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Preface 

Over the last 25 years, few topics in medicine, and none in neurology, sur­
pass Parkinson's disease from the viewpOInt of progress in understanding me­
chanisms and treating symptoms. Our entire concept of anatomy (the very ex­
istence of a nigrostriatal pathway) and physiology (dopaminergic trans­
mission) has undergrone a revolution as the result of studies on Parkinson's 
disease leading to (a) the recognition of dopamine depletion as a crucial bio­
chemical feature, and (b) the ability to alleviate symptoms by replenishing 
dopamine with levodopa. From this background has emerged a subclassifica­
tion of dopamine receptors into Dl and D2 types, together with the develop­
ment and therapeutic application of synthetic molecules that function as 
agonists at dopamine receptors. The pharmacological interrelationship be­
tween parkinsonism (inadequate dopamine) and chorea (excessive dopamine) 
has been elucidated because dopaminomimetic agents were found to alleviate 
parkinsonism and induce chorea, while dopamine blocking drugs induced 
parkinsonism and alleviated chorea. Pharmacokinetic manipulation of levo­
dopa achieved by adding extracerebral decarboxylase inhibitors (carbidopa, 
benserazide) decreased certain side effects and resulted in efficacy being at­
tained with lower dosage. Extracerebral dopamine receptor blockers have 
proved invaluable in decreasing the emesis of dopaminomimetics, because the 
dopaminoceptive chemoreceptor trigger zone is located outside the blood­
brain barrier. Recently, novel routes of administration of antiparkinson drugs, 
such as subcutaneous infusion, have been explored in an attempt to achieve 
more evenly sustained blood concentrations of therapeutic agents. 

There have been speculations concerning the etiology of loss of neurons in 
the substantia nigra in Parkinson's disease. These have led to new studies di­
rected at delaying the inexorable progress of the pathology of Parkinson's dis­
ease, by long-term administration of antioxidants. Finally, after decades of 
maintaining a low profile, neurosurgeons have suddenly become active in the 
experimental therapy of Parkinson's disease; this development stemmed from 
recognition that some pathways, such as the nigrostriatal projection, may op­
erate by the diffuse release of neurotransmitters, in a way reminiscent of en­
docrine function rather than classical neurophysiology. With this knowledge, 
neurosurgeons are pursuing the transplantation of dopaminergic cells into the 
striatum of parkinsonian patients. 

The treatment of Parkinson's disease has undergone remarkable and sus­
tained progress as the result of substantial steps forward every 4-5 years. Each 
step has solved some old problems, but has generated new ones. There are many 



x Preface 

unanswered questions that need to be formulated with greater precision in or­
der to apply new technologies. MPTP has brought us a better animal model of 
the disease than was previously available. Current imaging methodology has 
allowed us to analyze the anatomy and biochemistry of the brain so that we 
now have access to information in vivo which hitherto only became available 
postmortem. 

This book brings together authoritative accounts of the history, current 
status, and future directions of all these aspects of the pharmacology and the­
rapeutics of Parkinson's disease. 

Vancouver, January 1989 DONALD B. CALNE 
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CHAPTER 1 

Neurophysiology of Basal Ganglia 

W. SCHULTZ 

A. Introduction 

Consider the case of a parkinsonian patient suffering from hypokinesia at an 
advanced stage. Knowing that the disease is predominantly due to neuronal 
deficits in the basal ganglia would suggest at first sight a role of this brain 
structure in motor control. However, an absence of movement can have many 
causes. When discussing movement-related neuronal processes it is helpful to 
distinguish between the initiation and the execution of movements (ALLEN 
and TSUKAHARA 1974). The slowing of movements in parkinsonism is compat­
ible with deficits in movement execution, and in fact highly reproducible in­
creases in movement time in controlled reaction time situations have been 
noted (EVARTS et al. 1981). Although deficits in movement execution empha­
size the motor functions of the basal ganglia, they do not represent the full ex­
tent of parkinsonian akinesia. The fact that movements are simply not in­
itiated, or occur with greatly reduced frequency and speed, argue for defects 
in neuronal processes that need to be operational before the motor act begins. 
These are less easy to define and may comprise mechanisms such as volition, 
incentive, motivation, memory, arousal, intention, attention, reactivity, sen­
sory discrimination, response selection, planning, preparation, and prepro­
gramming. Most of these can be grouped as motivational, cognitive, or motor 
set. With this reasoning, the deficits underlying parkinsonian hypokinesia re­
late to a broad spectrum of neuronal mechanisms involved in the control of 
behavioral acts that include but go far beyond the addressing and control of 
muscle activity. 

The approximate role of the basal ganglia can be outlined by considering 
the phylogenetic development of their connections to other brain structures of 
known function. The mammalian basal ganglia receive the bulk of afferents 
from cerebral cortex, midline thalamic nuclei, the limbic system, and the dor­
sal raphe. Their efferents are primarily directed back to the frontal cortex 
while only a minority of them influences descending midbrain structures. 
Through their close, reciprocal contacts with brain structures dominating tel­
encephalic brain functions, particularly the cerebral cortex, they are in a posi­
tion to participate significantly in cognitive, emotional, and sensorimotor re­
gulation. In nonmammalian vertebrates, such as amphibians, reptiles, and 
birds, homo logs of striatum, pallidum, and substantia nigra (SN) can be de­
fined from similarities in neurotransmitters, in particular from the presence of 
cholinesterase, catecholamines, and peptides (KARTEN and DUBBELDAM 1973; 
BRAUTH and Km 1980; BRAUTH et al. 1983). Striatal homolog regions are reci-
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pients of afferents from homologs of the cerebral cortex (KARTEN and DUB BEL­
DAM 1973; WEBSTER 1979; BRAUTH et al. 1978; BRAUTH and KITT 1980). How­
ever, in contrast to mammals, the basal ganglia in these species do not feed 
back information to the cerebral cortex, but instead influence tectal areas that 
control orienting and motor behavior. This occurs by way of pallidal output to 
the nucleus spiriformis lateralis in birds (KARTEN and DUBBELDAM 1973), the 
pretectum in amphibians (WILCZYNSKI and NORTHCUTT 1983) and the dorsal 
nucleus of the posterior commissure in reptiles (BRAUTH and KITT 1980). 
These tectal areas give rise to descending projections to reticulospinal neu­
rons of brain stem motor centers (REINER and KARTEN 1982; REINER et al. 
1982). Main catecholamine afferents to the striatum arise from the midbrain 
nucleus tegmenti pedunculopontinus that should be considered as the homo­
log of the mammalian SN (LOHMAN and VAN WOERDEN-VERKLEY 1978; WEB­
STER 1979; BRAUTH et al. 1978; BRAUTH and KITT 1980; PARENT 1984). The 
phylogenetic development of basal ganglia output away from brain stem mo­
tor centers in nonmammalian vertebrates towards the cerebral cortex in mam­
mals reflects the increased use of the cerebral cortex for the control of be­
havior. These comparisons suggest that the vertebrate basal ganglia participate 
as higher control centers in the association and integration of behavior-related 
neuronal information. 

B. Electrophysiology of Connections 

I. Peripheral and Cerebral Input to Basal Ganglia 

The major afferent structure of the basal ganglia is the striatum (putamen and 
caudate nucleus) and its ventral extension, the nucleus accumbens. Addi­
tional input structures are the nucleus subthalamicus and the SN. These 
structures receive information from: (a) all areas of the cerebral cortex; (b) 
midline thalamic nuclei; (c) the limbic system at the level of the amygdala; 
and (d) the raphe. 

1. Striatum 

a. Peripheral Input 

Neurons of the caudate nucleus in chloralose-anesthetized or locally anesthe­
tized and immobilized cats respond with sequences of excitatory and inhibi­
tory postsynaptic potentials (EPSPs and IPSPs) and impulse discharges to 
electrical stimulation of the contralateral and ipsilateral spinal and trigeminal 
nerves with latencies of 30-50 ms (SEDGWICK and WILLIAMS 1967; WILSON et 
al. 1983; LIDSKY et al. 1978). Most of these neurons also respond to auditory 
stimuli and light flashes. Natural somatosensory stimuli of the face, such as 
skin indentation and hair movement, are equally effective in driving neurons 
in the caudate and pallidum of conscious cats without encoding stimulus 
magnitude (SCHNEIDER and LIDSKY 1981; SCHNEIDER et al. 1982). Striatum 
neurons of urethane-anesthetized rats respond to noxious input in a moderate 
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rostrocaudal topographic fashion (RICHARDS and TAYLOR 1982). Visual re­
sponses with large receptive fields and without orientation specificity and 
movement sensitivity are seen in the caudate of chloralose-anesthetized cats 
(POUDEROUX and FRETON 1979). Thus, neurons in the striatum receive sensory 
information from all three major modalities. Sensory responses in behaving 
animals will be further reviewed later, in conjunction with motor control and 
higher functions. 

b. Cerebral Input 

Electrical stimulation of several areas of the cerebral cortex in rats and cats el­
icits EPSPs and impulse discharges in the ipsilateral striatum at latencies of 
less than 10 ms (BUCHWALD et al. 1973; LILES 1974; KITAI et al. 1976; SCHULTZ 
and UNGERSTEDT 1978; HERRLING and HULL 1980; VAN der MAELEN and KrrAi 
1980). Neurons receive convergent excitatory inputs from the contralateral 
and ipsilateral cortex (WILSON 1986). A pronounced inhibition, often longer 
than 200 ms, follows the initial excitations. The cortically evoked excitation is 
due to an excitatory amino acid, probably glutamate (SPENCER 1976; DIVAC et 
al. 1977; KIM et al. 1977; MCGEER et al. 1977), which activates a quisqualate­
or kainate-type receptor (HERRLING 1985). At least the early part of the follow­
ing inhibition is mediated by y-aminobutyric acid (GABA) released from stri­
atal neurons (BERNARDI et al. 1976; HERRLING 1984). 

The intralaminar thalamic nuclei centre median and parafascicularis give 
rise to an ipsilateral monosynaptic excitatory input to the striatum. Electrical 
stimulation in these nuclei elicits EPSPs in the caudate of cats at latencies of 
2-20 ms, followed by IPSPs of durations longer than 150 ms (PURPURA and 
MALLIANI 1967; BUCHWALD et al. 1973; KOCSIS et al. 1976). Thalamic neurons 
projecting monosynaptically to the caudate are excited by electrical stimula­
tion of the forepaw (KuNzE et al. 1979). This suggests a second pathway by 
which somatosensory information could reach striatal neurons, in addition to 
the input from the somatosensory cortex to the putamen (KDNzLE 1977). 

Although a matter of earlier debate, the serotonergic input from the ipsila­
teral dorsal raphe nucleus is predominantly excitatory. Electrical stimulation 
of this nucleus elicits EPSPs in the striatum at latencies of 2-10 ms that are 
followed by long-lasting IPSPs (VAN der MAELEN et al. 1979). EPSPs are 
strongly reduced after depletion of cerebral serotonin levels by p-chlorophe­
nylalanine, which suggests the serotonergic nature of the observed excitation 
(PARK. et al. 1982b). 

The nucleus accumbens, as the ventral part of the striatum, receives its 
major input from the limbic system. Recent studies report short latency ortho­
dromic activation of accumbens neurons after stimulation of basal nuclei of 
the amygdala in cats and rats (ITO et al. 1974; YIM and MOGENSON 1982). The 
monosynaptic nature of the projection from the amygdala to the nucleus ac­
cumbens is suggested by antidromic responses of amygdala neurons at laten­
cies of 6-30 ms after accumbens stimulation (ITO et al. 1974). 

In summary, the striatum receives excitatory influences from all extraba­
sal ganglia afferents, while inhibitions are largely generated by intrinsic COlla-
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terals of GABAergic output neurons. An important convergence of excitatory 
inputs onto striatum neurons occurs in cats between cortical and thalamic 
sites (KOCSIS et al. 1976) and in rats between cortex and dorsal raphe (VAN der 
MAELEN et al. 1979). 

2. Nucleus Subthalamicus 

Neurons in the lateral part of this structure are activated by electrical or pha­
sic innocuous mechanical stimulation of predominantly contralateral vibris­
sae in rats (HAMMOND et al. 1978 b). Responses often show unilateral and bila­
teral convergence between trigeminal and spinal inputs. A major role of the 
sensorimotor cortex in mediating these responses is suggested by their sup­
pression following cortical cooling or chronic ablation (HAMMOND et al. 
1978b). 

Direct electrical stimulation of several ipsilateral and contralateral areas 
of the cerebral cortex in rats elicits large and long-lasting EPSPs of 1-5 ms lat­
ency (KITAI and DENIAU 1981) and discharges at 8-14 ms latency in the major­
ity of subthalamic neurons (ROUZAIRE-DuBOIS and SCARNATI 1985). Lowest ef­
fective stimulation currents for these responses are found in cortical layers V 
and VI (ROUZAIRE-DuBOIS and SCARNATI 1985). As with corticostriatal affer­
ents, the transmitter of the corticosubthalamic excitation is probably gluta­
mate acting on a quisqualate- or kainate-type receptor (ROUZAIRE-DuBOIS and 
SCARNATI 1987). 

3. Substantia Nigra 

Electrical stimulation of the median raphe nucleus leads to a reduction of 
neuronal activity in both parts of the SN at mean latencies of 4 ms. These res­
ponses could be mediated by serotonergic transmission since similar depres­
sions of activity are obtained by iontophoretic application of serotonin (DRAY 
et al. 1976). Other extrabasal ganglia afferents to the SN include a probably 
glutamatergic cortical input (KUNZLE 1978; KERKERIAN et al. 1983), as well as 
fibers arising from the dorsal raphe, the central amygdala and the hypothala­
mus (for review see GRAYBIEL and RAGSDALE 1979), which have not been the 
subjects of electrophysiological studies. 

II. Internal Basal Ganglia Connections 

The striatal dopamine (DA) innervation originates from cell bodies of the pars 
compacta of the SN (area A9) and dorsolateral neighboring neurons of the 
ventral reticular formation (area A8). The nucleus accumbens receives DAer­
gic afferents from neurons of the medial ventral tegmental region (area AI0). 
The striatum projects to both segments of the globus pallidus and both parts 
of the SN. The external segment of the globus pallidus projects of the nucleus 
subthalamicus and probably to the pars compacta of the SN. The Nucleus 
subthalamicus projects to both pallidal segments and to the pars reticulata of 
the SN, and has reciprocal connections with the nucleus tegmenti peduncu­
lopontinus. The pedunculopontinus also has reciprocal connections with the 
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pallidum, particularly its internal segment, receives afferents from the pars 
reticulata of the SN, and projects to the pars compacta of the SN. 

1. Nigrostriatal Dopamine System 

a. Substantia Nigra 

DA-containing cells of the SN and adjoining areas of the ventral midbrain 
have electrophysiologic and pharmacologic properties that distinguish them 
from all other neurons in this area of the brain. They discharge polyphasic im­
pulses of relatively long duration (1.5-5.5 ms) at rates of 0.1-8.0 Hz. This was 
first observed in extracellular recordings in rats by means of fluorescence mi­
croscopy for detection of their catecholamine content (BUNNEY et al. 1973 b), 
and subsequently substantiated by intracellular labeling (GRACE and BUNNEY 
1983 a). DA neurons have similar distinctive characteristics in other species, 
such as mice (SANGHERA et al. 1984), cats (STEINFELS et al. 1981), and mon­
keys (AEBISCHER and SCHULTZ 1984). The relatively long impulse is composed 
of an initial short axon hillock spike and a subsequent longer somatodendritic 
component which is dependent on Ca2+ conductance (GRACE and BUNNEY 
1983 b; LUNAS et al. 1984; KITA et al. 1986). 

DA neurons possess non-adenylate cyclase-coupled receptors for DA (for 
review see KEBABIAN and CALNE 1979) which are responsible for membrane 
hyperpolarization and depression of impulse activity following systemic or 
iontophoretic application of DA agonists (BUNNEY et al. 1973 a; AGHAJANIAN 
and BUNNEY 1977; GRACE and BUNNEY 1983 a). Blockade of DA autoreceptors 
by systemically administered neuroleptics increases the impulse rate moder­
ately (BUNNEY et al. 1973 b). Although direct electrophysiologic evidence is 
lacking, autoreceptors on cell bodies can be stimulated and neuronal activity 
depressed by DA that is released from dendrites of DA neurons (GROVES et al. 
1975; CHERAMY et al. 1981) independent of impulses (LUNAS et al. 1984). 
Dendritically released DA may also reach receptors located on non-DA neu­
rons of the pars reticulata of the SN. After iontophoretic DA application, neu­
rons projecting to the thalamus increase their discharge rate (RUFFIEUX and 
SCHULTZ 1980) through interaction with an adenylate cyclase-coupled DA re­
ceptor (MATTHEWS and GERMAN 1986) while the depression of impulse activity 
following iGntophoretic application of GABA is reduced (W ASZSZAK and W AL­
TERS 1983). In this way, dendritic ally released DA is able to exert a direct in­
fluence on neurons projecting outside the basal ganglia without involving the 
striatum. 

b. Striatum 

Iontophoretic application of DA in the striatum predominantly leads to a re­
duction in impulse activity (BLOOM et al. 1965). In intracellular recordings, 
DA elicits slow depolarizations with concomitant reductions of impulse activ­
ity (BERNARDI et al. 1978; HERRLING and HULL 1980), or, probably more spe­
cifically, true membrane hyperpolarizations (HERRUNG and HULL 1980). Re­
sults obtained with electrical stimulation of the nigrostriatal tract are difficult 
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to evaluate in view of concomitant antidromic activation of closely passing 
axons of striatonigral neurons, which possess widely branching collaterals in 
the striatum (for more detailed discussion see SCHULTZ 1982). 

In view of this uncertain action of DA on striatal neurons, a Iilore func­
tional investigation of DAergic influences on striatal input and output is ne­
cessary. By increasing striatal DA receptor stimulation with iontophoretic ally 
applied DA, systemically administered amphetamine, or electrical stimula­
tion of the SN, a reduction of responses to stimulation of the cerebral cortex 
or peripheral nerves is noted while spontaneous activity remains largely un­
changed (HIRATA et al. 1984; ABERCROMBIE and JACOBS 1985; MERCURI et al. 
1985). Iontophoretic application of sulpiride, an antagonist of the non-adeny­
late cyclase-coupled DA receptor, increases responses to cortical stimulation 
without influencing spontaneous activity (BROWN and ARBUTHNOTT 1983). 
This is compatible with a reduction of the normal inhibitory effects of DA on 
glutamate release from corticostriatal terminals (MITCHELL and DOGETT 1980). 
These data suggest that DAergic neurotransmission reduces inputs to the stri­
atum. Signs of a damping effect of DAergic neurotransmission are also found 
when investigating the responses of pallidum neurons after cortical stimu­
lation while modifying striatal DAergic transmission. Responses increase with 
DA receptor blockade, and decrease after electrical stimulation of the SN (HI­
RATA and MOGENSON 1984; TOAN and SCHULTZ 1985). Combined evidence 
from these data suggests that DAergic transmission exerts a focusing effect on 
neuronal mechanisms in the striatum whereby weak striatal inputs are sup­
pressed and only the strongest and most salient information is able to pass. In 
this way, DA would restrict and control the functional use of the anatomically 
established striatal connections which show considerable divergence and con­
vergence (CHANG et al. 1981; PERCHERON et al. 1984). 

2. Striatopallidal 

The major output of the striatum is directed ipsilaterally to both segments of 
the globus pallidus and the SN. These projections originate from medium 
spiny neurons which represent the large majority of striatal neurons (PRESTON 
et al. 1980). Neurons in the lateral and medial segments of the globus pallidus 
are regularly inhibited by electrical stimulation of the striatum or nucleus ac­
cumbens with conduction velocities of about 1 m/s in rats (DRAY and OAKLEY 
1978; JONES and MOGENSON 1980; PACITTI et al. 1982; PARK et aI1982a), cats 
(YOSHIDA et al. 1972), and monkeys (OHYE et al. 1976). Striatopallidal inhibi­
tions are most probably due to GABAergic neurotransmission (OBATA and 
YOSHIDA 1973). The participation of an opiate mechanism is suggested by the 
naloxone-induced reduction of pallidal responses to striatal stimulation (NA­
PIER et al. 1983). In contrast to these pure inhibitions, earlier studies also re­
port striatally evoked EPSPs in a portion of pallidal neurons (MALLIANI and 
PURPURA 1967; LEVINE et al. 1974). This may reflect excitations provided by a 
substance P-ergic striatopallidal connection (LJUNGDAHL et al. 1978), although 
it is unclear why recent studies have failed to detect them. 

In agreement with an excitatory corticostriatal and a predominantly inhi-
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bitory striatopallidal connection, electrical stimulation of the cerebral cortex 
leads to depression of discharge rate in most pallidal neurons while about a 
quarter of them show a preceding activation (NODA et al. 1968; HIRATA and 
MOGENSON 1984; TOAN and SCHULTZ 1985). Considerable convergence occurs 
from even distant cortical sites onto single pallidum neurons in the rat (TOAN 
and SCHULTZ 1985), which may be mediated by the large dendritic trees of 
striatal neurons (PRESTON et al. 1980), by striatal interneurons or internal col­
laterals (MARCO et al. 1973; PARK et al. 1980), and by the striatopallidal con­
nection (WILSON and PHELAN 1982). Similarly, pallidal neurons receiving af­
ferents from the nucleus accumbens respond predominantly with reduction of 
activity to stimulation of the amygdala (YIM and MOGENSON 1983), thus pro­
viding evidence for a functional connection between the limbic system and a 
major basal ganglia output nucleus. 

3. Striatonigral 

Electrical stimulation of the striatum or nucleus accumbens regularly evokes 
monosynaptic, GABA-mediated IPSPs and depressions of discharge rate in 
neurons of the pars reticulata and pars compacta of rat and cat SN with con­
duction velocities of about 1 mls (PRECHT and YOSHIDA 1971; YOSHIDA and 
PRECHT 1971; CROSSMAN et al. 1973; COLLINGRIDGE and DAVIES 1981; YOSHIDA 
et al. 1981; SCARNATI et al. 1983). Excitations preceding these inhibitions are 
occasionally seen in the SN after striatal stimulation in encephale isole cats 
(FRIGYESI and PURPURA 1967), conscious monkeys (FEGER and OHYE 1975), 
and anesthetized rats and cats (KANAZAWA and YOSHIDA 1980; COLLINGRIDGE 
and DAVIES 1981). The presence of the putative excitatory transmitter sub­
stance P in some striatonigral neurons may explain these excitations (DAVIES 
and DRAY 1976; WALKER et al. 1976). 

4. Nucleus Subthalamicus 

Besides the cortical input to this structure described already, the subthalami­
cus receives input from the external segment of the globus pallidus and nuc­
leus tegmenti pedunculopontinus. Electrical stimulation of the external pal­
lidal segment elicits monosynaptic IPSPs in subthalamic neurons in rats, with 
a conduction velocity of 3.8 mls (KITA et al. 1983), and suppresses impulse ac­
tivity in rats (ROUZAIRE-DuBOIS et al. 1980), cats (TSUBOKAWA and SUTIN 
1972), and monkeys (OHYE et al. 1976). An involvement of GABAergic trans­
mission in the inhibitory responses to pallidal stimulation is suggested by 
their blockade following iontophoretically applied picrotoxin and bicuculline 
(ROUZAIRE-DuBOIS et al. 1980). Monosynaptic input from the pedunculopon­
tine nucleus is shown by orthodromic activation of subthalamic neurons after 
electrical stimulation of the pedunculopontinus, and by antidromic activation 
of pedunculopontine neurons from the subthalamicus in rats (HAMMOND et al. 
1983 a). Conduction velocity in this projection is 1.7 m/s. 

Efferent projections of the nucleus subthalamicus are directed to both seg­
ments of the globus pallidus, pars reticulata of the SN, and nucleus tegmenti 
pedunculopontinus. These neurons have condu ction velocities ranging from 



8 Neurophysiology of Basal Ganglia 

less than 1 to 5-10 mis, and the majority branch to both the pallidum and SN 
(DENIAU et al. 1978 b; HAMMOND et al. 1983 b). Electrical stimulation of the 
subthalamicus leads to reductions of impulse activity in neurons of the inter­
nal pallidal segment (entopeduncular nucleus) of rats and cats (LARSEN and 
SUTIN 1978; PERKINS and STONE 1980; HAMMOND et al. 1983 b) which are 
blocked by the GABA antagonists picrotoxin and bicuculline (ROUZAIRE-Du­
BOIS et al. 1983). In contrast to the depressant responses in the pallidum, SN 
neurons are clearly activated by subthalamic stimulation (HAMMOND et al. 
1978 a, 1983 b). This is difficult to understand since the subthalamic nucleus 
sends divergent axons to the pallidum and SN. Neurons of the nucleus teg­
menti pedunculopontinus are depressed by subthalamic stimulation (HAM­
MOND et al. 1983 a). 

5. Nucleus Tegmenti Pedunculopontinus 

Besides its reciprocal links with the subthalamic nucleus reviewed already, 
this nucleus has reciprocal connections with the pallidum. The majority of 
neurons of the internal pallidal segment project to the pedunculopontinus 
(50 % in cats: FILION and HARNOIS 1978; 87 % in monkeys: HARNOIS and FI­
LION 1982). These fibers have conduction velocities of about 6 mls in monkey 
(HARNOIS and FILION 1982). Some pallidopedunculopontine fibers also origi­
nate in the external pallidal segment (GoNYA-MAGEE and ANDERSON 1983). 
Electrical stimulation of the pedunculopontinus elicits monosynaptic IPSPs 
in both segments of the pallidum at latencies of 2.0-5.0 ms (GoNYA-MAGEE 
and ANDERSON 1983). 

The pedunculopontinus receives inhibitory afferents from the pars reticu­
lata of the SN with mean conduction velocities of 1.7 mls (NODA and OKA 
1984; SCARNAT! et al. 1984). Neurons of both parts of the SN, predominantly 
the pars compacta, are monosynaptically excited from the pedunculoponti­
nus, with mean latencies of 3-6 ms. This projection probably involves glutam­
atergic transmission acting on a quisqualate-type amino acid receptor (SCAR­
NAT! et al. 1984, 1986). 

III. Output of Basal Ganglia 

The output of the basal ganglia is directed to: (a) the frontal cortex via pallido­
thalamic and nigrothalamic fibers; (b) the limbic system via pallidohabenular 
axons, and (c) subcortical motor centers via nigrocollicular fibers and projec­
tions from the pedunculopontinus to the reticular formation and spinal 
cord. 

1. Pallidothalamic 

The large majority of neurons of the internal pallidal segment of cat and mon­
key project to the ventroanterior (VA) and ventrolateral (VL) thalamic nuclei, 
and send collaterals to the pedunculopontinus (HARNOIS and FILION 1982). 
Pallidothalamic fibers have conduction velocities of 5-11 mls and inhibit VA 
and VL neurons, as evidenced by monosynaptic IPSPs (UNO et al. 1978). 
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2. Nigrothalamic 

Many neurons of the pars reticulata of the SN in rat and cat project to the ip­
silateral ventromedial thalamus (VM) with conduction velocities of 
0.8-10m/s (DENIAU et al. 1978 a; ANDERSON and YOSHIDA 1980). Some of 
these neurons in the rat have branches to the contralateral VM. Electrical sti­
mulation of the SN depresses the impulse rate (DENIAU et al. 1978 d) and eli­
cits monosynaptic IPSPs in cat and rat VM neurons (UEKI et al. 1977; CHEVA­
LIER and DENIAU 1982). The involvement of GAB A as inhibitory transmitter is 
suggested by the attenuating effects of systemically or iontophoretic ally ap­
plied GABA antagonists on SN-evoked inhibitions in VM neurons (yOSHIDA 
and OMATA 1979; MACLEOD et al. 1980). 

Local injection of GABA into the SN leads to activation of VM neurons 
(MACLEOD et al. 1980; DENIAU and CHEVALIER 1985) which is probably caused 
by direct inhibition of nigrothalamic neurons and subsequent release of VM 
neurons from the tonic nigrothalamic inhibitory influence. When striatal neu­
rons are excited by locally injected glutamate, pars reticulata neurons of the 
SN are inhibited via the striatonigral GABAergic projection. Subsequently, 
VM neurons are activated (DENIAU and CHEVALIER 1985). These data are in 
line with the observation that striatonigral neurons are able to inhibit nigro­
thalamic cells (DENIAU et al. 1976) and indicate that activations in striatal 
neurons may ultimately result in an increased basal ganglia drive on VM thal­
amocortical neurons via a double inhibitory transmission in SN and VM. 

Considerable species differences exist in the convergence on thalamic 
neurons. In the rat, the majority of thalamic neurons receiving SN input are 
also influenced by the cerebellum. SN-evoked IPSPs are effective in prevent­
ing cerebellum-evoked impulse discharges (CHEVALIER and DENIAU 1982). 
This convergence has not been observed electrophysiologically in the cat 
(UEKI et al. 1977), and its absence in the monkey is suggested by anatomical 
studies (SCHELL and STRICK 1984; ILINSKY et al. 1985). 

3. Pallidohabenular 

The majority of neurons of the entopeduncular nucleus in the rat and a size­
able portion of neurons of the internal pallidal segment in cat and monkey 
project to the lateral habenula (NAUTA 1974; KIM et al. 1976; HERKENHAM and 
NAUTA 1977). Many entopeduncular neurons respond antidromically to elec­
trical stimulation of the lateral habenula (52 % in rat: PACITTI et al. 1982; 25 % 
in cat: FILION and HARNOIS 1978). Orthodromic activating or depressing re­
sponses in lateral habenula neurons are evoked by electrical stimulation of 
the entopeduncular nucleus in rats at latencies of 2-29 ms (GARLAND and 
MOGENSON 1983). 

4. Nigrocollicular 

Pars reticulata neurons of the SN exert an inhibitory influence on the superior 
colliculus. Thus, electrical stimulation in the SN results in reductions of im­
pulse rate in tectal neurons (DENIAU et al. 1978 a) which are strongly dimin-
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ished by the iontophoretic ally administered GABA antagonist bicuculline 
(CHEVALIER et al. 1981). Conduction velocities in nigrotectal neurons are 
1.9-7.0 mls in rats (DENIAU et al. 1978 a) and up to 10 mls in cats (ANDERSON 
and YOSHIDA 1980). Some nigrocollicular neurons are branches of nigrothal­
amic cells (DENIAU et al. 1978 a). By analogy to the nigrothalamic projection, 
intranigral application of GABA, resulting in inhibition of reticulata cells, 
leads to an activation of tectal neurons. Excitation of striatal neurons by lo­
cally applied glutamate results in an activation of tectospinal neurons, again 
mediated by two consecutive steps of inhibitory transmission in the SN and 
superior colliculus (CHEVALIER et al. 1985). 

5. Nucleus Tegmenti Pedunculopontinus 

With electrophysiologic data presently lacking, anatomic studies reveal pe­
dunculopontine projections to the pontine and medullary reticular formation, 
and to the spinal cord (JACKsoN and CROSSMAN 1983; MOON-EDLEY and GRAY­
BIEL 1983). 

C. Motor Control Functions 

I. Anatomic Considerations 

Neuronal activity related to motor commands and sensory feedback from on­
going motor acts reaches the basal ganglia primarily from the motor and som­
atosensory cortex. In monkeys, the motor cortex projects somatotopically to 
lateral parts of the ipsilateral and contralateral putamen (KUNZLE 1975) and to 
the lateral part of the ipsilateral subthalamic nucleus (HARTMANN-VON MONA­
KOW et al. 1978). The putamen also receives somatotopically organized input 
from the ipsilateral somatosensory cortex (KUNZLE 1977). In view of the 
patch-like distribution of terminals in the putamen, it is presently unclear 
whether inputs from motor and somatosensory cortex converge on single puta­
men neurons. Thus, the origin of cortical inputs attributes a major role in mo­
tor control to lateral parts of the putamen and subthalamicus. 

The internal connections of the primate basal ganglia maintain a tendency 
for segregation of motor functions (ALEXANDER et al. 1986). The projections of 
the putamen are predominantly directed to the ventral two-thirds of both pal­
lidal segments and to the lateral SN, while the caudate projects with little 
overlap to other parts of the pallidum, and predominantly to the SN (SMITH 
and PARENT 1986). 

The majority of basal ganglia output of monkeys is directed back to the 
cerebral cortex Briefly, the pallidum projects via the anterior part of the VL 
thalamus to the supplementary motor area (SCHELL and STRICK 1984), whereas 
the pars reticulata influences the prefrontal cortex via VA and anterior parts 
of VM thalamic nuclei (ILINSKY et al. 1985). Thus, movement-related neu­
ronal information from the putamen reaches the supplementary motor area, 
and is ultimately directed to the motor cortex through corticocortical connec-
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tions (JURGENS 1984). Although the mammalian basal ganglia are tradition­
ally considered parts of the extrapyramidal motor system, it should be empha­
sized that the majority of their output does not bypass the pyramidal system, 
but rather feeds back to the cortical level. A limited noncortical motor output 
is provided by the projection of the pars reticulata of the SN to tectospinal 
neurons (CHEVALIER et al. 1985) and by the pedunculopontine output to the 
reticular formation and spinal cord (JACKsoN and CROSSMAN 1983). 

II. Lesions, Cooling, and Local Drug Injections 

1. Striatum 

Lesions of the striatum in monkeys result in strikingly little gross motor dis­
turbances, other than a decreased use and clumsiness of contralateral limbs 
(for detailed review see DELONG and GEORGOPOULOS 1981). More refined an­
alysis of motor deficits is done during performance of controlled behavioral 
tasks. Reversible cooling of the putamen and external pallidum in monkeys 
leads to flexion drift of the forearm and to slowing of elbow flexion and exten­
sion movements, probably caused by muscular co contractions (HORE and VI­
LIS 1980). For these movements in a reaction time task, onset times of EMG 
activity following a trigger stimulus remain unchanged during cooling of the 
putamen -external pallidum (HORE and VILIS 1980). Reaction times of mon­
keys performing an arm-reaching task are increased by 5 %-14 % during cool­
ing of the contralateral hand area in the putamen, while the time required for 
execution of the movement is normal (BEAUBATON et al. 1980). Reaction times 
in cats lifting the forepaw in response to a sound stimulus are increased by 
10 % during cooling of the contralateral caudate nucleus (CONDE et al. 1979). 
Thus, reversible inactivation of striatal motor regions induced by cooling 
leads to reduced behavioral reactivity, except in the simplest task (elbow flex­
ion and extension), while the speed of movements is inconsistently af­
fected. 

2. Globus Pallidus 

Unilateral or bilateral lesions of either or both segments of the globus pallidus 
in monkeys lead to few gross neurologic deficits apart from a transient hypo­
kinesia (see cf DELONG and GEORGOPOULOS 1981). Specific impairments are 
seen in monkeys during performance of controlled motor tasks. Animals show 
forearm flexor deviation after kainic acid-induced lesions of the internal pal­
lidal segment (DELONG and COYLE 1979) and during cooling of the palli­
dum-putamen complex (HORE and VILIS 1980). A severe breakdown of ac­
tive flexion - extension movements is observed during cooling of the 
pallidum when sight of the moving arm is prevented (HORE et al. 1977). This 
suggests that treatment of proprioceptive information is impaired during pal­
lidal dysfunction, which can be largely compensated by visual feedback. In an 
arm-reaching task, monkeys with lesions or cooling of the internal pallidal 
segment show a persistent 9 %-18 % decrease of reaction time when moving to 
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a randomly changed target (AMATO et al. 1978). Normal reaction times, but 
considerable slowing of movements (about 40 %-50 % increased movement 
time), are seen during the first week after kainic acid-induced lesions of both 
pallidal segments in monkeys reaching for a fixed target (HORAK and ANDER­
SON 1984). Changes in reaction time are equally absent in elbow flexion-ex­
tension movements during cooling of the pallidum-putamen complex (HORE 
and VILIS 1980). 

3. Substantia Nigra Pars Reticulata 

In view of the close proximity between DA and non-DA neurons of the SN, 
extensive selective electrolytic lesions or cooling are difficult to perform. 
Carefully done local injections of GABA agonists into the pars reticulata of 
rats lead to contralateral head and body turning and stereotyped oral motor 
behavior that is independent of the existence of DA neurons (for review see 
PvCOCK 1980; SCHEEL-KRUGER et al. 1980). Contralateral head turning is also 
seen after local injections of the GABA agonist muscimol in cats (BOUSSAOUD 
and JOSEPH 1985). Local muscimol application in trained cats and monkeys elic­
its irrepressible saccades of the eyes to the contralateral side when visual fixa­
tion is required, and leads to inappropriate performance of triggered saccades to 
contralateral targets (BOUSSAOUD and JOSEPH 1985; HIKOSAKA and WURTZ 
1985 b). The most likely explanation considers a direct inhibition of nigrocol­
licular neurons and a subsequent disinhibition of neurons in the superior col­
liculus. In line with this reasoning, local injection of the GABA antagonist bi­
cuculline into intermediate layers of the superior colliculus of monkeys 
results in eye movements similar to those produced by muscimol injection into 
the pars reticulata of the SN (HIKOSAKA and WURTZ 1985a). This suggests that 
the output of the striatum operates via two inhibitory synapses (in the SN and 
superior colliculus), and leads to an activation of the target structure superior 
colliculus through disinhibition. The different behavioral results obtained in 
the various species may reflect a phylogenetic development in orienting be­
havior away from simple head turning in rats and toward increased eye motil­
ity in primates (HIKOSAKA and WURTZ 1985b). 

4. Nucleus Subthalamicus 

Besides lesions of the nigrostriatal DA system producing parkinsonism, de­
struction of the subthalamicus leads to the most pronounced movement dis­
turbances of all nuclei in the basal ganglia. In agreement with the human neu­
rologic disorder (BONHOEFFER 1897), electrolytic or kainic acid-induced 
destruction of this nucleus results in hemiballism, consisting of contralateral 
irrepressible involuntary movements of the proximal limb musculature (WHIT­
TIER and METILER 1949; HAMMOND et al. 1979). The importance of GABAer­
gic afferents to the subthalamicus for control of movements is demonstrated 
by the fact that injections of GABA antagonists into this nucleus also lead to 
severe hemiballism in the monkey (CROSSMAN et al. 1980). 
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III. Neuronal Recordings 

1. Striatum 

During neurophysiological experiments in conscious, behaving monkeys, neu­
ronal activity related to limb movements is found in a low percentage 
throughout the head of the caudate nucleus (BUSER et al. 1974; ROLLS et al. 
1983) and with a high incidence in areas of the putamen receiving input from 
the primary motor and somatosensory cortex (DELoNG 1973; LILES 1983). 
Neurons showing activity related to target-directed, but not spontaneous sac­
cades of the eyes are located in the head of the caudate (HIKOSAKA and SA­
KAMOTO 1986). 

Separate regions in monkey putamen are activated during movements of 
the face, arm, and leg, and overlap with areas receiving somatosensory input 
from corresponding body parts, thus indicating a somatotopic organization 
(CRUTCHER and DELoNG 1984a; LILES 1985). Although neurons in the fore­
limb area of the putamen are preferentially related to proximal movements 
(CRUTCHER and DELONG 1984a) and show changes in relation to maintenance 
of posture (ANDERSON 1977), clear relations to distal movements of fingers 
and wrist are equally observed in these regions (LILES and UPDYCKE 1985). 
Somatosensory input to the putamen predominantly arises from afferents of 
joints and very little from cutaneous receptors. Between one-third and nearly 
one-half of movement-related neurons are driven by passive joint rotation 
(CRUTCHER and DELONG 1984a; LILES 1985). Neurons with the same topogra­
phic motor or somatosensory relationship tend to occur in multiple clusters of 
100-500/Jm diameter, which could represent a functional correlate to the 
patchy arrangement of corticostriatal terminals (KUNZLE 1975; 1978). A simi­
lar somatotopic and clustered organization is found when muscle contractions 
are elicited by electrical micro stimulation in the putamen (ALEXANDER and 
DELONG 1985 b). Ibotenic acid-induced destructions of neurons in the puta­
men, while sparing axons, abolish the micro stimulation effects, which sug­
gests that output fibers and not axon collaterals of corticospinal neurons me­
diate the observed effects (ALEXANDER and DELONG 1985 a). 

Neuronal impulse frequency of movement-related neurons in monkey put­
amen encodes the level of active force (LILES 1985). Another parameter en­
coded in putamen neurons is the direction of movement. Muscle activity is 
different when movements in the same direction are performed together with 
or against an imposed load. Using this paradigm in an elbow flexion-exten­
sion task, CRUTCHER and DELONG (1984 b) found about half of task-related 
putamen neurons to have preferential relations to the direction of movement, 
independent of the underlying pattern of muscle activity, while only 13 % of 
putamen neurons showed EMG-related changes. 

Comparisons of onset times between neuronal changes and EMG activity 
in quick behavioral reactions show that the majority of putamen neurons are 
activated after EMG onset (81 %: CRUTCHER and DELONG 1983 b; 91 %: LILES 
1985). In contrast, a high percentage of pyramidal tract neurons in the motor 
cortex of monkeys are activated before the earliest EMG activity (EVARTS 
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1966). Although input from the motor cortex probably causes the observed 
movement-related changes in putamen neurons, it remains to be shown that 
the earliest active motor cortex neurons actually project to this structure. In 
any case, neurons in the putamen are not actived before those of the motor 
cortex during the initiation of quick movements in reaction time situations. 

2. Globus Pallidus 

The earliest neurophysiological study on movement-related activity in the ba­
sal ganglia was performed in the globus pallidus of monkeys. About 20 % of 
pallidal neurons increase or decrease activity in relation to rapidly alternating 
push - pull or flexion - extension movements, mostly of the contralateral arm 
or leg (DELONG 1971). With a broader spectrum of tests, between 10 % and 49 % 
of neurons in the external and internal segments of primate globus pallidus are 
related to movements of the arm, leg, or face of the contralateral, ipsilateral, 
or both sides (IANSEK and PORTER 1980; DELONG et al. 1985; NISHINO et al. 
1985). Changes in activity are equally seen with postural adjustments to tilt of 
the monkey's chair (ANDERSON 1977). Relationships to distal movements of 
the arm are not uncommon and comprise up to 30 % of neurons in both seg­
ments (IANSEK and PORTER 1980; DELONG et al. 1985). A somatotopy is sug­
gested by the fact that neurons related to movements of different parts of the 
body are found in fairly separated areas of pallidum, while neurons with simi­
lar functional properties tend to occur in small clusters (IANSEK and PORTER 
1980; DELONG et al. 1985). Many pallidal neurons are activated or depressed 
by specific movements at only one joint (IANSEK and PORTER 1980), and show 
differential changes with extension or flexion movements (DELONG 1971; AL­
DRIDGE et al. 1980a; GEORGOPOULOS et al. 1983; DELONG et al. 1985; NISHINO 
et al. 1985). Discharge rates show a linear relationship to amplitude or peak 
velocity of movement (GEORGOPOULOS et al. 1983). About one-third of move­
ment-related pallidal neurons respond to passive rotation of joints, whereas 
input from muscles or skin is largely ineffective (DELONG et al. 1985). 

As with the putamen, few neurons in the pallidum change activity in ad­
vance of the earliest muscle activity. In a flexion-extension arm-tracking 
task, 24 % and 11 % of neurons in the external and internal segment of palli­
dum, respectively, are activated before EMG onset (GEORGOPOULOS et al. 
1983). In a reaction time task employing an arm-reaching movement, the earl­
iest neuronal changes only began at the time of EMG onset (ANDERSON and 
HORAK 1985). In support of these data, electrical stimulation in the pallidum 
impairs execution of arm-reaching movements most severely when applied at 
the beginning of EMG activity, but not before (ANDERSON and HORAK 1985). 
These data show that pallidum neurons are closely related to the execution 
of movements by encoding important movement parameters, while not pro­
viding evidence for an active participation in initiating quick movement reac­
tions. 
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3. Substantia Nigra Pars Reticulata 

Neurons in this structure are activated or depressed during arm-reaching 
movements and mouth movements, and depressed in relation to saccades of 
the eyes. Nearly half of reticulata neurons in monkeys show changes with con­
tralateral and often ipsilateral reaching movements of the arm toward a target 
(SCHULTZ 1986a), although very few of them are related to distal flexion-ex­
tension or hand prehension movements (DELoNG et al.1983; SCHULTZ 1986a). 
None of these changes resemble in their time course the activity of muscles. 
Reticulata neurons in cats also show rhythmic activity changes during loco­
motion on a treadmill (SCHWARZ et al. 1984). Whereas in cats the majority of 
reticulata neurons are influenced by mechanical stimulation of the skin 
(SCHWARZ et al. 1984), somatosensory input is not consistently found in con­
scious monkeys (DELoNG et al. 1983; SCHULTZ 1986 a). 

Neuronal activity related to mouth protrusion, licking, and chewing oc­
curs in a substantial number of reticulata neurons of the monkey (MORA et 
al. 1977; DELONG et al. 1983; SCHULTZ 1986a) and cat (JOSEPH et al. 1985). 
Some of the apparent mouth movement relations are caused by somatosen­
sory input from the tongue and jaw in conscious monkeys (DELoNG et al. 
1983). Afferent input from skin and intraoral structures is also found in 
anesthetized cats (HARPER et al. 1979). 

Decreases of activity are regularly observed in relation to saccadic eye 
movements in monkeys (HIKOSAKA and WURTZ 1983 a) and cats (JOSEPH and 
BOUSSAOUD 1985). These changes are conditional on the presence of a visual 
target, and little or no modulations are seen with spontaneously occurring sac­
cades. Changes in activity begin rapidly 100 ms or more before onset of the 
saccade. Many saccade-related reticulata neurons project to the superior colli­
culus, as shown by their antidromic responses after electrical stimulation of 
this structure (HIKOSAKA and WURTZ 1983 d). Other reticulata neurons show 
contralateral sensory inputs of visual or auditory modality (HIKOSAKA and 
WURTZ 1983a; JOSEPH and BOUSSAOUD 1985; SCHULTZ 1986a), and visual re­
sponses in many neurons are enhanced when the stimulus is used as the target 
for a subsequent saccade. The conditional nature of the relationship to sac­
cades and the enhancement of visual responses with saccades suggest a com­
plex involvement in eye movements beyond pure oculomotor control. 

4. Nucleus Subthalamicus 

A sizeable portion of neurons in this structure of monkeys show increases or 
decreases of activity in relation to active movements of the arm (28 %), leg 
(15 %), face (18 %), or eyes (DELoNG et al. 1985). Although most of these neu­
rons are related to proximal limb movements, about 20 % of arm-related neu­
rons show preferential changes with distal movements of wrist or fmgers. Neu­
rons with similar somatotopic relationships tend to occur in clusters. About 
20 % of neurons respond to passive rotation of joints, while inputs from mus­
cles or skin are ineffective. 

The activity of subthalamic neurons is significantly related to movement 
direction, as tested during arm flexion and extension movements (GEORGO-
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POULOS et al. 1983). They also show a linear relationship to the amplitude of 
movement or its peak velocity. Onset of movement-related changes occurs in 
about one-third of neurons before the earliest EMG activity. Median onset 
times of subthalamic neurons lead the movement by about 50 ms. Thus, 
changes in activity prior to movement occur slightly earlier than in the palli­
dum, but later than in the motor cortex (GEORGOPOULOS et al. 1983). 

D. Higher Functions 

I. Anatomy of Connections 

1. Cortical Input 

The first studies using modern anatomic tracer techniques in the monkey re­
port heavy connections from the prefrontal, parietal, occipital, and temporal 
association cortex to the caudate and, to a much lesser extent, the putamen 
(GOLDMAN and NAUTA 1977; KUNzLE 1978; YETERIAN and VAN HOESEN 1978; 
VAN HOESEN et al. 1981). Lateral and medial area 6 (premotor cortex and sup­
plementary motor area, respectively) projects predominantly to the putamen 
(KuNzLE 1978). Connections are mostly ipsilateral, but minor contralateral 
projections to the striatum are seen from virtually all of these cortical areas. 
Terminals in the striatum occur in clusters or patches which are distributed 
over wide areas and thus provide for an inhomogeneous corticostriatal projec­
tion. The patches of corticostriatal terminals match in several areas the in­
homogeneities of acetylcholinesterase staining (RAGSDALE and GRAYBIEL 
1981). 

Recent studies addressing the topography of corticostriatal projections in 
the monkey emphasize the mediolaterally arranged longitudinal stripes of 
terminal fields in the striatum (SELEMON and GOLDMAN-RAKIC 1985; ARIKUNI 
and KUBOTA 1986), whereas earlier studies using degeneration methods report 
an anteroposterior correspondence between cortical origin and striatal termi­
nals. Thus, the posterior parietal association cortex projects to the dorsolateral 
caudate, while the orbitofrontal, temporal, and cingulate cortex influence the 
ventromedial caudate. The dorsolateral prefrontal cortex sends fibers to a cen­
tral stripe along the whole longitudinal extent of this structure. While the pro­
jections of some interconnected cortical areas overlap in the striatum (yETE­
RIAN and VAN HOESEN 1978), this cannot be generally applied to all cortical 
afferents (SELEMON and GOLDMAN-RAKIC 1985). Rather, inputs from different 
cortical areas appear to interdigitate so that separated small clusters of affer­
ents influence distinct subsets of striatal neurons. 

2. Limbic Input 

In the monkey, the major limbic afferents to the striatum and nucleus accum­
bens originate from the orbitofrontal cortex, the cingulate gyrus, and the 
amygdala. The orbitofrontal cortex projects to the whole longitudinal extent 
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of the ventromedial caudate, ventromedial putamen, and possibly nucleus ac­
cumbens (SELEMON and GOLDMAN-RAKIC 1985). The anterior cingulate gyrus 
(area 24) projects heavily on the caudate, although, without obvious reasons, 
its terminals are found in varying regions in different studies. These comprise 
the dorsolateral caudate (YETERIAN and VAN HOESEN 1978), the dorsomedial 
caudate, dorsomedial putamen, and nucleus accumbens (BALEYDIER and 
MAUGUIERRE 1980), and the ventromedial caudate, ventromedial putamen, 
and possibly nucleus accumbens (SELEMON and GOLDMAN-RAKIC 1985). The 
posterior cingulate gyrus (area 23) projects to the extreme dorsomedial cap of 
the caudate (BALEYDIER and MAUGUIERRE 1980). Amygdala neurons of the ba­
solateral nucleus and, to a smaller extent, the central nucleus project to the 
putamen of squirrel monkeys (PARENT et al. 1983). A similar projection 
mainly from the basolateral amygdala to the ventral putamen and nucleus ac­
cumbens exists in rats and cats (KREITEK and PRICE 1978). 

3. Output 

Neuronal information from all areas of the association cortex arriving pre­
dominantly in the caudate is mostly passed to the SN (SMITH and PARENT 
1986) and leaves the basal ganglia from the pars reticulata of the SN toward 
the superior colliculus and VA thalamus. This thalamic nucleus projects to 
the frontal association cortex (lLINSKY et al. 1985). Influences from area 6 di­
rected to the putamen leave the basal ganglia, mostly via the internal pallidal 
segment to the anterior VL thalamus which projects to the supplementary mo­
tor area (SCHELL and STRICK 1984). Neurons of the internal pallidal segment 
also project to the lateral habenula, and thus influence the limbic system (KIM 
et al. 1976). Although these flow charts suggest the existence of segregated 
limbic, associational, premotor, and motor loops linking cortex and basal 
ganglia (ALEXANDER et al. 1986), strong anatomic convergence and divergence 
is found across these serially arranged synaptic links (CHANG et al. 1981; 
PERCHERON et al. 1984) which remain to be elucidated in functional respects. 
Nevertheless, influences of the basal ganglia derived from heterogeneous sen­
sory, motor, associational, and limbic inputs converge onto a few areas of the 
frontal cortex, particularly the supplementary motor area and prefrontal cor­
tex, and are also directed to the limbic system and midbrain. 

II. Neuropsychologic Deficits Mter Lesions 

Some of the typical cognitive deficits occurring after lesions of associational 
cortical areas are also found after destruction of even small parts of the cau­
date and putamen in monkeys. Thus, deficits in delayed alternation and de­
layed response are specific for lesions of the prefrontal cortex as compared 
with other cortical areas. Impairments in a delayed alternation task are found 
with small lesions of the head of the caudate (ROSVOLD and DELGADO 1956). 
However, even with larger caudate lesions, deficits in delayed alternation 
and delayed response learning are less severe as compared with prefrontal le­
sions in the same study (BATIIG et al. 1960). Dorsoanterior and particularly 



18 W.SCHULTZ 

ventroposterior parts of the caudate are the most sensitive areas for delayed al­
ternation deficits (DIVAC et al. 1967). Deficits in an object reversal task, in 
which reward contingency is alternated between two objects every few trials, 
occur with lesions of the orbitofrontal cortex and are found equally after de­
struction of the ventrolateral part of the head of the caudate (DIVAC et al. 
1967). Impairments in visual discrimination learning, characteristic of lesions 
of the inferotemporal cortex, are also found with lesions in the tail of the cau­
date (DIVAC et al. 1967). 

The general similarity of cognitive impairments between the striatum and 
areas of the association cortex suggest that these connected brain structures 
may function in parallel or are even two components of a single neuronal sys­
tem (BATfIG et al. 1960). The observed differential deficits after lesions in dis­
tinct parts of the striatum appeared to fit well with results from earlier anat­
omic degeneration studies, suggesting an anteroposteriorly organized 
topographic correspondence between cortical and striatal areas (DIVAC et al. 
1967). However, the recently described longitudinal bands of corticostriatal 
connections (SELEMON and GOLDMAN-RAKIC 1985) suggest that future studies 
should reevaluate and assess in more detail the effects of regional striatal le­
sions and compare them with deficits following lesions in cortical afferent 
areas. 

III. Neuronal Recordings 

1. Untrained Behavior 

A classic early study describes the responses of caudate neurons in the mon­
key to visual and auditory stimuli that arouse the attention of the animal 
(BUSER et al. 1974). Data from a subsequent study support the conditional na­
ture of sensory input to the head of the caudate in which only 3 %-10 % ofneu­
rons respond to visual stimuli independent of the behavioral context, while 
about 25 % of neurons are activated when food objects or cues indicating their 
availability are presented to the animal (ROLLS et al. 1983). The only areas of 
the striatum where visual responses are found are the tail of the caudate and 
the adjoining ventral putamen. Here, neurons respond to complex patterns of sti­
muli, but show rapid habituation to the same stimulus, a property that makes 
them rather unresponsive in a visual discrimination task where the same few 
stimuli are repeatedly presented (CAAN et al. 1984). These neurons appear to 
be particularly sensitive to changes in complex patterns of visual input, and 
may thus participate in the orientation and attention to the changing visual 
surroundings. 

2. Context-Dependent Responses to Directly Triggering Stimuli 

In trying to standardize the description of common components of the various 
behavioral tasks used in different independent studies, we will call those sti­
muli that lead to a direct behavioral reaction "triggers". Reactions in these 
studies normally consist of movements, which can either be a single move­
ment, as in simple reaction time paradigms, or the choice of one of a small 



Neurophysiology of Basal Ganglia 19 

repertoire of movements which may be triggered by a particular stimulus (e.g., 
arm flexion or extension following exposure to a light on the left or the right 
side). For studying the initiation of triggered movements, a go-no go para­
digm appears suitable in which two different stimuli call for a movement reac­
tion or its suppression (e.g., pressing a key after a green light and remaining 
motionless after a red light). Many neurons are found in the basal ganglia 
which respond to such trigger stimuli, often specifically to a stimulus demand­
ing a particular reaction, although they would not respond when the stimulus 
is given without a behavioral context. 

Between one-third and three-quarters of neurons in the caudate nucleus 
and in both segments of the pallidum respond with mostly phasic activations 
(caudate and pallidum) or depressions (caudate) at latencies of 200 ms to vis­
ual stimuli that trigger arm flexion or extension movements in monkeys (AL­
DRIDGE et al. 1980b). Responses in some of these neurons are reduced when 
the stimulus demands suppression of movement, some responses are differen­
tially related to stimuli calling for flexion or extension, and only very few re­
sponding neurons are activated by light flashes without a behavioral context. 
The majority of caudate neurons in cats respond with less than 100 ms latency 
to an auditory stimulus triggering key release while the stimulus is ineffective 
in some neurons when the animal fails to respond (AMALRIC et al. 1984). In 
monkeys executing or suppressing mouth movements in a visual discrimina­
tion task, about one-third of caudate neurons respond to the trigger stimulus, 
and one-quarter of responding neurons show responses only in go trials 
(ROLLS et al. 1983). The effective stimulus of the majority of these differen­
tially responding neurons reversed when the reward contingency of the stimu­
lus was reversed, signifying that the neuronal response was related to the be­
havioral reaction and not to the stimulus properties. Again, most of these 
neurons activated by visual trigger stimuli do not respond to unrelated visual 
input. Similar differential mouth movement-dependent responses to auditory 
stimuli are found in the monkey putamen in the form of increases and in the 
globus pallidus as decreases or increases (KIMURA et al. 1984). Responses in 
both structures disappear entirely when the animal does not react to an ident­
ical but unrewarded stimulus. When monkeys are presented with different 
food objects, caudate neurons respond to their sight according to the efforts 
animals undertake to obtain them (NISHINO et al. 1984). Thus, for a given 
series of food objects, caudate neurons respond strongly to the sight of beans 
or pieces of orange, moderately to bread or cookies, and not at all to carrots or 
screws. This gradient is paralleled by an earlier onset of bar pressing to obtain 
beans or orange as compared with cookies, and by an absence of bar pressing 
for carrots and screws. When the animal is satiated by a specific food and ref­
rains from bar pressing, caudate neurons fail to respond to its sight, but re­
spond to a more attractive food object for which the animal will work. These 
responses are not caused by muscular contractions since latencies for bar 
pressing can be dissociated from those of neuronal responses (NISHINO et al. 
1984). 

Recent studies investigating stimulus-triggered eye movements have 
shown that visual and auditory responses in different parts of the basal ganglia 
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are enhanced when the stimulus is used as a target for a saccadic eye move­
ment. A sizeable portion of neurons in the pars reticulata of the SN in mon­
keys and cats respond with a short depression of activity to visual stimuli 
while the animal fixates a spot of light (HIKOSAKA and WURTZ 1983 a; JOSEPH 
and BOUSSAOUD 1985). These neurons show large, predominantly contralateral 
receptive fields, respond best to small spots of light, and are not particularly 
sensitive to moving or complex stimuli. The visual response becomes more 
prominent in about half of the neurons when the animal makes a saccade to­
ward the stimulus. Detailed analysis reveals that neurons showing enhancement 
are also depressed in relation to saccades and that this depression is additive 
to the depressant response to the stimulus occurring at the same time (HIKO­
SAKA and WURTZ 1983 a). A separate group of reticulata neurons in the SN 
shows reductions in activity in response to the onset of a visual stimulus to 
which the monkey makes a saccade without having fixated another light spot, 
and in response to offset of a stimulus that the animal has been fixating (HI­
KOSAKA and WURTZ 1983 b). Some reticulata neurons in the SN of monkeys 
and cats respond to contralateral auditory stimuli, the responses again being 
enhanced when the animal uses the stimulus as the target for a saccade (HI­
KOSAKA and WURTZ 1983 a; JOSEPH and BOUSSAOUD 1985). In the monkey cau­
date nucleus, discharges in response to a visual stimulus and response en­
hancement with a saccade toward it are seen in a small fraction of neurons 
(HIKOSAKA and SAKAMOTO 1986). These data on eye movements demonstrate 
that apparently purely sensory visual and auditory responses are modified 
when the stimuli causing them are used as targets for behavioral reactions. It 
would nevertheless be conceivable that even these pure sensory responses, 
apart from their enhancement with eye movements, are dependent on a be­
havioral context since they all occurred in situations in which correct per­
formance was rewarded in each trial. 

These results show that most responses in neurons of the basal ganglia to 
external stimuli are not primarily sensory in nature, but occur whim the sti­
muli are used for direct behavioral reactions. Thus, these basal ganglia neu­
rons participate in the initiation of rapid behavioral reactions in response to 
external stimuli. 

3. Preparation to Act 

A sensory signal indicating that a subject should react to a forthcoming trigger 
stimulus is called an instruction. The instruction may simply contain infor­
mation indicating that a reaction to the trigger should occur, and the trigger 
determines how to react if a choice is involved. This is called a nondiscrimin­
ative instruction. If the instruction specifically determines how to react when 
a choice is possible, it will be called a discriminative instruction, and then the 
trigger should not contain information on how to react. A delay, during which 
the instruction signal is kept on, exists in both situations between instruction 
onset and trigger stimulus. However, to use a discriminative instruction in a 
classic delayed reaction paradigm, the instruction signal must be turned off 
several seconds before a trigger stimulus occurs. Thus, to perform correctly in 
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a delayed response task, the subject needs to remember the particular instruc­
tion, and care must be taken to avoid uncontrolled internal and external cues 
during the delay period. 

a. Nondiscriminative Instructions 

Neurons in several structures of the monkey basal ganglia are tonically acti­
vated or depressed during the presentation of an instruction that precedes a 
trigger stimulus. Changes of activity normally subside after the trigger stimu­
lus. A nondiscriminative tone or light cue preceding by 0.5 s the trigger for a 
licking response is accompanied by a tonically increased activity of 15 % of 
caudate neurons (ROLLS et al. 1983). The activation disappears when the lick­
ing tube is withdrawn and a reward-related behavioral response is excluded, in 
which case the signal loses its instructive significance. When these neurons 
are examined outside a behavioral task they frequently show activity when the 
experimenter indicates that food is about to be presented, for example, by look­
ing at or reaching out to a tray of food for the animal (ROLLS et al. 1983). Si­
milar activations in caudate neurons and activations or depressions in palli­
dum neurons are seen when a delay period of 4 s after the presentation of a 
food object is introduced before the animal is allowed to press a bar to obtain 
the food (NISHINO et al. 1984, 1985). The presentation of a sound cue, which 
indicates that a discriminative instruction in a go-no go task will follow after 
0.5 s, increases or decreases the activity of some neurons in the pars reticulata 
of the SN (SCHULTZ 1986 a). In one of the earliest such investigations, SOLTY­
SIK et al. (1975) find gradually increasing or decreasing activity in caudate 
and pallidum neurons between a light signal and an arm-pulling movement. 
Interestingly, the monkeys in this task perform the movement between 6.5 
and 10 s after instruction onset without a further trigger stimulus, i.e., the task 
employs essentially a loosely timed, self-paced movement following an in­
struction signal. 

These data show that signals indicating an upcoming behavioral act are ef­
fective in changing the impulse activity in several structures of the basal gang­
lia. Since behavioral reactions in operantly conditioned animals are ulti­
mately linked to reward, the relationship of each neuron could be difficult to 
discriminate between the preparation to respond and the expectancy of re­
ward. 

b. Discriminative Instructions 

Instructions containing specific information on how to respond to a subse­
quent trigger stimulus are effective in influencing the impulse activity in 
several structures of primate basal ganglia. In a go-no go task, about 10 % of 
pars reticulata neurons in the SN are tonically activated or depressed between 
instruction onset and the trigger stimulus about 2 s later, most of them only 
when the instruction indicates reaction with a movement to the trigger (go si­
tuation) and not when it indicates withholding the movement (no go) 
(SCHULTZ 1986 a). In the caudate and putamen, 22 % of 320 and 34 % of 
188 neurons, respectively, are activated in relation to instructions in a similar 
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go-no go task (SCHULTZ and ROMO 1988). Responses occur either phasic­
ally in response to instruction onset, tonically during the total instruction 
period until the trigger occurs, or with a slow increase preceding the ex­
pected time of triggering. Prolongation of the regular 2 s interval between in­
struction and trigger would result either in a decrease or a further increase of 
tonic responses. In most neurons, instruction-related increases are specifically 
seen during the go situation, in which the animal is required to make a move­
ment after the trigger to obtain a reward. However, about 5 % of caudate and 
putamen neurons are specifically activated in the unrewarded no go situation 
during the instruction which indicates withholding the movement after the 
trigger stimulus. 

These data suggest that there are neurons in the basal ganglia that are ac­
tively involved in the preparation of specific behavioral responses that are 
only executed at a later time. The instruction-related increases during the no 
go situation demonstrate that some of these responses are certainly not related 
to expectancy of reward. 

c. Delayed Response Tasks 

In view of the deficits in delayed alternation and delayed response occurring 
after lesions in the head of the monkey caudate nucleus, the first neurophy­
siological study investigating higher functions in the basal ganglia employed a 
delayed alternation paradigm. NIKI et al. (1972) found that only 14 of thou­
sands of neurons in the head and body of the monkey caudate showed im­
pulse discharges during performance in this task. All of these neurons were 
only activated in relation to lever pressing after the delay, their activity pre­
ceding EMG activity in the moving arm by about 200 ms, while none of them 
showed increased activity during the delay period. In a recent study, ALEXAN­
DER (1987) uses a delayed reaction task in which the instruction consists of an 
elbow movement performed in a specific direction by following a cursor on an 
oscilloscope. After the delay period, the monkey has to repeat the same move­
ment in response to a trigger stimulus which does not contain information on 
the movement direction. A number of putamen neurons show tonically in­
creased activity during the delay period. Most of these changes occur for a 
specific movement direction. 

Using saccadic eye movements in a delayed response paradigm, HIKOSAKA 
and WURTZ (1983 c) require monkeys to make a saccadic eye movement after 
the fixation point for the eyes is turned off. The target for the saccade is indi­
cated 1-3 s before the trigger by a brief light stimulus. The delay in this task 
consists of the period between light stimulus (spatially specific instruction) 
and offset of fixation point (trigger stimulus). Neurons in the pars reticulata of 
the SN show three types of specific responses in this task: a phasic depressant 
response to the instruction light (but no response when the light is used as the 
target for an immediate saccade); a tonic and often gradually increasing de­
pression during the whole delay period; and a decrease in relation to the sac­
cade after the delay (but no change with an undelayed saccade and greater 
changes with longer delays). Some neurons in the caudate nucleus show a spe-
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cific activation in relation to delayed saccades in the same delayed response 
task (HIKOSAKA and SAKAMOTO 1986). 

These data suggest that neurons in the pars reticulata of the SN, caudate, 
and putamen are activated by specific instructions for impeding behavior. 
Since instructions in delayed response paradigms disappear before the behav­
ioral reaction occurs, mechanisms of information storage, maintenance, and 
retrieval need to be operational. Therefore, these responses appear to be re­
lated to short-term memory, as explicitly proposed before (HIKOSAKA and 
WURTZ 1983 c). 

d. Self-Initiated Acts 

The investigation of neuronal mechanisms leading to "spontaneous" move­
ments is necessary for elucidating the initiation of movements. In trying to 
circumvent the considerable conceptual problems involved in terms such as 
"spontaneous", it is easier to define some of these behavioral acts in a more 
operational and descriptive way. Thus, the term "self-paced movements" de­
notes those that are made by a subject without an acutely triggering external 
stimulus, although they may be performed automatically, regularly, rhythmi­
cally, and at a trained pace. The term "self-initiated movements" can then be 
used for describing a situation that excludes these obvious constraints of self­
paced movements which separate them from more "spontaneous" acts. Thus, 
self-initiated movements should be performed without rhythmicity and with­
out external cues for timing, including temporary ones during training peri­
ods. To furthe~ distinguish them from self-paced movements, they may also in­
clude the purpose of action. In using self-initiated movements, one may in­
vestigate the planning, preparation, and initiation of behavioral acts that are 
not reactions to immediate external constraints. 

Self-initiated movements were studied in cats rewarded for depressing a 
bar with their forepaw for at least 2 s before releasing it, without external trig­
ger stimuli (NEAFSEY et al. 1978). In both pallidal segments, 23 % of 141 neu­
rons increase or decrease their activity by more than 500 ms and up to 
1200 ms in advance of this forelimb flexion movement, while EMG activity 
precedes the movement by about 200 ms. In an other study, monkeys per­
form self-initiated arm-reaching movements from a resting key into a covered 
food-containing box ahead of them, once every 5-30 s (SCHULTZ and ROMO 
1988). Increases in activity are seen in 23 % of 167 neurons in the putamen 
and 18 % of 215 neurons in the caudate, beginning 700-3000 ms before move­
ment onset, while the earliest EMG activity precedes the movement by max­
imally 350-400 ms. These changes begin slowly and reach a maximum be­
fore or close to movement onset. Since most of these neurons have a very 
low background discharge rate, the premovement activity often provides an 
impressive indicator of the upcoming movement more than 1 s before EMG 
activity is observable on the oscilloscope. Many of these neurons are exclu­
sively activated in advance of self-initiated movements and not during in­
struction signals preparing for a triggered movement in a second task. 

Although few studies have so far employed self-initiated movements, it ap-
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pears that neurons in some ofthe main structures of the basal ganglia are acti­
vated while movements with minimal external constraints are initiated. To­
gether with the data from tasks employing external instruction signals, this 
presents evidence for an active participation of basal ganglia in early neuronal 
processes preceding behavioral acts. 

E. Dopaminergic Functions 

I. Animal Models of Parkinsonism 

1. Monkey 

Destruction of the nigrostriatal DA system by electrolytic lesions of cell bo­
dies in the SN or local injections of the catecholamine neurotoxin 6-hydroxy­
dopamine (6-0HDA) into the nigrostriatal axon bundle results in a profound 
and permanent hypokinesia (POIRIER 1960; GOLDSTEIN et al. 1973; CROSSMAN 
and SAMBROOK 1978). The striatal DA depletion needs to be higher than 75 % 
for hypokinesia to occur, while less important lesions are without overt neu­
rological deficits (POIRIER et al. 1966). Tremor and rigidity are less readily ob­
tained by these lesion methods. They occur only when the parvocellular part 
of the red nucleus is also destroyed while leaving its magnocellular part and 
rubrospinal connections intact (PEcHADRE et al. 1976). Systemic injections of 
DA precursors or receptor agonists alleviate the symptoms (PEcHADRE et al. 
1976; CROSSMAN and SAMBROOK 1978). 

Replications of parkinsonian symptoms in monkeys through local le­
sions are compromised by the difficulty of sufficiently destroying the extended 
group of DA neurons without inflicting damage on neighboring struc­
tures, and by the necessity of also lesioning the red nucleus which is normally 
not affected in human idiopathic parkinsonism. A major advance in this 
field of experimentation occurred with the discovery that accidental sys­
temic injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in 
humans leads to a neurologic syndrome that is virtually identical with idi­
opathic parkinsonism (DAVIS et al. 1979; LANGSTON et al. 1983). Subsequent 
experimental MPTP administrations to animals showed a severe and perma­
nent parkinsonian syndrome in monkeys (BURNS et al. 1983), while in rodents 
only certain strains of mice are affected (HEIKKILA et al. 1984; HALLMAN et al. 
1984). Monkeys develop severe hypokinesia with grossly reduced spontaneous 
and stimulus-triggered limb and eye movements, and, to varying degrees, ri­
gidity and activation tremor, while a true resting tremor is virtually absent. In 
addition, they show periods of frozen posture, paradoxical kinesia following 
external stimuli, and motivational deficits such as adipsia and aphagia. Drug 
therapy with DA precursor or receptor agonists is effective in alleviating the 
symptoms unless the lesion is very complete, in which case on-off pheno­
mena are frequent. Although MPTP causes a rather selective destruction of 
the nigrostriatal DA system (90 % or more depletion of DA in the caudate and 
putamen), in some monkeys less complete lesions are seen to varying degrees 
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in other DA, norepinephrine, and serotonin systems. After entering the brain, 
the nontoxic MPTP is transformed by monoamine oxidase (type B) after an 
intermediate step to the neurotoxin 1-methyl-4-phenylpyridine (MPP+ ) 
(LANGSTON et al. 1984; COHEN et al. 1984). MPP+ is concentrated in DA neu­
rons by their reuptake mechanism which largely explains its selectivity (JA­
VITCH et al. 1985; SUNDSTROM and JONSSON 1985; SCHULTZ et al. 1986). Once 
inside the neuron, MPP+ causes cell death by interfering with aerobic glycoly­
sis in mitochondria (NICKLAS et al. 1985; POIRIER and BARBEAU 1985). For fur­
ther details on MPTP-induced parkinsonism in monkeys see Chap. 7 and 
SCHULTZ (1988). 

Neurophysiological studies in thalamic and cortical regions in parkinso­
nian patients and in monkeys with large ventral tegmental lesions reveal 
changes of neuronal activity in phase with tremor cycles (JASPER and BER­
TRAND 1966; LAMARRE and JOFFROY 1979). The rhythmic activity in monkeys 
persists after elimination of peripheral feedback by cutting the dorsal roots or 
after neuromuscular blockade, demonstrating an involvement in the tremor­
genic pacing mechanism (LAMARRE and JOFFROY 1979). Hypokinesia after le­
sions of the DA system is quantitatively assessed in reaction time tasks, in 
which the initiation of arm movement in response to a directly triggering sti­
mulus (reaction time) is separated from the subsequent execution of move­
ment (movement time). Monkeys with electrolytic or 6-0HDA-induced le­
sions show increases in both measurements in a choice reaction pointing task 
with randomly varying targets (VIALLET et al. 1983; APICELLA et al. 1986). In 
monkeys performing thousand of movements in a simple reaction time task 
under computer control, the onset of EMG activity in prime mover muscles 
and the onset of movement following the trigger stimulus are delayed by 
31 %-129 % after MPTP treatment, while the duration of the reaching move­
ments is prolonged by 24 %-100 % (SCHULTZ et al. 1985). These data demon­
strate a deficit in the initiation and execution of stimulus-triggered move­
ments as signs of reduced behavioral reactivity. This occurs with a specific 
lesion of the nigrostriatal DA system while the cortical monoamine innerva­
tion is intact (SCHULTZ et al. 1985). Similar deficits are found with elbow flex­
ion-extension movements in a choice reaction task in MPTP-treated mon­
keys with unknown lesion extent (DOUDET et al. 1985). Initiation deficits are 
also seen with triggered and spontaneous saccadic eye movements (BROOKS et 
al. 1986; SCHULTZ, ROMO, SCARNATI, STUDER, JONSSON and SUNDSTROM, in pre­
paration). 

2. Rodent 
Rats are commonly used to assess the effects of 6-0HDA-induced lesions of 
the nigrostriatal DA system. After bilateral stereotactic injections, animals de­
velop hypokinesia, adipsia, and aphagia (UNGERSTEDT 1971 b). With unilateral 
lesions, rats tum in tight circles when DA receptor stimulation prevails 
strongly on the contralateral side (UNGERSTEDT 1971 a). Rats with 6-0HDA-in­
duced lesions show reduced reactions to sensory stimuli (LmNGBERG and UN­
GERSTEDT 1976) which is possibly due to a deficit in initiating the behavioral 
response (CARLI et al. 1984). The adaptive neuronal mechanisms to striatal 
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DA depletions comprise increased metabolic activity of remaining DA neu­
rons, reduced uptake of synaptically released DA by the smaller number of 
surviving DA terminals, and, with DA depletions above 90 %, postsynaptic su­
persensitivity of mainly the non-adenylate cyclase-coupled DA receptor (for 
further details see SCHULTZ 1982). The neurotoxic mechanism of action of 
6-0HDA is reviewed by Jonsson (1980). 

II. Impulse Activity of Dopamine Neurons 

1. Peripheral Input Under Anesthesia 

DA neurons of the pars compacta of the SN and the neighboring ventral teg­
mental area identified histologically and by their electrophysiologic character­
istics (see Sect.B.I1.1.a), respond predominantly with reduced discharge activ­
ity to electrical stimulation of afferent input of various modalities, and to 
natural somatosensory stimulation of mostly high intensity. Olfactory input 
is suggested by increases and decreases of activity in two-thirds of rat DA 
neurons at latencies of 8.5-120 ms after electrical stimulation of the ipsilateral 
anterior olfactory nucleus (TULLOCH and ARBUTHNOTT 1979). Direct olfactory 
stimuli, as well as light flashes, are effective in decreasing or increasing the 
activity of DA neurons (CHIODO et al. 1980). Electrical stimulation of A- and 
C-fiber groups in the contralateral and ipsilateral sciatic nerve reduces the 
activity of virtually all SN DA cells in rats at mean latencies of 35-40 ms, 
while activating responses are rare (HOMMER and BUNNEY 1980; TSAI et al. 
1980). 

With somatosensory stimulation in rats, decreases or increases of impulse 
activity are seen after mild or intense pinching of the tail, intense pinching of 
the paws, cervical probing, and thermal stimulation of the tail (CHIODO et al. 
1980; TSAI et al. 1980; MAEDA and MOGENSON 1982). Intradermal injections of 
a substance producing pain in conscious subjects also depresses DA neurons 
in anesthetized rats (TSAI et al. 1980). In monkeys, half of the nigrostriatal DA 
neurons are depressed and a quarter are activated during high intensity pinch 
stimulation of face, hands, legs, dorsum, and tail, while intense but innocuous 
somatosensory stimuli are ineffective in altering their discharge rate (Schultz 
and Romo 1987). Convergence occurs regularly between trigeminal and spinal 
inputs, and from both sides. The DA receptor antagonist haloperidol strongly 
reduces responses to sciatic nerve stimulation in rats and to pinch stimulation 
in monkeys, demonstrating that DAergic neurotransmission is necessary for 
this peripheral input (HOMMER and BUNNEY 1980; TSAI et al. 1980; SCHULTZ 
and ROMO 1987). 

The potential behavioral implications of these responses under anesthesia 
are difficult to evaluate. While the noxious character of most stimuli is appar­
ent, it should be emphasized that all effective stimuli elicit strong activating 
behavioral responses when applied to conscious subjects. When comparing 
the responses of DA neurons with those of the ascending pain system, it ap­
pears that DA neurons do not subserve a specific pain detection mechanism, 
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but may rather be involved in behavioral reactions to harmful stimuli (for fur­
ther discussion see SCHULTZ and ROMO 1987). 

2. Relations to Behavior 

The fact that impulses of DA cells display typical and distinctive electrophy­
siologic characteristics offers the unique possibility of investigating the dis­
charge activity of neurons with a psychoactive neurotransmitter during behav­
ioral acts. 

a. Execution of Movements 

In view of the hypokinetic movement disorder in parkinsonian patients and 
experimentally lesioned animals, attempts were made to find activity changes 
in DA neurons during movements. However, none of the studies reports any 
relationship to individual movements during walking in cats (STEINFELS et al. 
1981; TRULSON et al. 1981), although a slight overall increase in impulse activ­
ity occurs during active as compared with restful waking (TRULSON et al. 
1981). When testing DA neurons in monkeys during a visually guided wrist 
movement task typical of motor control studies, a conspicuous absence of 
phasic changes is noted (DELONG et al. 1983). Only large, individual forelimb 
reaching movements toward a target directly associated with food reward are 
accompanied by mild increases of activity in about one-half of DA neurons in 
the lateral two-thirds of the monkey SN (SCHULTZ et al. 1983). Changes are 
slow and not related to particular phases of the movement. These data suggest 
that the activity of SN DA neurons may vary together with the level of behav­
ioral activation during motor acts, but is not engaged in encoding detailed 
movement parameters. 

b. Responses to Stimuli 

DA neurons fail to respond to changing visual signals which continuously in­
form a monkey about the position of its moving wrist in a visuomotor tracking 
task (DELONG et al. 1983). Conditioned instructive auditory or light signals 
preceding by several seconds the trigger stimulus for movement are ineffective 
in changing the impulse activity of SN DA neurons in a go-no go task 
(SCHULTZ et al. 1983). Quite different from these sensory signals, trigger sti­
muli for a direct licking or forelimb movement response in rats are effective in 
eliciting discharges of A9 and AI0 DA neurons (MILLER et al. 1981). Re­
sponses to intense auditory clicks or light flashes are seen in untrained, con­
scious cats (STEINFELS et al. 1983). Although the animal's reactions to these 
stimuli are unclear, a certain behavioral involvement of responses is suggested 
by the fact that they are easily extinguished by distractions (STRECKER and JA­
COBS 1985). 

In a reaction time task, the majority of DA neurons in areas A8, A9, and 
AI0 of monkeys respond with a brief burst of impulses to the combined audi­
tory and visual stimulus triggering an arm-reaching movement toward a box 
containing a reward (SCHULTZ 1986b). Responses do not habituate over con-
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secutive trials, and occur at median latencies of 65 ms for onset and 95 ms for 
peak. They remain present when visual and auditory components of the trig­
ger stimulus are separated. Neurons also respond when the animal refrains 
from moving in response to an identical trigger stimulus presented in the no 
go situation of a go-no go task (SCHULTZ and ROMO 1986). However, the 
same stimuli of either modality are entirely ineffective when presented out­
side the behavioral schedule. 

DA neurons in monkeys performing self-initiated reaching movements 
toward a morsel of food hidden behind a cover respond with a brief burst of 
impulses when the hand touches the food (ROMO and SCHULTZ 1986). No re­
sponse occur when the hand touches a wire instead of the food at the same po­
sition. The somatosensory response to touching the food is absent in the same 
neurons when the movement is triggered by an immediately preceding stimu­
lus. Thus, the excitatory and context-dependent responses to mild somatosen­
sory input in the behaving animal are entirely different from the predominant 
depressions seen after high intensity pinching under anesthesia (SCHULTZ and 
ROMO 1987). 

These data suggest that DA neurons respond to sensory stimuli on the con­
dition that they are of immediate consequence for the behavior of the animal. 
Effective stimuli are triggers for direct behavioral reactions in the form of ex­
ecution of movement,suppression of movement, or obtaining vital objects 
such as food. Stimuli that contain specific information, but do not trigger di­
rect reactions, are ineffective (e.g., lights indicating the wrist position, instruc­
tion signals preparing the animal for a later behavioral response, or a wire 
touched by the hand). 

c. Preparation to Act 

Although DA neurons in monkeys fail to respond to conditioned instructive 
signals, a brief burst of impulses is seen in response to these stimuli after they 
have not been used for several weeks (SCHULTZ and ROMO, unpublished). Re­
sponses occur only during the first few days after reintroduction of the in­
structions, and disappear entirely thereafter. Their transient character suggests 
that they are not related to the preparation for behavioral response, but rather 
reflects the capacity of the unfamiliar stimulus to change the level of behav­
ioral activation. 

DA neurons in monkeys were also tested during self-initiated movements 
in which the animal releases a touch-sensitive key from a relaxed position 
without any phasic external cues and reaches into a box to obtain a hidden 
food object (ROMO and SCHULTZ 1986). Only a few DA neurons are activated 
several hundred milliseconds in advance of these movements, and even these 
changes are very small and only detectable with statistical methods. The ab­
sence of major changes in DA neurons is in striking contrast to the strong ac­
tivations of striatum neurons seen in the same experimental situation (see 
Sect. D.III.3.d). 
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3. Comparison with Deficits 

With the data available, one may attempt to assess the function of nigrostria­
tal DA neurons in behavior by comparing their neuronal activity (positive im­
age) with the behavioral deficits after their lesion (negative image). A striking 
lack of correspondence is observed between the severe deficit in initiating 
spontaneous movements in DA-deficient subjects and the minor activation of 
DA neurons in advance of self-initiated movements in unlesioned monkeys. 
This suggests that DA neurons are not actively implicated in the initiation 
process. A similar conclusion can be drawn for the execution of movements. 
However, the mild increases of DA neuron impulse rate during both initiation 
and execution of large reaching movements may reflect the behavioral activa­
tion occurring concomitantly with these acts. Strong and synchronous activa­
tions in the large majority of DA neurons occur in response to stimuli that are 
important for the animal and elicit direct reactions. These responses of DA 
neurons match the reduced behavioral reactivity after their lesion, as seen 
clinically and assessed quantitatively in reaction time tasks. Thus, there exist 
distinct classes of behavioral situations during which impulse activity corre­
sponds to lesion-induced deficits, and others without an apparent match. The 
rate of change in behavioral activation appears to be common to situations 
which are effective in influencing impulse activity in DA neurons. Within the 
range of tests performed so far, this is maximal with a directly triggering sti­
mulus and also high when the animal touches a vital object without a preced­
ing trigger stimulus. Behavioral activation changes less rapidly during the sub­
sequent execution of the movement and in relation to the investigated 
self-initiated acts, and only minor variations of impulse rate are seen in these 
situations. 

The burst of impulses occurring synchronously in the majority of DA neu­
rons following strong activating stimuli should lead to a rapid and short in­
crease of DA release in the target areas. In particular, impulse-dependent stri­
atal DA release is exponentially related to the frequency of discharge (GoNON 
and BUDA 1985) which suggests a disproportionately higher DA release with 
the high frequency burst observed in conscious animals, as compared with 
spontaneous activity. In the striatum, DAergic transmission exerts a focusing 
effect through which the information transfer can be restricted to the neces­
sary operations, whereas less prominent input would be suppressed (TOAN and 
SCHULTZ 1985). Through a short, burst-induced increase in DAergic influ­
ences, DA neurons would be able to focus neuronal processing in the target 
areas to the most essential operations necessary for quick reactions to salient 
stimuli. 

Several behavioral acts are not accompanied by major increases of im­
pulse rate, such as execution of movements and initiation of self-generated 
behavior. However, deficiencies of these acts in DA-depleted subjects demon­
strate the crucial presence of DA. It is possible that the release of DA caused 
by spontaneous impulses and its mild impulse-dependent changes are suffi­
cient to sustain this behavioral repertoire. In these situations, DAergic neuro­
transmission would exert its focusing effects with only limited phasic changes 
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on the diverging and converging striatal connections. Glutamate, the probable 
transmitter of the corticostriatal pathway, exerts a facilitory influence on stria­
tal DA release (GIORGUIEFF et al. 1977; ROMO et al. 1986; for review see 
CHESSELET 1984). Although impossible to measure at sufficiently high tem­
poral resolution with present methods, fast, behavior-related changes in corti­
costriatal activity may lead to variations in DA release that are more import­
ant than those of impulse activity. In this way. DA release could be increased 
in those striatal areas where active cortical input is found, which according to 
the known electrophysiologic effects of DA, would lead to a reduction of the 
effects of cortical input while other areas in the striatum would remain unin­
fluenced. Another role for presynaptically mediated DA release may concern 
processes employing a slower time course. Indeed, short pain pinch stimula­
tion in anesthetized monkeys produces a rapid and short change in DA neu­
ron discharge rate and a slower variation of excitability of striatal DAergic ax­
ons over several minutes, which is suggestive of increased DA release (ROMO 

and SCHULTZ 1985). In this way, presynaptically induced DA release could 
participate in a slowly changing focusing of striatal neurotransmission that 
would be controlled by cortical input, while impulse-dependent DA release 
would be operational when rapid changes in behavioral activation occur. 

F. Conclusions 

I. Functional Connectivity 

1. Lateralization of Function 

Although corticostriatal projections are predominantly ipsilateral, consider­
able contralateral influences are also exerted from most cortical areas, one 
notable exception being the somatosensory cortex. Internal basal ganglia con­
nections remain largely, but not exclusively ipsilateral. Basal ganglia outputs 
at the level of the pallidum and pars reticulata of the SN are also ipsilateral 
with a modest contralateral component. Thus, when judged from their con­
nectivity, the basal ganglia are less lateralized in their functions than primary 
sensory and motor areas of the cerebral cortex. This may simply be a remnant 
of the phylogenetic development without much functional importance,but it 
may also suggest that the basal ganglia are engaged in control functions deal­
ing with behavioral acts that involve coordination of both sides of the body 
rather than precise, topographically related input or output. 

2. Disinhibition of Target Structures 

Cerebral input to the basal ganglia is largely excitatory in nature. In contrast, 
major internal connections are inhibitory and use GABA as a fast amino acid 
transmitter. (A particular role is played by the nigrostriatal DA system, exert­
ing a focusing effect on striatal neurotransmission.) Output of the basal gang­
lia, e.g., pallidothalamic, nigrothalamic, and nigrocollicular projections, are 
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also inhibitory in nature. Through two consecutive inhibitory synapses, acti­
vation of striatal neurons would principally cause a disinhibition of the main 
target structures of the basal ganglia, which has in fact been demonstrated ex­
perimentally for output of the SN (DENIAU and CHEVALIER 1985; CHEVALIER et 
al. 1985). The high spontaneous impulse activity in the two main output sta­
tions, the pallidum and pars reticulata of the SN, would be ideally suited for 
fine tuning and integration of inhibitory influences arising from the striatum. 

3. The "Extrapyramidal Motor System" 

Whereas earlier anatomical studies suggested a predominantly non cortical, 
nonpyramidal output of the basal ganglia involved in motor functions, more 
recent data show that the majority of influences are directed to the cerebral 
cortex, particularly the supplementary motQr area and the prefrontal cortex. 
This connectivity with the cortex is considered to be the result of increased 
differentiation of cortical areas with phylogenetic development, and so one 
would expect the noncortical output of mammalian basal ganglia from the SN 
and nucleus tegmenti pedunculopontinus to be engaged in more basic behav­
ioral acts, such as orienting behavior. This is not to say that these forms of be­
havior have not undergone phylogenetic development, which, for example, is 
suggested in mammals by the increased use of eye movements in primates, as 
compared with head and body turning in rats (HIKOSAKA and WURTZ 1985b). 

II. Dopamine System 

1. Mismatch Between Negative and Positive Image 

Major changes of impulse activity of DA neurons are only found in a subset 
of behavioral acts that are deficient after DAergic lesions. Whereas DA neu­
rons respond well to behaviorally important stimuli they show only minor 
and slow changes during execution of movements and initiation of self-gen­
erated acts. This is a remarkable example of the difficulty of assessing the 
function of a neuronal system on the basis of deficits arising after its destruc­
tion. In the case of the DA system, this mismatch suggests that DA neurons 
are actively involved in reactions to external stimuli, and sustain a number of 
other functions which should be encoded in structures influenced by DAergic 
terminals. Thus, DA neurons are neither sensory nor motor in function, but 
are engaged in more basic processes of behavioral reactivity. 

2. Paradoxical Kinesia 

It is well known that DA-depleted, akinetic subjects are able to move for a 
short time when strong stimuli are presented. Although speculative, it is possi­
ble to imagine that these reactions are facilitated by a short release of DA 
from the few remaining terminals, caused by bursts of impulses, similar to the 
responses of DA neurons in intact animals. It can not be ruled out that other 
neuronal systems are engaged in this kind of emergency reaction as long as re­
cordings from DA neurons in partially lesioned animals are lacking. 
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3. Neuronal Activity in Target Areas of DA Neurons 

If DA neurons are engaged in behavioral reactivity, but do not encode details 
of sensory and motor information, some of the activity related to functions de­
ficient after lesions should be sought in the striatum. In particular, neuronal 
activity in relation to initiation of behavioral acts as the key component of hy­
pokinesia is very minor in DA neurons, but is frequently found in striatal neu­
rons. This is found when animals are prepared for an upcoming movement by 
external signals (instructions) and also when movements are initiated at a 
self-determined rate without phasic external cues. Similarly, changes of neu­
ronal activity during execution of movements are minor in DA neurons, but 
are reproducibly found in the lateral putamen. 

III. Corticostriatal Activity 

Outputs of the basal ganglia in non mammalian vertebrates are directed to the 
midbrain. In contrast, in mammals, the majority of influences of the basal 
ganglia are directed back to the cerebral cortex, giving rise to cortical-basal 
ganglia-cortical loops. The closer relationships to the phylogenetically differ­
entiating cortex suggest a role of the basal ganglia as an important forebrain 
center for controlling a multitude of behavioral acts. It is then necessary to 
distinguish between the functions of the cortex and basal ganglia. This ap­
pears easier when considering functions for which only minor corticostriatal 
links exist, such as vision and audition. In respect to motor functions, onset of 
neuronal activity in direct relation to individual movements occurs earlier in 
the motor cortex than in its projection area in the putamen, suggesting that 
the motor cortex is "driving" these basal ganglia neurons. Putamen neurons 
encode the direction of movements independent of the underlying muscular 
pattern, whereas corticomotoneuronal cells have a very direct relation to mus­
cle activity. Recent data on neuronal activity in relation to higher functions, 
such as preparation for behavioral acts, attention, and short-term memory, 
show certain similarities to those obtained from different areas of the associa­
tion and premotor cortex. Although too early for detailed comparisons, it ap­
pears that many of these cortical functions are executed in close conjunction 
with basal ganglia neurons. Much less is known about limbic functions of the 
basal ganglia, the existence of which is suggested by the heavy afferent and ef­
ferent connections with several cortical and subcortical limbic structures. The 
fact that many neurons in the striatum are activated when the animal is given 
indications that a reward is about to be presented may partly reflect limbic in­
fluences and should be investigated more specifically. 
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CHAPTER 2 

Pathology of Parkinson's Syndrome 

K. JELLINGER 

A. Introduction 

Parkinson's syndrome or parkinsonism, involving the clinical symptoms first 
described by JAMES PARKINSON (1817) occurs in a variety of disorders of the 
central nervous system (CNS), basically characterized by dysfunction of the 
dopaminergic nigrostriatal system. It mayor, rarely, may not be associated 
with distinct anatomic damage to the melanin-containing neurons of the sub­
stantia nigra, changes to the neuronal cytoskeleton, including the Lewy bod­
ies, and pathology in other non-nigral neuronal systems, often as part of a 
more widespread process. The term Parkinson's disease (PD) is restricted to 
paralysis agitans, the idiopathic form of parkinsonism associated with forma­
tion of Lewy bodies and loss of neurons in the pars compacta of the substantia 
nigra, known since TRETIAKOFF (1919) as the principal at-risk system in this 
disorder. It can be accompanied by nonspecific or age-related brain pathology 
and a variety of other coincidental lesions elsewhere in the CNS. Unilateral 
parkinsonism is associated with predominant damage to the contralateral 
brain stem or substantia nigra (BLOCQ and MARINESCO 1893; LINDENBERG 
1964; MARTINEZ and UTIERBACK 1973; OPPENHEIMER 1984), while only in ex­
ceptional cases of parkinsonism no morphological lesions of the substantia 
nigra can be found (DENNY-BROWN 1960; LEVERENZ and SUMI 1986; MORRIS et 
al. 1987). On the other hand, moderate or even considerable damage to the 
substantia nigra, e.g., in aged subjects or senile dementia of the Alzheimer 
type (SDAT), may not be necessarily associated with parkinsonian symptoms 
(HAKIM and MATHIESON 1979; JACOB 1983; HEILIG et al. 1985; LEVERENZ and 
SUMI 1986; JELLINGER 1987b; DITIER and MIRRA 1987). Since FOIX and NICO­
LESCO (1925) reported on the major pathological findings in PD, suggesting a 
"diffuse and localized degeneration," many morbid anatomical studies of this 
and related disorders have been published (HASSLER 1938; KLAUE 1940; 
GREENFIELD and BOSANQUET 1953; HALLERVORDEN 1957; RICHARDSON 1965; 
STADLAN et al. 1966; FORNO 1966; EARLE 1968; FORNO and ALVORD 1971; LE­
WIS 1971; ESCOUROLLE et al. 1971; ALVORD et al. 1974; JELLINGER 1974; 1986a, 
b, 1987a, b; PEARCE 1979; BLACKWOOD 1981; OPPENHEIMER 1984; SCHOENE 
1985; GIBB 1986, 1988; GRAY 1988). This chapter will outline the cytoskeletal 
pathology occurring in the neuronal population in parkinsonism, the patho­
morphology of the major types of parkinsonism, and stress recent data on the 
morphological correlates of pathobiochemical findings and dementia in PD. 
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B. Cytoskeletal Pathology 

In the parkinsonian brain, neurons exhibit several types of cytoskeletal abnor­
malities, including Lewy bodies and other cytoplasmic inclusions, paranucle­
olar Marinesco bodies, Hirano bodies, granulovacuolar degeneration, neurofi­
brillary tangles, grumelose degeneration, and dystrophic axons (Table 1). 
Each of these forms of structural pathology can be found in normal and aged 
brains without neurologic disorders and in various eNS diseases. However, in 
PD and other degenerative types of parkinsonism, some of these structural ab­
normalities are abundant, and their presence may serve as diagnostic criteria. 
Because cytoskeletal elements are important in the maintenance of neuronal 
size and shape, in intracellular transport processes, and in the organization of 
both cytoplasmic elements and membrane constituents, nerve cells exhibiting 
these abnormalities may not be able to carry out normal functions. In addi­
tion, demented and senile individuals with parkinsonism may have senile 
(neuritic) plaques (NP) and deposits of amyloid in the neural parenchyma. 

I. Lewy Bodies 

These cytoplasmic inclusions, first described by LEWY (1913) in the substantia 
innominata and the dorsal vagal nucleus in a patient with idiopathic PD, ap­
pear as single or multiple eosinophilic bodies surrounded by a less dense am­
orphous halo. They vary in size from 3 to 20 J,tm (mean 9-10 J,tm), and can be 
located in a nerve cell body (classical perikaryal), within nerve cell processes 
(intraneuronal), and extraneuronally free in the neuropil (FORNO 1982, 1986). 
They are composed of proteins, free fatty acids, sphingomyelin, and polysac­
charides, their core containing aromatic a-amino acids (HARTOG-JAGER 1969). 
Electron probe microanalysis demonstrated a high sulfur content, indicating 
breakdown products of proteins (KIMULA et al. 1983). Ultrastructurally, Lewy 
bodies are composed of intermediate-type filaments of diameter 8-10 nm, ad­
mixed with vesicular and granular material (DuFFY and TENNYSON 1965; Roy 
and WOLMAN 1969). Immunocytochemically, they react with monoclonal an­
tibodies that recognize all three of the neurofilament proteins (FORNO et al. 
1983; GOLDMAN et al. 1983; NAKAZATO et al. 1984; KAHN et al. 1985) and that 
recognize both phosphorylated and nonphosphorylated neurofilament ep­
itopes (FORNO et al. 1986; SIMA et al. 1986; GALLOWAY et al. 1986), tubulin 
(GALLOWAY et al. 1986) and occasionally microtubule-associated protein 
MAP 2, particularly in the periphery of some Lewy bodies (DICKSON et al. 
1987), but not actin and not antibodies to human brain microtubules reacting 
with both Alzheimer neurofibrillary tangles (NFTs) (yEN et al. 1986) and with 
filaments in Pick bodies (RASOOL and SELKOE 1985), and microtubule-asso­
ciated tau proteins (GALLOWAY et al. 1986, 1988; YEN et al. 1986; KUZUHARA 
et al. 1987; DICKSON et al. 1987; BANCHER et al. 1989). Their core reacts 
strongly with monoclonal antibodies to paired helical filaments (PHFs) (Popo­
VITCH et al. 1987; KUZUHARA et al. 1987; BANCHER et al. 1989), and with 
ubiquitin, a polypeptide required for the ATP-dependent nonlysosomal pro­
tein breakdown (MoRI et al. 1987; KUZUHARA et al. 1988) which has recently 
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been shown to be associated with PHF (MORI et al. 1987; G PERRY et al. 
1987b). Lewy bodies show different ultrastructural arrangements: 
1. A mature or brain stem type, consisting of a central core composed of densely 
packed filements and granular material, and peripheral radiation of filaments, 
showing immune reaction against neurofilament proteins, mainly in the core 
(PAPPOLA 1986), and against ubiquitin and PHFs, particularly in the periphery 
(KUZUHARA et al. 1988), while we have seen strong reaction with monoclonal 
antibodies against isolated PHFs only in the central core (BANCHER et al. 
1989); 
2. The early or cortex type which is rather homogeneous with random arrange­
ment of the filaments without a marked dense core (IKEDA et al. 1978; KOSAKA 
1978; KOSAKA et al. 1984; DICKSON et al. 1987; SIMA et al. 1986), and shows 
diffuse reaction with antibodies to neurofilament proteins and PHFs (SIMA et 
al. 1986; GALLOWAY et al. 1986; POPOVITCH et al. 1987; DICKSON et al. 1987; 
BANCHER et al. 1989). 

Similar homogeneous, poorly staining intraneuronal hyaline (colloid) in­
clusions or "pale bodies" (HASSLER 1938), composed of randomly arranged 
collections of 10 nm filaments (RoY and WOLMAN 1969) are found in many 
neurons in PD and are suggested to be related inclusions from which the Lewy 
bodies may form as a result of concentration of filaments (GIBB and LEES 
1987). The results of recent ultrastructural and immunohistochemical studies 
suggest ectopic phosphorlyation of neurofilament proteins associated with the 
formation of Lewy bodies occurring as a cause or a consequence of impaired 
assembly and transport of neurofilament proteins (CLARK et al. 1986), the dif­
ferent forms of Lewy bodies probably representing different stages of impaired 
assembly or transport of neurofilament units. Monoclonal antibodies against 
Lewy bodies have been raised from parkinsonian brain (HIRSCH et al. 1985), 
but the molecular basis and principal mechanisms for their development are 
unknown. They have been suggested to represent accumulation of neurofila­
ments undergoing progressive structural breakdown with formation of the 
body's core (GIBB and LEES 1987), or sequestrated neurofilaments after neu­
ronal regeneration (PRICE et al. 1986), or retrograde degeneration (ApPEL 
1981). Lewy bodies in catecholaminergic neurons show immunoreactivity 
with tyrosine hydroxylase (TH) antisera, suggesting that the TH enzyme plays 
a role in their production (NAKASHIMA and IKUTA 1984 b). Although the Lewy 
bodies frequently affect aminergic neurons (OHAMA and IKUTA 1976) and in 
the cerebral cortex show a distribution partly corresponding to that of dopam­
inergic axon terminals (yOSHIMURA 1983), they appear not to represent a cy­
to skeletal abnormality specific for any chemically defined neuronal system 
(see Table 3). Lewy bodies occur in most cases of idiopathic PD with a wide 
distribution (see Table 4), but also in pigmented brain stem nuclei in 5 % of 
normal controls over the age of 30 years, and in 8 %-15 % of normal brain over 
the age of 65 years (FORNO 1969, 1982; FORNO and ALVORD 1971; GIBB 1988), 
but in 45 %-60 % of all cases of Alzheimer's disease (AD) and senile dementia 
of the Alzheimer type (SDAT) (JELLINGER 1986a, 1987a; DITTER and MIRRA 
1987; see also Table 4). In addition, Lewy bodies in the substantia nigra and 
brain stem have been found in several cases of progressive supranuclear palsy 
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(PSP) (YAHR et a1. 1972; MORl et a1. 1986), and in other eNS disorders, e.g., 
ataxia - telangiectasia, Hallervorden - Spatz disease, spino-olivopontocereb­
ellar atrophy, and chronic panencephalitis (FORNO 1982, 1986; GIBB 1986, 1988; 
MORl et a1. 1986; JELLINGER 1986a, 1987a). Hence, they are not pathognom­
onic for parkinsonism, but are considered probably to be more characteristic 
of this disorder than the NFTs for AD/SDAT (FORNO 1982, 1986). 

II. Hirano Bodies 

These rod-shaped eosinophilic intracytoplasmic inclusions, first described in 
the Ammon's hom of Guamanian patients with amyotrophic lateral sclerosis 
and parkinsonism-dementia complex (HIRANO et a1. 1966), consist of crystal­
loid arrays of interlacing 6 to 10 nm filaments of lattice-like or "herringbone" 
structure (HIRANO 1981). They are composed of actin, a contractile protein 
(YEN et a1. 1986; GALLOWAY et a1. 1987) and react with tau, but not with neuro­
filament proteins and tubulin (PETERSON et a1. 1988). Hirano bodies are found 
in the hippocampus and neocortex of normal individuals from the age of 
20 years onward, increasing with age, occasionally combined with granulova­
cuolar degeneration, and increased numbers are seen in Parkinson's, Alzhei­
mer's, and Pick's disease (GIBSON 1978; HIRANO 1981). 

III. Intracytoplasmic Eosinophilie Granules 

The melanin-containing neurons of the substantia nigra and locus ceruleus in 
normal aged human brain, and various disorders may contain small intracyto­
plasmic eosinophilie granules composed of aggregates of parallel banded or 
twisted 8.5-nm filaments (SCHOCHET et a1. 1970); others regard them as altered 
mitochondria (HIRANO 1981). 

IV. Marinesco Bodies 

These intranuclear eosinophilic bodies, described by MARINESCO (1912) in the 
pigmented neurons of the substantia nigra and locus ceruleus, consist of 
aggregates of moderately osmiophilic granular material with a lattice-like ar­
rangement of filaments (LEESTMA and ANDREWS 1969) that stain with a mono­
clonal antibody to PHF which also recongizes determinants of ubiquitin 
(BANCHER et a1. 1989). They are found in increasing number with advancing 
age (yUEN and BAXTER 1963). 

v. Neurofibrillary Tangles 

These flame-shaped or globose intracytoplasmic lesions in neurons appear in 
two major forms. 

1. Alzheimer's Neurofibrillary Tangles 

(ANFTs) are composed of close-packed 10 nm PHFs twisted at 80 nm inter­
vals (KIDD 1964) which can be admixed with 10 nm neurofilaments and 12 to 
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15 nm straight filaments (yAGISHITA et al. 1981; G. PERRY et al. 1987 a). Each 
of the 10-nm filaments consists of four proto filaments composed of eight lon­
gitudinally connected globules with short side arms (WISNIEWSKI and WEN 
1985). They are composed of bonds of cross-connected proteins containing 
antigen determinants of various abnormal neurofilament and non-neurofila­
ment proteins and microtubule epitopes reacting with anti-NFT, monoclonal 
anti-PHF, microtubule-associated anti-MAP! and anti-MAP2 , anti-tau pro­
tein (PRICE et al. 1986; MILLER et al. 1986; YEN et al. 1986), and with ubiqui­
tin (MORI et al. 1987; KUZUHARA et al. 1988; G. PERRY et al. 1987b), indicating 
some chemical cytoskeletal abnormalities with deposition in the neuronal cy­
toplasma. ANFTs are found in increasing density in brains of normal aged 
subjects, and are particularly abundant in AD/SDAT, postencephalitic parkin­
sonism, Guam ALS-Parkinson-dementia complex, and boxer's dementia 
(TOMLINSON and CORSELLIS 1984; HIRANO 1981; YEN et al. 1986; JELLINGER 
1989). NFTs involve neurons of varying transmitter specificities, including 
cholinergic neurons in the basal forebrain (RASOOL et al. 1986). They may also 
occur in a variety of other conditions, and have been suggested to indicate 
premature (local) aging processes (WISNIEWSKI et al. 1979, 1985). 

2. Tangles in Progressive Supranuclear Palsy 

The NFTs in PSP differ from ANFTs by their topography (JELLINGER et al. 
1980) and ultrastructure, since they are composed of 15 to 20 nm straight fil­
aments that are sometimes mixed with typical PHFs (TAKAUCHI et al. 1983; 
TELLEZ-NAGEL and WISNIEWSKI 1973; YAGISHITA et al. 1979). They are recog­
nized by anti-neurofilament, anti-tau and anti-ANFT antibodies (DICKSON et 
al. 1985; YEN et al. 1986), while isolated monoclonal anti-PHF recognized 
only few PSP tangles owing to admixed PHF (BANCHER et al. 1987). Both 
PHF and straight filaments were recognized by all antibodies after extraction 
with an ionic detergent (G. PERRY et al. 1987 a). These findings suggest that 
the straight filaments contain most, if not all of the antigens known to be pres­
ent in PHF, and result from alternative pathways of organization of the same 
components as the PHF, rather than being PHF precursors. The pathways for 
formation of NFTs with different ultrastructural morphology are unknown. 

VI. Granulovacuolar Degeneration 

These cytoplasmic inclusions first described by SIMCHOWICZ (1911) are pres­
ent in pyramidal neurons of the hippocampus and consist of electron-dense 
granules surrounded by a membrane-bound vacuole (HIRANO 1981). The con­
tain tubulin, phosphorylated neurofilament epitopes and tau (DICKSON et al 
1987b). These bodies are common in elderly people, increasing in number 
with age, and particularly in AD/SDAT, and correlations have been reported 
between their frequency and the loss of pyramidal cells and numbers of 
ANFTs (BALL 1977). 
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VII. Axonal Dystrophy and Grumelous Degeneration 

"Grumelous degeneration" in the reticular zone of the SN (TRETIAKOFF 1919) 
represents spheroid-like or ovoid swellings ofaxons, considered as a special 
form of axonal degeneration referred to as axonal dystrophy. The spheroids, 
which include accumulations of organelles, tubulovesicular structures, disar­
ranged 10 nm neurofilaments, dense bodies, abnormal mitochondria, and 
lamellar membranes derived from the smooth endoplasmic reticulum, involve 
presynaptic axon terminals and have been related to disorders of axonal trans­
port. The lesion affects primarily the nucleus gracilis and reticular zone of the 
substantia nigra in elderly subjects, with close correlation to age, but is also 
seen in a variety of disorders referred to as "neuroaxonal dystrophies" (SElTEL­
BERGER 1986). In PD the incidence of axonal spheroids in the reticulata ni­
grae is significantly increased after the age of 50 years, and may be related to 
the depletion of pigmented neurons in the compacta nigrae with loss of con­
tact to the postsynaptic neuron (JELLINGER 1973). Grumose degeneration of 
dentate neurons in PSP also consists of clustered terminal axons (MIZUSAWA 
et al. 1989). 

VIII. Neuritic Plaques and Amyloid 

Senile or neuritic plaques (NPs) are homogeneous globular, spherical dense 
regions in the neuropil, consisting of swollen presynaptic and postsynaptic de­
generating, regenerating, or dystrophic neuritic terminals, abnormal synapses, 
phagocytes, glia, filamentous proteins, and extracellular amyloid. Some axon 
terminals in the plaques contain serotonin, somatostatin, substance P, and 
acetylcholinesterase (TERRY 1985). Formation of the NPs has been related to 
degeneration of neuronal processes without any relationship to specific trans­
mitter systems (STRUBLE et al. 1985). The origin of plaque amyloid and its re­
lation to amyloid angiopathy in the senile brain are hitherto unknown (TERRY 
1985; PRICE et al. 1986; JELLINGER 1989). Neuritic plaques are seen in the 
hippocampus and neocortex, but also in subcortical nuclei and brain stem, in 
aged subjects (with a close correlation to age), and in increased density and 
distribution in AD/SDAT (JAMADA and MEHRAEIN 1968; TOMLINSON and 
CORSELLIS 1984; MANN 1985; TERRY 1985; CRYSTAL et al. 1987; JELLINGER 
1989). 

c. Major Types of Parkinsonism 

In large autopsy series, including a personal sample of 580 cases, degenerative 
forms of parkinsonism account for 75 %-95 %, including PD (60-75 %) and 
multisystem degenerations (about 15 %), while the incidence ofpostencephali­
tic forms is decreasing. In two personal autopsy series, it was 12 % between 
1957 and 1970, and 2.6 % in recent years (JELLINGER 1986a, 1987 a); 5 %-7 % 
of parkinsonism is associated with cerebrovascular disease, about 6 % with 
Alzheimer'S disease or SDAT, while confirmed cases due to trauma, tumors, 
intoxication, and drugs are rare, some of the latter presenting anatomic 
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changes characteristic of idiopathic PD (RAJpUT et al. 1982). A small number 
of cases remain unclassified. A survey of the different types of parkinsonism, 
their average incidence in autopsy materials, and the major types and distrib­
ution of CNS lesions is given in Table 2. 

I. Parkinson's Disease 

Representing one of the commonest types of adult onset, chronic degenerative 
disorders of the CNS, and accounting for 75 %-95 % of all confirmed cases of 
parkinsonism, paralysis agitans is characterized by anatomic lesions mainly 
confined to the brain stem, with progressive degeneration of the nigrostriatal 
and mesocorticolimbic dopaminergic systems, and less frequently the hypo­
thalamic dopaminergic neurons associated with progressive loss of melanin­
containing mesencephalic neurons. Other non-nigral neuronal systems are af­
fected as well, while neurons in the basal ganglia and cerebral cortex are 
comparatively spared. Dysfunction of at-risk neurons is associated with cytos­
keletal abnormalities, the principal type being the Lewy body. 

Grosslys, the brain is generally unremarkable, except in old and de­
mented patients who may show diffuse cortical atrophy and additional Alzhei­
mer changes. The brain stem shows pallor of pigmented nuclei (substantia 
nigra and locus ceruleus) with variable unilateral and, more often, bilateral 
symmetric loss of melanin-containing neurons and gliosis. Particularly in­
volved are the ventral (central) and caudal parts of the zona compacta nigrae 
projecting to the putamen, the ventral tegmental area (VTA), locus ceruleus, 
and dorsal vagal nucleus. In addition, there is frequent involvement of the 
nucleus basalis of Meynert (NBM), the dorsal raphe nucleus, and tegmental 
pedunculopontine nucleus, pars compacta (see Tables 5-9). The nigrostriatal 
and mesolimbic parts of the mesencephalic melanin cell groups are affected 
with different intensity Although both parts lose about two-thirds of their neu­
rons, the volume of the remaining cells in the medial group seems to be better 
preserved. In the most medial nucleus niger suboculomotorius, the neuronal 
loss (about 40 %) is least severe (BOGERTS et al. 1983), while the hypothalamic 
dopaminergic neurons appear to be intact (MATZUK and SAPER 1985). Ultra­
structurally, melanin granules in nigral or locus ceruleus neurons often can­
not be distinguished from those in normal brain, but there can be a decrease 
in the very dense component of the melanin granules within neurons of par­
kinsonian cases. The substructure of the altered melanin granules, including 
the presence of linear arrays, resembles that of lipofuscin (DUFFY and TENNY­
SON 1965), but the relationship between these ultrastructural changes of mel­
anin and the disintegration of melanin-containing cells remains obscure. 
Neuronal loss has also been reported in the striatopallidum and other brain 
stem nuclei, while studies revealing neuronal loss in the cerebral cortex are 
inconsistent (ALVORD et al. 1974). In the third layer of the isocortex, an in­
creased number of small to medium-sized pyramidal cells with lipofuscin­
filled extensions of their proximal axons have been observed (STOCKHAUSEN 
and BRAAK 1984), but the significance of these age-related cortical changes is 
unknown. 
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Significant differences in the intensity and pattern of pathologic lesions 
between the various clinical subtypes of PD, i.e, one with predominant rigid­
ity and bradykinesia/akinesia and one with prominent tremor (MORTIMER et 
al. 1982; ZETUSKY et al. 1985), or the akinetic-rigid, tremor-dominant, and 
mixed types (POEWE and GERSTENBRAND 1986; BARBEAU 1986) appear not to 
have been observed up to the present, although rigidity and akinesia much 
more than tremor seem to be correlated with progressive dysfunction of the 
striatonigral system and nigral cell loss (BERNHEIMER et al. 1973; AGIO et al. 
1987; JELLINGER 1987 a). 

The principal cytoskeletal pathology of PD is the Lewy body which, in 
85 %-100 % of cases, occurs in many aminergic and other subcortical nuclei, 

Table 3. Distribution of Lewy bodies in Parkinson's Disease (HARTOG-JAGER and BETH­
LEM 1960; ISHII 1966; OHAMA and IKUTA 1976; HUNTER 1985; JELLINGER 1987 a) 

Affected Region" Major (putative) Frequent Rare 
neuromediatorsb 

Cerebral cortex Multiple * 
Substantia innominata Acetylcholine ** * 
Hypothalamus, lateral, posterior Norepinephrine * 
Hypothalamus, periventricular Multiple * 
Subthalamic nucleus Dopamine * 
Periaqueductal gray Multiple * 
Substantia nigra Dopamine ** 
Nucleus parabrachialis pigmentosus Dopamine ** 
Nucleus paranigralis Dopamine ** 
Westphal-Edinger nucleus Acetylcholine * 
Darkschewitsch nucleus Acetylcholine * 
Supratrochlear nucleus Serotonin * 
Nucleus tegmenti pedunculopontinus Acetylcholine * 
Central pontine gray multiple * 
Locus ceruleus Norepinephrine ** 
Nucleus subceruleus Norepinephrine * 
Nucleus pontis centralis oralis Serotonin * 
Central superior nucleus of raphe Serotonin * 
Processus griseum pontis supralemniscalis ? * 
Dorsal motor nucleus of vagus Norepinephrine ** 
Nucleus of Roller ? * 
Nucleus gigantocellularis Serotonin * 
Nucleus paragigantocellularis lateralis ? * 
Nucleus medullae oblongatae centralis Serotonin * 
Spinal cord, intermediolateral column Multiple * 
Spinal cord, intermediomedial column Acetylcholine * 
Spinal cord, anterior horn * 
Autonomic (sympathetic) ganglia ** 
Enteric (parasympath.) nerve plexusesc Catecholamines * 

" Nomenclature of the brain stem nuclei according to OLSZEWSKI and BAXTER 1982 
b NIEUWENHUYS 1985; c WAKABAYASHI et al. 1988 
* Mild; ** Severe 
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spinal cord, sympathetic ganglia and, less frequently, in the cortex, para­
sympathetic myenteric plexuses and adrenal medulla (Table 3). However, they 
are not found in all cases ofPD (EARLE 1968; FORNO 1982), and some regions, 
e.g., the periventricular hypothalamus, are relatively spared (LANGSTON and 
FORNO 1978). Degeneration of the dopaminergic nigrostriatal system, being 
the hallmark of PD, can be variably associated with pathology in non-nigral 
aminergic pathways and other neuronal systems, and other cytoskeletal pa­
thology, including Hirano bodies, granulovacuolar degeneration, dystrophic 
axons, and Alzheimer pathology, particularly in old and demented patients 
(ALVORD et al. 1974; BOLLER et al. 1979; HAKIM and MATHIESON 1979; BOLLER 
1985; JELLINGER 1987 a). In autopsy cohorts of PD individuals, the incidence 
of additional AD/SDAT pathology ranges from 5 % to 47 % (HAKIM and MA­
THIESON 1979; GASPAR and GRAY 1984; BOLLER 1985; E. K. PERRY et al. 1985, 
1987; SUDHAKER et al. 1987; GRILIA et al. 1987; JELLINGER 1987 a, b). Addi­
tional cerebrovascular lesions, i.e., about 30 % with lacunar state of the basal 
ganglia and 6 %-12 % of old cerebral infarcts, show about the same incidence 
as in age-related controls (JELLINGER 1986a, 1987 a; DUBINSKY and JANKOVIC 
1987). Concurrence of PD with other degenerative multiple system degenera­
tions and aging processes may occur and is associated with Parkinson-plus 
syndromes (FISHER 1984; BARBEAU 1986). 

II. Parkinson's Disease and Alzheimer's Disease 

The relationship and communality between the two age-related neurodegener­
ative disorders has received increasing attention (BOLLER 1985; LEVERENZ and 
SUMI 1986; DITTER and MIRRA 1987), and has been the subject of some specu­
lation (QUINN et al. 1986). Postmortem demonstration of severe brain atrophy, 
with significantly reduced brain weight (HAKIM and MATHIESON 1979) and a 
six- to ninefold increase of AD pathology over that in age-matched controls 
(BOLLER et al. 1979) have suggested an increased incidence of AD in patients 
with PD and some links between these two disorders. The neuropathologic cri­
teria for the diagnosis of AD/SDAT have been summarized by KHATCHATU­
RIAN (1985) and WISNIEWSKI and MERZ (1985); the comparative neuropathol­
ogy of AD and PD by JELLINGER (1987b, c). 

The prevalence of extrapyramidal signs in AD patients ranges from 33 % to 
90 %, and particularly includes rigidity and bradykinesia (PEARCE 1974; SUL­
KOVA et al. 1983; MOLSA et al. 1984; LEVERENZ and SUMI 1986; CHUI et al. 
1986; MORRIS et al. 1987) and that ofPD symptoms in AD subjects was found 
to be 2.4-3.6 times greater than in aged-matched control populations (SUL­
KOVA et al. 1983; LEVERENZ and SUMI 1986), while MORRIS et al. (1987), in a 
small cohort of patients with SDAT, reported development of symptoms in 
34 %, which was ten times higher than in age-matched controls. PD signs and 
symptoms in AD are often, but not invariably, associated with damage to the 
substantia nigra and locus ceruleus, with the presence of Lewy bodies and 
with or without ANFTs .(SUGIMURA et al. 1977; ROSENBLUM and GHATAK 1979; 
JACOB 1983; DITTER and MIRRA 1987). In autopsy cohorts of AD, addi­
tional PD pathology has been reported in 4 % (XUEREB et al. 1987) up to 
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66 % of cases (PERL et al. 1984; LEVERENZ and SUMI 1986; JELLINGER 1987 a; 
MCGEER et al. 1988). In one series, 85 % of the AD subjects with clinical PD 

signs had typical pathology of PD (LEVERENZ and SUMI 1986), while in some 
AD patients with clinical PD symptoms, no nigral damage or other PD mark­
ers were found (SULKOVA et al. 1983; LEVERENZ and SUMI 1986; DITTER and 
MIRRA 1987; MORRIS et al. 1987). In general, the substantia nigra in AD 

Table 4. Brain stem lesions in parkinsonism, Alzheimer's disease, senile dementia and controls 
(percentage of total cases) 

Type of disorder PD Senile P Vascular PEP AD SDAT Controls 
(PD/SDAT) P (MID) 

N= 306 N= 33 N=39 N= 18 N=114 N=325 N=284 
Mean age 74.0 ± 0.9 83.6 ± 1.1 77.5 ± 1.2 63.6 ± 1.9 65 ± 0.5 81.6 ± 0.6 74 ± 0.6 
(years ± SEM) 

Substantia nigra 
Neuron 3+ 93.8 0 30.0 100.0 8.8 2.2 0 
loss 2+ 6.2 9.1 70.0 0 6.1 5.9 1.1 

1+ 0 90.9 0 0 68.6 81.9 26.0 
Lewy bodies 99.5 45.4 12.8 0 39.5 40.3 6.0 
NFT 17.6 57.6 10.2 94.4 68.6 38.3 1.8 

Locus ceruleus 
Cell loss 100.0 94.0 25.6 100.0 100.0 100.0 13.4 
Lewy bodies 98.2 51.5 18.0 5.9 45.6 57.4 18.3 
NFT 16.7 63.7 10.2 94.4 77.1 65.4 4.1 

Dorsal vagus nucleus 
Cell loss 90.2 31.2 5.1 11.8 NE NE 2.8 
Lewy bodies 86.1 9.1 5.1 11.8 NE NE 2.8 

Nucleus basalis (N = 94) (N = 36) (N = 171) (N = 43) 
Lewy bodies 97.9 NE NE NE 8.0 15.0 7.5 

NFT 36.2 NE NE NE 100.0 97.0 7.5 
W estphal-Edinger (N = 30) (N = 10) (N= 48) 

nucleus 
Lewy bodies 96.7 NE NE NE 10.0 10.4 NE 
NFT 16.7 NE NE NE 100.0 85.5 NE 

Pontine SP 5.6 45.5 16.3 0 65.8 77.5 1.8 
Tegmentum NFT 21.3 57.8 23.1 98.0 77.7 78.1 1.9 
Lacunar state 31.5 39.4 100.0 44.4 10.2 30.2 20.8 
Old infarcts 8.2 12.1 86.3 5.9 9.0 11.4 4.6 
Amyloid 12.1 30.3 5.1 0 97.7 86.8 0.5 

Angiopathy 
Cortical Lewy 7.0 0 0 0 0.9 1.8 0 

bodies 
PD/AD 18.6 14.9/16.7" 

« 70 years) 
PD/SDAT 35.0 100.0 17.0/8.1" 

(> 70 years) 

" Clinical/anatomic 
NE not examined; NFT neurofibrillary tangles; SP senile plaques 
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shows less severe damage than in PD, and Lewy bodies in the substantia nigra 
without clinical signs have been observed in 10 %-25 % of all AD brains, sug­
gesting a preclinical stage ofPD (LEVERENZ and SUMI 1986). Neuronal loss in 
the substantia nigra in AD/SDAT has been reported as 8.4 %-26 % (MANN 
et al. 1983, 1985; CHUI et al. 1986; GIBB 1988) up to an average of 28 % (JEL­
LINGER 1987b, c), and in AD up to 48 %-54 % with an average of 38 %-48 % 
(TABATON et al. 1985; JELLINGER 1987b, d), while the VTA shows a much 
higher neuronal loss of 40 %-60 % (MANN et al. 1987 a). Among 114 autopsy 
cases of AD, 14 % of which had clinical signs of PD, 69 % showed mild and 
15 % moderate to severe nigral damage, but Lewy bodies in the substantia 
nigra and locus ceruleus were present in 40 % and 45.6 %, respectively 
(Table 4). Among 325 SDAT cases, 20 % showed extrapyramidal signs, but 
moderate to severe nigrallesions were present in 8 %, whereas Lewy bodies in 
the substantia nigra and locus ceruleus were seen in 40 % and 57 % of cases, 
respectively, but they were outnumbered by ANFTs in these nuclei. The inci­
dence of Lewy bodies in AD and SDAT was significantly higher than in aged 
controls (Table 4). In another autopsy cohort of AD, the incidence of Lewy 
bodies in the substantia nigra was 35 %, i.e., 3-3.8 times higher than in age­
matched controls (LEVERENZ and SUMI 1986). While DITTER and MIRRA (1987) 
observed Lewy bodies in the substantia nigra and locus ceruleus in 55 % of a 
cohort of AD cases, GIBB (1988) reported only an incidence of 14 %. 

A small group of demented patients clinically presenting moderate parkin­
sonian symptoms (akinesia, rigidity, gait disorders and, less often, tremor) 
with onset around the age of 80 years, short duration (average 2 years), and se­
vere mental side effects in reaction to otherwise ineffective levodopa treat­
ment, showed only mild damage to the substantia nigra and locus ceruleus, 
associated with Lewy bodies in 45 %-50 % and ANFTs in about 60 % of all 
cases (Table 4). This group, representing less than 6 % of a total of 580 autopsy 
cases of parkinsonism showing the clinical signs of both AD/SDAT and PD, 
and the pathologic features of SDAT with mild damage to pigmented brain 
stem nuclei, has been tentatively called "senile parkinsonism" (JELLINGER and 
RIEDERER 1984; JELLINGER 1986a, 1987b). Whether this group, otherwise re­
ferred to as PDI AD (PRICE et al. 1986), represents a subset of PD populations 
with late onset and only mild or incipient PD pathology, or a subset of ADI 
SDAT with mild but clinically relevant degeneration of dopaminergic brain 
stem systems, remains to be elucidated. 

On the other hand, a considerable percentage of PD brains show wide­
spread NFTs and NPs, that have the character and distribution of the lesions 
seen in AD/SDAT. In autopsy cohorts of PD individuals, the incidence of ad­
ditional markers of AD/SDAT ranges from 7 % to 47 % (BOLLER et al. 1979; 
HAKIM and MATHIESON 1979; R. H. PERRY et al. 1983, 1987; PERL et al. 1984; 
TOMLINSON and CORSELLIS 1984; GASPAR and GRAY 1984; GRILIA et al. 1986; 
!ELLINGER 1986a, 1987b, d; MCGEER et al. 1988) and additional AD pathol­
ogy is seen in 5 %-18.6 % of demented PD patients dying before the age of 
70 years, and in 35 %-45 % of the older PD subjects (see Fig. 5). 

However, based on pathologie findings, a distinction between AD/SDAT 
with PD lesions and PD with severe cortical Alzheimer pathology appears dif-
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ficu1t, if not impossible. One difference may be in a distinctive nigra1 pathol­
ogy, where the majority of tangled neurons in AD are clustered within a small 
group in the most medial parts of the substantia nigra, and not distributed 
throughout the nigra1 cells (TOMLINSON and CORSELLIS 1984). These data need 
further confirmation, as do results from a personal study indicating that an­
other distinct feature is the preservation of TH-immunoreactive fibers in the 
striatonigra1 system in AD/SDAT, but severe reduction in the classical PD 
(JELLINGER 1987 a). Both clinical and pathologic data suggest that AD patients 
have an increased risk of PD, and vice versa, and that the association between 
the two disorders is more than would be expected by pure coincidence. How­
ever, there may also be overlapping pathologies; this association appears to be 
less frequent than previously suggested, and its basis remains unclear. 

III. Diffuse Lewy Body Disease 

This recently recognized disorder, clinically presenting as PD with or without 
dementia, Shy-Drager syndrome, or as progressive dementia with or without 
parkinsonian symptoms (yOSHIMURA 1983; KOSAKA et al. 1984) is character­
ized by widespread distribution of Lewy bodies and Lewy body-like cytoplas­
mic inclusions in the cortex and brain stem, combined with degenerative 
changes in the brain stem and with variable cortical Alzheimer pathology 
(FORNO et al. 1978; BURKHARDT et al. 1988; SIMA et al. 1986; BYRNE et al. 
1987). Some of the severely demented cases show "plaque only" AD pathol­
ogy, i.e., NPs without ANFTs (SIMA et al. 1986; DICKSON et al. 1987 a). Ajuve­
nile sporadic type of PD with widespread Lewy bodies was recently observed 
in Japan (yOSHIMURA et al. 1987), and a young adult from of sporadic demen­
tia with diffuse ANFTs and Lewy bodies without NPs was described by Popo­
VITCH et al. (1987). Three types of diffuse Lewy body disease (DLBD) have 
been described: a "diffuse" type, with generalized occurrence of Lewy bodies 
and severe Alzheimer lesions suggests a combination with AD; a "trans­
itional" type shows numerous Lewy bodies in the brain stem and dience­
phalon, but less frequent in the basal ganglia and cortex; while the "brain 
stem" type, with many Lewy bodies limited to the brain stem appears identi­
cal with "classical" PD (KOSAKA et al. 1984; YOSHIMURA et al. 1987). A case of 
PSP with large numbers of Lewy bodies in the brain stem and cerebral cortex 
has been reported by MORI et al. (1986). DLBD appears not to be an entity, 
since there are transitions to classical PD with cortical Lewy bodies (IKEDA et 
al. 1978; YOSHIMURA 1983; YOSHIMURA et al. 1987), while the diffuse type with 
generalized Lewy bodies and severe AD pathology shows marked cell loss in 
the VTA and NBM which correlates with a profound decrease of neocortical 
choline acetyltransferase (CAT) activities (CLARK and LEHMAN 1983) and the 
distribution of cortical Lewy bodies in the proposed meso cortical dopaminer­
gic projections. While these lesions suggest a defect in both dopaminergic and 
cholinergic innervation of the cortex (EGGERSTON and SIMA 1986; SIMA et al. 
1986), recent demonstration of decreased somatostatin-like immunoreactivity 
in the neocortex suggests an additional degeneration of intrinsic cortical neu-
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rons, similar to that found in AD; thus, DLBD often presents both morpholog­
ical and biochemical similarities with AD/SDAT (DICKSON et al. 1987 a). 

IV. Multisystem Degenerations 

A variety of disorders frequently associated with parkinsonism is morphologi­
cally characterized by multiple system degenerations, including the dopamin­
ergic nigrostriatal pathways. In striatonigral degeneration (ADAMS et al. 1964), 
often clinically misdiagnosed as PD, focal damage to the substantia nigra and 
locus ceruleus with or without Lewy bodies is associated with severe atrophy 
of the hyperpigmented putamen, owing to deposition of hematin, neuromel­
anin, and lipofuscin in the astroglia (BoRIT et al. 1975; KOEPPEN et al. 1971), 
moderate damage to the caudate nucleus, and multiple brain stem lesions 
(TAKEI and MIRRA 1973). It can be associated with olivopontocerebellar atro­
phy (ADAMS et al. 1964) which also shows frequent damage to the substantia 
nigra and other brain stem systems in both autosomal and sporadic cases, 
clinically presenting with or without parkinsonism (BERCIANO 1982) which 
may result from the same mutant gene (DUVOISIN 1987). Orthostatic hypoten­
sion or Shy-Drager syndrome shows multisystem degeneration, one subtype 
associated with widespread occurrence of Lewy bodies, the other with striato­
nigral and olivopontocerebellar atrophy, while intermediolateral column cell 
loss is the only damage common to all cases (OPPENHEIMER 1984). Familial 
juvenile parkinsonism represents a heterogeneous group, the pathologic fea­
tures of which mayor may not differ from those in idiopathic PD (NARABAY­
ASHI et al. 1986; YOSHIMURA et al. 1987). The neuronal loss extends to several 
structures, with only a few Lewy bodies, if any (yOKOCHI et al. 1984) and with 
pallidopyramidal degeneration (DAVISON 1954) or pallidonigroluysiodentate 
atrophy and dorsal column degeneration (MAYER et al. 1986). Akinetic-rigid 
parkinsonism also occurs in pallidoluysian, pallidonigroluysian atrophy (Ko­
SAKA et al. 1981), and pallidonigroluysiothalamic degeneration (TAKAHASHI et 
al. 1977; IIZUKA and HIRAYAMA 1986) and related multisystem diseases 
(MAYER et al. 1986; JELLINGER 1986 c). Joseph disease, an autosomal domi­
nant ataxic multisystem disorder, probably resulting from the same mutant 
gene as the autosomal dominant olivopontocerebellar atrophy (OPCA) of the 
Schut-Swier type (ROSENBERG 1984), shows variable combinations of nigro­
subthalamopallidal atrophy with degeneration of the cerebellofugal and cere­
bellopetal system (MIZUTANI et al. 1983; ROSENBERG 1984), while some heredi­
tary combined spinocerebellar and extrapyramidal degenerations are 
associated with taurine deficiency (PURDY et al. 1979). 

V. Parkinson-Dementia Complex 

This combination of parkinsonism with dementia (PDC) and frequent amyo­
trophic lateral sclerosis, occurring endemically in the Chamorro population of 
Guam, is characterized by diffuse cortical atrophy with abundant NFTs and 
Hirano bodies associated with multisystem neuronal loss and gliosis, rare 
Lewy bodies in the locus ceruleus, but absence of senile plaques (HIRANO et 
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al. 1981; HIRANO and LLENA 1986; CHEN and CHASE 1986). The PD-ALS 
complex was thought to be of genetic origin for many years, because fre­
quently several family members were found to be affected (HUDSON 1981). 
Now it is .known that the disease is caused by environmental factors (CHEN 
and CHASE 1986), probably due to the local cycad seed containing N-methyla­
mine-D-alamine (SPENCER et al. 1986). Similar syndromes have been reported 
in Japan, the United States, and the Federal Republic of Germany (MATA et 
al. 1983; SCHMITT et al. 1984), and a sporadic case of ALS-PD with diffuse 
Lewy bodies was recently reported by DELISLE et al. (1987). Concurrence of 
parkinsonism with motor neuron disease has been reported infrequently 
(HUDSON 1981), although considerable damage to the substantia nigra and lo­
cus ceruleus is often seen in the latter disorder (ESCOUROLLE et al. 1971; JEL­
LINGER 1974; JACOB 1983). 

VI. Progressive Supranuclear Palsy 

This progressive sporadic PD-like disorder with ophthalmoplegia, axial dys­
tonica, rigid akinesia, pseudobulbar palsy, and dementia (STEEL et al. 1964) 
shows widespread NFTs and multisystem neuronal loss and gliosis, the hippo­
campus and neocortex being preserved. The distribution of lesions and the ul­
trastructure of the tangles, consisting of 15 nm wide straight filaments, are 
different from those in postencephalitic parkinsonism (PEP) and Guam PDC 
(TELLEZ-NAGEL and WISNIEWSKI 1973; JELLINGER et al. 1980), but concurrence 
of straight and paired helical filaments in the same patient, or even in the 
same diseased nerve cell have been observed (TAKAUCHI et al. 1983; YAGISHrrA 
et al. 1979). NFTs are also present in the spinal cord, most frequently in the 
posterior hom (KATO et al. 1986). The clinical syndrome of PSP can also be 
produced by multi-infarct encephalopathy (DUBINSKY and JANKOVIC 1987). 

VII. Postencephalitic Parkinsonism 

Residual deficits of encephalitis lethargica and other viral infections of the 
CNS show extensive diffuse loss of pigmented neurons and gliosis in the sub­
stantia nigra (range 91.6 %-95 %; Table 5) and locus ceruleus, with nearly 
complete disappearance of all melanin cell groups, and damage to other parts 
of the upper brain stem, with widerspread occurrence of ANFTs, but little or 
no involvement of the neocortex (HASSLER 1938; KLAUE 1940; GREENFIELD 
and BOSANQUET 1953; RICHARDSON 1965; JELLINGER 1974; ISHn and NAKAMU­
RA 1981; RAIL et al. 1981; GIBB and LEES 1987). Their ultrastructure is that of 
paired helical filaments, as seen in AD/SDAT and Guam PDC, but concur­
rence with straight filament tangles has been observed (IsHn and NAKAMURA 
1981). The tangles show positive immunoreactivity with neurofilament pro­
teins and human brain microtubular fraction (YEN et al. 1983). The distribu­
tion of neuronal loss and of the fibrillary tangles in the most severely affected 
sites, and the demonstration of antibodies to influenza B by the immunofluor­
escence technique (GAMBOA et al. 1974) suggest pathogenetic relations with a 
viral or slow viral agent. The shrunken volume of both parts of the pigmented 



Pathology of Parkinson's Syndrome 65 

Table 5. Quantitative changes in the substantia nigra in parkinsonism and in Alzheimer's disease 

Reference Disease N Mean Fresh Neuronal Nuclear! Volume Melanin 
age volume loss nucleolar2 perikarya content 
(years) volume 

(% control) 

PAKKENBERG PD 10 68 59C (total) 
and BRODY 66d (pigm) 
1965 

JAvoy-AGID PD 2 ? 77.3 
et al. 1984 

MANN and PD 8 68 80d lSb 15" 
YATES 1983a! PD 4 63 76.3d 11.4 17.4C 

untreated 
PD treated 4 73 85.4d 11.9 12.7b 

BOGERTS PD 5 ·72 28c (1) 66d (1) 60b (1) 39b (1) 
et al. 19832 24" (m) 63c (m) 17"(m) 24 (m) 

PEP 6 54 70d (1) 94d (1) 39b (1) 52C (l) 
62d (m) 95d (m) 24b(m) 36b (m) 

CHUI et al. 1986 PD 3 65 63.3d (47-87) 
GIBB and LEES PD 12 57 72.0d 

1987 PEP 12 60 91.6d 

HIRSCH et al. PD 4 ? 84 (pigm.) 
1988 77 (TH-IR) 

TAKEDA PDC ? ? 80d (total) 
et al. 1982 96d (pigm) 

42b (unpigm) 
OPCA ? ? 61.8d (total) 

83.3d (pigm) 
23 (unpigm) 

MANN et al. SDAT 19 84.7 6.3 ± 3.6" 8.4 ± 3.9" 
19832 AD 12 66.0 11.8 ± 3.7" 23.8 ± 4.5b 

MANN et al. AD+ 22 74.5 7.5" 13.0" 
19842 SDAT 

TABATON et al. AD 4 63.0 38.1"(18-54) 
1985 

CHUI et al. 1986 AD+ 5 75.6 16.0b (3-72) 
SDAT 

MANN et al. AD 15 73.3 13.6b 18.5b 
19872 

JELLINGER SDAT 16 82.6 28.1 c (22-48) 
1987b AD 1 70.0 48.5C 

GIBB 1988 SDAT 11 74.5 26.0 

a Not significant; b p < 0.05; c p < 0.01; d P < 0.001 
AD Alzheimer'S disease; PD Parkinson's disease; PDC Parkinson-dementia complex; PEP posten-
cephalitic parkinsonism; OPCA olivopontocerebellar atrophy; SDAT senile dementia of Alzheimer 
type; TH-IR tyrosin hydroxylase immunoreactive 
1 lateral; m medial; pigm pigmented; unpigm unpigmented 
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nigra leads to increased glial densities with formation of glial scars. However, 
the absolute number of glial cells is 40 %-50 % lower than in normal controls. 
This loss of glial cells indicates that the damage affects both neurons and glia 
(BOGERTS et al. 1983). 

VIII. Vascular or Multi-infarct Parkinsonism 

Cerebrovascular lesions occur in 6 %-10 % of typical PD brains (ALVORD et al. 
1974; EARLE 1968; ESCOUROLLE et al. 1971; JACOB 1983; JELLINGER 1986a, 
1987 a; DUBINSKY and JANKOVIC 1987), while vascular of "arteriosclerotic" par­
kinsonism has been clinically well characterized (CRITCHLEY 1929; EADIE and 
SUTHERLAND 1964; SCHWAB and ENGLAND 1968; PARKES et al. 1974; TOLOSA 
and SANTAMARIA 1984; FRIEDMAN et al. 1986), but has been recognized by 
some as pathologically unproved (LEWIS 1971). However, in autopsy series of 
parkinsonism, 1.8 %-7 % of cases have been classified as being of vascular ori­
gin (EARLE 1968; BERNHEIMER et al. 1973; TOGHI 1977; JELLINGER 1974), while 
in clinical surveys 5.7 %-9 % of PD patients showed evidence of stroke (see 
DUBINSKY and JANKOVIC 1987). In a personal autopsy series of 580 parkinso­
nian patients, 6.9 % revealed a multi-infarct state, hypertensive encephalopathy 
of Binswanger-type, with a lacunar state or small infarcts in the basal ganglia 
and brain stem, but with little or no degenerative damage to the substantia 
nigra and locus ceruleus. The presence of Lewy bodies in about 10 % of these 
cases was twice as high as in age-matched controls (see Table 4), suggesting a 
combination of idiopathic PD with cerebrovascular disorders or a multi-in­
farct state, thus reducing the incidence of acceptable vascular or multi-infarct 
parkinsonism to 5 %-6 % of all anatomically confirmed cases of parkinsonism. 

IX. Toxic Parkinsonism 

Pathology of parkinsonism due to carbon monoxide, carbon disulfide, and cya­
nide intoxication or postnarcotic encephalopathy shows anoxic lesions of the 
globus pallidus and/or substantia nigra (LAPRESLE and FARDEAU 1967; Escou­
ROLLE et al. 1971; UITTI et al. 1985; JELLINGER 1986b). Manganese encephalopa­
thy is characterized by widespread neuronal loss and gliosis, mainly in the 
pallidum and caudoputamen with little or nigral damage with or without Lewy 
bodies (PARNITZKE and PEIFFER 1956; BERNHEIMER et al. 1973; YAMADA et al. 
1986). Since no increase of manganese content has been found in postmortem 
brains (PARNITZKE and PEIFFER 1956; YAMADA et al. 1986), the continuance of 
neurologic disorders is obviously not linked to elevated manganese in the 
brain. Contrary to previously suggested similarities (BARBEAU 1984), chronic 
manganese encephalopathy is different from PD in neuropathology and man­
ganese distribution in the brain. Akinetic-rigid parkinsonian symptoms in 
chronic lead intoxication are attributed to lesions of the substantia nigra (VAN 
BOGAERT 1956). The pathology of neuroleptic and drug-induced parkinsonism is 
poorly understood, since the minor changes in the reticulata nigrae and mid­
brain (CHRISTENSEN et al. 1970) are considered as normal age-related findings 
(JELLINGER 1977), while neuronal loss with Lewy bodies in the substantia 
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nigra and locus ceruleus, with reduced homovanillic acid levels in the stria­
tum, indicate subclinical PD in some cases (RAJpUT et al. 1982). 

Neuropathology of parkinsonism induced by MPTP and other piperin­
dines in one human (DAVIS et al. 1979) and in experimental animals shows 
neuronal loss and gliosis, particularly involving the zona compacta nigrae 
without typical Lewy bodies, and selective damage to the dopamine-contain­
ing neurons of the A9 area with sparing of most other neuronal systems 
(CHIUEH et al. 1985; WILKENING et al. 1986). FORNO et al. (1986) described lo­
cus ceruleus lesions and eosinophilic neuronal inclusions resembling Lewy 
bodies in MPTP-treated aged monkeys, suggesting similarities with the pa­
thology of human PD (RICHARDSON 1986), but the ultrastructure of these in­
clusions differs from that of typical Lewy bodies (FORNO et al. 1988). 

x. Symptomatic Parkinsonism 

Parkinsonism has been observed in a wide variety of disorders involving the 
brain stem and/or substantia nigra and its dopaminergic projections, e.g., fol­
lowing head injury involving destruction of the substantia nigra by bullet in­
jury (DE MORSIER 1960), direct traumatic impact or herniation contusion of 
the upper brain stem, or secondary damage to the midbrain and basal ganglia 
resulting from vascular compression in raised intracranial pressure (LINDEN­
BERG 1964; HUHN and JACOB 1971; JELLINGER 1974). Concurrence of post­
traumatic brain damage with idiopathic PD may occur. Boxer's dementia, asso­
ciated with clinical signs of parkinsonism, shows diffuse cortical atrophy, 
severe neuronal loss from the locus ceruleus and substantia nigra with numer­
ous NFTs, but no senile plaques, throughout the CNS (CORSELLIS et al. 1973). 
Parkinsonism has also been observed in rare cases of tuberculoma (BLOCQ and 
MARINESCO 1893) or tumor of the brain stem (GHERARDI et al. 1985), solid tu­
mors causing brain stem compression (GARCIA de YEBENES et al. 1982), calci­
fication of the basal ganglia (KLAWANS et al. 1976), syringomyelia, viral ence­
phalitis, subacute panencephalitis, multiple sclerosis, neurolipidoses, and late 
onset Hallervorden-Spatz disease (see FAHN 1977; JANKOVIC et al. 1985; JEL­
LINGER 1986a, 1987a; GIBB 1988). 

D. Morphological Correlates of Pathobiochemistry 

The morphological basis of the major neuromediator changes in PD and re­
lated disorders is now well established, although the structural and molecular 
background of many biochemical findings, their mutual relations, and causa­
tive mechanisms remain to be elucidated. 

I. Dopaminergic System 

Degeneration of the central dopaminergic systems is the hallmark of idio­
pathic PD and most other parkinsonian syndromes, where both the ascending 
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(nigrostriatal, mesocorticolimbic, and hypothalamic) and descending (to the 
spinal cord) pathways arising from the pigmented neurons of the zona com­
pacta nigrae (area A9 in mammalian brain) and the ventral tegmental area 
(area A10 of mammalian brain) are lesioned to different degrees. 

1. Substantia Nigra and Ventral Tegmental Area 

Damage to the dopaminergic nigral neurons has been confirmed by mor­
phometric studies in various types of parkinsonism (Table 5). In PD, the sub­
stantia nigra shows a decrease of fresh volume of about 25 %, with loss of pig­
mented neurons ranging from 60 % to 85 %, considerable reduction in nuclear, 
nucleolar, and perikaryal volume, and loss of melanin up to 88 % of controls. 

The nigrostriatal parts of the lateral substantia nigra are much more af­
fected than the mesolimbic parts arising from the medial groups of the nigral 
neurons, and in the most medial suboculomotor part the neuronal loss (40 %) 
is less severe than in the lateral parts (66 %). Between 1 % and 25 % of the re­
maining neurons contain Lewy bodies (GIBB and LEES 1987). Comparing young­
and old-onset PD cases, GIBB and LEES (1988) observed 25 % greater 
nigral cell loss in the young-onset cases having much longer duration, and greater 
cell loss was also seen in advanced stages of PD (MANN et a1. 1984). 
The number of glial cells and the volume of glial cell nuclei in the sub­
stantia nigra in PD are unchanged (BOGERTS et a1. 1983). Lesions in the VTA, 
the source of the mesolimbic-mesocortical dopaminergic system which pro­
jects to the amygdaloid nucleus and cerebral cortex, has been reported in PD 
(GREENFIELD and BOSANQUET 1953) and in PEP (FOIx and NICOLESCO 1925). 
Morphometric studies of the VTA contralateral to therapeutic lesions placed 
in the basal ganglia or thalamus in PD showed an average neuronal loss of 
64 % in the anterior VTA (nucleus paranigralis) and 45 % in the posterior VTA 
(area of ventral supratrochlear) (UHL et a1. 1985). In the hypothalamus, the 
melanin-pigmented neurons of the arcuate and periventricular nuclei are pre­
served (MATZUK and SAPER 1985). In OPCA, a similar loss of over 60 % of ni­
gral neurons is seen with more severe depletion of pigmented cells (83 %), 
while Guam PDC shows a total nigral cell loss of 80 % with almost complete 
disappearance of pigmented cells. In PEP, there is also nearly complete deple­
tion of all mesencephalic melanin cell groups, with loss of 92 %-96 % of nigral 
cells (Table 5) and increased glial density with formation of glial scars, but re­
duction in the total number of glial cells by 40 %-50 % (BOGERTS et a1. 1983). 
Progressive cell loss preferentially involves the neuromelanin-pigmented and 
TH -IR cells, suggesting a selective vulnerability of dopaminergic mesence­
phalit neurons in PD (HIRSCH et a1. 1988). The degree of pigmented cell loss 
in the substantia nigra correlates significantly with the decrease of dopamine 
and homovanillic acid in the striatum and ventral tegmentum, that is more se­
vere in the putamen than in the caudate nucleus (FAHN et a1. 1971; BERNHEI­
MER et a1. 1973), and with loss of activity of TH, the rate-limiting enzyme of 
catecholamine synthesis, in these regions (P. L. MCGEER and E. G. MCGEER 
1976; JAVoy-AGID et a1. 1981; NAGATSU et a1. 1981; GASPAR and GRAY 1984), 
while the extent ofloss of pigmented neurons in the VTA is comparable to the 
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50 % decrease ofTH activity in the nucleus accumbens (JAvoy-AGIO and AGIO 
1980). Dopamine loss is more severe in the caudal putamen and oral caudate 
nucleus because cell loss in the substantia nigra is more severe in the ventral 
and caudal parts projecting to the putamen (KISH et al. 1988). In the hypothal­
amus, the pigmented neurons in the arcuate and periventricular nuclei are 
preserved, but there is a 60 % decrease in dopamine content (AGIO et al. 
1987). TH is an iron-dependent enzyme, but while its basal activity in the PD 
caudate nucleus is decreased by 49 % of controls, it does not show any 
changes of its rate of stimulation by 1 mM Fe2+ (RIEDERER et al. 1985). In­
creased levels of iron have been reported in the PD brain (LHERMITIE et al. 
1927; EARLE 1968; ROJAS et al. 1965), and recent significant studies revealed 
iron in total iron III and ferritin of different areas of the PD brain (RIEDERER 
et al. 1988). In patients with Parkinson-plus syndromes due to multisystem at­
rophies and PSP, increased concentrations of iron in the putamen, and less 
prominent increases in the caudate nucleus, globus pallid us, and lateral pars 
compacta nigrae have been found by high field magnetic resonance imaging 
(DRAYER et al. 1986; RUTLEDGE et al. 1987). The reduced activity ofTH might 
result from depletion of its cofactor iron (II) (RIEDERER et al. 1988). 

Immunocytochemistry shows a substantial loss of TH-immunoreactive 
(TH-IR) neurons in the substantia nigra, nucleus paranigralis, and ventral teg­
mentum (PEARSON 1983; NAKASHIMA et al. 1983; JAvoy-AGID et al. 1984), and 
a marked diminution of TH-IR processes (axons and dendrites) in the stria­
tonigral pathways and VTA (Fig. 1). While Lewy bodies in catecholaminergic 
neurons show positive reaction with TH antisera, suggesting that the TH en­
zyme may playa role in their formation (NAKASHIMA and IKUTA 1984b), posi­
tive TH immunoreactivity of neurons in the substantia nigra and locus ceru­
leus affected by NFTs in PD, PSP, PDC, and AD indicate that these neurons 
still contain TH enzyme proteins and that formation of the tangles, except in 
the final stages when the perikarya are entirely replaced by them, develops in­
dependently of TH protein synthesis (NAKASHIMA and IKUTA 1984a). Most of 
the remaining melanin-laden neurons of the brain stem show negative im-

Normal brain Parkinson's disease 

Fig. 1 a, b. Schematic distribution of tyrosine hydroxylase immunoreactive neurons 
(left) and fibers or terminals (right) in midbrain of normal human (a) and Parkinson's 
disease brain (b). Camera lucida drawing 
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munoreaction with TH, indicating loss of TH enzyme activity in dying neu­
rons (HIRSCH et al. 1988). TH immunoreactivity is related to the quantity of 
this rate-limiting enzyme of catecholamine synthesis in the tissue (BENNo 
et al. 1982) and, therefore, is a good marker for catecholaminergic pathways 
in the human postmortem CNS by the peroxidase-antiperoxidase (PAP) 
method (PEARSON 1983; DIETL 1985). Loss of TH immunoreactivity indicates 
severe demage to the catecholaminergic neurons and fibers. It is generally 
concluded that parkinsonian symptoms do not appear until 70 %-80 % of the 
nigral dopamine neurons and an equivalent percentage of striatal dopamine 
have been lost (RIEOERER and WUKETICH 1976; AGIO et al. 1987). This critical 
level correlates well with the morphometric findings in various types of par­
kinsonism, while the progressive degeneration of the nigrostriatal pathway is 
documented by the greater neuronal loss in the substantia nigra in advanced 
stages of PD (MANN et al. 1983). However, no definite morphological distinc­
tion of the various clinical subtypes of PD (tremor-dominant, akinesia-domi­
nant, or combination type) has been found so far. 

2. Striatopallidum, and Other CNS Areas 

Although deprivation of the normal input may cause degeneration of the do­
paminergic terminals in the striatum (MANN and YATES 1983a), there is only 
little change to striatal morphology. In PD, neither the putamen nor the cau­
date nucleus show any considerable reduction of their fresh volume and wet 
weight, nor definite loss of striatal neurons, the shrinkage of the caudate nuc­
leus being only 7 %, with loss of 11 % of its small neurons (Table 6). No defi­
nite ultrastructural abnormalities have been found in the synaptic organiza­
tion of the striatum in PD (FORNO and NORVILLE 1984). The immunoelectro­
phoretic demonstration of normal concentrations of synaptic marker antigens 
related to rat brain D2 and D3 proteins in putamen extracts of PD patients 
(J0RGENSEN et al. 1982) also suggests the absence of major neuronal degenera­
tion in the striatum. In PEP, there is no atrophy of the striatum, except for the 
caudate nucleus which loses 15 % in volume, 10 % of its small neurons and 
only 7 % of its large neurons (Table 6). 

The globus pallidus, in contrast to previously suggested severe neuronal loss 
(MARTIN 1965) shows only a 7 % reduction of its volume in PEP, but not in 
PD, and about 30 % neuronal loss in the external segment without changes in 
cell density in both PD and PEP (Table 6). Following experimentally induced 
damage to the substantia nigra, loss of TH-IR fibers and boutons in the stria­
tum suggests denervation with disappearance of dopaminergic terminals 
(PEARSON 1983; ARLUISON et al. 1984). However, demonstration of TH im­
munoreactivity in the human postmortem brain is difficult (JAvoy-AGIO et al. 
1984; DIETL 1985), but PET studies indicate a decrease in 6-fluorodopamine 
uptake in the striatum in PD (MARTIN et al. 1986; GUTTMAN and CALNE 1988). 

On the other hand, there is considerable reduction of TH-IR cell bodies 
and fibers in the mesolimbic system and hypothalamus (JAvoy-AGIO et al. 
1984; GASPAR and GRAY 1984). In the spinal cord of parkinsonian subjects, re­
duced density ofTH-IR cell bodies, fibers, and varicosities have been demon-
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strated with almost complete disappearance ·of TH -IR fibers in layers I and X, 
suggesting involvement of the spinal catecholaminergic system (JELLINGER 
1986b) which has been identified in the rat spinal cord by immunohistochem­
istry of three specific catecholamine-synthesizing enzymes (MOUCHET et al. 
1986). Although dopamine levels in dorsal, ventral, and lateral parts of the 
spinal cord were found not to be different from controls, suggesting that the 
descending dopaminergic pathways are preserved (SCATTON et al. 1986), to­
gether with reduced TH activity and significant decrease of dopamin in the 
adrenal medulla (RIEDERER et al. 1979) and the occurrence of Lewy-like bod­
ies in the adrenal medulla (CARMICHAEL et al. 1988), these data suggest general­
ized demage to the ·catecholaminergic system in PD. On the other hand, pres­
ervation of hypothalamic dopaminergic neurons indicates that the disorder 
does not involve the indiscriminate degeneration of all catecholaminergic 
cell groups in the brain (MATZUK and SAPER 1985). 

The red nucleus in PD loses about 15 % of its neurons without shrinkage in 
volume, while in PEP this nucleus loses 14 % of its volume, 28 % of its neu­
rons, and 19 % of its glial cells (LANGE and BOGERTS 1982). 

II. Noradrenergic System 

1. Locus Ceruleus 

The locus ceruleus is the main source of widespread noradrenergic innerva­
tion of most CNS regions, with the dorsal vagal nucleus and the supraoptic 
and paraventricular nuclei of the hypothalamus forming its major projection 
fields (MANN et al. 1983; NIEUWENHUYS 1985). In PD, PSP, PDC, and OPCA, 
this nucleus shows a depletion of pigmented neurons ranging from 50 % to 
80 % with 75 %-80 % loss of melanin, but the capacity for protein synthesis in 
the few remaining cells, expressed by their nucleolar volumes, seems to be 
maintained, even in the late stages ofPD (Table 7). Neuronal losses from the 
locus ceruleus are less in aged controls where they amount to 35 %-40 % with­
out reduction of nucleolar volume (MANN et al. 1984), while in AD, young 
SDAT patients, and boxer's dementia, up to 85 % cell loss approaches that in 
PD (Table 6). In PD, gross cell depletion of the locus ceruleus is associated 
with Lewy bodies in almost 99 % of cases, which in one PD patient aged 74 in­
volved 32 % of its neurons, while 0.8 % showed neurofibrillary degeneration, as 
compared with Lewy bodies in 0.07 % and ANFTs in 0.5 %-6.6 % of the locus 
ceruleus neurons in aged controls (TOMONAGA 1983). Rare coexistence of 
Lewy bodies and ANFTs in the same neuron has been reported (TOMONAGA 
1981). In PSP, boxer's dementia, and AD/SDAT, many of the remaining lo­
cus ceruleus neurons are atrophied and contain ANFTs (CORSELLIS et al. 
1973; MANN et al. 1983; TOMONAGA 1983). Topographic arrangement of locus 
ceruleus cell loss with highest intensity in the anterior and central parts pro­
jecting to the temporal cortex and hippocampus (LoCKHART et al. 1984, INGRAM 
et al. 1987; ZWEIG et al. 1988) and significant correlation with the density of senile 
plaques in the cortex observed in AD/SDAT (MARCYNIUK et al. 1986), suggest­
ing a retrograde degeneration of subcortical nuclei owing to primary damage 
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of cortical projection areas (MANN et al. 1985), have not been reported so far 
in PD. Here, depletion of the locus ceruleus is combined with Lewy bodies in 
98 % of all PD cases and ANFTs in 16.7 % as compared with neuronal deple­
tion and Lewy bodies in only 6 % of postencephalitic parkinsonism and in 
18 % of aged controls, while in AD/SDAT, Lewy bodies and AFNTs are pres­
ent in 45 %-58 % and 65 %-77 %, respectively (see Table 4). Synaptic morphol­
ogy of the locus ceruleus in both PD and AD shows little change except for an 
accumulation of large dense core vesicles in axonal terminals and nerve cell 
processes, which may be due to accumulation of biogenic amines, particularly 
norepinephrine, in the affected terminals deprived of their postsynaptic com­
ponents by degeneration of nerve cells and their dendrites (FORNO and NOR­
VILLE 1981). In PD, Lewy bodies and ANFTs are widely scattered throughout 
the hypothalamus, while its periventricular region is relatively spared (LANG­
STON and FORNO 1978). 

Despite the unaffected protein synthesis capacity of the remaining locus 
ceruleus cells in normal aged individuals and in PD and PSP patients (MANN 
et al. 1983, 1985), the 25 %-32 % reduction of nucleolar volume and cytoplas­
mic RNA within the neurons which are not reduced in number in the related 
hypothalamic paraventricular and supraoptic nuclei, (Table 8), indicate that 
the loss of locus ceruleus neurons leads to a decreased function of the norad­
renergic system with reduction in cerebral eginephrine, MHPG, and related 
enzymes in PD and AD (JAvoy-AGID et al. 1986; BIRKMAYER and RIEDERER 
1985; AGID et al. 1987). Degeneration of the noradrenergic locus ceruleus 
neurons has been shown to be less severe in non demented than in demented 
PD subjects and in AD/SDAT (CASH et al. 1987). The central noradrenergic 
deficiency due to degeneration of cerulocortical neurons has been related to 
the intellectual impairment in PD (AGID et al. 1987). 

2. Dorsal Vagal Nucleus 

The noradrenergic dorsal vagal nucleus has been reported to show little or no 
neuronal loss in aged controls, PD, and PSP (MANN et al. 1983), with frequent 
occurrence of Lewy bodies and/or ANFTs, while in AD/SDAT, cell loss and 
reduction of nucleolar volume is seen in 33 %-44 % of cases (Table 8). In an 
autopsy series of 306 PD cases, we observed neuronal loss with Lewy bodies in 
85 %-95 % as compared with 12 % in postencephalitic parkinsonism and 2.8 % 
in normal aged controls (see Table 4). In the periphery, reduced TH activity in 
the adrenal medulla and occurrence of Lewy bodies in sympathetic ganglia 
and similar inclusions in the adrenal medulla (RIEDERER et al. 1977) indicate 
damage to the sympathetic noradrenergic system which may be related to ve­
getative clinical symptoms in PD (BIRKMAYER and RIEDERER 1985; AGID et al. 
1987). 

III. Serotonergic System 

Damage to the dorsal raphe nucleus (DRN) or nucleus supratrochlearis (OLS­
ZEWSKI and BAXTER 1982), giving rise to the ascending serotonergic pathways 
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(BRODAL 1981; DESCARRIES et al. 1982; NIEUWENHUYS 1985), has been re­
ported in both PD and PEP (LEWIS 1971; ESCOUROLLE et al. 1971), with reduc­
tion of the RNA content and nucleolar volume by 9 %-19 % (Table 8). Some 
DRN neurons contain Lewy bodies, while ANFTs in PD are rare, in contrast 
to AD/SDAT, where the DRN has the highest ANFT incidence in the brain 
stem (ISHII 1966; JELLINGER et al. 1980; YAMADA and MEHRAEIN 1977). While 
we observed an average loss of large DRN neurons of 44.5 % in PD, of 43.7 % 
in SDAT, and 58.4 % in AD (Fig. 2). ZWEIG et al. (1988) in AD/SDAT re­
ported only 10 to 36 % cell loss. In PD, 4.5 % of the DRN neurons contain 
Lewy bodies and 6.5 % have NFTs (JELLINGER 1987 a). In both Guam PDC and 
AD/SDAT, similar losses of large DRN neurons ranging on average from 
36.8 % to 80 %, with reduction of the nucleolar volumes by 33.7 % ± 9 % (yA-
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MAMOTO and HIRANO 1985 a; TABATON et al. 1985), and affection of 
2.25 %-91 % of the neurons by ANFTs (CURCIO and KEMPER 1984; YAMAMOTO 
and HIRANO 1985a) have been reported. These data indicate considerable 
functional damage to the serotonergic system in PD and related disorders as 
well as in AD/SDAT, correlated with the considerable reduction of serotonin 
and its metabolites in many brain areas in these disorders (JAvoY-AGIO et 
al. 1984, 1986; BIRKMAYER and RIEDERER 1985; ICHIMIYA et al. 1986; AGIO et 
al. 1987). Alterations of serotonin metabolism have been tentatively related to 
depression in PD (MAYEUX et al. 1984). 

IV. Cholinergic Systems 

1. Nucleus Basalis of Meynert 

The NBM in the substantia innominata of the basal forebrain, providing the 
major cholinergic input to the neocortex, amygdala, and hippocampus (HE­
DREEN et al. 1984; MESULAM and MUFSON 1984; EZRIN-WATERS and RESCH 
1986), was one of the nuclei in which Lewy bodies were first observed in PD 
(LEWY 1913; FOIX and NICOLESCO 1925). The extent of neuronal loss which 
was found not to correlate with the severity of the extrapyramidal syndrome in 
PD (HASSLER 1938) was suggested as the anatomic substrate of bradyphrenia 
commonly observed in PD (HASSLER 1965). Normal aged subjects (80-90 
years) show an average neuronal reduction in NBM of 30 %-40 % with pre­
dominant involvement of the anterior part projecting to the hippocampus 
(MCGEER et al. 1984; DOUCETTE et al. 1986), and decrease of the nucleolar vo­
lume and RNA content by 21 % and 18 %, respectively (MANN et al. 1984; JA­
COBS and BUTCHER 1986), while a 70 % cell loss in the basal forebrain of a sub­
ject aged 95 years was associated with age-related decrease in the cortical 
CAT activity (MCGEER et al. 1984). In PD, NBM cell depletion ranges from 
32 % to 77 % with a mean of 50 %-60 % (Table 9); it is 44 % in PSP and over 
60 % in OPCA (TAGLIAVINI and PILLERI 1984), while PEP shows little or no da­
mage to the NBM (Table 9), except for frequent occurrence of ANFTs in the 
neurons (GREENFIELD and BOSANQUET 1953; BUITLAR-BRENTANO 1955). NBM 
cell loss is much higher in demented PD cases irrespective of cortical pathol­
ogy (range 52 %-77 %), approaching the values seen in AD (57 %-90 %; 
Table 9), than in nondemented PD subjects (32 %-60 %), where it is similar to 
the losses in SDAT (33 %-60 %; Table 9). Cell loss affects particularly the large 
cholinergic neurons in the intermediate and posterior parts of the NBM pro­
jecting to the neocortex, and to a smaller degree the anterior portion, with 
comparative preservation of the nucleus of Broca's diagonal bundle innervat­
ing the hippocampus (MCGEER et al. 1984; ROGERS et al. 1985), where signifi­
cant neuronal loss is rarely seen in PD (ARENDT et al. 1983). The extent of 
NBM neuronal loss shows no correlation with age or the duration of the ill­
ness (TAGLIAVINI et al. 1984a). Severe depletion of the NBM is seen in Guam 
PDC, showing an average 93 % loss of the large cells (Table 9) and in most 
cases ofDLBD (SIMA et al. 1986; POPovrrCH et al. 1987; BURGHARDT et al. 1988) 
with neuronal losses as high as 75 %-80 % (DICKSON et al. 1987 a). In these con­
ditions, usually associated with dementia, as well as in severely demented PD 
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and in AD/SDAT, all subdivisions of the NBM are severely involved (Dou­
CETTE et al. 1986; SIMA et al. 1986; DICKSON et al. 1987; JELLINGER 1986a). 
There is similar reduction of the maximum and mean neuronal densities in 
various types of parkinsonism ranging from 33 % to 85 % of age-matched con­
trols (Table 9). The nucleolar volumes of the remaining NBM neurons in PD 
remain either unchanged (TAGLIAVINI and PILLERI 1984e) or show consider­
able decrease in protein synthesis capacity, with reduction of nucleolar vo­
lume and RNA content by 22 %-24 % as compared with 30 %-35 % in AD 
(MANN et al. 1983; see Table 8). The incidence of Lewy bodies in the NBM 
ranges from 84 % to 97.3 %, and of ANFTs from 29 % to 65 % of all PD cases 
(GASPAR and GRAY 1984; JELLINGER 1986a, 1987 a) as compared with a 
96 %-100 % prevalence of ANFTs in AD/SDAT, with only 8 %-15 % Lewy bod­
ies (see Table 4). The ultrastrucuture of the Lewy bodies in NBM shows the 
same characteristics as those in the substantia nigra and locus ceruleus (MOR­
IMURA et al. 1985). While senile plaques are frequent in the basal forebrain 
and NBM in AD/SDAT (RUDELLI et al. 1984, TAGLIAVINI and PILLERI 1984; 
SAPER et al. 1985; JACOBS and BUTCHER 1986), they are extremely rare in cases 
of PD (GASPAR and GRAY 1984; NAKANO and HIRANO 1984; JELLINGER 1986 a, 
1987b,). 

While in AD/SDAT the severity and topographic arrangement of cell loss 
in NBM is related to the density of ANFTs or senile plaques in the temporal 
cortical target areas (MANN et al. 1985; ARENDT et al. 1985; JACOBS and 
BUTCHER 1986; ETIENNE et al. 1986), suggesting either retrograde or, less prob­
ably, anterograde degeneration of the cholinergic NBM neurons (PEARSON and 
POWELL 1987), to the best of our knowledge, no such corticosubcortical corre­
lations have been observed in PD. In this condition, severe depletion of the 
NBM or other subcortical nuclei may occur without impressive cortical neu­
ronal loss or AD pathology (GASPAR and GRAY 1984; NAKANO and HIRANO 
1984; PENDLEBURY and PERL 1984; JELLINGER 1986a, 1987a). These data sug­
gest independent or concomitant degenerations of the cortical and subcortical 
neuronal systems in PD similar to that which has been prosposed for AD 
(SAPER et al. 1985; MORRISON et al. 1986; ETIENNE et al. 1986). 

Neuronal loss in the NBM is associated with decreased activities of the 
cholinergic marker enzymes CAT and acetylcholinesterase (AChE) in the neo­
cortex, hippocampus, and NBM in PD (CANDY et al. 1983, PERRY et al. 
1983 a, 1985; GASPAR and GRAY 1984; DUBOIS et al. 1985; JAVoy-AGID et al. 
1984, 1986; AGID et al. 1987) as well as in AD/SDAT (COYLE et al. 1983; DAV­
IES 1983; PERRY et al. 1983; ROSSOR et al. 1984; FISHMAN et al. 1986; ETIENNE 
et al. 1986), supporting the contention that the innominatocortical and septo­
hippocampal cholinergic systems are involved in these disorders. The greater 
cholinergic deficits in the neocortex and NBM are seen in demented PD sub­
jects (PERRY et al. 1983, 1985; DUBOIS et al. 1985; AGID et al. 1987), suggest­
ing that lesion of the innominatocortical cholinergic pathway is related to de­
mentia in PD. However, in PD patients with no intellectual deterioration, a 
cortical cholinergic deficiency (DUBOIS et al. 1985, PERRY et al. 1985), and 
neuronal loss in the NBM (NAKANO and HIRANO 1984) indicate that the chol­
inergic system is already in the process of degeneration. 
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2. Nucleus Tegmenti Pedunculopontinus 

The parabrachial pedunculopontine nucleus, pars compacta (PPNc), lying in 
the dorsolateral part of the tegmental reticular formation, is recognized as an 
important "loop nucleus" (GRAYBIEL 1984). It receives fibers from the 
internal pallidal segment and zona reticulata nigrae, while it projects to 
the zona compacta nigrae, subthalamic nucleus, globus pallidus, and stria­
tum (GRAYBIEL 1984; SeARNATI et al. 1987), with portions of the neuraxis that 
modulate somatic motor activities at a cortical level (CARPENTER 1986). 
This putative cholinergic nucleus in the lateral mesencephalon, projecting to 
the neocortex, lies in a region containing many cholinergic neurons, and may 
represent an extrastriatal mechanism for affecting the balance between cho-

Number of Neurons Neuronal density I sq m m 

• --- MEAN 
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• 70 • 
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a Controls Parkinson·s d. SOAT Alzheimers d. P. S.P. b Controls PO SOAT AD 
n=13 n~11 n=11 n=5 n=2 

Age 76.2!3 76.6 ~ 1 85.4 ~1 59,8~3 62,7 
~SEM 

Fig. 3 a, b. Total number (a) and mean density (b) of neurons in human nucleus teg­
menti pedunculopontinus, pars compacta, in Parkinson's disease, Alzheimer's disease, 
senile dementia of Alzheimer type (SDAT), progressive supranuclear palsy (PSP), and 
controls 
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linergic and dopaminergic functions of the basal ganglia (GRAYBIEL 1984, 
1986). Significant neuronal loss in the PPNc has been demonstrated in PSP, 
PD and PDf AD, with frequent occurrence of Lewy bodies and NFTs (ZWEIG 
et al. 1987; HIRSCH et al. 1987; JELLINGER 1988). PPNc neurons are reduced 
by an average of 43 to 51 % in PD and by 60 to 80 % in PSP, but only by an av­
erage of 25.7 % in SDAT, and 33.8 % in AD, as compared with age-matched 
controls (Fig. 3). Lewy bodies are abundant in all cases of PD, and NFTs are 
common in ADfSDAT and PSP, but both types of lesion are infrequent in 
aged controls. These data suggest that putative cholinergic neurons of the 
PPNc are more selectively affected in PD and PSP, and may be related to cer­
tain disorders of motor performance and coordination in these disorders. The 
PPNC is also involved in experimental MPTP parkinsonism in monkeys 
(CROSSMAN et al. 1988). 

3. Westphal-Edinger Nucleus 

The Westphal-Edinger nucleus, a visceral subdivision of the oculomotor 
complex, giving rise to cholinergic fibers to the ciliary ganglion regulating pu­
pilloconstriction (BENDER 1980), has been shown to suffer a 54 % neuronal 
loss in PD, and 2 %-3 % of its cells are affected by Lewy bodies and NFTs 
(HUNTER 1985). Among 30 PD brains, we saw Lewy bodies and NFTs in 97 % 
and 17 %, respectively, while in ADfSDAT their prevalence was 12 % and 
90 %, respectively. The frequent involvement of this nucleus may explain oph­
thalmoplegia and other neuro-ophthalmic disorders in PD and AD (CORIN et 
al. 1972; GUILOFF et al. 1980). 

V. Peptidergic Systems 

Mild reduction in PD of cholecystokinin (CCK-8), substance P, Met-enke­
phalin, and Leu-enkephalin in the compacta nigrae and globus pallidus, and 
of somatostatin in the frontal cortex and hippocampus, particularly in de­
mented subjects (JAvoy-AGID et al. 1986; DUBOIS et al. 1985; AGID et al. 
1987), are not fully explained by immunocytochemistry. The severe reduction 
of substance P and Met-enkephalin in the globus pallidus and substantia 
nigra in Huntington's chorea is not seen in PD and PEP, where intense im­
munoreactivity for both substances (GRAFE et al. 1983; ZECH and BOGERTS 
1985) or even increased immunoreactivity for substance P has been observed 
in these nuclei (CONSTANTINIDIS et al. 1983; TABAN et al. 1984). On the other 
hand, biochemical studies have shown a reduction of substance P (TENOVUO et 
al. 1984) and of Met-enkephalin in the substantia nigra and caudate nucleus 
(LLORENS-CORTES et al. 1984), and both these peptides are known to occur in 
fibers constituting the striatonigral pathways (NIEUWENHUYS 1985). Immuno­
reactivity for CCK in the substantia nigra is comparatively preserved in PD 
(DIETL 1985), although it coexists with dopamine in the nigrostriatal pathway 
(UHL et al. 1986). On the other hand, somatostatin, in contrast to normal or 
even increased immunoreactivity in the striatum in Huntington's chorea 
(MARTIN 1984), in both PD and AD shows considerable reduction or even ab-
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sence of immunoreactive cells and fibers in the basal ganglia (FORNO et al. 
1985 a; FERRANTE et al. 1985). These data suggest that degeneration of peptid­
ergic neuronal systems affects limited areas in the PD brain (JAvoy-AGIO et al. 
1986; AGIO et al. 1987). 

E. Morphological Effects of Levodopa Treatment 

No correlation can be drawn between the therapeutic effects of levodopa sub­
stitution therapy and the anatomic type and degree of damage to the substan­
tia nigra (yAHR et al. 1972; BERNHEIMER et al. 1973). The brain pathology 
findings in PD patients after long-term levodopa treatment show no change 
compared with untreated subjects (YAHR et al. 1972; JELUNGER 1974). There 
is no indication for remelaninization or increased neuromelanin content in 
the nigral or other pigmented neurons, and no ultrastructural differences have 
been observed (DUFFY 1972). Long-term administration of Levodopa in mice 
did not induce damage to dopaminergic nigrostriatal neurons, suggesting that 
prolonged Levodopa therapy may not accelerate the degeneration of human 
nigrostriatal neurons or the rate of progression of PD (HEFTI et al. 1981). On 
the other hand, progressive degeneration of the nigrostriatal system with signs 
of progressive cell destruction in the substantia nigra is known to occur in PD 
(GIBB and LEES 1987), and is documented by an increased loss of neurons and 
melanin in the substantia nigra in advanced stages of PD treated with levo­
dopa (MANN et al. 1983; GIBB 1988). The morphological effects of autologous 
transplantation of adrenal medullary tissue to the caudate nucleus (GAGE et 
al. 1986) or of fetal nigral tissue to the brain of PD patients are currently being 
studied in several laboratories (JANKOVIC 1988). 

F. Pathology of Dementia in Parkinson's Disease 

Intellectual impairment, estimated to occur in 15 %-93 % of PD patients with 
an average of about 30 % (LIEBERMAN et al. 1979; MAYEUX and STERN 1983; 
BALL 1984; BOLLER 1985; EUZAN et al. 1986; HUBER et al. 1986; MAYEUX et al. 
1988), has been attributed by some to cerebral atrophy and extranigrai brain 
lesions (ALVORD et al. 1974; JACOB 1983; YOSHIMURA 1983), to concomitant 
cortical Alzheimer pathology (BOLLER et al. 1979; HAKIM and MATHIESON 
1979; BOLLER 1985), and involvement of various subcortical and subcortico­
cortical neuromediator-specific systems (MANN and YATES 1983 a; PERRY et al. 
1983b, 1985; WHITEHOUSE et al. 1983; HORNYKIEWICZ and KISH 1984; GASPAR 
and GRAY 1984; JAvoy-AGIO et al. 1984, 1986, HEILIG et al. 1985; DUBOIS et al. 
1985; CHUI et al. 1986; WHITEHOUSE 1986; GROWDON and CORKIN 1986; AGIO 
et al. 1987; CASH et al. 1987). Computerized tomography studies showed a 
more severe cerebral atrophy in demented PD patients than in nondemented 
ones and age-matched controls (SCHNEIDER et al. 1979), only cortical atrophy 
being related to both age and duration of PD (SROKA et al. 1981). Postmortem 
demonstration of brain atrophy with significantly reduced brain weight (HA-
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KIM and MATHIESON 1979), more pronounced cortical atrophy (ALVORD et al. 
1974), and increased cortical Alzheimer pathology in an appreciable percen­
tage of PD brains (BOLLER et al. 1979; GASPAR and GRAY 1984) suggested an 
increased incidence of AD in patients with PD, and some links between the 
(as then unknown) disturbances underlying both PD and AD (HAKIM and MA­
THIESON 1979). However, while in aged subjects without PD and in AD/SDAT 
a positive correlation was found between the degree of dementia and the num­
ber density of NFTs (and to a smaller degree senile plaques) in the neocortex 
and hippocampus (WILCOCK and ESIRI 1982; GIBSON 1983; JELLINGER and 
RIEDERER 1984; KATzMAN 1986; NEARY et al. 1986; CRYSTAL et al. 1987), in 
small autopsy cohorts of PD nO significant differences in the density of corti­
calor hippocampal Alzheimer lesions were found between demented and 
nondemented patients (HESTON 1981; BALL 1984; MANN et al. 1984; PERRY et 
al. 1985; CHUI et al. 1986). 

In AD/SDAT, the average fresh brain weight is significantly reduced by 
4 %-10 % compared with age-matched controls (Fig.4; TERRY 1985), while in a 
cohort of PD subjects, 54 % of whom had some degree of dementia, there was 
only a nonsignificant 2 % decrease in brain weight (after opening of the ventri­
cles) compared with age-matched controls, the latter being within the range of 
comparable samples (DEKABAN 1978; Ho et al. 1980). By contrast, PEP showed 
a significant reduction of brain weight by 7.8 % (Fig. 4). Independent evalua­
tion of brain weights for males and females showed similar results, only males 
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with AD and SDAT were below the 95 % confidence range for white humans 
(Fig. 5). Regression analysis showed a positive correlation between the loss of 
brain weight in PD - but not in AD - to both the age and duration of illness, 
although reduction in brain weight was accelerated after the onset of PD. This 
was more pronounced in PD patients with onset after the age of 60 years (JEL­
LINGER and RIEDERER 1984), which confirms time course computerized tom­
ographie studies in PD (SCHNEIDER et al. 1979). 

While quantitative studies in AD/SDAT show significant neuronal loss 
(40 %-60 %) in both the hippocampus and neocortex (HUBBARD and ANDERSON 
1985; TERRY 1985) that correlate strongly with the density of NFTs and/or 
NPs and the intensity of dementia (GIBsoN 1983; KATZMAN 1986; JELLINGER 
and RIEDERER 1984; NEARY et al. 1986; CRYSTAL et al. 1987), we are not aware 
of such studies in PD. Evaluation of histologic changes, on a four-degree in­
tensity scale, showed that neuronal loss and severe AD lesions (ANFTs and 
NPs) in the frontal cortex and hippocampus were more frequent in PD brains 
than in age-matched controls, but these differences are not significant (MANN 
et al. 1983; JELLINGER and RIEDERER 1984; JELLINGER 1986a, b). Considerable 
reduction of large cortical neurons, as seen in SDAT (TERRY 1985), associated 
with a 45 % reduction and shrinkage of large somatostatin neurons (JOYNT and 
McNEILL 1984; BEAL et al. 1986), is suggested by reduced somatostatin con­
tent in PD brain (JAVOY-AGID et al. 1984, 1986; EPELBAUM et al. 1986; AGID et 
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al. 1987), but has not been quantitatively substantiated. On the other hand, 
cortical AD lesions were found to be significantly more numerous in de­
mented PD patients (GAsPAR and GRAY 1984; JELLINGER 1987 a), and a com­
parison of a semiquantitative three-degree intensity scale of NFTs and NPs in 
the frontal cortex and hippocampus of 240 PD cases and age-matched controls 
revealed good correlation with the degree of dementia (JELLINGER 1986a). PD 
patients with severe dementia, in general have a later onset and shorter dura­
tion of illness (LIEBERMAN et al. 1979; SROKA et al. 1981; DESMEDT et al. 1982; 
JELLINGER 1986b), while no such difference was seen by GASPAR and GRAY 
(1984). Demented PD subjects are significantly older at death, have much 
lower brain weight, and significantly more AD lesions in the frontal cortex 
and hippocampus than PD patients without dementia (Figs. 6 and 7). The 
severity of cortical AD lesions, expressed as a total Alzheimer score on a four­
degree intensity scale for both NFTs and NPs in the frontal cortex and hippo­
campus (maximal score 16), in PD cases with little or no dementia, was simi­
lar to age-matched controls, and showed a positive correlation with age, while 
no such age correlation has been observed in demented PD subjects with ad­
ditional AD or SDAT (Fig. 8). This negative age relation of AD pathology is 
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well established for AD and younger SDAT subjects (GIBsoN 1983; ALAFU­
ZOFF et al. 1987), while about 40 % of demented PD cases show associated 
SDAT pathology (see Fig. 6). 

In general, Alzheimer pathology in the neocortex, hippocampus, and brain 
stem is such more severe in AD than in very old SDAT subjects (JAMADA and 
MEHRAIN 1968; MOUNTJOY et al. 1984; MANN et al. 1985; MANN 1985; JACOBS 
and BUTCHER 1986), separating premature or "malignant" from physiologic ag­
ing of the brain (JELLINGER 1989). In small autopsy cohorts of PD individu­
als, the incidence of additional pathologic markers of AD/SDAT ranges from 
27 % (PERL et al. 1984) to 33 % or even 47 % (BOLLER et al. 1979; HAKIM and 
MATHIESON 1979), while among 306 autopsy cases of PD, we observed addi­
tional AD pathology in 18.6 % of the subjects dying before the age of 70 years, 
whereas 35 % of the older subjects dying over the age of 70 had additional cor­
tical AD/SDAT lesions (see Fig. 6). Most of these patients have been de­
mented. These data are in accordance with those of other autopsy cohorts of 
parkinsonism, where the incidence of coexisting pathology of PD and AD 
ranges from 5 % or 7 % (GRILIA et al. 1987; XUEREB et al. 1987) up to 
16.7% (PERRY et al. 1983 a; DITTA and MIRRA 1987), while additional cortical 
AD pathology is seen in 35 %-40 % of the older PD subjects (PERRY et al. 
1985; 1987; JELLINGER 1987 a, b). Although most PD cases having additional 
cortical Alzheimer pathology show mental impairment, a number of severely 
demented cases with nigral damage and Lewy bodies, but little or no cortical 
AD lesions have been reported (HESTON 1981; GASPAR and GRAY 1984; PERRY 
et al. 1985, 1987; HEILIG et al. 1985; CHUI et al. 1986; OYANAGI et al. 1986). 
Hence, dementia in PD does not necessarily imply the coexistence of cortical 
Alzheimer lesions, but other mechanisms of dementia have been suggested. 

In many such cases, a subcortical explanation for mental impairment is 
likely (CUMMINGS and BENSON 1984; ALBERT 1984; WHITEHOUSE 1986), c.g., 
involvement of the mesocorticolimbic dopaminergic system with neuronal 
loss in the VTA (JAvoy-AGID et al. 1986; AGID et al. 1987), the noradrenergic 
locus ceruleus (MANN et al. 1986), the reticular formation (FUJIMURA and UM­
BACH 1987), and the cholinergic forebrain systems (WHITEHOUSE et al. 1983; 
TAGLIAVINI and PILLERI 1984; EZRIN-WATERS and RESCH 1986; WHITEHOUSE 
1986; AGID et al. 1987). While TAGLIAVINI et al. (1984a) found no correlation 
between cell loss in the NBM and mental status in six PD subjects, in many 
demented PD individuals NBM cell loss has been reported to be significantly 
greater than in nondemented ones (GASPAR and GRAY 1984; JELLINGER 1986a, 
b, 1987 a; CHUI et al. 1986; see also Table 9). Almost total deprivation of the 
NBM has been observed in Guam PDC (NAKANO and HIRANO 1983) and in 
DLBD (SIMA et al. 1986; BURGHARDT et al. 1988; DICKSON et al. 1987); se­
vere dementia and reduced CAT levels are present in both disorders. Compar­
ative studies in 50 PD subjects showed that, in the nondemented ones, cell 
loss in the NBM ranging from 15 % to 62 % was associated with little or no AD 
lesions in the frontal cortex and hippocampus, while in severely demented pa­
tients, NBM cell loss ranged from 64 % to 90 % and was often, but inconsist­
ently, accompanied by severe cortical AD pathology (Fig. 9). 

These data and the demonstration of reduced levels of the marker en-
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zymes CAT and AChE in the neocortex and NBM of demented compared 
with nondemented PD subjects (CANDY et al. 1986; E. K. PERRY et al. 1983, 
1985, 1987; GASPAR and GRAY 1984; DUBOIS et al. 1985; JAVoy·AGID et al. 
1986; AGID et al. 1987) reinforce the postulated role of the cholinergic fore­
brain system in the development of cognitive impairment in PD. Reduction of 
AChE activity in the frontal cortex of nondemented PD patients (DUBOIS et al. 
1985) suggests that degeneration of the cholinergic system may precede the 
appearance of intellectual deterioration. Some evidence exists suggesting that 
there may be a critical threshold for the cholinergic deficit before dementia 
becomes apparent (CANDY et al. 1983; WHITEHOUSE et al. 1983; HORNYKIEWICZ 
and KISH 1984; AGID et al. 1987). It can be concluded that this threshold le­
vel - similar to that in the striatonigral dopaminergic system producing motor 
PD signs (BERNHEIMER et al. 1973; BIRKMAYER and RIEDERER 1985; HORNYKIE­
WICZ and KISH 1986; AGIO et al. 1987) - lies around 65 %-80 % cell loss in the 
NBM and equivalent reduction of cortical cholinergic markers, which is due 
to the large compensatory capacity of the remaining neurons in these neuro­
mediator-specific systems (HORNYKIEWICZ and KISH 1984; AGID et al. 1987). 
Although in most severely demented PD patients, NBM cell loss is compar­
able to the attrition seen in AD, the unevenness of cholinergic cell loss in the 
various subdivisions of the NBM (ARENDT et al. 1983) and its variable rela-
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tionship with CAT reduction in both the neocortex and NBM (R.H. PERRY et 
al. 1983, 1985; GASPAR and GRAY 1984; DUBOIS et al. 1985) emphasizes that 
the relationship between the NBM and intellectual impairment and the basic 
mechanisms for the dysfunction of the cholinergic forebrain remain unre­
solved. 

In AD/SDAT, the neuroanatomic distribution of the pathologic changes 
suggests an early and severe involvement of the amygdala/hippocampus (JA­
MADA and MEHRAEIN 1968; BALL 1977; HYMAN et al. 1984; PEARSON et al. 
1985; MANN et al. 1987 a) and a progression of the disease process from the 
medial temporal cortex and amygdala into the parietotemporal association area 
(PEARSON et al. 1985), and neurochemical evidence also points to the early 
and severe involvement of the amygdala (PALMER et al. 1986; R. H. PERRY et 
al. 1987). The close reciprocal connection of the amygdala with the NBM may 
underlie the degeneration of the latter in AD as a secondary phenomenon 
through both anterograde and retrograde mechanisms (PEARSON and POWELL 
1987). In AD/SDAT, all severely demented cases have dramatic cell loss in 
the NBM, with marked reduction of cortical levels of CAT and AChE activity 
and nicotinic receptors (DAVIES 1983; R.H. PERRY et al. 1983, 1987; ROSSOR et 
al. 1984; FISHMAN et al. 1986), but only half of them have reduced CAT levels 
in the NBM (Younkin et al. 1986; ETIENNE et al. 1986). These data and the 
lack of strict correlation between NBM cell loss and decreased CAT activities 
in both the NBM and neocortex in PD (R. H. PERRY et al. 1983 e; GASPAR and 
GRAY 1984; DUBOIS et al. 1985), and in some cases of AD (ETIENNE et al. 
1986; YOUNKIN et al. 1986), suggest both a reduction of CAT synthesis and 
disorders of axonal CAT transport, with accumulation of the enzyme in NBM 
neurons (YOUNKIN et al. 1986; ETIENNE et al. 1986). Immunocytochemical 
studies of CAT and AChE in AD revealed a reduction of neuronal diameters 
in the NBM by 13.6 % (PEARSON et al. 1985) and a decreased AChE staining of 
the neuropil in the NBM (ETIENNE et al. 1986), suggesting a reduced enzyme 
synthesis. Assuming that cortical CAT is mostly synthesized in the NBM, the 
more severe reduction of the cholinergic marker in the cortex than in the 
NBM, which shows an increased CAT: neuronal cell ratio, and the paucity of 
AChE neuritic staining with preserved cytoplasmic reaction in the NBM, sug­
gest axonal transport defects of cholinergic enzymes in AD/SDAT (YOUNKIN 
et al. 1986; ETIENNE et al. 1986). It is hypothesized that the defect more selec­
tively involves the magnocellular population of the NBM, since early func­
tional metabolic abnormalities of large neurons tend to be predominantly 
manifest in distal intracortical preterminal branches as a "dying back" pro­
cess. On the other hand, the failure to demonstrate a consistent relationship 
between NBM cell loss and the density of cortical NPs in PD (CANDY et al. 
1983; GASPAR and GRAY 1984; NAKANO and HIRANO 1984; E. K. PERRY et al. 
1985; CHUI et al. 1986; JELLINGER 1986a, b, 1987a), in Guam PDC (NAKANO 
and HIRANO 1983), and boxer's dementia (UHL et al. 1982), and the fact that 
NPs and plaque-like amyloid-containing structures are frequently observed 
within the NBM (RUDELLI et al. 1984; SAPER et al. 1985; JACOBS et al. 1985), 
do not support the dying back hypothesis of cholinergic terminals as the in­
itiator ofNP formation (PRICE et al. 1983). Others suggest retrograde or secon-
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dary transneuronal degeneration of the NBM and other subcortical nuclei, 
owing to primary cortical lesions (PEARSON et al. 1985, 1986; MANN et al. 
1986, MARCYNIUK et al. 1986; JACOBS and BUTCHER 1986; PEARSON and Po­
WELL 1987). However, the frequent inconsistencies of neuronal cell and 
plaque counts in the cortex, and other subcortical nuclei in PD, the occur­
rence of NP in both the neocortex and basal forebrain, and the neuronal pa­
thology of the NBM in both PD and AD, suggest a parallel or concomitant de­
generation of both cortical and subcortical systems in both PD and AD (SAPER 
et al. 1985; MORRISON et al. 1986; ETIENNE et al. 1986; JELLINGER 1987 a). 

Regardless of whether or not the basal forebrain is a primary or secondary 
structural locus for the pathologic processes leading to mental impairment in 
AD/SDAT, PD, and other non-Alzheimer dementias, it seems clear that a full 
understanding of dementia will not be achieved until their various causal and 
predisposing factors are understood and their place in the overall fabric of 
these disorders is established. From the distribution pattern of the degenera­
tive lesions in basal ganglia and brain stem, and from both the distribution 
pattern of senile plaques and the demonstration of many neuromediator-spe­
cific markers in abnormal neurites and terminals in and around senile 
plaques (TERRY 1985), it can be concluded that pathology in both PD and 
AD/SDAT is not restricted to a single specific neuronal system, but involves 
multiple mediator systems (STRUBLE et al. 1985; JELLINGER 1987 a). Both the 
causative or predisposing factors in these degenerative disorders and the pa­
thogenetic connections of degeneration in various systems, e.g., the dopamin­
ergic nigrostriatal and the cholinergic forebrain systems in PD, are unknown, 
although the demonstration of TH immunoreactivity of part of the cholinergic 
neurons in the magnocellular part of the NBM (HENDERSON 1987) and of 
TH-TR fibers and terminals in the NBM (JELLINGER 1987a), as well as the 
biochemical demonstration of dopamine and homovanillie acid in human 
NBM (RIEDERER et al. 1985) suggest some dopaminergic innervation of the 
basal forebrain, while a cholinergic innervation of the substantia nigra has re­
cently been suggested (HENDERSON and GREENFIELD 1987). In AD, the NBM 
shows a significant decrease in both spiperone binding and in the levels of 
dopamine and serotonin, indicating a loss of both dopaminergic and seroton­
ergic synapses (SPARKS et al. 1986). Decreased somatostatin levels and re­
duced numbers of somatostatin-containing large neurons and immunoreactiv­
ity in the neocortex have also been recognized as possible factors contributing 
to dementia in both AD and PD (JAVOy-AGID et al. 1986; BEAL et al. 1986; 
MORRISON et al. 1986; AGID et al. 1987) and in DLBD (DICKSON et al. 1987 a). 

Other parkinsonian syndromes with dementia are distinguishable from PD 
by several differences: in PSP and boxer's dementia, both characterized by the 
abundance ofNFTs in the absence of neocortical lesions and NPs, the cholin­
ergic subcortical systems are at most only mildly involved, and the somato­
statin levels in the anatomically preserved neocortex are intact (AGID et al. 
1986, 1987). In these and other disorders, the basic mechanisms for dementia 
remain unclear. Mental impairment in PD cannot be related to the pathology 
of a single neuronal or mediator-specific system, but, based on the principal 
pathology, several subtypes can be distinguished: 
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"Cortical dementia." Neuronal and dendritic loss, and Alzheimer pathology 
in the neocortex, with reduced activities of specific neuromediators and 
their synthesizing enzymes, e.g., somatostatin and acetylcholine, which, as 
in other aged people, show good correlation with the degree of dementia. 
The most severe changes may cause a breakdown of the functional and 
anatomic integrity of the corticocortical association systems which may 
extend to the "global cortical disconnection syndrome" observed in AD 
(MORRISON et al. 1986). 

"Limbic or hippocampal dementia." Similar severe cell-specific Alzheimer 
pathology may cause a functional and anatomic isolation of the hippo­
campus and other nontelencephalic cortical structures (amygdaloid nuc­
leus) as another substrate of cognitive and behavioral disorders (HYMAN et 
al. 1984; BALL 1984). 

"Subcortical dementia" due to dysfunction of ascending subcortical systems 
(CUMMINGS 1986; ALBERT 1984; WHITEHOUSE 1986): (a) dysfunction of the 
cholinergic forebrain system related to degeneration of the NBM, with dis­
orders of synthesis and transport of specific enzymes to the neocortex and 
hippocampus; and (b) dysfunction of other neuromediator systems owing 
to degeneration or dysfunction in their projecting nuclei, e.g., in the as­
cending noradrenergic system, owing to damage to the locus ceruleus, the 
mesocorticolimbic system, owing to damage to the ventral tegmental area 
(ToRAcK and MORRIS 1988), the serotonergic system, related to damage to 
the dorsal raphe nucleus, and some peptidergic systems, etc., with both 
disorders of synthesis and transport of specific neuromediators and syn­
thesizing enzymes. It should be emphasized that degeneration of subcorti­
cal neuronal systems related to dementia is not necessarily associated with 
cortical Alzheimer pathology. 

Combined cortical and subcortical dementia may be due to variable association 
of degenerativ edamage to subcortical systems with cortical and/or subcortical 
Alzheimer pathology. 

G. Concluding Remarks 

The pathomorphology of PD and related parkinsonism is characterized by a 
variety of degenerative changes in several subcortical neuronal systems, with 
or without cortical or other nervous system lesions. Damage to the striatoni­
gral dopaminergic pathways, being the principal at-risk system in these disor­
ders, is associated with lesions in most of the main ascending pathways: do­
paminergic meso corti co limbic, noradrenergic cerulocortical, serotonergic 
raphe, cholinergic innominatocortical and septohippocampal, part of the chol­
inergic oculomotor and pedunculopontine systems, and some peptidergic 
pathways, while other systems, e.g., GABAergic and some intra cortical path­
ways, appear to remain preserved in "classical" PD (AGID et al. 1987). These 
lesions, which are often associated with various cytoskeletal neuronal abnor­
malities, have been shown to cause a multimediator dysfunction, owing to 
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neuronal dysfunction and cell loss, reduction of synthesis capacity of the re­
maining neurons, and disorders of transport mechanisms, that result in the 
characteristic clinical syndromes. Additional superimposed age-related or 
coincidental lesions of the CNS will influence the clinical course, signs, and 
symptoms of the disorders. The causative mechanisms and predisposing fac­
tors underlying the degenerative changes in the at-risk and other affected neu­
ronal systems are unknown. Whereas recently demonstrated correlations be­
tween neuronal depletion in some subcortical nuclei and cell loss and/or 
plaque density in cortical target areas suggest retrograde or anterograde de­
generation as a consequence of primary cortical damage (JACOBS and BUTCHER 
1985; MANN et al. 1986; MARCYNIUK et al. 1986; ARENDT et al. 1985; PEARSON 
et al. 1985; PEARSON and POWELL 1987), no such relations have been found in 
PD and related multisystem degenerations. It remains unclear whether dege­
nerative neuronal changes in at-risk neuronal systems represent a "downregu­
lation" of neuromediator production, enhanced aminergic activity (WILLIS 
1988) loss of specific enzyme synthesis, or neurotrophic protein production 
(ApPEL 1981) as the primary sequelae of neuronal dysfunction also expressed 
by cytoskeletal abnormalities, or whether they are caused by transsynaptic or 
retrograde transport disorders, interaction with other systems, or other en­
dogenous or exogenous mechanism of hitherto unknown origin. 

Based on morbid anatomy and cytoskeletal pathology, several subtypes of 
parkinsonian syndromes, with possible differences in etiology and pathogene­
sis, can be distinguished, while an anatomic distinction of the various clinical 
subtypes of PD appears impossible from the data available. According to the 
principal cytoskeletal changes, two major types of parkinsonism have been 
distinguished (ALVORD et al. 1974): 
1. The predominant "Lewy body type", including idiopathic PD which is rel­

atively stereotyped and shows good correlation of the degree of clinical 
parkinsonian symptoms with that of both nigral cell loss and striatal dopa­
mine and TH deficiency (BERNHEIMER et al. 1973; HORNYKIEWICZ 1982; 
AGID et al. 1987), and DLBD that includes a variety of disorders with 
progressive dementia transitions to idiopathic PD and AD/SDAT; 

2. The "Alzheimer type", characterized by widespread NFTs, which includes 
a wide variety of disorders, ranging from AD with concurrent PD (AD/ 
PD), AD extending to the brain stem, PSP, Guam PDC, PEP, and boxer's 
dementia (SUDHAKER et al. 1987). 
In addition to idiopathic PD, a wide range of "atypical" PD (SROKA et al. 

1981) or Parkinson-plus syndromes have been reported (FISCHER 1984), the re­
lation of which are to be further elpcidated. More recent data allow subdivi­
sion of degenerative parkinsonian syndromes into several clinicopathologic 
groups: 

"Typical" idiopathic PD of the Lewy body type without dementia in which 
pathology is mainly restricted to pigmented brain stem systems without 
additional CNS lesions (increased cerebral atrophy, extranigral lesions, 
Alzheimer pathology), although cortical AD changes and cerebrovascular 
lesions can be superimposed by normal brain aging. Although the dura­
tion of PD is not predictive of either the mental status or the severity of ni-
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gral changes and cortical AD pathology, reduction of brain weight is re­
lated to both age and duration of PD, the age dependency of both brain 
weight (and cerebral atrophy as seen in the cranial CT) and cortical AD 
pathology being more pronounced. These data indiate that· "normal" brain 
aging is superimposed on the basic degenerative process causing PD. 
"Atypical" PC (clinically referred to as Parkinson-plus syndromes), often as­
sociated with dementia and other signs or symptoms. They often show a 
significantly higher degree of brain atrophy and cortical AD pathology 
than nondemented PD and age-matched control populations which, at 
least in some cases, appears due to the more advanced age, while others 
are associated with AD or other multisystem degenerations. They can be 
subdivided into several groups; 
Concumnce of PD and AD (PDI AD), showing a true combination of both 
PD and AD pathology suggesting an association of both diseases which is 
seen in 5 %-20 % of all demented PD subjects dying under the age of 
65 years. 
PD with superimposed ADISDAT, occurring in 35 %-45 % of aged demented 
PD subjects showing typical PD pathology of Lewy body type with addi­
tional AD pathology in old age. 
ADISDAT extending to the brain stem, showing severe cortical Alzheimer pa­
thology and Alzheimer lesions in the brain stem with various degrees of 
degenerative damage to the pigmented nuclei with or without Lewy bodies 
or other PD markers. This "senile parkinsonism" or AD/SDAT/PD is seen 
in 5 %-6 % of proven PD cases and in 8 %-45 % of proven AD/SDAT sub­
jects. They may present either a distinct subset of the aged PD population 
with early or mild stages of nigral degeneration and superimposed severe 
SDAT, or a variant of AD/SDAT with mild or clinically relevant nigral da­
mage surpassing the age-related level. 
Demented PD subjects without cortical Alzheimer pathology showing de­
generation or dysfunction of cholinergic or other mediator-specific subcor­
tical (noradrenergic, dopaminergic, serotonergic, peptidergic) or intracorti­
cal (somatostatin) neuronal systems. This group often shows signs of 
"subcortical dementia" (WHITEHOUSE 1986) and includes Guam PDC, 
DLBD, and other multisystem degenerations. 
Parkinsonism in other degenerative processes involving the pigmented 
brain stem systems with or without cortical AD pathology, e.g., in multi­
system degenerations, PSP, etc, where the anatomic and biochemical basis 
of dementia is often unknown. 
Parkinsonism associated with or superimposed on multifocal cerebrovas­
cular lesions or other brain damage, including toxic and drug-induced le­
sions (symptomatic or secondary parkinsonism). 
In most of the parkinsonian syndromes, the variable topography and mor­

phology of lesions suggests involvement of multiple neuromediator-specific 
subcortical and, occasionally, cortical neuronal systems inducing a multi­
transmitter dysfunction of variable extent and intensity which is related to 
motor, vegetative, and intellectual impairment in these syndromes. While mo­
tor impairment is particularly related to dysfunctions of the dopaminergic sys-
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terns, and vegetative disorders to noradrenergic deficits, the intellectual and 
psychic impairment has been largely related to dysfunctions of the choliner­
gic, serotonergic, dopaminergic mesocorticolimbic, and somatostatin intracor­
tical systems (see AGID et al. 1987). Although some cytoskeletal changes in 
PD, e.g., the Lewy bodies, may serve as diagnostic or even pathogenic mark­
ers, most of them are nonspecific and probably give no insight into the basic 
mechanisms of degenerative pathobiology of PD and related disorders. Fur­
ther studies are needed to elucidate: (a) the clinicopathologic correlaHonsa of 
the different clinical subtypes of idiopathic PD and related parkinsonian syn­
dromes; (b) the basic mechanisms underlying the degenerative changes in the 
at-risk and other affected neuronal systems and their reciprocal correlations 
and relative contributions to the clinical syndromes; (c) the relations of these 
disorders to aging processes of the brain: (d) the reliability of presently avail­
able experimental neurotoxic models of parkinsonism for human disease; and 
(e) the significance of the pathobiology of PD and related disorders for future 
therapeutic strategies. 
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CHAPTER 3 

Biochemical Neuroanatomy of the Basal Ganglia 

E.G.McGEER and P.L.MCGEER 

A. Introduction 

The biochemical neuroanatomy of the basal ganglia has been under intensive 
investigation for at least a quarter of a century. It has been a favorite topic 
since the early days of biochemical neuroanatomy because many of the classi­
cal neurotransmitters are found in very high concentration in extrapyramidal 
nuclei, these nuclei are relatively distinct and easily dissected, and classical 
pathological studies had demonstrated a clear association between pathology 
in these nuclei and various movement disorders. In the past decade, the sub­
ject has become increasingly complex with the identification of many new 
neurotransmitters, the discovery through axonal transport tracing techniques 
of innumerable previously unsuspected connections, and the demonstration, 
both through such tracing techniques and behavioral studies, that many parts 
of the limbic system are involved in movement contro1. We have reviewed the 
literature on the aiIerents and efferents of the caudate/putamen (CP), globus 
pallidus (GP), and substantia nigra (SN), and on the neurotransmitters occur­
ring in the various tracts (MCGEER et a1. 1984). We present updates of those 
diagrams in the Appendix to this chapter, as well as new diagrams on the af­
ferents and efferents of the ventral pallidum and the nucleus accumbens 
which forms the major part of the ventral striatum. The concepts of the ventral 
striatum and ventral pallidum are becoming ever more important with increas­
ing evidence tbat they are concerned in movement control as well as in func­
tions more generally associated with the limbic system. The ventral striatum 
has been defined by Heimer and colleagues to include the substriatal gray, 
striatal cell bridges, parts of the olfactory tubercle, and the nucleus accum­
bens (N.Ac); the definition is made on morphological grounds (see for exam­
ple ZAHM and HEIMER 1985), but is also supported by similarities in connec­
tional patterns (cf. CARLSEN and HEIMER 1986). The ventral pallidum (VnGP) 
is defined by the unique pattern of so-called woolly fibers using enkephalin 
(ENK), dynorphin (DYN) , or substance P (SP) (HABER and NAUTA 1983); it 
comprises a subcommissural projection of the pallidum which reaches beyond 
the substantia innominata into the deep, polymorph layer of the olfactory tu­
bercle (cf. MEYER and WAHLE 1986; WAHLE and MEYER 1986). The morphol­
ogy is similar to that in the GP, but the area embraces, even in humans (HA­
BER and WATSON 1985), parts of the basal forebrain with its large corticopetal 
cholinergic neurons. 
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In the text of this chapter, however, we would like to discuss a general 
classification of neurotransmitters with implications for basal ganglial as well 
as other brain functions, to mention developing, but as yet little understood, 
aspects of the biochemical neuroanatomy, such as the subnuclear organiza­
tion and interconnections between various pathways, and, finally, to put forth 
some very hypothetical diagrams illustrating how some aspects of the system 
may work and be affected by disease. A complete review of the literature on 
these various aspects is not attempted and most references given in our earlier 
review (MCGEER et al. 1984) are not repeated here. 

B. Neurotransmitters in the Extrapyramidal System 

A bewildering variety of neurotransmitters has been shown to exist in the ex­
trapyramidal system, and many of them are present in higher concentration in 
nuclei of that system than in any other brain region of comparable size. Table 
1 lists the neurotransmitters so far reported in the basal ganglia and gives the 
abbreviation for each which is used in this chapter. The neurotransmitters in 
brain can be classed into three general types (MCGEER et al. 1984, 1987), and 
it may help to consider the general characteristics of each of these types of 
transmitters when attempting to hypothesize their possible roles in extrapyr­
amidal function. 

I. Type I: Amino Acid Neurotransmitters 

The first transmitter type embraces the amino acids (glutamate, aspartate, gly­
cine, and GABA) which occur in a concentration range of micromoles per 
gram of brain and have at almost all receptors an ionotropic action. This 
means that their receptors function to open ionic gates on the postsynaptic 
membranes, and thus to induce large conductance changes and consequent 
rapid excitatory or inhibitory actions. The majority of corticofugal paths ap­
pear to use glutamate or aspartate (Glu/ Asp) as a major transmitter, and most 
or all nuclei associated with the extrapyramidal system receive such pathways 
(cf. MCGEER et al. 1984, 1987). Of particular importance are the very large 
Glu/ Asp tracts from the cortex to the striatum (including the ventral striatum) 
and the thalamus. Glutamate has also recently been shown to be the major or 
sole transmitter in the projections from the subthalamus to the GP and the 
SN, and there is considerable evidence that the projection from the peduncu­
lopontine nucleus to the SN also contains an excitatory amino acid transmit­
ter. 

GABA is also clearly an extremely important neurotransmitter in the con­
trol of movement by the extrapyramidal system. The SN and VnGP have the 
highest levels of GABA and its synthetic enzyme, glutamic acid decarboxy­
lase (GAD), found anywhere in brain. Besides the GABA interneurons, which 
are certainly found in the CP and N.Ac, and probably occur in most nuclei as­
sociated with the extrapyramidal system, a number of long axon GABA tracts 
are known. The most important of these are probably the projections of the 
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Table 1. Classification of neurotransmitters or putative neurotransmitters of the extra­
pyramidal system with their approximate levels in rat brain and the abbreviations used 
in this chapter 

Type I: Amino acids 
(2-14Ilmol/g) 

Glutamate (Glu) 
Aspartate (Asp) 
y-Aminobutyric acid (GABA) 
Glycine (Gly) 

Type III: Peptides' 
«1-500pmol/g) 

Cholecystokinin (CCK) b 

Somatostatin (SOM) b 

Neurotensin (NT) 
N europeptide Y (NPY) C 

Vasoactive intestinal peptide (VIP) 
Thyrotropin-releasing hormone (TRH) 
Angiotensin II (All) 
Bombesin (BO) 
Cyclo(His-Pro) 
Calcitonin gene-related peptide (CGRP) d 

Galanin (GAL)e 
P70fIB236 f 

Oxytocin (OXY) 
Vasopressin (A VP) 

Type II: Amines 
(1-25 nmol/g) 

Acetylcholine (ACh) 
Dopamine (DA) 
Noradrenaline (NA) 
Adrenaline (ADR) 
Serotonin (5-HT) 
Histamine (HIS) 
Adenosine (ADO) 
Tryptamine 

Prodynorphins (DYN) 
Dynorphin A (1-8), A (1-17) 
Dynorphin B (1-13) 
a-N eoendorphin 

Proenkephalins (ENK)g 
Met5-enkephalin 
Met5-enkephalin-Arg6-Phe7 

Met5-enkephalin-Arg6- Phe 7 - Leu8 

Leu5-enkephalin 
Tachykinins (SP/K) 

Substance P (SP) 
Substance K (SK) h 

Corticotropin-releasing factor (CRF) 

• Does not include some, such as bradykinin, FMRFamine, or members of the proop­
iomelanocortin family which are present only in very low concentrations in the extra­
pyramidal system (cf. GRAYBIEL 1986). 
b Probably occurs in various forms. 
C Early reports of avian pancreatic polypeptide probably were of NPY. 
d SKOFITSCH and JACOBOWITZ (1985a). 
e SKOFITSCH and JACOBOWITZ (1985b). 
f This peptide, whose existence was predicted from the amino acid sequence of the 
precursor, is found in highest concentrations in the human GP and SN (SUZUKI et al. 
1986). 
g The proenkephalin mRNA is said to be expressed in > 50 % of neurons in rat CP 
(SHIVERS et al. 1986). 
h Neurokinin A. 
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Fig. 1 a, b. Diagrams of how initial excitation of (a) the striatum or (b) cerebellar Pur­
kinje cells (Pk) may lead through two GABA neurons to disinhibition of neurons in 
the target nuclei. The effect of stimulation of the excitatory neuron on other neurons 
in the chain is indicated by (upward arrows) increased or (downward arrows) decreased 
activity. There may be other excitatory neurons interspersed and more than one system 
linking cortical excitation to SNR output neurons. For example, there is some evi­
dence for: Glu ~ GABA ~SP~ SNR GABA output. (MELIS and GALE 1984) 

pallidum and the substantia nigra pars reticulata (SNR) which comprise the 
major output of the basal ganglia. 

There is far less evidence for glycine as an important neurotransmitter in 
the extrapyramidal system, but some turning experiments in rats suggest that 
glycine innervation of the SN and A10 area (HARTGRAVES and KELLY 1985) 
may playa role in movement control. 

The fast ionotropic action of amino acid transmitters (type I), as compared 
with the metabotropic action of the amines (type II) and neuropeptides 
(type III), which is both slower in onset and extends over a longer time, sug­
gests that the amino acids should serve the major input command and output 
systems of the basal ganglia, and this is in accord with the known biochemical 
neuroanatomy. It is of interest that the circuitry of these amino acid systems 
between the cortex and the eventual targets (thalamus, superior colliculus, pe­
dunculopontine and other brain stem nuclei) appears to involve a double inhi­
bitory chain, as illustrated in Fig. 1 a, so that activation of the corticostriatal 
fibers results in disinhibition of the target neurons. This pattern is reminis­
cent of the circuitry of the cerebellum (Fig. 1 b). There is probably provision 
also for rapid feedback from the target neurons to the cortex; stimuJation of 
SNR neurons, for example, has been shown to increase Glu release in the ip­
silateral striatum by a thalamic-dependent mechanism (GlRAULT et al. 
1986). 

II. Type II: Amine Neurotransmitters 

The amine neurotransmitters occur in brain in a concentration range of nano­
moles per gram of tissue, roughly lOOO-fold lower than type I transmitters. As 
previously mentioned, their action at most receptors is typically slow in onset 
and relatively long-lasting, and almost certainly involves second messenger 
systems which may be varied, but have a common mechanism of changing the 
degree of phosphorylation of membrane proteins (MCGEER et al. 1987). The 
physiologic actions are diverse and are frequently considered modulatory; the 
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overall effect may be inhibitory or excitatory, depending on the type of receptor 
and other inputs into the target neuron. All of the known amine neurotrans­
mitters appear to be present in the extrapyramidal system. The nigrostriatal 
DA tract is probably one of the most studied projectioIis in the central ner­
vous system, and its importance to normal movement is clearly demonstrated 
in the parkinsonian symptoms which seem linked to major deficiencies in this 
tract. It seems worthwhile, however, pointing out that the DA deficiency must 
be very great (approximately 90 %) before overt symptoms of parkinsonism ap­
pear. The cholinergic interneurons of the CP and ventral striatum are well 
known. So too now are the corticopetal cholinergic neurons of the VnGP 
which, in some recent investigations, also appear to playa role in movement 
control. Amine projections to extrapyramidal nuclei from the raphe (5-HT), 
hypothalamus (histamine, HIS), and locus ceruleus/subceruleus (NAI ADR) 
are also known, although their exact roles in extrapyramidal function are not. 
It is of interest that the 5-HT levels of the SN and GP are almost twice those 
found in the CP and subthalamus (PASIK et al. 1984), suggesting that 5-HT 
may be principally employed in modulating the output of the basal ganglia. 

Athough no projection using ADR as the transmitter has been definitively 
established, either in the extrapyramidal system or elsewhere in brain, there is 
considerable evidence that ADR can act on specific receptors in the CP and 
other extrapyramidal nuclei to modulate the release of neurotransmitters, in 
particular DA and Glu. 

Another candidate amine transmitter found in the extrapyramidal system 
is tryptamine. Relatively high levels of tryptamine in the caudate and of spe­
cific tryptamine binding sites in the N. Ac (MCCORMACK et al. 1986) have 
been reported, and, on the basis of lesion experiments, this indole has been 
proposed as a transmitter in a small percentage of the nigrostriatal afferents in 
the rat (JURIO and GREENSHAW 1986). Its identification as a neurotransmitter, 
however, remains highly controversial (for review see JONES 1982). 

There is a little evidence that the amines may show some interesting spe­
cies differences. Colocalization of DA and CCK seems, for example, almost 
entirely limited to A10 neurons in the rat, whereas virtually all the mesence­
phalic DA neurons in the cat, including those of the substantia nigra, pars 
compacta (SNC), seem to contain CCK (MARKSTEIN and HOKFELT 1984). The 
modulatory effects of CCK on DA release are seen in both the accumbens and 
caudate of the cat, but only in the former in the rat (see Sect. B.I1I). 

The pattern of DA metabolites in the striatum varies considerably among 
species. 3,4-Dihydroxyphenylacetic acid (DOPAC) is the major metabolite in 
the rat; homovanillic acid (HV A) and DOPAC are formed in about equal 
amounts in gerbils (UPCHURCH 1985); and HVA seems to be the major meta­
bolite in humans (MCGEER et al. 1985). Whether such differences reflect dif­
ferences in release or merely in the levels of the metabolizing enzymes is not 
known. 

ADR is found in the striatum in some species such as the cat, and ADR 
neurons occur in the subceruleus in many species. The caudate of pigs is said 
to contain 2-3 times as much ADR as NA (DRAPER et al. 1984). On the other 
hand, the guinea pig, and possibly other species, lack ADR neurons (CUM-
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MING et al. 1986). The HIS neurons of the hypothalamus, which innervate the 
striatum as well as many other brain regions, seem to increase in number dis­
proportionately as one moves from rodents to cats to primates (P. REINER 
1986, personal communication). The 5-TH innervation of basal ganglia nuclei 
in primates has been said to be generally rather similar to that in subprimates, 
although some differences in nuclear organization, fiber myelination (AzMI­
TIA and GANNON 1986), and fiber distribution (MORI et al. 1985) are reported. 
Most work in biochemical neuroanatomy is done in rodents, but it is clearly 
essential to check the results as fully as possible in primates. 

III. Type III: Peptide Neurotransmitters 

This is by far the largest category since, at this stage, it includes at least two 
dozen peptides. Those shown in Table 1 have been reported to be prominent 
in the extrapyramidal system. The peptides exist in brain in much lower con­
centrations than transmitters of types I and II, usually in the range of pico­
moles per gram of tissue. Their functions and modes of actions are as yet 
largely unknown, but, apparently, relatively few molecules of peptide need to 
be released to affect their receptors. They probably have special metabotropic 
actions and, in some cases, have been shown to modulate the action of amine 
or amino acid transmitters. Some of these peptides have been shown to exist 
in interneurons in the striatum (SOM, NPY, ENK, CCK), in projection neu­
rons from the striatum (SP/K, ENK, DYN), or in afferents to the striatum and 
accumbens (CCK). ENK neurons have also been reported in the SNR and en­
topeduncular nucleus (BECKSTEAD and KERSEY 1985), SOM neurons in the SN 
compacta and lateralis (TABER-PIERCE et al. 1985), CRF neurons in the N.Ac 
(JOSEPH et al. 1985), and NT neurons in the AI0 area (HOKFELT et al. 1984). 
In some cases, high concentrations of the peptide (NT, GAL, CGRP, P7), or 
of peptide binding sites (NT, CGRP), or motor effects of locally injected pep­
tides (e.g., NT, KALIVAS and TAYLOR 1985; SK, INNIS et al. 1985) have been de­
monstrated in extrypyramidal nuclei and thus, although the exact projections 
have not always been shown, the peptides are thought to play important roles. 

An aspect of neurotransmitters which has been largely demonstrated by 
work in the peptide field is the colocalization of two or more transmitters 
within a single neuron. It is now known that this can involve colocalization of 
two classical neurotransmitters as well as colocalization of a peptide with a 
classical neurotransmitter or with another peptide, although the last seems by 
far the most frequent. Examples of colocalization reported in the extrapyram­
idal system are given in Table 2. The extent of colocalization in some cases 
may be species dependent (see Sect. B.II). Normally, one of the cotransmit­
ters (the minor one) is released in much smaller amounts than the other, and 
may be released only under conditions of high stimulation rates. The physio­
logic need for such cotransmission is not yet clear, but it appears that the co­
transmitter may sometimes modulate the release or postsynaptic action of the 
other. Thus, CCK, which is a cotransmitter in AI0 but not nigral dopaminer­
gic neurons in the rat, has been reported to modulate the release and/or ef-
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Table 2. Reported occurrences of two neurotransmitters in single neurons of the extra­
pyramidal system" 

Region Reference 

Type I and type II transmitters 

GABA 5-HT Ascending raphe neurons BELIN et al. 1983; 
to striatum MCGEER et al. 

unpublished 
work 1984 

Type I and type III transmitters 

GABA ENK Rat caudate OERTEL et al. 1983 
Rat and cat medium-size ARONIN et al. 1984 

aspiny neurons PENNY et al. 1986 
Terminals in ventral GP ZAHM et al. 1985 

GABA P-END Rat neostriatum OERTEL et al. 1983 
GABA SP Rat and cat neostriatum PENNY et al. 1986 

Type II and type III transmitters 

DA CCK Some rat AlO projections HOKFELT et al. 1980 
(partly crossed) FALLON et al. 1983 

Cat nigrostriatal A10 MARKSTEIN and HOKFELT 
1984 

DA NTC Nigrostriatal GRAYBIEL (1986) 
A10 neurons HOKFELT et al. 1984 

Two or more type III transmitters 

SOM NPY Rat striatal and nucleus BEAL et al. 1986; VINCENT 
accumbens intemeurons and JOHANSSON 1983; 

SMITH and 
PARENT 1986a 

SOMb ENKb Rat and cat CP neurons PENNY et al. 1986 
SP DYN CP neurons BESSON et al. 1986 

" This table does not include many instances of reported colocalizations in neurons 
which mayor may not project to extrapyramidal nuclei; for example, we have not in­
cluded the reports of 5-HT coexisting in raphe neurons with SP, TRH, and/or ENK, or 
of NA or ADR coexisting in locus ceruleus/subceruleus neurons with ENK, SOM, 
NPY, NT, CCK, or AVP, or of ACh coexisting with SP and/or NPY in the pedunculo­
pontine and similar brain stem nuclei in neurons which may well project to the SN 
and VnGP (MCGEER et al. 1987). 
b About 50 % of the medium cell population containing each of these substances con­
tains the other (ARONIN et al. 1984). 
C NT increases both basal and K+ -evoked release of DA in rat striatal slices (BATTAINI 
et al. 1986). 
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fects of DA in the A10 target (the N.Ac), but not in the nigral target (the stria­
tum) (cf. KATsuuRA et al. 1985; VOIGT et al. 1985; CRAWLEY et al. 1984). The 
interaction is complex and highly concentration dependent. It has even been 
reported that, within the rat accumbens, CCK potentiates the effect of DA on 
D j receptors in the caudal area innervated by mixed DA/CCK fibers, but re­
duces the effect in the anterior portion which is innervated by distinct and 
separate DA and CCK fibers (STUDLER et al. 1985). Clearly, in this, as in many 
other aspects of neurotransmitter action, much more information is required. 

Many reported examples of the colocalization of two peptides in a single 
neuron have turned out to depend on the fact that peptide neurotransmitters are 
made from large preprohormones which may encode the amino acid sequence 
of more than one active peptide. Thus, for example, SP and SK are both ta­
chykinins which are encoded in the same preprohormone. The findings that 
SK exists with SP in striatonigral afferents (LEE et al. 1986; BRODIN et al. 
1986), and that the SN has a high concentration of both SK (INNIS et al. 1985) 
and SK binding sites (QUIRION and DAM 1985; MANTYH and HUNT 1986) prob­
ably explain the oft-cited anomaly that, despite the apparently large SP stria­
tonigral projection, there is a relatively low density of SP binding sites in the 
SN. The two peptides have different pharmacologic profiles and therefore 
presumably different, though possibly related, physiologic roles (NAWA et al. 
1984). It may be that the relative amounts of two such cotransmitters formed 
from a single precursor may be constant in a given projection or may vary in 
different neurons of the projection, or even in a given neuron, depending on 
the excitation conditions (cf. BANNON et al. 1986a). This is another question 
requiring further exploration. 

Species differences may be expected in peptide as well as amine systems. 
For example, INAGAKI and PARENT (1984) have indicated that, in the SN, the 
distribution of the large number of SP fibers follows a similar pattern in rat, 
cat, and monkey, while the number of ENK fibers and the complexity of their 
organization increases strikingly from rodent to primate. More comparative 
studies are clearly needed. 

IV. Receptor Subtypes 

An aspect of neurotransmitter action which has been touched on before but 
deserves further emphasis is that it depends as much on the particular recep­
tor as on the particular neurotransmitter. All neurotransmitters so far de­
scribed seem to have multiple types of receptors which are differentiated most 
easily by pharmacologic specificity, but also frequently by their action on var­
ious second messengers and/or neuronal excitability. The D j and Dz receptors 
for dopamine are the best known example in the extrapyramidal system, but 
many other examples are known in that system as well as in the rest of 
brain. 
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C. Heterogeneities in Extrapyramidal Nuclei 

I. Mosaics or Gradients 

The mammalian striatum has been found to show marked heterogeneity by a 
variety of neuroanatomic, histochemical, and biochemical markers. One type 
of heterogeneity is the patches or striosomes which appear particularly in the 

Table 3. Reported differences in the distribution of various neuronal-related indices in 
patches vs matrix in the caudate" 

Indices reported to be highly concentrated in: 
Patches (striosomes, islands) Matrix 

Very well defined 

Il Opiate binding sitesb 
Inputs from thalamusc 

Inputs from prelimbic cortexd 
Neurons projecting to SNCd.e 

Not as well defined 

Opiate immunoreactivityb. f 
SP-positive neuronsg 

GAD immunoreactivityh 
NT immunoreactivityf 
Benzodiazepine binding sitesj 

DYN-positive neurons 

" For review see GRAYBIEL (1983). 

AChE stainingb 
Inputs from sensory and motor cortexd 
Neurons projecting to SNR and pallidumd 
Inputs from A8 (rubrorostral) and AlO (VTA)" 
Calcium binding protein-positive neuronsk 

SOM-positive neurons! 
SOM/NPY INADPH diaphorase-positive neuropil! 
NT binding sitesf 

b In caudates of carnivores and primates, including humans (GRAYBIEL and RAGSDALE 
1978; HERKENHAM and PERT 1981); although AChE is in matrix, QNB binding is 
evenly distributed (BRAND 1980). 
C HERKENHAM and PERT (1981); BECKSTEAD (1985). 
d GERFEN (1984). 
e JIMINEZ-CASTELLANOS and GRAYBIEL (1985, 1986); projection from patches is to me­
dial SN and this may well be SNC. 
f See GOEDERT et al. (1984) and references therein; DYN seems more concentrated 
than ENK (GRAYBIEL 1986). 
g In rat and cat caudate (PENNY et al. 1986), but GRAYBIEL et al. (1981) say that SP-pos­
itive patches were aligned with both AChE-rich and AChE-poor zones in cat caudate. 
See BEACH and MCGEER (1984) for patchy staining in baboon and humans. 
h GRAYBIEL et al. (1983). 
j In human caudate; in the ventral striatum, higher densities were found, but were 
aligned with both AChE-rich and AChE-poor regions (FAULL and VILLIGER 1986). 
k In the striatum of rats and monkeys (GERFEN 1985). 
! In cat caudate; neurons are mainly in matrix, but close to patch borders and may 
serve as interfaces between patches and matrix (CHESSELET and GRAYBIEL 1986; SAN­
DELL et al. 1986). 
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Fig. 2. Diagram of some of the hypothesized differences in connectivities between the 
matrix and patch (striosome) compartments. This is based largely on the report of 
GERFEN (1986). Inputs from cortex probably use Glu. Full circles SOM; full squares 
GABA neurons; open squares probably SP/K/ENK/DYN. Lozenges type 1 and open 
circles type 2 DA neurons differ in calcium binding protein and sensitivity to neuro­
toxins; the report of FUKUI et al. (1986) that patches of DA staining appear in adult rat 
striatum after administration of reserpine or methamphetamine also suggests different 
sensitivities to these catecholamine depleters 

caudate of carnivores and primates. Since the original report of GRAYBIEL and 
RAGSDALE (1978) of acetylcholinesterase (AChE)-poor striosomes with a 
darker AChE-rich matrix, a number of other biochemical indices, as well as 
connectivities, of the patches and matrix compartments have been found to 
be different (Table 3 and Fig. 2). The patchy distribution of staining is usually 
much less evident in the putamen than in the caudate and, while it may occur 
in the ventral striatum or nucleus accumbens, the correspondence between 
various neurochemical indices may not be the same as in the caudate. 

Other indices within the caudate may occur in patches and yet not coin­
cide with the patches defined by opiate binding, AChE-staining, or similar in­
dex, as indicated in Table 3. Examples are the clusters of caudate neurons in 
the rat, which project to either the pallidum or the SN, but not to both (Loo­
PUIJT and VAN DER Kooy 1985), or the patches of high D2 binding site density 
in monkey caudate (KOHLER and RAoESATER 1986). 

Patchy distribution of some indices such as DA terminals and muscarinic 
binding sites may occur in neonatal rat CP, but is largely lost in adult rodents 
(NASTUK and GRAYBIEL 1985; see also Fig. 2). Striatal heterogeneities in the 
form of gradients have, however, been reported. This has been particularly 
true of the DA and 5-HT systems. The striatal innervation from midbrain DA 
cells is said to be greater rostrally than caudally, while the 5-HT innervation 
terminates principally ventrally and caudally (WIDMANN and SPERK 1986; 
MORI et al. 1985; BEAL and MARTIN 1985). Analogous gradient differences 
have been reported in the densities of D2 (DUBOIS and SCATTON 1985) and 
5-HT2 (ALTAR et al. 1986) binding sites. D2 binding sites are also reported to 
show a lateral> medial gradient in rat CP, not consistent with gradients in 
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DA levels (JOYCE et al. 1985), but Dl sites are concentrated more in the ven­
trolateral and medial as compared with the ventromedial and dorsolateral 
aspects (SAVASTA et al. 1986). With increasing use of quantitative autoradio­
graphic techniques for binding site studies, more such reports can be ex­
pected. 

Concentration gradients have also been reported for cholinergic indices 
(lateral> medial, MARSHALL et al. 1983; REA and SIMON 1981), for NPY-posi­
tive cells in both monkey and rat (caudal > rostral, CHRISTIE et al. 1986; 
SMITH and PARENT 1986 a), and for NPY and SOM staining in the rat (ventro­
medial> dorsolateral, BEAL et al. 1986). 

Inhomogeneities most probably also occur in other nuclei in or associated 
with the extrapyramidal system. Relatively little work has been done except in 
the superior colliculus where the complex internal organization involves not 
only distinct layers, but patches within the layers which are again distinguish­
able by staining for AChE or ENK, and by the convergence of aiferents from 
the frontal cortex and SN (ILLING and GRAYBIEL 1985, 1986; Ross and GOD­
FREY 1985; cf. WIENER 1986). 

II. Differences Between Caudate, Putamen, 
and Nucleus Accumbens 

Overall chemical differences between the three major nuclei of the striatum 
and ventral striatum, i.e., the caudate, putamen, and N. Ac, are also of inter­
est since all three are clearly concerned in motor control, but probably in dif­
ferent fashions. It is of interest in this regard that parkinsonism and dystonia 
may involve largely putamen abnormalities (BURTON et al. 1984). Until re­
cently, the caudate and putamen were usually considered as part of a single 
homogeneous entity. Detailed studies of the striatal connections in monkeys 
by retrograde tracing techniques have suggested that the two structures are 
differently organized. For example, the sensory motor cortex projects exten­
sively to the putamen where somatotropic representation of the leg, arm, and 
face occurs in the form of obliquely arranged strips. On the other hand, asso­
ciative areas of the prefrontal, temporal, parietal, and anterior cingulate cortex 
project in the form of patches, almost exclusively to the caudate (cf. SMrrH 
and PARENT 1986b). In addition, PARENT et al. (1984) suggest that the striato­
pallidal and striatonigral projections are largely· (90 %) distinct, with the neu­
rons projecting to the pallidum occurring mainly in the putamen, while those 
projecting to the nigra occur mainly in the caudate. In this study, surprisingly 
few striatal neurons were found to project to both pallidum and SN. The pro­
jections from the caudate to the pallidum which do exist also terminate in dif­
ferent pallidal areas from the putamenal pallidal projections. A different, but 
largely complementary pattern is seen in the organization of thalamic projec­
tions to the caudate and putamen in the monkey; the caudate projections 
come largely from the central superolateral and parafascicular nuclei, while 
the putamenal projections come mainly from the central median nucleus 
(SMITH and PARENT 1986b). 
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In other work, SMITH and PARENT (1986a) have reported that the numerical 
density of NPY-positive cells is greater in the caudate than in the putamen in 
both cat and monkey, and GRAVELAND and DIFIGLIA (1985) suggest from mor­
phological studies that aspiny interneurons with indented nuclei may play a 
greater role in monkey caudate than putamen. 

Biochemical distinctness is more widely recognized in relation to the nuc­
leus accumbens or ventral striatum. A well-known difference is the presence 
of the peptide CCK in the dopaminergic innervation of the N. Ac and its rela­
tively general absence from most of the dopaminergic innervation of the CP in 
the rat (but see Sect. B.I1). Measurements of DA, 5-HT, and metabolites have 
suggested marked differences in turnover rate of the amines in the ventral stri­
atum as compared with the CP, but reported data are so far not completely 
consistent (WIDMANN and SPERK 1986; BEAL and MARTIN 1985). FREED and 
YAMAMOTO (1985) have suggested that DA metabolism in the N.Ac is more 
strongly linked to speed and direction of movement in rats, while in the cau­
date it is more affected by posture and direction. BEAL et al. (1986) found 
NPYand SOM concentrations in rats higher in the N. Ac and ventromedial 
striatum than in the dorsolateral striatum. The accumbens also seems to differ 
from the CP in that it contains some CRF cells, as well as much higher levels 
of VIP and TRH (GRAYBIEL 1986). 

These are only examples of the type of information accumulating on the 
patterned organization within the extrapyramidal system, but it is clear that 
the subnuclear organization pattern will eventually have to be taken into ac­
count in any hypotheses relating the biochemical neuroanatomy to function, 
or biochemical pathology to disease processes. 

D. Interconnections in the Extrapyramidal System 

Identifying the projections and the transmitters which they use is only part of 
the task of the biochemical neuroanatomist. The complete "wiring diagram" 
will not be known until the interconnections of the various neurons are deter­
mined. The only definitive way to obtain such information is by electron mic­
roscopic studies, involving some kind of double-labeling technique. There 
have so far been only a few such studies. The first in the extrapyramidal sys­
tem were those of HAlTORI et al. (1975, 1976) who showed that DA nerve end­
ings (marked by 6-hydroxydopamine (6-0HDA)-induced degeneration) were 
in frequent contact with cholinergic dendrites (marked by choline acetyltrans­
ferase immunohistochemistry) in rat CP, and that projections (marked by ra­
dioactive axonal transport) to dopaminergic dendrites in the SN (marked by 
degeneration) came preferentially from the GP in the rat, while projections 
from the head of the caudate landed preferentially on nondopaminergic ele­
ments of the SN. Similar electron microscopic work in the rat caudate has 
provided evidence for: (a) innervation of common recipient neurons by corti­
cal and DA efferents, and suggested a possible direct axonal interrelation be­
tween these two primary inputs (BOUYER et al. 1984a), as well as between cor­
ticostriatal afferents and striatal ENK neurons (BOUYER et al. 1984b); (b) DA 
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innervation of both ENK and SP neurOnS (KUBOTA et al. 1986a, b); and (c) in­
nervation of striatonigral neurons by DA afferents (FREUND et al. 1984), as 
well as GABA and ENK terminals (ARONIN et al. 1986), and SP-containing 
terminals in contact with cholinergic dendrites and cells (BoLAM et al. 1986). 

In the GP, large pallidonigral neurons have been shown to be innervated 
by striatal afferents through symmetric contacts (TOTTERDELL et al. 1984). 
Electron microscopic studies of GAD-positive elements have revealed GABA 
innervation of GABA neurons in the GP and entopeduncular nucleus (EP) 
(OERTEL et al. 1984), of cholinergic neurons in the VnGP (INGHAM et al. 
1986), and of both GABAergic and non-GABAergic neurons in the SN (HOL­
STEIN et al. 1986); the non-GABAergic neuronS include DA cells, as has been 
repeatedly demonstrated at the electron microscopic level (e.g., VAN DEN POL 
et al. 1985). In the rat SN, WILLIAMS and FAULL (1985) have demonstrated 
that striatonigral neurons synapse with nigrotectal fibers. 

Light microscopic studies are frequently used to suggest interconnections, 
although they cannot be considered definitive. Such studies have, for exam­
ple, been said to indicate that the medium spiny GABA projection neurons in 
the CP receive considerable cholinergic innervation (PHELPS et al. 1985), that 
DA neurons of the human SN and AlO are innervated by ENK terminals (GA­
SPAR et al. 1983), and that the cholinergic neurons of the VnGP (labeled by 
AChE staining) are heavily innervated by SP-positive puncta (BEAcH et al. 
1987; also shown by ultrastructural investigations, BOLAM et al. 1986). These 
SP terminals may arise from the CP since both light microscopic (GROVE 'et al. 
1986) and physiological studies (BUCHWALD et al. 1986) suggest a CP-VnGP 
projection. 

Various other types of studies may suggest connections, although they also 
cannot be considered definitive. These include physiological studies and the 
attempted localization of high affinity binding sites, usually by lesion studies 
(Table 4), as well as studies of the effect of one transmitter on the release or 
turnover of another in a particular brain region. Good examples of the latter 
type of study are the innumerable ones that have shown that DA agonists in­
hibit ACh release and increase ACh levels in the striatum, while DA antagon­
ists have the opposite effects. Such studies have been taken to support the di­
rect innervation of cholinergic neurOnS of the CP by nigral DA afferents. In 
recent work, it has been suggested that one striatal D2 receptor regulates the 
metabolism of at least 400 molecules of ACh (KoRF et al. 1985), and that the 
D2 agonist effect in inhibiting striatal ACh release is suppressed by both Dl 
agonists and antagonists (GORREL et al. 1986; GORELL and CZARNECKI 1986) 
and is highly dependent on DA concentrations (PARKER and CUBEDDU 1986). 
The innervation of striatal ACh neurons by cortical, as well as DA, afferents is 
supported by the depression of ACh synthesis seen in decorticated rats (CON­
SOLO et al. 1986). 

The interaction between DA and ACh in the CP appears to be a mutual 
one with ACh agonists and antagonists acting to affect DA release; a synaptic 
dialog between DA nerve endings and ACh dendrites has frequently been sug­
gested, with some evidence for ACh receptors on DA systems being derived 
from both lesion (MCGEER et al. 1979) and electron microscopic studies (HAT-
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Table 4. Some possible localizations of binding sites or receptors in the extrapyrami-
dal system indicated by binding (B) or physiological studies (P) 

Type of binding Nucleus Localization Type Reference 
site (receptor) of study 

Glu/Asp N.Ac GABA neurons P YANG and MOGENSON 1985 
Glu CP Intrinsic neurons 

and DA terminals B BUTCHER et al. 1986 
GABA CP Non-5-HT systems P MENNIN~ et al. 1986 
GABA SN Non-DA cells B CROSS and WADDINGTON 

1980 
Muscarinic SN DAneurons B CROSS and WADDINGTON 

1980 
D2 a Rat CP Intrinsic neurons B NEVE et al. 1984; 

TRUGMAN et al. 1986 
D J a SN Striatonigral B PORCEDDU et al. 1986 

afferent terminals 
NA N.Ac Neurons receiving P UNEMOTO et al. 1985 

hippocampal in-
put 

ADO CP Intrinsic neurons B GEIGER 1986 
ENK SN and Non-DA systems P FOOTE and MAURER 1986 

CP 
NT SNC DAneurons P,B PINNOCK 1985; SINGER 

1984 
NT VTA DAneurons B,P GLIMSHER et al. 1984; 

SINGER 1984; PALACIOS 
and KUHAR 1981 

NT CP DA afferents B QUIRION et al. 1985 
NT N.Ac DA and intrinsic B QUIRION et al. 1985 

neurons 

a Many articles have appeared on the localization of D2 binding sites and DA-stimu­
lated adenylate cyclase (index of the DJ site) in rat CP as indicated by studies in le­
sioned animals. Most agree that the DJ site is almost entirely on intrinsic neurons 
while the D2 is on intrinsic neurons, and mayor may not be on corticostriatal (GIu) 
and nigrostriatal (DA) afferents; this is discussed in the text where recent reviews are 
cited. Autoradiographic studies indicate that D2 sites in the SN are largely in the SNC, 
while DJ sites are largely in the SNR (KOHLER and RADESATER 1986). 

TORI et al. 1979). A notable difference between the N. Ac and the CP is that 
DA agonists decrease the release of GABA and ACh in CP slices, but only of 
GABA in slices of the accumbens (DE BELLEROCHE and GARDINER 1983). 

Since DA agonists inhibit K+ -induced, Ca2+ -dependent Glu release in 
striatal slices (MITCHELL and DOGGETI 1980) and Glu facilitates DA release 
(BUTCHER et al. 1986), the existence of DA receptors on Glu terminals and of 
GIu receptors on DA terminals has been suggested; both are supported to 
some extent by lesion studies (Table 4; J. KORNHUBER and M. KORNHUBER 
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1986), but these are controversial. The controversy with regard to the possible 
location of DA receptors on corticostriatal afferents (cf. PALACIOS 1986; TRUG­
MAN et al. 1986) emphasizes the need for definitive ultrastructural studies be­
fore interconnections are accepted. 

Many such interactions between DA and various peptidergic systems of 
the CP have also been reported. For example, the content of SP/K in striatoni­
gral neurons is increased by DA agonists (RITTER et al. 1984, 1985), and de­
creased by DA antagonists (OBLIN et al. 1984; BANNON et al. 1986b; LINDE­
PORS et al. 1986); the reduction in nigral SP induced by chronic impairment 
of DA transmission is reversed by the GABA analog, progabide (ZIVKOVIC et 
al. 1985). DA appears to have an opposite effect on NPY cells of the CP since 
there is a marked increase in the NPY staining in 6-0HDA-Iesioned animals 
(KERKERIAN et al. 1986). Whether these changes are due to changes in the rate 
of peptide synthesis or metabolism is unknown, although the report that the 
mRNAs for striatal preprotachykinin are decreased by DA antagonists sug­
gests an effect on synthesis (BANNON et al. 1986b). This effect occurs surpri­
singly rapidly; an analogous decrease in the mRNAs for striatal preproenke­
phalin is seen only after relatively long activation of GABA systems (8 days 
and not at 1-4 days) (SIVAM and HONG 1986). 

These are only a few examples of the many reports of transmitter interac­
tions in the extrapyramidal system. Such transmitter interactions may not in­
volve direct connections and are often difficult to interpret in terms of other 
anatomic evidence. Figure 3 gives a summary diagram of some of the proven 
and more probable interconnections in the striatum and SN. 

It should be pointed out that suggested interconnections are often of a ax­
ono-axonal or even dendroaxonal type. In the SN, there is considerable evi­
dence that dendritic ally released DA can influence GABAergic activity, in­
cluding GABAergic inhibition of both SNR (W ASZCZAK and WALTERS 1986) 

Glu 

Striatum Substantia nigra 

GABA 

J~,,-I--r __ -=D':"':'A ____ U:.: ... /l GABA 

.. ··OENK -/:".--? I 
.... OSP/K ~ ---- ~ --·~o -- Striatonigral -----... ~ __ Nigrotectal 

Fig. 3. Diagram of some proven (full arrows) and probable interconnections (broken ar­
rows) in the striatum and substantia nigra. This is diagrammatic and not meant, for ex­
ample, to imply that the same GABA neurons innervate DA and nigrotectal neurons in 
the SN, or that the ACh neurons innervating the GABA neurons in the CP are neces­
sarily the same as the ACh neurons receiving DA innervation. The striatonigral neu­
rons innervating nigrotectal neurons may be SP/K, DYN (PORCEDDU et al. 1983), 
ENK, or even GABA. The recently reported innervation of striatal ACh neurons by SP 
terminals is not included 
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and DA neurons, the latter possibly by a synaptic dialog such as that dis­
cussed for the DA-ACh interconnection in the CP (MCGEER et al. 1979; HAT­

TORI et al. 1979). 

E. Some Hypotheses as to the Role of VariOllS Tracts 
in the Extrapyramidal System 

In Sect. B.lA (Fig. 1), we have already proposed that the main messages in the 
extrapyramidal system are carried by GIu and GABA. In an overall hypotheti­
cal scheme (Fig. 4), which borrows heavily from NAUTA (1979), action in the 
basal ganglia is initiated when a "command" for movement comes from the 
cortex via excitatory Glu pathways. The DA input to the CP/GP is a "hor­
monal" one which acts as a closed feedback loop, providing a damping of 
"static" so that the precise topography of the excitatory command can be ap­
preciated. Parkinson's disease interferes with this loop. The inputs from the 
thalamus and many other regions are seen as being primarily a means of keep­
ing the CP continually informed on the status of all the external systems in­
volved in movement. Feedback loops are again involved, with the GP again 
playing a "central substation" role. The CP has an integrating role and feeds 
its results via both excitatory and inhibitory pathways to the SNR/EP where 

Parkinson's 

D;"""~ .... ... . 

~ DA "anti·static" "::.:.:,, ? SNC ............. : .................. ::C:p" ........ : ............. ThaI. + 
". ::::::::.. updating data 

"",->~~::I,d:'~~:~~:~ G(~~ 
pass integrated data 

Chorea? 
Dystonia? 

GABA - system output 

+ Thalamus 
Brain stem 

Hemiballismus 

Fig. 4. A hypothetical diagram of information flow in the basal ganglia. ThaI. + stands 
for all regions projecting to the CP except the cortex and SNC. Broken arrows indicate 
feedback loops 
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they are translated into excitation or inhibition of GABA pathways which 
carry the detailed orders contributing to the desired movement. 

One feedback loop of particular interest may be that involving the subthal­
amus. The recent demonstration that the projection back to the GP uses Glu 
and has collaterals going to the SNR suggests that the subthalamus, like the 
CP, may serve as a station for passing integrated information to the SNR. 
Moreover, as ROUZAIRE-DuBOIS and SCARNATI (1985) point out, the subthala­
mus also receives an extensive excitatory input from the cortex, and hence is 
in an excellent position to compare direct cortical information with cortical 
input processed at the striatopallidal complex level; the subthalamo-SNR 
projection may therefore provide a check on the striatonigral input. 

In this overall scheme, the connections of the SNR/EP become of para­
mount importance. In our previous review (McGEER et al. 1984), we men­
tioned some of the pharmacological, physiological, and anatomical studies 
which support such importance, particularly of the nigrotectal and nigroteg­
mental pathways, and relevant literature has continued to appear. We will not 
belabor this point in this chapter, but rather consider what possible anatomic 
£onnections might be involved in the "antistatic" effect of the DA system, 
with particular relation to its failure in Parkinson's disease. 

Figure 5 outlines a hypothetical scheme whereby activation of particular 
DA neurons linked to particular Glu inputs might result in excitation of to­
pographically selected CP outputs. In this very crude scheme, the DA neuron 
(I) acts through Dl receptors to inhibit the GABA neuron (I), and the ACh 
neuron (I), but through a D2 receptor to activate the GABA neuron (II). The 

,------------- GLU 

GABA-' j 
(I) ~ 

_D_A_--:--t-_____ + • + ACh (I) .+0 SP/K -DYN (I) 
+ 

"------~+ Jl~: (III) 
ACh (11)_1 tACh (III), etc. 

I I Output neurons II, III, etc. 

Fig. 5. A hypothetical scheme of connections by which dopamine neurons might exert 
an antistatic effect. The + and - signs indicate the supposed effect (+ being excit­
ation or disinhibition and - being inhibition or a decrease in excitation) of stimula­
tion of the Glu tract. ACh neurons II, III, etc., would, in tum, each be presumed to 
have a similar system of activating DA/GABAB-Glu inputs. See text for details 
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GABA neuron (I) is supposed to exert a tonic inhibitory effect (through a 
GABAB receptor) on GIu release. Inhibition of the GAB A neuron (I) therefore 
results in the release of enough Glu to overcome the minor inhibitory effect of 
the DA on the ACh neuron (I); excitation of this neuron leads to excitation of 
the SP/K-DYN output (I). Meanwhile, the excitatory action ofDA on GABA 
neuron (II) through a D2 site results in inhibition of other ACh neurons (II, 
III, etc.), resulting in decreased excitation of output neurons II, III, etc., and 
of the GABA neuron (III). This latter action reinforces the effect on output I 
since it is dis inhibitory. Such an arrangement could lead to activation of only 
a selected output (I) and inhibition of others (II, III, etc.). DA agonists acting 
at both D j and D2 sites would inhibit ACh release, but the effects on GABA re­
lease would be slight or mixed, as would the effects on SP/K-DYN (see 
Sect. D). This scheme is in accord with the report that the striatonigral SP sys­
tem has opposite responses to D j and D2 agonists (SONSALLA et al. 1984). 

If the DA system failed, as in parkinsonism, movement commands would 
be lost unless "strong" enough to overcome the chronic GABAB inhibition. 
Giving a D j agonist would result in some excitation of the output neuron (I), 
but not as much as in the intact system, and would not result in the antistatic 
damping of other outputs. D2 agonists would be more beneficial because the 
antistatic effect would be in operation and any Glu-induced excitation of out­
put neuron (I) would be reinforced by disinhibition. This hypothetical scheme 
does not attempt to embrace all the neurotransmitters or intricacies, but is 
rather advanced as representing the type of complex diagrams that may have 
to be formulated as a basis for future work aimed at understanding the func­
tioning of the extrapyramidal system. 

F. Conclusions 

Much progress has been made in identifying tracts and neurotransmitters of 
the extrapyramidal system, but these advances have opened new vistas of 
complexity, not only with regard to the number of transmitters and intercon­
nected nuclei, but also with regard to factors such as subnuclear organization 
and species differences. Present indications are that the extrapyramidal sys­
tem is involved in other functions, as well as in movement control, but the 
mechanisms of its role even in that one important, and long-recognized, func­
tion remain unclear. 

G. Appendix: Mferents and Efferents 
of Extrapyramidal Nuclei 

The diagrams in this section (Fig. 6-12) are largely updated versions of those 
given in McGEER et al. (1984), and only additional references will be cited here. 
In these diagrams, the topographical patterns and possible species differences 
are ignored and some of the very minor tracts are omitted. Abbreviations for 
transmitters are given in Table 1. CP caudate-putamen; EP entopeduncular 
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nucleus (internal pallidum); GP globus pallidus (external pallidum); LC locus 
ceruleus and subceruleus; N. Ac nucleus accumbens; SN substantia nigra; 
RRA retrorubral area; VnGP ventral pallidum; VTA ventral tegmental (AIO) 
area; X unknown transmitter. X is only used where there is definite evidence of 
an unknown transmitter in the projection. Where more than one transmitter is 
indicated in a projection, the minor ones are enclosed in parentheses. Small 
superscript numbers refer to the notes given after the figures. In these notes, 
the abbreviations for the neurotransmitters are also used as adjectives, e.g., 
DA dopaminergic; ACh cholinergic. 

Fig. 6. Efferents of the caudate-putamen. (Notes see p. 134) 
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Fig. 7. Afferents to the caudate-putamen. (Notes see p. 134) 
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Fig. 8 a, b. Afferents (a) and efferents (b) of the globus pallidus. (Notes see p. 134) 
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Fig. 9. Efferents of the substantia nigra33 • (Notes see p. 134) 
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Fig. 10. Afferents to the substantia nigra33• (Notes see p. 134) 

Pyriform and 
prefrontal cortex 

Lateral 
hypothalamus 

RRA 

Hippocampus 

Raphe 

133 

CONTRALATERAL 
SIDE 

Posterior 
hypothalamus 

Tegmentum 

Amygdala 

VnGP 

LC 

Fig. 11. Afferents and efferents of the nucleus accumbens. (Notes see p. 134) 
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Fig. 12. AfTerents and efferents of the ventral pallidum. (Notes see p. 134) 

Notes on the Figures 
1 Intemeurons in the CP have been found to use ACh, GABA, and NPY/SOM (e.g., 
see CHESSELET and GRAYBIEL 1986; ADRIAN et al. 1983). IB236-positive neurons 
(BWOM et al. 1985) and some CCK-positive aspiny neurons (TAKAGI et al. 1984) have 
been reported in rat CP, and these may be intemeurons or projection neurons. 
2 A projection from caudate to VnGP has been shown (GROVE et al. 1986; BUCHWALD 
et al. 1986) and SP-positive axons seem to innervate ACh neurons of the VnGP/basal 
forebrain in humans (BEACH et al. 1987). 
3 Previously reported (in primates) differential distribution of ENK (mainly to GP) 
and SP/K-DYN (mainly to EP/SN) shown in the cat (BECKSTEAD and KERSEY 1985). 
The extent of collateralization is in question. For example, LOOPUIIT and VAN DER 
Kooy (1985) report that about 40 % of rat CP neurons projecting either to the GP or SN 
project to both, while PARENT et al. (1984) suggest that the striatopallidal and striatoni­
gral projections are largely distinct in the monkey. Loss of SP and ENK in the SN in 
three cases of striatopallidal infarction is evidence of these tracts in humans (PIORO et 
al. 1984). 
4 ENK neurons in the CP make multiple contacts, usually symmetric, on dendrites 
and perikarya of CP and GP neurons (SOMOGYI et al. 1982). 
5 The major sources of thalamic afferents to the CP are the various subdivisions of the 
intralaminar nuclei, but recent studies have shown that the CP also receives projec­
tions from other thalamic nuclei. The medial geniculate projects to portions of the pos­
terior CP and amygdala (LEDoux et al. 1986); the suprageniculate nucleus of the pos­
terior thalamus projects selectively to the medial and intermediate regions of the 
caudate nucleus in cats (Hu and JAYARAMAN 1986); and the projection from the medial 
subdivision of the posterior group of the thalamus (POM) goes mainly to the lateral 
half of the CP at midrostral-caudallevels (BECKSTEAD 1984). Retrograde tracing ex­
periments indicate that single intralaminar thalamic neurons project to the cerebral 
cortex, CP, and nucleus reticularis thalami (NRT) in the rat. Some neurons were also 
doubly labeled for collaterals to the cortex-CP, CP-NRT, and cortex-NRT (CESARO et 
al. 1985). 
6 Many neurons located in the GP and in the adjacent basal nucleus of Meynert (i.e., 
the VnGP) have branched axonal collaterals projecting to the neocortex and to the 
head of the caudate nucleus (FISHER et al. 1985). Retrograde tracing indicates a projec-
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tion to the head of the caudate from the substantia innominata in monkeys (ARIKUNI 
and KUBOTA 1984), and a topographical projection of GP cells to the CP in cats with 
the morphology of some of the neurons resembling the ACh neurons of the nucleus ba­
salis (JAYARAMAN 1983). 
7 Relatively small numbers of crossed projections to the CP come from cells which do 
not project ipsilaterally, but also occur in the SN and raphe (FISHER et al. 1984). PRIT­
ZEL et al. (1983) say that the crossed nigrostriatal projection comes from a small per­
centage of neurons which bifurcate in the general region of the thalamus. In the rat, 
93 % of the minor (1 %-2 %) contralateral mesostriatal pathway is reportedly DA (cf. 
CONSOLAZIONE et al. 1985), and 50 % of the neurons providing this crossed pathway also 
contain CCK (FALLON et al. 1983). 
8 Midbrain CCK-containing cells supply the posteromedial parts of the N. Ac and ol­
factory tubercle, as well as the subcommissural part of the CP. They also reach more 
rostral parts of the ventral striatum, including the rostrolateral olfactory tubercle. A 
second major CCK pathway, with possible origin in the piriform and medial prefrontal 
cortices and/or the amygdala, projects to the sub commissural CP, the olfactory tuber­
cle, the lateral part of the N.Ac, and the dorsal part of the bed nucleus of stria termina­
lis. Finally, the rostral part of the dorsal CP receives a substantial CCK innervation 
from the basal lateral amygdala, and possibly from the neocortex. According to radio­
immunologic data, the descending telencephalic CCK system accounts for about 60 % 
of all CCK in the rostral forebrain (ZABORSZKY et al. 1985). Lesion studies suggest that 
CCK/DA neurons of the ipsilateral VTA project to the frontal pole, piriform cortex, 
and N. Ac, but not to the CP. The CCK in the CP appears to arise from telencephalic 
structures (GILES et al. 1983). 
9 Retrograde tracing experiments indicate that the amygdala CP pathway is more ex­
tensive than previously believed, suggesting that the basolateral amygdala may serve as 
an important link between the limbic and extrapyramidal system. The basolateral 
amygdala projects to the dorsal lateral pre commissural CP, characterized recently as a 
"nonlimbic" region of the neostriatum (FASS et al. 1984). 
10 Studies on the effects of habenular stimulation or application of various agents to 
the raphe suggest that the lateral habenula controls 5-HT transmission in the basal 
ganglia, and that this regulation may be different for those 5-HT neurons innervating 
the CP compared with those projecting to the SN (REI SINE et al. 1982). 
11 Some lesion experiments suggest that tryptamine may be associated specifically 
with nigrostriatal neurons (JUORIO and GREENSHAW 1986). A small GABA projection 
from the SN to the CP has also been suggested (see Fig. 2), and FISHER et al. (1986) 
have used retrograde tracing plus GAD immunohistochemistry to indicate GABA in­
puts to the CP from the neocortex, SNR, and GP. 
12 Both HIS and non-HIS projections go from the posterior hypothalamus and prem­
amillary region to the CP. About 20 %-25 % of the HIS neurons in the nuclei caudalis 
magnocellularis and caudalis magnocellularis postmamillaris innervate the CP in the 
rat (STEINBUSCH et al. 1986). 
13 Most, if not all, non-5-HT neurons projecting from the dorsal raphe to the CP ap­
pear to be DA (DESCARRIES et al. 1986). 
14 The corticocaudate projections in the monkey are similar in laminar organization to 
the corti co cortical connections (ARIKUNI and KUBOTA 1986). 
15 VAN der Kooy and KOLB (1985) report the existence of a substantial population of 
small GP cells projecting to the cortex which are separate from the medium-size GP 
cells projecting to the subthalamus, and also distinct from the large ACh cells (VnGP) 
projecting to the cortex. They believe that the small cells are not ACh and some give 
off axonal collaterals to the paraventricular thalamic nucleus. 
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16 TAKADA et al. (1986) report that a population of GP neurons, distinct from the more 
predominant group projecting to the subthalamus, sends collaterals to the CP and to 
the paraventricular nucleus of the thalamus; this subpopulation may also send affer­
ents to the prefrontal/frontal cortex. 
17 Direct projections from the GP to the paraventricular nucleus ofthe thalamus in the 
rat have asymmetric axodendritic terminations (SUGIMOTO and HATTORI 1984). 
18 KrrAI and KrrA (1986). 
19 Electrical stimulation of the rat SN has both excitatory and inhibitory effects on 
neurons in the medullary reticular formation (DuGGAL and BARASI 1983). 
20 Electrophysiological evidence for reciprocal neuronal connections between the SN 
and the amygdala in the rat (BARASI and PAY 1980). 
21 In the cat, neurons projecting to the posterior thalamic nuclei are restricted to the 
pars lateralis of the SN (TAKADA et al. 1984). 
22 The degree of collateralization of SNR output neurons was examined by retrograde 
transport studies using different dyes in the thalamus, the superior colliculus, and the 
reticular formation in both monkey and cat (BECKSTEAD 1983; PARENT et al. 1983). 
23 Electron microscopic studies in lesioned cats indicate that the termination of SNR 
afferents to the superior colliculus is predominantly in the stratum griseum intermedi­
ale with a few in the stratum griseum profundum (WARTON et al. 1983). 
24 Physiological evidence that the nigrotegmental projection exerts an inhibitory influ­
ence on neurons located in a wide variety of nuclei of the midbrain-pontine dorsal 
tegmentum, including the pedunculopontine tegmental nucleus, the cuneiform nuc­
leus, the central gray substance, the parabrachial nucleus, and the tegmentum between 
the inferior colliculus and the central gray (NODA and OKA 1984, 1986). 
25 Using a fluorescent retrograde double-labeling technique, TAKADA and HATTORI 
(1986) found the existence of collateral SNC projections to the cingulate cortex and 
the CP in the rat. No labeled neurons were found in the VTA after tracer injections 
into the posterior cingulate cortex. 
26 Physiological evidence that the pedunculopontine-SNC path in the rat is excit­
atory (SCARNATI et al. 1984) and probably uses GIu/Asp (SCARNATI et al. 1986). 
27 The subthalamic projection to the SN forms asymmetric synapses on dendrites 
(CHANG et al. 1984). 
28 PARENT and DEBELLEFEUILLE (1983) report tracing studies on efferents from the in­
ternal pallidum (EP) and afferents to the SN in the monkey; the EP does not project to 
the SN. 
29 This SP/K projection has been hypothesized as of primary importance in Parkin­
son's disease (BARKER 1986), and a role in epilepsy has been suggested since antagon­
ists in the SN are anticonvulsants (GARANT et al. 1986). 
30 Stimulation of the lateral habenula inhibits DA neurons in both SN and VTA of the 
rat via a fasciculus retroflexus projection (CHRISTOPH et al. 1986). 
31 HOMMER et al. (1985) suggest a tract from the nucleus tractus solitari to the SN, pos­
sibly involving CCK; such a projection might serve to modulate rhythmic (day/night) 
differences in motor activity (cf. MCGEER et al. 1987). 
32 Further lesion evidence (LINDGREN and ANDEN 1985). 
33 Afferents and efferents of the EP are similar to those of the SNR; projections which 
are probably GABAergic go to the tegmentum (PARENT and DE BELLEFEUILLE 1983) 
and thalamus (PARENT and DE BELLEFEUILLE 1983; YAMAMOTO et al. 1985), and a 
mixed GABA and GABA/SOM projection (VINCENT and BROWN 1986) goes to the ha­
benula. 
34 Innervation of N. Ac to VnGP efferents by excitatory hippocampal afferents (YANG 
and MOGENSON 1985) and of same neurons in N.Ac by hippocampal and LC afferents 
(UNEMOTO et al. 1985). 
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35 Neurons projecting from the N.Ac to VTA-SN or VnGP are medium spiny neurons 
similar to those in the CP (CHANG and KrrAI 1985). NT is found in some of the ascend­
ing projections (KALIVAS and MILLER 1984). 
36 Lesion studies suggest that SP and ENK may occur in the N.Ac-VnGP tract (HABER 
and NAUTA 1983). 
37 MOGENSON et al. (1985). 
38 SWANSON et al. (1984) provide physiological evidence for both excitatory and inhibi­
tory inputs. 
39 ZABORSZKY et al. (1984). 
40 LEMANN and SAPER (1985) suggest an excitatory tract from cortex to VnGP. 
41 RYE et al. (1984). 
42 JACOBOWITZ and PALKOVITS (1974). 
43 PARENT et al. (1981). 
44 YANG and MOGENSON (1986). 
45 HARING and WANG (1986). 
46 WOOLF et al. (1986). 
47 YOUNG et al. (1984). 

References 

Adrian TE, Allen JM, Bloom SR, et al. (1983) Neuropeptide Y distribution in human 
brain. Nature 306:584-586 

Altar CA, Boyar WC, Marien MR (1986) 125I-LSD-Autoradiography confirms the pref­
erential localization of caudate-putamen S2 receptors to the caudal (peripallidal) 
region. Brain Res 372:130-136 

Arikuni T, Kubota K (1984) Substantia innominata projection to caudate nucleus in 
macaque monkeys. Brain Res 302:184-189 

Arikuni T, Kubota K (1986) The organization of prefrontocaudate projections and 
their laminar origin in the macaque monkey: a retrograde study using HRP. J. 
Comp Neurol 244:492-510 

Aronin N, Difiglia M, Graveland GA, Schwartz WJ, Wu J-Y (1984) Localization ofim­
munoreactive enkephalin in GABA synthesizing neurons of the rat neostriatum. 
Brain Res 300:376-380 

Aronin N, Chase K, Difiglia M (1986) Glutamic acid decarboxylase and enkephalin 
immunoreactive axon terminals in the rat neostriatum synapse with striatonigral 
neurons. Brain Res 365:151:158 

Azmitia E, Gannon P (1986) The primate serotonergic system: a review of human and 
animal studies and a report on Macacafascicularis. Adv Neurol 43:407-468 

Bannon MJ, Deutch AY, Tam S-Y et al. (1986a) Mild footshock stress dissociates sub­
stance P from substance K and dynorphin from Met- and Leu-enkephalin. Brain 
Res 381:393-396 

Bannon MJ, Lee JM, Giraud P, Young A, Affolter HU, Bonner TI (1986b) Dopamine 
antagonist haloperidol decreases substance P, substance K and preprotachykinin 
mRNAs in rat striatonigral neurons. J BioI Chem 261:6640-6642 

Barasi S, Pay S (1980) Electrophysiological investigation of the connection between 
the substantia nigra and the amygdala in rat. Neurosci Lett 17:265-269 

Barker R (1986) Substance P and Parkinson'S disease: a causal relationship? J. Theor 
BioI 120:353-362 



138 E. G. MCGEER and P. L. MCGEER 

Battaini F, Govoni S, Di Giovine S et al. (1986) Neurotensin effect on dopamine re­
lease and calcium transport in rat striatum: interactions with diphenylalkylamine 
calcium antagonists. Naunyn Schmiedebergs Arch Pharmacol 332:267-270 

Beach TG, McGeer EG (1984) The distribution of substance P in the primate basal 
ganglia: an immunohistochemical study of baboon and human brain. Neuro­
science 13:29-52 

Beach TG, Tago H, McGeer EG (1987) Light microscopic evidence for a substance P­
containing innervation of the human nucleus basalis of Meynert. Brain Res 
408:251-257 

Beal MF, Martin JB (1985) Regional catecholamine distribution and turnover in rat 
striatum. Brain Res 358:10-15 

Beal MF, Chattha GK, Martin JB (1986) A comparison of regional somatostatin and 
neuropeptide Y distribution in rat striatum and brain. Brain Res 377:240-245 

Beckstead RM (1983) Long collateral branches of substantia nigra pars reticulata ax­
ons to thalamus, superior colliculus and reticular formation in monkey and cat. 
Multiple retrograde neuronal labeling with fluorescent dyes. Neuroscience 
10:767-779 

Beckstead RM (1984) A projection to the striatum from the medial subdivision of the 
posterior group of the thalamus in the cat. Brain Res 300:351-356 

Beckstead RM (1985) ComplementarY mosaic distributions of thalamic and nigral ax­
ons in the caudate nucleus of the cat: double anterograde labeling combining au­
toradiography and wheat germ-HRP histochemistrY. Brain Res 335:153-159 

Beckstead RM, Kersey KS (1985) Immunohistochemical demonstration of differential 
substance P-, met-enkephalin-, and glutamic-acid-decarboxylase-containing cell 
body and axon distributions in the corpus striatum of the cat. J Comp Neurol 
232:481-498 

Belin MF, Nanopoulos D, Didier M et al. (1983) Immunohistochemical evidence for 
the presence of y-aminobutyric acid and serotonin in one nerve cell. A study on 
the raphe nuclei of the rat using antibodies to glutamate decarboxylase and sero­
tonin. Brain Res 275:329-339 

Besson M-J, Graybiel AM, Quinn B (1986) Coexistence of dynorphin B-like and sub­
stance P-like immunoreactivity in striatal neurons in the cat. Soc N eurosci Abstr 
12:876 

Bloom F, Battenberg E, Milner R, Sutcliffe J (1985) Immunocytochemical mapping of 
IB236, a brain-specific neuronal polypeptide deduced from the sequence of a 
cloned mRNA. J Neurosci 5:1781-1802 

Bolam JP, Ingham CA, Izzo PN et al. (1986) Substance P-containing terminals in syn­
aptic contact with cholinergic neurons in the neostriatum and basal forebrain; a 
double immunocytochemical study in the rat. Brain Res 397:179-289 

Bouyer JJ, Park DH, Joh TH, Pickel VM (1984a) Chemical and structural analysis of 
the relationship between cortical inputs and tyrosine hydroxylase-containing term­
inals in rat neostriatum. Brain Res 302:267-275 

Bouyer JJ, Miller RJ, Pickel VM (1984b) Ultrastructural relation between cortical ef­
ferents and terminals containing enkephalin-like immunoreactivity in rat neostria­
tum. Regul Pept. 8:105-115 

Brand S (1980) A comparison of the distribution of acetylcholinesterase and muscar­
inic cholinergic receptors in the feline neostriatum. Neurosci Lett 17:113-117 

Brodin E, Lindefors N, Dalsgaard CJ, Theodorsson-Norheim E, Rosell S (1986) Tachy­
kinin multiplicity in rat central nervous system as studied using antisera raised 
against substance P and neurokinin A. Regul Pept 13:253:272 



Biochemical Neuroanatomy of the Basal Ganglia 139 

Buchwald NA, Fisher RS, Ceped C, Hull CD, Levine MS (1986) Neurophysiological 
and morphological studies of nucleus basalis of Meynert neurons in the cat. XXX 
congress IUPS, Vancouver, Abstr 10:511.16 

Burton K, Farrell K, Li D, CaIne DB (1984) Lesions of the putamen and dystonia: CT 
and magnetic resonance imaging. Neurology (NY) 34:962-965 

Butcher SP, Roberts PJ, Collins J (1986) The distribution and function of DL­
pH]2-amino-4-phosphonobutyrate binding sites in the rat striatum. Brain Res 
381:305-313 

Carlson J, Heimer L (1986) The projection for the parataenial thalamic nucleus, as de­
monstrated by the Phaseo/us vu/garis-Ieucoagglutinin (PHA-L) method, identifies a 
sub territorial organization of the ventral striatum. Brain Res 374:375-379 

Cesaro P, Nguyen-Legros J, Pollin B, LaPlante S (1985) Single intralaminar thalamic 
neurons project to cerebral cortex, striatum and nucleus reticularis thalami. A ret­
rograde anatomical tracing study in the rat. Brain Res 325:29-37 

Chang HT, Kitai ST (1985) Projection neurons of the nucleus accumbens: an intracel­
lular labeling study. Brain Res 347:112-116 

Chang HT, Kita J, Kitai ST (1984) The ultrastructural morphology of the subthalamic­
nigral axon terminals intracellularly labeled with horseradish peroxidase. Brain 
Res 299:182-185 

Chesselet MF, Graybiel AM (1986) Striatal neurons expressing somatostatin-like im­
munoreactivity: evidence for a peptidergic interneuronal system in the cat. Neu­
roscience 17:547-571 

Christie MJ, Beart PM, J arrott B, Maccarrone C (1986) Distribution of neuropeptide Y 
in the rat basal ganglia; effect of excitotoxin lesions to caudate-putamen. Neurosci 
Lett 63:305-309 

Christoph G, Leonzio R, Wilcox K (1986) Stimulation of the lateral habenula inhibits 
dopamine-containing neurons in the substantia nigra and ventral tegmental area 
of the rat. J Neurosci 6:613-619 

Consolazione A, Bentivoglio M, Goldstein M, Toffano G (1985) Evidence for crossed 
catecholaminergic nigrostriatal projections by combining wheat germ agglutinin­
horseradish peroxidase retrograde transport and tyrosine hydroxylase immunocyto­
chemistry. Brain Res 338:140-143 

Consolo S., Sieklucka M, Florentini F, Forloni G, Ladinsky H (1986) Frontal decorti­
cation and adaptive changes in striatal cholinergic neurons in the rat. Brain Res 
363 :128-134 

Crawley IN, Hommer DW, Skirboll LR (1984) Behavioral and neurophysiological evi­
dence for a facilatory interaction between co-existing transmitters: cholecystokinin 
and dopamine. Neurochem. Int 6:755-760 

Cross AJ, Waddington JL (1980) PH] Quinuclidinyl benzylate and PH] GABA receptor 
binding in rat substantia nigra after 6-hydroxydopamine lesions. Neurosci Lett 
17:271-275 

Cumming P, von Krosigk M, Reiner PB, McGeer EG, Vincent SR (1986) Absence of 
adrenaline neurons in the guinea pig brain: a combined immunohistochemical 
and high-performance liquid chromatographic study. Neurosci Lett 63:125-130 

de Belleroche J, Gardiner 1M (1983) Action of apomorphine, bromocriptine and lergo­
trile on y-aminobutyric acid and acetylcholine release in nucleus accumbens and 
corpus striatum. J Neural Transm 58:153-168 

Descarries L, Berthelet F, Garica S et al. (1986) Dopaminergic projection from nucleus 
raphe dorsalis to neostriatum in the rat. J Comp NeuroI249:511-520 

Draper DD, Rothschild MF, Beitz DC, Christian LL (1984) Age- and genotype-de­
pendent differences in catcholamine concentrations in the porcine caudate nuc­
leus. Exp Gerontol 19:377-381 



140 E. G. MCGEER and P. L. MCGEER 

Dubois A, Scatton B (1985) Heterogeneous distribution of dopamine D2 receptors 
within the rat striatum as revealed by autoradiography of PH] N-n-propylnorapo­
morphine binding sites. Neurosci Lett 57:7-12 

Duggal KN, Barasi S (1983) Investigation of the connection between the substantia 
nigra and the medullary reticular formation in the rat. Neurosci Lett 36:237-242 

Fallon JF, Wang C, Kim Y, Canepa N, Loughlin J, Seroogy K (1983) Dopamine- and 
cholecystokinin-containing neurons of the crossed mesostriatal projection. Neu­
rosci Lett 40:233-238 

Fass B, Talbot K, Butcher LL (1984) Evidence that efferents from the basolateral 
amygdala innervate the dorsolateral neostriatum in rats. Neurosci Lett 44:71-75 

Faull RLM, Villinger JW (1986) Heterogeneous distribution of benzodiazepine recep­
tors in the human striatum: a quantitative autoradiographic study comparing the 
pattern of receptor labeling with the distribution of acetylcholinesterase staining. 
Brain Res 381:153-158 

Fisher RS, Shiota C, Levine MS, Hull CF, Buchwald NA (1984) Subcortical crossed 
axonal projections to the caudate nucleus of the cat: a double-labelling study. 
Neurosci Lett 51:25-30 

Fisher RS, Boylan MK, Hull CD, Buchwald NA, Levine MS (1985) Branched projec­
tions of pallidal and peripallidal neurons to neocortex and neostriatum: a double­
labeling study in the cat. Brain Res 326:156-159 

Fisher RS, Levine MS, Hull CD, Buchwald NA (1986) Extrinsic origin of GABAergic 
inputs to the neostriatum. XXX congress IUPS, Vancouver, Abstr no. 511.15 

Foote RW, Maurer R (1986) Opioid binding sites in the nigrostriatal system of the gui­
nea pig are not located on nigral dopaminergic neurons. Neurosci Lett 
65:341-345 

Freed CR, Yamamoto BK (1985) Regional brain dopaminergic metabolism: a marker 
for the speed, direction, and posture of moving animals. Science 229:62-65 

Freund T, Powell J, Smith A (1984) Tyrosine hydroxylase-immunoreactive boutons in 
synaptic contact with identified striatonigral neurons, with particular reference to 
dendritic spines. Neuroscience 13:1189-1215 

Fukui K, Kariyama H, Kashiba A, Kato N, Kimura H (1986) Further confirmation of 
heterogeneity of the rat striatum: different mosaic patterns of dopamine fibers af­
ter administration of methamphetamine or reserpine. Brain Res 382:81-86 

Garant D, Iadarola M, Gale K (1986) Substance P antagonists in substantia nigra are 
anticonvulsant. Brain Res 382:372-378 

Gaspar P, Berger B, Gay M et al. (1983) Tyrosine hydroxylase and methionine-enke­
phalin in the human mesencephalon. Immunocytochemical localization and rela­
tionships. J Neurol Sci 58:247-267 

Geiger JD (1986) Localization of PH] cyclohexyladenosine and PH] nitrobenzylthioin­
osine binding sites in rat striatum and superior colliculus. Brain Res 
363:404-408 

Gerfen CR (1984) The neostriatal mosaic: compartmentalization of corticostriatal in­
put and striatonigral output systems. Nature 311 :461-463 

Gerfen CR (1985) The neostriatal mosaic: compartmental distribution of calcium­
binding protein and parvalbumin in the basal ganglia of the rat and monkey. Proc 
Nat! Acad Sci USA 82:8780-8784 

Gerfen CR (1986) Compartmentation in the basal ganglia. 2nd Triennial symposium, 
International Basal Ganglia Society, Victoria, BC 

Giles C, Lotstra F, Vanderhaeghen J-J (1983) CCK nerve terminals in the rat striatal 
and limbic areas originate partly in the brain stem and partly in telencephalic 
structures. Life Sci 32:1683-1690 



Biochemical Neuroanatomy of the Basal Ganglia 141 

Girault JA, Spampinato U, Desban M et al. (1986) Enhancement of glutamate release 
in the rat striatum following electrical stimulation of the nigrothalamic pathway. 
Brain Res 374:362-366 

Glimsher PW, Margolin DH, Giovino AA, Hoebel BG (1984) Neurotensin: a new "re­
ward peptide". Brain Res 291:119-124 

Goedert M, Mantyh PW, Emson PC, Hunt SP (1984) Inverse relationship between 
neurotensin receptors and neurotensin-like immunoreactivity in cat striatum. Na­
ture 307:543-546 

Gorell JM, Czarnecki B (1986) Pharmacologic evidence for direct dopaminergic regu­
lation of striatal acetylcholine release. Life Sci 38:2239-2246 

Gorell JM, Czarnecki B, Hubbel S (1986) Functional antagonism of Dl and D2 dopam­
inergic mechanisms affecting striatal acetylcholine release. Life Sci 
38:2247-2254 

Graveland GA, Difiglia M (1985) The frequency and distribution of medium-sized 
neurons with indented nuclei in the primate and rodent neostriatum. Brain Res 
327:307-311 

Graybiel AM (1983) Compartmental organization of the mammalian striatum. Prog 
Brain Res 58:247-256 

Graybiel AM (1986) Neuropeptides in the basal ganglia. Res Publ Assoc Res Nerv 
Ment Dis 64:135-161 

Graybiel AM, Ragsdale CW (1978) Histochemically distinct compartments in the stri­
atum of human, monkey, and cat demonstrated by acetylthiocholinesterase stain­
ing. Proc Natl Acad Sci USA 75:5723-5726 

Graybiel AM, Ragsdale CW, Yoneoka ES, BIde RP (1981) An immunohistochemical 
study on enkephalins and other neuropeptides in the striatum of the cat with evi­
dence that the opiate pep tides are arranged to form mosaic patterns in register with 
the striosomal compartments visible by acetylcholinesterase staining. Neuro­
science 6:377-397 

Graybiel AM, Chesselet M-F, Wu J-Y, Eckenstein F, Joh TE (1983) The relation of 
striosomes in the caudate nucleus of the cat to the organization of early-develop­
ing dopaminergic fibers, GAD-positive neurons and CAT-positive neurons. Soc 
Neurosci Abstr 9:14 

Grove EA, Domesick VB, Nauta WJH (1986) Light microscopic evidence of striatal in­
put to intrapallidal neurons of cholinergic cell group Ch4 in the rat: a study em­
ploying the anterograde tracer Phaseolus vulgaris leucoagglutinin (PHA-L). Brain 
Res 367:379-384 

Haber SN, Nauta WJ (1983) Ramifications of the globus pallidus in the rat as indi­
cated by patterns of immunohistochemistry. Neuroscience 9:245-260 

Haber SN, Watson SJ (1985) The comparative distribution of enkephalin, dynorphin 
and substance P in the human globus pallidus and basal forebrain. Neuroscience 
14:1011-1024 

Haring JH, Wang RY (1986) The identification of some sources of afferent input to the 
rat nucleus basalis magnocellularis by retrograde transport of horseradish peroxi­
dase. Brain Res 366:152-158 

Hartgraves SL, Kelly PH (1985) Role of mesencephalic glycine in locomotor activity. 
Neurosci Lett 62:175-180 

Hattori T, Fibiger HC, McGeer PL (1975) Demonstration of a pallidonigral projection 
innervating dopaminergic neurons. J Comp NeuroI162:487-504 

Hattori T, Singh VK, McGeer PL (1976) Immunohistochemical localization of choline 
acetyltransferase-containing neostriatal neurons and their relationship with do­
paminergic synapses. Brain Res 102:164-173 



142 E. G. MCGEER and P. L. MCGEER 

Hattori T, McGeer PL, McGeer EG (1979) Dendroaxonic transmission. II. Morpholog­
ical sites for the synthesis, binding and release of neurotransmitters in dopaminer­
gic dendrites in the substantia nigra and cholinergic dendrites in the neostriatum. 
Brain Res 170:71-83 

Herkenham M, Pert CB (1981) Mosaic distribution of opiate receptors, parafascicular 
projections and acetylcholinesterase in rat striatum. Nature 291:415-417 

Hokfelt T, Skirboll L, Rehfeld JF, Goldstein M, Markey K, Dann 0 (1980) A subpopu­
lation of mesencephalic dopamine neurons projecting to limbic areas contains a 
cholecystokinin like peptide: evidence from immunohistochemistry combined 
with retrograde tracing. Neuroscience 5:2093-2124 

Hokfelt T, Everitt BJ, Theodorsson-Norheim E, Goldstein M (1984) Occurrence of 
neurotensinlike immunoreactivity in subpopulations of hypothalamic, mesence­
phalic, and meduallary catecholamine neurons. J Comp Neurol 222:543-559 

Holstein GR, Pasik P, Hamori J (1986) Synapses between GABA-immunoreactive ax­
onal and dendritic elements in monkey substantia nigra. Neurosci Lett 
66:316-322 

Hommer DW, Palkovits M, Crawley IN, Paul SM, Skirboll LR (1985) Cholecystokinin­
induced excitation in the substantia nigra; evidence for peripheral and central 
components. J Neurosci 5:1387-1392 

Hu H, Jayaraman A (1986) The projection pattern of the suprageniculate nucleus to 
the caudate nucleus in cats. Brain Res 368:201-203 

Illing RB, Graybiel AM (1985) Convergence of afferents from cortex and substantia 
nigra onto acetylcholinesterase-rich patches in superior colliculus. Neuroscience 
14:455-482 

Illing RB, Graybiel AM (1986) Complementary and non-matching afferent compart­
ments in the cat's superior colliculus: innervation of the acetylcholinesterase-poor 
domain of the intermediate gray layer. Neuroscience 18:373-394 

Inagaki S, Parent A (1984) Distribution of substance P and enkephalin-like immuno­
reactivity in the substantia nigra of rat, cat and monkey. Brain Res Bull 
13:319-329 

Ingham CA, Bolam JP, Smith AT (1986) Glutamate decarboxylate immunoreactive 
terminals in synaptic contact with basal forebrain neurons that project to neocor­
tex. Neurosci Lett [Suppl] 24:S9 

Innis RB, Andrade R, Aghajanian GK (1985) Substance K excites dopaminergic and 
non-dopaminergic neurons in rat substantia nigra. Brain Res 335:381-383 

Jacobowitz DM, Palkovits M (1974) Topographic atlas of catecholamine and acetyl­
cholinesterase-containing neurons in the rat brain. J Comp Neurol 157:12-28 

Jayaraman A (1983) Topographic organization and morphology of peri pallidal and pal­
lidal cells projecting to the striatum in cats. Brain Res 275:279-286 

Jiminez-Castellanos J, Graybiel AM (1985) The dopamine-containing innervation of 
striosomes; nigral subsystems and their striatal correspondents. Soc N eurosci 
Abstr 11:1249 

JimineZ-Castellanos J, Graybiel AM (1986) Innervation of striosomes and extrastrio­
somal matrix by different subdivisions of the midbrain A8-A9-A1O dopamine-con­
taining cell complex Soc Neurosci Abstr 12:1327 

Jones RS (1982) Tryptamine: a neuromodulator or neurotransmitter in mammalian 
brain? Prog NeurobioI19:117-139 

Joseph SA, Pilcher WH, Knogge KM (1985) Anatomy of the corticotropin-releasing 
factor and opiomelanocortin systems of the brain. Fed Proc 44:100-107 

Joyce IN, Loeschen SK, Marshall JF (1985) Dopamine D2 receptors in rat caUdate-put­
amen: the lateral to medial gradient does not correspond to dopaminergic innerva­
tion. Brain Res 338:209-218 



Biochemical Neuroanatomy of the Basal Ganglia 143 

Juorio AV, Greenshaw AJ (1986) Tryptamine depletion in the rat striatum following 
electrolytic lesions of the substantia nigra. Brain Res 371:385-389 

Kalivas PW, Miller JS (1984) Neurotensin neurons in the ventral tegmental area pro­
ject to the medial nucleus accumbens. Brain Res 300:157-160 

Kalivas PW, Taylor S (1985) Behavioral and neurochemical effects of daily injections 
of neurotensin in the ventral tegmental area. Brain Res 358:70-76 

Katsuura G, Hoh S, Hsiao S (1985) Specificity of nucleus accumbens to activities re­
lated to cholecystokinins in rats. Peptides (Fayetteville) 6:91-96 

Kerkerian L, Bosler 0, Pelletier G, Nieoullon A (1986) Striatal neuropeptide Y neu­
rons are under the influence of the nigrostriatal dopaminergic pathway: immuno­
histochemical evidence. Neurosci Lett 66:106-112 

Kitai ST, Kita H (1986) Subthalamic neurons and their afferents to the globus pallidus 
and the substantia nigra in the rat; anatomical and electrophysiological study. 2nd 
Triennial symp, International Basal Ganglia Society, Victoria, BC 

Kohler C, Radesater AC (1986) Autoradiographic visualization of dopamine D2 recep­
tors in the monkey brain using the selective benzamide drug pH]raclopride. Neu­
rosci Lett 66:85-90 

Korf J, Sebens JB, Flentge F, van der Werf JF (1985) Occupation of dopamine recep­
tors by N-n-propylnorapomorphine or spiperone and acetylcholine levels in the rat 
striatum. J Neurochem 44:314-318 

Kornhuber J, Kornhubet M (1986) Presynaptic dopaminergic modulation of cortical 
input to the striatum. Life Sci 39:669-674 

Kubota Y, Inagaki S, Kito S (1986a) Innervation of substance P neurons by catechol­
aminergic terminals in the neostriatum. Brain Res 375:163-167 

Kubota Y, Inagaki S, Kito S, Takagi H, Smith AD (1986b) Ultrastructural evidence of 
dopaminergic input to enkephalinergic neurons in rat neostriatum. Brain Res 
367:374-378 

LeDoux JE, Sakaguchi A, Iwata J, Reis DJ (1986) Interruption of projections from the 
medial geniculate body to an archi-neostriatal field disrupts the classical condi­
tioning of emotional responses to acoustic stimuli. Neuroscience 17:615-627 

Lee JM, McLean S, Maggio JE et al. (1986) The localization and characterization of 
substance P and substance K in striatonigral neurons. Brain Res 371:152-154 

Lemann W, Saper CB (1985) Evidence for a cortical projection to the magnocellular 
basal nucleus in the rat: an electron microscopic axonal transport study. Brain Res 
334:339-343 

Lindefors N, Brodin E, Ungerstedt U (1986) Neuroleptic treatment induces region-spe­
cific changes in levels of neurokinin A and substance P in rat brain. Neuropeptides 
7:265-280 

Lindgren S, Anden N-E (1985) Effect ofthe normal nerve impulse flow on the synthe­
sis and utilization of GABA in the rat substantia nigra. J Neural Transm 
61:21-34 

Loopuijt LD, van der Kooy D (1985) Organization of the striatum; collateralization of 
its efferent axons. Brain Res 348:86-90 

Mantyh PW, Hunt SP (1986) Changes in PH] substance P receptor binding in the rat 
brain after kainic acid lesion of the corpus striatum. J Neurosci 6:1537-1544 

Markstein R, Hokfelt T (1984) Effect of cholecystokinin-octapeptide on dopamine re­
lease from slices of cat caudate nucleus. J Neurosci 4:570-575 

Marshall JF, Van Oordt K, Kozlowski MR (1983) Acetylcholinesterase associated with 
dopaminergic innervation of the neostriatum: histochemical observations of a he­
terogeneous distribution. Brain Res 274:283-289 



144 E. G. McGEER and P. L. McGEER 

McCormack JK, Beitz AJ, Larson AA (1986) Autoradiographic localization of trypta­
mine binding sites in the rat and dog central nervous system. J Neurosci 
6:94-101 

McGeer EG, Staines WA, McGeer PL (1984) Neurotransmitters in the basal ganglia 
Can J Neurol Sci 11:89-99 

McGeer EG, Norman M, Boyes B, O'Kusky J, Suzuki J, McGeer PL (1985) Acetylcho­
line and aromatic amine systems in postmortem brain of an infant with Down's 
syndrome. Exp Neurol 87:557-570 

McGeer PL, McGeer EG, Innanen VT (1979) Dendroaxonic transmission. I. Evidence 
from receptor binding of dopaminergic and cholinergic agents. Brain Res 
169:433-441 

McGeer PL, Eccles JC, McGeer EG (1987) Molecular Neurobiology of the Mammalian 
Brain, 2nd ed. Plenum, New York 

Melis MR, Gale K (1984) Evidence that nigral substance P controls the activity of the 
nigrotectal GABAergic pathway. Brain Res 295:389-393 

Mennini T, Gobbi M, Romndini S (1986) Localization of GABA-A and GABA-B re­
ceptor subtypes on serotonergic neurons. Brain Res 371:372-375 

Meyer G, Wahle P (1986) The olfactory tubercle of the cat. I. Morphological compo­
nents. Exp Brain Res 62:515-527 

Mitchell PR, Doggett NS (1980) Modulation of striatal PH]glutamic acid release by 
dopaminergic drugs. Life Sci 26:2073-2081 

Mogenson GJ, Swanson LW, Wu M (1985) Evidence that projections from substantia 
innominata to zona incerta and mesencephalic locomotor region contribute to loc­
omotor activity. Brain Res 334:65-76 

Mori S, Ueda S, Yamada H, Takino T, Sano Y (1985) Immunohistochemical demon­
stration of serotonin nerve fibers in the corpus striatum of the rat, cat and monkey. 
Anat Embryol (Bed) 173:1-5 

Nastuk M, Graybiel M (1985) Patterns of muscarinic cholinergic binding in the stria­
tum and their relation to dopamine islands and striosomes. J Comp Neurol 
237:176-194 

Nauta HJW (1979) A proposed conceptual reorganization of the basal ganglia and tel­
encephalon. Neuroscience 4:1875-1881 

Nawa H, Doteuchi M, Igano K, Inouye K, Nakanmishi S (1984) Substance K: a novel 
mammalian tachykinin that differs from substance P in its pharmacological pro­
file. Life Sci 34:1153-1160 

Neve KA, Altar CA, Wong CA, Marshall JF (1984) Quantitative analysis of PH] spiro­
peridol binding to rat forebrain sections: plasticity of neostriatal dopamine recep­
tors after nigrostriatal injury. Brain Res 302:9-18 

Noda T, Oka H (1984) Nigral inputs to the pedunculopontine region: intracellular an­
alysis. Brain Res 322:332-336 

Noda T, Oka H (1986) Distribution and morphology of tegmental neurons receiving 
nigral inhibitory inputs in the cat: an intracellular HRP study. J Comp Neurol 
244:254-266 

Oblin A, Zivkovic B, Bartholini G (1984) Involvement of the D2 dopamine receptor in 
the neuroleptic-induced decrease in nigral substance P. Eur J Pharmacol 
105:175-177 

Oertel WH, Riethrnuller G, Mugnaini E et al. (1983) Opioid peptide-like immunoreac­
tivity localized in gabaergic neurons of rat neostriatum and central amygdaloid 
nucleus. Life Sci 33(Suppl 1):73-76 

Oertel WH, Nitsch C, Mugnaini E (1984) Immunocytochemical demonstration of the 
GABA-ergic neurons in rat globus pallidus and nucleus entopeduncularis and 
their GABA-ergic innervation. Adv NeuroI40:91-98. 



Biochemical Neuroanatomy of the Basal Ganglia 145 

Palacios JM (1986) Dopamine receptor disputes. Nature 323:205 
Palacios JM, Kuhar MJ (1981) Neurotensin receptors are located on dopamine con­

taining neurons in rat midbrain. Nature 294:587-589 
Parent A, DeBellefeuille L (1983) The pallidointralaminar and pallidonigral projec­

tions in primate as studied by retrograde double-labeling method. Brain Res 
278:11-27 

Parent A, Descarries L, Beaudet A (1981) Organization of ascending serotonin systems 
in the adult rat brain. A radiographic study after intraventricular administration of 
PH] 5-hydroxytryptamine. Neuroscience 6:115-138 

Parent A, Mackey A, Smith Y, Boucher R (1983) The output organization of the sub­
stantia nigra in primate as revealed by a retrograde double labeling method. Brain 
Res Bull 10:529-537 

Parent A, Bouchard C, Smith Y (1984) The striatopallidal and striatonigral projections: 
two distinct fiber systems in primate. Brain Res 303:385-390 

Parker E, Cubeddu L (1986) Effects of d-amphetamine and dopamine synthesis inhibi­
tors on dopamine and acetylcholine neurotransmission in the striatum. J Pharma­
col Exp Ther 237:179-203 

Pasik P, Pasik T, Pecci-Saavedra J, Holstein G, Yahr M (1984) Serotonin in pallidal 
neuronal circuits: an immunocytochemical study in monkeys. Adv Neurol 
40:63-76 

Penny GR, Afsharpour S, Kitai ST (1986) The glutamate decarboxylase-, leucine enke­
phalin-, methionine enkephalin- and substance P-immunoreactive neurons in the 
neostriatum of the rat and cat: evidence for partial population overlap. Neuro­
science 17:1011-1045 

Phelps PE, Houser CR, Vaughn JE (1985) Immunocytochemical localization of cho­
line acetyltransferase within the rat neostriatum: a correlated light and electron 
microscopic study of cholinergic neurons and synapses. Neurology (NY) 
238:286-307 

Pioro EPJ, Hughes IT, Cuello AC (1984) Loss of substance P and enkephalin immuno­
reactivity in the human substantia nigra after striato-pallidal infarction. Brain Res 
292:339-347 

Pinnock RD (1985) Neurotensin depolarizes substantia nigra dopamine neurones. 
Brain Res 338:151-154 

Porceddu ML, Imperato A, Melis MR, Di Chiara G (1983) Role of ventral mesence­
phalic reticular formation and related noradrenergic and serotonergic bundles in 
turning behavior as investigated by means of kainate, 6-hydroxydopamine and 
5,7-dihydroxytryptamine lesions. Brain Res 262:187-200 

Porceddu ML, Giogi 0, Ongini E et al. (1986) PH] SCH 23390 binding sites in the rat 
substantia nigra: evidence for a presynaptic localization and innervation by dopa­
mine. Life Sci 39:321-328 

Pritzel M, Sarter M, Morgan S, Huston JP (1983) Interhemispheric nigrostriatal projec­
tions in the rat: bifurcating nigral projections and loci of crossing in the dience­
phalon. Brain Res Bull 10:385-390 

Quirion R, Dam TV (1985) Multiple tachykinin receptors in guinea pig brain. High 
densities of substance K (neurokinin A) binding sites in the substantia nigra. Neu­
ropeptides 6:191-204 

Quirion R, Chiueh CC, Everist HD, Pert A (1985) Comparative localization of neuro­
tensin receptors on nigrostriatal and mesolimbic dopaminergic terminals. Brain 
Res 327:385-389 

Rea MA, Simon JR (1981) Regional distribution of cholinergic parameters within the 
rat striatum. Brain Res 219:317-326 



146 E. G. MCGEER and P. L. MCGEER 

Reisine TD, Soubrie P, Artaud F, Glowinski J (1982) Involvement of lateral habenula­
dorsal raphe neurons in the differential regulation of striatal and nigral serotoner­
gic transmission in cats. J N eurosci 2: 1062 -1071 

Ritter JK, Schmidt CJ, Gibb JW, Hanson GR (1984) Increases of substance P-like im­
munoreactivity within striatal-nigral structures after subacute methamphetamine 
treatment. J Pharmacol Exp Ther 229:487-492 

Ritter JK, Schmidt CJ, Gibb JW, Hanson GR (1985) Dopamine-mediated increases in 
nigral substance P-like immunoreactivity. Biochem Pharmacol 34:3161-3166 

Ross CD, Godfrey DA (1985) Distributions of choline acetyltransferase and acetylcho­
linesterase activities in layers of rat superior colliculus. J Histochem Cytochem 
33:631-641 

Rouzaire-Dubois B, Scamati E (1985) Bilateral corti co subthalamic projections: an 
electrophysiological study in rats with chronic cerebral lesions. Neuroscience 
15:69-79 

Rye DB, Wainer BH, Mesulam M-M, Mufson EJ, Saper CB (1984) Cortical projections 
arising from the basal forebrain: a study of cholinergic and noncholinergic compo­
nents employing combined retrograde tracing and immunohistochemicallocaliza­
tion of choline acetyltransferase. Neuroscience 13:627-643 

Sandell JH, Graybiel AM, Chesselet M-F (1986) A new enzyme marker for striatal 
compartmentalization: NADPH diaphorase activity in the caudate nucleus and 
putamen of the cat. Neurology (NY) 243:326-334 

Savasta M, Dubois A, Scatton B (1986) Autoradiographic localization of D1 dopamine 
receptors in the rat brain with PH]SCH23390. Brain Res 375:291-301 

Scamati E, Campana E, Pacitti C (1984) Pedunculopontine-evoked excitation of sub­
stantia nigra neurons in the rat. Brain Res 304:351-361 

Scamati E, Proia A, Campana E, Pacitti C (1986) A micro iontophoretic study on the 
nature of the putative synaptic neurotransmitter involved in the pedunculopon­
tine-substantia nigra pars compacta excitatory pathway of the rat. Exp Brain Res 
62:470-478 

Shivers B, Harlan R, Romano G, Howells R, Pfaff D (1986) Cellular localization of 
proenkephalin mRNA in rat brain: gene expression in the caudate-putamen and 
cerebellar cortex. Proc Natl Acad Sci USA 83:6221-6225 

Singer E (1984) Zur Wechselwirkung der Neuropeptide Substanz P und Neurotensin 
mit zentralen Monoamintransmittersystemen. Wien Klin W ochenschr 
96:809-816 

Sivam S, Hong J-S (1986) GABAergic regulation of enkephalin in rat striatum: altera­
tions in Met5-enkephalin level, precursor content and preproenkephalin messenger 
RNA abundance. J Pharmacol Exp Ther 37:326-331 

Skofitsch G, Jacobowitz DM (1985a) Autoradiographic distribution of 1251 calcitonin 
gene-related peptide binding sites in the rat central nervous system. Peptides (Fay­
etteville) 4:975-986 

Skofitsch G, Jacobowitz DM (1985b) Immunohistochemical mapping of galanin-like 
neurons in the rat central nervous system. Peptides (Fayetteville) 6:509-546 

Smith Y, Parent A (1986a) Neuropeptide Y-immunoreactive neurons in the striatum 
of cat and monkey; morphological characteristics, intrinsic organization and co­
localization with somatostatin. Brain Res 372:241-252 

Smith Y, Parent A (1986b) Differential connections of caudate nucleus and putamen 
in the squirrel monkey (Saimiri sciureus). Neuroscience 18:347-371 

Somogyi P, Prestley JV, Cuello AC, Smith AD, Takagi H (1982) Synaptic connections 
of enkephalin-immunoreactive nerve terminals in the neostriatum: a correlated 
light and electron microscopic study. J Neurocytolll:779-807 



Biochemical Neuroanatomy of the Basal Ganglia 147 

Sonsalla P, Gibb J, Hanson G (1984) Opposite responses in the striato-nigral sub­
stance P system to Dl and D2 receptor activation. Eur J PharmacoI105:185-187 

Steinbusch HWM, Sauren Y, Groenewegen H, Watanabe T, Mulder AH (1986) His­
taminergic projections from the premammillary and posterior hypothalamic region 
to the caudate-putamen complex in the rat. Brain Res 368:389-393 

Studler JM, Reibaud M, Tramu G, Blanc G, Glowinski J, Tassin JP (1985) Distinct 
properties of cholecystokinin-8 and mixed dopamine-cholecystokinin-8 neurons 
innervating the nucleus accumbens. Ann NY Acad Sci 457:306-314 

Sugimoto T, Hattori T (1984) Direct projections from the globus pallidus to the para­
ventricular nucleus of the thalamus in the rat. Brain Res 323:188-192 

Suzuki H, Ghatei MA, Reynolds GP, Anand P, Bloom SR (1986) Regional distribu­
tion of a novel peptide (P7 of IB236) immunoreactivity in the human central ner­
vous system. Neurosci Lett 67:58-62 

Swanson LW, Mogenson GJ, Gerfen CR, Robinson P (1984) Evidence for a projection 
from the lateral preoptic area and substantia innominata to the "Mesencephalic 
locomotor region" in the rat. Brain Res 295:161-178 

Taber-Pierce E, Lichtenstein E, Feldman SC (1985) The somatostatin systems of the 
guinea-pig brainstem. Neuroscience 15:215-235 

Takada M, Hattori T (1986) Collateral projections from the substantia nigra to the cin­
gulate cortex and striatum in the rat. Brain Res 380:331-335 

Takada M, Hoh K, Yasui Y, Sugimoto T, Mizuno N (1984) Direct projections from the 
substantia nigra to the posterior thalamic regions in the cat. Brain Res 
309:143-146 

Takada M, Ng G, Hattori T (1986) Single pallidal neurons project both to the striatum 
and thalamus in the rat. Neurosci Lett 69:217-220 

Takagi H, Mizuta H, Matsuda T, Inagaki S, Tateishi K, Hamaoka T (1984) The occur­
rence of cholecystokinin-like immunoreactive neurons in the rat neostriatum: light 
and electron microscopic analysis. Brain Res 309:346-349 

Totterdell S, Bolam J, Smith A (1984) Characterization ofpallidonigral neurons in the 
rat by a combination of Golgi impregnation and retrograde transport of horserad­
ish peroxidase: their monosynaptic input from the neostriatum. J Neurocytol 
13:593-616 

Trugman J, Geary WII, Wooten G (1986) Localization ofD2 dopamine receptors to in­
trinsic striatal neurones by quantitative autoradiography. Nature 323:267-269 

Unemoto H, Sasa M, Takaori S (1985) A noradrenaline-elicited inhibition from locus 
coeruleus of nucleus accumbens neuron receiving input from hippocampus. Jpn J 
Pharmacol 39:233-239 

Upchurch M (1985) Evidence for species differences between rats and gerbils in stria­
tal dopamine content and dopamine metabolism. Neurosci Lett 59:159-163 

Van den Pol AN, Smith AD, Powell JF (1985) GABA axons in synaptic contact with 
dopamine neurons in the substantia nigra: double immunocytochemistry with bi­
otin-peroxidase and protein A-colloidal gold. Brain Res 348:146-154 

Van der Kooy D, Kolb B (1985) Non-cholinergic globus pallidus cells that project to 
the cortex but not to the subthalamic nucleus in the rat. Neurosci Lett 
57:113-118 

Vincent SR, Brown JC (1986) Somatostatin immunoreactivity in the entopeduncular 
projection to the lateral habenula in the rat. Neurosci Lett 68:160-164 

Vincent SR, Johansson 0 (1983) Striatal neurons containing both somatostatin and 
avian pancreatic polypeptide (APP)-like immunoreactivities and NADPH-diapho­
rase activity: a light and electron microscopic study. J Comp Neurol 
217:264-270 



148 E. G. MCGEER and P. L. MCGEER 

Voigt MM, Wang RY, Westfall TC (1985) The effects of cholecystokinin on the in vivo 
release of newly synthesized PH] dopamine from the nucleus accumbens of the rat. 
J Neurosci 5:2744-2749 

Wahle P, Meyer G (1986) The olfactory tubercle of the cat. II. Immunohistochemical 
compartmentation. Exp Brain Res 62:528-540 

Warton S, Jones DG, Ilinsky lA, Kultas-Ilinsky K (1983) Nigra and cerebellar synaptic 
terminals in the intermediate and deep layers of the cat superior colliculus re­
vealed by lesioning studies. Neuroscience 10:789-800 

Waszczak BL, Walters JR (1986) Endogenous dopamine can modulate inhibition of 
substantia nigra pars reticulata neurons elicited by GABA iontophoresis or striatal 
stimulation. J Neurosci 6:120-126 

Widmann R, Sperk G (1986) Topographical distribution of amines and major amine 
metabolites in the rat striatum. Brain Res 367:244-249 

Wiener SL (1986) Laminar distribution and patchiness of cytochrome oxidase in 
mouse superior colliculus. J Comp NeuroI244:137-148 

Williams MN, Faull RLM (1985) The striatonigral projection and nigrotectal neurons 
in the rat, a correlated light and electron microscopic study demonstrating a mo­
nosynaptic striatal input to identified nigrotectal neurons using a combined degen­
eration and horseradish peroxidase procedure. Neuroscience 14:991-1010 

WoolfNJ, Hemit MC, Butcher LL (1986) Cholinergic and non-cholinergic projections 
from the rat basal forebrain revealed by combined choline acetyltransferase and 
Phaseolus vulgaris leucoagglutinin immunohistochemistry. Neurosci Lett 
66:281-286 

Yamamoto T, Samejima A, Oka H (1985) An intracellular analysis of the entopedun­
cular inputs on the centrum medianum-parafascicular nuclear complex in cats. 
Brain Res 348:343-347 

Yang CR, Mogenson GJ (1985) An electrophysiological study of the neural projections 
from the hippocampus to the ventral pallidum and the subpallidal areas by way of 
the nucleus accumbens. Neuroscience 15:1015-1024 

Yang CR, Mogenson GJ (1986) Hippocampal signal transmission to the mesence­
phalic motor region (MRL). XXX congress IUPS, Vancouver, Abstr no. 511.04 

Young WS III, Alheid GF, Heimer L (1984) The ventral pallidal projection to the me­
diodorsal thalamus: a study with fluorescent retrograde tracers and immunohisto­
fluorescence. J Neurosci 4:1626-1638 

Zaborszky L, Leranth CS, Heimer L (1984) Ultrastructural evidence on amygdalofugal 
axons terminating on cholinergic cells of the rostral forebrain. Neurosci Lett 
52:219-225 

Zaborszky L, Alheid B, Beinfeld MC, Eiden LE, Heimer L, Palkovits M (1985) Chole­
cystokinin innervation of the ventral striatum: a morphological and radioimmuno­
logical study. Neuroscience 14:427 -453 

Zahm DS, Heimer L (1985) Synaptic contacts of ventral striatal cells in the olfactory 
tubercle of the rat: correlated light and electron microscopy of anterogradely trans­
ported Phaseolus vulgaris-leucoagglutinin. N eurosci Lett 60: 169-175 

Zahm DS, Zaborszky L, Alones VE, Heimer L (1985) Evidence for the coexistence of 
glutamic decarboxylase and Met-enkephalin immunoreactivities in axon terminals 
of rat ventral pallidum. Brain Res 325:317-321 

Zivkovic B, Oblin A, Bartholini G (1985) Progabide reverses the nigral substance P re­
duction induced by chronic impairment of dopaminergic transmission. Eur J 
Pharmacol 112:253-255 



CHAPTER 4 

Receptors in the Basal Gangl~a 

A. B. YOUNG and J. B. PENNEY 

A. Introduction 

The study of both presynaptic and postsynaptic markers of neurotransmitter 
systems in the basal ganglia has afforded a great deal of information about the 
function of specific neuronal pathways in health and disease. In Parkinson's 
disease, the emphasis has been on the study of dopamine presynaptic and 
postsynaptic elements. Other neurotransmitter abnormalities, however, have 
been observed in this and other basal ganglia diseases. This chapter will focus 
on the normal distribution of neurotransmitter receptors in human basal 
ganglia and the receptor abnormalities observed in Parkinson's disease. 

B. Neurotransmitter Receptor Properties 

A receptor is defined as the macromolecule in the neuronal membrane with 
which a hormone or neurotransmitter substance interacts to initiate the trans­
duction of either a biochemical or electophysiologic signal in the receiving 
cell. The interaction of a hormone or neurotransmitter with its receptor does 
not result in any degradation or modification of the signaling agent, as would 
occur with the substrate for an enzyme reaction. Basically, receptor-ligand 
interactions can be measured in two different ways. One way is direct mea­
surement of the biologic response (electrical, behavioral, or biochemical) to a 
receptor agonist or antagonist ligand. The other way is direct measurement of 
the binding of the ligand to a biologic preparation. By either method a li­
gand-receptor interaction should be defined by its saturability, pharmaco­
logic and physiologic specificity, and its reversibility (yOUNG et al. 1985). 
Since the receptor molecules mediate the effects of the neurohormone or neu­
rotransmitter, it is important to study changes in these receptor molecules in 
various disease states in order to understand the pathophysiology of the disor­
ders. 

Traditional biochemical measures of neurotransmitter receptors have ex­
amined the binding of high specific activity radio labeled drugs or ligands to 
membrane homogenates from various regions of the brain or other tissues 
(yOUNG et al. 1985). Membrane fractions are incubated in various buffer solu­
tions in the presence of low concentrations of radioactive compounds. After 
the binding of the ligand with the receptor has equilibrated, the membranes 
are separated from the rest of the incubation medium, either by rapid filtra-
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tion, rapid centrifugation, or by chromatography. In all binding assays, the 
ionic conditions in the buffer medium, the temperature of the assays, the 
presence of various enzyme inhibitors, and the actual membrane concentra­
tion can greatly affect the magnitude and extent of binding. In assessing stud­
ies of receptors in animal or human tissues, it is necessary to compare the var­
ious measurement techniques before coming to a conclusion. In addition, 
there are very few pharmacologic agents which interact solely with one type of 
neurotransmitter receptor. It is therefore necessary to carry out detailed phar­
macological studies to demonstrate that the measured binding in a particular 
assay does in fact represent a selective group of binding sites. 

Autoradiographic techniques have been developed to look at both the bio­
chemistry and pharmacology of receptor binding, as well as the anatomy and 
localization of the binding sites (yOUNG and KUHAR 1979; HERKENHAM and 
PERT 1981; PENNEY et al. 1981). These methods have allowed measurements of 
receptors in very small regions of the brain that could not be measured accu­
rately by homogenate techniques. 

c. Dopamine Receptors 

I. Properties and Subtypes (Table 1) 

The interaction of dopamine with its receptors has been measured by behav­
ioral, electrophysiological, and biochemical techniques. Behavioral studies 
have assessed the effect of drugs on rotation after unilateral nigrostriatal le­
sions, or on locomotor behaviors and stereotypies induced by drugs (UNGER­

STEDT 1971; PUNENBERG et al. 1975; QUINTON and HALLIWELL 1963; RANDup et 
al. 1963; UNGERSTEDT 1979). These behavioral models allow the screening of 
large numbers of agonists and antagonists with relative ease. 

Table 1. Dopamine receptor properties 

Property D1receptor D2 receptor 

Effect on adenylate cyclase Stimulates Inhibits 
Number of affinity states 2 2 
Affinity for high affinity state 

Dopamine nM nM 
Ergot agonists Inhibit cyclase nM 
Phenothiazines nM pM 
Thioxanthenes nM nM 
Benzamides >lOIlM nM 
Butyrophenones 11M pM 
SKF-38393 nM 11M 
SCH-23390 nM 11M 

Effect of guanine nucleotides Decreases DA affinity Decreases DA affinity 
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The first biochemical measures of the dopamine receptor examined the ef­
fects of dopaminergic drugs on cyclic AMP formation in striatal slices (KE­
BABIAN et al. 1972). Dopamine was found to increase cyclic AMP by stimulat­
ing adenylate cyclase. Although this stimulation was blocked by dopamine 
antagonists, the pharmacology of dopamine's effects in this assay differed sub­
stantially from the pharmacology of the dopaminergic drugs in rotation stud­
ies. Furthermore, the clinical potency of various antischizophrenic drugs was 
found to correlate well with their potency in the rotation assay and their affin­
ity in membrane binding assays, but not as well with their potency in blocking 
activation of adenylate cyclase (SEEMAN et al. 1975, 1976; CREESE et al. 1976, 
1977). 

Subsequently, membrane binding studies using radioactively labeled dop­
amine agonists and antagonists have demonstrated two types of binding sites 
in striatal membranes (GRIGORIADIS and SEEMAN 1984; LEFF and CREESE 
1983; STOOF and KEBAB IAN 1984). One site has a pharmacology very similar to 
that of the dopamine-stimulated adenylate cyclase, and is called the D1 recep­
tor subtype (KEBAB IAN and CALNE 1979). The other binding site has a pharma­
cology resembling the pharmacology of neuroleptic potency in the treatment 
of schizophrenia and in modifying rotational behaviors in animals. This latter 
site is called the D2 receptor subtype (GRIGORIADIS and SEEMAN 1984; LEFF 
and CREESE 1983; STOOF and KEBABIAN 1984). Recent studies suggest that 
agonist stimulation of the D2 receptor actually results in the inhibition of ad­
enylate cyclase in striatal and pituitary membranes (GRIGORIADIS and SEEMAN 
1984; LEFF and CREESE 1983; ONALI et al. 1985). Some have thought that the 
two receptors occur together in the same membrane, one to stimulate and the 
other to inhibit adenylate cyclase. Lesion studies, however, have suggested 
that at least some D1 receptors are located on presynaptic terminals whereas 
D2 receptors appear to exist postsynaptically in the striatum, but also on the 
somata and dendrites of substantia nigra dopamine neurons (DUBOIS et al. 
1986; DAWSON et al. 1986; FILLOUX et al. 1986; HERRERA-MARSCHITZ and UN­
GERSTED 1984; SPANO et al. 1977). For several years, investigators believed 
there were two additional binding sites, which were termed the D3 and D4 
binding sites. However, it is currently believed that these two binding sites 
merely represented high affinity states of the D1 and D2 receptors (LEFF and 
CREESE 1983; GRIGORIADIS and SEEMAN 1984). 

The behavioral consequences of D1 receptor-induced activation of adeny­
late cyclase are poorly defined. However, they appear to have many similari­
ties to those of D2 activation (although important differences also exist) (BA­
RONE et al. 1986; CHRISTENSEN et al. 1984). With the recent development of 
selective D1 agonists and antagonists, specific Drinduced behaviors can now 
be defined. The low affinity state of the D1 receptor has micromolar affinity 
for dopamine and the high affinity state has nanomolar affinity for dopamine 
(LEFF and CREESE 1983; GRIGORIADIS and SEEMAN 1984). Thioxanthenes 
(such as cis-flupenthixol) have nanomolar affinity for blocking the D1 recep­
tor, whereas butyrophenones (such as haloperidol and spiroperidol) have mic­
romolar affinity for blocking the D1 receptor, while benzamides (such as sulpi­
ride) are nearly inactive (GRIGORIADIS and SEEMAN 1984; STOOF and KEBABIAN 
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1984). Specific antagonists at the D} site include SCH-23 390 and SKF-83 566 
(HYTfEL et al. 1983; STOOF and KEBABIAN 1984). Selective D} agonists include 
dihydroxynomifensine and SKF-38393. Labeled SCH-23390 appears to be 
the most specific D} receptor ligand currently available (ANDERSON et al. 1985; 
HYTfEL 1983). 

D2 receptors have very high affinity (nanomolar range) for all neuroleptics 
(butyrophenones, benzamides, and phenothiazines) (LEFF and CREESE 1983; 
GRIGORIADIS and SEEMAN 1984). The high affinity state of the D2 receptor has 
nanomolar affinity for dopamine, and the low affinity state, micromolar affin­
ity (GRIGORIADIS and SEEMAN 1984). The D2 receptor inhibits adenylate cyc­
lase in the pituitary and striatum (LEFF and CREESE 1983; GRIGORIADIS and 
SEEMAN 1984). Drugs that act at the D2 site result in marked behavioral effects 
in animals (rotation, locomotion, anti parkinsonian action, psychotomimetic 
action, emesis, and stereotypy) (CREESE et al. 1983). In humans, antagonists 
at the D2 site are potent antipsychotic and antiemetic agents and produce 
signs of parkinsonism. The most potent D2 antagonists include the butyrophe­
nones (haloperidol, spiroperidol) and the benzamides (sulpiride, tiapride) 
(STOOF and KEBABIAN 1984). The most potent agonists at the D2 site are the er­
got derivatives, pergolide, lisuride, and LYI71555 (STOOF and KEBABIAN 1984; 
TITUS et al. 1983). In binding studies, PH] spiroperidol is commonly used to 
measure D2 receptors. 

II. Distribution 

In rodents, D} receptors are highest in the striatum and the nucleus accum­
bens (DAWSON et al. 1985; SCHULZ et al. 1985; RICHFIELD et at 1987b). Recep­
tors are also relatively high in the entopeduncular nucleus (the murine equi­
valent of the medial segment of the globus pallidus), ventral pallidum, and 
substantia nigra (particularly in the pars reticulata). In the cerebral cortex, 
particularly frontal regions, D} receptors are quite rich in the inner layers (V, 
VI). Moderate densities of D} receptors are seen in the amygdala and the hy­
pothalamus. 

D2 receptors are fewer by about 66 % than D} receptors in all neostriatal re­
gions (caudate/putamen, nucleus accumbens, olfactory tubercle) (RICHFIELD 
et al. 1987 a, b). Nevertheless, they are higher in the neostriatum than in other 
areas. In the substantia nigra, D2 receptors are higher in the pars compacta 
than in the pars reticulata. Very few D2 receptors are present in pallidal re­
gions (most of them in the lateral globus pallidus) or in the cerebral cortex. 

In humans and primates, D} receptors are distributed in a fashion similar 
to that in rodents (Fig. 1; RICHFIELD et al. 1987b; J. PALACIOS 1986, personal 
communication). D} receptors are very high in the caudate, putamen, nucleus 
accumbens, and olfactory tubercle. They are also high in the substantia nigra 
pars reticulata and the medial globus pallidus. The lateral globus pallidus and 
substantia nigra pars compacta have very few D} receptors. In the cerebral cor­
tex, they predominate in both the outer and inner layers of various regions, 
particularly the prefrontal areas. 
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Fig. 1 a, b. Distribution of dopamine DJ (a) and D2 (b) receptors in basal ganglia of the 
monkey, as revealed by receptor autoradiography. DJ receptors were imaged with 0.57 
nM PH] SCH-23390. D2 receptors were imaged with 0.25 nM PH] spiroperidol in the 
presence of 100 nM mianserin to block binding to serotonin receptors. Both receptor 
subtypes are highest in the caudate nucleus (C) and putamen (P) where there are twice 
as many DJ as D2 receptors. The density of both subtypes varies by about 15 % within 
these structures. In addition, DJ receptors are present in the medial globus pallidus (M) 
while D2 receptors are present in the lateral globus pallidus (L) 

D2 receptors in humans and primates are present in levels about one-third 
those of Dl receptors in the neostriatum (caudate, putamen, nucleus accum­
bens, and olfactory tubercle) (Fig. 1 and 2). The D2 receptors are present in 
moderate density in the substantia nigra pars compacta where Dl receptors are 
very low. In primates and humans, D2 receptors are observed in mild to mo­
derate amounts in the lateral globus pallidus, but not in the medial globus 
pallidus. Depending on the ligand used, there have been variable numbers of 
D2 receptors observed in the cerebral cortex. 

Inhomogeneities in the striatal distribution of both Dl and D2 receptors 
have been observed in cat, primate, and human brains (RICHFIELD et al. 
1987 a, b; J. PALACIOS 1986, personal communication). However, the areas of 
densest binding seen with D2 receptors do not correspond one for one with the 
areas of increased Dl receptor binding. In adults, neither Dl nor D2 receptor 
inhomogeneities appear to correspond to striosomes as defined by acetylcho­
linesterase staining. 
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Fig. 2a-d. Distribution of neurotransmitter receptors in human basal ganglia as re­
vealed by receptor autoradiography 

a muscarinic cholinergic receptors imaged with 1 nM PH] quinuclidynyl benzilate. 
These receptors are very dense in the caudate (C), putamen (P), outer layers of the cor­
tex (CX), claustrum (CL), and amygdala (A) and low in the globus pallidus (G) and 
thalamus (T), 

b dopamine D2 receptors imaged with 0.25 nM PH] spiroperidol in the presence of 
100 nM mianserin. These receptors are densest in the caudate and putamen with very 
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III. Dopamine Receptors in Parkinson's Disease 

Numerous homogenate studies of dopamine receptors in Parkinson's disease 
brains have been reported (GUTTMAN and SEEMAN 1985; GUTTMAN et al. 1985; 
LEE et al. 1978; PIMOULE et al. 1985; QUIKO et al. 1979; REI SINE et al. 1977; 
RINNE 1982; RINNE et al. 1981, 1985). However, at times the studies have been 
conflicting, presumably because of the differences in assay technique, as well 
as differences in antemortem therapy. Although the issue of postmortem de­
lay is important in measurements of all types of receptors, the Dl and D2 re­
ceptors do not appear to be particularly influenced by this factor. 

In the initial homogenate studies by LEE et al (1978), D2 receptors ap­
peared to be substantially increased in untreated Parkinson's disease patients 
as compared with controls. In contrast, in treated patients, these receptors ac­
tually appeared to be reduced compared with controls. These D2 receptor 
changes were present both in the caudate nucleus and in the putamen. Dl re­
ceptors as measured with apomorphine, a somewhat nonselective ligand, ap­
peared to be decreased in the Parkinson's disease caudate and putamen (LEE 
et al. 1978). 

More recent studies of dopamine receptors in Parkinson's disease have 
confirmed the increases of D2 receptors in untreated patients (GUTTMAN and 
SEEMAN 1985). In treated patients, D2 receptors are normal (GUTTMAN et al. 
1985; GUTTMAN and SEEMAN 1985). Unfortunately, most of the D1ligands that 
have been used interact with bbth Dl and D2 receptors (LEE et al. 1978; RINNE 
et al. 1985). Measurements of dopamine-stimulated adenylate cyclase in Par­
kinson's disease brain have also been conflicting (NAGATSU et al. 1978; SHI­
BUYA 1979). 

The newly developed autoradiographic studies of dopamine receptors in 
Parkinson's disease patients have only been carried out in brains from treated 
patients. Studies using SCH-23390 have indicated no apparent Dl receptor 
changes in treated Parkinson's disease patients (PIMOULE et al. 1985; J. PALA­
CIOS 1986, personal communication). No differences in D2 receptors have 
been observed in these treated patients. 

few receptors present elsewhere. Inhomogeneities of 15 % less binding are present in 
the caudate and putamen, 

c benzodiazepine receptors imaged with 8 nM PH] flunitrazepam. These receptors are 
densest in the middle layers of the cortex. Density is high in the cortex, putamen, 
claustrum and thalamus. Receptors are present at a lower density in the globus palli­
dus, 

d /.l opiate receptors imaged with 8 nM PH] naloxone. These receptors are dense in the 
amygdala, claustrum, and layers IV and VI of the cortex. Density is low in the caudate, 
putamen, and thalamus, and very low in the globus pallidus 



156 A. B. YOUNG and J. B. PENNEY 

IV. In Vivo Studies 

Dopamine receptors have been imaged in humans by positron emission tomo­
graphy (PET) (WAGNER et al. 1983). A variety of different ligands have been 
used for these studies, but most data is available from studies with [11 C] spi­
roperidol. Presently, the PET receptor methodology is plagued by difficulties 
in modeling the pharmacokinetics of receptor binding (PERLMUTIER et al. 
1986; PERLMUTIER and RAICHLE 1986; FREY et al. 1986). It has been very diffi­
cult to quantify receptor numbers by this technique, and only recently have 
adequate methods been developed for analyzing receptors in humans (FREY et 
al. 1985; PERLMUTIER et al. 1986; WONG et al. 1986a, b). In animal models of 
Parkinson's disease, in vivo administration of dopamine antagonists, such as 
PH] spiroperidol, has not shown a change in dopamine receptors after nigros­
triatal lesions (BENNETI and WOOTEN 1986). These in vivo studies contrast 
with the observed findings of increases in receptors as measured by in vitro 
homogenate studies of lesioned animals (CREESE et al. 1977). Such studies 
make it even more difficult to interpret the meaning of the dopamine receptor 
PET studies in humans. Hopefully, in the future, more accurate pharmacokin­
etic models of in vivo receptor binding will be developed. 

D. GABA Receptors 

The levels of a number of other neurotransmitters and neuropeptides are ab­
normal in Parkinson's disease brains (HORNYKIEWICZ 1983). The receptors for 
these agents have been measured in only a limited series of cases, however. 
GABA is the neurotransmitter used by many neurons of the striatum (FON­
NUM et al. 1978; NAGY et al. 1978). GABA receptors are closely linked to the 
receptors for the benzodiazepine class of drugs. These receptors are relatively 
dense in the striatum, i.e. caudate-putamen, nucleus accumbens, and olfac­
tory tubercle (Fig. 2). A significant, but lesser number of these receptors are 
present in the lateral and medial globus pallidus and in the substantia nigra, 
both pars reticulata and pars compacta (PENNEY and YOUNG 1982; WALKER et 
al. 1984; PENNEY and PAN 1986; UHL et al. 1986). In animal models of Parkin­
son's disease, the numbers of GABA and benzodiazepine receptors in the la­
teral globus pallidus decrease, while those in the medial globus pallidus and 
substantia nigra pars reticulata increase (PAN et al. 1985). Similar measure­
ments have not been made from postmortmen Parkinson's disease brains. The 
few measurements that have been made indicate little change in the striatum 
and a decrease in the number of pars compacta receptors, consistent with the 
loss of the intrinsic dopamine neurons (RINNE 1982). 

E. Acetylcholine Receptors 

Muscarinic cholinergic receptors have been studied in normal human and Par­
kinson's disease brains. Muscarinic receptors are very dense in the caudate, 
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the putamen, the nucleus accumbens, and the olfactory tubercle (Fig. 2; PEN­
NEY and YOUNG 1982). In contrast, the receptors in the lateral and medial glo­
bus pallidus and substantia nigra are very low. Since the cholinergic neurons 
in the neostriatum are large aspiny intemeurons, this localized high density of 
receptors in the striatum is not surprising. There are no known cholinergic af­
ferents to or efferents from the neostriatum. 

REI SINE et al. (1977) found an increase in muscarinic receptors in the put­
amen of Parkinson's disease brains, but no change in caudate nucleus or glo­
bus pallidus. RINNE (1982) found those Parkinson's disease brains which had 
low numbers of dopamine receptors also had decreases in muscarinic cholin­
ergic receptors. In contrast, patients with increased striatal dopamine recep­
tors also had increased levels of striatal muscarinic cholinergic receptors 
(RINNE 1982). These data suggest that some Parkinson's disease patients may 
develop intrinsic striatal neuron damage to account for the receptor decreases. 

F. Opiate Receptors 

The striatum and its projection areas contain very high concentrations of Leu­
enkephalin and dynorphin (WATSON et al. 1982; YOUNG and PENNEY 1984). 
These peptides are colocalized with GABA in medium-spiny neurons (OERTEL 
et al. 1983; AFSHARPOUR et al. 1984; ARONIN et al. 1984). Dynorphin/GABA­
containing cells project primarily to the medial globus pallidus and substantia 
nigra pars reticulata, whereas enkephalin/GABA neurons have their major 
projection to the lateral globus pallidus (HABER and WATSON 1985). 

Opiate receptors are differentially located in the basal ganglia. In rats, Il 
opiate receptors are present in dense patches in the striatum, and are localized 
both on presynaptic dopamine terminals and postsynaptically on striatal neu­
rons (yOUNG and PENNEY 1984). Both d and x opiate receptors appear pre­
dominantly on striatal somata and terminals. After striatal kainic acid lesions 
in rats, tJ and Il opiate receptors decrease in the globus pallidus and substan­
tia nigra pars reticulata, suggesting that the pallidal and nigral receptors are 
on striatal afferent terminals (ABOU-KHALIL et al. 1984). 

A striking property of rodent and primate opiate receptors is that they are 
present in very low concentrations in the globus pallidus, despite the very high 
levels of peptides in the same area. There is, thus, a distinct mismatch be­
tween peptide levels and receptors. The functional significance of this mis­
match is unclear (KUHAR 1985). 

In Parkinson's disease, only a few studies of opiate receptor binding have 
been carried out (RINNE 1982; PENNEY et al. 1983). Most of the studies were 
performed when only relatively nonselective ligands were available. Met-enke­
phalin and Leu-enkephalin binding have been reported to be increased in the 
putamen and limbic cortex of treated and untreated patients. In one study, 
naloxone binding was found to be decreased in the caudate nucleus, but not 
the putamen (REI SINE et al. 1979). In the future, it may be possible to define 
these changes more carefully by selective Il, d, and x ligands. 
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G. Other Receptors 

UHL et al. (1984, 1986) have studied receptors in the substantia nigra in Par­
kinson's disease brain, and found a marked loss of somatostatin, neurotensin, 
11, and x opiate receptors in the pars compacta. They also found losses of D2 
receptors and benzodiazepine type 1 receptors in the pars compacta, with no 
change in angiotensin-converting enzyme, serotonin, or benzodiazepine 
type 2 receptors (UHL et al. 1986). 

Binding of PH] cocaine, which is a marker of dopamine uptake sites on 
the presynaptic dopamine terminals, has been found to be markedly de­
creased in the striatum and in the substantia nigra of Parkinson's disease 
brains, consistent with the loss of dopamine neurons (PIMOULE et al. 1983). 
Labeled imipramine and paroxetine have been used to mark the presynaptic 
serotonin uptake sites (RAISMAN et al. 1986). These sites were found to be de­
creased in Parkinson's disease brain, and the amount of decrease in depressed 
Parkinson's disease patients is greater than that in nondepressed Parkinson's 
disease patients. 

Adrenergic receptors have been measured in several regions of Parkinson's 
disease brain (CASH et al. 1984 a, b). In the frontal cortex, al and /31 receptors 
are increased, while az receptors are decreased and /32 receptors are unchanged. 
In addition, al receptor binding to cerebral microvessels has been measured 
(CASH et al. 1985). This binding represents a tiny fraction of the total binding, 
but is decreased in the putamen of Parkinson's disease brains. 

Binding of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to mo­
noamine oxidase has been measured in both normal and Parkinson's disease 
brains (UHL et al. 1985). In Parkinson's disease brain, there is no loss of 
MPTP binding in the substantia nigra. This finding indicates that monoamine 
oxidase type B, to which MPTP binds (PARSONS and RAINBOW 1984) is not 
preferentially located within the dopamine neurons of the substantia nigra 
pars compacta, but instead is present in some other tissue compartment, such 
as glia or other neurons. 

H. Summary 

In general, very modest receptor changes at most have been observed in post­
mortem Parkinson's disease brains. Our understanding of receptor changes 
has been confounded by the use of multiple different receptor ligands for indi­
vidual studies, and by the antemortem treatment of Parkinson's disease pa­
tients with numerous drugs, including dopamine agonists and antagonists. In­
vestigations have concentrated on studies of dopamine receptors, in 
particular, the D2 dopamine receptor. It does appear that most studies have 
observed an increase in D2 receptors in the caudate and putamen of untreated 
Parkinson's patients. These receptors then decrease back to control levels with 
treatment. Very few studies of other receptor types have been done in the 
brains of untreated Parkinson's patients. The few studies that have measured 
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receptors in the substantia nigra find changes that correlate with the docu­
mented cell loss in the substantia nigra pars compacta. In the future, studies 
of dopamine and other neurotransmitter receptors in the frontal cortex of un­
treated Parkinson's disease patients need to be carried out. Hopefully, the de­
velopment of PET ligands that can be accurately quantitated in vivo will give 
even more information concerning the neurotransmitter and receptor interac­
tions in this disease. 
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CHAPTER 5 

Imaging the Basal Ganglia 

W. R. W. MARTIN 

A. Introduction 

The rapid implementation of new techniques for imaging the central nervous 
system is one of the most impressive developments to have taken place in 
clinical neuroscience in the last decade. Not only have these techniques revo­
lutionized the clinical management of patients with neurological disorders, 
but in many situations they have advanced our understanding of the patho­
physiology of diseases which affect the brain. 

Traditional concepts of imaging have focussed on the depiction of the ana­
tomical detail of the brain. The development and widespread implementa­
tion in the 1970s of X-ray computed tomography (CT) as a structural im­
aging modality was the initial milestone in the establishment of the new 
science of "neuroimaging". More recently, the development of magnetic res­
onance imaging (MRI) has provided a further advance in our ability to depict 
anatomical detail. 

By applying tomographic principles to radionuclide imaging methods, it 
has become possible to study cerebral physiology in human subjects with 
techniques such as positron emission tomography (PET). Although tech­
niques for functional imaging have not yet seen widespread use in clinical pa­
tient management, they have provided new information concerning brain 
function in health and disease and show promise for providing yet further in­
formation in the future. 

This chapter is divided into two major sections. The first part deals with 
structural imaging techniques and reviews the abnormalities which have been 
demonstrated in various movement disorders with these methods. The second 
section deals with functional imaging and discusses briefly the principles of 
methodology which are required to understand the associated potentials and 
difficulties. This section also discusses the application of these methods to the 
study of disorders of the basal ganglia. 
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B. Structural Imaging Techniques 

I. Methodology 

1. X-Ray Computed Tomography (Cn 

This technique has seen widespread application in clinical neurosciences in 
the last decade and the results are well known. Current CT technology permits 
high quality images with a spatial resolution approaching 0.5 mm to be ob­
tained and reconstructed in about 20 seconds per slice. With CT, it is usually 
possible to obtain reasonable distinction between the grey matter of the basal 
ganglia and the adjacent white matter and cerebrospinal fluid. Images corre­
spond primarily to a map of electron density of the tissue being studied. The 
main limitations are the predilection for artifacts in tissues adjacent to bone, 
and the relative difficulty in discriminating minor differences in tissue den­
sity. 

2. Magnetic Resonance Imaging 

This technology has developed rapidly in recent years. Magnetic resonance 
imaging (MRI) is superior to CT in the depiction of structural detail, in parti­
cular with regard to the differentiation of grey matter from white matter. 
Other relative advantages include the fact that MRI does not involve ionizing 
radiation, and that direct multiplanar imaging, e.g. transverse, coronal, or sa-
gittal, may be performed independently of patient positioning. . 

The technique itself is based on the magnetic properties of hydrogen nuc­
lei (protons), their response to externally applied magnetic fields, and on the 
excitation of protons within such a field by a radiofrequency (RF) pulse. 
When the RF pulse is terminated, the protons lose energy by emitting an RF 
signal, the intensity and temporal decay pattern of which is related to the 
chemical milieu of the protons. This signal is recorded by the imaging device 
and is dependent upon the imaging parameters as well as tissue properties 
such as mobile proton density and Tl and T2 relaxation times. The theory un­
derlying the MRI technique and details concerning the methodology itself 
have been summarized in recent reviews (NORMAN and BRANT-ZAWADZKI 
1985; OLDENDORF 1985). .. 

II. Parkinson's Disease 

The major pathological abnormality in Parkinson's disease is the loss of do­
paminergic neurons from the substantia nigra. An early claim (BYDDER et al. 
1982) that the substantia nigra could be visualized and appeared to be atro­
phied has not been confirmed. High field strength (1.5 T) MRI studies have 
been reported to show reduced signal intensity in the putamen and lateral 
substantia nigra on T2 weighted images (DRAYER et al. 1986), and this has been 
suggested to represent increased iron deposition in these regions. 
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III. Huntington's Disease 

The cardinal structural feature of Huntington's disease is the striatal atrophy 
affecting most severely the caudate nucleus and anterior putamen (LANGE et 
al. 1976). In addition, there is a variable degree of cortical atrophy. An index 
for the estimation of the degree of caudate atrophy has been derived from CT 
measurements of the distance between the heads of the caudate nuclei, i.e. 
the bicaudate diameter. Measurements which show significantly increased bi­
caudate diameter in Huntington's disease as compared with normal individu­
als have been reported (BARR et al. 1978; STOBER et al. 1984; OEPEN and Os­
TERTAG 1981). Attempts to derive ratios between the bicaudate diameter and 
other brain or skull measurements have failed to increase the capacity of the 
bicaudate diameter to discriminate between patients with Huntington's dis­
ease and normal subjects (STOBER et al. 1984). 

Proton MRI studies have also shown basal ganglia abnormalities in Hun­
tington's disease. SAX et al. (1985) have suggested that when viewed in an ax­
ial plane parallel to Reid's base line, the ratio of the area of the caudate head 
to the frontal hom of the lateral ventricle decreases within 5 years of the diag­
nosis of Huntington's disease. These studies also demonstrate the complexity 
of MRI in that there is a difference in this area ratio on Tl weighted images as 
compared with T2 weighted images. SAX and BUONANNO (1986) reported that in 
the rigid form of Huntington's disease spin echo images show increased signal 
intensity in the putamina and suggest that this may reflect increased gliosis. 
Studies performed with a high field strength magnet (1.5 T) have shown de­
creased signal intensity in the globus pallidus on T2 weighted images (KOZA­
CHUK et al. 1986), possibly secondary to increased iron content. These studies 
illustrate that although the anatomical localization of the changes seen on 
MRI may be clear, the interpretation of the observed abnormalities is not 
without difficulty. Further studies are required to determine what role MRI 
has to play in the diagnosis and management of Huntington's disease. 

IV. Dystonia 
There is no convincing evidence that any structural changes can be detected 
with either CT or MRI in idiopathic or hereditary dystonia. This is not sur­
prising since neither macroscopic nor microscopic morphological changes are 
evident in these disorders. In contrast, a large series of CT, and more recently 
MRI, reports have implicated lesions of the basal ganglia in dystonia secon­
dary to various focal lesions of the brain. Although abnormalities have been 
reported in the putamen, pallidum, and caudate, the most consistent change 
is with pathology involving the putamen. Focal putamenal lesions secondary 
to infarction (BURTON et al. 1984) or to neoplasms (NARBONA et al. 1984) have 
been reported to produce dystonia. In children, structural lesions of the puta­
men associated with dystonia may be present in sporadic and familial forms 
of infantile bilateral striatal necrosis (GoUTIERES and ArCARDI 1982; NovoTNY 
et al. 1986). 

Disorders characterized by metal deposition in the basal ganglia may also 
produce dystonia. Subcortical abnormalities have been reported in Wilson's 
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disease with MRI (LAWLER et al. 1983; STAROSTA-RuBINSTEIN et al. 1985) and 
with CT (WILLIAMS et al. 1981). Dystonia was found to correlate best with le­
sions of the putamen, caudate and substantia nigra (STAROSTA-RUBINSTEIN et 
al. 1985). In two patients with a clinical diagnosis of Hallervorden - Spatz dis­
ease, MRI demonstrated marked atrophy affecting the brain stem and cerebel­
lum (Lrrrnup and GEBARSKI 1985). In addition, areas of decreased signal in­
tensity, thought to be related to either disordered myelination or to abnormal 
iron storage, were evident in the lentiform nuclei and perilentiform white mat­
ter in these patients. 

V. Other Movement Disorders 

Focal lesions of the subthalamic nucleus have been associated with contrala­
teral hemiballism because of well-established clinicopathological correlations. 
In vivo observations have been made with CT and these have confirmed that 
thalamic and striatal (LODDER and BAARD 1981; GLASS et al. 1984) lesions 
may also produce ballism as shown in pathological studies by MARTIN (1957). 
It has been suggested that the involuntary movements result from disinhibi­
tion of the globus pallidus. 

C. Functional Imaging Techniques 

I. Methodology 

1. Positron Emission Tomography (PET) 

PET is an imaging technique whereby the concentration of positron-emitting 
radioisotopes may be measured in the living brain. By combining this tech­
nique with appropriately labelled radiopharmaceuticals and the principles of 
tracer kinetic modelling, it is possible to quantify regionally selective bio­
chemical and physiological processes in human subjects. The application of 
PET to basal ganglia disorders has involved two general types of studies, 
namely those of regional cerebral metabolism and blood flow, and those of 
presynaptic dopa metabolism and postsynaptic dopamine receptor function. 

a. Cerebral Blood Flow and Metabolism 

The regional distribution of cerebral glucose and oxygen metabolism, and of 
cerebral blood flow, is thought to be related to neuronal and synaptic func­
tion. This is because the major energy expenditure in the brain is for the ion 
transport mechanisms responsible for pumping sodium and potassium across 
neuronal membranes (MATA et al. 1980). This action is necessary to maintain 
the electrochemical gradients required for the generation of action potentials. 
Because aerobic glucose metabolism is responsible for most cerebral energy 
production, the mapping of regional cerebral metabolic rate for oxygen 
(rCMR02) or regional cerebral metabolic rate for glucose (rCMRG) provides a 
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functional image of brain activity. Similarly, because regional cerebral blood 
flow (rCBF) is thought to be closely coupled to tissue metabolic demands, 
mapping of rCBF also provides an image of brain function. The degree of 
coupling between rCBF and rCMR02 has recently been questioned as a result 
of PET studies in which both of these aspects of brain function have been 
measured in response to tactile stimulation (Fox and RAICHLE 1986). Never­
theless, the general principle still applies that PET techniques are able to per­
form physiological measurements which relate to ongoing brain function. 

The approach to measurement of rCMRG with PET is based on the 
[l4C] 2-deoxyglucose (DG) tissue autoradiographic method of SOKOLOFF et al. 
(1977). This method is based in tum on the unique biochemical properties of 
DG as compared with those of glucose. The bidirectional transport of DG ac­
ross the blood-brain barrier and its hexokinase-catalysed phosphorylation is 
similar to that of glucose. In contrast to glucose, however, the phosphorylated 
product, DG-6-phosphate, is not metabolized further and is dephosphorylated 
very slowly. DG-6-phosphate is thus trapped within tissue and its accumula­
tion is directly related to the rate of DG phosphorylation. An operational 
equation has been derived which expresses glucose utilization per unit mass 
of tissue in terms of measurable variables (SOKOLOFF et al. 1977). 

The extension of the DG method to human studies was made possible by 
the development of PET and the tracer [l8F] 2-fluoro-2-deoxyglucose (FDG) 
which behaves in a similar fashion to DG (REMCH et al. 1979). The original 
model was modified to compensate for the slow dephosphorylation of FDG 
which was thought to be significant at the later scanning times employed with 
PET measurements (PHELPS et al. 1979; HUANG et al. 1980). This version has 
become the standard model employed for rCMRG measurement with PET in 
humans. 

The measurement of rCMR02 makes use of inhaled I50-labelled com­
pounds. Cerebral oxygen extraction is measured first, by either a steady state 
approach (FRACKOWIAK et al. 1980) or a single-breath method (MINTUN et al. 
1984 b). Laboratories which use the steady state method usually measure 
rCBF with inhaled [150] CO2 (FRACKOWIAK et al. 1980) whereas the single­
breath method is usually accompanied by rCBF calculation from a bolus in­
jection of [150] H20 (HERSCOVITCH et al. 1983; RAICHLE et al. 1983). With 
either method, oxygen metabolism is calculated as the product of regional 
oxygen extraction, rCBF and arterial oxygen content. 

b. Presynaptic Dopaminergic Function 

The development of the L-dopa analog 6-fluoro-L-dopa (6-FD), labelled with 
positron-emitting I8F, has made it possible to label presynaptic dopaminergic 
nerve endings in vivo (GARNETI et al. 1983 a). Fluorodopa is a substrate for 
dopa decarboxylase (FIRNAU et al. 1975) and is thought to be decarboxylated 
by this enzyme to fluorodopamine within terminals of nigrostriatal neurons. 
Some of the accumulated striatal activity is discharged following the adminis­
tration of reserpine (GARNETI et al. 1983 b), showing that at least some of this 
fluorodopamine is trapped within intraneuronal vesicles. In animals to which 
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6-FD has been administered, we have shown that fluorodopamine, as well as 
its metabolic products, is present in the striatum (CUMMING et al. 1987). 

Radioactive imaging techniques such as PET are able to detect the pres­
ence of the radioactive label only. The compound (or compounds) to which 
the label is attached cannot be determined directly from these studies alone. 
The interpretation of 6-FD uptake data is complicated by the presence of mul­
tiple labelled compounds. There is significant "background" activity in both 
the striatum and nonstriatal areas. In carbidopa-pretreated animals this activ­
ity is in the form of 6-FD and 3-0-methyl-6-FD formed in the periphery by 
catechol O-methyltransferase (COMT); these are the only labelled compounds 
present in nondopaminergic brain structures such as the cerebellum (CUM­
MING et al. 1987). Both of these compounds are transported across the blood­
brain barrier by the neutral amino acid transport system and competitive inhi­
bition of uptake by concomitant infusion of amino acids has been shown 
(LEENDERS et al. 1986 a). A normal 6-FD study is illustrated in Fig. 1. 

The interpretation of 6-FD studies has thus far been semiquantitative and 
has not provided values which correspond directly to the kinetics of dopa me­
tabolism itself. Application of tracer kinetic modelling techniques to the data 
obtained from 6-FD studies should permit more meaningful quantitative an­
alysis. Initial attempts to develop such techniques have been reported (GAR­
NETT et al. 1980; MARTIN et al. 1985). We have applied a model (MARTIN et al. 
1985) based on a previously developed method for the analysis of unidirec-

Fig. 1. A 6-fluorodopa PET scan obtained in a normal subject. Sequential transverse 
slices are placed at 7-mm intervals with the highest slice at the top left. The coiour 
scale is calibrated in arbitrary units of regional radioactivity 
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tional tracer uptake data (PATLAK et al. 1983). This technique is of sufficient 
sensitivity to show an age-related decrease in striataI6-FD-derived radioactiv­
ity (W.R.W.MARTIN 1987, unpublished work) which is similar in degree to the 
known age-related decrease in substantia nigra cell counts (MCGEER et al. 
1977). Much work, powever, remains to enable full application of tracer kin­
etic modelling techniques to 6-FD uptake data. 

c. Dopamine Receptors 

Radiolabelled ligands which bind to specific receptor sites have been utilized 
both in vivo and in vitro (yOUNG et al. 1986a). Initially studies with PET in 
human subjects involved the neuroleptic 3-N-methylspiperone (NMSP) which 
binds to both D2 dopamine and 82 serotonin receptors. [lIC] labelled NMSP in 
human subjects has been shown to accumulate maximally in the basal ganglia 
(WAGNER et al. 1983); this is considered to represent D2 receptor binding. The 
lesser degree of uptake in the cerebral cortex was thought to reflect 82 receptor 
binding (WONG et al. 1984). Numerous other positron-emitting dopamine re­
ceptor ligands have been synthesized and will undoubtedly undergo further 
investigation (ARNETI et al. 1984, 1985 a, b; BARON et al. 1985; MAzIERE et al. 
1984; MOERLEIN et al. 1986). 

The goal of receptor studies with PET is to measure the receptor number 
Bmax and, if possible, the dissociation constant for the ligand used K d• The ap­
plication of appropriate tracer kinetic methodology should make this possible. 
One such approach (MINTUN et al. 1984a; PERLMUTIER et al. 1986) utilizes se­
quential PET scans following tracer administration in order to characterize 
the dynamic interplay between ligand and receptor. These data are combined 
with measurement of local CBF and blood volume, also obtained with PET, to 
determine the blood-brain barrier permeability for the tracer and the "bind­
ing potential" of the tissue. 

Other approaches to the quantitation of neuroreceptors with PET have 
been suggested. A method has been reported for use with NMSP based on its 
presumptive irreversible binding to receptors (WONG et al. 1986a, b). This 
method estimates the binding rate of a high affinity compound, permitting 
calculation of Bmax. Values reported are similar to spiperone receptor density 
and haloperidol inhibitory potency in brain homogenates from human auto­
psy material (SEEMAN et al. 1985). FARDE et al. (1986) have reported the se­
quential administration of varying specific activities of [lIC] raclopride (which 
has very low nonspecific binding) to permit saturation analysis, and have cal­
culated both Bmax and Kd from these data. 

The importance of using such techniques for the analysis of neuroreceptor 
data, and the inadequacy of techniques based on the measurement of activity 
ratios between areas of specific ligand binding (such as the striatum) and 
areas of nonspecific binding (such as the cerebellum), has been discussed 
elsewhere (WONG et al. 1986b). 
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2. Single-Photon Emission Computed Tomography (SPECT) 

This nuclear medicine technique permits tomographic reconstruction of 
transverse images corresponding to the distribution of standard radionuclides. 
The technique has been reviewed by BUDINGER (1985). Positron-emitting ra­
dionuclides are not required and hence SPECT is not depend en dent upon 
access to a cyclotron. There are other limiting factors, however. BUDINGER 
(1985) predicts a resolution as good as 9 mm for brain studies, but this theor­
etical figure has not yet been reached routinely in commercial SPECT sys­
tems. In contrast, current commercial PET systems have an in-plane resolu­
tion of about 5 mm. A major problem with SPECT in the past has been related 
to the difficulty in precise quantitation of regional radioactivity measure­
ments. These problems may be resolved as improved methods to deal with at­
tenuation correction and radiation scatter are implemented. The all-important 
tracer kinetic methodology which forms the basis for quantitative PET mea­
surements cannot be applied to SPECT until it is possible to make accurate 
measurements of the regional concentration of the labelled tracer compound 
in use. 

At present, the main application of SPECT in neurological studies is in 
the measurement of rCBF. Compounds such as [1231] N-isopropyl-p-iodoam­
phetamine which act as "metabolic microspheres" have been utilized for these 
measurements (HILL et al. 1982; KUHL et al. 1982 a) which have not been ap­
plied extensively to studies of basal ganglia function. Regional cerebral me­
tabolism has not been studied because of the unavailability of suitable single­
photon emitting metabolic tracer compounds. The ability of SPECT to image 
cholinergic receptors has been reported (ECKELMAN et al. 1984). The potential 
of imaging with receptor-based radiopharmaceuticals with both PET and 
SPECT has been reviewed by KILBOURN and ZALUTSKY (1985). 

II. Parkinson's Disease 

Several investigators have reported measurements of cerebral metabolism and 
blood flow in patients with predominantly unilateral Parkinson's disease. In 
these patients one would anticipate that the major changes would occur con­
tralateral to the most severely affected limbs. This expectation has been con­
firmed for local CMR02 (RAICHLE et al. 1984; WOLFSON et al. 1985), CMRG 
(MARTIN et al. 1984) and CBF (WOLFSON et al. 1985). In all these studies, in­
creased metabolism or blood flow was described in the basal ganglia on the 
appropriate side. These findings are consistent with animal studies in which 
unilateral substantia nigra lesions led to increased glucose utilization in the 
ipsilateral pallidum (WOOTEN and COLLINS 1981). PERLMUTTER and RAICHLE 
(1985) have reported results obtained with a stereotactic method for anatomi­
cal localization (Fox et al. 1985). They found that pallidal blood flow (and 
hence, by implication, pallidal neuronal activity) was not necessarily in­
creased although flows were significantly less tightly coupled in these patients 
than in control subjects. 

These studies suggest that abnormalities in pallidal function are indeed 
present in Parkinson's disease, but that the situation is more complex than 
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would be expected from the work of WOOTEN and COLLINS (1981). As sug­
gested by PERLMUTIER and RAICHLE (1985), it may be that different clinical 
symptoms reflect different functional abnormalities of specific basal ganglia 
components. Further studies are required to investigate this possibility. 

Cortical abnormalities in the form of depressed CMR02 and CBF have 
been reported in the frontal cortex contralateral to affected limbs in asymme­
trically affected patients (WOLFSON et al. 1985; PERLMUTIER and RAICHLE 
1985). The depression in CBF has been localized to "mesocortex" receiving 
dopaminergic input from the ventral tegmental area (PERLMUTIER and 
RAICHLE 1985). 

In patients with bilateral parkinsonism, a global decrease in CBF unac­
companied by changes in CMR02 has been observed (WOLFSON et al. 1985). 
This was suggested as being secondary to vasoconstriction due to loss of do­
paminergic innervation of blood vessels. Studies of local CMRG in patients 
have shown either no consistent difference when compared with normal sub­
jects (ROUGEMONT et al. 1984), or a moderate generalized reduction (KUHL et 
al. 1984). 

In all these studies, nondemented PD patients were studied almost exclu­
sively. One moderately demented patient was included in the group studied 
by KUHL et al. (1984). In this patient, a significant biparietal decrease in glu­
cose metabolism was found, similar to that seen in Alzheimer's disease. 

The effects of L-dopa on regional metabolism and blood flow have also 
been studied. LEENDERS et al. (1985) reported a diffuse increase in local CBF 
unaccompanied by changes in CMR02 in response to L-dopa administration 
in both normal and parkinsonian individuals and suggested that the increase 
was related to direct vasodilation of cerebral vasculature. This is consistent 
with the vasodilation induced by dopamine in cats (EDVINSSON et al. 1978) 
and with the increases in CBF seen in humans following the administration of 
dopamine agonists (GUELL et al. 1982; BES et al. 1983). However, PERLMUTIER 
and RAICHLE (1985) found no change in global CBF in response to L-dopa ad­
ministration, possibly because a smaller dose was given. 

Several groups have reported results from 6-FD studies of dopaminergic 
pathways in Parkinson's disease (Fig. 2). Normal caudate isotope uptake, but 
impaired putamen activity has been reported in patients with purely unilateral 
symptoms (NAHMIAS et al. 1985). We have observed in patients with slightly 
more advanced disease (bilateral involvement, but significant clinical 
asymmetry) that there is a symmetric mild decrease in caudate radioactivity, 
but more severely depressed putamen activity (MARTIN et al. 1987). Signifi­
cant putamen asymmetry was evident in both of these studies with the depres­
sion being most marked on the expected side, i.e. on the side opposite the af­
fected limbs. LEENDERS et al. (1986b) suggest a decreased ability to retain 
striatal fluorodopamine in patients with Parkinson's disease. They suggest in 
addition that patients with the "on-off" effect have a lower ability to retain 
tracer than patients with less severe disease. 

These 6-FD studies have been based largely on the ratio of striatal to back­
ground activity as an index of presynaptic dopaminergic function. The back­
ground area used has been either the cerebral cortex, or cerebellum. Further 
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Fig. 2. A 6-fluorodopa PET scan obtained in a normal subject and a patient with Par­
kinson's disease. A comparable level through the basal ganglia is shown for each indi­
vidual. The colour scale is calibrated in arbitrary units of regional radioactivity 

refinement of the tracer kinetic methodology as it applies to 6-FD studies is 
required to obtain more precise information concerning dopa kinetics. With 
the appropriate techniques it should become possible to estimate the rate of 
6-FD transport across the blood-brain barrier, the rate of 6-FD decarboxyla­
tion, and possibly the rate of fluorodopamine turnover. It should also be possi­
ble to study the importance of peripheral metabolism, especially the COMT­
catalysed O-methylation. With the development of an appropriate "lumped 
constant" these values for 6-FD could be converted to corresponding values 
for dopa and dopamine. Should such a "lumped constant" be determined, it 
will be critical to the success of the method to determine how the constant it­
self is affected by disease processes which affect the blood - brain barrier and 
the processes involved in 6-FD metabolism. 

III. Huntington's Disease 

A characteristic decrease in striatal glucose utilization in Huntington's di­
sease was first reported by KUHL et al. (1982 b). Although some of their pa­
tients had CT evidence of ventricular dilation and caudate atrophy, it was sug­
gested that the decreased striatal metabolism precedes bulk tissue loss. We 
have studied a series of patients with Huntington's disease selected on the ba­
sis of early clinical symptoms and minimal or no CT evidence of caudate atro­
phy and have confirmed that caudate hypometabolism occurs in the absence 
of significant tissue loss (HAYDEN et al. 1986). Similar observations were made 
by GARNETT et al. (1984). These observations support the hypothesis that the 
changes in caudate metabolism reflect true alterations in neuronal function 
rather than artifactua1 changes to caudate atrophy. In the appropriately se-
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Fig. 3. A fluorodeoxyglucose PET scan obtained in a normal subject and a patient with 
Huntington's disease. A comparable level through the basal ganglia is shown for each 
individual. The colour scale is calibrated in units of regional cerebral glucose metabo­
lism (mg per 100 g per minute) 

lected patient, i.e. the patient with a positive family history of Huntington's 
disease who has early symptoms and a normal CT scan, impaired striatal glu­
cose metabolism as demonstrated by PET provides useful supportive evidence 
for the diagnosis. A normal and a Huntington's disease scan are illustrated in 
Fig. 3. 

Whether PET is useful in the diagnosis of Huntington's disease in at-risk 
individuals before the onset of clinical symptoms is a question which has ge­
nerated intense interest from several groups. If caudate metabolism is de­
pressed in patients before the onset of detectable structural changes, one 
might postulate the appearance of caudate hypometabolism preceding the on­
set of clinical symptoms. In their original publication, KUHL et al. (1982) re­
ported the presence of caudate hypometabolism in 6 of 15 asymptomatic sub­
jects at risk for the disease. They found that 3 of the hypo metabolic subjects 
developed clinical signs characteristic of the disease over the following 2 years 
(KUHL et al. 1985). MAZZIOITA et al. (1986) found that 30 % of at-risk individu­
als had abnormal caudate metabolism. We have studied a series of asympto­
matic at-risk subjects by measuring caudate glucose metabolism with PET as 
well as performing DNA polymorphism studies in order to determine which 
subjects had a high probability of carrying the gene for Huntington's disease 
(STOESSL et al. 1986a). We found that all patients with abnormal caudate glu­
cose metabolism had positive DNA studies, i.e. they were carrying the Hun­
tington's disease gene. In addition, it was apparent that some patients with the 
gene did not have abnormal striatal metabolism. These findings suggest that, 
although the striatal metabolic abnormalities do appear prior to the onset of 
clinical symptoms, the hypometabolism occurs in close temporal relationship 
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to the development of clinical abnormalities. If this is the case, then patients 
studied a long time before the onset of symptoms would not be expected to 
have striatal changes. In contrast to our findings, however, YOUNG et al. 
(1986b) have studied caudate metabolism in 29 individuals at risk for Hun­
tington's disease and have observed that caudate metabolism parallels the 
signs of neurological dysfunction. Clearly, further studies are required to 
answer this important question with more certainty. 

Caudate hypometabolism does not appear to be specific for Huntington's 
disease. We have reported similar changes in some patients with benign her­
editary chorea (SUCHOWERSKY et al. 1986). In addition, caudate metabolic de­
pression has been reported in Lesch-Nyhan syndrome (PALELLA et al. 1985). 
The clinical situation is therefore important in the interpretation of the PET 
findings. 

How does the caudate functional change relate to the chorea itself? Nor­
mal caudate metabolism has been reported in patients with chorea secondary 
to lupus, suggesting that caudate hypometabolism may not be the PET corre­
late of chorea (GUTTMAN et al. 1986). This possibility is also supported by our 
studies in benign hereditary chorea; although abnormalities were present in 
some patients, this was not the case for all (SUCHOWERSKY et al. 1986). In con­
trast, we have not seen a patient with a clinical diagnosis of Huntington's dis­
ease who did not have caudate hypometabolism. Further studies are needed to 
answer this question concerning the functional substrate of chorea. One pos­
sibility is that chorea may be produced by different functional abnormalities 
acting on a final common pathway. Another possibility is that the caudate hy­
pometabolism of Huntington's disease, although an important feature of the 
disease process, is not directly related to the chorea itself. 

Although PET studies performed thus far in this disorder have concen­
trated on cerebral metabolism, some work with 6-FD has been reported. We 
have studied patients with typical adult onset choreic Huntington's disease as 
well as patients with the rigid juvenile onset variant (STOESSL et al. 1986b). In 
choreic patients 6-FD-derived activity did not differ significantly from age­
matched controls. In contrast, rigid patients had markedly less striatal radio­
activity than controls. This loss was not explainable by caudate atrophy. These 
findings suggest the presence of significant impairment of presynaptic dopam­
inergic function in the rigid variant and provide a theoretical basis for treat­
ment 'of these patients with L-dopa or dopaminergic agonists. LEENDERS et al. 
(1986c) have reported a single individual with typical Huntington's disease in 
whom 6-FD uptake was normal, but D2 receptor binding, assessed by measur­
ing striatum: cortex ratios following [HC] NMSP administration, was de­
creased. As more experience is gained with studies of dopaminergic and other 
receptors in Huntington's disease, significant further knowledge should ac­
crue concerning the pathophysiological substrate of chorea and about the dis­
ease itself. 
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IV. Dystonia 

Exploratory studies of cerebral glucose metabolism in both generalized and 
focal dystonia have been performed. Studies in idiopathic generalized dysto­
nia have thus far failed to provide any major insights with regard to its patho­
physiology. In focal dystonia (torticollis) we have reported that although there 
is no consistent abnormality in CMRG there is a breakdown in the normal re­
lationships between thalamus and basal ganglia (STOESSL et al. 1986c). This 
suggests the presence of a functional abnormality in connections between 
these structures rather than pathology in a specific structure. JUNeK et al. 
(1986) found no defmite abnormalities in three patients with torticollis, but in 
patients with more severe asymmetric dystonia, observed asymmetric metabo­
lism in the sensorimotor cortex with lower metabolism in the hemisphere con­
tralateral to the symptomatic side. 

In all these studies it is important to determine whether the changes ob­
served are secondary to the disease process which causes dystonia, or are se­
condary to the movement itself. In an attempt to answer this question, we 
have studied a group of normal subjects who were instructed to move the head 
in a fashion intended to simulate the involuntary movements of torticollis. 
The results were analysed with the same correlation technique used in our tor­
ticollis study (STOESSL et al. 1986c). We found that the two control groups 
(one group studied at rest and one studied during voluntary head movement) 
and the dystonic group were all quite different, suggesting that the findings in 
dystonia are significant. 

Studies performed with 6-FD suggest that dystonia is a heterogeneous dis­
order. We have shown in patients with dystonia/parkinsonism that the calcu­
lated striatal influx constant in some patients is significantly lower than in 
age-matched controls (MARTIN et al. 1988). Similar findings have also been re­
ported by LANG et al. (1988). In other patients with idiopathic dystonia unas­
sociated with parkinsonian features we have observed a striatal influx con­
stant which exceeds that found in age-matched controls (W. R. W. MARTIN 
1986, unpublished work). A patient with progressive hemidystonia from child­
hood who subsequently developed parkinsonism on the same side and ble­
pharospasm on the other side has been reported (LEENDERS et al. 1986d). A 
left upper brain stem lesion was evident on CT and MRI in this patient; the 
left striatum was structurally intact, but had decreased 6-FD uptake, because 
of nigrostriatal pathway involvement. On the right side, 6-FD uptake was nor­
mal. NMSP uptake was normal bilaterally, suggesting normal D2 receptors (al­
though analysis of receptor kinetics was not reported). Of note is the fact that 
impaired 6-FD uptake in all of these reports was associated with parkinsonism 
rather than with pure dystonia. 

As described previously in this chapter, focal lesions of the putamen have 
been associated with dystonia. We have studied one such patient with infarc­
tion limited to the putamen by the 6-FD PET technique (FROSS et al. 1986). 
There was evidence that dopaminergic input to the caudate was intact in this 
patient, providing additional support for the view that putamenal pathology is 
associated closely with dystonia. 
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The loss of dopaminergic input to the putamen with relative sparing of 
caudate input is similar to the situation seen in Parkinson's disease. While in 
Parkinson's disease this represents loss of dopaminergic input to intact neu­
rons, in a patient with focal putamenal destruction there is loss not only of the 
dopaminergic input, but also of neurons intrinsic to the putamen. We have 
hypothesized that while parkinsonian motor manifestations derive from puta­
menal output released from nigral modulation, dystonia results from a loss of 
putamenal influence on other structures. This hypothesis is also consistent 
with our impression in torticollis that there is a functional abnormality in stri­
atal- thalamic coupling. 

D. Conclusions 

Modem techniques of neuroimaging have permitted us to obtain much better 
information concerning the structural substrate of various disorders of the ba­
sal ganglia. In addition, with the development of PET, we have obtained an 
important new tool to study in vivo brain function in human subjects. This 
has resulted in improved understanding of striatal functioning both in health 
and in disease. These studies, however, are still in their infancy and a great 
deal of work remains to be done to elucidate the pathophysiology of these dis­
ease processes in more detail. 

Studies performed with PET have thus far concentrated on the measure­
ment of cerebral metabolism and blood flow. The potential of the technique is 
much greater, however. With the development of methods to study presynap­
tic and postsynaptic dopaminergic function, a very useful tool to assess neuro­
transmitter function in the basal ganglia is available. It is critical that metho­
dological considerations receive close attention, however, and that these 
techniques are not applied indiscriminately. Studies of other receptors, al­
though not addressed in this chapter, have also been proven possible. As the 
methodological aspects of these are developed, major advances are anti­
cipated in understanding movement disorders and in the clinical manage­
ment of affected patients. 
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CHAPTER 6 

The Neurochemical Basis of the Pharmacology 
of Parkinson's Disease 

o. HORNYKIEWICZ 

A. Introduction 

Until 1960, the pharmacology of Parkinson's disease (PD) was purely empiri­
cal. In the second half of the last century, Charcot introduced the use of bel­
ladonna extracts as mildly effective remedies in PD. Since that time, there has 
been hardly a drug that has not been tried in patients suffering from this dis­
order. The list even includes such compounds as ferric sulfate, barium chlo­
ride, strychnine, pentylenetetrazol, and diverse thyroid and pyrathyroid pre­
parations (see HASSLER 1953). Among these chemically more or less defined, 
but ineffective, agents and whole, or partly purified, organ extracts, stria­
phorin, an extract of the bovine striatal nuclei, deserves special mention. Al­
though ineffective as an antiparkinsonian agent, it very likely contained dop­
amine (DA). Striaphorin's failure as a remedy for PD might have been due to 
such trivial factors as too small amounts of DA contained in the marketed 
preparation, or the impenetrability of the blood-brain barrier to DA. From the 
very wide variety of drugs and (tissue) preparations that have been proposed 
as potential remedies for PD, it can be concluded that the results of this cen­
tury-long empirical approach to pharmacotherapy of PD were highly unsatis­
factory clinically. Nevertheless, it is interesting that during this period of pure 
pharmacologic empiricism, the prototypes of two drug groups had been found 
to be of some limited benefit in the treatment of PD: namely, anticholinergics 
(in the shape of Charcot's belladonna extracts) on one hand and ampheta­
mine (SOLOMON et al. 1937) and apomorphine (SCHWAB et al. 1951) on the 
other hand. According to our present concepts, the effectiveness of these 
chemically diverse drugs can be related to the mQst basic neurochemical ab­
normality in the brain ofPD patients-the marked loss ofDA in the nigrostri­
atal neuron system. 

B. The Basic Neurochemical Pathology 
of Parkinson's Disease 

The crucial finding by EHRINGER and HORNYKIEWICZ (1960) of reduced DA 
concentrations in the basal ganglia in patients with PD furnished the basis for 
the concept of DA substitution as a rational approach to drug treatment of 
PD. This concept was introduced by HORNYKIEWICZ in 1960-1961, when he in-
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itiated trials (with the assistance of clinical neurologists) of the DA precursor 
L-dopa (levodopa) in patients suffering from PD (see HORNYKIEWICZ 1986). 

I. The Nigrostriatal Dopamine Neuron System 

The loss of DA in all components of the basal ganglia is the most consistent 
and the most specific neurochemical alteration in the brain of patients with 
PD; it includes: (a) severe loss of DA and its metabolites homovanillic acid, 
3,4-dihydroxyphenylacetic acid, and 3-methoxytyramine in the caudate nuc­
leus, putamen (both called the striatum), globus pallidus, and the compact 
zone of the substantia nigra; (b) reduced concentration of the DA-synthesiz­
ing enzymes tyrosine hydroxylase and dopa decarboxylase; and (c) a reduced 
number of specific presynaptic DA uptake (transporter) sites (Fig. 1; HoRNY­
KIEWICZ and KISH 1986). 

The loss of striatal DA is highly specific for parkinsonian syndrome re-
gardless of its etiology. It has been found in: 

1. Idiopathic PD; 
2. Postencephalitic parkinsonism; 
3. Senile arteriosclerotic brain disease with parkinsonian symptomatology 

(BERNHEIMER et al. 1973); 
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Fig. I. Pre- and postsynaptic changes, expressed as percentage of controls (= 100 %), in 
the nigrostriatal DA neuron system in PD. Abbreviations: DA stirn. AC = DA-stimu­
lated adenylate cyclase activity; DDC = dopa decarboxylase; HV A = homovanillic 
acid; TH = tyrosine hyqroxylase. For references, see text 
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4. Other degenerative brain conditions presenting, inter alia, with parkin­
sonian features, such as: (a) progressive supranuclear palsy (KISH et al. 1985 a; 
RUBERG et al. 1985), (b) striatonigral degeneration (SHARPE et al. 1973); and 
(c) neuronal intranuclear inclusion body disorder (KISH et al. 1985 b); 

5. Toxic parkinsonism, such as, (a) chronic manganese poisoning (BERN­
HEIMER et al. 1973); and (b) 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced parkinsonian syndrome in humans and subhuman primates 
(LANGSTON et al. 1984; BURNS et al. 1985); 

6. Reversible, drug-induced parkinsonism produced by reserpine or the 
antipsychotic neuroleptics of the phenothiazine and butyrophenone type; 
these drugs produce an actual or functional lack of DA (via DA depletion or 
receptor blockade) at the synaptic level (see HORNYKIEWICZ 1972). 

II. Extrastriatal Dopamine Neurons 

Moderate loss of DA (and homovanillic acid) has been observed in many sub­
cortical limbic regions of the forebrain (nucleus accumbens, medial olfactory 
area, amygdaloid nucleus); in several limbic cortical and neocortical areas 
(entorhinal, cingulate, hippocampal, and frontal cortices) (FARLEY et al. 1977; 
PRICE et al. 1978; SCATTON et al. 1983, 1984); and in the mesencephalic ventral 
tegmental area (JAvoY-AGID et al. 1981), which is the area of origin of the DA 

Table 1. Extrastriatal dopamine changes in Parkinson'S disease: compar­
ison with putamen 

Brain region Dopamine loss 
(%) 

Subcortical regions 
Nucleus accumbens 58 a 

Medial olfactory area 22 b 

Lateral olfactory area (olfactory tubercle; substantia 
innominata; anterior perforate substance) O.Ob 

Lateral hypothalamic area 90a 

Amygdaloid nucleus 45c 

Ventral tegmental area (VTA) 50c 

Cortical regions 
Parolfactory cortex (Brodmann area 25) 90b 

Frontal cortex 61 c 

Entorhinal cortex 68C 

Cingulate cortex 52c 

Hippocampus 68c 

Striatum 
Putamen 91" 

a PRICE et al. 1978 
b FARLEY et al. 1977 
c SCATION et al. 1984 
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projections to subcortical limbic and cortical regions. The only extrastriatal 
forebrain regions with marked loss of DA were the lateral hypothalamus and 
the parolfactory gyrus (FARLEY et al. 1977; PRICE et al. 1978). A moderate re­
duction of DA in the spinal cord (SCATION et al. 1984) was recently found to 
be statistically nonsignificant (Table 1; SCATION et al. 1986). 

III. Nondopamine Neuron Systems 

Significant changes in several non-DA systems have also been observed in the 
parkinsonian brain. Reduced tissue concentrations in the striatum, substantia 
nigra, globus pallidus, nucleus accumbens, limbic and/or cortical regions, 
hippocampus, cerebellar cortex, and spinal cord have been reported for: (a) 
norepinephrine (EHRINGER and HORNYKIEWICZ 1960; BERNHEIMER et al. 1963; 
FARLEY and HORNYKIEWICZ 1976; KISH et al. 1984; RINNE and SONNINEN 1973; 
SCATION et al. 1983, 1984); (b) serotonin (BERNHEIMER et al. 1961; LLOYD 
1972; RINNE et al. 1974; SCATION et al. 1983); (c) the neuropeptides Met- and 
Leu-enkephalin, cholecystokinin, substance P, somatostatin, neurotensin 
(BISSETIE et al. 1985; EPELBAUM et al. 1983; MAUBORGNE et al. 1983; STUDLER 
et al. 1982; TAQuET et al. 1983; TENOVUO et al. 1984); (d) glutamate decarboxy­
lase (BERNHEIMER and HORNYKIEWICZ 1962; GASPAR et al. 1980; LAAKsoNEN et 
al. 1976; LLOYD and HORNYKIEWICZ 1973; RINNE et al. 1974); and (e) choline 
acetyltransferase (LLOYD et al. 1975; PERRY RH et al. 1983; REISINE et al. 

% of control 
100 ------------------------------------------------

L - CAT 
Enk CCK SP 

sT 

I'JE 5-HT GAD 
50 

M-
Enk 

o • 
DA ~ 

Local-I sTR sN sN sN PUT sN sN CTX sTR CTX 
isation sN ACC sTR PUT GP GP HIP GP 

sTR GP GP PUT sN 

Fig. 2. Quantitative aspects of some non-DA changes in selected brain regions in PD; 
comparison with the nigrostriatal DA loss. Abbreviations: brain region - ACC = nuc­
leus accumbens; CTX = cortex (cerebral); GP = globus pallidus; HIP = hippocampus; 
PUT = putamen; SN = substantia nigra; STR = striatum (putamen and caudate); 
neurotransmitter markers - CAT = choline, acetyltransferase; CCK cholecystokinin; 
GAD = glutamate decarboxylase; 5-HT = serotonin; L-Enk = leucine-enkephalin; 
M-Enk = methionine-enkephalin; NE norepinephrine; SP = substance P; ST = soma­
tostatin. For references, see text 
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1977; RUBERG et al. 1982). In contrast, the levels of y-aminobutyric acid 
(GABA) in the parkinsonian striatum have been found above normal 
(PERRY TL et al. 1983; KISH et al. 1986); similarly, an increased cholinergic 
activity in the parkinsonian striatum, owing to loss of dopaminergic inhibi­
tion, can be deduced from observations in experimental animals which show 
that normally dopaminergic neurons strongly inhibit the activity of the striatal 
acetylcholine neurons (see BARTHOLINI 1980). It is noteworthy that the 
changes observed in non-DA systems are generally much less pronounced 
compared with the severe loss of nigrostriatal DA (Fig. 2). 

c. Pathophysiologic and Pharmacologic Significance of the 
Biochemical Brain Abnormalities in Parkinson's Disease 

I. Nigrostriatal Dopamine Loss 

The loss of DA within the nigrostriatal neuron system of patients with PD is 
directly related to the main motor deficits of this disorder. The following evi­
dence can be cited in support of this conclusion: (a) in fully developed PD the 
striatal DA loss is exceptionally severe in degree (Fig. 1 and 2); (b) striatal DA 
deficiency is present in degenerative brain disorders other than PD presenting 
with parkinsonian symptoms (see Sect. B.I), including progressive supranuc­
lear palsy, striatonigral degeneration, and neuronal intranuclear inclusion 
body disorder; (c) as demonstrated by MPTP-induced parkinsonism, the loss 
of striatal DA is sufficient to produce all major symptoms of PD proper; (d) in 
patients with PD there exists a significant correlation between the degree of 
striatal DA loss and the severity of nigral cell loss (BERNHEIMER et al. 1973); 
(e) the severity of the parkinsonian symptoms, e.g., akinesia, is positively 
correlated with the degree of striatal DA loss (BERNHEIMER et al. 1973); this 
correlation also holds for patients with hemiparkinsonism, in whom a more 

Table 2. Relationship between the loss of striatal DA and homovanil­
lic acid (HV A) and the severity of parkinsonian symptoms 

Diagnostic Caudate Putamen 
grouping Loss (%) Loss (%) 

DA HVA DA HVA 

Hemiparkinsonism (right side) a 

Right striatum 62 80 
Left striatum 83 96.5 

PD (bilateral) b 

Mild akinesia 78 48 87 63 
Marked akinesia 92 82 98.5 81 

a BAROLIN et al. 1964 
b BERNHEIMER et al. 1973 
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severe DA loss is found in the striatum contralateral to the affected side of the 
body (Table 2; BAROLIN et al. 1964); (f) the ultimate confirmation and most 
crucial evidence for the pivotal role played by the striatal DA loss for the 
symptomatology of PD is the therapeutic success of the DA substitution ther­
apy, e.g., with L-dopa (BIRKMAYER and HORNYKIEWICZ 1961, 1962; BARBEAU et 
al. 1962; COTZIAS et al. 1967; see HORNYKIEWICZ 1986). 

Together with striatal DA deficiency as the most characteristic neuro­
chemical alteration in the PD brain, the high antiparkinsonian efficacy of dop­
aminergic drugs provides a sound basis for the concept of DA substitution 
therapy as a rational approach to the pharmacology of PD. The potentiation of 
L-dopa's clinical effectiveness by means of inhibitors of the extracerebral dopa 
decarboxylase (carbidopa; benserazide) or monoamine oxidase (MAO) (espe­
cially selective MAO-B inhibition with deprenyl) is based on, and further sub­
stantiates, the DA substitution concept. In addition, the fact that, in principle, 
DA substitution reverses all main motor symptoms of PD shows that DA is 
crucially involved in all major aspects of basal ganglia motor control (MARS­
DEN 1980). The role of brain DA for striatal (motor) function is substantially 
supported by a large body of experimental evidence obtained in laboratory an­
imals, including MPTP-treated primates (see EVERED and O'CONNOR 1984; 
MARKEY et al. 1986). 

II. Extrastriatal Dopamine Changes 

There are no studies in the literature reporting possible correlations between 
the severity of the various motor deficits in patients with PD and the degree of 
DA changes in extras tria tal brain regions. From behavioral and pharmaco­
logic studies in laboratory animals (PIJNENBURG et al. 1976; see also CHRONIS­
TER and DE FRANCE 1981) it may be surmised that DA reduction in the nuc­
leus accumbens may aggravate the motor deficits (especially akinesia) of PD, 
whereas DA loss in other limbic and/or cortical regions may contribute to dis­
orders of affect (depression) or cognition (dementia) sometimes seen in pa­
tients with PD. It has been suggested that, in addition to their motor func­
tions, the mesotelencephalic DA neurons may be involved in the control of 
nonmotor higher (cognitive) brain functions (see IVERSEN 1977). Despite these 
possibilities, it remains uncertain whether the comparatively mild degree of 
DA reduction found in the extrastriatal regions (see Table 1) is sufficient to 
produce overt (decompensated) clinical deficits. Therefore, it is unknown to 
what degree the correction, by means of DA substitution, of the possible DA­
related dysfunction in the extrastriatal brain regions contributes to the benefi­
cial antiparkinsonian effect of this therapy. 

III. Nondopamine Changes 

1. Changes in the Basal Ganglia 

The importance, for the full clinical expression of PD, of the diverse changes 
in non-DA systems is at present difficult to assess because not enough is 
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Table 3. Actions of non-DA neurotransmitters on DA activity in the basal ganglia and 
their possible relation to PD symptomatology 

N eurotrans- Physiologic mode and site of Change Probable effect 
mitter action and/or interaction inPD onPD motor 

with the brain DA system symptoms due to 
DA deficiency 

Norepinephrine Acts synergistically with the Decreased Aggravation 
mesotelencephalic DA system 
regarding motor activation 

Acetylcholine Produces catalepsy and enhances Increased Aggravation 
striatal DA deficiency (functio-
symptoms (especially nally;dueto 
rigidity and akinesia) DA loss) 

Substance P Stimulates DA neurons in Decreased Aggravation 
substantia nigra 

Cholecystokinin Facilitates certain DA neurons Decreased Aggravation (?) 
(especially nucleus accumbens) 

Serotonin Inhibits DA neurons in substantia Decreased Amelioration 
nigra 

GABA Inhibits cholinergic activity Increased Aggravation (?) 
in striatum (= deactiva- (via choliner-

tion?) gic activation) 
Opioids/ Facilitate or inhibit DA neuron Decreased ? 

neurotensin function, depending on site of 
action (cell bodies/terminals) 

For key references; see text 

known about the role of these neurohumoral systems in normal brain func­
tion. Since most of these changes are small in comparison with the profound 
striatal DA loss, they may be fully compensated by the remaining neurons, 
and thus fail to produce any overt functional-clinical deficits. On the other 
hand, the.r:e exists a large body of experimental evidence obtained in labora­
tory animals suggesting the existence of functional interactions and a dy­
namic interplay between the brain DA neurons and several non-DA brain sys­
tems (HORNYKIEWICZ 1976; LLOYD 1977 a; BARTHOLINI et al. 1981). The 
concept of a functional interaction implies that disturbance of one neuronal 
system will produce a disturbance in one or more of the other systems with 
which it is functionally connected. Of the many known interactions between 
brain DA and the non-DA systems, the following may be of special relevance 
to PD and its pharmacotherapy (Table 3): (a) the norepinephrine-DA interre­
lationship; (b) the acetylcholine-DA link; (c) the GABA-DA interplay; and 
Cd) influences of serotonin and neuropeptides on nigrostriatal DA function. 

a. Norepinephrine 

Pharmacologic evidehce obtained in laboratory animals suggests that, in re­
spect to locomotor activity, brain norepinephrine enhances the effectiveness 
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of the forebrain DA neurons (SVENSSON 1971; ANnEN et al. 1973; HORNYKIE­
WICZ 1976; DONALDSON et al. 1978). The observed reduction of norepinephrine 
in the forebrain in PD (especially in the substantia nigra and nucleus accum­
bens) may, therefore, further aggravate the motor deficits primarily due to loss 
of striatal DA. Such an aggravating role of the norepinephrine changes would 
have obvious clinical and pharmacologic implications. It may also explain 
why L-dopa, which is converted in the body to DA as well as norepinephrine, 
is considerably more potent as an antiparkinsonian drug than the compounds 
acting directly on the brain DA receptors (but lacking a major norepinephrine 
agonist al activity). This possibility should be kept in mind when trying to de­
velop new DA substituting drugs for PD. 

b. Acetylcholine 

There is good evidence that cholinergic stimulation of the striatum produces 
catalepsy in laboratory animals (ZETLER 1968) and aggravates motor deficits, 
such as rigidity and akinesia, in patients with PD (DUVOISIN 1967). Since nor­
mally striatal DA activity exerts a tonic inhibitory influence on the activity of 
the cholinergic neurons (see HORNYKIEWICZ 1976; LEHMAN and LANGER 1983), 
the loss of this dopaminergic inhibitory influence in PD will result in cholin­
ergic overactivity and a corresponding aggravation ofthe PD symptoms. In view 
of this possibility, the low efficacy of anticholinergic drugs in the pharmacothe­
rapy of PD is somewhat surprising; the more so as anticholinergics are quite 
potent in reversing the Parkinson-like condition produced by brain DA recep­
tor blocking drugs (neuroleptics). In this respect, it is noteworthy that the acti­
vity of choline acetyltransferase, the enzyme responsible for acetylcholine syn­
thesis, has been reported to be reduced in PD striatum (LLOYD et al. 1975; 
REISINE et al. 1977). This finding has been interpreted by LLOYD (1977 b) as 
representing a downregulatron of striatal acetylcholine synthesis so as to 
minimize the adverse consequences of the relative cholinergic overactivity. 
This interpretation would help to explain why the additional inhibition, by 
anticholinergic medication, of the already downregulated striatal cholinergic 
neuronal activity has only a modest therapeutic effect. 

c. y-Aminobutyric Acid 

Although the precise role in PD symptomatology of the elevated GABA levels 
in PD striatum is at present unknown, these alterations deserve special atten­
tion in view of the importance of the DA-GABA interactions for the normal 
function of the basal ganglia (HORNYKIEWICZ 1976; LLOYD 1977 a; GALE and 
CASU 1981; SCHEEL-KRUGER 1986). The finding that, in contrast to the 6-hy­
droxy-DA model of PD in the rat (VINCENT et al. 1978), the elevated GABA 
concentrations in PD striatum are not accompanied by a corresponding in­
crease in the GABA-synthesizing enzyme glutamate decarboxylase, and, in 
addition, are inversely related to the severity of DA loss (KISH et al. 1986), 
suggests that there may be a DA-related deactivation (downregulation) of 
GABA neuron activity in PD striatum, with reduction of GABA release as its 
prominent feature. Since it has been suggested that GABA exerts an inhibi-
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tory influence on the striatal cholinergic activity (SCATTON and BARTHOLINI 
1982), a deactivation of the striatal GABA neuron activity in response to the 
severe loss of DA would be expected to aggravate, via increase in cholinergic 
activity, the parkinsonian condition. This may be the reason why, in the 6-hy­
droxy-DA model of PD in the rat, GABAergic drugs potentiated the effect of 
DA agonists (BENNETT et al. 1987), and in patients with PD the GABAergic 
prodrug progabide potentiated the antiparkinsonian effect of the L-dopa treat­
ment (BERGMAN et al. 1984). Clearly, elucidation of this aspect of the DA­
GABA interaction may greatly contribute to the development of better drug 
regimes for PD. 

d. Serotonin, N europeptides 

Regarding the functional implications for PD of changes in systems other 
than thenon-DA basal ganglia systems, pharmacologic evidence suggests that 
the serotonin system produces an overall inhibitory effect on the activity of 
the DA neurons in the substantia nigra (see DRAY 1981), whereas substance P 
stimulates these neurons (see GLOWINSKI et al. 1982; IVERSEN 1982); cholecys­
tokinin also facilitates DA neurons, especially at the level of the nucleus ac­
cumbens (CRAWLEY et al. 1985; V ANDERHAEGHEN and CRAWLEY 1985). Thus, it 
may be concluded that the reduction in PD of the basal ganglia substance P 
and cholecystokinin may aggravate, whereas the reduction in brain serotonin 
will tend to mitigate the motor symptoms due to striatal DA loss. No clin­
ically applicable consequences have yet resulted from these possibilities. 

2. Changes Outside the Basal Ganglia 

One can only speculate about the clinical importance of the non -DA changes 
occurring in regions of the PD brain other than the striatum. In principle, 
some of these abnormalities are likely to contribute indirectly to the charac­
teristic DA-related disturbances, whereas other changes may produce symp­
toms unrelated to PD proper. Thus, since norepinephrine has been found to 
facilitate the spinal flexor reflex activity (ANDEN 1970), the (moderate) reduc­
tion of spinal norepinephrine may aggravate the parkinsonian movement defi­
cits. Similarly, the loss of cerebell'ar norepinephrine in PD has been suggested 
to contribute to abnormalities of cerebellum-controlled motor performance as 
well as abnormalities of posture and equilibrium (KISH et al. 1984). In con­
trast, the cortical, limbic, and hypothalamic reduction of norepinephrine and 
serotonin may be involved in nonmotor symptoms such as autonomic and/or 
psychiatric disturbances sometimes found in PD. This may also apply to the 
loss of cholinergic forebrain neurons (especially nucleus basalis innervation) 
as well as cortical and hippocampal somatostatin found in many PD brains; 
these changes may be responsible for symptoms of dementia which may occur 
in up to 30 % of patients with advanced PD (see HORNYKIEWICZ and KISH 
1984, 1986). As in the case of the striatal non-DA changes, the changes of 
these systems outside the striatum have not yet resulted in any clinically si­
gnificant pharmacotherapeutic advances. 
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D. Striatal Dopamine Deficiency and the Pharmacotherapy 
of Parkinson's Disease: 
Special Aspects of Dopamine Substitution 

The profound brain DA loss in PD triggers several functional neurochemical 
changes in the affected basal ganglia areas. These changes are part of the gen­
eral phenomenon of neuronal plasticity of the brain; they affect, in a typical 
manner, the function of the surviving presynaptic DA terminals as well as the 
postsynaptic DA elements. Since some of these changes play an important 
part in the effectiveness of the DA substitution therapy in PD, they will be dis­
cussed in the following subsections. 

I. Compensatory Changes in the Nigrostriatal Dopamine Neurons 

In PD, the nigrostriatal DA system responds to its partial damage with two 
major adaptive changes (see HORNYKIEWICZ and KISH 1986); (a) presynapti­
cillly, there occurs an increase in DA metabolism in the remaining DA neu­
rons, as judged by the shifting of the homovanillic acid: DA ratio in PD stria­
tum in favor of the metabolite (Fig. 3; BERNHEIMER and HORNYKIEWICZ 1965); 
and (b) postsynaptically, there develops an increased sensitivity of the af­
fected striatum to DA, i.e., the phenomenon of "denervation supersensitivity," 
as evidenced by increase in the number of postsynaptic striatal D2 DA binding 
sites (receptors) (LEE et al. 1978; RINNE 1982; GUTTMAN and SEEMAN 1985). 
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Fig. 3. Molar ratios (R) "homovanillic acid/DA" in caudate and putamen of patients 
with PD and control subjects. The greatly increased ratios in the PD striatum, espe­
cially the putamen, indicate that the remaining DA neurons are highly hyperactive, 
releasing (and synthesizing) considerably more DA than in (normal) subjects with in­
tact nigrostriatal DA neurons. (Data from BERNHEIMER and HORNYKIEWICZ 1965) 
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Both these changes are aimed at maximizing the physiologic effectiveness of 
the remaining DA neurons so as to maintain striatal function near norma11e­
ve1s despite severe DA neuron loss; they represent a powerful means of comp­
ensation for the partially lost brain DA function. 

II. Compensated and Decompensated Stages 
of Parkinson's Disease and the Goal of Dopamine Substitution 

The extent to which the partly damaged brain DA neuron system is capable of 
functionally compensating for the lost DA activity is clearly shown by the ob­
servation that PD symptoms do not become clinically manifest unless the stri­
atum loses 80 % or more of its DA (BERNHEIMER et al. 1973; HORNYKIEWICZ 
and KISH 1986). 

On the basis of this unusually high capacity for compensation, PD as a 
progressive degenerative disorder of the basal ganglia DA neurons can be di­
vided into two stages (HORNYKIEWICZ 1973; BERNHEIMER .et al. 1973): (a) the 
compensated, clinically silent, stage during which the DA loss is less than 
80 %; and (b) the stage of functional decompensation which is characterized 
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Fig. 4. Compensated and decompensated stages of PD as a function of critica110ss of 
nigrostriata1 DA. The large (open) triangular area represents the clinically asympto­
matic (i.e., compensated) stage of striatal DA loss. Only when the DA loss exceeds the 
critical value of 80 % (stippleed areas) do clinical symptoms become manifest (i.e., de­
compensation). The goal of DA substitution therapy is to achieve a functional recom­
pensation 0f the decompensated stage of striatal DA deficiency by increasing dopam­
inergic activity above the critical mark of 80 % reduction 
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by clinically manifest symptoms of striatal DA deficiency as a result of striatal 
DA loss exceeding the critical value of 80 % (Fig. 4). 

The concept of a critical level of striatal DA loss as a neurochemical corre­
late of the clinically compensated and decompensated stages of PD implies 
that the goal of DA substitution therapy will consist in reversing the clinically 
overt decompensated PD to the stage of functional compensation. In short, 
the goal of DA substitution therapy is the clinical "dopaminergic recompensa­
tion" of the striatal DA deficiency. 

III. The Role of the Compensatory Changes 
for Dopamine Substitution 

From the functional point of view, it is of special significance that, during the 
course of the progressive striatal DA loss, each of the two compensatory me­
chanisms evolves in a typical, time-related, manner and therefore plays its 
own specific role in the pathophysiology and pharmacotherapy of PD. 

1. The Role of Presynaptic Overactivity 

There is evidence indicating that the overactivity of the presynaptic DA termi­
nals is switched on early in the course of the progressive loss of striatal DA: in 
patients with PD as well as in rats, a 30 %-40 % loss of nigral DA neurons is 
sufficient to increase the rate of DA metabolism significantly in the remain­
ing neurons (HORNYKIEWICZ and KISH 1986; AGm et al. 1973; HEFTI et tll. 
1980). Thus, the presynaptic increase in DA synthesis and release (turnover) 
can be assumed to be a major physiologic mechanism of compensation for the 
progressive loss of striatal DA function, especially during the early stages of 
PD. During the stage of clinically overt PD, the presynaptic overactivity, al­
though incapable of complete compensation, will undoubtedly contribute 
toward a reduction of the clinical consequences (i.e., symptoms) of the severe 
striatal DA deficiency present during this decompensated stage of PD. 

With respect to DA substitution, the presynaptic increase in DA release 
can, pharmacodynamically, be thought of as being in competition with the 
DA or the DA agonist supplied by the DA substituting drug. The increased 
amounts of the endogenous, presynaptically released DA will also prevent the 
development of full denervation supersensitivity, and thus prevent the DA 
substituting drug from exerting its maximal clinical effect. However, by in­
creasing the amount of exogenous DA or DA agonist in the synaptic area, DA 
substitution will substantially reduce the (increased) presynaptic release of en­
dogenous DA, and so the overall role of presynaptic overactivity for the clini­
cal effectiveness of long-term DA substitution can be assumed to be, on bal­
ance, only modest or negligible. 

2. The Importance of Postsynaptic Supersensitivity 
for the Pharmacology of Parkinson's Disease 

In contrast to the presynaptic overactivity of the remaining DA neurons, the 
postsynaptic supersensitivity requires a profound loss of nigral DA neurons in 
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order to develop. In rats, the number of postsynaptic D2 DA binding sites in 
the denervated striatum starts to rise significantly only when the loss of the ni­
grostriatal DA neurons exceeds 95 % (CREESE and SNYDER 1979). This is in ac­
cord with the observation that behavioral supersensitivity (rotational behav­
ior) to apomorphine and L-dopa in rats with unilateral lesions of the 
nigrostriatal path did not become apparent unless 90 % or more of the nigros­
triatal neurons had been destroyed (HEFTI et al. 1980). Consequently, this me­
chanism becomes functionally effective very late in the course of the striatal 
DA deficiency, namely when the striatal DA deficiency has already reached 
the stage of functional decompensation. This suggests that, compared with the 
presynaptic overactivity, the postsynaptic supersensitivity to DA may be of 
secondary importance as a mechanism involved in postponing the develop­
ment of the decompensated stage of PD. 

Unimportant as it may be as a compensatory mechanism, the postsynaptic 
supersensitivity of the PD striatum is of crucial importance for at least three 
aspects of the pharmacology of DA substitution in PD: 

1. High efficacy of DA substitution therapy, both with dopaminergic drugs 
and DA-producing autografts of adrenal medullary tissue; 

2. Relatively selective effect of DA substitution therapy on the most 
severly DA-depleted basal ganglia structures; 

3. Effectiveness of the selective DA autoreceptor agonists on the dener­
vated postsynaptic DA receptors-a potentially new class of very specific anti­
parkinsonian agents. 

a. Special Sensitivity of the Parkinsonian Striatum 
to Dopamine Substitution 

Clinical-pharmacologic experience indicates that PD patients are consider­
ably more sensitive to the clinical (motor) effects of DA substitution than in­
dividuals with an intact basal ganglia DA neuron system (healthy volunteers). 
This special sensitivity to the pharmacologic effects of dopaminergic drugs is 
most likely due to the postsynaptic denervation supersensitivity of the PD stri­
atum; this supersensitivity enables the clinician to keep the clinically effective 
doses of L-dopa or other drugs well below the doses that would be required to 
produce comparable motor effects in non-PD individuals with normosensitive 
striatal DA receptorS". 

b. Regional Selectivity of Dopamine Substitution Therapy 

In clinically moderate doses, the DA substituting drugs can be expected to act 
relatively selectively on the brain regions most severely affected in PD. This 
follows from the fact that those basal ganglia regions with the most severe loss 
of DA will also be the regions developing the highest degree of denervation 
supersertsitivity, i.e., they will be especially sensitive to the pharmacologic­
therapeutic effects of DA and DA agonists. However, prolonged accumulation 
of high amounts of agonist molecules in the synaptic area is known to desen­
sitize the respective receptor sites; therefore, long-term high dose DA substi­
tution therapy will by necessity result in partial or total loss of the regional se-
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lectivity of this medication. In short, DA substitution therapy, especially in 
the higher dose range, is a self-limiting type of drug treatment (see HORNYKIE­
WICZ 1981). 

c. New Approaches to Dopamine Substitution 

Q. Selective Dopamine Autoreceptor Agonists as aNew Class 
of Specific Potential Antiparkinsonian Agents 

As demonstrated in experimental models of PD, including MPTP-induced 
parkinsonism in the rhesus monkey, the denervated postsynaptic striatal (D2) 

DA receptor becomes highly sensitive to a new class of dopaminergic drugs, 
the so-called selective DA autoreceptor agonists (see CARLSSON 1983; HINZEN 
et al 1986). In contrast to the "unselective" agonists, e.g., apomorphine and 
the ergo line derivatives, which in low doses stimulate the DA autoreceptors 
and, in addition, in higher doses stimulate the postsynaptic receptors, the "se­
lective" DA autoreceptor agonists do not stimulate the normosensitive post­
synaptic receptors; however, they are highly effective on the denervated stria­
tal postsynaptic DA receptors. Therefore, in PDpatients, the postsynaptic DA 
agonist effects of these drugs should be confined to those diseased basal gang­
lia regions with most severe DA loss (denervation), with little action (or an 
anti-DA effect) in other brain regions. By virtue of their dual DA agonist pro­
perties, i.e., their highly selective presynaptic site of action on intact DA sys­
tems and their strong postsynaptic action on the denervated DA receptor, the 
selective DA autoreceptor agonists can be expected to have more specific and 
more selective antiparkinsonian effects and, most probably, fewer side effects 
than the presently used (unselective) DA substituting drugs. In this respect, 
the "antidopaminergic" effect of the selective DA autoreceptor agonists on 
normosensitive DA systems may be of special advantage regarding the occur­
rence of psychotic reactiens which are frequently elicited by the common DA 
substituting drugs. Of the DA autoreceptor agonists presently tested in labora­
tory animals, B-HT 920 (6-allyl-2-amino-5,6,7,8-tetrahydro-4H-thiazolo­
[4,5-d]azepine) seems to be an especially selective and specific compound 
(HINZEN et al. 1986). 

(3. Autografting of Dopamine-Producing Cells 
into the Parkinsonian Striatum 

As a result of exhaustive investigations in laboratory animals (see BJORKLUND 
and STENEVI 1985), autografting of DA-producing adrenal medullary (chrom­
affin) tissue to the striatum has been attempted in patients with PD (BACK­
LUND et al. 1985; MADRAZO et al. 1987). Although many basic research, medi­
coethical, and technical questions still have to be resolved, the favorable 
result of this procedure in two patients with advanced PD is highly encourag­
ing (MADRAZO et al. 1987). Since grafts of DA-producing (fetal nigral) tissue 
only partially restore to normal the reduced DA concentrations in the dener­
vated rat striatum (SCHMIDT et al. 1983), the clinical success of this novel ap­
proach to DA substitution in PD crucially depends on the presence of super­
sensitive postsynaptic DA receptor sites in the affected striatum. 
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E. Prospects of a Preventive Drug Treatment 
in Parkinson's Disease 

199 

The Occurrence of MPTP-induced parkinsonism in humans and its duplica­
tion in subhuman primates has greatly stimulated research on the possible 
cause, or causes, of PD. To date, these studies have significantly contributed 
to our knowledge about the factors that may be involved in producing selec­
tive death of the DA-containing neurons in the substantia nigra (see MARKEy 
et al. 1986). The observations made in laboratory animals, showing that inhi­
bition of brain MAO-B by pargyline or deprenyl (HEIKKILA et al. 1984; LANG­

STON et al. 1984) as well as administration of DA uptake inhibitors (JAVITCH et 
al. 1985) and antioxidant agents (L-tocopherol, p-carotene, ascorbic acid, N­
acety1cysteine) (PERRY et al. 1985) afforded complete or partial protection 
from the MPTP-induced effects on brain DA, has raised hopes that preventive 
drug treatment of the nigral cell death in PD may, in principle, be possible. 
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CHAPTER 7 

Pyridine Toxins 

J. W. LANGSTON and I. IRWIN 

A. Introduction 

Just 4 years ago there were few if any hints of a connection between pyridines 
and Parkinson's disease. Yet a current review, particularly one focusing on ex­
perimental models, would be flawed without a discussion of this newly dis­
covered relationship. This striking tum of events has been precipitated almost 
entirely by the discovery of a single compound, 1-methyl-4-phenyl-1,2,3,6-te­
trahydropyridine, or, as it is now widely know, MPTP. In this chapter, we will 
explore the relevance of this compound and other pyridines to Parkinson's 
disease. As should become clear, investigations into the biologic effects of 
these "pyridine neurotoxins" have provided a surprising number of research 
avenues, ranging from the development of new animal models for the disease, 
to a serious reassessment of etiologic factors. 

Before embarking on a journey into this new world of neurotoxicologic in­
vestigation, we will provide a brief review of pyridines, specifically addressing 
both what and where they are. These sections should set the stage for a com­
prehensive review of the potential importance of certain tetrahydropyridines 
to Parkinson's disease. 

B. What are Pyridines? 

I. Historical Background 

The first hint of the existence of pyridines as a class of compounds was the 
foul odor of products obtained from the distillation of bones and other animal 
products by the early alchemists. In 1846, while investigating the components 
of coal tar, Anderson isolated the first pyridine derivative from pitch, which 
he named picoline, after the Latin pix (pitch) (BARNES 1960). Anderson later 
turned his attention to bone oil and, after much difficulty, isolated the parent 
compound of picoline. He named this new compound "pyridine" after the 
Greek name for fire (pyr) because he had to bum bones to obtain it. 

II. Structure and Chemistry 

Pyridines are all members of the broader class of heterocyclic compounds 
(i.e., organic ring structures containing one or more non-carbon atoms such as 
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sulfur or nitrogen). Heterocyclic compounds are of great interest to chemists 
and biologists alike because of their reactivity and biochemistry. Among the 
heterocyclic compounds, pyridines have been considered the most important 
(BARNES 1960). 

As a specific class of compounds, all pyridines consist of a six-membered 
ring which contains a single nitrogen atom. The parent compound (pyridine 
itself) contains three double bonds (Fig. la), and the. ring is numbered clock­
wise, beginning with nitrogen as 1. A variety of substituents on the pyridine 
ring are possible, and the location of the substituents is indicated by a num­
ber. Hydrogen may be added to one or more double bonds, resulting in par­
tially reduced or saturated pyridines. Thus, the reduction of a single double 
bond (which requires the addition of two hydrogen atoms, one to each of the 
two carbons adjacent to the double bond) results in a dihydropyridine 
(Fig. Ib), and the saturation of two double bonds results in a tetrahydropyri­
dine (Fig.lc). The locations of added hydrogens are indicated by their numer­
ical position. By varying the location of the double bonds within the six-mem­
bered ring (remembering that two double bonds cannot be immediately 
adjacent), five different dihydropyridines and three tetrahydropyridines are 
possible. The full saturation of pyridine (i.e., when all of the carbons are fully 
hydrogenated and there are no double bonds remaining) results in piperidine. 

Understanding this reduction scheme and its nomenclature is of more 
than just academic interest. Because the molecule can undergo the successive 
addition of hydrogen (which "reduces" the oxidation state) to form the var­
ious dihydropyridines and tetrahydropyridines, and this process can be re­
versed through the process of oxidation, a reactive chemical pathway is pro­
vided which has considerable biologic utility. 

A second feature which is of importance to this discussion is the nitrogen 
in the pyridine ring. Nitrogen normally forms three covalent bonds, but still 
possesses an unshared electron pair-the "lone pair." Because of this configu­
ration, the lone pair can form a fourth bond, and therefore a pyridine can act as 
an electron donor (such a compound is referred to as a "quaternary" com­
pound or a pyridinium ion). The addition of the fourth substituent to the neu­
tral nitrogen results in the formation of a positively charged species. This is 
because the nitrogen, in forming the fourth covalent bond, donates one of its 
electrons and in the process acquires a positive charge. Although quaternary 
pyridinium species can arise from a variety of reactions (e.g., nucleophilic dis­
placement), a major route is via the oxidation of reduced pyridines which bear 
a substituent (e.g., a methyl group) on the nitrogen. As we will see, the ease 
with which pyridines undergo oxidation and reduction, and form quaternary 
pyridinium species, appears to be an important characteristic of the pyridine 
toxins to be discussed in this chapter. 

000 
abc 

Fig. 1 a-c. Structures of: pyridine (a), 2,3-dihydropyridine (b), and 1,2,3,6-tetrahydro­
pyridine (c) 
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III. Biologic Role 

Pyridines are important in many biologic processes. For example, the 3-hy­
droxypyridine derivative (pyridoxine or vitamin B6) and its oxidized phos­
phate ester act as enzyme cofactors in a number of biochemical transforma­
tions of amino acids. Other biologically active pyridines are important 
because of their ability to undergo oxidation-reduction and quaternarization. 
One of the examples of this process is the well-known cofactor nicotinamide 
adenine dinucleotide (NAD+). 

NAD+ consists of the pyridine nicotinamide, anchored to adenine dinu­
cleotide via a quaternary bond (hence the positive charge). One important 
function ofNAD+ in biologic systems is the oxidation of other compounds. In 
the process, NAD+ is reduced to NADH (a l,4-dihydropyridine). NADH can 
then be reoxidized to NAD+ via various mitochondrial shuttle systems. NAD+ 
and NADH (and their phosphorylated analogs NADP+ and NADPH) are es­
sential to many biologic processes, including cellular respiration, fatty acid 
synthesis, photosynthesis, and the processes of vision. The observation that 
over 40 biologic redox reactions are thought to depend on these two conju­
gated pyridines highlights the biologic utility of quaternarization and oxida­
tion. As will become evident later in this chapter, this same principle, which is 
vital to many biologically important processes, may also be a key to the neuro­
toxic potential of certain pyridines. 

IV. Distribution of Pyridines 

Given the biologic importance of pyridines, it is not surprising that they are 
widely distributed in nature. In fact, a large variety of pyridines have been iso­
lated from natural sources including animals, plants, fungi, and bacteria 
(BRODY and RUBY 1960). The worldwide cultivation of tobacco alone (nearly 
3 billion kilograms per year) represents between 30 and 160 million kilograms 
of pyridine compounds. 

Industry represents another major source of pyridines in our environment. 
Most pyridines used in the chemical industry are derived from coal tar, which 
in turn is derived from the production of coke. This is no small matter, as 
about 20 % of the coal produced in the United States in converted to coke. 
During the process of this conversion, about 30 % of the coal is driven off as a 
gas which contains a large number of pyridines. In fact, for every 1000 kg of 
carbonized coal produced, approximately 0.1 kg of pyridine bases are made. 
From these, by way of the chemists' craft and the burgeoning chemical indus­
try, a huge number of pyridines have been synthesized-in excess of 10,000 
have been registered by the Chemical Abstracts service since 1965. 

As might be expected, the pharmaceutical industry represents another ma­
jor source of pyridines. The pyridine moiety is a key feature of many natural 
alkaloids, including cocaine, opiate, ergot, and quinine alkaloids. Pyridine 
is also well represented among synthetic drugs, including antidepressants, 
neuroleptics, antiseptics, antibiotics, and enzyme inhibitors. Nearly every 
class of drug has at least one pyridine member. Although a few of these (e.g., 
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reserpine, haldol) have been associated with transient parkinsonian symp­
toms, none have produced degeneration of the neurons of the substantia 
nigra, or a permanent behavioral syndrome. As a result, none of these com­
pounds could be used to produce an entirely satisfactory animal model of Par­
kinson's disease. However, as the result of the discovery of MPTP, not only is 
such an animal model available, but for the first time we can directly probe 
mechanisms underlying the process of neuronal degeneration in the nigrostri­
atal system, a phenomenon which lies at the very heart of Parkinsons's dis­
ease. 

c. Pyridines as Toxins 

The idea of pyridines as neurotoxins is not new. Zinc pyridinethione (ZPT) 
induces a central-peripheral axonal dystrophy in rodents (SAHENK and MEN­
DELL 1980) and isoniazid (a derivative of isonicotinic acid) produces a peri­
pheral neuropathy in humans and experimental animals (BLAKEMORE 1980). 
Another pyridine, 6-aminonicotinamide (6-AN), when administered systemi­
cally, is reported to cause selective depletions of striatal dopamine and pro­
duce a behavioral syndrome characterized by rigidity and spastic paralysis 
(HERKEN et al. 1976).This syndrome is responsive to therapy with L-dopa and 
dopamine agonists (Loos et al. 1977). 6-AN is actually a protoxin which is 
converted to a toxic NADP analog in vivo, and it is the accumulation of this 
compound in specific brain regions that is thought to be responsible for the 
selectivity of 6-AN, via the inhibition of 6-phosphogluconate dehydrogenase, 
resulting in the accumulation of large amounts of 6-phosphogluconate. The 
excitotoxin quinolinic acid has been known for some time to be toxic to cer­
tain cell types in the neostriatum, and in fact has recently been shown to re­
produce many of the neurochemical changes which are seen in Huntington's 
chorea (BEAL et al. 1986). However, the discovery of MPTP heralded an en­
tirely new class of pyridine toxins which are proving to be highly relevant to 
the study of Parkinson's disease. We now tum to a detailed discussion of 
these "parkinsonogenic pyridines." 

I. History 

In the summer of 1982, the versatility of pyridines was once again exploited, 
but this time a clandestine chemist was at work. Taking a lead from the 1940s 
chemistry literature on synthetic opioid analgesics (ZIERING et al. 1947), a 
scheme intended to produce the potent meperidine analog MPPP (Fig. 2 a) 
was attempted. However, through lack of care, skill, or quality control, MPTP 
(Fig.2b), a by-product of the reaction scheme, was produced instead. For a 
brief period MPTP was inadvertently sold and consumed as heroin, but the ef­
fects on its users were devastating (LANGSTON et al. 1983). Some rapidly deve­
loped a syndrome which was virtually indistinguishable from severe Parkin­
son's disease (BALLARD et al. 1985). MPTP was quickly identified as the 
probable offending agent (LANGSTON et al. 1983), and its toxic effects were 



Pyridine Toxins 209 

a b c 

Fig.2a-c. Structures of: the meperidine analog, I-methyl-4-phenyl-4-propionoxypiper­
idine, or MPPP (a); the neurotoxic by-product of MPPP synthesis, I-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, or MPTP (b); the putative toxic biotransformation product 
of MPTP, I-methyl-4-phenylpyridinium ion, or MPP+ (c) 

confirmed in animals shortly thereafter (BURNS et al. 1983; LANGSTON et al. 
1984a). 

The fact that MPTP so faithfully reproduced the clinical features of Par­
kinson's disease in humans (LANGSTON et al. 1983; BALLARD et al. 1985), in­
cluding response to therapy, and even complications of therapy (LANGSTON 

and BALLARD 1984), gave rise to the hope that the compound would be effec­
tive in producing the long sought-after animal model of Parkinson's disease 
(LANGSTON et al. 1983). This hope has been realized to a remarkable degree in 
the ensuing years (LEWIN 1986). 

II. Animal Models 

The effects of MPTP have now been studied in a wide variety of animals, 
ranging from the medicinal leech to primates. In this section, we will summar­
ize the effects of this compound in each of these species, ascending the phy­
logenetic scale. As might be expected, there is considerable interspecies (and 
even intraspecies) variability, but each of these models appears to have some­
thing to offer in regard to the study of MPTP and its usefulness as a tool to 
study Parkinson's disease. 

1. Invertebrates 

Perhaps the lowest animal on the evolutionary ladder to be studied to date is 
the medicinal leech (Hirudo medicinalis). The study of MPTP in this animal 
makes more sense than might be immediately obvious because it has a popu­
lation of large, grossly identifiable dopaminergic neurons; further, the animal 
has characteristic measurable behaviors, including feeding, swimming, and 
biting-even body tone can be studied. The injection of MPTP produces a 
variety of behavioral changes, including rigid body postures and the abolition 
of characteristic biting and swimming behaviors (LENT 1986). MPTP also pro­
duces a 70 % depletion of DA in terminals, and an 85 % depletion of DA in the 
roots derived from axons and somata. Interestingly, MPTP is even more po­
tent at depleting 5-HT in this model, and species differences have been found 
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even at this level. The American leech (Macrobdella decora), a species which 
contains less pigment in the vasofibrous tissue, and possesses one-sixth of the 
MAO-B found in the European medicinal leech, requires more than tenfold 
greater doses of MPTP. Perhaps the most promising use for this model will be 
in direct studies of the effects of MPTP and its analogs and metabolites on the 
highly accessible dopaminergic neurons of this species. 

2. Amphibia 

MPTP also produces a range of behaviors reminiscent of Parkinson's disease 
in certain amphibia. Even before the discovery of MPTP, certain amphibia, 
because their skin pigment had spectroscopic and chemical similarities to 
neuromelanin, had found a place in research in Parkinson's disease (AMBANI 
et al. 1975). With the wave of interest in developing animal models for Parkin­
son's disease which followed the discovery of MPTP, amphibia once again re­
ceived attention as a possible model for Parkinson's disease. 

The salamander and frog have both been used as animal models (BARBEAU 
et al. 1986 a,b). Slowness of movement, tremor, and rigidity were all reported 
to be features of MPTP-induced toxicity in frogs. Biochemical deficits of 
brain and adrenal dopamine (greater than 80 %) 4 weeks after treatment were 
also reported in the frog. Once again, striking intraspecies variations have 
been observed. A 5 mg/kg dose was effective in Rana clamitans, while 
40 mg/kg was required to achieve the same effect in R. pipiens. An admittedly 
intriguing observation in these animals was a striking dispersion of melanin 
pigments in the skin induced by MPTP, and thus the authors assertion that 
"the frog bears its neuromelanin on its skin." Amphibia will probably conti­
nue to represent an interesting, if not unusual, model to evaluate the biologic 
effects of MPTP. 

3. Rodents 

We now come to the first warm-blooded animals in our phylogenetic survey. 
The effects of MPTP have been studied in several rodent species. To date, al­
though a great deal of evidence for neurochemical changes induced by MPTP 
has been forthcoming, no enduring behavioral syndrome has been convinc­
ingly demonstrated in any rodent species. 

The rat was quickly found to be refractory to the effects of MPTP. Some 
investigators (CRIDER et al. 1984 b; BOYCE et al. 1984; SARGAL et al. 1984) 
could find no effects on striatal dopamine after systemic injections of MPTP. 
A similar lack of effect on striatal dopamine has been reported even after infu­
sion of MPTP into rat substantia nigra (CRIDER et al. 1984 b; BRADBURY et al. 
1986). Others, however, have reported depletions of striatal dopamine in the 
rat after repeated subcutaneous injection (JARVIS and WAGNER 1985), after 
continuous infusion over 24 h (STERANKA et al. 1983), and after direct injec­
tions of very large doses of MPTP into the substantia nigra of rats (SAYRE et al. 
1986). The only detailed neuropathologic study in the rat utilized a protocol 
that did not produce dopamine depletion (SARGAL et al. 1984), and predic­
tably little evidence of neuronal degeneration was found. Hence, whether or 
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not the rat is as resistant to the effects of MPTP as is widely believed remains 
to be determined (LANGSTON and IRWIN 1986). For the moment, this species 
must be considered one of least attractive as a model for the study of MPTP­
induced parkinsonism. As with the rat, the guinea pig first appeared to be in­
sensitive to the neurotoxic effects of MPTP (CHIUEH et al. 1984 a; PERRY et al. 
1985). Recently however, CARVEY et al. (1986) have produced both dopamine 
depletion and nigra1 cell loss by directly administering MPTP into the sub­
stantia nigra. 

In contrast, certain strains of mice appear to be much more sensitive to 
MPTP than the rat, and this species has been widely employed to study the ef­
fects of MPTP in vivo. HEIKKILA et al. (1984) were the first to report that 
MPTP produces nigra1 cell loss and dopamine depletion in the mouse follow­
ing systemic administration. Although this original work was done in Swiss­
Webster mice, the C57BLl6 may be one of the most sensitive to the effects of 
MPTP (HEIKKILA et al. 1984 a). But, even in this species, conflicting results 
have been obtained. Depression of striatal dopamine for up to 1 month has 
been reported (HALLMAN et al. 1984; RICAURTE et al. 1986). Many studies, 
however, have shown that striatal dopamine begins to recover after 1 month 
(RICAURTE et al. 1986; HALLMAN et al. 1985; MELAMED et al. 1985a) and com­
plete recovery occurs after 10 months (RICAURTE et al. 1986). Furthermore, the 
original observation of cell death in mice has not been confirmed by all inves­
tigators (RICAURTE et al. 1986; HALLMAN et al. 1985). Histologic studies using 
Fink-Haimer techniques reveal that, at least in young mice (6-8 weeks old), 
MPTP damages only the terminals of nigrostriatal neurons, sparing the cell 
bodies (RICAURTE et al. 1987). Many of these apparent discrepancies can prob­
ably be accounted for in terms of factors discussed in Sect. D. While transient 
rigidity and akinesia may be seen in the mouse, an enduring behavioral syn­
drome has yet to be reported. 

4. Cat 

The cat has also been used .to study the effects of MPTP (SCHNEIDER et al. 
1986; SCHNEIDER and MARKHAM 1986). Following administration of MPTP, 
the cat suffers an acute behavioral syndrome, characterized by akinesia, 
ataxia, and feeding difficulties. In addition, MPTP produces an 85 % deple­
tion of striatal dopamine and up to an 80 % loss of nigral cell numbers in these 
animals. In spite of cell loss and a persistent dopamine depletion of arQund 
75 %, after 5 months a nearly complete behavioral recovery occurs. 

5. Dog 

Results in dogs are similar to those seen in cats. In beagles, MPTP produces 
extensive nigral cell death and changes in dopamine concentrations, but fails 
to produce an enduring behavioral syndrome (WILSON and WILSON 1986). In 
these studies both puppies and adult dogs were treated with MPTP. Interes­
tingly, puppies were reported to be remarkably resistant to the effects of this 
compound (see Sect. D.V), but the age of adult animals was not mentioned. 
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6. Primates 

Although numerous species have been used to study the effects of MPTP, no­
where are they more clearly demonstrated than in the primate. When given to 
primates, approximately one-tenth the amount of MPTP necessary to produce 
effects in other species produces an enduring syndrome which is remarkable 
in its resemblance to human parkinsonism (BURNS et al. 1983; LANGSTON et al. 
1984a; COHEN et al. 1985; JENNER et al. 1984). The primate model is charac­
terized by a clinical picture of bradykinesia, increased tone, postural freezing 
and instability which responds to dopamine replacement therapy (L-dopa) and 
the administration of dopamine agonists (bromocriptine). Recently, a resting 
tremor has been reported in the African green monkey (TETRUD et al. 1986), 
making the clinical similarity between the model and the disease complete. 

The neuropathologic consequences of MPTP administration in the pri­
mate are strikingly similar to those seen in Parkinson's disease, and include a 
loss of neurons in the substantia nigra, and the presence of extraneuronal pig­
ment, with gliosis and microglia proliferation (FORNO et al. 1986a; PARISI and 
BURNS 1986). The exquisite sensitivity of the primate's nigrostriatal neurons 
make this model the best to study the effects of this compound - a proposition 
which is further strengthened by the fact that they are phylogenetic ally closer 
to the human. 

Subsequent work in the primate has, if anything, brought the animal 
model closer to the human disease. The original work in rhesus and squirrel 
monkeys reported a highly localized lesion in the substantia nigra (BURNS et 
al. 1983; LANGSTON et al. 1984a). Thus, although this model was (and is) very 
promising for the study of new forms of therapy, including both pharmaco­
logic and surgical forms of intervention, the absence of two neuropathologic 
features of Parkinson's disease (Le., locus ceruleus involvement and the pres­
ence of distinctive eosinophilic inclusions known as Lewy bodies) appeared to 
represent serious shortcomings. However, by manipulating variables such as 
route of administration and age, cell loss in the ceruleus and Lewy-body-like 
inclusions have recently been reported in primates after MPTP administration 
(FORNO et al. 1986b). The close resemblance between the neuropathology of 
Parkinson'S disease and MPTP-induced parkinsonism suggests that the pa­
thogenesis of the two disorders could be similar. 

In summary, studies utilizing MPTP in a variety of animals suggest that 
primates are much more dependent on an intact nigrostriatal system than are 
other species. While this may have interesting evolutionary implications, the 
practical consequences cannot be ignored. For the moment, if a behavioral 
model is needed, the primate remains the only choice available. 

D. Factors Mfecting Toxicity 

Each of the models described in the preceding section may serve a different 
experimental purpose or goal. For example, the primate appears to be by far 
the most useful for the testing of new therapeutic agents in view of the faith-
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fully reproduced parkinsonian syndrome seen in these animals. However, 
there are many other investigational uses for MPTP, ranging from the study of 
the molecular and morphological aspects of neuronal degeneration to the 
search for the cause (or causes) of Parkinson's disease. Such studies require 
an understanding of the mechanism of action of MPTP (and related tetrahyd­
ropyridines) and the many factors which we now know to be important in re­
gard to the final expression of neurotoxicity. 

Obviously, should tetrahydropyridines ever become serious etiologic cand­
idates for Parkinson's disease, these factors might also be highly relevant to 
understanding the process of exposure and individual susceptibility (i.e., why 
some people get the disease, and others do not). It should also be pointed out 
that it is only with the advent of a compound which selectively affects certain 
areas of the brain after systemic exposure that these questions become both 
relevant and possible to ask. 

I. Mechanism of Action 

Because there have been a number of recent detailed reviews regarding the 
mechanism of action of MPTP (LANGSTON 1985 a, 1985b; SNYDER and D'AM­
ATO 1986; IRWIN 1986; LANGSTON and IRWIN 1986), only a brief summary will 
be presented here. MPTP, as a lipophilic compound, readily crosses the 
blood-brain barrier (LANGSTON et al. 1984 b; MARKEY et al. 1984), and is then 
rapidly oxidized via MAO-B (CHIBA et al. 1984) to its quaternary amine, 
1-methyl-4-phenylpyridinium ion (MPP+) (Fig.2c) (LANGSTON et al. 1984b; 
MARKEY et al. 1984). This process probably takes place in glia (RANSOM et al. 
1987), via a dihydropyridinium intermediate (CHIBA et al. 1985 a). MPP+ is 
then thought to enter dopaminergic neurons via the dopamine reuptake sys­
tem (JAVITCH et al. 1985; CHIBA et al. 1985b). Exactly how MPP+ kills dopam­
inergic neurons once it is intracellular is as yet uncertain, although there are 
at least five theories as to how this might occur (LANGSTON and IRWIN 1986). 
The hypothesis which is being most actively investigated at present relates to 
the inhibitory effects of MPP+ on mitochondrial respiration (NICKLAS et al. 
1987; TREVOR et al. 1987). Although most of these steps are fairly well ac­
cepted, they must still be regarded as only tentative since our knowledge re­
garding these events is growing on a daily basis, and many questions remain 
(LANGSTON 1985b). 

II. Toxicokinetic and Toxicodynamic Effects 

Before proceeding to a discussion of factors which affect toxicity, two con­
cepts will be introduced which are exemplified by two terms from pharmacol­
ogy-pharmacokinetic and pharmacodynamic. The former term refers to 
quantitative changes in the delivery of an agent to its site of action, and the 
latter to changes in response (i.e., an increase or decrease in sensitivity) to 
equivalent amounts of the agent. Paralleling these two pharmacologic con­
cepts, we are suggesting the terms toxicokinetic and toxicodynamic. 
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The term toxicokinetic implies that, regardless of the ultimate mechanism 
by which a toxin injures or kills a cell, the pattern of biodisposition (i.e., how 
much of the toxin reaches its target) is what determines toxicity. In this 
scheme, cellular poisons selectively damage specific tissues simply because 
they reach higher concentrations in the target area. Toxicodynamic, on the 
other hand, implies that the sensitivity of the target cell changes, rather than 
the amount of the toxin reaching the target. Obviously, changes in one or both 
of these factors could dramatically alter the expression of toxicity. 

Aminoglycoside antibiotics (AMGs) represent a simple model of a toxico­
kinetic effect. These agents produce irreversible ototoxicity. Animal studies 
have documented that these drugs selectively accumulate in the perilymph 
and endolymph of the inner ear (HUY et al. 1983). In addition, the half-life of 
AMGs is 5-6 times longer in the otic fluids than in the plasma. Although the 
biochemical events responsible for cell death in the case of AMGs are not 
known (they have a wide variety of effects, including the inhibition of various 
phospholipases, sphingolmyelinases, ATPases, and alteration of mitochon­
drial and ribosomal function), factors which alter the peak concentration and 
persistence of these drugs in target tissues are clearly determinants of toxicity. 
In the following sections, the importance of these concepts will become obvi­
ous in regard to various factors which affect MPTP toxicity, such as species 
differences and age. 

III. Species Differences 

Although it is as yet unclear why there are such differences in susceptibility to 
the toxic effects of MPTP between species, there is evidence that toxicokinetic 
factors may play an important role. In the mouse, although the doses of MPTP 
required for toxicity are approximately tenfold greater than in the primate, the 
regional concentrations of MPP+ in striata and cortex are equivalent for both 
animals (Table 1). This suggests that the nigrostriatal nerve terminals of pri­
mates and rodents are equally sensitive to MPP+, and the higher doses of 
MPTP required in the mouse are needed simply to deliver equivalent amounts 
of toxin to the terminal region. The fact that mouse striatal MPP+ concentra­
tions correlate with striatal dopamine depletion (IRWIN et al. 1987) further 

Table 1. Concentration of MPP+ following administration of MPTP in 
the mouse and monkey 

Species Dosage Tissue [MPP+] 
(/-lg per gram 
tissue) 

Squirrel monkey 2 mg/kgl2 h x 4 Caudate 9.8 
Cortex 4.7 

C57BLl6 mouse 20 mg/kg/h x 4 Caudate 12.7 
Cortex 4.0 
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supports this quantitative (toxicokinetic) hypothesis. KALAIuA et al. (1986) 
have provided an interesting explanation for this phenomenon in that they 
have reported that the blood-brain barrier of rodents contains 30 times more 
MAO than that of primates. 

Toxicokinetic factors may also help explain the fact that MPTP induces 
nigral cell loss in young primates, but not in young rodents. Some 72 h after 
MPTP administration in primates, the concentrations of MPP+ in the central 
nervous system (eNS) are greatest in the substantia nigra (IRWIN and LANG­
STON 1985), and actually appear to increase in this region. Thus, the concen­
tration and retention of MPP+ may be responsible for its selectivity. To date, 
MPP+ concentrations in the mouse substantia nigra have not been measured; 
however, the data in primates suggest that, if conditions could be manipulated 
in such a way as to produce and retain greater amounts of MPP+ in the mouse 
substantia nigra, then cell d,,!ath similar to that seen in primates could be ob­
tained. Recently, evidence suggests that diethyldithiocarbamate achieves pre­
cisely this effect in the rodent (IRWIN et al. 1987). 

Until all of these factors have been clarified, however, generalizing from 
the rodent to the primate should be done only with great caution. Experience 
with dopamine uptake blockers provides an excellent example. In young 
mice, a variety of dopamine uptake blockers are effective in preventing the 
dopamine-depleting effects of MPTP (JAVITCH et al. 1985; RICAURTE et al. 
1985; FULLER and HEMRICK-LUECKE 1985; MELAMED et al. 1985b; SUNDSTROM 
and JONSSON 1985), as might be expected based on the observation that 
MPP+ gains entrance to dopaminergic neurons via the uptake system. How­
ever, to the best of our knowledge, it has not been possible to repeat these ex­
periments in primates. Using at least two dopamine uptake blockers (mazin­
dol and bupropion) in combination with MPTP, we have been unable to 
observe protection in any of seven monkeys (J. W. LANGSTON, L. E. DELANNEY 
and I. IRWIN 1987, unpublished work). Indeed, in two of these animals, uptake 
blockers actually appeared to exacerbate the toxicity of MPTP. While the ex­
planation for these observations remains unclear, the lesson seems to be that 
caution should be exercised in generalizing from experiments based solely on 
data from rodents. 

IV. Neuromelanin 

The presence of neuromelanin in the cells of the human substantia nigra and 
locus ceruleus has long been of interest in regard to the process of neuronal 
degeneration in Parkinson's disease (MARSDEN 1961; MANN and YATES 1983; 
LANGSTON and IRWIN 1986; LANGSTON et al. 1987). The cellular content of neu­
romelanin increases with age, and of course, Parkinson's disease itself is 
known to have a predilection for the pigmented cells of the brainstem. Might 
neuromelanin play a role in MPTP neurotoxicity? There are a number of co­
gent arguments both for and against this possibility. 

First, the increasing presence of this substance as one ascends the phylo­
genetic scale (MARSDEN 1961) seems an obvious explanation for species varia­
bility. Neuromelanin in present in primates, but has not been detected in ro-
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dents (MARSDEN 1961). Further, both MPTP (LYDEN et al. 1983) and MPP+ 
(D'AMATO et al. 1986) have been found to bind to melanin, and the fact that 
MPP+ accumulates in the primate substantia nigra (where neuromelanin con­
centrations are high) during the first 72 h after MPTP administration (IRWIN 
and LANGSTON 1985) suggests that MPP+ may be binding to neuromelanin. Fi­
nally, it has recently been shown in primates that chloroquine (a substance 
which should block the binding of MPP+ to neuromelanin) appears to produce 
at least a partial reduction in the dopamine-depleting effect of MPTP (D' AM­
ATO et al. 1987). 

Hence, it has been suggested that greater amounts of MPTP are required 
in the rodent because this species does not possess neuromelanin. One poten­
tial problem with this theory is the previously mentioned observation that, 
even though a tenfold increase in MPTP dosage is required in the mouse, the 
regional concentrations of MPP+ in the rodent and in the primate CNS are ap­
proximately the same (Table 1). Thus, it appears that higher doses do not 
achieve greater levels in the brain, but are required to get an equivalent 
amount of metabolite to the target areas. Another problem with implicating 
neuromelanin as a key to toxicity relates to the fact that there are other pig­
mented dopaminergic regions in the brain, such as the ventral tegmental area, 
which do not appear to be particularly sensitive to the toxic effects of MPTP 
(JACOBOWITZ et al. 1984). 

V. Age Differences 

One of the most interesting results to come out of studies with MPTP in ro­
dents is the relationship between MPTP and aging. For example, the dop­
amine-depleting effects of MPTP in the mouse striatum clearly increase with 
age (RICAURTE et al. 1987), and the compound induces cell loss in the substan­
tia nigra of older, but not younger animals (RICAURTE et al. 1987). Although 
MPTP affects several markers of catecholaminergic cellular function in the 
substantia nigra of both young and very old mice, the aged animals exhibit 
changes in the locus ceruleus and ventral tegmental area as well (GUPTA et al. 
1986). 

To date, the explanation for these increased effects has yet to be fully elu­
cidated, but recent data suggest they might arise, at least in part, from toxico­
kinetic effects. For example, after identical dosages of MPTP, MPP+ concen­
trations are nearly twice as high in older animals (LANGSTON et al. 1987), and 
consequently this region of brain is exposed to greater amounts of toxin in ol­
der than in younger animals. In vitro data have shown that homogenates from 
the brains of older animals incubated with MPTP produce MPP+ at a greater 
rate than those of younger animals (RICAURTE et al. 1987; LANGSTON et al. 
1987), suggesting that the explanation for this effect appears, at least in part, 
to lie in changes in the CNS biotransformation of MPTP which occur with 
age. 

As MAO activity is known to increase with age (ROBINSON et al. 1972; 
BENEDETTI and KEANE 1980; COTE and KREMZNER 1983), changes in the activ­
ity of this enzyme may explain the enhanced biotransformation of MPTP to 
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MPP+. Because this enzyme can be easily inhibited by pharmacologic means, 
a role for MAO in this process could have therapeutic implications for Parkin­
son's disease. A second factor which may be responsible for the increased con­
centrations of MPP+ in older animals may be related to a decline in the ability 
to eliminate this metabolite. In addition, there may be a shift in the burden of 
MPTP to the CNS, owing to reduced peripheral biotransformation. Certainly, 
reductions in hepatic metabolism and renal clearance of drugs with age are 
well documented. 

It is interesting to speculate that one or more of these factors might ex­
plain the increasing incidence of Parkinson's disease with age. It may be that 
the brain is effectively protected from toxins by a variety of peripheral me­
chanisms in young animals. With aging, however, these mechanisms become 
less efficient or effective, resulting in an increasing exposure of the CNS to 
these putative toxins. 

Finally, it is worth mentioning once again that eosinophilic inclusions 
have been described in very old primates exposed to MPTP (FORNO et al. 
1986b). These intraneuronal inclusions have been seen in a variety of areas 
where Lewy bodies are known to occur in humans with Parkinson's disease. 
These findings also raise the question of a toxicodynamic effect in regard to 
aging, at least in the primate, as they suggest that the neurons in very old ani­
mals undergo a different form of degeneration. Of particular importance here 
is that derangement of the cytoarchitecture appears to be involved in a way 
that closely resembles the process which occurs in Parkinson's disease. These 
findings could provide a new avenue of investigation into the relationship be­
tween aging and the process of neuronal degeneration. 

E. Pyridines as Protectors? 

While it has been known for several years that a number of MAO inhibitors 
block the toxic effects of MPTP (MYTILINEOU and COHEN 1985; COHEN et al. 
1985; HEIKKILA et al. 1984b; MARKEY et al. 1984; LANGSTON et al. 1984c), it 
has recently become apparent that pyridines similar to MPTP and MPP+ may 
also have this effect. A compound which may be of particular interest in this 
regard is 4-phenylpyridine (4-PP), which is found in such common substances 
as peppermint, spearmint (SNYDER and D'AMATO 1986), and cigarette smoke 
(HECKMAN and BEST 1981). 4-PP is strikingly similar to both MPTP and 
MPP+, and for this reason its activity both as a dopamine depletor and as an 
antagonist to the dopamine-depleting effects of MPTP were evaluated (IRWIN 
et al. 1987). Although it did not produce dopamine depletion, 4-PP provided 
partial protection against the dopamine-depleting effects of MPTP in the 
mouse (IRWIN et al. 1987).This effect is probably dependent on the ability of 
4-PP to inhibit MAO-B reversibly (ARAI et al. 1986), and thus reduce the 
amount of MPP+ formed. 

These results raise two interesting questions. The first relates to Parkin­
son's disease and cigarette smoking. A repeated but somewhat puzzling obser­
vation has been the lower incidence of cigarette smoking among individuals 
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who get the disease (KESSLER and DIAMOND 1971; WARD et al. 1983; BAUMANN 
et al. 1980; NEFZGER et al. 1968). The fact that 4-PP, which is reported to be 
present in cigarette smoke, blocks the effects of MPTP raises the intriguing 
possibility that there are compounds present in tobacco which might in some 
way protect against the agent (or agents) responsible for Parkinson's disease. 
Although there are certainly other possible explanations for this unusual rela­
tionship (WARD et al. 1983), the observations provide yet another avenue by 
which to explore cause and effect relationships in regard to Parkinson's dis­
ease and environmental agents. 

The role of MAO in MPTP toxicity also points to the possibility that other 
factors in the environment may act to modulate the activity of this important 
enzyme. There is a substantial amount of data regarding platelet MAO activ­
ity which suggests that a number of factors may modulate its activity. The 
range for normal values is extremely wide and variable, even in the same indi­
vidual at different times during the day. Because these changes occur over a 
relatively short time, it is likely that they are the result of changes in activity 
(not increased synthesis), suggesting that other modulating factors may be im­
portant. In fact, both inhibitory and activating factors have been found in hu­
man plasma and urine. One could speculate that exogenous factors might 
exist in the environment (4-PP-like compounds?) which could playa role as 
natural protectors against the disease. Should such phenomena ever be docu­
mented, it might help explain an age old question (which is very difficult to 
answer when it comes to the environmental hypothesis of Parkinson's disease) 
as to why everyone doesn't get the disease (at least if the toxin is widely distri­
buted in the environment). 

F. Toxic Tetrahydropyridines: A Growing Family 

Factors such as age, route of administration, and species can be seen as var­
iables which are likely to alter the biologic effects of MPTP. However, it is 
also possible to study the effects of MPTP by altering the molecule itself. The 
reasons for exploring the structure and activity of MPTP are twofold. The first 
and most obvious reason is to determine which features of the molecule are 
necessary for its action. Except for a single study utilizing primates, which es­
tablished that the removal of the 4-5 double bond from MPTP produces a 
compound which is not neurotoxic in primates (LANGSTON et al. 1984d), most 
studies have used rodents, or in vitro models of toxicity. With the caveat that 
these studies must be interpreted with caution, it is probably safe to say that 
the essential features of the molecule are the 4-5 double bond, a methyl group 
at the 1 position, and a substitution at the 4 position. In addition to saturation 
of the double bond, removal or substitution of the methyl group, opening of 
the pyridine ring, or addition of substituents to any other positions on the pyr­
idine ring, all appear to reduce drastically or eliminate dopamine-depleting 
activity in rodent models (yOUNGSTER et al. 1986; FRIES et al. 1986; SAYRE et 
al. 1986; ZIMMERMAN et al. 1986). 

On the other hand, the nature of the substituent at the 4 position seems to 
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Fig. 3a-f. Structures of the six MPTP analogs known to deplete striatal dopamine in 
mice: 
1,2,3,6-tetrahydro-l-methyl-4-(methylpyrrol-2-yl)pyridine (TMMP) (a); 
I-methyl-4-cyclohexyl-l,2,3,6-tetrahydropyridine (MCTP) (b); 
I-methyl-4-(2' -methylphenyl)-1,2,3,6-tetrahydropyridine (2'methyl-MPTP) (c); 
I-methyl-4-( 4' -aminophenyl)-l ,2,3 ,6-tetrahydropyridine (4' amino-MPTP) (d); 
I-methyl-4-(3' -hydroxyphenyl)-1,2,3,6-tetrahydropyridine (3'hydroxy-MPTP) (e); 
and I-methyl-4-(3' -methoxyphenyl)-1,2,3,6-tetrahydropyridine (3'methoxy-MPTP) (f) 

have some flexibility. To date, six active analogs have been reported which 
bear a substituent other than a simple phenyl ring at the 4 position (Fig. 3). 
These are methylpyrrole (TMMP) (Fig. 3 a; FINNEGAN et al. 1987), cyclohexyl 
(MCTP) (Fig. 3 b; NICKLAS et al. 1987), 2'-methylphenyl (2'methyl-MPTP) 
(Fig. 3 c; YOUNGSTER et al. 1986), 4'aminophenyl (4'amino-MPTP) (Fig. 3 d; 
JOHANNESEN et al. 1987), 3'hydroxyphenyl (3'hydroxy-MPTP) (Fig. 3 e; FULLER 
and HEMRICK-LuECKE 1986), and 3'methoxyphenyl (3'methoxy-MPTP) 
(Fig. 3 f; ZIMMERMAN et al. 1986). 

The study of these compounds is already yielding some interesting results. 
One of them (TMMP) is more potent in terms of striatal dopamine depletion 
in the rodent, though less effective in the primate O. W. LANGSTON, L. E. DE­
LANNEY and I. IRWIN 1986, unpublished work) than MPTP. The 2'-methyl var­
iant of MPTP has been reported to be a substrate for both MAO-A and 
MAO-B. Treatment of rodents with MAO-B inhibitors alone does not provide 
protection against its effects (NICKLAS et al. 1987), but a combination of 
blockers to inactivate both the A and the B form (i.e., clorgyline + deprenyl) 
does provide protection. These data raise the interesting possibility that differ­
ences in species susceptibility could be the result of differences in MAO-A 
und MAO-B between species, and once again points out the potential hazards 
of generalizing from rodent to primate. 
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G. Pyridines and Parkinson's Disease 

The very existence of a rapidly emerging list of toxic pyridines raises the ques­
tion as to whether or not one or more of them might playa causative role in 
Parkinson's disease. There is no doubt that these tetrahydropyridines can in­
duce parkinsonism from exogenous exposure (LANGSTON and BALLARD 1983; 
BARBEAU et al. 1985). Further, we have recently found that MPTP is effective 
via the oral route (DELANNEY et al. 1986), opening up an entire array of die­
tary compounds for investigation. Given the wide distribution of pyridines, 
their use in industry, and their importance in biologic processes, it is not too 
difficult to imagine that one or more of the pyridine toxins may eventually be 
found in the natural or artificial environment. Meanwhile, through manipula­
tion of the various factors described in this chapter, the MPTP model conti­
nues to move closer to Parkinson's disease. 

A second lesson which these studies may be teaching us is that changes in 
the kinetics and biodisposition of MPTP, which appear to vary with age, type 
of environmental exposure, and even evolution, may in turn be used to evalu­
ate factors which could affect individual susceptibility and even the clinical 
expression of one or more neurodegenerative diseases of aging. The long­
range hope would be that once these factors are fully understood, it might be 
possible to alter them favorably by using new therapeutic agents. 

Finally, now that the MPTP model has been shown to exhibit so many of 
the features of Parkinson's disease (FORNO et al. 1986 b), we might be bold 
enough to ask something entirely new of this model. Up to this point we have 
used Parkinson's disease as a standard against which to judge the validity of 
MPTP as a model. Each of the features of Parkinson's disease has been assid­
uously sought in the MPTP model and, by carefully varying different factors 
which affect toxicity, a surprising amount has been accomplished. Might it 
now be time to turn the search around? That is, to determine whether or not 
some of these modulators and effects of MPTP toxicity could also be variables 
which are important in Parkinson's disease? Actually, this process has already 
begun. UHL et al. (1985) have reevaluated variations in MAO activity in the 
brain in Parkinson's disease, and our own group is investigating the possibility 
that early MAO-B inhibitor therapy may slow or halt the progression of the 
disease. If these and other attempts to predict the features of idiopathic Par­
kinson's disease from the MPTP model are successful, they might provide val­
uable insights into the etiopathogenesis of Parkinson's disease itself. 
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CHAPTER 8 

The Relationship Between Parkinson's Disease 
and Other Movement Disorders 

J.JANKOVIC 

A. Introduction 

Parkinson's disease, a specific clinical-pathologic entity, is one of the com­
monest causes of disability among the elderly. The prevalence figures for Par­
kinson's disease vary considerably among the different epidemiologic studies. 
A door-to-door survey in a biracial population of Copiah County, Missis­
sippi revealed a prevalence of 347 per 100000 inhabitants (SCHOENBERG et al. 
1985). The prevalence in a population over the age of 65, however, is about 
1 %. Although previous studies suggested a higher frequency of Parkinson's 
disease among males and whites, this epidemiologic survey found no substan­
tial differences in the age-adjusted prevalence ratios by race or by sex. Over 
40 % of the identified cases were not diagnosed until this door-to-door survey. 
Thus, it is possible that for every two patients diagnosed as having Parkinson's 
disease there is one patient whose symptoms may not be disabling enough to 
warrant medical attention. Furthermore, the diagnosis is often missed in the 
early stages of the disease and the symptoms may be incorrectly attributed to 
a variety of other problems. Therefore, the variability in reported prevalence 
figures can be partly explained by differences in the methods of ascertain­
ment. 

Approximately 25 % of Parkinson's disease patients receive an incorrect 
original diagnosis (KOLLER 1984). The stooped posture, small and shuffiing 
steps, difficulty in turning, and generalized slowness are often confused with 
normal senescence. However, the mechanism of senile gait is probably differ­
ent from the parkinsonian gait, and the former does not improve with levo­
dopa (NEWMAN et al. 1985). The loss of postural reflexes, a frequent cause of 
falls among Parkinson's disease patients, may be initially attributed to postu­
ral instability associated with normal aging (WEINER et al. 1984). Painful stiff­
ness in Parkinson's disease is usually caused by rigidity; it is often unilateral 
at the onset and frequently misdiagnosed as bursitis, cervical radiculopathy, 
or arthritis. The diagnosis may be further complicated by the presence of a 
variety of sensory complaints, including aches and pains, numbness, burning, 
or coldness. These sensory symptoms have been added to the motor symptoms 
as typical features of Parkinson's disease (GOETZ et al. 1986). Dysarthria, 
word-finding difficulties, and other speech and language problems may be in­
correctly attributed to a "stroke" (ROBBINS et al. 1986). Stroke is also a com­
mon misdiagnosis when the motor symptoms are unilateral (hemiparkinson­
ism). The occurrence of dysphagia and weight loss often leads to unnecessary 



228 J.JANKOVIC 

tests for occult carcinoma. These symptoms, however, may occur independ­
ently, suggesting that the motor disability interfering with eating or swallow­
ing is not the cause of weight loss typically seen in Parkinson's disease pa­
tients (VAN DER LINDEN et al. 1985). Likewise, depression, bradyphrenia (slow 
thinking), and dementia may occur in combination or separately (MAYEUX 
1984; CHUI et al. 1986; SANTAMARIA et al. 1986). About one-third of Parkin­
son's disease patients have a disabling dementia and 28 %-80 % of patients 
with clinically diagnosed Alzheimer's disease have parkinsonian symptoms 
(EUZAN et al. 1986; MAYEUX et al. 1985; MOLSA et al. 1984). While Parkin­
son's disease and Alzheimer's disease share some clinical and pathologic fea­
tures, the etiology is probably different. However, several unifying hopotheses 
for common pathogenesis have been proposed (ApPEL 1981; CALNE et al. 1986; 
GAJDUSEK 1985). 

The most recognizable symptom of Parkinson's disease is tremor (JAN­
KOVIC 1987). However, tremor is present at the onset of Parkinson's disease in 
only 50 % of patients, and 15 % of Parkinson's disease patients never have 
tremor (MARTIN et al. 1973). While the typical tremor at rest is usually empha­
sized in textbook descriptions of Parkinson's disease, symptomatic postural 
tremor occurs at least as frequently as the classical rest tremor and it is often 
more disabling. This postural tremor usually has a frequency between 5.5 and 
8 Hz, with the lower frequency being associated with larger amplitude (FIND­
LEY and GRESTY 1984). In contrast to the tremor at rest, which usually consists 
of a supination-pronation oscillatory movement in the hands, the postural 
tremor is characterized by rhythmic flexion-extension movements. Some pa­
tients also have a high frequency (9.5-11 Hz) postural tremor, but this is 
rarely symptomatic. The lower frequency postural tremor of Parkinson's dis­
ease is clinically identical to essential tremor. This can be a source of diffi­
culty in differential diagnosis. When postural tremor is present for more than 
5 years before the onset of other parkinsonian symptoms, and when there is a 
family history of tremor, the diagnosis of essential tremor should be consid­
ered. In contrast to Parkinson's tremor, essential tremor often involves the 
neck, producing a "negation" or "affirmation" oscillatory movement of the 
head, and it rarely involves the legs. 

The differentiation between essential tremor and Parkinson's disease is 
complicated by the observation that the two disorders may coexist in the same 
patient (GERAGHTY et al. 1985). We found that 6.7 % of all Parkinson's disease 
patients had preexisting essential tremor, which compares with the expected 
prevalence of 0.41 % for essential tremor in the general population (JANKOVIC 
1986). The clinical similarity between the two conditions, the overlap of some 
clinical manifestations, and the occasional coexistence of essential tremor 
and Parkinson's disease all contribute to some difficulties in the differential 
diagnosis. About 5 %-10 % of patients referred with the diagnosis of Parkin­
son's disease actually have essential tremor. Accurate diagnosis and differen­
tiation of the two conditions is important because the treatments are different. 
While parkinsonian rest tremor responds to anticholinergic and dopaminergic 
medications, essential tremor tends to improve with beta-blockers, primidone, 
benzodiazepines, and alcohol. Essential tremor is usually a monosympto-
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matic condition, but it may be associated with cogwheel rigidity, dystonia, 
myoclonus, and Charcot-Marie-Tooth disease (VAN DER LINDEN and JAN­
KOVIC 1987). In contrast to the nigrostriatal degeneration and the Lewy bodies 
seen in Parkinson's disease, postmortem studies of patients with essential 
tremor have so far revealed no discernible pathology. 

In addition to essential tremor, Parkinson's disease may be associated 
with dystonia, myoclonus, orofacial chorea, and peripheral neuropathy. We 
studied four families with the combination of hereditary neuropathy, essential 
tremor, Parkinson's disease, and blepharospasm (VAN DER LINDEN and JAN­
KOVIC 1987). The association between essential tremor and dystonia, and be­
tween Parkinson's disease and dystonia is well recognized. Therefore, it 
should not be surprising that Parkinson's disease (PD) and familial essential 
tremor (ET) may coexist. The PD-ET subset of Parkinson's disease, as well as 
the families with PD, ET, and hereditary neuropathy, support the hypothesis 
that genetic predisposition may play a role in the pathogenesis of at least 
some cases of Parkinson's disease. 

While the pathology of Parkinson's disease seems homogeneous, the clini­
cal manifestations are more protean. For example, some Parkinson's disease 
patients start with tremor as the predominant clinical symptom, with brady­
kinesia, rigidity, and postural instability occurring only in the more advanced 
stages. Other patients seem to have predominantly postural instability and gait 
difficulty (PIG D) with little or no tremor. An analysis of clinical findings in 
334 patients with idiopathic Parkinson's disease revealed that the tremor pa­
tients tend to have an earlier onset and higher familial occurrence, whereas the 
PIGD patients have a greater degree of dementia, bradykinesia, functional 
disability, and a less favorable long-term prognosis (ZElUSKY et al. 1985). 
Therefore, Parkinson's disease, may be viewed as a syndrome with different 
subgroups characterized by a typical pattern of clinical features. Future re­
search, utilizing postmortem biochemical analyses or in vivo positron emis­
sion tomographic (PET) scan studies should provide clinical-biochemical 
characterization of the different Parkinson's disease subsets in an attempt to 
answer the question whether Parkinson's disease is a single entity or different 
disorders with different pathogenetic mechanisms. Besides the tremor and the 
PIGD forms of idiopathic Parkinson's disease, there may be other subsets, in­
cluding Parkinson's disease associated with akinesia (freezing), dementia, de­
pression, sensory disturbance, or autonomic dysfunction (Table 1). 

While recent reviews of the etiology of Parkinson's disease have favored 
the environmental hypothesis, in part fueled by the unfolding story of MPTP­
induced parkinsonism, it is possible that genetic predisposition, based on 
Mendelian pattern of inheritance or somatic mutation during embryogenesis, 
coupled with certain triggers such as stress, infection, trauma, toxins, drugs, or 
environmental factors, may also contribute to the pathogenesis of Parkinson's 
disease (SNYDER et al. 1985; JANKOVIC and CALNE 1987). Although the twin 
studies found no support for the genetic predisposition in Parkinson's disease 
(WARD et al. 1983), some cases of Parkinson's disease may be inherited (BAR­
BEAU and Roy 1984; ALONSO et al. 1986). The genetic theory for certain Par­
kinson's disease subsets is partly based on 15 % incidence of familial cluster-
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Table 1. Classification of parkinsonism 

I. Primary Parkinson's disease 
A. Idiopathic-dominated by 

1. Tremor 
2. Postural instability and gait difficulty (PIGD) 
3. Akinesia (freezing) 
4. Dementia 
5. Depression 
6. Sensory disturbance 
7. Autonomic dysfunction 

B. Inherited-associated with essential tremor, dystonia, or peripheral neuropa­
thy 

C. Young onset - associated with dystonia or essential tremor 
D. Juvenile Parkinson's disease 

II. Secondary parkinsonism 
A. Drugs (dopamine blocking and depleting drugs, /X-methyldopa, lithium, di­

azoxide, flunarizine, cinnarizine) 
B. Toxins (manganese, mercury, carbon monoxide, cyanide, carbon disulfide, 

methanol, ethanol, MPTP) 
C. Metabolic (parathyroid, acquired hepatocerebral degeneration, GM j gangliosi-

dosis, Gaucher'S disease) 
D. Postencephalitic and slow virus 
E. Vascular (multi-infarct, Binswanger's disease) 
F. Brain tumor 
G. Trauma and pugilistic encephalopathy 
H. Hydrocephalus (normal and high pressure) 
J. Syringomesencephalia 

III. Multiple system degenerations (Parkinsonism-plus) 
A. Sporadic 

1. Progressive supranuclear palsy (ophthalmoparesis) 
2. Shy-Drager syndrome (dysautonomia) 
3. Olivopontocerebellar atrophy (ataxia) 
4. Parkinsonism-dementia-ALS complex (motor neuron disease) 
5. Striatonigral degeneration 
6. Corticodentatonigral degeneration with neuronal achromasia 
7. Alzheimer's disease 

B. Inherited 
1. Huntington's disease 
2. Wilson's disease 
3. Hallervorden-Spatz disease 
4. Familial parkinsonism-dementia syndrome 
5. Familial basal ganglia calcification 
6. Neuroacanthocytosis 
7. Spinocerebellar-nigral degeneration and Joseph disease 
8. GDH deficiency 
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ing, occasional concordance for Parkinson's disease in monozygotic twin pairs 
(JANKOVIC and RECHES 1986), higher than expected coexistence of essential 
tremor and Parkinson's disease (GERAGHTY et al. 1985), and the possibility of 
familial deficiency in hepatic cytochrome P-450 hydroxylases in some Parkin­
son's disease patients (BARBEAU et al. 1985). BARBEAU and Roy (1984) subdi­
vided the familial parkinsonism into two categories: 1. Parkinson's disease as­
sociated with autosomal dominant diseases, including parkinsonism 
associated with essential tremor, olivopontocerebellar atrophy, depression, 
and peripheral neuropathy; 2. Parkinson's disease with autosomal recessive 
pattern, including the akinetic-rigid syndrome, juvenile parkinsonism, and 
glutamate dehydrogenase deficiency. 

Besides the sporadic (idiopathic) Parkinson's disease and the inherited 
form, there is a third type of Parkinson's disease which has been referred to as 
juvenile Parkinson's disease (NAIDU et al. 1978; CLOUGH et al. 1981; GERSHA­
NIK and LEIST 1987; NYGAARD and DUVOISIN 1986; QUINN et al. 1987; LIMA et 
al. 1987). The term "juvenile", however, is misleading since the reports in­
clude patients up to the age of 40; therefore, the term "young onset" Parkin­
son's disease is preferable. Approximately 5 %-10 % of all patients have the 
onset of Parkinson's symptoms before the age of 40. Many patients in this 
group have a family history of Parkinson's disease, but most are sporadic. In 
contrast to the typical Parkinson's disease, with average age of onset at 55, the 
young onset disease is characterized by high frequency of associated dystonia, 
often preceding other signs of Parkinson's disease. Another distinguishing fea-

Table 2. Parkinsonism-relative incidence (1230 patients evalu­
ated at the Movement Disorder Clinic, Baylor College of Medi­
cine) 

Parkinsonian disorder 

Parkinson's disease 
Progressive supranuclear palsy 
Neuroleptic-induced parkinsonism 
Shy-Drager syndrome 
Olivopontocerebellar degeneration 
Vascular (multi-infarct) parkinsonism 
Hallervorden-Spatz disease 
Postencephalitic parkinsonism 
Striatonigral degeneration 
Huntington's disease 
Brain tumor 
Manganese intoxication 
Familial basal ganglia calcification 
Normal pressure hydrocephalus 
Aqueductal stenosis and hydrocephalus 
Wilson's disease 
Carbon monoxide 
Other 

Number (%) 

1045 
81 
45 
22 
12 
11 
6 
5 
4 
4 
3 
3 
2 
2 
1 
1 
1 

18 

84.9 
6.6 
3.6 
1.8 
1.0 

1.5 
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ture of the young onset Parkinson's disease is a striking response to low doses 
of levodopa and an early onset of levodopa-induced dyskinesias. Because of 
these distinguishing features, the young onset Parkinson's disease has been 
thought to be etiologically different from the more typical form of the disease. 

While Parkinson's disease accounts for about 85 % of all cases of parkin­
sonism (the clinical syndrome characterized by tremor at rest, rigidity, brady­
kinesia, and loss of postural reflexes), there are many other conditions in 
which parkinsonism is an important component (Table 1). In the Baylor 
Movement Disorder Clinic the second commonest cause of parkinsonism is 
progressive supranuclear palsy, accounting for about 6 % of all patients re­
ferred to the Clinic for evaluation of parkinsonism (Table 2). However, in an 
unselected population of patients, drug-induced parkinsonism is probably the 
second commonest cause of Parkinson's disease symptoms. The remainder of 
this chapter will focus on some of the secondary causes of parkinsonism and 
on the multiple system degenerations (Parkinson-plus syndromes) (SCHWAB 
and ENGLAND 1968; FAHN 1977; JANKOVIC 1984a). 

B. Secondary Parkinsonism 

I. Drug-Induced Parkinsonism 

Parkinsonism caused by the antipsychotic drugs has been recognized since 
the early 1950s. The reported incidence of drug-induced parkinsonism varies 
from 15.4 % to 61 % of the exposed patients (RAJpUT et al. 1982; KLAWANS et al. 
1973). The more potent the dopamine receptor blocking drugs, the more likely 
they are to induce parkinsonism. Also, age seems to be a risk factor, possibly 
related to the normal age-related loss of dopamine neurons and of postsynap­
tic receptors (JANKOVIC and CALNE 1987). 

The clinical manifestations of drug-induced parkinsonism are indistin­
guishable from idiopathic Parkinson's disease except for the presence of co­
existing tardive dupkinesia (JANKOVIC and CASABONA 1987; HARDLE and LEES 
1988). However, there are some useful differentiating features. For example, 
drug-induced parkinsonism usually produces symmetric bradykinesia and ri­
gidity in the early stages, whereas idiopathic Parkinson's disease is often 
asymmetric at onset. The slow movement, lack of facial expression, absent 
arm swing, soft and monotonous speech, and flexed posture are often mis­
taken for psychomotor retardation associated with underlying depression. The 
characteristic pill-rolling tremor at rest seen in idiopathic Parkinson's disease 
is relatively uncommon in drug-induced parkinsonism (JANKOVIC 1981). The 
latter is often associated with an action tremor which has a faster frequency 
(7-8 Hz) than the typical rest tremor (4-5 Hz). The perioral tremor in drug-in­
duced parkinsonism is sometimes reffered to as the "rabbit syndrome," but 
the same type of tremor can also occur in idiopathic Parkinson's disease. 
Signs of parkinsonism may be evident within several days after starting the 
neuroleptic treatment, however, the evolution is dependent on the dosage and 
potency of the drug (TARSY and BALDESSARINI 1986). The parkinsonian signs 
usually disappear within a few weeks after the offending drug is withdrawn. In 
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some patients, particularly the elderly, the parkinsonism may persist for 
several months, or even years (KLAWANS et al. 1973). 

Not all patients treated with the dopamine receptor blocking agents de­
velop parkinsonism, suggesting individual susceptibility. Perhaps, the individ­
uals who are prone to develop drug-induced parkinsonism have a subclinical 
Parkinson's disease and the neuroleptic drug then precipitates the parkinso­
nian symptoms. This notion is supported by the observation of RAJpUT et al. 
(1982), who found histologic evidence of idiopathic Parkinson's disease in two 
patients who had reversible drug-induced parkinsonism. In addition to the ty­
pical pathologic abnormalities, including Lewy bodies and depigmentation of 
the substantia nigra seen in both cases, there was a reduction in the levels of 
dopamine in the striatum of one patient. Therefore, the occasional patient in 
whom parkinsonism persists after withdrawal of the drug may have an under­
lying idiopathic Parkinson's disease. Mter chronic administration of pheno­
thiazines to monkeys, BIRD and ANTON (1982) actually found increased dop­
amine levels in the basal ganglia after 2 months of treatment, but the levels 
were markedly reduced after 20 months. 

It is not known whether drug-induced parkinsonism is a "predictor" of 
subsequent risk for the development of tardive dyskinesia. While drug-in­
duced parkinsonism and tardive dyskinesia are presumably mediated by dif­
ferent mechanisms, the two movement disorders may coexist in the same in­
dividual (JANKOVIC and CASABONA 1987). This combination presents a 
therapeutic challenge because the treatment of one condition exacerbates the 
other. 

There are three classes of drugs that are likely to produce parkinsonism: 
1. Dopamine receptor blocking agents, including the phenothiazines, bu­

tyrophenones, and metoclopramide; 
2. Dopamine-depleting agents, including reserpine and tetrabenazine; 
3. Drugs that act by various known and unknown mechanisms, including 

a-methyldopa, which presumably blocks the dopa decarboxylase and is con­
verted to the "false neurotransmitter" a-methylepinephrine (STRANG 1966). 

In one series of 95 new cases of parkinsonism evaluated in a department 
of geriatric medicine, 58 were drug-induced (STEPHEN and WILLIAMSON 1984). 
The commonest offending drug was prochlorperazine, an antiemetic drug. In 
our experience, metoclopramide is one of the commonest causes of drug-in­
duced parkinsonism (INDO and ANDO 1982; HASSAN et al. 1986). Rarely, lith­
ium, flunarizine, cinnarizine, diazoxide, and possibly captopril may produce 
reversible parkinsonism (RECHES et al. 1981; SANDYK 1985; LAPORTE and CA­
PELLA 1986; MICHELI et al. 1987). 

II. Toxin-Induced Parkinsonism 

1. Manganese 

Mter drug-induced parkinsonism, manganese is probably responsible for 
more cases of secondary parkinsonism than any other toxin. First noted more 
than 150 years ago, manganese-induced parkinsonism has been reported in al-
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most all mining regions of South America, India, Africa, and the United 
States. Another possible sance of manganese intoxication is occupational ex­
posure to pesticides containing manganese (FERRAZ et al 1988). Despite the 
widespread exposure only a minority of exposed averkus develops the neuro­
logic syndrome. This suggests an individual susceptibility, perhaps related to 
a slow rate of elimination in some patients. More than 5 mg manganese per 
cubic meter in the environment is required for the symptoms of manganism 
to occur, and the duration of exposure is usually over 2 years (MENA et al. 
1967). However, cases have been described after only 1 month's exposure. 

The initial manifestations of manganese poisoning are nonspecific, con­
sisting chiefly of asthenia, malaise, and emotional instability, including aJ].x­
iety, inappropriate laughing and crying, compulsive singing and dancing, and 
visual or auditory hallucinations. This "manganese madness," is usually re­
placed by progressive bradykinesia, hypomimia, low volume and monotonous 
speech, and palilalia (BANTA and MARKESBERY 1977). Eventually, the patients 
have gait difficulty, postural instability, and dystonic postures of the arms and 
neck, as well as dystonic grimacing. In addition to the tremor at rest, the pa­
tients have action-postural tremor in the hands, tremor of the tongue, and 
tremulous handwriting. Some patients develop cerebellar and pyramidal signs, 
but peripheral neuropathy is rare. The diagnosis may not be easy to establish 
because the blood and urine manganese levels may be normal, or even low, by 
the time the patient is studied. The diagnosis, therefore, rests on the clinical 
examination and the history of occupational exposure. 

In contrast to idiopathic Parkinson's disease, the brunt of the pathologic 
change in manganese-induced parkinsonism is in the globus pallidus and in 
the subthalamic nucleus rather than in the substantia nigra. In addition to the 
neuropathologic changes, chiefly consisting of neuronal loss and gliosis, the 
patients often have liver cirrhosis. Because of the behavioral and neurochemi­
cal similarities between manganese-induced parkinsonism and experimental 
6-hydroxydopamine-induced parkinsonism, it has been suggested that manga­
nese neurotoxicity is due to potentiation of dopamine auto-oxidation with 
concomitant production of free radicals such as supraoxide (02.), hydrogen 
peroxide (H20 2), and hydroxyl radicals (HO·) (DONALDSON et al. 1980; COHEN 
1984). It has even been suggested that the neuroleptic-induced parkinsonism 
is mediated by manganese, which is increased in the striatum of monkeys ex­
posed to chronic neuroleptic treatment (BIRD et al. 1967, 1984). 

Because of the low tissue concentration of manganese, MENA et al. (1967) 
concluded that chelation with eidetic acid (EDTA) is not effective in manga­
nese intoxication; penicillamine has not been studied. Symptomatic therapy 
with levodopa has produced variable results, and only a few patients show 
marked improvement. The most important step in the management of manga­
nese intoxication is the removal of the worker from the area with the high 
manganese concentration. 

2. Carbon Monoxide 

There are two distinct parkinsonian syndromes associated with carbon mon­
oxide poisoning. In the first syndrome, parkinsonism is associated with sei-
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Fig. 1. CT scan of a 44-year-old 
man exposed to high concentra­
tion of carbon monoxide for at 
least 1 h, showing bilateral globus 
pallidus lucencies 

zures, cortical blindness, various agnosias, ataxias, and cognitive impairment. 
Some patients have akinetic mutism, pyramidal tract signs, deafness, peri­
pheral neuropathy, and other neurologic symptoms (Jackson and MENGES 

1980; CHOI 1983). The second syndrome, much less common, consists of pure 
parkinsonism (KLAWANS et al. 1982). We studied a 44-year-old man who was 
found unconscious in a smoke-filled apartment bedroom with a fire burning 
in the living room. The estimated time of exposure to carbon monoxide was 
1 h. When he was brought to the local emergency room he was deeply coma­
tose and the carboxyhemoglobin level was 45 %. Mter 12 h he awakened, but 
was left with a pure parkinsonian syndrome characterized by severe brady­
kinesia and frequent freezing, marked rigidity, and hypophonic, monotonous 
speech. CT scan revealed bilateral pallidal lucencies (Fig. 1). The patient 
failed to respond to high dosages of levodopa, bromocriptine, and other anti­
parkinsonian medications. An autopsy report of a 32-year-old woman with si­
milar CT findings after carbon monoxide poisoning revealed severe necrosis 
and degeneration of the globus pallidus corresponding to the low density areas 
seen on the CT scan (SAWADA et al. 1983). In addition to the globus pallidus 
involvement, pathological studies have shown damage in layers II and III of 
the cerebral cortex, Sumner's sector of the hippocampus, the Purkinje cell 
layer of the cerebellum, and the cerebral white matter. 

While carbon monoxide can produce an acute or subacute neurologic syn­
drome by producing anoxic damage in vulnerable brain regions, delayed neu­
rologic sequelae after carbon monoxide intoxication are relatively uncom­
mon. In one series, only 2.75 % of 2360 victims of acute carbon monoxide 
intoxication had neurologic sequelae (CHOI 1983). In the vast majority of 
cases, the carbon monoxide poisoning is either rapidly fatal or causes no neu­
rologic sequelae. About 10 % of patients admitted to hospital for carbon mon­
oxide intoxication suffer significant neurologic complications. The most im­
portant predisposing factors include age and severity of anoxia. Treatment 
should begin as soon as possible after removal from the carbon monoxide en-
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vironment, with 95 % oxygen and 5 % carbon dioxide. Hyperbaric oxygen may 
be useful when exposure and subsequent unconsciousness are prolonged. If 
the patient recovers from the acute insult, it is important to schedule follow­
up visits to detect delayed onset postanoxic encephalopathy or the parkinso­
nian syndrome. 

Almost all patients with carbon monoxide-induced neurologic sequelae 
initially presented in coma. However, we have evaluated three young patients 
with chronic carbon monoxide exposure for several years who developed aty­
pical parkinsonism in their early 30s. One man, 32 years old, had the onset of 
severe bradykinesia and akinesia after he had worked for 5 years in a poorly 
ventilated warehouse, loading frozen goods into a refrigerated truck while the 
engine was running to prevent melting of the goods. These, and other cases, 
suggest that chronic repeated exposure to carbon monoxide may rarely pro­
duce a parkinsonian syndrome. 

3. Cyanide 

Acute cyanide intoxication can produce neurologic symptoms similar to those 
seen with carbon monoxide poisoning. Anoxia from cyanide is presum­
ably due to the inhibition of the cytochrome oxidase mitochondrial enzyme 
system. Chronic cyanide toxicity has been reported in silver reclamation work­
ers, and has been suggested by epidemiologic studies to occur with chronic in­
gestion of naturally occurring plant cyanogenic glycosides present most not­
ably in the tropical foodstuff cassava (BLANC et al. 1985). In the past, 
thiocyanates were used as antihypertensive agents, but because of the poten­
tial cyanide toxicity, the use of these drugs has diminished. Chronic cyanide 
exposure produces only nonspecific neurologic symptoms such as headaches, 
dizziness, anosmia, paresthesias, and fatigability. However, acute cyanide in­
toxication, seen in suicide attempts, may lead to death or a variety of neuro­
logic sequelae such as parkinsonism. VITI et al. (1985) reported an 18-year-old 
man who ingested over 1000 mg potassium cyanide in a suicide attempt and 
later developed a severe parkinsonian syndrome characterized chiefly by akine­
sia and rigidity. He died 19 months after the drug overdose and at autopsy 
had necrosis of the globus pallidus, putamen, and substantia nigra reticulata, 
whereas the zona compacta, most involved in idiopathic Parkinson's disease, 
was normal. In ~xperimental animals, severe cyanide poisoning causes necro­
sis of n0t only the basal ganglia, but also the cerebellum, cerebral cortex, and 
central white matter (HURST 1972). 

4. Carbon Disulfide 

Carbon disulfide has been used in many industries, e.g., as a solvent for rub­
ber and in the production of viscose rayon and cellophane (PETERS HL et al. 
1988), Carbon disulfide is absorbed by vapor inhalation and it is retained by 
the brain and other tissues. During acute intoxication, the patients experience 
motor restlessness, delirium, mania, and violent behavior. If the patient is not 
removed from exposure during this toxic psychosis phase, permanent demen­
tia may occur. In addition to the cognitive deficit, some patients have poly-
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neuropathy, cranial nerve and brain stem signs; parkinsonism was seen in 
20 % of workers in a viscose rayon plant (LEWY 1941). Pathologic changes asso­
ciated with carbon disulfide poisoning are most evident in the cerebral cortex. 
Rhesus monkeys exposed to carbon disulfide have signs of parkinsonism, and 
the most consistent pathologic change is an extensive necrosis of the globus 
pallidus and the zona reticulata of the substantia nigra, resembling the patho­
logic changes of carbon monoxide and cyanide poisoning (RICHTER 1945). 
Dopamine and other monoamines are also impaired in rats exposed to carbon 
disulfide (MAGOS and JARVIS 1970). 

5. Other Toxins 

Most toxins that produce parkinsonism cause diffuse cerebral pathology with 
nonspecific involvement of the basal ganglia. In contrast, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) causes relatively selective damage to the 
dopamine-containing cells of the substantia nigra (ALLEN et al. 1986; LANG­
STON and IRWIN 1986; SNYDER and D'AMATO 1986). Because of the close re­
semblance to idiopathic Parkinson's disease, MPTP has received a great deal 
of attention from the scientific community (BALLARD et al. 1985). MPTP-in­
duced parkinsonism is reviewed in Chap. 7 and will not be discussed in detail 
here. 

While the MPTP model provides an important tool for studying the pa­
thogenesis and treatment of Parkinson's disease, neither human nor experi­
mental MPTP-induced parkinsonism is identical to idiopathic Parkinson's 
disease. Some of the clinical, biochemical, and pathologic similarities and dif­
ferences are listed in Table 3. The differences between human idiopathic Par­
kinson's disease and MPTP-induced parkinsonism may be less obvious after 
chronic administration of MPTP. For example, protracted MPTP administra­
tion in older monkeys produces not only degeneration of the neurons in the 
substantia nigra, but also in the locus ceruleus, which is also seen in human 
idiopathic Parkinson's disease (FORNO et al. 1986). Furthermore, eosinophilic 
inclusions resembling Lewy bodies may' be seen after chronic exposure to 
MPTP (FORNO et al. 1986; RICHARDSON 1986). 

Other toxins implicated in the pathogenesis of secondary parkinsonism in­
clude mercury, methanol, and ethanol (GREENHOUSE 1982; LANG et al. 1982; 
GOETZ et al. 1981; CARLEN et al. 1981). Mercury and methanol produce par­
kinsonism by causing damage to the putamen. The growing interest in envir­
onmental causes of Parkinson's disease will undoubtedly result in more ep­
idemiologic studies designed to uncover other environmental or occupational 
neurotoxins. For example, the relatively high incidence of parkinsonism 
among painters and other workers exposed to organic solvents seen at the Bay­
lor Movement Disorder Clinic deserves further investigation. We recently 
evaluated a 44-year-old painter with a 3-year history of nonprogressive parkin­
sonism, high frequency postural tremor, and other atypical features starting 
after a period of intense exposure to epoxy paints in a poorly ventilated envir­
onment. While a case-reference study of occupational exposure to organic sol­
vents and agricultural chemicals found no evidence of increased risk of Par-
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Table 3. Idiopathic Parkinson's disease compared with human and experimental 
MPTP-induced parkinsonism 

Idiopathic MPTP-induced 

Onset Insidious Acute 
Age at onset in humans (years) 51-60 22-42 
Course Progressive Stable 
Tremor at rest +++ + 
Postural tremor ++ ++ 
Axial rigidity + ++ 
Dystonic postures + ++ 
Early freezing 0 ++ 
Eyelid apraxia and blepharospasm + ++ 
Hypophonia + ++ 
Dementia ++ 0 

Dysautonomia + 0 

Diaphoresis + + 
Progressive deterioration +++ ± 
Response to levodopa ++ +++ 
Early onset of levodopa-related psychosis + +++ 

dyskinesias, and fluctuations 
Dopamine deficiency +++ +++ 
Norepinephrine deficiency ++ 0 

Serotonin deficiency + 0 

SNc (A8, 9) degeneration +++ +++ 
Ventral tegmental degeneration ++ 0 

Depigmentation of locus ceruleus and ++ + (?) 
dorsal motor nucleus of vagus 

Lewy bodies +++ + (?) 
Prevention by antioxidants + (?) +++ 

and by DA reuptake inhibitors 

kinson's disease, it is possible that chronic exposure to solvent vapors, 
pesticides, and other chemicals produces neurologic sequelae which may in­
clude tremor and other parkinsonian features (OLSEN and HOGSTEDT 1981; 
HORMES et al. 1986). 

III. Metabolic Causes of Parkinsonism 

1. Hypoparathyroidism 

Hypoparathyroidism, often associated with basal ganglia calcification, may 
produce a levodopa-unresponsive parkinsonian syndrome (KLAWANS et al. 
1976). The commonest cause of hypoparathyroidism is thyroidectomy, but 
this form of postoperative hypoparathyroidism is associated with basal ganglia 
calcification in only 1 % of cases. In contrast, idiopathic hypoparathyroidism 
is associated with calcification in 21 % of cases, and pseudohypoparathyroid­
ism in 42 % (MUENTER and WHISN.i\NT 1968, EVANS and DONLEY 1988). Besides 
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parkinsonism, other neurolcgic manifestations of postoperative hypoparathy­
roidism include tetany, seizures, and chorea. Parkinsonism may be delayed 
for several years after the surgery and may progress, despite correction of 
serum calcium (BERGER and Ross 1981). Pathologic examination reveals cal­
cium deposits, particularly in the perivascular areas of the basal ganglia. Al­
though mineralization of the basal ganglia may be quite extensive, it is un­
likely that it interferes with neurotransmission. 

Besides hypoparathyroidism, there are many other causes of basal ganglia 
calcification, including toxoplasmosis and other infections, cranial irradia­
tion, carbon monoxide intoxication, anoxia, vascular changes associated with 
aging, Keams-Sayre syndrome, and Cockayne's syndrome (BEALL et al. 1984; 
KOLLER et al. 1979; MURPHY 1979; SOFFER et al. 1979). Familial calcification 
associated with parkinsonism will be discussed later. 

2. Acquired Hepatocerebral Degeneration 

The clinical syndrome of acquired hepatocerebral degeneration consists of re­
peated episodes of hepatic encephalopathy with subsequent insidious onset of 
global dementia, often associated with agnosia or lateralizing parietal findings 
(VICTOR et al. 1965). Many patients have dysarthria, coarse tremor, and cho­
rea, resembling Huntington's disease. Because of the facial grimacing and 
dystonia, coupled with the hepatic dysfunction, the diagnosis of Wilson's dis­
ease is often entertained. In later stages, the patients develop parkinsonian 
tremor at rest, rigidity, bradykinesia, and postural instability. Pathological ex­
amination reveals Alzheimer type II astrocytes and areas of neuronal degen­
eration, particularly in the basal ganglia and in the deep layers of the frontal, 
parietal, and occipital cortex (VICTOR et al. 1965; FINLAYSON and SUPERVILLE 
1981). 

3. Other Metabolic Causes 

A 51-year-old Japanese man with type 3 GM1 gangliosidosis was reported by 
OHTA et al. (1985). He had dementia, dysarthria, gait disturbance, and limb ri­
gidity. In contrast to other cases of GM1 gangliosidosis, he did not have dysto­
nia or athetosis. 

We recently studied a 35-year-old woman with adult onset Gaucher's dis­
ease and right hemiparkinsonism. Although the association may be coincid­
ental, the early age of onset, some atypical features, such as coarse intention 
tremor, and an abnormal signal intensity in the left striatum, suggest that the 
parkinsonism is secondary to the Gaucher's disease. 

IV. Postencephalitic Parkinsonism and Slow Virus Infections 

Until three decades ago, postencephalitic parkinsonism was the commonest 
type of secondary parkinsonism. POSKANZER and SCHWAB (1963) hypothesized 
that most cases of "idiopathic" parkinsonism were related to encephalitis le­
thargica and that Parkinson's disease will gradually disappear. However, this 
theory is no longer accepted and postencephalitic parkinsonism is considered 
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a specific clinical-pathologic entity, separate from idiopathic Parkinson's dis­
ease. The epidemic of encephalitis lethargica originated in Rumania in 1915 
and spread throughout Europe and other continents during the next 15 years, 
occurring primarily in the winter. Von Economo, an Austrian neuropatholo­
gist, provided the best description of this condition (EDITORIAL 1981; RAVEN­
HOLT and FOEGE 1982). Encephalitis lethargica and influenza epidemics oc­
curred in the United States at the same time, but the two conditions were 
quite different. Fever and other nonspecific symptoms of infection occurred 
in both conditions, but the encephalitis lethargica was characterized by som­
nolence or coma, oculomotor palsies, and focal neurologic disturbances, in­
cluding hemiplegia and aphasia. Because of these differences, it is incorrect to 
assume that patients with a history of influenza during the 1918-1919 ep­
idemic have postencephalitic parkinsonism. 

During the early phase of encephalitis lethargica, in addition to fever, 
most patients had fluctuating and progressive somnolence, alteration of the 
sleep cycle, ocular palsies, including ptosis, impaired convergence, and pupil­
lary involvement. Many patients experienced oculogyric crises, an involuntary 
conjugate dystonic deviation of the eyes, usually upward. Motor restlessness, 
chorea, dystonia, tics, hiccups, myoclonus, and other hyperkinesias also oc­
curred during the illness (KRUSZ et al. 1987). Psychiatric symptoms included 
delirium, hypomania, catatonia, hallucinations, and personality changes. Re­
spiratory distress was the usual cause of death during the acute illness. The 
overall mortality ranged between 30 % and 40 %, and the very young and the 
very old were particularly at risk of dying. The majority of the survivors had a 
residual deficit. Some recovered completely, but symptoms of parkinsonism 
may have developed several months or years later. Parkinsonism as a long­
term sequela has occurred even in those individuals in whom the extrapyram­
idal symptoms were not present during the acute illness. About 60 % of the pa­
tients who survived the epidemic developed parkinsonism within 2.5 years 
after the initial attack. However, the latency period may be as long as 20 
years, or even longer (CALNE and LEES 1988). 

Besides the early age at onset, usually in the third decade, there are other 
clinical features which help differentiate postencephalitic parkinsonism from 
the idiopathic disease. These include residual abnormal involuntary move­
ments, e.g., dystonia, chorea, myoclonus, and facial and respiratory dyski­
nesias. Furthermore, the patients may have residual hyperreflexia, hemipar­
esis, aphasia, palilalia, oculomotor palsies, oculogyric crises, blepharospasm, 
psychiatric disturbances, sleep alterations, and autonomic dysfunction. 

The CSF is usually normal, although during the acute stage of the illness a 
mild lymphocytic pleocytosis may be present. In the 13 cases reported by Von 
Economo, the characteristic pathologic features consisted of inflammatory 
changes in the tegmentum of the midbrain, pons, and the basal ganglia. In ad­
dition to perivascular cuffing there were multiple small hemorrhages present 
in the areas of necrosis. Of the patients who survived for many years with post­
encephalitic parkinsonism, the most severe site of involvement was the sub­
stantia nigra. Besides the loss of neurons and neuromelanin pigment, there is 
usually extensive gliosis and neurofibrillary tangles. In contrast, neurofibril-



The Relationship Between Parkinson's Disease and Other Movement Disorders 241 

lary tangles are not found in idiopathic Parkinson's disease, unless it is asso­
ciated with Alzheimer's disease. Lewy bodies are rarely seen in postencephali­
tic parkinsonism. In addition to the substantia nigra, the corpus striatum and 
the globus pallidus may also be involved. The loss of postural reflexes in post­
encephalitic parkinsonism has been attributed to the degeneration of the glo­
bus pallidus (PuRDON-MARTIN 1967). 

Postmortem biochemical studies found marked depletion of dopamine in 
the basal ganglia. Interestingly, patients with postencephalitic parkinsonism 
are more sensitive to L-dopa than are the idiopathic cases, possibly owing to 
the more pronounced denervation supersensitivity of the postsynaptic striatal 
receptors. 

Although all attempts have failed to isolate the infectious agent from pa­
tients with encephalitis lethargica, with immunostaining techniques an influ­
enza antigen was detected in brains of patients with postencephalitic parkin­
sonism, but not with idiopathic Parkinson's disease ·(GAMBOA et al. 1974). 
This suggests a possible antigenic relationship between the encephalitis le­
thargica virus and the influenza virus. Further evidence of a possible link be­
tween encephalitis lethargica and the influenza epidemic has been provided 
by the analysis of successive waves of influenza pneumonia showing chrono­
logic and geologic relation between the two endemics (RAVENHOLT and FOEGE 
1982). Genetic susceptibility to postencephalitic parkinsonism has been sug­
gested by histocompatibility studies (ELIZAN et al. 1980). 

Because of the association between encephalitis and subsequent parkin­
sonism, viral etiology for Parkinson's disease has been sought. However, viro­
logic and immunologic studies have failed to provide any evidence for infec­
tious etiology in idiopathic Parkinson's disease (ELIZAN et al. 1980; MARTILLA 
et al. 1981). Several sporadic cases of encephalitis lethargica have been re­
ported after the last outbreak in 1926, and the clinical manifestations of the 
recent cases are similar to those seen during the 1915-1926 epidemic (RAIL et 
al. 1981; EDITORIAL 1981; GREENOUGH and DAVIS 1983). 

Besides encephalitis lethargica, presumably due to a viral pathogen, post­
encephalitic parkinsonism has also been attributed to other viruses, including 
poliomyelitis, Japanese B, Western Equine, Coxsackie, and Echoviruses 
(FAHN 1977; RAIL et al. 1981; HOWARD and LEES 1987). However, these viruses 
usually produce only transient parkinsonism, which resolves within 3 months 
after the encephalitis. We reported a 36-year-old man with herpes meningo­
encephalitis who had persistent and disabling parkinsonism, pseudobulbar 
palsy, and calcification of the basal ganglia (JANKOVIC 1985). We also de­
scribed parkinsonism and other movement disorders in patients infected with 
the AIDS (HIV) virus (NATH et al. 1986). This retrovirus may have a special 
predilection for the basal ganglia. 

Slow virus diseases, including subacute sclerosing panencephalitis (SSPE) 
and Creutzfeldt-Jakob disease, may have parkinsonian features (GRAVES 
1984; FOURNIER et al. 1985; BROWN et al. 1986). We studied a 15-year-old boy 
with static congenital cerebral and ocular toxoplasmosis who had a I-month 
course of rapidly progressive bradykinesia, rigidity, and asymmetric rest and 
action hand tremor (JANKOVIC et al. 1988). Except for cerebral calcifications, 
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the CT and MRI scans were normal, but a biopsy of the right frontal lobe re­
vealed the diagnosis of SSPE. A similar case of congenital toxoplasmosis and 
SSPE has recently been described (WEINER and DE LA MONTE 1986). 

In addition to the typical triad of progressive dementia, myoclonus, and 
periodic EEG discharges, patients with Creutzfeldt-Jakob disease may mani­
fest a variety of extrapyramidal findings, including parkinsonism. We recently 
studied a 53-year-old man who presented with rapidly progressive parkinson­
ism manifested chiefly by asymmetric tremor at rest, bradykinesia, rigidity, 
and postural instability. He later developed ataxia, myoclonus, and dementia. 
Creutzfeldt-Jakob disease was suspected when a repeat EEG showed diffuse 
slowing and periodic, 1 Hz, sharp wave complexes. Further support for the di­
agnosis was provided by the detection of specific proteins in the CSF (HAR­
RINGTON et al. 1986). Besides dementia, myoclonus, and parkinsonism, many 
patients with Creutzfeldt-Jakob disease have ataxia, spasticity, lower motor 
neuron disease, and visual loss due to involvement of the occipital cortex 
(ROYDEN JONES et al. 1985). The spinal fluid is usually normal, but two-di­
mensional gel electrophoresis may detect proteins which seem specific for 
Creutzfeldt-Jakob disease (HARRINGTON et al. 1986). 

The characteristic postmortem finding in Creutzfeldt-Jakob disease is 
marked cytoplasmic vacuolization of neuropil, causing a diffuse, spongiform 
appearance of the gray matter. This is accompanied by gliosis in later stages, 
but there is no evidence of inflammation (MANUELIDIS 1985). The neuropath­
ologic examination may also show amyloid plaques, possibly composed of 
paracrystalline arrays of prion proteins (BOCKMAN et al. 1985; KITAMOTO et al. 
1986). Prion (PrP, proteinacious infectious particle) is a protease-resistant 
membrane protein with molecular weight 27-30 kdalton. While the PrP 27-30 
protein has not been shown to be infective, it is found in almost all brains of 
patients with Creutzfeldt-Jakob disease, and is considered to be a relatively 
specific marker for some transmissible neurologic diseases (ROBERTS et al. 
1986). 

Creutzfeldt-Jakob disease has been transmitted to primates and to other 
species. Transmission between humans has been related to corneal transplant, 
infected neurosurgical stereotactic apparatus, and to human growth hormone 
therapy (BROWN et al. 1985). Until recently the diagnosis could be confirmed 
only by pathological examination of brain biopsy or at autopsy, and by trans­
mitting the disease into an animal. However, abnormal proteins, identified in 
the CSF with Creutzfeldt-Jakob disease may be used in the future to confirm 
the diagnosis quickly, thus avoiding a brain biopsy (HARRINGTON et al. 1986). 

V. Vascular Parkinsonism 

In the classic descriptions of parkinsonism, arteriosclerosis was often men­
tioned as a leading cause of this syndrome (CRITCHLEY 1929; PARKES 1974). 
CRITCHLEY (1929), in his original report, however, emphasized that in "arterio­
sclerotic parkinsonism" tremor was absent and additional signs such as de­
mentia, incontinence, pyramidal signs, and pseudobulbar palsy were often 
present. These atypical features have been used to differentiate "arterioscle-
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rotic parkinsonism" from the idiopathic variety. Thus far, however, there has 
been no clinical-pathologic evidence for "arteriosclerotic parkinsonism." This 
does not mean that vascular parkinsonism does not exist. With the advent of 
CT and MRI scans, multiple strokes have been recognized to produce a syn­
drome in which parkinsonism may be an important manifestation. Several 
cases of basal ganglia infarcts associated with parkinsonian features have been 
reported (TOLOSA and SANTAMARIA 1984; FRIEDMAN et al. 1986; MAyo et al. 
1986). The patients usually have a history of sudden neurologic deficit 
(stroke) with subsequent onset of parkinsonism, often associated with other 
neurologic problems. While spontaneous improvement, unrelated to treat­
ment, . is considered important evidence for postinfarction parkinsonism, we 
evaluated several multi-infarct patients whose parkinsonian features did not 
improve. In a study of 426 patients with parkinsonism, we found 25 (5.9 %) 
with evidence of stroke (DUBINSKY and JANKOVIC 1987). This frequency is con­
sistent with other series which have reported 5.7 %-9 % stroke prevalence in 
several community-based surveys of Parkinson's disease patients (MARlTILA 
and RINNE 1976; KEssLER 1972). 

Parkinsonism may be caused by multiple infarcts in the basal ganglia, but 
this is a rare complication of striatal infarcts or hemorrhages (BLADIN and 
BERKOVIC 1984; STEIN et al. 1984). None of the 11 patients with CT scan-docu­
mented striatocapsular infarcts had parkinsonian symptoms (BLADIN and BER­
KOVIC 1984). In contrast, parkinsonism in combination with dementia, gait 
disturbance, and ataxia has been observed in patients with subcortical arterio­
sclerotic encephalopathy (Binswanger's disease) and cerebral amyloid angiop­
athy (KINKEL et al. 1985; DUBINSKY and JANKOVIC 1987; THOMPSON and MARS­
DEN 1987). We have seen several patients, usually hypertensive, who have 
"lower body parkinsonism", manifested by gait disturbance and freezing with­
out other parkinsonian features (FITZGERALD and JANKOVIC). On MRI scans 
they have evidence of deep white matter and periventricular ischemia (GERARD 
and WEISBERG 1986). Multiple, deep, small infarcts may also lead to ventricu­
lar dilatation and other features of normal pressure hydrocephalus, including 
the classic triad of dementia, "magnetic gait," and urinary incontinence. In 
addition to this triad, some patients have parkinsonism that improves after 
shunting (EARNEST et al. 1974). 

VI. Brain Tumors 

Brain tumors may produce parkinsonism by four different mechanisms. 
1. Gliomas, ependymomas, craniopharyngiomas, meningiomas, and metas­
tases (Fig. 2) may infiltrate or compress the basal ganglia and the brain stem 
(SCIARRA and SPROFKIN 1953). 2. Another mechanism is the involvement of 
the premotor frontal cortical areas which give rise to the projections to the ba­
sal ganglia. Parkinsonism has been reported to be associated with parasagittal 
meningiomas (NICHOLSON and TURNER 1964). 3. There may be a direct com­
pression by the tumor or by tentorial herniation of the vessels that provide 
blood supply to the basal ganglia (VAN ECK 1961). 4. Finally, brain tumors 
may produce hydrocephalus and thus cause parkinsonism (JANKOVIC et al. 
1986). 
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Fig. 2. CT scan of a 63-year-old 
man with right hemiparkinson­
ism secondary to left cerebral me­
tastases of bronchogenic origin 

Considering the frequent occurrence of brain tumors, it is surprising that 
they rarely cause parkinsonism (JANKOVIC 1984a). One possible explanation is 
that the brain tumor involves the corticospinal tract which is essential for the 
expression of tremor and rigidity. Another reason may be that the other symp­
toms related to the brain tumor, such as increased intracranial pressure, visual 
and sensory symptoms, and hemiparesis, overshadow the parkinsonian fea­
tures. Postmortem biochemical analysis of a case of parkinsonism secondllry 
to large craniopharyngioma showed a marked reduction in the striatal dop­
amine and norepinephrine, and in the dopamine receptors in the caudate nuc­
leus (yEBENES et al. 1982). The postsynaptic damage may explain why pa­
tients with parkinsonism secondary to tumors are usually unresponsive to 
levodopa or to dopamine agonists. 

VII. Trauma 

Trauma, although an uncommon cause of parkinsonism, may produce this 
syndrome by at least four different mechanisms. Parkinsonism may occur as a 
sequela when the head trauma is severe enough to produce damage to the ba­
sal ganglia (GRIMBERG 1934). Subdural hematoma may compress the brain 
and the basal ganglia, producing atypical parkinsonism, usually associated 
with other neurologic findings (GLATI et al. 1983). Another cause of trauma­
induced parkinsonism is the "punchdrunk" syndrome. In addition to parkin­
sonism, punchdrunk boxers may show signs of pyramidal, cerebellar, and cor­
tical damage (dementia pugilistica). Postmortem examination of the brain 
shows diffuse cortical atrophy, severe neuronal loss in the locus ceruleus, sub­
stantia nigra, and in the striatum, as well as numerous neurofibrillary tangles 
distributed throughout the brain. Most of the cases of parkinsonism following 
head trauma occur after repeated closed head injuries, but post-traumatic 
parkinsonism has been reported after a single bullet injury to the substantia 
nigra (J ELLINGER 1986 a). In addition to direct damage to the upper brain stem 
or the striatum, parkinsonism may be caused by raised intracranial pressure 
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and transtentorial herniation with secondary damage to the midbrain and the 
basal ganglia from vascular compression. It is possible that less severe trauma 
may be sufficient in the elderly to trigger or precipitate the subclinical form of 
Parkinson's disease -(SCHWAB and ENGLAND 1968). In such cases, however, it is 
difficult to prove that the head trauma is related to the parkinsonism; further­
more, parkinsonism associated with head trauma has been seen in young 
adults (FAHN 1977). KLAWANS (1981) suggested that some cases with slowly 
progressive hemiparkinsonism represent a late sequela of a hemispherical in­
jury in early life, causing contralateral hemiatrophy and hemiparkinsonism. 

Physical stress as an aggravating or triggering factor in the development of 
parkinsonism is receiving more attention from those investigators interested 
in the etiology of Parkinson's disease. Experimental evidence supports the hy­
pothesis that either metabolic, emotional, or physical stress precipitates par­
kinsonism in susceptible subjects (SNYDER et al. 1985). 

In addition to head trauma, a few cases of parkinsonism have been re­
ported following electrical injury (FARRELL and STARR 1968). Peripheral 
trauma may also induce tremor and other abnormal involuntary movements 
in the affected limb, and this can lead to a more generalized movement disor­
der, including parkinsonism (SCHorr 1986; JANKOVIC and VAN DER LINDEN 
1989). 

VIII. Hydrocephalus 

Parkinsonism has been reported in association with normal pressure hydroce­
phalus and with obstructive hydrocephalus (JANKOVIC et al. 1986). In normal 
pressure hydrocephalus, the shuffiing or magnetic gait resembling the "freez­
ing" phenomenon in Parkinson's disease, in combination with dementia and 
urinary incontinence, comprise the classic triad of symptoms (KNurSSON and 
LYING-TuNNELL 1985; SOELBERG et al. 1986). Parkinsonism, usually without 
tremor, may be the sole manifestation of normal pressure hydrocephalus, oc­
casionally seen without dementia or urinary incontinence. Like Parkinson's 
disease, normal pressure hydrocephalus is often ascribed to the inevitable 
consequences of aging or "rheumatism" (RASKER et al. 1985). CT or MRI 
scans show ventricular dilatation with minimal cortical atrophy, and radioac­
tive isotope CSF flow study shows retention of the tracer in the ventricles for 
longer than 24 h. 

Marked improvement in any of the symptoms associated with normal pres­
sure hydrocephalus can be seen in about half of patients after shunting. Par­
kinsonism can also be reversed after a shunting procedure (ANTuNES et al. 
1983). The cause of normal pressure hydrocephalus is often not readily appar­
ent, and therefore the condition is labeled as idiopathic or occult. Sometimes 
it is a late complication of subarachnoid hemorrhage or meningitis. Another 
possible mechanism is softening of the periventricular white matter by multi­
ple infarcts, resulting in ventricular dilatation (EARNEST et al. 1974). 

In addition to normal pressure hydrocephalus, parkinsonism may be 
caused by obstructive hydrocephalus. This is usually due to a tumor or cyst in 
the posterior fossa compressing the aqueduct. We reported a 14-year-old girl 
in whom parkinsonism was the first symptom of acquired hydrocephalus 
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caused by post-traumatic aqueductal stenosis (JANKOVIC et al. 1986). The Par­
kinson's disease symptoms completely resolved after successful ventricular­
peritoneal shunting. Parkinsonism may not always improve with ventricular 
drainage, but some features, such as akinetic mutism, may respond (BERGER 
et al. 1985). 

IX. Syringomesencephalia 

Two of three reported cases of syringomesencephalia had associated parkin­
sonism (HARDY and STEVENSON 1957; SAMPLES et al. 1983). In the first case of 
a 60-year-old man with a 50-year history of uncontrollable tremor on the right 
side of the body, the postmortem examination showed that the substantia 
nigra was largely replaced by long narrow cavities lined with ependyma. The 
second case was a 59-year-old woman with a 27-year history of internuclear 
ophthalmoplegia, unsteadiness of gait, paresthesias, and rest tremor in the 
limbs and tongue. The diagnosis was multiple sclerosis until an autopsy was 
performed, which revealed a syrinx extending from the aqueduct across the 
mesencephalic root of the trigeminal nerve. The syrinx was confined to the 
lower mesencephalon and the upper pons and, in contrast to the first case, the 
substantia nigra was not involved. The parkinsonian features were probably 
due to the involvement of the nigrostriatal pathway. 

c. Sporadic Multiple System Degenerations (Parkinsonism-Plus) 

First coined by Oppenheimer (BANNISTER and OPPENHEIMER 1981), the term 
"multiple system atrophy" was used to describe a group of disorders in which 
there was a degeneration of selected neuronal structures or systems, such as 
the striatum, pigmented and pontine nuclei, inferior olives, and the cerebellar 
outflow system. 

I. Progressive Supranuclear Palsy 

Although described earlier, the syndrome of progressive supranuclear palsy 
(PSP) was not established as a specific clinical-pathologic entity until 1964. 
In that year, STEELE et al. (1964) reported the clinical features in nine patients 
and the neuropathologic findings in foUf. Since the classic report, over 400 
new cases have been reported and the clinical features have been well charac­
terized (JANKOVIC 1984 b, KRISTENSEN 1985). 

While not emphasized in the report of STEELE et al. (1964), parkinsonian 
symptoms, particularly postural instability, have become recognized as a dom­
inant motor disability in this disorder. Approximately 6 % of patients with par­
kinsonism have PSP. The average age at onset in 104 patients was about 
63,5 years (JANKOVIC et al. 1989), 10 years later than the average onset of Par­
kinson's disease. The male: female ratio was about 3:2. Impairment of gait, 
characterized by fluctuating unsteadiness and unexplained falls, is the usual 
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mode of onset for this progressive disorder. Later, patients develop general­
ized slowness, dysarthria, and other parkinsonian symptoms, but tremor is 
rarely present. The classic tetrad: (a) "supranuclear ophthalmoplegia" chiefly 
affecting the vertical gaze; (b) axial rigidity and dystonia in extension; (c) 
pseudobulbar palsy with marked dysarthria; and (d) dementia, was empha­
sized in the original report. Although supranuclear ophthalmoparesis is the 
hallmark of PSP, patients seldom complain of oculomotor problems. How­
ever, they may be "sloppy eaters" because of inability to look down at the 
plate, and many have difficulties with focusing, owing to problems with con­
vergence. Because of the inability to track a line of print, they have difficulties 
in reading. Family members often remark that the patient does not maintain 
normal eye contact during conversation. 

Downward gaze seems to be restricted earlier and to a greater extent than 
upward gaze. However, in some patients in the early stages of the disease up­
ward gaze may be more involved. Rarely, even in the more advanced stages of 
the disease, the extraocular movements are spared (DAVIS et al. 1985). 
The diagnosis may then be established only at autopsy. This presents a di­
lemma in the clinical diagnosis of PSP since without the ophthalmoparesis 
the diagnosis is difficult. Other ophthalmologic findings include hypometric 
saccades, impairment of convergence, internuclear ophthalmoplegia, ocular 
fixation defect with square-wave jerk, impaired optokinetic and caloric-in­
duced nystagmus, and reversal of normal eye-closed preponderance of caloric­
induced nystagmus. Eyelid abnormalities, including decreased blinking, ble­
pharospasm, and apraxia of eyelid opening, the latter attributed to levator 
inhibition, may provide additional clues to the correct diagnosis (LEPORE and 
DUVOISIN 1985). In about one-third of the patients with PSP, besides the verti­
cal gaze palsy, there may be a marked limitation of lateral gaze (JACKSON et al. 
1983). However, in most patients there is a marked limitation of vertical gaze 
which can be overcome by the oculocephalic maneuver. This supranuclear na­
ture of the ophthalmoparesis is also evidenced by involuntary persistent ocu­
lar fixation of the subject while the body turns. The head movement may lag 
behind the body movement for up to 30-45 s. In the most advanced stages, in 
addition to the supranuclear ophthalmoparesis, there may be nuclear involve­
ment, and neither the oculocephalic maneuver nor caloric stimulation is then 
sufficient to overcome the oculomotor palsy. 

Other characteristic features of PSP include axial rigidity and dystonia, as 
well as limb dystonia (RAFAL and FRIEDMAN 1987). Facial dystonia and rigid­
ity account for the stiff, deeply furrowed face (JANKOVIC 1984 b). The pseudo­
bulbar palsy is manifested by exaggerated jaw jerk, trismus, dysarthria, apho­
nia, palilalia, and dysphagia. Emotional incontinence and dementia usually 
occur later in the course of the disease. The cognitive decline in the advanced 
stages of PSP seems to be a consequence of associated visual and motor defi­
cit, in contrast to the more typical dementia seen in Alzheimer's disease (JAN­
KOVIC et al. 1989). The clinical course of PSP is characterized by relentless 
progression. In addition to frequent falls associated with the broad-based, un­
steady gait, the patient develops progressive dysarthria and dysphagia, and 
eventually becomes bedridden and prone to aspiration and infection. 
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The histologic hallmarks of PSP include neuronal cell loss, gliosis, granu­
lovacuolar degeneration, and neurofibrillary tangles. These changes are parti­
cularly noticeable in the mesencephalic tegmentum and tectum, internal seg­
ment of the globus pallidus, substantia nigra, the subthalamic, vestibular, and 
dentate nuclei, the superior colliculi, the periaqueductal gray matter, and the 
spinal cord (KATO et al. 1986; ZWEIG et al. 1987). In addition, the basal nuc­
leus of Meynert is involved, and this may explain the cognitive deficit seen in 
the later stages of the disease. The cholinergic neurons in the pedunculopon­
tine nucleus, normally spared in Alzheimer's disease, seem to be involved in 
PSP (ZWEIG et al. 1987). 

The neurofibrillary tangles in PSP are quite specific; in addition to the 
paired helical filaments, the PSP neurofibrillary tangles contain straight 
15-nm tubules, which actually represent an earlier stage in the development of 
the paired helical filament (Table 4). Using monoclonal antibodies and the 
peroxidase-antiperoxidase technique, DICKSON et al. (1985) found that the 
15-nm straight filaments typically seen in PSP share an antigenic determinant 
with the Alzheimer's neurofibrillary tangles. Furthermore, this antigenic de­
terminant is localized in the PSP perikarya and it is not found in the normal 
brain, aluminum-induced experimental tangles, Lewy bodies, Hirano bodies, 
or axonal filamentous inclusions of amyotrophic lateral sclerosis (ALS) and 
giant axonal neuropathy. Impaired assembly of microtubules, owing to abnor­
mal phosphorylation of the microtubule-associated tau protein has been pro­
posed as the mechanism of formation of the neurofibrillary tangles. However, 
tau antigen has been identified not only in PSP, but also in Alzheimer's dis­
ease, Down's syndrome, Parkinsonism-dementia complex of Guam, and Pick 
bodies in Pick's disease (IQBAL et al. 1986; POLLOCK et al. 1986; JOACHIM et al. 

Table 4. Disorders with neurofibrillary tangles 

A. Paired helical filaments: 20- to 24-nm tubules with IS-nm lumen, twisted every 
80-120 nm; lO-nm filaments 
Degenerative 

Viral 

Other infections 
Toxins 

Trauma 
Chromosomal 

abnormalities 
Heredofamilial 

Alzheimer, Pick, ALS, Hallervorden-Spatz, Guam parkinson­
ism-dementia complex, PSP' 

SSPE, herpes, rabies, Creutzfeldt-Jakob, postencephalitic par­
kinsonism 

Dysentery, chronic TB, scarlet fever 
Acute and chronic lead poisoning, chronic manganese poison­

ing 
Dementia pugilistic a 
Down's syndrome 

Tuberous sclerosis, hereditary spastic spinal paresis, familial 
cerebellar ataxia 

Metabolic Storage diseases, pigment-variant lipofuscinosis 
B. Proliferation of normal 10-nm filaments: motor neuron disease, vincristine neuro­

pathy, infantile neuroaxonal dystrophy 

• Abnormal straight IS-nm tubules 
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1987). Therefore, the neurofibrillary lesions found in various neurodegenera­
tive disorders are relatively nonspecific. Granu10vacuo1ar degeneration in PSP 
consists of 2- to 5-micron cytoplasmic vacuoles with central basophilic or ar­
gyrophilic granules. 

Pallidonigra1-1uysia1 atrophy is clinically similar to PSP, but the patho­
logic changes are confined to the pallidum, substantia nigra, and subthalamic 
nucleus, and some cases show massive widespread eNS accumulations of cor­
pora amy1acea (KOSAKA et al. 1981; JELLINGER 1986b). This rare disorder 
probably represents a variant of PSP. 

In the early stages of PSP, 1evodopa therapy may provide improvement in 
the axial rigidity and in the postural instability. However, even high dosages 
of 1evodopa are usually ineffective in the later stages. Levodopa combined 
with dopamine agonists, including bromocriptine, pergolide, and lisuride, 
may be more effective than when used alone (JANKOVIC 1983). Other useful 
drugs in the management of PSP include amitriptyline and amantadine, but 
methysergide has not proven to be useful in our experience (NEWMAN 1985; 
JANKOVIC 1984b). Rarely, cricopharyngea1 myotomy is required in the ad­
vanced stages for at least partial relief of the dysphagia. 

The median duration from onset to death is about 6 years, with the range 
between 1 and 12 years (MAHER and LEES 1986, GOLBE et al. 1988). While the 
etiology of PSP has not been found, it is likely that the dopaminergic and 
cholinergic systems are primarily involved in the motor and cognitive deficit 
seen in patients with this syndrome. The pathogenesis of the neuronal dege­
neration is unknown, but in some patients subcortical hypoperfusion due to 
chronic ischemia or due to a multi-infarct state may result in a loss of dopa­
mine receptors in the striatum, nucleus accumbens, and the substantia nigra 
(DUBINSKY and JANKOVIC 1987). Such dopamine receptor changes have been 
documented by in vivo positron tomography and by postmortem ligand bind­
ing studies (D'ANrONA et al. 1985; RUBERG et al. 1985; KISH et al. 1985). It is 
likely that the poor response to dopaminergic therapy in patients with PSP is 
due to these postsynaptic receptor changes. 

II. Shy-Drager Syndrome 

When parkinsonism is associated with orthostatic hypotension, impotence, 
sphincter disturbance, atonic bladder, and other symptoms of autonomic fai­
lure, then the diagnosis of Shy-Drager syndrome should be seriously consid­
ered. In addition to the autonomic symptoms, patients with this disorder have 
iris atrophy, cerebellar ataxia, corticospinal tract signs, amyotrophy, and var­
ious sleep and respiratory abnormalities (JANKOVIC 1984c). The pathologic 
changes are widespread and consist chiefly of neurona110ss in the intermedio­
lateral column and pyramidal tract of the spinal cord, Onuf's nucleus in the 
sacral cord, anterior horn cells, inferior olives, dorsal motor nucleus of vagus, 
locus ceru1eus, Purkinje cells of the cerebellum, oculomotor nuclei, Edinger­
Westphal nucleus, the periaqueducta1 gray matter, and the basal ganglia, espe­
cially the striatum. There is neurona110ss and depigmentation in the substan­
tia nigra. The hypothalamus shows no morphological abnormalities. 
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Peripheral nerves may be involved more frequently than previously recog­
nized (GALASSI et al. 1982; SOBUE et al. 1986). The pathologic changes in 
Shy-Drager syndrome overlap with the olivopontocerebellar atrophy and the 
striatonigral degeneration. Lewy bodies have been noted rarely in the affected 
areas. 

The nosology of Shy-Drager syndrome has been problematic since the ori­
ginal description by SHY and DRAGER (1960). One end of the spectrum of au­
tonomic dysfunction is the pure autonomic failure (PAF) which occurs with­
out any central or peripheral neurologic signs. This disorder has been 
previously called "idiopathic orthostatic hypotension," but that term has been 
abandoned because it ignores other autonomic symptoms besides orthostatic 
hypotension. At the other end of the spectrum is multiple system atrophy, a 
term used to describe disorders such as olivopontocerebellar atrophy, striato­
nigral degeneration, and Shy-Drager syndrome (POLINSKY 1988). In contrast to 
the patients with PAF who have low supine plasma norepinephrine levels, pa­
tients with Shy-Drager syndrome have normal supine norepinephrine, and in 
neither group does the plasma norepinephrine level increase on standing. In 
the Shy-Drager syndrome, norepinephrine is readily released by tyramine, 
and there is no evidence of adrenoceptor supersensitivity to indirectly acting 
sympathomimetic drugs. In addition to the noradrenergic involvement, the 
low CSF homovanillic and 5-hydroxyindoleacetic acid levels suggest that the 
dopaminergic and serotonergic systems are also involved in this degenerative 
process. 

The clinical investigation of patients with Shy-Drager syndrome should 
exclude other causes of orthostatic hypotension, such as diabetes, amyloi­
dosis, porphyria, tabes dorsalis, adrenal insufficiency, and remote effects of 
cancer. Electromyographic studies may reveal evidence of denervation, but in 
contrast to P AF the peripheral autonomic system is spared, until the advanced 
stages. The reader is referred to a recent review on this subject for a descrip­
tion of automatic testing (POLINSKY 1988). 

The treatment of Shy-Drager syndrome is challenging. When parkinso­
nian symptoms interfere with the patient's functioning, then the usual anti­
parkinsonian medications must be employed. However, the dopaminergic 
drugs must be used with caution because they often exacerbate the orthostatic 
hypotension. Therefore, the usual precautions should be taken to prevent syn­
copal episodes. The patient should be encouraged to increase dietary salt and 
fluid, use the reverse Trendelenburg position during sleep, and wear tight elas­
tic stockings. Ancillary medications include fludrocortisone, indomethacin, 
ibuprofen, beta-blockers, sympathomimetics, ganglionic stimulants, norepin­
ephrine precursors, CNS stimulants, and pressor hormones. An implantable 
sympathetic neural prosthesis is being developed (POLINSKY 1988). 

III. Ollvopontocerebellar Atrophies 

The combination of parkinsonism associated with cerebellar signs should sug­
gest the diagnosis of olivopontocerebellar atrophy (OPCA). Dejerine and Tho­
mas described two patients with a nonfamilial progressive gait ataxia, brady-
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kinesia, dysarthria, dysphagia, and incontinence, beginning in middle age 
(BERCIANO 1988). Postmortem examination revealed marked atrophy of the 
olives, pons, the middle cerebellar peduncles, and the cerebellar cortex (KOEP­
PEN et al. 1986). Similar cases were previously described by Menzel, but these 
patients had autosomal dominant inheritance, earlier onset, and choreiform 
involuntary movements (KoNIGSMARK and WEINER 1970). Later, autosomal re­
cessive OPCAs have been characterized clinically and pathologically. In cases 
of OPCA with parkinsonism, in addition to cerebellar atrophy, there is usually 
depigmentation and neuronal loss in the substantia nigra. Furthermore, the 
brain stem nuclei, the corticospinal tract, and the posterior column are also 
affected to a variable degree. In some cases, the anterior hom cells and peri­
pheral nerves may also be involved. This phenotypic variability could be ex­
plained by a single gene mutation transmitted as an autosomal recessive trait 
and another single gene mutation transmitted as an autosomal dominant trait, 
with the host genes modifying the expression and penetrance of the mutant 
gene (HARDING 1986). 

While some cases of OPCA are sporadic, most are inherited in an auto­
somal dominant pattern. One variety of autosomal dominant OPCA, named 
Joseph disease, has been described among the descendants of Azorian-Por­
tuguese families (ROSENBERG 1984). Type I Joseph disease has its onset in 
the third decade of life and is characterized by progressive spasticity, rigidity, 
dystonia, ophthaimoparesis, and fasciculations. Type II begins in the fifth de­
cade of life and is characterized by cerebellar, pyramidal, and parkinsonian 
findings. Type III begins in the sixth and seventh decades of life and is asso­
ciated with progressive cerebellar ataxia and amyotrophy. Two-dimensional 
electrophoresis revealed 50 and 40 kdalton proteins in brains of patients with 
Joseph's disease, but not in control brains. These proteins seem to be most 
abundantly expressed in the cerebellum and the basal ganglia, but their rela­
tionship, if any, to the underlying pathogenetic mechanism is unknown. 

OPCA associated with progressive ataxia, upper and lower motor neuron 
signs, parkinsonian symptoms, and supranuclear ophthaimoparesis has been 
associated with leukocyte glutamate dehydrogenase (GDH) deficiency. Since 
the GDH deficiency is only partial, and not all GDH-deficient individuals are 
clinically affected, it is likely that the GDH deficiency is not the primary bio­
chemical defect in these patients. It is also possible that several isoenzymes of 
GDH exist and may be affected to a variable degree. Thus, a GDH deficiency 
may be seen in sporadic cases of OPCA as well as in the inherited forms. One 
autopsy case revealed diffuse lipofuscinosis, pancerebellar, olivary, and pon­
tine atrophy, as well as demyelination of the posterior columns, and degenera­
tion of the anterior horns and of the dorsal ganglion cells (CHOKROVERlY et al. 
1984). Although a peripheral neuropathy is usually not seen clinically in pa­
tients with GDH deficiency, there is a reduction of myelinating fibers in the 
sural nerve. Furthermore, the autonomic neurons seem to be affected and ac­
count for the occasional orthostatic hypotension and other automatic symp­
toms. 

Postmortem biochemical studies of brains of patients with OPCA revealed 
a reduction in aspartate and glutamate, major excitatory neurotransmitters as-
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sociated with the climbing and mossy fibers respectively. In addition, some 
cases of OPCA show depletion of y-aminobutyric acid (GABA). In vitro re­
ceptor autoradiography in four cases of OPCA showed increased numbers of 
benzodiazepine receptors in the dentate nucleus, but not in the cerebellar cor­
tex, possibly indicating a loss of Purkinje cells or brain stem afferents (WHITE­
HOUSE et al. 1986). 

While in some patients with OPCA the parkinsonian symptoms improve 
with levodopa therapy, in most cases the symptoms or the course of the disor­
der cannot be altered by pharmacologic manipulation (MANYAN 1986). Those 
few patients with OPCA who improve initially with levodopa may later de­
velop dose-related fluctuations and dyskinesias (LANG et al. 1986). 

IV. Corticobasal Degeneration 
Only a few cases have been described all with a relentlessly progressive course 
characterized by bradykinesia, rigidity, postural tremor, focal dystonia and 
myoclonus, alien hand short steps, unsteadiness, limitation of convergence 
and upward gaze, reflex blepharospasm, dysarthria, anomia, and apraxia 
(REBEIZ et al. 1968; FUNKENSTEIN and MILLER 1985; GIBB et al. 1989). In addi­
tion, the patients had proprioceptive sensory loss, corticospinal tract signs, 
and grasp reflex. Pathologic examination showed corticobasal degeneration 
consisting of frontoparietal cortical atrophy, corticospinal tract degeneration, 
depigmentation of the substantia nigra, and in two cases there was degenera­
tion of the dentate nucleus. The most characteristic finding was the presence 
of large, pale (achromatic) neurons without Nissl substance resembling Pick's 
cells, but without the typical argyrophilic Pick bodies. 

V. Parkinsonism-Dementia-ALS Complex 
Parkinsonism coupled with motor neuron disease and dementia should sug­
gest the possibility of Shy-Drager syndrome, Creutzfeldt-Jakob disease, or 
the parkinsonism-dementia-ALS complex of Guam (HUDSON 1981). There 
are two neurologic disorders that occur with higher than expected frequency 
among the Chamorro people of Guam: amyotrophic lateral sclerosis (ALS) 
and parkinsonism-dementia complex. Except for younger age at onset and 
slower progression, the ALS of Guam resembles the classical ALS seen world­
wide. However, the pathologic findings suggest that the ALS of Guam may be 
a different disorder. In addition to the neuronal loss in the anterior horn cells 
and degeneration of the corticospinal tract, patients with ALS of Guam have 
neurofibrillary tangles and abnormal helical filaments derived from normal 
neurotubule protein. These changes are usually not seen in idiopathic ALS or 
Parkinson's disease, but may be seen in a variety of neurodegenerative disor­
ders (Table 5). The parkinsonism-dementia complex resembles idiopathic 
Parkinson's disease except for propulsion, festination, and tremor which are 
relatively mild in the first disorder. In addition to progressive dementia, there 
are corticospinal tract signs and supranuclear ophthalmoparesis. The age at 
onset is about 54 years with a male: female ratio 2.5:1. More than one-third of 
patients with parkinsonism-dementia complex have features of ALS, but only 
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5 % of the Chamorro subjects with ALS develop parkinsonism-dementia. This 
may be due to the fact that the ALS patients die before the onset of the par­
kinsonism -dementia syndrome. 

The pathologic changes in brains of patients with parkinsonism-dementia 
complex consist of depigmentation of the substantia nigra and locus ceruleus, 
widespread Alzheimer neurofibrillary changes, and intracytoplasmic granular 
degeneration, particularly in the Sumner's sector of the Ammon's hom 
(Table 5). Senile plaques, Lewy bodies, or spongiform changes are not usually 
found in the parkinsonism-dementia cases of Guam. 

The etiology of the parkinsonism-dementia complex is unknown, but an 
"environmental trigger" in genetically susceptible individuals seems to be the 
most likely mechanism (ScHMm et al. 1984). Efforts to transmit the disorder 
into nonhuman primates or other laboratory animals have failed. Because of 

Table S. Pathologic changes in parkinsonian disorder 

Entity N euronalloss Lewy Neuro- Other sites of involvement 
bodies fibrillary 

Substantia Corpus tangles 
nigra striatum 

Idiopathic +++ 0 +++ 0 Locus ceruleus, dorsal motor 
Parkinson's nucleus of vagus, sympa-
disease thetic ganglia; cerebral cor-

tex-variable and late, nu-
cleus basalis in demented 
patients 

Postencephali - +++ ++ + (?) ++ Locus ceruleus, brain stem 
tic parkin- tegmentum, dentate nuclei 
sonism 

S triatonigral +++ + + + 0 0 Overlaps with olivopontocer-
degeneration (putamen) ebellar atrophy; putamen-

brown pigmentation 
Progressive +++ +++ 0 ++ Globus pallidus, subthalamic 

supranuclear and red nuclei, midbrain 
palsy and pontine tegmentum, 

periaqueductal gray, vesti-
bular and dentate nuclei, 
granulovacuolar degenera-
tion in red nucleus and 
pontine nuclei 

Shy-Drager +++ ++ + 0 Spinal cord especially inter-
syndrome (putamen) mediolateral columns, lo-

cus ceruleus, olives, dorsal 
motor nucleus of vagus, 
Purkinje cells 

Parkinsonism - +++ + + + 0 ++ Cerebral cortex, hippocampus, 
dementia (globus diencephalon, brain stem 
complex pallidus) tegmentum, spinal cord 
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these and other reasons, a viral etiology of these disorders has been excluded 
(GARRUTO and YASE 1986). Environmental geochemical studies showed that 
the soil and the drinking water from Guam and the Kii peninsula of Japan, 
another endemic area for the parkinsonism-dementia-ALS complex, have 
unusually low concentrations of calcium and magnesium, and relatively high 
concentrations of aluminum and iron. In Guam, calcium and magnesium 
concentrations were lowest in those regions where the incidence rates of ALS 
and parkinsonism were highest. Finally, animals with experimental calcium­
magnesium deficiency show degeneration of the anterior hom cells in the spi­
nal cord. 

A remarkable decline in the incidence of these disorders has been noted 
in the past 30 years (GARRUTO et al. 1985). This has been attributed to change 
in dietary habits and in the local water supply, as well as reduced dependence 
on locally grown foodstuffs. The epidemiologic, genetic, and environmental 
studies, as well as the experimental data, support the hypothesis that the par­
kinsonism-dementia-ALS complex results from a basic defect in mineral me­
tabolism and secondary hyperparathyroidism due to chronic deficiency of cal­
cium and magnesium. Because increased intestinal absorption of calcium, 
aluminum, and other metals may cause an impairment of slow axonal trans­
port, it has been postulated that there is an accumulation of excess neurofila­
ment which leads to the formation of neurofibrillary tangles (GAJDUSEK 1985; 
GARRUTO and YASE 1986). Recent epidemiologic studies implicated 
fj-N-methylamino-L-alanine (BMAA) , a component of the local cycad seed 
used in the production of flour, as a possible etiologic agent. When injected 
into monkeys, this cycad-derived BMAA produces parkinsonism and cortico­
spinal tract signs (CALNE et al. 1986; SPENCER et al. 1987). However, this cycad 
hypothesis of parkinsonism-dementia-ALS complex has been recently chal­
lenged (GARRUTO et al. 1988). 

Treatment of the parkinsonian component with levodopa is usually suc­
cessful, but the dementia and the motor neuron disease do not improve with 
dopaminergic therapy. The association of parkinsonism and lower motor neu­
ron disease in Guam and in other populations is well recognized. Much less 
appreciated is the rare coexistence of chronic spinal muscular atrophy (with 
pallidonigral degeneration) or hereditary neuropathy and parkinsonism (SER­
RATRICE et al. 1983). Rarely, patients with spinocerebellar degeneration may 
show parkinsonian signs (WEIR and FAN 1981). 

VI. Striatonigral Degeneration 

The term striatonigral degeneration was used by ADAMS et al. (1964) in refer­
ence to three cases described in 1961 and an additional case in 1964 of a dis­
tinct entity characterized clinically by typical and atypical parkinsonian fea­
tures, but pathologically showing severe degeneration of the substantia nigra 
and putamen. Although clinically striatonigral degeneration may resemble 
idiopathic Parkinson's disease, several characteristic features have emerged 
among the 50 cases reported since the original report. The distinguishing fea­
tures of striatonigral degeneration include lack of tremor and the presence of 
hyperreflexia, extensor plantar responses, and severe bulbar dysfunction, low 
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volume and hypokinetic dysarthria, and even aphonia and stridor. Despite the 
putamenal involvement, chorea, dystonia, or other involuntary movements 
are usually not present and autonomic dysfunction and dementia are rare. 
Family history of a similar disorder is usually lacking and the disease is rap­
idly progressive, usually resulting in death within 5 years after the onset 
(ADAMS et al. 1964; KAN 1978). 

The characteristic pathologic findings include neuronal loss and depig­
mentation in the substantia nigra, combined with neuronal loss and gliosis in 
the striatum and pallidum. The atrophy is particularly prominent in the puta­
men and is often accompanied by brownish discoloration due to the presence 
of dark-brown pigment granules in the glial and neuronal cytoplasm (Table 5). 
These pigmented granules apparently contain lipofuscin and iron, and small 
amounts of phosphorus, calcium, and sulfur. Lewy bodies and neurofibrillary 
tangles are conspicuously absent in this disorder. The caudate nucleus, globus 
pallidus, subthalamic nucleus, and the brain stem nuclei may also show neu­
ronal loss, gliosis, and demyelination. In some cases, there is a moderate in­
volvement of the dentate nucleus, the cerebellar cortex, and the middle cere­
bellar peduncle. Because of the overlap between this entity and the OPCAs, it 
has been suggested that striatonigral degeneration respresents a variant of a 
relatively common entity termed "multiple system atrophy" (TAKEI and 
MIRRA 1973; ROPPER 1983). Other disorders which overlap with OPCA are the 
Shy-Drager syndrome and PSP, and therefore, these four disorders could be 
designated as the parkinsonian multiple system atrophies (Fig. 3). 

Fig. 3. Parkinson's disease, Parkinson-plus syndromes (multiple system atrophies), and 
secondary parkinsonian disorders showing an overlap in some clinical and pathologic 
features. ALS amyotrophic lateral sclerosis; ET essential tremor; MSA multiple system 
atrophy; OPCA olivopontocerebellar atrophy; PD Parkinson's disease; PIGD postural 
instability and gait difficulty; PSP progressive supranuclear palsy; SDS Shy-Drager 
syndrome 
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Until a specific biochemical or histologic marker is found, it will not be 
known whether these neurodegenerative disorders represent distinct entities 
or whether they are just variants of the same disease. Although they share 
some clinical and pathologic features with idiopathic Parkinson's disease, it is 
likely that the parkinsonian multiple system atrophies differ in etiology from 
idiopathic Parkinson's disease. While it is possible that examples of "pure" 
striatonigral degeneration, Shy-Drager syndrome, OPCA, and PSP exist, 
majority of cases probably represent part of a broad spectrum of multiple sys­
tem degenerations which may include other sporadic or inherited disorders. 

Although some cases of striatonigral degeneration may improve with anti­
cholinergic therapy, the response is usually modest and short-lived. SHARPE et 
al. (1973) found very low levels of dopamine and homovanillic acid in the 
caudate and putamen of brains with striatonigral degeneration. Also, L-dopa 
decarboxylase was markedly reduced in the striatum while glutamic acid de­
carboxylase (GAD) was normal in the striatum, but markedly reduced in the 
cortex. About 25 % of reported patients with striatonigral degeneration showed 
appreciable improvement with levodopa therapy, but only a few sustained the 
benefit for longer than 6 months (RAJpUT et al. 1972; SHARPE et al. 1973; KAN 
1978). There has been no systematic study of dopamine agonists in striatoni­
gral degeneration. Thalamotomy has been reported to provide moderate relief 
of tremor and rigidity. 

D. Inherited Multiple System Degenerations 

Because Parkinson's disease is usually not inherited, parkinsonian heredofam­
ilial neurodegeneration will be discussed only briefly. The reader will be re­
ferred to recent reviews for more detailed discussion of these disorders. 

I. Huntington's Disease 

Huntington's disease is an autosomal dominant disorder with onset usually in 
the fourth and fifth decade of life. However, about 6 % of cases begin before 
the age of 21 and 28 % have the onset of symptoms after the age of 50 (MARTIN 
and GUSELLA 1986). Behavioral changes such as depression, impulsive behav­
ior, and personality change often precede the onset of chorea and dementia. 
The average duration of the symptoms from onset to death is about 17 years, 
although some patients live as long as 30 years. The earlier the age of onset, 
the shorter the duration of the disease. Majority of children and young 
adults with Huntington's disease inherit the gene from their father. Juvenile 
Huntington's disease is characterized by bradykinesia, rigidity, dystonic 
movements, seizure disorder, and intellectual decline. Tremor is rare, but ac­
tion tremor often accompanies the rigid state of the disease. The name "West­
phal variant" has been given to the akinetic-rigid form of Huntington's dis­
ease, which accounts for up to 14 % of all patients with the disease. 

The defective gene, mapped to the terminal band on the short arm of 
chromosome 4, in some way programs premature death of neurons, particu-
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lady in the striatum (caudate). Marked reduction in caudate glucose metabo­
lism has been demonstrated in symptomatic and pre symptomatic individuals 
and, when combined with DNA polymorphisms, this technique may be useful 
in preclinical detection of Huntington's disease (HAYDEN et al. 1987). The me­
dium-sized spiny neurons with abundant spinous processes (type I cells) 
usually degenerate first. Although globus pallidus, cerebral cortex, thalamus, 
subthalamic nucleus, brain stem, and spinal cord may show some neuronal 
loss, caudate atrophy is the most characteristic pathologic change in Hunting­
ton's disease. It is not known whether the rigid form of Huntington's disease 
preferentially affects the large aspiny cells as opposed to the medium-sized 
spiny neurons. 

Despite the striatal atrophy, the concentration of dopamine in the Hun­
tington's disease brain is normal. The most remarkable biochemical change 
involves the activity of GAD which is reduced by 85 % in the striatum and by 
60 % in the substantia nigra, putamen, and globus pallidus. Furthermore, the 
GABA receptors are also markedly reduced. Selective loss of the GABA sys­
tem may cause desinhibition of the nigrostriatal pathway and results in cho­
rea. However, since GAD and GABA are normal in the other regions of the 
brain, and GABA agonists are ineffective in Huntington's disease, it is un­
likely that the GABA system is fundamentally involved in the pathogenesis of 
the disease. Other substances decreased in the striatum include acetylcholine 
and dynorphin. In the striatum, somatostatin and neuropeptide Yare in­
creased, but substance P is normal or slightly increased. However, substance P 
is markedly reduced in the medial pallidum and the pars reticulata of the sub­
stantia nigra. It has been proposed that somatostatin enhances the release of 
dopamine and thus contributes to the chorea seen in Huntington's disease. 

Because pharmacologic manipulation of the neuropeptides is not possible, 
the most effective drugs in the treatment of chorea are the dopamine receptor 
blocking agents, including the phenothiazines and butyrophenones, and drugs 
that deplete dopamine such as reserpine or tetrabenazine. 

Glutamate and other excitatory analogs, including kainic and ibotenic 
acid, produce neuronal degeneration in experimental animals, similar to Hun­
tington's disease. Therefore it has been suggested that Huntington's dis­
ease is caused by an endogenous glutamate-like substance which may be se­
lectively neurotoxic. Baclofen inhibits the release of excitatory neurotransmit­
ter, including glutamine, and it is currently undergoing long-term clinical 
trials in Huntingtons's disease. However, until the responsible gene and its 
protein product are found, it is unlikely that a more specific therapy for Hun­
tington's disease will be available. As a result of the discovery of a DNA 
marker linked to the Huntington's disease gene, predictive testing for this dis­
order is now feasible. The impact of pre symptomatic testing is currently being 
evaluated to determine some guidelines for future genetic testing and coun­
seling. 
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II. Wilson's Disease 

Wilson's disease occassionally presents as "juvenile parkinsonism" associated 
with rigidity, drooling, bradykinesia, and loss of postural reflexes. Tremor at 
rest is uncommon, but coarse postural "wing-beating" tremor is very charac­
teristic in this disease. About half of the Wilson's disease patients present 
with neurologic symptoms, one-third with hepatic dysfunction, 14 % with psy­
chiatric complications, 8 % with osteoarticular problems, and 2 % with Kayser­
Fleischer ring (SCHEINBERG and STERNLIEB 1984; PATIEN 1988). Besides par­
kinsonism and tremor, other movement disorders typically present in 
Wilson's disease include dystonia, grimacing, chorea, and athetosis. Children 
and young women are more likely to present with liver abnormalities, and 
neurologic symptoms are unusual before the age of 12; they are more com­
mon in males. Pseudobulbar palsy dominates the clinical picture in most neu­
rologically affected patients and is usually the mode of death. The diagnosis is 
established by the typical clinical features, Kayser-Fleischer ring, ceruloplas­
min less than 30 mg/d, hepatic copper concentration more than 250 ~g per 
gram dry weight, 24-h urine copper more than 100 ~g, and low radioactive 
copper incorporation into the ceruloplasmin. 

Penicillamine and treintine both chelate copper, and may produce a re­
markable improvement in neurologic function, allowing patients to enjoy a 
normal life span. Wilson's disease is inherited as an autosomal recessive trait, 
therefore siblings have 25 % risk of developing the disease and should be 
screened for neurologic abnormalities, liver disease, Kayser-Fleischer ring, 
and laboratory evidence of Wilson's disease. 

III. Hallervorden-Spatz Disease 

This disorder, first described in 1922, is characterized by childhood or adult 
onset, relentlessly progressive dementia, bradykinesia, rigidity, spasticity, dys­
tonic posturing, choreoathetosis, and other hyperkinesias (EIDELBERG et al. 
1987). Additional clinical findings include cerebellar ataxia, seizure disorder, 
amyotrophy, and retinitis pigmentosa. While autosomal recessive inheritance 
has been suggested for most cases, transmission from one generation to an­
other has been reported rarely in atypical cases. Pathological examination re­
veals iron deposits in the globus pallidus and substantia nigra, accompanied 
by axonal swellings and neuronal degeneration in the basal ganglia, cortico­
spinal tract, and the cerebellum. 

The disorder rarely presents in the third or fourth decade of life as a famil­
ial parkinsonism-dementia complex. We reported a 68-year-old man who had 
a 13-year history of progressive dementia, rigidity, bradykinesia, mild tremor, 
stooped posture, slow and shuffiing gait, dystonia, blepharospasm, apraxia of 
eyelid opening, aphonia, and incontinence (JANKOVIC et al. 1985). Autopsy ex­
amination of the brain confirmed the typical deposits of iron pigment in the 
globus pallidus, caudate, and substantia nigra, as well as axonal spheroids in 
the globus pallidus, substantia nigra, medulla, and the spinal cord. Neuro­
chemical analysis of the brain revealed marked loss of dopamine in the ni-



The Relationship Between Parkinson's Disease and Other Movement Disorders 259 

grostriatal area with relative preservation of dopamine in the limbic area. An­
other study suggested that cysteine accumulates in the globus pallidus as a 
result of the enzymatic block in the metabolic pathway from cysteine to tau­
rine (PERRY et al. 1985). The increased cysteine may chelate iron, accounting 
for the high concentration of iron in the selected areas of the brains of pa­
tients with this disease. The excess of cysteine and ferrous iron may result in 
the generation of free radicals and subsequent neuronal damage. 

IV. Other Familial Parkinsonian Syndromes 
Parkinsonism associated with OPCA, Joseph disease, spinocerebellar degen­
eration, and GDH deficiency have already been discussed. MATA et al. (1983) 
described three siblings with a syndrome characterized by parkinsonism, de­
mentia, pyramidal signs, and ophthalmoparesis, beginning in the third de­
cade. Although the disorder resembled PSP and ·the parkinsonism-dementia 
complex of Guam, because of the familial occurrence it was thought to repres­
ent a new entity. 

Spinocerebellar-nigral degeneration with parkinsonism may occur as a 
sporadic disorder (SERRATRICE et al. 1983; WEIR and FAN 1981) or as a domi­
nantly inherited neurodegenerative disorder (BIEMOND and SINNEGE 1955; 
WOODS and SCHAUMBURG 1972). Besides parkinsonism, these patients have 
amyotrophy, corticospinal tract signs, and cerebellar ataxia, with onset in the 
third decade of life. Pathological examination in a few cases revealed demyeli­
nation of the spinocerebellar tract and the posterior column, and degeneration 
of Clarke's column, substantia nigra, and the anterior hom cells. The cerebral 
cortex and nuclei are usually spared, but there is often diffuse demyelination 
of the cerebellar white matter. 

V. Familial Basal Ganglia Calcifications 
Basal ganglia calcifications, as already discussed in Sect. B.lII, are usually as­
sociated with hypoparathyroidism or pseudohypoparathyroidism. When the 
basal ganglia calcifications occur in a family, they are often associated with 
chorea, dementia, and palilalia. This autosomal dominant disorder is referred 
to as Fahr's disease (BOLLER et al. 1977). However, some cases may have cog­
wheel rigidity, slow and shuffiing gait, hypomimia, dysarthria, and other par­
kinsonian symptoms (HARATI et al. 1984; BEALL et al. 1984). We studied two 
brothers, one of whom had progressive parkinsonism and dementia, and the 
other who was asymptomatic, but both had calcifications in the basal ganglia 
and the dentate nuclei (Fig. 4). CT scan should be performed on affected and 
unaffected members of the family to establish the pattern of inheritance be­
cause the calcification may be the only manifestation of the familial disor­
der. 

VI. N euroacanthocytosis 

Acanthocytosis has been associated with a variety of neurologic symptoms, in­
cluding chorea, tics, lip biting, ataxia, amyotrophy, elevated creatinine kinase 
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Fig. 4a, b. CT scans of two brothers, one with parkinsonism and dementia (a) and the 
other without neurologic abnormalities (b), both showing dense calcifications, in the 
basal ganglia and the cerebellum 

(CK), but normal lipoproteins. We reported two brothers of consanguineous 
parents who, in addition to motor and vocal tics, had parkinsonism, distal 
muscular atrophy, and supranuclear ophthalmoparesis associated with acan­
thocytosis (SPITZ et al. 1985). Because of the protean neurologic manifesta­
tions associated with acanthocytosis, we suggested the term neuroacanthocy­
tosis to describe these familial disorders (JANKOVIC et al. 1985). Postmortem 
neurochemical analysis showed depletion of dopamine, particularly in the 
striatum and elevation of norepinephrine in the putamen and globus paUidus 
(DE YEBENES et al. 1988). 
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CHAPTER 9 

Evaluation of Parkinson's Disease 

H.TERAVAINEN, J.TSUI and D.B.CALNE 

A. Introduction 

The need for quanti tat ion of parkinsonian symptoms in relation to drug treat­
ment has been recognized for many years (SCHWAB and PRICHARD 1951). The 
advent of effective therapy has augmented the need, now that we are in an era 
of ever-expanding novel therapeutic agents, combined with recognition of a 
wider variety of deficits (such as dementia), and experience with problematic 
adverse reactions (such as fluctuations in response). Besides making reliable 
sensitive assessment more important, complications such as dementia and 
fluctuations in response make the process of evaluation more difficult. 

The problem of assessing patients who undergo sudden changes in the 
severity of symptoms and signs is self-evident. The evaluation is much less 
complicated in mildly disabled, previously untreated patients, in whom it is 
possible to express the clinical deficits in a numerical form which is readily 
reproducible. 

Consequently, different approaches have become necessary in designing 
studies involving subjects early in their disease, as opposed to those with more 
severe disability associated with fluctuations of performance. The literature 
concerning assessment of parkinsonian deficits is large; comprehensive re­
views have been published addressing this topic (TERAVAINEN and CALNE 1980; 
MARSDEN and SCHACHTER 1981) and quantitation of neurological diseases in 
general (POTVIN and TOURTELOTIE 1985 a,b). 

Two approaches to evaluation have generally been employed: (a) subjective 
quantitation, based on the judgment of the evaluator, who assigns scores to 
the symptoms, signs; functional disability, and side effects, and (b) objective 
quantitation based on the use of various mechanical devices designed to mea­
sure specific aspects of motor abnormality. Significant new approaches to ob­
jective evaluation have not appeared since the topic was last reviewed (MARS­
DEN and SCHACHTER 1981) whereas subjective assessment is currently 
undergoing significant re-evaluation worldwide. 

B. Subjective Assessment 

Subjective assessment is designed to provide numerical quantification from 
the traditional clinical neurological evaluation. The usual method is assign­
ment of scores (usually from 0 to 4: 0 = normal, 1 = mild abnormality; 
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2 = moderate abnormality; 3 = severe abnormality; 4 = profound disability or 
loss of function), defining each grade for each deficit with as much precision 
as is necessary to minimize interindividual variation in the interpretation of 
the range of values. Because clinical features fluctuate, several protocols at­
tempt to generate scores that average deficits over a period of time, or provide 
separate numbers representing the best and worst phases, and the relative du­
ration of each. Most commonly used examples, employed over a period of 
several years, include the Webster Scale (WEBSTER 1968), Hoehn and Yahr 
Staging (HOEHN and Y AHR 1967), the Northwestern University Disability 
Scale (CANTER et al. 1961), the Columbia University Disability Scale (DUVOI­
SIN 1970), the Schwab and England Scale for Daily Activities (SCHWAB and 
ENGLAND 1969), the New York University Rating Scale (ALBA et al. 1968) and 
the King's College Hospital Rating Scale (PARKES et al. 1970). 

It is pertinent to note that many of these scales were developed prior to ex­
periences of levodopa treatment. Some more recent gradings have been deve­
loped to deal with problems such as fluctuation in mobility and confusion 
(LEES et al. 1977; LIEBERMANN 1980; SCHACHTER et al. 1980; LARSEN et al. 
1984). The variability of grading scales and their frequent modification by dif­
ferent workers has created difficulties in comparing both the patient popula­
tion studied and the results obtained. Because of this problem, a meeting was 
held in Bermuda to develop a Unified Rating Scale for the quantitation of 
parkinsonian patients participating in drug studies. This protocol is a compro­
mise and a combination of several pre-existing scales grading virtually every 
symptom, sign and side effect that can be expected in a large population of 
parkinsonian patients. It is the most comprehensive subjective scale ever in­
troduced (FAHN and ELTON 1987). 

Nevertheless, the Unified Rating Scale has its weaknesses: it is based on 
assessment of deficits which is subject to both intraobserver and interobserver 
variations. Furthermore, clinical scores are not linear and they may not corre­
late well with the patient's overall disability. For example, slight diminution 
of facial expression, moderately stooped stance and falling when posture is 
disturbed carry the same numerical weight. There are problems even within 
the same category of deficit. For example, in evaluating postural stability, a 
change from 0 to 2 (normal to falling when perturbed) has far greater impact 
for the patient than changes between grades 2 and 4. Furthermore, clinical ex­
perience indicates that some of the variables (such as posture) are relatively 
insensitive to treatment. This is illustrated in Table 1, which lists changes in 
the Columbia subscores in ten previously untreated patients given placebo, 
mesulergine (7 mg/day) and levodopa (750 mg/day + decarboxylase inhibi­
tor). The mean improvement obtained with either mesulergine or levodopa 
was significant (P< 0,001) compared with placebo treatment. In this small 
population of patients, tremor, rigidity, gait and associated movement (arm­
swing) were the most sensitive indicators of the effectiveness of treatment and 
less improvement occurred in various manual tests (dexterity, foot tapping, 
pronation-supination movements). Some variables, such as ability to main­
tain balance, posture and speech made a negligible contribution to the overall 
score, even though each is of major significance to the patient. Since the ap-
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Table 1. Columbia subscores in 10 patients with Parkinson's disease treated with placebo, 
mesulergine (7 mg/day) and levodopa (750 mg/day + DCI) 

Patient TRE RIG POST GAIT ARMS BAL CHAI PRSU DEXT FOOT HYPO SPE 

1 0 3 1 1 4 0 1 5 1 2 1 0 
2 1 12 1 1 5 1 0 6 5 4 2 0 
3 5 11 2 1 5 0 1 6 3 6 2 0 
4 0 11 0 1 6 0 1 7 5 5 1 0 

0 
5 6 11 1 1 0 6 5 4 1 1 .D 1 2 0 

0 6 8 6 1 1 2 0 0 7 3 5 2 0 !! 
p.. 7 3 14 0 1 5 0 0 4 6 4 1 0 

8 0 7 0 0 4 1 0 5 4 5 1 0 
9 0 12 1 1 7 0 1 6 7 4 0 0 

10 2 9 1 0 4 0 1 6 4 4 1 0 

Mean 2.5 9.6 0.8 0.8 4.4 0.3 0.5 5.8 4.3 4.3 1.2 0.1 

1 0 1 1 0 2 0 1 3 2 1 0 0 
2 0 6 1 0 2 1 0 7 3 2 2 0 

0 
3 8 5 2 1 2 0 0 6 4 4 1 0 

.S 4 0 7 0 0 3 0 0 3 5 3 1 0 
ell 5 2 5 1 0 0 0 0 4 3 3 1 0 0 

"3 
'" 

6 7 5 1 1 1 0 0 7 3 2 1 0 
0 7 0 6 0 0 3 0 0 4 3 2 1 0 
~ 8 0 3 0 0 3 1 0 4 4 2 0 0 

9 1 7 1 1 4 0 1 4 2 1 1 0 
10 1 6 0 0 2 0 0 4 2 1 1 0 

Mean 1.9 5.1 0.7 0.3 2.2 0.2 0.2 4.6 3.1 2.1 0.9 0 
ME/PLA (%) 76 53 88 38 50 67 40 79 72 49 75 0 

1 0 2 1 0 0 0 0 3 1 1 0 0 
2 0 6 0 0 1 1 0 5 3 1 1 0 
3 1 6 2 1 0 0 0 1 1 2 1 0 
4 0 6 1 0 0 0 1 5 3 4 0 0 

'" A 5 0 2 1 0 0 0 0 1 1 1 1 0 0 
"0 6 2 2 1 0 0 0 0 6 1 2 1 0 0 
> 7 1 5 1 0 0 0 0 3 4 0 0 0 0 

...:l 8 0 4 0 0 1 0 0 4 4 3 1 0 
9 0 6 1 0 2 1 0 1 2 2 1 0 

10 0 0 0 0 0 0 0 3 2 3 1 0 

Mean 0.4 3,9 0.8 0.1 0.4 0.2 0.1 3.2 2.2 1.9 0.7 0 
LD/PLA (%) 21 40 100 13 9 67 20 55 51 44 58 0 

TRE tremor; RIG rigidity; POST posture; ARMS armswing; BAL balance; CHAI arising 
from chair; PRSU pronation and supination; DEXT dexterity; FOOT foot tapping; HYPO hy-
pomimia; SPE speech; PLA Placebo; ME mesulergine; LD levodopa 
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praisal of drug effects is facilitated by easily analysable major variables in 
function that are sensitive to treatment, the evaluation of motor symptoms by 
the Unified Rating Scale could certainly be improved by adding a separate 
grading for armswing during gait. 

We also consider that testing of mood, memory and cognitive function is 
laborious and of limited value in most therapeutic investigations. Further­
more, patients with severe intellectual impairment (grade 3-4), severe depres­
sion (grade 4, perhaps even 3), persistent hallucinatons or delusions (grade 4, 
perhaps 3), and complete loss of motivation (grade 4) should not be included 
in the routine study of antiparkinson drugs. Applying the complete Bermuda 
battery of tests at each visit is of questionable value. Interpretation of motor 
scores is also difficult in the presence of fluctuations in mobility or severe 
dyskinesias. 

The Unified Rating Scale contains several variables based on patients' in­
formation (such as sensory complaints, number of falls per day, the duration 
of dyskinesias) which are of special importance in patients who fluctuate. Pa­
tients selected for studies requiring self-assessment should be cooperative and 
attentive, and have a proper insight into their symptoms or have a reliable 
family member accompany them to the clinic. 

There have been few studies designed to determine interobserver variabil­
ity i,n assessing parkinsonism. In a recent report (MONTGOMERY et al. 1985), 2 
evaluators rated 70 patients. Variability was low for resting tremor and gait, 
moderate for bradykinesia and posture and high for dyskinesia and dystonia. 

Clinical scoring protocols can be evaluated by determining their ability to 
discriminate between variables and their ability to detect differences in value 
within variables. These important issues have not received the attention they 
deserve. 

DIAMOND and MARKHAM (1983) compared four different scales in eight pa­
tients treated with pergolide. Each scale was employed by a different neurolo­
gist and the examiners were unaware that the results would be compared with 
other scales. Ratings from previous visits were not available for the examiner. 
For the sake of comparison, the disability scores were converted to percentage 
change relative to the initial rating before treatment. The variations were con­
siderable. For example, at 5 months one scale (Hoehn and Yahr) showed 13 % 
improvement and another (New York University revised) an improvment of 
58 %. The ICLA, and Northwestern University modified scales indicated im­
provement of 28 % and 44 % respectively. At 9 months the Hoehn and Yahr, 
and New York University revised scales indicated worsening of 6 % and im­
provement of 34 % respectively. The investigators pointed out that the scoring 
protocols have different sensitivity for different aspects of parkinsonism. F AHN 
and BRESSMAN (1984) have compared three evaluation systems. They con­
cluded that the Schwab and England ADL, and Columbia scales give a rea­
sonable assessment of functional disability, whereas the UCLA protocol gave 
higher relative scores. 

Since the Unified Rating Scale is a combination of the pre-existing scales, 
its precision is no better or worse than its components. It is an elementary 
mistake to expect that the accuracy of assessment will increase with a new 
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scale. The most significant impact will be that different workers can compare 
their results directly, and pool their information if this is desirable. Optimal 
use of the Unified Rating Scale would entail the selection of subtests of com­
ponents, so that frequent assessments could be undertaken, each lasting 
10-15 min, which could be combined with the full Unified Rating Scale at 
less frequent intervals, according to the design of the study. 
From these considerations we may conclude that one clinical evaluation 
method should not replace all others, since no single system is irrefutably bet­
ter than all others. It is desirable to draw conclusions from a survey of results 
obtained from more than one test instrument; there will continue to be a need 
for several clinical scoring protocols. 

C. Objective Assessment 

Despite the limitations of clinical scoring systems, they still constitute the 
most useful method for assessing parkinsonism. Compared with various tech­
niques for objective measurement, subjective evaluations are simple, fast and 
cost-effective. Most of the methods employed for objective measurement re­
quire relatively complex and expensive equipment, and they are generally res­
tricted to sampling a small fraction of the patients' symptoms and signs. 

The quest for precise objective measurement is a basic theme running 
through all biomedical research, and history has shown it to be ultimately 
worthwhile. In the context of Parkinson's disease, a distinction must be made 
between questions relating to pathophysiology, and the more common task of 
assessing novel forms of treatment. Objective measurements are particularly 
valuable in attempting to answer the former, but they can also have a useful 
role to play in the latter. We shall not review the extensive literature on com­
prehensive methods of objective quantifications (TERAVAINEN and CALNE 
1980; MARSDEN and SCHACHTER 1981; POTVIN and TOURTELOTTE 1985 a,b); in­
stead we shall focus attention on the practical aspects of measuring some of 
the commoner clinical deficits. 

I. Tremor 

Numerous methods of quantifying tremor have been developed over the last 
30 years; the most commonly employed is mono axial accelerometer record­
ing, because it is relatively economical, simple and quick. Computerized tri­
axial accelerometers have the advantage of recording tremor in all directions, 
but the computer programs for the analysis of these observations are several­
fold more complex and expensive. Objective tremor recording with computer 
analysis is better suited for studying specific neurophysiological problems 
rather than detecting the response to potential pharmacotherapy in patients 
with Parkinson's disease. Tremor is exceptionelly variable and sensitive to 
psychological influences. The problem is that objective techniques can only 
handle a limited segment of information in space and time; since parkinso­
nian tremor is highly variable in space and time, there is a major sampling 



276 H. TElUVAINEN et al. 

problem in drug studies. These limitations do not apply to all types of tremor, 
for example the postural shake of essential tremor is more consistent, and 
very suitable for study by accelerometry. 

II. Rigidity 

Relatively few devices have been developed for the measurement of rigidity, 
and only the method of WEBSTER (1964, 1966) has enjoyed any widespread ap­
plication (WEBSTER 1981; POTVIN and TOURTELOTTE 1985). Webster's tech­
nique took advantage of his observation that when angular position is plotted 
against the torque required to move the elbow passively through flexion and 
extension, the area of the hysteresis loop gives a more satisfactory measure­
ment of rigidity than the torque alone. 

We have employed a similar method to study rigidity at the wrist. The 
movement was executed by a servo-controlled torque motor, and a PDP 11 
computer determined the area of the hysteresis loop. An example of a record­
ing is shown in Fig. 1, while Fig. 2 illustrates changes in rigidity values ob­
tained for a 55-year-old patient with Parkinson's disease experiencing marked 
fluctuations in mobility, while "on" and "off", at different amplitudes of 
movement. It may be noted that the rigidity values obtained when he was ri­
gid were some 600 % higher than when responding well to treatment. Routine 
testing takes some 2-3 min when one amplitude and frequency are employed. 
The results correlated well with subjective assessment (Columbia score). The 
high sensitivity of the method has as to be weighed against its major disadvan­
tage, the substantial cost of the equipment. However, the apparatus is very 
versatile and has many potential applications. 
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r .. rQ .... 'NM) 
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/ ., 
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Period (5) 0.820 

Trial Area [NM deg.l 
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02 40.987 
03 40.926 
04 40.178 
05 41.433 

Average area: 38.985 [NM deg] 

Fig. I. A recording of wrist rigidity in a patient with Parkinson's disease, with a calcula­
tion of the area of the hysteresis loop for 250 flexion and 25 0 extension. The mean ri­
gidity score (area) over 5 trials was about 40 Nm 0 when the Columbia score for rigidity 
was 3 
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Fig. 2. Rigidity scores (Nm 0) for different amplitudes of movement of the wrist ob­
tained for a 55-year-old patient with Parkinson's disease who experienced marked fluc­
tuations. The two series of measurements were performed when he was very rigid (up­
per graph, Columbia score for rigidity 3) and again when his mobility was optimal 
(lower graph, Columbia score 0) 

III. Hypokinesia 

Several components of hypokinesia can be identified: (a) the initiation of 
movement is delayed; (b) the speed of movement is slow; (c) accuracy of tar­
geted complex movements is impaired; and (d) bimanual performance deteri­
orates. Numerous elaborate devices have been constructed to determine the 
reaction time and velocity of movement (movement time over a specified dis­
tance) (TERAVAINEN and CALNE 1980; MARSDEN and SCHACHrER 1981; POTVIN 
and TOURTELOTfE 1985a,b). However, few studies have employed these mea­
surements to assess pharmacotherapy (ANGEL et al. 1971; F. VELASCO and 
M. VELASCO 1973). We have compared the reaction times and movement 
times in 72 patients with Parkinson's disease (TERAVAINEN and CALNE 1981) 
and found that the movement time correlated best with clinical disability. The 
reaction time was less useful because the differences from normal values were 
relatively small. 

Simple devices have been employed for the quantification of complex ma­
nipulative skills. Tests involving tapping are straightforward, but they are less 
satisfactory than alternating pronation-supination (MARSDEN and SCHACHTER 
1981). 

In the Purdue pegboard test small pegs are picked up and placed in holes. 
This is capable of discriminating early Parkinson's disease from age-matched 
controls with 85 % confidence (M. HIETANEN and H. TERAVAINEN 1987, unpub­
lished work), so this technique may prove a useful method for providing a 
composite index of hypokinesia. 
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D. Summary 

The methods employed for quantifying the neurological deficits of Parkin­
son's disease should be chosen according to the purpose of the evaluation. For 
detecting drug-induced changes in motor function, clinical scoring protocols 
are generally appropriate. The newest of these, the Unified Rating Scale, is the 
most comprehensive, but has certain limitations. For studying the pathophy­
siology of Parkinson's disease, objective techniques are usually the most sen­
sitive and accurate; numbers are available for tremor, rigidity and hypokine­
sia; selection depends upon which particular aspect of motor function is 
under unvestigation. 
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CHAPTER 10 

Clinical Trials for Parkinson's Disease 

J. K. TSUI, H. TERAVAINEN and D. B. CALNE 

A. Introduction 
Anticholinergic agents have been used for over 100 years for treating Parkin­
son's disease and clinical trials have been reported since the late nineteenth 
century (AQUILONIUS 1979). In the past two decades more drug studies have 
been conducted in Parkinson's disease than in any other neurological disor­
der. 

Following the discovery of the symptomatic benefits of L-dopa (BARBEAU 
1961, 1969; BIRKMAYER and HORNYKIEWICZ 1961, 1962; COTZIAS et al. 1969), nu­
merous investigations were undertaken with this agent alone, and subsequently 
in combination with decarboxylase inhibitors (BARBEAU et al. 1976). The intro­
duction of dopamine agonists (CALNE et al. 1974) led to a new wave of clinical 
trials, whereas those with anticholinergics have tapered off. Amantadine has 
been studied intermittently over the last decade. 

In recent years, new concepts concerning the pathogenesis of Parkinson's 
disease have been developed. Agents such as deprenyl (a monoamine oxidase 
B inhibitor) (BIRKMAYER et al. 1977) have been investigated, and a rationale 
has emerged for studying antioxidants. These trends derive from the proposal 
that the formation of free radicals (DONALDSON et al. 1980) may contribute to 
loss of neurons from the substantia nigra, so the underlying progress of the 
disease might be delayed by impeding the release of free radicals, or facilitat­
ing their removal. 

Most of the therapeutic studies in Parkinson's disease have been con­
ducted with different designs and with different statistical manipulations. 
There has been a lack of uniformity in the criteria for recruitment of patients, 
and even greater variation in the choice of techniques for monitoring the 
progress of the patients. Perhaps because of this diversity a persuasive consen­
sus has evolved on the relative safety and efficacy of treatment. 

B. Phases 
The design chosen for investigation of a new drug will depend, in part, on the 
extent of experience with the compound. In phase 1 studies, first administra­
tion to human subjects is usually undertaken with single doses given to nor­
mal volunteers. In phase 2, small groups of patients are treated for a short pe­
riod. Phase 3 involves more extended formal studies. Phase 4 comprises 
continued surveillance after the drug has been released for general use. 
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c. Design 

Studies may be open, single-blind, or double-blind; drug dosage may be fixed 
or varied, and comparisons between treatment regimens may be undertaken 
"within patients" or "between patients". Open studies are usually employed in 
pilot projects before embarking on full-scale investigations. They are useful 
for establishing safety, determining a dose range, and studying pharmacokin­
etics. Single-blind studies decrease the "placebo" effect, and thus constitute a 
first step towards the detection of efficacy. 

Double-blind studies are generally accepted as the most reliable format for 
evaluation of treatment, once initial information on safety has been gathered. 
The design depends on the circumstances. Is the study conducted to de­
monstrate the efficacy of a single drug or a combination? Is any special cate­
gory of patient particularly important? Is the average optimal dose known? 
How much variation in optimal dose can be expected between patients? Can 
adverse reactions be predicted? Must previous therapy be continued? How 
long should the study run? 

Provided open studies with a new compound have yielded reassuring 
observations on safety, and have established satisfactory dose levels, it is 
reasonable to proceed to a blind evaluation. For testing a single drug, compar­
ison may be conducted either "between patients" (cross-sectional) or "within 
patients" (longitudinal). 

In "between patient" studies one group of subjects is given the test drug 
and another group a placebo. The two groups are matched for age, sex, disabil­
ity and disease duration. They are then assigned to the test or control group in 
random order. The next question is how many subjects to include. An esti­
mate can be made provided information is available on the sensitivity of the 
evaluation relative to the anticipated effect, the random scatter of variables 
and the confidence level required from the results (LYMAN 1984). Sometimes 
new treatment must be compared with a conventional drug because therapy 
cannot be withdrawn. Here the conventional drug takes the place of a placebo, 
and must be given in a form that patients cannot recognize. 

The number of patients will be lower for "within patient" studies because 
each subject acts as his or her own control and thereby decreases random scat­
ter. Sequential analysis can be performed. This technique tests each obser­
vation for the null or alternative hypothesis before going on to the next ob­
servation. Should the sample size become too large, Armitage's restriction 
(ARMITAGE 1957, 1960) can be applied. 

In the conduct of a "within patient" study it is important to allow suffi­
cient "washout" time is allowed for the first agent to wear off before the ef­
fect of the next agent is measured. Each patient should receive the drug 
and the placebo in randomized order in case there is any time-related trend in 
the variables. 

A double-blind "within patient" comparison with crossover is the most con­
venient design, although attention must be paid to eliminate bias deriving 
from the order in which drugs are given. The patients should be divided 
into two "randomized blocks" with one group receiving drug 1 before drug 2, 
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and vice versa for the other group. If more than two drugs are to be com­
pared separately, "between patient" studies eliminate the problem of design­
ing complex crossovers to minimize order effects. The lack of homogeneity 
amongst the study groups can be limited by matching patients on relevant 
variables, and by increasing the sample sizes. 

It may be desirable to study a combination of drugs to determine whether 
they are additive, synergistic or inhibitory. In a study of this type, it is neces­
sary to allocate patients randomly into regimens of different drug combina­
tions (cells). Comparison is made between drug 1 plus placebo, drug 2 plus 
placebo, and drug 1 plus drug 2 (if two drugs are studied). A double-blind 
procedure is undertaken, and a "between patient" study may be more practi­
cal because of order effects. 

While both "within patient" and "between patient" techniques are appli­
cable in studying the symptomatic effects of drugs, in long-term prospective 
studies only the latter can be conducted. All prolonged studies will face simi­
lar problems such as interindividual variation in the rate of progress of the 
disease, dropouts and difficulty in deciding the end point. Progress may not 
be linear, and the longer the study continues, the more problems will evolve 
in the computation of the results. 

The double-blind technique is predicated upon both the patient and the 
evaluator being unaware of the therapeutic regimen. In general, a rigidly 
structured, coded dose design is less satisfactory than a flexible plan, but the 
latter requires an extra "unblind" physician to manage dosage. This addi­
tional physician is particularly useful when treating patients who already have 
problems that require fairly frequent dose adjustments before starting the 
study. 

Should the dose be fixed or varied? The commonest single error in studies 
on new drug is failure to detect a therapeutic effect because dosage of the test 
drug was arbitrarily set too low, owing to limited experience with the drug. 
Dose-ranging studies are necessary in early studies with a new compound 
(STOESSL et al. 1985) and where prior experience with agents resembling the 
test drug indicate that there is wide interindividual variation in optimal do­
sage. In the latter case dosage must be titrated to maximum tolerated levels 
(often with an arbitrary upper limit based upon animal toxicity). Once the 
optimal (i.e. maximum tolerated) intake is reached, this should be held with­
out change over a suitable period for the test observations to be taken for sub­
sequent analysis. In this design, assessments prior to reaching the optimal 
dose are discarded. The intake of all medications other than the test drug (or 
placebo) should not be altered through the period of study. 

To increase sample sizes, multicentre trials may be undertaken. Variabi­
lity between centres then becomes· a most important confounding factor: dif­
ferent centres having disparate patient populations, diverse interpretations of 
exclusion criteria and heterogeneous techniques of assessment. 
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D. Recruitment 
The clinical features of Parkinson's disease have been well described, but 
there are no universally accepted diagnostic criteria. Because of the lack of 
objective diagnostic tests, a decision for recruitment is based on clinical find­
ings. Two definite, cardinal features of parkinsonism (resting tremor, rigidity, 
bradykinesia, parkinsonian gait or posture, and mask-like facies) are usually 
accepted as reasonable criteria (SCHOENBERG et al. 1986). Exclusion of dis­
eases such as essential tremor and an identifiable cause of parkinsonism (e.g. 
neuroleptics) are, of course, mandatory. 

In collecting the sample, care must be taken to avoid concomitant disease, 
dementia or psychosis and depression. Randomization of allocation into 
different drug combination cells should be strictly observed. In studying pa­
tients with Parkinson's disease, the history of previous and concurrent drug 
therapy may be important. 

E. Assessment 
Clinical rating scores are the most frequently employed technique for evaluat­
ing treatment. The most widely used protocols have been the Schwab and 
England (ENGLAND et al. 1956), Hoehn and Yahr (HOEHN et al. 1967), Webster 
(WEBSTER 1968), and Columbia Scales (DUVOISIN 1970). Others include the 
Northwestern (CANTER et al. 1961), UCLA (MARKHAM et al. 1981), New York 
University (LIEBERMAN et al. 1980), King's College Hospital (PARKES et al. 
1971) and UBC Scales (LARSEN et al. 1984). These scoring protocols generate 
numerical values for the severity of clinical features, ability to perform daily 
activities, adverse reactions to therapy, and mental status. A more recent scale 
proposed by (SHOULSON et al. 1987) is known as the Unified Rating Scale; it is 
more comprehensive than previous protocols, but takes longer to complete. 
This "Bermuda" scale is reviewed in more detail in Chap. 9. 

All clinical evaluations, however, suffer from the limitation that the scores 
do not bear a linear relationship to the deficit, or the underlying pathology. In 
cross-sectional studies, patients are usually recruited at different stages of the 
disease and the end points vary widely. Changes in scores early in the disease 
may not be readily comparable to similar alterations in later phases of the ill­
ness. The assignment of numerical scores is also subject to "within observer" 
and "beween observer" variations. 

Objective measurements of individual deficits have been employed to as­
sess parkinsonism, and conform to a linear scale. Techniques are available for 
recording limited aspects of the disease such as tremor, rigidity, speed and ac­
curacy of movement, gait and balance (TERAVAINEN and CALNE 1980). 

Accelerometers are employed for tremor (LARSEN et al. 1983), torque mo­
tors for rigidity (WEBSTER and MORTIMER 1977), and digitized boards or pres­
sure-sensitive pads for speed of movement and reaction time (TERAVAINEN et 
al. 1980; EVARTS et al. 1981; WARD et al. 1983). Torque motors and electromy­
ography measure the long latency stretch reflexes (TAlTON et al. 1984), force-
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sensitive platforms record body sway (LAKKE et al. 1972), and the Purdue peg­
board with bimanual execution quantifies manipulative skills (HIETANEN et al. 
1987). Other techniques include video or cine analysis of limbswing (KNurs­
SON 1972), measurement of saccades and smooth pursuit eye movements 
(TElUVAINEN et al. 1980), analysis of handwriting (KNopp 1968), balance (FOL­
KERTS and NnOKIKTJIEN 1971; JANSEN et al. 1982) and voice. 

Anyone of these can only provide information about a single deficit of the 
syndrome and fails to reflect the severity of parkinsonism as a whole. More 
than one test is required if they are to be used in therapeutic studies and the 
techniques tend to be slow. The Purdue pegboard (HIETANEN et al. 1987) may 
turn out to be a useful, simple, economical objective method; it might even 
provide an index of parkinsonian motor function as a whole. For a more de­
tailed discussion of the various clinical scales and objective methods of evalu­
ation see Chap. 9. 

While the functional impact of the disease can be assessed by clinical 
evaluation and individual deficits can be measured by objective methods, 
there is no way to quantify the underlying neuropathology. The suppression of 
prolactin release has been employed as an index of dopaminergic integrity. 
The prolactin level can be elevated artifically by administering thyrotropin­
releasing hormone (EISLER et al. 1981) and this increases the sensitivity of the 
test. Homovanillic acid concentrations in the cerebrospinal fluid have also 
been assayed as an index of dopaminergic function (KARTZINEL et al. 1976). 
Probenecid has been employed to inhibit active reabsorption of homovanillic 
acid in this setting (LAKKE et al. 1972). 

Positron emission tomography (PET) has recently been developed to pro­
vide a semiquantitative analysis of the integrity of the nigrostriatal pathway 
(MARTIN et al. 1986). Further developments in this technique will involve syn­
thesis of new ligands for dopamine in nerve endings, and for dopamine recep­
tors (WAGNER et al. 1983). Mathematical modelling will no doubt be improved 
to enhance interpretation. PET may prove to be the accurate way of assessing 
the progress of the pathology underlying Parkinson's disease, but the equip­
ment is complicated and expensive, so it is unlikely to be applied widely to 
therapeutic studies. 

F. Statistical Analysis 

The classical parametric methods for data analysis depend on a normal dis­
tribution of the populations under comparison. However, in Parkinson's dis­
ease, the populations of selected samples do not necessarily follow the normal 
Gaussian pattern. They are usually skewed and outliers are frequent. Various 
manipulations can be employed to smooth out the data, for example, by trans­
formation through mathematical functions such as logarithm, sine or square 
root. Other more controversial techniques are also available to deal with outli­
ers (FIENBERY 1983; HOAGLIN et al. 1983). 

For data analysis in clinical studies of Parkinson's disease, the most suit­
able approach is usually through nonparametric techniques. These include 
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the rank and sign tests (Wilcoxon or Mann-Whitney tests), nonparametric an­
alysis of variance (Kruskal-Wallis test), correlation tests (Friedman or Spear­
man) and non parametric regression. Contingency tests can also be employed 
(x2). 

Once the null hypothesis has been formulated, an alternative hypothesis 
can be proposed. This can be a one-sided statement (changes in one direction 
only) or two-sided (changes in either direction). Correspondingly, the analysis 
can be one-tailed or two-tailed. While the one-tailed test is more sensitive in 
detecting changes in one direction, the two-tailed tests is more objective. 
However, the two tailed test requires a larger sample to achieve the same sig­
nificance level. 

G. Conclusions 

Clinical studies of Parkinson's disease should generally be carried out in a 
double-blind, "within patient" comparison. Dosage may be fixed, but a dose­
ranging design is frequently more applicable. Recruitment criteria are based 
on the presence of two or more definite parkinsonian features. A widely ac­
cepted clinical scoring protocol should be employed for assessment of pa­
tients; this scale should be reasonably comprehensive and detailed, but 
should not take more than 15 minutes. Simple objective tests, such as the Pur­
due pegboard, may be useful. Nonparametric statistical techniques are suit­
able for the analysis of results. 

Clinical trials have previously been employed to test palliative therapy, but 
recently there has been interest in strategies treatment to slow down the un­
derlying pathology (monoamine oxidase B inhibitors, antioxidants). Such 
treatment is currently being assessed in a long term, multi-centre, "between 
patient" study. 
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CHAPTER 11 

Experimental Therapeutics Directed 
at the Pathogenesis of Parkinson's Disease 

I. SHOULSON 

A. Introduction 

The development of levodopa therapy for Parkinson's disease (PD) has 
spawned substantive clinical and scientific gains related to the experimental 
therapeutics of neurodegenerative disorders. Levodopa therapy has resulted in 
symptomatic benefit and increased life expectancy for the majority of PD pa­
tients. The rational development of levodopa therapy and related therapies to 
rectify the consequences of reduced dopaminergic neurotransmission in PD 
has also served as a prototype for the experimental therapeutics of other neu­
rologic disorders associated with neurotransmitter deficits. In spite of these 
advances, the clinical and scientific limitations of replacement therapies have 
become increasingly evident. Symptomatic anti-PD benefits have proved tran­
sient, and clinical features intensify eventually in the setting of progressive 
neuronal degeneration. Disabling adverse effects, such as mental status dis­
turbances, involuntary movements, and autonomic instability, further pre­
clude or limit the use of dopaminergic therapies. The application of rational 
replacement therapy to other neurologic disorders has been constrained by the 
progressive and often multiple transmitter disturbances arising from neurode­
generation. 

Based on our improving knowledge of the pathogenesis of nigral degenera­
tion, preventative and protective strategies aimed at halting or slowing both 
neuronal loss and progress of the illness have become realistic approaches to 
the experimental therapeutics of PD. These strategies are focused on amelio­
rating the process underlying nigral degeneration rather than rectifying the 
consequences of nigral loss. This discussion addresses the general strategies of 
preventative and protective therapies for PD, the rationale for anti oxidative 
interventions and related methodological issues, and the therapeutic pro­
spects for neuronal grafting. 

B. General Strategies for Prevention and Protection 

Strategies for prevention or protection against nigral degeneration may be di­
rected respectively at etiology or pathogenesis. The etiology of PD remains ob­
scure; although, a variety of factors have been implicated as causes of nigral 
injury, including neurotoxins, infections, immunologic disturbances, genetic 
predisposition, aging, and the primordial population of nigral neurons 
(WOOTEN 1984; CALNE et al. 1986). 
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In certain instances, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced parkinsonism, the etiology of illness has been well esta­
blished (LANGSTON et al. 1983, 1984b, BALLARD et al. 1985). Demonstration 
that MPTP can produce features of parkinsonism virtually indistinguishable 
from idiopathic PD (FORNO et al. 1986) suggests that multiple etiologies may 
act alone or in combination to produce what is now identified as a common 
illness. As additional etiologies for PD are established, rational public health 
measures can be undertaken to eliminate or reduce exposure to the causative 
factors. In MPTP-induced PD, avoiding further neurotoxic exposure is the 
most direct and sensible approach to prevention. 

Expanded investigations are expected to help identify other causes of PD 
and in tum provide the basis for other preventative therapies. Recent epidem­
iologie studies suggest that exposure to certain pesticides (BARBEAU et al. 
1987; BARBEAU et al. 1985b), metallic alloys (AQUILONIUS and HARTVIG 1986), 
and water distribution patterns (TANNER 1986) may playa role in the develop­
ment of PD. Accepting the premise that multiple etiologies result in idi­
opathic PD, identification of manifold causes is necessary for developing fo­
cused preventative strategies. 

The application of protective strategies to PD is not necessarily dependent 
on determining etiology. Substantive therapeutic interventions may be di­
rected at the pathogenesis or process underlying disease notwithstanding 
etiology. De-coppering therapy for Wilson's disease is an eminent example of 
this approach. Although a mutant gene is the cause of this recessively inher­
ited disorder, understanding the process whereby copper accumulation results 
in regional cellular pathology has led to remarkable therapeutic benefits. A 
variety of de-coppering agents may improve or reverse disability in patients 
with Wilson's disease and protect presymptomatic homozygotes from illness 
(SCHEINBERG and STERNLIEB 1984). A comparable understanding of the pa­
thogenesis of PD should provide the basis for protective approaches aimed at 
forestalling nigral degeneration. 

In the past 5 years, pharmacotherapeutic and neural grafting strategies 
have emerged as potential protective interventions for PD. These approaches 
are based generally on the notion that idiopathic PD shares a common pa­
thogenesis, and that timely and rational interventions directed at pathogene­
sis will favorably alter progressive nigral depletion and advancing illness. 

c. Antioxidative Pharmacotherapies 

Recent animal and human studies provide several lines of evidence implicat­
ing endogenous and exogenous oxidative mechanisms in the progressive loss 
of dopamine-generating neurons (Fig. 1). The data supporting the role of in­
trinsic or endogenous oxidatively mediated mechanisms of nigral degeneration 
derive from several observations: 

1. The oxidative deamination of monoamines, and particularly of nigros­
triatal dopamine, results in the formation of hydrogen peroxide and other pot­
entially toxic by-products such as hydroxyl radicals and superoxide (COHEN 
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1983, 1985). These in tum may produce nigral damage through generation of 
free radicals and related mechanisms (HALLIWELL and GUITERIDGE 1985). 

2. Nigral vulnerability to oxidative deamination may be heightened by 
age-related changes. As the population of nigral neurons declines in the set­
ting of normal aging (MCGEER et al. 1977), efforts ofthe remaining neurons to 
compensate with increasing dopamine output may further enhance generation 
of hydroxyl radicals (COHEN 1985; SLIVKA and COHEN 1985). In the aging hu­
man brain, reduced nigral neurons and increased dopamine turnover are asso­
ciated with increased content of monoamine oxidase (MAO) (ROBINSON 1975; 
COTE and KREMZNER 1983). The enhanced oxidation of dopamine by MAO 
may also yield highly potent neurotoxins such as 6-hydroxydopamine and 
quinone metabolites (JOHNsON 1976; GRAHAM 1984). 

3. Nigral vulnerability to intrinsic oxidative mechanisms may be further 
heightened by the specific reductions of superoxide dismutase, glutathione, 
peroxidase, and catalase, as demonstrated in the postmortem PD brain (AM­
BANI et al. 1975; ROBINSON 1975; KISH et al. 1985; PERRY and YONG 1986). 
These enzyme systems normally subserve scavenger functions in attenuating 
the potential toxicity of free radical generation. 

4. Preliminary studies in the PD postmortem brain have found dispropor­
tionate increases of malondialdehyde, lending more direct support to the no­
tion of increased lipid peroxidation in this disorder (DEXTER et al. 1986). Lip­
ofuscin, pigmented product of lipid peroxidation, increases in neuronal 
content with aging and in a variety of neurodegenerative disorders, including 
PD. Formation of lipofuscin is thought to result from interaction of the pro­
ducts of polyunsaturated fatty acid peroxidation, promoted by increased gen­
eration of free radicals. Neuromelanin, which accounts for the dark pigmenta­
tion of the substantia nigra, shares structural and biochemical similarities 
with lipofuscin (VAN WOERT and AMBANI 1974). Investigators have long postu­
lated that accumulation of these pigments may promote cellular dysfunction 
and degeneration (MANN and YATES 1947). 

Extrinsic or exogenous oxidatively mediated mechanisms may also playa role 
in the pathogenesis of PD. This contention derives largely from the accumu­
lating knowledge that MPTP causes parkinsonism in humans, nonhuman pri­
mates, and other vulnerable species. In humans, MPTP-induced PD has been 
documented in intravenous drug abusers and in individuals exposed to high 
ambient concentrations of this neurotoxin (LANGSTON et al. 1983; LANGSTON 
and BALLARD 1983; WRIGHT et al. 1983; BALLARD et al. 1985; BARBEAU et al. 
1985 a). 

Although MPTP-induced parkinsonism is found largely in young persons, 
clinical features are virtually identical to idiopathic PD. Dopaminergic ther­
apies ameliorate symptoms and produce profiles of adverse effects and motor 
fluctuations similar to those observed in idiopathic PD. Patients with MPTP­
induced parkinsonism appear to show signs of clinical progression in spite of 
preventing further MPTP exposure (LANGSTON et al. 1984 b, BARBEAU et al. 
1985 a). Some MPTP-exposed individuals who were initially asymptomatic 
have gradually developed early signs and symptoms of PD (TETRUD and LANG-
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STON 1986). These observations indicate that parkinsonian symptoms may sur­
face and intensify without continued MPTP exposure, and imply that self-per­
petuation of PD could well be the consequence of "autotoxicity" induced by 
increased demands of the remaining nigral neurons. Furthermore, MPTP-ex­
posed individuals without clinical parkinsonism show decreased uptake of 
labeled levodopa on positron emission tomography (PET), possibly represent­
ing a pre symptomatic marker of reduced dopaminergic function (CALNE et al. 
1985). 

The putative role of exogenous oxidatively mediated mechanisms is also 
strengthened by accumulating experimental data: 

1. The nigrotoxic action of MPTP appears to be mediated by its oxidative 
biotransformation to MPP+ (CHIBA et al. 1984), a compound which is prefer­
entially accumulated within the substantia nigra (SNYDER and D'AMATO 1986) 
and which may in turn exert toxicity through disruption of mitochondrial 
functions (VYAS et al. 1986). Oxidative biotransformation of MPTP is blocked 
by MAO-B inhibitors, preventing MPTP-induced neurotoxicity and the devel­
opment of parkinsonism in nonhuman primates and other experimental ani­
mals (LANGSTON et al. 1984a; HEIKKILA et al. 1984; COHEN et al. 1984). 

2. Neuromelanin may also provide a pathogenetic link to MPTP neurotox­
icity since toxic by-products that react with glutathione are generated during 
melanogenesis (BANNON et al. 1984) and MPTP binds with high affinity to ni­
gral neuromelanin (D'AMATO et al. 1986). 

3. Aged experimental animals are more susceptible to the neurotoxic ef­
fects of MPTP than younger animals (FORNO et al. 1986; GUPTA et al. 1986). 
This observation may relate to endogenous vulnerability, including age-re­
lated increases in monoamine oxidase. 

4. Recent studies suggest that pesticides (BARBEAU et al. 1987), metallic al­
loys (AQUILONIUS and HARTVIG 1986), and drinking water patterns (TANNER 
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Fig. 1. Endogenous (intrinsic) and exogenous (extrinsic) mechanism proposed to ac­
count for nigral injury and the development of PD 
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1986) may account for the higher prevalence of PD in certain geographic re­
gions. These epidemiologic links may be mediated by endogenous and exoge­
nous oxidative mechanisms. 

Taken together, these clinical and scientific observations provide the basis for 
antioxidative protective therapies in PD aimed at halting or retarding nigral 
degeneration and clinical decline. In particular, inhibition of oxidative deam­
ination of dopamine and enhancement of the free radical scavenger systems 
represent complementary pharmacologic strategies that might be applied and 
examined in clinical trials of PD patients. 

D. Clinical Trial of Deprenyl and Tocopherol 
Antioxidative Therapy of Parkinsonism (DATATOP) 

A controlled clinical trial in humans represents the most direct and definitive 
approach for testing an oxidatively mediated hypothesis for PD. The aim of 
such a trial would depart from the traditional therapeutics of PD (directed at 
treating symptoms) and focus rather on slowing the progressive degeneration 
of nigral neurons and resulting clinical decline. A similar protective strategy 
has been proposed for Huntington's disease (SHOULSON 1983; SCHWARCZ and 
SHOULSON 1987). 

The Parkinson Study Group (PSG), a consortium of clinical investigators 
and consultants from academic institutions in the United States and Canada 
(Table 1), was organized in 1985 to consider the rationale, drug selection, and 
design of an antioxidative clinical trial for PD. The PSG has proposed the 
clinical trial "Deprenyl and Tocopherol Antioxidative Therapy of PD (DA­
TATOP)" based on the hypothesis that chronic deprenyl and/or a-tocopherol 
therapies will slow the progressive nigral loss and clinical disability of PD. 
The primary aim of the study is to determine whether or not chronic deprenyl 
and/or tocopherol treatment of early, otherwise untreated PD patients will 
prolong the time unti1levodopa is required to treat supervening disability. To 
this end, a proposal has been formulated for a double-blind, multi-institu­
tional, prospective evaluation of PD patients who are in the earliest stages of 
illness and who are not receiving any symptomatic anti-PD therapies. Subjects 
are to be assigned by randomization in a 2 x 2 factorial design to one of four 
treatments: (a) deprenyl; (b) tocopherol; (c) deprenyl plus tocopherol; and (d) 
placebo. The following summarizes the rationale and methodology of this 
trial. 

I. Pilot Studies and Candidate Drugs 

The PSG considered therapeutic interventions for a protective clinical trial on 
the basis of several pilot studies, clinical experience with candidate drugs, and 
a variety of methodological issues. Birkmayer and colleagues have reported 
uncontrolled studies suggesting that the MAO-B inhibitor, deprenyl, slows the 
clinical decline of levodopa-treated PD patients, as well as attenuating levo-
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Table 1. Parkinson Study Group (PSG) 

Principal Investigator Coprincipal Investigator Chief Biostatisticians 

*Ira Shoulson, M. D., 
Rochester, NY 

*Stanley Fahn, M. D, 
New York, NY 

*Charles Odoroff, Ph. D., 
*David Oakes, Ph. D., 
Rochester, NY 

Clinical Investigators 

James Bennett, M. D., Ph. D., Charlottes-
ville, VA 

Susan Bressman, M. D., New York, NY 
Mitchell Brin, M. D., New York, NY 
Roger Duvoisin, M. D., New Brunswick, NJ 
J. Stephen Fink, M. D., Boston, MA 
Joseph Friedman, M. D., Providence, RI 
Stephen Gancher, M. D., Portland, OR 
Serge Gauthier, M. D., Montreal, Quebec 
Christopher Goetz, M. D., Chicago, IL 
Lawrence Golbe, M. D., New Brunswick, 

NJ 
J. David Grimes, M. D., Ottawa, Ontario 
John H. Growdon, M. D., Boston, MA 
Mohamed N. Hassan, M. D., Ottawa, On-

tario 
Margaret Hoehn, M. D., Denver, CO 
Howard Hurtig, M. D., Philadelphia, PA 
Joseph Jankovic, M. D., Houston, TX 
Harold Klawans, M. D., Chicago, IL 
William Koller, M. D., Ph. D., Kansas City, 

KA 
Roger Kurlan, M. D., Rochester, NY 
* Anthony Lang, M. D., Toronto, Ontario 

Consultants 

Edward Bell, D.Pharm., Rochester, NY 
Gerald Cohen, Ph. D., New York, NY 
Harvey Cohen, Ph. D., Rochester, NY 
Joseph Fleiss, Ph. D., New York, NY 
W. Jackson Hall, Ph. D., Rochester, NY 
Robert Herndon, M. D., Rochester, NY 
Ian Irwin, Ph. D., San Jose, CA 

* Steering Committee 

*J. William Langston, M. D., San Jose, 
CA 

*Peter LeWitt, M. D., Detroit, MI 
Hamilton Moses III Jr, M. D., Baltimore, 

MD 
John Nutt, M. D., Portland, OR 
*Warren Olanow, M. D., Tampa, FL 
George Paulson, M. D., Columbus, OH 
*John Penney, M. D., Ann Arbor, MI 
Joel Perlmutter, M. D., St. Louis, MO 
Ronald Pfeiffer, M. D., Omaha, NE 
Ali H. Rajput, M. D., Saskatoon, Sas-

katchewan 
Robert Rodnitzky, M. D., Iowa City, IA 
Juan Sanchez-Ramos, M. D., Ph. D., Mi-

ami, FL 
Kathleen Shannon, M. D., Chicago, IL 
Cliff Shults, M. D., San Diego, CA 
Matthew Stem, M. D., Philadelphia, PA 
*Caroline Tanner, M. D., Chicago, IL 
James Tetrud, M. D., San Jose, CA 
Leon ThaI, M. D., San Diego, CA 
William Weiner, M. D., Miami, FL 
George F. Wooten, M. D., Charlottesville, 

VA 

Laurence Jacobs, M. D., Rochester, NY 
C. David Marsden, M. D., London, Eng-

land 
Richard Mayeux, M. D., New York, NY 
Arthur Moss, M. D., Rochester, NY 
Robert Roth, Ph. D., New Haven, CT 
Govind Vatassery, Ph. D., Minneapolis, 

MN 
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dopa-related motor fluctations (BIRKMAYER et al. 1983, 1985; RIEDERER et al. 
1984). While encouraging, the effects of concurrent anti-PD therapies con­
found the interpretation of these uncontrolled studies. Nonetheless, the pilot 
studies with deprenyl have involved hundreds of PD patients and have proved 
reassuring regarding the safety of chronic, low dose deprenyl therapy. 

Another pilot study was undertaken by Fahn and colleagves, examining 
the potentially protective effects of the free radical antioxidant, vitamin E (a­
tocopherol), in early PD patients not yet requiring levodopa therapy (FAHN 
and BRESSMAN 1984). The preliminary unpublished observations from this un­
controlled study suggest that chronic, high dose vitamin E therapy may pro­
long the time untillevodopa therapy is required to treat emerging disability. 
While the conclusions of this investigation are tempered by an uncontrolled 
design, PD patients appeared to tolerate high dose vitamin E (up to 3200 lUI 
day) safely for periods ranging from 31 to 110 months. 

In addition to deprenyl and tocopherol, other anti oxidative candidates 
have been considered, including pargyline, vitamin C, N-acetylcysteine, f3-car­
otene, selenium, mazindol and chloroquine. However, these agents pose a var­
iety of methodological concerns, and no pilot studies have as yet addressed 
their protective efficacy and long-term safety in PD patients. 

II. Factorial Design 

The opportunity to examine combined administration of deprenyl and toco­
pherol is appealing on theoretical grounds because these agents exert anti ox­
idative effects through separate but complementary mechanisms of action. 
Deprenyl may confer protection if MAO-B mediates exogenous (e.g., environ­
mental neurotoxins) or endogenous nigrotoxicity. Tocopherol may protect if 
free radical generation plays a role in endogenous or possibly even exogenous 
mechanisms of nigral damage (Fig. 1). 

The ability to study concurrently two independent interventions, such as 
deprenyl and tocopherol, is made possible by the application of a 2 x 2 facto­
rial experiment (STAMPFER et al. 1985). This design provides the means of as­
sessing two potential antioxidative therapies with approximately the same ef­
fort required for examining a single intervention. In the context of a 2 x 2 
factorial design for deprenyl and tocopherol, subjects are allocated by ran­
domization to one off our treatment groups: (a) deprenyl alone; (b) tocopherol 
alone; (c) deprenyl plus tocopherol; and (d) placebo. As long as there are no 
strong adverse interactions between the two therapies, two studies can be ac­
complished at only a slight additional cost of sample size, and each interven­
tion can be analyzed independently. There are no theoretical reasons or ex­
perimental evidence from human or animal studies to indicate adverse 
interaction between these two therapies. If a synergistic protective effect of de­
prenyl and tocopherol were found, this observation would be of substantive 
clinical and scientific importance. 
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III. Major Response Variable 

The major response variable selected for DATATOP trial is the time interval 
from treatment randomization until levodopa is judged necessary to treat su­
pervening parkinsonian disability. This time-dependent end point offers 
several advantages in comparison with traditional clinical measures. It is eas­
ily quantifiable to a precision of days. The statistical methodology is well de­
veloped using survivorship analyses to handle variable times of follow-up and 
censoring (Cox 1972; Cox and OAKES 1983). In practice, the decision of when 
to begin levodopa therapy, depends, not on theoretical issues, but on the func­
tional performance or capacity of the individual patient (QUINN et al. 1986). 
Finally, the systematic determination of when to begin levodopa therapy is ex­
ceedingly relevant to the day-to-day evaluation and care of PD patients. De­
monstration that deprenyl and/or tocopherol interventions significantly fore­
stall disability and the initiation of levodopa therapy would have a substantive 
impact on the treatment of PD. 

Formulation of the major outcome variable was critical to the design of 
DATATOP. Several clinical response variables were considered, but all had 
drawbacks. Although tremor, rigidity, bradykinesia, and postural instability 
are traditional clinical measures of PD, it is not known which of these subjec­
tive measures best reflects the extent and pace of nigral degeneration. A var­
iety of staging scales (HOEHN and YAHR 1967; SCHWAB and ENGLAND 1969) 
were considered as major response variables. However, the traditional clinical 
ratings and staging scales are non parametric measures that are subject to 
floor-ceiling effects and considerable interobserver and test-retest variability. 
Furthermore, there are no systematically derived data from which to estimate 
the variance of these clinical assessment parameters for the purpose of sample 
size and power computations. 

Ideally, one would like to examine the change of a relevant neurobiologic 
correlate of nigral degeneration in assessing protective effects. Although 
several techniques appear promising, such as changes in CSF monoamine me­
tabolites or fluorodopa metabolism by PET imaging, the validity and applica­
bility of these techniques have not as yet been established, 

The concurrent administration of symptomatic therapies seriously con­
founds the assessment of protective interventions. In order to maximize the 
likelihood of detecting protective effects, it is necessary to evaluate early PD 
patients who are not receiving any symptomatic antiparkinsonian medica­
tions. Levodopa is an accepted standard antiparkinsonian therapy, and its use 
is clearly indicated when disabling features of PD emerge. In mildly affected 
PD patients, the time interval until levodopa therapy is required to treat su­
pervening disability therefore represents a reasonable clinical outcome var­
iable for a protective trial. 

The major end point variable selected for this clinical trial is admittedly 
operator dependent and not strictly disease dependent. Therefore, the poten­
tial for bias and "unblinding" exists. The concern regarding bias is obviated 
by double-blind randomization in the setting of the 2 x 2 factorial design. As 
such, the clinical investigator is responsible for making a blind judgment as to 
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if and when levodopa therapy is required to treat emerging disability. The pot­
ential for unblinding is minimized if investigators evaluate sufficient num­
bers of subjects. Accordingly, the randomization for DATATOP will be strati­
fied according to the investigator who will be determining the major response 
variable. In practice, each participating investigator will be enrolling and eval­
uating a minimum of 20 subjects. Approximately 25 % of these subjects will 
have been randomized to one of the four experimental therapies. Since 
neither deprenyl nor tocopherol are known to exert symptomatic effects in 
non-Ievodopa-treated subjects, there is minimal likelihood of unblinding 
among the 20 subjects. The major assumption is that the investigator will de­
termine the end point uniformly for his or her group of enrolled subjects 
(minimal number 20). The major response variable will therefore be analyzed 
among the participating investigators, each of whom will evaluate approxi­
mately equal numbers of subjects randomized to the four experimental treat­
ments. 

Since October 1985, PSG investigators have enrolled more than 300 early 
PD patients, not treated with levodopa, into an observational study in order to 
assess prospectively those clinical conditions which prompt clinicians to insti­
tute levodopa therapy (SHOULSON and the PARKINSON STUDY GROUP 1987). Our 
initial survey of investigators suggests that threatened or actual erosion of 
functional capacities related to employability, activities of daily living 
(SCHWAB and ENGLAND 1969), domestic responsibilities, and gait are the major 
factors influencing the clinical judgment of when to begin levodopa ther­
apy. 

IV. Sample Size Estimates 

The general design of DATATOP involves randomization of minimally dis­
abled PD patients, otherwise untreated, into one of four treatment groups, and 
periodic follow-up until the primary end point is reached or until a maximum 
of 2 years of observation is completed. Calculation of sample size for the pro­
posed DATATOP trial is based on several assumptions and estimates. Studies 
of early PD patients treated with only anticholinergic drugs and/or amanta­
dine have found that approximately 76 % of patients required levodopa ther­
apy to treat disability within 2 years of follow-up (GOETZ et al. 1986). In pa­
tients not receiving any anti-PD medication whatsoever, it is estimated that 
the cumulative percentages of patients requiring levodopa therapy by 2 years 
will be greater, approximately 85 %. In survival terms, it is therefore expected 
that approximately 15 % of patients will "survive" and not require levodopa 
therapy by 2 years of follow-up. This estimate is currently being examined in 
a prospective study (SHOULSON and the PARKINSON STUDY GROUP 1987). 

For the purpose of sample size and power computations, it is estimated 
that the proportion of patients requiring levodopa therapy within 2 years will 
be reduced by at least 10 % in the deprenyl and/or tocopherol treatment 
groups compared with the placebo group. Therefore, it is projected that ap­
proximately 85 % of placebo-treated patients will require levodopa therapy by 
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2 years (15 % surviving) while approximately 75 % of deprenyl-treated and 75 % 
of tocopherol-treated patients will require levodopa therapy by 2 years (25 % 
surviving). The sample size calculation is based further on a significance le­
vel, a, of 0.05 with the hypothesis being tested as two-sided, whether the ex­
perimental interventions are better or worse than placebo. 

The power computations for sample size also assume that there is no ad­
verse interaction between deprenyl and tocopherol; power is therefore com­
puted separately for each treatment (deprenyl or tocopherol). Based on the 
foregoing assumptions and projections, the total sample size for DATATOP is 
estimated to be approximately 800 subjects (FLEISS 1981), with randomization 
of approximately 200 subjects to each of the four treatment groups. With a to­
tal sample size of 800 subjects, the likelihood (power) of detecting a signifi­
cant effect of experimental drugs with respect to the major response variable 
is approximately 0.95. 

v. Symptomatic or Protective Effects? 

The proposed DATATOP study carries with it potential problems in distin­
guishing between truly protective effects and possible symptomatic effects of 
experimental interventions. In those few studies examining early, untreated 
PD patients, deprenyl has not produced short-term symptomatic effects (EIS­
LER et al. 1975; CSANDA and TARCZY 1983). T. W. LANGSTON and T. W. TETRUD 
(unpublished work) have not observed symptomatic effects of deprenyl in 
their preliminary, double-blind study of 30 non-Ievodopa-treated subjects. 
S.FAHN S.B.BRESSMAN and M.BRIN (unpublished work) have not found symp­
tomatic benefits from high dose tocopherol therapy in their early, non-Ievo­
dopa-treated patients. Therefore, neither deprenyl nor tocopherol would likely 
produce symptomatic improvement that might confound the interpretation of 
protective efficacy. 

Although no discernible symptomatic effects of deprenyl or tocopherol 
therapies have been demonstrated in those PD patients not treated concur­
rently with levodopa, additional procedures have been incorporated into the 
DATATOP proposal to help distinguish between symptomatic and protective 
effects. The protocol includes a I-month wash-in period between baseline 
evaluation (at the time of randomization) and the first follow-up evaluation. 
Initial, short-term symptomatic benefits of deprenyl and tocopherol might 
surface between these evaluations and be detected by blind clinical and video­
tape assessments. A I-month washout interval is also planned between the 
end point evaluation (at the time that levodopa therapy is required or at 2 
years of follow-up) and the final evaluation 1 month thereafter. During this 
washout interval, subjects will be withdrawn from their experimental medica­
tions to help determine long-term symptomatic changes. Lumbar punctures 
are planned for the initial (baseline) and final evaluations (after washout) to 
determine CSF monoamine metabolites, particularly homovanillic acid 
(HVA). This will allow comparison of all untreated subjects at baseline evalu­
ation with their untreated status at the final evaluation after washout of exper­
imental drugs. 
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A secondary objective of the DATATOP trial will therefore be to examine 
the relationship between CSF monoamine changes and the primary response 
variable with respect to experimental treatments. It is hypothesized that ge­
nuinely protective interventions will attenuate the expected decline in cere­
brospinal fluid HV A as well as prolonging the time unti1levodopa therapy is 
judged necessary to treat disability. 

A variety of clinical measures are planned as secondary response var­
iables, including assessment of the characteristic motor, cognitive and affec­
tive features of PD. Based on a preliminary analysis of our cohort of non-Ievo­
dopa-treated PD patients, certain motor attributes, particularly posture, hand 
movements, ability to arise from a chair, and bradykinesia, appear to be valid 
indices of underlying parkinsonism and useful target signs for clinical trials 
designed to slow neuronal degeneration and disability (SHOULSON and the 
PARKINSON STUDY GROUP 1987). These or other clinical measures may ulti­
mately prove to be sensitive correlates of the major end point variable. 

VI. Recruitment 
A total sample size of approximately 800 subjects is unprecedented for clini­
cal trials in PD. To recruit the necessary number of subjects and carry out a 
trial of this magnitude, a multi-investigator and multi-institutional investiga­
tion is required. Recruitment of potentially eligible subjects for the proposed 
clinical trial is by no means trivial. The prevalence of PD is approximately 1 
in 300 (CALNE 1970; MARTILLA 1983; RAJpUT et al. 1984), resulting in esti­
mates of nearly 1 million PD patients in the United States and Canada. From 
this total pool, approximately 18 % or 180000 patients are estimated to be mil­
dly affected (HOEHN and YAHR 1967) and potentially eligible for enrollment in 
DATATOP. Therefore, approximately 1 in every 226 PD patients in the Un­
ited States and Canada will need to be enrolled to attain the recruitment goal 
of 800 subjects. The cooperation of primary care physicians, referring neurolo­
gists,. and the PD lay organizations will be critical in achieving the necessary 
sample size. The major appeal for participation in the DATATOP trial is the 
potential for developing therapy that may slow the progression of PD and pro­
long the time unti1levodopa is required to treat disability. 

VII. Potential Pitfalls 
While the potential rewards of the DATATOP trial are substantive and far 
reaching, there are several theoretical and practical drawbacks to such an un­
dertaking. It may be argued that the scientific rationale for a clinical trial is 
not sufficiently compelling. While further preclinical testing is clearly neces­
sary to test the oxidatively mediated hypothesis of nigral degeneration, 
the clinical trial approach offers a definitive and feasible strategy for testing 
a sensible supposition. 

The cost of undertaking a clinical trial is another concern, but our ana­
lyses indicate potential cost savings. Based on unpublished pilot data gen­
erated by the PSG, it is estimated that approximately 30 % of working PD pa­
tients or nearly 61000 persons will become unemployed annually. From data 
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that the average United States wage earner pays approximately $ 67 per week 
in income tax and the average disabled person receives about $ 100 per week 
in social security payments (WORLD ALMANAC 1986), the overall cost savings 
to society would exceed $ 10000000 annually if deprenyl and/or tocopherol 
prove effective in maintaining work capacity for just one additional week. 
This cost analysis does no take into account the potential savings of hospitali­
zation, institutionalization, or additional medical care related to PD disabil­
ity. 

A rigorous trial will also avoid the enormous and unproductive effort in­
vested in uncontrolled studies that might erroneously claim the protective ef­
ficacy of deprenyl or tocopherol. Even if the DATATOP trial fails to demon­
strate therapeutic benefits, then at the very least, the natural history of PD and 
its CSF neurochemical correlates will have been characterized systematically. 
These data will in turn provide the basis for designing future trials of other 
promising protective interventions. 

E. Animal Models 
Hypothesis of oxidatively mediated nigral degeneration, especially the role of 
the MAO-dependent nigrotoxins, may be tested more indirectly in animals. 
In the MPTP animal model, several pharmacologic interventions have proved 
effective in preventing or limiting nigrotoxicity. MAO-B inhibitors prevent 
the glial oxidative conversion of MPTP to its neurotoxic derivative MPP+ and 
thereby prevent nigral demage and features of PD (LANGSTON et al. 1984a; 
HEIKKILA et al. 1984; COHEN et al. 1984). A variety of uptake blockers inhibit 
the entry of MPP+ into catecholaminergic neurons and thereby attenuate neu­
rotoxicity (SNYDER and D'AMATO 1986). Finally, agents such as chloroquine 
appear to displace the binding of MPP+ to neuromelanin and accordingly 
exert some protective influence in MPTP-treated monkeys (KITT et al. 1986). 

While these strategies are encouraging, their relevance to a clinical trial to 
protective therapy in PD is limited primarily by the assumption that idi­
opathic PD is caused by an MPTP-like neurotoxin. Once such a toxin gains 
access to nigral neurons, there is little theoretical basis for assuming that 
agents which inhibit MAO-B, catecholamine uptake, or neuromelanin bind­
ing will forestall neuronal degeneration. Therefore, there is reason to test the 
effects of these and other treatments in animals after PD features have been 
induced by MPTP in order to assess their protective influence on the subse­
quent course of nigral degeneration. 

No well-accepted animal models exist to study endogenous mechanisms 
of oxidatively mediated nigral degeneration. However, it might prove useful to 
test the effects of antioxidative agents in aged animals to determine if the age­
related decline in nigral neurons (MCGEER et al. 1977) might be attenuated by 
these interventions. One useful approach involves the study of agents that de­
plete free radical scavenger systems. One investigation has recently demon­
strated that morphological changes resembling aging nigral neurons can be in­
duced in mice treated with buthionine sulfoxine, a depletor of glutathione 
(McNEILL et al. 1986). 
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F. Neural Grafting 
In the past decade, the therapeutic potential for neural grafting in neurologic 
disease has evolved from science fiction to science. This progress reflects the 
recognition that neural transplants not only survive, but thrive and function 
under certain conditions. Neural connections and appropriate functional re­
sponses have been demonstrated following transplantation of nigral neurons 
into the striatum of rodents with lesioned nigrostriatal pathways (BJORKLUND 
and STENEVI 1979; PERLOW et al. 1979). Adrenal medullary tissue has also 
served as a source of striatal and intraventricular autografts in experimental 
models of PD, resulting in reversal of some behavioral disturbances (MORI­
RISA et al. 1984; FREED et al. 1985). Most recently, fetal substantia nigral cells 
have been transplanted successfully into the brains of MPTP-treated monkeys 
with resulting functional improvement and apparent morphological integra­
tion (REDMOND et al. 1986). 

These animal studies have prompted serious consideration and prelimi­
nary attempts in humans to use grafted neural tissue as a therapy for PD. The 
initial reports of adrenal medullary autografts transplanted intracranially in 
Parkinson's disease have not been encouraging (BACKLUND et al. 1985 a, b). 
However, more recent extensions of this approach purport to show benefits in 
Parkinson's disease patients (MADRAZO et al. 1986; DRUCKER-COLIN et al. 
1987; SHOU-SHU et al. 1987). 

If neural grafting does indeed produce clinical improvement in PD pa­
tients, the mechanism for improvement requires clarification. Does grafting of 
catecholaminergic neurons merely provide an elegant method for neurotrans­
mitter access to striatal receptor sites? Do transplanted cells produce import­
ant trophic factors as well as dopamine that are necessary for the integrity of 
striatal functions? Does morphological integration actually occur? Finally, is 
it possible that neural implants may have reparative actions in addition to 
symptomatic benefits? The answers to these questions will help clarify the role 
of neural grafting within the context of our current conceptions of protective 
therapy for PD. 

G. Summary 
With the increasing recognition that dopamine replacement therapies confer 
limit'ed symptomatic benefits for PD patients and a clearer understanding of 
pathogenesis, the experimental therapy of PD has taken on new directions 
aimed at slowing nigral degeneration and clinical decline. An oxidatively me­
diated hypothesis of nigral injury has been broadly formulated to account for 
endogenous and exogenous pathogeneses of idiopathic PD. These advances 
have prompted the PSG to formulate a proposal for the clinical trial DA­
TATOP. The knowledge expected to emerge from this and similar protective 
strategies, as well as from animal studies examining oxidative mechanisms of 
nigral injury, offers promise of substantive therapeutic gains in the treatment 
of PD. Neural grafting also provides an innovative method for developing the 
protective therapy of PD. 
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CHAPTER 12 

Anticholinergic Drugs and Amantadine 
in the Treatment of Parkinson's Disease 

A. E. LANG and R. D. G. BLAIR 

A. Introduction 

Anticholinergics and amantadine both result in mild to moderate improve­
ment in Parkinson's disease. These drugs still have an important role to play 
in the treatment of the disease despite the greater clinical effects of levodopa 
and dopamine agonists. They may be used either as mono therapy or as ad­
junctive treatment. Benefit can be obtained in all stages of the disease, but it 
is typically most noticeable early on when disability is less marked. Many 
neurologists utilize these drugs initially in hopes of delaying the need for levo­
dopa and later to permit the use of lower doses of this agent because of in­
creasing concern that early treatment with levodopa may create many of the 
long-term problems faced in the later stages of the disease. In this chapter we 
will review anticholinergic and amantadine treatment of Parkinson's disease, 
emphasizing the proposed mechanisms of action, what is known of the phar­
macokinetics, the clinical effectiveness and side effects. 

B. Anticholinergics 

I. Introduction 

Anticholinergic drugs remained the only effective medical therapy for Parkin­
son's disease for almost one hundred years. Charcot's pupil ORDENSTEIN 
(1867) first discovered their antiparkinsonian effects fortuitously when he ad­
ministered tinctures of deadly nightshade (Atropa belladonna) and henbane 
(Hyoscyamus niger) to patients in hopes of drying their mouths in order to con­
trol the excessive salivation and drooling. Later stramonium, particularly the 
Bulgarian variety, was felt to be the most potent of the belladonna alkaloids 
and was often administered in the form of cigarettes. Wine extracts of bellad­
onna alkaloids were found to be effective in the early 1940s (PRICE and MER­
RITT 1941; FABING and ZELIGS 1941). Subsequently, efforts were made to de­
velop synthetic products with fewer disagreeable "peripheral" side effects such 
as blurring of vision and dry mouth. In the late 1940s and 1950s several syn­
thetic anticholinergic and antihistaminic agents were developed with more se­
lective central actions than the naturally occurring alkaloids. Until then hyos­
cine and atropine were the natural alkaloids most widely used. Since then, the 
commonly used anticholinergic agents have included benztropine mesylate 
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(Cogentin), trihexyphenidyl (benzhexol) hydrochloride (Artane, Aparkane), 
procyclidine hydrochloride (Kemadrin), cycrimine hydrochloride (pagitane), 
biperiden hydrochloride (Akineton) and ethopropazine hydrochloride (Parsi­
tan, Parsidol). The antihistaminic derivatives include orphenadrine hydro­
chloride (Disipal), chlorphenoxamine hydrochloride (Phenoxene) and diphen­
hydramine hydrochloride (Benadryl). These antihistaminic preparations have 
anticholinergic properties which are felt to be the source of their clinical ef­
fects. Antihistaminics are generally less potent than the anticholinergic 
agents. However, these may be better tolerated in older patients who are more 
prone to develop the side effects of anticholinergic drugs. 

II. Mechanism of Action 

The precise mechanism of action of anticholinergic drugs is not entirely clear 
depite a century of usage. There are good reasons to believe that the beneficial 
effects of anticholinergics are centrally mediated (see later in this section). Al­
though there are many cholinergic systems in the brain, the striatum appears 
to have the largest concentration of acetylcholine, choline acetyltransferase 
and cholinesterase (KOELLE 1963). The diseased nigral dopaminergic neu­
rones normally exert a tonic inhibitory effect on striatal cholinergic intemeu­
rones (BUNNEY 1979). This action forms the basis for the belief that antichol­
inergics act by normalizing the disequilibrium between striatal dopamine and 
acetylcholine activities which results from nigrostriatal dopamine deficiency. 

There is a close correlation between the ability of anticholinergic drugs to 
antagonize the effects of acetylcholine on isolated guinea pig ileum (AHMED 
and MARSHALL 1962) and their capacity to inhibit tremorine-induced tremor 
in mice (EVERETI 1956). The latter is thought to be the result of a central chol­
inergic mechanism probably located at the brain stem level (TASKER and KER­
TESZ 1965; GEORGE et al. 1966). The dosage which is clinically effective in re­
lieving parkinsonian symptoms in humans correlates well with the dose 
necessary to inhibit tremorine-induced tremor. Clinical efficacy of anticholin­
ergic agents may also correlate with their ability to block EEG arousal ef­
fected by cholinergic drugs and electrical stimulation of the recticular activat­
ing system (HIMWISH 1955) which also depends on central cholinergic 
mechanisms. 

DUVOISIN (1967) elegantly demonstrated that the cholinesterase inhibitor 
physostigmine, which penetrates the blood-brain barrier, consistently in­
creased the severity of parkinsonian symptoms and that these effects could be 
antagonized by anticholinergic drugs such as benztropine or scopolamine. 
Further evidence for the importance of the central effect of anticholinergic 
medications was the observation by NASHOLD (1959) that acetylcholine di­
rectly injected into the globus pallidus of parkinsonian patients during stere­
otactic procedures resulted in increased tremor in the contralateral extremi­
ties. Injection of anticholinergic agents reduced the tremor. 

Just as in the peripheral autonomic system, muscarinic and nicotinic cho­
linoceptive sites have been delineated in the central nervous system. There is 
strong evidence indicating that antimuscarinic rather than antinicotinic pro-
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perties are responsible for the efficacy of anticholinergic drugs in Parkinson's 
disease. This is based on work by MARSHALL and SCHNEIDIN (1966) who 
showed that atropine had no effect on nicotine-induced tremor, but did have 
an antiparkinsonian action. They also showed that intravenous administration 
of nicotine appeared to improve rather than increase parkinsonian tremor. 

Recently, different types of muscarinic receptors have been characterized 
by means of the novel antagonist pirenzepine. The Ml or high affinity receptor 
subtype predominates in the rat forebrain, while the low affinity site, or M2, 
predominates in the hindbrain (HAMMER and GIACHETTI 1982). BURKE (1986) 
has shown that all commonly used anticholinergics have a greater affinity for 
the Ml site and the degree of selectivity of each drug for the Ml versus M2 re­
ceptor varies greatly. The importance of these differences to the clinical re­
sponse and central side effect profile remains to be determined. 

In addition to the potent anticholinergic properties, some drugs in this 
category, for example, benztropine, have the ability to block dopamine uptake 
in central dopaminergic neurones (FARNEBO et al. 1970) and in striatal synap­
tosomal fractions (COYLE and SNYDER 1969). It has not yet been demonstrated 
whether this effect on presynaptic dopamine mechanisms contributes to the 
antiparkinsonian action of certain synthetic anticholinergic drugs. 

III. Pharmacokinetics 

Most of the available anticholinergic drugs have a duration of effect of 1-6 h, 
with a peak in clinical activity at approximately 2-4 h. There are few studies 
in humans of the pharmacokinetics of this class of drugs. This may in part be 
the result of not having a sensitive physicochemical method for assay of 
serum levels. It has been shown that radioreceptor methods can be used to 
measure serum anticholinergic activity and BURKE and FAHN (1982) have 
taken advantage of this development to study the pharmacokinetics of trihexy­
phenidyl. They found that the half-life of trihexyphenidyl was 1.7 ± 0.2 h in 
normal volunteers receiving an acute dose. Dystonic patients, treated chroni­
cally with high dose trihexyphenidyl, had tI/2 = 3.7 ± 0.3 h. Central nervous 
system side effects (confusion and lethargy) appeared to correlate more 
closely with age than with peak serum levels in the volunteers. Similar phar­
macokinetic studies in patients with Parkinson's disease have not been pu­
blished; however, these results suggest that a more frequent dosage schedule 
than the usual three times per day might increase efficacy. Side effects may 
supervene with more frequent administration, but smaller individual doses 
could be utilized and this perhaps indicates the need for availability of differ­
ent dosage sizes. 

IV. Clinical Effects 

Until the introduction of levodopa in the 1960s, anticholinergic drugs had 
been the most effective treatment of Parkinson's disease for more than a cen­
tury. The development of synthetic anticholinergics stimulated the beginnings 
of proper clinical trials in Parkinson's disease and a number of early studies 
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repeatedly showed the antiparkinsonian effect of these preparations. For ex­
ample, CORBIN (1949) and DOSHAY and CONSTABLE (1949) independently re­
ported beneficial results with trihexyphenidyl, noting improvement in approx­
imately three-quarters of a large number of patients. SCHWAB and LEIGH 
(1949) reported a mean 25 % improvement in 62 % of patients treated with car­
amiphen (Parpanit). SCHWAB and CHAFETZ (1955) found that procyclidine pro­
duced a "favourable response" in 46 % of parkinsonian patients and further­
more felt that it was more effective than trihexyphenidyl. 

Overall, most anticholinergic drugs produce a slight to moderate improve­
ment in disability of 10 %-25 % when used alone (MARSDEN 1976). Unfortu­
nately, the most disabling symptom of parkinsonism, akinesia, responds po­
orly, if at all. Prior to the advent of levodopa, many authors felt that 
anticholinergic preparations were more effective against rigidity than tremor 
(SCHWAB 1961; STRANG 1965). STRANG (1965) demonstrated that benztropine 
was slightly more effective against tremor than rigidity. PARKES et al. (1974) 
showed that benzhexol was most effective against postural deformity and ri­
gidity. Apparently differing clinical profiles of anticholinergics encouraged 
the practice of choosing one drug over another, depending on the degree of 
tremor or rigidity which the patient demonstrated. However, there are no good 
control studies which provide definitive evidence for a selective clinical ac­
tion of different anticholinergics and no double-blind crossover trials compar­
ing anticholinergics in Parkinson's disease. There have been open trials, such 
as the one by SCHWAB and CHAFETZ (1955) who showed that procyclidine was 
slightly more effective than benztropine, contrary to results which would have 
been predicted from dopamine uptake studies. 

At present, it is common practice to consider early treatment with anti­
cholinergic drugs in patients with mild disease and in . particular, when rest 
tremor in prominent. Most clinicians recognize that individual patients toler­
ate and/or benefit from one anticholinergic more than another, but this is dif­
ficult to predict in advance. Some investigators have found that benztropine is 
less well tolerated than other anticholinergics (HURTIG 1980). Others have ca­
sually reported better results with one particular drug than another, for exam­
ple ethopropazine for tre,rnor (FAHN 1982). 

Recently, KOLLER (1986) has compared trihexyphenidyl with levodopa and 
amantadine for parkinsonian tremor. The former two drugs were equally effec­
tive in causing a greater than 50 % reduction in tremor (not always in the same 
patients) while amantadine decreased tremor less than 25 %. As will be dis­
cussed later, there is some evidence for an additive beneficial effect when cer­
tain anticholinergics are given in conjunction with amantadine. 

Surprisingly, there is little data on the clinical and pharmacological inter­
actions between levodopa and anticholinergics. In slowing gastric motility, an­
ticholinergics may delay levodopa reaching its absorption sites in the small 
bowel, thus lowering the peak plasma level (FERMAGLICH and O'DOHERTY 
1972). Over 60 % of patients taking the combination of L-dopa and long-term 
anticholinergics are unable to tolerate anticholinergic withdrawal (HUGHES et 
al. 1971; HORROCKS et al. 1973) despite the mild to moderate benefit of mon­
otherapy with these drugs. 
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Abrupt withdrawal of anticholinergic medications often results in a 
marked exacerbation of parkinsonian symptoms (GOETZ et al. 1981). This in­
dicates the possibility that long-term anticholinergic therapy may result in 
acetylcholine receptor hypersensitivity which could then result in a propor­
tionately greater clinical deterioration on medication withdrawal than the in­
itial modest benefits would have predicted. Supporting evidence for this hypo­
thesis is the finding of greater muscarinic acetylcholine receptor densities in 
the frontal cortex of patients on anticholinergic therapy (RUBERG et al. 1982). 
Similar changes might develop in the corpus striatum, accounting for the clin­
ical observation described. 

Long-term use of levodopa may also contribute to cholinergic hypersensi­
tivity. YAHR et al. (1982) studied patients with fluctuations associated with 
long-term levodopa therapy and found that physostigmine precipitated "off" 
periods similar to the abrupt increase in parkinsonian symptoms documented 
by DUVOISIN (1967) in L-dopa naive patients. This is in contrast to the demon­
strated decrease in cholinergic sensitivity which is found early in the course of 
levodopa therapy (WEINTRAUB and VAN WOERT 1971). Personal experience in­
dicates that occasional patients with pronounced fluctuations on L-dopa may 
have their hour-to-hour status "smoothed out" with the introduction of an an­
ticholinergic. Dystonia occurring in the "off" period may be lessened by anti­
cholinergics and severe "off" period symptoms may be improved acutely by 
the administration of a parenteral preparation such as benztropine. 

v. Side Effects 

Anticholinergic drugs produce a number of adverse reactions related to their 
action in both peripheral and central cholinergic neuronal systems. Some of 
the peripheral effects may be of therapeutic benefit. Sialorrhea is improved 
significantly and urinary frequency may be better controlled with anticholin­
ergic medication. Other patients find that dryness of the mouth, constipation, 
and urinary retention are limiting factors to the use of these agents. Other pe­
ripheral side effects include impotence, gingivitis occasionally resulting in 
tooth loss, and impairment of accommodation. Anticholinergic drugs are, of 
course, contraindicated in patients with narrow angle glaucoma, and 
blindness has been reported as a complication of this therapy (FRIEDMAN and 
NEUMANN 1972). 

"Central" side effects are common with anticholinergic treatment. Abnor­
mal involuntary movements (dyskinesias) may occur, particularly involving 
the orofacial region (FAHN and DAVID 1972), but also occasionally the limbs 
(BIRKET-SMITH 1974). Levodopa-induced dyskinesias may also be enhanced 
by this treatment (BIRKET-SMITH 1975). Changes in mental activity are the 
most important and serious side effects of anticholinergic medication. These 
represent the major limiting factor to their usage, especially in the elderly and 
in those with moderate to severe pre-existing cognitive impairment. The cho­
linergic system originating in the nucleus basalis of Meynert is known to be of 
importance to memory function (WHITEHOUSE et al. 1981) and this region is 
prominently affected in Alzheimer's disease (DAVIES and MALONEY 1976). Pa-
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tients with Parkinson's disease, even in the absence of Alzheimer's changes, 
also have significant loss of cholinergic neurones in the nucleus basalis region 
(WHITEHOUSE et al. 1983). As a corollary to this, RUBERG et al. (1982) have 
shown a deficiency of cholinergic input to the frontal cortex in parkinsonian 
patients analogous to Alzheimer's disease. It is not clear to what extent these 
changes predispose patients to the "psychiatric" side effects of anticholinergic 
agents. 

Anticholinergic medications have been shown to impair intermediate and 
delayed recall in nondemented parkinsonian patients (SYNDULKO et al. 1981; 
SADEH et al. 1982; KOLLER 1984). The corollary to this is the improvement in 
short-term and long-term memory which can be demonstrated in patients 
withdrawn from anticholinergic medications (LANG 1984). Toxic confusional 
states have been shown to be a frequent side effect of anticholinergic medica­
tions when patients have pre-existing intellectual difficulties (DESMET et al. 
1982). These studies indicate that patients with pre-existing intellectual im­
pairment should not receive anticholinergic medications. Physicians should 
be aware of subtle changes in mentation and memory which may be caused by 
this class of drugs, even in patients with normal mentation. It is not known as 
yet whether anticholinergic medications might contribute to the malfunction 
or permanent injury to cholinergic neurones in patients with early demen­
tia. 

VI. Conclusions 
Anticholinergic medications are useful as initial therapy in patients with rest­
ing tremor and/or mild degrees of rigidity. This class of drugs is also effective 
as adjunctive therapy and commonly provides additional benefit to patients 
who are already taking levodopa preparations or other anti parkinsonian drugs. 
They also remain one of the few effective treatments for sialorrhea. Side ef­
fects are common, particularly in the elderly. When pre-existing moderate to 
severe cognitive impariment is present, the likelihood of mental complica­
tions is so high that anticholinergics are contraindicated in these patients. An­
ticholinergics are thought to improve parkinsonism by counteracting the ac­
tivity of striatal cholinergic interneurones disinhibited by the depletion of 
their nigral dopaminergic input. Because this effect is "distal" to the postsyn­
aptic dopamine receptor, it is possible that anticholinergics may be of benefit 
of those patients whose parkinsonism fails to repond to levodopa because the 
underlying pathology extends beyond the nigrostriatal dopamine system (e.g. 
the multiple system atrophies). 

c. Amantadine 

I. Introduction 

Amantadine was first introduced in 1964 as a synthetic antiviral agent (DAV­
IES et al. 1964) effective in prophylaxis and symptom management of type A2 
(Asian) influenza respiratory tract infections. SCHWAB et al. (1969) reported 
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their serendipitous discovery of amantadine's antiparkinsonian effect based 
on the observation of an improvement in the signs of idiopathic Parkinson's 
disease in a woman who was taking 200 mg daily for antiviral prophylaxis. 
Subsequent to this, several studies confirmed that amantadine has a consist­
ent moderate beneficial effect in Parkinson's disease with a limited incidence 
of serious side effects. 

II. Mechanism of Action 

The mechanism of action of amantadine remains incompletely understood 
and somewhat controversial. Amantadine has a large ring structure and it is 
probably this feature, rather than the addition of side chains (as in amanta­
dine derivatives) which determines its activity. It is generally believed that 
amantadine acts predominantly as an indirect dopamine agonist (BAILEY and 
STONE 1975; TILLEY and KRAMER 1981). Amantadine has been shown to aug­
ment the synthesis and release of dopamine (STROMBERG and SVENSSON 1971) 
as well as to diminish the reuptake of dopamine into the presynaptic neurone 
(VON VOIGTLANDER and MOORE 1971). These effects on release and reuptake 
may explain the improvement of parkinsonism seen with the drug. However, 
as pointed out by ALLEN (1983) in a review of the effects of amantadine in ani­
mal models, there are reasons to believe that the indirect dopamine agonist 
properties of amantadine do not satisfactorily account for its clinical efficacy. 
The drug has variable effects on other neurotransmitters such as noradrena­
line, serotonin, GABA and cyclic nucleotides (see ALLEN 1983). Initially 
amantadine was found to have little or no anticholinergic action (GRELACK et 
al. 1970); however, contradictory evidence has been reported (NASTUCK et al. 
1976). There is also clinical support for the possibility that amantadine has 
anticholinergic properties with the occurrence of a side effect profile which in­
cludes dry mouth, constipation, difficulty in focusing and urinary retention 
(see Sect. C.Y). In addition, one patient has been reported with acute amanta­
dine intoxication, which was reversed by physostigmine (CASEY 1978). Behavi­
oural studies have also shown direct postsynaptic dopamine receptor effects, 
suggesting that the drug has mixed agonist and antagonist properties (STONE 
1976; RANDRUP and MOGILNICKA 1976; PvCOCK et al. 1976). 

ALLEN (1983) has proposed an alternative mechanism of action for aman­
tadine which may explain the inconsistencies found in behavioural and clini­
cal studies. He has provided preliminary data which suggest that amantadine 
has the ability to drive the striatal D2 receptors towards a high affinity state. 
He has suggested that this effect on dopamine receptors may be secondary to 
amantadine's action on membrane lipids (JAIN et al. 1976) or to a direct (par­
tial) agonist effect on the receptor which favours the D2 high affinity state. 
This unique mechanism of action, if confirmed, may explain the success 
amantadine has maintained in remaining a part of the usual antipartkinso­
nian pharmacological armamentarium, while other indirect dopamine agon­
ists (see LANG 1984) have not gained widespread usage. 
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III. Pharmacokinetics 

Amantadine is rapidly and completely absorbed from the gastrointestinal 
tract. Peak plasma levels are usually reached between 2 and 6 h following a 
single dose of 100 mg. The biological half-life is approximately 24 h (BLEID­
NER et al. 1965). At steady state, which is usually achieved in 5-7 days, the 
normal plasma concentration with a dosage of 200 mg/day is 0.2-0.9 l-lg/ml 
(PACIFICI et al. 1976). ING et al. (1979) have stated that plasma levels greater 
than 1.0 l-lg/ml should be viewed with concern. It is reported that 67 % of 
amantadine is bound to plasma proteins, while 33 % comprises the free drug 
fraction (LIU et al. 1984). This ratio remains constant over a wide range of to­
tal plasma drug levels. 

In humans, there is essentially no metabolism of amantadine. Greater 
than 90 % of the absorbed dosag~ is excreted unchanged by the kidneys. The 
renal clearance' of amantadine is usually greater than the creatinine clearance 
(HORADAM et al. 1981), suggesting a net tubular secretion of the drug. The bio­
logical half-life may be twice as long as normal in the elderly (IEZZONI 1971) 
possibly secondary to compromised renal function. This emphasizes the need 
for caution when treating elderly parkinsonian patients with amantadine and 
the relative contraindication to its use in patients with a significant impair­
ment in renal function Unlike humans, rats metabolize amantadine and ex­
crete only 20 % of the unchanged compound in the urine (BLEIDNER et al. 
1965). This factor must be kept in mind when reviewing the animal pharma­
cology as it applies to the mechanism of action in humans. 

Studying blood and CSF levels in a patient who had taken 2.8 g amanta­
dine in a suicide attempt, FAHN et al. (1971) reported evidence of a concentra­
tion gradient between blood and CSF indicative of a blood-brain barrier for 
the drug. They found that, 44 h after the acute ingestion, the concentration in 
the CSF was 52 % of that in the blood. 

IV. Clinical Effects 

The antipartkinsonian effects of amantadine have been demonstrated repea­
tedly in a number of open and double-blind studies (SCHWAB et al. 1969; 
PARKES et al. 1970, 1971 a,b,c; ApPLETON et al. 1970; BARBEAU et al. 1971; CAS­
TAIGNE et al. 1972; CRITCHLEY 1972; HACOHOEN and GURTNER 1972; POLLOCK 
and JORGENSEN 1972; RAo and PEARCE 1971; SACKS et al. 1971; WALKER et al. 
1972; BUTZER et al. 1975; FAHN and ISGREEN 1975). Overall, approximately 
two-thirds of patients respond to amantadine with an improvement in disabil­
ity of 15 %-25 %. The benefit is noted quite early, often within the first 
24-48 h. The drug is usually started in a dose of 100 mg once or twice daily 
and may be increased to 300-400 mg/day, depending on response and toler­
ance. Most studies have demonstrated an improvement in all of the major fea­
tures of parkinsonism. However, some have shown little effect against tremor 
(SCHWAB et al. 1969; BAUER and McHENRY 1974; KOLLER 1986). For example, 
KOLLER (1986) recently compared the effects oftrihexyphenidyl, levodopa and 
amantadine on tremor. As mentioned earlier, amantadine reduced parkinso-
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nian tremor by less than 25 % while the other two drugs did so by more than 
50 %. There does not seem to be any correlation between the degree of disabi­
lity and the occurrence of a response to amantadine. Interestingly, although 
they found no change in CSF homovanillic acid (HV A) or 5-hydroxyindolea­
cetic acid (5-HIAA), PARKES et al. (1971 a) found that those patients with the 
lowest levels of CSF HV A tended to have the best response. 

There has been considerable concern regarding the occurrence of tachy­
phylaxis with amantadine. However, only a few studies have shown that the 
initial response was short-lived (APPLETON et al. 1970; RAo and PEARCE 1971; 
CASTAIGNE et al. 1972; HACOHOEN and GURTNER 1972; TIMBERLAKE and VANCE 
1978). The majority of long-term trials have demonstrated a sustained im­
provement which is clearly evident when amantadine is withdrawn or ex­
changed for placebo. Occasionally patients may deteriorate, even to the point 
of requiring hospitalization, when the drug is withdrawn. A gradual loss in 
clinical efficacy may simply relate to the progression of the disease. Patients 
seeming to lose previous benefit may improve further with an increase in the 
dosage up to 400 mg/day (SCHWAB et al. 1972). 

Several studies have indicated a synergistic effect of amantadine given 
with levodopa (SACKS et al. 1971; CRITCHLEY 1972; POLLOCK and JORGENSEN 
1972; WALKER et al. 1972; FAHN and ISGREEN 1975). Others have failed to 
show a true synergism (BARBEAU et al. 1971). It has been suggested that the ef­
fect of amantadine plus levodopa probably does not exceed the benefit obtain­
able from levodopa given alone in maximum dosages, but that the combina­
tion of amantadine plus levodopa may allow the use of lower doses of 
levodopa, potentially with fewer side effects (PARKES et al. 1971a). One $tudy 
which did show a synergistic effect of amantadine combined with levodopa, 
also found that a certain proportion of patients who had not benefited from 
amantadine given alone responded later when the drug was added to ongoing 
L-dopa therapy (FAHN and ISGREEN 1975). In patients who have developed mo­
toric fluctuations with chronic L-dopa therapy, amantadine may lessen the 
severity of these swings, improving overall disability (SHANNON et al. 1986). 
Although SCHWAB et al. (1972) felt that amantadine was no more effective 
when given with anticholinergics, PARKES et al. (1974) showed a definite addi­
tive benefit when benzhexol and amantadine were combined. The improve­
ment in parkinsonian disability scores with benzhexol alone, amantadine 
alone, and benzhexol plus amantadine were 15 %, 17 %, and 42 %, respec" 
tively. 

V. Side Effects 

Although a large number of side effects have been described with amantadine, 
its therapeutic index (risk:benefit ratio) is relatively low. As mentioned ear­
lier, amantadine is excreted almost entirely unchanged by the kidney and 
therefore side effects are common in patients with impaired renal function. 
Guidelines have been provided for the use of amantadine in patients with 
renal failure (ING et al. 1979). However, in view of its limited efficacy in Par­
kinson's disease, .it is probably better to avoid the drug entirely in these pa-
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tients unless no other effective alternative is available (e.g. inability to tolerate 
all other medications). WILSON and RA.rPUT (1983) found that the diuretic Dy­
azide (a combination of hydrochlorothiazide and triamterine) reduced aman­
tadine excretion and resulted in toxicity without altering creatinine clearance. 
They suggested that the diuretic may have interfered with tubular secretion of 
amantadine. It is not clear whether this is applicable to other diuretics as well. 

"Central" side effects include confusion, disorientation, depression, ner­
vousness, insomnia, "dizziness" and lightheadedness, slurred speech, ataxia 
and action myoclonus. Psychiatric side effects may be pronounced, particu­
larly in patients with compromised renal function. There may be a progression 
of symptoms from illusions to visual hallucinations to a paranoid hallucina­
tory state with delusions. Visual hallucinations include coloured lilliputian 
hallucinations (HARPER and KNOTHE 1973), but many other formed and un­
formed visual hallucinatory states also occur (POSTMA and VAN TILBURG 
1975). As is the case with other antiparkinsonian agents, the psychiatric side 
effects are probably more common in patients with moderate to severe pre-ex­
isting cognitive disturbances. It does not seem that underlying Parkinson's 
disease per se predisposes to more common central side effects in the absence 
of age and additional cognitive disturbance factors, since these central side ef­
fects have all occurred in patients given the drug for its antiviral properties. As 
mentioned earlier, CASEY (1978) reported that physostigmine rapidly reversed 
delerium and myoclonus which occurred in a patient with amantadine intoxi­
cation. 

It is commonly stated that convulsions are a side effect of amantadine and 
that the drug is contraindicated in patients with seizures. However, only two 
subjects have been reported with convulsions, one a nonparkinsonian subject 
receiving 800 mg/day (SCHWAB et al. 1969) and another with Parkinson's dis­
ease receiving 300 mg/day (CRITCHLEY 1972). Otherwise, there have been no 
reports of seizures developing in patients with Parkinson's disease treated with 
the usual doses of amantadine (QUINN 1984). The patient reported by FAHN et 
al. (1971) who took an overdose of 2.8 g amantadine developed an acute toxic 
psychosis with no depression in level of consciousness and no seizures. How­
ever, he was treated prophylactically with phenytoin. Another possible var­
iable to consider is the general belief that epilepsy and Parkinson's disease 
rarely coexist, suggesting that Parkinson's disease may in some way protect 
against seizures. 

Despite the proposed dopaminergic properties of amantadine, there has 
been only one case of facial dyskinesia developing with amantadine mono­
therapy (PEARCE 1971). SACKS et al. (1971) found that when amantadine was 
added to levodopa in patients doing poorly on this latter drug, there was an 
immediate exacerbation of levodopa-related side effects. On the other hand, 
when these patients were withdrawn from levodopa, some later showed a dra­
matic response to amantadine. 

"Peripheral" side effects are not uncommon. Gastrointestinal intolerance 
is much less frequent than with levodopa (given without a decarboxylase inhi­
bitor) or the ergot derivatives. Further support for an anticholinergic action 
comes from the occurrence of complications such as dry mouth, blurred vi-
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sion, constipation, and urinary retention. These occur less often than with the 
usual anticholinergic agents. Urinary retention may result in a reduction in 
creatinine clearance and a further increase in amantadine toxicity. 

Ankle redema and livedo reticularis are common side effects of amanta­
dine. They often occur together and are more frequent in women (TIMBERLAKE 
and VANCE 1978). The pathophysiology of these symptoms is not entirely 
known. PARKES et al. (1971 a) found persistent moderate bilateral ankle 
redema in 15 of their 66 patients, with slight swelling of the ankles present in 
more than 50 % of the total group. They suggested that this complication was 
secondary to redistribution, rather than gain of body fluid, since the drug was 
not associated with a rise in total body water or electrolyte content. Although 
it has been stated that congestive heart failure occurs with amantadine, this 
has only been reported in four patients in the literature (QUINN 1984). Livedo 
reticularis refers to a purplish erythematous reticular macular rash which 
completely blanches with pressure. It occurs over the legs, occasionally 
spreading to the buttocks and less commonly occurring in the arms. It is ac­
centuated by dependency or occlusion of venous return. The discoloration va­
ries from almost black to barely visible, even in the same patient at different 
times. Livedo reticularis occurs in up to 90 % of patients who are examined 
carefully for it (PARKES et al. 1971 a). The skin biopsy is entirely normal (VOL­
LUN et al. 1971). It has been proposed that livedo reticularis results from the 
local release of vasoconstrictor catecholamines caused by amantadine. The 
secondary abnormal permeability of dermal blood vessels may then result in 
the swelling of ankles (PARKES et al. 1973). Although livedo reticularis and 
ankle redema are disfiguring, they are not disabling and do not represent indi­
cations for discontinuation of the drug. Diuretic therapy may improve the 
swelling of the ankles; however, this approach must be used cautiously in view 
of its potential effect On amantadine excretion. Most acute side effects, parti­
cularly the psychiatric complications, resolve within 36-72 h of stopping the 
drug. Livedo reticularis and ankle redema may take a month to subside. 

Experience with amantadine in pregnancy is limited. There is One case re­
port (NORA et al. 1975) of a woman with an extrapyramidal syndrome treated 
with amantadine during the first trimester of pregnancy. She gave birth to an 
infant with a single ventricle and pulmonary atresia. Another patient taking 
amantadine and levodopa/carbidopa at the time of conception who discontin­
ued amantadine immediately when pregnancy was confirmed, gave birth to a 
normal child (COOK and KLAWANS 1985). Amantadine probably should be 
avoided in favour of a levodopa/carbidopa preparation in women of childbear­
ing potential whose symptoms require antiparkinsonian drug therapy. 

VI. Conclusions 

The antiparkinsonian effects of amantadine are well established. It has mild 
to moderate effects On most symptoms of parkinsonism, although tremor may 
be less responsive. Despite the common belief to the contrary, the benefit 
from amantadine seems to be long-lived and there may be additive effects 
when it is given with levodopa and anticholinergics. Neuropsychiatric side ef-
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fects are the commonest source of intolerance and these are seen more often 
in patients with underlying renal dysfunction or pre-existing cognitive dis­
turbances. 

The mechanism of action is controversial. It may have combined indirect 
dopamine agonist effects on presynaptic neurones as well as an ability to alter 
the affinity of postsynaptic dopamine receptors. Clearly, the former mechan­
ism may playa less prominent role as presynaptic nigral dopaminergic neu­
ronal degeneration progresses. The naturally occurring mechanisms which at­
tempt to compensate for dopamine deficiency already include increased 
synthesis and release of dopamine as well as a reduction in reuptake. This pre­
existing state probably also limits the efficacy of amantadine. 

Both amantadine and the anticholinergics continue to play an important 
role in the symptomatic treatment of Parkinson's disease. There is increasing 
interest in the future possibility of directing therapy towards the prevention of 
progression of the disease. This focus has been renewed and directed by the 
discovery of the potential for the toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro­
pyridine (MPTP) to produce an animal model of Parkinson's disease which is 
remarkably true to the human illness. MPP+ is the neurotoxic oxidation pro­
duct of MPTP which accumulates in nigrostriatal neurones via the dopamine 
neuronal uptake system. Substances which block dopamine uptake inhibit the 
toxic effects of MPP+ (PILEBLAD and CARLSSON 1985) and this has recently in­
cluded the anticholinergic, benztropine (BRADBURY et al. 1985) which, as 
mentioned earlier, has the additional property of limiting dopamine uptake. 
Amantadine also has this pharmacological property. If idiopathic Parkinson's 
disease is caused by ongoing exposure to exogenous or endogenous toxins 
which cause damage in a similar fashion to MPTP, it is theoretically possible 
that certain synthetic anticholinergics and/or amantadine could playa role in 
prevention of further loss of nigral neurones. in addition to their symptomatic 
anti parkinsonian effects. Against this possibility is the lack of evidence that 
the introduction of either of these therapies, 40 and 20 years ago respectively, 
has altered the natural history of the illness. If indeed the ongoing progression 
of the disease does involve dopamine uptake mechanisms, then future re­
search in drug development may provide new derivatives of these agents 
which have the potential of altering the natural history of the illness as well as 
lessening disease symptomatology. 

Acknowledgment. Special thanks to Mrs. J. Lennox for assistance in typing the manu­
script. 
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CHAPTER 13 

The Pharmacology of Levodopa in Treatment 
of Parkinson's Disease: An Update 

P.A.LEWI1T 

A. Introduction 

If it is really true that the striatal dopamine 
deficiency is causally connected to some of 
the symptoms in parkinsonism, and further­
more, if L-dopa works in parkinsonism by re­
plenishing the missing dopamine in the stri­
atum, then L-dopa is quite obviously the 
most natural substance we can have for treat­
ing what I should like to call "the striatal 
dopamine deficiency syndrome." However, it 
is quite clear to me as a pharmacologist that, 
whatever the mode and site of its action, 
L-dopa is far from being perfect as a drug. 

OLEH HORNYKIEWICZ (1970, p. 398) 

Therapy with levodopa (LD), the amino acid precursor of dopamine (DA), has 
been the most successful pharmacologic strategy for improving parkinsonian 
disability. Since its introduction in the 1960s, LD continues to impress clini­
cian and patient alike with its almost metaphysical prowess at "awakening" 
paralyzed movement, unlocking rigidity, and stilling the "cruel restlessness" 
of shaking in parkinsonism (SACKS 1983). The degree of improvement with 
LD can be so dramatic that some clinicians would regard this response as a di­
agnostic feature of Parkinson's disease (PD). There are few other examples of 
symptomatic therapy for neurodegenerative disease as effectively targeted for 
the essential pathophysiology as is LD against PD. In the last two decades, use 
of LD has become so pervasive that it is virtually impossible to study the natu­
ral history of PD without the intervening factor of LD therapy. 

From extensive experience with LD over the past two decades, many 
principles of antiparkinsonian therapeutics have emerged and undergone revi­
sion. LD can be highly efficacious as a symptomatic therapy for at least 75 % 
ofPD patients (yAHR 1975), including at least half of those with severe akine­
sia (BARBEAU 1976). It is unable to change the pathology or prevent further 
progression of the underlying neurodegenerative disorder (yAHR et al. 1972), 
and even after excellent initial responses many patients lose its benefits 
within 2 or 3 years. The reasons for the declining effectiveness may well in­
volve more than progression in the underlying parkinsonism. As with the 
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problems associated with long-term LD therapy (e.g., dyskinesias, dystonia, 
motor fluctuations, and hallucinations), the possible role of LD in the pathog­
enesis of declining efficacy needs further study. Because of its propensities for 
adverse effects, most experienced clinicians no longer regard LD therapy as a 
panacea, even though it is the most rational strategy for replacing the DA defi­
ciency state of parkinsonism. With the availability of some alternatives in me­
dication, use of LD is as often guided by attempts to avoid acute and chronic 
side effects as by the goal of normalizing motor deficits. This report will 
overview the pharmacology of LD, giving special attention to issues regarding 
the effectiveness of LD in clinical practice. Since the published experience is 
immense and has been extensively reviewed, this chapter will attempt to inte­
grate some of the more recent clinical and basic science information, and will 
discuss current controversies in LD therapeutics. 

B. The Efficacy of Levodopa in Parkinsonism 

I. Background 

It has been 20 years since the first report of striking antiparkinsonian efficacy 
sustained by 8 of 16 patients treated with a racemic mixture of 3,4-dihydroxy­
phenylalanine (dopa) (COTZIAS et al. 1967). This neutral aromatic amino acid 
(occurring naturally as the L-isomer) came to be used as a precursor to DA be­
cause it was found to be actively transported into the brain and decarboxy­
lated to DA (CARLSSON et al. 1957). In contrast to dopa, the charged molecule 
DA is effectively excluded from transport (PARDRIDGE and OLDENDORF 1975; 
HORNYKIEWICZ 1979). LD is derived from hydroxylation of phenylalanine (via 
phenylalanine hydroxylase to tyrosine) and tyrosine (via tyrosine hydroxy­
lase). However, under natural circumstances, LD is found systemically and in 
the human brain only in trace amounts. As an intermediate between hydroxy­
lation of L-tyrosine and a decarboxylation step yielding DA, LD does not ac­
cumulate because the decarboxylation step is not rate-limiting (even in the 
setting of severe PD) (LLOYD et al. 1975; MELAMED 1986). Hence, LD under­
goes rapid conversion to DA. LD can be present in the diet, though it is read­
ily oxidized and not found in quantity sufficient for antiparkinsonian relief. 
While the L-isomer of tyrosine is the physiologic precursor of DA, it has not 
been a practical therapy for parkinsonism (CALNE and SANDLER 1970). Limita­
tions to the rate of striatal uptake or conversion by tyrosine hydroxylase are 
such that only some mildly affected patients benefit from large oral doses 
(GROWDON 1981). Administration ofLD bypasses the rate-limiting step ofDA 
synthesis, tyrosine hydroxylation, and permits rapid decarboxylation to pro­
duce large quantities of DA. Other physiologic roles for LD are not known, 
apart from its serving as an immediate precursor of DA. It lacks a nucleic acid 
triplet codon and is not incorporated into protein. 

The earliest uses of LD in humans were to study its effects on blood pres­
sure (OSTER and SORKIN 1942) and metabolism to DA (HOLTZ et al. 1947). In­
itial trials with LD for parkinsonism were prompted by observations that DA 
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subserved many of the motor activities mediated by the basal ganglia, where 
high DA concentrations were found (BERTLER and ROSENGREN 1959; CARLS­
SON et al. 1957; CARLSSON 1959). Identification of major striatal reductions in 
DA content as a characteristic feature of PD (EHRINGER and HORNYKIEWICZ 
1960) set off multidisciplinary and multinational collaborations between neu­
roscientists and clinicians to develop the concepts of neurotransmitter re­
placement therapy. The earliest human experience in this regard was the find­
ing that LD antagonized the cataleptic effects of tranquilization by reserpine 
in humans (DEGKWITZ et al. 1960), as it did for rodents with reserpine-induced 
depletion of DA (CARLSSON et al. 1957). In 1961, the rationale for replacing 
deficient DA in parkinsonism with LD was affirmed by acute benefits ob­
served with relatively small doses of LD given orally (BARBEAU et al. 1962) or 
intravenously (BIRKMAYER and HORNYKIEWICZ 1961). Because of the minimal 
efficacy resulting from the low doses used, and severe adverse effects from 
larger quantities, many early reports doubted that there would be any poten­
tial for LD as an antiparkinsonian therapy. In fact, several investigations re­
ported no effectiveness from trials with dopa between 1961 and the eventual 
recognition by 1966 of unequivocal benefits for parkinsonian disability (BAR­
BEAU 1969). 

LD finally emerged as a highly effective therapy for many parkinsonian 
patients from oral doses in excess of 3 g/day (up to 16 g/day) (COTZIAS et al. 
1969). In the initial study by COTZIAS, 70 % of patients improved and contin­
ued to do so for up to 2 years. By employing gradual LD dose buildup over 
several weeks to maximally tolerated doses, avoidance or reduction of the rel­
atively common adverse effects could be achieved. Serious bone marrow de­
pression occurring in 4 of the original 16 patients undergoing D,L-dopa ther­
apy was attributed to the metabolically inactive D-isomer (COTZIAS et al. 
1967). Development of a safe LD pharmaceutical (initially requiring special 
and costly methods for obtaining large quantities of the active isomer) permit­
ted more widespread use. The next major breakthrough was the peripherally 
acting decarboxylase inhibitor (DCI), which has allowed the majority of pa­
tients to tolerate optimally antiparkinsonian LD doses. Current investigations 
with sustained-release forms of LD may soon yield a medication with im­
proved constancy of effect. 

Clinical experience and other studies pertaining to LD therapeutics have 
been discussed in a number of reviews and symposia over the past 18 years, 
among them: BARBEAU and McDOWELL (1970); BIRKMAYER and HORNYKIEWICZ 
(1976); BIRKMAYER and RIEDERER (1983); BOSHES (1981); BROGDEN et al. 
(1971); CALNE (1973); HASSLER and CHRIST (1984); LAKKE et al. (1977); MARK­
HAM et al. (1974); MARSDEN and PARKES (1977); McDOWELL and MARKHAM 
(1971); McDOWELL and BARBEAU (1974); POIRIER et al. (1979); PRESTHUIS and 
HOLMSEN (1974); RINNE et al. (1980b); ROSE and CAPILDEO (1981); SANDLER 
(1972); SHAW et al. (1980); STERN (1975); SWEET and McDOWELL (1975); SYM­
POSIUM (1971, 1972); YAHR (1973, 1974a, 1975). 
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II. Clinical Effectiveness of Levodopa in Parkinson's Disease 

LD can be highly effective at reversing virtually all of the positive (e.g., resting 
tremor, dystonia, rigidity, palilalia) and negative features of parkinsonism 
(e.g., bradykinesia, dysphagia, decreased dexterity, mask-like facies, drooling, 
and impaired gait, posture, and balance). Even with severe or long-standing 
parkinsonian disability, the reversal of incapacity can be as dramatic as for 
the mildly affected patient. In fact, BERNHEIMER et al. (1973) concluded that 
the more severely akinetic patients (presumably those with greater striatal DA 
loss) responded better to a test dose of LD than did less severely affected pa­
tients. Although LD tended to be less effective when moderate to severe cere­
bral atrophy was present (SCHNEIDER et al. 1979), its potential for therapeutic 
effectiveness was not correlated to the degree of degenerative neuronal pathol­
ogy in the substantia nigra ultimately found at autopsy (Y AHR et al. 1972). LD 
also proved to be effective in patients previously treated with other medica­
tion (such as amantadine and anticholinergics) or who underwent stereotactic 
thalamotomy (KELLY and GILLINGHAM 1980). 

Wider clinical experience with LD has shown that one or more features 
can respond earlier or show relatively greater improvement than others. How­
ever, there has been no consensus as to a particular hierarchy of symptom 
control resulting from increasing the dose or duration of LD therapy. Some 
early trials with LD (e.g., GODWIN-AuSTIN et al. 1969) reported that akinesia 
improved more than rigidity, and that improvement of tremor could not be 
demonstrated. Certain patients (including some with relatively mild disabil­
ity) have tremor unresponsive to LD despite highly satisfactory improvement 
of other symptomatology, even though their tremor can improve with anti­
cholinergic therapy. In many instances, however, LD can be quite efficacious 
at tremor suppression (KOLLER 1986). The benefits of LD in improving the 
quality of life in PD can extend to many other features of movement hard to 
quantify, but readily appreciated by patients, such as improved facial expres­
siveness, voice, writing, dressing, eating, and arising. Analysis of the physio­
logic basis for the effect of LD in parkinsonism has recognized improvement 
in motor unit frequency control and normalization of ability to activate the 
low threshold motor units in initiating muscle contraction (PETAJAN and JAR­
CHO 1975), as well as improvement of accurate arm movement velocity (BAR­
ONI et al. 1984). However, the integrated roles of dopaminergic systems in mo­
tor function are incompletely understood in the context of the many features 
of motor deficit in PD that recover with LD (MARSDEN 1982). 

When LD fails to work, the cause is often more extensive impairment to 
striatal systems than is generally found in idiopathic PD, in which degenera­
tive changes for striatal DA systems are limited to the presynaptic projections 
from the pars compacta. Drug failure may occur if postsynaptic receptor func­
tion is disrupted (VAN WOERT and WEINTRAUB 1971; WEINER et al. 1978). Par­
kinsonism with inadequate or absent response to LD can also portend the di­
agnosis of multisystem degenerations or other neurologic disorders associated 
with secondary parkinsonism, such as subdural hematoma, normal pressure 
hydrocephalus, or hypoparathyroidism (MONES 1973). Another mechanism for 
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failure of LD responsiveness has been proposed to be the absence of adequate 
striatal decarboxylase activity (JANKOVIC 1981). It is also possible that, for 
some patients, LD dose has to be controlled within a therapeutic "window" for 
improvement to occur. This has been suggested by reports that increasing LD 
dosage produced paradoxical worsening in parkinsonian features in some PD 
patients with previously good responsiveness to lower doses (FAHN and BAR­
RETT 1979). 

For periods up to 3 years in most PD patients, the symptomatic effective­
ness of LD can be optimal and seemingly arrests any decline in underlying 
symptomatology (YAHR 1975; SWEET and McDoWELL 1975). Some patients 
have continued to maintain symptomatic benefit from LD since it became 
available more than 15 years ago. The usual situation, however, is for progres­
sion in most parkinsonian disabilities, particularly in features that from the 
start can be relatively unresponsive to LD (such as postural instability and 
start hesitation) (SWEET and McDoWELL 1975; AMBANI and VAN WOERT 1973). 
The loss of clinical effectiveness is often complicated by the intervention of 
drug-limiting side effects and an increasing daily LD dose requirement (MENA 
et al. 1971). Several reports have found that, by 3-6 years of LD therapy, the 
disability for most patients receiving LD is essentially that of their pretreat­
ment state. 

LD can also have benefits for nonmotor features of PD, such as the hyper­
activity of sebaceous secretion (KOHN et al. 1975) and impairment of external 
urethral spincter dysfunction (RAz 1976). The pattern of sleep disturbance in 
parkinsonian patients (light and fragmented sleep architecture) has been 
shown to improve from LD therapy (ASKENASY and YAHR 1985), although its 
specific effects on rapid eye movement sleep and other sleep stages have var­
ied among several other reports. Effects of LD on cognition (apart from ad­
verse reactions such as somnolence, hallucination, and so on) are not com­
monly reported by patients. Some studies have documented that starting LD 
improved one or more cognitive deficits in demented or nondemented PD 
subjects (LORANGER et al. 1972; SWEET et al. 1976; RIKLAN et al. 1976; HALGIN 
et al. 1977). For patients with more advanced PD, however (whether or not in 
association with the development of dementia), subsequent deterioration of 
these initial cognitive improvements was generally found. Although their par­
kinsonian deficits may be quite responsive, cognitive impairment in de­
mented PD patients does not improve, and often the use of LD is limited by 
psychiatric side effects (DRACHMAN and STAHL 1971). There has been no evi­
dence that LD therapy precipitates dementia (GANDY et al. 1986). 

LD does not consistently produce effects on mood for the PD patient 
(DAMASIO and CASTRO CALDAS 1975; MARSH and MARKHAM 1973; CELESIA and 
WANAMAKER 1972), who appears to be at increased risk of depression because 
of the disease. The reemergence of prior depressive tendencies, however, has 
been linked in some instances to LD therapy (MINDHAM et al. 1976). No signi­
ficant improvements in cognition or behavior resulted from most trials ofLD in 
patients with primary progressive dementia (JELLINGER et al. 1980; KRISTEN­
SEN et al. 1977; LEWIS et al. 1978; JOHNSON et al. 1978; RENVOIZE et al. 
1978). 



330 
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and Other Movement Disorders 
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LD can improve the motor deficits of parkinsonism as the sequela of ence­
phalitis lethargica, sometimes quite dramatically (SACKS 1983). Though this 
variety of parkinsonism tended to respond to lower LD doses than did idio­
pathic PD for symptom control (DUVOISIN et al. 1972), dose-related adverse 
effects as well as early loss of efficacy were more common (CALNE et al. 
1969b; HUNTER et al. 1970). LD has also been effective for parkinsonism with 
spontaneous or familial onset in childhood (MARTIN et al. 1971), or resulting 
from chickenpox encephalitis (SACHDEV et al. 1977). In other instances of sec­
ondary parkinsonism, e.g., with structural lesions of nigrostriatal pathways, 
LD can work, provided there is some preservation of striatal dopaminergic 
presynaptic and postsynaptic structures. DA depletion from reserpine use can 
be reversed with LD (BRUNO and BRUNO 1966), but parkinsonism due to 
blockade of postsynaptic receptors by potent neuroleptics generally cannot be 
overcome (FLEMING et al. 1970). 

In the wake of spectacular effects gained for idiopathic PD, LD has under­
gone clinical trials for a variety of disorders whose pathophysiology has also 
been linked to the DA system. Other movement disorders with associated par­
kinsonian features, such as progressive supranuclear palsy (DONALDSON 1973; 
KLAWANS and RINGEL 1971; JANKOVIC 1984), olivopontocerebellar degenera­
tion (GOETz et al. 1984; LANG et al. 1986), spinocerebellar degeneration with 
parkinsonism (WEIR and FAN 1981), Azorean disease (WOODS and SCHAUM­
BERG 1972), Shy-Drager syndrome (DELEAN and DECK 1976), pallidopyram­
idal syndrome (HOROWITZ and GREENBERG 1975), familial rigidity with ataxia 
and peripheral neuropathy (ZIEGLER et al. 1972), Wilson's disease (BARBEAU 
and FRIESEN 1970), striatonigral degeneration, or parkinsonism due to head 
trauma or hydrocephalus (LANG et al. 1982), may show modest improvement 
with LD. However, the extensive postsynaptic neuronal damage in these disor­
ders can limit the therapeutic value of enhancing DA synthesis or agonism 
(AMINOFF et al. 1973). LD can improve bradykinesia and rigidity present in 
some patients with Huntington's disease (JONGEN et al. 1980). Though CSF 
homovanillic acid (HVA) may be low for choreic Huntington's disease pa­
tients (reflecting decrease of DA turnover), a worsening of involuntary move­
ments, behavior, and dementia resulted from the use of LD (SISHTA and TEMP­
LER 1976). 

Improvement in spastic and pyramidal signs in a parkinsonism patient has 
been reported from LD (SEYFERT and STRASCHILL 1977). In addition, other move­
ment disorders may respond. Some patients with primary and secondary 
forms of dystonia (focal or generalized) have improved dramatically with LD 
therapy (BARRETT et al. 1970; LANG 1985; MARSDEN 1981; RAJpUT 1973; SE­
GAWA et al. 1976; STILL and HERBERG 1976). Progressive multisystem degen­
erative disorders in children can also show marked benefit in motor control in 
response to LD (BUGIANI and GATTI 1979). Patients with myoclonus (MINOLI 
and TREDICI 1974) and the "restless leg syndrome" (AKPINAR 1982) have been 
reported to improve with LD therapy, as has the related disorder of periodic 
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movements in sleep (nocturnal myoclonus) (MoNTPLAISIR et al. 1986). LD has 
also been used to suppress rubral tremor (yUILL 1980) and in monkeys has 
abolished tremor induced by selective lesioning of the cerebellar dentate and 
interpositus nuclei (GOLDBERGER and GROWDON 1971). LD treatment of pa­
tients with tardive dyskinesia (JESTE and WYATT 1982) has led to apparent rec­
overy (ALPERT et al. 1983; SHOULSON 1983) when used with a strategy for redu­
cing postsynaptic DA receptor supersensitivity. 

Decline in motor facility with normal aging does not seem to respond 
measurably to LD, even though there is evidence of decline with increasing 
age in CNS DA. The use of typical antiparkinsonian doses of LD for 6 weeks 
in neurologically and cognitively normal elderly subjects did not improve 
movement time, reaction time, physiologic tremor, or general well-being 
(NEWMAN et al. 1985). However, "effortful" memory operations were enhanced 
(NEWMAN et al. 1984). These results imply that decline in dopaminergic func­
tions might be one component of decline in cognitive (but not motor) features 
of "normal" aging. 

IV. Therapeutic Principles for Levodopa 

As a specific treatment for the deficiency of striatal DA, LD is a highly ra­
tional way of replacing the neurotransmitter (although controversy still exists 
as to its full mechanism of action, as discussed in Sect. F). The utility of LD 
rests in large measure on its highly favorable therapeutic index for most pa­
tients: benefit can be dramatic and sustained, and tolerance generally evolves 
to adverse effects developing with systemic exposure to this neurotransmitter 
precursor. In anyone patient, however, it is difficult to anticipate the extent 
or duration of benefit from LD therapy. Some studies have claimed that CSF 
markers of DA metabolism (measured at baseline or after probenecid loading) 
can help in predicting the likelihood of clinical response to LD (LAKKE et al. 
1971; VAN WOERT and WEINTRAUB 1971; BIANCHINE and SHAW 1976; JEQUIER 
and DUFRESNE 1972; GUMPERT et al. 1973; CUNHA et al. 1983). Other correla­
tions to the clinical effect of LD have been made, using the ratio of CSF con­
tent of DA to LD as an index of DA synthesizing "capacity" (FEKETE et al. 
1984). The activity of peripheral decarboxylation (when not inhibited by a pe­
ripheral DCI) may also provide some indication of central DA synthesis. In 
PD patients given single oral doses of LD, plasma DA levels afterwards were 
better correlated to clinical effect than was plasma LD, suggesting that peri­
pheral decarboxylase activity metabolizing LD may be representative of stria­
tal DA synthesis (ROSSOR et al. 1980). In other studies, the response to LD has 
not correlated to either the magnitude of DA deficiency (as reflected in CSF 
HVA, the major metabolite of DA) or else the severity of parkinsonian . signs 
(BOWERS and VAN WOERT 1972; RINNE and SONNINEN 1972; CHASE and NG 
1972; WEINER and KLAWANS 1973). Even when the dose of LD has correlated 
well to the resultant rise of CSF HVA (GoDWIN-AuSTEN et al. 1971), the de­
gree of clinical improvement has not been as closely related (RINNE et al. 
1977). 
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Depending particularly on the goals, adverse effects, and long-term strate­
gies of therapy, there is a wide range of what can be defined as "optimal" dose 
of LD. Following the initial clinical experiences with LD, clinicians were ad­
vised to use maximally tolerated LD, increasing until side effects appeared or 
until a satisfactory level of improvement occurred (HUNTER and SHAW 1975; 
BARBEAU 1976). Typical regimens of LD involved a starting dose of 500 mg, 
given in 3-4 doses daily and increasing over 4-8 weeks to a maximum of 8 
g/day. Slow advancement ofLD dose over weeks to months can be rewarded by 
a low incidence of adverse effects and recognition of the minimal dose of LD 
necessary for optimal benefit. The buildup period with the LD-DCI combina­
tion can be much more abbreviated than with a comparably effective amount 
of LD alone, which is generally 4-5 times as much (RINNE et al. 1973 a; MARS­
DEN et al. 1974b; MARSDEN 1975). LD-DCI preparations have a markedly de­
creased incidence of peripheral side effects (BARBEAU and Roy 1981; RINNE et 
al. 1975) as compared with LD regimens, which can require long periods of 
dose advancement for tolerance to develop. 

Mild parkinsonism can generally be controlled with approximately 
150-300 mg/day (with DCI) in 1-3 divided doses. In contrast with younger 
PD patients, elderly parkinsonian patients often achieve equivalent benefit 
from LD in substantially smaller amounts (BROE and CAIRO 1973; SUTLIFFE 
1973). After 2 years, LD commonly needs to be to be advanced to 2-4 times 
as much, in order to maintain similar benefit. Dose-by-dose effects of LD are 
usually not recognized by patients initially, but can become measurably regu­
lar with chronic therapy. 

With other anti parkinsonian drugs, such as anticholinergics and amanta­
dine, LD may have additive or possibly synergistic effects (PARKES et al. 1971; 
WEBSTER and SAWYER 1984). The same applies to bromocriptine, which as a 
combined regimen with LD may achieve equivalent therapeutic response and 
a lower incidence of dyskinesia and motor fluctuation outcomes as compared 
with LD regimens alone (RINNE 1985). The problems of predictable and irre­
gular fluctuations ("wearing-off" and "on-off" responses to LD), and involun­
tary movements in association with chronic LD therapy, are discussed else­
where in this volume. The presence of dementia, orthostatic hypotension, 
cardiac arrhythmia, active peptic ulcer disease, or concomitant monoamine 
oxidase inhibitor therapy (TEYCHENNE et al. 1975) are all indications for 
caution and careful monitoring in the use of LD. For those adverse effects 
with peripheral components, including arrhythmia, hypotension, and nausea 
and vomiting, lessening the systemic synthesis of DA by increasing the 
total intake of DCI can help (MARS 1973). Peripherally active DA inhibitors 
such as domperidone are also useful for blocking dopaminergic side effects. 
Attacks of narrow angle glaucoma and elevation of intraocular pressure in 
other forms of glaucoma can occur from LD therapy. There has also been 
evidence, albeit controversial, that LD may have the potential for activat­
ing preexisting malignant melanoma (RAMPEN 1985). Given during gesta­
tion in animal studies, LD may initiate congenital malformations. Although 
it is not approved for use in pregnancy, three infants born to mothers taking 
antiparkinsonian doses of LD have had no complications or recognized abnor-
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malities (COOK and KLAWANS 1985). Abrupt discontinuation of LD should be 
avoided, as it can present the hazard of severe rigidity and akinesia as well as 
potentially fatal hyperpyretic syndrome similar to neuroleptic malignant syn­
drome (SECHI et al. 1984; FRIEDMAN et al. 1985). 

The relationship between medication and symptom relief can define the 
intervals at which some patients need LD. Particularly when regular dose-by­
dose responses are experienced by a patient, careful adjustment of dose and 
scheduling can improve the amount of time spent each day with optimal con­
trol. Use of small doses of LD spaced as frequently as every 2 h over the 
course of a day can also help to "smooth out" abrupt fluctuations derived 
from irregularities in absorption and metabolism of the drug. Patients are of­
ten advised to take LD with meals to minimize the possibility of gastrointesti­
nal upset. Although this practice is reasonable at the onset of LD use, many 
patients have no side effects from taking the drug on an empty stomach and 
theraby achieve more rapid and reliable absorption. Not uncommonly, 
smaller doses in the afternoon achieve the same result as larger doses in the 
morning hours, possibly as a result of LD accumulation during the course of 
the day. Other patients, particularly those with unpredictable fluctuations, 
have a less reliable response from LD later in the day, even with an increase of 
dose size. 

Excessive self-administration of LD can occur in the setting of fluctua­
tions, particularly if patients are not advised as to the principles governing on­
set and duration of LD effect. Careless adherence to optimal spacing between 
doses is a common cause of disabling "wearing-off" or enhanced peak-dose 
adverse experiences. Cases of apparent "abuse" of self-administered LD have 
been reported (NAUSIEDA 1985), conceivably representing an addictive state 
(PRIEBE 1984). 

C. Clinical Aspects of Levodopa Pharmacokinetics, 
Pharmacodynamics, and Metabolism 

I. Levodopa Pharmacokinetics 

The pharmacokinetics and metabolism of LD are reviewed elsewhere in this 
volume, as well as in other reports (ABRAMS et al. 1971; BERGMAN et al. 1974; 
BIANCHINE et al. 1971; BIANCHINE and SHAW 1976; CALNE et al. 1969a; Goo­
DALL and ALTON 1972; HINTERBERGER and ANDREWS 1972; HORNE et al. 1984; 
MORGAN et al. 1971; PEASTON and BIANCHINE 1970; NUTT and FELLMAN 1984; 
NUTT and WOODWARD 1986; SANDLER 1972). As a prodrug, LD is unique 
among therapeutic agents in utilizing GI and CNS amino acid transport me­
chanisms to reach its target site. For these reasons, its systemic and CNS met­
abolic disposition are extremely complex and cannot be fully modeled from 
animal studies (RIVERA-CALIMLIM 1974) or analysis of LD blood levels. Stu­
dies have shown the systemic clearance of LD to be independent of dose, pres­
umably following subsaturation pharmacokinetics (SASAHARA et al. 1981). Ab­
sorption of LD is reflected by a prompt rise in plasma levels, which correlates 
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fairly well in most patients with the onset of clinical effect. Before LD reaches 
the blood-brain barrier, a number of steps are subject to delay or competing 
mechanisms which can contribute to fluctuating plasma and CNS levels and, 
hence, variation in clinical response from oral LD. Alterations of pharmaco­
kinetics imposed by parkinsonism or the chronic effects of the therapy itself 
may also be components of declining efficacy, response fluctuations, and ad­
verse effects of LD. These changes are probably central in origin, as plasma 
half-life and other parameters of drug level do not seem to be different among 
patients with or without the problems of chronic therapy (Nurr et al. 1985; 
ROSSOR et al. 1980). 

Optimal effects from LD can occur over a wide range of plasma LD con­
centrations (TOLOSA et al. 1975). However, the usual plasma LD concentration 
for initiating antiparkinsonian effect ranges from 3 to 15 nmol/ml (and for 
most patients is 5-8 nmol/ml) (Nurr and WOODWARD 1986). For many pa­
tients, the LD blood level attained tends to be closely related to the extent of 
improvement in parkinsonian symptoms (SWEET and McDoWELL 1974; YAHR 
1974; ROSSOR et al. 1980). 

With the use of intravenous administration for constant delivery of LD to 
the striatum, clinical issues such as motor fluctuations can be differentiated 
into peripheral (Le., GI absorption, liver metabolism, and distribution) and 
CNS components (Le., transport across the blood-brain barrier, brain metabo­
lism) (Nurr et al. 1984; QUINN et al. 1984). Intravenous dosing has also per­
mitted study of the delay between a rise in plasma concentration and the on­
set of LD effect (Nurr and WOODWARD 1986). The technique of constant 
delivery of LD has demonstrated that the duration of LD antiparkinsonian ef­
fect is a function of plasma LD concentration minus the level needed for min­
imal clinical effect (Nurr and WOODWARD 1986). Even with maintenance of 
steady state plasma levels in the range 4-8 nmol/ml, deviations from optimal 
clinical response can occur in some patients, particularly those chronically 
treated (FAHN 1974; MUENTER and TYCE 1971; QUINN et al. 1984; ERIKSSON et 
al. 1984; ALGERI et al. 1976; HARDIE et al. 1984). A number of studies have es­
tablished that peripheral pharmacokinetic factors alone cannot fully explain 
the phenomenology of motoric fluctuations emerging during sustained LD 
use in PD. In support of this, LD pharmacokinetics in chronically treated pa­
tients with continuing response to LD do not differ from those of previously 
untreated PD subjects (Nurr and WOODWARD 1986). 

Absorption of LD occurs primarily in the proximal small intestine (BIAN­
CHINE et al. 1971; SASAHARA et al. 1981). The rate of drug delivery to the du­
odenum from the stomach appears to be a major determinant of uptake 
(EVANS et al. 1980, 1981). Since no significant absorption and only minimal 
metabolism of LD (by decarboxylation) occurs in the stomach (RIVERA-CALIM­
LIM et al. 1970a, 1971; BIANCHINE et al. 1971), factors inhibiting release of gas­
tric content to the small intestine can have a major influence on the rate of 
absorption. Meals (MORGAN et al. 1971) and increasing gastric acidity (POCEL­
INKO et al. 1972; JENKINS et al. 1973; WADE et al. 1974) can limit the onset or 
extent of LD effect. An attempt to improve LD uptake by alkalinization of the 
stomach with antacids was effective in some patients (RIVERA-CALIMLIM et al. 



The Pharmacology of Levodopa in Treatment of Parkinson's Disease 335 

1970a), but further study of this approach has not confirmed its utility (LAU et 
al. 1986). Drugs suppressing gastric motility can also extend the clinical ben­
efits from a dose of LD. DA produced in the stomach from LD inhibits gastric 
emptying (BERKOWITZ and MCCALLUM 1980). Given with LD, the peripherally 
active DA receptor antagonist domperidone (LANGDON et al. 1986) enhanced 
peak plasma LD concentrations and bioavailability. In one study (FERMAG­
LICH and O'DOHERTY 1972), anticholinergics decreased gastric emptying rate, 
though these drugs lacked significant effect on LD pharmacokinetics in an­
other report (MESSIHA and KNopp 1973). Amantadine was reported to produce 
increases in plasma LD level in some patients in one study (BIRKMAYER 
et al. 1973), but not in another (PILLING et al. 1975). 

Intestinal absorption of LD proceeds rapidly after delivery of LD to the 
proximal duodenum (BIANCHINE et al. 1971). Lesser degrees of absorption oc­
cur in the stomach (RIVERA-CALIMLIM et al. 1971) or more distally in the small 
intestine (SASAHARA et al. 1981). The uptake of LD occurs with the same faci­
litated transport mechanism that operates for other neutral L-amino acids 
(tryptophan, phenylalanine, tyrosine, threonine, leucine, isoleucine, methio­
nine, histidine, valine, and cysteine (WADE et al. 1973). It is uncertain 
whether simple diffusion can also occur in addition to facilitated transport, 
since an increase in the load of LD presented to- the duodenum appears to en­
hance absorption (MEARRICK et al. 1974). 

Clinical experience showed that reducing the dietary protein load co ad­
ministered with LD increases its antiparkinsonian effectiveness (COTZIAS et al. 
1973; MENA and COTZIAS 1975). In pharmacokinetic studies also, competition 
observed between the uptake of LD and amino acids from dietary protein (PA­
PAVASILIOU et al. 1974; MUENTER et al. 1977; DANIEL et al. 1976) or the LD me­
tabolite 3-0-methyldopa (MUENTER et al. 1973) suggested that the saturability 
of carrier-mediated amino acid uptake may be a major factor limiting the ab­
sorption or CNS uptake of pharmacologic quantities of LD. Studies involving 
coadministration of L-methionine with LD led to deterioration in antiparkin­
son ian effectiveness (PEARCE and WATERBURY 1974), possibly owing to L-me­
thionine competition with LD for uptake in the GI tract or CNS (or both). 
With continuous intravenous infusion of LD, however, it was possible to de­
monstrate deterioration of antiparkinsonian effect due to coadministration of 
neutral amino acids, resulting in competition for LD uptake at the blood­
brain barrier (Nurr et al. 1984). Similar to the result of a high protein meal, L­
phenylalanine or L-Ieucine loads decreased an established antiparkinsonian 
effect from constantly infused LD with unchanging plasma levels. For unde­
fined reasons, some patients found that the carbohydrate intake interferes 
with LD effect and can seemingly precipitate "off" or other types of under­
medicated states (MUENTER et al. 1977). 

After long-term LD usage, some patients may be intermittently unrespon­
sive to doses ofLD (FAHN 1977). Occurring typically in the afternoon, this pat­
tern of drug unresponsiveness seems to be unrelated to food intake. Since 
they have been associated with low plasma LD levels (MELAMED et al. 1986), 
these episodes probably reflect failures of gastrointestinal motility or duo-
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denal absorption occurring in the context of chronic therapy. This problem 
could be a feature, in part, of the patient population, since episodes of delayed 
gastric emptying can occur in the normal elderly as well as in parkinsonian 
patients (EVANS et al. 1981). There is also evidence for enhanced gastrointesti­
nal absorption of LD in the elderly (BRoE et al. 1981). 

There are occasional patients with little or 1).0 response to conventional 
oral doses of LD and who have evidence of an enhanced peripheral metabo­
lism of LD (MUENTER et al. 1972; RIVERA-CALIMLIM et al. 1977). This could 
conceivably be due to enhanced catabolism of LD in the gut, even if concom­
itant DCI is used. The intestine appears to be a catabolic "sink" for up to 10 % 
of parenterally administered LD in rats (TYCE and OWEN 1979). In humans, 
some metabolism of LD takes place in the gut by means other than decarbox­
ylation (PEASTON and BIANCHINE 1970), possibly in part by the gut flora (Nurr 
and FELLMAN 1984). 

LD administered orally is almost completely absorbed from the gut. A ma­
jor portion undergoes decarbocylation, either in the intestine (ANDERSSON et 
al. 1975) or liver. Conventional doses of peripheral DCIs such as carbidopa re­
sult in a two- to threefold increase in the bioavailability of orally administered 
LD into the circulation (TISSOT et al. 1969; KURUMA et al. 1972; PINDER et al. 
1976; BIANCHINE et al. 1972). During the initial systemic distribution of ab­
sorbed LD, there is rapid first-pass metabolism through the liver (SASAHARA et 
al. 1981) and transfer to other systemic compartments. As no significant bind­
ing of LD occurs to serum proteins (HINTERBERGER and ANDREWS 1972), LD 
distribution is in the aqueous phase of plasma as a free drug. After systemic 
distribution, skeletal muscle serves as an important peripheral storage reser­
voir for LD. No significant metabolism is known to occur in muscle (ORDONEZ 
et al. 1974). Uptake of LD by erythrocytes occurs, and red cells possibly me­
tabolize LD to 3-0-methyldopa (ORDONEZ et al. 1974; REILLY et al. 1980). 

At the interface of the vasculature and the brain is a sodium-dependent L­
stereospecific active transport system for neutral amino acids, by which LD is 
taken up (PARDRIDGE 1977; WADE and KATZMAN 1975 c). This system corre­
sponds to a gastrointestinal transport mechanism for the same amino acids 
(PARDRIDGE and OLDENDORFF 1975; PARDRIDGE 1977; WADE and KATZMAN 
1975 a). The influx of LD across the blood-brain barrier can be estimated 
from experimentally derived rate constants and the plasma concentrations of 
LD and other competing amino acids. The high activity of L-aromatic amino 
acid decarboxylase (AAAD) in the vascular endothelium has been regarded as 
another physiologic barrier to the influx of LD to the brain. As LD undergo­
ing decarboxylation to DA produces a charged species unable to be trans­
ported, this mechanism is highly effective at preventing entrance of much of 
the LD presented to the blood -brain barrier from entering into the brain par­
enchyma of the rat. This process is saturable; LD in excess enters the brain 
unmetabolized (HARDEBO and OWMAN 1980). Evidence is lacking, however, 
that cerebral endothelial decarboxylase activity is a major factor for facilitat­
ing the influx of LD. One indication that endothelial decarboxylase activity is 
independent of the transport mechanism is that, in PD patients, similar clini­
cal effects are derived from a given plasma LD level whether or not the endo-
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thelial decarboxylase activity is inhibited by a peripherally active DCI (F AHN 
1974; Nurr et al. 1985). Although catechol O-methyltransferase (COMT) ac­
tivity is present in some portions of the cerebral vasculature in animals, it 
does not appear to affect the rate of LD transport across the blood-brain bar­
rier (HARDEBO and OWMAN 1980). 

II. Levodopa Metabolism: 3-D-Methyldopa and Other Metabolites 

Few routes of metabolism are known for LD other than its primary catabo­
lism, or conversion to catecholamines (PLETSCHER et al. 1967; BIANCHINE et al. 
1972). However, a significant fraction of intravenously administered labeled 
LD cannot be accounted for in urinary or fecal excretion (GOODALL and AL­
TON 1972; TYCE and OWEN 1979). O-Methylation via COMT is a major path­
way for the peripheral metabolism of LD, particularly when inhibitors of peri­
pheral decarboxylase activity are used concomitantly with LD to limit its 
systemic metabolism to catecholamines and ultimately HV A. Systemically 
(particularly in the liver) and in the brain, COMT generates the principal me­
tabolite of LD, 3-0-methyldopa (3-0-MD) (SHARPLESS et al. 1972). Although 
O-methylation is directed predominantly to the 3 position, significant quanti­
ties of 4-0-methyldopa have also been recovered in plasma of patients given 
LD (ITSHIMITSU et al. 1984). 3-methoxy-4-hydroxyphenyllactic acid (formed 
by the actions of lactate dehydrogenase and COMT on LD; MUSKIET et al. 
1978), has been found in small quantities in human CSF during LD therapy. 
Other metabolites derived from LD therapy, such as m-tyramine (detected in 
urine of LD-treated patients), are probably formed in the gut microbially 
(SANDLER et al. 1971). 

3-0-MD does not undergo further metabolism (such as decarboxylation) 
to any significant degree (BARTHOLINI et al. 1972; GOODWIN et al. 1978). 
Shortly after intravenous dosing with PH] LD, labeled 3-0-MD appeared si­
multaneously in the striatum and cerebellum of mouse brain (HORNE et al. 
1984). However, much of the 3-0-MD measured in the striatum after chronic 
systemic LD administration was of peripheral origin and then taken up into 
the brain (LLOYD et al. 1980). The delayed accumulation of 3-0-MD in the 
striatum after LD administration may thus be secondary to its slow rise in 
blood concentration, with maximal levels occuring approximately 1 h after 
peak LD levels are achieved from oral doses (SHARPLESS et al. 1972). The ap~ 
proximately 15 h half-life of 3-0-MD probably explains the greater accumula­
tion and delayed clearance of this metabolite as compared with its shorter­
lived parent compound (KURUMA et al. 1970; MUENTER et al. 1972). Plasma 
levels of 3-0-MD change in response to oral LD intake on a much more de­
layed course than LD levels. Ratios of plasma 3-0-MD to LD vary among LD­
treated individuals, though they maintain a relatively constant value for each 
patient (yOKOCHI et al. 1979; RIVERA-CALIMLIM et al. 1977; FEUERSTEIN et al. 
1977; BERMEJO PAREJA et al. 1985). As in the bloodstream, 3-0-MD accumu­
lates to higher levels than LD does in CSF (SHARPLESS and MCCANN 1971) 
and in the brain (RINNE et al. 1974, 1979). Some patients had little LD detec­
table in CSF despite relatively high levels of 3-0-MD (KREMzNER et al. 1974). 
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The use of DCIs results in enhanced systemic production of this methylated 
species, probably owing to elimination of the alternative pathways by which 
peripheral LD would be metabolized after conversion to DA (RIVERA-CALIM­
LIM et al. 1977). 

The metabolism and physiology of 3-0-MD may have major implications 
for LD effectiveness. High blood levels of 3-0-MD may be associated with a 
poor clinical response to LD because of competition with LD uptake into the 
CNS (RECHES and FAHN 1982; GERVAS et. al. 1983). Affinity of 3-0-MD for fa­
cilitated neutral amino acid transport into the CNS has been shown to be 
greater than that for LD (WADE and KATZMAN 1975b). Competition by 
3-0-MD for LD uptake into the brain has been used to explain the attenua­
tion of DA replacement effect in nigrostriatal-Iesioned rats (RECHES et al. 
1982; RECHES and FAHN 1982), and has been linked to impairment of LD ef­
fect in parkinsonian patients. Accumulation of relatively high levels of 
3-0-MD has been associated with suboptimal responses to LD (MUENTER et 
al. 1972; RIVERA-CALIMLIM et al. 1977). Similarly, coadministration of 
3-0-MD lessens the effectiveness ofLD doses (CALNE et al. 1972; MUENTER et 
al. 1972). In one study, COMT activity present in red blood cells correlated 
fairly well with the ratio of plasma 3-0-MD to LD concentrations. Those pa­
tients with increased COMT activity in red cells tended to have less favorable 
clinical responses to LD therapy (REILLY et al. 1980), possibly because of their 
greater systemic capacity to produce 3-0-MD. 3-0-MD may also have a role 
in the pathogenesis of LD-induced dyskinesia (FEUERSTEIN et al. 1977; 
RIVERA-CALIMLIM et al. 1977), as suggested by elevated plasma levels found in 
dyskinetic patients. OGASAHARA et al. (1984) found no difference in CSF 
3-0-MD content in patients sensitive to the "wearing-off" effect, as compared 
with patients without this problem. This study also showed that withdrawal of 
LD therapy for several days did not alter CSF content of 3-0-MD. 

An attempt to block the formation of 3-0-MD was carried out with ascor­
bic acid, which serves as a weak inhibitor of COMT. This therapy had no cli­
nical effects, though reductions occurred in both plasma 3-0-MD and LD le­
vels (REILLY et al. 1983). Administration of N-butylgallate (an inhibitor of 
COMT) with LD enhanced DA effect in animal studies, but this compound 
proved to be toxic in humans (ERICSSON 1971). Parenteral administration of 
another potent inhibitor of COMT, U-0521, led to dose-dependent inhibition 
of striatal COMT activity in rats, associated with marked decline of plasma 
3-0-MD accumulation after LD administration (REcHEs and FAHN 1984). As 
predicted, pretreatment with intravenous U-0521 permitted, after LD, a grea­
ter rise in rat striatal levels of LD and DA. However, oral U-0521 was without 
peripheral or CNS effects in rodents or in a parkinsonian subject given 
0.7-11 g/day on a biweekly basis (RECHES and FAHN 1984). 

III. Other Metabolic Effects of Levodopa 

Though the product of LD decarboxylation, DA, is itself the substrate for nor­
epinephrine (NE) synthesis, there is no consensus as to whether LD therapy 
has additional effects in the CNS beyond the synthesis of DA. From radio-
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label studies, there is evidence in animals of some conversion of exogenous 
LD to NE as well as DA (EDWARDS and RIZK 1981). An increase of brain NE 
turnover in several sites outside the striatum following LD administration has 
been shown (WURTMAN and ROMERO 1972), which has been thought to be a 
contributing factor to hyperactive behaviors induced by LD in reserpinized 
mice (DOLPHIN et al. 1976). Other studies have found little or no effect of LD 
on NE metabolism in the brain, and postmortem studies of regional brain NE 
content in LD-treated patients showed no difference from controls (RINNE et 
al. 1974). LD administration decreases COMT activity against endogenous 
NE, an effect that can be reversed by coadministration of S-adenosylmethio­
nine (STRAMENTINOLI et al. 1980). Hypothalamic epinephrine content was also 
reduced in the rodent after LD treatment, possibly from S-adenosylmethio­
nine depletion resulting, in turn, from increased utilization of O-methylation 
(from intake of pharmacologic doses of LD) (WURTMAN et al. 1970 a, b; WURT­
MAN and ORDONEZ 1978; FULLER et al. 1982). Despite increased utilization of 
S-adenosylmethionine (important as a methyl donor in neurotransmitter me­
tabolism and protein synthesis), no deficiency of methionine resulted from 
sustained LD use (WURTMAN et al. 1970; WURTMAN and ORDONEZ 1978). 

Sustained use of LD resulted in no change of brain L-aromatic amino acid 
decarboxylase (AAAD) in rats (DAIRMAN et al. 1972) or mice (TATE et al. 1971; 
HEFTI et al. 1981 a), though there was significant increase in cats (ROBERGE 
and POIRIER 1973). Additional influences of LD on enzymes of monoamine 
neurotransmitter metabolism have been found. Peripheral measures of 
COMT, dopamine-,B-hydroxylase, and monoamine oxidase (MAO) in patients 
receiving LD may be altered (MARS 1975). Mice chronically treated with LD 
show no change in brain COMT or MAO activity (PAPAVASILIOU et al. 1981), 
but rats similarly treated show a rise in activity of brain MAO-A and -B 
(LYLES and CALLINGHAM 1980). Although chronic LD treatment produces no 
change in brain tyrosine hydroxylase activity in the rat (DAIRMAN et al. 1971) 
and mouse (HEFTI et al. 1981 a), a significant decrease in this enzyme oc­
curred in the cat striatum and at other sites (ROBERGE and POIRIER 1973). Me­
tabolites of LD acted as irreversible inhibitors of dihydropteridine reductase 
(WARING 1986), which maintains tetrahydrobiopterin in the reduced state ne­
cessary for function as the rate-limiting cofactor of tyrosine hydroxylase. 

Even when derived from supraphysiologic quantities of LD used in anti­
parkinsonian therapeutics, DA is metabolized along its conventional cata­
bolic pathways. The initial step for DA degradation can be either oxidative 
deamination (in humans, predominantly by MAO-B) or O-methylation (by 
COMT). Both reactions occur in sequence to yield, as the major product, 
homovanillic acid (HVA). In human brain or CSF, only small quantities are 
found of 3,4-dihydroxyphenylacetic acid (DOPAC), which in rodents is the 
predominant DA metabolite. 

The formation of HVA from LD has been studied by using tracer quanti­
ties of isotope-labeled LD (PLETSCHER et al. 1967; PEASTON and BIANCHINE 
1970). In PD patients, orally administered p4C] LD resulted in excretion of 
only 0.8 % as unmetabolized LD (MORGAN et al. 1971). p4C] HVA appeared in 
lumbar CSF when sampled 7.5 h after administration of p4C] LD (EXTEIN et al. 
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1976). From the rate of HVA accumulation as well as endogenous HVA con­
centration, these studies have also confirmed that the DA turnover rate is de­
creased in PD as compared with control subjects. A marked increase of HVA 
was found throughout the brain after LD administration, including sites at 
which DA is usually not found (RINNE et al. 1971, 1974; DAVIDSON et al. 
1971). LD and 3-O-MD (normally not present in the brain of normal subjects 
or untreated parkinsonian patients) were also abundant at these sites (RINNE 
et al. 1974). In these studies, the marked increase ofDA concentration in LD­
treated patients was restricted to the striatum. As was the case for DA content, 
the rise in HV A levels resulting from LD was not correlated with the degree of 
clinical response by the patients. HVA levels were proportionately more en­
hanced above normal values than were the increases in tissue DA concentra­
tion, a pattern that was also found in the PD brain prior to LD therapy (HoRNY­
KIEWICZ 1979). 

In CSF, low or undetectable baseline levels of HVA are substantially ele­
vated by LD treatment roughly in proportion to the dose given (CURZON et al. 
1970). As found in several subsequent studies of CSF HVA responses to LD 
administration (CHASE 1980), patients without clinical response to LD can 
have either no response or else the same magnitude of HV A elevation as in 
improved patients (possibly because postsynaptic systems are unable to re­
spond to the stimulated DA synthesis). In one study, the addition of a DCI 
during LD therapy resulted in a major decrease of the resultant CSF HV A 
concentration. This study suggested that some portion of HV A in CSF is de­
rived from metabolism of LD in the brain capillary wall (RINNE et al. 1977). 

Another route for the metabolism of DA (SHARPLESS et al. 1981), LD 
(JOHNsoN et al. 1980), and 3-0-MD (TYCE et al. 1974) is the formation of sul­
fate conjugates. Transamination has been described as a minor pathway of pe­
ripheral disposition of LD (FELLMAN et al. 1976). Tyrosine aminotransferase 
acts on LD to produce 3,4-dihydroxyphenylpyruvic acid. In the rat, this reac­
tion is reversible and yields LD from the accumulated metabolite (LINDEN 
1980). A two-step enzymatic process produces 2,4,5-trihydroxyphenylacetate, 
detectable in the urine of LD-treated parkinsonian patients (W ADA and FELL­
MAN 1973). The latter species, because it is easily oxidized to a reactive qui­
none species similar to 6-hydroxydopamine, is potentially neurotoxic. How­
ever, LD also serves to inhibit the reaction generating 2,4,5-trihydroxyphenyl­
acetate (FELLMAN and ROTH 1971). 

D. Other Effects of Levodopa 

A number of other metabolic effects of LD administration have been recog­
nized in the brain. One observation of uncertain significance is the effect of 
LD therapy on some CNS phospholipids. As compared with controls, PD pa­
tients have an increase of sphingomyelin and decreased phosphatidy1choline 
and phosphatidylethanolamine content. These differences are corrected in the 
LD-treated PD brain (RIEKKINEN et al. 1975). 



The Pharmacology of Levodopa in Treatment of Parkinson's Disease 341 

LD has several influences on CNS serotonin (5-HT) metabolism. Though 
LD competes with the active transport into the CNS of neutral amino acids, 
brain tryptophan levels were actually increased in LD-treated rats (WURTMAN 
and ROMERO 1972). LD displaced 5-HT from the CNS (EVERTI and BOR­
CHERDING 1970), depleting it in several regions of rat brain and spinal cord 
(COMMISSIONG and SEDGWICK 1979). In the cat brain, administered LD acutely 
caused no change in striatal 5-HT levels, but its metabolite 5-hydroxyindole­
acetic acid (5-HIAA) was increased (LLOYD et al. 1980). CSF levels of 5-HIAA 
were diminished after LD therapy in parkinsonian patients (NG et al. 1970). 
However, 5-HT or 5-HIAA content in PD brain after LD treatment has been 
reported to be depleted (RIEDERER 1980) or else unchanged (RINNE et al. 
1974). Studies of CSF 5-HIAA have suggested a correlation between LD ef­
fects on 5-HT metabolism and the occurrence of involuntary movements. As 
compared with nondyskinetic parkinsonian patients receiving LD, a signifi­
cantly higher ratio of HVA to 5-HIAA was found in CSF of dyskinetic sub­
jects (FRIEDMAN 1985 a). 

LD has influences on the disposition and metabolism of other amino ac­
ids. Acutely after LD administration, a rise in CSF content of tyrosine and 
phenylalanine occurs (GRUNDIG et al. 1969). Elevations of CSF leucine, va­
line, and arginine levels also have been reported during chronic LD therapy in 
humans (KREMZNER et al. 1974). Use of LD partially inhibits the incorpora­
tion into rat brain of labeled lysine (ROEL et al. 1978) and leucine (KING and 
BEESLEY 1978). However, overall protein synthesis is not inhibited by LD 
treatment in the rat, though DA has been reported to cause massive disrup­
tion of polyribosome aggregation in the brain (WEISS et al. 1972; ROEL et al. 
1978). RNA content, decreased in the untreated PD brain, is found in LD­
treated patients to be elevated to control levels (RINNE et al. 1974). 

LD intake produces alterations in GABA metabolism (BARBEAU 1972), as 
judged from brain glutamate dehydrogenase activity, which, though signifi­
cantly decreased in the PD brain, is elevated somewhat in response to LD 
therapy (RINNE et al. 1974). In the rat, administration of LD acutely elevated 
nigral GABA, though this effect was lost with chronic treatment. Glutamate 
decarboxylase activity was also decreased in the substantia nigra, though not 
in the striatum (LLOYD and HORNYKIEWICZ 1973, 1977). LD therapy also in­
creased striatal acetylcholine levels in the guinea pig brain (BEANI et al. 1966). 
As a result of enhanced utilization of S-adenosylmethionine for LD metabo­
lism, decreased levels of pyridoxyl phosphate may result from sustained LD 
use (WURTMAN and ROMERO 1972), though without known consequences. 
Studies in parkinsonian patients receiving LD have shown that chronic LD 
treatment resulted in increased capacity of erythrocytes to synthesize pyri­
doxyl-5-phosphate (MARS 1975). 

Acutely, antiparkinsonian doses of LD produce no change (MELAMED et 
al. 1978) or else regional increases in cerebral blood flow in humans (LEEN­
DERS et al. 1985). Most likely, the latter observation represented a primary va­
so dilating response. These studies showed no evidence of an associated rise in 
glucose utilization, nor any correlation between increased flow and antiparkin­
son ian effect from the administered LD. However, after LD administration to 
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rats, regional carbohydrate metabolism was increased significantly (enhanced 
glucose oxidation and diminished rate of glycogen formation) in the striatum 
and hippocampus, but not at other brain sites (BARASH et al. 1985). Metabolic 
studies in humans have shown no effects of LD on systemic carbohydrate me­
tabolism (ROSATI et al. 1976), though it has a kaliuretic effect (GRANERUS et 
al. 1977). 

The effects of LD on peripheral muscle physiology include the depression 
of tension and degree of tetanic contraction fusion in the cat soleus. These ef­
fects appear to be mediated via catecholamine synthesis, as both can be anta­
gonized by blocking decarboxylation or P2-receptors (BOWMAN and Non 
1978). 

As judged from endocrine responses to thyrotropin-releasing hormone, 
chronic LD therapy in parkin~onian patients does not lead to hypothyroidism, 
and only a minimal attenuation was found in the stimulation of prolactin in 
women (LAVIN et al. 1981). Hypothalamic growth hormone-releasing factor is 
stimulated by LD (CHIHARA et al. 1986). With conventional LD therapy, 
plasma growth hormone was reported to be stimulated by each dose of LD on 
a continuing basis (SIRTORI et al. 1972), though baseline levels orresponses to LD 
stimulation are not altered by chronic therapy (GALEA-DEBONO et al. 1977). 
Other effects of chronic LD therapy include a decrease in glucose tolerance 
and an exaggerated insulin test response (SIRTORI et al. 1972). 

While the existence or nature of abnormalities in EEG and evoked re­
sponses in PD has continued to be somewhat controversial (DINNER et al. 
1985), some studies have shown a prominent influence of LD therapy on 
these measures. The conventional EEG undergoes no significant alteration 
when PD patients are started on LD (YAAR 1977). However, spectral analysis 
Df the EEG power density showed significant effects from LD in 25 patients 
studied before and after the start of medication; there was an increase of 
power in all clinically relevant bands, especially in the region of the left occip­
itallobe (yAAR and SHAPIRO 1983). In one report, LD therapy in PD patients 
resulted acutely in increased latencies of flash and pattern reversal visual 
evoked responses (Co SCI et al. 1984). MINTZ et al. (1982) found that the ampli­
tude of visual evoked responses was reduced over the hemisphere contrala­
teral to parkinsonian features in hemisymptomatic patients. Sustained the­
rapy with LD reversed this lateralized asymmetry. Human visual contrast 
sensitivity improved with dopaminergic therapy, potentially at the retina as 
well as on a central basis (DOMENICI et al. 1985). 

E. Pharmacodynamics of Levodopa Therapy 

The sustained use of LD is associated with a number of pharmacodynamic ef­
fects which may have an important bearing on its clinical use. A decrease in 
postsynaptic function (owing to decreased striatal DA receptors) has been im­
plicated as a major factor to explain declining LD efficacy. Whether this oc­
curs as a manifestation of worsening PD or as a result of therapy has been 
controversial. As for the lesioned nigrostriatal DA system in the rat, the drop-
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out of nigrostriatal neurons in the PD brain is associated with the develop­
ment of a supersensitive receptor state (LEE et al. 1978). In the striatum of un­
treated PD patients, measures of DA binding showed that this supersensitive 
state was not decreased as a function of either age or the duration of PD 
(GUTIMAN et al. 1986). However, the possible interactions between parkinson­
ism and dopaminergic therapy on the maintenance of receptor responsiveness 
have made interpretation of the currently available data a difficult matter. The 
effects in animals of sustained LD treatment have been used to explore the 
effects of therapy in both intact and dopaminergically denervated striatum. 
With continuous use (12 weeks) in guinea pigs, LD treatment lost the beha­
vioral effects observed acutely (CARVEY et al. 1982). Furthermore, in asso­
ciation with decrease in striatal DA content, chronic LD therapy in the guinea 
pig resulted in a lessening of stereotypies after acute dopaminergic challenges 
with apomorphine (PAUL SETH et al. 1984). These neurochemical-behavioral 
correlations are typical of many animal studies which have found evidence for 
a "downregulation" of dopaminergic functions after continuous LD use. No 
changes in the affinity of PH] spiroperidol binding sites (a correlate of post­
synaptic Dz receptors) resulted from LD treatment in some studies in rodents 
and in humans (PONZIO et al. 1984; GUTIMAN et al. 1986), but other investiga­
tions with sustained LD regimens in rodents have shown decreased striatal 
PH] spiroperidol binding (FRIEDHOFF et al. 1977; MISHRA et al. 1978; LIST and 
SEEMAN 1979; RECHES et al. 1984; PONZIO et al. 1984). In other reports, there 
was no effect (SUGA 1980; JACKSON et al. 1983) or an increase in receptor bind­
ing from sustained LD use (PYCOCK et al. 1982; WILNER et al. 1980). The dif­
ferences in experimental technique, species, and data analysis may account 
for the disparate conclusions. 

After nigrostriatal dopaminergic lesioning in rats, the resulting increased 
density of striatal PH] spiroperidol binding sites (indicating postsynaptic super­
sensitivity) was attenuated significantly by sustained LD treatment, though si­
milar receptor changes did not occur for unlesioned controls (SCHNEIDER et al. 
1984). Chronic LD regimens may (JACKsoN et al. 1983) or may not (RECHES et 
al. 1984) have an influence on the development of presynaptic DA receptor 
supersensitivity (which can have autoreceptor roles in DA synthesis and re­
lease). Repeated use of LD may differentially affect other subtypes of DA re­
ceptor. In nigrostriatally lesioned rats, sustained LD treatment enhanced re­
ceptor-mediated functions at DJ (adenylate cyclase-linked) receptors, though 
the number of PH] spiroperidol binding sites (primarily Dz-type DA receptors) 
were decreased (PARENTI et al. 1986). 

The implications ofLD-induced changes on receptor functions can be com­
plicated by other less understood neurochemical or pharmacodynamic effects 
to sustained -LD treatment. For example, short periods of LD treatment in 
mice can result in evidence of dopaminergic receptor supersensitivity or sub­
sensitivity, depending on the length of delay after discontinuation of LD treat­
ment (BAILEY et al. 1979). A 6-month period of continuous LD administration 
to rats (which increased PH] spiroperidol binding) was also characterized by 
an increase in amphetamine-induced stereotypy, decreased cataleptic potency 
of challenges with neuroleptic drugs, and enhanced striatal content of LD and 
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DA as compared with shorter periods of treatment (PvCOCK et al. 1982). Even 
in the absence of any changes in the properties of striatal DA receptor bind­
ing, repeated administration of LD to rats alters some of the dose-dependent 
behavioral effects of dopaminergic challenge (HALL et al. 1984). It is unlikely 
that changes in DA receptor function occur as direct consequences of DA me­
tabolism, since quantitative autoradiography with PH] spiroperidol is essen­
tially unaltered in rat striatal tissue exposed to high concentrations of LD or 
DA metabolites (HVA, DOPAC, 3-0-MD, and 3-methoxytyramine) (WOOTEN 
and FERRARI 1983). 

The interpretation of DA receptor effects from chronic LD therapy in hu­
mans is further complicated by the influence of progression in the underlying 
PD. Some reports have concluded that an increase of striatal binding sites found 
in the nigrostriatal dopaminergically lesioned animal did not occur in the PD 
brain after chronic LD therapy (LEE et al. 1978; RINNE et al. 1980a). Other in­
vestigations showed two patterns of change in striatal DA receptor after LD 
treatment: either a decrease or normal numbers, but not the increase found in 
brains of some PD patients not treated with LD (RINNE et al. 1980c). As com­
pared with LD-untreated patients, LD use apparently reversed the tendency 
for an elevated density of D2-type receptors in the striatum as a consequence 
of denervation (GUTfMAN and SEEMAN 1985). However, further studies indi­
cated that the decrease of striatal DA binding sites was not correlated with du­
ration of PD or its treatment with LD (GUTfMAN et al. 1986). 

F. Mechanism of Action of Levodopa in Parkinsonism 

There is extensive evidence that replacement of DA constitutes the primary 
antiparkinsonian effect of LD. LD therapy resulted in nearly normal DA stria­
tal content in the PD brain for as long as 9-h after the last dose (LLOYD et al. 
1975; RINNE et al. 1979). While DA initiates a number of neurochemical and 
neuroendocrine effects within the CNS (such as the stimulation of growth hor­
mone; SIRTORI et al. 1972; GALEA-DEBONO et al. 1977), there is no evidence 
that this hormonal effect, nor any other DA-initiated metabolic actions, have 
an additional role in mediating an antiparkinsonian effect. 

The pharmacologic model for antiparkinsonian action calls for sufficient 
LD to undergo decarboxylation to replace adequate DA for receptor stimula­
tion. Experimental animal models of neostriatallesions have helped to ex­
plore the effects of LD in the face of extensive presynaptic destruction of DA­
containing projections. Even with almost complete destruction of these 
pathways, systemically administered LD can restore physiologically active le­
vels of DA in the striatum (POIRIER et al. 1967). Studies in the rabbit striatum 
with unilateral dopaminergic denervation by 6-hydroxydopamine showed that 
the synthesis of DA on the side ipsilateral to the lesion was less than on the 
intact side, though DA production occurred rapidly and levels remained ele­
vated for 2-h. Though the amount of DA produced on the lesioned side is less, 
the percentage increase in DA content was greater (DOLLER and CONNER 
1980). With a ventromedial tegmental lesion (interrupting nigrostriatal projec-
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tions) in the cat brain, there was an inverse relationship between the severity 
of the lesion and the ability of the caudate to synthesize DA after administra­
tion of exogenous LD (LLOYD et al. 1980). 

Sustained administration of LD to the rabbit resulted in the appearance of 
DA at extrastriatal brain sites normally with very low DA content (DOLLER 
and CONNER 1980). However, studies with autopsied parkinsonian brain after 
chronic LD treatment have shown elevated DA content only in the neostria­
tum (RINNE et al. 1974), though high levels of LD, HVA, and 3-0-MD were 
present throughout the brain (DAVIDSON et al. 1971; RINNE et al. 1971). LD 
can be symptomatically quite effective, even when resultant DA content in 
the striatum was substantially below normal values (Y AHR et al. 1972). In one 
study, a favorable response to LD was associated with a greater rise of neostri­
atal DA than for subjects with a smaller increase (LLOYD et al. 1975). In an­
other report, however, striatal HV A concentration and degree of clinical re­
sponse were not correlated (RINNE et al. 1974). 

Animal studies have also helped to confirm that the antiparkinsonian ef­
fect of LD in the striatum results from conversion to DA (LLOYD 1977; LLOYD 
et al. 1980; MELAMED et al. 1981; HORNYKIEWICZ 1970, 1979). When a cen­
trally acting inhibitor of LD decarboxylation is given with LD, the antiakin­
etic effect of intrastriatally injected LD was abolished (MELAMED et al. 1984). 
Similar results have come from using the peripheral DCI benserazide (BZ) in 
excessively high dosage (resulting in entrance of BZ into the brain and 
thereby lessening the antibradykinetic response to LD; GOODALE and MOORE 
1976). 

However, the production of DA from LD and a concomitant anti-akinetic 
response does not prove that all of the anti parkinsonian effect of LD results 
from replacement of the neurotransmitter. It may be that the supersensitivity 
response of postsynaptic receptors may be in some way vital for the continu­
ing effectiveness of LD (AGNATI and FUXE 1980). Other metabolic products of 
LD therapy have been proposed to interact with it or add to its effectiveness 
(SOURKES 1970, 1971; SANDLER 1971). The clinical experience of using LD in 
parkinsonism has led to questions as to whether, in addition to DA, there 
might be substances long-lived enough to account for the sustained effect of 
LD, sometimes lasting for days after discontinuation (Y AHR et al. 1969). The 
rapid turnover of DA would make it unlikely that even sequestered DA could 
be solely responsible, particularly in the context of the severe nigrostriatalle­
sion in PD. For example, with rats ipsilaterally lesioned in the substantia 
nigra, the turning behavior induced by acute LD challenge persisted for much 
longer after the rise and return to baseline of striatal DA (SPENCER and 
WOOTEN 1984b). Furthemore, DA turnover resulting from LD dosing in the 
intact rat striatum lasted for approximately 3-h, but was attenuated signifi­
cantly in magnitude and duration in the dopaminergically denervated stria­
tum (SPENCER and WOOTEN 1984a). Similar observations have been made with 
positron emission tomography in parkinsonian patients and normal controls 
given 18F-Iabeled LD (LEENDERS et al. 1986). The rise in striatal tracer, last­
ing for 240 min in controls, continued for only 100 min in the parkinsonian 
patients. This suggested a decreased ability to store the tracer (presumably as 
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fluorodopamine). Studies in rabbit striatum suggested that DA derived from 
infusion of LD was incorporated into a rapid turnover intracellular "func­
tional" pool, rather than a storage compartment (DOLLER and CONNER 1980). 
Newly synthesized DA achieved a steady state level in the rabbit striatum af­
ter 1-h, with a tissue half-life ofless than 15 min. As alternatives to kinetically 
distinct compartments, other mechanisms have also been suggested for the bi­
phasic pattern of decay in DA content (PADEN 1979). 

In addition to the products of conventional monoamine metabolism, rela­
tively minor metabolic products or chemical species from nonenzymatic con­
densation reactions with DA may result. Particularly in the setting of supra­
physiologic intracellular content of LD, these by-products of therapy could 
conceivably accumulate and exert actions contributory to either the therapeu­
tic or adverse effects of DA (SOURKES 1971; SANDLER et al. 1973; DOUGAN et 
al. 1975; O'LEARY and BAUGHN 1975 COSCIA et al. 1977). For example, reac­
tions between DA and aldehydes generated by alcohol dehydrogenase yield 
Pictet-Spengler condensation products such as salsolinol, tetrahydropapavero­
line, and norlaudansoline carboxylic acids in the urine of patients treated 
with LD (with or without DCI) (SOURKES 1971; SANDLER et al. 1973; COSCIA et 
al. 1977). Further metabolism of tetrahydropapaveroline to compounds shar­
ing structural and, possibly, pharmacologic similarities with the dopaminergic 
agonist apomorphine has been proposed (SOURKES 1971). While conventional 
catecholamine metabolites do not appear to affect DA receptor binding 
(WOOTEN and FERRARI 1983), studies of rodents given large loads of LD have 
suggested the production of novel metabolic species which can interfere with 
DA metabolism (EL GEMAYEL et al. 1986). For example, tetrahydroisoquino­
lines derived from catecholamines may be inhibitory to tyrosine hydroxylase 
(WEINER and COLLINS 1978). 3,4-Dihydroxyphenylacetaldehyde, a relatively 
minor metabolite of LD decarboxylation, inhibits AAAD and could conceiv­
ably have a regulatory effect on the conversion of LD to DA [O'LEARY and 
BAUGHN 1975). Although no roles for the other metabolites have been esta­
blished, by-products of LD metabolism might have interactions with DA re­
ceptors or other systems that could help to explain some poorly understood 
clinical phenomena, such as the delay in developing optimal effect after in­
itiation of therapy, or the gradual decline of antiparkinsonian benefit days af­
ter abrupt discontinuation of LD. 

As discussed already, 3-0-MD is produced in substantial quantities dur­
ing LD therapy and has been found throughout the brain (DAVIDSON et al. 
1971). It has been suspected of interfering with LD therapy because of its 
high levels and prolonged pharmacokinetic profile. However, 3-0-MD has 
no direct effects on catecholamine turnover (GERVAS et al. 1983). When in­
jected intrastriatally in rats with lesioned nigral neurons, 3-0-MD (like the 
DA metabolites DOPAC and HV A) exerts no dopaminergic effects (MELAMED 
et al. 1984). Though 3-0-MD was initially suspected to be a source for regene­
rating LD (BARTHOLINI et al. 1972), no evidence for this has come from animal 
(RECHES and FAHN 1984) or human experiments with 3-0-MD administration 
(MUENTER et al. 1973; KREMZNER et al. 1974). 



The Pharmacology of Levodopa in Treatment of Parkinson's Disease 347 

While the synthesizing capacity for nigrostriatal DA is generally not com­
pletely absent in PD, it has been uncertain whether those remaining elements 
of a severely degenerated dopaminergic nigrostriatal system are capable of 
adequate DA production to account for the clinical efficacy of LD (LLOYD et 
al. 1973). Initially, it was hypothesized that surviving nigrostriatal DA neu­
rons might be able to increase their neurotransmitter output. Increased ratios 
of HVA to DA in the untreated PD brain supported the concept of an en­
hanced DA turnover in each remaining neuron (HORNYKIEWICZ 1981). Rodent 
models using 6-hydroxydopamine to produce partial lesions of the nigrostria­
tal projections (AGID et al. 1973; HEFTI et al. 1980) demonstrated increased 
turnover of DA among the remaining neurons. Could this compensation be 
present in the parkinsonian brain to permit enhanced decarboxylation of ex­
ogenous LD as well? In 6-hydroxydopamine-lesioned rat striatum, it was pos­
sible to show substantial conversion of exogenous LD to DA (MELAMED et al. 
1980a, b). However, other evidence is lacking that the nigrostriatal dopamin­
ergic neurons are by themselves capable of a major increase in DA production 
and release (BUNNEY et al. 1973). Intact nigrostriatal DA neurons may be in­
capable of a substantial increase in their net output of DA, even with altera­
tions of neuronal impulse flow and the provision of exogenous LD (MELAMED 
and HEFTI 1984). Hence, it may be that the recovery of function with LD is 
not entirely mediated through the surviving DA neurons (HEFTI et al. 1981 b). 
Even with complete loss of the dopaminergic system, it appears that nondo­
paminergic neurons with decarboxylase activity are capable of acting on LD 
to restore DA levels in the striatum. 

Since a significant portion of decarboxylase activity resides in other than 
dopaminergic striatal systems, it has been proposed that decarboxylation of 
LD could occur with serotonin-generating neurons or in the striatal microvas­
culature (MELAMED et al. 1980c). However, studies with selectively lesioned 
striatal serotonergic neurons amid previously lesioned dopaminergic nigrostri­
atal pathways have shown that serotonergic neurons are not needed for gen­
erating DA from LD (MELAMED et al. 1980a). Similarly, the decarboxylation 
occurring in capillary walls is not likely to contribute to functional striatal DA 
synthesis (MELAMED et al. 1980c), as this process is outside the blood-brain 
barrier and subject to DCI action. Substantial decarboxylase activity in non­
aminergic striatal interneurons or efferent neurons with proximity to postsyn­
aptic DA receptors has been hypothesized as the means by which functional 
DA neurotransmission is restored (MELAMED et al. 1980b). Much more needs 
to be learned of the metabolic and regulatory properties of striatal LD metabo­
lism, particularly if it is confirmed that the surviving DA neurons are not fully 
responsible for LD responsiveness. 

One question relevant to the long-term problems associated with LD ther­
apy is whether sustained use of LD affects its own utilization peripherally or 
in the CNS. There has been some experimental evidence in support of this 
from animal studies by MELAMED et al. (1983). Repeated doses ofLD to intact 
and dopaminergically lesioned rats resulted in elevations of striatal DA that 
were smaller and of shorter duration at 31 days than after 10 days of treat­
ment. However, PONZIO et al. (1984) found no change in striatal levels of DA 
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or its metabolite 3-methoxytyramine after sustained LD treatment in the rat. 
In guinea pigs, continued treatment for 12 weeks with LD resulted in less ac­
cumulation of LD in plasma and a reduction in LD-induced behavioral ef­
fects from the same daily LD dose (CARVEY et al. 1982). Further study is 
needed to learn if potentially modifiable changes in the metabolism of LD 
over time explain the declining efficacy or fluctuations associated with this 
drug. 

G. Levodopa Preparations 

I. Decarboxylase Inhibitors 

LD is de carboxylated irreversibly by L-aromatic amino acid decarboxylase 
(AAAD), an enzymatic moiety found throughout the body in the vascular en­
dothelium and also situated in gut wall, pancreas, kidney, liver, and brain. In 
the latter site, regional concentration is highest in the striatum (BOUCHARD 
et al. 1981). Continuing activity of AAAD is vital to the sustained effectiveness 
of LD: the small amount of nonenzymatic decarboxylation that occurs in the 
brain (SANDLER 1971) is inadequate for the demands of DA synthesis. In the 
PD brain, the extent to which striatal AAAD activity is preserved has been dif­
ficult to study, though decarboxylase activity has been reported to be reduced 
to approximately 10 % of normal (MARSDEN 1975; LLOYD et al. 1973). 

Pyridoxyl-5-phosphate serves as cofactor for AAAD, and increased levels 
enhance enzyme activity. The clinical importance of the pyridoxine (vitamin 
B6) effect is underscored by studies showing the attenuation of LD benefits by 
exogenously administered pyridoxine (YAHR and DUVOISIN 1972; MARS 1974). 
Presumably, the increased levels of the vitamin "drive" the activity of peri­
pheral AAAD, increasing the extracerebral conversion of LD to DA, and re­
sulting in less LD delivery to the brain. AAAD activity is not thought to be a 
rate-limiting step for "physiologic" DA synthesis in the CNS. However, there 
has been evidence from parkinsonian therapeutics to suggest that supplemen­
tary pyridoxine given to patients with peripheral AAAD blockade can en­
hance clinical responsiveness to LD, possibly by increasing the activity of cen­
tral decarboxylation (DUVOISIN 1973). 

Because the majority of LD undergoes peripheral decarboxylation when 
given as a monotherapy, dosage requirements to permit adequate quantities to 
enter the CNS are generally in excess of 3 days. The abundant systemic AAAD 
activity ensures that much of orally adminstered LD will undergo conversion 
to DA peripherally before reaching the brain, including sites where adverse ef­
fects are initiated. Two hydrazine derivatives highly effective at inhibition of 
AAAD, carbidopa (CD) (MK-486, Lodosyn) and benserazide (BZ) (Ro 
4-4602), were introduced to clinical practice in the early 1970s (PINDER et al. 
1976; YAHR 1973; PLETSCHER 1973; MARSDEN et al. 1974a; PAPAVASILIOU et al. 
1972). These drugs have had a major impact on LD therapy, which became 
much better tolerated and safer, owing to their ability to reduce or eliminate 
LD-induced adverse effects such as nausea, vomiting, and hypotension. Al-
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though all of these effects can also occur on a central basis, the restriction of 
peripheral LD conversion to DA takes away a major component of LD-in­
itiated adverse reactions, and so has permitted the use of more efficacious and 
rapidly built up LD doses in clinical practice. The strategy of combining DCI 
with LD appears to be of greater clinical utility than that achieved from a 
comparable LD dose combined with a peripheral dopamine receptor antagon­
ist, domperidone (capable of blocking most peripheral dopaminergic effects) 
(LANGDON et al. 1986). 

LD-DCI combinations have been shown to be considerably more effective 
than LD alone. In one study in which the results of adding 200 mg CD daily 
were compared with results with an optimized amount of LD alone, a similar 
degree of improvement was initially achieved. However, follow-up 1 year later 
found the CD-LD regimen to result in 56 % "good" and 13 % "poor" responses, 
as compared with 33 % "good" and 28 % "poor" responses in the group receiv­
ing an LD-placebo regimen (MARSDEN et al. 1974 b). While the potentiation 
of LD effect is approximately three- or four-fold for antiparkinsonian control, 
the increase of antidepressant action from LD can be substantially more when 
a DCI is added (DUNNER et al. 1971). 

Apart from facilitating the use of LD, there has been only inconsistent evi­
dence that therapy with DCI prolongs LD plasma half-life (DUNNER et al. 
1971; DOLLER et al. 1978; RINNE et al. 1973 b). Most studies have found no in­
crease in duration of LD clinical effect (FAHN 1974), permeability into the 
brain (FRIIS et al. 1981), or antiparkinsonian potency. Nor is there evidence 
that DCI alters the essentials of LD metabolism other than by taking away the 
peripheral decarboxylation component of systemic metabolism. One report in­
dicated that DCI cotherapy reduced the marked variability in achieving peak 
LD levels (TYCE et al. 1970). DCI therapy has been reported to increase the 
production of transaminated metabolites (SANDLER et al. 1974 a), and decrease 
HV A and DOPAC production after LD treatment (BIANCHINE et al. 1972). The 
coadministration of BZ or CD with LD leads to decreased content of HV A in 
CSF, as compared with the effects of LD alone (RINNE et al. 1973 a). Also, the 
ratio of LD to DA increases in the CSF of parkinsonian patients after DCI is 
added to LD therapy (PAPAVASILIOU et al. 1973). Some investigations have 
shown that DCI therapy improves the bioavailability of LD (TISSOT et al. 
1969) by prolonging both the distribution and elimination phases of LD phar­
macokinetics (NUTT et al. 1985). 

As will be discussed later, most studies indicate that it is the total daily in­
take of the DCI rather than its ratio to LD content which influences the anti­
parkinsonian effectiveness of a dose of LD plus DCI. One report claims that 
administering the DCI prior to giving LD may enhance LD effect to a greater 
extent than with simultaneous administration (McLELLAN and DEAN 1982), 
but for most situations, coadministration of DCI with LD is adequate. Both 
CD and BZ are marketed as fixed-ratio products with LD (CD can be obtained 
as a separate product from its manufacturer in the United States, Merck 
Sharp & Dohme, for supplementation purposes). 

CD and BZ behave as pseudoirreversible inhibitors of AAAD (DA PRADA 
1984; PORTER 1973). Both are highly effective at limiting peripheral decarbo-
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xylation, but their inhibitory effects are not complete. Studies in rats with a 
series of irreversible AAAD inhibitors were carried out for comparison to the 
effects of CD, and showed increased potency in increasing the plasma half-life 
and bioavailability of LD (HUEBERT et al. 1983). These studies indicated that, 
even with more effective peripheral inhibition of AAAD, the practical limits 
to increasing LD availability to the brain are probably not complete decarbo­
xylase inhibition, but rather the pathways for peripheral LD metabolism. 

Another compound with DCI properties in humans is a-methyldopa 
(AMD). Though relatively weak as a DCI (BARTHOLINI and PLETSCHER 1975), 
it is effective enough to increase central dopaminergic action with LD therapy 
and to reverse pyridoxine-induced antagonism of LD effect. AMD also has 
been suspected of having a direct or indirect effect on enhancing central LD 
decarboxylation (FERMAGLICH 1973). 

Both BZ and CD are largely excluded from the brain on the basis of their 
lipid/water partition coefficients (CLARK et al. 1973). CD and BZ (the latter 
metabolized in vivo to its presumed active species, trihydroxybenzylhydra­
zine) are potent at inhibition of enzymatic as well as nonenzymatic compo­
nents of systemic decarboxylation (VOGEL et al. 1972). In addition, BZ inhi­
bits microbial metabolism of LD in the gut via aromatic dehydroxylation 
(BAAKE and SCHELINE 1974). CD and BZ lack the MAO inhibitory activity 
present in other hydrazine derivatives. Only in high dosage does the weak af­
finity of CD and BZ for pyridoxine-metabolizing enzymes result in significant 
antagonism and a pyridoxine deficiency state (PORTER 1973). However, this 
has not been found from the use of conventional doses in patients receiving 
chronic therapy (YAHR and DUVOISIN 1975). One advantage conferred by use 
of DCI and LD therapy is that there is no loss of therapeutic effectiveness if 
patients receive pyridoxine (KLAWANS et al. 1971), in contrast to the situation 
with LD alone (DUVOISIN et al. 1969). By inhibiting kynurenine hydroxylase, 
both CD and BZ can potentially cause a relative deficiency of niacin (BENDER 
et al. 1979). 

CD and BZ are rapidly, though variably, absorbed from the gut: 40 %-70 % 
of an oral dose of CD (VICKERS et al. 1975), and 66 %-74 % for BZ (SCHWARTZ 
et al. 1974). For both, plasma half-lives are approximately 2-3 h, with peak le­
vels in plasma attained within 1-h (PINDER et al. 1976). With CD and BZ, the 
parent drug is rapidly excreted, after which urinary metabolites appear (which 
are well characterized for CD, but not for BZ; SCHWARTZ et al. 1974). 

Therapy with DCI such as CD thus limits the quantity of peripherally ge­
nerated DA, enhancing bioavailability by increased gut absorption and de­
creased first-pass metabolism in liver and kidney. The facilitative effects per­
mit LD dose reduction in clinical use to approximately 25 % of the 
comparably effective LD dose. With DCI, the rate and extent of LD absorp­
tion in normal subjects is the same at several sites in the upper small intestine 
(GUNDERT-REMY et al. 1983). 

While some studies have concluded that as little as 75 mg/day CD in di­
vided doses achieves the major clinical benefits of DCI (JAFFE 1973; CHASE 
and WATANABE 1972), other reports found improvement increased from larger 
doses. For example, HOEHN (1980) found that increasing the mean CD dose 
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from 60 to 120-180 mg/day led to improved control of parkinsonism. In a 
multicenter open-label evaluation, increasing the mean daily intake of CD 
from 55.8 to 141 mg/day (with no change of LD dose) resulted in small but 
statistically significant group improvements for some cardinal features of par­
kinsonism (NIBBELINK et al. 1981). Similar claims were made for further im­
provement from a fixed LD dose used with increase of CD from 100 to 
200 mg/day (TOURTELLOITE et al. 1980). In contrast, other studies showed no 
further decrease of optimal daily LD intake from a CD dose of more than 
75 mg/day (JAFFE 1973; PREZIOSI et al. 1972; CHASE and WATANABE 1972), 
160 mg/day (PINDER et al. 1976), 2.5 mg/per kilogram body weight per dose 
(WARD et al. 1984), or increasing from a mean dose of 145 to 290 mg/day 
(CEDARBAUM et al. 1986 a). 

With switch from a fixed 10-100 to a 25-100mg CD-LD preparation, 
fewer gastrointestinal disturbances, dyskinesias, and psychiatric side effects 
were reported (HOEHN 1980; NIBBELINK et al. 1981; BERMEJO PAREJA et al. 
1985). The maximally effective dose of BZ has not undergone as extensive 
study as that of CD, but the optimal dose is likely no greater than 125 mg/day 
(TIS SOT et al. 1974). The results of doubling CD intake from an average of 145 
to 290 mg/day include altered pharmacokinetics of oral LD such that peak 
plasma concentration occurred earlier for three of five subjects, and reached 
values approximately 44 % greater (CEDARBAUM et al. 1986 a). The mean in­
crease for the area under the curve of LD concentration (a measure of LD bio­
availability) was 27 % with a mean daily LD dose of 1450 mg. The clinical ef­
fects of increased CD dosage included no prolongation of LD effect nor 
improvement in clinical fluctuations, as reported in other studies as well (PIN­
DER et al. 1976). When studied in the context of LD infusion, oral CD de­
creased by one-half the rate of drug delivery (but not the plasma LD level) 
needed for antiparkinsonian effect (Nurr et al. 1985). In some studies, only 
modest improvement in clinical effect came from increase of CD dose, though 
it resulted in increased blood levels of LD (BERMEJO PAREJA et al. 1985). The 
increased CD dose also elevated plasma levels of 3-0-MD and tryptophan in 
proportion to administered dose, thereby generating substances that can com­
pete with the uptake of LD into the brain. 

To evaluate the possibility that exposure to the large doses of LD and DCI 
routinely used in chronic therapy might alter systemic AAAD activity, mea­
surements of decarboxylation were carried in chronically treated and un­
treated parkinsonian patients, and in normal controls (WARD et al. 1984). The 
technique involved measurement of expired radiolabeled CO2 derived from 
1-[14C] LD. No difference was found among the three groups tested, suggesting 
that total body decarboxylation does not change under the chronic influence 
of LD-CD therapy. Furthermore, this study demonstrated that 10 %-15 % of 
administered LD is decarboxylated within 3 h (either from residual AAAD or 
nonenzymatic decarboxylase activity when maximal systemic doses of DCI 
are used). 

The joint location of active transport mechanisms for neutral amino acids 
and AAAD activity within cerebral capillary endothelium (OWMAN and Ro­
SENGREN 1967) and choroid plexus (LINDVALL et al. 1980) has raised the pos-
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sibility that inhibition of decarboxylase activity might alter LD transport ac­
ross the blood-brain barrier (HARDEBO and OWMAN 1980). Studies in rodents 
have estimated the enzymatic capacity of the cerebral capillary endothelium 
for decarboxylating LD to be approximately 3 % of the total systemic activity 
(HARDEBO et al. 1977). Since the site of LD conversion to DA for striatal ac­
tion is not the cerebral capillary endothelium (MELAMED et al. 1980c), AAAD 
in capillary endothelium could conceivably divert some LD from transluminal 
transport into the striatum. However, the use of CD in doses exceeding those 
needed for maximal systemic decarboxylase inhibition (PINDER et al. 1976; 
WARD et al. 1984) did not alter the antiparkinsonian plasma levodopa concen­
trations (during long LD infusions) at steady state conditions (Nurr et al. 
1984). These findings have confirmed that AAAD activity is not linked to the 
influx mechanism for LD. 

Whether there is a difference between the clinical effectiveness of CD and 
that of BZ has been evaluated in a crossover study comparing 12-week treat­
ment periods of CD-LD and BZ-LD, with similar dosage schedules resulting 
in roughly equivalent plasma LD levels (RINNE and MOLSA 1979). Although 
there were no significant differences in the improvement of parkinsonian 
symptoms and overall disability, nausea and vomiting occurred more often 
with the CD-LD preparation (25-250 mg) than with BZ-LD (25-250 mg). 
Comparison between equivalent regimens of CD and BZ with LD showed evi­
dence of greater peripheral DA formation with CD, as shown by a larger ratio 
of plasma DA to LD (LIEBERMAN et al. 1978). Other evaluations of the two 
DCls (DA PRADA 1984; KORTEN et al. 1975; GREENACRE et al. 1976; PAKKEN­
BERG et al. 1976; DIAMOND et al. 1978; LIEBERMAN et al. 1978) found compar­
able beneficial effect with preparations of BZ-LD (1:4) and CD-LD (1:10), 
though there were some differences in adverse effect profiles. In one study 
with elderly parkinsonian patients, comparable doses of BZ were associated 
with better clinical outcomes that those achieved with CD (ADMANI et al. 
1985). Although pharmacokinetic studies are needed for confirmation, clini­
cal experience with parkinsonian patients who showed fluctuations suggested 
that combining BZ with CD resulted, in some instances, in improvements of 
parkinsonian control compared with CD alone (LIEBERMAN et al. 1984). 

It has been suggested that the use of DCls may add to the risk of compli­
cations related to chronic use of LD, such as on-off syndrome and dyskine­
sias. One study (DE JONG and MEERWALDT 1984), which compared regimes of 
LD approximately equivalent in clinical effect, concluded that the DCI­
treated group experienced more problems associated with long-term LD the­
rapy (such as dyskinesia and wearing-oft). 

II. Sustained-Release Forms 

Sustained-release forms of LD with DCI have proven to be a difficult chal­
lenge for pharmaceutical development. The "brittle" parkinsonian patient has 
had a continuing need for a controlled drug delivery product, particularly with 
the difficulties in maintaining constant effect imposed by the distribution, 
transport, and metabolism of LD. For many patients with advanced parkin-
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son ism and enhanced sensitivity to small changes of plasma LD concentra­
tion, the pharmacokinetic profile of gastrointestinal absorption and transfer to 
the CNS become critical factors for maintaining optimal effect. This has been 
illustrated by the improvements in fluctuations gained for patients from intra­
venous delivery of LD (SHOULSON et al. 1975; Nurr et al. 1984; HARDIE et al. 
1984; QUINN et al. 1984). The search for preparations of LD with more uni­
form effect (achieved by less peak rise or drop in plasma level) began more 
than 10 years ago. Initially, enteric-coated forms were tried (SANDLER et al. 
1974 b). Although some patients improved (LAITINEN 1973; SAARINEN et 
al. 1978; GILLIGAN and HANCOCK 1975; GILLIGAN et al. 1979), other experi­
ence was largely unsuccessful because absorption tended to be delayed and 
incomplete (ECKSTEIN et al. 1973; RINNE et al. 1973 b; CURZON et al. 1973; 
WOODS et al. 1973), as confirmed by pharmacokinetic studies (MORRIS et al. 
1976). Further attempts in this direction have continued (NISHIMURA et al. 
1984). 

More recent developments have involved trials with four different oral 
controlled-release forms ofCD-LD (Sinemet CR-1 through CR-4) (HurrON et 
al. 1984; JUNCOS et al. 1986; GOETZ et al. 1986; CEDARBAUM et al. 1986b) and 
BZ-LD (Madopar HBS) (MARSDEN et al. 1987). With equivalent LD content, 
the CR-1 form proved to be less effective than conventional CD-LD (Sinemet 
25/100). Both Sinemet CR-2 (with an erodible matrix) and CR-3 (with a po­
lymeric non erodible matrix) had increased mean plasma LD levels 4 and 8 h 
after dose, as well as more delayed and smaller peak values than the standard 
CD-LD preparation (HurroN et al. 1985). Pharmacokinetic studies with Sin­
emet CR-3 showed more sustained plasma LD concentrations, but consider­
able hour-by-hour variability in levels (Nurr et al. 1986). Administered every 
4 h in substitution for conventional CD-LD, Sinemet CR-3 required approxi­
mately three times as much daily LD intake. Although clinical response in the 
morning was improved in some patients, fluctuations or other functional dis­
abilities were not aided by this delayed-release preparation. In a comparison 
of Sinemet CR-4 with conventional CD-LD, recent studies have shown clini­
cal improvement for PD patients with LD response fluctuations, including 
more "on" time, fewer "off" periods, and greater plasma levels as compared 
with a standard CD-LD regimen (CEDARBAUM et al. 1986b; GOETZ et al. 1986). 

The sustained-release preparation ofBZ-LD (Madopar HBS) makes use of 
a gelatin capsule which is transformed in the stomach to a mucous body deli­
vering both constituents by diffusion through a hydrated layer (ERNI and 
HELD 1987). Trials comparing Madopar HBS with conventional BZ-LD (Mad­
opar) (POEWE et al. 1986 a) have shown that six of ten patients had a reduction 
in end-of-dose and other types of motor fluctuations, although these benefits 
did not continue in all patients during longer follow-up. Consistent with the 
decreased bioavailability from this preparation, substantially more LD was 
needed daily for optimal clinical response. Problems with this and other pre­
parations of sustained-release LD have included the delayed onset of effect 
and the lack of improvement of unpredictable fluctuations in some patients 
(despite the theoretical advantage of sustained drug release). The activity of 
gastric emptying and gastrointestinal motility in general may prove to be ma-
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jor determinants of efficacy with sustained-release forms, just as is the case 
with the current preparations (BERKOWITZ and MCCALLUM 1980; RIVERA-CA­
LIMLIM et al. 1970a, b). It is likely that many patients would be best managed 
by using the sustained-release form in combination with the faster-acting con­
ventional DCI -LD preparations. 

III. Enhanced Delivery and Uptake 

Since many patients with motor fluctuations are improved by intravenous de­
livery of LD, methods for chronic parenteral administration have been sought. 
Intravenous administration, although promising as a research tool, has proven 
to be impractical for several reasons. The daily intake needed for LD would 
require an extremely large volume of solution, owing to the low aqueous solu­
bility of LD. Because it can be prepared as a more concentrated solution, LD 
methylester has been proposed for chronic intravenous use (COOPER et al. 
1984). LD methylester is readily hydrolyzed to LD, and constant infusions 
give effects similar to those of LD alone (JuNCOS et al. 1986). However, con­
cern has been raised as to possible toxicity from methanol generated by the 
hydrolysis of the methylester. Other strategies for improving delivery of LD 
have been devised using various transient derivatives of LD. These derivatives 
prevent metabolism prior to or during absorption, thus achieving better bio­
availability (BODOR et al. 1977; GARZON-ARBURBEH et al. 1985). Chelating LD 
to certain divalent metals has been one means of enhancing LD transport into 
the brain (DIAMOND et al. 1982). In animal studies, Cu2+ or Zn2+ chelated to 
LD increased LD transport into the brain by 100 %-150 % (RAJAN et al. 1976). 

Other routes for LD delivery have been attempted. Administration of an 
LD suspension rectally was ineffective in one trial (EISLER et al. 1981), but 
gave improvement in another (BEASLEY et al. 1973). Since slowed or erratic 
gastric emptying may account for some fluctuations in antiparkinsonian con­
trol, direct duodenal infusion of LD has been tried (BIANCHINE et al. 1971; 
KURLAN et al. 1986). This approach has given significant benefit for apparent 
LD nonresponders and for patients unable to improve further by adjustment 
of oral LD dose. 

H. Therapeutic Uses for Levodopa Other Than Parkinsonian 

LD therapy has been tried in other clinical settings. After severe closed head 
injury, improvements in level of consciousness, eye opening, and motor re­
sponsiveness have been reported in some patients from the use of LD (VAN 
WOERKOM et al. 1982). As measured by a parkinsonian rating scale, another 
study suggested that LD might facilitate the rehabilitation of such patients, 
even without the presence of overt parkinsonian features (GUIDICE et al. 
1986). Marked improvement from experimental spinal cord injury (from is­
chemic insult) has occurred with the use of LD (POPOVIC et al. 1976). 

As with other pharmacologic strategies enhancing CNS monoaminergic 
functions, LD significantly lessened the adverse effects of ethanol consump-
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tion on EEG changes, motor incoordination, and impairment of divided at­
tention performance (ALKANA et al. 1977). LD has been useful for enhancing 
pain relief of bone metastatic lesions (NIxoN 1975) and herpes zoster (KERNS­
BAUM and HAUCHECORNE 1981), as well as for pain of spontaneous origin from 
thalamic lesions (PLASCENCIA et al. 1984). Some patients with depression have 
improved from LD therapy (GOODWIN et al. 1970). Pathologic crying or laugh­
ter (emotional "incontinence") due to subcortical lesions (infarcts, trauma) 
can be controlled with LD therapy (UDAKA et al. 1984; WOLF et al. 1979). 
Many studies have confirmed the utility of LD in rapidly improving encepha­
lopathic features during hepatic coma (FISCHER et al. 1976). Some clinical ex­
perience would suggest that early use of LD may help to avoid the transition 
of hepatic coma from a recoverable to an irreversible stage. 

In congestive heart failure, oral LD therapy has improved hemodynamic 
performance (from the inotropic effects of DA) (BROWN et al. 1985; RAJFER et 
al. 1984). Since LD stimulates the release of growth hormone (GALEA-DEBONO 
et al. 1977), it has been effective in reversing some forms of growth retarda­
tion (HUSEMAN 1985). As a replacement therapy for DA, LD has also aided in 
improving alertness and motor disabilities in certain atypical forms of phenyl­
ketonuria. In the latter condition, monoamine neurotransmitter synthesis is 
impaired because of deficiency in tyrosine hydroxylase cofactor, tetrahydro­
biopterin (McINNES et al. 1984; MACLEOD et al. 1983). Several forms of pri­
mary dystonia may also be characterized by deficiency of this cofactor, and 
also by responsiveness to LD (LEWrrr et al. 1986). 

Treatment with LD counteracts some physiologic features of aging in cer­
tain rodent species, resulting in reinitiation of sex hormone cycles and coat 
growth. Constant dietary supplementation with LD in Swiss albino mice 
(Hale-Stoner strain) gave an approximately 50 % enhancement in life span 
and maintenance of behavioral vigor into the older age spectrum (PAPAVASIL­
IOU et al. 1981). In these experiments, the increase of brain MAO activity nor­
mally found with aging was attenuated, though there was no other neurochem­
ical change. The Hale-Stoner strain does not show a decline in striatal DA 
levels with increasing age, as do other rodent species (and humans), and the 
improvement of vitality has not been validated by experiments with other ro­
dent strains. In humans, mortality in the post-LD era for parkinsonian pa­
tients has improved greatly (JOSEPH et al. 1978; HOEHN 1983), though the ba­
sis for increased longevity is likely to be improved overall health and exercise, 
avoidance of falls, and so on. 

J. Clinical Issues Regarding Initiation 
of Levodopa Therapy 

I. "Early" Versus "Delayed" Use of Levodopa 

The remarkable effectiveness of LD in relieving most parkinsonian symptoms 
(whether mild or severe) can have a seductive appeal for most clinicians and 
patients. It is extremely common for this drug to be started at the first sign of 
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parkinsonism ("early" use), whether or not significant disability has devel­
oped. This practice has become an extremely important topic of controversy. 
There are some practical guidelines for dealing with this issue. It is clear that 
anticholinergics and amantadine, as alternatives to LD, can suppress much of 
the milder symptomatology in early PD; these drugs lack the potential for 
long-term complications that plague LD use. Bromocriptine and other direct­
acting dopaminergic agonists are also alternatives, though they are generally 
less effective or tolerated than LD (RINNE 1985). Concern for withholding LD 
usage until development of significant disability has been founded on the re­
latively high incidence of declining efficacy and adverse effects from chronic 
therapy with it (LESSER et al. 1979). For many patients, loss of efficacy is 
closely linked to a decreased threshold for the occurrence of adverse effects, 
which then limits the dose of LD that can be used for controlling the advanc­
ing disability of the parkinsonism. 

In one study, patients treated with LD for 4-8 years were significantly 
more impaired by parkinsonism than patients treated for 0-3 years, even when 
subjects were matched for total duration of their parkinsonism. Hence, deteri­
oration of responsiveness after years of LD therapy could be in part a function 
of the therapy itself (LESSER et al. 1979). The risk of motor fluctuations, re­
lated to the duration of levodopa exposure, seems to be greater for the 
younger PD patient (GRANERUS 1978). If sustained LD therapy contributes to 
loss of receptor sensitivity, production of "on-off" and dyskinesia problems, 
or psychiatric disorders, then a conservative approach is warranted (initial use 
of alternative medications, starting LD "late," use of the smallest effective 
dose) (FAHN and CALNEJ978). In applying this rationale, LD therapy is spared 
for treating more severe disability because it is considered to have a finite pe­
riod for optimal utility, and a cumulative risk of adverse effects. 

Follow-up studies of large groups of parkinsonian patients treated for 5 
years or more have indicated that both milder and more severe stages of the 
disorder can maintain stable improvement from LD for up to 3 years, after 
which there is progressive decline in the benefit of LD (Y AHR 1976). With an 
average daily LD dose of 3.5 G/day, one cohort of patients manifested peak 
improvement by 6 months, maintained significant clinical improvement for 
3.5 years, and by 5 years was at the pretreatment level of disability (RAJpUT et 
al. 1984). These data suggest a similar duration for LD efficacy (regardless of 
PD stage) and argue for a limited term of LD effectiveness. However, holding 
in reserve a highly efficacious treatment may deprive a patient of months or 
years of optimal symptom control if, in fact, the apparent connection between 
the therapy and adverse outcome is not the duration of treatment. Other fac­
tors not linked to the time of starting therapy (such as quantity of LD used 
chronically) may also mediate the long-term decline in benefit and adverse ef­
fects. An answer to the question of when to start LD has been hindered by the 
difficulty of conducting controlled, randomized entry, longitudinal studies 
with either "early" or "delayed" use of LD. Hence, much of the available data 
is retrospective and subject to any number of influences, such as differences 
in prescribing patterns, rating techniques, or use of medication alternatives to 
LD. 
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On one hand, it has been difficult to dissociate decline in efficacy of LD 
from advance in the underlying parkinsonism. There has been no evidence of 
decline in nigrostriatal neuron counts or in enzymes metabolizing DA from 
the chronic use of LD in mice (HEFrI et al. 1981 a). No pathologic change in 
the substantia nigra or locus ceruleus was found in a patient treated for more 
than 4 years with over 2 kg of LD for incorrectly diagnosed PD (QUINN et al. 
1986). There is likewise no evidence to suggest that LD hastens the progres­
sion of symptoms or changes the pathologic substrate of PD (RINNE et al. 
1974; YAHR et al. 1972). Indeed, the report of STERN et al. (1972) noted that 
patients treated with LD for more than 2 years and subsequently withdrawn 
from medication were improved in motility as compared with their pre drug 
baseline status. However, their suggestion that LD might actually have im­
proved the underlying PD needs to be assessed in light of the methods used. 
Though the median drug withdrawal period was 10 days (range 3-31 days), the 
sustained effects of LD therapy, lasting sometimes for days after withdrawal 
(MUENTER and TYCE 1971), may not have been absent for all of the patients at 
the time of their "drug-free" rating. Similar attempts to assess the status of un­
derlying disease (LUDIN and BASS-VERREY 1976) may also have had the con­
founding factor of long-duration LD effect. 

Careful analysis of the pattern of parkinsonian signs and symptoms after 
10 or more years of treatment showed most patients to have deteriorated in 
postural reflexes, speech, and gait, while rigidity, tremor, and handwriting 
were predominantly improved or unchanged (KLAWANS 1986). The lack of 
"global" deterioration in all features which are so typically those of parkinson­
ism may indicate that some chronic features of parkinsonism are not directly 
linked to the progressive loss of dopaminergic nigrostriatal projections. Sub­
sensitive DA receptors resulting from the sustained use of LD could also be 
an explanation for waning clinical efficacy. This effect could well be a reversi­
ble phenomenon, since animal and human "drug holiday" studies have shown 
recovery of baseline responsiveness after LD withdrawal for short periods (see 
Sect. K). It has been argued that it may not be the duration of therapy, but, 
rather, progressive nigrostriatal degeneration that predisposes to dyskinesias 
and motor fluctuations (MUENTER 1984). These problems can develop within 
weeks of starting LD (LANG et al. 1982; BALLARD et al. 1985) to treat severe 
parkinsonism of abrupt onset from secondary causes. However, when LD first 
became available for idiopathic PD, there was little recognition, in the first 
months of use, of short-duration responses or marked fluctuation in control 
(MUENTER 1984); these problems typically began on a more protracted time 
scale (COTZIAS et al. 1969). Only rarely is dyskinesia encountered initially in 
LD use (LEWITI and CALNE 1981). Since the first patients to receive LD in­
cluded some with extremely advanced PD (both major disability and years of 
symptoms), the relationship between duration of LD therapy and increasing 
incidence of these problems has been persuasive to many investigators (BAR­
BEAU 1980; KLAWANS and BERGEN 1975; McDOWELL and SWEET 1976, 1979). 

A retrospective study (MARKHAM and DIAMOND 1986) has claimed a direct 
relationship between disease (symptom) duration and disability, independent 
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of the point at which LD was started. Mter the first 2 years, patients with ear­
lier or later institution of LD started along similar rates of decline in disability 
ratings by the UCLA Scale. Matched for the length of their LD therapy (in 
excess of 6 years of LD treatment), the significant differences in disability 
scores persisted among groups that differed in their length of parkinsonism. 
This finding has implied that duration of parkinsonism (but not duration of 
LD use) was the major determinant of disability, not loss of LD effectiveness 
with increasing term of use. In this analysis, the incidence of random motor 
fluctuations over follow-up periods of up to 12 years did not correlate to 
length of disease or LD therapy, and the incidence and severity of dyskinesia 
likewise lacked a relationship to "early" or "late" initiation of LD (MARKHAM 
and DIAMOND 1986). Another study (HOEHN 1983) concluded that the group of 
patients started with LD within 1 year of PD onset had better overall longevity 
and disability control than did patients waiting longer to begin LD. In a com­
parison between PD patients treated with LD for 15 years and a similarly dis­
abled group followed in the pre-LD era, there was some evidence that post­
poning LD therapy was associated with a greater chance of drug 
unresponsiveness later on. 

The wisdom of withholding LD therapy until significant disability inter­
venes is convincingly underscored from experience with some PD patients un­
der chronic LD treatment whose underlying parkinsonism remains mild years 
later, but who have become disabled instead by severe dyskinesia or dystonic 
reactions. It is clear from other studies that, for some LD-free patients, the 
rate of functional decline can be so modest that activities of daily living are 
not compromised 5 or more years from symptom onset (FAHN and BRESSMAN 
1984). The latter study has also reassessed the data presented by MARKHAM 
and DIAMOND (1981), concluding that the disability scale and methods of 
serial analysis were imprecise for comparing progression of parkinsonism be­
tween LD-treated and untreated groups. 

A number of questions remain to be answered regarding how early LD can 
be started for optimal outcome. Several studies have shown that chronic mo­
notherapy with bromocriptine, however unsatisfactory as a symptomatic treat­
ment, is not associated with the frequent occurrence of motor fluctuations 
and dyskinesias found with comparable periods of LD therapy (RASCOL et al. 
1984; STERN and LEES 1983). The implication of these results is that it is not 
dopaminergic therapy per se, but rather the use of LD, that may be responsi­
ble for the adverse effects of long-term LD. When combined from the start 
with bromocriptine, LD therapy may attain a more favorable outcome in 
terms of efficacy and freedom from dyskinesias and fluctuations (RINNE 
1985). It is not known to what extent "early" or "delayed" use of LD might in­
fluence the incidence or severity of LD-related hallucinations or dementia 
that develops for some parkinsonians patients. The age of the patient at the 
start of LD may also be a factor in the risk of adverse effects or mental deteri­
oration with LD therapy (PEDERZOLI et al. 1983). 
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II. "Low Dose" Levodopa Regimens 

Another factor having an influence on the outcome of chronic LD therapy has 
been the range of dose used. No guidelines have been derived from neuro­
pharmacological research as to what constitutes a "low" or "high" dose regi­
men. Lacking foresight as to long-term risks associated with chronic LD the­
rapy, many of the first clinicians to use LD gave maximally tolerated dosage 
(MARKS 1974). This policy undoubtedly led to the exacerbation of adverse ef­
fects and, possibly, an increased incidence of their initiation. After 5 years of 
LD therapy, the risk of motor oscillations has been related to greater LD in­
take (GRANERUS 1978). However, though greater parkinsonian symptomatology 
in patients requiring larger doses could also have been the basis ofthe increased 
risk. The use of low dose regimens in the elderly has a practical significance, 
as acute side effects that are dose related tend to affect this group to a greater 
extent (TURNBULL and AITKEN 1983; PEDERZOLI et al. 1983). 

Attempts to restrict the amount of LD intake have been claimed to have 
improved outcomes in long-term follow-up (RAJpUT et al. 1984). A recent re­
view has compared outcomes of patients so treated (with a mean LD dose of 
1 g/day plus DCI; SHAW et al. 1980) with another group receiving a lower dose 
regimen of LD (a mean dose of 400 mg/day, though some patients received 
synergistic medication such as deprenyl). In this retrospective analysis (POEWE 

et al. 1986b), there was less peak dose dyskinesia or severe on-off fluctuations 
at 3 years with the lower dose regimen, though these group differences were 
largely gone by 6 years. From this experience, the authors concluded that, 
since long-term outcomes for both categories of dosage did not differ, it 
seemed "rational to titrate LD dosage to a patient's needs rather than pursue a 
rigid policy of 'low-dose' therapy on the unwarranted assumption that this will 
lead to better long-term control." The final word on this issue will have to 
come from further investigation with more rigorous prospective analysis, as in 
a current multicenter study in the United States comparing the extended ef­
fects of bromocriptine or CD-LD monotherapy with a combined dosage regi­
men. 

K. Clinical Issues Regarding "Drug Holiday" 

When parkinsonian disability requires the regular use of LD, interruptions in 
regular dosing with this lifelong therapy can be extremely difficult for patients 
to endure. Furthermore, the withdrawal of LD can unmask or possibly trigger 
severe rigidity and akinesia, which creates risks for aspiration pneumonia, 
deep vein thrombosis, and other serious medical consequences. These prob­
lems await PD patients dependent on LD if gastrointestinal surgery or re­
lated problems halt their regular intake of LD (EISLER et al. 1981). No paren­
teral alternatives exist except as research preparations of intravenous LD 
(Nurr et al. 1984) or the water-soluble ergot derivative lisuride (Chap. 22). 
Despite these hazards, temporary discontinuation of LD therapy, or "drug hol­
iday," has been advocated for lessening the adverse effects or for improving re-
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sponsiveness. Several reports (GOETZ et al. 1982; KAYE and FELDMAN 1986) 
have claimed that, in the best of outcomes after drug holiday, patients can be 
maintained at lower daily LD dose with improved efficacy for a year or more. 
These studies have not identified which specific characteristics in patients 
tend to be associated with optimal responses to this procedure. As many pa­
tients derive no benefit from therapeutically intended drug holiday, the pred­
ictors of possible benefit need to be determined for this uncomfortable and 
potentially hazardous procedure. 

The rationale for drug holiday came from investigations of receptor 
changes during chronic DA agonism. As discussed earlier, the effects of conti­
nuing LD therapy include a decrease of presynaptic (MULLEN and SEEMAN 
1979) and postsynaptic receptor density in rat striatum, both of which are re­
versed by a pause in LD treatment. In addition, increased stereotypy and mo­
tor hyperactivity in response to apomorphine challenge were the behavioral re­
sults of withholding LD treatment (DIRENFELD et al. 1978), these may be 
correlates of the enhanced receptor function. Improved receptor function has 
been proposed as the mechanism for sustained improvement after drug holi­
day, although it is unclear why benefits should be sustained once dopaminer­
gic therapy is reinstituted (resulting again in a down-regulation of receptor 
function within a short period of time). 

The first report of this approach in patients found an enhanced response 
from LD doses to which patients had previously become refractory (SWEET et 
al. 1972), and so drug holiday came to be associated with improving DA neu­
rotransmission or receptor function. It also permits the assessment of response 
characteristics to a single LD dose in the reappraisal of optimal LD dosing 
(ESTEGUY et al. 1985). One feature of LD therapy puzzling to COTZIAS et al. 
(1967) and still inadequately understood is the apparent long-term effect of 
LD in PD. The rapid onset of improvement (within 2-3h) from the first few 
doses of LD, or even a single intravenous dose (HORNYKIEWICZ 1974), is in 
keeping with the rapid turnover of LD known to occur in the CNS. However, 
discontinuation of LD therapy is often followed by a prolonged delay 
(4-14 days) in the decline of anti parkinsonian effect (yAHR et al. 1969; MUEN­
TER and TYCE 1971). It is conceivable that drug holiday, when effective, re­
quires elimination of similar long-term LD influences. The effectiveness of 
drug holiday has been attributed to the elimination of accumulated levels of 
long-acting metabolites (such as 3-0-MD) or other neurotransmitter-active 
substances (GERvAS et al. 1983). However, in patients experiencing an im­
provement following drug holiday, no change in the metabolism of exogenous 
LD (investigated repeatedly by measurement of CSF HV A) was found in one 
study (OGASAHARA et al. 1984). 

STERN et al. (1972) found that restarting the prior LD dose after a 3 to 
31-day drug holiday improved the degree of motility over that immediately 
preceding drug withdrawal, in many instances, to a higher performance level 
than at any previous examination after starting LD. Further experience with 
drug holiday, although controversial, has in some instances found that LD-re­
lated psychiatric side effects, motor fluctuations, dyskinesia, myoclonus, and 
overall motor impairment could be lessened (in some instances) after tempor-
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ary drug withdrawal (WEINER et al. 1980; DIRENFELD et al. 1980). After as 
short a drug holiday as 5-7 days, increased antiparkinsonian efficacy conti­
nued for some patients for 9 months or longer (KOLLER et al. 1981), although 
long-term follow-up studies with drug holiday have been limited (FRIEDMAN 
1985b). GOETZ et al. (1982) have suggested guidelines for carrying out a drug 
holiday lasting 5 days or longer, during which time patients may be com­
pletely immobile and rigid. The methods and goals of drug holiday have at­
tracted a great deal of controversy regarding the short- and long-term out­
comes attainable. Some drug holiday protocols have become extremely 
doctrinaire in their methodology, although the pace of drug withdrawal or 
need for complete discontinuation of LD have not undergone critical review. 
Other evaluations of drug holiday have concluded that temporary periods of 
LD discontinuation lack sufficient chance of lasting improvement to be worth 
the considerable discomfort, dangers, and hospitalization costs (KOFMAN 
1984; MAYEUX et al. 1985). In one study reporting benefit from drug holiday, 
the mean daily dose of LD for patients at entry was 2920 mg (KAYE and FELD­
MAN 1986); 1 month after drug holiday, the same patients were maintained on 
a mean daily LD dose of 241 mg with good effect. It seems likely that a more 
reasonable LD dose, rather than the period of drug withdrawal, was the basis 
for the claimed improvements. 

Many experienced clinicians have not made regular use of drug holidays, 
but instead have modified the concept of drug withdrawal by using a period of 
partial reduction in LD dose, thereby determining if lower dose regimens have 
an improved therapeutic index. KOLLER (1983) has shown that alternate-day 
drug holiday can be as efficacious as conventional daily LD therapy, and so 
may permit reduction in chronic intake of LD. Another modification has 
given good results for lessening LD-related side effects and uses less sustained 
periods of drug holiday (a weekly 2-day off-drug period; GOETZ et al. 1981). 
Presumably, this approach can serve to lessen some of the cumulative adverse 
effects of LD, while maintaining sufficient antiparkinsonian effect (which can 
persist for 3-4 days after stopping chronic LD therapy). 
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CHAPTER 14 

Adverse Effects of Levodopa 
in Parkinson's Disease 

S.FAHN 

A. Historical Aspects of Adverse Effects 

With the introduction of high dosage D,L-dopa therapy for Parkinson's disease 
by COTZIAS et al. (1967) only a few side effects were reported, namely gastroin­
testinal, faintness, and hematologic changes. The last appeared to be due to 
the presence of the dextrorotatory isomer of dopa since it has not been re­
ported as a complication of subsequent treatment with the levorotatory form. 
In their next publication, using levodopa, COTZIAS et al. (1969) now listed 
mental effects and involuntary movements, in addition to anorexia, nausea, 
and vomiting. The mental effects listed were irritability, anger, hostility, par­
anoia, insomnia, and an awakening effect. The dyskinesias were chorea, my­
oclonus, hemiballism (ipsilateral to the side of a prior thalamotomy), and dys­
tonia. These adverse effects subsided with lowering of the dosage. 

Actually, Cotzias succeeded in using high dosages of levodopa to obtain 
benefit in parkinsonism where others had previously failed. These failures 
were because of adverse effects. These earlier failures (see FAHN and DUFFY 
1977 for a review of early attempts at therapy) can be generally attributed to 
the gastrointestinal (GI) effects of dopa, occurring at subtherapeutic doses. It 
is generally agreed that Cotzias' success was his method of minimizing ad­
verse effects from the high dosages of medication necessary to provide benefit. 
He began treatment with small doses and increased the dosage gradually until 
therapeutic or toxic levels were reached. The dosage was then either main­
tained or reduced, if necessary. If the therapeutic dosage was reached during a 
3-week stay in hospital, some adverse effects became apparent later, particu­
larly dyskinesias, attributed to increasing behavioral sensitivity to the drug 
(JENNER et al. 1986; KLAWANS et al. 1977), a phenomenon also seen in labora­
tory animals and with dopamine agonists (TRAUB et al. 1986; HASSAN et al. 
1986). 

In an early study of levodopa in 60 patients with parkinsonism, lasting up 
to 12 months, YAHR et al. (1969) reported GI side effects in 51, dyskinesias in 
37, postural hypotension in 14, cardiac dysrhythmia in 12, myocardial infarc­
tion in 1, and psychic manifestations in 10. It was becoming clear that adverse 
toxic effects seen with short-term treatment with levodopa (less than 3 years' 
duration) could be divided into peripheral and central in origin. Peripheral ef­
fects are those due to levodopa's effects outside the blood-brain barrier, in­
cluding the area postrema, the presumed site of GI side effects. Cardiac ef­
fects are also considered peripheral in origin. Central effects are those due to 
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levodopa's penetration across the blood-brain barrier, and include dyskinesias 
and mental changes. 

It was uncertain initially as to whether postural hypotension associated 
with levodopa treatment was a peripheral effect of the drug's action on adren­
ergic nerve endings or on the central nervous system (CALNE et al. 1970). How­
ever, the persistence of postural hypotension in the presence of a peripheral 
decarboxylase inhibitor makes it clear that at least some of this problem is 
central in origin. The cardiac complications are the most ominous peripheral 
effect, but patients with a history of angina and myocardial infarction were 
found to tolerate 1evodopa with little increased hazard (JENKINs et al. 1972). 

Other investigators (McDoWELL et al. 1970; SCHWARZ and FAHN 1970) pu­
blished their experiences with levodopa therapy, and they agreed with those 
found by Cotzias' and Yahr's groups. However, dyskinesias were as common 
as GI effects. Moreover, the dyskinesias persisted as a problem, whereas GI ef­
fects would often abate with continuing treatment or with reduction of dosage 
and slower increase back to therapeutic levels. But dyskinesias became more 
prominent with continuing treatment, a reflection of the increasing behavioral 
supersensitivity phenomenon (JENNER et al. 1986; KLAWANS et al. 1977; TRAUB 
et al. 1986; HASSAN et al. 1986). It became clear that the commonest dose-li­
miting adverse reaction was dyskinesia (CALNE et al. 1971 a); it could occur in 
all parts of the body, and was usually choreic in nature. Only later, with conti­
nuing therapy, would the dystonic reactions become recognized, and these be­
come more troublesome and even painful. 

With continuing use of levodopa, it was becoming clear that the drug was 
most effective in striatal dopamine deficiency states, such as Parkinson's dis­
ease and postencephalitic parkinsonism (YAHR 1972) - the latter is more sen­
sitive to 1evodopa and a lower dosage of levodopa is necessary (CALNE et al. 
1969; DUVOISIN et al. 1972a; SACKS 1974) - whereas it was found to be virtu­
ally ineffective in progressive supranuclear palsy and the multiple system atro­
phies (Y AHR 1972; JANKOVIC 1984; BANNISTER and OPPENHEIMER 1982). In fact, 
levodopa would aggravate postural hypotension in those with this problem, as 
in the Shy-Drager syndrome. The view that 1evodopa (and direct-acting dop­
amine agonists) are effective only when dopamine receptors in the striatum 
are intact, and its failure in many of the "Parkinson-plus" syndromes (FAHN 
1977) is that the latter have loss of these receptors as part of their pathology. 

With continuing experience and longer duration treatment with levodopa, 
it was realized that some patients could not take levodopa because of intoler­
able adverse effects. HUNTER et al. (1973) found that of 187 patients begun on 
levodopa, 22 discontinued treatment within 6 months, predominantly for cen­
tral adverse effects, such as psychosis, confusion, and dyskinesias, but one­
third for nausea. After 1 year of therapy, an additional eight patients stopped 
the medication because of dementia (three), dyskinesia (two), nausea (two), 
and GI bleeding (one). 

The development of dyskinesias increased with increasing duration of 
treatment. DUVOISIN (1974a) reported on 116 patients and found that an in­
creasing percentage of them developed dyskinesias with time (T~b1e 1). At 
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Table 1. Time of appearance of levodopa-induced dys­
kinesias in 116 patients with parkinsonism (DUVOISIN 
1974a) 

Length of treatment 
(months) 

1 
2 
3 
6 
9 

12 

Patients with dyskinesias 
(%) 

20 
39 
46 
53 
67 
81 
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6 months of treatment, 53 % had dyskinesias. At 12 months, the percentage 
with dyskinesias reached 81 %. 

A new adverse effect was noticed in the early 1970s - clinical fluctua­
tions, initially referred to as the "on-off" phenomenon (SWEET and McDo­
WELL 1974; DUVOISIN 1974 b). The initial and dramatic situation noticed by 
patients was that the beneficial response was suddenly terminated, like a light 
switch being turned off. The beneficial response could turn on again just as 
quickly. Variations in clinical fluctuations began to be appreciated. Whereas 
the sudden "on-off" effect could appear early in the course of treatment (Du­
VOISIN 1974 b; YAHR 1974), a different type of "off" phenomenon was also be­
ing recognized, and this type would become the predominant one. This is a 
more gradual fading of benefit as the duration after a dose is prolonged, oc­
curring approximately 2-3 h after taking a dose of levodopa. Patients felt as if 
their medication was wearing off, and hence the term "wearing-off" effect was 
coined for this problem (FAHN 1976). Another name widely adopted for this 
disorder was "end-of-dose" deterioration (MARSDEN and PARKS 1976). Both 
terms are synonymous. Unfortunately, the term "on-off," originally coined to 
refer to the more sudden "off" state, has been widely used as the generic term 
for any type of clinical fluctuation. It would be preferable to avoid ambiguity 
and use terms with specific meanings, such as "wearing-off" and "sudden off." 

While central side effects became a major factor in intolerance to levo­
dopa, GI upset was still a problem in a large minority of patients who had dif­
ficulty with the medication. The addition of a peripheral decarboxylase inhi­
bitor markedly reduced this peripheral side effect (CALNE et al. 1971 b; CHASE 
and WATANABE 1972; MARSDEN et al. 1973; MARKHAM et al. 1974), and other 
peripheral adverse effects, such as cardiac arrhythmias (MARS and KRAlL 
1971). Equally important was the increased potency of levodopa when used in 
combination with a peripheral decarboxylase inhibitor. These factors led this 
combination to become the major therapeutic agent for the treatment of par­
kinsonism. However, with this increased central potency of levodopa comes 
increased frequency of central adverse effects such as involuntary movements, 
confusion, and psychiatric side effects. 
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Table 2. Limiting adverse effects of levodopa in 
131 patients with Parkinson's disease (LESSER et 
al. 1979) 

Symptom or sign 

Peripheral side effects 
GI symptoms 
Sweating 
Cardiac symptoms 

Central side effects 
Dyskinesias 

Patients (%) 

25 
7 
1 

Chorea 37 
Dystonia 21 

Fluctuations 
Slow wearing-off 20 
Sudden on-off 18 

Mental changes 
Dementia 22 
Psychiatric 19 
Sleepiness 14 
Insomnia 7 
Hypersexuality 3 

S.FAHN 

One of the last reviews (LESSER et al. 1979) of adverse effects from long­
term levodopa therapy alone (before widespread use in combination with a pe­
ripheral decarboxylase inhibitor) found that among 131 patients, central side 
effects were much commoner as major problems than were peripheral effects 
(Table 2). In this survey, myoclonus was not seen as a limiting adverse effect, 
and its appearance as a toxic phenomenon (KLAWANS et al. 1975) does not ap­
pear to be a major factor. 

As levodopa continued to be used, other adverse effects were discovered. 
Although peak-dose dystonia appeared in combination with or in place of 
peak-dose chorea (Table 2), dystonia occurring during the "off" phase also 
made its appearance. Originally called "early morning" dystonia (MELAMED 
1979) because of its timing, this problem is now recognized to appear at other 
times of the day in susceptible patients. Its characteristic feature is dystonic 
spasms when the patient is "off," and therefore can be seen with accompany­
ing features of parkinsonism. Dystonia and chorea have also been seen at the 
beginning and end of dose; this form was first described by MUENTER et al. 
(1977) who termed it the D-I-D phenomenon, for "dystonia-improvement­
dystonia." It is also known as diphasic dyskinesia (MARSDEN et al. 1982; FAHN 
1982). It should be recalled that dystonia can also be a symptom of parkinson­
ism, e.g., posturing of the hands, the flexed posture of the neck and trunk, and 
the so-called striatal toe, in which the big toe is dorsiflexed in a sustained pos­
ture (DUVOISIN et al. 1972 b). 
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Inability to respond to individual doses of levodopa was also recognized 
and has been found to be due to failure of gastric emptying (RIvERA-CALIMLIN 
et al. 1970; FAHN 1977b; MELAMED 1986). Associated with this is the recently 
described problem of delayed onset response with the first dose in the morn­
ing (MELAMED and BIlTON 1984). This appears to be another problem of long­
term levodopa therapy. 

Another type of fluctuation encountered in patients with parkinsonism is 
"freezing," a phenomenon where the patient is transiently immobile as if 
stuck to the ground. This problem occurs with untreated parkinsonism, but it 
also appears to develop in some patients as a complication of levodopa the­
rapy. AMBANI and VAN WOERT (1973) described one aspect of the problem and 
labeled it as "start hesitation." But the problem is encountered at other times 
when the patient is walking, such as when turning, when reaching a destina­
tion, when entering a crowded area, passing through a doorway, entering an 
elevator, or when trying to cross a busy street or pass through a revolving door. 
One may prefer to separate these phenomena with names such as "start hesita­
tion," "turning hesitation," or "target hesitation." The label of sudden tran­
sient freezing serves as a global descriptor. It is important to determine if the 
freezing phenomenon occurs during an "off"· period or when the patient is 
"on," since the pathophysiology and treatment may differ. 

Finally, a nontoxic complication of levodopa therapy is the consideration 
of possibly aggravating melanoma, first reported by SKIBBA et al. (1972), and 
encountered in at least six cases (FERMAGLICH and DELANEY 1977). If indeed 
there is a causal relationship, this should be considered a metabolic complica­
tion of levodopa therapy because dopa is involved in the metabolism of mela­
nomas. 

B. Classification, Pathophysiology, and Treatment 
of Adverse Effects 

There are several ways that the adverse effects of levodopa therapy could be 
classified, including the duration of treatment (e.g., short-term and long­
term), phenomenology, site of action, pathophysiology, and treatment re­
sponses. Since the main purpose of treatment is to prolong functional ability 
over the long term of the illness, I will focus only on complications of long­
term therapy. Table 3 classifies the adverse effects into sites of action with a 
subdivision based on phenomenology. Since management of adverse effects 
depends predominantly on their pathophysiology, I will also classify adverse 
effects into their mechanisms (Table 4), but I will discuss them in sequence 
according to the listing in Table 3. In order to do this in an integrated man­
ner, it is important first to understand terminology relating to Table 4. 

The pathophysiologic mechanisms have been divided into: (A) pharmaco­
kinetic problems; (B) central pharmacodynamic problems; (C) those in which 
both of these processes seem to be playing a role; (D) peripheral pharmacody­
namic problems; and (E) metabolic problems. These are listed in Table 4. By 
pharmacodynamic mechanisms, I refer to processes involving the dopamine 
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Table 3. Classification of adverse effects of long-term levodopa therapy for parkinson­
ism 

Peripheral side effects 
GI symptoms: anorexia, nausea, vomiting, constipation, bloating and abdominal 

distension 
Cardiac symptoms: dysrhythmia 
Melanoma 

Central side effects 
Dyskinesias 

Chorea: peak-dose, diphasic 
Dystonia: peak-dose, diphasic, "off" 
Myoclonus 
Simultaneous dyskinesia and parkinsonism 

Tachykinesia with hypokinesia 
Tachyphemia 
Running gait 

Fluctuations ("offs") 
Slow "wearing-off" 
"Sudden off" 
"Random off" 
Yo-yo-ing 
Episodic failure to respond 
"Delayed on" 
Weak response at end of day 
Response varies in relationship to meals 

Freezing 
Start hesitation 
Target hesitation 
Turning hesitation 
Startle and fearfulness hesitation 
Sudden transient freezing 

Mental changes 
Dementia, confusion, agitation 
Psychiatric: hallucinosis, hallucinations, delusions, depression, mania 

Loss of efficacy 
Loss of efficacy in association with pyridoxine 
Declining efficacy with continuing treatment 

Miscellaneous 
Altered sleep-wake cycle: insomnia, daytime drowsiness 
Hypersexuality 
Akathisia 
Sweating 
Postural hypotension 
Respiratory distress 
Falling 
Pain 
Increased parkinsonism 
Neuroleptic malignant syndrome 
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receptors within the striatum and elsewhere in the central nervous system, and 
also actions of dopamine on peripheral organs. By pharmacokinetic mechan­
isms, I refer to processes involving the transport, metabolism, plasma levels, 
and tissue levels of levodopa and its metabolites. By metabolic problems with 
levodopa, I refer to the action of levodopa in metabolism, particularly in the 
metabolism of melanomas. 

Table 4. Pathophysiologic classification of adverse effects of levodopa therapy 

A. Pharmacokinetic problems 
1. "Wearing-off" motor phenomena 
2. "Wearing-off" bloating and abdominal distension 
3. "Wearing-off" depression 
4. "Wearing-off" dyspnea 
5. Peak-dose dyskinesia 
6. Episodic failure to respond to each dose of levodopa 
7. "Delayed on" 
8. Weak response at end of day 
9. Response varies in relationship to meals 

10. Loss of efficacy due to pyridoxine 

B. Central pharmacodynamic problems 
1. Gastrointestinal upset 
2. Sweating 
3. Mental effects 
4. Altered sleep-wake cycle 
5. Hypersexuality 
6. Akathisia 
7. Postural hypotension 
8. Pain 
9. "Sudden off" phenomenon 

10. "Random off" phenomenon 
11. Simultaneous dyskinesia and parkinsonism 
12. Myoclonus 
13. Freezing 
14. Tachykinesia with hypokinesia 
15. Increased parkinsonism 
16. Loss of efficacy with continuing treatment 
17. Falling 

C. Combined pharmacokinetic and central pharmacodynamic problems 
1. "Off" dystonia 
2. Diphasic dyskinesia 
3. Yo-yo-ing 
4. Neuroleptic malignant syndrome 

D. Peripheral pharmacodynamic problems 
1. Cardiac dysrhythmia 

E. Metabolic problem 
1. Aggravates melanoma 
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Basically, the goal of levodopa therapy is to maintain striatal levels of dop­
amine. This process requires levodopa to pass from the stomach to the small 
intestine from where it will be absorbed into the circulation; levodopa then 
enters the brain, and there is metabolized to dopamine in the striatum. From 
the plasma, levodopa can be transported into other tissues, be excreted, be 
metabolized via decarboxylation to form peripheral dopamine, or be metabo­
lized via methylation to form 3-0-methyldopa. In brain, levodopa and dopa­
mine can be metabolized by methylation, and dopamine can also be metabo­
lized by deamination and oxidation (monoamine oxidase). In all situations, 
these processes can limit the effectiveness and duration of levodopa therapy. 
Adverse effects from difficulties with these processes comprise the 
pharmacokinetic problems. Dopamine receptors are located in several targets 
in the brain, particularly in the striatum, the area postrema (vomiting center), 
the limbic structures, some cortical regions, the retina, and in the hypothala­
mus. In the periphery, most effects of dopamine are best understood in regard 
to the cardiovascular system (GOLDBERG et al. 1974). But for purposes of un­
derstanding levodopa toxicity, it is appropriate to consider any adverse action 
oflevodopa or dopamine outside of the blood-brain barrier as a peripheral ad­
verse effect. Thus, dopamine's action in the area postrema, inducing nausea 
and vomiting, is considered a peripheral adverse effect, although the action is 
on a dopamine receptor located in the brain (hence listed in Table 4 as a cen­
tral pharmacodynamic effect, although Table 3 states it is a peripheral side ef­
fect). Although the listing follows the structure of Table 3, I will refer to the 
appropriate location in Table 4 where each of the topics is also listed in order 
to correlate the pathophysiology with the clinical phenomenology. 

I. Peripheral Adverse effects 

1. Gastrointestinal Symptoms (Table 4, B. 1) 

The commonest gastrointestinal complaint by patients with parkinsonism is 
constipation. It is never clear in most patients whether this symptom is a ma­
nifestation of Parkinson's disease itself, whether it is related to pharmacologic 
agents such levodopa and anticholinergics, or whether it is unrelated to either; 
e.g., just occurring with aging. It is probably due to a combination of all of 
these factors. The most accepted GI adverse effects due to levodopa are anor­
exia, nausea, and vomiting. These are due to activation of the dopamine re­
ceptors in the area postrema, as mentioned already. These receptors lie out­
side the blood-brain barrier and become exposed to peripheral dopamine. By 
utilizing carbidopa, thereby preventing formation of circulating dopamine 
(PRASAD et al. 1975), these problems can be largely eliminated. 

Abdominal distension and bloating are reported by some patients receiv­
ing levodopa, but this is associated with the "off" state, and is not a toxic reac­
tion, per se. It is not clear what the mechanism for this problem is, but it is 
reasonable to assume that this peripheral reaction is linked to low plasma le­
vels of levodopa, and there is an accompanying lack of tone in the smooth 
muscle, leading to abdominal distension. 
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2. Cardiac Dysrhythmias (Table 4, D. 1) 

Abnormalities in cardiac rhythm appear to be due to a direct effect of peri­
pheral dopamine on cardiac monoamine receptors. Adding carbidopa can eli­
minate this potentially serious complication of levodopa therapy. 

3. Melanoma (Table 4, E. 1) 

Skin melanin utilizes dopa generated by tyrosinase from its precursor tyro­
sine. In the formation of skin melanin, dopa is converted to dopaquinone, 
again by the same enzyme, tyrosinase. Levodopa used in the treatment of par­
kinsonism could theoretically be used in the metabolism of melanomas. Be­
cause some patients on levodopa with a previous history of melanoma had a 
relapse and spread of this neoplasm while on this medication, it is theoreti­
cally possible that this relapse was causally related to the levodopa. Therefore, 
several authors have expressed caution and advised not using levodopa in pa­
tients with a prior history of melanoma (FERMAGLICH and DELANEY 1977; 
YAHR 1975; LIEBERMANN and SHUPACK 1974). 

II. Central Adverse Effects 

1. Dyskinesias 

a. Chorea 

<x. Peak-Dose Chorea (Table 4, A. 5) 

Choreic movements can occur early in the treatment with levodopa, but the 
incidence of these involuntary movements increases with continuing treat­
ment (see Table 1). Peak-dose dyskinesia is due to too high a dose of levodopa 
and is representative of a toxic state. The plasma levels of levodopa are high 
(MUENTER et al. 1977), and presumably there is excess striatal dopamine. Re­
ducing the individual dose can resolve this problem. The patient may need to 
take more frequent doses at this lower amount because reducing the amount 
of an individual dose also reduces the duration of benefit (Nurr et al. 1985). It 
was once believed that chorea only appears in the presence of supersensitive 
dopamine receptors, but if the dosage of levodopa is high enough, chorea can 
occur in normal individuals. 

13. Diphasic Chorea (Table 4, C.2) 

Diphasic dyskinesias were first described by MUENTER et al. (1977) who la­
beled them as the D-I - D phenomenon. Although most of the affected indivi­
duals have dystonia as their pattern of dyskinesia, some have choreic move­
ments, and others have a mixture of the two types. Diphasic dyskinesia is a 
situation where the dyskinesia develops as the plasma levels of levodopa are 
rising or falling, but not during the peak plasma level (MUENTER et al. 1977; 
LHERMITIE et al. 1978). This phenomenon is difficult to explain. It is possible 
that there is a differential sensitivity of at least two dopamine receptors. The 
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more sensitive one would respond to lower levels of levodopa to induce the 
dyskinetic state. The other receptor would be activated at higher levels and 
will inhibit the dyskinesia. Treatment of the problem is difficult. Although 
LHERMITIE et al. (1978) proposed treating this condition with higher doses of 
levodopa, my own experience is that higher dosages merely induce peak-dose 
dyskinesia and possibly other forms of central adverse effects. On the other 
hand, lowering the dosage is equally unsatisfactory because increasing parkin­
sonism ensues. Personal experience has led me to use pergolide, a direct-act­
ing dopamine agonist with a long duration of action. When used as the major 
pharmacologic agent with supplementary levodopa, it is usually effective in 
reducing the severity of this problem (S. FAHN, unpublished work). Perhaps 
sustained-release levodopa will also prove beneficial. 

b. Dystonia 

<X. Peak-Dose Dystonia (Table 4, A. 5) 

In the early stages of levodopa therapy, chorea was commoner than dystonia, 
but with continuing treatment individual patients would develop more dys­
tonic dyskinesias and less chorea. Many probably have a combination of cho­
rea and dystonia. Peak-dose dystonia, like peak-dose chorea, also develops 
when plasma levels of levodopa are high, and subsides when the dosage is 
lower. Dystonia is a more serious problem than chorea because it is more dis­
abling. In many patients, dystonia occurs at subtherapeutic doses, and lower­
ing the dosage will render a patient with inadequate response from levodopa 
even more parkinsonian. There is little choice but to use smaller and more 
frequent doses, often coupled with dopamine agonists and other antiparkin­
sonian drugs, such as amantadine. 

B. Diphasic Dystonia (Table 4, C.2) 

The discussion of this condition has been combined with the discussion of di­
phasic chorea because the D-I - D phenomenon is usually a combination of 
the two types of dyskinesia. 

y. "Off" Dystonia (Table 4, C.l) 

Dystonic spasms are not always a sign of levodopa overdosage. This is particu­
larly true in many instances of painful sustained contractions. Painful dys­
tonic cramps most often occur when the plasma level of levodopa is low, parti­
cularly in the early morning (MELAMED 1979). But this type of dystonia can 
occur at any time the patient goes "off" (ILSON et al. 1984). In this sense, "off" 
dystonia is a pharmacokinetic problem. But why painful dystonic spasms 
should occur in addition to parkinsonism during low plasma levels of levo­
dopa is not clear. This phenomenon may relate to some peculiarity of the dop­
amine receptors as well as the low plasma levels of levodopa in these patients. 
DE YEBENES (1988) has proposed that dystonia may occur when the ratio nor­
epinephrine/dopamine is high. However, there are only speculations about 
the pathophysiology of dystonia in general, and it is difficult to be certain of 
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the explanation of either peak-dose dystonia or "off" dystonia such as early 
morning dystonia. Preventing "offs" is the best way to control "off" dystonia. 
The use of pergolide is often effective when it is the major dopaminergic 
agent. Perhaps sustained-release levodopa will also prove beneficial. 

One should not forget that dystonia can also occur as a feature of Parkin­
son's disease. However, "off" dystonia does not appear to be merely a reflec­
tion of the dystonia of parkinsonism. If patients with "off" dystonia are given 
a drug holiday from levodopa, after a few days the painful dystonia will disap­
pear, and the patient will be left with a baseline parkinsonian state and with­
out painful dystonia (S. FAHN, unpublished work). 

c. Myoclonus (Table 4, B. 12) 

The lightning-like jerks of myoclonus can occur in untreated Parkinson's dis­
ease, but these are rarely disabling and are hardly commented on by patients. 
KLAWANS et al. (1975) described myoclonus occurring as a complication of 
long-term levodopa therapy. They reported them as single, unilateral or bila­
teral jerks in the extremities, most frequently during sleep. They found the se­
rotonin antagonist methysergide to be helpful in controlling these. Such noc­
turnal myoclonus is infrequently encountered in my experience, and is rarely 
disabling. I have listed this adverse effect as being associated with a central 
pharmacodynamic problem (Table 4), possibly related to serotonin receptors 
according to the pharmacologic profile reported by KLAWANS et al. (1975). 

d. Simultaneous Dyskinesias with Parkinsonism (Table 4, B. 11) 

Many patients have different responses to levodopa therapy in different parts 
of the body. For example, the head and neck regions may be more sensitive to 
levodopa than are the legs. When the upper part of the body responds in this 
situation, the legs may remain parkinsonian and the patient may not be able 
to walk well. In this example, on higher dosages of levodopa, the legs improve, 
but now the head and neck regions are dyskinetic. This problem may be due 
to different sensitivities of the striatal dopamine receptors on a somatotopic 
basis. That is, in the case described, the head and neck areas of the striatum 
would have more sensitive receptors than the leg area. This problem is diffi­
cult to treat, and one can only titrate the dosage to the optimum response be­
tween the two extremes for each individual patient. 

2. Tachykinesia with Hypokinesia (Table 4, B.14) 

a. Tachyphemia 

A number of patients overdosed with levodopa will speak faster, running syl­
lables together, so that it is difficult for the listener to understand what the pa­
tient is saying. At the same time as the speech is rapid (Tachyphemia), the 
amplitude is lower so that the voice is softer, aggravating the situation. If the 
patient purposely tries to enunciate each syllable distinctly, this is successful 
for a few words, but then the tachyphemia takes over again. With speech the­
rapy, sometimes using a metronome for pacing, a patient can improve the pat-
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tern of speaking, but only during the treatment session. There seems to be 
little carry-over. Associated with tachyphemia are rapid voluntary movements 
in other parts of the body, displayed as such when the patient is asked to per­
form rapid successive movements. These are usually very fast and of small 
amplitude, i.e., !achykinetic and hypokinetic. Often, lowering the dosage of 
levodopa will allow the patient to slow down, with resulting clarity of speech. 
However, parkinsonian bradykinesia can become more of a problem. 

b. Running Gait 

This type of tachykinetic problem can also involve walking. Usually the pa­
tient moves more rapidly, but with smaller steps. Gait in this instance can be 
mistaken for festination, which it resembles. If postural instability is im­
paired, such a running gait can lead to falling. As mentioned in Sect. B.I1.2.a, 
lowering the dosage will allow the patient to slow down. 

3. Fluctuations 

a. "Wearing-Off" (Table 4, A. 1-4) 

The "wearing-off" phenomenon (also known as "end-of-dose" deterioration) 
is related to the short plasma half-life of levodopa (MUENTER and TYCE 1971). 
When patients have this problem, the clinical improvement from a dose of le­
vodopa lasts only as long as the plasma level of levodopa is high. As the 
plasma level gradually falls, there is a gradual loss of clinical response. If the 
plasma level can be maintained, the clinical response can also be maintained 
(SHOULSON et al. 1975; HARDIE et al. 1984). Thus, benefit depends on a steady 
supply of levodopa in the plasma reaching the brain in a constant influx. This 
type of necessary bioavailability of plasma levodopa is not a factor with pa­
tients who have a smooth response to levodopa. Such individuals have the 
same type of plasma half-life of levodopa. 

It is usually accepted that the need for constant plasma levodopa in pa­
tients with the "wearing-off" phenomenon is due to loss of storage sites of 
dopamine in the striatum, where dopamine is usually present in the terminals 
of the dopaminergic nigrostriatal fibers. In this hypothesis, severe parkinson­
ism should be associated with the "wearing-off" effect being present early in 
the course of treatment, and this was encountered "in those with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism (BALLARD 
et al. 1985). In contrast, those with Parkinson's disease develop the "wearing­
off" problem as a function of duration of treatment (McDoWELL and SWEET 
1976), which could also be a reflection of duration of illness. But this would 
not explain why younger patients are more prone to develop fluctuations than 
are older patients (PEDERZOLI et al. 1983). Nor would it explain why using low 
doses of levodopa instead of high doses would delay the development of this 
problem (POEWE et al. 1986). 

Furthermore, loss of striatal storage sites of dopamine by itself does not 
appear to be the sole cause of this phenomenon. Treatment with direct-acting 
agonists does not eliminate the problem, although it does ameliorate it some-
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what by making the depths of the "off" state less severe. Moreover, RINNE 
(1985) showed that if bromocriptine is used early in the course of treatment, 
the "wearing-off" phenomenon is virtually avoided. This would imply that le­
vodopa itself or the peaks and valleys of levodopa supply to the brain may also 
be contribute to this problem. How levodopa or dopamine could lead to this 
phenomenon is unclear. 

Treatment of the "wearing-off" problem consists of giving the doses of le­
vodopa closer together or utilizing direct-acting dopamine agonists, which 
have a longer biologic half-life than levodopa. Using low doses of levodopa 
seems to delay the onset of this problem (POEWE et al. 1986), as does delaying 
the introduction of levodopa (BUN et al. 1987). 

Some patients with the "wearing-off" phenomenon, in addition to a motor 
disturbance, also notice an alteration of mood, respiratory distress, or abdomi­
nal distension when they are "off" (ILSON et al. 1983). Similar to "off" dysto­
nia, these reactions do not appear to be a feature of the underlying parkinson­
ism per se, because a dopa holiday will not leave the patient with these 
problems. They therefore appear to be some sort of reactive pathology when 
the dopamine receptors are not being steadily activated, i.e., a rebound pheno­
menon. As with dystonic reactions in parkinsonian patients on levodopa the­
rapy, respiratory difficulties can also appear as a peak-dose problem, particu­
larly as a complication of dopa-induced pharyngeal dystonia (BRAUN et al. 
1983). 

b. "Sudden Off" (Table 4, B. 9) 

As originally defined (DUVOISIN 1974 b), the "on-off" phenomenon was a 
label for a sudden and random event in which the patient becomes parkinso­
nian. That is, the benefit from levodopa suddenly disappears. To avoid ambi­
guity, since the term "on-off" is often used to refer to any type of fluctuation 
in parkinsonian patients, the phenomenon of sudden "offs" is labeled here as 
"sudden off" in contrast to "wearing-off." In this disorder, the patient can im­
prove just as suddenly, even without taking another dose of levodopa. Phar­
macologic studies have revealed that plasma levels of levodopa are in the de­
clining phase when the "offs" appear (FAHN 1974). It has been speculated that 
the "sudden off" problem is due to a sudden and transient desensitization 
blockade of the dopamine receptors that would be compatible with the recep­
tor switching from a high affinity to a low affinity state (FAHN 1974). Response 
to apomorphine (CLOUGH et al. 1984) is compatible with the stimulation of a 
desensitized receptor so that it will now respond, and this result is not 
incompatible with the hypothesis. The "sudden off" phenomenon is a difficult 
problem to overcome. It is now clear that direct-acting dopamine agonists are 
ineffective. 

c. "Random Off" (Table 4, B 10) 

It was formerly believed that all "offs" occurring seemingly at random were 
part of the "sudden off" phenomenon. Indeed, "sudden offs" are unpredict­
able, but not all unpredictable "offs" occur suddenly. Some unpredictable, 
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and seemingly random, "offs" have been found to fit a pattern in some pa­
tients. When plotted out daily, they are found to occur predominantly at the 
end of the dose and have been called the "complicated end-of-dose effect" 
(MARSDEN et al. 1982). 

d. Yo-yo-ing (Table 4, C.3) 

Yo-yo-ing refers to that fluctuating condition in Parkinson's disease treated 
with levodopa in which the patient responds rapidly with a peak-dose dyskine­
sia, followed by a predictable "wearing-off" (FAHN 1982). The dopamine re­
ceptors are obviously intact, and they would need to be extremely supersensi­
tive to get such dyskinesias. Hence, there appears to be a pharmacodynamic 
factor to account for the dyskinesias. At the same time, the short plasma half­
life and the need for constant bioavailability of levodopa in the plasma ac­
counts for the "off" states. Hence, the "offs" are the result of a pharmacokine­
tic factor, and this condition is listed in Table 4 as a combined 
pharmacokinetic and pharmacodynamic problem. Treatment is virtually im­
possible with regular levodopa. Perhaps sustained-release levodopa will prove 
to be useful. We have had success with direct-acting agonists when used as 
the sole or dominant form of pharmacotherapy. 

e. Episodic Failure to Respond to Each Dose (Table 4, A. 6) 

Failure of the patient to respond to each dose of levodopa is related to poor 
gastric emptying (RIVERA-CALIMLIN et al. 1970; FAHN 1977b). This problem 
can be overcome by dissolving levodopa in liquid prior to ingesting it. This 
type of fluctuation is probably commoner than is usually recognized. In a sur­
vey of their patients, MELAMED et al. (1986) found a number of patients with 
this difficulty. It is not clear if the delayed gastric emptying is due to levodopa 
therapy itself or if the disorder develops because frequent dosing will statisti­
cally result in some tablets not passing through the stomach quickly enough 
to reach the small intestine where absorption takes place. 

f. "Delayed On" (Table 4, A. 7) 

MELAMED and BIITON (1984) reported that patients with fluctuations often 
have a problem getting an "on" with the first dose in the morning. These pa­
tients tend to have a longer delay with this dose than patients who do not ex­
perience fluctuations. The mechanism is not clear, but it may have to do with 
obtaining adequate plasma levels. I have noticed that many patients need a 
larger amount of levodopa as their first dose of the day in order to "kick in" a 
response to the medication. Since the first dose is often accompanied by a 
higher plasma level of levodopa than later doses (FAHN 1982; SHOULSON et al. 
1975), the problem may not be entirely pharmacokinetic. Rather, it is possible 
that the dopamine receptors are in a low affinity state and require more dop­
amine agonism to activate them. 
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g. Weak Levodopa Response at End of Day (Table 4, A. 8) 

Another commonly heard complaint is that the response to levodopa tends to 
be weaker in the afternoons and evenings. It is possible that this could be due 
to competition oflevodopa with 3-0-methyldopa (O-MD) which is a major pe­
ripheral metabolite of levodopa, and which is found in high levels in plasma, 
owing to its long half-life (MUENTER et al. 1972, 1973). O-MD competes with 
levodopa for penetration into brain (WADE and KATZMAN 1975) because both 
compounds are neutral large amino acids and use the same transport system 
to cross the blood-brain barrier. 

h. Response Varies in Relation to Meals (Table 4, A. 9) 

There are at least three variations of levodopa responsiveness in regard to 
meals. Because levodopa is dependent on passage through the stomach, a full 
meal with delayed gastric emptying will result in a delayed and weaker re­
sponse to levodopa ingested after the meal. On the other hand, some patients 
who normally take levodopa with or after a meal will find that if they now take 
it before a meal, the response is much greater and they develop peak-dose dys­
kinesia. These two variations can easily be corrected by accommodating the 
timing of doses of levodopa according to the pathophysiology of their particu­
lar problem. 

The third variation relates to high protein meals. Competition with other 
amino acids in the diet can interfere with transport of levodopa across the in­
testinal mucosa and across the blood-brain barrier (MUENTER et al. 1972; 
Nurr et al. 1984). Only rarely does this competition with other amino acids 
pose a serious problem for patients. Most accommodate to protein in their 
diet. In those rare individuals in whom any protein in any meal interferes with 
their response to levodopa it is necessary to plan a meal strategy. Usually hav­
ing nonprotein meals at breakfast and lunch, making up for this lack by hav­
ing higher protein meals at dinner, will usually be effective. If patients go 
"off" at night when they can best afford to be "off," they can adjust to this si­
tuation. 

4. "Freezing" (Table 4, B. 13) 

As pointed out in Sect. A, freezing takes many forms, and these have different 
names, such as listed in Table 3. However, it is not clear that any of these va­
riants has a different pathophysiologic mechanism. The major differentiation 
is to distinguish between "off freezing" and "on freezing." "Off freezing" is 
best explained as a feature of Parkinson's disease, and its treatment is to keep 
the patient from getting "off." "On freezing" remains an enigma, and this 
problem tends to be aggravated by increasing the dosage of levodopa. It is not 
improved by adding direct-acting dopamine agonists. Rather, it is lessened by 
reducing the dosage of levodopa. Although NARABAYASHI et al. (1984) reported 
benefit with L-threo-DOPS, supposedly a precursor of brain norepinephrine, I 
have not seen any benefit with this drug in the treatment of "on freezing." 
Furthermore, we found no evidence that this drug increases norepinephrine in 
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rat brain or human cerebrospinal fluid. Interestingly, in the intravenous infu­
sions of levodopa performed by SHOULSON et al. (1975), a sudden stimulus, 
such as tilting the patient upright on a tilt table, resulted in sudden transient 
worsening of parkinsonism. This can be interpreted to indicate the induction 
of sudden transient freezing. It may be a useful model for future studies. 

5. Mental Changes (Table 4, B. 3) 
The central adverse effects of confusion, agitation, hallucinosis, hallucina­
tions, delusions, depression, and mania are probably related to activation of 
dopamine receptors in nonstriatal regions, particularly the cortical and limbic 
structures. This is difficult to remedy, except by reducing the dosage of levo­
dopa, thereby possibly lessening the beneficial response to levodopa as well. 
Clearly, a dopamine agonist that would be specific for striatal receptors would 
be welcome. Alternatively, a dopamine antagonist that would be specific for 
nonstriatal receptors would theoretically be effective. 

6. Loss of Efficacy 

a. Caused by Pyridoxine (Table 4, A. 10) 

Excess pyridoxine can antagonize the benefit from levodopa by increasing pe­
ripheral decarboxylation of levodopa (DUVOISIN et al. 1969; LEON et al. 1971). 
This problem was only encountered in patients who took exogenous supple­
ments of pyridoxine, and not from pyridoxine in regular diets. Before the in­
troduction of a peripheral decarboxylase inhibitor, this was avoided by having 
patients take multivitamins without pyridoxine. Today, this potential problem 
is avoided by utilizing a peripheral dopa decarboxylase inhibitor, such as 
carbidopa .. Pyridoxine is a cofactor for decarboxylase, and can thereby in­
crease peripheral metabolism of levodopa. However, if this enzyme is inhibi­
ted by carbidopa or other peripheral inhibitors, excess pyridoxine does no 
harm to the peripheral pharmacokinetics of levodopa. 

b. With Continuing Treatment (Table 4, B.16) 

A debated point in the treatment of parkinsonism is the cause of declining ef­
ficacy from continuing treatment with levodopa in many patients (Y AHR 
1976). If the postsynaptic dopamine receptors in the striatum are not lost in 
this disease, why should a patient get less response from medication over 
time? Progression of the illness with further loss of dopamine storage sites in 
the presynaptic terminals is the most frequently invoked explanation. How­
ever, loss of these structures does not automatically produce a loss of response 
to levodopa. For example, postencephalitic parkinsonism with its much grea­
ter loss of dopamine in the striatum (EHRINGER and HORNYKIEWICZ 1960; 
BERNHEIMER et al. 1973) has more, not less, sensitivity to levodopa (CALNE et 
al. 1969; DUVOISIN et al. 1972 a). This observation is sufficient to argue against 
the concept that reduction of storage sites for dopamine is responsible for the 
declining efficacy of levodopa. Perhaps Parkinson's disease is associated with 
loss of striatal dopamine receptors as well as the presynaptic dopaminergic 
neuron. 
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Even so, there may be additional factors contributing in part to the loss of 
efficacy seen with continuous treatment with levodopa. Some decline may 
arise in part from gradual downregulation of striatal dopamine receptors 
(RINNE et al. 1980). Not all patients develop this problem, but it appears to be 
due to the receptors being constantly exposed to high levels of dopamine. Evi­
dence to support this concept comes from the studies of levodopa drug holi­
days. After levodopa is eliminated for a short period, restoration of levodopa 
therapy usually provides enhanced temporary benefit (DIRENFELD et al. 1980; 
WEINER et al. 1980). Unfortunately, this enhanced sensitivity is short-lived, 
and the potential risks of aspiration during the drug holiday render this ap­
proach undesirable for the short-term benefit that can be obtained. 

7. Miscellaneous 

a. Altered Sleep-Wake Cycle (Table 4, B.4) 

The adverse effects of drowsiness during the daytime, particularly after a dose 
of levodopa, and insomnia at night are fairly common. They often accompany 
the central adverse effects of confusion. Like mental adverse effects, changes 
in the sleep-wake cycle most likely represent activation of nonstriatal dop­
amine receptors. Perhaps those located in the hypothalamus are responsible 
for this set of symptoms. If a patient becomes drowsy after each dose of medi­
cation, this is a sign of overdosage. Reducing the dosage is the only means of 
correcting this problem. If the patient is generally drowsy during the daytime 
and remains awake at night, this alteration of the sleep-wake cycle makes it 
difficult for those looking after the patient to give effective care. It is impor­
tant to get the patient onto a sleep-wake schedule that fits with the rest of the 
household. To correct the problem it may be necessary to use a combination 
of approaches. Efforts must be made to keep the patient awake by physical 
and mental stimulation during the daytime, otherwise sleep may be difficult 
at night. At night, the patient should then be drowsy enough to sleep. 

It may be necessary to use stimulants in the morning and sedatives at 
night in order to reverse the altered state of affairs. This should be done in ad­
dition to prodding the patient to remain awake during the day. Drugs such as 
methylphenidate and amphetamine are usually well tolerated by patients with 
Parkinson's disease. A10-mg dose of either of these drugs, repeated once if ne­
cessary, may be helpful. To encourage sleep at night, a hypnotic may be ne­
cessary in addition to daytime stimulants. It should be noted that strong seda­
tives, such as barbiturates, are poorly tolerated by patients with Parkinson's 
disease. Milder hypnotics, such as benzodiazepines, are usually taken without 
difficulty. Short-acting benzodiazepines would be preferable, but if the pa­
tient awakens too early, a longer-acting one may need to be used. 

b. Hypersexuality (Table 4, B. 5) 

Hypersexuality as a toxic complication of levodopa received much publicity 
in the lay press shortly after levodopa was introduced. It was more likely to oc­
cur in postencephalitic parkinsonism (SACKS 1974), but it is also seen as a 
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complication of levodopa in patients with Parkinson's disease. TANNER et al. 
(1986) reported five male patients with disabling hypersexual behavior after 
years of levodopa therapy, and point out that this complication has been re­
ported only in males. 

In all reported cases, hypersexuality has been a sign of overdosage, and the 
adverse effect lessens on reduction of dosage. However, I have one patient 
with Parkinson's disease who has paradoxical hypersexuality; that is, when he 
is underdosed or when he is "off," he has this problem. When he is "on," the 
urge for sex dissipates. When the patient is in a toxic state, with choreic move­
ments, there is no hypersexuality. Thus, he seems to be opposite to all other 
reported cases with this complaint. 

The sexual urge is a compulsion that is overwhelming and incapacitating. 
Both husbands and wives bring this problem to the attention of the physician. 
Although the patient has compulsive thoughts about having sexual relations, 
and may actually attempt to carry out this activity several times a day, the de­
sire is usually not matched by adequate performance. My patient with para­
doxical hypersexuality will take showers frequently when he gets these sexual 
urges in an effort to take his mind off this psychic drive. Compulsive thoughts 
and actions caused by levodopa in postencephalitic patients account for a 
large number of levodopa failures in this population (SACKS 1974). It is rea­
sonable to place hypersexuality with these other compulsive ideations. There 
is no effective antidote for hypersexuality other than reducing the dosage of 
levodopa. One could speculate that dopaminergic receptors in the limbic sys­
tem, including the hypothalamus, are supersensitive in these patients and are 
responsible for this toxic reaction. 

c. Akathisia (Table 4, B.6) 

Akathisia, meaning inability to sit still, is not a commonly recognized adverse 
effect of levodopa. LANG and JOHNSON (1987) asked patients with Parkinson's 
disease specifically for complaints of restlessness and found that 86 % did 
have this subjective complaint. Most patients with Parkinson's disease who 
complain of an inner feeling of restlessness do not overtly manifest any signs 
such as moving about. From Lang and Johnson's study it was not clear if aka­
thisia represented an adverse effect of levodopa or was a feature of the disease. 
In most of their patients it appeared only after the introduction of antiparkin­
sonian drugs, but a small number had this symptom early in the course of Par­
kinson's disease, prior to receiving any medication. It is likely that other anti­
parkinsonian agents may also contribute to this complaint, for I have seen it 
in patients with idiopathic torsion dystonia after starting anticholinergic 
drugs. But it is clear that levodopa can cause it since I have also seen a patient 
with idiopathic torsion dystonia who developed akathisia after starting levo­
dopa as the sole pharmacologic agent. 

In general, akathisia is most commonly encountered as a complication of 
dopamine receptor blocking drugs, predominantly the antipsychotics (F AHN 
1984). With these drugs, akathisia can appear as an acute symptom following 
introduction of the antipsychotic (referred to as acute akathisia) and the 
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symptom is relieved by discontinuing the offending drug. Akathisia can also 
appear as a late complication of these drugs and remain persistent (referred to 
as tardive akathisia). Tardive akathisia occurs in association with tardive dys­
kinesia and tardive dystonia. Unfortunately, the mechanism of akathisia in­
duced by neuroleptics is not clearly understood. Why antidopaminergics and 
dopaminergics should both produce akathisia remains a mystery. It seems rea­
sonable to conclude that levodopa-induced akathisia is a central pharmacody­
namic problem. Its treatment is merely to reduce the dosage of levodopa if the 
symptoms are too pronounced. 

d. Sweating (Table 4, B.2) 

The problem of episodic sweating remains an enigma, both in its mechanism 
and its treatment. These episodes, seemingly unrelated to timing of medica­
tion, cause the patient to be drenched in sweat, and could potentially cause an 
electrolyte imbalance. At the minimum it is an unpleasant, uncomfortable 
problem, and requires frequent changing of clothing. Autonomic dysfunctions 
do occur in Parkinson's disease (GOETZ et al. 1986a), but these do not explain 
the episodes of drenching sweats that can occur in some patients. It is not 
known whether this complication of levodopa is central or peripheral, but its 
occurrence in the presence of carbidopa strongly suggests that it is a central 
disorder. Although the receptors involved are not certain, one guess is that it 
may be related to dopamine receptors in the hypothalamus. Trials of propran­
ololhave been ineffective in my experience (S. FAHN unpublished work). 

e. Postural Hypotension (Table 4, B. 7) 

As mentioned in the historical review (Sect. A), postural hypotension as a 
complication of levodopa therapy can be either a peripheral or a central ad­
verse effect. Since this problem persists in the presence of carbidopa, a central 
mechanism is clearly responsible, but a peripheral action could also play a 
role in addition. Postural hypotension from levodopa is aggravated by other 
drugs taken by the patient, such as tricyclic antidepressants. The central site 
for producing this complication by levodopa is uncertain, but the hypothala­
mus should be considered since it gives rise to autonomic fibers that descend 
to the spinal cord. The treatment of postural hypotension can sometimes be 
managed by using fludrocortisone (HOEHN 1975), but often the dosage oflevo­
dopa needs to be reduced. 

f. Respiratory Distress (Table 4, A. 4 and 5) 

Respiratory distress such as dyspnea can occur as a symptom of Parkinson's 
disease in some patients. We have also encountered it during the "off" stage 
in a number of patients (ILSON et al. 1983). In addition, it can also occur as a 
complication of dystonia, usually peak-dose dystonia (BRAUN et al. 1983). 
Both of these situations were discussed in the discussion of the "wearing-off" 
phenomenon (Sect. B.lI.3.a). 
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g. Falling (Table 4, B. 17) 

Falling is a common feature of Parkinson's disease as the illness progresses 
and there is increasing loss of postural reflexes. Since this particular cardinal 
sign of Parkinson's disease is little benefited by levodopa therapy (KLAWANS 
1986), this problem persists and worsens despite pharmacotherapy. Because 
levodopa may allow patients to be more mobile, e.g., allowing them to arise 
more easily from a chair and walk independently, the persistence of postural 
instability becomes a particular problem because it raises the hazard of in­
creased likelihood of falling. Thus, this complication of levodopa therapy in 
this particular subpopulation of patients with Parkinson's disease is techni­
cally not a true adverse effect of the medication, but a complication of the im­
provement in mobility in a patient at risk of falling, thereby increasing that 
risk. 

h. Pain (Table 4, B. 8) 

Pain and other sensory complaints are common as a symptom of Parkinson's 
disease (SNIDER et al. 1976; KOLLER 1984; GOETZ et al. 1986b). Usually, these 
symptoms are controlled by treatment with levodopa. However, I have ob­
served some patients with Parkinson's disease who developed sensory com­
plaints, including pain, as a result of levodopa therapy. Often the pain is an 
accompaniment of "off" dystonia (MELAMED 1979; ILSON et al. 1984). In this 
situation, as discussed in Sect. B.II.1.b.y, it is necessary to prevent the "off" 
phenomenon. A rare patient may have sensory complaints from levodopa 
therapy, unaccompanied by dystonia. We have treated two of these patients 
with electroconvulsive therapy with good results (S. FAHN unpublished work). 

j. Increased Parkinsonism (Table 4, B.1S) 

A few patients on high dosage levodopa may become more parkinsonian. This 
was initially reported unaccompanied by any other features of levodopa toxi­
city (FAHN and BARRETT 1979). More recently, this phenomenon has also been 
seen accompanied by confusion (SAGE and DUVOISIN 1986). In both situa­
tions, improvement occurs when the dosage of levodopa is reduced. In fact, 
the phenomenon of increased parkinsonism without other signs of toxicity 
probably occurs more often than is recognized. Many physicians, unaware of 
this complication, are inclined to increase the dosage of antiparkinsonian me­
dication, which does not help. Rather, a reduction of dosage should be tried 
first to see if symptoms improve. This problem would appear to be related to 
reduced receptor sensitivity by high dosages of dopamine present in the stria­
tum. 

k. "Neuroleptic Malignant Syndrome" (Table 4, C.4) 

The neuroleptic malignant syndrome normally refers to that clinical condition 
in which a patient is taking a neuroleptic medication and suddenly develops 
high fever, muscle stiffness, sweating, and an alteration in mental alertness. 
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The mechanism for this problem has been attributed to blockade of some cen­
tral dopaminergic receptors, possibly the hypothalamus. 

A similar syndrome has been seen in patients with parkinsonism on sud­
denly discontinuing levodopa, as well as during "off" fluctuations (FRIEDMAN 

et al. 1985). Ordinarily, stopping levodopa suddenly presents no problem in 
the early years of treatment. Often there are sufficient stores of striatal dop­
amine for it to take several days before deterioration from the benefit of levo­
dopa is seen. However, with long-term treatment, particularly in patients mar­
kedly dependent on the constant bioavailability of levodopa in plasma (Le., 
those with the "wearing-off" effect), sudden discontinuation of levodopa ren­
ders the patient markedly parkinsonian immediately. A few of these patients 
will have an associated agitation and confusion with their increased motor 
stiffness and bradykinesia, and develop the spectrum of the neuroleptic malig­
nant syndrome. Thus, this poses another potential danger when suddenly dis­
continuing levodopa. It is assumed that the dopamine receptors are downregu­
lated when the patient is on chronic levodopa. Suddenly discontinuing 
levodopa leaves the receptor without adequate stimulation, and the clinical 
picture of the neuroleptic malignant syndrome can develop. Treatment should 
be with immediate reinstitution of levodopa. 
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CHAPTER 15 

Monoamine Oxidase Inhibitors 
in Parkinson's Disease 

M. SANDLER and V. GLOVER 

A. Introduction 

Following the seminal discovery by EHRINGER and HORNYKIEWICZ (1960) of 
the nigrostriatal dopamine deficiency of Parkinson's disease, one obvious 
therapeutic strategy was to inhibit monoamine oxidase (MAO), the major en­
zyme metabolizing it in human brain, in order to conserve the attenuated sup­
ply. HOLZER and HORNYKIEWICZ (1959) had previously shown that the MAO 
inhibitors, iproniazid and harmine, increase the dopamine content of rabbit 
brain. Harmine had, in fact, been used very early on for the treatment of par­
kinsonism (BEHRINGER and WILMANNS 1929). Although this and related com­
pounds are reversible MAO inhibitors (NELSON et al. 1979), the beneficial ef­
fect claimed for it may not have stemmed from this particular biochemical 
action; the related compound, harmalol, which was thought to have a similar 
therapeutic effect (COOPER and GUNN 1931), is a much less potent MAO inhi­
bitor. Iproniazid and other nonselective irreversible MAO inhibitors were 
carefully considered in the early 1960s for the treatment of parkinsonism. 
However, their use as a single treatment did not appear to lead to any rise in 
brain dopamine (BERNHEIMER et al. 1963) and resulted in no more than mod­
est clinical improvement (ROSEN 1969). It therefore seemed more reasonable 
to treat affected subjects with an L-dopa-MAO inhibitor combination. Indeed, 
a number of groups who carried out such a trial noted beneficial results (e.g. 
BIRKMAYER and HORNYKIEWICZ 1961, 1962; MCGEER et al. 1961; BARBEAU et 
al. 1962), although marginal benefit only was recorded by others (HIRSCH­
MANN and MAYER 1964). 

Both MCGEER et al. (1961) and BARBEAU et al. (1962) observed that the 
combination of drugs brought about a substantial increase in blood pressure, 
a finding in accord with that of HORwrrz et al. (1960), who noted that the pres­
sor effect of intravenous dopamine in humans is markedly potentiated by 
MAO inhibition. Since these early observations, the hypertensive action of L­
dopa plus MAO inhibitor has repeatedly been noted (see HUNTER et al. 1970), 
although no deaths have so far been recorded. MONES et al. (1970) attempted 
to make use of this hypertensive response in the treatment of a patient with 
the Shy-Drager syndrome whose existing orthostatic hypotension was exacer­
bated by L-dopa alone; however, the rise in blood pressure so obtained was 
fluctuating and uncontrolled and the treatment had to be abandoned. Because 
of this emergence of the equivalent of the tyramine-induced "cheese effect", 
the use of MAO inhibitors in Parkinson's disease fell for a time into abey-
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ance. Even the discovery of peripheral decarboxylase inhibitors changed the 
situation little. It soon became obvious, when TEYCHENNE et al. (1975) used L­
dopa and an inhibitor of this kind, together with the MAO inhibitor, tranyl­
cypromine, that peripheral decarboxylase inhibition was incomplete: thus, 
some dopamine continued to be generated peripherally and breakthrough hy­
pertension consequently occurred. 

The stage was set for all that was to follow by the discovery that MAO 
exists in two forms, MAO-A and MAO-B, each with different substrate speci­
ficities and inhibitory sensitivities (Table 1). This classification was first made 
by JOHNSTON (1968) using a new inhibitory drug, MB 9302, later called clorgy­
line. He showed that clorgyline gives a double-sigmoid curve during an in 
vitro MAO assay procedure with tyramine as substrate, indicating that tyr­
amine is oxidised by two forms of the enzyme, with different sensitivities to 
the drug. Johnston called the more clorgyline-sensitive form, MAO-A, and 
the less sensitive form, MAO-B. It was soon apparent that MAO-A selectively 
metabolises 5-hydroxytryptamine (5-HT) in vitro whereas MAO-B selectively 
oxidizes phenylethylamine (PEA) (YANG and NEFF 1973, 1974). These sub­
strates are currently used widely for the assay of the two forms. 

Meanwhile, KNOLL and his colleagues had been developing a new class of 
MAO inhibitor based on modifications of the structure of amphetamine (for a 
comprehensive review see KNOLL 1983). They found that one of these, E-250 
[(±)-isopropylmethylpropargylamine Hel], later to be called deprenyl or, 
more recently, selegiline, prevents tyramine-induced release of neurotransmit­
ter monoamines from their binding sites. It thus seemed possible that they 
had produced an MAO inhibitor without the "cheese effect" (KNOLL and 
MAGYAR 1972). Following the discovery of the two forms of MAO with clorgy­
line, it became apparent to these workers that (- )-deprenyl is the obverse of 
the clorgyline coin, a selective MAO-B inhibitor. (- )-Deprenyl can selectively 
inhibit MAO-B, both in vitro (EGASHIRA et al. 1976), and in vivo, (FELNER and 
WALDMEIER 1979) if given repeatedly in suitably low dose. 

Table 1. Substrate specificity and inhibitor sensitivities of MAO-A and -B 

MAO-A 

Selectively inhibited by Clorgyline 

MAO-B 

(-)-Deprenyl 
J508 
MD780515 

Nonselectively inhibited by Tranylcypromine 
Phenelzine 
Isocarboxazid 
Pargyline (more B) 

Selective substrates 5-Hydroxytryptamine Phenylethylamine 
Benzylamine 

Mixed substrates Noradrenaline 
Dopamine 
Tyramine 
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Fig. 1. Structures of some of the major MAO inhibitors 
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The acetylenic inhibitors of MAO, pargyline, clorgyline, (- )-deprenyl, 
(Fig. 1), and J508 all appear to inhibit enzyme activity by a "suicide reaction" 
(FOWLER et al. 1981; SINGER and SALACH 1981). An initial competitive interac­
tion between inhibitor and enzyme is followed by formation of an irreversible 
adduct. 

where E = enzyme; I = inhibitor; E1 = reversible enzyme-inhibitor complex; 
and E1* = irreversible enzyme-inhibitor adduct. It has been suggested that 
the MAO-B selectivity of (- )-deprenyl is determined by the initial reversible 
rather than the irreversible reaction (TIYfON and MANTLE 1981). 

When (- )-deprenyl was first used in humans in conjunction with L-dopa 
in the treatment of Parkinson's disease, adverse reactions were not recorded 
(BIRKMAYER et al. 1975). To a greater or lesser extent, the clinical benefit con­
ferred by L-dopa, with or without a peripheral decarboxylase inhibitor, is tem­
porary. After a period of time which varies from individual to individual, but 
averages about 5 years, the drug begins to lose its effectiveness and a new 
series of adverse reactions supervenes, dominated by the so-called "on -off" 
oscillations. One subgroup of these phenomena appears to have a clear phar-
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macological basis, being related to fluctuations in plasma concentrations of L­
dopa, "end-of-dose" and "early morning" hypokinesia. It is this small group of 
patients, grossly incapacitated and otherwise at the end of the line as far as 
treatment is concerned, for whom adjuvant therapy with the selective MAO-B 
inhibitor, (- )-deprenyl, may be beneficial (for reviews see SANDLER and 
STERN 1982 and Chap. 17). The question of whether (- )-deprenyl also helps to 
arrest the parkinsonian pathological process (BIRKMAYER et al. 1985) and will 
therefore prove to have a prophylactic role in the disease will be raised again 
later in this chapter. 

B. The Inhibition of Dopamine Oxidation by (-)-Deprenyl 
Why (- )-deprenyl should help in Parkinson's disease was, at first sight, puzzl­
ing. When the treatment was introduced by BIRKMAYER et al. (1975), there 
were only the results of rat experiments to provide guidance. The consensus at 
the time held that striatal dopamine was predominantly oxidised by MAO-A 
(W ALDMEIER et al. 1976), whereas (- )-deprenyl was a selective inhibitor of 
MAO-B. Resolution of the problem came with the demonstration of a sub­
stantial species difference in the ratio of MAO-A to MAO-B in brain. Al­
though dopamine is a substrate for both forms, the proportion oxidised by 
MAO-B in human brain is much greater than in rat brain because of the 
higher B:A ratio in the former (GLOVER et al. 1977; GARRICK and MURPHY 
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Fig.2. Selective inhibition by (- )-deprenyl of PEA and 5-HT oxidation in human stri­
atum. Results represent mean ± SE from separate determinations on homogenates of 
striatum from six individuals (GLOVER et al. 1980) 
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Table 2. 5-Hydroxytryptamine (5-HT), phenylethylamine (PEA) and dopamine (DA) 
oxidising activities in different regions of human brain, and inhibition of DA oxida-
tion by 10-6 M (- )-deprenyl (GLOVER et al. 1980) 

Region 5-HT PEA DA 5-HT/PEA Inhibition of 
DA oxidation 
by deprenyl (%) 

Accumbens 21.9 21.8 28.5 1.0 83 
Caudate 20.2 17.2 29.4 1.2 82 
Pallidus 18.0 14.1 21.8 1.3 80 
Putamen 16.6 13.1 19.7 1.2 80 
Hypothalamus 38.3 22.1 37.2 1.7 70 
Amygdala 27.9 14.3 24.8 2.1 73 
Precentral cortex 16.7 6.9 13.5 2.4 66 
Occipital cortex 20.2 6.0 16.7 3.3 67 
Temporal cortex 18.7 8.1 14.5 2.3 65 
Frontal cortex 17.6 7.2 12.9 2.4 68 
Cerebellar cortex 10.7 4.8 9.6 2.2 63 

Results are the means of duplicate assays from 5 brains. Activities are expressed as 
nmol substrate oxidised per mg protein in 30 min. 

1980). There is no difference in MAO-A or -B in parkinsonian brains com­
pared with controls (NAGATSU et al. 1977). Within human brain, the B:A ratio 
varies in different regions and is highest in those rich in dopamine. Figure 2 
shows that, in vitro, 10-6 M (- )-deprenyl substantially inhibits MAO-B in hu­
man brain while having little effect on MAO-A (GLOVER et al. 1980); at this 
concentration it shows maximal selectivity. Table 2 shows that this concentra­
tion inhibits dopamine oxidation in striatal homogenates by about 80 %. Km 
values for dopamine with human MAO-A and -B are very similar at 130 and 
140 ~M respectively (GLOVER et al. 1980), so that the proportion oxidised by 
the two forms should be independent of dopamine concentration. There is no 
evidence that any form of amine oxidase, other than MAO-A and -B, contri­
butes to the oxidation of dopamine in human brain (GLOVER et al. 1980). 

A concentration 10-6 M (- )-deprenyl is equivalent to a 10-mg dose distri­
buted in a body water mass of 40 kg and suggests that administration of this 
amount might be expected to have a selective action in humans. A study of 
postmortem brains of patients taking 10 mg (- )-deprenyl for an average of 
6 days before death (RIEDERER and YOUDIM 1986) showed MAO-B to be al­
most totally inhibited compared with parkinsonian controls, whilst MAO-A 
was much less so. Dopamine levels were substantially increased (Fig. 3), 
whereas 5-HT, and its deaminated metabolite, 5-hydroxyindoleacetic acid 
(5-HIAA), were not in general significantly changed in concentration. This 
finding provides evidence for the functional and selective effect of this dose of 
( - )-deprenyl in vivo. However, it is still possible that, over a longer time span, 
more gradual inhibition of MAO-A will take place, with some consequent loss 
in selectivity (SANDLER 1981). 
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Fig. 3. Concentration of dopamine in various regions of human parkinsonian brain 
with and without (- )-deprenyl therapy. (- )-Deprenyl (10 mg daily dose) was given on 
average for a period of 6 days prior to death. The results are means ± SE of three to 
nine different brains. Note that dopamine concentrations in (- )-deprenyl-treated sub­
jects are expressed as a percentage of those in parkinsonian subjects without (- )-de­
prenyl therapy (RIEDERER and YOUDIM 1986) 

C. Cellular Localisation of MAO in the Brain 

In general, histochemical studies have shown that MAO-B in brain is most 
highly concentrated in the 5-HT cell body regions and in glia (LEVITI et al. 
1982; WESTLUND et al. 1985; GLOVER et al. 1987; KONRADI et al. 1987). Brain 
MAO-B levels increase in old age (FOWLER et al. 1980; MANN and STANLEY 
1984), presumably owing to a rise in the relative concentration of glia. 
MAO-A, on the other hand, is particularly concentrated in noradrenergic neu­
rones (WESTLUND et al. 1985; GLOVER et al. 1987; KONRADI et al. 1987). 

Studies of dopamine-containing synaptosomes from either rat or human 
striata show them to contain MAO-A, but not -B (FAGERVALL and Ross 1986; 
TIPTON et al. 1986). Thus, the high activity of MAO-B in human striatum is 
likely to be located in glia. Presumably, the effect of (- )-deprenyl is to pre­
serve dopamine after it has been released and allow higher concentrations to 
be available for reuptake. Histochemical studies of both rat (GLOVER et al. 
1987) and human (KONRAD I et al. 1987) brain have failed to detect enrich­
ment of MAO-A in the nigrostriatal tract, although activity is pronounced in 
the locus coeruleus. This finding suggests that intraneuronallevels of MAO-A 
are lower in these dopaminergic neurones than in noradrenergic ones. 

D. Safety of (-)-Deprenyl 

(- )-Deprenyl, used in selective inhibitory dosage, appears to be very safe. It 
has now been administered to thousands of parkinsonian patients without 
marked untoward effect or drug interaction (BIRKMAYER et al. 1982, 1985). 
When the selective MAO-B inhibitory dose is compared with the LDsQ' a very 



Monoamine Oxidase Inhibitors in Parkinson's Disease 417 

Table 3. The safety margin of deprenyl as a selective inhibitor of MAO-B (KNOLL 1983) 

Species LD50 (mg/kg) a Highest dose (mg/kg) Safety margin 
which blocks LD50/MAO-B blocking 
selectively MAO-B doseb 

in brain, leaving 
MAO-A activity 
unaffected 

p.o. s.c. i.v. s.c. i.v. i.v. s.c. 

Mouse 445 205 50 410 (0.24) 
Male (363-546) (162-262) (42-58) 
Female 365 190 51 0.5 378 (0.26) 

(288-464) (152-237) (41-62) 
Rat 422 146 75 584 (0.17) 300 (0.33) 

Male (333-636) (110-194) (67-84) 
Female 303 112 70 0.25 0.25 448 (0.22) 276 (0.36) 

(228-407) (89-142) (62-79) 
Dog 200 95 0.25 380 (0.26) 
Cat 40 0.1 400 (0.25) 

a Values in parentheses indicate 95 % confidence limits. 
b Values in parentheses indicate the MAO-B blocking dose expressed as a percentage of LD5o. 

wide safety margin is apparent (Table 3). The orally active daily dose required 
to achieve almost complete MAO-B inhibition in the rat is about 1 mg/kg 
(KNOLL 1983), whilst the standard daily oral dosage regimen in Parkinson's 
disease, 10 mg, is 5-10 times lower. On such a dosage schedule, (- )-deprenyl 
shows very little potentiation of the tyramine pressor response, in humans. 
ELSWORTH et al. (1978) demonstrated that both normal volunteers and parkin­
sonian patients who had been taking 10 mg (- )-deprenyl for up to 2 months 
could tolerate 150-200 mg oral tyramine without any noticeable effect. This is 
in marked contrast to pretreatment with c1orgyline, where a profound hyper­
tensive response may be observed after less than 10 mg oral tyramine (LADER 
et al. 1970). 

With higher dosage, (- )-deprenyl does potentiate the pressor action of tyr­
amine. SMITH et al. (1986) found that 30 mg (- ):deprenyl significantly lowers 
the amount of tyramine required to produce a pressor response, and SUNDER­
LAND et al. (1985) similarly showed that 60 mg (- )-deprenyl results in poten­
tiation of a similar order to tranylcypromine. It is thus only the low dose (10 
or 15 mg/day) (- )-deprenyl regimen that can be considered safe, and without 
the "cheese effect". 

It seems likely that the reduction in safety margin parallels inhibition of 
MAO-A. Sympathetic neurones appear to contain MAO-A (NEFF and GORI­
DIS 1972), the inhibition of which would allow a build-up of cytoplasmic nor­
adrenaline. PICKAR et al. (1981), using a range of MAO inhibitors, demon­
strated a correlation of 0.92 between tyramine pressor sensitivity changes and 
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decrease in plasma 4-hydroxy-3-methoxyphenylglycol (HMPG) level. Such a 
reduction in plasma HMPG, an important metabolite of noradrenaline, has 
been employed as an indirect index of MAO-A inhibition (LIEBOWITZ et al. 
1985) in the absence of any readily accessible source of the enzyme for direct 
assay. It remains possible that MAO inhibitors known to give rise to the 
cheese effect at therapeutic dosage have a second pharmacological property, 
the ability to augment the noradrenaline-releasing ability of tyramine (see 
SANDLER 1981). These two actions may, on occasion, be dissociated. The 
cheese effect may sometimes supervene with some drugs known not to be 
MAO inhibitors (e.g., SMITH and DURACK 1978; LEE et al. 1979). 

E. Assessment of MAO Inhibition In Vivo 

As mentioned already, a reduction in plasma HMPG concentration has been 
employed as an index of MAO-A inhibition. Because the small bowel mucosa 
exhibits high activity of this enzyme form (SQUIRES 1972; ELSWORTH et al. 
1978), gut biopsy was, at one time, employed for direct measurement of 
MAO-A activity. Such a manoeuvre is not now considered to be ethically jus­
tifiable, however. Platelets contain MAO-B (DONNELLY and MURPHY 1977) 
and can readily be used to monitor in vivo inhibition of the enzyme by 
(- )-deprenyl and other MAO-B inhibitors. In three of four volunteers, a de­
cline in platelet MAO-B activity could be observed 2 h after taking 1 mg 
(- )-deprenyl (ELSWORTH et al. 1978). We have found that an oral dose of 
10 mg (- )-deprenyl usually causes 100 % inhibition of platelet MAO activity. 
Others have also reported that 10 mg/ day for 1 week produced 99.4 % -100 % 
inhibition (SIMPSON et al. 1985). 
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Fig. 4. Typical changes in platelet MAO activity and free urinary PEA output in a nor­
mal volunteer receiving (- )-deprenyl (ELSWORTH et al. 1978) 
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As (- )-deprenyl inhibits MAO-B irreversibly and the turnover of the 
platelet enzyme may be different from that elsewhere in the body because of 
rapid turnover of the platelets themselves, platelet measurement may not al­
ways provide a good index of general inhibition after the drug has been dis­
continued. In one positron emission tomographic (PET) scan study in the ba­
boon, for example, brain MAO-B activity appeared to take 100 days to recover 
after (- )-deprenyl administration (ARNETT et al. 1986). It is also possible that 
certain tissues concentrate the drug to different extents. However, platelet 
MAO is adequate as an indicator of patient compliance in taking an irreversi­
ble MAO-B inhibitor. 

Urinary PEA rises sharply when ( - )-deprenyl is given (Fig. 4, ELSWORTH et 
al. 1978; LIEBOWITZ et al. 1985). Concentration was not altered by 1 mg of the 
drug, but a 10-mg dose of (- )-deprenyl brought about a 20- to 90-fold in­
crease in output of PEA. The return to normal was much more rapid than that 
of platelet MAO activity. A greater than 90 % inhibition of MAO was neces­
sary for an observable increase in urinary PEA. However, such a degree of in­
hibition is probably not always necessary for a functional effect on the en­
zyme, as indicated by the linear correlation between tyramine pressor 
response and HMPG reduction (PICKAR et al. 1981). 

Some limited studies have also been performed on CSF dopamine and 
dopamine metabolite levels after (- )-deprenyl administration. EISLER et al. 
(1981) detected an elevated dopamine concentration in the CSF of parkinso­
nian patients after chronic (- )-deprenyl administration. BARACZKA et al. 
(1983) showed that a single 10-mg dose of (- )-deprenyl did not change CSF 
dopamine or 3,4-dihydroxyphenylacetic acid (DOPAC) levels in nonparkinso­
nian patients, but that 3 days' treatment reduces the concentration of both. 
KOULU and LAMMINTAUSTA (1981) found that 10 mg (-)-deprenyl potentiates 
L-dopa induced growth hormone release, probably by increasing dopamine 
concentrations at receptor level. 

SUNDERLAND et al. (1987) have looked at more long-term effects of (-)-de­
prenyl on CSF monoamine metabolites in patients with Alzheimer's disease. 
They found that 10 mg/day for 3-4 weeks caused a significant reduction in 
the dopamine and 5-HT metabolites HVA and 5-HIAA. Higher (- )-deprenyl 
doses of 40 mg/day also caused a significant reduction in the noradrenaline 
metabolite, HMPG. These results provide good evidence that the lower dose 
of (- )-deprenyl does have a selective effect on MAO-B, whereas the higher 
doses inhibit MAO-A also. 

F. Distribution of (-)-Deprenyl in Brain and Body 

(- )-Deprenyl is well absorbed and rapidly distributed in the body. In mice, 
maximal blood levels are reached 1 h after oral and 0.5 h after subcutaneous 
administration (MAGYAR and TOTHFALUSI 1984). These authors have also 
shown that, following intravenous injection of ( - )-deprenyl in mice, the brain 
and spinal cord manifest high concentrations after 30 s. However, the radiola-
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Table 4. Radioactive concentrations (dpm/l00 mg) in tissues of mice after i.v. injec­
tion of [14C] deprenyl' (MAGYAR and TOTHFALUSI 1984) 

Time (min) Blood Brain Liver Kidney Lung Heart Brown fat 

0.5 6996 24583 8786 51248 53834 16625 101943 
5 4733 9371 25278 33005 24819 15549 51714 

10 4065 9537 25284 44315 20852 11626 29095 
30 2340 6723 29020 29705 11495 10620 15427 
60 1868 5163 18218 26609 14158 5373 6165 

120 864 2685 17636 14636 16299 3232 5412 

• Injected dose was 23 mg/kg; 5 IlCil20 g mice. Specific activity of [14C] deprenyl was 
10.85 IlCi/mg. 

belled drug is also excreted relatively rapidly from brain, with only low levels 
of radioactivity remaining after 2 h, compared with other tissues (Table 4). 

Methods are now being developed for PET scanning with [11C] (- )-depre­
nyl (MACGREGOR et al. 1985; FOWLER et al. 1987). Preliminary animal studies 
suggest that there is sufficient specific binding of (- )-deprenyl to MAO-B in 
the brain for the determination of levels and distribution, and studies in hu­
mans confirm these findings (FOWLER et al. 1987). 

G. Metabolism of (-)-Deprenyl to Amphetamine 

It has been well established that (- )-deprenyl is largely metabolised to a mix­
ture of desmethyldeprenyl, methamphetamine and amphetamine (Fig. 5; REY­
NOLDS et al. 1978; SCHACHTER et al. 1980; PHILIPS 1981; KAROUM et al. 1982; 
MAGYAR and TOTHFALUSI 1985; LIEBOWITZ et al. 1985; YOSHIDA et al. 1986). 
After administration of 10 mg (- )-deprenyl, it is possible to recover 4 mg 
methamphetamine and rather less than 1 mg amphetamine from human 
urine. No unmetabolised (- )-deprenyl was detected (REYNOLDS et al. 1978). 
SCHACHTER et al. (1980) have shown that the metabolites generated from 
(- )-deprenyl also possess the (- )-configuration. 

The central action of (- )-amphetamine is three or four times less than 
that of (+ )-amphetamine (INNES and NICKERSON 1977) and it is thus unlikely 
that the amount of ( - )-amphetamine derivatives produced in humans after a 
10-mg dose of (- )-deprenyl have much pharmacological effect. Unlike 
(+ )-amphetamine, 10 mg (- )-deprenyl does not interfere with normal sleep 
patterns (THORNTON et al. 1980) and is ineffective in narcolepsy (SCHACHTER et 
al. 1979). In recent human volunteer studies, MULLER-LIMMROTH (1985) has 
shown that, far from having a stimulant effect, (- )-deprenyl may, if anything, 
have a slight depressant action. 

(+ )-Amphetamine is a fairly potent selective reversible MAO-A inhibitor 
(MILLER et al. 1980; ROBINSON 1985) as is (+ )-methamphetamine (SUZUKI et 
al. 1980). (- )-Amphetamine and (- )-methamphetamine are less potent 
(MILLER et al. 1980; ROBINSON 1985). The lack of a tyramine pressor response 
after administration of 10 mg (- )-deprenyl suggests that, at this dose, it or its 
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Fig. 5 a-c. The structural formulae of (a) deprenyl, (b) methamphetamine and (c) am­
phetamine 

metabolites have little functional effect on MAO-A activity. 
It seems unlikely that the amphetamine derivatives contribute to the the­

rapeutic benefit achieved by administering (- )-deprenyl in Parkinson's dis­
ease. The manipulation of urinary pH in patients taking (- )-deprenyl did not 
result in detectable clinical change, despite substantial alterations in the 
excretion rate of methamphetamine and amphetamine; the substitution of 
( - )-deprenyl by appropriate concentrations of its amphetamine derivatives 
only resulted in clinical relapse (ELSWORTH et al. 1982). No amphetamine 
abuse behaviour pattern was observed by BIRKMAYER et al. (1982) in the many 
hundreds of parkinsonian patients they treated with (- )-deprenyl over the 
years. When patients are withdrawn rapidly from the drug, they have no crav­
ing for it, but only suffer an increase in parkinsonian disability (BIRKMAYER et 
al. 1982). 

H. Other Actions of (- )-Deprenyl 

All MAO inhibitors, including (- )-deprenyl, have long-term effects on va­
rious brain monoamine receptor sites, which are probably a consequence of 
the inhibition of MAO (MURPHY et al. 1984). In addition (- )-deprenyl is not 
a "clean drug" and, clearly, at higher doses, has many other effects apart from 
inhibiting MAO-B. KNOLL (1978) described its ability to inhibit amine up­
take, including that of tyramine, into catecholaminergic neurones, and to in­
hibit the release of acetylcholine. Other more recently developed selective 
MAO-B inhibitors, such as J508, were devoid of these actions (KNOLL 1978). 
However, such effects of (- )-deprenyl were only apparent at a concentration 
of 5 I1g/ml, approximately 25 11M, or at even higher concentrations. LAI et al. 
(1980) showed that it prevents noradrenaline uptake into rat synaptosomes, 
with an ICso of 26 11M, and dopamine uptake with an ICso of 330 11M. Other 
pharmacological effects of (- )-deprenyl have also been noted. At 10 mg/kg 
(approximately 50 11M), SIMPSON (1978) demonstrated sympathomimetic ef-
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fects on the rat cardiovascular system. At a concentration of 30 /lM, FINBERG 
et al. (1981) observed a depression in response of the isolated vas deferens of 
the rat to tyramine, but a potentiation on washout of the drug. They also ob­
served direct potentiation of noradrenaline effects with 10/lM (-)-deprenyl. 

ZSILLA et al. (1986) showed that repeated subcutaneous doses of (-)-de­
prenyl (0.25 mg/kg) to rats, which selectively inhibited MAO-B, but not 
MAO-A, also increased dopamine turnover rate and reduced dopamine up­
take in the striatum. FOZARD et al. (1985) demonstrated that, in doses which 
selectively inhibit MAO-B in mice and rats, (- )-deprenyl has several other 
pharmacological effects, such as reversal of reserpine hypothermia, "behaviou­
ral despair", and increased blood pressure and heart rate. In doses which se­
lectively inhibit MAO-B, another inhibitor in the literature, MDL 72145, had 
none of these effects. The authors suggest that these additional effects of 
( - )-deprenyl may be due to its amphetamine metabolites. This is plausible, 
but it should be remembered that much higher doses of ( - )-deprenyl (mg/kg) 
are needed to inhibit MAO-B selectively in rodents than in humans, perhaps 
because of its more rapid metabolism. Thus, the concentration of ampheta­
mine compounds present in these models will be much greater than in hu­
mans after a selective inhibitory dose. 

None of the other actions of (- )-deprenyl described here have been appa­
rent at concentrations likely to be present after the lO-mg dose used in parkin­
sonian patients. At low concentration (1 /lM), the drug counteracts the ability 
of clorgyline to potentiate tyramine-induced release of noradrenaline from rat 
brain slices (GLOVER et al. 1983). This effect, however, is unlikely to be rele­
vant to its primary action in Parkinson's disease, MAO-B inhibition. 

I. MAO and MPTP 

With the discovery that MPTP can bring about a syndrome resembling Parkin­
son's disease in humans and other primates (Chap. 7) and the finding that 
MAO-B is necessary for the conversion of MPTP to its toxic metabolite MPP+ 
(HEIKKILA et al. 1984; SALACH et al. 1984; GLOVER et al. 1986a), a possible 
new role for MAO in the causation of Parkinson's disease, and for MAO inhi­
bitors in its prevention, has become apparent. 

Although MPTP has a different type of structure from previously known 
MAO substrates (GLOVER et al. 1986b), it is now firmly established (CASTA-

MPTP 
I 

Fig. 6. Conversion of MPTP to MPP+ 
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GNOLI et al. 1985) that MAO-B does catalyse the first stage of the reaction, 
MPTP to the intermediate MPDP, as shown in Fig. 6. Whether the conversion 
of MPDP to MPP+ is also catalysed by MAO-B or whether it occurs spontane­
ously is still controversial. It is also well established that MAO-B is the major 
enzyme in the human body responsible for the initial conversion (GLOVER et 
al. 1986 a). Prior administration of (- )-deprenyl prevents MPTP toxicity in 
animal models (HEIKKILA et al. 1984; COHEN et al. 1985). Dopamine uptake 
blockers, at least in rodents, also prevent MPTP toxicity and this may be ex­
plicable in terms of MAO-B being localised outside nigrostriatal neurones, 
probably largely in glia (see Sect. C). The MPP+ generated outside the dop­
aminergic neurones may then be selectively concentrated by them, via the 
dopamine uptake system (JAVITCH et al. 1985). Rats are much less sensitive to 
the action of MPTP and this may be partially due to the fact that they have 
much less MAO-B sUITounding their nigrostriatal tract than do primates 
(Fig. 7; GLOVER et al. 1987; WILLOUGHBY et al. 1988). 

MPTP is a synthetic drug and presumably not itself a possible cause of idi­
opathic Parkinson's disease. However, there may well be related pyridines in 
the environment capable of acting in a similar way, perhaps more slowly, and 
building up their effects with time. Several analogues of MPTP are known to 
be substrates for MAO (GIBB et al. 1987). All are tetrahydropyridines, but 
some lack the methyl or phenyl substituent groups (Fig. 8). Some of these sub­
strates are metabolised by MAO-A as well as MAO-B. 

As mentioned earlier, BIRKMAYER et al. (1985), in a retrospective study, 
found evidence to suggest that parkinsonian patients taking (-)-deprenyl as 
part of their treatment regimen live longer than those who do not. This unex­
pected finding needs to be confirmed, of course, ina well-controlled prospec­
tive trial; if it turns out to be true, one explanation would be that ( - )-deprenyl 
acts to block the conversion of some MPTP-like compound to an MPP+ -like 
neurotoxin. It is always possible, however, that the increased dopamine levels 
resulting from ( - )-deprenyl administration (see Fig. 3) are, in themselves, pro­
tective. 

K. Postscript 

The rise to prominence of ( - )-deprenyl has been an interesting example of 
scientific serendipity. The drug was initially developed as a general MAO in­
hibitor and found to be selective for MAO-B at a time when the two forms of 
MAO were just being recognised (KNOLL 1983). It was tried in Parkinson's dis­
ease and found to be effective (BIRKMAYER et al. 1975) at a time when dopa­
mine was thought to be predominantly metabolised by MAO-A (W ALDMEIER 
et al. 1976); only later was it shown that dopamine is largely oxidised by 
MAO-B in the human striatum (GLOVER et al. 1977). The finding that MPTP 
is converted to its neurotoxic metabolite by MAO-B (SALACH et al. 1984), an 
effect that can be blocked by (- )-deprenyl (HEIKKILA et al. 1984; COHEN et al. 
1985), was also a surprise to scientists familiar with MAO, who at first thought 
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a 

b 

c 

d 
a marmoset substantia nigra, b mainios'et substantia nigra preincubated with 
10- 6 M( - )-deprenyl, c marmoset caudate, d marmoset caudate preincubated with 
10-6 M( - )-deprenyl, 
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e 

f 

g 

h 
Fig. 7 a-h. MAO-B, stained with benzylamine, in marmoset and rat substantia nigra 
and striatum e rat substantia nigra, f rat substantia nigra pre incubated with 10-6 

M( - )-deprenyl, g rat striatum, h rat striatum preincubated with 10-6 M( - )-deprenyl 
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Fig. 8. Structure of some analogues of MPTP (1) showing which are, and which are not 
substrates for MAO (GIBB et al. 1987) 

that MPTP must be a substrate for a different enzyme. At each stage there had 
been no prediction of such a role for (- )-deprenyl, and the MPTP story, in 
particular, would have seemed unlikely. Thus, the role of deprenyl has 
emerged purely on the basis of the acceptance of new experimental evidence, 
and not from any previous theoretical considerations. 
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CHAPTER 16 

Clinical Actions of L-Deprenyl 
in Parkinson's Disease 

M. D. Y AHR and H. KAUFMANN 

A. Introduction 

Over the past decade a number of investigators have reported on the useful­
ness of L-deprenyl, a selective inhibitor of monoamine oxidase type B 
(MAO-B) in the treatment of Parkinson's disease. To a considerable extent 
these reports relate to its use as an adjunctive agent to levodopa administered 
when the therapeutic efficacy of the latter begins to diminish. More recently it 
has been suggested on theoretical grounds and in limited clinical experience 
that L-deprenyl may have a more valuable effect in being able to halt or retard 
the inexorable progressive nature of the underlying disease process of Parkin­
son's disease. In this chapter,. the clinical experience to date of the use of L­
deprenyl in regard to its pharmacologic properties, indications for use, and ef­
fectiveness in the control of parkinsonism will be discussed. 

At present the treatment of Parkinson's disease is palliative and primarily 
directed toward control of its symptoms. To this end, it relies heavily on the 
concept that pharmacologic agents capable of restoring striatal dopaminergic 
activity, the major neurotransmitter defect in the disease, are most useful in 
its treatment. Of the numerous agents which have undergone clinical trial to 
date, levodopa, the aromatic amino acid precursor of dopamine, administered 
in combination with a selective extracerebral decarboxylase inhibitor, has pro­
duced the most beneficial results. Numerous reports indicating its effective­
ness in the control of parkinsonian symptoms with resultant improvement of 
the quality of life and decreased excess mortality due to the disease are avail­
able (yAHR 1976; MARSDEN and PARKES 1977). 

There are, however, a number of shortcomings to the use of levodopa. Not 
only does it fail to prevent the progressive disabling course of the disease, but 
after long-term administration the optimal therapeutic response tends to di­
minish, and associated side effects increase in frequency and intensity. Parti­
cularly distressing are the fluctuating responses which more than 50 % of pa­
tients experience after use of levodopa for more than 5 years, as well as a 
continuum of increasingly severe involuntary adventitious movements (Y AHR 
1976; 1984; McDOWELL et al. 1976; FAHN 1974; MARSDEN and PARKES 1977; 
BERGMANN et al. 1986). These limitations have prompted a search for alternate 
therapeutic strategies. 

The central role of the enzyme monoamine oxidase (MAO) in the catabol­
ism of dopamine and the development of agents for its inhibition (ZELLER and 
BARSKY 1952) has attracted particular interest. Soon after the demonstration 
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that Parkinson's disease was associated with striatal dopamine deficiency (EH­
RINGER and HORNYKIEWICZ 1960), and prior to the availability of levodopa, at­
tempts to elevate the levels of brain dopamine with MAO inhibitors were 
made (BERNHEIMER et al. 1962; BARBEAU et al. 1962). The results were less 
than promising (YAHR and DUVOISIN 1972). Only modest control of symptoms 
was obtained and the cumbersome dietary restrictions required to obviate the 
risk of hypertensive crises (BLACKWELL 1963; HORWITZ et al. 1964) made their 
usefulness questionable. With the introduction of levodopa, the use of MAO 
inhibitors was abandoned in the treatment of Parkinson's disease since they 
could not be given concomitantly without the risk and consequence of exces­
sive noradrenergic activity. 

The discovery in 1968 that MAO exists in at least two forms, designated 
type A and type B (JOHNSTON 1968), each with substrate specificity and sensi­
tivity to inhibition by selected agents, renewed interest in their use. Clorgyline 
was found to inhibit the A-type enzyme selectively, with substrate preference 
for norepinephrine and serotonin. L-Deprenyl, (- )-isopropylmethylpropargyl­
amine HCI, which had been developed in 1964, had the obverse effect of inhi­
biting the B-type enzyme (KNOLL and MAGYAR 1972; YOUDIM et al. 1972) 
whose substrate preference was for fj-phenylethylamine and benzylamine. 
Dopamine, tyramine, and tryptamine were equally good substrates for both 
forms of the enzyme. This finding was particularly fortuitous, with consider­
able therapeutic potential in treating Parkinson's disease. First, the striatum 
of humans and nonhuman primates primarily utilizes MAO-B for the catabol­
ism of dopamine (GLOVER et al. 1977). Second, L-deprenyl could be adminis­
tered concomitantly with levodopa without the threat of inducing a hyperten­
sive crisis. Third, dietary restrictions were not necessary since MAO in the 
intestinal tract is of the A variety, and would not be inhibited, allowing for tyr­
amine to undergo oxidative deamination and avoiding the "cheese effect" 
(ELSWORTH et al. 1978; SANDLER et al. 1978). These pharmacologic properties 
of L-deprenyl offered the opportunity of safely producing a more modulated 
and prolonged effect of striatal dopamine derived from exogenously adminis­
tered levodopa. 

B. Pharmacology 

L-Deprenyl is a potent, irreversible inhibitor of MAO-B. This selectivity of 
MAO-B is dose dependent, occurring when deprenyl is administered orally in 
low dosage of less than 10 mg/day. At higher dosages, it can inhibit both 
forms of the enzyme. It has been classified as a "suicide inhibitor" because an 
irreversible inhibition is produced by the action of MAO on L-deprenyl, which 
acts as a substrate, and it binds irreversibly and stoichiometrically to MAO at 
its active center (YOUDIM 1978). Deprenyl is active when given intravenously 
as well as orally and is not associated with the "cheese effect". MAO in the 
gut wall is of the A type and, hence, is not inhibited by deprenyl, thus con­
trolling tyramine access to the circulation. Bypassing the gut with intravenous 
infusion of tyramine, however, does not produce a significant increase in 
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blood pressure in animals pretreated with L-deprenyl (SANDLER et al. 1980). 
The fact that deprenyl inhibits the uptake of tyramine (KNOLL et al. 1968) may 
explain these findings. 

The action of deprenyl as an antiparkinsonian agent derives from a num­
ber of pharmacologic effects (KNOLL 1978). In addition to modulating the ca­
tabolism of dopamine by its inhibition of MAO-B, it inhibits the neuronal 
reuptake mechanism of monoamines (KNOLL et al. 1968, 1972). Since there is 
a substantial conversion of L-deprenyl to amphetamine and methylamphet­
amine (REYNOLDS et al. 1978), which are capable of releasing dopamine from 
presynaptic storage sites (MOORE 1977), this effect may also playa role. An in­
hibitory effect of L-deprenyl on the release of acetylcholine from striatal in­
temeurons has also been demonstrated (KNOLL 1978). All of these pharmaco­
logic actions are most desirable in restoring normal neurotransmitter 
relationships in the parkinsonian state. 

Human platelet MAO which is solely of the B type, provides a readily ac­
cessible way of determining pharmacologic effect (MURPHY et al. 1976), and, 
indirectly, bioavailability as well as compliance by patients taking deprenyl. It 
has been shown that complete inhibition of the platelet enzyme is achieved 
within 2 h by a dose of L-deprenyl as low as 2-5 mg (SANDLER et al. 1978). Pa­
tients on long-term L-deprenyl show almost complete inhibition of platelet 
MAO while the drug is being administered. 

C. Clinical Trials 

I. Combined Use of Deprenyl with Levodopa 

Most clinical trials, reported to date, have assessed the therapeutic efficacy of 
L-deprenyl as an adjunctive agent to levodopa (Table 1). In the main, it has 
been administered to those on long-term levodopa therapy whose optimal 
control of symptoms has diminished or become complicated by fluctuating re­
sponses, i. e., end-of-dose or random "on -off" episodes. In most studies, L-de­
prenyl, 5 mg twice a day, has been added to an existing regimen of levodopa 
and a peripheral decarboxylase inhibitor (Sinemet or Madopar). Subse­
quently, the daily dosage of the latter has been reduced in most patients as 
much as 30%. 

BIRKMAYER et al. (1975) first reported that the addition of L-deprenyl 
10 mg/day to a combination of levodopa and benserazide resulted in improve­
ment in akinesia and overall functional capacity as well as elimination of fluc­
tuations. More detailed study by other investigators (LEES et al. 1977; Y AHR 
1978; RINNE et al. 1978; SCHACHTER et al. 1980) indicated that the most re­
sponsive fluctuations were those occurring at the end of a dosing interval, 
whereas the more random "off" periods were less so. Most failed to find a 
beneficial effect on akinetic phenomena per se, beyond that which could be 
obtained from an optimal dose of levodopa alone. In double-blind studies, dif­
fering results were obtained; a beneficial response was found by two groups 
(LEES et al. 1977; SCHACHTER et al. 1980) while a third group could not de-
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Table 1. Clinical trials with L-deprenyl 

Reference number Study Daily Results 
of design dosage 
patients (mg) 

BIRKMAYER et al. 1975 44 Open 5-10 Significant reduction in akinesia 
BIRKMAYER et al. 1977 223 5-10 35 % improvement in functional 

capacity 
LEES et al. 1977 41 DBCO 10 19 dose-related "on-off," 12 improved 

8 random "on-off," 2 improved 
29 early morning/nocturnal akinesi 
18 improved 
14 freezing, 0 improved 
5 had deprenyl without L-dopa, no 
benefit 

YAHR et al. 1978 35 Open 10 22 dose-related "on-off," 17 improved 
7 random "on-off," 4 improved 

YAHR et al. 1983 79 Open 10 47 dose-related "on-off," 28 % increas 
"on" time 
22 random "on-off," 17 % increase 
"on" time 

STERN et al. 1978 85 Open 10 39 dose-related "on-off," 19 improved 
10 random "on-off," 1 improved 

RINNE et al. 1978 47 Open 5-10 19 dose-related "on-off," 13 improved 
9 random "on-off," 7 improved 
12 early morning/nocturnal akinesi 
5 improved 
20 "freezing," 11 improved 

CSANDA et al. 1978 152 DB 5-10 102 improved 
CSANDA et al. 1983 53 Open 10 9 dose-related "on-off," 6 improved 

18 had deprenyl without L-dopa, 12 
slight benefit 

SCHACHTER et al. 1980 17 DBCO 10 10 dose-related "on-off," 5 improved 
7 random "on-off," 2 improved 

GOLDSTEIN 1980 5 DBCO 10 2 improved 
EISLER et al. 1981 9 DB 10 4 improved 
GERSTENBRAND et al. 48 Open 10-15 24 dose-related "on-off," 15 improved 

1983 4 random "on-off," 0 improved 
PRESTHUS and HAJBA 40 DB 5 18 dose-related "on-off," 9 improved 

1983 2 random "on-off," 1 improved 
10 early morning akinesia, 10 im-
proved 

GIOVANNINI et al. 1985 15 Open 10 4 "on-off," 0 improved 

DB double-blind; DBCO double blind crossover 
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monstrate such a response (EISLER et al. 1981). However, patient selection and 
the small numbers involved may have introduced bias in the negative 
study. 

With few exceptions, the results of these studies support the concept that 
L-deprenyl enhances and prolongs the duration of action of levodopa. Not 
only is such potentiation evident in its beneficial effects, but in its adverse 
reactions as well. A substantial number of patients experience an increase in 
abnormal involuntary movements, others develop behavioral changes, such as 
confusion and hallucinations, while still others show disturbances of sleep 
patterns. Reducing the daily dosage of levodopa diminishes the incidence and 
severity of these untoward responses, but not infrequently at the expense of 
failing to achieve the full beneficial effects of the combined use of L-deprenyl 
with levodopa. It should be noted that only few side effects attributed to L-de­
prenyl itself have been encountered. Only isolated instances of elevated blood 
pressure have been reported. However, activation of preexisting gastric ulcers 
has occurred (Y AHR 1978), presumably owing to stimulation of gastric hist­
amine and its release. No hematopoietic, hepatic, cardiac, pulmonary, or 
renal disturbances have been encountered. Transitory elevations of alkaline 
phosphatase do occur, but are not associated with any evidence of disease. 

Only a few reports are available concerning the results of long-term ad­
ministration of L-deprenyl combined with levodopa. The most extensive is 
that of BIRKMAYER (1985) which covers a 9-year period in which patients 
treated with combined therapy were compared with those on levodopa alone. 
These investigators report that the addition of L-deprenyl not only allows pa­
tients to recoup their optimal levodopa effect, but that a significant increase 
in life expectancy occurs. The authors interpret these findings as being indica­
tive of L-deprenyl's ability to retard or prevent degeneration of the nigrostria­
tal system (see Sect. C.I1). It is indeed a most provocative conclusion. How­
ever, it must be viewed from the point of view of a retrospective study whose 
design was of the nonrandomized open-label and uncontrolled type. Further, 
it contrasts with others who have reported that initial therapeutic benefits of 
L-deprenyl tend to diminish after its continuous usage (YAHR et al. 1983; 
RINNE 1983). In the author's experience covering an 8-year period, the opti­
mal benefits of L-deprenyl are seen in its first years of use. Indeed, the most 
effective response, namely the amelioration of dose-related on-off periods, 
tends to recur after 2 or 3 years, and there is an overall deterioration in func­
tional capacity. Whether this represents progression of the disease process or a 
change in pharmacokinetics of monoamines owing to long-term inhibition of 
MAO cannot be determined at present. A promising approach of initiating 
therapy with a combination of L-deprenyl and levodopa has been suggested, 
but not put to the test as yet. Such would have the advantage of utilizing lower 
doses of levodopa, a more modulated catabolism of levodopa, and hence less 
potential for developing the long-term "dopa" difficulties. 
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II. L-Deprenyl as Monotherapy 

In a few instances, investigators have administered L-deprenyl as primary the­
rapy to naive patients in the early stage of Parkinson's disease (LEES et al. 
1977; CSANDA and TARCZY 1983). Only a modest degree of control of target 
symptoms has been noted and most have required the use of levodopa. These 
data indicate that the administration of L-deprenyl alone is not effective for 
the control of parkinsonian symptoms. To achieve such requires the availabi­
lity of an exogenously administered source of levodopa. However, the poten­
tial of L-deprenyl to halt or retard progression of the disease process was not 
addressed in these studies. In this regard, the following theoretical considera­
tions are of interest. 

Several lines of evidence suggest that MAO inhibitors have a "protective" 
effect on dopaminergic neurons. First, it has been shown that MAO inhibi­
tors, and specifically MAO-B inhibitors, prevent the toxic effects of MPTP on 
dopamine neurons (HEIKKILA et al. 1984; COHEN et al. 1984). MPTP is a sub­
strate of MAO-B and is transformed to MPP+ which is subsequently accumu­
lated in dopaminergic and noradrenergic neurons via the axonal membrane 
pump mechanism. Hence, protection by MAO-B inhibitors has been attri­
buted to its ability to inhibit MPP+ formation. The evolving story of MPTP's 
ability to produce a parkinsonian state in primates (LANGSTON et al. 1983) 
has led to considerable speculation that Parkinson's disease is caused by 
a toxin of a similar nature. If there is indeed such a toxin, either environ­
mental or endogenous, then L-deprenyl could be used effectively to limit the 
development of the disease process. 

An alternate proposal concerning the oxidative deamination of dopamine 
by MAO which generates hydrogen peroxide, either directly or through the 
formation of free oxy radicals, and can induce neuronal damage (COHEN 
1983), is also of considerable interest. It is suggested that with destruction of 
some portion of the nigrostriatal system, dopamine turnover is markedly aug­
mented in the surviving elements - nigral cells and striatal dopamine termi­
nals. It is postulated that this leads to a flux of peroxide formation and hence 
accelerated neuronal damage (COHEN 1983). If this hypothesis is true, MAO 
inhibition may be a therapeutic strategy to prevent such from occurring and 
to halt the progressive neuronal loss and the emergence of further symptoms 
of Parkinson's disease. 

D. Summary 

L-Deprenyl is a potent, well-tolerated, and safe inhibitor of MAO-B. Adminis­
tration in daily dosage of 10 mg produces almost complete inhibition of the 
enzyme. Clinical trials of the use of L-deprenyl in Parkinson's disease have 
shown the following. L-deprenyl as monotherapy in Parkinson's disease does 
not control its symptoms. In those on a therapeutic regimen containing levo­
dopa and experiencing fluctuating responses, particularly the "wearing-off" 
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type, the addition of L-deprenyl results in their attenuation or control. It is not 
fully agreed by all investigators whether such an effect is enduring or begins to 
wane after 2 or 3 years, nor that other symptoms of parkinsonism are im­
proved. One investigator has reported that the combined use of these agents 
has resulted in an increase in life expectancy in Parkinson's disease. They 
have suggested that these findings indicate that L-deprenyl may be capable of 
preventing degeneration of the nigrostriatal system and halting progression of 
the Parkinson's disease process. This has raised the issue of initiating treat­
ment with L-deprenyl during the early phases of Parkinson's disease. At pre­
sent, insufficient data are available to determine the therapeutic value of such 
a regimen. 
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CHAPTER 17 

Update on Bromocriptine in Parkinson's Disease 

A. N. LIEBERMAN and M. GOLDSTEIN 

A. Introduction 

An important problem in the treatment of Parkinson's disease (PD) is the 
large number of patients who, after a good response to levodopa, fail to main­
tain this response and become more symptomatic. Increasing disability is 
usually accompanied by dyskinesias and diurnal fluctuations in performance, 
predominantly "wearing-off" phenomena (MARSDEN and PARKES 1977; 1976). 
Occasionally, patients exhibit abrupt random fluctuations: "on-off" pheno­
mena. 

The increased disability and the decreased response to levodopa may be 
explained as follows. In PD there is continued degeneration of the dopamine 
(DA) neurons in the substantia nigra and of their axonal projections in the 
striatum. The symptoms of PD, particularly bradykinesia, are largely due to 
the striatal DA deficiency and to the diminished DA neurotransmission 
within the striatum (BERNHEIMER et al. 1973). Levodopa acts to correct the 
striatal DA deficiency. Levodopa is usually combined with an extracerebral 
dopa decarboxylase inhibitor that facilitates levodopa's penetration into the 
brain (JAFFE 1973). The combination of inhibitor and levodopa permits the 
administration of a smaller dose of levodopa, shortens the latency from the 
time of initiation of levodopa to the onset of its beneficial effect, and prevents 
the occurrence of certain side effects such as nausea, vomiting, and orthos­
tatic hypotension. 

Two decades after its introduction, levodopa remains the cornerstone of 
antiparkinsonian therapy, and is still the most widely used antiparkinsonian 
drug. However, levodopa does not cure or arrest PD, but is rather a form of re­
placement therapy that can temporarily replenish the striatal DA content 
(HORNYKIEWICZ 1974). However, after a few years of successfullevodopa treat­
ment, there is a decline in the patient's condition with a reappearance of for­
mer symptoms or with the appearance of new symptoms (MARSDEN and 
PARKES 1976; 1977; LIEBERMAN et al. 1976). This deterioration may be coun­
teracted, temporarily, by increasing the dose of levodopa. However, this in­
creased dose may cause or amplify adverse reactions such as dyskinesias, diur­
nal fluctuations in performance, and mental changes. 
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B. Side Effects of Levodopa 

Levodopa-induced dyskinesias are a common side effect of levodopa treat­
ment, developing in up to 60 % of patients. In some studies, the dyskinesias 
are manifested by choreoathetotic involuntary movements affecting the face, 
limbs, or trunk. The dyskinesias are usually dose-and-time-linked to levodopa 
administration and are, as a rule, maximal at the time of levodopa's peak ef­
fect. The dyskinesias may increase with time and they can become violent 
with marked dystonic features that may interfere with normal bodily move­
ments. It is believed that the dyskinesias are due to the actions of DA on the 
supersensitive postsynaptic striatal receptors (MELAMED and HEFTI 1983; 
MUENTER et al. 1977). When the dyskinesias are mild, no treatment is re­
quired. When the dyskinesias are severe, they may be decreased by decreasing 
the total daily dose of levodopa. Unfortunately, in most patients in whom le­
vodopa is reduced, the symptoms of PD worsen. The addition of bromocrip­
tine (Parlodel), a DA agonist, is very helful. Bromocriptine (Fig. 1) improves 
bradykinesia, rigidity, and tremor but, unlike levodopa, does not cause dys­
kinesias. The use of bromocriptine permits a reduction in the dose of levo­
dopa without worsening parkinsonian symptoms (LIEBERMAN et al. 1976) 

Diurnal fluctuations in performance are the most incapacitating side ef­
fects associated with chronic levodopa treatment. During the first few years af­
ter starting levodopa, the beneficial effects are smooth and maintained 
throughout the day. Patients receive 2-4 doses of levodopa daily and cannot 
identify an effect of a single dose. Deterioration and reemergence of parkinso­
nian symptoms will occur only if treatment is stopped for at least 24 h. How­
ever, after several years of treatment, the response pattern changes and pa­
tients have to take the next dose of levodopa before the effect of the previous 
dose hase ended. Initially, this new situation is not too bad, and spreading 
the doses of levodopa more frequently throughout the day usually permits sa­
tisfactory mobility. Soon, however, the problems intensify and the patient's 
daily performance fluctuates between periods of mobility and immobility. The 
fluctuations may become more marked and complicated and occur either in a 
dose-related or in an unpredictable manner. The fluctuations are usually as so-

Fig. 1. Structure of bromocriptine 
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ciated with dyskinesias and dystonias that predominantly occur at the time of 
peak mobility (MELAMED and HEFTI 1983; MUENTER et al. 1977; MELAMED et 
al. 1980, 1983). 

Levodopa-induced psychiatric reactions include confusional states, hallu­
cinations, and psychosis. They are more frequent in demented patients. Like 
dyskinesias, levodopa-induced psychiatric reactions disappear when levodopa 
is reduced or when neuroleptic drugs such as thioridazine (Melleril) are 
added. However, these maneuvers usually cause worsening of the parkinso­
nian symptoms. Often there is no choice but to tolerate some hallucinations 
in order to permit mobility. The causes of these mental changes are unknown 
and may be related to excess DA production in the limbic structures. 

C. Mechanisms for Decline in Response 

Several mechanisms have been proposed to explain the declining response to 
levodopa and the fluctuations in performance (MELAMED and HEFTI 1983; 
MUENTER et al. 1977; MELAMED et al. 1980; 1983; SPENCER and WOOTEN 1984). 
We believe that the main reason for the declining response involves the con­
tinued degeneration of the nigral neurons whose numbers become so small 
that the remaining neurons cannot convert levodopa to DA in sufficient quan­
tities to stimulate the striatal receptors (LIEBERMAN et al. 1976). As striatal 
DA is stored in the nerve terminals of the degenerating nigral neurons, the 
loss of the nigral neurons also leads to a decreased storage of DA. The de­
creased storage of striatal DA may be responsible, in part, for the diurnal fluc­
tuations in performance (SPENCER and WOOTEN 1984). Another reason for the 
declining response to levodopa may involve a change in the sensitivity of the 
striatal postsynaptic DA receptors (REI SINE et al. 1977; CREESE and SIBLEY 
1981; DOUGAN et al. 1975). Early in PD, it is believed that the loss of the ni­
gral neurons leads to denervation of the postsynaptic DA receptors, and that 
these receptors then become supersensitive. A major factor in the initial suc­
cess of levodopa treatment may be the development of this postsynaptic DA 
receptor supersensitivity. Because they are supersensitive, the DA receptors 
increase their response to even the small quantities of DA that are produced 
by levodopa treatment. However, in time, the chronic "bombardment" of 
these receptors by DA may eventually downregulate the receptors and lead to 
a decline in the efficacy of levodopa (REI SINE et al. 1977; CREESE and SIBLEY 
1981; DOUGAN et al. 1975). Alternatively, overstimulation of these receptors 
by DA could produce a "hyperpolarization" block and, through feedback inhi­
bition, decrease nigrostriatal DA synthesis. 

Chronic levodopa treatment may also produce metabolites that could then 
act as false neurotransmitters and inhibit the postsynaptic receptors (DOUGAN 
et al. 1975). In addition, the striatal neurons that harbor the DA receptors 
may degenerate and cause an actual reduction in the number of receptors. 
New evidence indicates that problems in the absorption of orally administered 
levodopa may also playa role in the declining efficacy of levodopa and the as­
sociated fluctuations (NUTT et al. 1984). Several studies suggest a correlation 
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between plasma levodopa levels and clinical responses (MUENTER et al. 1977; 
Nun et al. 1984). The delay in onset of a response to a single dose oflevodopa 
may be due to slow or late absorption of the drug. In many chronically treated 
patients, there are episodes of total lack of response after a single dose of levo­
dopa, associated with a complete lack of plasma elevation of levodopa (ME­
LAMED and HEFTI 1983). More importantly, response fluctuations can often be 
abolished when the oral route is bypassed by the intravenous administration 
of levodopa (QUINN et al. 1984). Many factors can cause an erratic absorption 
of levodopa from the gut. The presence of solid food in the stomach, chronic 
stimulation of gastric DA receptors or anticholinergic drugs may suppress gas­
tric motility and interfere with the dissolution of levodopa-containing tablets 
or capsules. Levodopa is a large, neutral, amino acid. Ingestion of heavy pro­
tein-containing meals may produce an excess of neutral amino acids in the 
gut which may then suppress the absorption oflevodopa (Nun et al. 1984). In 
addition, levodopa enters the brain by an uptake mechanism that is localized 
to the endothelial cells of the blood-brain barrier. This uptake mechanism is 
shared by the other neutral amino acids. Therefore, a heavy protein meal that 
produces high levels of circulating neutral amino acids may also decrease the 
penetration of levodopa into the brain because the neutral amino acids com­
pete with levodopa for the common uptake mechanism. Likewise, excess for­
mation of the major metabolite of levodopa, 3-O-methyldopa, may reduce the 
absorption of levodopa from the gut and delay its entry into the brain. 

D. Treatment of Response Fluctuations: Bromocriptine 

When response fluctuations, and particularly the "wearing-off" phenomena 
develop, levodopa may be administered in smaller doses; it may be given 
more frequently, and the ratio of levodopa to carbidopa may have to be 
changed. Indeed, many patients have to take levodopa once every 2 h. Levo­
dopa may also have to be given during the night. The patient may require re­
peated readjustments of the dose and schedule of levodopa and carbidopa. 

In addition, a DA agonist such as bromocriptine should be used. Bromo­
criptine is the most useful drug that can be added to the patient's regimen 
once levodopa's efficacy begins to decline (LIEBERMAN et al. 1976; RINNE 
1985; FISCHER et al. 1984; MARKSTEIN and HERLING 1978; MARKSTEIN 1981; 
CALNE et al. 1978). Preferably, bromocriptine should be started early in the 
course of treatment before the fluctuations begin (RINNE 1985; FISCHER et al. 
1984). Since bromocriptine directly stimulates the DA receptors, it can bypass 
many of the problems that may be responsible for the failing response to levo­
dopa, including faulty absorption from the gut, decreased entry into the brain, 
and erratic synthesis and storage of DA in the striatum. 

In PD patients, bromocriptine can be administered in low doses 
(7.5-30 mg/day), in addition to levodopa. The benefits oflow dose bromocrip~ 
tine treatment in combination with levodopa include a reversal of the decline 
in function that is associated with chronic levodopa therapy, with reduction in 
response fluctuations and an increase in the total daily number of "on" hours. 
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This enables the patients to function more smoothly during the day. In some 
cases, bromocriptine may improve postural instability and decrease start hesi­
tations, festinations, and short "freezing" episodes. Bromocriptine itself rarely 
causes dyskinesias (RINNE 1985; FISCHER et al. 1984). Therefore, the use of 
bromocriptine often permits a decrease in the dose of levodopa, with a reduc­
tion in levodopa-induced dyskinesias. Bromocriptine may improve early 
morning and "off" dystonias. In addition to its postsynaptic stimulatory ef­
fects, bromocriptine may promote the release of dopamine from the presynap­
tic DA terminals (MARKSTEIN and HERING 1978; MARKSTEIN 1981). This sug­
gests that bromocriptine may be especially useful in patients with mild or 
moderate PD who still have a relatively large number of surviving nigrostriatal 
DA terminals. In these patients, when bromocriptine is used alone, it results 
in fewer adverse effects than levodopa, but it also results in less improvement. 
The best results are obtained when bromocriptine is combined with levodopa 
(RINNE 1985; FiSCHER et al. 1984). This approach permits the use of smaller 
doses of levodopa, with improvement in disability equal to that achieved with 
higher doses of levodopa, but with fewer dyskinesias and fewer response fluc­
tuations. The efficacy of bromocriptine may also decline during prolonged 
treatment. This decline in efficacy may be due to further desensitization of 
the postsynaptic DA receptors. 

Initially, bromocriptine was used in patients with advanced PD who were 
no longer responding satisfactorily to levodopa (LIEBERMAN et al. 1976; CALNE 
et al. 1978; GLANTZ et al. 1981; KARTZINEL et al. 1976; JANSEN 1978; LEES et al. 
1978; LIEBERMAN et al. 1982; RASCOL et al. 1984). In these patients, low dose 
bromocriptine (5-10 mg/day), when added to levodopa, had a modest effect, 
while high dose bromocriptine (31-100 mg/day) added to levodopa had a bet" 
ter effect. In our own early experience, bromocriptine was administered to 
66 patients with advanced PD and increased disability despite optimal treat­
ment with levodopa (LIEBERMAN et al. 1982). We found that 45 patients toler­
ated at least 25 mg/day bromocriptine. Among these 45 patients, the mean 
dose of bromocriptine was 47 mg, permitting a 10 % reduction in the dose of 
levodopa. All of the patients were assessed on the New York University Dis­
ability Scale while in both their "on" and their "off" periods. (On the New 
York University Disability Scale a score of 0 indicates no disability and a 
score of 100 indicates complete disability). All of the patients also kept a 
24-hour-diary that showed the number of hours they were "on". The addition 
ofbromocriptine to levodopa resulted in a significant (36 %) reduction in disa­
bility in the patients of assessed in their "on" periods (Fig. 2) and a significant 
(25 %) reduction in disability as assessed in their "off" periods. The addition 
of bromocriptine also resulted in an significant (62 %) increase in the number 
of hours the patients were "on" (Fig. 3). However, high dose bromocriptine, 
when added to levodopa, resulted in more adverse reactions. These included 
orthostatic hypotension and mental changes. 

More recently, good antiparkinsonian responses have been obtained with 
low doses of bromocriptine, either alone or combined with levodopa, espe­
cially in patients with mild or moderate PD (RASCOL et al. 1984; CARACENI et 
al. 1977; FAHN et al. 1979; GRIMES and HASSAN 1983; GRON 1977; HOEHN and 
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ELTON 1985; PARKS et al. 1976; PFEIFER et al. 1985; TEYCHENNE et al. 1982; 
LARSEN et al. 1984). Adverse reactions are infrequent with low doses of bro­
mocriptine. Initially, however, many investigators, because of their experience 
with high doses of bromocriptine in patients with advanced disease, were 
skeptical about the efficacy of the low doses of bromocriptine. Because of the 
questions raised about the use of bromocriptine alone or with levodopa, in a 
low or in a high dose regimen in patients with mild, moderate, or advanced 
disease, we reviewed 27 papers encompassing 790 patients. This represents 
most of the major studies on bromocriptine (LIEBERMAN and GOLDSTEIN 
1985). 

In the 27 studies, patients were selected for bromocriptine treatment for 
several reasons. Among patients already on levodopa, the reasons included a 
decreased response to levodopa, no response to levodopa, adverse effects of le­
vodopa, or diurnal fluctuations in performance. 

E. Studies of Bromocriptine Therapy 

Many patients received bromocriptine as their initial treatment because of 
concern that chronic levodopa therapy might lead to the appearance of diur­
nal fluctuations in performance. The studies were divided into three 
groups; 

1. Patients treated with bromocriptine alone, both in low doses (less than 
30 mg/day) and in high doses (31-100 mg/day); 

2. Patients treated with bromocriptine in low doses combined with levo­
dopa; 

3. Patients treated with bromocriptine in high doses combined with levo­
dopa. 

The first group, patients treated with bromocriptine alone, consisted mainly 
of patients who had never received levodopa. This group also included some pa­
tients who had been unable to tolerate levodopa (LIEBERMAN et al. 1976; RINNE 
1985; KARTZINEL et al. 1976; RASCOL et al. 1984; CARACENI et al. 1977; GRIMES 
and HASSAN 1983; PARKES et al. 1976; TEYCHENNE et al. 1982; GERLACH 1976; 
GOLDWIN-AuSTEN and SMITH 1977; LEES and STERN 1981). The second group 
consisted mainly of patients who were on levodopa, but whose response to le­
vodopa had decreased or who were experiencing diurnal fluctuations in per­
formance (LIEBERMAN et al. 1982; CARACENI et al. 1977; FAHN et al. 1979; 
GRIMES and HASSAN 1983; GRON 1977; HOEHN and ELTON 1985; PARKES et al. 
1976; PFEIFFER et al. 1985; TEYCHENNE et al. 1982). The third group consisted 
of patients whose response to levodopa had decreased considerably or who 
were experiencing marked diurnal fluctuations (CALNE et al. 1978; GLANTZ et 
al. 1981; KARTZINEL et al. 1976; JANSEN 1978; LEES et al. 1978; LIEBERMAN et 
al. 1982; RASCOL et al. 1984). 

Most studies evaluated bromocriptine regardless of dose. The number of 
evaluable study patients listed is the number who completed the study plus 
the number who discontinued bromocriptine because of adverse reactions. 
The following parameters were analyzed for each of the groups: the mean age 
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Table 1. Bromocriptine in Parkinson's disease 

Reference Patients Bromo- Age Duration of Par-
criptine (years) kinson's disease 
(mg) (years) 

CARACENI et al. 1977 14 60 60 5.4 
GERLACH 1976 20 30 65 8.0 
GRIMES and HASSAN 1983 20 13 
GODWIN-AuSTEN and SMITH 1977 24 23 62 
KARTZINEL et al. 1976 12 46 57 9.1 
LEES and STERN 1981 50 70 57 2.0 
LIEBERMAN et al. 1976 7 70 64 9.6 
PARKES et al. 1976 11 35 62 
RASCOL et al. 1984 29 56 66 5.5 
RINNE 1985 24 13 64 3.8 
TEYCHENNE et al. 1982 11 15 65 5.3 
Mean 42 62 4.8 

Total 222 

of the patients; the mean duration of PD; the number of patients who had 
never been treated with levodopa; the number of patients who had been 
treated with levodopa, but in whom levodopa was discontinued prior to or dur­
ing bromocriptine treatment; the number of patients who had mild or moder­
ate PD (stages 0, 1, 2, or 3); and the number of patients who had advanced dis­
ease (stages 4 or 5). To evaluate treatment efficacy, the number and 
percentage of patients in a particular study who were judged by the investiga­
tors to be improved over the baseline were noted. 

With bromocriptine alone, there were 11 studies. The demographic data 
on these patients are summarized in Table 1. There were 222 patients of whom 
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Fig. 4. Bromocriptine treatment of patients with mild to moderate Parkinson's disease 
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Fig. 5. Bromocriptine treatment of patients with advanced Parkinson's disease 

58 % were evaluated double-blind. Among these patients, 150 (67 %) had mild 
or moderate PD (Fig. 4) while 72 patients (32 %) had advanced PD (Fig. 5). 
With low dose bromocriptine and levodopa, ther were 9 studies. The demogra­
phic data on these patients are summarized in Table 2. There were 201 pa­
tients of whom 54 % were evaluated double-blind. Among these patients, 
44 patients (34 % of those on whom there were data), had mild or moderate 
disease; 66 % had advanced disease. With high dose bromocriptine and levo­
dopa, there were 7 studies. The demographic data on these patients are sum­
marized in Table 3. There were 367 patients, among whom, 38 had mild or 
moderate PD. This is 14 % of the patients on whom there was data on the stage 
of their disease (Fig. 4). It was found that 86 % of the patients had advanced 
PD (Fig. 5). 

Among the 222 patients treated with bromocriptine alone, 134 patients 
(60 %) improved (Fig. 6) while 55 patients (27 %) experienced adverse effects 

Table 2. Bromocriptine (low dose) + levodopa in Parkinson's disease 

Reference Patients Bromo- Age Duration of Duration Levo-
criptine Parkinson's of levo- dopa 

disease dopa 
(mg) (years) (years) (years) (mg) 

CARCENI et al. 1977 12 25 60 5.2 3.0 700 
FAHN et al. 1979 53 23 61 9.2 5.8 640 
GRIMES and HASSAN 1983 37 24 67 9.0 5.0 
GRON 1977 15 22 64 8.5 4.0 590 
HOEHN and ELTON 1985 18 20 
LIEBERMAN et al. 1982 11 26 62 8.9 
PARKES et al. 1976 20 26 62 12.9 3.9 
PFEIFFER et al. 1985 21 29 65 
TEYCHENNE et al. 1982 14 12 70 8.5 4.5 620 

Mean 23 63 8.8 4.5 

Total 201 
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Table 3. Bromocriptine (high dose) + levodopa in Parkinson's disease 

Reference Patients Bromo- Age Duration of Duration Levo-
criptine Parkinson's of levo- dopa 

disease dopa 
(mg) (years) (years) (years) (mg) 

CALNE et al. 1978 79 53 61 10.8 700 
GLANTZ et al. 1981 23 51 61 12.5 7.6 
KARTZINEL et al. 1976 32 79 61 11.6 
JANSEN 1978 12 71 59 8.8 4.6 590 
LEES et al. 1978 33 30 64 10.0 10.0 
LIEBERMAN et al. 1982 106 41 62 11.0 6.3 1150 
RASCOL et al. 1984 82 40 61 9.4 4.9 
Mean 48 62 10.7 6.5 
Total 367 

and discontinued treatment (Fig. 7). Among the 367 patients treated with high 
dose bromocriptine and levodopa, 212 patients (58 %) improved (Fig. 6) while 
32 % experienced adverse effects and discontinued treatment (Fig. 7). 

The results of treatment with low dose bromocriptine plus levodopa in pa­
tients with diurnal fluctuations in performance are as follows. In 51 of 210 pa­
tients (25 %), mention is made of the presence of diurnal fluctuations. Of the 
51 patient's 42 (82 %) were improved during bromocriptine treatment. The re­
sults of treatment with high dose bromocriptine plus levodopa in patients with 
diurnal fluctuations are as follows. In 124 of 367 patients (34 %), specific men­
tion is made of the presence of diurnal fluctuations; 78 of the 124 patients 
(63 %) improved. 

The adverse effects experienced with bromocriptine consisted mainly of 
mental changes and were more likely to occur in patients with an underlying 
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Fig. 6. Efficacy of bromocriptine treatment in Parkinson's disease 
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Fig. 7. Adverse effects of bromocriptine treatment in Parkinson's disease 

dementia. The next most frequent adverse effects were orthostatic hypotension 
and nausea. A small number of patients experienced vasospastic phenomena 
(Raynaud's phenomenon). All adverse effects were reversible. Among 790 pa­
tients treated with bromocriptine, 217 (28 %) experienced adverse effects. The 
fewest adverse effects occurred on bromocriptine alone (20 %). The most adverse 
effects occurred with high dose bromocriptine and levodopa (32 %). This sug­
gests that many of the adverse effects are related to the high dose of bromo­
criptine and the coadministration of levodopa. However, patients treated with 
high dose bromocriptine and levodopa also had more advanced disease. It is 
possible that these patients are more susceptible to adverse effects. 

These studies demonstrate that the dose of bromocriptine is based orr the 
patient's response to treatment. In analyzing the 222 patients treated with 
bromocriptine alone, the group could be divided into 79 patients (36 %) who 
were treated with low dose bromocriptine (mean dose 16 mg/day) and 143 pa­
tients (64 %) who were treated with high dose bromocriptine (mean dose 
56 mg/day). Both of these subgroups consisted mainly of patients wiht mild to 
moderate PD. In these patients, low dose bromocriptine (16 mg/day) resulted 
in improvement in 58 %. Only 9 % of the patients experienced adverse effects. 
In these patients, high dose bromocriptine (56 mg/day) resulted in improve­
ment in 62 % while 27 % of the patients experienced adverse effects. Thus, in 
patients with mild to moderate PD who have not been treated with levodopa, 
or in patients who cannot tolerate levodopa, bromocriptine is an effective an­
tiparkinsonian drug. 

In analyzing the 201 patients treated treated with low dose bromocriptine 
(mean dose 23 mg/day) combined with levodopa (see Table 2), 143 of 201 pa­
tients (71 %) improved (see Fig. 4). Although this group included a higher per­
centage of patients with advanced disease (66 %) than the patients treated with 
bromocriptine alone, more of these patients improved. This suggests that 
bromocriptine in low doses may have a synergistic effect when combined with 
levodopa. It ist possible that, if bromocriptine in low doses were combined 



454 A. N. LIEBERMAN and M. GOLDSTEIN 

with levodopa at an earlier time, when there were fewer patients with ad­
vanced disease, an even higher percentage of patients would improve. 

In analyzing the 376 patients treated with high dose bromocriptine (mean 
dose 48 mg/day) combined with levodopa (see Table 3) 212 patients (58 %) im­
proved (see Fig.4). Although this group included the highest percentage of pa­
tients with advanced disease, nonetheless the percentage of patients improv­
ing (58 %) was comparable to the percentage of patients improving on 
bromocriptine alone (60 %). This again suggests that bromocriptine and levo­
dopa may have a synergistic effect. 

A reasonable question to ask is whether bromocriptine should be used as 
the initial treatment for PD. If it is true that the duration of the optimal re­
sponse to levodopa before diurnal fluctuations in performance appears is a 
function of the duration of levodopa treatment (regardless of disease severity), 
then bromocriptine should be considered as a first treatment. Indeed, bromo­
criptine has been successfully used as a first treatment for PD. Patients may 
be started on low doses, but eventually many require higher doses, and even­
tually all require levodopa. Although the results of treatment with bromocrip­
tine alone are not as good as treatment with levodopa, patients treated with 
bromocriptine alone do not develop diurnal fluctuations in performance or 
dyskinesias. The best results in terms of a good antiparkinsonian effect with 
few diurnal fluctuations or dyskinesias are achieved by combining bromocrip­
tine and levodopa. This is emphasized by two recent studies comparing bro­
mocriptine-Ievodopa with bromocriptine alone and levodopa alone in early 
PD. In one study, 76 previously untreated patients were placed on bromocrip­
tine (MELAMED and HEFTI 1983; MUENTER et al. 1977). They were compared 
with 42 patients who were treated with a combination of bromocriptine and 
levodopa. These patients were then compared with 217 patients who had been 
treated with levodopa. Of the 76 patients, 21 (28 %) had a good antiparkinso­
nian effect and maintained it for 3 years. The mean dose of bromocriptine was 
28 mg. After 3 years, the improvement declined. None of these patients devel­
oped diurnal fluctuations or dyskinesias. In 44 patients (58 %), levodopa had 
to be added within the first year because of an insufficient response to bromo­
criptine alone. Among the patients treated with bromocriptine and levodopa, 
the mean daily dose of bromocriptine was 16.6 mg and the mean daily dose of 
levodopa was 660 mg, which is lower than the dose in patients treated with le­
vodopa alone. In this group, combined treatment resulted in an antiparkinso­
nian effect comparable to a higher dose of levodopa (without bromocriptine), 
but with fewer fluctuations and dyskinesias. 

F. Pharmacology of Bromocriptine 

In all of these studies, the best results regardless of disease severity were 
achieved with a combination of bromocriptine and levodopa. There are, thus, 
reasons to believe that bromocriptine and levodopa have a synergistic antipar­
kinsonian effect. In order to understand why this may be so it is pertinent to 
review the pharmacology of bromocriptine. 
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Bromocriptine is an ergot derivative and has some pharmacologic proper­
ties which are different from those of other ergots and of classical DA agonists 
such as apomorphine (MARKSTEIN and HERLING 1978; MARKSTEIN 1981). The 
findings that the antiparkinsonian activity of bromocriptine is diminished by 
pretreatment with the dopa synthesis inhibitor a-methyl-para-tyrosine sug­
gests that a few intact nigrostriatal DA neurons are required for bromocriptine 
to act (MARKSTEIN and HERLING 1978; MARKSTEIN 1981; GOLDSTEIN et al. 
1978; SCHRAN et al. 1980). The requirement for some presynaptic DA neurons 
and their nerve terminals for bromocriptine to act may explain why bromo­
criptine in low doses is effective in patients with mild to moderate PD where 
there is relative preservation of these neurons and their terminals. In patients 
with advanced disease with few nigral neurons, bromocriptine may act only on 
the postsynaptic striatal DA receptors and a higher dose may be required to 
stimulate these receptors. Bromocriptine stimulates the D2 DA receptors 
(MARKSTEIN and HERLING 1978; MARKSTEIN 1981; GOLDSTEIN et al. 1978; 
SCHRAN et al. 1980; SCHWARTZ et al. 1978; FUXE et al. 1981). At these D2 DA 
receptors, bromocriptine, unlike "classical" agonists such as apomorphine, 
has mixed agonist-antagonist properties (GOLDSTEIN et al. 1978; SCHRAN et al. 
1980; SCHWARTZ et al. 1978; FUXE et al. 1981). 

Binding experiments with the labeled antagonist spiperone support the 
concept that the D2 and striatal DA receptors exist in both a high and a low af­
finity state. These two forms of the receptor correspond to discrete molecular 
entities (Figs. 8, 9) (SCHWARTZ et al. 1978; FUXE et al. 1981; GOLDSTEIN et al. 
1985). Bromocriptine binds to the D2 receptor, and displacement studies with 
radiolabeled spiperone suggest that bromocriptine, after binding to the D2 re­
ceptor, is unable to induce a conformational change of the receptor from the 
low to the high affinity state. 

Fig. 8. Interconversion of the D2 DA receptor from a low to a high affinity state. In the 
high affinity state, the concentration of DA necessary to activate the receptor is consi­
derably lower than in the low affinity state 
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Fig.9. Scheme for the interaction of an agonist ligand L, such as DA or bromocriptine 
with the D2 striatal DA receptor and the nucleotide binding protein N that is nega­
tively linked to the enzyme adenylate cyclase 

In PD patients, who have low levels of endogenous DA, the DA formed 
from levodopa interacts with the D2 striatal DA receptor (which is in a low af­
finity state) and a nucleotide binding protein to induce a conformational 
change in the receptor which leads to the conversion of the D2 receptor to the 
high affinity state (called the ternary complex). It is hypothesized that forma­
tion of the ternary complex is a necessary condition for elicitation of the bio­
logic response of the cell to receptor activation. Computer modeling predicts 
that the dissociation constant for the ternary complex is dependent on the in­
trinsic efficacy of the agonist. Thus, dopamine will convert the D2 receptor 
from the low to the high affinity state. However, once this ternary complex is 
formed with dopamine, the complex can readily dissociate back to the low af­
finity state or to another pre coupled state (Fig. 9). Bromocriptine will not pro­
mote conversion of the receptor to the high affinity state. However, once the 
high affinity state is formed, bromocriptine will displace dopamine from the ter­
nary complex. Since the affinity of bromocriptine is greater than that of dop­
amine for the receptor in the high affinity state, the ternary complex with 
bromocriptine will dissociate more slowly than the ternary complex with dop­
amine, resulting in a more sustained antiparkinsonian effect. 
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CHAPTER 18 

Pergolide in the Treatment 
of Parkinson's Disease 

C. H. MARKHAM and S. G. DIAMOND 

A. Chemistry and Pharmacology 

Pergolide mesylate, a synthetic semiergoline, is a potent dopamine agonist 
which holds promise as a treatment for Parkinson's disease. Its chemical 
name is (8 ,B)-8-[(methylthio)methyl]-6-propylergoline monomethanesulfo­
nate; its empirical formula is CzoH30Nz03Sz (Fig. 1), and its molecular weight 
is 410.6. 

Pergolide has similar actions to other ergot derivatives, in particular, lisu­
ride and bromocriptine, but is more potent and longer acting, at least in the 
inhibition of prolactin secretion (KLEINBERG et al. 1980; RINNE 1981; LEM­
BERGER and CRABTREE 1979). It may also have a longer duration of action in 
the treatment of human Parkinson's disease. Pergolide is said to stimulate 
predominantly Dl dopamine receptors while lisuride and bromocriptine act 
largely on Dz receptors (REAVILL et al. 1981; GOLDSTEIN et al. 1980; HOROWSKI 
1978). Since blockade of Dz receptors is thought to be the mode of action of 
potent antipsychotic agents, it has been suggested that pergolide might have a 
less toxic effect on normal mentation than the Dz-stimulating bromocriptine. 
This view is supported by LIEBERMAN et al. (1985), although in our patients we 
have not noted a clear difference. 

Pergolide seems to have an affinity for presynaptic and postsynaptic dop­
amine receptors (RABEY et al. 1981). However, its affinity for presynaptic auto­
receptor sites on dopamine neurons appears to be more potent. The dose of 
pergolide needed to activate the presynaptic sites was less than that needed to 
activate the postsynaptic sites, the latter being judged by the dose of pergolide 
required to produce contralateral turning in rats with unilateral nigrostriatal 
lesions (CLEMENS and SMALSTIG 1979). Further evidence of a presynaptic ef-

HN 

Fig. 1. Structural formula for pergolide 
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fect comes from the observation that pergolide blocks the enhancement of 
striatal dopamine turnover induced by y-butyrolactone. The latter may pro­
duce its effect by direct action on presynaptic dopamine receptors (RoTH 
1979). Other work minimizes the importance of pergolide's presynaptic acti­
vity (JIANG et al. 1984). We find little firm evidence to relate either high or low 
dose in rats (> 0.5 mg/kg vs 0.1 mg/kg), or presumed presynaptic or postsyn­
aptic sites of action, to pergolide's effects in humans with Parkinson's dis­
ease. 

B. Clinical Studies 

I. Open-Label Studies 

During the years that pergolide has undergone clinical testing as an adjunct to 
levodopa treatment of Parkinson's disease, a substantial number of reports 
have been published. These open studies have reported almost unanimously 
favorable results in reducing disability and "off" time, and smoothing re­
sponse fluctuations, although the extent and duration of the improvement va­
ried among the reports. For the most part, these trials have focused on pa­
tients with relatively advanced disease whose response to levodopa was 
declining. 

One of the early reports (LEES and STERN 1981) found pergolide more ef­
fective than lisuride in smoothing levodopa-induced oscillations as well as 
having a longer duration of action. A report on 13 patients with advanced dis­
ease (LIEBERMAN et al. 1981) found a marked antiparkinsonian effect when 
pergolide was given as an adjunct to levodopa, with a significant improvement 
in disability and in wearing-off and on-off effects. These benefits were still 
apparent after 10 months. Another study found that patients taking pergolide 
had stable cardiac rhythms, although a few persons experienced isolated and 
infrequent repetitive ventricular rhythms of undetermined significance, not 
related to increases in premature ventricular contractions (LEIBOWITZ et al. 
1981). 

The following year, a number of studies reported that pergolide had defi­
nite antiparkinsonian effects, especially beneficial in patients who were fluc­
tuators (lLSON et al. 1982); and that it was a potent, long-lasting, useful drug 
when added to levodopa, having no cardiotoxicity in Parkinson's disease pa­
tients with heart disease (TANNER and KLAWANS 1982; TANNER et al. 1985). In 
one series of 56 patients with advanced disease, pergolide with levodopa de­
creased disability and increased "on" time. The improvement was reported to 
be maximal at 2 months, declining at 6 months (LIEBERMAN et al. 1982). An­
other study that year found that all 23 patients enrolled in the trial improved 
in disability over 6 month's observation (TANNER et al. 1982); 7 patients in an­
other center showed improvement at 1 month after initiation of pergolide, but 
after 6 months lost most oftheir initial benefits (SHOULSON et al. 1982). A trial 
of pergolide in 26 patients with late stage Parkinson's disease reported 11 pa­
tients improved, 2 unchanged, 2 worse, and 11 unable to tolerate the medica-
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tion, which was given in daily doses ranging from 0.4 to 15 mg, the latter far 
exceeding the typically maximum dose of 5 mg (LANG et al. 1982). 

Later reports indicated that pergolide reduced "off" time in parkinsonian 
patients and improved dyskinesias, probably by allowing the dosage of levo­
dopa to be reduced 48 %. Modest to no improvement in disability was noted, 
but fewer adverse effects were seen than on bromocriptine (ILSON et al. 1983). 
A report on 8 patients found that, at the end of 12 months, disability scores 
were improved by 30 %, mean hours "off" had declined 59 %, and choreoathe­
tosis improved in all patients who had had this problem before taking pergo­
lide (DIAMOND and MARKHAM 1984). Another study followed 17 patients and 
reported that all improved initially, but that after 2 years their disability scores 
were no longer significantly different from their pre-pergolide baselines (LIE­
BERMAN et al. 1984). Neuropsychological tests given to parkinsonian patients 
before and after pergolide therapy found no decline in performance after 2 
years (STERN et al. 1984). 

Similar results on the duration of effect were reported in a study the fol­
lowing year in which a 68 % improvement was recorded in 9 patients 1 month 
after beginning pergolide, steadily declining and disappearing by 18 months 
(KURLAND et al. 1985). In contrast, pergolide given to 10 patients with ad­
vanced Parkinson's disease who no longer received benefit from bromocrip­
tine was reported still to show improvement at the end of 5 years, compared 
with their pre-pergolide baselines (GOETZ et al. 1985). 

A study of 35 patients found that pergolide improved disability and in­
creased "on" time for 2-50 months, but proposed that dosage as high as 8 mg/ 
day might be necessary to maintain benefit as the disease progressed (SAGE 
and DUVOISIN 1985 a). In yet another investigation, 18 patients who began per­
golide 28 months earlier had disability scores still decreased by 42 % and "on" 
time still increased by 63 % (JANKOVIC 1985). 

Further efforts to compare pergolide with other dopamine agonists in­
cluded 56 parkinsonian patients with advanced disease who were given pergo­
lide, and 63 who were treated with lisuride. It was found that 73 % of those on 
pergolide improved, compared with 59 % on lisuride. A somewhat greater 
number of adverse effects and lack of efficacy were observed for lisuride. Per­
golide resulted in a greater increase of "on" hours, probably due to its longer 
half-life (LIEBERMAN et al. 1985). A double-blind comparison of pergolide and 
bromocriptine in 24 patients in a two-period crossover study found that both 
drugs improved disability; 11 patients elected to continue taking pergolide 
and 7 chose bromocriptine (LEWITT et al. 1983). Mesulergine and pergolide 
were examined in another study of 18 patients with advanced disease. These 
patients had taken pergolide with levodopa, and initially 12 had improved. By 
the end of 2 years, pergolide was discontinued in all 18 because of adverse ef­
fects or decreased efficacy, and mesulergine was started. Of the 18 patients, 12 
improved, leading to the conclusion that declining response to one agonist 
does not preclude successful response to another of a different class, and the 
more they differ, the more likely the benefit (LIEBERMAN et al. 1986). 

An 8- to 15-day study of pergolide used as monotherapy in 16 patients 
withdrawn from their customary levodopa reported that 13 of these showed si-
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milar clinical improvement on pergolide alone, given in a mean daily dose of 
6.3 mg. The effect of a pergolide dosage lasted twice as long as a levodopa do­
sage. The remaining 3 patients required some levodopa to reduce their parkin­
sonian symptoms (MEAR et al. 1984). 

Although open-label trials such as these are useful and necessary in test­
ing efficacy and safety in a medication, they fail to control for the powerful 
placebo effect that a new treatment may have in a discouraged, chronically ill 
patient, hence conclusions drawn from these trials should be regarded as ten­
tative. 

II. Double-Blind Studies 

In 1985, several studies reported the results of their participation in a multi­
center double-blind investigation of pergolide as adjunctive treatment to levo­
dopa in patients with Parkinson's disease. In one 6-month trial, 19 patients 
were reported to show improvement in disability with no change in neuropsy­
chological tests at mean pergolide dose of 3.6 mg (HURTIG et al. 1985). An­
other report on 20 patients with wearing-off, on-off, or severe abnormal invo­
luntary movements found that, during the 6-month trial, patients had more 
"on" time, smoother response, and decreased dystonia with pergolide and the 
concomitant decrease of levodopa dosage (HOEHN et al. 1985). 

Two of the double-blind studies reported a substantial placebo effect. One 
of these examined 17 patients with advanced disease in a 6-month trial and 
found that all the patients on pergolide improved in disability, and about half 
of the placebo group also improved. The improvement in the placebo group 
was mostly confined to the first few weeks, whereas the pergolide group con­
tinued to improve (SAGE and DUVOISIN 1985b). Another study of 20 patients 
in a 6-month double-blind trial of pergolide given with levodopa found that 
both the pergolide and placebo groups improved significantly over the course 
of the study (DIAMOND et al. 1985). These double-blind studies were part of a 
collaborative multicenter investigation sponsored by Eli Lilly & Co. The 
6-month double-blind period was followed by an open period in which pa­
tients could continue to receive the medication for as long as it was benefi­
cial. 

III. A Long-term Follow-up Study 

In early 1981, a study of pergolide was undertaken at UCLA in patients with 
Parkinson's disease whose response to Sinemet was less than satisfactory. Dur­
ing the intervening years, a total of 27 patients received the medication in 
either open trials or a 6-month double-blind study followed by open trials, 
and some of these have continued on pergolide for 5 years or more. 

The 27 patients consisted of 21 men and 6 women whose mean age on be­
ginning pergolide was 61.6 years, and whose mean duration of disease was 
11.3 years. On the UCLA Parkinson Disability Scale, their mean score was 
134. Their mean score on the Hoehn-Yahr stage of disease was 2.7 (HOEHN 
and YAHR 1967). 
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Initially, patients were seen at weekly and then monthly intervals while 
their pergolide dosage was slowly titrated and their Sinemet dosage decreased 
as necessary. As dosages stabilized, patients were seen every 3-4 months. 
Electrocardiograms and lab studies were performed at each visit. At each visit, 
patients' disability was rated on the quantified UCLA Scale, in which 14 signs 
and symptoms observed by the physician and 7 acts of daily living reported by 
the patient were each assigned a factor weighted according to how much inca­
pacity is produced by that symptom. Each item was then graded 0 for absent, 
1 for mild, 2 for moderate, or 3 for severe; and was then multiplied by its 
weighting factor. The sum of these was the total disability score, the maxi­
mum possible score on this scale being 405. Also recorded at each visit was 
the stage of disease. 

Disability scores on both scales may be seen in Fig.2, which charts the pa­
tients' course over time. (Before beginning pergolide, the mean baseline 
scores were 134 on the UCLA Scale and 2.7 on the Hoehn-Yahr stage of dis­
ease.) Mean UCLA scores and Hoehn-Yahr stages improved steadily for 
about 1 year, and then began a gradual worsening so that at about 2 or 2 ~ 
years the group's disability was again at the baseline level. Very few patients 
were represented from months 36 and longer, hence these data points are sub­
ject to the vagaries of small samples, and too much weight should not be 
placed on them. 
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Fig. 2. Shows mean UCLA Disability Scale (full line) and mean Hoehn-Yahr stage of 
disease (hatched line) in patients treated with pergolide (and Sinemet) over 68 months. 
Note the small number of patients from 42 to 68 months 
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It is noteworthy that the two very different scales show such similar re­
sults. The stage of disease is a concise and useful five-point description of the 
broad stages through which the disease progresses. It records the major 
changes which mark the passage from one stage to the next, but is not de­
signed to sense the fluctuations which occur within a given stage. As a result, 
it shows a somewhat blunter course, the improvement not so evident as on the 
UCLA Scale and, similarly, the worsening not so apparent. Nevertheless, the 
two scales are in agreement that on the whole the patients had a definite de­
crease in their disability scores lasting at least a couple of years. 

Inasmuch as Parkinson's disease is a progressive disorder, it is no surprise 
that the patients' disability worsened over time. To say that the pre-pergolide 
baseline was reached once more after 2 or 2 ~ years in this group of patients is 

160 

140 

120 

'" 8 100 
Ul 

g 
~ 80 
'6 
.9 
u 
:::J 60 

~ 
40 

20 

\ 

2 

(19) (19) (18) 

8 9 
Years since onset of symptoms 

Pergolide treated -­
Sinemet treated ".""."""".,,",,. 

10 11 12 13 14 

(19) (35) (35) (33) (56) (51) (50) (31) (25) (21) 

Fig. 3. The hatched line shows progression of symptoms in levodopa-treated patients. 
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of symptoms; the middle diagonal line, a group beginning after a mean of 5 years; and 
hatched line on the right, a mean of 8 years. After the first year of levodopa therapy, all 
groups follow a common path of gradual worsening, which reaches the pre-Ievodopa le­
vel of disability after about 10 years of levodopa treatment (gradually sloping hatched 
line; redrawn from MARKHAM and DIAMOND 1981). The full line shows the mean dis­
ability of the pergolide-(plus-Sinemet)-treated patients, beginning at a mean 11 years 
of disease symptoms and ending at 14 years. The starting and finishing disability levels 
fall close to the levodopa-alone curve. See text for further explanation 
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not to say that pergolide is not helpful for much longer periods for some indi­
viduals. The two patients who have completed more than 5 years on this medi­
cation, for example are still improved relative to their baseline scores. 

To look at the effect of pergolide in a more general context, the hatched 
line in Fig. 3 shows the progression of symptoms in levodopa-treated patients 
during the 14 years following the onset of symptoms. Studies examining the 
longitudinal course of disability in Parkinson's disease (MARKHAM and DIA­
MOND 1981, 1986a, b) have found that duration of disease determines the ex­
tent of disability, and that levodopa-treated patients matched in time since 
onset of symptoms will tend to show remarkably similar disability scores re­
gardless of how long they have been taking levodopa. 

The pergolide patients had a mean disease duration of 11 years before be­
ginning this medication, and their baseline disability scores appeared at the 
expected level on the hatched progression curve. The full line in Fig. 3 charts 
the course of these patients over 3 years of pergolide treatment, and during 
the period in which the two lines can be matched with respect to disease dura­
tion, the area between the full and the hatched lines may represent the benefit 
conferred when pergolide is used in conjunction with levodopa. For most pa­
tients, pergolide appears to provide significant improvement of variable inter­
val. At this writing, it has not yet been given final approval by the US Food 
and Drug Administration, although the expectation is that pergolide will be­
come available for general use in 1989, under the brand name Permax. 

C. How to Administer 

Pergolide has been used as mono therapy in the treatment of Parkinson's dis­
ease (MEAR et al. 1984). In 16 patients with an average Hoehn-Yahr stage of 
disease of 2.75, there was clear benefit for a limited period of time compared 
with the baseline, off-Ievodopa disability scale. A single dose of pergolide pro­
duced clinical improvement lasting twice as long as a single dose of levodopa 
plus a peripheral dopa decarboxylase inhibitor. Of these 16 patients, 3 needed 
a combination of levodopa and pergolide to achieve optimum effect. As a part 
of a double-blind study, we (DIAMOND et al. 1985) attempted to replace Si­
nemet with pergolide in 20 patients having a mean stage of disease of 3.27. 
Ultimately, all did better on the combination of the two agents. It is possible 
that pergolide alone may have a role in treating mild or new cases, at least for 
some months, as does bromocriptine (RINNE 1986). 

In those cases in which pergolide is used, most will also need levodopa. 
When should the combination be started? Choices include early in the dis­
ease, or after some years of levodopa therapy, when the patient may have pro­
gressed to having wearing-off, on-off, and resistant fluctuations. There is little 
data on early, combined use of pergolide and levodopa so we may want to 
consider the early bromocriptine plus levodopa analogy (CALNE et al. 1974). 
The main reasons for starting bromocriptine and levodopa together are: (a) 
there may be better therapeutic response and fewer early side effects; (b) there 
may be advantages in having the necessarily lower orallevodopa dose to pre-
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vent dyskinesias and other adverse events; and (c) the combination may possi­
bly reduce or lessen the late side effects such as resistant fluctuations. At the 
end of a 3-year trial, RINNE (1986) compared 28 patients with a mean dose of 
660 mg levodopa and 16.6 mg bromocriptine with 83 patients on an average 
dose of 807 mg levodopa. The clinical improvement in the two groups was the 
same, but there were fewer freezing episodes, dystonia, and end-of-dose dis­
turbances in the patients taking the combination therapy. One supposes that 
well-controlled studies with early use of pergolide plus levodopa may show si­
milar results. 

Our own experience and that of most others consists of adding pergolide 
to existing therapy in patients who have been on levodopa for some time and 
are having side effects, particularly choreoathetosis, dystonia, and wearing-off 
or on-off effects. Based on our open and double-blind studies, we recommend 
reducing the existing dose of Sinemet by about 10 % for a 2-week baseline and 
then starting to add pergolide. The following schedule fits with our experience 
and is that which Eli Lilly & Co are planning to recommend. 

Pergolide is typically begun with a single daily dose of 0.05 mg for 2 days. 
Gradually, dosage is increased by 0.1-0.15 mg/day every third day over the 
next 12 days. Dosage may then be increased by 0.25 mg/day every third day 
until optimum dosage is achieved. Levodopa should be cautiously decreased 
during pergolide titration. Usually, pergolide is given in divided doses, three 
times daily. Mean therapeutic dosage is 3.0 mg/day. Average concurrent levo­
dopa dosage is 650 mg/day. Safety ofpergolide above 5.0 mg/day has not been 
systematically evaluated. Pergolide (Permax) will be marketed in 0.05 mg, 
0.25 mg, and 1.0 mg sizes. 

As the pergolide is titrated higher, and if the levodopa has not been de­
creased enough, there may come a time when choreoathetoid dykinesia or oc­
casionally an organic confusional state intervenes. Sinemet can then be de­
creased somewhat. In future weeks, one may try to go higher on the pergolide, 
and possibly lower on the Sinemet. This "juggling" of dosage has to be done 
cautiously, sensitively, and with full cooperation of the patient and family. 
Our goal has been to achieve optimum benefit of parkinsonian symptoms with 
minimum side effects. 

Our own group of 20 patients who were taking a mean of 941 mg levodopa 
in Sinemet before beginning pergolide concluded a 6-month study with a 
mean daily dosage of 3.14 mg pergolide and 667 mg Sinemet. At the end of 
48 months, 11 of those are still continuing the program with a mean of 
2.64 mg/day pergolide and 634 mg/day Sinemet. These values are virtually 
identical to the dosages to be recommended by Eli Lilly & Co. At the end of 
this 4-year period, the 11 patients were continuing because they (and we) feel 
they are still benefiting, still have a longer interval between doses, and have 
somewhat fewer fluctuations than they had prior to the onset of the study. 
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D. Side Effects 

Adverse effects following administration of pergolide resemble those seen 
with other antiparkinsonian medications. The most commonly experienced 
events are usually seen during the first days or weeks of pergolide therapy and 
include, in descending frequency: abnormal involuntary movements, nausea, 
hallucinations, orthostatic hypotension, drowsiness, confusion, lightheaded­
ness, constipation, insomnia, depression, dizziness, and peripheral edema. 
Less frequently observed events are vomiting, anxiety, akinesia, dystonia, fall­
ing, tremor, nervousness, and sleep or memory disturbances. Several of these 
need further discussion. 

Abnormal involuntary movements consist of choreoathetoid dyskinesia, 
peak-dose dystonia, and possibly end-of-dose dystonia, and are related to too 
much levodopa or pergolide. Their effect is additive. Since the intent is to in­
crease the pergolide to 1.0-3.0 mg/day, the dyskinesia is usually dealt with by 
decreasing the Sinemet. 

Hallucinations, confusion, and possibly lightheadedness are parts of a 
toxic confusional state. While pergolide can do this alone, it does appear to be 
more likely when pergolide is used with levodopa. It is far more likely to occur 
in individuals having some degree of organic dementia, the elderly, or those 
with cerebral atrophy. Anticholingerics or Symmetrel (amantadine hydrochlo­
ride) can also produce organic confusion. Intercurrent infection, a recent ope­
ration or other stress may also produce confusion and delirium in the elderly 
parkinsonian patient. Identifying the causative agent (or agents) may be diffi­
cult. If the only variable appears to be the addition of pergolide or increase in 
pergolide dosage, it may be judicious to reduce and maintain the dosage at 
the best tolerated level. 

Orthostatic hypotension occurs not infrequently with the first single tablet 
of pergolide and not thereafter. In patients who have mild orthostatic hypoten­
sion associated with levodopa, it may be wise to have them start medication 
under close medical supervision. Certain individuals with Shy-Drager syn­
drome or a "Parkinson-plus" syndrome, may be exceedingly sensitive to per­
golide or levodopa, particularly in combination. 

In general, side effects can be prevented or minimized by the very slow, 
careful titration described in Sect. C. If side effects develop, a brief decrease in 
dosage or slower titration may help. Most patients develop tolerance over a 
reasonably short period, and should be encouraged to persevere long enough 
to give the medication a fair trial. Since virtually all patients receiving pergo­
lide will be commonly taking Sinemet and possibly other anti parkinsonian 
drugs as well, care must be taken to avoid overdosing. Concomitant reduction 
in these medications as pergolide dosage is increased is usually an effective 
tactic in avoiding adverse reactions. 

Acknowledgments. We wish to express our appreciation to Mrs. Setsuko Kashitani for se­
cretarial work and to Leo J. Treciokas, M. D. for his care of many of the patients dis­
cussed here. 
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CHAPTER 19 

Lisuride Pharmacology and Treatment 
of Parkinson's Disease 

G. GOPINATHAN, R. HOROWSKI and 1. H. SUCHY 

A. Chemistry 

Lisuride hydrogen maleate [1,1 diethyl-3-(9,10-didehydro-6-methyl-8a-ergoli­
nyl] urea is the first derivative of isolysergic acid in clinical use. It is an 
8-a-aminoergoline and was synthesized by ZIKAN and SEMONSKY (1968). It is 
a white slightly bitter tasting substance, which is reasonably stable at room 
temperature if not exposed to light. Lisuride hydrogen maleate is soluble in 
water or saline up to 1 mg/ml. Owing to its low effective dose, it is therefore 
the first dopamine agonist which can also be used on a parenteral basis (Do­
ROW et al. 1980). 
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B. Toxicology 

The acute LDso in mice is 90 mg/kg p.o. and 14.4 mg/kg Lv. while in rats it is 
10-15 mg p.o. and 1-2 mg/kg Lv. There is a large safety range if one consid­
ers that the effective oral doses in rats (e.g. reserpine antagonism and lowering 
of prolactin) are in the range of 0.01 mg/kg or below. In the monkey, doses up 
to 200 mg/kg p.o. did not kill the animals. Chronic toxicity studies in mon­
keys and rats did not reveal organ damage at 5 and 10 mg/kg p.o. 

Carcinogenicity studies in rodents revealed a dose-dependent reduction of 
the incidence of pituitary and mammary tumours. More animals in the treat­
ment groups survived the 2-year study than in the control group. There was no 
increased incidence of endometrial carcinomas. In a small percentage of male 
rats in the highest dose groups, Leydig cell hyperplasia or adenomas were ob­
served. There was no indication for embryotoxic or teratogenic effects; only 
nidation and lactation in rats was impaired owing to the prolactin-lowering ef­
fect of lisuride (G. SCHUPPLER and P. GUNZEL 1984 personal communication). 
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C. Pharmacokinetics 

Lisuride is completely absorbed from the gut in laboratory animals as well as 
in young volunteers (RUMPEL et al. 1981) and old volunteers (RUMPEL 1983). 
It is in part metabolized during its first pass through the liver. The clearance 
rate has been found to be 0.80 ± 0.25 lImin in volunteers. In patients with Par­
kinson's Disease, individual clearance values derived from the estimated AVC 
(area under the curve) ranged from 0.39-7.13 lImin (x = 1.95 ± 1.99). There is 
a moderate enterohepatic circulation (BURNS and CALNE 1981; BURNS et al. 
1984). Metabolism occurs in various ways via oxidative des alkylation, hydro­
xylation, mono-osygenation, and oxidation. No metabolite accounted for 
more than 10 % of the high pressure liquid chromatography spectrum. It is un­
likely that metabolites contribute to the pharmacological effects of lisuride. 
They are excreted via urine and faeces in varying proportions, mainly via 
urine as is the case with most ergolines (BURNS and CALNE 1981). 

The proportion of lisuride that becomes systemically available varies from 
one individual to another more than within individuals. On the average, bio­
availability has been found to be 10 %-20 %. The first-pass effect and the re­
sulting bioavailability depend on individual liver plasma flow and the state of 
the microsomal enzyme activity in the liver. From one clinical trial a 100 % 
increase of clearance rate during a 2 to 4 week treatment has been reported 
(BURNS et al. 1984). There is no indication for enzyme induction in chronic 
treatment (CARRUBA et al. 1985). Inhibition of liver microsomal enzyme activ­
ity by proadifen has been shown to prolong and intensify the motor action of 
lisuride in laboratory animals (KELLER and Da PRADA 1979). 

Peak plasma levels after oral ingestion were reached at 39 ± 28 min in 
fasted PD patients (BURNS et al. 1984). Similar times were observed in other 
trials when lisuride plasma levels were determined by a specific radioimmu­
noassay. After the use of p4C] lisuride in old volunteers it was as long as 2 h 
(RUMPEL 1983). Volume of distribution has been calculated to be 2.3-2.4l1kg 
which would mean that lisuride passes readily into the tissues. The time for 
distribution into the tissues, according to the ,,-phase of elimination from the 
plasma after i.v. injection, is 20-30 min. 

Lisuride passes quickly through the blood-brain barrier into the brain 
where it binds to various neuronal receptors. In animal experiments the maxi­
mum level of radioactivity in the brain of the rat has been seen 15 min after 
i.v. injection. Brain levels of lisuride (in animals) decrease more slowly than 
plasma levels. From 30 min to 8 h after injection there was more radioactive 
material in the brain than in the plasma. Autoradiographic studies in rats with 
tritiated lisuride show highest levels of radioactivity 60 min after injection in 
caudate, putamen, parts of the thalamus and layer IV of the cortex (ratio 
3-4.5:1 in corpus callosum; STUMPF et al. 1985). From experiments in rab­
bits it is known that p4C] lisuride levels in the pituitary are ten times higher 
than those in putamen or other brain areas (DOROW et al. 1983). Onset of ac­
tion after intravenous injection was 10 min for the motor system of PD pa­
tients (PARKES et al. 1981) and 30 min for the prolactin-lowering effect (Do­
ROW et al. 1981). 
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Whole-body autoradiography has shown the labelled lisuride to accumu­
late in the intestine and in the kidney. This is because lisuride metabolites are 
excreted via the urine and via the bile. Half-life of elimination from the 
plasma is 1.9 ± 0.6 h in young volunteers after a test dose of 300 Ilg lisuride 
p.o. The rate of decline after i.v. injection and also after the termination of s.c. 
infusion is similar (KRAUSE et al. 1988). The time course of pharmacological 
effects does not seem to follow plasma levels (especially in the case of prolac­
tin). Half-life of excretion of radiolabelled material via the kidney in old vo­
lunteers (in this study 90 % of the material was excreted via the kidney) was 
10 h (phase I) and 24 h (phase II). In chronic trials no signs of accumulation 
of the substance were seen (BURNS et al. 1984). 

D. Biochemistry and Pharmacology 

I. Receptor Binding 

In the central nervous system lisuride binds to dopaminergic, serotonergic 
and adrenergic receptors and their subtypes, in part with outstanding affinity. 
The specific PH] lisuride binding to the dopaminergic striatal membranes of the 
rat was characterized by the maximal binding capacity Bmax = 490 fmol per 
milligram protein and the dissociation constant Ko = 0.5 nM; Bmax for PH] spi­
roperidol in a parallel assay was 360-390 fmol per milligram protein. (Inhibi­
tion constants were: haloperidol 7.1 nM; apomorphine 100 nM; methysergide 
180 nM; dopamine 3.500 nM; FUJITA et al. 1979). The Bmax valve of 494 fmol 
per milligram protein (Ko = 0.6 nM) for PH] lisuride in the absence of spiro­
peridol was reduced to 172 fmol/mg (Ko = 0.7 nM) in the presence of spiro­
peridol (BAITAGLIA and TITELER 1981). In another assay, the presence of so­
dium ions increased Bmax of PH] lisuride in rat striatal homogenates from 723 
to 1035 fmol/mg (Ko = 1.8 nM). In contrast to the findings with apomorphine, 
guanosine triphosphate did not influence the binding of lisuride (UZUMAKI et 
al. 1982). 

The inhibition constant (ICso) of lisuride in PH] spiroperidol binding in rat 
striatum was reported to be 2.1 nM (MCPHERSON and BEART 1983) and 6 nM 
(SUCHY et al. 1983); in PH] ADTN binding in rat caudate nucleus ICso of lisu­
ride was 3.9 nM (ROSENFELD and MAKMAN 1981). In rat pituitary tumour cells, 
PH] spiroperidol binding was inhibited at 0.39 ± 0.2 nM lisuride (CRONIN et al. 
1981). In human putamen (crude membranes) ICso was 9 nMpH] spiroperidol, 
Bmax = 17.9-27.5 pmol/g (REYNOLDS and RIEDERER 1981). In most dopamine 
receptor binding studies, the affinity of lisuride was 10-20 times higher than 
bromocriptine and about 1000 times higher than dopamine itself. 

By its action on D2 receptors in the intermediate lobe of rat pituitaries, lis­
uride inhibits a-melanocyte-stimulating hormone (tx-MSH) secretion at con­
centrations as low as 0.01 nM (Cote et al. 1983). Binding to serotonin (5-HT) 
receptors has been studied in the rat frontal cortex. ICso of lisuride in PH] ke-
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tanserin binding was 5.0 nM, and 110 nM in PH] serotonin binding, showing a 
preference for 5-HT2 receptors (SUCHY et al. 1983). In rabbit frontal cortex 
ICso to PH] spiroperidol binding was 1.0 nM, 3.7 nM to PH] LSD binding and 
14.0 nM to PH] 5-HT binding. The ability of lisuride to displace spiroperidol 
in the cortex is decreased in the presence of guanosine nucleotides. In rabbit 
caudate nucleus the ICso of lisuride in PH] 5-HT binding was 7.0 nM and in 
PH] LSD binding 2.0nM (ROSENFELD et al. 1980). The specific binding oflisu­
ride in the bovine frontal cortex can be inhibited by 5-HT by 20 % and by 
clonidine by 40 % (BATIAGLIA and TITELER 1981). 

Lisuride also binds to al- and az-adrenoceptors and to ,B-adrenoceptors. In 
the forebrain it displaces PH] clonidine with ICso = 8.0 nM (SUCHY et al. 
1983); PH] rauwolscine (az) with ICso = 0.83 nM (MCPERSON and BEART 1983) 
and PH] prazosin (al) with ICso = 150 nM (MCPHERSON and BEART 1983). Li­
suride binds to ,B-adrenoceptors in the parathyroid gland (nanomolar range) 
and in the cerebellum (micromolar range) (COTE et al. 1983). 

The interference of lisuride with the formation of cyclic adelilosine mono­
phosphate (cAMP) has remained a matter of debate until now. In the striatal 
dopaminergic system lisuride inhibits dopamine-(DA)-stimulated formation 
of cAMP (ICso = 1-1.2 x 10-7 M; PIERI et al. 1978; SPANO et al. 1978, 1983). 
In homogenates of rat striatum lisuride by itself in doses up to 10-4 M does 
not stimulate adenyl cyclase. After stimulation with guanyl nucleotides lisu­
ride (3-10 /-1M) induced cAMP formation, a result that was not observed with 
lisuride doses above 10/-IM (AzUMA and OSHINO 1980). If the material is not 
homogenized, but cut into slices so that part of the interneuronal connections 
remain intact, lisuride as well as bromocriptine stimulate accumulation of 
cAMP (SAIANI et al. 1979). Lisuride (0.2 mg/kg) also increases cAMP forma­
tion in vivo in rat striatum from 5.9 to 9.7 pmol/mg (P < 0.01). After kainic 
acid administration, the reaction is reduced on the lesioned side by 60 %-70 % 
(SPANO et al. 1980). This finding is confirmed by FuxE et al. (1978). There is 
an increase of cAMP levels in the intact rabbit retina after lisuride adminis­
tration (SCHORDERET 1978). In the parathyroid gland, inhibition of DA-in­
duced stimulation of DI receptors by lisuride decreases adenylate cyclase ac­
tivity and cAMP formation (COTE et al. 1983). 

In the frontal cortex (rabbit) lisuride stimulates cAMP formation via 
5-HTI receptors (ROSENFELD and MAKMAN 1981). In cell preparations of the 
intermediate lobe of the pituitary of the rat, lisuride (1 nM) inhibits the accu­
mulation of cAMP and the release of a-MSH induced by isoproterenol while 
it has no effect by itself on these reactions. Similar findings have been ob­
tained in the cerebellum (MUNEMARA et al. 1980). 

From these observations lisuride seems to be a strong D2 receptor agonist 
and a partial antagonist/agonist at the DI receptor in the striatum, an agonist 
at D2 receptors of prolactin cells and a-MSH-producing cells of the pituitary, 
an antagonist at the DI receptor in the parathyroid gland, an antagonist at 
,B-receptors in the pituitary intermediate lobe and in the cerebellum and an 
agonist at 5-HTI and 5-HT2 receptors in the cortex. Lisuride displays its high­
est affinity to D2 and 5-HT receptors. 
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II. Biochemistry 

Neurobiochemical studies indicate that lisuride is a direct DA agonist at post­
synaptic D2 receptors and, at low doses, DA autoreceptors. In dopaminergic 
areas of the rat (striatum and mesolimbic forebrain) lisuride in doses of 
0.03-0.1 mg/kg reduces dopa formation and the rate of tyrosine hydroxylation 
(KEHR 1977; RIPKA 1972), while at doses greater than 0.1 mg/kg the values re­
turn to normal (KEHR 1977). With 0.015 mg/kg lisuride, dopa accumulation 
produced by 700 mg/kg y-butyrolactone can be reversed (TISSARI et al. 1983). 
If the activity of tyrosine hydroxylase in a homogenate from the caudate can 
be used as a measure of dopaminergic activity at presynaptic autoreceptors, 
lisuride in a dose range of 0.001-10 /-lM shows little inhibitory activity, in 
contrast to apomorphine (KEBABIAN and KEBABIAN 1978). 

TISSARI and GESSA (1983) also find that apomorphine seems to have a 
more intense effect on tyrosine hydroxylase, inhibiting DA synthesis more 
completely than lisuride. In this reaction in vitro, lisuride and bromocriptine 
are equipotent, while in vivo bromocriptine seems to be 100-fold less potent, 
and has delayed onset (Tis SARI and GESSA 1983). Lisuride (at 0.1 and 
0.2 mg/kg i.p.) also increases acetylcholine (ACh) levels in rat striatum and rat 
accumbens for more than 2 h. The reaction can be blocked by pimozide, but 
is not prevented by lX-methyl-tyrosine (lX-MPT). Some 28 days after 6-hydroxy­
dopamine (6-0HDA) lesion, when supersensitivity has developed, a dose as 
small as 0.025 mg/kg lisuride is enough to produce a measurable increase of 
ACh (LADINSKY 1977; GARAlTINI et al. 1980). 

In all rat brain areas investigated (striatum, mesolimbic fore brain, neocor­
tex) lisuride in a dose of 0.3 mg/kg reduced 5-hydroxy-tryptophan (5-HTP) 
formation by 50 % (KEHR 1977), which is in keeping with its presynaptic sero­
tonergic stimulatory activity. In noradrenaline-rich neocortex, low doses of 
lisuride had no influence on dopa formation, but a 100 % increase was seen af­
ter higher doses (0.3-1.0 mg/kg; KEHR 1977). This finding may be interpreted 
as an indicator of central adrenolytic activity of lisuride at higher doses. 

III. Pharmacology 

Although initially it was synthesized and characterized as a peripheral 5-HT 
antagonist (for review see PODVALOVA and DLABAC 1970), the most prominent 
characteristics of lisuride relate to its dopaminergic effects (which in some re­
spects were comparable to apomorphine; HOROWSKI et al. 1975, HOROWSKI 
and WACHTEL 1976; HOROWSKI and Gill 1976). Indeed, rats trained to discri­
minate between drugs generalize the effects of lisuride to the apomorphine 
cue, an effect which can be inhibited by the dopamine antagonist haloperidol 
(WHITE and APPEL 1982). 

As regards the effective doses, lisuride is in most tests of dopaminergic ac­
tivity much more effective than apomorphine or other dopamine agonists, in­
cluding bromocriptine, and thus has become a standard for the development 
of new dopaminergic drugs. It affects all dopaminergic systems, but its effects 
on the central modulation of the motor system are the most conspicuous in 
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animal tests and one can relate many different effects of lisuride in animals to 
its DA agonist action on the nigroneostriatal DA system. These effects in­
clude the induction of stereotyped behaviour in rodents, motor activation and 
restoring of mobility in reserpine-pretreated mice and rats (HOROWSKI and 
WACHTEL 1976), but also inhibition of spontaneous motility at very low doses 
in intact animals, possibly by a presynaptic DA receptor activation (WACHTEL 
1978). At higher doses, also in intact rats, motor stimulation is observed (FINK 
and MORGENSTERN 1985; CARRUBA et al. 1985). 

A role of the tegmentomesolimbic DA system in these effects is suggested 
by the observation that injection of 7.5 ~g lisuride into the nucleus accum­
bens in intact and DA-depleted rats also stimulated motor activity (WACHTEL 
et al. 1986). In rats with unilateral destruction of the nigroneostriatal pathway, 
contralateral turning was caused by 0.01 mg/kg lisuride i.p. (FUXE et al. 1978), 
0.1 mg/kg i.p. (LOEW et al. 1978) or 0.05 mg/kg s.c. (KREJCI et al. 1985; PIERI et 
al. 1983). 

Muscular rigidity caused by 6-aminonicotinamide or reserpine could be 
suppressed by 50 ~g/kg lisuride to a similar extent as by 100 mg/kg L-dopa 
plus benserazide (25 mg/kg); this observation led Loos et al. (1977) from the 
group led by H. HERKEN to the prediction that lisuride should be useful in 
the treatment of PD. Again, these effects of lisuride could be blocked by DA 
antagonists (HALBHUBNER et al. 1978) and were observed in a similar way after 
intrastriatal, intraventricular or intralumbar injection (BRAUTIGAM et al. 1980, 
FLOsBAcH et al. 1982). 

The locomotor stimularoy effect of lisuride can also be obtained in ani­
mals with almost complete DA depletion caused by combined reserpine plus 
/X-MPT pretreatment (HOROWSKI 1978). Chronic discontinuous application of 
lisuride (e.g. by repeated s.c. or i.p. injections) greatly enhances the stimulat­
ing effects of this drug whilst the initial motor inhibition observed in naive 
animals is no longer detectable (HOROWSKI and WACHTEL 1979). Also in gui­
nea pigs, chronic s.c. injections of lisuride caused behavioural supersensitivity 
consisting of increased stereotyped behaviour (CARVEY and KLAWANS 1983). 
On the other hand, such a behavioural supersensitivity is not induced when 
lisuride is given over the same period of time by a continuous delivering Alzet 
minipump system (WACHTEL et al. 1988) thus stressing the importance of the 
route and mode of application. 

Lisuride decreased in a dose-dependent way (0.1-0,39 mg/kg i.p.) the 
body temperature in mice (HOROWSKI and WACHTEL 1976) and in a similar 
way in rats (0.0125-0.1 mg/kg i.p.) which were in a cold environment (4°C) 
(HOROWSKI and RIEDEL 1979). The hypothermic effect of lisuride was less pro­
nounced at normal ambient temperature, but still significant (KELLER and DA 
PRADA 1979; CARRUBA et al. 1980). The lowering of body temperature by lisu­
ride could be prevented by haloperidol or sulpiride pretreatment (HOROWSKI 
and RIEDEL 1979) and on the other hand, lisuride effectively antagonized re­
serpine-induced hypothermia (HOROWSKI and WACHTEL 1976). 

Lisuride was also able - possibly again by acting at the level of hypothal­
amic DA neurons - to cause anorexia in rats at very low doses 
(ED50 = 0.06 mg/kg). This effect was prevented by pretreatment with DA anta-
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gonists, but not with the DA-depleting inhibitor of tyrosine hydroxylase, 
IX-MPT, nor by compounds interacting with 5-HT receptors (CARRUBA et al. 
1980, 1983). In dogs, lisuride has pronounced emetic effects which are 
thought to be due to an activation of the chemoreceptor trigger ZOne at the 
area postrema (HOROWSKI and WACHTEL 1976). This emetic effect in dogs, 
however, rapidly develops tolerance on repeated treatment, like the effects of 
lisuride On body temperature and food intake in rats, without evidence for a 
change in drug metabolism. 

Thus, in the same rats chronic injections of lisuride cause these effects to 
disappear, whilst the motor stimulatory effects are clearly enhanced (Ho­
ROWSKI and WACHTEL 1979; CARRUBA et al. 1983, 1985). In the same animals 
again, the prolactin-lowering effect of lisuride remains unchanged; indeed, in 
contrast to its sometimes biphasic or state-dependent effects on more central 
DA systems lisuride almost invariably inhibits prolactin secretion and lowers 
prolactin levels in all experimental and clinical situations. 

Lisuride exerts its prolactin-lowering effects by a direct action on dopami­
nergic receptors within the pituitary (Gill et al. 1976, 1977; HOROWSKI et al. 
1976; HOROWSKI and Gill 1976). Lisuride acts on the prolactin cell itself 
(BURDMAN et al. 1982) and is highly effective under in vitro conditions (MAC 
LEOD 1977) as well as on pituitaries grafted under the renal capsule of hypo­
physectomized rats (Gill et al. 1977; HOROWSKI and Gill 1976). It is a potent 
inhibitor of both estrogen- and reserpine-induced hyperprolactinemia in rats 
(Gill et al. 1976) and inhibits prolactin secretion in dogs and monkeys. 

The effects of lisuride on the 5-HT system are rather complex, and it is 
usually defined as a 5-HT agonist or partial agonist. However, as often in er­
got pharmacology, different and even opposing effects can be observed, de­
pending on the test model used and its actual state. In peripheral systems, 
5-HT effects can be blocked by lisuride which is as active as D-Iysergic acid 
diethylamide (LSD), but less active than methysergide (PODVALOVA and 
DLABAC 1972): its IDso in the 5-HT-induced paw edema test is 0.05 
(0.04-0.09) mg/kg i. p. and in the antagonism of 5-HT-induced papules 0.15 
(0.11-0.22) mg/kg i.p., and it also inhibited 5-HT-induced contractions of the 
isolated rat stomach in vitro (at 1.0 flg per 20 mI). 

5-HT-induced constriction of dog coronary arteries was also inhibited by 
lisuride (lCso = 4.2 nM); at higher concentrations however (1000 nM), con­
strictor effects were also present (BRAZENOR and ANGUS 1982). 5-HT-related 
synergistic effects on ADP-induced platelet aggregation was inhibited in the 
range 1-1000 nM (GwSA and MARKWARDT 1984) and 5-HT-induced platelet 
shape changes were inhibited at 8.2 (6.8-9.9) nM concentration of lisuride 
(GRAF and PLETSCHER 1979). 

Central effects of lisuride have been interpreted as 5-HT agonism based 
upon effects on high limb flexor reflex (KEHR 1977) and on induction of a so­
called 5-HT syndrome at high doses (SILBERGELD and HRUSKA 1979). At lower 
doses, however, lisuride inhibited 5-HT-induced head twitches (GERBER et al. 
1985). Mounting behaviour (similar to a combined administration of the 5-HT 
synthesis inhibitor p-chlorophenylalanine (pCPA) and a dopaminergic drug) 
could be induced by high doses of lisuride (DA PRADA et al. 1977; PIERI et al. 
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1983; HOROWSKI and DOROW 1981; HOROWSKI 1983). This male-type mount­
ing behaviour was independent of the hormonal situation of the animals 
(male, female, adult or juvenile, pretreated with hormones or antihormones; 
HOROWSKI 1983). In castrated male rats, lisuride restored the complete pattern 
of male sexual behaviour in a dose-dependent way (AHLENIUS et al. 1980). 
Neuropharmacological interaction studies revealed that these effects of lisu­
ride were due to a combined DA agonistic effect and a functional inhibition 
of central 5-HT neurotransmission, maybe due to a preferential 5-HT autore­
ceptor stimulation by this drug (PIERI et al. 1978; HOROWSKI 1983). 

Little is known as to whether the high affinity of lisuride for (Xl and lXz re­
ceptors leads to important pharmacological effects. Only under in vitro condi­
tions could lisuride at a nanomolar concentration inhibit adrenaline-induced 
platelet aggregation (GLUSA et al. 1979). There is no behavioural equivalent 
for a significant interaction of lisuride with ,6-adrenergic systems, where bind­
ing has been reported to be inhibited by higher in vitro concentrations of lisu­
ride (COTE et al. 1979). 

IV. Neurophysiology 

Neurophysiological findings in rats confirm the results of behavioural phar­
macology, biochemical and receptor binding studies. Firing of raphe dorsalis 
neurons is inhibited at doses of 1-5 f.1g/kg i.v. (ROGAWSKI and AGHAJANIAN 
1979); after a cumulative Lv. dose of 15 f.1g/kg, inhibition is 98 % of baseline 
activity (WALTERS et al. 1979). Firing of locus coeruleus neurons - depend­
ing on the pre drug firing rate - may increase by up to 500 % after administra­
tion of lisuride 25-50 f.1g/kg Lv. (ROGAWSKI and AGHAJANIAN 1979). 

Firing of most neurons in the substantia nigra zona compacta in intact 
rats is inhibited by lisuride doses of 25-100 f.1g/kg Lv., while the firing of a 
few neurons is increased dose dependently (ROGAWSKI and AGHAJANIAN 1979). 
The inhibition is not complete. There is no effect on zona reticulata cells. In­
itial inhibitory effects were seen in another study after doses as low as 
1.5 f.1g/kg Lv. Subsequent agonist challenges were unsuccessful, and antago­
nistic effects of haloperidol were weaker than in the case of apomorphine. The 
effects of lisuride were interpreted as possibly related to a partial agonist ef­
fect of the drug (WALTERS et al. 1979). The effects in the substantia nigra are 
reduced by previous destruction of the striatonigral feedback loop with kainic 
acid (WALTERS et al. 1978). Pallidal neurons increase their firing rate as a re­
sponse to lisuride or other DA agonists. This increase is attenuated by general 
anaesthesia or a small, nonexcitatory dose of apomorphine or lisuride (BERG­
STROM et al. 1984). 

Recently, G. L. GESSA'S group (MEREU et al. 1986, 1987; GESSA 1988) has 
further investigated the neurophysiological effects of lisuride on the pars com­
pacta cells of substantia nigra and on the ventral tegmental area (A9 and 
A10). Lisuride was shown to have opposite, dose-dependent effects (at 
1-100 f.1g/kg L v.) in animals with general anaesthesia (inhibition of firing 
rate) and in animals with local anaesthesia (increase). As micro iontophoretic 
studies consistently showed an inhibitory effect, the inhibition is thought to be 
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related to an activation of autoreceptors. These receptors seem to be blocked 
to subsequent application of apomorphine or haloperidol; however, 1-3 days 
after acute or repeated lisuride application, these receptors show a normal re­
sponse. 

GESSA (1988) proposes that lisuride has a higher affinity but a lower intrin­
sic activity than DA and thus behaves as an agonist or antagonist, depending 
on the state of the DA receptors (with agonist properties especially on dener­
vated "empty" receptors). Owing to its high receptor affinity, lisuride is 
thought to occupy the DA receptors on the presynaptic DA neuron for long 
periods, making it insensitive towards DA agonist and antagonists. In line 
with this, lisuride was able to prevent, but not to reverse the effects of apomor­
phine in anaesthetized rats (MEREU et al. 1986) whilst haloperidol could pre­
vent, but not reverse the effects of lisuride. 

This concept would also explain differences between the "pure" DA agon­
ist apomorphine and lisuride, and explain why lisuride is more potent and has 
longer-lasting effects in conditions of functional DA denervation. In this con­
text, the DA receptors on prolactin cells should also be considered as "empty" 
receptors with no neuronal feedback loops. 

From bromocriptine, lisuride not only differs in its higher receptor affinity 
and pharmacological activity (which could explain why DA antagonists are 
much less effective in inhibiting its actions (HOROWSKI and RIEDEL 1979) and 
why lisuride can be used for antagonizing neuroleptic overdose (H. PRZUNTEK 
1988, personal communication). As only one example, lisuride had an EDso of 
2.6 ~g/kg Lp. and bromocriptine of 220 ~g/kg Lp. as antagonists of reserpine­
induced rigidity in rats (Loos et al. 1979). In addition, motor and other beha­
vioural effects of lisuride cannot be abolished by DA depletion by reserpine 
and IX-MPT (HOROWSKI 1978; CARRUBA et al. 1980; HARA et al. 1982) whilst 
the motor effects of bromocriptine seem to depend largely on the presence of 
endogenous DA or concomitant DA receptor activation (JOHNSON et al. 1976; 
HOROWSKI 1978; JACKSON 1986). 

The similarity of chemical structures of LSD, which causes hallucinations 
in healthy volunteers in a dose range of 0.5-2.0 ~g/kg, and lisuride, which in 
single doses of up to 600 ~g p.o. and 100 ~g Lv. has never caused hallucina­
tions in healthy volunteers, has led experimental research to find the diffe­
rence in hallucinogenic potential (PIERI et al. 1978). The issue has received 
new interest because mental side effects, including hallucinations, can occur 
during chronic or high dose treatment with lisuride in patients with PD (see 
Sect. F. I.). 

In spite of superficial similarities between lisuride and LSD (both sub­
stances inhibit firing of raphe dorsalis neurons, (ROGAWSKI and AGHAJANIAN 
1979; both substances increase dopa formation in corpus striatum in reserpi­
nized rats; KEHR and SPECKENBACH 1978), various quantitative and qualitative 
differences have been observed. Lisuride is ten times more potent in increas­
ing dopa formation (KEHR and SPECKENBACH 1978). Locomotion in rats is in­
hibited by lisuride at low doses (15-30 ~g/kg), but increased at 60 ~g/kg, 
whereas LSD inhibits locomotion at all doses (ADAMS and GEYER 1985). In 
the single-unit recording from A10 DA cells, lisuride suppresses firing 



480 G. GOPINATHAN et al. 

(IDso = 0.021 mg/kg), while LSD depresses firing in only 54 % of the celis .. in­
creases firing in 23 % and has no effect in the rest; LSD also reversed apomor­
phine-induced suppression (WHITE and WANG 1983). In reserpinized animals 
LSD counteracts the stimulatory effect of apomorphine, while lisuride does 
not (KEHR and SPECKENBACH 1978). This means that LSD acts more, or solely, 
at DA autoreceptors in the nigrostriatal system and shows more antagonistic 
effects. Therefore LSD, in contrast to lisuride, does not produce mounting be­
haviour, which results from presynaptic stimulation of serotonergic neurons 
and postsynaptic stimulation of dopaminergic neurons (KELLER and DA 
PRADA 1979), but even antagonizes the hypersexuality caused by lisuride 
(HOROWSKI 1983). 

Lisuride, but not LSD, reduces 5-hydroxyindole-acetic acid (5-HIAA) le­
vels and antagonizes acceleration of 5-HT turnover caused by 5-HT receptor 
blocking agents like methiothepin (PIERI et al. 1978). Lisuride increases and 
LSD reduces baseline firing in locus coeruleus neurons (MCCALL 1982). 

In one selection of drug discrimination paradigms, lisuride substituted for 
LSD (HOLOHEAN et al. 1982). Animals could, however, discriminate clearly 
between both drugs (WHITE and ApPEL 1982a) 5-HT agonists substituted only 
partially for lisuride (quipazine, 5-methoxy-N,N-dimethyltryptamine, 5-Me­
ODMT; WHITE and ApPEL 1982b) and DA agonists substituted partially for 
LSD. DA agonists (lergotrile, apomorphine) substituted completely for lisu­
ride and 5-HT agonist/antagonists substitute completely for LSD (WHITE and 
ApPEL 1982a). The lisuride cue was blocked by haloperidol but not by cypro­
heptadine, in contrast to the LSD cue (WHITE and APPEL 1982b). 

The cat behavioural model which was once believed to be specific for hal­
lucinogenic drugs, has turned out to be nonspecific because it failed to discri­
minate between the common serotonergic properties of LSD (0.08 mg/kg), lis­
uride (0.02 mg/kg) and methysergide (0.06 mg/kg) (MARINI et al. 1981; 
MARINI and SHEARD 1981). 

LSD, mescaline and psilocybin facilitate the response of facial motor neu­
rons to noradrenaline and 5-HT, while lisuride and methysergide do not show 
this effect (MCCALL and AGHAJANIAN 1980). Peripheral motor neurons react in 
a similar way to LSD which also enhances reactivity of locus coeruleus neu­
rons to excitatory inputs (MCCALL, 1982). Parkinsonian patients develop hal­
lucinations after treatment with all types of dopaminergic drugs. The fact that 
DA antagonists are useful in blocking hallucinations speaks for the involve­
ment of the dopaminergic system in the production of hallucinations. 

In a recent important and comprehensive review paper, WHITE (1986) 
compares the effects of LSD and lisuride on various biochemical, behavioural 
and electrophysiological indices of neuronal function. It is stated that in bio­
chemical studies involving brain monoamines, differences seem to be more 
quantitative, but that detailed investigation of special 5-HT and DA sub­
populations is necessary. Behavioural studies consistently demonstrate a grea­
ter dopaminergic activity of lisuride as compared with LSD, and these find­
ings are supported by electro physiological studies as well. The potentiation of 
excitomodulatory effects of 5-HT by LSD, but not by lisuride, is considered to 
be the most important difference so far which, - if confirmed for other brain 
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areas - could explain the vivid visual hallucinations caused by LSD in hu­
mans. 

Lisuride causes a reduction of blood pressure in anaesthetized cats and 
spontaneously hypertensive rats. This effect is explained by moderate peri­
pheral vasodilation, a decrease of heart rate and contractility and a reduction 
of the ejection fraction. These effects are blocked by haloperidol (MANNES­
MANN et al. 1979). 

In baroreceptor-denervated cats, lisuride (5-10 Ilg/kg Lv.) decreased mean 
arterial pressure, heart rate and sympathetic nervous discharge. The effects are 
observed with other 5-HT antagonists and have been explained by a tonic cen­
tral serotonergic influence on sympathetic outflow (MCCALL and HUMPHREY 
1982). In spontaneously hypertensive stroke-prone rats, lisuride improved per­
formance and prevented stroke-associated pathology (HARA et al. 1982). Glu­
cose utilization in some rat brain areas was stimulated by lisuride, an effect 
which could be blocked by haloperidol and sulpiride (AzUMA et al. 1982). 

With the exception of antihistamine properties of lisuride in high doses, 
no other general pharmacological effects were observed with lisuride in va­
rious tests. Especially, contraction or relaxation of the uterus or vasoconstrict­
ing properties were not observed (PODVALOVA and DLABAC 1972). 

E. Clinical Applications 

Effects and side effects of lisuride in humans are related to a great extent to 
its direct dopaminergic effects on D2 receptors. This obviously applies to its 
therapeutic effects, alone or in combination with L-dopa, in the dopaminergic 
deficiency syndrome of the basal ganglia, Le. PD, and related neurological 
disorders. In addition, the important role of DA in the regulation of pituitary 
hormones, and especially its strong inhibitory effect on prolactin secretion, is 
the basis for the long-lasting therapeutic use of lisuride in neuroendocrine 
disorders. Side effects of lisuride such as nausea, emesis and orthostatic hy­
potension are also due to an activation of dopaminergic systems and can be 
prevented or treated by DA antagonists. The effects of lisuride on cortical 
reflex myoclonus and its preventive action in migraine are possibly related to 
the additional interaction of lisuride with serotonergic mechanisms. 

I. Clinical Pharmacology 

In healthy volunteers, orallisuride lowers basal and stimulated prolactin levels 
in a dose- and time-dependent way (HOROWSKI et al. 1977; DELITALA et al. 
1979). Effective single oral doses range from 0.1 to 0.3 mg whilst similar pro­
lactin-lowering effects can be achieved by 0.025 mg lisuride given as a paren­
teral bolus (DOROW et al. 1980). Patients suffering from renal insufficiency 
and migraine seem to be especially sensitive to the prolactin-lowering effects 
as well as to side effects of lisuride and therefore only low oral doses are used 
in these conditions (RUILOPE et al. 1985; DESAGA et al. 1985). The prolactin­
lowering effect of lisuride is rather specific as no other hormones are affected 
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and, in women, a normal cycle (BOHNET et al. 1979) and, in males, normal 
gonadal function is maintained (GRAF et al. 1982). 

Side effects are related to the dopaminergic effects of lisuride since they 
can be blocked by peripheral DA antagonists such as su1piride or domperidone; 
they include nausea and emesis and, occasionally, orthostatic hypotension, 
dizziness and drowsiness (CANOl et al. 1985; DOROW et al. 1983); in most cases 
they develop tolerance in chronic treatment whilst the prolactin-lowering ef­
fect increases with time (DOROW et al. 1983). Another side effect associated 
with acute lisuride treatment is headache, especially in migraine sufferers; 
this side effect seems to be of central origin because it did not react to dom­
peridone (CANOl et al. 1985). Also in this case, tolerance seems to develop and 
lisuride can be used in the prevention of migraine. In a controlled doub1e­
blind study in volunteers, less peripheral side effects were clearly observed 
with lisuride than with methysergide, and no hallucinogenic properties were 
found in contrast to the effects induced by D-LSD (VOTAVA et al. 1966). In­
deed, so far no hallucinations or other psychotic side effects have been ob­
served with lisuride in healthy volunteers - in contrast to D-LSD and to side 
effects of lisuride in parkinsonian patients (HOROWSKI 1986). In pharmaco­
EEG studies (ITIL et al. 1974, 1975), lisuride was reported to have a "psycho­
stimulant" type of EEG profile at oral doses ranging from 0.025 to 0.1 mg; this 
classification was, however, based only on e1ectrophysio10gica1 parameters. 

Based upon its dopaminergic and other properties (for reviews see Ho­
ROWSKI and McDONALD 1983; SUCHY 1986), lisuride has also been used to im­
prove vigilance and mood in elderly patients suffering from cerebrovascular 
disease (MISUREC et al. 1978; OTOMO et al. 1981; AIZAWA et al. 1980). The cli­
nical pharmacology of oral and parentera1lisuride (as well as of its derivative 
terguride) has been reviewed by DOROW et al. (1983). 

II. Applications in Clinical Endocrinology 

As a DA agonist, lisuride has strong and long-lasting prolactin-lowering ef­
fects at low doses (0.05-0.2 mg p.o.) and thus has been used successfully in a 
variety of endocrine disorders such as hyperpro1actinemia associated with cy­
cle and fertility disorders in women (anovulatory cycles, luteal insufficiency, 
premenstrual mastodynia, amenorrhoea). These conditions are, in part, 
caused by prolactin-producing micro- or macroadenomas and can be asso­
ciated with galactorrhoea. 

In males, these tumours can cause, by increasing serum prolactin, an inhi­
bition of testosterone synthesis with its consequences: reduction or loss of li­
bido, potency and fertility. In both sexes, DA agonists such as lisuride not 
only lower prolactin and normalize gonadal and breast function, but also can 
cause a clear-cut reduction of tumour size (CHIODINI et al. 1978, 1981; VON 
WERDER et al. 1983; THORNER et al. 1984). Such a reduction in tumour size is 
not observed in acromegaly, where DA agonists like lisuride lower serum 
gro.wth hormone levels in a proportion of patients - in contrast to the situa­
tion in healthy people where acute application of lisuride (similar to apomor­
phine) causes a short-lasting increase in growth hormone (VERDE et al. 1980). 
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Lisuride is also used for lowering prolactin levels and inhibition of lactation 
in women after delivery, and it can also be used to normalize prolactin and 
gonadal steroid synthesis in patients suffering from renal failure. 

Table 1 summarizes a total of 25 published studies involving lisuride in 
the indications mentioned here. In these studies, 814 patients were treated 
with oral dosages of lisuride ranging from 0.075 to 6 mg/day over 10 days up 
to 50 months. In all these studies (except the first dose-finding study by 
SCHMIDT-GOLLWITZER et al. 1977, where the dosage was too low), lisuride was 
found to be an effective and well-tolerated prolactin-lowering drug similar 
to bromocriptine. In addition, SCHOLZ and HOROWSKI (1987) analysed 1081 
pregnancies associated with the use of lisuride in female fertility disorders 
and found no indication for a negative influence on the development and out­
come of these pregnancies. 

F. Lisuride in Neurological Diseases 

I. Parkinson's Disease and Related Disorders 

There is a large number of studies where the dopaminergic effects of lisuride 
were the basis of its use in situations of disturbed dopaminergic neurotrans­
mission and function. The use of lisuride in neurological diseases and espe­
cially in PD has been reviewed several times (McDoNALD and HOROWSKI 
1983; SUCHY and HOROWSKI 1986). In a recent comprehensive review, LEWITT 
(1986) quotes subtypes of Parkinsonism and other movement disorders which 
may respond to lisuride therapy: 

Parkinsonism 
Idiopathic 
Neuroleptic-induced 
MPTP-induced (limited trial) 
Postencephalitic 
Shy-Drager syndrome (minimal benefits) 
Guam type (limited trial) 
Olivopontocerebellar atrophy type (limited trial) 
Progressive supranuclear palsy (minimal benefits) 
Juvenile parkinsonism (onset < age 40) 
Familial parkinsonism (1 case) 

Others 
Tardive and other dyskinesias 
Focal and generalized dystonia 
Huntington's chorea 
Myoclonic disorders 

LEWITT summarizes the effects of lisuride in parkinsonism as follows: 

Reverses all cardinal features of parkinsonism as monotherapy 
May improve loss of levodopa efficacy and worsening of parkinsonian 
stage 
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May lessen severity of wearing-off and on -off phenomena, abnormal invo­
luntary movements and dystonic features 
Available for intravenous as well as oral administration 
Possibly less potential for causing long-term problems (such as on-off ef­
fect and dyskinesia associated with chronic levodopa therapy) 
Tolerance may develop to adverse effects; anti parkinsonian efficacy is sus­
tained 

In extension of these effects, it has been proposed recently that not only 
patients on lisuride monotherapy, but also on a combination of L-dopa and 
lisuride from the beginning of the disease will experience less fluctuations in 
mobility than patients treated with L-dopa mono therapy (RINNE 1986; RINNE 
1989, Neurology, acc. f. publ.). If confirmed by independent studies, this ob­
servation will improve not only the life expectancy (as was the case with L­
dopa) but also the quality of life for patients with PD and thus will have great 
clinical consequences. 

1. Oral Application 

Lisuride's anti parkinsonian efficacy was described independently by SCHACH­
TER et al. (1979), LIEBERMAN et al. (1979), GOPINATHAN et al. (1980) and RUG­
GIERI et al. (1980). In Table 2, relevant data from the first controlled and open 
studies of lisuride in PD are summarized. 
SCHACHTER (1980) had progressively replaced bromocriptine by lisuride on the 
basis of a calculated dose relation of 12 -15: 1 in 13 patients; 3 of them re­
ceived first bromocriptine and then lisuride as monotherapy and 8 of them 
had a regimen combining bromocriptine or lisuride together with levodopa 
plus peripheral decarboxylase inhibitor (PDI). The finallisuride dosage varied 
interindividually between 0.6 and 4.8 mg/day. On the whole SCHACHTER found 
no significant difference between lisuride and bromocriptine. LIEBERMAN et 
al. (1979, 1981 c) added 1-5 mg lisuride to an ongoing levodopa treatment, the 
dosage of which was reduced. So-called hours-on, the time during which pa­
tients were mobile, were increased by 130 %. LIEBERMAN also replaced levo­
dopa by lisuride in an acute study, which was possible without loss of benefit 
in four of five patients. GOPINATHAN et al. (1980, 1981) slowly increased doses 
of lisuride without changing the basic standard therapy and evaluated patients 
at a low dose level of 0.65 mg/day, at a high dose level of 4.65 mg/day and fur­
ther during a single-blind within-patient control versus placebo. A "blinded" 
observer evaluated the patients throughout the trial. Clinical evaluation saw 
better effects with high dose lisuride, while objective measurements of reac­
tion time and movement time noted better results during the low dose regi­
men. RUGGIERI (1980) and AGNOLI et al. (1983) performed an intergroup com­
parison with lisuride and bromocriptine as mono therapy in beginning PD 
(seven patients per group) and an intra individual crossover, lisuride versus 
bromocriptine, in combination with levodopa plus PDI in advanced PD. All 
trials were performed on a single-blind basis. Dosages of lisuride and of bro­
mocriptine were increased in a predetermined way on a 1:10 ratio. The final 
dose (mean effective tolerated dose) for lisuride reached in monotherapy was 
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2.3-3.8 mg; in combined treatment it was 1.6-2.8 mg. Best effects with lisu­
ride were seen on PD tremor. 

These first results were further confirmed by controlled trials: LIEBERMAN 

and co-workers (LIEBERMAN et al.1980; GOPINATHAN et al. 1981; LIEBERMAN et al. 
1983, 1984) treated a total of 63 patients with lisuride. They used within-pa­
tient placebo substitution, sometimes under double-blind conditions, some­
times using a "blinded" observer. LEES and STERN (1981) used a within-pa­
tient single-blind placebo control. LEWITT et al. (1982) did an intraindividual 
crossover, lisuride versus bromocriptine, in 30 patients, continuing basic the­
rapy unchanged. The trial was double-blind, maintaining blindness on the 
physician's side by use of a "blinded" observer. RINNE'S group (RINNE 1983; 
LAIHINEN et al. 1986) compared lisuride with bromocriptine in a double-blind 
randomized crossover trial, combined with standard levodopa therapy in 
20 patients. Basic therapy was continued unchanged. Treatment time was 
8-12 weeks per phase. RINNE (1983,1986) started a double-blind randomized 
intergroup comparison in beginning PD, using lisuride in an early combina­
tion with levodopa plus PDI and comparing it either with levodopa plus PDI 
alone or with lisuride as monotherapy. After 3 months this trial was continued 
in an open manner for long-term observation (see p 495). 

These reports from early studies with lisuride in PD agree in the following 
results. Lisuride improves all symptoms of PD: akinesia, rigidity, tremor, pos­
ture, gait, dexterity, facial expression, speech. It has been more widely used in 
advanced PD than in the beginning of the disease. Usually the results have 
been more satisfactorY if lisuride was used in combination with levodopa 
(plus PDI) therapy rather than as monotherapy. The extent of the effect is 
highly dependent on the basal situation of the patient and the on-dose regi­
men. Oral dosage used has been between 0.4 and 5.0 mg/day. The higher 
doses of lisuride were mostly used in quite disabled patients or during early 
dose-finding studies. 

LIEBERMAN and co-workers (LIEBERMAN et al. 1981) were able to replace le­
vodopa (plus PDI) standard therapy in advanced PD by high doses of lisuride 
(up to 5 mg/day) as monotherapy for a short time without loss of benefit, and 
these findings are backed by LEIGUARDA et al. (1985) who used an average 
dose of 4.5 mg (2.4-6.4) lisuride per day, while others, possibly because they 
used smaller doses, found that it was less active as monotherapy in advanced 
PD (SCHACHTER et al. 1980; SCIGLIANO et al. 1985; RIEDERER et al. 1983). 

In beginning PD, monotherapy with lisuride has been found to be satisfac­
tory in a number of patients (SCIGLIANO et al. 1982; MARTIGNONI et al. 1986; 
SCAGLIONI et al. 1986; LAMBERTI et al. 1986). The results from these groups de­
scribe only lisuride responders. It becomes evident that lisuride as a mono­
therapy is not generally advisable as DA substitution therapy in beginning 
PD. On the other hand, in a number of patients, it may be well tolerated and 
absolutely sufficient for a number of months or even years in order to post­
pone the beginning of levodopa therapy. There is a hope that patients on long­
term therapy without levodopa will experience a much lower incidence in mo­
tor fluctuations than patients on levodopa. 
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More often orallisuride was used in combination with levodopa plus PDI. 
Usually, by such a combination levodopa intake could be reduced by 
20 %-50 %. (ULM 1983; ULM and SUCHY 1986; BIRKMAYER and RIEDERER 1983; 
BRACCO et al. 1984). In other clinical trials lisuride has been added to the pre­
existing therapy without changing its dose (LAIHINEN et al. 1986; GOPINATHAN 
et al. 1981; LEWITT et al. 1982). An improvement of bradykinesia and rigidity 
has been reported from all trials as measured by the Columbia University Rat­
ing Scale (CURS), the Webster Rating Scale or other scales. There has been 
some discussion on lisuride's effect on parkinsonian tremor: RINNE (1983), 
AGNOLI et al. (1983), RUGGIERI et al. (1980), SCHACHTER et al. (1980), PARKES 
et al. (1981) all reported that they achieved better results on tremor (clinical 
rating) than on the other symptoms. Others (ULM 1983; ULM and SUCHY 1986; 
BIRKMAYER and RIEDERER 1983; RIEDERER et al. 1985; and MARTIGNONI et al. 
1986) felt that tremor was less responsive than the other characteristic symp­
toms (clinical rating). Presumably, this controversy is not specific for lisuride, 
but rather due to different patient populations. 

By combining lisuride with levodopa plus PDI, fluctuations in motor per­
formance can be reduced. This has consistently been reported by several au­
thors who reported reduction of "off-hours" from 70 % to 130 % by a reduction 
of end-of-dose akinesia and wearing-off of levodopa effects in levodopa- (plus 
PDI)-treated patients (LIEBERMAN et al. 1980; LIEBERMAN et al. 1983; OBESO et 
al. 1985; ULM 1983; ULM and SUCHY 1986). 

PARKES et al. (1981) have shown that the acute anti akinetic effect of a 
single i.v. dose of lisuride in patients suffering from wearing-off of levodopa 
efficacy lasts for about 4 h. Plasma half-life of lisuride is 2-3 h (see Sect. C). 
Therefore, the effect of lisuride on motor fluctuations which occurs in chronic 
treatment without fractioning of doses and even when levodopa dose is re­
duced, seems not to be due to acute direct stimulation of postsynaptic D2 re­
ceptors only. An influence on presynaptic autoreceptors is discussed, which 
might in the long run normalize DA storage, release or reuptake. However, no 
evidence for this hypothesis is so far available. 

By its dopaminergic activity, lisuride should decrease abnormal involun­
tary movements (AIMS) which are due to lack of dopaminergic stimulation, 
and increase AIMS which are due to an excess of dopaminergic activation. 
In most clinical trials, effects on AIMS are given as a global result. Therefore, 
figures are contradictory and increase of AIMS may appear as a side effect. 
Actually, increase of peak-dose dyskinesia is due to dopaminergic overstimu­
lation and may be avoided by reduction either of levodopa or lisuride, or other 
DA agonistic drugs. In some cases, peak-dose dyskinesia has been reported to 
be reduced after the introduction of lisuride to the drug regimen, but this 
seems to be due rather to the concomitant reduction of levodopa than to a di­
rect effect of lis uri de. PARKES et al. (1981) have shown dose dependence ofthe 
acute antiparkinson effect of lisurde, and that the highest dose (0.2 mg i.v. 
acutely) resulted in peak-dose dyskinesias. 

AGNOLI et al. 1983) reported a reduction of biphasic, "onset" and "end-of­
dose" dyskinesias. RINNE (1983; personal communication 1988) pointed out 
that "off-phase" dystonia and "early morning" dystonia respond well to the 
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Table 3. Dosage, improvement of parkinsonian disability and occurrence of fluctua­
tions in disability during long-term treatment of parkinsonian patients with levodopa, 
lisuride or levodopa + lisuride for 12-36 months. (RINNE 1986) 

Group Patients Dose Improvement Fluctuations 
(n) (mg) of disability 

(%) (n) (%) 

Levodopa 30 710 ± 42 54 ± 3 11 37 
Lisuride 13 1,6 ± 0,2 41 ± 5 1 8 
Levodopa + lisuride 29 400 ± 20 58 ± 3 4 14 

1,1 ± 0,2 
Lisuride + levodopa 15 0,7 ± 0,2 48 ± 4 2 13 

640 ±49 

use of orallisuride (data on file). Such observations as well as beneficial ef­
fects of lisuride in other dystonias (QUINN et al. 1985) would support some 
partial agonist effect of lisuride. The effect of lisuride in combined treatment 
is sustained over long time periods. Eventual adjustments of dosage are due to 
the natural progression of the disease (CARACENI et al. 1984; SCIGLIANO et al. 
1985; CAMERLINGO et al. 1986). 

Quite recently, a 3-year evaluation of the same ongoing controlled pro­
spective study by RINNE (where only additional patients had been recruited for 
the lisuride monotherapy group) demonstrated a significant prevention of the 
development of motor fluctuations by additionallisuride (combination group 
and secondary combination group) or lisuride monotherapy (with equal the­
rapeutic efficacy regarding the parkinsonian symptomatology, and no clear 
differences in tolerance; Table 3). 

When all patients had reached 3 years of treatment, the difference was 
even more significant (Table 4). 

These results stress the importance of an early combination of lisuride 
with levodopa in order to avoid or postpone motor fluctuations. 

CARACENI et al. (1984) also reported a comparative prospective study in 
49 patients with 'advanced parkinsonism who had increasing problems with levo­
dopa therapy. The study was performed on an open basis and levodopa was re-

Table 4. Prospective randomized controlled study: 3-year interim evaluation (U. RINNE 

1987, personal communication) 

I II III IV 
Levodopa Levodopa Lisuride Secondary 

+ lisuride monotherapy combination 

End -of-dose-failure 11126 2128 016 4119 
Peak-dose dyskinesia 16128 2128 016 4119 

Therapeutic effects in II slightly better than in I 
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duced with increasing lisuride or bromocriptine doses (up to a mean daily 
dose of 2.7 mg lisuride, range 1.2-4.8 mg, or 30.5 mg bromocriptine, range 
20-40 mg). The levodopa dose was reduced from a mean of 722 to 476 mg/day 
resp. from 750 to 495 mg/day. When compared with baseline levels, lisuride 
caused a significant improvement in the akinesia, rigidity, tremor and total 
score on the Duvoisin scale, as well as an improvement in the Hoehn -Y ahr 
stage of the patients (P ~ 0.05) whilst bromocriptine had no significant effect 
on tremor or on the Hoehn -Yahr stage. Off-phases improved in 6 of 8 cases 
with lisuride, and in 5 of 9 cases with bromocriptine whilst AIMS improved in 
9 of 21 cases with lisuride (5 worsened) and in 6 of 18 cases with bromocrip­
tine (7 worsened). Bromocriptine caused more orthostatic hypotension than 
lisuride, but less psychiatric disturbances. In summary, lisuride was more ef­
fective, but also caused more side effects than bromocriptine. 

In contrast to the studies of RINNE, who compared lisuride monotherapy 
with levodopa monotherapy and a combined therapy in early parkinsonism, 
RABEY et al. (1986) recently started a controlled, randomized, prospective study 
in parkinsonian patients with beginning problems of wearing-off and motor 
fluctuations after long-term levodopa therapy. In an elegant design, patients 
were treated at random either with additional lisuride, or the levodopa dose 
was increased. After 6 months, the group with additional lisuride treatment 
(0.4-5 mg/day) had a greater improvement in all parameters tested which was 
significant (except tremor, which had a low score in this population anyway, 
so that no further improvement was possible); additionallisuride, however, 
not only was superior to an increase in levodopa dosage in the parkinsonian 
symptoms, but also caused significantly more improvement in the symptoms 
of the levodopa long-term syndrome, i.e. dyskinesias and "off' periods. These 
data confirm the superiority of a combined form of treatment even in quite 
advanced forms of parkinsonism. This study has been followed so far for up to 
4 years with similar conclusions (RABEY et al. 1987). 

Adverse drug effects, which sometimes become dose-limiting and may in­
duce interruption of therapy, include above all: nausea and vomiting; seda­
tion, drowsiness or somnolence; and mental changes. 

1. Nausea and vomiting are due to stimulation of DA receptors in the 
chemoreceptor trigger zone. Usually tolerance develops. More interruptions of 
therapy due to nausea are reported from those trials where, in the beginning, 
daily dosage has been increased by 0.2 mg or more, than from those where 
daily dose increment was 0.1 mg or less. Tolerance develops over a period of 
8 -12 weeks; there is almost complete cross-tolerance to other dopaminergic 
ergots, less to levodopa. Therefore, nausea is more severe in patients with be­
ginning PD than in the advanced cases. Its prevalence has been reported to be 
as high as 66 % in some trials and as low as 10 % in other trials. DA antagon­
ists, especially domperidone, may be used to suppress nausea or a slow in­
crease in dosing is recommended. 

2. Sedation, also referred to as somnolence or drowsiness, is reported fre­
quently, especially at the beginning of therapy. It may occur together with 
nausea or hypotension, but it certainly occurs independently (LEWrrr et al. 
1982; SCIGLIANO et al. 1982). When it occurs initially, it might be related to 
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DA autoreceptor stimulation which rapidly undergoes tolerance development. 
Somnolence has been the main symptom in two cases of attempted suicide by 
use of lisuride. Symptoms in these two patients, however, cleared without 
sequelae after about 24 h. 

3. Mental changes, including heavy dreaming, pseudohallucinations, agi­
tation, paranoic reactions and confusion occur during chronic treatment. 
They are in most cases reversible within 24-48 h upon dose reduction or inter­
ruption of therapy. Risk factors for the occurrence of mental changes are: ad­
vanced stage ofthe disease, advanced age ofthe patient, history of previous ep­
isodes of similar nature, symptoms of dementia (which predispose especially 
to the development of confusion) and concomitant treatment with amanta­
dine and/or anticholinergics. Of great importance is the dosage of any dopa­
minergic therapy. It is not clear whether these side effects are more or less com­
mon with lisuride as compared with other dopaminergic therapies. 

Further adverse effects are orthostatic dysregulation (rare, occurring after 
high dosage in sensitive persons), decrease of blood pressure (frequent, but 
usually minor), and slight bradycardia. Orthostatic reactions sometimes lead 
to interruption of therapy, though the majority of trialists state that hypoten­
sion is less of a problem with lisuride (SCIGLIANO et al. 1982; ULM and SUCHY 
1986; RUGGIERI et al. 1980; LEWITf et al. 1982). Headache, light-headedness 
and vertigo have been reported. Sleep may be improved owing to improved 
nocturnal mobility, or may deteriorate by an unknown mechanism, possibly an­
xiety and agitation (LEIGUARDA et al. 1985). 

Weight gain has been reported in a number of patients (RINNE 1986; CA­
RACENI et al. 1984; CAMERLINGO et al. 1986); peripheral edema or fluid reten­
tion may rarely occur (LIEBERMAN et al. 1981; BRACCO et al. 1984). Allergic 
skin reactions have been reported to the manufacturers in a total of 14 cases 
treated with lisuride (H. Vetter, unpublished data at Schering AG, Berlin, 
1987). 

2. Parenteral Application 

Lisuride has been used intravenously by bolus injection (0.025-0.2 mg acutely 
within 3 min): (a) to test response to DA agonists in extrapyramidal motor dis­
orders (OBESO et al. 1983) and in acromegaly; and (b) to treat severe akinesia 
which has developed acutely owing to external factors like accidents, surgery, 
faulty drug withdrawal. 

PARKES et al. (1981) and AGNOLI et al. (1983) have shown an almost imme­
diate onset of action on akinesia and tremor, respectively, after injection of lis­
uride, thereby proving not only efficacy of the drug, but also rapid penetration 
of the blood-brain barrier and direct action at the receptor site within the ba­
sal ganglia. QUINN et al. (1983) have described a standard procedure for a lisu­
ride test, using 0.15 mg lisuride acutely. They report on 59 tests in 46 patients 
with PD and other extrapyramidal disorders. They tested the responsiveness of 
DA receptors and suggest the use of such a test for the prediction of therapeu­
tic results. Though parenterallisuride seems to cause less nausea than oral lis­
uride if given in comparable doses (F. MUNDINGER, D. SEEMANN and G. ULM, 
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personal communication), 0.15 mg Lv. is rather a high dosage which causes 
severe side effects. They may be prevented by use of domperidone. 

In acute akinetic states, patients have been successfully treated by tempor­
ary use of Lv. lisuride. The applied doses vary between 3 x 0.025 and 
6 x 0.05 mg/day. For continuation, 0.025 mg lisuride Lv. may be slowly substi­
tuted by 0.2 mg lisuride p.o. Side effects are similar to those with oral medica­
tion. Special attention should be paid to unexpected vomiting in akinetic pa­
tients in order to avoid aspiration. In malignant neuroleptic hyperthermia, 
lisuride, given at high doses parenterally, offers a promising approach 
(H. PRZUNTEK (1988), personal communication). 

3. Subcutaneous Lisuride: Continuous Dopaminergic Stimulation 
(see also Chap. 22) 

Subcutaneous infusion of lisuride, by means of a microinfusion pump, in PD 
patients with severe otherwise untreatable fluctuations of motoric perfor­
mance, has been used by OBESO since 1983. The effects of lisuride infusions 
on the motor system are comparable to those of levodopa infusions reported 
by SHOULSON et al. (1975); QUINN et al. (1984) and HARDIE et al. (1984). Lisu­
ride infusions could be used without problems in many patients over long 
time periods. In most patients motor fluctuations could be controlled, in some 
the results were extraordinary. Levodopa dosage has to be reduced by 
30 %-50 %. AIMs are reduced too, though some choreic dyskinesias may per­
sist. 

Lisuride is mostly given at an infusion rate of about 0.1 mg/h, together 
with levodopa (in very severe cases) (OBESO et al. 1986a, b; LUQUIN et al. 
1986) or as monotherapy (STOCCHI et al. 1986). The usual early side effects 
(nausea, vomiting, hypotension) can be managed by use of domperidone and 
do not necessitate interruption of therapy. But the avoidance of psychiatric 
symptoms (perceptual abnormalities and paranoic reactions) occurring with 
this type of high dose therapy has turned out to be a problem. 

This may partly be due to the fact that those patients for whom this treat­
ment seems appropriate are a popUlation severely at risk (see Sect.F.L1). They 
are in an advanced stage of the disease and many of them have already shown 
mental disturbances in the past. The most important reason may be that the 
lisuride dosage which becomes bioavailable per day is much higher than the 
dosages applied by oral treatment (SUCHY, in preparation). Methods to avoid 
such psychiatric symptoms include: a 12-h daytime infusion instead of 24-h 
infusions (RUGGIERI et al. 1986, 1987); unfortunately, this is possible only in 
patients who do not become too akinetic overnight. A reduction of overnight 
doses and a reduction of total daily doses has proved effective in the patients 
treated by another group (BITIKAU and PRZUNTEK 1986). The advantage of this 
approach was confirmed by several case reports (M. RINNE 1986 and W. H. 
POEWE 1987, personal communications). 

Pre-lisuride levodopa dosages may playa decisive role; CRITCHLEY et al. 
(1986) did not find a way to avoid mental disturbances in their patients who 
had been formerly treated with an average levodopa dose of 1500 mg/day 
while those treated by OBESO had formerly been treated with an average of 
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850 mg/day only. CRITCHLEY found it to be impossible to reduce lisuride and 
levodopa far enough to avoid disturbances. Patients would become too aki­
netic, and preferred the former state of fluctuations. Therefore, it seems advis­
able not to wait for too desolate a situation, but to begin the continuous dop­
aminergic stimulation as soon as fluctuations develop. No tachyphylaxis has 
been found in an observation period of up to 2 years. Instead, it has been ne­
cessary to reduce dosage over time in most of the patients, which indicates an 
increasing sensitivity of receptors during continuous stimulation. 

Local nonspecific reactions occur in the subcutaneous tissue at the injec­
tion site. Usually they are not troublesome and vanish after change of injec­
tion site, but, rarely, they are severe enough to induce discontinuation of the­
rapy. As similar reactions are seen with insulin or apomorphine infusions 
(STIBE et al. 1988), they may be caused by mechanical or chemical irritation 
of the tissue. As the benefit of lisuride on the motor system is most desirable 
local irritations may be an acceptable risk. The results obtained with s.c. lisu­
ride infusion have recently been summarized and discussed in a supplement 
volume to the Journal of Neural Transmission edited by J. OBESO, R. HOROWSKI 
and C. D. MARSDEN (1988). 

II. Other Motor Disturbances 

Lisuride has been reported to be effective in Meige's disease in dosages be­
tween 0.4 and 5 mg, in two of two patients by MICHELI et al. (1982), in two of 
ten by QUINN et al. (1985) and QUINN (1984), in five of eight by BRINKMANN et 
al. (1985) and in five of nine by Nurr et al. (1984). These studies were in part 
controlled by placebo, and there was an improvement of at least 40 %. Efficacy 
was not altered for at least 2 months. Lisuride has also been effective in some 
cases of cranial dystonia, segmental dystonia and generalized dystonia, but 
never in writer's cramp. The effect in individual patients is not predictable, 
dosages needed tend to be higher (3-4 mg) than the average range used in PD, 
and the effect is sometimes more transient than in PD, where decrease of effi­
cacy is usually clearly correlated with progression of the disease. 

Acute lisuride injections (0.2 mg within 3 min) have been shown to reduce 
on-period dyskinesia in PD patients treated with high doses of levodopa and 
bromocriptine simultaneously (1150 ± 127 mg, and 28.5 ± 2.4 mg, respec­
tively) though it was not specified whether the improvement was due to reduc­
tion of on-phase mobile dystonia or choreic hyperkinesias (FRATIOLA et al. 
1982; ALBIZZATI et al. 1982). The same authors showed clear-cut dose-depen­
dent reduction of choreatic movements in Huntington's chorea, with 100 and 
150 ).1g lisuride i.v., controlled in a double-blind way with placebo (FRATIOLA 
et al. 1983). This effect appeared as early as 10 min, began to decrease at 
40 min and could be blocked by haloperidol and sulpiride (high dosage). An 
effect on a presumed imbalance of D J/D2 activity is proposed (BOSIO et al. 
1984). 

In Shy-Drager syndrome (LEES and BANNISTER 1981, 1983) there is a dege­
neration of presynaptic neurons. Subsensitivity, but not reduction of the num-



500 G. GOPINATHAN et al. 

ber of postsynaptic dopaminergic receptors has been described. Therefore a 
high dose of a direct DA agonist should be effective. Unfortunately, in all DA 
agonists of the ergot type, severe side effects have been dose-limiting. The use 
of lisuride has been limited by psychotic events at doses between 3 and 5 mg. 
(In bromocriptine, at doses of 5-10 mg, orthostatic hypotension was dose-li­
miting; in pergolide, at doses of 0.5-6 mg, nausea and psychiatric side effects 
prevented further use.) It may well be that finding out what makes Shy­
Drager patients so sensitive towards dopaminergic drugs could be helpful in 
understanding the mechanism of psychosis that can be triggered by these 
compounds. 

Progressive supranuclear palsy. One patient of seven at 2.5 mg (1-5 mg) lisu­
ride showed definite improvement, but eye movements did not respond 
(NEOPHYTIDES et al. 1982). 

Myoclonus. Lisuride reduces or blocks cortical reflex myoclonus. Though 
there are forms of cortical reflex myoclonus, e.g. flash-induced myoclonus, 
which are inhibited by dopamine agonists, the action of lisuride is presumably 
mediated via a serotonergic mechanism, because its effect on cortical reflex 
myoclonus, above all on that induced by somatosensory input, can be inhibi­
ted by methysergide and not by haloperidol and because it parallels the effi­
cacy of 5-HTP infusions. Its clinical efficacy in this condition differs from its 
effects on the EEG. Lisuride has been used intravenously, 0.1 mg, in order to 
tests its efficacy, and orally, 3 mg/day for chronic treatment in combination 
with other drugs (OBESO 1984, OBESO et al. 1983 a, b, ROTHWELL et al. 1984). 

III. Migraine 

Lisuride is used for the preventive treatment of migraine attacks. The phar­
macological basis for its use in migraine has shifted from the more peripheral 
anti-5-HT effect (PODVALOVA and DLABAC 1972), which should prevent patho­
logical vasodilation of facial and skull vessels, to its central stimulatory effect 
on presynaptic 5-HT receptors in the raphe dorsalis which slows down central 
5-HT activity (HOROWSKI 1982 a). An influence of chronic lisuride treatment on 
supersensitivity of migraine patients to various pharmacological and physio­
logical stimuli has been discussed as well (HOROWSKI 1982 b). 

Lisuride has been shown to reduce frequency and intensity of attacks in 
various double-blind trials versus placebo (SOMERVILLE and HERRMANN 1978; 
HERRMANN et al. 1978) or versus methysergide (HERRMANN et al. 1977). The 
average dosage is 0.025 mg ti.d., effects occur after 2-3 months treatment. It 
is equipotent to methysergide, but less side effects have been observed. 

The use of lisuride for preventive treatment in cluster headaches seems 
promising, but sometimes higher doses are needed (RAFFAELLI et al. 1983). 
The use of lisuride in migraine and its possible mechanism of action has been 
reviewed recently (HOROWSKI et al. 1986). In hormone-dependent and pre­
menstrual migraine, the prolactin-lowering effect oflisuride may contribute to 
its therapeutic action (HOROWSKI and RUNGE 1986). 
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G. Conclusion 

In conclusion, lisuride has been shown to be a strong DA agonist which is 
useful in a variety of clinical conditions. In addition, it has been a useful tool 
for studying eNS functions in animals and humans. Some of its effects (e.g. 
on dyskinesias) might be explained by a kind of partial agonistic activity 
whilst others may relate to its interaction with serotonergic systems. The pos­
sibility of parenteral use of lisuride has opened quite new ways of treatment in 
neurology, and lisuride has now become a standard against which new forms 
of treatment need to be tested. 
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CHAPTER 20 

Domperidone and Parkinson's Disease 

J.D.PARKES 

A. Introduction 

Levodopa and dopamine agonists cause widespread stimulation of dopamine 
systems inside and outside the brain. The therapeutic effect of levodopa in 
parkinsonism is thus accompanied by cardiovascular, gastrointestinal, hor­
monal, respiratory, and mental problems. It has not as yet proved possible to 
separate the nigrostriatal from other central effects of dopamine, although pe­
ripheral effects of levodopa have been limited in two different ways. 

1. The first successful strategy to achieve this was the coadministration of 
levodopa with inhibitors of extracerebral dopamine decarboxylase. Two such 
inhibitors, benserazide and carbidopa, have received extended therapeutic tri­
als, and have been shown in particular to limit nausea and vomiting, and car­
diovascular abnormalities due to levodopa. The use of decarboxylase inhibi­
tors in combination with levodopa has, in addition, a four- to fivefold 
levodopa-sparing effect, but does not completely overcome all the peripheral 
problems connected with the use of levodopa alone. Carbidopa does not com­
pletely abolish gastric side effects induced by levodopa, which persist in 
10 %-15 % of all subjects (RINNE and Mc:ksA 1979). Peripheral decarboxylase 
inhibitors are of no value in preventing peripheral dopamine-stimulant effects 
of dopamine agonist drugs such as bromocriptine. Decarboxylase inhibitors 
per se have few if any serious unwanted effects, but both carbidopa and ben­
serazide reduce the oxidative metabolism of tryptophan (BENDER 1980). They 
interfere with niacin metabolism, and may induce niacin depletion (BENDER 
et al. 1979), although in subjects with normal dietary intake, they do not cause 
pellagra. In rats, Ho and SMITH (1982) have shown that decarboxylase inhibi­
tors interfere with melatonin synthesis, possibly also the case in humans. 
Given without levodopa, decarboxylase inhibitors induce hyperprolactin­
aemia (PONTIROLLI et al. 1977). 

2. Most dopamine receptor antagonists will prevent peripheral dopamine 
receptor stimulation, but unlike carbidopa and benserazide they enter the 
brain and therefore prevent the therapeutic effect of levodopa in Parkinson's 
disease. Domperidone holds a unique position in the management of Parkin­
son's disease, since it is the only available dopamine-blocking antiemetic 
drug with limited brain penetration that does not negate the desired central 
effects of dopamine receptor stimulation (CRITCHLEY et al. 1985). 
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B. Domperidone 

Domperidone is a benzimidazolinic derivative that acts as a peripheral dop­
amine antagonist that does not readily cross the blood-brain barrier (COSTALL 
et al. 1978; LADURON and LEYSEN 1979; HEYKANTS et al. 1981; MICHIELS et al. 
1981). Domperidone has been reported to produce high concentrations in the 
gastrointestinal tract, but low concentrations in the brain. In contrast to neu­
roleptic drugs and metoc1opramide, it is practically devoid of central effects. 
Domperidone was developed, like metoc1opramide hydrochloride, to control 
nausea and vomiting, and to increase gastrointestinal motility. 

I. Animal Pharmacology 

Most of the evidence that domperidone has major peripheral but few central 
effects derives from animal experiments. In the rat, domperidone is practi­
cally unable to reach dopamine receptors in the striatum, and only antago­
nises apormorphine-induced stereotypies at high dosage (LADURON and 
LEYSEN 1979). In vitro experiments on isolated guinea pig stomach show that 
domperidone inhibits the relaxation induced by exogenous dopamine (VAN 
NUETEN et al. 1978; VAN NUETEN and JANSSEN 1978). The wide dissociation 
between the peripheral and central effects of domperidone has been clearly 
demonstrated in animal studies in a number of ways. 

1. After systemic administration of domperidone, relatively large concen­
trations accumulate outside the blood-brain barrier. 

2. Domperidone has little effect on plasma and striatal concentration of 
the dopamine metabolite homovanillic acid. 

3. There is a marked difference between the effect of intracerebrally and 
systemically administered domperidone in antagonising the behavioural ef­
fects of dopamine. Intracerebral domperidone, in contrast, is as active as ha­
loperidol, sulpiride or fluphenazine in antagonising the behavioural effects of 
intracerebral dopamine or amphetamine. 

4. A much lower intravenous domperidone dosage is needed to antago­
nise the peripheral (emetic) than central effects of apomorphine (for review 
see BROGDEN et al. 1982). On the other hand, domperidone antagonises peri­
pheral effects of dopamine agonists, including apomorphine-induced in­
creased femoral blood flow in dogs (WILLEMS et al. 1981), bromocriptine-in­
duced increase in ventricular fibrillation threshold in dogs (FALK et al. 1981), 
and dopamine-induced neurogenic vasodilation in dogs (WILLEMS et al. 
1981). 

II. Pharmacokinetics in Humans 

Domperidone is usually given by mouth in doses of 10-20 mg thrice daily, al­
though it is also absorbed after intramuscular and rectal administration. The 
intravenous use of domperidone should be avoided, since there are reports of 
sudden death, cardiac arrest, or clinically significant arrhythmias in patients 
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given domperidone by this route. However, most of these subjects have had 
malignancies, and the domperidone dose has been very high. Also, subjects 
have had low plasma potassium levels when recorded (Joss et al. 1982); Rous­
SAK et al. 1984; GIACCONE et al. 1984; OSBORNE et al. 1985). 

Following oral or intramuscular administration of domperidone, peak 
plasma levels are reached within 30 min. Domperidone shows extensive first­
pass elimination, and bioavailability is considerably lower after oral than after 
parenteral administration. Rectal doses give a similar bioavailability to oral 
doses. Absorption of domperidone is somewhat delayed by a previous meal. 
Despite these indications of poor bioavailability of domperidone following 
oral administration, many clinical trials show the excellent therapeutic value 
of oral domperidone at low dose levels (e.g. 10-20 mg ti.d.) in patients suffer­
ing from various disturbances of gastric motility and emptying (HEYKANTS et 
al. 1981). 

III. Behavioural Effects 

Domperidone is an effective drug in the control of nausea and vomiting due 
to a wide variety of causes. Domperidone will prevent cytotoxic, anaesthetic, 
and antiparkinsonian drug-induced vomiting. In Parkinson's disease, this ef­
fect has enabled subjects to tolerate higher doses of levodopa or bromocrip­
tine than would be otherwise achieved. In animals, domperidone in dosages 
up to 2.5 mg/kg is not effective against copper sulphate-induced emesis 
(which acts centrally) but in low doses (0.026-0.056 mg/kg) will prevent levo­
dopa-induced sickness in dogs (SHUfO et al. 1980). Although domperidone ef­
fectively alleviates gastrointestinal symptoms, and vomiting due to various 
diseases, including uremia, pancreatitis, hepatitis, gastroenteritis, or due to 
surgical procedures, it does not consistently relieve hiccup. 

Studies in humans have shown that oral domperidone increases lower oes­
ophageal sphincter pressure, increases the duration of antral and duodenal 
contractions, increases the gastric emptying of liquids and semisolids, such as 
a barium meal, and shortens the stationary phase for solids. Delayed gastric 
emptying following levodopa, apomorphine, and dopamine agonist ergot de­
rivatives can be prevented by domperidone. 

Domperidone in oral dosages lower than 100 mg/day is practically devoid 
of central activity in humans. In a review of the actions of domperidone, 
BROGDEN et al. (1982) stressed that no extrapyramidal reaction had been re­
ported during controlled therapeutic trials. However, although infrequent, 
acute dystonia and akathisia have been attributed to domperidone. 

SOL et al. (1980) described a 4-month-old infant, in good health apart 
from episodes of vomiting who, when given domperidone 0.33 mg/kg every 
6-8 h, became stiff with retrocollis and ocular deviation. DEBONTRIDDER 
(1980a, b) described a 27-year-old woman, vomiting with renal infection, who 
developed opisthotonus and myoclonus 10 min after intravenous administra­
tion of domperidone 10 mg. This subject had a similar extrapyramidal reac­
tion with metoclopramide. GONCE et al. (1982) reported a 14-year-old patient 
with myeloblastic leukaemia treated with oral domperidone 30 mg for 4 days 
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without adverse effect, but who developed an oculogyric crisis on the 5th day, 
3 h after intravenous administration of domperidone 20 mg. VAN DAELE et al. 
(1984) and LABATIO et al. (1982) have also described acute dystonia following 
administratio~ of domperidone. LESSER and BATEMAN (1985) described aka­
thisia in three of eight subjects with Parkinson's disease given domperidone in 
high oral dosage (120 mg/day) in addition to levodopa. 

There are no reports of domperidone-induced parkinsonism. In a study de­
signed to determine the potential for extrapyramidal reactions in patients 
treated with higher than usual doses of domperidone for 15 days, HAASE et al. 
(1978) showed that a daily dose of 120 mg caused no change in fine motor ac­
tivity, as determined by handwriting, in 31 male subjects. 

Unlike many neuroleptics, domperidone has little or no sedative effect, al­
though a small number of parkinsonian subjects given domperidone in high 
oral dosage (120 mg/day) report some sedation (N. LANGDON 1985, personal 
communication). Disturbances of sleep-wakefulness induced by an emetic 
dose of apomorphine in dogs, are antagonised by pimozide 0.063 mg/kg, but 
not by domperidone 0.16 mg/kg (W ANQUIER et al. 1980). Peripheral stimula­
tion in vagal territory has been reported to promote sleep (KUKORELLI and Ju­
HASZ 1977), although gastrointestinal effects of domperidone have not been 
associated with any major alteration in sleep or wakefulness. 

IV. Effect on the Pharmacokinetic Behaviour of Levodopa 

Levodopa is readily absorbed following oral administration, although there is 
considerable interindividual variation in the pattern of absorption in subjects 
with Parkinson's disease. These variations have been the subject of intensive 
study. WADE et al. (1974) showed that after oral administration oflevodopa 1 g 
to parkinsonian patients, peak plasma concentrations of dopa ranged from 
0.25 to 2.42 Ilg/ml, and occurred from 30 min to 4 h after ingestion. 

Following the oral administration of levodopa, two or more peaks of 
plasma dopa concentration occur in approximately 40 % of all subjects. The 
explanation of this phenomenon is uncertain. The first peak may derive par­
tially from stomach and the second from small bowel absorption, although 
gastric absorption is limited and both peaks probably derive from absorption 
in the small bowel. 

Variation in the speed and degree of levodopa absorption depends on 
many factors, in particular age, levodopa formulation, intake with levodopa of 
additional drugs such as anticholinergics with altered gastric motility, the in­
herent tendency for slow or fast gastric emptying, and the presence or absence 
of food in the stomach. Major factors accounting for slow absorption of levo­
dopa include (a) the presence of food in the stomach (MORGAN et al. 1971); 
(b) high gastric acidity, which may delay stomach emptying and increase the 
metabolism of levodopa in the stomach; and (c) gastric stasis induced by levo­
dopa itself. These factors may be influenced by domperidone, with conse­
quent changes in the speed and degree of levodopa absorption. 

Gastric emptying time is prolonged by dopamine and dopamine agonists, 
and reduced by gastrokinetic antagonists, including domperidone. 
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The evidence for the presence of dopamine D2 receptors in the human gas­
trointestinal tract of is indirect, largely based on experiments in the guinea 
pig (VAN NUETEN and JANSSEN 1978; VALENZUELA and DOOLEY 1984), although 
there is no doubt of the major gastrokinetic effect of domperidone. SCHU­
URKES and VAN NUETEN (1981) suggested that dopamine stimulates gastric 
dopamine receptors, and levodopa may cause gastric stasis for 1-2 h. 

In most normal subjects, as well as those with Parkinson's disease, sto­
mach emptying time for liquids, as measured by impedance and dye-dilution 
techniques, is fairly rapid, and the addition of levodopa or domperidone in 
usual dosages does not greatly prolong or shorten this liquid emptying time. 
Results with solid foods may be different. Using the method of epigastric im­
pedance developed by SUTTON et al. (1985) to measure gastric emptying, 
P. CRITCHLEY (1987, personal communication) has shown that mean stomach 
half-emptying times for liquid meals in untreated patients with Parkinson's 
disease are usually 10-13 min. However, occasionally this time is markedly 
prolonged following oral administration of levodopa 500 mg. In these subjects, 
levodopa prolongation of gastric emptying time can be prevented by oral pre­
treatment with domperidone 20 mg. Reduction in gastric emptying time with 
domperidone has two consequences in Parkinson's disease, both of which may 
increase levodopa bioavailability to some extent. Orally administered levo­
dopa is extensively metabolised in the stomach prior to absorption of levo­
dopa from the intestine (RIVIERA-CALIMLIM et al. 1970). Reduction in levo­
dopa-induced delay in gastric emptying with domperidone may therefore 
result in reduced gastric levodopa wastage. In addition, rapid gastric emptying 
results in smooth delivery of levodopa to the small intestine, the main site of 
absorption. 

SHINDLER et al. (1984) showed that in 15 patients with idiopathic Parkin­
son's disease given levodopa 500 mg orally both alone and with domperidone 
pretreatment, domperidone pretreatment was followed by a slight increase in 
the peak plasma levodopa concentrations achieved; and peak plasma levodopa 
levels occurred about 10 min earlier than when levodopa was given alone. 
These results were interpreted to indicate that domperidone prevented levo­
dopa-induced gastric stasis, and hastened the delivery and subsequent absorp­
tion of levodopa to the small bowel. 

c. Effect of Domperidone on Levodopa Response 

I. Therapeutic Response to Levodopa in Parkinsonism 

The therapeutic response to levodopa, bromocriptine and other dopamine 
agonists in parkinsonism is unaltered by low dosage domperidone (20-60 mg/ 
day), although it may be somewhat impaired with oral dosages of domperi­
done above 100 mg/day. Results of reported trials are reviewed in Table 1. 
Some studies (e.g. AGm et al. 1979, 1981) have indicated that with bromocrip­
tine, higher dosages and a greater therapeutic response can be achieved by 
combination with domperidone, owing to limitation of nausea and vomiting. 
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Table 1. Results of studies of domperidone in combination with levodopa, or dop-
amine agonists,in Parkinson's disease 

Reference No. of Domperidone Antiparkinsonian Effects 
patients dose, period drug 

BOGAERTS et 13 30-90 mg/day Levodopa 700- Levodopa-induced 
al. 1979 p.o., 4 weeks 1500mg/day nausea disap-

peared in 11 pa-
tients, decreased 
in 1. Action 
within 1 week of 
starting domperi-
done. Domperi-
done better than 
metoclopramide. 
One patient dry 
mouth 

GRIMES and P 40 mg/day Metoclopramide, but not domperidone, 
MAGNER induced parkinsonism in this subject. 
1984 Both drugs controlled sickness 

SHINDLER et 15 10-40 mg p.o., Levodopa 500 mg Two subjects sick on 
al. 1984 i.v. or i.m., levodopa alone, 

single dose none with dom-
studies peridone pretreat-

ment 
LANGDON et al. 20 60-120 mg/day, Levodopa 1500- Slow deterioration 

1986 4 weeks 3000mg/day in parkinsonism 
in eight subjects 
changed from de-
carboxylase inhi-
bitors to domperi-
done combined 
with levodopa. 
However, levo-
dopa dose equiva-
lents may have 
been incorrect 

LESSER and 8 120 mg/day, pe- Levodopa dose not One subject akathi-
BATEMAN riod not stated stated sia. One subject 
1985 "personality 

change". One sub-
ject increase in 
parkinsonian 
symptoms 

YAMADA and 6 30-60 mg, Levodopa No influence of 
VONO 1980 19 months 2400mg/day domperidone on 

symptoms of par-
kinsonism 
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Reference No. of Domperidone Antiparkinsonian 
patients dose, period drug 

NAGAOKA 1980 148b Dose variable, six Variable dose levo-
subjects given dopa 
> 60 mg/day 

CORSINI et al. 4 100 IJg/kg i.m., Apomorphine 
1979 single dose 20 IJg/kg 

AGIO et al. 17 60mg p.O. Bromocriptine 
1979 148 mg/day with 

domperidone. 
Bromocri ptine 
92 mg/day with-
out domperidone 

AGIO et al. 42 Long-term follow-up of study by AGIO 
1981 et al. 1979 

POLLAK et al. 6 20-100 mg p.O. 
1981 

SCHACHTER et 11 60mg p.O. 
al. 1980b 

a One diabetic subject with vomiting 
b Multicentre study 

Bromocriptine 
20mg p.O. 

Lisuride 
0.6-4.8 mg/day 

521 

Effects 

Improvement in le-
vodopa-induced 
vomiting, nausea, 
upper abdominal 
pain, and heart-
burn, without al-
teration in therap-
eutic effect of le-
vodopa 

Nausea and vomit-
ing, but not yawn-
ing with apomor-
phine prevented 
by domperidone 

Nausea, vomiting, 
hiccups, due to 
bromocriptine, 
prevented by 
domperidop.e. 
Higher bromoc-
riptine doses tol-
erated with addi-
tion of domperi-
done 

In long term, dom-
peridone discon-
tinued in most 
subjects 

Domperidone 
20-100 mg pro-
tected against 
nausea and vomit-
ing 

Not stated, but lisu-
ride addition to 
levodopa resulted 
in vomiting in 
only one subject 

The design of some other studies (e.g. NAGAOKA 1980) makes it difficult to ex­
clude domperidone-induced limitation of antiparkinsonian effect, since anti­
parkinsonian drug dosage was not constant throughout the study. With oral 
domperidone 60-120 mg/day, LANGDON et al. (1986) reported a moderate in­
hibition of the anti parkinsonian effect of levodopa. 
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II. Dopamine Agonist-Induced Sickness (see DAVIS et al. 1986) 

There is a high density of dopamine D2 receptors in the area postrema which 
contains the chemotrigger receptor zone (STEFANINI and CLEMENT-CORMIER 
1981; BORISON and WANG 1953). The area postrema is notable for a relative 
deficiency of blood-brain barrier system (WISLOCKI and LEDUC 1952). The 
chemotrigger receptor zone in the area postrema in the floor of the fourth ven­
tricle is connected to although separate from, the medullary emetic centre 
(BORISON and WANG 1953). Dopamine, apomorphine and other dopamine 
agonists injected into the chemotrigger receptor zone cause vomiting. Electri­
cal stimulation of the emetic centre causes projectile vomiting without con­
comitant retching (or presumably nausea), in contrast to vomiting produced 
in experimental animals by gastric irritants such as metal salts. 

It is a common clinical observation that tolerance develops to levodopa- or 
bromocriptine-induced sickness after 2-6 months' continuous treatment, al­
though tolerance is not universal. With chronic levodopa treatment, dopa­
mine receptor supersensitivity has been observed in the chemotrigger receptor 
zone (SHEN et al. 1983). 

Nausea and vomiting following administration of levodopa or dopamine 
agonist drugs may be mediated partly by stimulation of gastrointestinal affer­
ents to the vomiting centre, as well as direct stimulation of the chemotrigger 
receptor zone. Domperidone may exert a useful peripheral (gastric) as well as 
medullary (chemotrigger receptor zone) antiemetic effect. The most appropri­
ate dose of domperidone relative to that of dopamine agonists has not been 
defined clearly. Overall, oral domperidone 10-60 mg/day in three divided 
doses will reduce the incidence of levodopa-induced sickness from approxi­
mately 80 % to 15 % of all subjects. 

III. Levodopa-Associated Cardiovascular Problems 

1. Domperidone- and Levodopa-Induced Hypotension 

The fall in systolic and diastolic blood pressure following administration of le­
vodopa and other dopamine agonists has been attributed to at least three me­
chanisms, medullary stimulation, baroceptor modulation, and peripheral va­
sodilation, particularly in renal circulation. Following administration of 
levodopa or bromocriptine, in both normal and hypertensive parkinsonian 
subjects, there is a minor and usually asymptomatic fall in systolic and dia­
stolic blood pressure. Centrally and peripherally acting dopamine antagonists 
such as sulpiride in large doses protect against or reverse hypertension follow­
ing administration of levodopa or ergot derivative dopamine agonists in young 
healthy subjects. However, the majority of the dopamine antagonist drugs that 
have been investigated in elderly parkinsonian subjects give little protection 
against levodopa-induced hypotension. 

Levodopa-induced hypotension may be slightly reduced by the combined 
administration of a peripheral decarboxylase inhibitor with levodopa (BAR­
BEAU et al. 1971), although there are conflicting results (REID et al. 1976). 
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Domperidone does not greatly alter the severity of hypotension following 
bromocriptine administration (QUINN et a1. 1981) and in the study of AGID et 
a1. (1979) orthostatic hypotension with bromocriptine still occurred, despite 
-treatment with domperidone 60 mg/day. However, POLLAK et al. (1981) sug­
gested that domperidone limited the occurrence of orthostatic hypotension in 
two of three bromocriptine-treated subjects. In single-dose studies of domperi­
done 10-20 and 40 mg orally and intramuscularly, SHINDLER et a1. (1984) did 
not demonstrate any protective effect of this drug on levodopa-induced hypo­
tension. 

2. Domperidone and Cardiac Dysrhythmias 

A wide range of disturbances in cardiac rhythm has been recorded in parkin­
sonian patients receiving levodopa, but their incidence is generally low. Tran­
sient sinus tachycardia is most commonly reported. There have been occa­
sional reports of atrial and ventricular extrasystoles. These problems do not 
usually require levodopa withdrawal, nor in subjects with cardiac disease do 
they prohibit levodopa treatment. 

Many hundreds of nonparkinsonian patients have received domperidone 
orally without any cardiac problems and, as with the decarboxylase inhibitors, 
domperidone may protect against spontaneous levodopa-induced or dop­
amine agonist-induced cardiac dysrhythmias in Parkinson's disease. QUINN et 
a1. (1985) showed that in three subjects with Parkinson's disease, one with 
cardiac disease and two without, the addition of oral domperidone 20-50 mg 
three times daily caused a reduction in premature ventricular, and to a lesser 
extent, supraventricular aberrant beats. 

3. Domperidone and Cerebral Blood Flow 

There is a marked increase in regional cerebral blood flow in all areas after le­
vodopa administration. Using positron emission tomography 150 steady state 
inhalation, LEENDERS et a1. (1984) showed that this effect was prevented by 
domperidone in five subjects with Parkinson's disease. Results indicated that 
both levodopa and domperidone had a direct effect on cerebral blood vessel 
walls. 

IV. Levodopa-Associated Respiratory Problems 

Respiratory irregularities are not a prominent feature of untreated idiopathic 
Parkinson's disease, although sometimes conspicuous in encephalitis lethar­
gica as well as accompanying levodopa dyskinesias. It has recently become ap­
parent that dopamine mechanisms are important in peripheral respiratory 
control mechanisms, and there has been direct biochemical as well as neuro­
pharmacological identification of dopamine D2 receptors in the rabbit carotid 
body (MIR et a1. 1984). There is strong evidence that this receptor is involved 
in dopamine-induced depression of chemosensory discharge. Dopamine is the 
most abundant catecholamine in the carotid body, and dopamine has an im­
portant role in the reflex control of respiration (MIR et a1. 1984). Dopamine is 
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released by hypoxia from the carotid body glomus cells which store it (HAN­
BAUER and HELLSTROM 1978). Functionally, the chemoreceptor sensitivity to 
hypoxia of the carotid body is modulated by dopamine. 

There have been many recent investigations of the respiratory effects of le­
vodopa, dopamine, dopamine agonists; as well as dopamine receptor antagon­
ists in both animals and humans (BAINBRIDGE and HEISTAD 1980; STEEN and 
YATES 1972; TANDON 1976; DELPIERRE et al. 1985; MCQUEEN et al. 1984; CHOW 
et al. 1986; ZAPATA and TORREALBA 1984). These investigations have given es­
sentially similar results. Infused dopamine depresses ventilation in animals 
and humans at rest, but particularly with eucapnic hypoxia (OLSON et al. 
1982). Most of these physiological studies have investigated the effect of dop­
amine rather than other dopamine agonists, although many different dop­
amine receptor blocking drugs have been investigated, all with similar stimu­
lant respiratory properties. 

In acute studies, resting ventilation is not greatly increased by dopamine 
antagonists such as haloperidol, which does not increase the ventilatory re­
sponse to hypoxia per se, although it reverses the depressant effect of intraven­
ously induced dopamine on the ventilatory response to eucapnic hypoxia 
(BAINBRIDGE and HEISTAD 1980). ZAPATA and TORREALBA (1984) have shown 
that in the case of domperidone, the basal frequency of spontaneous chemo­
sensor impulses from the carotid body in the cat is immediately and sustain­
edly increased. With chronic treatment, the chemoreceptor responsiveness of 
the carotid body to hypoxia is blunted (after 8 weeks in rabbits); normal 
chemoreceptor responsiveness can be restored by an acute dose of domperi­
done. 

Hypoxic drive is not usually a major respiratory stimulus to normal hu­
mans living at low altitudes, but dopamine control of carotid body hypoxic 
sensitivity may be important in many clinical situations including, in addi­
tion to levodopa- and dopamine agonist-induced respiratory dyskinesias, 
chronic tardive dyskinesia where respiratory abnormalities are often promi­
nent; variants of oromandibular dystonia where respiration is commonly in­
volved; and in a younger age group, the infant death syndrome, which has 
been associated with increased carotid body dopamine and noradrenaline 
content (PERIN et al. 1984). These authors showed that carotid bodies from in­
fants dying of the sudden infant death syndrome contained significantly 
higher concentrations of dopamine (tenfold) and noradrenaline (threefold) 
than those from age-matched control infants. High levels of endogenous cate­
cholamines found in victims of sudden infant death syndrome may compro­
mise the normal function of the carotid body, particularly the ventilatory re­
sponse to hypoxia. 

OLSON and SAUNDERS (1985) showed that prochlorperazine caused a 
marked increase in the ventilatory response to hypoxia, mainly owing to an 
increase in the frequency of breathing, but also to an increase in tidal volume 
(Fig. 1). This effect of prochlorperazine on hypoxic responsiveness was attri­
buted to blockade of both IX-adrenergic and dopaminergic receptors that mo­
dulate carotid body discharge. Domperidone would not be expected to alter 
any central component in levodopa-induced respiratory dyskinesias, although 
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C 0 D+P 
Mean 1.93 1.50 4.23 
±SEM 0.04 0.12 0.71 
P <0.05 <0.01 

Fig. 1. Slope of ventilatory response to transient asphyxia before (C) and during (D) 
dopamine hydrochloride infusion and following administration of prochlorperazine in 
the presence of dopamine (D + P) in three subjects. (OLSON et al. 1982) 

it may prevent levodopa-induced reduction in hypoxic ventilatory drive. This 
may be clinically relevant in parkinsonian patients with symptomatic sleep 
apnoea, which has a high incidence in otherwise normal elderly subjects. If 
the peripheral chemoreceptors do play a major role in respiratory oscillations 
in obstructive sleep apnoea, the use of levodopa without decarboxylase inhibi­
tors or domperidone will potentially increase the severity of this disorder (LA­
HIRI et al. 1985). 

D. Comparison of Domperidone with Metoclopramide and 
Other Neuroleptics in the Management of Parkinson's Disease 

The overall incidence of acute dystonic reactions to metoclopramide is ap­
proximately 1 % of the population of the United Kingdom. Reported cases of 
dystonia following domperidone administration are far fewer than following 
metoclopramide administration, and metoclopramide but not domperidone 
has been reported to cause dystonia in subjects with Parkinson's disease. Dys­
tonic reactions to metoclopramide appear in general to be idiosyncratic. How­
ever, there is no doubt that they can be related to the administered dose, and 
there may be some relationship between the occurrence of these reactions and 
the peak metoclopramide plasma level attained. In the few reported examples 
of domperidone-induced dystonia, plasma domperidone levels have not been 
reported. 

BATEMAN and DAVIES (1979) observed that akathisia was a very common 
event after dosing with intravenous metoclopramide 10 mg. However, akathi­
sia is much less common after oral doses of metoclopramide, and relates to 
the peak plasma concentration of metoclopramide. This varies fivefold be­
tween different subjects given the same dose. 
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Metoclopramide, but not domperidone, has been reported frequently to 
cause parkinsonism during chronic treatment and, when given to subjects 
with Parkinson's disease in order to limit levodopa-induced nausea and vom­
iting, may increase the severity of illness. SCHACHTER et al. (1980a) showed 
that oral metoclopramide 60 mg caused an overall 33 % reduction in the re­
sponse to orallevodopa 1 g. BATEMAN et al. (1978) found that in patients on 
anti parkinsonian drugs, significant impairment of function occurred after the 
addition of metoclopramide in a dose of 60 mg/day, but not 30 mg/day. 

These results all indicate that domperidone is to be preferred to metoclo­
pramide in the control of levodopa- and dopamine agonist-associated nausea 
and vomiting. 

E. Comparison of Domperidone with Decarboxylase 
Inhibitors in the Management of Parkinson's Disease 

A number of studies have shown that, with both carbidopa and benserazide, 
combination with levodopa results in a plasma level of amino acid equivalent 
to that obtained with four to five times as high a dose of levodopa when given 
alone. Thus in acute studies, the combined administration of levodopa 
200 mg with benserazide 50 mg will result in a plasma level of amino acid 
about equivalent to that from a single dose of levodopa 1000 mg. Also, the 
half-life of levodopa in plasma is sometimes prolonged when levodopa is com­
bined with decarboxylase inhibitor. This levodopa-sparing effect is a major 
advantage of levodopa-decarboxylase inhibitor combinations, not shared with 
domperidone. However, decarboxylase inhibitors do not completely overcome 
all the peripheral problems connected with the use of levodopa alone. 
Dopa decarboxylase in brain capillaries is considered to form the major bar­
rier to the entry of levodopa into the central nervous system. Histofluorimetric 
studies in animals have shown that benserazide and carbidopa specifically 
block dopamine formation in the capillaries, but enhance it in brain paren­
chyma (PLETSCHER 1973). A neglected finding is that of CONSTANTINIDIS et al. 
(1969) who reported that this effect was much more marked in striatal than 
cerebral cortex and mesencephalic capillaries. 

As with domperidone, the exact dose of decarboxylase inhibitor used in 
combination with levodopa is critical for the successful management of Par­
kinson's disease. Benserazide in high dosage (300 mg/kg) inhibits cerebral de­
carboxylase in intact animals, although this is not observed with a similar 
high dose of carbidopa. 

Apart from the levodopa-sparing effect, there is little to choose between 
decarboxylase inhibitors and domperidone in the levodopa management of 
parkinsonism, although with domperidone, since this is available as a single 
(not combined) preparation, treatment can be "tailor-made" for each individ­
ual subject. The advantages of domperidone given in combination with dopa­
mine agonist ergot derivatives, including bromocriptine, lisuride and pergo­
lide, are considerable. Until the ideal of a specific nigrostriatal dopamine 
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receptor stimulant drug has been achieved, the combination of levodopa with 
dopa decarboxylase inhibitors or domperidone - or of bromocriptine with 
domperidone - forms the most effective treatment with the least side effects 
available for patients with Parkinson's disease. 
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CHAPTER 21 

New Routes of Administration 
for Antiparkinsonian Therapy 

J. A. OBESO and S. M. STAHL 

A. Introduction 

The combination of levodopa with a peripheral dopa decarboxylase inhibitor 
DCI is well established as the most useful treatment of Parkinson's disease. 
After serveral years of treatment a significant proportion of patients, who have 
initially shown an excellent response to levodopa, develop motor complica­
tions (MARSDEN and PARKES 1976). Daily fluctuations in motor performance, 
frequently accompanied by dyskinesias, are the commonest problem after 
long-term levodopa therapy. Initially, when the oscillations are predictable 
and related to the timing of levodopa administration, increasing the frequency 
of each dose and/or adding a long-acting dopaminergic agonist may tempora­
rily provide some benefit. However, as duration of the disease, time under le­
vodopa treatment and total daily levodopa administration (in an effort to im­
prove mobility) increase, many patients fail to respond to individuallevodopa 
doses and unpredictable changes in mobility occur. The treatment of complex 
motor fluctuations in Parkinson's disease is a major clinical challenge and a 
very difficult problem to resolve or avoid with conventional therapeutic strate­
gies (FAHN 1982; QUINN 1984). 

A combination of both peripheral (kinetic) and central (dynamic) factors 
are probably involved in the origin of the "on -off" phenomenon in patients 
chronically treated with levodopa. The former includes slow dissolution of the 
levodopa tablet in the stomach (FAHN 1977), delayed gastric emptying, inter­
ference with intestinal absorption of levodopa owing to competition with 
amino acids from the diet (COTZIAS et al. 1973), competition with the same 
neutral amino acids for levodopa transport from plasma to brain (Nurr et al. 
1984), or inhibition of the active transport mechanism by 3-0-methyldopa ac­
cumulation when large levodopa plus DCI doses are used (GERVAS et al. 1983; 
Luquin et al. 1986). Central factors, such as decreased capacity to store dop­
amine presynaptically and desensitization of postsynaptic striatal dopaminer­
gic receptors as a consequence of chronic dopamine stimulation, may also be 
contributing to the origin of motor fluctuations in Parkinson's disease (MARS­
DEN et al. 1982; FAHN 1982). It has also been shown that continuous adminis­
tration of levodopa, levodopa methyl ester or lisuride may correct complex 
motor fluctuations in Parkinson's disease, suggesting a paramount role of the 
pharmacokinetic factor, in the "on-off" phenomenon (QUINN et al. 1984; 
Nurr et al. 1984; COOPER et al. 1984; OBESO et al. 1986 a, b). In this chapter, 
we shall examine the different techniques and drugs which may be used to ap­
ply the concept of continuous drug infusion in Parkinson's disease. 



532 I.A. OBESO and S. M. STAHL 

B. Delivery Methods 

The enormous difficulties of getting a drug to a specific site of action within 
the central nervous system are well recognized. Chemical and physical bar­
riers, such as enzymes and membranes or small blood vessels and glia cells, 
for example, have to be adequately overcome. The many different approaches 
have been reviewed elsewhere (STAHL, 1988; STAHL and WEIS, 1988). Drug de­
livery systems currently available for the treatment of Parkinson's disease will 
be discussed here (Table 1). 

I. Enteral Administration 

Oral slow or sustained-delivery systems attempt to combat the significant dis­
advantages associated with conventional tablets, capsules, or liquids, which 
expose the body to uneven levels of drug concentrations in the blood that may 
produce inadequate therapy or side-effects. Oral sustained-release systems us­
ing various polymers, which slowly decay and release the drug in a pro­
grammed and sustained manner, are currently under development for the 
rate-controlled administration of levodopa. Madopar HBS is a hydrodynami­
cally balanced system which is retained in the upper gastrointestinal tract, 
and which slowly releases the drug from a matrix. Sinemet CR-4, (200 mg le­
vodopa and 50 mg carbidopa) is a controlled-release type of polymer which in 
vitro allows the drugs to be released at a rate approximating first-order kine­
tics. In general, either tablet (Madopar HBS or Sinement CR-4) gives higher 
plasma levodopa levels, but does not reduce hourly variability, and the time to 
peak concentration compared with Madopar or Sinemet standard tablets is 
prolonged (NUTT et al. 1986). The absorption of these compounds is under the 
influence of factors modifying gastric emptying and transit time, perhaps ex­
plaining the failure to achieve very stable plasma levels of levodopa. 

Table 1. Examples of drug delivery devices that may be used for 
admiministration of antiparkinsonian drugs (Modified from 
STAHL, in press) 

Implantable infusion devices 
Osmotic minipumps 
Polymers 
Infusaid pumps (fluorocarbon propellant) 
Medtronics pump (battery-driven and programmable) 

Wearable infusion devices 
Travenol infusion (balloon-filled reservoir) 
Tecensa, Hoechst pumps (battery-driven) 
Transdermal delivery systems 

Ingestible infusion devices 
Osmotic minipumps 
Polymers 
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Recently duodenal delivery of levodopa has employed by KURLAN et al. 
(1986) in a few patients with Parkinson's disease. A very thin nasoduodenal 
tube was passed with the distal end localized radiographically in the proximal 
duodenum, Sinemet was dissolved in sterile water with a 2 % concentration of 
ascorbic acid (KuRLAN et al. 1986). In our experience the method is simple 
and well tolerated by the patients. Portable mechanical pumps are available so 
that the patients may move freely. Recently clinical trials using (+ )-PHNO 
(4-propyl-9-hydroxynaphthoxazine) via nasogastric infusion have been started 
(COLEMAN et al. in press). 

II. Intravenous Administration 

Levodopa, levodopa methyl ester, lisuride and apomorphine are the antipar­
kinsonian drugs available for intravenous infusion. Pergolide is also water so­
luble, but has not been given intravenously in patients so far. One of the most 
commonly used drug delivery systems is a nonimplantable intravenous infu­
sion device which stands at the patient's bedside, and is commonly used to 
control intravenous infusions of medications such as antihypertensive drugs, 
and agents for the treatment of shock. Levodopa, levodopa methyl ester, lisu­
ride and apomorphine intravenous infusions have generally been carried out 
with the aid of this type of system. 

Miniaturized wearable models, strapped to the body or carried in clothing, 
are also made as adaptations of the first-generation devices used at the bed­
side. These wearable models deliver a continuous, often adjustable, supply of 
drug by way of a catheter surgically implanted in a blood vessel. Lisuride and 
(+ )-PHNO are highly soluble in normal saline and could therefore be given 
by means of this smaller infusion system. 

III. Subcutaneous Administration 

Levodopa cannot be administered by this route because of its low solubility 
and high acidity. Levodopa methyl ester is more soluble, but has not been 
given subcutaneously. Lisuride and apomorphine are readily absorbed after 
subcutaneous administration. One type of infusion device employed by clini­
cal investigators is a disc-shaped implantable pump usually placed under the 
skin of the abdomen; it contains a compartment filled with a liquid fluorocar­
bon propellant that presses against a collapsible reservoir containing the de­
sired medication. Body heat causes the propellant to vaporize and expand, 
compressing the reservoir and forcing the medication out through a catheter. 
At intervals the drug reservoir is refilled from the outside by a hypodermic in­
jection, which also recompresses the fluorocarbon to a liquid. Other more so­
phisticated pumps include an implantable system which -also contains a refil­
lable drug reservoir, a motor-driven pump, and even a microelectronic control 
element that can be reprogrammed from outside the body, including the pos­
sibility of utilizing a telephone signal from a physician's office, in order to­
vary the pump's delivery rate. Many other implantable pumps exist, but are 
too numerous to review here. 
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Fig. I. Portable infusion pump for subcutaneous lisuride infusions 

Wearable infusion pumps are usually attached to the abdomen (Fig. 1). 
The subcutaneous needle has to be replaced and changed every 2-3 days. No­
dules may develop at the injection site, but infections are rare with lisuride in­
fusions. Variables modifying skin blood flow in the abdominal wall, such as 
temperature, physical exercise or digestion, may change the rate of subcuta­
neous absorption. 

IV. Transcutaneous Administration 

One of the most elegant drug delivery systems is the transdermal drug delivery 
method. These systems are simply skin patches which use the skin as a con­
trolled route of entry to the systemic circulation. The transdermal route is es­
pecially attractive for potent medications which require rate-controlled input, 
and which have a large first-pass effect. Transdermal delivery devices are thin, 
multilayered discs containing a reservoir of the drug, and an adhesive-coated 
polymer membrane that passes the drug at a controlled rate for a period of 
time up to 1 week. These discs are often about the size of a small coin, and are 
attached to various areas of the skin. 

(+ )-PHNO is the only dopamine agonist under investigation at present for 
trans dermal administration. Whether or not possible modifications of skin 
metabolic and circulatory conditions could interfere with the therapeutic effi­
cacy of (+ )-PHNO or similar drugs is not known. 

C. Clinical Studies 

I. Enteral Routes 

Duodenal infusion of levodopa-carbidopa via a nasoduodenal tube was suc­
cessfully employed recently in three patients with "on-off" fluctuations (KUR­
LAN et al. 1986). Levodopa was continuously infused throughout the day and 
evening (7 a.m. to 10 or 12 p.m.). The best effect on mobility was achieved 
with an infusion rate of 96, 10 and 52 mg/h in each patient. Fluctuations were 
attenuated, but did not disappear completely in these patients, one of whom 
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was discharged from hospital under this form of treatment. Interestingly, in­
termittent duodenal administration of a levodopa bolus did not result in the 
same benefit in one patient. 

(+ )-PHNO is a new dopamine agonist, structurally different from other 
morphine or ergot derivatives currently used in Parkinson's disease. Both in 
vitro and in vivo experiments indicate that (+ )-PHNO acts directly on post­
synaptic dopamine receptors. (+ )-PHNO is probably a selective D2 dopamine 
agonist with some affinity for serotonin type 1 (5-HTl) and (X2 receptors (MAR­
TIN et al. 1984/1985). Two clinical trials, using (+ )-PHNO by the oral route 
(STOESSL et al. 1985; GRANDAS et al. 1986), and experimental studies in mar­
mosets treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
(COLEMAN et al. in press) have confirmed that the drug is effective in acutely 
reversing the motor disability of Parkinson's disease. More recently 
(+ )-PHNO was administered by continuous nasogastric infusion to six par­
kinsonian patients with "on-off" fluctuations. Four patients received pro­
longed infusion throughout day and night. In these four cases (+ )-PHNO 
(plus a small amount of levodopa, p.o.) produced a clear-cut improvement in 
the total, number of hours "on" during their waking time. 

Several clinical trials on the value of sustained-release levodopa prepara­
tions (Madopar HBS, Sinemet CR-3,4,5) have been undertaken. The general 
opinion is that neither formulation provides significant benefit in the greater 
proportion of patients with motor fluctuations and dyskinesias (QUINN 1984). 
However, some patients showed improvement in early morning dystonia and 
night mobility (Nun et al. 1986). 

II. Intravenous Administration 

1. Levodopa 

The therapeutic application of infusion of levodopa associated with DCI (p.o.) 
in Parkinson' disease was first considered by SHOULSON et al. (1975). They 
showed a remarkably good response to intravenous levodopa in five patients 
with "wearing-off" phenomenon. However, the response was not maintained 
when the patients were asked to stand up and the method was abandoned in 
favour of new dopamine agonists. In 1979 ROSIN et al. treated a severe parkin­
sonian patient who had had an abdominal operation with intravenous levo­
dopa for 7 days; the response however, was not constant during that period. 
Interest in the intravenous administration of levodopa reappeared recently 
when three independent groups showed that severe "on-off" fluctuations 
could be virtually abolished for many hours. 

Thus, QUINN et al. (1984) reported a dramatic improvement of "on-off" 
swings in ten patients, who remained independent during the infusions. Two 
patients with diphasic dyskinesias required an extra bolus of levodopa. These 
findings were confirmed by HARDIE et al. (1984) and Nun et al. (1984) who 
studied 12 and 6 severe patients, respectively. In addition, Nun et al. (1984) 
showed that despite maintaining constant plasma levodopa levels, "off" peri­
ods could supervene following a high protein meal or the oral administration 
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of phenylalanine, leucine or isoleucine. This was explained as competition be­
tween large neutral amino acids and levodopa for transport from plasma to 
brain. These two studies also suggest a certain difficulty in keeping a stable re­
sponse for longer than 48 h in some patients. More recently, MARION et al. 
(1986) gave intravenous infusions of levodopa to three subjects on five conse­
cutive days, each session lasting 6 h on day 1, and 12 h on days 2-5. Although 
two patients experienced some transient "off" episodes, they all enjoyed a bet­
ter clinical control during the infusion than on chronic oral levodopa treat­
ment. FABRINI et al. (1987) have given continuous infusions of levodopa for 
10 consecutive days to patients with "wearing-off" and "on-off" phenomena, 
by means of a wearable "jacket-like" pump. This study confirmed the earlier 
impression of MARION et al. (1986), indicating that a relatively stable response 
can be obtained when levodopa is given continuously via the intravenous 
route, but particularly in patients with simple "wearing-off" fluctuations. 

In summary, all studies with intravenous levodopa agree on the clear-cut 
therapeutic benefit of this form of treatment. Motor fluctuations in Parkin­
son's disease may therefore be due to a failure in delivering sufficient levo­
dopa to the striatum once this has lost its ability to achieve a sustained re­
sponse when plasma levodopa levels oscillate following oral administration. A 
number of problems limit the practical application of levodopa in continuous 
infusion. First, the high acidity and low solubility of levodapa necessitates its 
dilution in large volumes, which in turn causes some difficulties with the size 
of the pump, refilling procedure, etc. On the other hand, intravenous delivery 
of levodopa does not remove the competition of neutral amino acids for trans­
port across the blood-brain barrier nor the possible inhibitory influence of 
3-0-methyldopa accumulation following high levodopa intake (LUQUIN et al. 
1986). Finally, the price of levodopa solutions for intravenous administration 
is probably too high to be used widely. 

Levodopa methyl ester is very soluble and can have the same therapeutic 
effect as levodopa itself (COOPER et al. 1984; CHASE et al. in press). However, it 
has all the other limitations mentioned for levodopa. In addition, levodopa 
methyl ester is metabolized into alcoholic compounds which are potentially 
toxic to the organism. 

2. Lisuride 

The high solubility of lisuride in saline allows its administration by intrave­
nous or subcutaneous routes in small volumes. OBESO et al. (1983, 1986 a, b) 
first reported the sustained anti parkinsonian effect of lisuride when given by 
intravenous infusion over a period of 8-72 h. However, some patients had 
transient "off" periods during the infusion and in about 20 % of patients there 
was no positive effect whatsoever (LUQUIN et al. 1987). Oral levodopa treat­
ment had to be added in all cases to maintain normal mobility throughout the 
infusion. All patients were pretreated with oral domperidone 10 mg ti.d., for 3 
days prior to the infusion. An intravenous bolus of 40 mg domperidone was 
administered 30 min before initiation of the infusion. A small number of pa­
tients experienced transient nausea, sweating and malaise. Severe hypoten­
sion occurred in two patients, requiring termination of the infusion. 
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3. Apomorphine 

The use of apomorphine in Parkinson's disease was limited until recently by 
the severity and high incidence of side effects such as nausea, vomiting, hy­
potension, sweating and malaise. Marked elevation of blood urea, nitrogen 
and plasma creatine was also observed in some patients (COTZIAS et al. 1973). 
At present, pretreatment with domperidone (10-20 mg t.Ld.) for several days 
or its acute intravenous administration (20 mg) a few minutes before apomor­
phine produce a marked attenuation of adverse effects. A single intravenous 
apomorphine bolus of 1-3 mg or 15-40 g/kg is usually sufficient to obtain full 
motor capacity ("on") in patients with the "on-off" phenomenon. 

Similar results are observed after subcutaneous administration, confirm­
ing previous findings by Cotzias and his collaborators a few years ago (COT­
ZIAS et al. 1973; PAPAVASILIOU et al. 1974). Continuous intravenous adminis­
tration of apomorphine has recently been applied to the study of parkinsonian 
patients with motor fluctuations (OBESO et al. 1987 a). The infusion is started 
with a bolus of apomorphine which generally turns the patient "on", and con­
tinued with an infusion rate of about 5-10 mg/h. Intravenous domperidone 
(20 mg) is given 20 min before starting the infusion in a bolus, and repeated 
every 90-120 min according to tolerance. Peripheral side effects are not 
usually important, but drowsiness has been encountered in some patients and 
profound hypotension was seen in one case. Apomorphine infusions can keep 
a patient completely mobile for many hours, but complete stabilization is dif­
ficult to achieve in severe (complex) cases. 

III. Subcutaneous Infusions 

Lisuride has been the dopamine agonist more widely used chronically via 
the subcutaneous route for the treatment of Parkinson's disease (OBESO 
et al. 1986 b). OBESO et al. (1988) recently reported their present experience 
with subcutaneuos lisuride infusion in 28 severe patients with long-standing 
Parkinson's disease, and severe motor disability associated with chronic levo­
dopa therapy uncontrolled with standard antiparkinsonian drugs. All patients 
started to take oral domperidone 10 mg ti.d. a few days before and during the 
initial weeks of the infusion to prevent nausea and vomiting. Oral daily levo­
dopa treatment with levodopa plus DCI was maintained unchanged during the 
first days of infusion and adjusted subsequently according to the clinical re­
sponse. Two different portable infusion pumps (Tecensa-62, Madrid, Spain 
and Hoechst Insulin Pump, Frankfurt, Federal Republic of Germany) were 
used for lisuride administration. The needle was changed and replaced in the 
abdomen every 4-5 days initially, but later most patients changed it every 2-3 
days. 

Four patients abandoned the trial in the first 4 weeks owing to psychiatric 
complications in two, inability to use the system at home in one and the deve­
loping of local nodules as well as a rejection of permanent dependence upon 
the pump in the fourth case. In the 24 patients treated for more than 3 months 
(mean 9.6 months, maximum 24 months) the average daily dose of lisuride 
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Fig.2. a Representative evolution of motor function thoughout the day, before initiat­
ing treatment with subcutaneous lisuride. Prolonged "off" periods accompanied by 
painful dystonia in the limbs, in spite of levodopa treatment, were the main problem. 
Abnormal involuntary movements (AlM) and disability scores are plotted against 
time. b After 1 month of lisuride infusion, the patient enjoyed normal mobility. This 
has continued over 15 consecutive months, although reduction in the daily dose of le­
vodopa-benserazide has been required several times in order to control dyskinetic 
movements 

was 2.80 mg (0.5-3.5 mg), generally with a constant infusion rate (mean 
117.3 /lg/h). The levodopa dose was reduced from a mean of 878 to 558.1 mg/ 
day (37 % decrease). 

Most patients showed considerable improvement in motor capacity after 
the optimum regimen of subcutaneous lisuride and oral levodopa plus DCI 
was established. Perhaps the most dramatic effect was that periods of total im­
mobility disappeared. Thus, although motor capacity was not completely 
stable throughout the day, patients could be independent most of the time be­
cause "off" periods were considerably less severe (Fig. 2). Another notable ef­
fect of lisuride infusion was on night and early morning mobility, which were 
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greatly improved in all patients. However, most patients still required their 
first levodopa dose in the morning to achieve a complete "on". 

Diphasic dyskinesia and "off" period dystonia, were abolished or greatly 
reduced in all patients. Patients with peak-dose dyskinesias showed variable 
response to lisuride infusion. Subcutaneous nodules developed at the injec­
tion sites in all patients. Nodules of sufficient dimensions and inflammatory 
character to interfere with absorption of lisuride were present in five pa­
tients. 

Nine patients showed psychiatric complications of sufficient intensity to 
stop infusion temporarily and responsible for permanent withdrawal in five 
patients. Complications took the form of visual and/or auditory hallucinations 
in all nine patients, an organic confusional state was observed in six and a 
florid paranoid state in five patients. 

The positive effect of lisuride infusion on motor fluctuations has been 
confirmed by other investigators (CRITCHLEY et al. in press; RUGGIERI et al. 
1986), but psychiatric side effects have limited its practical applications in a 
significant proportion of severely parkinsonian patients (CRITCHELY et al. in 
press). 

Recently, STIBE et al. (1988) reported on the application of subcutaneous 
apomorphine to 18 patients with motor fluctuations for a mean period of 
8 months (1-15). Most patients continued to receive levodopa (p.o) in order to 
obtain optimal benefit, thus confirming our experience. The response was 
strikingly positive in all cases with a 63 % mean reduction of hours "off" per 
day and also less severe motor disability during the remaining "off" periods. 
Apomorphine infusion was not maintained over night. General tolerance was 
excellent. Skin nodules similar to the ones seen with lisuride infusion also de­
veloped in all cases, but psychiatric side effect were only present in 3. STIBE et 
al. (1988) also reported a very clear positive effect in 8 patients, with less se­
vere motor disability, who were given repeated apomorphine injections during 
the day in combination with frequent oral levodopa doses. 

IV. Transdermal Application 

(+ )-PHNO is a suitable candidate for continuous transdermal delivery, but 
clinical studies have not yet been initiated. 

D. Conclusion 
The "on-off" phenomenon is one of the major problems associated with long­
term levodopa therapy. The developing of new dopamine agonists and more 
sophisticated delivery systems may contribute to better control of motor fluc­
tuations. Continuous dopaminergic stimulation may become an early thera­
peutic tool for the prevention of motor complications associated with standard 
levodopa therapy (CHASE et al. 1988; HOROWSKI et al. 1988). 
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CHAPTER 22 

Treatment of Parkinsonian Features 
in Neurological Disorders 
Other than Parkinson's Disease 

R. F. PEPPARD and D. B. CALNE 

A. Introduction 
Parkinsonism is a collection of neurological features, including tremor, rigid­
ity, akinesia and loss of postural reflexes. This syndrome is most commonly 
due to Parkinson's disease, but may occur with a wide variety of conditions in 
which parkinsonian features may be found alone or in combination with other 
neurological, medical and psychiatric deficits. 

From a therapeutic viewpoint, the conditions causing parkinsonism can be 
grouped under four headings: 

1. Drug-induced parkinsonism, in which management is influenced by a 
compromise between the desired effect of antipsychotic drug treatment and 
this unwanted side effect. 

2. Conditions in which the primary treatment of parkinsonism is the spe­
cific management of the causative disorder rather than palliation. In this cate­
gory, Wilson's disease will be discussed in detail. 

3. The multiple system degenerative diseases of the nervous system in 
which the therapeutic approach is similar to that in Parkinson's disease, but 
usually only a partial or temporary response of the parkinsonism is seen and 
nonparkinsonian features tend to be unchanged. 

4. Other types of parkinsonism. 

B. Drug-Induced Parkinsonism 
A necessary step in the management of drug-induced parkinsonism is an 
awareness of which drugs are capable of causing this syndrome. The most im­
portant group is the neuroleptic drugs (the phenothiazines, the thioxan­
thenes and the butyrophenones) which act as dopamine antagonists. Extra­
pyramidal effects are most likely to occur with fluphenazine, perphenazine, 
trifluoperazine, triflupromazine and haloperidol, and least likely to occur with 
thioridazine and molindone. Chlorpromazine, acetophenazine, chlorprothi­
xene and thiothixene are in an intermediate category (BALDESSARINI 1980). 

Metoclopramide, a centrally active D2 receptor antagonist, is a common 
cause of drug-induced parkinsonism. Reserpine and its synthetic analogue te­
trabenazine cause parkinsonism by depletion of presynaptic stores of dopa­
mine. 
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Lithium has been reported to potentiate neuroleptic-induced parkinson­
ism. Lithium may inhibit striatal dopamine synthesis and decrease the sensi­
tivity of dopamine receptors (SACHDEV 1986). Estrogens may act as dopamine 
antagonists and their administration to patients taking phenothiazines may 
precipitate parkinsonism (GRATTON 1960). 

Phenytoin may interfere with dopaminergic mechanisms and has been 
claimed to reduce the therapeutic effect of levodopa in Parkinson's disease 
(MENDEZ et al. 1975). A case of parkinsonism has been attributed to pheny­
toin (GONI et al. 1985). In one study, 4 of 27 patients treated with diazepam in 
high doses (at least 100 mg/day) for schizophrenia developed parkinsonism 
which responded poorly to anticholinergic drugs, but resolved within 
1-3 weeks of the discontinuation of diazepam (SURANYI-CADOTTE et al. 1985). 
However, benzodiazepines are usually well tolerated in Parkinsonism. There 
are single case reports of parkinsonism in association with the use of fentanyl 
(RIVERA et al. 1975), captopril (SANDYK 1985) and flunarizine (MEYBOOM et al. 
1986). 

The prevalence of parkinsonism in association with the use of antipsy­
chotic drugs ranges from 5 to 60 % (MARSDEN et al. 1975). Patients over 40 
years of age are more vulnerable and some believe as many as 50 % of new 
cases of parkinsonism in the elderly may be drug induced (STEPHEN and WIL­
LIAMSON 1984). 

Drug-induced parkinsonism may begin within several days of the initia­
tion of neuroleptic treatment and 90 % of cases appear within 3 months 
(TARSY 1983). CASEY et al. (1986) in a long-term follow-up study, found that 
drug-induced parkinsonism persisted and increased in all patients in whom 
neuroleptics were continued, even if there was no change in dose. Usually par­
kinsonism resolves within 3 weeks to 3 months after cessation of neurolep­
tics, but it may persist for as long as 2 years (HERSHON et al. 1972; MARSDEN 
and FAHN 1982; WILLIAMSON 1984). DEMARS (1966) has described worsening 
of parkinsonian symptoms persisting for 5 weeks following withdrawal ofpheno­
thiazines. The most important determinant in the development of drug-induced 
parkinsonism is individual susceptibility. ARONSON (1985) has described a 
case of parkinsonism persisting for as long as 1 year after a single 5-mg dose 
of haloperidol. 

All phenothiazines and butyrophenones with parkinsonism-inducing po­
tential produce competitive blockade of dopamine receptors in the striatum. 
These agents are also antagonists at central noradrenergic receptors (HoRNY­
KIEWICZ 1975). 

MILLER and HILEY (1975) have reported an inverse relationship between 
the antimuscarinic potencies of neuroleptic drugs and their tendency to pro­
duce parkinsonism. Thioridazine and the dibenzodiazepine, c1ozapine, which 
are associated with a low incidence of drug-induced parkinsonism, have pow­
erful antimuscarinic activity. Haloperidol and the piperazine phenothiazines 
have little or no anticholinergic effect. 

It has been proposed that striatal dopamine receptor blockade by neuro­
leptics leads, by a feedback control mechanism, to activation of nigrostriatal 
neurons with increased synthesis and release of dopamine in the striatum 
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(HORNYKIEWICZ 1975). CHASE et al. (1970) found that the use of antipsychotic 
drugs caused an increase in homovanillic acid (HV A) in the cerebrospinal 
fluid (CSF). However, this increase was not as great in those patients with ex­
trapyramidal side effects, suggesting deficient presynaptic compensatory me­
chanisms for overcoming the dopamine receptor blockade. In contrast, Bow­
ERS (1985) found that patients with a persistent elevation of HVA in the CSF 
had more parkinsonian side effects than patients whose CSF HV A pattern 
showed minimal initial elevation or an initial rise followed by a decline. Bow­
ers suggested that hypokinetic side effects are not, in fact, due to decreased 
dopamine turnover and release in the presence of dopamine receptor block­
ade, but rather depend on postsynaptic mechanisms. 

The nigrostriatal system can compensate for loss of up to 80 % of striatal 
dopamine content before clinical parkinsonism becomes manifest (HORNYKIE­
WICZ 1986) so, where there is a pre-existent striatal dopamine deficiency, the 
additional functional deficiency induced by dopamine antagonists may pro­
duce clinical parkinsonism. The decline in nigral cell counts and in the stria­
tal concentration of dopamine and tyrosine hydroxylase with age (MCGEER et 
al. 1977) may account for the increased susceptibility of the elderly to the ef­
fects of dopamine antagonists. It has been claimed that about 10 % of elderly 
patients who recover from drug-induced parkinsonism go on to develop Par­
kinson's disease (STEPHEN and WILLIAMSON 1984). Reversible drug-induced 
parkinsonism has been reported in two patients who subsequently were found 
to have the pathological changes of Parkinson's disease (RAJpUT et al. 1982). 
However, no consistent pathology has been found in association with drug-in­
duced parkinsonism and the factors which account for individual susceptibil­
ity remain poorly understood. 

More caution in the use of neuroleptic agents may prevent some cases of drug­
induced parkinsonism. Inappropriate indications for neuroleptic therapy in­
clude prochlorperazine for nonspecific dizziness and the long-term adminis­
tration of oral metoclopramide for nausea (GRIMES 1981); substitution of 
domperidone for metoclopramide can be helpful in many cases (GRIMES and 
MAGNER 1984). 

The anticholinergic drugs may be employed for the treatment of parkin­
sonism with concomitant antipsychotic drug therapy or for persistent parkin­
sonism after neuroleptic discontinuation. Trihexyphenidyl, procyclidine and 
benztropine have been extensively used in these situations. The anticholiner­
gic antihistamines, such as diphenhydramine, have also been found to be effec­
tive (MCGEER et al. 1961; FLEMING et al. 1970). CHOUINARD et al. (1979) have 
reported that ethopropazine, a phenothiazine with significant anticholinergic 
activity, is as efficacious in drug-induced parkinsonism as procyclidine or 
benztropine. 

Anticholinergic agents are very effective in the prevention and control of 
acute dystonias occurring early in the course of antipsychotic drug therapy 
(MANOS et al. 1986), but their use as prophylaxis of other extrapyramidal side 
effects remains controversial. Prophylactic anticholinergic drugs may reduce 
the severity, but not the incidence of drug-induced parkinsonism (RIFKIN et 
al. 1978). 
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In a double-blind study of the effects of anticholinergic drug withdrawal, 
JELLINEK et al. (1981) reported a significant increase in motor restlessness af­
ter 2 weeks and in hypomotility and depression after 4 weeks. Adverse effects 
of anticholinergic cessation on behaviour and mood may suggest a continuing 
need for these drugs, but they can also produce euphoria and be abused (DI­
MASCIO and DEMIRGIAN 1970). 

The elderly and demented are at increased risk of central side effects from 
anticholinergic drugs, including disorientation, impairment of recent memory 
and hallucinations. Peripheral anticholinergic symptoms are generally not 
troublesome with the small doses required to control extrapyramidal side ef­
fects of neuroleptics. 

Some extrapyramidal features, especially akathisia and akinesia, may go 
unrecognized or may be difficult to distinguish from manifestations of under­
lying psychiatric illness. A therapeutic trial of anti parkinsonian therapy can 
help to distinguish drug-induced akinesia from psychomotor retardation re­
lated to depression or schizophrenic catatonia. 

Theoretically, anticholinergic drugs may interfere with the therapeutic ef­
fects of antipsychotic drugs. Lowering of the blood levels of neuroleptics has 
been reported to occur during anticholinergic therapy (DONLON and STETSON 
1976), but usually no loss of efficacy is seen (DAVIS 1985). 

Anticholinergic usage has been implicated in the development and exacer­
bation of tardive dyskinesia (RIFKIN et al. 1978). In patients with concurrent 
drug-induced dyskinesia and parkinsonism, paradoxical improvement in tar­
dive dyskinesia can occur with levodopa treatment of persistent parkinsonism 
after stopping neuroleptics (SHOULSON 1983) despite the supposed dopamine 
receptor hypersensitivity in the striatum. 

Guidelines for the use of anticholinergic agents in association with anti­
psychotic therapy have been suggested (TARSY 1983; AYD 1974). In patients with 
a history of drug-induced parkinsonism, a relatively low potency drug such as 
thioridazine or molindone is proposed, but, if high potency antipsychotic 
drugs are essential, an anticholinergic agent may be administered prophylacti­
cally. 

If parkinsonism develops in patients being treated for the first time with 
neuroleptic agents, consideration should be given to decreasing the dose of 
neuroleptic. If this proves ineffective, anticholinergic drugs can be introduced 
with the expectation of rapid improvement in parkinsonian symptoms. In pa­
tients who have been on successful prophylactic anticholinergic therapy for more 
than 3 months, a cautious attempt at withdrawal should be made and, if extra­
pyramidal side effects emerge, treatment can be reinstituted. 

Amantadine has been found to be as effective as trihexyphenidyl in the 
control of drug-induced parkinsonism (FANN and LAKE 1976) and its use may 
have less long-term risk of tardive dyskinesia (DAVIS 1985). Amantadine may 
also be effective in some cases of drug-induced parkinsonism which are resis­
tant to anticholinergic agents (GELENBERG and MANDEL 1977). High potency 
antipsychotic drugs can induce a syndrome of catatonia with associated par­
kinsonian rigidity which responds poorly to anticholinergics, but may be ef­
fectively treated by amantadine (DAVIS 1985) or lorazepam (FRICCHIONE et al. 
1983). 
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Levodopa therapy is effective for reserpine-induced parkinsonism, presu­
mably acting by replacement of depleted catecholamines, but it has usually 
been found to be ineffective in parkinsonism due to dopamine receptor anta­
gonists (MCGEER et al. 1961; YARYURA-ToBIAS et al. 1970). However, intrave­
nous levodopa has been reported to produce a transient improvement in par­
kinsonism associated with chlorpromazine or haloperidol (BRUNO and BRUNO 
1966). More recently MARSDEN and FAHN (1982) have claimed that drug-in­
duced parkinsonism may respond to levodopa at doses that do not provoke a 
psychotic disorder. In cases of parkinsonism persisting after cessation of neu­
roleptics, levodopa may be given with periodic attempts at withdrawal at inter­
vals of 3 months for 2 years to assess whether remission of the parkinsonism 
has occurred (WILLIAMSON 1984; MARSDEN and FAHN 1982). 

Experience with the use of dopamine agonists in drug-induced parkinson­
ism is limited, no doubt because of the reluctance to use theoretically mutu­
ally antagonistic drugs and the relatively high incidence of behavioural side 
effects with these agents (CALNE 1982). PARKES et al. (1981) have reported a 
greater than 50 % reduction in parkinsonism due to haloperidol in a patient 
treated with lisuride. 

C. Wilson's Disease 

Wilson's disease, or familial hepatolenticular degeneration, is an autosomal . 
recessive disorder in which excess copper accumulation leads to cirrhosis of 
the liver, central nervous system lesions and pigmented deposits near the lim­
bus of the cornea, known as Kayser-Fleischer rings. The main neurological 
pathology is in the striatum where there is atrophy, severe neuronal loss and 
reactive gliosis. Neuronal degeneration is also seen in the caudate nucleus, 
the globus pallidus, the thalami and occasionally in other brain stem nuclei, 
and in the cerebral cortex (DUCHEN and JACOBS 1984). 

The neurological manifestations include: dystonia, chorea, akinesia, rigid­
ity, tremor and dementia. Most of these features are reversible with specific 
treatment of the underlying disease, but recovery of long-standing symptoms 
may be incomplete (PURDON MARTIN 1968). In severe cases neurological re­
sponse may not commence for some months after the initiation of treatment, 
but recovery may continue for up to 2 years. At the start of treatment there is 
frequently a marked transient exacerbation of neurological deficits lasting 
several weeks. 

The mainstay of treatment is the lifelong administration of copper chelat­
ing agents such as D-penicillamine (CRAWHALL 1980). This measure should be 
combined with restriction of copper intake to less than 2 mg/day by the avoi­
dance of copper-rich foods. An oral cation exchange resin, such as potassium 
sulfide 40 mg with each meal, may help to prevent absorption of copper from 
the gastrointestinal tract. 

Penicillamine is a sulphydryl compound which combines with copper, 
mercury, lead, zinc, iron and other metals to form soluble compounds that are 
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readily excreted by the kidneys. Penicillamine may be commenced at 125 or 
250 mg/day and increased gradually over several weeks according to side 
effects and urinary copper excretion. The usual maintenance dose is 250 mg 
t.Ld. and each dose should be given on an empty stomach at least half an hour 
before meals (SHOULSON et al. 1983). Some patients require 2 g penicillamine 
daily and occasionally it is desirable to give both penicillamine and dimerca­
prol. Trientene is another copper chelating agent which has been employed as 
an effective alternative to penicillamine (W ALSHE 1986); it is particularly use­
ful in patients who develop adverse reactions to penicillamine. 

Serial determinations of transaminases, serum copper, and 24-h urinary 
copper excretion can guide dosage adjustment of penicillamine and assess 
compliance. Urinary copper excretion rises when penicillamine is com­
menced but, as excess copper stores are eliminated, serum copper declines 
and the urinary copper excretion levels off at approximately 50 % of the initial 
values. 

Acute sensitivity reactions tend to occur early in the course of penicill­
amine therapy and may be manifested as rashes (pruritic, macular, urticarial), 
arthralgia, fever, eosinophilia, leukopenia and thrombocytopenia. A lupus­
like syndrome, Goodpasture's syndrome, and the nephrotic syndrome occa­
sionally develop after a few years of treatment. Tu et al. (1963) have reported 
optic neuritis occurring in association with the use of penicillamine which re­
sponded to pyridoxine. Other serious adverse effects include myasthenia gra­
vis, peripheral neuropathy and polymyositis (KLAASSEN 1980). 

Mild sensitivity reactions may be brought under control by reduction in 
penicillamine dosage. Severe reactions require withdrawal of the drug, but 
reinstitution may be tried, starting with low doses to attempt desensitization. 
A course of cortisone may be useful in controlling and preventing the re­
emergence of allergic reactions. 

Zinc is also bound to penicillamine, but with less affinity than copper. A 
progressive increase in urinary zinc and decrease in serum zinc has been re­
ported with maintenance penicillamine therapy (VAN CAILLE-BERTRAND et al. 
1985). Some of the known side effects of penicillamine, including purpura, 
desquamative and psoriatic lesions, stomatitis and loss of taste sensation, sug­
gest zinc deficiency. SHOULSON et al. (1983) have described a patient in whom 
oral zinc 200 mg/day produced a prompt response to penicillamine-induced 
ageusia. Zinc therapy in Wilson's disease may also have value by interfering 
with copper absorption from the gastrointestinal tract and increasing fecal 
copper excretion (HOOGENRAAD et al. 1979). 

In patients with severe neurological involvement which responds only par­
tially to penicillamine, levodopa therapy may be tried, but usually only a li­
mited response can be achieved (GOLDSTEIN et al. 1968). SHOULSON et al. 
(1983) have reported a case in which trihexyphenidyl reduced dystonia and ri­
gidity which had persisted on maintenance copper chelation therapy. Asymp­
tomatic homozygotes for Wilson's disease should be treated to prevent the de­
velopment of clinical symptoms. Most patients with Wilson's disease can be 
maintained in good health indefinitely on penicillamine (W ALSHE and DIXON 
1986). 
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D. Multiple System Degenerations 

Parkinsonian features may be the initial or predominant manifestations of 
multiple system degenerations of the central nervous system, including stria­
tonigral degeneration, olivopontocerebellar atrophy, Shy-Drager syndrome, 
progressive supranuclear palsy, the ALS-Parkinson-dementia complex of 
Guam, corticodentatonigral degeneration and Joseph disease. 

If parkinsonism is the presenting feature, there may be no way to distin­
guish these conditions from Parkinson's disease and antiparkinson treat­
ment should be started in the usual way. However, the response in these con­
ditions is often unsatisfactory and subsequently atypical features appear such 
as conjugate gaze paresis, pyramidal or cerebellar deficits, severe dementia, 
apraxia or significant autonomic dysfunction unrelated to drugs. The develop­
ment of such multisystem signs in the progress of a parkinsonian illness or 
primary failure of response to dopaminomimetic therapy justify review of the 
initial diagnosis of Parkinson's disease. 

In the "Parkinson-plus" syndromes, the prominence of pat~ology in the 
pallidum (yOUNG and PENNEY 1984) and the loss of striatal cells which are 
postsynaptic to the dopaminergic input (KLAWANS and RINGEL 1971) may ac­
count for the lack of response to dopamine therapy. Nevertheless, antiparkin­
sonian drugs should be tried in these conditions because a useful response 
may occur in a minority of patients. The multiple system degenerations will 
now be considered individually. 

I. Striatonigral Degeneration 

The clinical picture of striatonigral degeneration is usually indistinguishable 
from Parkinson's disease. IZUMI et al. (1971) reported no response to levodopa 
in this condition; however, SHARPE et al. (1973) and ADAMS (1968) have 
claimed transient but significant improvement in akinesia and rigidity after 
1 month of levodopa treatment. 

II. Olivopontocerebellar Atrophy 

GOETZ et al. (1984) have retrospectively analysed the treatment of 24 patients 
with parkinsonism and cerebellar or corticospinal dysfunction who were con­
sidered clinically to have olivopontocerebellar atrophy. Of 19 patients treated 
with levodopa, alone or in combination with carbidopa, 16 showed definite 
improvement in rigidity, akinesia and postural reflexes. Levodopa was also ef­
fective against resting tremor, but not associated intention tremor. Central 
dopaminergic toxicity, including dyskinesia, sleep disturbance and hallucina­
tions occurred after an average of 2.3 years of treatment. 

Prominent resting tremor failed to respond to anticholinergic therapy in the 
two patients in whom it was tried. Amantadine was of mild or moderate be­
nefit in nine of the ten patients treated. Dopamine agonists, bromocriptine in 
five patients and lergotrile in one patient, were effective in patients who had 
responded to levodopa and in one patient who had not responded. 
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III. Shy-Drager Syndrome 

In the Shy-Drager syndrome, parkinsonian features may be the first to appear 
or they may be preceded or accompanied by progressive autonomic failure, 
signs of cerebellar disease, or upper and lower motor neuron dysfunction. Pro­
found depletion in dopamine and noradrenaline has been reported in brain 
regions normally rich in these catecholamines (SPOKES et al. 1979); studies of 
[3H] spiperone binding have suggested that a loss of dopamine receptor sites 
occurs in the substantia nigra with reduced binding to dopamine receptors in 
the caudate nucleus (QUIK et al. 1979). 

The combination of autonomic failure with parkinsonism produces a si­
gnificant problem in management since levodopa and dopamine agonists all 
tend to exacerbate postural hypotension. SHARPE et al. (1972) found improve­
ment in both postural hypotension and parkinsonism in a patient treated with 
levodopa and the monoamine oxidase inhibitor, tranylcypromine. However, 
such an approach is potentially hazardous because severe supine hypertension 
may be produced (CALNE and REID 1972) and, at the same time, postural hy­
potension may worsen (RAE-GRANT et al. 1985). 

Indomethacin, which inhibits prostaglandin production, has been reported 
to improve postural hypotension (KOCHAR and ITSKOVITZ 1978), but central 
side effects such as confusion are likely to occur with its use in Shy-Drager 
syndrome. 

The commonest approach is to administer antiparkinsonian agents cau­
tiously with the concomitant use of independent measures to control postural 
hypotension, including fludrocortisone, head-up tilt of the bed at night and 
elastic stockings to improve venous return from the lower body (BANNISTER 
and OPPENHEIMER 1982). 

LEES and BANNISTER (1981) have performed a controlled trial of lis uri de in 
seven patients with Shy-Drager syndrome. Improvement in parkinsonian fea­
tures was observed in only one patient and a modest reduction in orthostatic 
hypotension occurred in two patients. Psychiatric side effects were dose-limit­
ing in six patients. 

IV. Progressive Supranuclear Palsy 

Since parkinsonism in progressive supranuclear palsy (PSP) is often not the 
most disabling feature, little functional improvement may occur despite some 
observable decreases in rigidity and akinesia with levodopa (KLAWANS and 
RINGEL 1971). Nonparkinsonian features such as ophthalmoplegia and nuchal 
dystonia only rarely respond to levodopa (MENDELL et al. 1970). Occasional 
improvement in the range of eye movements has been reported with the use of 
dopamine agonists (WILLIAMS et al. 1979; JACKSON et al. 1983). Increased con­
fusion is likely to occur with dopaminomimetic therapy in the intellectually 
impaired. 

JACKSON et al. (1983) found that levodopa or amantadine benefited a mi­
nority of patients with PSP, but that dopamine agonist therapy with bromo­
criptine or pergolide produced improvement in 9 of 14 patients. Reponse to 
dopamine agonists occurred despite previous failure of levodopa. On the other 
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hand, in a placebo-controlled study of bromocriptine in six patients with PSP, 
WILLIAMS et al. (1979) did not find any overall beneficial response. NEOPHY­
TIDES et al. (1982) have reported improvement in rigidity, tremor and akinesia 
in one case of PSP treated with lisuride. 

RAFAL and GRIMM (1981) have claimed improvement in parkinsonian and 
pseudobulbar signs in 10 of 12 patients treated with the antiserotonergic 
agent, methysergide; however, in only 5 was the response sustained for longer 
than 6 months and 4 of these patients were concurrently receiving levodopa. 
PAULSON et al. (1981) found that methysergide failed to produce a significant 
improvement in doses as high as 10 mg/day. Improvement in tremor, gait and 
mental state has been attributed to amitriptyline in one patient with PSP 
(KVALE 1982). 

V. Senile Parkinsonism 

This term has been employed to describe the simultaneous occurrence of par­
kinsonism and severe dementia. Akinesia and rigidity tend to be long pre­
ceded by dementia due to Alzheimer's disease, Pick's disease or a multi-in­
farct state; anti parkinsonian treatment is less effective and often poorly 
tolerated in these settings because of the frequency and severity of psychiatric 
side effects. 

VI. The ALS-Parkinson-Dementia Complex of Guam 

Conventional antiparkinsonian therapy has been used in the ALS-Parkinson­
dementia complex of Guam with modest response, but no controlled obser­
vations have been published. 

VII. Joseph Disease 

In Joseph disease, an autosomal dominant multiple system degeneration, par­
kinsonian manifestations may benefit from treatment with levodopa (ROSEN­
BERG 1984). 

E. Other Types of Parkinsonism 

I. Postencephalitic Parkinsonism 

Sustained and functionally important improvement was described with levo­
dopa therapy in postencephalitic parkinsonism (CALNE 1969) although some 
patients showed no overall change and intolerable psychiatric side effects 
were frequent (HUNTER et al. 1970; SACKS and KOHL 1970). 
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II. Parkinsonism Due to Toxins 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces a severe se­
lective lesion of the dopaminergic cells of the pars compacta of the substantia 
nigra. The resulting parkinsonism responds well to levodopa-carbidopa com­
binations and bromocriptine, but severe dyskinesias, response fluctuations 
and psychiatric side effects have been seen several months after initiating 
therapy (LANGSTON and BALLARD 1984). These problems are not usually en­
countered in Parkinson's disease until after several years of treatment. 

Parkinsonism is an occasional sequel to poisoning with carbon monoxide 
or cyanide. Bilateral necrosis of the globus pallidus is found and usually there 
is no response to levodopa. However, JAECKLE and NASRALLAH (1985) have re­
ported one patient with carbon monoxide encephalopathy in whom signifi­
cant improvement in parkinsonism and depression occurred with levodopa; 
this patient had pallidal lesions on computerized tomographic scan. 

III. Hypoparathyroidism 

Parkinsonism complicating hypoparathyroidism is usually resistant to correc­
tion of hypocalcaemia and to levodopa therapy (UNCINI et al. 1985), but rever­
sal of the extrapyramidal syndrome associated with postoperative hypopara­
thyroidism has been reported following repletion of serum calcium (BERGER 
and Ross 1981). 

IV. Huntington's Disease 

Predominantly akinetic and rigid manifestations are seen most often with 
juvenile onset Huntington's disease and may be associated with low CSF le­
vels of homovanillic acid. Such patients may have a beneficial response to le­
vodopa (BARBEAU 1969; SCHENK and LEIJNSE-YBEMA 1974), but increased cho­
rea and behavioural disturbances may develop. 

F. Conclusions 

We have reviewed the treatment of parkinsonism occurring in settings other 
than Parkinson's disease. The management is directed at removing causal fac­
tor where possible. By far the most important examples of secondary parkin­
sonism, from this viewpoint, are the syndromes induced by neuroleptics and 
copper deposition in the basal ganglia (Wilson's disease). 
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CHAPTER 23 

Management of Psychiatric Symptoms 
in Parkinson's Disease 

H. L. KLAWANS and C. M. TANNER 

A. Introduction 

Most reviews of the psychiatric problems seen during the chronic therapy of 
parkinsonism have focused primarily on nonaffective psychosis and related 
disorders. This chapter will include both these disorders and alterations in af­
fect or mood. 

B. Depression 

Depression has been associated with Parkinson's disease since the original de­
scription by James Parkinson. The potential misdiagnosis of parkinsonian 
akinesia and facial amimia as depression has led some clinicians to caution 
against the diagnosis of depression on the basis of motor symptoms alone. 
Nonetheless, from 1922 through the present, clinical evaluations of patients 
with Parkinson's disease have found symptoms of depression in 20 %-93 % of 
patients interviewed (MINDHAM 1970; PATRICK and LEWY 1922). 

Depression has traditionally been divided by etiology into two types: (1) 
reactive, in which depressive symptoms occur as a result of an identifiable 
cause; and (2) endogenous, in which symptoms have no identifiable contribu­
tory environmental factors. This view of depression has led to the argument 
that depression in Parkinson's disease is simply a reaction to chronic disabil­
ity, and is not an inherent part of the disease process itself. 

Undoubtedly, some parkinsonian patients with symptoms of depression 
are exhibiting a reaction to their chronic disability. If this were the sole etio­
logy of depressive symptoms in Parkinson's disease, however, symptoms 
would be expected to be maximal at either the time of diagnosis (when the pa­
tient must adjust to the presence of a chronic disease) or at a time when signi­
ficant disability occurs. Moreover, patients with Parkinson's disease and pa­
tients with other disabilities would be expected to have a similar prevalence of 
depression. The relationship of depression to the underlying disease process 
in Parkinson's disease has been addressed by several investigators. 

In one group of studies, the prevalance of depressive symptoms in patients 
with Parkinson's disease was compared with a control group of patients with 
other illness. HORN (1974) compared paraplegics, parkinsonian patients, and 
persons with no identified illness who were similar to each other in age, sex, 
and socioeconomic level. He found a significant increase in depressive symp-
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toms in the Parkinson's disease groups when compared with either paraplegics 
or normal subjects. Similar findings have been obtained when comparing pa­
tients with Parkinson's disease with those with other disabilities, such as he­
miplegia or amputation, as well as patients with medical illnesses. These mul­
tiple observations of an increased prevalence of depression in Parkinson's 
disease as compared with a variety of other disorders suggest that depression 
may be endogenous rather than reactive in most parkinsonian patients (Ro­
BINS 1976). 

Several other investigators have explored the relationship between the on­
set of parkinsonian symptoms and the onset of depression. If depressive symp­
toms were merely a reaction to either the diagnosis or the progressive disabil­
ity of Parkinson's disease, they would be expected to be maximal around the 
time of diagnosis. Indeed, in several studies, depressive symptoms occurred 
frequently during the year after the diagnosis of Parkinson's disease was 
made, suggesting that reaction to the diagnosis of a chronic illness played 
some role in depression in many patients with Parkinson's disease (PATRICK 
and LEWY 1922; MIND HAM 1970). Several other studies, however, using retro­
spective techniques, have reported depression to occur in 34 %-42 % of pa­
tients before Parkinson's disease was ever diagnosed (MINDHAM 1970; MJONES 
1949; MAYEUX et al. 1981). These latter data support the postulate that pa­
tients with Parkinson's disease are more likely to experience depression, and 
that this mood abnormality may be an intrinsic part of the disease process. 

There may be a neurochemical rationale for the increased frequency of de­
pressive symptoms in Parkinson's disease. The major chemical deficit in this 
disease, and the one most clearly related to the motor disability, is loss of dop­
aminergic neurons in the substantia nigra. Pathologic alterations in Parkin­
son's disease include all pigmented nuclei, however, and accompanying phar­
macologic deficits of all biogenic amines occur. Although dopamine is 
probably not an important neurotransmitter in most depressive syndromes, 
decreased activity of other biogenic amine neurotransmitter systems, norepin­
ephrine and serotonin, have frequently been implicated. Both of these neuro­
transmitters are present in decreased concentration in patients with Parkin­
son's disease, and depressive symptoms in Parkinson's disease may be the 
result of these biochemical defects. MAYEUX et al. (1984a, 1986a) have re­
ported a correlation between decreased metabolites of serotonin in the spinal 
fluid and depression in patients with Parkinson's disease. They found that 
CSF 5-hydroxyindo1eacetic acid (5-HIAA) was lower in depressed than 
nondepressed parkinsonian patients and was related to both psychomotor re­
tardation and loss of self-esteem. An open trial of L-5-hydroxytryptamine 
(5-HT) alleviated depression in six of seven patients, and this alleviation was 
associated with increased CSF 5-HIAA in three patients (MAYEUX et al. 
1986b). 

The treatment of depression in Parkinson's disease is currently under ac­
tive clinical investigation. Levodopa and other dopaminergic agents, while of 
clear benefit to the primary symptoms of Parkinson's disease, do not alleviate 
symptoms of depression. For this reason, depression can be the major source 
of disability for the patient with a good therapeutic response to antiparkinso-
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nian agents. Some early reports suggested that levodopa had a mood elevating 
effect in depressed parkinsonian patients (BARBEAU 1969; CELESIA and W ANA­
MAKER 1972). This effect was often attributed to the resolution of the "reac­
tive" depression associated with the disease, especially when levodopa actu­
ally improved the neurologic picture. In contrast, DAMASIO et al. (1971) found 
that levodopa had no significant antidepressant effects and might have actu­
ally reactivated depression in patients who had a prior psychiatric history. 
MARSH and MARKHAM (1973) found no evidence to indicate either a signifi­
cant increase or decrease in the prevalence of depression in 27 patients started 
on chronic levodopa. MINDHAM et al. (1971) reported that almost 50 % of a 
large group of patients developed depression during the first 6 months of levo­
dopa therapy. Twelve of these patients had had a prior history of depression. 
They concluded that levodopa probably caused a reemergence of preexisting 
affective symptoms rather than causing a new illness. They also felt that levo­
dopa had little, if any, antidepressant actions. 

One report has suggested that levodopa may have at least contributed to 
the suicide of a parkinsonian patient (RAFr et al. 1972). Suicidal thoughts and 
attempts are not uncommon, but suicide has been rarely documented among 
parkinsonian patients (MAYEUX et al. 1984b). The patient who committed sui­
cide did have a prior history of depression beginning with the onset of the par­
kinsonism. In spite of the neurologic improvement with levodopa, the pa­
tient's emotional state deteriorated and he eventually killed himself. It is 
possible that levodopa may transiently relieve depressive symptoms in some 
patients, particularly if the symptoms are reactive to the initial disability; on 
the other hand, levodopa may also reactivate depression in those patients with 
a pre morbid history or have no demonstrable effect. 

Tricyclic antidepressants have been observed to help depressive symptoms 
in Parkinson's disease (BROWN and WILSON 1972; CELESIA and WANAMAKER 
1972). Many of these agents have prominent anticholinergic activity; their use 
could improve Parkinson's disease and secondarily improve the reactive com­
ponent of a depressive syndrome. Studies separately assessing improvement in 
Parkinson's disease and mood, however, have found tricyclics to benefit de­
pressive symptoms independently of any effects on Parkinson's disease (LAI­
TINEN 1969). Agents reported to be of benefit include imipramine (STRANG 
1965), desipramine (LAITENIN 1969), nortriptyline (ANDERSEN et al. 1980), and 
amitriptyline. GOETZ et al. (1984) studied bupropion, an agent believed to af­
fect only dopamine systems by enhancing release and blocking reuptake of 
transmitter presynaptically. In patients receiving both bupropion and levo­
dopa-carbidopa, depressive symptoms and parkinsonian disability were de­
creased, but improvement in one was independent of the other. The overall 
long-term efficacy of any of these agents in the depression associated with 
parkinsonism is unknown. 

Several reports have noted improvement of depression after electroconvul­
sive therapy (ECT) in Parkinson's disease, often with an associated improve­
ment of parkinsonism. LEBENSOHN and JENKINS (1975) used ECT to treat de­
pression in two parkinsonian patients whose depression had been resistant to 
more conventional therapies. Improvement in bradykinesia and rigidity, as 
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well as mood, occurred in both patients. Two other patients have been de­
scribed in whom mood and parkinsonism improved following EeT (ASNIS 

1977; YUDOFSKY 1979). Mood elevation was reported to occur before neuro­
logic improvement in both studies, and only a few treatments were required. 
We have observed similar responses in three patients who did not respond to 
or were unable to tolerate antidepressant therapy. In one case, depression re­
curred several years after EeT and symptoms were again ameliorated by this 
modality. In each case, patients demonstrated transient amelioration of all 
symptoms of Parkinson's disease and tolerated a decrease in daily levodopa 
dose. This effect was maintained for several weeks, but the antidepressant ef­
fect lasted for months or years. While unproven, it does appear that there may 
be a place for EeT in depressed parkinsonian patients who are otherwise unre­
sponsive to tricyclic antidepressants or other forms of therapy. 

c. Psychosis and Related Disorders 

The most important of the various drug-induced changes in mental function 
that influence anti parkinsonian therapy are non affective psychiatric manifes­
tations induced by levodopa. In their most dramatic form, these may result in 
frank psychosis. These levodopa-induced psychiatric disturbances may be di­
vided into those which occur early in the course of treatment and those which 
present after several years of therapy. 

I. Early Onset Psychosis 

When levodopa-induced psychosis occurs early in the course of levodopa the­
rapy, it usually happens within a few weeks after the levodopa regimen has 
started. The patient almost invariably has a past history of a severe psychiatric 
disorder, usually schizophrenia. This type of levodopa-induced psychosis has 
been reported in two circumstances. One involves the attempted use of levo­
dopa to replace an anticholinergic agent in the treatment of drug-induced par­
kinsonism in schizophrenic patients receiving neuroleptic agents. The other 
situation involves parkinsonian patients who are not actively psychotic, but 
who frequently have a remote history of psychiatric disorder - often euphe­
mistically described as a "nervous breakdown." 

In either group, psychosis usually occurs early in the course of levodopa 
therapy, normally within the first days or weeks. The manifestations can be 
quite variable, often have a strong paranoid component, and frequently have 
features similar to previous psychiatric disturbances. Not every patient who 
suffers levodopa-induced psychosis has a past history of psychiatric disease, at 
least not one that is readily obtainable. 

If the patient does have a past history of a significant schizophrenic disor­
der, however, it is probably best not to begin treatment of their parkinsonism 
with direct-acting dopamine agonists or with precursor load therapy. If their 
disease necessitates such therapy, however, the doses of either class of agents 
should be kept quite low and the goals of therapy reduced. 
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II. Late Onset Psychosis 

The late occurring psychoses are not predictable by past history, since the vast 
majority of patients who have this difficulty have no previous history of psy­
chiatric disorder. While patients with significant dementia may be more likely 
to have this drug-induced effect, levodopa-induced psychosis often occurs in 
the absence of dementia. 

Late onset psychosis induced by levodopa appears after several years of 
therapy (MOSKOWITZ et al. 1978). It is important to note that this is not just an 
acute psychosis that occurs suddenly in a patient who has been receiving levo­
dopa or a carbidopa-Ievodopa combination for many years. Rather, it appears 
to be part of a long-standing progressive process, one which is related to two 
other types of levodopa-induced mental alterations: sleep disturbances and 
hallucinations. 

The dream disorders were first well described by MOSKOWITZ et al. (1978). 
They reported that dream disturbances occurred in at least one-third of all pa­
tients taking levodopa for 2 years or longer. They classified these dream dis­
turbances as vivid dreams, night terrors, and nightmares (MosKowrrz et al. 
1978; SHARF et al. 1978). 

The levodopa-induced dreams were qualitatively vivid, seemingly real, 
temporally condensed, and internally organized and coherent. While often af­
fectively neutral, with a frequent theme of persons and events from the 
dreamer's remote past, these dreams are qualitatively different from the pa­
tient's previous dream experiences, and were by far the commonest type of le­
vodopa-induced dreams. 

In contrast, night terrors were reported by other members of the family, 
since patients are always amnesic during these experiences. The patient typi­
cally screams, calls out, and thrashes during sleep. Patients might awaken 
screaming, yet forget why they screamed or woke up. Approximately 5 % of pa­
tients receiving chronic levodopa therapy had such experiences. 

Classic nightmares - frightening, often paranoid, and, like the vivid 
dreams described, considered by patients to be distinctly different from other 
dreams - affected approximately 5 % of patients on chronic levodopa the­
rapy. 

Approximately one-half of the patients on levodopa for 2 years or more 
were found to manifest hallucinations (MOSKOWITZ et al. 1978; SWEET et al. 
1976). Hallucinatory phenomena are usually stereotyped in each patient; they 
are often nocturnal, nonthreatening, and recurrent. The hallucinations are 
predominantly visual (at times with a secondary auditory component) and are 
superimposed on a clear sensorium. They usually conform to boundaries im­
posed by actual concurrent sensory input, and often concern individuals and 
experiences that were significant in the patient's past. At times, the hallucina­
tions blend indistinguishably with dream phenomena possessing similar 
themes. At least two-thirds of the patients reporting these hallucinations also 
have levodopa-induced dream disturbances. 

After years of these phenomena, patients who have hallucinations and 
dream disturbances can progress to overt psychosis. This psychosis is most 
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commonly paranoid in nature. In fact, all of the aforementioned mental alte­
rations may be characterized as a pure paranoid delusional system superim­
posed on a clear sensorium, with no other qualities of thought disorder. A rare 
patient will develop a full-blown schizophreniform psychosis or will progress 
from paranoid psychosis to a confusional toxic psychosis. This is most often 
preceded by a stage consisting of paranoid nonconfusional psychosis. 

MOSKOWITZ et al. (1978) felt that their data suggested a progression of me­
dication-induced psychiatric symptomatology, from sleep disruptions, to strik­
ing dreams, to dreams and hallucinatory experiences, to a pure paranoid delu­
sional system, and finally, to a confusional state superimposed on the rest. 
The actual onset of psychiatric symptoms varies from insidious to acute, and 
although it is occasionally triggered by an increase in levodopa dosage, it is 
not usually associated with any alteration in maintenance therapy. 

The sleep abnormalities seen in parkinsonian patients during chronic le­
vodopa therapy were first well described by NAUSIEDA et al. (1982, 1984). They 
found that sleep disruption was a common complaint in levodopa-treated par­
kinsonian patients. This conclusion was based on a survey of 100 parkinso­
nian patients which revealed prominent sleep complaints in 74. Sleep com­
plaints were unrelated to age and the duration of disease, but increased in 
prevalence with longer periods of levodopa therapy. Seven different sleep ab­
normalities were documented in patients receiving chronic levodopa: (1) in­
ability to initiate sleep, (2) difficulty in maintaining sleep; (3) excessive day­
time sleepiness; (4) vivid dreams or nightmares; (5) nocturnal vocalizations; 
(6) nocturnal myoclonus; and (7) somnambulism. Of these, the most proment 
complaint was that of disrupted sleep. In these patients, falling asleep is 
achieved without difficulty, but is followed by frequent nocturnal awakenings, 
with inability to get back to sleep. Total sleep time in 24 h is usually adequate 
because of some degree of daytime hypersomnia. These symptoms generally 
preceded the onset of other sleep abnormalities. The sleep abnormalities 
tended to increase in severity with continued treatment, and insomnia tended 
to be followed by daytime somnolence, altered dream events, and episodic 
nocturnal vocalization and myoclonus. While dyskinetic side effects and on­
off syndrome were encountered in patients with and without sleep complaints, 
98 % of patients experiencing psychiatric side effects also reported sleep dis­
ruption. NAUSIEDA et al. (1982) felt that the sleep-related symptoms consti­
tuted an early stage of levodopa-induced dopaminergic psychiatric toxicity in 
the parkinsonian population and suggested that serotonergic mechanisms 
were important in the pathophysiology of this symptom complex (NAUSIEDA et 
al. 1982). 

Some practical observations on the treatment of levodopa-induced sleep 
disruption should be mentioned. Patients with recent onset of sleep fragmen­
tation and altered dreaming often benefit from an alteration in levodopa do­
sage and avoidance of administration later than 6 or 7 p.m. Moving the last 
dose to an earlier time of evening frequently improves sleep complaints for a 
number of months with a no significant increase in functional disability from 
parkinsonian symptoms. In many patients with isolated complaints of sleep 
fragmentation, amitriptyline (25 mg at bedtime) is effective at consolidating 
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nocturnal sleep, and the response is not restricted to patients with obvious de­
pression. Usually, the improvement in sleep is quite prompt and is noticed in 
1-2 days. As noted previously, patients with altered dream content, nocturnal 
vocalizations, or myoclonus are often adversely affected by this form of treat­
ment, and we no longer advise using amitriptyline in patients with these com­
plaints. The use of benzodiazepines or antihistaminic anticholinergics to im­
prove sleep has been of little or no efficacy in our experience and seems to 
potentiate nocturnal episodes of confusion in many patients. While slow wave 
sleep nightmares have been reported to respond to low doses of diazepam, par­
kinsonian patients with this complaint do not appear to have the same re­
sponse (NAUSIEDA et al. 1982). In situations in which sleep disruption be­
comes a major problem in therapy, drug holidays are usually helpful in 
reestablishing more restorative, consolidated sleep. Monitoring of patients' 
sleep-wake behavior and reinstituting dopaminergic medications when noc­
turnal sleep becomes consolidated have proven to be useful means of deciding 
when medications should be restarted. 

A serotonergic basis for levodopa-induced psychosis has been raised by 
other investigators on the basis of postmortem neurochemical studies of pa­
tients with this side effect, which demonstrated significantly lowered levels of 
serotonin in the brain stem (BIRKMAYER et al. 1974; BIRKMAYER and RIEDERER 
1975). It had been suggested that L-tryptophan might improve psychiatric 
symptoms in patients receiving levodopa, though the results of such treatment 
were not conclusive (MILLER and NIEBURG 1974; BEASLEY et al. 1980). In the 
study by NAUSIEDA et al. (1982), hallucinosis appeared to correlate well with 
the appearance of myoclonic activity on polysomnograms. The myoclonic dis­
order in levodopa-treated patients has been found to respond to the adminis­
tration of me thy sergi de (KLAWANS et al. 1975) and the authors noted exacerba­
tion of myoclonic activity in parkinsonian patients treated with amitriptyline, 
a central serotonin reuptake inhibitor. Myoclonus has also been reported in 
patients with Down's syndrome receiving L-5-HT (COLEMAN 1971). These ob­
servations raised the possibility that overactivity in a central serotonergic sys­
tem mediates myoclonus in some settings, and may underlie myoclonus in 
parkinsonian patients receiving levodopa chronically. 

Data indicate that the acute administration of levodopa reduces brain 
stem serotonin levels by competing with tryptophan for uptake at the blood­
brain barrier (SCHANBERG 1963), inhibiting tryptophan hydroxylase (BARTHO­
LINI et al. 1970), and replacing serotonin in presynaptic storage sites (NG et al. 
1970). In humans, chronic levodopa treatment reduces plasma levels of tryp­
tophan (LEHMANN 1973), which would reduce central serotonin levels (MOIR 
and ECCLESTON 1968). Clinically, insomnia that accompanies early levodopa 
therapy responds to the administration of amitriptyline, while the same treat­
ment in patients with complaints of nightmares or myoclonic movements pa­
radoxically worsens the complaints and may induce overt hallucinosis or wak­
ing myoclonic movements (NAuSIEDA et al. 1982). It may be that this 
divergent response to amitriptyline (a central serotonin reuptake blocker) is 
related to a changing response to serotonergic potentiation over time. Such an 
explanation may also clarify the high frequency of sleep complaints and previ-
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ously noted high frequency of psychiatric toxicity reactions in patients receiv­
ing bromocriptine for parkinsonism (PARKES et al. 1976; LIEBERMAN et al. 
1976), since bromocriptine is thought to be a central serotonergic agonist as 
well as a direct dopaminergic agonist (CORREDI et al. 1975). 

In a logical extension to this theory, NAUSIEDA et al. (1983) attempted to 
use the central serotonergic antagonists methysergide and cyprohepine in the 
treatment of levodopa-induced psychiatric reactions. They found that methys­
ergide reduced hallucinations in a significant percentage of patients with levo­
dopa-induced psychiatric side effects. In general, their results were similar to 
those reported previously for L-tryptophan treatment in that patients with re­
cent onset of mental symptoms were more likely to respond to therapy (BIRK­
MAYER and NEUMAYER 1972; COPPEN and METCALFE 1972; MILLER and NIE­
BERG 1974; SWEET et al. 1976). Since L-tryptophan and methysergide are felt to 
exert opposing effects on central serotonergic activity, this finding would ap­
pear to be inexplicable and contradictory. This contradiction may be more ap­
parent than real. While considerable data exist to support the belief that the 
acute or short-term administration of levodopa results in a decrease in central 
serotonin levels, the consequences of this alteration in central serotonin levels 
have not specifically been studied. The finding of elevated 5-HIAA levels in 
patients with low central levels of serotonin suggests that an acceleration of 
serotonin synthesis may be partially compensatory (BIRKMAYER et al. 1974). 
Another mechanism may involve postsynaptic sensitization of serotonin re­
ceptors, an event that is reported to follow chronic blockade by methysergide 
(KLAWANS et al. 1977). The appearance in patients with levodopa-induced 
thought disorders of a myoclonic movement disorder that is responsive to me­
thysergide suggests overactivity in a central serotonergic system following 
chronic levodopa administration, and supports such a hypothesis. The role of 
either serotonin precursors or serotonin antagonists in the management of 
these disorders remains unproven. 

D. Drug-Induced Hallucinatory Syndromes 

Levodopa is not the only agent that can cause psychiatric problems in parkin­
sonian patients. It is well known that both aminergic and anticholinergic 
drugs can induce hallucinations in nonparkinsonian patients, and parkinso­
nian patients are chronically exposed to both classes of drug as part of their 
therapy; separate types of (nonpsychiatric) hallucinatory syndromes occur: (1) 
the toxic delirium of anticholinergic overdosage, and (2) hallucinations in the 
presence of a clear sensorium. 

I. Anticholinergic Delirium 

The toxic delirium produced by anticholinergic drugs is a symptom of overdo­
sage and does not necessarily relate to duration of therapy. This differs from 
hallucinations produced by levodopa, which appear to be the result of chronic 
exposure (MOSKOWITZ et al. 1978; NAUSIEDA et al. 1982). Different patients 
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have different sensitivities to the central effects of anticholinergic agents, and 
elderly persons and persons with preexisting cognitive deficits are more likely 
to have symptoms of toxicity at "therapeutic" doses. 

The hallucinations accompanying this syndrome are typically vague and 
disturbing. Visual hallucinations predominate, and these are often poorly 
formed, described as dark spots or crawling insects. Auditory or olfactory hal­
lucinations are uncommon, but a tactile component of the hallucination may 
also occur. Patients with this syndrome have a toxic delirium, with prominent 
memory loss, disorientation, and confusion. Speech and behavior may be 
highly inappropriate; fearfulness, agitation, and combativeness are common. 
Characteristic autonomic signs of anticholinergic toxicity include tachy­
cardia; intestinal ileus; urinary retention; mydriasis; anhidrosis with tempera­
ture elevation; flushed, dry skin; and decreased salivation. In severe cases, 
complete cardiovascular collapse may follow. In most cases, discontinuation 
of anticholinergics and supportive care will avoid this outcome. While some 
investigators have reported good response to the cautious administration of 
intravenous physostigmine, a centrally active cholinesterase inhibitor, in anti­
cholinergic overdosage (BURKS et al. 1974; DUVOISIN and KATZ 1968; GRA­
NACHER and BALDESSARINI 1975, 1916; HOLINGER and KLAWANS 1976), this 
therapy should be reserved for the most severely affected patients, since it has 
its own potential morbidity, and should be given only in an intensive care 
unit. 

II. Hallucinations with a Clear Sensorium 

GOETZ et al. (1982) evaluated the clinical pharmacology of these hallucina­
tions in 20 hallucinating patients with Parkinson's disease. They found that 
identical hallucinations occurred after the addition or increase of either a 
dopaminergic or an anticholinergic drug. Moreover, hallucinations resolved 
after withdrawal of either pharmacologic class of agent. They suggested that a 
common pathophysiologic mechanism is triggered by either of these neuro­
transmitter changes. 

TANNER et al. (1983) evaluated the relationship of cumulative drug dose, 
type of antiparkinsonian therapy, degrees of disability, and presence of de­
mentia or depression to the development of hallucinations in patients with 
idiopathic Parkinson's disease receiving treatment with levodopa alone or 
with other drugs. Of 775 parkinsonian outpatients, 257 (33 %) experienced 
hallucinations at some time during their treatment. Purely visual phenomena 
or visual phenomena plus a second sensory sensation comprised 97 % of the 
hallucinations. The commonest visual phenomena were people and animals. 
Hallucinations were nonthreatening in 97 %, and occurred in a clear senso­
rium, without an associated confusional state, in 86 %. Hallucinations were 
much more likely to occur after many years of treatment, with only 13 % oc­
curring within 2 years of beginning levodopa, and 30 % within 5 years. When 
90 hallucinators were compared with 90 age and sex-matched nonhallucinat­
ing parkinsonian patients, no significant difference in age, sex, or Hoehn­
Yahr stage was observed between hallucinators and controls. Neither cumula-



566 H. L. KLAWANS and C. M. TANNER 

tive does nor duration of levodopa, amantadine, or dopaminergic agonists 
distinguished hallucinators from nonhallucinators, but the mean cumulative 
dose of anticholinergic drugs was greater in hallucinators (6.5 mg years benz­
tropine equivalent vs 4.7 mg years benztropine equivalent in nonhallucina­
tors; P < 0.02). The prevalence of dyskinesias and of depression were similar 
in hallucinators and nonhallucinators. In contrast, 17 % of hallucinators had 
clinically significant dementia at the onset of their first hallucination, and 
27 % were demented 2 years after their first hallucination, while no nonhallu­
cinators developed dementia. 

WILSON et al. (1986) performed psychometric tests in three groups of Par­
kinson's disease patients: those who were currently hallucinating; those who 
had hallucinated in the past, but were no longer hallucinating; and those who 
had never hallucinated. Patients with significant dementia were excluded. Pa­
tients who were currently hallucinating had significantly poorer cognition 
than either nonhallucinators or former hallucinators, while former hallucina­
tors were not different from those who had never hallucinated. These results 
demonstrate that hallucinations and the cognitive disability that accompanies 
them can be transient and reversible. Hallucinations by themselves do not im­
ply a progressive dementing process. 

Some patients with hallucination have this symptom as an isolated pheno­
menon for years, but such hallucinations are due to a drug-induced alteration 
in central nervous system function. However, in another group of patients, the 
hallucinations may be followed by more disabling psychiatric symptoms. For 
this reason, an attempt to treat these phenomena is usually indicated. The 
simplest treatment is reduction of daily drug dosage. In many patients, this 
can be accomplished without a significant reduction in antiparkinsonian effi­
cacy. If the patient is receiving amantadine, the onset of a hallucinatory syn­
drome should prompt a check of renal function. Amantadine is not metabol­
ized, and its clearance is purely renal. Patients with even mild degrees of renal 
impairment may develop high blood levels of amantadine and subsequent hal­
lucinations. If the hallucinating patient is receiving an anticholinergic agent, 
tapering this drug over several days may allow resolution of symptoms. 

Similarly, modest reduction in the total daily dose of levodopa or a direct­
acting dopamine agonist will control hallucinations in many patients. Bromo­
criptine is a dopamine receptor agonist that also stimulates serotonin recep­
tors. Bromocriptine is associated with an increased incidence of hallucina­
tion, possibly resulting from its serotonergic activity. This drug's dosage 
should be reduced if patients taking it develop hallucinations. 

E. Treatment of Psychosis 

In general, patients who experience confusion or paranoia are older and more 
likely to have an underlying dementia or a prior history of psychosis. How­
ever, other patients without previous psychiatric disease, increased age, or de­
mentia may follow the typical progression noted by Moskowitz, and proceed 
from nonthreatening to threatening hallucinations after months or years of 
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chronic levodopa therapy. Paranoia is often associated with an hallucinatory 
syndrome (threatening visual hallucinations), but in some patients fixed para­
noid delusions may occur as isolated phenomena, with a clear sensorium, and 
without associated hallucinations. 

Treatment of these drug-induced symptoms is mandatory. If symptoms are 
severe, the patient should be hospitalized immediately. Attempts at reduction 
of drug dosage should then be instituted. Neuroleptic agents are commonly 
used to treat similar psychiatric disorders in nonparkinsonian patients. These 
drugs act to block central dopamine receptors, however, and can produce par­
kinsonism in normal patients. For this reason, phenothiazine compounds (in­
cluding prochlorperazine, chlorpromazine, and fluphenazine) and butyrophe­
nones such as haloperidol should be avoided when possible in psychotic 
parkinsonian patients to avoid aggravation of Parkinson's disease. 

If the patient does not improve by any of these manipulations, levodopa 
should be stopped. Two types of drug holidays have been tried to prevent pro­
gression or to treat such levodopa-induced problems. The first is the formal 
drug holiday, in which a patient is admitted to hospital and levodopa is with­
drawn for at least 5 days or until all mental changes clear. After the holiday, 
the medications are reintroduced slowly. Follow-up studies indicate that after 
the holiday, patients can be maintained on lower doses of medication and 
tend to show enhanced antiparkinsonian efficacy and reduced side effects for 
up to 1 year. The patient can be restarted on half the previous levodopa do­
sage. If this is tolerated well, the dosage can be slowly increased as necessary 
to two-thirds or three-quarters of the previous dosage (WEINER et al. 1980; 
DIRENFELD et al. 1980; KOLLER et al. 1981). 

During the hospitalization, patients usually show a precipitous decline in 
the absence of medication so that physical therapy, respiratory therapy, and 
nursing care are of paramount importance. Because this therapeutic venture is 
not without risk, it is reserved for patients with frank psychosis, or when all 
other therapeutic manipulations have failed. 

A variant of the formal drug holiday is the weekly 2-day holiday, in which 
levodopa is withdrawn at home for 2 days each week. This can be done safely 
in most patients, particularly if amantadine is continued during the 2 "off" 
days, and will usually either reverse the already present psychiatric changes or 
at least prevent progression. In our experience, no patients on the 2-day holi­
day experienced any further progression of side effects, whereas controls 
matched for age, severity and duration of disease, and duration of levodopa 
therapy exhibited progression of the side effects over time in 7-day therapy 
(GOETZ et al. 1981). While the efficacy of any type of drug holiday in parkin­
sonism in controversial, the role in levodopa-direct-acting agonist-induced 
psychosis seems well established (CALNE and RINNE 1986). 

In a few unfortunate patients, disabling psychotic symptoms recur after 
drug holiday. In these patients, symptoms of Parkinson's disease should be 
controlled with the smallest possible number of drugs, and anticholinergic 
drugs and bromocriptine (which is associated with an increased incidence of 
drug-induced hallucinations) should be avoided. Similarly, if patients have 
concomitant renal disease, amantadine should be avoided. If disabling hallu-
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cinations are still present, treatment with one of the neuroleptic agents that is 
not associated with a high incidence of drug-induced parkinsonism may be 
cautiously attemtpted. In the United States, the only such agent available is 
thioridazine, a phenothiazine with high anticholinergic activity. 

F. Aberrant Sexual Behavior 

In the first years of levodopa therapy in Parkinson's disease, much attention 
was given to reports of increased sexual function after the initiation of levo­
dopa therapy. Reports of changes in sexual function were attributed to 
1 %-24 % of all those interviewed (QUINN et al. 1983; BOWERS et al. 1971; 
BROWN et al. 1978). In most cases, the nature of the change reported was cha­
racterized as "increased sexual interest" or "increased libido." Critics of the 
claims for an aphrodisiac effect of levodopa argued that any change in sexual 
interest or performance could be explained on the basis of improved motor 
function with consequent enhanced self-esteem in these patients. Attempts to 
use levodopa in cases of psychogenic impotence in nonparkinsonian men 
were unsuccessful, and interest in the effects of levodopa on sexuality waned. 

QUINN et al. (1983) and TANNER et al. (1986) have described small groups 
of patients receiving chronic anti parkinsonian therapy who developed dis­
abling hypersexuality. Hypersexuality was usually associated with other symp­
toms of levodopa-related psychiatric side effects, including sleep disorders, 
hallucinations and delusions with sexual content, and mild confusion. Reduc­
tion or withdrawal of levodopa resulted in resolution of symptoms. The major­
ity of the cases reported have been men, suggesting that this may reflect a gen­
der-related difference in susceptibility to this side effect. 
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CHAPTER 24 

Intracranial Grafts for the Treatment 
of Parkinson's Disease 

A. FINE and H. A. ROBERTSON 

A. Introduction 

Current treatment for Parkinson's disease is palliative. The development of 
unacceptable side effects invariably limits drug therapy. Ideally, we seek to 
prevent the disease, and, in those patients already afflicted, to halt its progres­
sion and restore normal function. Progress in preventing or arresting the dis­
ease is considered elsewhere in this volume. Here, we evaluate one experi­
mental strategy for restoring normal movement: replacing the dopaminergic 
nigrostriatal and mesolimbic projections that have degenerated in Parkinson's 
disease by transplantation of dopaminergic cells to the parkinsonian brain. 

Parkinson's disease is well suited to the application of neural grafts. It re­
sults from the degeneration of a discrete population of neurochemically ho­
mogeneous cells. There is an age-dependent reduction in brain levels of dop­
amine and in numbers of dopaminergic cells, but clinical symptoms of 
Parkinson's disease appear only when dopamine depletion exceeds about 80 % 
(RIEDERER and WUKETICH 1976) and cell loss exceeds about 50 % (MCGEER et 
al. 1977). We might expect partial recovery, therefore, following even the par­
tial replacement of this one population of dopaminergic cells. If the grafted 
dopaminergic neurons were placed in the substantia nigra, their axons would 
then have to grow forward and innervate their targets in the basal ganglia. Un­
fortunately, nerve fibres do not readily grow over such long distances in the 
adult brain, and dopaminergic grafts to the degenerated substantia nigra are 
ineffective in experimental parkinsonism (DUNNETT et al. 1983). However, it is 
known that systemic administration of bromocriptine and related dopaminer­
gic agonists can ameliorate experimental parkinsonism in rats, as may infu­
sion of dopamine directly into the striatum (STROMBERG et al. 1985). Thus, 
dopamine may function in the extrapyramidal system, at least in part, in a hu­
moral manner, without requiring specific, point-to-point connections. This 
may account for the ability of dopaminergic tissue to ameliorate parkinsonian 
symptoms when grafted adjacent to the striatum, within the lateral ventricles 
(PERLOW et al. 1979). 

Consideration of the site for transplants must also include discussion of 
the role of the dopamine cells in the substantia nigra. Current indications are 
that placing dopaminergic grafts in the substantia nigra is without effect 
(DUNNETT et al. 1983). However, there is convincing evidence that the dop­
amine neurons in the substantia nigra pars compacta release dopamine not 
only from their axon terminals in the basal ganglia, but also from their den-
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drites within the substantia nigra pars reticulata (CHERAMY et al. 1981). This 
intranigral dopamine release may play an important role in the flow of infor­
mation through the basal ganglia (CHERAMY et al. 1981; GAUCHY et al. 1987; 
TRUGMAN and WOOTEN 1987; ROBERTSON and ROBERTSON 1987a, b). It is pos­
sible, therefore, that better effects might be had by transplanting dopamine­
secreting neurons into both the basal ganglia and the substantia nigra. 

Autografts of adrenal medullary tissue for the treatment of Parkinson's 
disease are in clinical trial in a number of centres around the world; work on 
foetal neuronal grafts has just begun. Definitive results of these trials are not 
yet available. Thus we can only review in a critical fashion the available data, 
calling attention to the problems that remain. One of these problems is to 
identify the best source of tissue for transplantation. A second problem is to 
identify the optimal placement for the grafts. Most grafts of adrenal tissue 
have been placed in the caudate nucleus. However, there are indications that 
the putamen is more important than the caudate nucleus for regulation of 
movement (BERNHEIMER et al. 1973; GOLDMAN and NAUTA 1977; SELEMAN and 
GOLDMAN-RAKIC 1985; MITCHELL et al. 1986). The extensive studies on rats do 
not address this problem, as the rat has a fused caudate-putamen. Further­
more, the effects of dopaminergic grafts may not all be attributable to the re­
lease of dopamine. Other transmitters or as yet unidentified trophic factors re­
leased by the grafts may aid in restoring defective neurotransmission or may 
promote regeneration of damaged nerve fibres. A number of collections or re­
views dealing with various aspects of neural transmission have been published 
(BJORKLUND and STENEVI 1985; FINE 1986; AzMmA and BJORKLUND 1987). 

B. Sources of Dopamine-Secreting Cells 

It has long been known that grafts of skin or tumour tissue can survive for pro­
longed periods in the brain, even in an animal which quickly rejects similar 
grafts to the skin. The specialized blood vessels that constitute the "blood­
brain barrier" and the relative lack of lymph nodes and lymphatic vessels all 
limit access of the immune system to antigens within the brain. Foetal neu­
rons are essentially devoid of the major histocompatibility antigens that dis­
tinguish one individual's cells from another's. Together, these factors may ac­
count for the prolonged and apparently unlimited survival of foetal neurons 
transplanted to the brain of unrelated conspecifics. The antigens that distin­
guish cells from different species, however, are present on fetal neurons, and 
xenografts (grafts from another species) are generally rejected unless the reci­
pient is immunosuppressed. 

The most biologically appropriate source of dopaminergic cells for trans­
plantation is the foetal ventral mesencephalon, wherein the dopaminergic 
cells of the substantia nigra and the ventral tegmental area arise. Several tech­
niques have been used for neuronal transplantation. Solid pieces of embry­
onic brain tissue have been introduced directly into the host brain, into a pre­
pared cavity or into the cerebral ventricles. Alternatively, the cells in the 
tissue pieces can be dissociated and then injected as a suspension directly 
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into the brain parenchyma. This latter technique has many advantages and, in 
our view, is the method of choice for studies of functional restitution or for 
therapeutic use. 

The adrenal medulla may be a useful alternative source of dopaminergic 
cells for transplantation. The normal adrenal medulla synthesizes dopamine 
in larve amounts as a precursor to adrenaline. Adrenal chromaffin cells are of 
neuroectodermal origin and, in the presence of glucocorticoids from the 
adrenal cortex, express an endocrine phenotype which includes production of 
the enzyme phenylethanolamine-N-methyl transferase (PNMn that converts 
noradrenaline to adrenaline. In the absence of a source of glucocorticoids and 
in the presence of nerve growth factor, they develop axons, cease production 
of PNMT, and therefore secrete dopamine and noradrenaline, but not adrena­
line (UNSICKER et al. 1980). Adrenal medullary allografts were introduced by 
FREED et al. (1981) and shown to reverse the effects of 6-hydroxydopamine 
(6-0HDA) lesions in the rat. It was thought that similar autografts in Parkin­
son's disease patients would avoid possible problems of rejection as well as 
ethical objections anticipated in the use of foetal tissue. Several assumptions 
implicit here may be false. First, the phenotypic plasticity of adrenal medul­
lary cells may diminish with age (TISCHLER and GREENE 1980); since Parkin­
son's disease is in general a disease of the elderly, it is not clear that adrenal 
autografts from these patients will be useful. Second, it is possible that the 
disease process will have damaged the adrenal medulla cells as well. For ex­
ample, experimental Parkinson's disease induced in monkeys by the drug 
MPTP (1-methyl-4-phenyl-l,2,3 ,6-tetrahydropyridine) affects the adrenal 
glands as well as the brain (FINE et al. 1985). 

C. Neural and Adrenal Grafts in Animal Models 
of Parkinson's Disease 

Animal models of Parkinson's disease generally involve destruction of the 
dopaminergic projections from the substantia nigra and ventral tegmental 
area to the striatum and/or limbic forebrain. The two models most widely 
used are the rat rotational model (UNGERSTEDT 1971) and the MPTP-treated 
primate (BURNS et al. 1983). Rotation in the rat provides a quantitative mea­
sure, but the neuroanatomy of the rodent striatum is significantly different 
from that of other mammals, including primates. Thus, for example, the cau­
date nucleus and putamen form a single continuous structure in rodents, so 
that a comparison of the effects of caudate grafts with putamen grafts is not 
possible. On the other hand, whereas brain structure in monkeys closely re­
sembles that in the human, quantitative assessment of parkinsonism and re­
covery from parkinsonism is difficult. Both these models have important roles 
in developing transplantation techniques. 
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I. Studies in the Rat 

The rat rotational model takes advantage of the bilateral nature of the nigro­
striatal system. The neurotoxin is injected into the substantia nigra, the as­
cending dopaminergic fibre pathway, or the striatum on one side of the brain, 
selectively destroying the dopaminergic cells, fibres or terminals. As a result, 
postsynaptic neurons in the regions to which the nigra projects (the caudate 
nucleus-putamen) then become supersensitive to dopamine. When such an 
animal is challenged with a dopamine agonist such as apomorphine or bromo­
criptine, motor output is preferentially affected on the supersensitive side of 
the brain, leading to asymmetric movement (rotation). The extent of the dop­
aminergic lesion and the efficacy of a transplant in restoring function can 
then be assessed quantitatively by simply measuring rotation. Unilaterally le­
sioned rats also exhibit asymmetric body posture, contralateral sensory inat­
tention and bradykinesia. Bilateral 6-0HDA lesions produce a marked beha­
vioural loss of responsiveness which includes akinesia, bilateral sensory 
inattention and a hunched posture. Furthermore, bilaterally lesioned animals 
may not eat, drink or groom themselves. 

The first demonstrations of functional effects of intracerebral neural grafts 
were made in 1979 (PERLOW et al. 1979; BJORKLUND and STENEVI 1979) and 
this finding has now been repeated in dozens of laboratories. Appropriately 
placed grafts of dopaminergic tissue from rat foetal ventral mesencephalon 
have been found to ameliorate all aspects of this dopamine deficiency syn­
drome with the exception of the adipsia and aphagia (BJORKLUND et al. 1987). 

This is in many ways an unexpected result. After all, the dopamine neu­
rons are being grafted ectopically, not in the substantia nigra, but in the stria­
tum. The mechanisms by which nigral grafts may exert their functional effects 
have been recently reviewed (BJORKLUND et al. 1987). Because both adrenal 
medullary grafts (FREED et al. 1981) and nigral grafts (PERLOW et al. 1979) 
placed in a cortical cavity above the denervated striatum can restore impaired 
behaviours, it is likely that diffuse, humoral release of dopamine from the 
grafts accounts for at least some of their effects. Moreover, diffusion of dop­
amine into the denervated striatum from a dialysis probe over a 2-week period 
leads to a reduction in apomorphine-induced turning (STROMBERG et al. 
1985), presumably reflecting reduced supersensitivity of the denervated dop­
amine receptors. Other graft-mediated effects appear to depend on growth of 
dopamine fibres into the host striatum, where transmitter can be released in 
close proximity to deafferentated cells. Since effects on motor asymmetry, 
sensory deficits or akinesia are seen with localized grafts only in certain re­
gions of the striatum (BJORKLUND et al. 1980, 1983 and DUNNETT et al. 1981; 
BJORKLUND et al. 1987), it is possible that reciprocal connections contribute to 
the functional effects of these grafts. 

Such connections have been observed in electron micrographs. FREUND et 
al. (1985) were able to show that grafts of dopaminergic neurons form abun­
dant symmetric synapses with neurons of the host striatum. Up to 90 % of 
these are on dendritic shafts or spines, with the remainder on the cell bodies. 
Synapses are formed with two principal types of neurons: the medium spiny 
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cells which are presumably descending projection neurons, constituting about 
95 % of the striatal neurons; and the giant neurons that constitute 1 % of the 
neurons in the striatum and are probably cholinergic intemeurons (BRODAL 
1983). The synapses on the dendritic spines appear normal while those on the 
giant cell bodies form dense pericellular "baskets" around the cells. This sort 
of arrangement appears to be abnormal, and unique to graft-derived inputs. 
FREUND et al. (1985) have suggested that the grafts function by providing pow­
erful inhibition of the cholinergic intemeurons in the host striatum. In a fur­
ther study using electron microscopic (EM) immunocytochemistry, BOLAM et 
al. (1987) implanted grafts into a cortical cavity and studied the reinnervation 
of host striatum. Five distinct types of boutons contacting the tyrosine hy­
droxylase(TH)-positive graft neurons were distinguished based on their im­
munocytochemistry, morphology or membrane specialization. One was itself 
TH-positive; this type of connection was not seen in the contralateral substan­
tia nigra nor in substantia nigra of a control rat. Three of the bouton types had 
ultrastructural properties which suggested either GABA-containing or sub­
stance P-containing neurons, resembling normal striatonigral connections. 

In addition to structural evidence for the functioning of the grafted dop­
aminergic neurons, there is also some electrophysiological evidence. STROM­
BERG et al. (1985) measured sensitivity to locally applied phencyclidine (an in­
direct dopamine agonist) and spontaneous neuronal discharge rate, in 
dopaminergic-deafferentated striatum with foetal nigral grafts. In this study, 
"distal neurons" (those > 2.0 mm from the nigral graft) fired at an average 
rate of 13.4 Hz and were relatively insensitive to the effects of locally ionto­
phoresed phencyclidine, whereas "proximal neurons" « 1.0 mm from the 
graft) fired at a lower rate (4.9 Hz) and were sensitive to the effects of phen­
cyclidine. These findings support the presence of functional synaptic contacts 
as suggested by EM immunocytochemistry. 

Recent experiments have suggested another important mechanism by 
which adtenal medullary grafts might produce recovery from loss of dopamine 
function in the striatum. BOHN et al. (1987) transplanted adrenal medullary 
tissue unilaterally into mice previously treated with MPTP (a treatment pro­
ducing almost total loss ofTH-immunoreactive fibres in the striatum). Dense 
TH-immunoreactive fibres were seen in the grafted striatum, while only sparse 
fibres were seen on the ungrafted side. Surprisingly, the fibres appeared to de­
rive from host, not graft, neurons. This would suggest that, at least in mice, 
grafted adrenal medullary tissue can exert neurotrophic effects on the host 
brain, enhancing recovery and growth into the striatum of the host's own dam­
aged dopaminergic neurons. However, these results must not be overex­
tended. While the effects of MPTP in humans resemble very closely the pa­
thology of Parkinson's disease, in mice fibres are damaged, but cell bodies 
survive (LANGSTON et al. 1983; HEIKKILA et al. 1984). Thus, before it can be 
concluded that this is a likely mechanism in humans, further studies must be 
carried out in primates. 

While loss of dopaminergic innervation of the striatum is associated prin­
cipally with postural abnormalities, abnormalities of exploratory behaviour 
and locomotion appear to be associated more with dopamine depletion in the 
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nucleus accumbens septL Thus, grafting of foetal dopaminergic neurons to 
the nucleus accumbens restored amphetamine- and apomorphine-induced lo­
comotion to normal (NADAUD et al. 1984; BRUNDIN et al. 1987). These results 
support the notion that postural and locomotor deficits are caused by dopa­
mine depletion of different parts of the striatal complex and that grafts may 
need to be placed in multiple sites to produce complete recovery. 

Cross-species neural grafts may survive in some cases (Low et al. 1985) 
and can be maintained indefinitely with immunosuppression (BRUNDIN et al. 
1985). KAMO et al. (1986) showed that grafts of foetal human sympathetic neu­
rons (from 8- to II-week foetal paravertebral sympathetic ganglion cultured 
for between 3 weeks and 3 months) were able to decrease amphetamine-in­
duced turning in rats by 70 %-92 %. These effects correlated well with the 
numbers of TH-positive cells in the grafts, and the effects persisted in four of 
six animals for 4Yz months. This study was carried out without immunosup­
pression, which may reflect shedding of antigens in tissue culture. Tissue cul­
ture of neurons before transplantation may offer other possible advantages, for 
example selection for a particular type of neuron (e.g. dopaminergic). 

BRuNDIN et al. (1986) transplanted human foetal ventral mesencephalon to 
6-0HDA-lesioned, immunosuppressed rats and were able to determine that, 
at least in rats, only 9-week gestation material successfully reversed amphet­
amine-induced turning. By contrast, grafts from 11- to 19-week-old donors 
contained few or no dopamine neurons and were without effect on ampheta­
mine-induced turning. Similar results were obtained by STROMBERG et al. 
(1986), although these workers also reported some success with material from 
12-week foetuses. 

II. Studies in Primates 

Despite the fact that a substantial number of human adrenal medulla tissue 
autografts have been carried out in patients with Parkinson's disease (at least 
80 such procedures have been performed worldwide as of January, 1988), 
there has at the time of writing been only one published report of adrenal me­
dulla autografts in primate brain (MORIHISA et al. 1987). In this brief report, 
seven mature male rhesus monkeys (Macaca mulatta) were lesioned unilater­
ally with 6-0HDA. After 2 months, two animals received foetal nigral grafts 
and five received adrenal medulla autografts. After 3 months, the animals 
were killed and histology carried out. While the nigral grafts did not survive, 
the adrenal grafts did. However, the number of cells surviving in the adrenal 
grafts was very low and no behavioural effects were observed. 

The situation with respect to foetal neuronal grafts is only marginally bet­
ter: we are at this time aware of only very few published reports concerning 
foetal neuronal transplants in monkeys (REDMOND et al. 1986; BAKAY et al. 
1987; SLADEK et al. 1987; FINE et al. 1988). In the first of these studies (RED­
MOND et al. 1986), five adult male African green monkeys (Cercopithecus aeth­
iops sabaeus), given 0.25-0.40 mg/kg MPTP, Lm., four or five times over 
5 days, were compared with six untreated control monkeys in biochemical 
studies. Three monkeys treated with 0.4 mg/kg MPTP (given six times over a 
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5-day period) served as hosts for foetal neural transplants; six monkeys treated 
with 0.25-0.4 mg/kg MPTP over 5 days were used for behavioural or anatomi­
cal experimentation. For the transplants, 1-mm3 blocks of foetal ventral mes­
encephalon tissue were transplanted stereotactically into the three monkeys 
3-4 weeks after MPTP treatment. In two monkeys the grafts were made to the 
caudate nucleus, while in the third "control" monkey earlier-gestational foetal 
ventral mesencephalon tissue was transplanted to the cingulate cortex, hypo­
thalamic tissue was transplanted into the left striatum and pontine tissue was 
transplanted to the right striatum. 

The two monkeys with caudate nucleus grafts showed improvement in a 
subjective parkinsonian rating as early as 2 days after surgery, whereas the 
"control" monkey with grafts from various places implanted in various places 
appeared to improve briefly after surgery before declining to the level of 
MPTP-only monkeys. Improvement in the two monkeys with "appropriate" 
grafts could conceivably have reflected graft-derived reinnervation of the cau­
date, but it is highly unlikely that this could account for the extremely rapid 
onset of improvements. Alternatively, the grafts or some aspect of the surgical 
procedure may have influenced surviving elements of the hosts' dopaminergic 
system, perhaps by expressing or inducing some trophic factor, as suggested 
by the same group on the basis of observations in rats (BOHN et al. 1987). In 
addition, it is important to note that in these studies insufficient time was al­
lowed between MPTP administration and transplantation to rule out spon­
taneous recovery. By comparing the data in REDMOND et al. (1986) with that 
in SLADEK et al. (1987), it is possible to see that the monkey that improved the 
most also started with fewer behavioural deficits (cf. Fig. 1 in Redmond et al. 
1986 with Fig. 10 in SLADEK et al. 1987; monkeys A, Band C in the former pa­
per appear to be the same as monkeys S092, S054 and S114 in the latter). 
Among the more disturbing aspects of these reports (REDMOND et al. 1986; 
SLADEK et al. 1987) is the fact that most of the TH-positive cells depicted in 
the composite drawings of the grafted monkeys' striata almost certainly corre­
spond to intrinsic TH-positive cells seen in the striata of ungrafted, normal 
Old-World monkeys (DUBACH et al. 1987). 

BAKAY et al. (1987) studied 8 rhesus monkeys that had received MPTP (at 
least 0.33 mg kg-1day-l Lv. for 5 days as described by BURNS et al. (1983). The 
behaviour of the MPTP-treated monkeys was monitored for at least 2 months 
after the final dose of MPTP. Nontransplanted animals with parkinsonian 
symptoms served as controls to ensure that spontaneous recovery did not oc­
cur. If animals showed recovery, more MPTP was administered and followed 
by a further 2 months of behavioural observation. As severe Parkinson-like 
symptoms developed, the animals were maintained on L-dopa and carbidopa, 
but were withdrawn for behavioural observation. Three animals received grafts 
of foetal ventral mesencephalon tissue. After the transplantation procedure, 
BAKAY et al. (1987) concluded, on the basis of video-recorded home cage ac­
tivity, that all three monkeys exhibited some degree of functional recovery. 
Unfortunately, the number of animals was too small to permit statistical eval­
uation. After 2 months, when the manuscript was written, there was some in­
dication that the behavioural effect was decreasing. However, in two of these 
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animals, CSF levels of dopamine and L-dopa were substantially increased af­
ter transplantation. 

FINE et al. (1988) rendered ten common marmosets (Callithrix jacchus jac­
chus) parkinsonian with intraperitoneal injections of MPTP. These animals as 
well as eight untreated controls were observed over periods of 3-5 months be­
fore transplantation. This important procedure was required because MPTP­
treated animals recovered partially over 4-10 weeks, but remained unchanged 
thereafter. Once animals stabilized, they received either control grafts (from 
the striatal eminence) or dopaminergic grafts (from the ventral mesence­
phalon) from unrelated foetuses of embryonic age 60-80 days (marmoset ges­
tation is approximately 150 days). In eight cases, transplants were made with 
cell suspensions. In two cases, undissociated tissue fragments were used in­
stead. In this study the putamen was chosen as the site for transplantation on 
the basis of indications that the putamen plays a more important role than the 
caudate in the motor impairments of Parkinson's disease. Four animals re­
ceived unilateral dopaminergic grafts, two received bilateral dopaminergic 
grafts and two received bilateral control grafts. Transplanted and untrans­
planted MPTP-treated marmosets were observed for a further 4-7 months be­
fore being killed. In addition to spontaneous locomotor activity, the motor be­
haviour of the experimental animals and eight normal controls was observed 
following administration of D-amphetamine (0.5 mg/kg Lm.) or L-dopa 
(12.5 mg/kg Lp. in combination with 12.5 mg/kg of the peripheral dopa decar­
boxylase inhibitor benserazide). At postmortem, brains were examined by 
either conventional means (cresyl violet) or immunocytochemical procedures 
for TH, Met-enkephalin, substance P, neuropeptide Y, glutamic acid decar­
boxylase and serotonin. 

Dopaminergic grafts produced a marked improvement, after 1-2 months, 
in spontaneous locomotion and in the response of the marmosets to D-am­
phetamine, indicating that the grafts were functional. In contrast, MPTP­
treated animals with control nondopaminergic grafts or no grafts, but equiva­
lent initial drug-induced hypo activity, showed little or no increase in 
spontaneous locomotion over the subsequent 6-7 months. The improvement 
in locomotor activity associated with the dopaminergic grafts partially sub­
sided over the second half of the survival period. However, postmortem histo­
logy demonstrated the continued viability of the grafts, so that this effect may 
have been due to habituation to the test procedure rather than loss of graft 
function. 

D. Dopaminergic Grafts in Humans 

The first transplantation of dopaminergic cells to the brain of a patient with 
Parkinson's disease was carried out in 1981 in Sweden. By the time this chap­
ter was being written, at least 80 similar operations had been performed in 
Sweden, Mexico, China and the United States. Initial reports of success in the 
operations led the editors of the Lancet (2 May 1985) to conclude there were 
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grounds for "cautious optimism" for the successful application of this new 
treatment. 

The initial trial on two patients was reported by BACKLUND et al. (1985). In 
this first trial, medullary tissue from the patient's own adrenal gland was 
transplanted to a site deep in the caudate nucleus. While no significant dele­
terious effects were observed, the motor symptoms of Parkinson's disease were 
affected only to a slight degree and for only about 10 days. In a subsequent 
study, two patients (aged 46 and 63) received unilateral adrenal autografts to 
the putamen (LINDVALL et al. 1987). The first patient in this study, a 46-year­
old male, showed a transient 2-day improvement in motor performance in the 
limbs contralateral to the transplantation site. This patient also had signifi­
cantly longer periods of normal function for about 2 months. The second pa­
tient, a 63-year-old male, reported minor improvement in balance and gait, 
lasting for about 2 months. Positron emission tomography showed no altera­
tions in D2 dopamine receptor density in the putamen. Electrophysiological 
studies were consistent with increased catecholamine secretion in the basal 
ganglia following transplantation in both patients. The authors concluded that 
transplantation of adrenal tissue to the putamen had transient beneficial ef­
fects in patients with severe Parkinson's disease. No deleterious effects were 
observed in these patients over the 14 months between transplantation and 
the submission of the manuscript. 

The most dramatic effects following autografts of adrenal medullary tissue 
have been claimed by MAnRAZO et al. (1987). Two young patients (35- and 
39~year-old males) received autografts of adrenal medullary tissue into a cav­
ity, approximately 3 x 3 x 3 mm, in the head of one caudate nucleus. Frag­
ments of one adrenal medulla were anchored in the cavity by three or four 
standard stainless steel miniature staples. The graft was thus placed so that 
the grafted tissue was in contact both with the caudate nucleus and with the 
CSF. Improvements in motor impairments were·seen bilaterally, nearly imme­
diately after recovery from surgery. At 5 months after surgery, one patient was 
able to walk and eat without help and "did not require drugs". Rigidity and 
akinesia were "practically absent on both sides", while tremor was dramati­
cally reduced on the right (transplanted side) and slightly reduced on the left 
side; 10 months after transplantation, the patient was "playing soccer with his 
five-year-old son". In the second patient, rigidity and tremor were also abol­
ished. 

This dramatic report has aroused great interest. However, there are a num­
ber of difficulties in interpreting its significance. First, the authors did not 
evaluate their patients by widely accepted, standardized methods before and 
after surgery. The patients were uncharacteristically young for Parkinson's dis­
ease. In the first patient, despite the fact that the graft was placed in the right 
caudate, the greater improvement was in right-side tremor. While MADRAZO et 
al. had operated on 11 patients by the time their article was written, only 2 
were described in their article. Furthermore, 2 of the 11 patients had died, but 
pathological observations were not presented. Thus, we do not know if the 
grafts survived in those cases, or if observed recovery was due to causes unre­
lated to the graft. Unfortunately, CSF levels of catecholamines were not deter­
mined. Clearly, questions concerning this first study remain. 
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Nevertheless, the dramatic claims have led to a veritable epidemic of sub­
sequent adrenal medullary autograft operations for the surgical treatment of 
Parkinson's disease. A voluntary registry of these procedures has been estab­
lished at Emory University, Atlanta, Georgia (R.A.E. BAKAY 1988, personal 
communication). Encouraging results have apparently been obtained in 
several centres in the United States when this operation was performed on 
young, less severely affected Parkinson's disease patients. Improvements have 
been less often obtained with the older and more severely affected, and at 
least four such patients in the United States, as well as one of the two in Me­
xico previously mentioned, have died as a result of the surgery. 

As this chapter was being prepared, a letter from MADRAZO et al. (1988) ap­
peared describing the results of transplantation of "substantia nigra" and 
"adrenal medulla" from a spontaneously aborted 13-week foetus to the cau­
date nucleus in two patients with Parkinson's disease. The two patients were 
evaluated by standardized procedures (video, computed tomographic scan­
ning, electromyography evoked potentials, neuropsychological testing and the 
Unified Parkinsonism Rating Scale, UPRS). One patient, a 50-year-old man 
with Parkinson's disease of 9 years duration, had a UPRS score of 59 while on 
1000 mg of L-dopa plus carbidopa, presumably per day. After transplantation of 
foetal substantia nigra by an approach similar to that ofMADRAZO et al. (1987), 
this patient's UPRS score improved to 45. The second patient was a 35-year­
old woman with a 5-year history of Parkinson's disease and a UPRS score of 
71 while on 750 mg L-dopa plus carbidopa. After surgery and transplantation 
of foetal adrenal medullary tissue, this patient's UPRS score improved to 35. 
(Separating medulla from cortex of a 13-week foetal adrenal rudiment is a re­
markable feat.) These two patients have been maintained on oral cyclosporin 
and prednisone, although in our opinion the survival of foetal neuronal grafts 
in unrelated monkeys renders immunosuppression an unjustified risk to the 
patients. A second unsatisfactory aspect of the procedure described by MA­
DRAZO et al. (1988) in their brief letter was the use of tissue from a spontane­
ously aborted foetus. While this may, to some, circumvent perceived ethical 
problems, it introduces a serious biological problems: spontaneously aborted 
foetuses have generally been dead for some time, and are unlikely to contain 
viable neurons. (The particular spontaneous abortion described by MADRAZO 
et al. apparently was due to cervicouterine incompetence, in which case an 
otherwise normal foetus may have been ejected. Criteria used to establish foe­
tal death were not discussed in their letter.) Appropriate regions of the foetal 
brain, containing viable neurons, can with practice often be identified among 
the foetal fragments collected during abortion by suction curettage (BRUNDIN 
et al. 1986). We believe that, when the abortion is performed for reasons en­
tirely unrelated to any subsequent transplantation procedure, these foetal 
fragments provide an ethically acceptable and biologically superior source of 
tissue for grafting (FINE, 1988). 
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E. Conclusions 

It appears that the motor impairments of Parkinson's disease patients can be 
improved by adrenal or foetal neuronal (ventral mesencephalic) transplants, 
but the effectiveness of these procedures has not yet been conclusively de­
monstrated. The improvements obtained to date do not match the impressive 
results achieved in animal models of the disorder. The adrenalectomy and 
open neurosurgical procedures most widely used are associated with high risk 
of severe complications in older, more profoundly afflicted patients. Direct 
comparisons of adrenal and foetal neuronal grafts in parkinsonian primates 
are under way, and preliminary results indicate the superiority of foetal neu­
ronal grafts (K. BANKIEWICZ, NIH, 1988 personal communication). Better re­
sults may therefore be anticipated with the advent of foetal neuronal trans­
plantation, provided that social objections to this procedure can be overcome. 
Crucial issues, including identification of the optimal donor age, methods of 
tissue collection and implantation, graft placement, and role of trophic fac­
tors, still need to be resolved. For this purpose, considerable additional ani­
mal experimentation, particularly in primates, will be essential. However, it is 
our conclusion that use of these experimental techniques on appropriately se­
lected patients, in the context of carefully designed clinical trials, may now be 
justified. 
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aging 211-212, 214, 216-218, 220, 355 
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akathisia 391,402, 517, 518 
akinesia 581 
allergic skin reactions 497 
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Alzheimer's neurofibrillary tangles 49, 

51 
Alzheimer pathology 59, 91 
Alzheimer score 86 

Alzheimer's disease 59, 60, 74, 78, 228 
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- "Central" side effects 316 
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- CSF levels 314 
- excretion 316 
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- gastrointestinal intolerance 316 
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318 
- psychiatric side effects 316 
- renal clearance 314 
- renal failure 315 
- striatal D2 receptors 313 
- synergistic effect with levodopa 315 
- tachyphylaxis 315 
- tremor 314 
- urinary retention 317 
- with anticholinergics 315 
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amitriptyline 559 
amphetamine 6, 185, 401, 420, 516 
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angiotensin II 115 
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anorexia 476 
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~ drug 546 
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~ mechanism of action 308, 313 
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~ pharmacokinetics 309, 314 
~ pharmacological interactions 310 
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318 
~ side effects 311, 315 
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~ withdrawal 310, 311 
antidepressants 559 
antihistaminics 308 
antihistaminic anticholinergics 563 
anti oxidative therapies 290 
~ buthionine sulfoxine 300 
~ catalase 291 
~ free radicals 291 
~ glutathione 291, 292, 300 
~ lipid peroxidation 291 
~ monoamine oxidase 291 
~ neuromelanin 291, 292 
~ neurotoxins 291 
~ peroxidase 291 
~ superoxide dismutase 291 
antiparkinsonian efficacy 488 
apomorphine 185, 197, 198, 397 
area postrema 392 
"arteriosclerotic" parkinsonism 66 
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assessment, Parkinsons's disease 284, 

285 
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~ dopaminergic function 
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284 
285 
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atropine 307 
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autografts 574 
autonomic failure 250 
autonomic signs 565 
autoradiographic studies 472 
~ whole-body autoradiography 473 
autoreceptors 479 
axonal dystrophy 53 
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baroceptor modulation 522 
basal forebrain 77 
basal ganglia, information flow 128 
~ (see striatum) 
behavioural studies 480 
behavioural supersensitivity 476 
belladonna alkaloids 307 
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benserazide 190, 515 
benzhexol 308, 310 
benzodiazepines 401 
benztropine 307, 310, 545 
binding sites, localizations 126 
binding to serotonin 473 
bioavailability 472 
biperiden 308 
blood-brain barrier 334, 472 
body temperature, the hypothermic effect 

476 
497 
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bolus injection 
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bradyphrenia 77 

52, 57, 67, 90 

brain aging 92 
brain tumors 243 
bromocriptine 212, 332, 356, 444, 446, 

452, 456, 459, 564 
bupropion 215, 559 
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Calcitonin gene-related peptide 115 
carbidopa 190, 446, 515 
carbon disulfide 236 
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carotid body 523 
CAT 79,89 
catechol O-methyltransferase (COMT) 

337 
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- DA (see DA loss, striatal; 

nigrostriatal DA neurons in PD; 
striatum, DA loss in PD) 

caudate, putamen, differences 123 
- - afferents 131 
- - efferents 131 
central adrenolytic activity 475 
central effects 477 
cerebral atrophy 82, 93 
cerebral blood flow 341, 523 
cerebrospinal fluid (CSF) 296, 298 
cerebrovascular disease 482 
cerebrovascular lesions 59 
Charcot-Marie-Tooth disease 229 
cheese effect 411,412 
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354 
chemotrigger receptor zone 522 
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chlorphenoxamine 308 
chlorpromazine 543 
chlorprothixene 543 
cholecystokinin 81, 115 
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- functional role of 191, 193 
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choline acetyltransferase 62 
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193 
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cholinergic activity, increase in PD 
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cholinergic cell loss 88 
cholinergic nucleus basalis neurons, loss 

in PD 193 
cholinergic systems 77 
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clearance rate 472 
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cognition 329 
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196-198 
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196 
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computed tomography (CT) 166 
COMT 338 
concurrence of PD and AD 93 
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confusion 566 
confusional states 445 
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copper 548 
cortical cholinergic markers 88 
"cortical dementia" 91 
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549 
corticotropin-releasing factor 115 
cranial dystonia 499 
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CSF 340,558 
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D1 receptor 151 
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- agonist 474 
DA 326,327 
Daily Fluctuation 
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- major response variable 296, 297 
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delayed response task 17, 22, 23 
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delivery methods 532 
demented PD 77, 87 
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diethyldithiocarbamate (DDC) 215 
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326 
diphasic dyskinesia 393 
diphenhydramine 308, 545 
direct dopaminergic effects 481 
disinhibition 9, 12, 30 
D-isomer 327 
diurnal fluctuations 443, 452 
DLBD 77 
domperidone 332, 335, 515 
dopa decarboxylase 
- inhibitors in PD therapy 190 
- reduction in PD striatum 186 
dopamine 115, 150, 208-220, 325, 537 
- adenylate cyclase 151 
- binding studies 151 
- distribution 152 
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- functional role of 190 
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dopamine agonist 444,459, 515 
- induced sickness 522 
dopamine autoreceptor agonists as 

antiparkinson drugs 198 
- B-HT 920 198 
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with other neurotransmitter systems 
190-193 

dopamine in Parkinson's disease 155 
dopamine loss, striatal 
- critical threshold of 195-196 
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197, 198 
- functional compensation of 194,195 
- functional decompensation and 194, 

195 
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and 186 
- severity of nigral cell loss 189 
- severity of symptoms and 189 
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dopamine receptors 151, 459, 522 
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- desensitization during OA substitu-

tion therapy 197, 198 
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196-198 
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- goal of 196 
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196 
- self-limiting effect of 197-198 
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197 
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dopamine uptake sites 158 
dopamine-~-hydroxylase 339 
dopaminergic 573 
- effects 487 
- nigrostriatal system 59 
- system 67,68 
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dorsal raphe nucleus 54, 74, 75 
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dreams 561 
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- B-HT 920 198 
- carbidopa 190 
- deprenyl 190, 199 
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duodenal infusion 354 
dyazide 316 
dynorphin A 115 
dynorphin B 115 
dyskinesias 385, 443, 460, 461 
dysrhythmia 385 
dystonia 123, 229, 330, 394, 445, 462 
- CT 167 
-6-FO 177 
- glucose metabolism 177 
- MRI 167 
dystrophic axons 49 

early onset psychosis 560 
"early morning" dystonia 388 
EEG 342 
effective doses 475 
electroconvulsive therapy 559 
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chemistry 577 
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zone 477 
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enteral administration 532 
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- clinical studies 534, 535 
entorhinal cortex, OA reduction in PO 

striatum 187 
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eosinophilic granules 48 
episodic failure 398 
ergot derivatives 459 
essential tremor 228 
ethopropazine 308, 310, 545 
evaluation of Parkinson's disease 271 
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27, 29, 31, 32 
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efferents 130 
- mosaics 121 
extrapyramidal system, interconnections 
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falling 404 
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fertility disorders 482 
fever 404 
fluctuations 356 
fluphenazine 516, 543 
"freezing" 389, 399 
frontal cortex, OA reduction in PO 

striatum 187 

GABA (y-aminobutyric acid) 114, 
115, 257, 341 

- receptors, Parkinson's disease 
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- striatum 156 
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galanin (GAL) 115 
gastric emptying 389, 517 
gastric stasis 519 
gastrointestinal motility 516 
gastroin testinal tract 519 
Gaucher's disease 239 
generalized dystonia 499 
GI bleeding 386 
GI side effects 385 
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- efferents 132 
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- reduction of nonOA neurotrans-

mitters 188 
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52,59 
growth hormone 482 
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complex 52 
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half-life 473 
Hallervorden-Spatz disease 168, 258 
hallucinations 445, 479, 561 
haloperidol 26, 475, 516, 543 
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henbane 307 
hepatolenticular degeneration 547 
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5-HIAA 564 
higher receptor affinity 479 
hippocampal cortex, OA reduction in PO 
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hippocampus 52 
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histamine 115, 117 
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5-HT 415 
- agonist 477 
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Huntington's disease 
-CT 166 
- O 2 receptor binding 
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499 
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hypersexuality 391, 401, 568 
hypersomnia 562 
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hypotension 497, 522 
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idiopathic PO 50 
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immunocytochemistry 69 
immunosuppression 578 
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infant death syndrome 524 
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influenza 312 
inhibition constant 473 
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25, 29, 31, 32 
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- clinical studies 535-537 
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-levodopa 533 
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ionotropic action 114 
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- clinical trials 435 
- pharmacologic properties 437 
- side effects 433, 437 
L-dopa 186,190,192,193,197,208,212, 

433 
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levels of iron 69 
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515 
- treatment 82 
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loss of efficacy 400 
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L-tryptophan 563 
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matrix 121 
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meals 399 
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medial olfactory area, DA reduction in 

PD 187 
Meige's disease 499 
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melanoma 389, 393 
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metabotropic 116, 118 
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motor neuron disease 252 

Subject Index 

MPP+ 422 
MPTP 24,25,67, 158,205-206, 

208-220, 318, 422, 438 
~ Analogs 218-220 
~~4'amino-MPTP 219 
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multi-infarct encephalopathy 64 
multimediator dysfunction 91 
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multisystem atrophies 56, 69 
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multisystem degenerative disorders 330 
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- dopa decarboxylase, reduction of 

186 
- dopamine, loss of 186 
- dopamine uptake, reduction of 186 
- homovanillic acid, loss of 186 
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- J.l opiate receptors 157 
- Parkinson's disease 157 
orphenadrine 308 
orthostatic dysregulation 497 
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prefrontal cortex 10, 16, 17 
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pregnancy 332 
premature ventricular beats 523 
preparation of movements 20, 28 
presynaptic DA neurons 455 
presynaptic release of dopamine 30 
preventative therapies 290 
preventive drug therapy in PD 199 
- N-acetylcysteine 199 
- ascorbic acid 199 
- p-carotene 199 
- deprenyl 199 
- pargyline 199 
- L-tocopherol 199 
primates 578 
prochlorperazine 524 
procyclidine 308, 310, 545 
progabide 193 
progression of symptoms or changes the 

pathologic substrate of PD 357 
progressive dementia 62 
progressive supranuclear palsy 52, 56, 

78, 246, 500, 549, 550 
- straight filaments 64 
prolactin-lowering effects 473,477,481 
propranolol 403 
protective therapies 290, 298 
protein 399 
psychiatric disturbances in PD, role of 

non DA changes 193 
psychiatric reactions 445 
psychiatric symptoms 557 
psychic manifestations 385 
psychosis 445, 560 
putamen 574 
putamen DA (see DA loss, striatal; nigro­

striatal DA neurons in PD; striatum, 
DA loss in PD) 

pyridines 205-220 
- nicotinamide adenine dinucleotide 

(NAD+) 207 
--NADH 207 
--NADP+ 207 
--NADPH 207 
- reserpine 208 
- haldol 208 
- isoniazid 208 
- zinc pyridinethione 208 
- 6-aminonicotinamide (6-AN) 208 
- 6-phosphorgluconate dehydrogenase 

208 
- quinolinic acid 208 
- pyridoxine (vitamin B6) 208 

597 

- 4-phenylpyridine (4-PP) 217, 218 
pyridoxine 348, 350, 390, 400, 548 

quisqualate (-type amino acid receptor) 
3,4,8 

rabbit syndrome 232 
"random off" 397 
raphe 1, 3,4 
reaction time task 18, 25, 27 
reactivity, behavioral 28, 29, 31 
receptor 149, 473 
- subtypes 120 
recruitment, Parkinson's disease 284 
- criteria 284 
red nucleus 72 
relationship to meals 390 
renal circulation 522 
respiration 523 
respiratory distress 403 
respiratory dyskinesias 524 
respiratory problems 523 
response fluctuations 460 
rest tremor 310 
"restless leg syndrome" 330 
rhesus monkeys (Macaca mulatta) 578 
rigidity 229, 581 
running gait 396 

SCIatIc nerve 26 
SDAT 61,78 
sedation, somnolence 496 
self-initiated movements 23, 28 
senile dementia 60 
- of the Alzheimer type 47 
senile gait 227 
senile P 55 
senile parkinsonism 61, 93 
senile plaques 79 
serotonergic system 75 
serotonin 115, 341 
- (5-HT) 209 
- reduction in PD 188 
- functional role of 191, 193 
- hypothalamus 193 
- interactions with striatal DA 191, 

193 
- substantia nigra 193 
- uptake sites 158 
Shy-Drager syndrome 62,63,158,249, 

386,411,499, 549, 550 
sialorrhea 311 
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simultaneous dyskinesias with parkinso­
nism 395 

single-photon emission computed tomo-
graphy (SPECT) 172 

single-unit recording 479 
sleep disturbance 329 
sleep-wake cycle 401 
slow virus infections 239 
somatosensory 2, 3, 10, 13, 15,26,28 
somatostatin 62, 81, 84, 115 
- reduction in PD 188 
- cortex 193 
- functional role of 193 
- hippocampus 193 
somnambulism 562 
species dependent 118 
species differences 117, 120 
speech therapy 395 
spinal catecholaminergic system 72 
spinal cord 71 
- neurotransmitter changes in PD 188, 

193 
spinocerebellar-nigra I degeneration 259 
"start hesitation" 389 
statistical analysis, clinical trials 285, 

286 
- nonparametric 285, 286 
straight filaments 52 
stramonium 307 
striatal heterogeneities 122 
striatonigral 63 
- degeneration 55, 63, 254, 549 

dopaminergic system 88 
striatopallidum 71 
striatum 208,210,211,214,219,576 
- DA loss in PD (see also: DA loss, 
- striatal) 186,187,189,190 
- pathophysiologic and pharmacologic 

significance of 189-190 
striosomes 121 
- acetylcholinesterase (AChE)-poor 

122 
subacute sclerosing panencephalitis 

(SSPE) 241 
"subcortical dementia" 91, 93 
subcutaneous administration 533 
- lisuride, apomorphine 533 
- implantable pumps 533 
- wearable infusion 534 
- clinical studies 537-539 
subcutaneous infusion 498 
subjective assessment 271 

Subject Index 

- Columbia University Disability Scale 
272 

- Hoehn and Yahr Staging 272 
- interobserver variability 274 
- King's College Hospital Rating Scale 

272 
- New York University Rating Scale 

272 
- Northwestern University Disability 

Scale 272 
- Schwab and England Scale for Daily 

Activities 272 
- Unified Rating Scale 272 
- Webster Scale 272 
substance K 115 
substance P 81, 115 
- reduction in PD 188 
- functional role of 193 
substantia innominata 77, 113 
substantia nigra 47, 51, 60, 68, 90, 

210-212,215,216,478,573 
- afferents 133 
- efferents 132 
- pars compacta 573 
- in PD (see also: nigrostriatal DA 

neurons in PD; DA loss, striatal; 
striatum, DA loss in PD) 

- - cell loss 189 
- - dopamine loss 186 
- - prevention of cell loss by drugs 

199 
- - reduction of non DA neurotrans-

mitters 188 
subthalamo-SNR projection 129 
"sudden off" 397 
suicidal thoughts 559 
sulpiride 6, 516 
superior colliculus 9, 10, 12, 17, 123 
supersensitive dopamine receptors 

393 
supersensitivity 445 
supplementary motor area 10, 16 
supranuclear ophthalmoplegia 247 
supraoptic nucleus 74 
supraventricular aberrant beats 523 
suspension 574 
sweating 403 
symptomatic effects 298 
symptomatic P 57 
symptomatic parkinsonism, Hallervor­

den-Spatz disease 67 
- head injury 67 
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- neurolipidoses 67 
syringomesencephalia 246 

tachykinesia 
tachykinins 
tachyphemia 
tangles 52 

395 
115 

390, 395 

tardive akathisia 403 
tardive dyskinesia 233, 331 
tardive dystonia 403 
"target hesitation" 389 
tau proteins 49, 52 
tegmental pedunculopontine nucleus 54 
tetrahydrobiopterin 339, 355 
tetrahydropyridines 205,206,209,213, 

218-220 
TH 68,69 
- activity 72 
- immunoreactivity 69, 71 
thalamotomy 328 
thioridazine 445, 544, 568 
thiothixene 543 
thioxanthenes 543 
thyrotropin-releasing hormon 115 
tocopherol (vitamin E) 293-295, 297, 

298 
toxic 57 
- parkinsonism 
- - carbon disulfide 66 
- - carbon monoxide 66 
- - cyanide intoxication 66 
- - manganese 66 
- - postnarcotic encephalopathy 66 
toxicodynamic 213, 214, 217 
toxicokinetic 213-216 
transcutaneous administration 534 
- + PHNO 534 
transmitters, colocalization 118 
transplantation of adrenal medullary 82 
tranylcypromine 412 
trauma 244 
tremor 228, 315, 328, 331, 581 
tremorine-induced tremor 308 
tricyclics 559 
trientene 548 
trifluoperazine 543 
triflupromazine 543 
trigger stimuli 18-20 
trihexyphenidyl 308, 310, 545 
- pharmacokinetics 309 
tryptamine 115, 117 
tryptophan 515, 563 

- hydroxylase 563 
tubulin 49, 52 
"turning hesitation" 389 
tyramine 417 
tyrosine hydroxylase 50, 477 
- reduction in PD striatum 186 
- (TH)-positive graft neurons 577 

U-0521 338 
ubiquitin 49, 52 
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UCLA Parkinson Disability Scale 462 

vascular P 56 
vascular parkinsonism 242 
- Binswanger-type encephalopathy 66 
- cerebrovascular 66 
vasoactive intestinal peptide 115 
vasopressin 115 
ventilation 524 
ventral pallidum 113 
- afferents 134 
- efferents 134 
ventral striatum 113 
ventral tegmental area 215,216 
- DA reduction in PD 187 
ventral tegmentum 68 
visual stimuli 3, 11, 12, 15, 18-20, 27 
volume of distribution 472 
vomiting center 392 

wearing-off 333, 396, 496 
- effect 460 
- phenomena 433, 446 
weight gain 497 
Westphal-Edinger nucleus 74, 81 
Wilson's disease 167,168,258,290,547 
woolly fibers 113 
- dynorphin 113 
- en kephalin 113 
- substance P 113 

y-aminobutyric acid, increase in PD 
striatum 189,191,192 

- functional role of 191-193 
- interactions with striatal DA 

191-193 
yo-yo-ing 390, 398 

zinc 548 
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