies from 2-4 hrs

(Johannessen et al., 1985; Markey et al., 1984). The mechanism by which L-deprenyl exerrs a

crophic-like action is undear ar present. However, [wo srudies failed [0 observe a significant

effecr ofL-deprenyl on the restoration of the levels of srriatal DA and its merabolire in MPTP-

lesioned mice (Gupta and Wiener, 1995; Wiener et al., 1989b). Furthermore, there is no

evidence suggesting chat L-deprenyl rescues degenerating dopaminergic neurons in early and

untreated PD patients (Lees, 1995; Olanow et a!., 1995; Schneider, 1995; The Parkinson's

Disease Research Group, 1993; The Parkinson Study Group, 1989b; 1993; Ward, 1994). These

apparent discrepancies prompted us to re-evaluare the long rerm impact of L-deprenyl on

MPTP-induœd dopaminergic cellioss in mice.

[ncracerebral administration of 6-0HOA induces che degenerarion of noradrenergic and

dopaminergic systems in various animal models (section 2.1.1). The deleterious effeas of this

neurOtOxicaDt are rdated co ics selective uptake by catecholaminergic neurons and the formation
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of cytoroxic free radicals (Fig. 6 section 2.1.2, p. 24 and see secrion 2.1.2). A single

inrraperitoneaI injection of L-deprenyl (5 mg/kg) or pre-administration over a 3 weeks period

(0.25 mg/kg) led to a normaIizarion of ACh re1ease in srriatal slices prepared frOID 6-0HDA­

rreaœd ra~ (Knoll, 1987). In conrrasr, the srriaturn of 6-0HDA-rreared animaIs re1eased rwice

as much ACh upon stimulation and dûs effect was ancagonized by adding DA. This observation

suggested that 6-0HDA resulted in striatal DA deplerion because of a deafferentation of

dopaminergic neurons. Since MAO-B is noc irnplicaced in the mechanism of 6-0HDA

eytoroxicicy, Knoll conduded mat the prorecrive effecr afforded by L-deprenyl is re1ated tO the

inhibition of6-0HDA uprake by DA neurons (see section 5.2.2). Whether an acrual prorective

effecr occurred in chis scudy is difficult ro ascerrain, since a rather indirect measure of

nigrosrriaral degenerarion was used. However, the reuptake inhibition provided by L-deprenyl

is reported co be reversible in vitro (Knoll, 1987), while 370/0 inhibition is present ar 24 hrs

following the last dose of a similar dosing schedule (over a 3 weeks period) in the rat striaturn

CTekes et al, 1988). le seems unlikely mat a 370/0 inhibition of reuptake could accoune enrirely

for che complete protection against neuronal degeneration as reported (Knoll, 1987).

A1ternarive1y, L-deprenyl adminisœred ta rars could have provided protection against 6-0HDA

br inducing an increase in CuZn-SOD, Mn-SOD and CAT activities (Carrillo et al., 1991;

Clow et aL, 1991; Knoll, 1988; Vizuece et al, 1993). Consequencly, free radica1s and H:Oz

generaœd br the toxin may have been eliminated before mer cause any damage ro the neurons

(F ig. 6 section 2.1.2, p. 24 and section 2.1.2). More direct evidence (such as TH

immunoreactive cell density) is required ro confirm whecher L-deprenyl cao effecrively prorecr

against 6-0HDA-mediated dopaminergic degeneration.
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L-Deprenyl, but not the more porent MAO-B inhibitor MDL72974, is found effective against

the ddeterious effect of DSP4 on central noradrenergic neurons (Finnegan et al, 1990). This

observation suggests chat MAO-B inhibition is not critical to the mechanism of DSP-4 roxiciry

and chat another pharmacological action or actions of L-deprenyl explain the reporred protecrive

effecr. Ir is well known mar a single systemic administration of DSP-4 produces a long-lasting

reducrion of NE, dopamine-B-hydroxylase (a noradrenergic marker) acriviry, and a profound

inhibition of [3H]-NE uptake in both the central and peripheral nervous systems of rodents

(Hallman and Jonsson, 1984; Hallman etaL, 1985; Jaim-Etcheverry and Zeiher. 1980; Jonsson

etai, 1981; Ross etaL. 1973; Ross. 1976; Ross and Renyi. 1976). A prominent fearure of DSP­

4-induced lesions is chat brain regions innervated with noradrenergic axons of the locus

coeruleus are damaged by the toxin. such as hippocampal and cortical regions (Fricschy and

Grzanna, 1989. 1991. 1992; Frirschy et al.• 1990; Grzanna et al.. 1989). Ir has been proposed

chat DSP-4 undergoes spontaneous cydization to from a positively charged aziridinium ion

(Ross et al, 1973), which leads ro the irreversible alkylation of the NE uprake carrier and œil

death (Zieher and Jaim-Etcheverry. 1980). Desipramine. a NE reuptake inhibicor, is

demonsrrared tO prorecr against DSP-4-induced NE deplerion in rats Oonsson et al.. 1982; Ross.

1976). Thus, it appears that the protection afforded by L-deprenyl may be rdared co the

inhibition of the noradrenergic reupcake system as this effecr is a1so reported to occur in rat

brain synaprosomal preparations (Bondiolotri etal. 1995; Lai et al.. 1980). Consistent with chis

Interpretation is the face chat Finnegan and co-workers reported a maximum protective effecr

of L-deprenyl 1 hr prior to OSP-4. Less protection is given with a 24 hrs pre-rreacment, while

che administration of L-deprenyl 4 days prior [Q DSP-4 faiIed to provide protection (Finnegan
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et al, 1990). This occurred in spire ofa marked MAO-B inhibition, over 900/0 mer 1 hr and

24 hrs pre-treaonent, and over 700/0 at 4 days pre-creatment, for both L-deprenyl and

MDL72974. However, chis observarion is diffiœJt [0 reconcile wim che fact chat other lviAO-B

inhibitors, MDL72145, N-methyl-N-(2-pentyl)-propargylamine and N-methyl-N-(2-hexyl)­

propargylamine shown tO protea against DSP-4 (Bertocci et a/., 1988; Yu et a/., 1994) do not

inhibit NE reuptake systems (Bey et al, 1984; Fang and Yu, 1993). To these apparently

conrradiaory results must he added the face chat clorgyline and D-amphetamine do not prorecr

against DSP-4 roxicicy and yet are more powerful inhibicors of catecholamine uptake

mechanisms chan L-deprenyl (Hallman and Jonsson, 1984).

Chronic rreannent wich L-deprenyl, but noc D-deprenyl, is also found tO increase che number

of moconeurons chat survive a facial nerve rransection by a factor of 2.2 in 14 days in older rats

(Salo and Tatton, 1992). A plateau effecr is seen ar dosages of 0.01 and 10 mg/kg (every 2 days

for 21 days), indicating chat higher concenrrarions do not enhance surviva1 (Ansari et al, 1993).

The mecha.nism whereby L-deprenyl improves che surviva1 of motoneurons following axotomy

is not clar and may depend upon the srimuJation of che production of neurorrophic factors or

regenerative processes.

The lesion of cholinergic motoneurons from their rarget muscles by axotomy is onen used tO

teSt the dependence of motoneuron surviva1 on muscle-derived rrophic suPPOrt (Crews and

Wigston, 1990; Lowrie and Vrhova, 1992). Accordingly, applicarion of neurotrophic factors

such as ciliary neurorrophic factor (CNTF) (Sendmer et al., 1990), basic fibroblast growth
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factor (bFGF) (Grome and Unsieker, 1992) and brain-derived neurorrophic factor (BDNF)

(Sendmer etal, 1992; Yan et al, 1992) to the lesioned ends of motoneuron axons reduces me

death ofhypoglossal or facial motoneurons. Glial cells mar accumulaœ at brain injury sires are

choughc to be the source of neurouophic factors (Niero-Sampedro et aL, 1983). Ir is well known

mat the percenrage of moconeurons char survive axoromy increases from 25% co 700/0 during

early posmarallife (14-21 days old) to reach approximately 900/0 in adules rodents (3-4 weeks

old) (Ansari etaL, 1993; PoDin etai., 1991; Salo and Tarton, 1992; Sendmer etaI., 1990; Snider

and Thanedar, 1989). The differentiaJ vulnerabilicy co axotomy between immature and adult

animals appears (0 be relaced to che stage ofdevelopment and differentiation of astrocyces and

Schwann cdIs (Jesson and Mirsky. 1991; Lillien et al., 1990; Raff. 1989), which constituee an

alternative source of trophic factor for older animais.

Whemer L-deprenyl alrers astroeytic differentiation and proliferation or the secretion of

neurocrophic faccors in response to neuronal injuries is an intriguing possibiliry. Inrerestingly.

L-deprenyl increases glial fibrillary acidic proeein (GFAP) immunoreacrivicy. an asrroeytic

marlœr. afi:er lesioning the rat striacurn wirh an injection cannula. whereas no such effecc of me

drug is dececœd in unlesioned animaIs (Biagini et aL, 1993). CNTF gene expression. bFGF and

GFAP immunoreacriviy are enhanced by L-deprenyl following mechanica.llesions inflicted ro

the rat striawm and astroeytic cell cultures (Biagini et al., 1994; Seniuk et a1.. 1994). Thus. it

would appea.r chat L-deprenyl exerrs an indirect effect by increasing astrocyric response and

consequently, trophic support tO injured neurons through an as yet undefined mechanism.

These observations may he relevant to the increase in TH immunopositive neurons in
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mesencephalic ceU culmres exposed ra L-deprenyl (Roy and Bédard, 1993) where the ratio of

astrocytes tO neurons is found altered (Koursilieri et aL, 1996). Ir has been suggested char L-

deprenyl aces on the GcGo boundary of the cell cycle by preventing astroglia From entering the

non-proliferarive Go phase of the cycle (Skibo et al, 1993). Polyamines such as purrescine.

spermine and spermidine, play an important role in œIl cycle regularion and are known to

srimuIare ascrocyric response ro neuronal injuries (Pegg, 1986). Consistent with this role is the

report mat glial activation cao he blocked chrough inhibition of polyamine synthesis and such

an effecr can he restored by the inclusion of putrescine in the lesioned rat striamm (Zini et al..

1990). Perhaps more important is the face that N-aœrylated purrescine, spermine and

spermidine are good substrates of Iv1AO-B and ace as positive feedback on the synthesis of the

normal polyamine CVoudim etal, 1991). MAO-B inhibition as a result of L-deprenyl crearmenr

is expecœd ra decrease N-acerylpolyamine merabolism, which in mrn will result in increases in

polyamine synchesis, glial activation and a reduction in neuronal 1osses (Zoli et al., 1993).

5.5 L-DeprmyI IlnJAgi1lg

Ir has been demonsuared chat rars receiving L-deprenyl (3 x 0.25 mg/kg/week) ar 24-months

ofage lived an average ofabOUt 1 year longer chan che saline-treated group (Knoll, 1988). This

effecr was not associared with reduced food intake, a consequence which may be arrribured tO

the amphecamine-like merabolites of L-deprenyl. In face, the weight decrease was lower in the

L-deprenyl-treaœd group. This remarkable increase in life expecrancy has been partly confirmed,

although the increase was drastically smaller (20 days) man previously observed (Milgram et al.,
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1990), -and omers reported no effect of the drug (Ingram et al. 1993; Piantanelli et al, 1994).

Treaanent durarion, age of animaI ac the beginning of rreacmenc. species and serain differences

may accoune for che variability in the resuIrs. Kirani and colleagues (1994) demonserated chat

the impa.cr of L-deprenyl on the mea.n survival rimes of rodents is more pronounced when the

drug is adminisœred ae a later age (24 compared to 18 months and at birth). If this effecr of L­

deprenyl is reaJ, ie may be relevant ta che recent findings in which chis drug was demonserated

to improve neuronal deficits ofolder animaIs. L-Deprenyl is found tO increase nerve cell density

in the hippocampus and fronraJ cortex regions of aged rars chat wouJd normally have declined

wich aging (Amenea et al, 1994; Yong-Chun et al, 1595). Interestingly. a concomitant

reducrion in GFAP immunoreacriviry is aIso observed in chese animais. The latter observation

is even more difficu1t (0 reconcile with the increase in GFAP immunolabeling observed as a

resule ofL-deprenyl rreaanent (Biagini et al, 1993; 1994; Koursilieri et al., 1996; Seniuk et al.,

1994; Skibo et al.. 1993). In addition, Birkmayer and his co-workers (1985) reporred an

increase in life expecrancy in PD patients receiving a combined L-deprenyIlL-dopa therapy.

Although this srudy was rerrospecrive and unconrrolled, such an effect of L-deprenyl in humans

has not been confirmed (Elizan et al, 1989; Lees, 1995). Thus, further scudies are required (0

explore mese various issues.

5.6 L-Depre7l.JlllnJ O%itJ4tifJe Stress

L-Deprenyl is aIso found to suppress oxidarive Stress associated with an increase in DA turnover

known co alter GSSG laels in mice scriacurn (Cohen and Spina, 1989). Such a compensatory
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mechanism is also observed in PD. It is proposed that DA or its precursor L-dopa cm greacly

exacerbate GSH losses at the expense of a raise in GSSG concentrations due ra enhanced Oz

fonnation (SPencer et al, 1995) or from H 20 2 generared from the enzymatic oxidation of DA

(Maker etal, 1981), a mechanism thought tO contribute to che 105s of GSH levds (::: 400/0) in

the SN of parkinsonian patienrs (Perry et al, 1982; Sofic et al, 1992). This effect of L-deprenyl

appears (0 he independent ofMAO inhibition since the dose used is insufficenr to block MAO­

A known (0 play a major role in DA merabolism in rodent brains (Cohen and Spina, 1989;

Ordand etaL, 1983; Srensrrom et aio, 1987). This observation is also consistent with the effecr

of L-deprenyl on MPp·-induced free radical formation in rats using a microdiaJysis approach.

Intrastriaral infusion of L-deprenyl, at a dose lower chan chat required to inhibit rvlAO-B,

decreases significancly OH· elicited by the perfusion of MPP+ or irs analogue, as measured by

a salicylate hydroxylation rrapping procedure (Chiueh et al, 1992a; Wu et al, 1993). Whemer

L-deprenyl scavenges free radicals direccly or indireccly through aIterations of the antioxidant

defense system is unelear ar chis rime. The lirerarure suggesrs that the anrioxidant effecr of L­

deprenyl may be indirect. Indeed, chronic L-deprenyl administration has been shown to increase

striaca1 SOD acriviry by as much as 10 fold in rats (KnoU, 1988). This finding has been

confirrned, albeir tO a lesser exrent (Carrillo etal, 1991; Clow et aL, 1991; Vizuere et aL, 1993).

In addition, an increase in CAT acrivity is observed in che srriarum and SN of rars following 3

weeks ofL-deprenyl treaonent (2 mg/kg) (Carrillo et a/., 1992b; Partichis et aL, 1995; Vizuete

et al, 1993). Thus, the removal ofO2° and H 20 2 will interrupt the cyclic formation of oxygen­

derived free radicals which could be responsible for the reduceion in salicylate hydroxylation

(Chïueh et aL 7 1992a; Wu et aL, 1993). The question chat remains as tO why L-deprenyl should
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alter SOD aaivity since ie is shown tO he up-regulared in response ro enhanced O:!' formation

in various animal models of free radicaJ-induced roxicity (hyperoxia, paraquar, 6-0HDA)

(Crapo and Tierney, 1973; Frank, 1981; Ogawa et aL, 1994; Sjostrorn and Crapo, 1981;

Stevens and Auror, 1977).
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6 Gmertzl Objective

PD is characrerized by me massive degenerarion of rndanized dopaminergic neurons of the SN,

accompanied by srriara1 DA depletion. Although significant progress has been made in

understanding the pathophysiology of PD, the most important question is srill unanswered:

Whar is the primum movens of the degenerarion of nigral dopaminergic neurons? Oxidarive suess

is rhoughr to parricipare in the mechanism of nerve-celI dearh in PD for severa! reasons. (1)

Catecholaminergic neurons containing neuromdanin, an autoxidation by-product of

catecholamines, are more vulnerable to degeneracion chan are non-melanized dopaminergic

neurons (Hirsc.h etal, 1988). (2) The content of iron, which exacerbates the production of free

radica.ls in the presence of H 20 2, is increased in the SN (Dexter et ai., 1989b). (3) Free radical

detoxification pathway, including SOD activity and GSH levels (Ambani et al, 1975; Kish et

al., 1985; Marnila et ai., 1988b; Perry et a!., 1982; Poirier and Thiffault, 1993; Saggu et al.,

1989; Sofic et al., 1992) are altered. (4) Lipid and DNA peroxidarion are elevated in the SN

(DexreretaL, 1989a; Pall ~taL, 1986; Sanchez-Ramas etal., 1994). However, it remains ta be

determined whecher oxidarive Stress contributes ta the disease or is merely a consequence of

nerve-cell dea.th. In this respect, increases in SOD acrivicy could represent an adapcive

mechanism caused by a mitochondrial respiratory deficit. To address chis issue it is cherefore

important co replicare biochemical and anatomical alterarions observed in PD. An accidenral
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contribution carne in the early 1980s~ when numerous young aduIrs presented a PD-like

syndrome. Extensive investigation revealed the phenomenon was caused by che unintenrional

self-adminisuation ofMPTP, a by-produa of meperidine srnchesis (Davis et aL, 1979; Langston

et aL~ 1983).

M pp., the neuroroxic merabolite of MPTP, indures nigrostriaral dopaminergic degeneration

reminiscenr of PD (German et aL~ 1988; Langston et al. 1983; Markey et al, 1984). The

ddererious effeas of lvlPp· are rdated tO ies seleaive capture by the DA uptake system and ies

further accumulation in mitochondria (mM range), which leads tO the inhibition ofNADH­

dehydrogenase or complex l activiry (Chiba et al, 1985; Nick1as et aL, 1985); Poirier and

Barbeau, 1985b). Interestingly, a similar respirarory deficit is reported in the SN and srriarurn

ofparkinsonians, with a reducrion in NADH dehydrogenase (Mizuno et al., 1989; Schapira et

aL, 1989; 1990). This observation supportS the speculation mat an MPTP-like coxin may be

responsible for PD and lead ta the introduction of L-deprenyl as an adjuncr ro L-dopa rherapy.

Free radicals are aIso thought to play a key role in the mechanism or mechanisms of MPp·­

induœd roxicity (Adams etal, 1993; Ali et aL, 1994; Poirier and Barbeau, 1985a; Poirier et al.,

1985; Rossetti et al., 1988; przedborski et al., 1992b; Singer et aL, 1993; Wu et al.. 1993)

Accordingly, our first objeaive was to investigare whether adminisrering MPTP ro mice results

in the changes in 500, CAT and GSH-PX acrivity and increased lipid peroxidation levels

observed in PD. L-Deprenyl, prior to MPTP administration, was used tO inhibit MPP·

formation and ics subsequent effea on antioxidant systems.
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L-Deprenyl has aIso been found to suppress oxidarive stress associated wich an increase in DA

turnover (Cohen and Spina, 1989) and free radicals generated from an intrasuiatal infusion of

MPp· (Chiueh aaL, 1992; Wu aaL. 1993). It is suggesœd mat chis effect ofL-deprenyl occurs

independendy of MAO-B inhibition (Chiueh et al, 1992; Wu et al, 1993). The mechanisrn

whereby L-deprenyl aces as a free radical scavenger may he indirect. Indeed, chronic L-deprenyl

administration has been shown to increase striaral SaD and catalase activity(Carrillo et aL.,

1991; ClowaaL, 1991; Knoll, 1988; VJZUeœaaf.• 1993). Thus, the rernoval of O2 ' and H20 2

will inœrrupr the cyclic formation of oxygen-derived free radicals responsible for the reducrion

in salicylate hydroxylarion (Chiueh et al, 1992; Wu a aL., 1993). However, SOD is reporred

tO he up-reguJared in response to enhanced O2 ' formarion in various models of free radica1­

induced roxiciry (hyperoxia, paraquat, 6-0HDA) (Crapo and Tierney, 1973; Frank. 1981;

Ogawa et aL. 1994; Sjosrrom and Crapo, 1981; Stevens and Autor, 1977). Thus, our second

objective was tO investigaœ me possible relarionship between O 2' formation and enhanced SOD

acrivity. The major inrracellular sources ofO2' radical formation are catecholamine autoxidarion

and the mitochondriaI respiratory chain. We merefore examined the effecr of L-deprenyl on

scriatal and cerebellar catecholamine levels in mice, and the rate of oxygen consumprion. a

measure of respiracory funcrions, in fresh mitochondrial preparations. The effeccs of D-deprenyl,

a weak MAO-B inhibitor, are contrasted wim those of MDL72974 (4-Fluoro-B­

(fluoromethylene)-benzeneburanarnine or mofegiline), a porent MAO-B inhibitor. in the same

experimental paradigms in order to escablish the role ofMAO-B.
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L-Deprenyl adminisaarion has aIso been demonsrrated tO significandy improve the recovery of

dopaminergic neurons of the SN in MPTP-Iesioned mice as demonscrated by TH

immunopositive cell counrs (Tatton and Greenwood, 1991). This observation leads to the

proposaI chat L-deprenyl "rescues" degenerating neurons. The rnechanism by which L-deprenyl

exerrs a rrophic-like action is unclear at present. However, (wo scudies failed ro show a

significant effea ofL-deprenyl on the restorarion ofscriaral DA and DA metabolires in MPTP­

lesioned mice (Gupta and Wiener. 1995; Wiener et al, 1989b). Furthermore, no dara exisr ro

suggest mat L-deprenyl can "rescuefr degenerating dopaminergic neurons in early and uncreated

PD patients (Lees, 1995; Olanow et al., 1995; Schneider, 1995; The Parkinson 5rudy Group,

1989b; 1993a; 1993b; Ward, 1994). Although L-deprenyl is well known for irs shon rerm

beneficial effeas in PD (Elizan et al., 1989; The Parkinson Srudy Group 1993a), the recent

finding of a higher rnorraIicy rare during a prolonged period of treatmenrs raises sorne serious

questions regarding the safecy of chis drug (Lees, 1995). Our third objective was ro re-evaJuare

the long renn impact of L-deprenyl on MPTP-induced dopaminergic cellloss in mice in order

ra darify these issues.
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CHAPTER2

Effiet ofMPTP and L-Deprenyl on Antioxidant Enzymes
and Lipid Peroxidation Levels in Mouse Brain

(



Oxidarive stress is suggesred as a major factor in che etiology of PD and in MPTP-induœd

neuroroxicity. The inerease in lipid peroxidarion levds and aIterations in anrioxidanr defenœ

systems (SOD, GSH and GSH-PX) in the SN of PD patients support chis hypothesis. These

observations aIso suggesr a deficiency in dealing with excess H 20 2• The latter may in eurn reacr

with transition metals, such as iron, and furcher increase the production of oxygen-œnrered

radicals co alrer membrane inregrity and Ca2
• homeosratis, resuIring in œil death. Inreresringly,

an increase in nigral iron concentrations is reporœd in PD. The main objective of mis study was

co determine if altered anrioxidanr enzyme aetivity was sufficienr to enhanœ free radical

formation and consequendy increase Lipid peroxidation levels. This is importallt since alcerations

in lipid peroxidation levels observed in PD could be merelY the consequence of dopaminergic

neurodegeneration and not involved in cell death.

91



J Neurochem. 65: 2725-2733 (1995),

THEEFFECTOFMPTPANDL-DEPRENYL ONANI10XIDANTENZYMESAND LIPID

PEROXIDATIONLEVELS INMOUSE BRAIN.

1.3C. Thiffault, 3N. Aumont, 1•.iR. Quirion and lh']. Poirier

IDepamnenr ofPharmacology and Therapeurics, lMcGill Center for Srudies in Aging) 3Douglas

Hospital Research Center, McGill University, Montreal, Canada H4H lR3

Key wards: MPTP, Deprenyl, Superoxide dismurase, Catalase, Glucathione peroxidase,

Lipid peroxidation.

92



i
\

ABSTRACT

Excessive free radical formation or anrioxidanc enzyme deficiency can resule in oxidarive Stress;

a mechanism proposed in the toxiciry ofMPTP and in che eeiology ofParkinson's disease (PD).

However, ie is unclear if aIrered anrioxidant enzyme acrivity is sufficient tO increase lipid

peroxidarion in PD. We therefore invesrigated if MPTP can alter the acriviry of the ancioxidanc

enzymes, superoxide dismurase (SaD), caralase (CAn and glurathione peroxidase (GSH-PX)

and the level oflipid peroxidarion. L-Oeprenyl, prior to MPTP adminisrration, is used co inhibir

MPP~ formarion and ics subsequent effecr on anrioxidant enzymes. MPTP induced a mree-fold

increase in SOD acriviry in the srriatum of C57Bl/6 mice. No paralleJ increase in GSH-PX or

CAT activiries was observed whiJe srriarallipid peroxidarion decreased. At the levd of the

substanria nigra (SN), even though increases in CAT aetivity and reducrion in SOD and GSH-

PX acrivities were deteeted, it did not result in altered lipid peroxidation. Inreresringly, L-

deprenyl induced similar changes in antioxidanc enzymes and lipid peroxidation levels, as did

MPTP. T aken cogether, these resules suggest mat an alteracion in SaD acrivity, withour

compensarory increases in CAT or GSH-PX activities, is not sufficienc co induce lipid

peroxidacion.
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INTRODUCTION

N -Mechyl-4-phenyl-l.2.3 ,6-retrahydropyridine (MPTP) induces an irreversible Parkinson's

disease (PD)-like syndrome in severa! animal species including primates (Langsron et aL, 1983)

and mice (Sonsalla and Heik.kila. 1986). MPTP is merabolîzed by monoamine oxidase-B

(MAO-B; EC 1.4.3.4) tO form 1-methyl-4-phenylpyridinium (MPP+) (Chiba et al., 1984;

Markey et al., 1984). The latter lads co the degeneration of dopaminergic cell bodies in me

substantia nigra (SN) (Bradbury et al. 1986; Irwin and Langseon, 1985; Javitch et al., 1985).

L-Deprenyl. an inhibicor ofMAO-B, blocks MPP+ formation and chus procecrs neurons againsc

che deleeerious effeccs of MPTP (Chiba et al, 1984; Heikkila et al., 1984). MPP+ roxicicy

involves che inhibition ofNADH dehydrogenase (EC 1.6.5.3) or complex 1 accivicy, the firsr

enzyme of the micochondrial respirarorychain (Nicklas aaL. 1985; Poirier and Barbeau, 1985a;

Ramsay et al., 1986). This evenc lads to the rapid deplerion of ATP synthesis, 10ss of the

membrane potential and neuron degenerarion. Similar respiraeory chain dysfunaions are

reported in PD, wich a reducrion in NADH dehydrogenase acrivity being found in me

subscantia nigra (SN) (Schapira et al, 1989) and striatum (Mizuno et al., 1989) of Parkinsonian

patients.

Free radicals are also choughe [0 play a key role in che mechanism(s) ofMPP~-induced roxicity

(AdamsaaL. 1993; Poirier and Barbeau. 1985b; Poirier etaI., 1985; przedborski etai.. 1992;

Rossetti et al.. 1988; Singer et al, 1993). as mey cm induce lipid peroxidarion leading co an

alcerarion in Ca++ homeoscasis and subsequent neuronal deach.
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The major free radical scavenging enzymes or ancioxidanrs are superoxide dismuease (SOO; EC

1.15.1. 1), glutathione peroxidase (GSH-PX; EC 1.11.1.9) and cawase (CAT; EC 1.11.1.6).

Two major forms ofSOD exise, a mieochondrial or Mn-SOD and a eytosolic or CuZn-SOO

types (Weisiger and Fridovich, 1973). SaD catalyses che dismutation of superoxide (02.) (Q

hydrogen peroxide (H20 2) whiJe CAT and GSH-PX convert H 20 z inco H20. A deficiency in

aneioxidanr enzymes or an excessive production of free radicals overwhdm the anrioxidanr

defence system, resulting in oxidarive stress. Such a mechanism is proposed in che eriology of

PD. Lipid peroxidacion (Dexter et al, 1989a; Pall et al, 1986) and saD acriviry (Marttila et

al., 1988; Poirier et a/., 1994; Saggu et al, 1989) are increased in the SN and suiaeum in PD

whereas GSH-PX and CAT acriviries are unchanged or reduced (Ambani, et aL, 1975; Kish et

al, 1985; Poirier and Thiffaulr, 1993). While the increase in overall SOD acrivity in PD is now

well established, it is not clear if the CuZn-SOD, Mn-SOD or both types are affeaed. An

increase in SaD wichoue concomitant increments in GSH-PX or CAT activities (Ambani et aL,

1975; Kish et al., 1985; Marnila et al., 1988; Poirier and Thiffau1e, 1993) resulrs in che

accumulation of H 20 2• The latter may in eurn reacr wich uansirion meral such as iron via a

Fenton reaction and further increase che production of free radicals. Interescingly, iron is aIso

found ro be increased in che SN of Parkinsonian parienrs (Dexter et al., 1989b; Earle, 1968;

Riederer et al., 1989). To dare, ie is noc clear if the increase in SOD acrivity observed in PD

alcers the balance beeween oxidancs and anrioxidancs and causes an increase in lipid peroxidarion,

or if the increase in SOD acriviry is only a consequence of the inhibition of che respiratory

chain.
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In chis -study, we investigated ifMPP"leads co a variation in the acrivity of antioxidanc enzymes

and lipid peroxidarion levds. L-Deprenyl, prior ra MPTP administration, was used to inhihit

MPP" formation, and ifS subsequent effea on che antioxidanc system. We report chac inhibition

by MPP'" of complex 1 acrivity in the mitochondrial respiratory chain lads to alterarions of

antioxidant enzymes without affecting lipid peroxidarion.

MATERlALS AND METHODS

Mlltnillls

Three-monm-old male (25-30 g) C57BL/6 mice (Charles River, Sr-Constant, Qué, Canada)

wim acœss ro food and wacer ad libitum were mainrained under a 12-h lightldark cycle. Animal

care was according tO protocols and guidelines approved by McGill University and the Canadian

Council for Animal Care. MPTP HCI and R(-)-deprenyl HCI were obcained from RBI (Narick,

lviA, USA); (-)-epinephrine-(+)-birarrrare, Triton X-100, brij 96, r-butyl hydroperoxide and­

1.1,3,3-terramechoxypropane were purchased from Sigma (Sr-Louis, MO, USA); H20 2,

n-butanol and pyridine were from Fisher (Fair Lawn, NJ, USA); CuZn-SOD from bovine

erychroeyteS and glucathione reduetase were obtained from Boehringer Mannheim (Mannheim,

Germany). All reagencs were of the highesr puriry available commercially.

A"imtd Trelltmmts

A roeal of 1250 animaIs were divided inra four groups; one group was created with 3 x 20 mg/kg

MPTP (i.p.) at [WO hrs inrerval, a second group was adminisrered L-deprenyl ac a dosage of 10
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mgIkg and every 48 M. Ar chis dosage 7 L-deprenyl inhibits more chan 950/0 MAO-B as well as

sorne of MAO-A activicy (Knolt 1978; Heikki1a et al, 1990). A chird group received a

combination of both rreatments in which L-deprenyl was given one hr prior tO MPTP and

finally, a fouM group received vehicle (0.9% saline) only. Animals were sacrificed by cervical

dislocation at 2 and 36 hrs, and 15 days following the last injection. A total of eight doses of L­

deprenyl W3S given and animais were killed 24 hrs mer the last L-deprenyl injection for the 15

days time point. Brains were rapidly removed and eut in 1 mm coronal sections on ice. The

suiacum W3S carefully excised and che subscanria nigra was punched using a fine pasteur pipet.

The cerebellar conex was isolared from the white matter and blood vessels. The SN, srriacurn

and cerebeUum from 15, 6 and 5 animais respeccive1y, within the same creaanent group were

pooled, quickly homogenized in potassium phosphate buffer (no sodium) concaining 0.154 M

KCI pH 7.4 and frozen at -80 oC for one measurement of SaD. GSH-PX and CAT activities

as indicated below (0=5 per rime point). The SN. striacum and cerebellum from 10. 2 and 2

animais respective1y. were pooled and quicldy frozen at -80 oC for one e'JaIuarion of

chiobarbicuric reacrivicy as a masure of lipid peroxidarion (0=5 per rime point).

Supn-oriM DismutllSe

CuZn-SOD and Mn-SaD were assayed with the memod of Misra and Fridovich (1972) which

is based on the abilicy of SOO to inhibit the auroxidation of (-)-epioephrine-(+)-birarcrate ro

adrenochrome ar pH 10.2 and 30°C. The rate of adrenochrome formation monirored at 480

nID (Specrronic mode! 1201, Milton Roy Co.• Quarry Bay. Hong Kong) was on average 0.025

optical density/min. Fifty percenr inhibition of the autoxidation is defined as one unit of
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enzyma.tic acrivity. One unit was reached with 48 ng/mL CuZn-SOO from bovine erythrocyres.

Aliquors of homogenace were chosen such char between 20-600/0 inhibition was attained and

incubaœd in the carbonate buffer (pH 10.2) for 10 min ar 3rC with/wimour 5mM CN-. CN"

is known ro inhibit CuZn-SOO and allowed the measuremenr of Mn-SOO. Total SOD acriviry

was subcracred from Mn-SOO measuremenr ro obtain CuZn-SOO.

The enzymatic acrivicy of catalase was derermined using a Clark oxygen e1ecrrode as described

by Del Rio aaL (1977). Briefly. 50mM NazHPO/KHzP04 buffer (pH 7.0) was added ra a

reacrion vial and degassed with a stream ofNz for 5 min ar 25°C to remove 02. I0011L H::O::

(33.5 mM final conœnrration) was included and the linear rate of O 2 released was recorder on

a chan. Homogenates were incubared in the above buffer conraining 0.65% (vol/vol) Triton

X-IOO for 1 min at 3rC. Catalase acrivity was calcu1aœd in Oz ppm/min and subuacred From

the sponcaneous rare of HzO z decomposition.

Glt4tathione pertJ%iJ4se

Selenium-dependent peroxidase was measured bya coupled enzyme procedure with giurathione

reducrase and NADPH (Günzler et al, 1974). The enzyme was solubilized in 0.1 % (vol/vol)

brij 96 and 0.154 M KCf and cenoifuged ar 16000 x g for 10 min. The supematant was assayed
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in 50 mM potaSsium phosphate buffer (pH 7.0) conraining 0.5 mM EDTA, 1.4 mM GSH.

0.25 mM NADPH, 1 V/ml glurathione reducrase. 1.2 mM t-buryl hydroperoxide was utilized

as a subsrrate. The unit of accivity was ca1cu1ated from the rate of NADPH consumption

monitored at 366 nm and 3rC.

LipiJ pnYl%iJatitJ"

Thiobarbiruric acid (TBA) was reacred colorimerrically wich a producr of lipid peroxidation.

malondialdehyde (MDA), according tO the methodology of Ohkawa et al (1979). Brain tissue

was sonicated in 0.154 M KCl on ice and refluxed for 60 min at 95 oC in the presence of

0.4050/0 (wtlvol) sodium dodecyl sulphaœ (SDS), 0.3% (wtlvol) TBA and 7.50/0 (vol/vol) aceric

acid at pH 3.5. The colored producr was extracced Vlith n-buranol:pyridine (15:1, v/v) and

oprica1 density read at 532 run. 1, 1,3,3-Tetramechoxypropane (TMP) was used as the srandard

curve and the resulrs were reporred as nmol MDAlmg proteine

Protei1l Assay

The prorein concentration was determined via Pierce BCA Protein Assay Kit (Roekford. Il,

USA) with bovine serum albumin as the standard and absorbance measured at 562 nm.

Stittirtü:s

Srarisrical analysis was determined non-paramerrically by Wl1coxon test and value of p<0.05 was

urilized as the criterion for starisrica1 significance. Each bar represenced a total of 5 independent

experiments.
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RESULTS

SOD

Fig. 1 summarizes CuZn- and Mn-SaD acrivities in the SN (a), smaturn (b) and cerebellum

Cc). A signifiant (p<O.05) reducrion in Mn-SaD activity tO 500/0 of conrrollevels was observed

in L-deprenyl, MPTP and L-deprenyllMPTP rrearments in the SN of C57BlI6 mice. l­

Deprenyl rreaanent lead to a modest reduction (p<O.OS) in CuZn-SaO activit}' at 36hrs. No

aIreration in mis measurement was detected in the MPTP treared group. A combined

L-deprenyUMPTP crearment caused a moderate increase (p<0.05) in CuZn-SO0 activity at 2

hrs whereas the enzymaric activity was reduced at 15 days in chis brain region. In contrast,

srriatal SOOs were elevated above controllevels by L-deprenyl, MPTP and L-deprenyllMPTP

creatmencs (fig. 1b). Significanr 1-3 fold increases in Mn-Sa0 and CuZn-sa0 were found in

che striarum ofCS7Bl/6 mice (fig. lb). In the cerebellum however, the augmentation in SOD

activiry was not as marked as that seen in the striatum (fig. 1c).

Overall the resulcs show that L-deprenyl was ineffective in blocking the changes in the activiries

ofCuZn-SOO and Mn-SaD induced by a MPTP rrearment. In facr, L-deprenyl itselflead co

similar changes in che activirites of the above enzymes as compared to that seen wich MPTP.

Significant differences (p<O.OS) in the acrivities of CuZn- and Mn-SOD were found berween

L-deprenyl or MPTP and the combined L-deprenyl/MPTP rrearment in che brain structUres

e:xamined (fig. 1). In addition, mese alterations extended beyond the nigroscriaral dopaminergic

pachway (fig. 1c).
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Fig. 1. SOD activity in the SN (a), striatum (b) and clrebellum (c) of C57BV6 mice st 2 h (.),36 h (.) and 15 days (Ii)) post­
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Table t. GSH-PX aetivity in the SN. striatum and cerebeUum of C57BU8 miee.

Treatment

con1ro1 (0.9% satine)
L-deprenyl

2 hrs
56hrs
15days

MPTP
2 hrs
56 hrs
15 days

L-deprenyllMPTP
2 hrs
56 hrs
15 days

SN S1riatum Cerebelum

(U/mg of pro1Bin) (U/mg of protein) (U/mg of protBin)

1.37 :0.07 1.01 :0.02 1.55 :0.16

1.47 ::0.03 b 1.04 :tO.02 1.52 :tO.OSb
1.20 ::0.04 b 1.02 :tO.03 1.36 :tO.05
1.07 ::0.03. 1.00 ::0.04 1.51 ::0.02

1.41 :0.07 1.12 ::0.05 1.52 :0.08
1.50 ::0.02 1.08 ::0.03 1.27 :tO.01.
1.22 ::0.08 1.06 :0.02 1.29 ::0.04

1.45 :0.03 1.14 ::0.10 1.43 :tO.02
1.51 ::0.03 0.99 ::0.02 1.56 ::0.04
1.20 ::0.06 0.98 ::0.04 1.51 :0.02

Enzymatic aetivity anaiysis and animal 1raatmems are described in Ma1Briais and Methods. Means :: SE
values of five independent detBrminations are shown.

e p<O.05 as compared te con1ra1.
b p <0.05 as compared to L-deprenyUMPTP treatment at respective1ime points.

GSH-PX IlnJ LipiJ Pert1%iJ4tion

GSH-PX and lipid peroxidation determinations in the SN. suiarurn and cerebellum are shown

in Table 1 and 2. respecrive1y. A modest decrease (p<O.OS) in nigral GSH-PX activity was

observed in the L-deprenyl- and L-deprenyI/MPTP-treated groups at 15 days poSC-trearment.

A similar reducrion in cerebellar GSH-PX acrivicy was seen in the MPTP-rreared animais. No

alrerarion in GSH-PX activity could be detected in the suiamm.
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Table 2. Malondlaldehyde (MDA) formation as a measure of IIpid peroxidation in 1I1e SN. strfatum and
cerebellum of C57BU6 ma.

Treatment SN Stristum Cerebelum

(nmol MDAImg of protBin) (nmol MDAImg of protein) (nmol MDAImg of protein)

control (O.SC*. saline) 3.23 :t0.25 3.78 ~0.28 5.64 ~0.72

L<lepreny1
3.45 ~0.082 hrs ND 7.15 ~0.S7

36hrs 3.ee ~0.39 b 3.10 ~0.30 6.83 :!:O.SS
15 deys 3.27 ~0.S2 2.98 ~0.17 • 5.87 :!:0.46

MPTP
2 hrs ND 2.91 ~0.12 5.30 ~0.23

36hrs 3.04 ~0.22 2.63 :!:O.oe • 5.83 :!:0.21 b
15 deys 3.02 ~0.20 3.23 ~0.21 6.42 :0.40

L~eprenyVMPTP
3.14 :0.082 hrs ND 5.85 :!:0.4O

36hrs 2.93 :t0.09 2.58 :0.11 • 6.55 :0.36
15 days 2.80 ~0.09 2.67 ~0.17 • 5.64 ~0.S2

MDA measurement and animal 1rea1ments are descrlbed in Ma1erials and Methods. Mean =SE values of
five independent de1llrminations are shown.

• p<O.05 as compared ta con1rD1.
b p <0.05 as compared te LoodeprenyllMPTP1reatment at respective time points.

ND Not d&termined.

Lipid peroxidarion was unalrered in the SN and cerebellum of CS7Bl/6 mice as compared to

saline treared animaIs rrable 2). However. L-deprenyl and MPTP creattnents resulced in a 300/0

decrease (p<O.OS) in striacal lipid peroxidarion ar 36 hrs and 15 days, respecrivdy. A similar

reducrion was observed at both rime points in the L-deprenyIlMPTP-created group.

Signifiant differences (p<û.05) in GSH-PX acriviry and lipid peroxidarion Ievels were observed

beeween L-deprenyl or MPTP and L-deprenyllMPTP at rwo rime points in the SN and

cerebellum (Table 1 and 2).
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DISCUSSION

We have shown thar L-deprenyl, MJYfP and L-deprenyl/MPTP rreatmenrs resulr in alterations

of che anrioxidant defense system. Mn-SOD, CuZn-SOO and CAT acrivities were the most

affected in chree brain areas examined, wich the exception of CAT activicy which remained

rdativdy unchanged in the Striaruffi.

Despiœ alœrarions in antioxidanr enzymes, we did not observe an increase in lipid peroxidation

in che SN, striarum and cerebellum of mice. Moreover, in spite of a 500/0 decrease in Mn-SOD

activity in the SN, lipid peroxidarion remained rdatively unchanged in the MPTP- or L­

deprenyl-rreared mire. Lipid peroxidation, as measured by malondialdehyde (MDA) formation,

has received a number of cricicisms (Draper et al, 1993; Gray, 1978; Gurreridge and Quinlan,

1983). MDA formed in vivo cao complex with various molecu1es such as nucleic acids, proteins

and phospholipids, leading ta the underesrimarion of endogenous lipid peroxidarion (Draper

et al, 1988). In addition, chiobarbiruric acid (TBA) cm racr wirh aldehydes omer man MDA

ta give a maximal absorption ar 532 nm (Gurreridge and Tiekner, 1978). In spite of these

critiques, the TBA test has been widely used ro assess oxidative damage ta membrane lipids

cranera, 1990). In fact, Gorz et al (1993) concluded chat chis assay procedure is a reflecrion of

che susceptibiliry of lipids tO undergo peroxidation in vitro ar ambient air. This aspecr was

considered important since ir allowed us ra indirecdy evaluare lipid hydroperoxides mat break

down during the assay ta yield MDA. Our failure to observe an increase in lipid peroxidarion

foUowing MPTP rreaanent is confirmed by other reportS using other methodologies. MPTP did
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not induce lipid peroxidation in che srriarnm of mice wich physiologically adequate levels of

viramin E (Adams etal, 1990, Corongiu et aL, 1987), whereas an increase is found in viramin

E-deficient mire (Adams etal, 1990). 1bis suggesrs chat factors other chan antioxidanr enzymes

play a pivotai role in proœaion against membrane peroxidation. Our resulrs are aIso consistent

wich alœrarions in the acriviries ofanrioxidant enzymes in Parkinson t s disease brains, 50D being

che most affecœd, but to extenrs chat are insufficient to lead tO increases in lipid peroxidation

levels.

MPTP rreaanent resulted in a 1-3 fold increase in Mn-SOO and CuZn-SOD activities in the

striatum, which is consistent wich acure oxidative Stress. Several lines of evidence have

demonstrared chat SOO is upregulated when cells are exposed to excessive production of

superoxide (02 " radicaJs. For instance, rars exposed tO sublethal concentrations of oxygen

showed elevations in CuZn-SOO and Mn-SOD activities in their lungs (Crapo and Tierney,

1973; Sjosuom and Crapo, 1981; SteVens and Aucor, 1977). Free radicaJs have been implicared

in the mechanisms of toxicicy of the herbicide paraquat. which strucrurally resembles MPP+.

Paraquat induces O 2• formation with a concomitant increase in lipid peroxidation in rat lung

and purified rat lung microsomes (Bus et aL, 1975; Bus et al, 1976; Ilett et al, 1974; Trush et

al, 1981). In addition, mammaIian cells exposed co paraquat demonstrated increa.ses in CuZn-

500 and Mn-SOD acrivities (Frank, 1981; Krall et a!., 1988). Electron spin resonance (ESR)

studies indicated chat the inclusion of MPP+ in mitachondrial preparations induces the

formation of02• (Adams et a!., 1993; Rossetti et a!., 1988). Interestingly, rotenane is known

tO inhibit the respiratory chain at the same site as MPP+' and to enhance ESR signais (02 .)
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under the same conditions (Adams etal, 1993). Roœnone bas a chemical structUre distinct from

chat ofMPTP or MPp·, Thus, our results suggesr thar che increase in Mn-SOD acriviry in the

srriataI mitochondria could be che consequence of a leakage of O 2• due ra MPP'" inhibirion of

NADH dehydrogenase within the respirarory chain. On the omer hand, chis inerease could aIso

be the result of a cedox reaction berween MPP+ in the presence of mitochondriaI enzymes or

wich another MPTP mecabolite, MPDP'" (Adams et al, 1993; Klaidman et al., 1993; Rossetti

et al., 1988).

The inaease in CuZn-SOO activity seen foUowing MPTP trearment is significanc since MPP'"

caTI generare O 2• in the presence ofeytosolic enzymes (Klaidman et al., 1993). T ransgenic mice

with a 1.5- to S-fold increase in the aetiviry of CuZn-SOD were protected against dopamine

depletion when moderate levels of MPTP (3 x 30 mg/kg, 24 hrs inrerval) were administered

(przedborski et al, 1992). In addition, White and co-workers (1993) have shown mat che

expression of Mn-SaD is nor aItered in CuZn-SOO transgenic mice. In our srudy. me

mitochondrial form of SaD, Mn-SOO, was aIso induced foUowing MPTP rrearmenc. This

observation suggesrs a role for chis enzyme during an acure MPTP treacrnent. Ir would be of

inrerest tO study the effecr ofhigher levels of MPTP on dopamine deplerion in transgenic mice,

eonsidering the differentiaI comparrmentalization of CuZn-SOD and Mn-SaD.

Changes in 500 acrivicies induced by free radicals following MPTP administration were not

confined (0 the nigrosrriaral pathway (fig. le). MPTP toxicity, on the omer hand, is somewhat

specifie to chis pathway (Herkenham etai., 1991; Takada etai, 1991; Langston et aL, 1983;
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Langston et aL y 1984). Moreover. in spire of the formation of free radicals we did not observe

a significanr increase in lipid peroxidarion levds. [n facr. a decrease was detected in the suiacum

ofMPTP-rreaœd animais (Table 2). The induction ofanrioxidant enzymes is merefore adequace

[0 curtai1 free radicals produced as a result of MPTP ueatrnenr. This observation is supported

by earlier reportS in which oxygen-derived reactive species are deteeted 2hrs but not 9 hrs mer

MJYTP adminisuarion (Ali etaL, 1993; 1994). Taken togerher. chis suggescs chat the generation

of free radicals does not seem to play a major role in the coxicicy of MPTP. Accordingly,

inhibition of NADH dehydrogenase wichin the mitochondrial respiratory chain is likely the

predominant mechanism by which MPP+ exerts its toxie effecc.

Surprisingly. L-deprenyl was unable to reverse the effecc of MPTP on che acrivities of

antioxidant enzymes. L-Deprenyl is known ta protecc dopaminergic neurons against MPTP

toxicity rhrough its inhibition of MAO-B acrivity (Chiba et al, 1984; Heikkila et al.. 1984).

Unexpecœdly. resulrs obrained with L-deprenyl paralleled observations made using MPTP. The

combined administration ofL-deprenyUMPTP lead ro alœrarions in CuZn-SOD. Mn-SOD and

CAT acriviries in the mree brain regions examined which couJd not soldy he accounted for by

L-deprenyl rreaonenc. Although L-deprenyl, ar the regimen used in our experimenrs. is known

ta block MAO-B acrivity by more chan 950/0 (Knoll, 1978; Heikkila et al. y 1990), ir is

conceivable chat MPP+ can still be formed, albeic in minute amouncs y co induce sorne effecrs.

AIternative1y. MPTP iodf may he able to modulate the acrivicy of these enzymes. The latter

appears unlikeIy since L-deprenyl is able to suppress the production of free radicals when MPTP

is inOlbaœd with mitochondrial fractions. suggesring mat MPTP mecabolites are responsible for
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che formation of rree radica1s (Adams a al, 1993; Rossetti et al.• 1988). However. MPTP by

irselfcao not airer oxygen uptake in subcellular mitochondrial preparations (Nieklas et al. 1985;

Thakar etal, 1988). Therefore, the induction ofMn-SO0 by MPTP may not be through a free

radical mechanisffi.

Administration of L-deprenyl tO rars is known tO increase striatal SO0 activicy at concentrations

lower chan chat required tO fully inhibit MAO-B (Carrillo et al. 1991; Clow et al.. 1991; Knoll.

1988). Hence, mechanisms by which L-deprenyl can induce SOD activity appear (0 he

independem: from the inhibition ofMAO-B. As discussed above, the licerature suggests char the

induction ofSOD may occur via a free radical mechanism. However. severallines ofevidence

indicace chat L-deprenyl acrs as an antioxidant. L-Deprenyl is shown co suppress the formation

of free radicaJs of an analog of MPTP (Chiueh et al., (1992). In addition, Cohen (1989) has

demonstrared chat L-deprenyl can suppress oxidative stress induced by che oxidacion of

dopamine. Alchough it is clear that L-deprenyl has sorne ancioxidant properties. a chronic L-

deprenyl treacment may have a differential effect. This aspect is currencly heing investigared in

derail in our laboratory.

L-Deprenyl, MPTP and L-deprenyl/MPTP rrearments resulted in increases in CAT activiry in

the SN and the cerebellum. Current knowledge is lacking on the reaJ signiflcance of CATin the

brain, considering its presence in minute amounts. likely confined ra peroxisomes (Gaunt et al..

1976). However. our results suggest chat this enzyme may he important in the process of
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In summary, our dara. have shown chat alterarions in antioxidant defence systems do not

neeessarily lead to an increase in lipid peroxidation. Inreresringly, L-deprenyl was unable tO

attenuaœ the effea ofMJYfP on anrioxidant enzymes. Although L-deprenyl has been shown to

have wtioxidanc property, our resulcs suggest mat che effect of chronic L-deprenyl

adminisuarion should he carefullyassessed. Alrerations in mitochondrial Mn-SOD acrivity may

oeeur in response to O 2 ' leakage resulting from the inhibition of the respiratory chain or.

alcernacivly. from a redox reacrion induced by MPP+. Finally. we propose chat the increase in

nigral Mn-SOD activiry reported in idiopathie PD (Saggu a aL. 1989) may represent an

adaprive response due to a leakage of oxygen-centered radicals resulring from dysfunaions of

the mirochondrial respiratory chain.
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CHAPTER3

The Effeet ofL-Deprenyl D-DeprenyL and MDL72974
on Mitochondrial Respiration: A Possible Mechanism

Leading ta an Adaptive Increase in Superoxide
Dismutase Activity



Prqizce ttJ Chapler 3

As seen in the previous chapter, L-deprenyl failed to reverse the effeet of MPTP on the

antioxidant enzyme accvity and lipid peroxidarions levds. Unexpeetedly, resulcs obrained with

L-deprenyl were similar to those observed WiID MPTP, despite the regional differences seen in

MfYfP- and L-deprenyl-treared mice. The mechanisrn by which L-deprenyl induces an increase

in SOD activity is intriguing considering chat these enzymes are up-reguJated in response tO Oz'

in various models of free radical-mediared injuries (such as hyperoxia, 6-0HDA. paraquat).

Taken together, these resulrs lead us tO evaluate the possible re1arionship berween L-deprenyl,

O 2' formation and enhanced SaD acrivity. In chis series of studies, we invesrigated the effecrs

of L-deprenyl on catecholamine levds and mitochondrial decuon transpOrt chains, the major

source ofO 2" fonnacions. In addition, D-deprenyl, a weak MAO-B inhibicor, and MDL72974

(4-fluoro-g-(fluoromethylene)-benzenebucanamine or mofegiline), a more potent lv1AO-B

blocker mar is noc mecabolîzed ra amphecamines (unlike D-deprenyl and L-deprenyl), were

investigaced using che same experimental paradigms co establish che putative, respective raies of

MAO-B and amphetamine in the effecrs of L-deprenyL
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ABSTRACT

L-Deprenyl is an irreversible monoamine oxidase-B inhibitor with a complex pharmacological

profile. For instance. L-deprenyl administration (0 rats and mice increases eytosolic CuZn- and

mitochondrial Mn-superoxide dismurase activities in the striatuffi. CuZn- and Mn-superoxide

dismur.ase are enzymes in'Iolved in defense againsr superoxide (02.) radica1s. Hence. an increase

in CuZn- and Mn-superoxide dismurase aetivities is suggestive of oxidarive Stress, The major

intracellular sire ofO 2• radical formation is the mitochondrial respiratoty chain. Severa! reportS

indicated mat alterations in mitochondrial respiracory functions enhance 02· production. We

observed mac L-deprenyl induced a dose-dependenc inhibition of oxygen (02) consurnption

(scare 3) during ATP synthesis in presence ofcomplex l (pyruvate and maJare) and complex II

(succinace) subsuates in fresh micochondrial preparations. D-Deprenyl produced a sirnilar

inhibitory profiJe. whereas MDL72974. a selective monoamine oxidase-B inhibitor. was less

effective. Administration of D-deprenyl or MDL72974 ro mice resuIted in an increase in bath

srriatal CuZn- and Mn-superoxide dismucase accivicies. Accordingly. we propose chat the

impairment of mirochondriaJ respiratory funcrions which stimulate 0:· formation could

modulate CuZn- and Mn-superoxide dismurase activities. through a mechanism chat appears

to be independenc of monoamine oxidase-B inhibition.
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INTRODUCTION

L-Oeprenyl was originally introduced as a new dass of irreversible rnonoamine oxidase-B

(MAO-B; EC 1.4.3.4) inhibitor devoid of the hypertensive side effecrs associaced with MAO-A

inhibition (Knoll, 1978). WLAO-B inhibicion resulrs in a reducrion in dopamine (DA)

carabolism and an increase in endogenous levds of ~-phenylethylamine(~-PEA) (Zsilla d al,

1986; Boulton aaL, 1990; Knoll and Miklya, 1994; Paterson et aL, 1995). The pharmacology

ofL-deprenyi was larer found tO extend beyond MAO-B inhibition (Knoll, 1978; Berry et al.

1994). For instance, L-deprenyl is shown tO block DA upcake and tO induce an increase in

superoxide disrnucase acriviry in the rat suiarum (500; EC 1. 15. 1. 1) (Clow a al, 19 91; C

arrillo et aL, 1992; Fang and Yu, 1994; Bondiolorci ~taL, 1995). L-Deprenyl is also reporred

ro act as a potent anrioxidant (Cohen and Spina 1989; Chiueh et al, 1992) and co protecr

dopaminergic neurons of the nigrosrriatal pathway against che neurotoxiciry induced by MPTP,

by blocking its metabolism via MAO-B [0 forrn the neurotoxicanr MPP" (Chiba a al, 1984).

Sinœ L-deprenyl srimulaœs dopaminergic transmission and demonstrares antioxidant properties,

chis compound was considered as a porenrial therapeutic agent in the rrearment of Parkinson's

disease (PD) me Parkinson Srudy Group, 1989). However. resulrs from clinical trials in which

L-deprenyl is used as an adjuncr to L-dopa therapy have been controversial. Although

L-deprenyl is weil known for irs short terro beneficiaI effecrs in PD (Elizan et al, 1989; The

Parkinson Srudy Group, 1993), the recent finding of a higher rnorraliry rate during a prolonged

period of trearments raises sorne SeriOllS questions regarding che safecy of this drug (Lees, 1995).
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Severa! studies suggesr chat saD activiry is up-regulated in response to enhanced superoxide

(°2"> fonnation in various animal modds of free radical-induced roxiciry (hyperoxia, paraquat,

6-hydroxydopamïne (6-0HDA) (Stevens and Autor, 19n; Frank, 1981; Sjosrrom and Crapo,

1981; Ogawaaa1, 1994). An increase in SaD aetivity as a result ofL-deprenyl administration

is consistent wim an oxidative stress-inducing agent. SOO is an antioxidant enzyme which

convens superoxide radical (02.) to hydrogen peroxide (HzOz) and O 2 (McCord and Fridovich,

1969; Fridovich, 1978). Two major forms ofSOO exist, a mitochondrial or Mn-SaD and a

cyrosolic or CuZn-SOO type (Weisiger and Fridovich, 1973), and represent the firsr line of

defense against free radical injuries. The latter involves peroxidarive damage ro cellular

components such as nudeic acids, proteins and Iipids, leading to increases in membrane

permeabilicy, alœrarions in calcium homeosrasis and cell deach (Coyle and Purttarcken, 1993).

The observation chat L-deprenyl administration to rodents induces alterarions in SaD aaiviry

in the striarum (Knoll, 1988; Carrillo a al, 1991; Clow et al, 1991; Thiffault et Ill, 1995) lead

us [0 investigate possible rdationships berween O2• formation and enhanced SaD activity.

Furthermore, since catecholamine oxidarion and mitochondriaI respiration are known tO be che

major source ofO 2• formation in vivo (Boveris and Chance, 1973; Turrens and Boveris. 1980;

Graham, 1984; Sohal and Brunk, 1992), we examined the effea of L-deprenyl on striaral and

cerebellar catecholamine levds in mice and on the rare of oxygen consumprion in fresh brain

mitochondrial preparations. The effecrs of D-deprenyl, a weak MAO-B inhibiror. was

conuasœd wirh chose ofMDL72974, a porent MAO-B inhibiror, in the same experimenral
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Rg. 1. S1ructures of L-deprenyl, O-deprenyl and MDL72974 (Mofegilfne). The as1Irisk Identifies the chinsl carbon a1cm.

paradigms. The chemical structures ofL-deprenyl, D-cleprenyl and MDL72974 are shown in

Fig. 1.

MATERlALS AND METHODS

Three-month-old maIe (25-30 g) C57BL/6 and COI miœ (Charles River. Sc-Constant, Qué.,

Canada) with access tO food and water ad libitum were mainrained under a 12-h lighrldark

cycle. Animal care was provided according to prococols and guidelines approved by McGill

University and the Canadian Council for Animal Cue. L-Deprenyl and O-deprenyl Hel were

obcained from Research Biochemicals Incernational (Natiek. MA, USA); MDL72974 was a

generous gift from Marion Merrell Dow Research (Cincinnati, OH, USA); ~_(ethyl_l_14C)_

phenylethylarnine hydrochJoride was obtained from Dupont (Boston, MA. USA); Ficoll type

400. (-)--epinephrine-(+)-bicaruace, p-phenylethylamine, malic acid. succinic acid, pyruvic acid

and adenosine 5'-diphosphace were purchased from Sigma (Sr. Louis. MO. USA); n-hepcane

was from Fisher (Fair Lawn, Nj, USA); CuZn-SOD from bovine erythrocyces was obrained

from Boehringer Mannheim (Mannheim, Germany).
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Ani1Nll Treatmmts

A tOtal of 30 C57BL/6 mice were divided into chree groups; each group received either

L-deprenyl, D-deprenyt or MDL72974 ar a dosage of 10 mg/kg every 2 days for 15 days. At

chis dosage, L-deprenyl inhibirs 95% of brain MAO-B activiry as weU as sorne of MAO-A

activiry (Knoll, 1978; Heikkila a al, 1990). A fouM group consisting of 10 animais was

administered vehicle (0.90/0 saline) only. Animais were sacrificed by cervical dislocation 24 hr

following the lasr injection. Consequencly a total of eight doses of L-deprenyl, D-deprenyl

and MDL72974 were given. Brains were rapidly removed and eut in 1 mm coronal sections on

ice. The striarum was carefully excised and the cerebdlar cortex was isolated from the white

matter and blood vessels. The srriarum and cerebellum were frozen ar -80°C for the

deœrminarion ofSOD acrivicy and catecholamine levds as indicaœd bdow (n=5). Fina1.ly, a rotal

of 12 C57BL/6 mice were disrribuœd into three groups for MAO accivicy determination (see

below). Six animais were treated with L-deprenyl as indicaced above and killed ar 2 hr and

15 days. Three others received a single dose of L-deprenyl (10 mg/kg) and were sacrificed 20

days bœr. This rime point was selecred since che recovery of MAO-B activicy in rodent brains

varies from 8-14 days (Goridis and Neff, 1971; Fdner and WaIdmeier. 1979). The remaining

animais were given vehic1e only and sacrificed 15 days larer (n=3).

SlIpnYJ%iJe Dismut4Se

CuZn-SOD and Mn-SOD were assayed with the memod ofMisra and Fridovich (1972) which

is based on the abiliry of SOD to inhibit the auroxidation of (-}-epinephrine-(+)-birarrrace [0

adrenochrome a.t pH 10.2 and 30°C. The fate of adrenochrome formation monitored at 480
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nID (Speccronic modd 1201, Milton Roy Co., Quarry Bay, Hong Kong) was on average 0.025

optical density/min. Fifty percent inhibition of the autoxidarion is defined as one unir of

enzymatic activiry. One unic was reached wirh 48 ng/ml CuZn-SOD from bovine erythrocyres.

Aliquots of homogenaces were chosen such mac between 20-600/0 inhibition was arrained and

incuhaœd in the carbonate buffer (pH 10.2) for 10 min ac 3iC with/withouc 5 mM eN'. CN­

is lmown co inhibit CuZn-SOO and allowed the measurement ofMn-SOD. Total SOD acriviry

was subtracred from Mn-SaD measurement to obrain CuZn-SOD.

Isolation ofMitocbtlnJrüz fiT M01lo/l",ine Ch:ültue MellS'MTnfte1Jt

Mitochondria were isolared from the brain ofC57BL/6 mire according ra a procedure described

by Nyman and Whittaker (1963). In brief, brain (wiehoue the cerebellum) was homogenized

in 5 ml 0.32 M sucrose/O.I mM EDTA and cenrrifuged at 1000 x g for 10 min at 4°C. The

supernatanc was removed and centrifuged ac 100 000 x g for 30 min at 4°C. The pellet

conraining the intaCt mitochondria. was removed and carefiilly suspended in 0.32 M sucrose/O.l

mM EDTA layered on 0.88 M sucrose and cencrifuged ar 100 000 x g for 60 min at 4°C. The

mirochondriaI fraction (P3) was washed in 30 mM porassium phosphate buffer (pH 7.4) and

kepc frozen (-SO°C) unril the determinarion of MAO-B activity.

The enzymaric activity ofMAO-B was determined according co Wurrrnan and Axdrod (1963)

as modified by Da Prada et al (1989). Twenry pl of mirochondriaI suspension (0.5-1.0 mg

procein/ml) was incubated wim 100 JÙ of 0.08 mM ~-phenylethylamine (P-PEA) in 30 mM

potaSsium phosphate buffer (pH 7.4) containing 0.1 J1Ci/ml of 14C_p_pEA. The reaction
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mixture was incubated under conswlC agitarion at 3/C in a final volume of 200 JÜ of

phosphate buffer. The enzymaric oxidarion was stopped at 0, 10, 15 or 20 minutes br che

addition of 200 lÙ of 2 N Hel. The deaminared metabolire was extracted with 5 mI of

n-heprane, centrifuged (1000 x g for 5 min) and me tubes placed into a bath of dry ice and

isopropyl alcohol. The arganic layer was poured inta a vial containing 8 ml of scintillation fluid

and counred. Incubation mixrure as described above but laeking homogenates was used as

background sample and contained less chan 0.1% of [oeal subsrrate added. Incubation rimes

were sdeaed so as ta mainrain a linear rate ofsubstrate urilizarion 00-300/0). MAO-B acriviry

was reporred as percent ofconerol values.

Cauchtl14",ine Ln/e/s

Caœcholamines were quantified by reverse phase HPLC coupled to elecrrochemica.l derection

(Ee) (Renner and Luine, 1984). Briefly, striara1 DA was exrracted by homogenizing in 0.022

M sodium acetare (pH 5.0) containing 1 mM EDTA, 0.045 mM 3,4-dihydroxybenzylamine

(DHBA, internaI standard) and 0.05 mg/où ascorbic acid oxidase. The mixture was cencrifuged

and the supematant was analyzed for DA content. The removed supemarant was replaced by

an equai volume of PBS Ci 0 mM phosphate saline buffer pH 7.4) for protein analysis (see

below). Cerebellar catecholamines were exrracred onto alumina and recovered into 0.1 M

perdùoric acid with DHBA as internai standard according to che methods of Anton and Sayre

(1962) as rnodified and described in detaiI by Müller and Unsicker (1981). Using chis extraction

procedure, che recovery of noradrenaline (NE) averaged 64.80/0.
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Samples and exœrnal standards were placed in a sample processor (Waters mode! 710B WISP).

The HPLC (Waters, Milford, MA, USA) condirions were as follows: samples and external

standards were duœd at a flow rare of 1 ml/min (Waters pump modd 510) from a C 18 column

(Waters, 25 x 0.46 cm with 5 }llll packing) with a mobile phase consisting of 0.3 M sodium

aœcare buffer pH 3.8, 100 mgIL EDTA, 47 mglL sodium oayl sulfare and 1% aceronirrile. The

dearochemical derector (Mandel mode! L-C 48, Guelph, OOL, Canada) was set at a porencial

of +0.740 V versus a Ag/Agel reference elecuode. The chromacograms were recorded and

inœgraœd (WaterS data module modd 740). Scriacal DA and cerebellar NE concenuations (n=5)

were reported in ng/mg protein mer correaions were made by mea.ns of DHBA. used as an

internai standard.

Isoltltion ofMitocho1Ulri4 firr Oxygm Uptllke MellSflremmt

Brain mitochondria with intact respiratory funaion were prepared from CD1 mice using che

Ficoll-gradient procedure (Clark and Nieklas, 1970). Briefly, cerebral hemispheres were rapidly

removedand homogenized in 0.25 M sucrose, 10 mM Tris and 0.5 mM EDTA at pH 7.4 (no

sodium) and cenrrifuged at 2 000 x g for 3 min. The supernarant was cenuifuged for 8 min at

12 500 x g and che crude mitochondrial pellet was suspended in 30/0 Ficoll, 0.12 M mannitol,

0.03 M sucrùse and 25 JlM EDTA at pH 7.4 (no sodium). This suspension was ca.refully

layered on cop of 60/0 Ficoll, 0.24 M mannitol. 0.06 M sucrose and 50 pM EDTA ac pH 7.4

(no sodium) and cenrrifuged at Il 500 x g for 30 min. The layer conraining the active

mitochondria was removed from the pellet and washed in 0.25 M sucrose, 10 mM Tris and 0.5

mM EDTA at pH 7.4 (no sodium).

126



O2 consumption W3S measured in fresh mitochondrial preparations (0.3-0.5 mg procein) using

a Clark oxygen eleetrode fitted in a 2 ml conical robe to minimize air diffusion and equipped

wim a stirring bar (Nicklas aaL 7 1985). Mitochondria were incubated at ambient remperacure

(23-25°C) in a final volume of 1 ml containing 25 mM sucrose7 75 mM mannirot 50 JlM

EDTA, 95 mM KCI. 5 mM potassium phosphate and 20 mM Tris HCI at pH 7.4. AlI

respiratory subsrrares were dissolved in the above buffer and adjusred ro pH 7.4 with 1 M Tris

buffer. The resring stare ofO2 uptake (stare 4) was measured in ppmlmin in the presence of 10

~ of250 mM pyruvaœ and malate (complex 1subsrrates). After a few minutes 10 pl of25 mM

ADP was added tO allow the measuremenr ofO 2 consumption (ppmlmin) during ATP synthesis

(State 4). The test subsra.nces were included as indicated in Fig. 4 and the slope was quantitated

(02 ppm consumedlmin) over a 3-4 min period. Ten lÜ of2 M succinare (complex II substrare)

was then added in an attempt to bypass the inhibition induced at complex 1 by the test

substance. AIl additions were made using a Hamilton microsyringe. The pH of the final mixture

was aIways maintained between 7.2 and 7.5 in the course of the measuremenr.

Protei" ÂUay

The procein concenuarion was deœnnined using a Pierce BCA Protein Assay Kit (Rockford, IL

USA) except that protein extractions for cerebellar catecholamines were quantified according

to a memod described by Bradford (1976) with bovine serum aIbumin as the standard and

absorbance measured ar 562 and 595 nm, respecrivdy.
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StIItistîcs

Sraristial analysis was deœnnined by che Wùcoxon test (n=5) followed by Ounn's test for pair-

wise comparison. Values of p<O.OS and were urilized as the criteria for staristical significance.

RESULTS

Fig. 2 summarizes CuZn-SOD and Mn-SOD acriviries in che suiacum and cerebellum of

C57BL/6 mice following L-deprenyl administration. We observed a significant increase (p<O.OS)

in Mn-SOO and CuZn-SOO activiries in the smaturn and cerebellum ofL-deprenyl- creared

mice (Fig. 2). The exrent of changes in CuZn-SOO activity seen in the striarum was more

pronounced man chat: seen in the œrebellum. Striaral 500 activicies remained elevared 20 days

after a single i.p. adminisuarion ofL-deprenyl to mire (Fig. 2). These alterations in CuZn-SOO

and Mn-SO0 acrivities were observed even though MAO-B activity had recovered by

Strlatum eerebellum
20

62J control
10

• L-depre~l, 10 mglkg/2 days
8 doses or 15 days 8

15 L-deprenyl, 1 dose of 10 mg/kg
c 20 days withdrawal

Qi- 6e
Q. 10
CJ
E 4-:;)

5
2

0 0

CUZ.,.SOD Mn-SOD CUZ.,.SOD Mn-SOD

(

Fig. 2. SaD actIvlty in "e Itriatum and cerebellum of C57BV6 mice st 15 deys (8 x 10 mg}kg al 2 deys interval) and 20 days
(1 x 10 rng/kg) post-natment. CorTtrol mice received 0.9% saJine only (vehlcle). Enzymatic ac:tivity meuurements and
animai trMtments are deecribed in M..rials and Me1hoc:Il. A8t8risks and number signa indicatB significant diffel'8nces
(Wilcmlon ta!, p < 0.05) as campa18d te controls and Lod.prenyl st 15 day., respectively. Means : se values offive
Inclep.ndent experimenb are Ihawn.
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TABLE 1. MAo-S activity in whale brain hamogenates aftsr L-deprenyl treatment (10 mg/kg/2 days; i.p.) and
up te 20 days pcst-trea1ment.

Number of doses

1

8

1

2hrs

15 days

20 days

MAc-e activity
% of control

16.6 ± 1.4

10.4 ± 0.5

49.2 ± 0.8 *

Analysis cf enzymatic activity and animal 1r8atmen1s are described in Matsrials and Methcds. Means ~ SE
values of1tu.e indepedentdet8rminations are shawn. *p<O.05 (Wilcoxon test) as compared ta 2 hrs and 15
days pcst-trea1ment

approximarely 500/0 at chis rime point (Table 1). However, one dose of L-deprenyl normalized

cerebellar Mn-SOD acrivity bur not CuZn-SOO acrivity in mice after a 20 clay L-deprenyl

washour.

To determine whether incre2Sed SaD acriviries are associaced with O 2 - formed as a consequence

of enhanced cacecholamine oxidation, we examined catecholamine levels in che srriarum and

œrebellum of L-deprenyl, D-deprenyl and MDL72974 treared mice (Fig. 3). L-Deprenyl and

MDL72974 buc not D-deprenyl induced a four-fald increase (p<O.OS) in striaeaI DA levels. In

contrasr, NE remained una1rered in the cerebellum following L-deprenyl, D-deprenyl and

MDL72974 creaanents.

In an earlier report, we observed mat MPTP administration (3 x 20 mg/kg/2 hr) led co a

significanr increase in srriaeaI and cerebellar CuZn-SOO and Mn-SOO at 15 days posr-

rreacment (Thiffault et al, 1995). The MPTP merabolire, MPP., is known ro inhibir NADH
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significant dlfferences (Wllcoxon tut. p < 0.05) as compared te
contrais. Mean ~ SE values of five independent experimems lUe
shown.

dehydrogenase activicy within the respirarory chain (NickIas et al, 1985). As a resu1r, O 2'

formation is enhanœd which in eurn may be responsible for alterations in SOD activities

observed following MP11l rreatmenr (Rossetti et al, 1988; Adams et al, 1993; Thiffaulr et al,

1995). These observations prompced us to invesrigate the effecr of L-deprenyl on respiratory

function in fresh mouse brain micochondria. We made use of anomer sdective MAO-B

inhibitor, MDL72974 since, unlike L-deprenyl, it is not rnecabolized to ampheramine and

rnerhampher.amine (Dow et al, 1994; Heinonen et al, 1994). D-Deprenyl was aIso examined

since it is approximatdy 150 cimes less potent chan irs isomer at inhibiting MAO-B (Magyar et

al, 1967) and therefore allowed us co assess che involvement of MAO-B inhibition in this

130



2 mM MDL72974

2 mM D-deprenyl

2 mM L-deprenyl

control

E

}L ~
~ 1 min 1

ADP
PYRUVATE

MALATE TEST
SUBSTANCE

SUCCINATE

(

Fig. 4. Effec1s of L-deprenyt. D-deprenyl and MDL72974 on the rate of oxygen uptake in fresh mitDchondrial
preparations from C01 mouse brain tissue as descrlbed in MatBrials and Me1hods. The cUNes are
representative of lndividual experiments and wer8 used 10 construct the inhibition CUNes of Figure 5.
The arrows indicatB the time st which additions wer& mlde.

paradigm. The chemicai structUres of L-deprenyl. D-aeprenyl and MDL72974 are shown in

Fig. 1.

Fig. 4 shows the rare ofO 2 consumption (in ppm/min) observed in a cypical experimenr. ADP

was added ta pyruvate and malate ro promote ATP synthesis (stare 3) and O2 urilization. The

slope (02 in ppm/min) obtained from Fig. 4 is representarive of mirochondrial respiratory

aaiviry. Fig. 5 illustrates the effecc of increasing concentrations of L-aeprenyl, D-deprenyl and

MDL72974 on O 2 urilizarion (stare 3) in fresh mitochondrial preparations. L-Deprenyl. 0-

deprenyl and MDL72974 induced a dose-dependent inhibition of O 2 uprake during ATP
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Fig. 5. Inhibition eurves of the effects of L-deprenyl, D-deprenyl and MDL72974
on the rste of oxygen consumption in fresh mftochondrial preparations
from C01 mouse brain tissue. Measurements were made in p....nce of
2.5 mM pyruvate. 2.5 mM maIat8 and 2 mM AOP followed by the addition
of 20 mM succina18 as descnbed in Materiels and Methods. Mean ~ se
values of four Independent experiments are shawn.
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synmesis in the presence of complex 1 subscraces (pyruvare and malace, Fig. 5). IC,;os ranged

from 1.9, 1.5 and 2.4 mM for L-deprenyl, D-deprenyl and MDL72974, respectively. O 2

utilization couId not he fiilly resrored upon the addition ofsuccinaee (complex Il subscrace, Fig.

5), suggesting mac elearons transferred to O 2 are impaired ac [wo sites.A dose-dependenr

inhibition occurred, albeic ac higher doses for L-deprenyl and D-deprenyl, with an IC;o of2.8

and 2.5 mM, respeaively (Fig. 5). In concra5r, me rate ofO 2 uptake in presence of pyruvare,

maiace and ADP inhibiced by MDL72974 remained unaffeaed by the addition of succinace

(lCso=2.6 mM), suggesting mat me flow of deccrons is blocked at only one siee.

The effea of L-deprenyl, D-deprenyl and MDL72974 on respiratory funcrion led us tO

investigaœ whether D-deprenyl and MDL72974 could, in mm, modulaee 500 acrivity in che

srriacum and cerebellum ofC57BL/6 mire. Adminisuarion of D-deprenyl and MDL72974, (la

mg/kg/2 days) resu1ced in a significant increase (p<O.05) in 500 acriviries in che striawm of

mice at 15 days post-creacmenc (Fig. 6). MDL72974 was more potent chan L-deprenyl ac

inducing changes in CuZn-SOD aaivity, whereas D-deprenyl was che least effecrive (Fig. 6).

Increases in srriaraJ Mn-SaD aetivity following D-deprenyl and MDL72974 administration ro

mice were very similar tO chose of L-deprenyl (Fig. 6). Cerebellar CuZn-SOO activity was

increased in L-deprenyl- and MDL72974-treaeed mice, whereas a modest reduaion (p<O.OS)

could be dereaed following D-deprenyl rreacment- An aleerarion in Mn-SOD acrivity in the

cerebellum of mice was observed only in che L-deprenyl created group (Fig. 6).
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DISCUSSION

In the present study~ L-deprenyl (10 mg/kg) caused a marked increase in striata.l CuZn-SOO

and Mn-SOD activiries in che striacum of C57BL/6 mice. This observation is consistent with

previous reportS in which lower L-deprenyl concentrations were shown co be sufficient co induce

SOD aaivity in the fat srriarum (Knoll, 1987; Carrillo a al., 1991; Clow aaL, 1991; Clowa

al., 1992). To our knowledge~ L-deprenyl is not known to act as a direct modulator of SOD

acrivity and we faiIed to observe any effect of this MAO-B inhibiror on purified 500 acrivity

in vitro wim concentration as high as 4 mM. Striaral CuZn-SOD and Mn-SOO acriviries

remained devaœd following L-deprenyl withdrawal even though MAO-B aetivity had recovered

by approximately 500/0. This observation suggesrs chat che modulation of striatal 50Os by

L-deprenyl is not readily reversible and appears tO be independent, ac leasc in part, from the

inhibition ofMAO-B.

We have previously demonscrated mac MPTP and L-deprenyl administration co mice induced

similar changes in scriaca1, nigral and cerebellar CuZn-SOO and Mn-SOO activiries (Thiffault

et al, 1995). Severa! srudies have shawn chat SOO is up-regu1ated in animais exposed ra O 2

radical (Srevens and Auroc, 19n; Frank. 1981; Sjostrom and Crapo. 1981; Ogawa etaL. 1994).

Accordingly, the mechanism by which L-deprenyl modulates SOO aetivities within the

nigrostriatal pathway and the cerebellum may represent an adaprive mechanism reaeting to the

endogenous formation of O 2• radical.
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Numerous poœnrial sources ofOz' exist in the œIl, including the electron transport chain and

me autoxidation of catecholamines (Boveris and Chance, 1973; Turrens and Boveris, 1980;

Graham, 1984; Sohal and Brunk, 1992). In chis respect, L-deprenyl is shown tO up-reguJace

tO various degree SOD accivities in brain areas enriched wirh catecholamines (Carrillo et al,

1992; Thiffault et al, 1995). The present study, as well as others, have shown chat L-deprenyl

increases DA content in che srriatum. This increase may be through a) che inhibition of DA

uptake and metabolism (Ordand et al, 1983; Knoll and Miklya, 1984; Zsilla et al, 1986; Knoll.

1987); b) increased levds of p-phenylerhylamine (an indirectly acting sympathomimetic)

(Boulton etaL, 1990; Paterson etal, 1990); and/or c) its amphetarnine mecabolires (Reynolds

etaL, 1978; Karoum etaL, 1982). In addition, L-deprenyl is known ta block che uprake of NE

in rat brain synaptosomal preparations (Lai et al. 1980; Bondiolorri et al. 1995). However, we

couId not detecr any alterarions in NE levels in che œrebellum ofL-deprenyl, D-deprenyl and

MDL72974 treated mice. The concentration of L-deprenyl used in che present study appears

merefore insufficient ta inhibit NE uptake in vivo. In addition, DA levels remained unchanged

in the srriarurn following D-deprenyl administration. Thus, free radicals generaced as a resulr

of the non-enzymatic oxidation of catecholamines may not be che key mechanism underlying

che modularion of SOD activities observed in the present srudy. This observation is consistent

wim the effecc ofdorgyline, a MAO-A inhibitor, and L-dopa, a DA precursor. on DA levels and

SOD acriviry in the rat smarum. Clorgyline has been shown to increase DA levels in the rar
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scriarum and DA released by rat striatal slices, but chis MAO-A inhibitor failed co induce an

increase in SOD activity in the rat striamm (Knoll, 1988; Zsilla et al, 1986; Fang and Yu.

1994). Similarly, striaca1 SOD acrivity remained unaltered following L-dopa adminisrration co

rats (Clow et al, 1992).

Alœmarivdy, L-deprenyl could directly modulare free radical production by altering respiratory

function within mitochondria. the major site of incracellular O 2 • formation (Boveris and

Chance, 1973; Turrens and Boveris, 1980; SohaJ and Brunie, 1992). For instance, rorenone and

MPP+ inhibit NADH dehydrogenase (complex 1) in che respirarory chain ro stimulare Oz·

production (Turrens and Boveris. 1980; Rossetti et al. 1988). MPTP adminisrration ro mice

resulted in an increase in striatal CuZn-SOO and Mn-SOD aetivities (Thiffaulc et al. 1995).

Inrerestingly. although in a differenc modd. Mn-SOD aetïvicy is increased when procaryotes are

exposed to dassical respiracory chain inhibirors (Brown-Paterson et al. 1995). Accordingly. we

propose mat alterations in respirarory funcrion resu1r in a leakage of oxygen-cencered radicaJs

which in mrn leads co adapcive increases in CuZn-SOD and Mn-SOO arovities. Taken

cogether, chese observations led us to investigare the effea of L-deprenyl on O 2 utilization in

fresh mouse brain mirochondrial preparations.

We observed chat L-deprenyl induced a marked reduction in O 2 consumprion (stare 3) during

ATP synthesis which couId he partially restored with added succinate (complex II subscrace. Fig.

4). Analysis of dose-response curves also indicaces chat L-deprenyl is more porent at inhibiring

Oz utilizacion in the presence of complex l subsrrare5 chan in the presence of complex II
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subsrrates (Fig. 5). These observations suggesr mat the impairmenr ofelecrron flow may occur

at complex 1 (NADH dehydrogenase) and complex III or IV. We aIso evaJuared me relationship

berween MAO-B inhibition and respiratory chain impairmenr in vitro. As mentioned earlier,

D-deprenyl is about 150 rimes less potent chan L-deprenyl at inhibiring MAO-B, whereas

MDL72974 is 25 times more effective (Magyar et al, 1987; Zreika et al, 1989). D-Deprenyl

resulted in a similar inhibitory profile as compared tO L-deprenyl, suggesring mat the impaired

sires are similar and mar mese effecrs are not related to lv1A.O-B inhibition. However.

MDL72974 has equaJ porency ar reducing O2 consumption during ATP synthesis whemer

complex l or complex II substrares are induded. This observation suggescs chat sites omer man

complex 1 and II are affeaed by MDL72974. T aken rogether. these resulrs imply that structUrai

similarities among these three compounds could be responsible for the effects seen on 0 1

utilizarion and O2 ' generation (Fig. 1).

A recent report showed that adminisuarion of L-deprenyl ro mice aIrered che redox stare of

ubiquinone. suggesring mat che flow of elecrrons is impaired in che respiratory chain (Gorz et

al. 1995). Gott and colleagues (1995) observed a decrease in ubiquinone leveIs. whereas

ubiquinol (reduced ubiquinone) concentrations are increased in the mice suiatum. Ubiquinol

levds have been shown co be augmenred as a result of impaired mitochondriaI respiration. For

instance, ubiquinol concentrations were demonsrrated ta increase in rubular kidney œlls exposed

ro complex IV inhibirors and in disease states with defeas in respirarory chain componenrs
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(Emster and Dallner, 1995; Van de Water et al, 1995). These resu1rs are aIso consistent with

che hypochesis mar L-deprenyl enhances O 2• formation by altering the rare ofe1eetron rransfer

within the respirarory chain7 leading [0 inereases in SaD actÏviries in che mouse srriarum.

We observed chat MDL72974 is more potent at inducing an inerease in CuZn-SOO aetivity

in the striawm man in the cerebellurn. In an earlier study, Clow et al (1993) failed co observe

anyeffeet ofMDL72974 on SOD in the smanun of rat using doses of 1.25 and 25 mg/kg. This

may be explained by the Caer chat Carrillo and eoUeagues (1993) reported che beU shape natUre

of che effeccs of L-deprenyl on seo acriviry, wich higher doses being less effective chan

intermediace ones. Similar dose-response curves for MDL72974 eould explain the positive

resulrs obtained in the present srudy.

Interesringly, L-deprenyl, D-deprenyl and MDL72974 rreacments have a differenrial impaCt on

striatal and cerebeUar SOD aerivities in mice. The excene of alterations in SOD acrivities

observed in the striacurn were more pronounced chan chose ohtained in che cerebeUum,

suggesring chat the former is parricularly vulnerable tO these compounds. These observations are

consistent with the effecc of respirarory chain inhibitors on nigrosrriacal dopaminergie functions

as eompared to those ofother neuronal systems. For example, stereotaXie injection of rorenone

into the medial forebrain bundIe bas been shown ra induce a selective nigrostriatallesion in rats

(Heikkila et al, 1985). The uprake mechanism, which depends on ATP production, of DA was

aIso more affecced by rorenone, anrimycin and cyanide as eompared to other neurotransmitters

in mouse srriaral synaptosome preparations and in culrured mesencephalie neurons (Marey-
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Semper et aL 7 1993). InterestinglY7 rotenone was more effeCtive at inhibiring DA uptake in

striatal versus nucleus acaunbens synaptosomal preparations (Marey-Semper et al, 1993). Thus,

alterations in ATP synthesis as a resuIt of chronic L-deprenyl administration could be

detrimental to dopaminergic neurons. The effecc of L-deprenyl on energy metabolism reported

by us and others (Goa et al, 1995) couId be relevant tO the observed increase in mortality rate

rePOrœd in parkinsonian patientS treared with a combination of L-deprenyl and L-dopa (Lees,

1995).

In summary, our resuJts suggesr chat a deficiency in mirochondriaI respiration induced by L­

deprenyl increases SOD acrivities. However, ie is not clear if L-deprenyl can accurnulate wichin

che nigrosrriatal pathway to levels required to inhibit mitochondriaI functions (Heinonen et al,

1994; Mahmood et al, 1994). 1t is known chat L-deprenyl. at doses lower man chat required

to inhibit MAO-B. leads ra an increase in striatal SOD acrivities in cite rat (Knoll. 1988;

Carrillo etaL. 1991; ClowetaL. 1991). In addition, administration of a high dose (lOO mg/kg)

of L-deprenyl has been shown tO alter ubiquinone redox scare in mouse srriatum within 8 days

post-ueaonent. suggesting an elecrron rransfer flow deficienc.y within cite respiratory chain (Goa

et al, 1995). Accordingly, successive administrations of L-deprenyl may impair the acrivities of

respiratory chain complexes within dopaminergic neurons of the nigrosaiacal pathway.
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CHAPTER4

L-Deprenyl and MDL72974 Do Not Improve
the Recovery ofDopaminergic Cells Following Systemic

Administration ofMPTP in Mouse



i
\

1t has been demonscraced chat L-deprenyl administered to mice foUowing MPTP ueacment

significantly improved the recovery of nigral dopaminergjc neurons as measured br TH

immunopositive œil counes. This observation led to me proposai chat L-deprenyl exerted a

"neurorescue" effea. However, [WO scudies failed tO show mat L-deprenyl had a significanc

effect on the restorarion of scriata.lleve1s of DA and DA Metabolites in MPTP-lesioned mice.

Furthennore, there is no evidence suggesting chat L-deprenyl an in face I1 rescuel1 degenerating

dopaminergic neurons in early and untreaced PD patients. Accordingly, in chis chapter we re-

evaIuaced the long-rerm impact ofL-deprenyl on MP'TP-induced doparninergic cellioss in mice

in order to darify mese issues.
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ABSTRACT

L-Deprenyl~a monoamine oxida.se B (MAO-B) inhibitor ~ administered prior tO MPTP protecrs

dopaminergic neurons against degeneration in severaI animai species including mice. L­

Deprenyl inhibits formation ofMPP+' me mediator ofMPTP toxicicy. In addition~ L-deprenyl,

adminisrered 72 hrs foUowing MPTP. improves the recovery of cyrosine hydroxylase (TH)

immunoposirive neurons in the substantia nigra (SN) of mice. This observation lead ro the

proposai mar L-deprenyl exerrs a ltneurorescue" effecc. However, clinical trials failed tO

demonsrrare chat L-deprenyl cao effectivdy "rescuelt degeneraring dopaminergic neurons in early

unrre:aœd Parkinson's disease (PD) patients. These observations prompred us tO reevaluate the

long rerm impaCt ofL-deprenyl on MPTP-induced doparninergic cellioss in mice. In addition.

we made use ofanomer MAO-B inhibitor, MDL72974~ to assess MAO-B panicipation in chis

paradigm. Our results suggest chat L-deprenyl does not improve the recovery of TH

immunoposirive neurons in MPTP-treated mice. An apparent reducrion in TH· neurons is

observed in the SN of MDL72974- and L-deprenyIlMPTP-treated mice at 30 days post­

cre:acment. The possible implication of these findings in rdation ra the use of MAO-B inhibitors

in PD is discussed.
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INTRODUCTION

The discovery char I-methyl-4-phenyl-l.2.3.6-rerrahydropyridine (MPTP) induces an

irreversible Parkinson's di.sease (PD)-like syndrome in severa! animal species including primates

and mice provided an animal modeI of PD [22.38]. The mechanisms by which sysremic

administration of MPTP resuIrs in che degenerarion of the nigrosrriacaI pathway have been

described in derail eIsewhere [1.12.29.47]. Briefly, MPTP is metabolized by monoamine

oxidase-B (MAO; E.C. 1.4.3.4) to forro I-mechyl-4-phenylpyridinium (MPP+) [6.8.18.24].

MPp· roxiàty involves the inhibirion ofNADH dehydrogenase CEC 1.6.5.3), a componenr of

the mitochondrial respiratory chain [25.30.32L which results in an energy crisis. Administration

ofL-deprenyl (Selegiline), a MAO-B inhibiror. prior to MPTP has been shown to block MPp·

formation and chus proteet neurons against che ddeterious effects ofMPTP in mice [16].

In addition. ie has been shown chat L-deprenyl administration tO mice foUowing MPTP

rreaanent significandy improves the recovery of dopaminergic neurons of the subsranria nigra

(SN) [40]. This observation lead ta che proposai mat L-deprenyl exerts a "neurorescue" effect.

The mechanism by which L-deprenyl exerrs a trophic-like action is unclear and appears to be

assoàaœd wim asttoglial hypemophy [4]. However. one report failed ta observe the resroration

ofsrriara1 dopamine levds in L-deprenyl-rreared mice mer lesioning the nigrostriaral pathway

with MPTP [49].
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Clinicil trials have also failed [0 demonstrare char L-deprenyl "rescues" degeneraring

dopaminergic neurons in early unueated PD patienrs [23,26A3,44A5,48]. However, the use

of L-deprenyl in PD has been the subjecr of conrroversy. For instance, the DATATOP

muJriœnrer srudy reporred mar L-deprenyl improves moror disabilities in de nova parkinsonians

(45.48]. The mechanism by which L-deprenyl a1leviares parkinsonian symproms may be

associared wim MAO-B inhibition, dopamine reupcake blockade [11] and possibly an

ampheramine-like action [19,35]. MAO-B inhibition resuIrs in a reduction of dopamine

cacabolism [3,27] and an increase in che endogenous levels of «-phenylethylamine (l~-PEA), an

indirecrly acting sympathomimeric [5,17]. In contrast, the Parkinson's Disea.se Research Group

of the United Kingdom reponed an increase in mortaliry rate in L-deprenyl-rreared

parkinsonians [23]. The mechanism by which L-deprenyl rrearment resu1red in an iocrease in

deach rare is unclear ar chis rime.

T aken rogether, these observations lead us to reevaluare the long rerm impact of L-deprenyl on

MPTP-induced dopaminergic ceilloss in C57Bl/6 mice [40]. We aIso used anocher selective

MAO-B inhibitor, MDL72974 (mofegiline hydrodùoride), in order to assess the role of MAO­

B inhibition in neurorescue.
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MATERIALS AND METHODS

MIluri4/s

Three-monm-old male (25-30 g) C57BL/6 mice (Charles River. St-Constant. Qué. Canada)

with acœss to food and warer ad libirum were maintained under a 12-h lightldark cycle. Animal

care was according to proeocols and guidelines approved by McGill University and the Canadian

Council for Animal Care. RC-)deprenyl HCI was obcained from RBI (Natick. MA. USA);

MDL72974 was a generous gifc from Marion Merrell Dow Research (Cincinnati. OH. USA).

HPLC grade sodium acetaœ rrihydraœ and acetonioile were from Fisher (Fair Lawn. NJ. USA);

ascorbic acid oxidase was obrained From Boehringer Mannheim (Mannheim. Germany).

Homovanillic acid. dopamine Hel. 3.4-dihydroxyphenylaceric acid and 3.4,­

dihydroxybenzylamine were purchased From Sigma (Sc. Louis. MO. USA). Occyl sodium

sulfaœ. HPLC grade. was from KODAK (Rochester. NY. USA). Rabbie polyclonal anrisera tO

tyrosine hydroxylase was purchased from Eugene Tech (Ridgefield Park. NJ. USA). AlI reagencs

were of the highesr puricy commercially available.

Animal Treatmmts

A total of42 C57BU6 mice were adminiscered MPTP ar 30 mg/kg/day (i.p.) for 5 consecutive

days. Day 1 represencs 24 hrs following me Jase of MITP injections and indicares the rime ar

which the recovery of catecholamine levels and TH· immunostaining begins. Six animais were

sacrificed on each ofday 1. day 7 or day 30 (or 35 days from the beginning of the experimenr.

Of the remaining 24 MPTP-treared mice, 4 groups of 6 animais were creaced subsequencly (day
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3 or Tl: hrs following the of last MPTP injections) wich either 0.025 mg/kg of L-deprenyl (M­

Dep]), 0.25 mg!kgofL-deprenyl (M-Dep 2), 0.025 mglkgofMDL72974 (M-MOL 1) or 0.25

mg/kg of MDL72974 (M-MOL 2) every 2 days for 28 days. Mice were chen sacrificed by

cervical dislocation at 30 days post-MPTP-rrearment (or 28 days from che scarr ofL-deprenyl

or MDL72974 treacment).

Anomer group of 12 mice did not receive any MPTP. These mice were treated wim either 0.25

mglkg L-deprenyl (Dep 2) or MDL72974 (MDL 2) as above and sacrificed 28 days later. The

toral number ofL-deprenyl or MDL72974 doses received was 14. Tissues were collected 24 hrs

following the last L-deprenyl or MDL72974 injection. Finally, another 6 mice were given

vehicle (0.9% saline) and sacrificed 30 days later. Brains were rapidly removed and secrioned

between the SN and srriatum. The rostral ponion was eut in 1 mm coronaI slices on ice; the

saiacum was carefully excised and frozen at -SO°C for dopamine (DA), homovanillic acid (HVA)

and 3,4-dihydroxyphenylaceric acid (OOPAC) dererminations as indicared below. The caudal

portion was immersed in 2-methylpentane (Fisher, Fair Lawn, NJ, USA) on dry ire at -40°C

for 15 sec, and srored ar -80°C for cryOStat secrioning for cyrosine hydroxylase (TH)

immunoeytochemistry as described below.

Ciltecholll",ine Determination'" HPLC

Catecholamines were quantified by reverse phase HPLC coupled to electrochemical derection

(Ee) [34]. Briefly, smatal DA and irs mecabolites were extracred by homogenizing in 0.022 M

sodium acetate (pH 5.0) containing 1 mM EDTA, 0.045 mM 3,4.-dihydroxybenzylamine
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(DHBA, inœrna1 standard) and 0.05 mg/mL ascorbic acid oxidase. The mixture was cencrifuged

and the supemarant was analyzed for DA, HVA and DOPAC coneents. The removed

supematant was replaced byan equal volume of PBS CI a mM phosphate saline buffer pH 7.4)

for prorein analysis (see below). Samples and external srandards were placed in a sample

processor (Waters mode! 710B WISP). The HPLC (Waters, Milford, MA, USA) conditions

were as follow: samples and extemal standards were eluted ae a flow rate of 1 mL/min (Warers

pump model 510) from a C18 column (Waeers, 25xO.46 cm) wim a mobile phase consisring

of 0.3 M sodium acerare buffer pH 3.8, 100 mglL EDTA, 47 mglL sodium oayI sulfate and

1% acetonirrile. The elecrrochemical detecror (Mandel model L-C 4B, Guelph, One, Canada)

was set at a pOteneial of +0.740 V versus a Ag/AgCI reference elecrrode. The chromatograms

were recorded and integrared (Waters dara module model 740). DA, HVA and DOPAC

concentrations (n=6) were reported in ng/mg protein mer corrections were made by means of

3A.-dihydroxybenzyIamine. used as an internal standard.

Tyrosine HyJrnylase I",,,,,,1UJcytochnnistry anJ Cell S"rfllCe Ana Determ;1IIZtions

Sections OS Jlm thick) of the SN were prepared on a Bright ayostat (Hunringdon. England),

air dried overnighe and stored at -80°C. We obrained berween 45 and 55 sections per SN per

animal. Every fifth section was processed for TH immunocyrochemistry as described by

Pasinetri ec al. (t 989) [28]. Tissue sections were thawed at room remperacure. washed in PBS.

fixed in 40/0 paraformaldehyde and briefly rreaced with 3% H 20 2 in PBS. Non-specifie staining

was bloclœd byexposure [Q 1% goat ancisera for 30 min. Secrions were incubared in a primary

TH rabbie antibody (1:5000 dilution; Eugene Tech, Ridgefield Park, NJ, USA) for 18 hrs ac
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4°C and chen rinsed in PBS. Biorinylaœd secondary antibody (Vecrascain ABC kit, Burlingarne,

CA, USA) and avidin complexed to biotinylated-horseradish peroxidase were subsequencly

applied and vîsualized by addition ofH20 2 and 3,3'-diarninobenzidine (Sigma, Sr-Louis, MO.

USA). Sections were rinsed, dehydrated by stepwise exposure ro an increasing series ofemanol

cooœnuarions, and protecred by coverbond-linked coverslips. TH-positive neurons of the SN

were counted independencly 00 both sides by means of a 25X objective on a Leitz microscope

(Wetzlar. Germany) for each animal (n=6). Data are presented as an average of cell densiries per

nigral section since the number of immunostained sections varied from 8 ro Il per animaL

The average ofTH-immunoposÎrive ceU surfaces (Jlm") was calculared by mea.ns of an image

analyser system (MCID mode! M4, Imagïng Research Inc., St. Catherine, Ont, Canada)

coupled ro a Leitz microscope (Weczlar, Germany) equipped wich a 40X objective. Each bar

(n=6) represenrs an average of eight sections (lO ceUs/seCtion) per trearment condition.

Froid" Assay

Protein concentration was derermined bya Pierce BeA Procein Assay Kit (Rockford, Il, USA)

wich bovine serum albumin as che standard and absorbance measured ar 562 nm.

Statistû:s

Sratisrical analysis was determined non-parametrically by Wùcoxon followed by Dunnls for pair­

wise comparison and test, and a value of p<O.05 was utilized as che criteria for sraristicaJ

significance. Each bar represenrs a toraI of 6 independenr experiments.
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RESULrs

Figures 1 and 2 summarize che levels of DA (A) DOPAC (B) and HVA CC) in che suiarum of

C57BlI6 mice. At chis dosage regimen. MPTP trearment lead to modest aIrerations in suiara1

catecholamines levds (Fig. 1). A signifiant (p<0.D5) reducrion in che concentration of DA co

650/0 of control levds was observed following MPTP, while HVA and DOPAC contents

remained unaltered up to 7 days posc-treaonent (Fig. 1). In conrra5t. DA. HVA and DOPAC

levels were increased foUowing MJYrP administration at 30 days. L-Deprenyl when adminiscered

alone or 72 hrs foUowing che last MPTP injections induced an increase in DA and HVA as

compared tO levels in contrais and in MPTP-treared mice (Fig 2A and lC). MDL72974 was

not as potent as L-deprenyl at inducing alteratians in DA levels. However. a 50% reducrion in

srriara1 DOPAC concenuarions was seen wich MDL72974 whecher chis coumpound was given

alone or following MPTP administration ar bath dosage regimens (Fig. 2B). An increase in

HVA content was seen orny when MDL72974 was administered mer MITP as compared co

control and MPTP-treared animais (Fig. 2e).
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Fig. 3 and 4 illusrrate the effecr of L-deprenyl and MDL72974 on TH immunostaining in che

SN following MPTP treaonent. The rdative density ofTH~ cdIs was similar on both sides of

the SN in the control and treated groups. TH+ cell immunostaining rerurned ra concrollevds

at 30 days POst-creaanent following inrraperitoneaJ injection of MPTP (5 x 30 mg/kg/day, Fig.

3 and 48). MDL72974 induced an apparent reduction in TH+ neurons as compared to control

leveJs, whereas no a1ceration in œil density was observed when chis compound was given in

combination with MJYfP (Fig. 3 and 4 E,F). In conrrasr, L-deprenyl alone had no effea on TH+

cells density as compared [0 control groups (Fig. 3 and 4C). However, a modest reduction was

seen when L-deprenyl was aclministered at 0.25 mglkg/2 days in MPTP-treated mice (Fig. 3 and

4D).
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Fig. 3. Tyrosine hydroxylese immunapOlitive cen denaitie8 in the SN follawing MPTP (M), L.~.prenyl (dep), MDL72liJ74 (MOL.),
MPTPIL-dep~1 (M~.p) and MPTPIMOL.m74 (M.MOL) treatrnentI in 1he I1riatum of CS78ve mie. At 30 days past­
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158



1 =0.025 mg/kg
2 = 0.25mglkg
30 days post-treatment

100

-N
E
~
as;
Q)50

~
=s
en
li)
()

o
Control MPTP Oep2 M-Oep 1 M-Dep 2 MDL2 M-MDL 1 M-MOL2

Fig. 5. Average of tyrosine hydroxyles. immunapositive cell surfaces ~m 2) performed by the image anafysis system sfter
MPTP (Ml. L-deprenyl (dep). MOL72S74 (MOL). MPTPIL~.prenyi (M-dep) and MPTP/MOL72974 (M-MOL) trea1ments
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To deœrmine whether the rdative density ofTH+ cell immunolabeling was not due ta changes

in cellular morphology, we calculated the average œil surface area by means of a compucerized

image analysis system (Fig. 5). A significa.nt reducrion (600/0, p<0.05) in the mem cell area was

observed in MDL72974- and MPTP/MDL72974-creaced mice.
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DISCUSSION

The most significant finding presented in chis report is chat a recovery ofTH immunoposirive

ceH densicy is observed in the SN at 30 days following the administration of 5 x 30 mg

MPTP/kg/day. This dosage regimen was selecred tO replicate the experimenraI protocol

described previously [40]. Modest airerarions in DA and its merabolites are aIso found in che

suiarum of MP"fP-rreared mice (Fig. 1). Our resuJrs suggest chat chis MPTP dose regimen has

a limired impact on the dopaminergic nigrosrriaraI parhway. This observarion is consistent with

earlier reportS demonsuaring chat mice are resÏStant co low concentrations of MPTP [14,15,38].

A peak concentration ofMPp· is observed at 3 hrs foUowing a single administration of40 mg/kg

ofMPTP, with a half-life ofapproximaœly 2 hrs [15]. A correlation beeween MPP" conrenc and

che degree of DA 10ss has been reported in mice striarum [14]. Accordingly, to be effective,

MPTP must be adminiscered repeticive1y ac shore cime intervals to a.llow MPP" to accumulate

at concentrations required co inhibit NADH dehydrogenase wichin mitochondria [31,38].

Tacron and Greenwood reported chat MPTP (S x 30 mg/kg/day) induced a 40-50°/& reducrion

in TH" neurons in the SN ofC57BU6 mice at 20 days posc-rreatment [40]. Our reswcs suggest

chat the loss ofTH+ immunosraining is transient since che densicy of TH neurons recovered

to neac control1evds at 30 days following MPTP administration. Accordingly, the loss ofTH"

neurons does not seem ta be related ro dopaminergic cell deach in the SN a[ 20 days poSt-

ueacment [40]. Ir has been demonsuaced chat neurons are in che reinnervation phase in che
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striaturil at 20 days post-MPTP-creaonent [41]. This observation is supported by earlier reports

which demonmaœd mat striacal DA content an recover. at least partially~ by 2 tO 3 months in

MPTP-created mice [36,49].

In addition~ we observed a significant increase in levels of DA and irs merabolices at 30 days

poSt-rreaanent in MPTP-rreaœd mice, which suggesrs a rebound in che acrivicy of DA synthetic

enzymes. This finding is consistent with che effeet of reserpine on dopaminergic syStem.

Reserpine. which depletes DA strorage within terminal vesides~ aIso decreases TH·

immunosraining [33]. In response to chis insu1t, neurons not ooly replenish the empry vesides

but a1s0 induce de nova synthesis ofTH. As a resu1t~ TH synthesis is enhanced for severaJ days

in dopaminergic neurons following reserpine treacment.

Taken cogecher, our resulrs do not support the notion chat L-deprenyl promotes the recovery

of TH+ neurons following MPTP administration [40]. In facr~ we observed chat TH "levds

rerum to concrol values in MPTP-, MPTPIL-deprenyl (0.025 mg/kg)- and MPTP/MDL72974

(0.025 and 0.25 mglkg)-rreared animais. Surprisingly~ an apparent reducrion in the number of

TH+ immunolabe1ed œlls is seen following MPTPIL-deprenyl (0.25 mg/kg) rreacment wimout

concomitant reducrion in striatal DA or ics mecabolites or changes in che morphological

appearance of nigraJ neurons (Fig. 2 ,3, 4 and 5). Thus, L-deprenyl (0.25 mg/kg), when given

after MPTP, seems to interfere wirh the recovery ofTH protein levds in neurons of MPTP­

treaced animaJs.
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A reduCrion in the number of TH+ neurons withour a concomitant reducrion in DA levels is

aIso observed in the SN of the MDL72974 (0.25 mg!kg)-rreaced group. This MAO-B inhibitor

causes a 600/0 reducrion in the average TH+ cell area when given alone or following MPTP

administration in mice. These ohservadons suggest chat the Nû\O-B inhibiror~ MDL72974,

may he derrimental tO dopaminergic neurons chrough an as yer undetermined mechanism.

Ir is well known chat MPTP t L-deprenyl and MDL72974 are inhibirors of flavin-conraining

MAO-B [l3A7 t 50]. Whether the inhibition of MAO-B or other flavoproceins are responsible

for the down-reguJation ofTH levds is undear at chis rime. Inrerestingly~ MPTP t L-deprenyl

and MDL72974 induce an increase in superoxide dismurase acriviry in the srriarum of rat and

mice [7.9,20,46 and in preparation]. Several Hnes of evidence have demonstrared chat

superoxide dismurase is upregulated in ceUs exposed ro excessive levds of superoxide radicals

[10,37.39]. Thus. the possibilicy chat L-deprenyl induces a low oxidative stress levd within che

nigrosrriaral pathway may be masked by che observation chat chis compound stimuJates

dopaminergic transmission [21]. This is consistent wich che observation chat L-deprenyl

increases che levels of DA and its merabolites in mice scriarum.

MDL72974 caused a significant reduction in DOPAC, but not DA or HVA, levds at 30 days

post-creaonenr. DA appears co he preferentially merabolized by lvfAO-A in vivo in rac and mice

[2]. Accordingly, our results suggest chat multiple low doses of MDL72974 inhibit MAO-B

acrivity as weIl as sorne MAO-A acriviry. In chis respect, MDL72974 inhibits MAO-A more
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effeccivdy chan L-<leprenyl at the dosage of 0.25 mglkg [42]. Changes in scriaral DA, OOPAC,

and HVA contenes in L-deprenyl-treated mice are consistent with the notion that L-deprenyl

blocks DA uptake, whereas MDL72974 is devoid of such an effecc [11].

In conclusion, L-deprenyl and MDL72974 do not improve TH+ cell recovery in the SN of

MPTP-rreated mice. This observation is consistent with an earlier report demonscracing mat

L-deprenyl fails to restore DA levds in MPTP-Iesioned mice [49]. Furthermore, MPTP/L­

deprenyl (0.25 mg/kg) and MDL72974 (0.25 mg/kg) appears to interfere with TH protein

levds in neurons in vivo. L-Deprenyl and MDL72974 have been shown to induce superoxide

dismurase acriviry [46 and in preparation] in a manner chat is consistent with an oxidarive scres5­

inducing agents. Taken together, these resulrs suggest mat the chronic use of MAO-B inhibitors

in PD should be carefully reconsidered.
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CHAPTER5

Effeet ofthe MAO-B lnhibitor, MDL72974, on Superoxide Dismutase
Aetivity and Lipid Peroxidation Levels in the Mouse Brain

...,
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In chapter 2 we observed mat alterations in antioxidant defense systems do not necessarily lead

ro an increase in lipid peroxidarion. The effect of MPP+' L-deprenyl and MDL72974 on the

rate of mitochondrial O 2 consumprion (chaprer 3) suggesred mar a1rerarions in anrioxidanr

enzyme acrivicy may be an adaprive response caused by a leakage of oxygen-cenrered radicaIs

resuJting from dysfuncrions of the mitochondriaJ respiratory chain. L-Deprenyl was more

effective chan MDL72974 in inhibiting che rate of O 2 uprake in the brain of mice wim intact

mitochondria. Thus, in chapter 4 L-deprenyl was expected [0 he more potent chan

MDL72974 at inducing alterarions in TH-immunoposirive neurons and average cell surface

area. ln chis chapter. we merefore mm our attention [0 the effecr of MDL72974 on srriaral

and œrebellar lipid peroxidation levels. This srudy may reveal chat MDL72974 is derrimenral

co dopaminergic neurons through an as yer undetermined mechanisffi.
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ABSTRACT

MDL72974 is a member of a series of MAO-B inhibirors co be used as pocenciaJ cherapeutic

agents in che crearmenr ofParkinson's and Alzheimer's diseases. However, we have recendy

observed a reducrion in the density of tyrosine hydroxylase (TH)-posirive neurons in che

subscanria nigra of mice rreated with MDL72974. ~ oxidarive Stress is known co play a

significant role in me nigrosrriataI pathway, analysis of the rdarionship between TH+ œIl losses

induced by MDL72974 and free radical production was investigated in che present srudy.

Results demonsrrate a significant increase in superoxide dismuwe (SaD) activiry, a key

ancioxidanr, in the srriarum and cerebellum of MDL72974-rreaced miœ, presumably in

response to free radical production. An increase in lipid peroxidation levds was aIso observed

in the striarum of dlese animais in a manner which is consistent with oxidacive scress-inducing

agents. We therefore suggest chat MDL72974 may be decrimental ro dopaminergic neurons

of the nigrostriacal pathway via &ee radical-mediared rearoons.
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INTRODUCTION

Monoamines are mer.abolized by [wo distinct monoamine oxidase (MAO) subtypes, A and B,

based on subsrrate and inhibiror specificiries [5]. For example, serotonin is preferentially

deaminated by the clorgyline-sensitive MAO-A isoform. In contrast, «-phenylethylamine is

metabolized by MAO-B and blocked by L-deprenyL In addition, significant inter-species

differences exiSL The case ofdopamine is particu1arly interesting as it is preferentia1ly oxidized

by MAO-A in rodentS [14,25], whereas MAO-B is me predominant form involved in its

merabolism in primates [26]. Since MAO-B inhibitors cm alter dopamine metabolism, mey

have gained popularier as therapeuric agentS in the rreatrnent of Parkinson's disease (PD)

[4,30]. MDL72974 (mofegiline) is a member ofan extensive series of selective and irreversible

MAO-B inhibitors. MOL72974, in combination wim the dopamine precursor, L-dopa,

demonstrared wtiparkinsonian potenrial in a four weeks open-srudy involving rhirry-(V/o

patients [21].

In conrrast, however. evidence obtained in C57BL/6 mice suggested chat MDL72974

markedly aIrered tyrosine hydroxylase (TH+) immunostaining following 30 days of rrearment

[Thiffault et al, unpublished observations]. Since the nigrosrriaral pathway is particuIarly

vulnerable to free radicaJ-mediared injuries [1,23,31]. we invesrigared here if MDL72974

could induce an oxidative stress which may be responsible for TH· celliosses.
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Accordingly, lipid peroxidation was measured following a chronic MDL72974 treatrnent. In

addition, superoxide dismurase (SaD) acriviry was assessed since chis enzyme has been shown

to he up-reguIaced in several models of free radica1-induced roxicity (hyperoxia, paraquat, 6­

hydroxydopamine) [12,15,23,28,29]. SOD is an enzyme which catalyzes the dismutation of

superoxide radical (Oz') tO hydrogen peroxide and q [16.19]. Two major forms of SaD

exist, mitochondrial or Mn-SOD and eytosolic or CuZn-SOO rypes [33].

MATERlALS AND METHODS

MIlteri4ls

Three-monm-old male (25-30 g) C57BL/6 mice (Charles River, St-Constanr~ Qué, Canada)

with access ro food and warer ad libitum were mainrained under a 12-h lightldark cycle.

Animal care was according ro prorocols and guidelines approved by McGill University and che

Canadian Council for AnimaI Care. MDL72974 was a generous gift From Marion Merrell

Dow Research (Cincinnati, OH, USA). AU reagents were of the highest puriry available

commercially.

Animlll Trelltmmt

Mice were created with MDL72974 at a dosage of 10 mg/kg (i.p.) every 48 hrs. A second

group received vehicle (0.9% saline) only. Animais were sacrificed by cervical dislocation at

15 days post-treaonent and 24 hrs following the Jast MDL72974 injeCtion. A rotal of eight

doses ofMDL72974 was adminisrered. Brains were rapiclly removed and eut in 1 mm coronal
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sections on iœ. The smarum was carefully excised and the cerebellar cortex was isolared from

che white matter and blood vessels. The striatum and cerebellum from two animais were

pooled. quickly homogenized in 10 mM porassium phosphate buffer pH 7.4 (no sodium)

conraining 0.154 M KCI and frozen ar -80°C for SAD and lipid peroxidation dererminations

as indicated beIow (n=5).

SOD

CuZn-SOO and Mn-SaD were assayed using the method of Misra and Fridovich [20] which

is based on the ability of 500 tO inhibir the autoxidarion of (-)-epinephrine-(+)-bicarrrate to

adrenochrome ar pH 10.2. Fifty percent inhibition of the autoxidation is defined as one unit

ofenzyma.ric acrivity. Total SOD acrivicy was subrraeted from CN- insensirive SaD or Mn-

SOD measurement co obrain CuZn-SOO.

LipiJ pertJ%iJ4tion

Thiobarbiruric acid (TBA) was reacred colorimetricaIly wich a producr of lipid peroxidarion.

malondialdehyde (MOA), according co the methodology described in derail by Ohkawa et al

[24]. 1, 1,3.3-Tetramethoxypropane (TMP) was used as che standard curve and reswrs are

reported in nmol MOAImg prorein. Protein concentration was derermined by Pierce BeA

Prorein Assay Kit (Roekford, Il. USA) wich bovine serum albumin as standard and absorbance

measured at 562 nm. Starisrica1 analysis was determined non-parametrically using the

WI1coxon test, and a value of p<O.05 was urilized as che criteria for statistical significance.
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Total saD CuZn--50D Mn-5aC
Fig. 1. SOD activity in the stria1um of C57B1J6 mice following

MDL72974 administration O.p.) at 15 days post-treatment.
Enzymatic activity measurement and animal trea1men1s
are descrlbed in Mat8rials and Methods. AstItrisks
indica18 significant differences (p<O.05) as compared te
con1rols. Mean ~ se values of five independent
experiments are shown.
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RESULTS

Fig. 1 and 2 summarize CuZn-SOO and

Mn-SaD activicies in me striarum and

cerebellum of C57BL/6 mice following

MDL72974 administration. Two- and

five-fold increases in Mn-SO0 and
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Total SaD CuZn--5.0C Mn-50C
Fig. 2. SOD activity in the cerebellum of C57BU'8 mice following

MDL72974 administration O.p.) at 15 days post-treatment.
Enzymatic activity measurement and animal treatments
are described in Ma1Brials and Me1hods. Aaterisks
indlcatB significant differences (p<o.OS) as compared te
con1rClls. Mean :: se values of five independent
experiments are shown.

formation was observed in the suiarum

of MDL72974 trea.ted mice, wherea.s a

reduction (200/0, p<O.OS) was nored in

the cerebellum.
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DISCUSSION

Hence, MDL72974 induced an increase in lipid peroxidation in the striarum ofC57BL/6 mice

at 15 days post-treaonent. This may suggest chat chis MAO-B inhibitor is detrimental tO

dopaminergic neurons of the nigrostriaral pathway. This observation is consistent with an earlier

investigation which demonstrated a 300/0 decrease in TH+ neurons in che substantia nigra of

MDL72974 treated mice (Thiffault et al, unpublished resulcs). In addition, rwo- to fiye-foid

increases in SOOs activiries were observed in the striarum following MDL72974 administration,

the CuZn-SO0 subtype being mosc affecced. However, Clow and co-workers observed chat

SOD acrivity was unaIrered in the srriacum of MDL72974 treated rars at doses of 1.25 and 25
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mg/kg -[11) whiJe Carrillo et al reported che bell shape nature of the effeccs of L-deprenyl, a

MAO-B inhibitor. on SOD acriviry with higher doses being Iess effective chan intermediare ones

[7]. Similar bell shape dose-response curves could explain the positive results obca.ined in the

present srudy wiID MDL72974.

In the cerebellum. a modest increase in Mn-SOO acriviry was observed while lipid peroxidarion

was decreased in MDL72974 rreared mice. Taken together. these data suggest chat SOD

activiry. as a result of MDL72974 rreaanent. has a differenria1 effect on lipid peroxidarion levds.

This is consistent wim anorner study in which the effeet of SOD on lipid peroxidarion leveis

was invesriga,œd in isolared myocardium following transienr ischemia [22]. Reoxygenation was

shown to result in an increase in lipid peroxy radicals in post-ischemic hean [2]. Nelson et al

observed chat the presence of a low concentration of SOD in the perfusare limited the exrent

ofoxidative damage co lipids whiJe elevated concentrations potentiared lipid peroxidarion [22].

Similarly. marnrnalian cells and mouse brain overexpressing human CuZn-SO0 demonscrared

increased levels of peroxidized Iipids [8.9.13].

Our resuIrs aIso suggest thac the scriarum May be more vulnerable chan the cerebellum (0 the

effecc ofMDL72974 adminisuation as indicated by the extent of changes in CuZn-SOD. Mn­

SOD and lipid peroxidation. Levels of MAO-B and Mn-SOO are fairly similar in these brain

regions in rodents and primates [5.34.35]. In conrrast. CuZn-SOO is expressed predominancly

in the nigrostriatal pathway [35]. A lack of correlation was observed beeween CuZn-SOO

expression and pattern of neurodegeneration seen in Parkinson 1s disease. Alzheimer's disease and
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amyotrophie lareraI sderosis [3]. Thus, faccor(s) omer man CuZn-SOD may be responsible for

che differential effea of MDL72974 administration in the mouse srriaturn and cerebellum.

Interestingly, it has been reporred mat dopaminergic neurons of me nigrosrriacal pathway are

more vulnerable co respiracory chain inhibicors chan omer neuronal populations [10,17,18].

Inhibition of mitochondrial respiration which induces superoxide formation has been suggesred

as being responsible for the increase in SOD acriviry [6,27,31,32]. We also recencly observed

mac high concentrations of MDL72974 inhibit the mitochondrial respiratory chain in vitro

[unpublished observations]. Such a mechanism may underlie me differential effeccs observed

here beeween the suiaturn and cerebellum of MDL72974-treated mice.

In summary, our resulrs show mat administration of MDL72974 induces an increase in SOO

activities and lipid peroxidarion in che mouse srriarum. These observations are consistent with

properries of various oxidative srress-inducing agents [12,15.23.28,29].
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General Discussion
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GENERAL DISCUSSION

1 Effeas ofL-DqJrmyl lm MPTP-InJ.eeJ OxiJ4ti1l~Stress

Re/euant to PD?

We have shown chat MPTP administration to miœ resulted in alterarions of anrioxidant defence

systems. Mn-SOD~ CuZn-SOD and CAT activities were the mosr affeeted in che three brain

areas examined (SN. srriatum and cerebellum). with the exception of CAT acriviry in the

srriarurn. which remained unchanged. Despite alterations in anrioxidant enzyme activities. we

did not observe an increase in nigral, srriara1 and cerebellar lipid peroxidation levds in MPTP-

rreaced mice. Moreover. in spice of a 50% decrease in Mn-SOD aetiviry in che SN. lipid

peroxidarion remained rdarively unaffeeted. This observation is confirmed by omer reports in

which MPTP did not induce Iipid peroxidation in the stfiacum of mice with physiologically

adequare levels of viramin E (Corongiu et aL~ 1987; Adams et al.. 1990). whereas an increase

was found in vitalIlin E-deficient mice (Adams et a/.. 1990). Lipid peroxidarion has also been

examined in vitro foUowing exposure co MPTP or MPP+. ~IPTP was found to inhibit lipid

peroxidation (Lambert and Bondy. 1989; Poirier and Barbeau. 1987; Rios and Tapia. 1987),

while MPP+ stimulared it (Rios and Tapia~ 1987) in brain and erythrocyre preparations.

However MPTP porentiared iron-induced lipid peroxidation (Lambert and Bondy, 1989;

Poirier and Barbeau, 1987). Perhaps~ the concentrations of MPP+, MPTP and me cedox Stare
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ofïron-required co promoœ lipid peroxidarion in vitro were inadequare under in Vl:VO condirions

at the dosage used (3 x 20 mg/kg MPTP ac 2 hr inrervals). Taken together. rhese observations

suggesr mac faccors omer man anrioxidant enzymes play a pivotaI role in the modulation of

peroxidative damage ro membrane lipids. Our resuJes are aIso consistent with alrerations in the

activities of anrioxidant enzymes in the PD brain. SOD (Marnila et al., 1988b; Saggu et al.,

1989; Poirier and Thiffault. 1993) being the mosc affecced. but co levds char are insufficient co

lead ro increases in Iipid peroxidarion.

Inreresringly. we observed changes in cerebeUar ancioxidanr enzyme accivicy in MPTP-creaced

mire. This brain area was selecced as a control since. co our knowledge. no known parhologica1

deficits have been reporred in mis strUccure in PD. In addition. MPTP coxicicy is somewhat

specific tO the nigrostriaca1 pathway (Langsron et al.. 19842.; Heikkila et al. 1984a; Hallman et

al. 1985; Sundsrrom et al.. 1988; Takadaetal.. 1991; Varasrec eta/.• 1994). This observation

suggeses chat MPTP is metabolized co MPP· in the cerebellar correx to an exrenc mat appears

insufficient tO be eytotoxic. Consistent wich chis interprecacion is the presence of NlAO-B in the

cerebellar purkinje celllayer as revealed by immunohistochemica1 and in situ hybridizatÎon

scudies (Konradi etal. 1988; Saura etal, 1994; 1996; Westlund et al., 1988; Willoughby et al..

1998). Inreresringly, administration of radioaccive MPTP to rodencs and primates labelled the

œrebellum (Herkenham et al.. 1991; Takada et aL. 1991). whereas pre-creacment wich a non­

selective MAO-B inhibitor. pargyline. eliminated the rerenrÎon of the radiolabelled produccs

(TakadaetaL. 1991), indicaring mat MPTP is aIso converredby MAO-Beo MPP·in this
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srruetUre. Ir is merefore apparenr char concenuarions of MPP· present in the cerebellum, as weil

as in various brain areas (Herkenham et al., 1991), are not sufficienc (0 significandy impair

cellular energy demands, even in che presence of an oxidative stress.

MPTP administration to mice had a differenria! impact on srriaral and nigral CuZn-SOD. Mn­

SOD and CAT aœviries. Increa.ses in CuZn-SOD and Mn-SOO acriviries were observed in che

strÏarum ofMPTP-rreared mice, whereas no change in CAT activity was detected. Conversely.

a reduction in nigral CuZn-SOO and Mn-SOD activities was seen. while CAT activities

remained e1evated in che SN. These divergences are unlikely to be arrributed tO MPTP

mecabolism by MAO-B (Nwanze et aL. 1995; Yang et al.. 1988) since chis enzyme is present

in minute amounts in dopaminergic nigrostriatal neurons of rats and mice (Nakarnura et al..

1995; Saura et aL. 1994; Saura Marri et al.. 1990; Willoughby et al.. 1998). The mechanism

underlying the biochemical differences in the SN and che striarum in response to MPTP­

induced oxidative stress is not clear at present. Our results are consistent with ocher

investigations showing chat antioxidant manipulations have a distinct influence on nigral and

srriata1 biochemistry. ReduCtion in GSH concentrations in mice exacerbated nigral DA losses,

whiIe striarallevels remained unaffecœd by low doses of MPTP (Adams et al, 1989; Perry et al.,

1986; Weiner et al., 1988). Furthermore, an increa.se in lipid peroxidation levels was observed

in the SN of vicamin E-deficient mice. whereas chis effect is not seen in che srriarum of mice

following MPTP intoxication (Adams etal, 1990). These observations may be explained by the

facr char dopaminergic terminais represent only a small fraction of the tissue present in the

striacum. It was difficult co ascertain through our studies whemer alrerarions in anrioxidant
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enzyme acriviries occur in dopaminergic neurons as nigral and striacal homogenares were used.

Ir is well known mar Mn-SOO is expressed in both neuronal and glial cells, while CuZn-SOO

is mosdy neuronal and found in large quantities in melanized dopaminergic neurons of mice and

humans (Ceballos-Picor et al. 1991; Poirier et a/.• 1994; Rosenberg et al. 1989; T akashima et

al, 1990; Zhang etal. 1993). CAT is found in peroxisomes of both neural and glial cells. albeit

in differenc amounrs in the brains of rodenrs and primates (Geremia et al., 1990; Hassan and

Fridovich, 1977; Houdou et al., 1993; Moreno et al., 1995; Vicrorica1 et al.• 1984). The

reduccion in nigral CuZn-SOD accivities may be re1aced tO the degenerarion of doparninergic

neurons. Consistenr wich dUs hypochesis was the reducrion (:::::40%) in TH immunoposirive celis

observed in MPTP-aeated mice (Thifiàu1c etal. unpublished). Possible alreraoons in nigral and

srriaral Mn-SOO and CAT acriviries in dopaminergic neurons as a resuIc of MPTP may have

been maslœd by asaocyric proliferation chat is known co occur in response co chis neurocoxicanc

(Francis et a/.• 1995; O'CaIlaghan et a/.. 1990; Reinhard et a/.. 1988; Schneider and Denaro.

1988). ln situ hybridizarion and hisrochemical analyses of Mn-SOD. CuZn -SOO and CAT

in the SN and soiarum ofMPTP- and saline-rreared mice are required in order ro esrablish the

neuronal or glial involvemenr in mese alrerations. However, the degree of antioxidanr enzyme

activation is nor always accompanied by changes at me protein or mRNA leve1s.

Although the MPTP model is widely used ro srudy the putative mechanism or mechanisms of

œil death as observed in PD, our results demonstrated significanr differences in aIreracions of

anrioxidant enzyme activity as described above, and those observed in the SN and striacum of

PD patienrs (Table 2). For exarnple, increases in CuZn-SOO and Mn-SOD are observed in che
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SN and striatum of PO patients (Marnila aaL, 1988b; Saggu et al, 1989; Poirier and Thiffault,

1993). There have aIso been reports ofsmall reductions in CAT and GHH-PX aaivicy(Ambani

etal, 1975; Kish et al., 1985), while other srudies reported no change (Mamila a al, 1988b;

Poirier and Thiffault, 1993). In mis context, it is important to remember chat PD spans much

of the liferime of affiicted individuals (McGeer a al. 1988; Schulzer et al, 1994), whereas

MPTP produces a parkinsonian-like syndrome in a matter ofhours (Irwin a aL. 1990; Nishi

et al.. 1989; Sundsrrom et al. 1988; Tarton et al. 1992). AddirionaI differences may be

attribured to the age ofthe animais used and acure-versus-chronic rare of cellular degenerarion.

ln addirion, dapaminergic deficits in MPTP-rreared mice are shawn ta recover. at least partiaIly.

in 2 co 3 manths (RicaurreetaL, 1986; Tarton aaL, 1992; Weiner aaL, 1989). Accordingly.

Table 2. Alterations in antioxidant enzyme activity and lipid peroxidation levels observed
in the nigrostriatal pathway at post mortem in PD and MPTP-induced parkinsonism.

PO MPTP Ref8rences

Upid peroxidation
SN
Striatum

SOD activities
SN
Striatum

GSH-PX activity
SN
Striatum

CAT activity
SN
Striatum

increase no change
no change smalt decreU8

increase decre85e
increU8 increas8

small decreasa/no change no change
no change no change

small decrease/no change increase
smaIl decresse/no change no change
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the MPTP mouse mode! presents sorne limitations ro the srudy the neurodegenerarive fearures

of PD. However, our results revea1ed the usefulness of mis approach in the scudy of the

pharmacological implications ofoxidarive Stress on antioxidant enzymes and lipid peroxidarion.

1.2 MPTP 1ln4 Free R4Jie1lls

Several sources of free radicals are proposed ro be generared as a resu1r of MPTP administracion

co induce oxidarive stress. Because of its strUcrural similariry co paraquar, MPp· was proposed

co undergo sponcaneous oxidation (Fig. 8 chapeer 1, p. 33) Oohannessen et al., 1985). However,

chis possibiliry appears unlikdy because the elecrrochemical pocenrial for reducing MPP· ro forrn

a free radical under phrsiological conditions is coo grear (Elsmer et aL, 1980; Frank et aL, 1987).

A number of reportS demonstrate thar free radicals are in face formed in the presence of MPTP

and its MAO merabolires: MPDp· and MPP. For instance, incubation of MPDP in the

presence of MPP· in an aqueous solution led ro a rime-dependenr increase in free radicals as

monicored by ESR, whereas no such signal arose when eimer of these compounds was used

alone (Rossecri et aL. 1988). Although the concentrations used were re1arive!y high (10 mM),

the suggestion remained of a radica1-generaring redox cyding berween MPDp· and MPP". In

addition, MPP" is known co caralyze the formation of O 2 ' and OH· radicals in the presence of

microsomal (Sinha et al., 1986) and eytosolic (Klaidman et al.. 1993) enzymes. This is

significanr since free radicals have been demonsrrated [0 dea.ctivare the NADH dehydrogenase

complex in vitro (Cleeter et al.• 1992; Fukushima et a/., 1995; Zhang et al., 1990). Similar

inhibicory action was aIso reported foUowing exposwe to MPp· (Nicklas et al.• 1985; Poirier and
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Barbeau, 1985b; RamsayaaL. 1986b), and in the SN and smarom of PO (Mizuno aa/., 1989;

Schapira et al. 1989; 1990). However, neither MPTP (Vyas et al.• 1986) nor MPDP+ (Walker

et al, 1991) had a significanc impact on che inhibition of mitochondrial function induced by

MPP+. Our resules were consistent wim dUs observation. suggesring free radicais generated &om

the sysremic administration of MPTP ro mice do not play a major role in neuroroxiciry as we

did noc observe an increase in nigral, striaral or cerebel1ar lipid peroxidarion leveIs. Ac(.ordingly,

the inhibition ofNADH dehydrogenase within the mitochondrial respiratory chain is likely che

predominant mech.anism br which MPpl' exerrs its coxic effect. Consistent with chis hypothesis

is che observation char when injecced into che medial forebrain bundJe. rorenone. known ta

inhibir the respiratory chain ar che same site as MPP+. induces a selective degenerarion of

nigrostria.tal dopaminergic neurons in che rats (Heikkila et a/.• 1985). It is weil known chat che

mirochondrial respiratory chain (NADH dehydrogenase and ubiquinone sires) is the major

inrracellular source of &ee radical formation (Adams a al.. 1993; Boveris and Chance, 1973;

Boveris aal., 1976; De Jong and Albracht. 1994; Guidot et al. 1993; Kashkarov et al.. 1994;

Krishnamoorthyand Hinkle, 1988; Paraidachachu et al., 1992; Parole et aL, 1986; Ramsay and

Singer. 1992; T urrens and Boveris, 1980). For insrance, che addition of MPP+ to mitochondrial

preparations enhanced che O;!' E5R signal (Adams et al., 1993; Rossetti et al., 1988).

Furthermore, rorenone increased the ESR signal of O;!' under similar conditions (Adams et al,

1993). Thus, free radica1s generared from che systemic administration of MPTP appear ra be

consequential tO MPP+-induced NADH dehydrogenase inhibition. Consistent with chis

observation is the derection of reacrive oxygen species (ROS) (induding H20;!) ar 2 hrs but nor
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9 hrs post-MPTP administration (Ali etal. 1993; 1994). This is significant since the inhibition

ofNADH dehydrogenase by MPp· is reported tO be reversible and of short duration (Mizuno

et al, 1988; Niek1as et al, 1985; Ramsay et al, 1986a).

The enzymatic and non-enzymatic oxidation of catecholamines is known co represent an

alternative source ofROS (Graham. 1978; 1979). In chis respect, MPp· and MPDp· and meir

2'-methyl derivatives have been found co evoke DA re1ease in che brain (Chiueh et al., 1992b;

1994; Wu et al, 1993). Chîueh and rus colleagues (1992b) concluded mac the oxidation of chis

released DA resulted in enhanc.ed OH· radical generation since chis could be blocked by free

radical scavengers. Because DA autoxidation resulrs in the formation of semiquinone radicals

and melanin, as well as other ROS, ie ha.s been suggesred chat neuromelanin content in neurons

of the SN is an indicator of oxidacive stress (Chiueh et aL, 1994). In addition, MPTP can

produce an aminochrome pigment in the presence of DA, chis black polymer serving as a

substrace in the process of meIanization of nigral neurons (Das et al., 1978). Moreover, DA

neuromdanin is shown tO promoce the transformation of MPDp· tO MPp· (Wu et aL, 1986).

Inceresringly, melanized dopaminergic neurons are che ones most susceptible ra degeneration,

not orny in MPTP-creaced animais (Herrero et al., 1993b) but aIso in PD (Hirsch et al., 1988).

However, manipulation of endogenous anrioxidanc contents or cheir use in pre-rreacrnenc

partially protecred against MPTP-induced dopaminergic œIl death (Adams 1989; Perry et al.,

1985a; Sershen etal, 1985; Wagner et aL. 1986; Weiner et al., 1988; Yong et aL., 1986) while

omers reported no effeets (Marrinovits et al., 1986; Mihatsch et al., 1991; Perry et al, 1985b;

1986; 1987; Sucphin and Buckman, 1991). lt appears, merefore, chat inhibition of the
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mitochondrial respiracory chain is sufficienr to accoune for MPTP neurocoxiciry and irs effecc

on antioxidancs enzymes and lipid peroxidarion, as observed in our srudies. Accordingly, we

proposed chat alteracions in SOD accivicy and lipid peroxidacion reported in che SN of PD

patientS may he consequenrial co free radica1s generaced as a resulc of micochondrial respiracory

chain dysfunccions. Consistent wich this interprecarion is che reducrion of NADH

dehydrogenase observed in the SN of preclinical parkinsonians wich incidental Lewy body

inclusions (Dexter et al, 1994), suggesring chac defeccs in the mitochondrial respiracory chain

may represent an early evenc leading ro widespread oxidarive stress.

1.3 L-DeprmylllnJilsEjfms onMPTP-InJuaJAltn-1Ititms i"AntiœcitJllntEnzymeAaiflityana
LipiJ pertJ%iJation

We were surprised chat L-deprenyl failed co reverse the effecr of MPTP on che acriviry of

ancioxidanc enzymes, since chis molecuJe is known co protecr dopaminergic neurons againsc

MPTP toxiciry, possibly via ics inhibition of MAO-B acciviry (Chiba et ai., 1984; Heikkila et

ai., 1984b). Unexpectedly. our resulcs wiID L-deprenyI were rather similar co chose obtained

wirh MIYrP, despiœ the regional differences observed in MPTP- and L-deprenyl-treated mice.

L-DeprenyI creacmenc resuited in one- co fourfold increases in striatal CuZn-SOD and Mn­

SOD activit}', whereas a modesc decrease was derecred in the mouse SN. This observation was

confirmed by omer reportS in which L-deprenyl. at doses (2 mg/kg/day for 3 weeks) lower chan

chose used in our studies, were shown to be sufficienc tO increase SO0 acriviry in the rat

StriatUffi (Carrillo et al., 1991; Clow et al., 1991; Knoll, 1988; Vizuece et al., 1993).
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Incerestingly. Carrillo and her colleagues (1993) reporred a differenrial effeet of L-deprenyl

rreacrnenr on 500 activity in the SN and striarnm of rars. For instance. increases in SOD

acriviry were dereeted in the srriarnm. whereas a similar dosing schedule (2 mg/kg/day for 3

weeks) was ineffective on nigral SOOs (Carrillo et al.. 1993). In addition. increases in nigral

500 acriviries cao be achieved ar lower doses. e.g. 0.5 mg/kg (Carrillo et al.. 1993).

Furrhermore. while an increase in SOO acriviry was observed in the SN of young male rars, a

reduction was seen in young females using a similar dosage regimen (Carrillo et a/.• 1992a;

1993). Similarly. we and another researcher (Knoll. 1988) reporred reJarive1y no change in

striatal CAT acrivity. while another group found an increase ar 3 bur not 2 weeks post-L-

deprenyl rreaanent (Carrillo et al, 1992h; 1993). Aceordingly, dosage schedule. sex. age, species

and route of L-deprenyl administration. as weU as mechodological approach ta measurement of

SOD and CAT aetivity may explain the various resuJrs ohrained in chese experimenrs.

To our knowledge, L-deprenyl is not known co acr as a direcr modularor of 500 acrivity and

we failed tO observe anyeffecrs of chis MAO-B inhibitor on purified 500 aetivity in vitro using

concentrations as high as 4 mM (Thiffault et aL, unpublished). In addition, we demonstrated

char one single dose of L-deprenyl (IO mg/kg) at 20 days post-treacment was as effective at

increasing srriaral SOD activiry as eighr doses adminisrered to mice over 15 days ar 2 day

inrervals. This observation suggesrs char the modulation 0 f striaral 50Os by L-deprenyl is not

readily reversible and appears to he independent. at leasr in parr. from MAO-B inhibition.

Consistent wim chis hypothesis is the 500/0 recovery of MAO-B acrivity chat we observed ar 20

days following one dose of L-deprenyl in the mouse brain. The half-life for che recovery of
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MAO-B acrivity in rodent brains is known tO vary from 8-14 days, even when high doses of L­

deprenyl (lOmg/kg) are used (Fdner and Waldmeier, 1979; Goridis and Neff, 1971). The

mechanism by which L-deprenyl induces an increase in 500 acrivity is incriguing, considering

chat these enzymes are up-regulaœd in response to O~' in various modds of &ee radical-mediaced

injuries (such as hyperoxia, 6-0HDA, paraquat) (Crapo and Tierney, 1973; Frank, 1981; Krail

et al, 1988; Ogawa et aL, 1994; Sjostrom and Crapo, 1981; Stevens and Aucor, 19n). Taken

together, these srudies led us to evaluate the possible rdationship berween L-deprenyl, 0 1 '

formation and enhanœd 500 accivity.

2 Possible Mechll1lism U7Ulnlyi"K the MotluI4tio1l ofSOD A.aif/ity by L-Deprmy/

In chis series of srudies, we investigaced the effeas of L-deprenyl on catecholamine levels and

mitochondrial deccron transport chains, since these sites are a major source of O~· production,

as discussed in section 1.2 (Adams etaL, 1993; Boveris and Chance, 1973; Boveris et ai., 1976;

De Jong and Albracht, 1994; Graham, 1978; 1979; Guidoe et al., 1993; Kashkarov et aL, 1994;

Krishnamoorthyand Hinkle, 1988; Paraidathathu et al.. 1992; Patole et al., 1986; Ramsay and

Singer, 1992; Turrens and Boveris, 1980). In addition, D-deprenyl, a weak MAO-B inhibiror,

and MDL72974 (4-fluoro-B-(fluoromemylene)-benzenebucanamine or mofegiline). a more

porent MAO-B blocker not merabolized to ampheramines (unlike D-deprenyl and L-deprenyl)

were investigaœd in the same experimental paradigms co esrablish the putative, respective role

of MAO-B and ampheramines in the effects of L-deprenyl.
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L-Deprenyl adminisrrarion restÙred in a Rve-fold increase in striatal DA concentrations~whereas

no alteration in cerebellar NE could be derecred in mice. This observation is consistent wich

previous reportS showing L-deprenyl tO enhance striaral DA content (Knoll. 1987; Zsilla et al.

1986) while NE levels remained unaltered in cortical areas in rodentS (Gupta and Wiener.

1995). In addition. at chis dosage. an L-deprenyl (8 x 10 mg/kg. every 2 days) trearmenc

produced a marked inhibition of mouse-brain MAO-B (89.6% ± 0.7) and MAO-A (49.8% ±

1.4). It is known chat DA and NE are preferentially metabolized by MAO-A in rodent brains

(Butcher et aL~1990; Fagervall and Ross. 1986; Finberg et al. 1995; Gupta and Wiener. 1995;

Oreland etal. 1983; Srensrrom etal. 1987). Our results suggesr char the remainder of MAO-A

activicy (over 50%) is sufficienr to maintain a normal NE metabolism. This hypochesis does nor.

however. enrirely explain the effecr of L-deprenyl on DA merabolism. Inrerestingly. L-deprenyl

was shawn co black DA uprake in synaptosomes prepared from the striarum of L-deprenyl-

rreared rats (Fang and Yu, 1994; Knoll. 1987; Knoll and Myldya, 1994; Zsilla et al.. 1986).

Omer reports indicared chat che extraneuronaJ metabolisrn of DA by MAO-A and B is highly

significanc when DA uprake is inhibited (Oreland et al.• 1983; Stenstrom et al., 1987).

Furchermore. MAO-B inhibition is known to increase striatal levels of B-PEA. an indireccly

acting sympamomimeric aace amine (Paterson et al.. 1990; Philips and Boulton. 1979). Taken

together. these observations suggest chat the effeccs of L-deprenyl on DA reuprake. MAO

acriviry and B-PEA levels play a role in the modulation of striatal DA content in mice.
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L-Ampheramine and L-methampheramine, rwo metabolires of L-deprenyl. could porenrially

mediare its effeas on catecholamine levels in mice (Fig. 12 chaprer 1. p. 73). These compounds

are well known tO alter the dynamics ofdopaminergic transmission (Balsrer and Schuster, 1973;

Harris and Baldessarini, 1973; Miller etal.. 1980; Thornburg and Moore, 1973) and. at higher

doses. <:an indure neurotoxicity through a mechanism mat may involve oxidarive Stress (Cadet

etal. 1994; Hirar.a. et al., 1995; ]onnsson and Nwanze. 1982; O'Callaghan and Miller. 1994).

Inrerestingly, D-deprenyl is metabolized to D-ampheramine and D-methampheramine

(Reynolds et al, 1978a), which both have approximate1y 10 rimes che pocency of che

corresponding L-enanriomer (Chiueh and Moore. 1974; Taylor and Snyder, 1974). However.

DA and NE levels remained unaltered in mice following D-deprenyl trearment (10 mg/kg). 1n

addition, MDL72974 is not mecabolized to amphetamines (Dow et al.. 1994), and yet resu1ted

in similar changes in striata! and cerebellar catecholamine levels as observed in L-deprenyl­

rreared mice. Taken together, mese resuIes suggest chat amphetamine metabolite5 do not mediare

the effeas ofL-deprenyl and D-deprenyl on carecholamine levels at che concentrations used in

our srudies.

We and omers have shown char L-deprenyl can up-regulare SOD aetivity in brain areas enriched

with catecholamines (Carrillo et al.. 1992c; Thiffault et al. 1995). Although an increase in

scriata! DA levels was observed in L-deprenyl- and MDL72974-rreated mice. cerebellar NE

levels remained unaffected while SOD acriviry was enhanced in chis strUcrure. In addition. 0­

deprenyl is shown ra up-regulate srriaw SOD activiry in the absence of alrered DA contents.

Accordingly. our data suggest char catecholamine oxidation. known tO resulc in 0;:· formation
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(Graham, 1978; 1979), may not be the key mechanism underlying the modulation of srriatal

and cerebdlar SOD acriviry. Moreover, chis effecr may not be arrributed to MAO inhibition

or the ampheramine-like merabolires ofL-deprenyl and D-deprenyl discussed above. This is aIso

consistent with the effecrs of clorgyline, a MAO-A inhibitor and L-dopa, a DA precursor, on

DA levels and SOD acrivity in me rat srriatum. Clorgyline was shown tO increase strarial DA

levels in rats and che release of DA from striaral slices. However, chis MAO-A inhibiror failed

ra induce an increase in SOD acriviry in the rat srriarum (Knoll, 1988; Zsilla et al. 1986; Fang

and Yu, 1994). Similarly. scriaral SOD activiry remained una1rered following L-dopa

administration in rats (Clow et al., 1992).

2.2 O2• LelZitllge ftom the MittJcho1lJri4l Respiralory Chain: Re14titJ1IShip flJÏlh SOD AaitJity

We observed char L-deprenyl induced a dose-dependenr reducrion in O 2 consumption during

ATP srnchesis (scare 3 with an IC'iO of 1.9 mM), which couId be parrially resrored by adding

succinaœ (IC~o= 2.8 mM). 0'1· radical formation is enhanced by mitochondrial respiratory chain

inhibirors and represenrs che major intracdlular source of free radicaIs, as discussed in section

1.2. D-Deprenyl resulted in a similar inhibitory profile, suggesting chat the transfer ofelecrrons

is impaired at more chan one site which indude NADH dehydrogenase (complex 1) and

cyrochrome-c reducrase (complex III) or cyrochrome-c oxidase (complex IV) (Fig. 5 chaprer 1,

p. 19). This observation is consistent wich che effecr of respiratory chain inhibitors on the rate

of O 2 consumption in &esh mitochondria prepared from rodenr brains. Rotenone and MPp·

were shown [Q inhibit ADP-stimulaœd O2 consumprion in the presence of pyruvare and malare
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(rwo NADH dehydrogenase subsrrares) (Nicklas et al.• 1985). However. chis effecr was fully

reversed by incroducing succinaœ. suggesting char the flow of decrrons was blocked solely ar the

point ofencry, or ar the NADH dehydrogenase (Nicklas et aL, 1985). In conrrast, MDL72974

was equally effecrive at reducing 0: consumprion during ATP synmesis. whemer NADH

dehydrogenase or succinare dehydrogenase subsrrares were present. with an IC~o of 2.4 and 2.6

mM, respecrivdy. This observation suggescs thar che inhibition is taking place at only one siee,

narndy che eytochrome-c reducease or cyrochrome-c oxidase. Moreover, MDL72974 may not

alter succinate dehydrogenase (complex II) acrivicy since 0 1 uci1ization is not inhibited when

pyruvate and maJate are included and since NADH dehydrogenase (complex 1) cao direccly

donate irs elecrron tO ubiquinone (Fig. 5 chapter 1, p. 19) (Ernster and Dallner, 1995).

Interestingly, a recent report demonsrrated chat che administration of a very large dose of

L-deprenyl (100 mg/kg) altered che redox state of ubiquinone, suggesring chat the flow of

elecrrons is impaired in me respirarory chain (Getz et al.. 1995). In chis model, Getz and

colleagues (1995) observed a decrease in ubiquinone levels. while ubiquinol (reduced

ubiquinone) was increased in the mouse scriarum. Ubiquinol concentrations have been shown

to he altered as a result of an impairment in mitochondrial respiration. For example. the

inhibition of NADH-ubiquinone oxidoreductase acrivicy of complex 1 by MPP~ or rotenone

resulced in the depletion of ubiquinol content (Fariello et al., 1987; Mizuno et al.. 1987; van

de Waœr etal. 1995). In conrrast, complex III (antimycin A) and IV (eN-) inhibitors increased

ubiquinollevels (Kowaltowski et aL, 1995; Takahashi et al.. 1995) while a srnergistic effecc is

seen when a complex 1 (rotenone) inhibitor is included (Takahashi et al, 1995). Our

obselVations further confirm chese reports which demonstrate changes in ubiquinol levels as a
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characteristic of respirarory chain inhibitors such as L-deprenyl. TaIren rogerher, our resuJes

suggest mat srruaural similarities exisr among these compounds which could be responsible for

the effecrs seen following the O 2 urilization and O::! generation (Fig. 13). The aromaric

souaure. which is devoid ofenantiomeric carbon aroms. couId be involved. as suggested by che

effea ofL- and D-deprenyl on mirochondrial funcrions. In addition. che presence of a fluorin

atom on the aromatic ring may reduce the capaciry of MDL72974 to impair the mitochondrial

respirarory chain.

CH3

~CH2--bH--~--CH2C==CH
* CH3

L-deprenyl and D-deprenyl

F -Q-CH2- C~-- C -- C~-- NH2
Il

HCF
MDL72974

Fig. 1S. Structures of L-deprenyl. D-deprenyl and MDL72974 (Mofeglline).The as1Brisk identifies the chiral carbon atom.

It has been suggesred mat MAO activiry influences the stare of mirochondrial respiration (Smith

and Reid. 1978; Wojtczak et al, 1995). indicaring a functional link beeween the inner

mirochondrial membranes and the outer (where MAO is locared). To date, however, chis

putative regulatory mechanism bas not been confirmed (Wojrczak et al, 1995). Our resulrs aIso

suggest chat, for ar leasr mree reasons. the effect of L-deprenyl on mitochondrial respirarory

function is independenr of MAO-B. First, che inhibirory porency (ICc;o) of L-deprenyl toward

MAO-B in vitro (Terleckyj and Heikkila. 1992) is 6 orders of magnirude be10w mar observed

for the rare ofoxygen consumprion. Second. D-deprenyl is approximarely 150 rimes less potenr

chan ies L-isomer at inhibiring MAO-B (Magyar et al. 1967), and yer exhibirs a similar

inhibirory profile towards the respiratory chain. Finally, MDL72974 is 25 rimes more effective

as a MAO-B inhibitor chan L-deprenyl (Terleckyj and Heikkila. 1992; Zreika et al,1989). while
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being nluch less porenc in a1rering mirochondrial O 2 uptake. Our results a1so suggesr char these

effeas are somewhac selective as we observed a differential impacr of L-deprenyl on che rare of

mitochondrial O 2 consumption depending on whether complex 1 or II was included in intact

mitochondria prepared from mouse brains.

We therefore propose chat alœrarions in respiratory funccion caused by MDL72974, L-deprenyl

and D-deprenyl resulc in a lea.kage of oxygen-centered radicals, which in turn lead ro adaprive

increases in CuZn-SOO and Mn-SaD (Fig. 14). Consistent wim dUs inœrpreration is the effea:

of MPp· and rotenone on O~· formation and SaD acriviry. MPP and rorenone, known ro

inhibit NADH dehydrogenase acriviry, stimulaœd O 2• production in mitochondrial preparations

(Adams et al., 1993; Rossetti et al., 1988; Turrens and Boveris, 1980). In addition, we

demonscrated chat che sysœmic administration of MPTP rD mice resulted in an increase in

Doparninergic

Neurons

Fig. 14. Proposed mechanism leading 10 the generation of fre. radicals
and the uJ>I'egulation of SOO activities induced by L~eprenyl.
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CuZn~SOD and Mn-SaD activicy. Inœrestingly, although in a differenc model. Mn-SaD

accivicy is increased when procaryotes are exposed to dassicaI respiratory chain inhibitors

(Brown-Peterson et al, 1995).

3 Is L-Deprnql NnlrottJ%ic?

1t is known chat the pharmacologica1 profile of L-deprenyl is complex and extends beyond

MAO-B inhibition (Berry et al.. 1994b; Knoll, 1988). For example. L-deprenyl was found [0

block DA uprake (Fang and Yu, 1994), to up-reguJate SOD acrivity (Carrillo et aL. 1991; Clow

etal, 1991; Knoll, 1988; Thiffaulc et al., 1996; Vizuete et al., 1993) and tO induce increases in

levds of mRNA for AAAD, the enzyme involved in the conversion of L-dopa co DA (Li et al..

1992). Sorne of these actions may conrribute tO the sympcomaric relief observed in PD patients

receiving L-deprenyl (Birkmayer et al.• 1975; Elizan et a/.• 1989; Schu1zer et al., 1992; The

Parkinson's Srudy Group, 1989b, 1993). Inrerestingly. MPp· is found co inhibit ~a-B

(Salach et al. 1984; Singer et al. 1985). tO block DA reuprake (Chiba et al., 1985; Javitch et

al.. 1985) and to increase SOD acrivity(Thiffault et aL. 1995). However. our results do not

suggest chat L-deprenyl possesses the neurotoxic properties associated with the systemic

administration of MPTP or the intracerebral injection of MPP+. The latter (lC'io= 60 ~) has

30 rimes the capacity of L-deprenyl (1C'io= 1.9 mM) to inhibit the rate of O 2 consumprion in

intact mitochondria prepared from mouse brain when pyruvaœ and malare are used as subsrra.tes

(NickJas et aL. 1985). Consistent with chis observation was a. srudy on the threshold effecr of

respiracory chain inhibicors on oxidative phosphorylarîon in intact micochondria prepared from
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rat braiil (Davey and Clark, 1996). In chat srudy, 72, 70 and 600/0 reducrions in complexes 1,

III and IV activities, respecrively, could be achieved before compromising cellular energy

demands as demonstrated by the rate of O~ uptake in intact mitochondria prepared from rat

brain. Inœrestingly, dopaminergic neurons of che nigroscriaraJ pachwayare more vulnerable co

ATP deplecion chan other neuronal systems. For instance, DA uprake mechanisms, which

depend on ATP supply, are more effecrively blocked by ratenone, anrimycin and eN- chan

other neurotranSmirrer uptake systems in mouse striatosoma1 preparations or mesencephaJic cdIs

cultures (Marey-Semper a al, 1993). In addition, rorenone more effecrively inhibits DA uprake

in striatal versus nucleus accumbens synaptosomal preparations (Marey-Semper a a!.. 1993).

T aken all together, rhese results suggest chat the chronic use of L-deprenyl could compromise

ATP sYfithesis in dopaminergic neurons already impaired by a reduction in NADH

dehydrogenase acciviry as observed in PD.

Alchough L-deprenyl is well known for irs short term syrnptomatic effecrs in early and unrreared

PD (Elizan et al. 1989; The Parkinson Study Group. 1989b, 1993), concems have recencly

been raised in the dinicaI arena regarding irs long-œrrn use as an adjuncr to L-dopa cherapy. For

inStance, The Parkinson Srudy Group (DATATOP) observed chat che clinicaJ efficacy of L­

deprenyl is lost mer a year of rreaonent (Shoulson et al, 1996), and mocher group even

reporced a worsening ofsyrnptoms mer a 2 year treaonenc (Elizan et al., 1989). Moreover, the

British counterparr of DATATOP failed to observe any signiflcant effecc of L-deprenyl as an

adjunct to L-dopa therapy in mild PD (The Parkinson's Disease Research Group, 1993).

Finally, the recent finding of a higher monaliry rate reported during a prolonged period of L-
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deprenyl trearment raises sorne serious questions regarding the safety Itoxicity profile of chis

drug (Lees~ 1995). This observation is consistent wim the effeas of L-deprenyl on energy

mecabolism reporred by us and omers (Gorz et a/. t 1995).

3.1 L-DeprmylllnJ the Isme ofNeuroprouaion

L-Deprenyl administration to mice wr MPTP trearmene significancly improved the recovery

ofdopaminergic neurons of che SN as demonstrated by TH immunopositive œil counrs ar 20

days post-ueaanenr (Tarton and Greenwood~ 1991). This effecr did noc appear co be re1ated to

MAO-B inhibition sinœ MPTP (30 mg/kg/day) was administered for 5 consecutive days and

72 hrs prior co L-deprenyl creatment. In addition~ it seems unJikely chat L-deprenyl prorecred

againsc the ddeterious effeccs ofMPp· by blocking DA reuprake (Fang and Yu, 1994) since the

half-life of the neuroroxicanc in the mouse CNS varies beeween 2 and 4 hrs Oohannessen et al.,

1985; Markey et al., 1984). Howevert [wo reportS failed ro observe a significant effecr of L­

deprenyl on the restoration of srriaca1leve1s of DA and its merabolites in MPTP-lesioned mice

(Gupra and Wienert 1995; Wiener et al, 1989b). Furmermore, chere is no evidence suggesting

chat L..<feprenyl cao in face "rescue" degenerating dopaminergic neurons in early and unrreated

PD patients (Lees~ 1995; Olanow et al., 1995; Schneider t 1995; The Parkinson's Disease

Research Group, 1993; The Parkinson $rudy Group, 1989b; 1993; Ward, 1994). Our results

are aIso consistent with mese observations which do oot support the notion chat L-deprenyl can

effectively "rescue" degenerating dopaminergic neurons following MPTP treaonenc.
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We observed a sponcaneous recovery (wichout L-deprenyl treaanenr) ofTH immunopositive

cell density in the SN of MPTP-creaced miœ after 30 days using a previously described dosing

regimen (5 x 30 mg MPTPlkglday) (farron and Greenwood, 1991). Modest alcerarions in levels

ofsuiaral DA and ics merabolices were found in these mire. This observation confirmed omer

reportS in which soiatal DA conrent and nigral TH immunosca.ining can sponcaneously recover,

at least partially, by 2 co 3 months in MPTP-creaced mice (30 mg MPTP/kg/day for 2-10 days)

(Hallman etal, 1985; Ricaurre et al, 1986; Wiener et al, 1989b). Accordingly, tO be effective

as a neurotoxin, MPTP musc be adminiscered repeacedly ar short incervals [Q allow MPP" ro

acœmulace at concenuarions required ra inhibit NADH dehydrogenase (Giovanni et al, 1991;

1994; Ramsay et al., 1986; Sonsalla and Heikkila, 1986).

Surprisingly, an apparenc greater reducrion in che number ofTH immunoposirive neurons was

seen when L-deprenyl (0.25 mg/kg/2 days for 28 days) was adminisrered ra mice mer MPTP.

This observation may not be relared co changes in che morphological appearance of nigral

neurons as changes in che average cell surface area in MPTP/L-deprenyl-rreared mice did not

reach statistical significance. Thus, L-deprenyl (0.25 mg/kg) given after MPTP apparencly

interfered with the recovery of TH procein levds in neurons. Alrernacive1y. alrerations in the

average neuronal densiry in MPTP/L-deprenyl-treated mice may have been influenced by

astroglial proliferations known co occur in response tO L-deprenyl (Biagini et al. 1993; 1994).

In chis respect, an increase in the ratio of glial cells to neurons may lead tO an alrerarion in che

volume of the SN and therefore the number ofTH immunopositive neurons per nigral section.

A reduction in the number of TH" neurons was aIso observed in me SN of mice receiving
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anomei MAO-B inhibitor, MDL72974 (0.25 mg/kg). However. no concomitant reducrion in

srriaral DA levds could he derecred in these miœ. Interestingly, we did not observe a reducrion

in TH immunopositive œIl nurnbers when chis compound is given afeer MPTP. This effecr is

seen even though a 600/0 reduction in the average cell surface ara is detecred in MDL72974-

and MPTP/MDL72974-treated mice. In spire of a necrotic appearance. we cannOt ascerrain

from our experimenrs whemer chese cells undergo degenerative processes.

It is weil known chat MfYTP. L-deprenyl and MDL72974 are inhibitors of flavin-containing

MAO-B (Magyar et al.• 1967; Riederer et al.. 1978; Salach et al.. 1984; Singer et al.. 1985;

Terleckyj and Heikkila, 1992; Zreika et al, 1989). Whemer the inhibition of MAO-B or omer

flavoproreins are resPQnsible for the down-reguJation ofTH immunopositive cells is unclear at

this rime. Inrerestingly, MPP\ L-deprenyl and MDL72974 cao enhance striatal SOD acrivity

in rodents (Carrillo etaL, 1991; Clow et al, 1991; Knoll, 1988; Thiffault et al.. 1995). and alrer

the rate of mitochondrial respiration (Nicklas et al., 1985; Thiffault et al., 1996), albeit ro

variable degrees. Their rank oforder was MPp· < L-deprenyl < MDL72974 co induce increases

in striatal SOD acrivity in mire at 15 days post-trearmenr. Conversely, their relative potency in

inhibiring the rate of O;:! uptake in intact mitochondria prepared from mouse brain was MPP"

> L-deprenyl > MDL72974. Accordingly, L-deprenyl was expecred ro be more porent man

MDL72974 in inducing alterations in TH immunoposicive neurons and average œIl surface

area. The increase in srriaca1lipid peroxidation observed in MDL72974-treated mice suggesrs

chac chis MAO-B inhibitor could be detrimental co dopaminergic neurons through an as yee

underermined mechanisffi. Alrernatively, ie may he char the metabolites of MDL72974 (Dow
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et al., 1994; Scola et al, 1995) mediated sorne of these effeetS. Unfommately, men: is lime

information regarding the pharmacological and pharmacokineric profile of chis compound in

che literarure.

MPTP, L-deprenyl and MDL72974 induced aIcerarions in srriaw seo acrivicy in a manner

chat is consistent wim oxidacive srress-inducing agents. Since SOOs are up-regulated in response

to enhanced O 2• producrion, we investigaced the possible effecrs of L-deprenyl, D-deprenyl and

MDL72974 on catecholamine levels and micochondrial funcrions which represent the major

sites of inrracelluJar free radicals. A lack of parallelism was observed berween a1cerations in

catecholamine levels and increases in 500 aetivicy in the striacurn and cerebellum of L­

deprenyl-, D-deprenyl- and MDL72974-treated mice. These observations suggesr chat

catecholamine auroxidation, known to generare O 2 • radicaJs, may not be che key mechanism

underlying the modulation of SOD acrivity by these compounds. Inreresringly, we observed chat

L-deprenyl, D-deprenyl and MDL72974 induced alrerations in che rare of O 2 consumption in

intact mitochondria prepared from mouse brain. These effeas appear co be independent of

MAO-B inhibition since D-deprenyl. a weak NfAO-B inhibitor, but not MDL72974. a porenr

MAO-B inhibitor, resulred in a similar dose response inhibition of O 2 uprake by mitochondria.

These resuirs suggest chat structural similaricies OOSt among these three compounds chat could
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he I"eSpansible for their effecrs on O 2 urilizarion and O 2 ' generation (Fig. 13). Thus, alrerarions

in SaD acrivity may represent an adaprive response due ro a leakage of O2' radicals resulring

from dysfunctions of me micochondriaI respiracory chain (Fig. 14).

In an earlier srudy, L-deprenyl administracion to mice was shown to significandy improve the

recovery ofTH immunopositive nigraI neurons in mice pre-creaœd wim MPTP (Tareon and

Greenwood. 1991). This observation lead to the proposai chat L-deprenyl could exerr a

"rescuing" effece in these cells. However, our resulcs do noc support this nocion. In face, an

apparent reducrion in TH immunoposicive œil densiry was observed when chis compound was

given co mice following MPTP compared co animaIs adminiscered MPTP alone. AJternacivdy,

increases in GFAP immunoreactiviry which is known co be enhanced br L-deprenyl crearmenc

following an injury (Biagini et al., 1993; 1994) may have aIrered the average number ofrn·

neurons per nigral section. Whemer chis effecr is rdaœd ro changes in the œIl cycle of ascrocyres

(Skibo et al, 1993) is an intriguing area of research. The possibiliry mat L-deprenyl induees low

oxidative Stress, as demonsrrared by irs effecr on SOD activity and micochondriaI respiratory

function in che nigroscriataI pathway, may be masked by ics acute srimulatory effeccs

dopaminergic transmission.

MDL72974, but nor L-deprenyl, reduced the number of nigral TH immunoposirive neurons,

which was accompanied by an increa.se in lipid peroxidarion in the mouse scriarum. This
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ohservmon suggests mat MDL72974 may be demmenraJ tO dopaminergic neurons through an

as yer undeœrmined mechanism. Accordingly, chis drug should not he considered as an adjuncr

tO L-dopa therapy in PD patients.

The observation mat a recovery ofTH" neuronal densiry occurred in MPTP-rreared mice was

inreresring since chis parricuJar serain was long considered vulnerable ro the deIecerious effecrs

of MPP" roxiciry (Giovanni etaL, 1991; Riachi and Huile, 1988; Sonsalla and Heikkila. 1988).

Whemer chis process was accompanied by neurocrophic suPPOrt to injured dopaminergic

neurons is unknown ac chis rime. Such a study couJd provide a novel therapeucic approach to

the rreacmenr of PD.
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Ar st4teJ in the "GtUJeûnes CtnI&n7IitIg Thesis PrqIlITlltÜJn ': FIlCtdty ofGrJUiaIlte Struiies IlnJ
Resellrt:h, McGill U"ivemty: .

Elonents ofthe thesis that are considoed to constitute original scholarship and an advancemmt
ofknowkdge in the domains in which the research was condueted must he clearly indicated. This
requiremozt is mandatoryfor doctoral theses.

CHAPTER2

Oxidative suess has been srudied in sorne decai1 in MPTP-treated animals including mice,

rats and primates and is proposed as a mechanism underlying MPTP toxicity. The manuscripr

presented in chapœr 2 conttihutes co original knowledge with regard to the effect of MPTP on

SOO. CAT and GSH-PX acriviries in the SN. striarum and cerebellum of mice. This is

significant since aJteracions in ancioxidant enzyme acrivities as a result of MPp·-induced

oxidative stress have never been demonsrrared tO occur within and outSide of the nigrosrriaral

dopaminergic pathway. On me other hand. MPTP roxicity is somewhat specific to chis pathway.

suggesring chat oxidarive suess does not play a major role in MPTP-induced neurodegeneration.

In addition. increases in SOO activiries wichout concomitant incrementS in GSH-PX or CAT

activiry is chought to he responsible for the accumulations peroxidized lipids observed in the

brain of parkinsonian patients. We were the firsc to demonsrrare chat marked alterations in

SOO. CAT and GSH-PX acrivities do not result in enhanced lipid peroxidarions.

L-Oeprenyl. a MAO-B inhibicor known co protect againsr the deleterious effeccs of MPTP.

when adminisœred ro mice resulœd in alterations in 500. CAT, GSH-PX and lipid
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peroxidacion levels similar co chose observed in MPTP-treaeed mire. This observation was

surprising considering mat chis MAO-B inhibitor is used as an adjuncc tO L-dopa therapy in

Parkinson's disease.

CHAPTER3

The mechanism by which L-deprenyl induces an increase in SOD acriviries in several rat

brain regions has never been inve5rigated. Inreresringly, severa! srudies demonsrraeed chat SaD

acrivicies are up-regulaced in mammalian cells exposed to hyperoxia, 6-0HDA and paraquat,

known to result in enhanced O 2• radical formations. The original contribution co knowledge

of chis manuscript relates tO che evaluacion of the relationship between L-deprenyl, O2 • and

enhanced saD accivities. Morover, the finding chat L-deprenyl reduces Oz uptake in intact

mouse brain mitochondria contribuees to original knowledge by suggesting chat alrerations in

sa0 acriviries are due tO a leakage of a!· radicals which results from dysfuncrions of the

mitochondrial respiratory chain. This is significant since increases in sa0 acrivities and

respirarory deficirs are observed nor onJy following MPTP intoxication but are also reporeed in

the SN and striarum in PD. The effeccs of L-deprenyl on energy metabolism reported by us

seemed relevant co the increase in mortalicy rate recencly reported during a prolonged period of

L-deprenyl rreaonent in PD.

CHAPTER4

L-Deprenyl administration ro mire has been reported co significantly improve the recovery of

TH immunopositive nigral neurons in mice pre-creared with MPTP. This observation lead co
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che proposai dut L-deprenyl couId exert a Ir rescuing" effeet in these cells. However, [wo reportS

faiJed ro observe a significanc effeet of L-deprenyl on the resrorarion of srriaral DA and DA

merabolites in MPTP-Iesioned mice. Furthermore, chere is no evidence suggesring mat L­

deprenyl could in faet n rescue" degeneraring dopaminergic neurons in earlyand unrreaced PD

patients. The long cerro impact ofL-deprenyl on MPTP-induced dopaminergic cellioss in mice

was merefore investigaœd in order to darify chese issues. The reducrion in TH immunoposirive

cell densiry observed when L-deprenyl was adminisrered tO MPTP-treated mice compared to

animaJs adminisœred MPTP alone concributed tO original knowledge. Thus, L-deprenyl given

mer MPTP apparendy inrerfered with the recovery of TH protein levels in neurons. ln

addition, a reducrion in the number of TH· neurons was also observed in the SN of mice

receiving anocher MAO-B inhibitor, MDL72974, suggesring chat che latter is deaimenral to the

nigrostriataI dopaminergic neurons, which contributes ro original knowledge. Accordingly, chis

drug shouJd not be considered as an adjuncr [0 L-dopa cherapy in PD patienrs.

CHAPTER5

The manuscript presenred in chaprer 5 provides an original contribution to knowledge wich

respecr tO che effecrs of MDL72974 on lipid peroxidarion levels in mouse brain. The relative

porencies of MPp·, L-deprenyl and MDL72974 in alrering the rate of mirochondrial Oz

consumprion and SOD acrivities lead us tO posrulate chat the number ofTH immunopositive

neurons in mouse brain wouId he more affecred by L-deprenyl chan by MDL72974 treatment.

However, our results did not support chis possibüiry. Accordingly, the increase in lipid

peroxidation observed in MDL72975-rreated mice is significa.nt since it suggested that chis
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MAO-B inhibitor is detrimenw tO dopaminergic neurons through an as yer undetermined

mechanisffi.
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