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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 D1 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 (EvVARTs 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, homologs 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 Kirt 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 DUBBEL-
DAM 1973; WEBSTER 1979; BrAUTH et al. 1978; BrRauTtH and Kirr 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 (WiLczynskl and NortHcUTT 1983) and the dorsal
nucleus of the posterior commissure in reptiles (Brauth and Kirr 1980).
These tectal areas give rise to descending projections to reticulospinal neu-
rons of brainstem 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; BrauUTH et al. 1978; BrRautH and Kitr 1980; PAReENT 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 (SEDGwWICK and WiLLIAMS 1967; WILSON et
al. 1983; Lipsky 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 Lipsky 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 (RicuArDs and TayrLor 1982). Visual re-
sponses with large receptive fields and without orientation specificity and
movement sensitivity are seen in the caudate of chloralose-anesthetized cats
(Pouperoux and FreroN 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; Kirar et al. 1976; ScHULTZ
and UNGERSTEDT 1978; HERRLING and HuLL 1980; VaN der MAELEN and Kitar
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 médian 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 (KUNzLE 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 MoGEeNsoN 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.
1978D).

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 (Kita1r and DeNiau 1981) and discharges at 8-14 ms latency in the major-
ity of subthalamic neurons (RouzalrRe-Dusois and ScarNatI 1985). Lowest ef-
fective stimulation currents for these responses are found in cortical layers V
and VI (Rouzaire-Dusois and ScarRNATI 1985). As with corticostriatal affer-
ents, the transmitter of the corticosubthalamic excitation is probably gluta-

mate acting on a quisqualate- or kainate-type receptor (RouzAaIRe-DuBois and
ScarnNaTI 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.

I1. 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 A10).
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 Ca?* conductance (GRACE and BUNNEY
1983 b; LLiNAS 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; GrRACE and BUNNEY 1983 a). Blockade of DA autoreceptors
by systemically administered neuroleptics increases the impulse rate moder-
ately (BUNNEY et al. 1973b). 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; CHErRaMY et al. 1981) independent of impulses (LLINAS 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
Scuurtz 1980) through interaction with an adenylate cyclase-coupled DA re-
ceptor (MATTHEWS and GERMAN 1986) while the depression of impulse activity
following ientophoretic application of GABA is reduced (Waszszak and WAL-
TERS 1983). In this way, dendritically 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 Hurr 1980), or, probably more spe-
cifically, true membrane hyperpolarizations (HErrLING 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 more func-
tional investigation of DAergic influences on striatal input and output is ne-
cessary. By increasing striatal DA receptor stimulation with iontophoretically
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 Jacos 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 (MrrcHeLL and DoGerr 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 Scuurtz 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 (DrRAY and OAKLEY
1978; JoNes and MoGENSON 1980; Pacrttr et al. 1982; Park et al 1982 a), cats
(YosHIDA et al. 1972), and monkeys (OHYE et al. 1976). Striatopallidal inhibi-
tions are most probably due to GABAergic neurotransmission (OBATA and
Yosuipa 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 (Nobpa et al. 1968; HirATA and
MoGEeNsoN 1984; ToaN and Scuurtz 1985). Considerable convergence occurs
from even distant cortical sites onto single pallidum neurons in the rat (Toan
and ScuuLtz 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 m/s (PrReEcHT and YosHIDA 1971; YosHIDA and
PrecHT 1971; CrROSSMAN 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 encéphale isolé cats
(FricYEst and PurrUrA 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 m/s (Kita et al. 1983), and suppresses impulse ac-
tivity in rats (Rouzaire-DuBois et al. 1980), cats (TsuBokawa and SUTIN
1972), and monkeys (OuYE 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-Dugois 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 conduction velocities ranging from
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less than 1 to 5-10 m/s, and the majority branch to both the pallidum and SN
(DENIAU et al. 1978b; HamMonD et al. 1983b). 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
SutiNn 1978; PerkINs and SToNE 1980; HammonD et al. 1983b) 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 (HamMoNnD et al.
19784a, 1983b). 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 m/s 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 m/s (Nopa and Oxka
1984; ScaArNATI 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-
NATI 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 (HArRNois and FiLion 1982).
Pallidothalamic fibers have conduction velocities of 5-11 m/s 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
0.8-10 m/s (DeNIAU et al. 1978a; 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. 1978d) and eli-
cits monosynaptic IPSPs in cat and rat VM neurons (Ueki1 et al. 1977; CHEVA-
LIER and DEN1AU 1982). The involvement of GABA as inhibitory transmitter is
suggested by the attenuating effects of systemically or iontophoretically ap-
plied GABA antagonists on SN-evoked inhibitions in VM neurons (YOSHIDA
and OmaTA 1979; MacLEeoD et al. 1980).

Local injection of GABA into the SN leads to activation of VM neurons
(MacLeop et al. 1980; DeN1AU 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 (DeniaAU 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 DEeNiau 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: Pacrrrr et al. 1982; 25 %
in cat: FiLioNn and Harnors 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 iontophoretically administered GABA antagonist bicuculline
(CHEvALIER et al. 1981). Conduction velocities in nigrotectal neurons are
1.9-7.0 m/s in rats (DENIAU et al. 1978a) and up to 10 m/s in cats (ANDERSON
and YosHipA 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-EpLEy 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 CrossmMaN 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 cocontractions (HORE and VI-
L1s 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 GeEorcoprouLos 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 CovLE 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 (HoRre 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 (HorRAk 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
Pycock 1980; ScHEEL-KRUGER et al. 1980). Contralateral head turning is also
seen after local injections of the GABA agonist muscimol in cats (Boussaoup
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 (Boussaoup and JosepH 1985; Hikosaka and WuURTz
1985b). 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 (Hixosaka 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 1985D).

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 METTLER 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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ITII. 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 1984 a) 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 Uppycke 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 1984 a; LiLes 1985). Neurons with the same topogra-
phic motor or somatosensory relationship tend to occur in multiple clusters of
100-500 pm 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 microstimulation in the putamen (ALEXANDER and
DEeLoNG 1985 b). Ibotenic acid-induced destructions of neurons in the puta-
men, while sparing axons, abolish the microstimulation 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 DEeLoNG (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 %: CrRuTcHER and DELONG 1983b; 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 PorTeER 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; GEorGoproULOS et al. 1983; DELONG et al. 1985; NISHINO
et al. 1985). Discharge rates show a linear relationship to amplitude or peak
velocity of movement (GEorcorouLos 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
(Scuurrz 19864a), although very few of them are related to distal flexion—ex-
tension or hand prehension movements (DELONG et al. 1983; ScauLTZz 1986 a).
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
(ScuwaRz 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 (MoRra 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 (DELoONG 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
Boussaoup 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 1983d). Other reticulata neurons show
contralateral sensory inputs of visual or auditory modality (Hikosaka and
Wurtz 1983 a; JosepH and Boussaoup 1985; ScuuLtz 19864a), 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 fingers. 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
(GoLpMAN and Nauta 1977; KionzLe 1978; YETERIAN and VAN HoEesen 1978;
VAN HoESEN et al. 1981). Lateral and medial area 6 (premotor cortex and sup-
plementary motor area, respectively) projects predominantly to the putamen
(KtnzLE 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 Kusota 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 HoEgsen 1978), this cannot be generally applied to all cortical
afferents (SELEMON and GoLpMaN-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 GoLbMAN-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 GorLpMAN-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 (KReTTek 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 (ILINSKY 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 (CuHANG 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 After 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 (RosvoLp and DeELGADO 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 (BAtriG et al. 1960). Dorsoanterior and particularly
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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 (D1vac 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 (BATTIG 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
(Buskr 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 % of neu-
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
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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
(RoLts 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 Boussaoup 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 (Hixo-
SAKA and Wurtz 1983a). 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 1983b). 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 WuUrTz 1983 a; JosepH and Boussaoup 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 when 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



Neurophysiology of Basal Ganglia 21

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 4s 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
0.5s, increases or decreases the activity of some neurons in the pars reticulata
of the SN (ScuuLtz 19864a). 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 (Scaurrz 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 (HikosAaka 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¢).

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 further 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 5-30s (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 1s 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 of the 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-OHDA) 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; ConEN 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 (N1ckLAS 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 Jorrroy 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 Jorrroy 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-OHDA-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% (ScuuL1z 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-OHDA-induced lesions of
the nigrostriatal DA system. After bilateral stereotactic injections, animals de-
velop hypokinesia, adipsia, and aphagia (UNGERSTEDT 1971b). With unilateral
lesions, rats turn in tight circles when DA receptor stimulation prevails
strongly on the contralateral side (UNGERSTEDT 1971a). Rats with 6-OHDA-in-
duced lesions show reduced reactions to sensory stimuli (LYUNGBERG 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-OHDA 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.II.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 (HomMmerR and BUNNEY 1980; Tsar 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; Tsar et al. 1980; MaepA and MoGENSON 1982). Intradermal injections of
a substance producing pain in conscious subjects also depresses DA neurons
in anesthetized rats (Tsar 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; Tsar 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 ScHuLTZz 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
(ScuuLtz 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 A10 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-
coss 1985).

In a reaction time task, the majority of DA neurons in areas A8, A9, and
A10 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 (Scuurtz 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 Scuurtz 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 (ScuuLTz 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 (ScHurLtz 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 ScHuLTZz 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.II1.3.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 (GoNoON
and Bupa 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
ScrHuLtz 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.) OQutput of the basal gang-
lia, e.g., pallidothalamic, nigrothalamic, and nigrocollicular projections, are



Neurophysiology of Basal Ganglia 3

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 noncortical,
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 motor 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 JAMEsS PARKINSON (1817) occurs in a variety of disorders of the
central nervous system (CNS), basically characterized by dysfunction of the
dopaminergic nigrostriatal system. It may or, 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 UTTERBACK 1973; OPPENHEIMER 1984), while only in ex-
ceptional cases of parkinsonism no morphological lesions of the substantia
nigra can be found (DENNY-BrROWN 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
(HakMm and MAatHIESON 1979; Jacos 1983; HeiLiG et al. 1985; LEVERENZ and
Sumi 1986; JELLINGER 1987 b; Drrrer 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; Kiaue 1940;
GREENFIELD and BosaNQUET 1953; HALLERVORDEN 1957; RicHARDsON 1965;
STADLAN et al. 1966; Forno 1966; EArLE 1968; ForNo and ALvorDp 1971; LE-
wis 1971; EscoUROLLE et al. 1971; ALvORD et al. 1974; JELLINGER 1974; 19864,
b, 1987a, b; PEarRcE 1979; BLackwoop 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 CNS 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 um (mean 9-10 gm), 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 (KiMmuLA 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; GoLpMAN et al. 1983; NakazaTo et al. 1984; KAuN et al. 1985) and that
recognize both phosphorylated and nonphosphorylated neurofilament ep-
itopes (ForNoO 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 SeLkok 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) (Poro-
vircH 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; KuzuHARra et al. 1988) which has recently
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been shown to be associated with PHF (Morr 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 (Giee 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 LEgs 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 1984b). Although the Lewy
bodies frequently affect aminergic neurons (OHAMA and Ixuta 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-
toskeletal 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 ALvorp 1971; Giss 1988),
but in 45 %-60 % of all cases of Alzheimer’s disease (AD) and senile dementia
of the Alzheimer type (SDAT) (JELLINGER 1986a, 1987 a; 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 al. 1972; Moru1 et al. 1986), and in other CNS disorders, e.g.,
ataxia-telangiectasia, Hallervorden-Spatz disease, spino-olivopontocereb-
ellar atrophy, and chronic panencephalitis (Forno 1982, 1986; Giss 1986, 1988;
Morui et al. 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 horn of Guamanian patients with amyotrophic lateral sclerosis
and parkinsonism-dementia complex (HiraNo et al. 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 al. 1986; GALLOWAY et al. 1987) and react with tau, but not with neuro-
filament proteins and tubulin (PETERSON et al. 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 al. 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 al. 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 (KipDp 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 protofilaments 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-MAP,, anti-tau pro-
tein (PRICE et al. 1986; MILLER et al. 1986; YEN et al. 1986), and with ubiqui-
tin (Mor1 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 CorserLis 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. 1987a). 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 of axons, 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” (SEITEL-
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; Prick 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 (JamMaDpA and MEHRAEIN 1968; TomLINSON and
CorseLLIS 1984; MANN 1985; TErRrRY 1985; CRyYSTAL 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 of postencephali-
tic forms is decreasing. In two personal autopsy series, it was 12 % between
1957 and 1970, and 2.6 % in recent years (JELLINGER 1986a, 1987a); 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 (Raspur 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.

1. 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 (Durry 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.



55

Pathology of Parkinson’s Syndrome

VIdO Pa3erdos

-Se Ud)Jo ‘uawe 1IN ou
-md pajuswsid ‘suonjerauasdap SISOI8 + SSO[ uonerausdap
-19dAy + Aydony  weisAs odnny 0 06 uoInau [e20,4 L-T 09-St 8 i Te18ruojeing
dS + LIN SSO[ SISOIIS + SSO]
juanbaij pue uoInau + g1 urueouw + 9sBASIp ApOq
g1 peaxdsopip peardsopim 08 00T  UoImmaUTedO]  ¢I-} SL-8€ S0 i AmeTesnyiq
wa)s ureIq $SO[
Lvdas ‘suors dS + LAN uluerowr + Ivas/ad
-9 J[IUSS 31949 )] SSOJ UOINAN 09 197 uoInau pIriN €-C 08~ LS ¢ d °rtusg
d °an
I'vl (L) 0€-0 -e1oUA30p IoYIQ
ayder si
-BSIOp Sna[onu
‘sipeseq snof
-onu ‘sna[onu SISOI8 + SSO[
sn3ea [esiop utueraur + (d d21yredo
pajeraI-a8e ‘)7 :s1so118 + uoInau -1pI) sue)
10 o1y1oadsuou SSO[ UOINAN 81 66 ‘eSewep [eo0] Z1-6 6L—0S ‘89  (SL) v6-bv -13% sIsA[eIeq
suoI3ar
SND 12410 woals urerq (%)
ridiu (s1804)  498-1661 (ueouwr)
SUOIS9] [RISTURIIXY IAN q1 enueIsqng WAONITIAf L2INIBINT
uon J9sU0
sgurpuyy [es1oroyiedorneN  -evIngg Joady (%) 9douasprou] aseasI(q

(d) wstuosunyred Jo sad4) JuaregIp jo 48ojoyjedolsiy pue ‘20UapIoul ‘UONBIIISSE]) "7 d[qeL



ei8uesd
[eseq I0/pUe Wd)S UleIq Ul SUOIS

$950109U
[890] IR[NISeA

K. JELLINGER

-9] onjewneI) AIBpUOISS I0 Arewtid Joonjewinel],  AUBIN Auy S0
e1jSues [eseq 9je]s Jeund
Ayyedoreydad 9)e)s Ieunoe| -e[ ‘suols
-uQ JoIeJUI-)AJN  ‘SUOISI] JB[NISBA -9[ JRINISBA p-€ 08-0L 69
UIUAIIN
Jo sijeseq
sno[onu 4 wnj
wnpied -uvowdol ILAN +
‘snurerey) ‘snd SISO + s1so18 + -Wwod BrjuUawW
-weosoddiy TIN $SO[ UOINAN SSO[ UOINAN % 0S-0v L0 -op-uosuryred
LAN 1y38rens +
SUO1S9[ [BD S1SOI[3 4 SSO[ S1SO1[S 4 SSO[
-11100 OU JO 9[II] UOINJU OTWIISAS uoInau asnyyid  0Z-¥ 09-0C T { -dns aarssaidoird
suoreId
uoneIdUIZIP -ua39p IB[[9qo
IR[[2q21990131U -19%0u1ds ‘1efe SSO[ uoInou
‘aseastp s.ydasof -q21950juodoAllQ a1ey juonbaig asnyJIp 10 [BO0] Auen 0S-0v T wWISASTIINA
suorgal
SND 12410 wo)s urelg
eI3Iu (sreaf)  98-LS61
SuoIS9[ [eIdTURIIXY erjueIsqng AIONITTES
uor} josuo
s3urpuyj [es1dojoyiedoinoN  -BIng Joady (%) 9ouaprou]y

56

(ponunuoo) 7 JqeL



57

Pathology of Parkinson’s Syndrome

so[3ue) jusweyy ysrens IS SNI[eYdsous SursoIs[ods noe
-qns gJSS ‘sonbeyd oqruss 4§ ‘Aydone Ie[[eqa1asoiuodoal[o YOJO ‘S9[Sue) ATR[LQUOINSU AN ‘SNSNISD SNOO0T DT S9Ipoq AmaT g1
986T PUB TL6T USOMIRQ % ['T INQ ‘0L6T PUB LS6T UIdMIRG % TT »

sosed Asdoine (8¢ 4

L86T T8 19 VITIID ‘€861 HOOV[ ‘pLET T8 19 QUOATY ‘TL6T
‘[ 19 ¥HV ‘GL6T ‘T8 30 ITI0¥N00SH ‘TL6T AUOATY PUE ON¥OJ ‘9961 Te 19 NVIavig ‘G961 NOSAUVHOIY ‘8961 TTIVH ‘9961 ONIO] ‘LG61
NIQUOAYITIVH ‘7S6T LANONVSOE PUB QTILINITAD) ‘TG6T HOVEZIVMHOG-WIHHEY ‘0L6T NVTY ‘€61 YTTSSVH SISED Asdoine OOy IMOQV

[euots
SUOIS9 21J199dsuou SNOIBA . -®0dQ eSewepledsoq AU Auy 6’1 92 61-0 patjisse[oun
*019 “9seasIp Qo)
-e[-1p[ejZINAI) ‘GdSS ‘sesoprdrjor
-nau ‘oseastp z)edS-UspIOAIS[[EH
‘9SBaSIp S JOWITAYZ[Y ‘SISOIS[OS
ordnynur ‘srowrn) :SUOISI[ SNOIIBA 0 arey]  oSewep [B00T  AUBN Auy 6C i donewoidwig
(d poonpur SUoIs
-ondajoInsu) -9 oyyroadsuou SISO (esoue3uew
snafonu ep ‘snprred snq -113 + 23ewep ‘sgnup ‘dILdN
-ned oyyroadsuoN  -0[8 03 a8vwieq 0 0 [e20J I0 asnyJIq AUueN Auy 60 i ‘SO ‘D)D) oxol,
sonberd
JIuUds ou wo)s ureIq LAN + Sso[ BN
‘LAN S1dnimy JAN o1dnmmn 001 0 uomaN  AUBN 09-0¥ 0 { -Uswp s Joxoq



58 K. JELLINGER

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; Zerusky 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; AGID 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; IsHr 1966; Ouama and IkuTta 1976; HUNTER 1985; JELLINGER 1987 a)

Affected Region® Major (putative) Frequent Rare
neuromediators®

Cerebral cortex Multiple *

Substantia innominata Acetylcholine *x *

Hypothalamus, lateral, posterior Norepinephrine *

Hypothalamus, periventricular Multiple *

Subthalamic nucleus Dopamine *

Periaqueductal gray Multiple *

Substantia nigra Dopamine **

Nucleus parabrachialis pigmentosus Dopamine *x

Nucleus paranigralis Dopamine **

Westphal-Edinger nucleus Acetylcholine *

Darkschewitsch nucleus Acetylcholine *

Supratrochlear nucleus Serotonin *

Nucleus tegmenti pedunculopontinus Acetylcholine *

Central pontine gray multiple *

Locus ceruleus Norepinephrine ok

Nucleus subceruleus Norepinephrine *

Nucleus pontis centralis oralis Serotonin *

Central superior nucleus of raphe Serotonin *

Processus griseum pontis supralemniscalis ? *

Dorsal motor nucleus of vagus Norepinephrine ok

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 plexuses® Catecholamines *

2 Nomenclature of the brain stem nuclei according to Orszewski and BAXTER 1982

b NIEUWENHUYS 1985; ¢ 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 of PD (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 1987a, 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, 1987a; 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
Sumrt 1986; Ditrer 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 MERrz (1985); the comparative neuropathol-
ogy of AD and PD by JELLINGER (1987b, ¢).

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; Morsa et al. 1984; LeverenNz and Sumr 1986; CHui et al.
1986; MoRrris et al. 1987) and that of PD symptoms in AD subjects was found
to be 2.4-3.6 times greater than in aged-matched control populations (SuLr-
KovA et al. 1983; LEverenNz 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 (SuciMura et al. 1977; RoseNBLuM and GHATAK 1979;
JacoB 1983; Drrrer 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 1987a;
MCcGEER 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 (Surkova et al. 1983; LEvereNz and Sumi 1986; Ditrer 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 740+09 836+11 775+12 63.6+1.9 6505 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 94.4 771 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 =294 (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
Westphal-Edinger (N = 30) (N=10) (N=48)
nucleus
Lewy bodies 96.7 NE NE NE 10.0 104 NE
NFT 16.7 NE NE NE 100.0 85.5 NE
Pontine SP 5.6 45.5 16.3 0 65.8 71.5 1.8
Tegmentum NFT 21.3 57.8 23.1 98.0 71.7 78.1 1.9
Lacunar state 315 394 100.0 44.4 10.2 30.2 20.8
Old infarcts 8.2 12.1 86.3 5.9 9.0 114 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 14.9/16.72
(< 70 years)
PD/SDAT 35.0 100.0 17.0/8.12

(> 70 years)

2 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 of PD (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; CHur et al. 1986; Gise 1988) up to an average of 28 % (JEL-
LINGER 1987b, ¢), 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. 1987a). 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 nigral lesions 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 Sumr 1986). While DitTer and Mirra (1987)
observed Lewy bodies in the substantia nigra and locus ceruleus in 55 % of a
cohort of AD cases, Giss (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 PD/AD (Prick et al. 1986), represents a subset of PD populations
with late onset and only mild or incipient PD pathology, or a subset of AD/
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;
HakmM and MaTHIESON 1979; R. H. PERRy et al. 1983, 1987; PerL et al. 1984;
ToMmLINSON and CorseLLIS 1984; Gaspar and Gray 1984; GriLia et al. 1986;
JELLINGER 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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ficult, if not impossible. One difference may be in a distinctive nigral 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 nigral cells (ToMLINsON and CorsgLLIs 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
striatonigral 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). A juve-
nile sporadic type of PD with widespread Lewy bodies was recently observed
in Japan (YOosHIMURA et al. 1987), and a young adult from of sporadic demen-
tia with diffuse ANFTs and Lewy bodies without NPs was described by Poro-
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 Morr 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 mesocortical 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. 1987a).

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 (ApaMms 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 (Borir et al. 1975; KogppeN et al. 1971),
moderate damage to the caudate nucleus, and multiple brain stem lesions
(Taker and Mirra 1973). It can be associated with olivopontocerebellar atro-
phy (Apams 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 (DuvorsiN 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
Jjuvenile parkinsonism represents a heterogeneous group, the pathologic fea-
tures of which may or 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, Inzuka and Hiravama 1986) and related multisystem diseases
(MAYER et al. 1986; JELLINGER 1986¢). 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 (Purpy 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 (HIrRANO et
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al. 1981; HiraNo and LrENA 1986; CueEN 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 (Hupson 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; ScamrtT et al. 1984), and a sporadic case of ALS-PD with diffuse
Lewy bodies was recently reported by DEeLISLE et al. (1987). Concurrence of
parkinsonism with motor neuron disease has been reported infrequently
(Hupson 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 (TaAkAucHI et al. 1983; YAGISHITA
et al. 1979). NFTs are also present in the spinal cord, most frequently in the
posterior horn (Kato et al. 1986). The clinical syndrome of PSP can also be
produced by multi-infarct encephalopathy (DusiNskY 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 ANFTSs, but little or
no involvement of the neocortex (HaSSLER 1938; KLAUE 1940; GREENFIELD
and BosANQUET 1953; RiCHARDSON 1965; JELLINGER 1974; Isai1 and NaRAMU-
RA 1981; RAIL et al. 1981; GiBe 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 (IsHir and NAKAMURA
1981). The tangles show positive immunoreactivity with neurofilament pro-
teins and human brain microtubular fraction (YN 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
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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 nucleolar? perikarya content
(years) volume

(% control)

PAKKENBERG PD 10 68 59¢ (total)
and Broby 66¢ (pigm)
1965
JAvoY-AGID PD 2 ? 71.3
et al. 1984
ManN and PD 8 68 804 15° 15¢
YaTes 1983al PD 4 63 76.3¢ 114 17.4¢
untreated
PD treated 4 73 85.4¢ 11.9 12.7°
BOGERTS PD 5 .72 28¢() 669(D) 60° () 390 (D)
et al. 19832 242 (m) 63°(m) 172 (m) 24 (m)
PEP 6 54 7041 944(1) 390 (D 52¢(1)
62¢(m) 959 (m) 24% (m) 36° (m)
CHui et al. 1986 PD 3 65 63.39(47-87)
Giee and LEes PD 12 57 72.04
1987 PEP 12 60 91.64
HirscH et al. PD 4 7 84 (pigm.)
1988 77 (TH-IR)
TAKEDA PDC ?2 2 804 (total)
et al. 1982 96¢ (pigm)
42" (unpigm)
OPCA ?7 7 61.8¢ (total)

83.39 (pigm)
23 (unpigm)

MANN et al. SDAT 19 84.7 6.3 +3.6° 84+3.9°
19832 AD 12 66.0 11.8 £3.7° 23.8 +4.5%
MANN et al. AD+ 22 745 7.52 13.02
19842 SDAT
TaBaTON etal. AD 4 63.0 38.1°(18-54)
1985
CHuietal. 1986 AD+ 5 756 16.0°(3-72)
SDAT
MANN et al. AD 15 1733 13.6° 18.5°
19872
JELLINGER SDAT 16 82.6 28.1°(22-48)
19870 AD 1 700 48.5¢
GiBB 1988 SDAT 11 74.5 26.0

* Not significant; ® p < 0.05; ¢ p <0.01; ¢ 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; Jacos 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; ScuwaB and ENGLAND 1968; PARKES et al. 1974; TorLosa
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; TocH1 1977; JELLINGER 1974), while
in clinical surveys 5.7%-9% of PD patients showed evidence of stroke (see
Dusinsky 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; UrrTr 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; HunN 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 CN'S (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 19864, 1987a; Giss 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 (GisB and LEgs 1987). Comparing young-
and old-onset PD cases, GiBB and Lees (1988) observed 25% greater
nigral cellloss in the young-onset cases having much longer duration, and greater
cell loss was also seen in advanced stages of PD (ManN et al. 1984).
The number of glial cells and the volume of glial cell nuclei in the sub-
stantia nigra in PD are unchanged (BoGEgRTs et al. 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
(GrREENFIELD and BosaNQUET 1953) and in PEP (Forx 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 al. 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 al. 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 al. 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 al. 1971; BERNHEI-
MER et al. 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-AcIp et al. 1981; Nacatsu et al. 1981; Gaspar and Gray 1984),
while the extent of loss of pigmented neurons in the VTA is comparable to the
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50 % decrease of TH activity in the nucleus accumbens (Javoy-AcGID and AGID
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 (AGID 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 Fe?" (RIEDERER et al. 1985). In-
creased levels of iron have been reported in the PD brain (LHERMITTE et al.
1927; EARLE 1968; Roias 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 pallidus, 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 of TH 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-AcID 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 play a 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 1984 a). Most of
the remaining melanin-laden neurons of the brain stem show negative im-

Fig. 1a, 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 (PEArRsON 1983; DierL 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 (RIEDERER and WUKETICH 1976; AcID 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 1983 a), 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 D, and D, proteins in putamen extracts of PD patients
(JORGENSEN 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-AGiID et al.
1984; DierL 1985), but PET studies indicate a decrease in 6-fluorodopamine
uptake in the striatum in PD (MARTIN et al. 1986; GurrMaN 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-AGID et al.
1984; Gaspar and Gray 1984). In the spinal cord of parkinsonian subjects, re-
duced density of TH-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 (Scarron 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 (MAaTzUK 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 of PD (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 (TomoNaGca 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; TomoNaGca 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
etal. 1987; Zweic 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-Acip et al. 1986; BIRKMAYER and RIEDERER
1985; Acip et al. 1987). Degeneration of the noradrenergic locus ceruleus
neurons has been shown to be less severe in nondemented 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 (AcID 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).

ITI. 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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(BropAL 1981; DESCARRIES et al. 1982; NiguweNHUYS 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). ZwEic 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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maMoro and Hirano 1985a; Taeaton et al. 1985), and affection of
2.25%-91% of the neurons by ANFTs (Curcio and KEmpER 1984; YAaMAMOTO
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-AGID et
al. 1984, 1986; BIRKMAYER and RIEDERER 1985; IcHiMIYA et al. 1986; AGID 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; MEesuLaM and MursoN 1984; EzrIN-WATERs and REscH
1986), was one of the nuclei in which Lewy bodies were first observed in PD
(Lewy 1913; Foix and NicoLeEsco 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; DoucerTE et al. 1986), and decrease of the nucleolar vo-
lume and RNA content by 21 % and 18 %, respectively (MANN et al. 1984; Ja-
coss and BurcHer 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 (TacLiaviNI and PiLLerT 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 BosSANQUET 1953; BUTTLAR-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; RoGERrs 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. 1984 a). 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 of DLBD (SiMa et al. 1986; PoroviTcH 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 (TAcLiAvINI and PiLLERI 1984 ¢) 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, 1987a) 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, TacLIavINI and PiLLErT 1984;
SAPER et al. 1985; Jacoss and BurcHER 1986), they are extremely rare in cases
of PD (GaspAR and Gray 1984; Nakano and HiraNo 1984; JELLINGER 19864,
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; ARenpT et al. 1985; Jacoss and
BurcHER 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 (GaspArR 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 (Canpy et al. 1983, PErry et al.
1983a, 1985; Gasrar and Gray 1984; DuBois et al. 1985; Javoy-AcID et al.
1984, 1986; AcIp et al. 1987) as well as in AD/SDAT (CovLE 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; Acip 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, PErRRY 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; ScARNATI 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-
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Fig. 3a, 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 PD/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 AD/SDAT 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 AD/SDAT 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; GuiLorF 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-AcID et al. 1986; Dusois et al. 1985; Acip 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 (GRarE 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
(D1eTL 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-AGiD et al.
1986; AcID 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; JELLINGER 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 (DUrry 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 (HEeFtI 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
(GieB 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; Giss 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; MayeEux and STERN 1983;
BALL 1984; BoLLER 1985; ELizAN et al. 1986; HUBER et al. 1986; MAYEUX et al.
1988), has been attributed by some to cerebral atrophy and extranigral brain
lesions (ALvoRD et al. 1974; Jacos 1983; YosHiMUrAa 1983), to concomitant
cortical Alzheimer pathology (BoLLER et al. 1979; HakiM and MATHIESON
1979; BorLLER 1985), and involvement of various subcortical and subcortico-
cortical neuromediator-specific systems (MANN and YATES 1983 a; PERRY et al.
1983 b, 1985; WHITEHOUSE et al. 1983; HornykiEwicz and KisH 1984; GASPAR
and Gray 1984; Javoy-AcID et al. 1984, 1986, HEILIG et al. 1985; DuBois et al.
1985; Cnui et al. 1986; WHITEHOUSE 1986; GRowDON and CORKIN 1986; AGID
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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KM 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 (WirLcock and Esirr 1982; GissoN 1983; JELLINGER and
RiEDERER 1984; KaTzMAN 1986; NEARY et al. 1986; CRrysTAL et al. 1987), in
small autopsy cohorts of PD no significant differences in the density of corti-
cal or hippocampal Alzheimer lesions were found between demented and
nondemented patients (HEstoN 1981; BALL 1984; MANN et al. 1984; PERrY et
al. 1985; Cuui 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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Fig. 4. Comparison of fresh brain weights in different types of parkinsonism, Alzhei-
mer’s disease, senile dementia of Alzheimer type (SDAT), and age-matched controls
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Fig.5a, b. The 95% confidence range of brain weight for white men (a) and women (b)
aged 25-80 years. (Ho et al. 1980)

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; TeErrY 1985) that correlate strongly with the density of NFTs and/or
NPs and the intensity of dementia (GiBsoN 1983; KatzmMaN 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 19864, 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
MCcNEILL 1984; BEAL et al. 1986), is suggested by reduced somatostatin con-
tent in PD brain (Javoy-AcIp et al. 1984, 1986; EpELBAUM et al. 1986; AGID et
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Fig. 6. Comparison of age, duration of illness, brain weight, and cortical Alzheimer
scores in Parkinson’s disease patients of both sexes with and without severe demen-
tia
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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 GRrAy 1984; JELLINGER 1987a), 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 GasparR 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

Age of death (years)

Fig. 8. Relation of cortical Alzheimer score (senile plaques and neurofibrillary tangles
in frontal cortex and hippocampus) to age in 301 patients with Parkinson’s disease;
cluster analysis
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well established for AD and younger SDAT subjects (GiBsoN 1983; ALAFuU-
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 (Jamapa and
MEHRAIN 1968; MouNTIOY et al. 1984; MANN et al. 1985; MaNN 1985; Jacoss
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
MartHIESON 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; XuUereB 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 1987a, 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; CHur et al. 1986; OyaNacr 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; AcIp et al. 1987), the noradrenergic
locus ceruleus (MANN et al. 1986), the reticular formation (FustMura and Um-
BAaCH 1987), and the cholinergic forebrain systems (WHITEHOUSE et al. 1983;
TacLIAvVINI and PiLLERI 1984; EZrRIN-WATERS and REscH 1986; WHITEHOUSE
1986; AcID et al. 1987). While TacLiavINI et al. (1984 a) 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 (GasPArR and Gray 1984; JELLINGER 19864,
b, 1987a; Cuui 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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CORTICAL SCORE OF SENILE PLAQUESI(Y) CORTICAL SCORE OF NEUROFIBRILLARY TANGLES(2)

0:NON-DEMENTED X %NEURONAL LOSS OF NBM ELLq 4, ELL{,2=95% OF NON-DEMENTED
o= DEMENTED Y SENILE PLAQUES SCORE ! -
Z CORTICAL NFT-SCORE ELL2 4, ELL2 2 = 95% OF DEMENTED

REGRESSION ANALYSIS
ELL2,:ELL4,1 = p<0,001 ¢ (ZX) p<0,05
r(zy) =N.S.
ELL22:ELLy,2* p<0,001 r(vx) p<005
r(XYZ) p< 001
Fig.9. Relation between neuronal loss in nucleus basalis of Meynert (NBM) and Alz-
heimer pathology in frontal cortex and hippocampus (4 degrees of intensity for each
region) in 50 autopsy cases of Parkinson’s disease with and without dementia

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; Dusors et al. 1985; Javoy-AcID et al.
1986; AcID 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; AcIp 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; AcID 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 Kisu 1984; AcIp 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; Dusois 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; BarL 1977; HymaN et al. 1984; PEarsoN et al.
1985; MANN et al. 1987a) 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; F1sHMAN 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; Dusois 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 GRray 1984; Nakano and Hirano 1984; E. K. Perry et al.
1985; Cuui et al. 1986; JELLINGER 19864a, b, 1987 a), 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; Jacoss et al. 1985),
do not support the dying back hypothesis of cholinergic terminals as the in-
itiator of NP 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; Jacoss and BurcHER 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 1987a). 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 (HeENDERsoN 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-AcID et al. 1986; BeaL et al. 1986;
MORRISON et al. 1986; AcID 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 of NFTs 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
(CummMINGsS 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 mesocorticolimbic, 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 intracortical path-
ways, appear to remain preserved in “classical” PD (AcIp 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 PowgLL 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;
Acip 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 elucidated. More recent data allow subdivi-
sion of degenerative parkinsonian syndromes into several clinicopathologic
groups:

— “Iypical” 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;

— Concurrence of PD and AD (PD/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 AD/SDAT, 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.

— AD/SDAT 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-



94 K. JELLINGER

tems, 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 clucidate: (a) the clinicopathologic correlationsa 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.McGEeER 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 control. We have reviewed the
literature on the afferents 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 al. 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 that 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 ZauM and HEIMER 1985), but is also supported by similarities in connec-
tional patterns (cf. CARLSEN and HEMER 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) (Haser and Naura 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 Type II: Amines
(2-14 umol/g) (1-25 nmol/g)
Glutamate (Glu) Acetylcholine (ACh)
Aspartate (Asp) Dopamine (DA)
p-Aminobutyric acid (GABA) Noradrenaline (NA)
Glycine (Gly) Adrenaline (ADR)

Serotonin (5-HT)
Histamine (HIS)
Adenosine (ADO)

Tryptamine
Type III: Peptides?
(<1-500 pmol/g)
Cholecystokinin (CCK)® Prodynorphins (DYN)
Somatostatin (SOM)® Dynorphin A (1-8), A (1-17)
Neurotensin (NT) Dynorphin B (1-13)
Neuropeptide Y (NPY)* a-Neoendorphin
Vasoactive intestinal peptide (VIP) Proenkephalins (ENK)#
Thyrotropin-releasing hormone (TRH) Met*-enkephalin
Angiotensin II (AII) Met’-enkephalin-Arg®-Phe’
Bombesin (BO) Met’-enkephalin-Arg®-Phe’-Leu®
Cyclo(His-Pro) Leu®-enkephalin
Calcitonin gene-related peptide (CGRP)¢  Tachykinins (SP/K)
Galanin (GAL)® Substance P (SP)
P7 of IB236f Substance K (SK)*®
Oxytocin (OXY) Corticotropin-releasing factor (CRF)

Vasopressin (AVP)

2 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.

¢ Early reports of avian pancreatic polypeptide probably were of NPY.

d SxorFirscH and Jacosowirz (1985 a).

¢ SkorITscH and JacoBowirz (1985D).

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 (Suzuk et al.
1986).

¢ The proenkephalin mRNA is said to be expressed in >50% of neurons in rat CP
(SHIVERS et al. 1986).

b Neurokinin A.
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Cortex GLU (D) GABA(1)  GABA(l) _ m

In striatonigral ~ In SNR In thalamus, superior
a system colliculus or brainstem
Inf.olive. D __,  GABA(M) _~ GABA(Y 2D

Pk Deep Targets
b nuclei

Fig.1a, 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 play a 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. 1a, 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. 1b). There is probably provision
also for rapid feedback from the target neurons to the cortex; stimulation of
SNR neurons, for example, has been shown to increase Glu release in the ip-
silateral striatum by a thalamic-dependent mechanism (GIrauLT 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 1000-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 projections 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 play a role in movement
control. Amine projections to extrapyramidal nuclei from the raphe (5-HT),
hypothalamus (histamine, HIS), and locus ceruleus/subceruleus (NA/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.III).

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 (HVA) 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 (Mor1 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 A10 area (HokreLT 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, INn1s 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 A10 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 1l transmitters
GABA 5-HT Ascending raphe neurons  BELIN et al. 1983;
to striatum MCcGEER et al.
unpublished
work 1984
Type I and type 11 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 ZauM et al. 1985
GABA B-END Rat neostriatum OERTEL et al. 1983
GABA SP Rat and cat neostriatum PENNY et al. 1986
Type I1 and type I1I transmitters
DA CCK Some rat A10 projections  HoKFELT et al. 1980
(partly crossed) FALLON et al. 1983
Cat nigrostriatal A10 MARKSTEIN and HOKFELT
1984
DA NT¢ Nigrostriatal GRAYBIEL (1986)
A10 neurons HokFrerLT et al. 1984
Two or more type III transmitters
SOM NPY Rat striatal and nucleus BEeAL et al. 1986; VINCENT
accumbens interneurons and JoHANssON 1983;
SMiITH and
PARENT 19862
SOMP® ENKP® Rat and cat CP neurons PeNNY et al. 1986
Sp DYN CP neurons BEssoN et al. 1986

2 This table does not include many instances of reported colocalizations in neurons
which may or 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).

® About 50 % of the medium cell population containing each of these substances con-
tains the other (ARONIN et al. 1984).

¢ 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; Voicr 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, 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 (INN1s et al. 1985)
and SK binding sites (QuirioN and Dam 1985; Mantyn 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, and D, 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

p Opiate binding sites® ACHE staining®

Inputs from thalamus® Inputs from sensory and motor cortex?
Inputs from prelimbic cortex? Neurons projecting to SNR and pallidum?

Neurons projecting to SNC%¢ Inputs from A8 (rubrorostral) and A10 (VTA)®
Calcium binding protein-positive neuronsk

Not as well defined

Opiate immunoreactivity® f SOM-positive neurons'
SP-positive neurons® SOM/NPY/NADPH diaphorase-positive neuropil’
GAD immunoreactivity® NT binding sitesf

NT immunoreactivityf
Benzodiazepine binding sites’
DYN-positive neurons

# For review see GRAYBIEL (1983).

® In caudates of carnivores and primates, including humans (GRAYBIEL and RAGSDALE
1978; HeErkeENHAM and Pert 1981); although AChE is in matrix, QNB binding is
evenly distributed (BRAND 1980).

¢ HERKENHAM and Pert (1981); BECKSTEAD (1985).

4 GERFEN (1984).

¢ 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).

¢ 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.

b GRAYBIEL et al. (1983).

i 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).

¥ 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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Sensory motor Prelimbic
cortex cortex
Matrix A PS Patches
(80% of volume) - (20% ot volume)

\/
M) \%
VTA and SNR SNC
rostrorubral

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
RacspaLE (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-
punT and VAN DER Kooy 1985), or the patches of high D, binding site density
in monkey caudate (KoHLER and RADESATER 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 (WibMANN and SpErRk 1986;
Mori et al. 1985; BEaL and MarTIN 1985). Analogous gradient differences
have been reported in the densities of D, (Dusois and ScatroN 1985) and
5-HT, (ALTAR et al. 1986) binding sites. D, 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 D, sites are concentrated more in the ven-
trolateral and medial as compared with the ventromedial and dorsolateral
aspects (SAvasTta 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;
SMmrTH 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 afferents from
the frontal cortex and SN (ILLING and GrAYBIEL 1985, 1986; Ross and Gob-
FREY 1985; cf. WIENER 1986).

I1. 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. SMITH
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
(SmrtH and PARENT 1986D).
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In other work, SmitH and PARENT (1986 a) 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 DirFicLIA (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.II). 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
Yamamoro (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
NPY and 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 Harrort1 et al. (1975, 1976) who showed that DA nerve end-
ings (marked by 6-hydroxydopamine (6-OHDA)-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. 1984 a), as well as between cor-
ticostriatal afferents and striatal ENK neurons (BOUYER et al. 1984b); (b) DA



Biochemical Neuroanatomy of the Basal Ganglia 125

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 (BoraM 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)
(OEerTEL et al. 1984), of cholinergic neurons in the VnGP (INGHAM et al.
1986), and of both GABAergic and non-GABAergic neurons in the SN (Hor-
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 FaurL (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 A10 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 D, receptor regulates the
metabolism of at least 400 molecules of ACh (Korr et al. 1985), and that the
D, agonist effect in inhibiting striatal ACh release is suppressed by both D,
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 Yanc and MoGENsoON 1985
Glu CP Intrinsic neurons
and DA terminals B BuTcHER et al. 1986
GABA CP Non-5-HT systems P MENNINI et al. 1986
GABA SN Non-DA cells B Cross and WADDINGTON
1980
Muscarinic SN DA neurons B Cross and WADDINGTON
1980
D, Rat CP Intrinsic neurons B NEVE et al. 1984;
TRUGMAN et al. 1986
D, ? SN Striatonigral B PorcepDU et al. 1986
afferent terminals
NA N. Ac Neurons receiving P UNEMOoTO 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 DA neurons P,B  PmiNock 1985; SINGER
1984
NT VTA DA neurons B,P  GLIMSHER et al. 1984;
SINGER 1984; PaLAcCIOS
and KunHAr 1981
NT CP DA afferents B QUIRION et al. 1985
NT N. Ac DA and intrinsic B QUIRION et al. 1985
neurons

® Many articles have appeared on the localization of D, binding sites and DA-stimu-
lated adenylate cyclase (index of the D, site) in rat CP as indicated by studies in le-
sioned animals. Most agree that the D, site is almost entirely on intrinsic neurons
while the D, is on intrinsic neurons, and may or may not be on corticostriatal (Glu)
and nigrostriatal (DA) afferents; this is discussed in the text where recent reviews are
cited. Autoradiographic studies indicate that D, sites in the SN are largely in the SNC,
while D; 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, Ca’*-dependent Glu release in
striatal slices (MitcHELL and DocGerr 1980) and Glu facilitates DA release
(BUTCHER et al. 1986), the existence of DA receptors on Glu terminals and of
Glu 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; TrRUG-
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. 1986 b; LINDE-
FORS 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-OHDA-lesioned 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 dendritically released DA can influence GABAergic activity, in-
cluding GABAergic inhibition of both SNR (Waszczak and WALTERs 1986)

Striatum Substantia nigra

GABA

® ACh 4——W i
v

~»WGABA = DA

—® /7 GpBA
~»OENK —A--? /
= SPK i
L.»® = Striatonigral ———» m—— 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 (Porceppu 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 Various Tracts
in the Extrapyramidal System

In Sect. B.IA (Fig.1), we have already proposed that the main messages in the
extrapyramidal system are carried by Glu 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 Cortex GLU - initiates

Disease

?

Thal. +

DA " anti - static "
SNC R
w .

updating data

1 Gp
v

Peptides & GABA
pass integrated data g

Chorea? — thal
Dystonia? GLU -

¥y
SNR EP Hemiballismus

GABA - system output

Thalamus
Brain stem
Fig.4. A hypothetical diagram of information flow in the basal ganglia. Thal.* 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
connections might be involved in the “antistatic” effect of the DA system,
with particular relation to its failure in Parkinson’s disease.

Figure S 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 D, receptors to inhibit the GABA neuron (I), and the ACh
neuron (I), but through a D, receptor to activate the GABA neuron (II). The

GLU

GABA.
() \
> e O
/ +
> .GI\BAI“) > W GABA (Ill)

DA T ACh() 4 SP/K -DYN (1)

+

ACh (||)'I I’ACh (Il1), etc.

[’] L‘_—]Output neurons Il 11, 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 turn, each be presumed to
have a similar system of activating DA/GABA;-Glu inputs. See text for details
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GABA neuron (I) is supposed to exert a tonic inhibitory effect (through a
GABA; receptor) on Glu release. Inhibition of the GABA 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 of DA on GABA
neuron (II) through a D, 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 disinhibitory. 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, and D, 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; and D, 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 GABAj inhibition.
Giving a D, 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. D, 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 rele even in that one important, and long-recognized, func-
tion remain unclear.

G. Appendix: Afferents 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 (A10)
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.

VnGP

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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Notes on the Figures

1 Interneurons 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
(BLooM et al. 1985) and some CCK-positive aspiny neurons (TAKAGI et al. 1984) have
been reported in rat CP, and these may be interneurons 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 KERrseyY 1985).
The extent of collateralization is in question. For example, LoorunT 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 (PioroO 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—caudal levels (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 Kusota 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 subcommissural 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).

° 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 precommissural 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 (REISINE et al. 1982).

11 Some lesion experiments suggest that tryptamine may be associated specifically
with nigrostriatal neurons (Juorio and GREENsSHAW 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 corticocortical connections (ARIKUNI and KuBota 1986).

15 Van der Kooy and KoLs (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 TARADA 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 of the thalamus in the
rat have asymmetric axodendritic terminations (SuciMoro and HAtroR1 1984).

18 Krrar and Krra (1986).

19 FElectrical 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 (Nopa and Oka 1984, 1986).

%5 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 Glu/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.

2 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; Yamamoro et al. 1985), and a
mixed GABA and GABA/SOM projection (VINCENT and BrRowN 1986) goes to the ha-
benula.

3 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
(UneEmoro et al. 19859).
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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 Krrar 1985). NT is found in some of the ascend-
ing projections (KaLivas and MILLER 1984).

36 1 esion studies suggest that SP and ENK may occur in the N. Ac-VnGP tract (HABER
and Naurta 1983).

37 MOGENSON et al. (1985).

38 SwaNsON et al. (1984) provide physiological evidence for both excitatory and inhibi-
tory inputs.

3 ZABORSZKY et al. (1984).

LeMANN and SAPER (1985) suggest an excitatory tract from cortex to VnGP.

41 RyE et al. (1984).

42 Jacosowrrz and PALkovits (1974).

43 PARENT et al. (1981).

4 YanG and MoGENSON (1986).

45 HarING and WaANG (1986).

4 WooLr et al. (1986).

47 Youne et al. (1984).
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CHAPTER 4

Receptors in the Basal Ganglia

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 (Younc 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 radiolabeled 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 D, receptor D, 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 >10uM nM
Butyrophenones uM pM
SKF-38393 nM uM
SCH-23390 nM uM

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; LErr and CREESE
1983; Stoor and KeBaBIAN 1984). One site has a pharmacology very similar to
that of the dopamine-stimulated adenylate cyclase, and is called the D, recep-
tor subtype (KEBaBIAN 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 D, receptor subtype (GRiGORIADIS and SEEMAN 1984; LEFF
and CreeSe 1983; Stoor and KeBABIAN 1984). Recent studies suggest that
agonist stimulation of the D, receptor actually results in the inhibition of ad-
enylate cyclase in striatal and pituitary membranes (GRIGORIADIS and SEEMAN
1984; Lerr 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 D, receptors are located on presynaptic terminals whereas
D, receptors appear to exist postsynaptically in the striatum, but also on the
somata and dendrites of substantia nigra dopamine neurons (Dugois 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 D; and D,
binding sites. However, it is currently believed that these two binding sites
merely represented high affinity states of the D, and D, receptors (LEFF and
CREESE 1983; GRIGORIADIS and SEEMAN 1984).

The behavioral consequences of D, receptor-induced activation of adeny-
late cyclase are poorly defined. However, they appear to have many similari-
ties to those of D, activation (although important differences also exist) (Ba-
RONE et al. 1986; CHRISTENSEN et al. 1984). With the recent development of
selective D, agonists and antagonists, specific D;-induced behaviors can now
be defined. The low affinity state of the D, receptor has micromolar affinity
for dopamine and the high affinity state has nanomolar affinity for dopamine
(Lerr and Creese 1983; Gricoriapis and SEEMAN 1984). Thioxanthenes
(such as cis-flupenthixol) have nanomolar affinity for blocking the D, recep-
tor, whereas butyrophenones (such as haloperidol and spiroperidol) have mic-
romolar affinity for blocking the D, 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
(HytTEL et al. 1983; Stoor 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;
HytTEL 1983).

D, receptors have very high affinity (nanomolar range) for all neuroleptics
(butyrophenones, benzamides, and phenothiazines) (LErr and CRreese 1983;
Gricoriapis and SEEMAN 1984). The high affinity state of the D, receptor has
nanomolar affinity for dopamine, and the low affinity state, micromolar affin-
ity (Gricoriapis and SEEMAN 1984). The D, receptor inhibits adenylate cyc-
lase in the pituitary and striatum (LEFF and CReeSE 1983; GriGoriapis and
SEEMAN 1984). Drugs that act at the D, site result in marked behavioral effects
in animals (rotation, locomotion, antiparkinsonian action, psychotomimetic
action, emesis, and stereotypy) (CREESE et al. 1983). In humans, antagonists
at the D, site are potent antipsychotic and antiemetic agents and produce
signs of parkinsonism. The most potent D, antagonists include the butyrophe-
nones (haloperidol, spiroperidol) and the benzamides (sulpiride, tiapride)
(Stoor and KeBaBIAN 1984). The most potent agonists at the D, site are the er-
got derivatives, pergolide, lisuride, and LY171 555 (StooF and KEBABIAN 1984;
TrTus et al. 1983). In binding studies, [ H] spiroperidol is commonly used to
measure D, receptors.

I1I. 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 al: 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.

D, receptors are fewer by about 66 % than D, receptors in all neostriatal re-
gions (caudate/putamen, nucleus accumbens, olfactory tubercle) (RICHFIELD
et al. 1987a, b). Nevertheless, they are higher in the neostriatum than in other
areas. In the substantia nigra, D, receptors are higher in the pars compacta
than in the pars reticulata. Very few D, 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.1a, b. Distribution of dopamine D, (a) and D, (b) receptors in basal ganglia of the
monkey, as revealed by receptor autoradiography. D, receptors were imaged with 0.57
nM [PH]SCH-23390. D, receptors were imaged with 0.25 nM [*H]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 D, as D, receptors. The density of both subtypes varies by about 15 % within
these structures. In addition, D, receptors are present in the medial globus pallidus (M)
while D, receptors are present in the lateral globus pallidus (L)

D, receptors in humans and primates are present in levels about one-third
those of D, receptors in the neostriatum (caudate, putamen, nucleus accum-
bens, and olfactory tubercle) (Fig. 1 and 2). The D, receptors are present in
moderate density in the substantia nigra pars compacta where D, receptors are
very low. In primates and humans, D, 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
D, receptors observed in the cerebral cortex.

Inhomogeneities in the striatal distribution of both D, and D, receptors
have been observed in cat, primate, and human brains (RICHFIELD et al.
1987a, b; J. PaLacios 1986, personal communication). However, the areas of
densest binding seen with D, receptors do not correspond one for one with the
areas of increased D, receptor binding. In adults, neither D, nor D, 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 1nM [*H]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 giobus pallidus (G) and
thalamus (T),

b dopamine D, receptors imaged with 0.25 nM [*H]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; REISINE 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 D, and D, re-
ceptors do not appear to be particularly influenced by this factor.

In the initial homogenate studies by LEE et al (1978), D, 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 D, receptor
changes were present both in the caudate nucleus and in the putamen. D, 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 D, receptors in untreated patients (GurrMaN and
SEEMAN 1985). In treated patients, D, receptors are normal (GUTTMAN et al.
1985; GurrMaN and SEEMAN 1985). Unfortunately, most of the D, ligands that
have been used interact with both D, and D, 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 (NAcatsu 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-23 390 have indicated no apparent D, receptor
changes in treated Parkinson’s disease patients (PIMOULE et al. 1985; J. PALA-
cios 1986, personal communication). No differences in D, receptors have
been observed in these treated patients.

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

¢ benzodiazepine receptors imaged with 8 nM [*H] 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 p opiate receptors imaged with 8 nM [*H] 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
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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 [!!C] spi-
roperidol. Presently, the PET receptor methodology is plagued by difficulties
in modeling the pharmacokinetics of receptor binding (PERLMUTTER et al.
1986; PErRLMUTTER and RaicuLE 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 (FRrey et
al. 1985; PERLMUTTER et al. 1986; WoNG et al. 1986a, b). In animal models of
Parkinson’s disease, in vivo administration of dopamine antagonists, such as
[*H] spiroperidol, has not shown a change in dopamine receptors after nigros-
triatal lesions (BENNETT 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 (HornvykiEwicz 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; NacGy 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; UnL 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 interneurons, 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.

REisINE 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; ArRoNIN 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, u
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 § and » opiate receptors appear pre-
dominantly on striatal somata and terminals. After striatal kainic acid lesions
in rats, 4 and u 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 (Kunar 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 (REISINE et al. 1979). In the future, it may be possible to define
these changes more carefully by selective u, 4, and » 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,
u, and » opiate receptors in the pars compacta. They also found losses of D,
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 [*H]J 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 (RarsMaN 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, a, and B, receptors
are increased, while a, receptors are decreased and S, receptors are unchanged.
In addition, a; 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 D, dopamine receptor. It does appear that most studies have
observed an increase in D, 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 (CT)

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 T and T, 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 T, weighted images (DRAYER et al. 1986), and this has been
suggested to represent increased iron deposition in these regions.
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ITII. 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 horn 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 T; weighted images as
compared with T, 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 T, 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 AicArpi 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 (Lrrtrur 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 (Lopper and Baarp 1981; Giass 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
(rCMRO,) 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 (tCBF) 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 rCMRO, 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 rTCMRG with PET is based on the
[**C] 2-deoxyglucose (DG) tissue autoradiographic method of SOKOLOFF et al.
(1977). This method is based in turn 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 [*F]2-fluoro-2-deoxyglucose (FDG)
which behaves in a similar fashion to DG (RErvicH 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; Huanc et al. 1980). This version has
become the standard model employed for rCMRG measurement with PET in
humans.

The measurement of tTCMRO, makes use of inhaled *O-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.
1984b). Laboratories which use the steady state method usually measure
rCBF with inhaled [*O]CO, (Frackowiak et al. 1980) whereas the single-
breath method is usually accompanied by rCBF calculation from a bolus in-
jection of [*O]H,0 (HEerscoviTcH 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 '®F, has made it possible to label presynaptic dopaminergic
nerve endings in vivo (GARNETT 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 (GARNETT 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. 1986a). 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 colour
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 striatal 6-FD-derived radioactiv-
ity (W.R.W.MAarTIN 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, however, remains to enable full application of tracer kin-
etic modelling techniques to 6-FD uptake data.

¢. 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 D, dopamine and S, serotonin receptors. [!C]labelled NMSP in
human subjects has been shown to accumulate maximally in the basal ganglia
(WAGNER et al. 1983); this is considered to represent D, receptor binding. The
lesser degree of uptake in the cerebral cortex was thought to reflect S, receptor
binding (WoNG et al. 1984). Numerous other positron-emitting dopamine re-
ceptor ligands have been synthesized and will undoubtedly undergo further
investigation (ARNETT et al. 1984, 1985a, 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
B..x and, if possible, the dissociation constant for the ligand used K. The ap-
plication of appropriate tracer kinetic methodology should make this possible.
One such approach (MINTUN et al. 1984 a; PERLMUTTER 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 B,,,,. 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 ['!C] raclopride (which
has very low nonspecific binding) to permit saturation analysis, and have cal-
culated both B_,, and K, 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. 1986D).
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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 dependendent 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 ['?*I] N-isopropyl-p-iodoam-
phetamine which act as “metabolic microspheres” have been utilized for these
measurements (HiLL et al. 1982; KunL et al. 1982a) 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 CMRO, (RaicHLE et al. 1984; WoLrsoN et al. 1985), CMRG
(MARTIN et al. 1984) and CBF (WoLrsoN 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 WooreN and Corrins (1981). As sug-
gested by PERLMUTTER 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 depresssd CMRO, and CBF have
been reported in the frontal cortex contralateral to affected limbs in asymme-
trically affected patients (WoLFsoN et al. 1985; PERLMUTTER and RAICHLE
1985). The depression in CBF has been localized to “mesocortex” receiving
dopaminergic input from the ventral tegmental area (PERLMUTTER and
RaicHLE 1985).

In patients with bilateral parkinsonism, a global decrease in CBF unac-
companied by changes in CMRO, 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 KunL 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 CMRO, 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 (EDvVINSSON 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, PERLMUTTER
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 KunL et al. (1982b). 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 artifactual 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, KunL 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 hypometabolic subjects
developed clinical signs characteristic of the disease over the following 2 years
(KuHL et al. 1985). MazziotTa 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.
(1986 b) 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.
(1986 ¢) have reported a single individual with typical Huntington’s disease in
whom 6-FD uptake was normal, but D, receptor binding, assessed by measur-
ing striatum: cortex ratios following [!C]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. JuNck et al.
(1986) found no definite 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 D, 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

Modern 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.

References

Arnett CD, Fowler JS, Wolf AP, Logan J, MacGregor RR (1984) Mapping brain neuro-
leptic receptors in the live baboon. Biol Psychiatry 19:1365-1375

Arnett CD, Fowler JS, Wolf AP, Shiue CY, McPherson DW (1985 a) [**F] N-Methylspi-
roperidol: the radioligand of choice for PETT studies of the dopamine receptor in
human brain. Life Sci 36:1359-1366

Arnett CD, Shiue CY, Wolf AP, Fowler JS, Logan J, Watanabe M (1985b) Comparison
of three [*F]labelled butyrophenone neuroleptic drugs in the baboon using posi-
tron emission tomography. J Neurochem 44:835-844

Baron JC, Comar D, Zarifian E, Agid Y, Crouzel C, Loo H, Deniker P, Kellershohn C
(1985) Dopaminergic receptor sites in human brain: positron emission tomogra-
phy. Neurology (NY) 35:16-24



Imaging the Basal Ganglia 179

Barr AN, Heinze WJ, Dogger GD, Valvassor GE, Sugar O (1978) Bicaudate index in
computerized tomography of Huntington’s disease and cerebral atrophy. Neuro-
logy (NY) 28:1196-1200

Bes A, Guell A, Fabre N, Arne-Bes MC, Geraud G (1983) Effects of dopaminergic
agonists (piribedil and bromocriptine) on cerebral blood flow and parkinsonism. J
Cereb Blood Flow Metab 3 (Suppl 1):490-491

Budinger TF (1985) Quantitative single-photon emission tomography for cerebral flow
and receptor distribution imaging. In: Reivich M, Alavi A (eds) Positron emission
tomography. Liss, New York

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

Bydder GM, Steiner RE, Young IR, Hall AS, Thomas DJ, Marshall J et al. (1982) Cli-
nical NMR imaging of the brain: 140 cases. Am J Radiol 139:215-236

Cumming P, Boyes BE, Martin WRW, Adam M, Grierson J, Ruth T, McGeer EG
(1987) The metabolism of ['®F]6-fluoro-L-3,4-dihydroxyphenylalanine in the
hooded rat. J Neurochem 48:601-608

Drayer BP, Olanow CW, Burger P (1986) High field strength resonance imaging in pa-
tients with Parkinson’s disease. Neurology (NY) 36 (Suppl 1):309

Eckelman WC, Reba RC, Rzeszotarski WJ, Gibson RE, Hill T, Holman BL, Bu-
dinger T, Conklin JJ, Eng R, Grissom MP (1984) External imaging of cerebral
muscarinic acetylcholine receptors. Science 223:291-293

Edvinsson L, Harebo JE, McCulloch J, Owman C (1978) Vasomotor response of cere-
bral blood vessels to dopamine and dopaminergic agonists. Adv Neurol 20:85-96

Farde L, Hall H, Ehrin E, Sedvall G (1986) Quantitative analysis of D, dopamine re-
ceptor binding in the living human brain by PET. Science 231:258-261

Firnau G, Garnett E, Sourkes TL, Missala K (1975) ['*F] Fluorodopa; a unique gamma
emitting substrate for dopa decarboxylase. Experientia 31:1254-1255

Fox PT, Raichle ME (1986) Focal physiological uncoupling of cerebral blood flow and
oxidative metabolism during somatosensory stimulation in human subjects. Proc
Natl Acad Sci USA 83:1140-1144

Fox PT, Perlmutter JS, Raichle ME (1985) A stereotactic method of anatomical locali-
zation for positron emission tomography. J Comput Assist Tomogr 9:141-153

Frackowiak RSJ, Lenzi GL, Jones T, Heather JD (1980) Quantitative measurement of
regional cerebral blood flow and oxygen metabolism in man using *O and posi-
tron emission tomography: theory, procedure, and normal values. J Comput Assist
Tomogr 4:727-736

Fross RD, Martin WRW, Stoessl AJ, Adam MJ, Ruth TJ, Pate BD, Calne DB (1986)
The anatomic basis of dystonia. Neurology (NY) 36 (Suppl 1):119

Garnett ES, Firnau G, Nahmias C, Sood S, Belbeck L (1980) Blood-brain barrier trans-
port and cerebral utilization of dopa in living monkeys. Am J Physiol 238:318-327

Garnett ES, Firnau G, Nahmias C (1983 a) Dopamine visualized in the basal ganglia of
living man. Nature 305:137-138

Garnett ES, Firnau G, Nahmias C, Chirakal R (1983 b) Striatal dopamine metabolism
in living monkeys examined by positron emission tomography. Brain Res
280:169-171

Garnett ES, Firnau G, Nahmias C, Carbotte R, Bartolucci G (1984) Reduced striatal
glucose consumption and prolonged reaction time are early features in Hunting-
ton’s disease. J Neurol Sci 65:231-237

Glass JP, Jankovic J, Borit A (1984) Hemiballism and metastatic brain tumor. Neuro-
logy (Cleveland) 34:204-207



180 W.R. W. MARTIN

Goutieres F, Aicardi J (1982) Acute neurological dysfunction associated with destruc-
tive lesions of the basal ganglia in children. Ann Neurol 12:328-332

Guell A, Geraud G, Jauzac P, Victor G, Arne-Bes MC (1982) Effects of a dopaminer-
gic agonist (piribedil) on cerebral blood flow in man. J Cereb Blood Flow Metab
2:255-257

Guttman M, Lang AE, Garnett S, Tyndel F, Gordon A (1986) No consistent abnormal-
"ity of FDG scanning in SLE chorea: further evidence that striatal hypometabolism
is not the correlate of chorea. Neurology (NY) 36 (Suppl 1):309

Hayden MR, Martin WRW, Stoessl AJ, Clark C, Hollenberg S, Adam MJ, Am-
mann W, Harrop R, Rogers J, Ruth T, Sayre C, Pate BD (1986) Positron emission
tomography in the early diagnosis of Huntington disease. Neurology (NY)
36:888-894

Herscovitch P, Markham J, Raichle ME (1983) Brain blood flow measured with intra-
venous H, *0. I. Theory and error analysis. J Nucl Med 24:782-789

Hill TC, Holman BL, Lovett R, O’Leary DH, Front D, Magistretti P, Zimmerman RE,
Moore S, Clouse ME, Wu JL, Lin TH, Baldwin RM (1982) Initial experience with
SPECT (single photon computerized tomography) of the brain using N-isopropyl
I-123-p-iodoamphetamine. J Nucl Med 23:191-195

Huang SC, Phelps ME, Hoffman EJ, Sideris K, Selin CJ, Kuhl DE (1980) Noninvasive
determination of local cerebral metabolic rate of glucose in man. Am J Physiol
128:E69-E82

Junck L, Gilman S, Hickwa RD, Young AB, Markel DS, Ehrenkaufer RLE (1986) PET
studies of local cerebral glucose metabolism in idiopathic torsion dystonia. Neu-
rology (NY) 36 (Suppl 1):182

Kilbourn MR, Zalutsky MR (1985) Research and clinical potential of receptor based
radiopharmaceuticals. J Nucl Med 26:655-662

Kozachuk W, Salanga V, Conomy J, Smith A (1986) MRI (magnetic resonance imag-
ing) in Huntington’s disease. Neurology (NY) 36 (Suppl 1):310

Kuhl DE, Barrio JR, Huang SC, Selin C, Ackermann RF, Lear JL, Wu JL, Lin TH,
Phelps ME (1982a) Quantifying local cerebral blood flow by N-isopropyl-
p-['*I]iodoamphetamine (IMP) tomography. J Nucl Med 23:196-203

Kuhl DE, Phelps ME, Markham CH, Metter EJ, Riege WH, Winter J (1982b) Cerebral
metabolism and atrophy in Huntington’s disease determined by *FDG and com-
puted tomographic scan. Ann Neurol 12:425-434

Kuhl DE, Metter EJ, Reige WH (1984) Patterns of local cerebral glucose utilization
determined in Parkinson’s disease by the [‘*Flfluorodeoxyglucose method. Ann
Neurol 15:419-424

Kuhl DE, Markham CH, Metter EJ, Riege WH, Phelps ME, Mazziotta JC (1985) Local
cerebral glucose utilization in symptomatic and presymptomatic Huntington’s dis-
ease. In: Sokoloff L (ed) Brain imaging and brain function. Raven, New York,
pp 199-209

Lang AE, Garnett ES, Firnau G, Nahmias C, Talalla A (1988) Positron tomography in
dystonia. Adv Neurol 50. Dystonia 2. Eds. Fahn S, Marsden CD, Calne DB.
249-253

Lange H, Thorner G, Hopf A, Schroder KF (1976) Morphometric studies of the neuro-
pathological changes in choreatic disease. J Neurol Sci 28:401-425

Lawler GA, Pennock JM, Steiner RE, Jenkins WJ, Sherlock S, Young IR (1983) Nuc-
lear magnetic resonance (NMR) imaging in Wilson’s disease. J Comput Assist To-
mogr 7:1-8

Leenders KL, Wolfson L, Gibbs JM, Wise RIS, Causon R, Jones T, Legg NJ (1985)
The effects of L-dopa on regional cerebral blood flow and oxygen metabolism in
patients with Parkinson’s disease. Brain 108:171-191



Imaging the Basal Ganglia 181

Leenders KL, Poewe WH, Palmer AJ, Brenton DP, Frackowiak RSJ (1986 a) Inhibition
of L-['®F]fluorodopa uptake into human brain by amino acids demonstrated by
positron emission tomography. Ann Neurol 20:258-261

Leenders KL, Palmer AJ, Quinn N, Clark JC, Firnau G, Garnett ES, Nahmias C,
Jones, Marsden CD (1986b) Brain dopamine metabolism in patients with Parkin-
son’s disease measured with positron emission tomography. J Neurol Neurosurg
Psychiatry 49:853-860

Leenders KL, Frackowiak R, Quinn N, Marsden CD (1986 ¢) Brain energy metabolism
and dopaminergic function in Huntington’s disease measured in vivo using posi-
tron emission tomography. Movement Disorders 1:69-78

Leenders KL, Frackowiak RSJ, Quinn N, Brooks D, Sumner D, Marsden CD (1986d)
Ipsilateral blepharospasm and contralateral hemidystonia and parkinsonism in a
patient: CT, MRI, and PET scanning. Movement Disorders 1:51-58

Littrup PJ, Gebarski SS (1985) MR imaging of Hallervorden-Spatz disease. J] Comput
Assist Tomogr. 9:491-493

Lodder J, Baard WC (1981) Paraballism caused by bilateral hemorrhagic infarctions in
the basal ganglia. Neurology (NY) 31:484-486

Martin JP (1957) Hemichorea (hemiballism) without lesions in the corpus luysii. Brain
80:1-10

Martin WRW, Beckman JH, Calne DB, Adam MJ, Harrop R, Rogers JG, Ruth TJ,
Sayre CI, Pate BD (1984) Cerebral glucose metabolism in Parkinson’s disease. Can
J Neurol Sci 11(Suppl):169-173

Martin WRW, Boyes BE, Leenders KL, Patlak CS (1985) Method for the quantitative
analysis of 6-fluorodopa uptake data from positron emission tomography. J Cereb
Blood Flow Metab +(Suppl 1):593-594

Martin WRW, Stoessl AJ, Adam MJ, Ammann W, Bergstrom M, Harrop R, Lai-
hinen A, Rogers JG, Ruth TJ, Sayre CI, Pate BD, Calne DB (1987) Positron emis-
sion tomography in Parkinson’s disease: glucose and dopa metabolism. Adv Neu-
rol 45:95-98

Martin WRW, Stoessl AJ, Palmer M, Adam MJ, Ruth TJ, Grierson JR, Pate BD,
Calne DB (1988) PET scanning in dystonia. Adv Neurol 50. Dystonia 2. Eds.
Fahn S, Marsden CD, Calne DB. 223-229

Mata M, Fink DJ, Gainer H, Smith CB, Davidsen L, Savaki H, Schwartz WJ, Soko-
loff L (1980) Activity-dependent energy metabolism in rat posterior p1tu1tary pri-
marily reflects sodium pump activity. J Neurochem 34:213-215

Maziere JB, Loc’h C, Hantraye P, Guillon R, Duquesnoy N, Soussaline F, Naquet R,
Comar D, Maziere M (1984) 76Br—bromospiroperidol: a new tool for quantitative in
vivo imaging of neuroleptic receptors. Life Sci 35:1349-1356

Mazziotta JC, Phelps ME, Pahl J, Huang SC, Wapenski J, Baxter LR, Riege W,
Kuhl DE, Selin C, Sumida R, Markham CH (1986) Caudate hypometabolism in
asymptomatic subjects at risk for Huntington’s disease. J Nucl Med 27:920

McGeer PL, McGeer EG, Suzuki JS (1977) Aging and extrapyramidal function. Arch
Neurol 34:33-35

Mintun MA, Raichle ME, Kilbourne MR, Wooten GF, Welch MJ (1984 a) A quantita-
tive model for the in vivo assessment of drug binding sites with positron emission
tomography. Ann Neurol 15:217-227

Mintun MA, Raichle ME, Martin WRW, Herscovitch P (1984 b) Brain oxygen utiliza-
tion measured with 0-15 radiotracers and positron emission tomography. J Nucl
Med 25:177-187

Moerlein SM, Laufer P, Stocklin G, Pawlak, Wienhard K, Heiss WD (1986) Evaluation
of >Br-labelled butyrophenone neuroleptics for imaging cerebral dopaminergic re-
ceptor areas using positron emission tomography. Eur J Nucl Med 12:211-216



182 W.R. W. MARTIN

Nahmias C, Garnett ES, Firnau G, Lang A (1985) Striatal dopamine distribution in
parkinsonian patients during life. J Neurol Sci 69:223-230

Narbona J, Obeso JA, Tonon T, Martinez-Lage JM, Marsden CD (1984) Hemidystonia
secondary to localized basal ganglia tumor. J Neurol Neurosurg Psychiatry
47:704-709

Norman D, Brant-Zawadzki M (1985) Magnetic resonance imaging of the central ner-
vous system. In: Sokoloff L (ed) Brain imaging and brain function. Raven, New
York, p 259-269

Novotny EJ, Singh G, Wallace DC, Dorfman LJ, Louis A, Sogg RL, Steinman (1986)
Leber’s disease and dystonia: a mitochondrial disease. Neurology (NY)
36:1053-1060

Oepen G, Ostertag C (1981) Diagnostic value of CT in patients with Huntington’s cho-
rea and their offspring. J Neurol 225:189-196

Oldendorf WH (1985) Principles of imaging structure by NMR. In: Sokoloff L (ed)
Brain imaging and brain function. Raven, New York, pp 245-257

Palella TD, Hichwa RD, Ehrenkaufer RC, Rothley JM, McQuillan MA, Young AB,
Kelley WN (1985) ¥F-fluorodeoxyglucose PET scanning in HPRT deficiency. Am
J Hum Genet 37:A70

Patlak CS, Blasberg RG, Fenstermacher JD (1983) Graphical evaluation of blood-to-
brain transfer constants from multiple-time uptake data. J Cereb Blood Flow
Metab 3:1-7

Perlmutter JS, Raichle ME (1985) Regional blood flow in hemiparkinsonism. Neuro-
logy (NY) 35:1127-1134

Perlmutter JS, Larsen KB, Raichle ME, Markham J, Mintun MA, Kilbourn MR,
Welch MJ (1986) Strategies for in vivo measurement of receptor binding using
positron emission tomography. J Cereb Blood Flow Metab 6:154-169

Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L, Kuhl DE (1979) Tomogra-
phic measurement of local cerebral glucose metabolic rate in humans with (F-
18)2-fluoro-2-deoxy-p-glucose: validation of method. Ann Neurol 6:371-388

Raichle ME, Martin WRW, Herscovitch P, Mintun MA, Markham J (1983) Brain
blood flow measured with intravenous H, 0. IL.Implementation and validation. J
Nucl Med 24:790-798

Raichle ME, Perlmutter JS, Fox PT (1984) Parkinson’s disease: metabolic and phar-
macological approaches with positron emission tomography. Ann Neurol
15(Suppl):131-134

Reivich M, Kuhl D, Wolf A, Greenberg J, Phelps M, Ido T, Casella V, Fowler J, Hoff-
man E, Alavi A, Som P, Sokoloff L (1979) The [*®F] fluorodeoxyglucose method for
the measurement of local cerebral glucose utilization in man. Circ Res 44:127-137

Rougemont D, Baron JC, Collard P, Bustany P, Comar D, Agid Y (1984) Local cerebral
glucose utilisation in treated and untreated patients with Parkinson’s disease. J
Neurol Neurosurg Psychiatry 47:824-830

Sax DS, Buonanno FS (1986) Putaminal changes in spin-echo magnetic resonance im-
aging signal in bradykinetic/rigid form of Huntington’s disease. Neurology (NY)
36(Suppl 1):311

Sax DS, Buonanno FS, Kramer C, Miatto O, Kistler JP, Martin JB, Brady TJ (1985)
Proton nuclear magnetic resonance imaging in Huntington’s disease. Ann Neurol
18:142

Seeman P, Ulpian C, Bergeron JC, Riederer P, Jellinger K, Gabriel E, Reynolds GP,
Tourtelotte WW (1985) Bimodal distribution of dopamine receptor densities in
brain of schizophrenics. Science 225:728-731



Imaging the Basal Ganglia 183

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS, Pettigrew KD, Saku-
rada O, Shinohara N (1977) The [**C]deoxyglucose method for the measurement
of local cerebral glucose utilization: theory, procedure, and normal values in the
conscious and anesthetized albino rat. J Neurochem 28:897-916

Stober T, Wussow W, Schimrigk K (1984) Bicaudate diameter—the most specific and
simple CT parameter in the diagnosis of Huntington’s disease. Neuroradiology
26:25-28

Stoessl AJ, Hayden MR, Martin WRW, Clark C, Pate BD (1986 a) Predictive studies in
Huntington’s disease. Neurology (NY) 36(Suppl 1):310

Stoessl AJ, Martin WRW, Hayden MR, Adam MJ, Ruth TJ, Rajput A, Pate BD,
Calne DB (1986 b) Dopamine in Huntington’s disease: studies using positron emis-
sion tomography. Neurology (NY) 36 (Suppl 1):310

Stoessl AJ, Martin WRW, Clark C, Adam MJ, Ammann W, Beckman JH, Berg-
strom M, Harrop R, Rogers JG, Sayre CI, Pate BD, Calne DB (1986 ¢) PET studies
of cerebral glucose metabolism in idiopathic torticollis. Neurology (NY)
36:653-657

Starosta-Rubinstein S, Young AB, Kluin K, Hill GM, Aisen AM, Gabrielsen T,
Brewer GJ (1985) Quantitative clinical assessment of 25 Wilson’s patients: correla-
tion with structural changes on MRI. Neurology 35(Suppl 1):175

Suchowersky O, Hayden MR, Martin WRW, Stoessl AJ, Hildebrand AM, Pate BD,
(1986) Cerebral metabolism of glucose in benign hereditary chorea. Movement
Disorders 1:33-44

Wagner HN Jr. Burns HD, Dannals RF, Wong DF, Langstrom B, Duelfer T, Frost JJ,
Ravert HT, Links JM, Rosenbloom SB, Lukas SE, Kramer AV, Kuhar MJ (1983)
Imaging dopamine receptors in the human brain by positron emission tomogra-
phy. Science 221:1264-1266

Williams F, John B, Walshe JM (1981) Wilson’s disease. An analysis of the cranical
computerized tomographic appearances found in 60 patients and the changes in
response to treatment with chelating agents. Brain 104:735-752

Wolfson LI, Leenders KL, Brown LL, Jones T (1985) Alterations of regional cerebral
blood flow and oxygen metabolism in Parkinson’s disease. Neurology (NY)
35:1399-1405

Wong DF, Wagner HN Jr, Dannals RF, Links JM, Frost JJ, Ravert HT, Wilson AA,
Rosenbaum AE, Gjedde A, Douglass KH, Petronis JD, Folstein JK, Toung JKT,
Burns HD, Kuhar MJ (1984) Effects of age on dopamine and serotonin receptors
measured by positron tomography in the living human brain. Science
226:1393-1396

Wong DF, Gjedde A, Wagner HN (1986 a) Quantification of neuroreceptors in the liv-
ing human brain. I. Irreversible binding of ligands. J Cereb Blood Flow Metab
6:137-146 :

Wong DF, Gjedde A, Wagner HN Jr, Dannals RF, Douglass KH, Links JM, Kuhar MJ
(1986b) Quantification of neuroreceptors in the living human brain. II. Inhibition
studies of receptor density and affinity. J Cereb Blood Flow Metab 6:147-153

Wooten GF, Collins RC (1981) Metabolic effects of unilateral lesions of the substantia
nigra. J Neurosci 1:285-291

Young AB, Frey KA, Agranoff BW (1986 a) Receptor assays: in vitro and in vivo. In:
Phelps M, Mazziotta J, Schelbert H (eds) Positron emission tomography and auto-
radiography: principles and applications for the brain and heart. Raven, New York,

Young AB, Penney JB, Starosta-Rubinstein S, Markel DS, Berent S, Jewett D, Roth-
ley J, Betley A, Hichwa R (1986 b) Persons at-risk for Huntington’s disease: brain
metabolism determined with ®F-FDG. J Nucl Med 27:920



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 most basic neurochemical ab-
normality in the brain of PD patients—the marked loss of DA 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. 1. Pre- and postsynaptic changes, expressed as percentage of controls (= 100 %), in
the nigrostriatal DA neuron system in PD. Abbreviations: DA stim. AC = DA-stimu-
lated adenylate cyclase activity; DDC = dopa decarboxylase; HVA = homovanillic
acid; TH = tyrosine hydroxylase. 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. 1985a;
RUBERG et al. 1985), (b) striatonigral degeneration (SHARPE et al. 1973); and
(c) neuronal intranuclear inclusion body disorder (KisH et al. 1985b);

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-AcID 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 582
Medial olfactory area 22°
Lateral olfactory area (olfactory tubercle; substantia
innominata; anterior perforate substance) 0.0°
Lateral hypothalamic area 90?2
Amygdaloid nucleus 45¢
Ventral tegmental area (VTA) 50¢
Cortical regions
Parolfactory cortex (Brodmann area 25) 90°
Frontal cortex 61°
Entorhinal cortex 68°
Cingulate cortex 52¢
Hippocampus 68°
Striatum
Putamen 912

2 PrICE et al. 1978
> FARLEY et al. 1977
¢ ScATTON et al. 1984



188 O. HORNYKIEWICZ

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; Prick et al. 1978). A moderate re-
duction of DA in the spinal cord (ScaTToN et al. 1984) was recently found to
be statistically nonsignificant (Table 1; ScaTTON 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;
ScatroN et al. 1983, 1984); (b) serotonin (BERNHEIMER et al. 1961; LLoyp
1972; RINNE et al. 1974; ScaTroN et al. 1983); (c) the neuropeptides Met- and
Leu-enkephalin, cholecystokinin, substance P, somatostatin, neurotensin
(B1sseTTE 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; LLoyDp and Hornykiewicz 1973; RINNE et al. 1974); and (e) choline
acetyltransferase (LLoyp et al. 1975; PErry RH et al. 1983; REISINE et al.
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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 p-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 (HVA) and the severity of parkinsonian symptoms

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

DA HVA DA HVA

Hemiparkinsonism (right side) ?

Right striatum 62 80
Left striatum 83 96.5
PD (bilateral)®
Mild akinesia 78 48 87 63
Marked akinesia 92 82 98.5 81

2 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 HorRNYKIEWICZ 1961, 1962; BARBEAU et
al. 1962; Cortzias 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 extrastriatal brain regions. From behavioral and pharmaco-
logic studies in laboratory animals (PIUNENBURG et al. 1976; see also CHRONIS-
TER and DE FrRANCE 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.

ITII. 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

Neurotrans- Physiologic mode and site of Change Probable effect
mitter action and/or interaction in PD on PD 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; due to
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, there 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 (HorNnykiEwicz 1976; Lroyp 1977a; 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
(d) influences of serotonin and neuropeptides on nigrostriatal DA function.

a. Norepinephrine

Pharmacologic evidence 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; ANDEN 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 a; 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 of the 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 (Lroyp et al. 1975;
REISINE et al. 1977). This finding has been interpreted by LrLoyp (1977 b) as
representing a downregulation 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; Lioyp 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 (ScatroN 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, Neuropeptides

Regarding the functional implications for PD of changes in systems other
than the non-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; VANDERHAEGHEN 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 cerebellar norepinephrine in PD has been suggested
to contribute to abnormalities of cerebellum-controlled motor performance as
well as abnormalities of posture and equilibrium (Kisu 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-
cally, 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 D, DA binding
sites (receptors) (LEE et al. 1978; RINNE 1982; GurrMAN 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 normal le-
vels 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 Kisu 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 (HornNYKiEWICZ 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 critical loss of
nigrostriatal 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 of 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 Kisu 1986; Acip et al. 1973; HeFtI et 4l.
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 D, DA binding sites in
the denervated striatum starts to rise significantly only when the loss of the ni-
grostriatal DA neurons exceeds 95 % (CREgSE 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 (HerT1 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
supersensitivity, 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).

¢. New Approaches to Dopamine Substitution

o. Selective Dopamine Autoreceptor Agonists as a New 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 (D,)
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 ergoline 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 PD patients, 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 reactions 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-4 H-thiazolo-
[4,5-d]azepine) seems to be an especially selective and specific compound
(HiNzeN et al. 1986).

B. Autografting of Dopamine-Producing Cells
into the Parkinsonian Striatum

As a result of exhaustive investigations in laboratory animals (see BIOGRKLUND
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; MabpRrAzo 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 (ScuMIDT 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

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, f-carotene, ascorbic acid, N-
acetylcysteine) (PErRrY 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 turn 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 burn 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. 1a), 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. 1b), and the saturation of two double bonds results in a tetrahydropyri-
dine (Fig.1c). 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.

N N N
z | z
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Fig. 1 a-c. Structures of: pyridine (a), 2,3-dihydropyridine (b), and 1,2,3,6-tetrahydro-
pyridine (¢)
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II1. Biologic Role

Pyridines are important in many biologic processes. For example, the 3-hy-
droxypyridine derivative (pyridoxine or vitamin B¢) 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 of NAD* in biologic systems is the oxidation of other compounds. In
the process, NAD" is reduced to NADH (a 1,4-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
(Bropy and Rusy 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 turn 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.2a)
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
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Fig.2a-c. Structures of: the meperidine analog, 1-methyl-4-phenyl-4-propionoxypiper-
idine, or MPPP (a); the neurotoxic by-product of MPPP synthesis, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, or MPTP (b); the putative toxic biotransformation product
of MPTP, 1-methyl-4-phenylpyridinium ion, or MPP* (c)

confirmed in animals shortly thereafter (BURNs et al. 1983; LANGsTON et al.
1984 a).

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
(LancsToN 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. 1986a,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 5mg/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 (CHIUEH et al. 1984b; Boyce et al. 1984; SaHGAL 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 (CHIUEH 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 (SAHGAL et al. 1984), and predic-
tably little evidence of neuronal degeneration was found. Hence, whether or



Pyridine Toxins 211

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. 1984a; PERRY et al.
1985). Recently however, CARVEY et al. (1986) have produced both dopamine
depletion and nigral 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. HEikkirLA et al. (1984) were the first to report that
MPTP produces nigral cell loss and dopamine depletion in the mouse follow-
ing systemic administration. Although this original work was done in Swiss-
Webster mice, the C57BL/6 may be one of the most sensitive to the effects of
MPTP (HEeikkiLA 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 around
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.
1984 a; 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. 1986 a; Parist 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 phylogenetically 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. 1984 a). 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 (i.e., 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 Affecting 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 (LanGgsToN 1985a, 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 (CHisa et al. 1984) to its quaternary amine,
1-methyl-4-phenylpyridinium ion (MPP*) (Fig.2¢) (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. 1985a). MPP* is
then thought to enter dopaminergic neurons via the dopamine reuptake sys-
tem (JAvITCH et al. 1985; CHiBaA 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 (NickrAs 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 1985Db).

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*]

(ug per gram
tissue)

Squirrel monkey 2 mg/kg/2h X4  Caudate 9.8
Cortex 4.7

C57BL/6 mouse 20 mg/kg/h X4  Caudate 12.7
Cortex 4.0
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supports this quantitative (toxicokinetic) hypothesis. KALARIA 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
MAQO 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 (CNS) 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 death similar to that seen in primates could be ob-
tained. Recently, evidence suggests that diethyldithiocarbamate achieves pre-
cisely this effect in the rodent (IRwWIN 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 IrRwIN 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 (LypeN 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
(Jacopowrrz 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 (Gupra 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 (MytiLINEOoU 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
(HeEckMAN 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 (Arar 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



218 J.W.LaNGsToN and I. IrwIN

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 play a 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. 1984 d), 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; FRriEs 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-1-methyl-4-(methylpyrrol-2-yl)pyridine (TMMP) (a);
1-methyl-4-cyclohexyl-1,2,3,6-tetrahydropyridine (MCTP) (b);
1-methyl-4-(2’-methylphenyl)-1,2,3,6-tetrahydropyridine (2'methyl-MPTP) (c);
1-methyl-4-(4’-aminophenyl)-1,2,3,6-tetrahydropyridine (4’amino-MPTP) (d);
1-methyl-4-(3’-hydroxyphenyl)-1,2,3,6-tetrahydropyridine (3’hydroxy-MPTP) (e);

and 1-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. 3a; FINNEGAN et al. 1987), cyclohexyl
(MCTP) (Fig.3b; NickLas et al. 1987), 2’-methylphenyl (2'methyl-MPTP)
(Fig. 3¢c; YOUNGSTER et al. 1986), 4’aminophenyl (4'amino-MPTP) (Fig. 3d;
JOHANNESEN et al. 1987), 3'hydroxyphenyl (3'hydroxy-MPTP) (Fig. 3 e; FULLER
and HEMRICK-LUECKE 1986), and 3'methoxyphenyl (3'methoxy-MPTP)
(Fig. 3f; 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 (J. 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 (N1ckLAs 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 play a 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. 1986b), 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 shuffling
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 (Goerz 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
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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; Cuui 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
(ELizAN 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 (ArperL 1981; CALNE et al. 1986;
GAIDUSEK 1985).

The most recognizable symptom of Parkinson’s disease is tremor (JAN-
Kkovic 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-



The Relationship Between Parkinson’s Disease and Other Movement Disorders 229

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 (PIGD) 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 (ZETUSKY 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

1. Primary Parkinson’s disease

A.

B.

C.
D.

Idiopathic—dominated by

Tremor

Postural instability and gait difficulty (PIGD)

Akinesia (freezing)

Dementia

. Depression

. Sensory disturbance

. Autonomic dysfunction

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

Young onset—associated with dystonia or essential tremor
Juvenile Parkinson’s disease

No s wN e

I1. Secondary parkinsonism

A.

J.

TQmmg 0O W

Drugs (dopamine blocking and depleting drugs, o-methyldopa, lithium, di-
azoxide, flunarizine, cinnarizine)

. Toxins (manganese, mercury, carbon monoxide, cyanide, carbon disulfide,

methanol, ethanol, MPTP)

. Metabolic (parathyroid, acquired hepatocerebral degeneration, GM, gangliosi-

dosis, Gaucher’s disease)

. Postencephalitic and slow virus
. Vascular (multi-infarct, Binswanger’s disease)

Brain tumor

. Trauma and pugilistic encephalopathy
. Hydrocephalus (normal and high pressure)

Syringomesencephalia

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

B.

. Progressive supranuclear palsy (ophthalmoparesis)

. Shy-Drager syndrome (dysautonomia)

. Olivopontocerebellar atrophy (ataxia)

. Parkinsonism-dementia-ALS complex (motor neuron disease)
. Striatonigral degeneration

. Corticodentatonigral degeneration with neuronal achromasia
. Alzheimer’s disease

Inherited

. Huntington’s disease

. Wilson’s disease

. Hallervorden-Spatz disease

. Familial parkinsonism-dementia syndrome

. Familial basal ganglia calcification

. Neuroacanthocytosis

. Spinocerebellar-nigral degeneration and Joseph disease

. GDH deficiency
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ing, occasional concordance for Parkinson’s disease in monozygotic twin pairs
(Jankovic and Recuis 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). BArRBEAU 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; NYGaArRD and DuvorsiN 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 Number (%)
Parkinson’s disease 1045 84.9
Progressive supranuclear palsy 81 6.6
Neuroleptic-induced parkinsonism 45 3.6
Shy-Drager syndrome 22 1.8
Olivopontocerebellar degeneration 12 1.0
Vascular (multi-infarct) parkinsonism 11

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
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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; FauN 1977; JaNkovic 1984 a).

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 (JaANkovic 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 Raspur 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. After 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 ANpDo 1982; HAssAN et al. 1986). Rarely, lith-
ium, flunarizine, cinnarizine, diazoxide, and possibly captopril may produce
reversible parkinsonism (RecHES et al. 1981; SANDYK 1985; LAPoRrTE and Ca-
PELLA 1986; MICHELI et al. 1987).

II. Toxin-Induced Parkinsonism

1. Manganese

After 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 (FERrRAZ 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 anx-
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 (O, ‘), hydrogen
peroxide (H,0,), 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; Cuo1 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 %. After 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 reve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>