The Basal Ganglia in Parkinson’s Disease:
Current Concepts and Unexplained
Observations
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The pathophysiology of Parkinson’s disease is reviewed in light of recent advances in the understanding of the functional
organization of the basal ganglia (BG). Current emphasis is placed on the parallel interactions between corticostriatal and
corticosubthalamic afferents on the one hand, and internal feedback circuits modulating BG output through the globus pallidus
pars interna and substantia nigra pars reticulata on the other. In the normal BG network, the globus pallidus pars externa
emerges as a main regulatory station of output activity. In the parkinsonian state, dopamine depletion shifts the BG toward
inhibiting cortically generated movements by increasing the gain in the globus pallidus pars externa-subthalamic nucleus-globus
pallidus pars interna network and reducing activity in “direct” cortico-putaminal-globus pallidus pars interna projections. Stan-
dard pharmacological treatments do not mimic the normal physiology of the dopaminergic system and, therefore, fail to restore
a functional balance between corticostriatal afferents in the so-called direct and indirect pathways, leading to the development of
motor complications. This review emphasizes the concept that the BG can no longer be understood as a “go-through” station
in the control of movement, behavior, and emotions. The growing understanding of the complexity of the normal BG and the
changes induced by DA depletion should guide the development of more efficacious therapies for Parkinson’s disease.
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The hallmark feature of Parkinson’s disease (PD) is de-
generation of dopamine neurons in the substantia nigra
pars compacta (SNc) and a consequent striatal dopa-
mine deficiency. This dopamine deficiency leads to a
cascade of functional changes in basal ganglia circuitry,
which are ultimately responsible for the development
of the cardinal features of PD.'™ The essential patho-

physiological characteristic of the PD state is increased
neuronal firing activity in the output nuclei of the
basal ganglia (globus pallidus pars interna [GPi] and
substantia nigra pars reticulata [SNr]) leading to exces-
sive inhibition of thalamocortical and brainstem motor
systems. This was initially proposed to arise as a con-
sequence of increased firing in basal ganglia output
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neurons resulting from reduced inhibition in the “di-
rect” striatal pathway and increased excitation of sub-
thalamic neurons consequent to increased activity in
striatopallidal GABAergic neurons in the “indirect”
pathway' ™ (Fig 1A).

A determination of the functional state of the basal
ganglia network after nigrostriatal denervation has been
achieved by electrophysiological, metabolic, and bio-
chemical studies (Table). Results in PD patients have
produced somewhat conflicting results because of con-
founding factors such as the use of antiparkinsonian
drugs, and variability in the clinical state and the de-
gree of striatal dopamine depletion in different individ-
uals. To avoid these influences, this review primarily
relies on results obtained in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)—intoxicated monkeys and
6-hydroxydopamine (6-OHDA)-lesioned rats.

The basal ganglia has traditionally been considered
to be a “go-through” system, where cortical afferent
activity is modulated by the basal ganglia and is then
sent back to the cortex to modify motor activity (“the
motor loop”). Current thinking has been somewhat
modified, and emphasis is now placed on the parallel
interactions between corticostriatal and corticosubtha-
lamic afferents on the one hand, and internal feed-
back circuits modulating basal ganglia output through
the GPi and SNr on the other hand (Fig 2). The
basal ganglia are functionally subdivided into motor,
oculomotor, association, limbic, and orbitofrontal
loops based on their relationship to the relevant cor-
tical projection area.*~® Thus, in addition to the well-
known role of the basal ganglia in motor control, it is
now appreciated that functions such as attention and
time estimation, implicit learning and habit forma-
tion, reward-related behaviors and emotions are all as-
sociated with activation of cortical loops that connect
with the caudate nucleus, the anterior putamen, or
the ventral putamen.”” Dopamine denervation is
thus now appreciated to be associated with a variety
of different clinical manifestations in addition to par-
kinsonism such as impaired executive functions (ie,
working memory), reduced motivation, depression,
and apathy. Importantly, a variety of motor and be-
havioral disorders (ie, dyskinesia, dopamine dysregu-
lation syndrome, and impulse-control disorders) can
be seen in association with the chronic use of dopa-
minergic drugs, and may well be caused by abnormal
modulation of these subcircuits and their connec-
tions. Whether each of these different cortico-striatal-
pallidal loops is functionally organized and operates in
an identical and parallel manner is not yet known. Most
studies in PD and animal models have focused on the
motor features associated with dopamine depletion and
replacement, and have not addressed the molecular and
physiological changes that occur in the different subcir-

Fig 1. Classical model of the basal ganglia. (A) Normal state.
Corticostriatal activity (yellow lines) excites medium spiny
neurons (MSN), causing the “direct” striato-globus pallidus
pars interna (GPi) pathway and the “indirect” (green) striato-
globus pallidus pars externa (GPe)-subthalamic nucleus (NST)
pathway. The former inhibits, whereas the latter activates the
GPi, which, in turn, provides inhibitory innervation to
thalamocortical projections. Thus, the direct and indirect path-
ways serve to respectively facilitate or inhibit movement. Also,
notably, D2-expressing neurons in the “indirect” pathway
(green) primarily mediate long-term depression (LTD),
whereas long-term potentiation (LTP) depends on D1 receptor
activation. Repeated cortical activation could conceivably lead
to enhanced synaptic transmission in the “direct” pathway
(red), thereby facilitating learned movements. (B) In the par-
kinsonian state, dopamine depletion leads to increased activity
in the “indirect” pathway and reduced activity in the “direct”
pathway. This results in excessive GPi inbibitory output ro the
thalamus (TH). LTP and LTD are also disturbed, and there
is a net shift to increased activity in the “indirect” pathway.
These changes lead to reduced (parkinsonian) movements. In-
creased activity is shown in red, and reduced activity is shown
in green for any circuit; yellow indicates no change in activity
in the parkinsonian state compared with control subjects.

Cx = cortex; Str = corpus striatum.
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Table. Summary of Studies Assesing the Basal Ganglia in the Parkinsonian State as Compared with Control
Values in Monkeys.

Analytic Method Model Globus Globus Subthalamic  Substancia  Striatum
pallidus pallidus nucleus nigra pars
pars externa  pars interna reticulata
2-DG MPTP 1 1 l =
MPTP+ DA agonist () 1
GAD,, MPTP 1

MPTP+ DA agonist
Neuronal Firing Rate MPTP
MPTP+ DA agonist 0 Ll )

1 Indicates above normal and | Below normal values; = Indicates no differences from normal control.
2-DG, 2-deoxi-glucose autoradiography. GAD,;,, Glutamic acid decarboxylase. GAD, and CO-I are measured by “in situ”
hybridization.

eeﬁe
I —
I —
I — —
— = =« —

T
v T1

Motor Areas

GPe

GPi

Fig 2. New model of the basal ganglia based on Nambu’s work."® Cortical innervation to the basal ganglia is primarily by way of
corticostriatal and corticosubthalamic projections. The primary basal ganglia projections back to the cortex originate in the GPi
(and SNr) and pass through the ventral nuclei of the thalamus (VL-VA). Several “internal” or “horizontal” circuits control basal
ganglia excitability. These include substantia nigra pars compacta (SNc) dopaminergic projections to the striatum and other basal
ganglia nuclei, centromedian-parafascicular (CM/Pf) thalamic projections to the striatum and subthalamic nucleus (STN), and re-
ciprocal connections between the globus pallidus pars externa (GPe) and the STN and striatum. In this model, the GPe appears to
be strategically placed to modulate basal ganglia outpur.'®
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cuits that are now appreciated to be incorporated within
the basal ganglia.

Clearly, the classical model of the basal ganglia'~
has provided a conceptual framework for better un-
derstanding the pathophysiology of PD and other
movement disorders. Indeed, it had a paramount role
in revitalizing functional surgery for PD'®'" and in
defining the subthalamic nucleus (STN) as a tar-
get.'>”' Over the years, many observations made in
the laboratory and in PD patients have highlighted
some limitations of the original model.">™'® Further-
more, there have been numerous advances in our un-
derstanding of the anatomic and physiological state of
the basal ganglia in the normal and dopamine-
depleted state. This new information is summarizedin
this article, together with new hypotheses as to how
the basal ganglia may be organized in these different
conditions. We hope this will allow for a more compre-
hensive understanding of the pathophysiology of PD
and a more coherent approach to the treatment of PD.

Functional Organization of the Basal Ganglia in
the Normal and Parkinsonian State

Input to the Basal Ganglia

CORTICOSTRIATAL ACTIVITY: NORMAL STATE. Most
striatal neurons are medium spiny GABAergic neurons
(MSNs). These neurons receive huge numbers (tens of
thousands) of glutamatergic inputs from the cortex and
thalamus, which predominantly form asymmetric con-
tacts on the heads of dendritic spines.'” Input to
MSNs also comes from dopaminergic, cholinergic, and
GABAergic neurons, which tend to form thousands of
symmetric synaptic contacts.'” In the rat, approxi-
mately 5,000 glutamatergic afferents project to each
striatal MSN, and 100 MSNs project onto each palli-
dal neuron. This arrangement requires a precise selec-
tion mechanism to filter incoming and outgoing signals
to perform precise movements. This activity is largely
mediated by dopamine and, to some extent, by
GABAergic interneurons. To date, no somatotopic ar-
rangement has been found in nigrostriatal projections.
However, dopamine has been shown to modulate
(both presynaptically and postsynaptically) the effects
of afferent glutamatergic terminals on MSNs.>

The capacity of the striatum to filter the enormous
number of incoming signals is facilitated by the func-
tional anatomic and physiological organization of the
striatum: (1) Cortical motor areas project in a somato-
topically organized fashion to the striatum,*' and in-
deed throughout the entire motor loop.?* The leg is
represented in the posterodorsal region of the putamen,
the face ventrally, and the arm in-between. Cortical af-
ferents from area 4 are placed laterally in the putamen
with respect to projections from the supplementary
motor area, which is more medially represented.”® (2)

Corticostriatal projections to MSNs that express D1 re-
ceptors are distinct from those projecting to MSN-
expressing D2 receptors.”* Moreover, as described in
the rat,”> D2-expressing MSNs in the “indirect” circuit
receive glutamate inputs that originate in cortical layer
V and have large synaptic contacts (mean diameter,
0.61pm). In contrast, cortical neurons projecting to
MSNs in the “direct” circuit arise from layer III and
upper layer V of the motor cortex and make thinner
contact (mean, 0.45pum). This arrangement may en-
hance corticostriatal transmission in the “direct” path-
way, which facilitates movement. (3) Most MSNs ex-
press either D1 or D2 receptors (see Fig 1A); it is
generally accepted that the majority of D1-expressing
neurons comprise the “direct” pathway and project to
the GPi/SNr, whereas D2-bearing neurons project to
the globus pallidus pars externa (GPe) and are part of
the “indirect” pathway.’®*” (4) Dopamine exerts a
dual effect on MSNs,”” inhibiting striatal D2-bearing
neurons and exciting striatal neurons that express D1
receptors through L-type calcium channels.”® (5) Acti-
vation of selected nigrostriatal projections leads to in-
creased dopamine levels in innervated striatal regions in
parallel with a marked reduction in dopamine concen-
tration in adjacent zones.”” This “sink and source” rep-
resents a signaling function of dopamine that may be
related to reward, habit formation, and motor learn-
ing.”® (6) The striatum contains large numbers of in-
terneurons.’” These include tonically active neurons
(TANs), which are thought to be cholinergic, and fast-
spiking interneurons, which are GABAergic. TANs
have been recently shown to play a critical role in me-
diating the dopaminergic mechanisms associated with
the plastic synaptic changes that induce long-term de-
pression”" and learning.”> TANs receive glutamatergic
excitatory innervation from the thalamus and the cor-
tex,”” and exert a complex effect on MSN excitability.
One preponderant mechanism of these neurons is pre-
synaptic inhibition of cortical glutamatergic input onto
MSNs, an effect mediated by activation of muscarinic
M1 and M2 1'ecept01rs.3 4 Thus, firing of cholinergic in-
terneurons reduces MSN excitability to cortical affer-
ents.>* On the other hand, the phasic release of dopa-
mine as typically occurs with reward stimuli induces
firing pauses of TANs, which, in turn, facilitates corti-
costriatal transmission.

GABAergic interneurons mediate, together with
axon collaterals from MSN neurons, a powerful intra-
striatal inhibition.”® This is thought to provide a
mechanism to facilitate firing of a given pool of MSNs
when performing a specific motor task (Fig 3A). This
is based on the physiological principle of lateral inhi-
bition.?® The activity of these fast-spiking interneurons
is also modulated by dopamine, which induces depo-
larization through activation of D1 receptors on their
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cell surface and inhibition by acting at presynaptic D2
receptors.”*?’

Collectively, these mechanisms permit cortical activ-
ity corresponding to a given movement to be facilitated
at the striatopallidal level, whereas competing stimuli
are canceled (see Fig 3A). This is supported by exper-
imental evidence indicating that dopamine enhances
synchronous corticostriatal afferent volleys whereas si-
multaneously inhibiting other inputs.*®

N

Cortical Moior Areas O >
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CORTICOSTRIATAL ACTIVITY IN PARKINSON’S DISEASE.
In the parkinsonian state, there is a general increase in
striatal neuronal activity and particularly, an increment
in the proportion of MSNs responding to stimulation
of individual body parts. This translates into a reduc-
tion in somatotopic specificity.”” However, these
changes in striatal excitability are not uniform. There is
decreased excitation of D1-bearing striatal neurons
leading to reduced activity in the “direct” pathway. In
contrast, there is reduced inhibition of D2-bearing stri-
atal neurons resulting in increased activity in striatopal-
lidal (GPe) projections. Mallet and colleagues™ de-
scribe different responses of corticostriatal neurons to
dopamine depletion, that is, a reduction of firing rates
in the subpopulation of cortical neurons that project to
MSNs in the “direct” pathway, but no effect on the
activity of corticostriatal neurons projecting to MSNs,
which cause the “indirect” pathway. Furthermore,
voltage-clamp recordings demonstrate that, in the
dopamine-depleted state, cortical terminals that project
to MSNs in the “indirect” pathway are more likely to
release glutamate and activate their target neurons.*' In
keeping with these observations, increased mRNA ex-
pression for enkephalin,”*** D2 receptors,**> and

Fig 3. Schematic diagram of main corticobasal ganglia circuirs
and prevailing physiological concepts. (A) The “direct” and
“hyperdirect” pathways. In the normal state, a movement-
related corticostriatal signal excites a pool of medium spiny
GABAergic neurons (MSNs) (large circle) in the target area
of the motor striatum. At the same time, there is a parallel
inhibition of surrounding MSNs (small circles) that are unre-
lated to the desired action mediated by dopamine and inter-
neurons (small rough circles). Transmission in activated neu-
rons in the “direct” pathway subsequently inhibirs the
concomitant pool of globus pallidus pars interna (GPi) neu-
rons, resulting in facilitation of thalamocortical activity under-
lying the desired action. The cortical volley also activates neu-
rons in the subthalamic nucleus (STN; “hyperdirect” pathway),
which increases excitation of surrounding neuronal pools in the
GPi, thereby inhibiting the corresponding region of the thala-
mus and the selection of unwanted movements. This combina-
tion of effects allows for specific activation of thalamocortical
fibers subserving a given motor action coupled with inbibition
of surrounding neurons that promote undesired movements.
(B) Globus pallidus pars externa (GPe)-STN-GPi circuit.
STN activation leads to excitation of the GPe, which in the
normal state leads to further inhibition of the GPi neuronal
pool associated with the desired movement, thereby facilitating
the effect of the “direct” pathway and the selection of the ap-
propriate motor activity. (C) In the parkinsonian state, there
is impaired capacity to filter cortical inputs and to specifically
activate MSN pools responsible for a desired moror activity. In
addition, the STN-GPi pathway is hyperactive and responds
excessively to input signals, which reduces the signal-to-noise
ratio in the GPi. Altogether, these changes make precise move-
ment selection and execution difficult.



glutamic acid decarboxilase (GADG67)*~*® are found
in the striatum in the parkinsonian state. In contrast,
markers of cellular activity in the “direct” circuit such
as mRNA expression of preprotachykinin, the gene
precursor of the neuropeptide substance P, and prepro-
dynorphin mRNA, the gene precursor of dynorphin,
are decreased after dopamine lesion in the rat*"*34?
and in the MPTP monkey.*>*® Curiously, expression
of mRNA for D1 receptor is decreased in 6-OHDA~
lesioned rats*® but increased or unchanged in MPTP
monkeys.***> These differences may be related to vari-
ations in the degree of dopamine depletion and the ca-
pacity for motor recovery between the rats and mon-
keys.

Dopamine depletion can also impair synaptic plas-
ticity in several ways. Long-term depression or poten-
dation (LTP) induced on MSNs by cortical high-
frequency stimulation®>* is eliminated by dopamine
blockade or lesions. Corticostriatal synapses also exhibit
bidirectional synaptic plasticity, which means that they
can be either potentiated or depressed depending on
the information arriving from the cortex. Cortical low-
frequency stimulation reverses previously induced cor-
ticostriatal long-term potentiation and evokes long-
term depression, in a process known as depotentiation,
which appears to be crucial for the storage of memory
and the elimination of incorrect or useless informa-
tion.”® This plasticity and the capacity to express de-
potentiation is lost in rats with 6-OHDA lesions that
have developed dyskinesias in response to 1-dopa.>*

Loss of nigrostriatal dopaminergic activity in ro-
dents, MPTP monkeys, and PD patients is associated
with a significant loss in the number and length of
dendritic spines of MSNs.>>*¢ This occurs rapidly after
dopamine depletion and was described in mice to spe-
cifically affecc D2-bearing MSNs in the “indirect”
pathway through activation of L-type, voltage-gated
calcium channels.”® This finding is not easy to fit with
the above data that point to enhanced activity of
MSNs in the “indirect” pathway. A profound loss of
dendritic spines on D2-bearing MSNs should lead to
reduced glutamatergic activation and reduced excitabil-
ity. A recent study in MPTP monkeys confirmed a
50% loss of dendritic spines, particularly in the motor
putamen where dopamine depletion is greatest, but
failed to demonstrate a differential reduction between
D1- and D2-bearing MSNs (R. Villalba, personal com-
munication).

Dopamine depletion also affects the activity of stri-
atal interneurons. Fino and colleagues,”” in a series of
in vitro experiments, showed that membranes of fast-
spiking GABAergic interneurons became less excitable
after dopamine depletion. However, in vivo recordings
from dopamine-depleted rats show that these neurons
do not change their firing rate in response to cortical
stimulation.”” These seemingly contradictory results

may be related to the effects of dopamine depletion on
MSNs and TANs, which, in turn, may affect fast-
spiking interneuron excitability.

The effect of dopamine depletion on cholinergic in-
terneurons is also somewhat controversial. Activation
of D1 and D5 receptors on cholinergic neurons pro-
duces membrane depolarization,37 but activation of
presynaptic D2 receptors reduces acetylcholine postsyn-
aptic potentials.”® In monkeys, MPTP lesions cause an
increase in oscillatory (approximately 16Hz) activity of
TANS,>” but no change in their basal firing rate® or in
their degree of synchronization.®' Overall, it has gen-
erally been found that dopamine depletion is associated
with an increase in the excitability of cholinergic (ie,
TANSs) interneurons and inhibition of GABA interneu-
rons. These changes result in impaired corticostriatal
transmission and reduced feed-forward intrastriatal in-
hibition. Together, these findings may be directly re-
lated to the difficulty PD patients have in selecting and
generating movement amplitude and speed.

In summary, dopamine depletion caused a bias in
corticostriatal transmission toward activating GABAer-
gic MSNs in the “indirect” circuit leading to excess in-
hibition of neurons in the GPe (see Fig 1B).

CORTICOSUBTHALAMIC ACTIVITY: NORMAL STATE. The
STN is now appreciated to be subdivided into a motor,
associative, and limbic region. The dorsolateral STN
corresponds with the motor region and is further sub-
divided based on site of origin of afferent fibers. Fibers
from the primary motor area (area 4) project to the
lateral tip of the STN, whereas afferents from the sup-
plementary motor area are more medially placed.®’ In
the monkey, STN neurons fire at a rate of approxi-
mately 30Hz and provide tonic excitatory input to
both the GPe and GPi. Thus, a lesion or blockade of
the STN is associated with a significant reduction in
the mean firing rate of pallidal neurons.®>%?

Initial studies recording STN activity in awake mon-
keys who were performing a task indicated that neuro-
nal firing occurred after or coinciding with movement
initiation.®* This finding suggests that the STN was
not involved with movement onset, in keeping with
the then prevailing idea that the STN was primarily
related to inhibition of movement. However, recent
studies recording single-cell activity and local field po-
tentials in patients with PD have shown clear evidence
of activation of STN neurons up to 1 second before
initiation of a movement.®>~% Tt thus appears that
when a voluntary movement is to be performed, corti-
cal volleys are simultancously dispatched to the puta-
men and the STN. Indeed, microstimulation of the
motor cortex in the monkey evokes a short latency ex-
citatory response in the STN (approximately 6 milli-
seconds) followed by a brief inhibition and a second
excitatory response at approximately 19 milliseconds.®®

Obeso et al: Current View of Basal Ganglia S35
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Fig 4. Response of subthalamic nucleus (STN), globus pallidus
pars externa (GPe), and globus pallidus pars interna (GPi)
neurons to motor cortex microstimulation. The cortical volley
first excites the STN with a short latency (5-7 milliseconds),
which, in turn, leads to excitation 0f the GPe and GPi. This
is followed by a short period of inbibition in the STN caused
by reciprocal firing of GABAergic neurons in the GPe and
then by a period of relatively robust excitation. The initial
discharge in GPe rogether with the inhibitory activity in the
“direct” pathway mediate the inbibition in the GPi, which
[Jacilitates movement. Adapted from Tachibana and col-
leagues®® and Kita and coauthors,' by permission.

The same response pattern is recorded in the GPe and
GPi®*®® some 2 to 3 milliseconds later (Fig 4). Ac-
cordingly, it is now thought that cortico-STN-GPe/
GPi projections represent a fast-conducting system that
is well placed to modulate basal ganglia output. In-
deed, a recent functional magnetic resonance imaging
study found that STN activation was specifically asso-
ciated with stopping an ongoing movement.®®® Such
action engages a network comprising the inferior fron-
tal cortex, STN, GP, and pre-supplementary motor
area. Interestingly, experiments in the rat with STN
lesions showed premature responses to a cue signaling
reward and impairment in the capacity to suppress
competing responses.”’ These results are in keeping
with findings indicating that deep brain stimulation
(DBS) of the STN impairs the capacity to stop making
wrong decisions.”" These types of findings have led to
the hypothesis that the STN normally reduces the ex-
citability of the basal ganglia and the cortical circuitry
involved in decision making, thus allowing extra time
to consider the best option when confronted with con-
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flicting choices.”” These findings have important
pathophysiological implications. First, they suggest that
PD patients will take a longer time but perhaps per-
form more efficiently when posed with difficule deci-
sion making. Second, it suggests that patients with a
lesion of the STN should perform poorly in similar
situations and fail to suppress making bad choices. In-
deed, STN-DBS has been shown to trigger behavioral
and mood disorders such as hyperactivity, increased
suicidal ideations, and abnormal control of impulses,
euphoria, and laughing, but also apathy, crying, and
depression,”>”* which is in keeping with the involve-
ment of the STN in the control of behavior and emo-
tions. In summary, the old idea that the STN is exclu-
sively involved in inhibiting movement” ¢
be revisited.

must now

CORTICOSUBTHALAMIC ACTIVITY: PARKINSONIAN STATE.
STN neuronal activity is increased in the parkinsonian
state leading to excessive neuronal recruitment and aug-
mented inhibitory output of the GPi and SNr. This has
been shown by neuronal recordings in vivo and by mo-
lecular markers of increased metabolic activity such as
cytochrome oxidase (CO) and 2-dexoyglucose (sece the
Table). Indeed, STN hyperactivity may be considered as
the best defined functional feature of the parkinsonian
state.”” It is now well recognized that blockade or lesion
of the STN in the dopamine-depleted state is associated
with functional restoration of basal ganglia and thalamo-
cortical activity, and improvement in parkinsonian fea-
tures in both animal models”® and PD patients.””
Interestingly, the origin of the STN hyperactivity in
PD has not been completely ascertained. The classical
model of the basal ganglia portrays that GPe hypoactiv-
ity (caused by excessive striatopallidal inhibition) is the
key factor leading to disinhibition of the STN (see the
next section), but this interpretation has been questioned
by studies in the 6-OHDA rat and MPTP monkey
showing normal levels of CO and GAD in the GPe.?**!
Furthermore, STN has reciprocal connections with the
GPe. It would be expected that if STN overactivity after
a dopamine lesion was due to inhibition of GPe neu-
rons, this feedback loop would serve to reactivate the
GPe and stabilize the system unless other as yet unap-
preciated factors are at play. It is now known that STN
neuronal activity can also be influenced through other
mechanisms. The cortex, thalamus, and pedunculopon-
tine nucleus (PPN) all send excitatory projections to the
STN®? and potentially could induce increased firing in-
dependent of the activity state of the GPe. The cortico-
subthalamic pathway was found to be underactive in the
6-OHDA-lesioned rat,®” but the centromedian/parafas-
cicular complex and the PPN are overactive in the same
model (Fig 5) and could cause a state of hyperactivity in
the parkinsonian brain (presumably through activation
of the STN).** Indeed, lesions of the PPN reverse hy-



Basal Ganglia Output

SNr

Fig 5. Anatomy of the pedunculopontine nucleus (PPN) and its main relation to the basal ganglia in the rat. (A) The boundaries
of the PPN are typically defined by the borders of the cholinergic population (dotted line), stained in this example using immuno-
histochemistry for choline acetyltransferase (inset). Scale bar = 50um. Adjacent structures include the deep mesencephalic nuclei and
retrorubral field (RRE) dorsally, the subcaeruleus nucleus ventrally, the substantia nigra pars reticulata (SN7) rostrally, and the lat-
eral parabrachial nucleus (LPB) caudally. The PPN is crossed by the subcerebellar peduncle (scp). (B) The PPN receives afferents
from all of the basal ganglia, particularly inhibitory fibers from the basal ganglia output nuclei (SNr in the rat; white arrow) and
excitatory fibers from the subthalamic nucleus (STN; black arrow). PPN projections to the basal ganglia are predominantly

excitarory.

peractivity in the STN in 6-OHDA-lesioned rodents.®’
Dopamine depletion also has a direct effect on STN ac-
tivity.**%¢ Local interruption of dopamine terminals di-
rected to the STN increase its activity, indicating a di-
rect modulatory effect of dopamine on the STN.** We
have postulated that early denervation of the STN in
PD may act as a compensatory mechanism that main-
tains the basal ganglia output within normal limits de-
spite a progressive loss of striatal dopamine,®” thus po-
tentially explaining why clinical features do not emerge
until there is a 70 to 80% reduction in striatal dopamine
levels.

THALAMOSTRIATAL AND THALAMOSUBTHALAMIC PRO-
JECTIONS IN THE NORMAL AND PARKINSONIAN STATES.
The centromedian-parafascicular (CM-Pf) is an impor-
tant source of glutamatergic innervation of the basal
ganglia, with major projections to the striatum,®®*’
STN,”® globus pallidus, and substantia nigra.”® The
CM-Pf forms two “internal” or “transverse” loops
within the basal ganglia (see Fig 2), which suggests it
has a modulatory effect on the striatum and STN.

In rats with 6-OHDA lesions, Pf neurons that in-
nervate the STN and the striatum are hyperactive,91’92
and Pf ablation reverses the increase in STN metabolic
activity associated with the parkinsonian state.”” How-

ever, we found neither antiparkinsonian benefit nor
amelioration of L-dopa—induced dyskinesias after chem-
ical ablation of the CM nucleus in MPTP-treated
monkeys.”® This casts doubts on the likelihood that
this intralaminar nucleus plays an important role in the
pathophysiology of PD. It is still possible, though, that
the CM is involved in more complex aspects of move-
ment and behavioral control.

Output of the Basal Ganglia

The main output of the basal ganglia for movement
control of the face and limbs stems from the GPi/
SNr, which project to the thalamocortical and brain-
stem motor regions. Considerable evidence indicates
that the excitability and the firing pattern of GPi/SNr
neurons play a key role in determining normal func-
tion, parkinsonism, and motor complications such as
dyskinesia. The excitability and firing pattern of GPi/
SNr neurons is influenced and controlled by several
key projections: (1) the striatopallidal circuit (“direct”
pathway), (2) the cortico-STN-GPi/SNr projection,
(3) dopaminergic and serotoninergic afferents, and (4)
the GPe-GPi/SNr projection. Movement facilitation
is associated with a pause or a reduction in neuronal
firing rate in the GPi (or the SNr), which, in turn,
facilitates thalamocortical activation.? This has classi-
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cally been interpreted as being mediated by the “direct”
pathway (see Fig 1), which caused the inhibition,
whereas activation of the “indirect” pathway leads to
thalamic inhibition and stops unwanted movements””
(see Figs 1A and 3A). Recording of neuronal activity in
monkeys indeed shows changes in firing rate in GPe
and GPi in keeping with this general assumption,96
but also shows that individual neighboring neurons can
express a decrease, increase, or both in firing frequency
depending on the characteristics of the task.”””® This
can be taken to indicate that activation of cortico-
putaminal-GPi activity (“direct” pathway) is not neces-
sarily the predominant or the only mechanism involved
in facilitating movement. Rather, facilitation of move-
ment is now known to principally involve GPe and
STN connections with the GPi.

GLOBUS PALLIDUS PARS EXTERNA-SUBTHALAMIC NUCLEUS-
GLOBUS PALLIDUS PARS INTERNA-THALAMIC NETWORK:
NORMAL STATE. The GPe, STN, and GPi form a
highly organized network that exhibits a precise ana-
tomic correspondence.”” For example, reciprocally in-
terconnected areas of the GPe and STN converge on
the same region of the GPi. The GPe projection to the
GPi is important and accounts for about half of GPi
afferents.'® Importantly, about 40% of GPe neurons
also project to the striatum where they predominantly
synapse with interneurons.'®’ The GPe is therefore
petfectly placed to exert a powerful impact on basal
ganglia information processing (see Fig 2).

In the normal monkey, Kita and coauthors ™ show
that 10Hz stimulation of the STN induced strong ex-
citation of the GPe and a shorter latency brief excita-
tion of the GPi, which is followed by an inhibitory
response (see Fig 4). This inhibition is mediated by the
GPe (local blockade of GABA afferents onto the GPi
eliminate it) and predominates over the initial short-
latency STN-GPi excitatory response. This implies
that, after cortical activation, the incoming excitatory
volley onto the STN predominantly leads to inhibition
of the GPi via activation of the inhibitory GPe disyn-
aptic connection with the GPi (see Fig 3B).

Cortical activity associated with movement initiation
leads to parallel activation of two afferent loops to the
basal ganglia, that is, the striatum and the STN (see
Fig 2). Subsequently, the GPe receives an inhibitory
volley from GABAergic-enkephalin MSNs in the indi-
rect pathway and excitation via STN projections. Both
projections onto the GPe are disynaptic, and it is likely
that the cortically derived signals arrive close in time.
Simultaneously, the GPi receives a disynaptic short-
duration excitation via the cortico-STN-GPi projection
and inhibition from the GABAergic-substantia
P-dynorphin “direct” pathway (see Fig 2). Under these
series of events, the third synaptic component of the
circuit, the GPe-GPi inhibitory synapse, can modulate
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GPi neuronal excitability and directly influence its out-
put effect on thalamocortical projections. This organi-
zation is ideal for assisting in the performance of motor
activities such as repetitive, sequential, and switching
movements, which require precise spatial and temporal
selection of different muscle groups.

The GPe also has connections with the reticular nu-
cleus of the thalamus, the SNc, and the PPN.'% It is
perhaps also important to appreciate that both the GPe
and GPi receive dopaminergic innervation by a nigro-
pallidal projection, as well as from collaterals of nigro-
striatal axons.'®® Indeed, D2-expressing neurons are
found in about 40 to 50% of all pallidal neurons,'**
and local administration of dopamine into the GP (in
the rat) modifies the neuronal firing rate.'®> Thus, do-
pamine exerts a direct physiological effect on pallidal
activity that may be physiologically relevant and rele-
vant to the pharmacological effects of dopaminergic
drugs in PD.

GLOBUS PALLIDUS PARS EXTERNA-SUBTHALAMIC NUCLEUS-
GLOBUS PALLIDUS PARS INTERNA-THALAMIC NETWORK:
PARKINSONIAN STATE.  The functional state of the GPe
in the parkinsonian state has been a matter of discus-
sion'%1%7 (see the Table). Studies have reported a low
firing rate in the GPe of parkinsonian animals,"”® no
change,'” or slight increase at the time of onset of
parkinsonian signs.''® More recently, a dertailed
study''! in the MPTP monkey showed that GPe firing
is significantly lower than normal and the GPe/GPi
discharge rate is well below 1 (the normal ratio). In
addition, GABA release (measured by microdialysis)
was reduced in the STN and GAD (measured by im-
munoradiography) was increased in the GPe, in keep-
ing with previous findings.'>'%® This study''® sup-
ports the original model contention that the GPe is
functionally hypoactive in the parkinsonian state lead-
ing to reduced inhibition of the STN and GPi. How-
ever, it also demonstrates a dissociation between neu-
ronal electrophysiological activity and GAD expression
in the GPe, which had been at the base of previous
questioning of the functional state and role of this nu-
cleus in PD.***” It is possible that these discrepancies
are related to changes in GPe excitability and activity
throughout the evolution of PD.*” This idea is sup-
ported by a recent study of the time course of CO-I
activity after a unilateral intrastriatal injection of
6-OHDA in the rat."'? This approach induces a slower
and less complete SNc degeneration than the classical
approach where the toxin is injected directly into the
nigrostriatal fascicle. Although CO-I activity was ulti-
mately increased in all basal ganglia nuclei examined
(GP, STN, SNr, and the entopeduncular nucleus =
GPi in primates), the temporal pattern varied among
the different nuclei throughout the evolution of dam-
age. In the GP, an immediate decrease in CO-I activity



was observed at day 1, followed by a modest (+10%)
increase that peaked (+25%) by the fourth week after
lesion developed. The STN showed a moderate in-
crease in CO-I activity at day 1 and remained increased
throughout the 4 weceks after lesion developed. The
output nuclei (SNr and entopeduncular nucleus, EP)
exhibited a triphasic metabolic response with a signifi-
cant increase at day 1, reduction at 3 and 7 days after
injection, and a permanent increase after the third
week. Basal ganglia output was, therefore, kept within
normal limits during the initial 2 weeks probably
through compensatory mechanisms in the GPe-STN-
GPi circuitry. It has been shown that GPe activity (or
GP in the rat) remains within normal limits during the
initial (presymptomatic) period of nigrostriatal dopa-
mine loss''> and maintains basal ganglia output within
normal limits,®” which likely accounts for why animals
are asymptomatic during this stage. In addition, dopa-
mine innervation of the GPi is higher in MPTP mon-
keys who exhibit clinical recovery after MPTP,''* and
F-dopa positron emission tomography shows increased
uptake in the GPi in the early but not advanced stages
of PD.""> Thus, the basal ganglia network adapts to
the functional effects of dopamine depletion in several
ways beyond the nigrostriatal system, and changes are
not concatenated in an orderly manner as was sug-
gested by the original pathophysiological model.

In summary, the GPe-STN-GPi network has the ca-
pacity to modulate basal ganglia output to a greater
extent than is widely appreciated, and it may compen-
sate for the functional consequences of striatal dopa-
mine loss and the inital changes in the “indirect” and
“direct” pathways. Once the dopaminergic deficit sur-
passes the threshold for the available compensatory
mechanisms, the GPe-STN-GPi network becomes hy-
peractive and loses its normal physiological tuning. It
may be said that the symptromatic parkinsonian state is
characterized by a shift in the internal excitability of
the BG (see Fig 3C). Here, overactivity in the excita-
tory STN-GPi pathway predominates and overwhelms
the inhibitory effects of GPi afferents from the GPe
(which is hypoactive) and the “direct” pathway.''®
This leads to excessive firing of the GPi in response to
afferent signals''” and a decreased signal-to-noise ra-
tio,"'® thereby impeding the normal facilitation of a
desired movement.

BASAL GANGLIA-BRAINSTEM ACTIVITY: NORMAL AND PAR-
KINSON’S DISEASE STATES. The basal ganglia projects
to the brainstem and, therefore, is in a position to in-
fluence excitability of several brainstem centers and
functions. These include the control of saccadic move-
ment of the eyes, the blink reflex and startle reaction,
up-righting, postural reflexes, and locomotion. Gait
and balance are important sources of disability in PD
and are generally not adequately controlled with avail-

able therapies. Among the brainstem centers that are
linked to the basal ganglia, the PPN has attracted par-
ticular attention because of its relation to sleep disor-
ders and gait dysfunction seen in PD.

The PPN is composed of a heterogeneous popula-
tion of neurons with long-range axonal projections that
target primarily the basal ganglia''® (see Fig 5). The
PPN is implicated in a wide variety of functions, such
as locomotion, inhibition of motor activity during
REM sleep, and possibly attention.'*>'*' By means of
a mixture of cholinergic, glutamatergic, and GABAer-
gic fibers, PPN neurons project preferendally to two
main targets in the basal ganglia, the STN and the
SNr/GPi."**'*? PPN also projects to the SNc and the
ventral tegmental area. In turn, PPN neurons receive
dense glutamatergic and GABAergic projections arising
from the STN and SNr/GPi, respectively.123 124, 125

A role of the PPN in PD has been suspected since
the late 1980s. In a postmortem study, Hirsch and col-
leagues'*® identified a decrease in the number of cho-
linergic neurons in the PPN in PD patients. Recently,
a reduction in CO-I activity (measured by in situ hy-
bridization) of acetylcholine neurons in the PPN of
MPTP monkeys has also been rcported,127 but this was
not associated with cell loss. These findings could be
explained by increased GABAergic input from the SNt
and GPi. On the other hand, in the parkinsonian state,
the PPN receives an increased glutamatergic input orig-
inating from the STN that should drive PPN neurons
to increase their basal firing rate, which, in turn, could
further increase STN firing. This dual excitatory con-
nection between the PPN and STN could form a pos-
itive feed-forward loop that could perpetuate abnormal
basal ganglia hyperactivity (see Fig 5). Theoretically,
one would expect that reducing the activity in one of
them could lead to a decrease in the activity of the
others. Indeed, lesions of the PPN have been reported
to induce parkinsonism in monkeys.'*®

Low-frequency DBS in the PPN has been recently
proposed as a novel target for the surgical treacment for
PD.'*? This is based on the idea that the massive out-
flow from the GPi in PD has overinhibited the PPN.
Indeed, one study in the MPTP monkey model
showed improvement in akinesia after local infusion of
a GABA antagonist into the PPN,'° and low stimu-
lation of the PPN led to improvement of parkinsonian
features in MPTP monkeys.'”" A pilot study of DBS
of the PPN has shown promising results particularly
with respect to locomotion that could not be obtained
with stimulation of the STN.'?* Recently, it has also
been shown that stimulation of the PPN improves
H-reflex excitability in PD patients'* arguing in favor
of a direct effect on spinal cord physiology. Despite all
these clues, the functional state of the PPN in the par-
kinsonian state is not well defined, and this may prove
difficult to define given its heterogencous cell popula-
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tion and the possibility that its neuronal activity may
change over the course of the disease.

Pathophysiology of Parkinson’s Disease: Current

Concepts and Therapeutic Consequences

ORIGIN OF CARDINAL FEATURES AND UNEXPLAINED
PROBLEMS. Poverty of spontaneous movements (hy-
pokinesia) and slowness of voluntary movement (bra-
dykinesia) are fundamental features of the general phe-
nomenon of akinesia in PD. The evidence summarized
carlier indicates that dopamine depletion shifts the bal-
ance of basal ganglia activity toward the “indirect” cir-
cuit where the GPe-STN-GPi microcircuit plays a par-
amount role (see Fig 3C).

Increased output from the GPi overinhibits the
thalamocortical projection reducing cortical neuronal
activation associated with movement initiation. In ad-
dition, the putamen, STN, and GPi show an abnormal
augmented neuronal response to peripheral stimulation
with synchronous firing of neighboring neurons. This
could impair the normal selection or filtering of in-
coming signals that characterizes normal basal ganglia
physiology (see Fig 3C). Thus, the basal ganglia is
shifted toward inhibiting cortically aided movements
by an increased gain of the STN-GPi network and re-
duced excitability in the “direct” cortico-putaminal-
GPi projection.!'®'** Typical features in PD also in-
clude an alteration of automatic movements with
reduced blinking rate, a positive Meyerson’s sign, de-
creased arm swing, and short stride length when walk-
ing. All of these are probably mediated by brainstem
mechanisms, which are also functionally impaired by
excessive basal ganglia inhibitory outputs. This has
been elegantly shown experimentally for the excitability
of the blink reflex.'?® Presumably, a similar mechanism
underlies the impairment of other automatic move-
ments in PD. However, the current understanding of
basal ganglia pathophysiology does not provide an ad-
equate explanation for other essential characteristic mo-
tor abnormalities in PD."*® These include difficulty in
performing simultaneous and sequential movements, a
progressive reduction in amplitude while performing a
repetitive movement, and the striking improvement in
gait freezing induced by visual cues. A newer outlook
to understand some of these problems has arisen by the
study of neuronal populations as a complement to
single-cell recordings.

The several loops connecting the BG internally and
also with the thalamus and brainstem provide ample
possibilities for neuronal synchronization and network
oscillations. Animal studies have shown that DA deple-
tion is associated with increased synchronization of
neuronal activity throughout the BG."*”"'*® The stan-
dard application of DBSs of the internal part of the
globus pallidus (GPi) or STN to treat PD currently
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allows the recording of local field potentials on a rou-
tine basis. There is general agreement that in the “off”
medication state, the STN shows a predominant activ-
ity in the high alpha-low beta range (11-30Hz), which
is attenuated when parkinsonian signs abate during the
“on” medication state.">>'%° The latter is also charac-
terized by a peak around 60 to 80Hz in the power
spectrum and by an increase in the theta band when
L-dopa—induced dyskinesias are present. Voluntary
movements lead to a significant reduction of the alpha-
beta activity starting about 1 second before movement
initiation and continuing untl movement is ended.
This sequence occurs both in the “off” and “on” states,
although the beta band reduction in the “on” state is
less overt because activity (ie, energy power) is already
reduced. In healthy subjects, movement-related
changes in oscillatory activity in the motor cortex are
similar to those found in the STN.*! All of the above
have led researchers to suggest that PD patients may
have greater difficulty than healthy individuals in re-
ducing beta activity before movement, which could
provide a better explanation of several akinetic/brady-
kinetic features.

The current basal ganglia model does not provide
any explanation for the two other cardinal features of
PD, that is, rigidity and tremor. Regarding the latter, it
is now realized that the parkinsonian state is character-
ized not only by neuronal hyperactivity in basal ganglia
output neurons but also by increased neuronal syn-
chronization of cell firing leading to oscillations,'®
which are particularly evident when tremor is present.
Recording neuronal activity in patients with PD'** has
shown a definite correlation between tremor in the
limbs and rhythmical 4 to 6Hz firing in basal ganglia
nuclei (GPe, GPi, STN), as well as in the ventralis in-
termedius nucleus (Vim) of the thalamus.!** Lesion or
DBS of the STN, GPi, and Vim are all well known to
stop tremor in PD. However, the Vim is a cerebellar
receiving area and is not directly connected with the
BG. Studies in organotypic cultures showed that the
GPe and STN in the dopamine deficient state have an
enhanced tendency to rhythmical and reciprocal firing,
causing 4 to 5Hz bursting activity.'** Tt is therefore
tempting to suggest that the complex organization of
basal ganglia circuits has a tendency to generate oscil-
latory activity that produces tremor in PD. It remains
to be elucidated whether mechanisms engaging tremor
are primarily mediated and depend on striatal dopa-
mine deficiency or are the consequence of impairment
of direct dopaminergic projection to the STN, GPe,
and GPi or the thalamus.'® On the other hand, a re-
cent study in vervet monkeys shows a low-pass filter
capacity of the motor cortex for stimulation of the GPi
at more than 5Hz.'*® This led the authors to suggest
that the 4 to 6Hz tremor-related activity seen in PD is
not really driving the motor system, but that tremor in



PD primarily originates outside the basal ganglia (ie,
brainstem motor nuclei or spinal cord). This is indeed
a challenging proposal. How dopamine deficiency leads
to abnormal oscillatory activity in an extensive motor
network that involves the basal ganglia, cerebellum,
thalamus, and motor cortex is not well understood. It
is equally not well understood why some PD patients
have tremor and some do not, and why lesions in the
Vim improve tremor but not rigidity and bradykinesia,
whereas all of these features are improved with lesions
of the STN or GPi.

Rigidity is essentially an increase in resistance to pas-
sive movement. Accordingly, it has been thought for
decades that rigidity should be related to an enhance-
ment of stretch reflex excitability. The tonic stretch re-
flex, as well as the phasic long-latency stretch reflex, is
facilitated in PD patients."*”'*® How the basal ganglia
changes associated with dopamine depletion modify
the excitability of stretch reflex mechanisms has not re-
ally been explored. It is well known that basal ganglia
surgery (ie, pallidotomy, subthalamotomy, and DBS of
either GPi or STN), as well as thalamotomy involving
the anteroventral thalamic nucleus (receiving the palli-
dal projection) has a marked andirigidity effect. But the
precise mechanism responsible for this effect is not
known. One interesting point is that primary cortical
excitability is enhanced in the parkinsonian state,'*’
unlike premotor and prefrontal areas, which are hypo-
active, and it is conceivable that projections to the
STN from area 4 might have increased reflex gain.
This would allow afferent impulses from muscles and
joints during movement to excite the “hyperdirect”
cortico-STN-GPi pathway. In keeping with this con-
cept, STN and GPi neurons respond readily to muscle
stretching and vibration (which selectively activates Ia
afferent fibers) in the MPTP monkey and PD patients.
However, how such increased GPi responses would
lead to facilitation of the stretch reflex is not apparent.

THERAPEUTIC CONSEQUENCES. In the presymptomatic
phase of PD, the functional consequences of a slow
decline in striatal dopamine content are compensated
for by changes in the remaining nigrostriatal dopamine
neurons and by adjustments in the basal ganglia and
cortical circuits that keep “motor loop” activity within
normal limits despite progressive neurodegeneration.'>”
Eventually, the equilibrium is lost and the cardinal fea-
tures of PD begin to emerge. Compensatory mecha-
nisms remain active, however, explaining the subtle
clinical manifestations that are present in the early
stages of the disease (ie, cardinal features are limited to
one body part or hemibody) despite massive striatal
dopamine depletion. Thus, in the parkinsonian state,
the basal ganglia are no longer operating normally, but
the network is still able to function in a relatively stable
manner. This essential feature of basal ganglia func-

tional organization and compensation is totally dis-
rupted by standard 1-dopa therapy.'”" Progressive neu-
rodegeneration and loss of nigrostriatal fibers leads to
an inability to maintain tonic dopamine receptor stim-
ulation, which is the basic mechanism regulating stria-
tal neuronal excitability."”* Intermittent doses of stan-
dard L-dopa lead to oscillations in plasma L-dopa that
are translated into pathological fluctuations in striatal
dopamine levels and intermittent dopamine receptor
activation. Physiologically, this discontinuous or pulsa-
tile stimulation of striatal dopamine receptors is trans-
lated into abnormal firing patterns in basal ganglia out-
put neurons that lead to motor complications. Thus,
apomorphine or L-dopa given as a bolus can reduce the
increased firing rate of GPi neurons that characterize
the “off” state and improve motor function in a PD
patient, but does not normalize basal ganglia output.'”
The “on” state continues to be associated with hypo-
activity of the STN and GPi so that the GPe/GPi fir-
ing rate ratio (normal, approximately 1) is markedly
increased'>?; in addition, there is a marked modifica-
tion in the prevailing oscillatory activity, that is, reduc-
tion of beta rhythm and increment of theta band with
the onset of dyskinesias.13 %140 B rthermore, L-dopa re-
duces but does not normalize the percentage of corre-
lated pairs of neurons with synchronous firing in the
GPi and GPe of MPTP monkeys.'”® Thus, intermit-
tent doses of standard L-dopa do not normalize the
physiology of the basal ganglia and may, in fact, act as
a “destabilizing” stimulus by repeatedly exposing the
denervated basal ganglia, over a few hours, to large,
unregulated, extrasynaptic levels of dopamine alternat-
ing with a state of severe dopamine deficiency. We be-
lieve that such intermittent dopaminergic induces ab-
normal “pulsatile” stimulation of striatal dopamine
receptors leading to dysregulation of intracellular sig-
nals and plastic changes in MSNs ultimately associated
with motor complications, particularly dyskinesias.'”*
This concept suggests that delivery of L-dopa in a more
continuous manner might be more physiological and
reduce the risk for inducing motor complications.'>*
Indeed, L-dopa infusion is associated with a highly sig-
nificant reduction in both “off” time and dyskinesia in
advanced PD patients in comparison with standard in-
termittent L-dopa doses.'”’

A final therapeutic consideration concerns the issue
of when to initiate symptomatic treatment in PD. The
common medical practice has been to delay pharmaco-
logical treatment until warranted by the severity of
symptoms and signs. In PD, this practice has been
strongly influenced by experience indicating that
L-dopa treatment is eventually associated with motor
complications. However, one can argue that early, and
adequate, intervention enhances basal ganglia compen-
satory mechanisms and contributes to better clinical
control.’*® The TEMPO (TVP-1012 in Early Mono-
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therapy for Parkinson’s Disease Outpatients) study
demonstrated that early introduction of the mono-
amine oxidase B inhibitor rasagiline provided long-
term benefits that could not be equaled by later intro-
duction of the same drug."”” Furthermore, the
ELLDOPA (Earlier versus Later Levadopa Therapy in
Parkinson Disease) study'>® showed that de novo PD
patients treated with L-dopa soon after diagnosis had
significantly less deterioration on the Unified Parkin-
son’s Disease Rating Scale than did placebo-treated pa-
tients, even when examined 2 weceks after stopping
L-dopa therapy. Such observations cannot be explained
by means of L-dopa pharmacokinetics and in all prob-
ability are related to changes in basal ganglia circuitry
induced by symptomatic treatment. In fact, the long-
duration response to L-dopa in the 6-OHDA rat'*? is
paralleled by a gradual return of basal ganglia (STN,
SNr) activity toward parkinsonian levels. With the
availability of dopaminergic agents that are well toler-
ated, have a low adverse effect profile, and are not
likely to induce motor complications, we now advocate
introducing dopaminergic therapy to PD patients as
soon as feasible, and possibly even at the time of diag-
nosis.

Conclusions

Current concepts about the organization of the basal
ganglia emphasize the existence of several “internal”
mechanisms that modulate input/output activity, and
sustain normal selection and execution of move-
ment.'*”'®" In the parkinsonian state, this filtering
mechanism is deranged and precise neuronal tuning is
lost. The current model provides a reasonable explana-
tion for the origin of akinetic features in PD and the
response to drugs and surgery.'®> However, we are still
in need of a more comprehensive model that accounts
for the other cardinal features such as rigidity and
tremor, as well as gait dysfunction, attention and learn-
ing deficits, emotional disturbances, and cognitive dis-
orders, which are all now realized to form part of the
global clinical picture of PD. Further understanding of
the intimate pathophysiological mechanisms underly-
ing the different manifestations of PD could poten-
tially lead to more refined and more effective treat-
ments that more completely restore the physiological
balance of the basal ganglia.'®*> Currently, effort should
be made toward using this type of information to in-
troduce dopaminergic therapies in as physiological a
manner as possible and to avoid where possible the use
of nonphysiological discontinuous dopaminergic stim-
ulation that provokes newer abnormalities and further
destabilizes an already abnormal basal ganglia network.
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