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Continuous dopamine-receptor treatment of Parkinson’s
disease: scientiﬁc rationale and clinical implications
C Warren Olanow, Jose A Obeso, Fabrizio Stocchi

Levodopa-induced motor complications are a common source of disability for patients with Parkinson’s disease.
Evidence suggests that motor complications are associated with non-physiological, pulsatile stimulation of dopamine
receptors. In healthy brains, dopamine neurons ﬁre continuously, striatal dopamine concentrations are relatively
constant, and there is continuous activation of dopamine receptors. In the dopamine-depleted state, standard levodopa
therapy does not normalise the basal ganglia. Rather, levodopa or other short-acting dopaminergic drugs induce
molecular changes and altered neuronal ﬁring patterns in basal ganglia neurons leading to motor complications. The
concept of continuous dopaminergic stimulation proposes that continuous delivery of a dopaminergic drug will
prevent pulsatile stimulation and avoid motor complications. In monkeys treated with MPTP (1-methyl-4-phenyl1,2,3,6-tetrahydropyridine) and patients with Parkinson’s disease, long-acting or continuous infusion of a dopaminergic
drug reduces the risk of motor complications. The current challenge is to develop a long-acting oral formulation of
levodopa that provides clinical beneﬁts but avoids motor complications.

Introduction
Since its introduction in the late 1960s, levodopa has
been the most widely used and most eﬀective drug for
the symptomatic therapy of Parkinson’s disease. However,
chronic levodopa therapy is complicated by the
development of motor complications, which can be
disabling, diﬃcult to treat, and limit the usefulness of
the drug.1,2 The development of surgical therapies, such
as pallidotomy and deep brain stimulation of the
subthalamic nucleus and the internal segment of the
globus pallidus (GPi), can provide eﬀective treatment for
levodopa-induced motor complications, but surgery has
risks, is expensive, and does not provide antiparkinsonian
beneﬁts beyond what can be attained with levodopa.
Medical therapy that provides the beneﬁts of levodopa
without motor complications would be a major advance
in the treatment of Parkinson’s disease.
During the past two decades, substantial evidence has
accumulated indicating that levodopa-related motor
complications in Parkinson’s disease are associated with
non-physiological, discontinuous, or pulsatile stimulation
of striatal dopamine receptors, and can be prevented or
reversed by long-acting dopaminergic drugs that
theoretically provide more continuous stimulation of
striatal dopamine receptors.2 Central to this concept are
observations indicating that dopamine neurons in the
substantia nigra pars compacta (SNc) ﬁre tonically at a
nearly constant rate,3,4 that striatal dopamine is
maintained at a fairly constant concentration,5,6 and that
there is continuous activation of striatal dopamine
receptors. Experience with continuous infusions of
levodopa and dopamine agonists has shown the potential
advantages of continuous delivery of dopaminergic drugs
and inspired the therapeutic concept of continuous
dopaminergic stimulation.7,8 In this review, we describe
the advances in our understanding of the organisation of
the basal ganglia, the molecular and physiological
changes that underlie motor complications, and the
experimental and clinical data supporting treatment
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strategies based on continuous dopaminergic stimulation
in Parkinson’s disease.

Motor complications of dopaminergic therapy
In the early stages of levodopa treatment, patients with
Parkinson’s disease typically experience excellent beneﬁts
that are sustained even if an individual dose is missed.
However, with chronic treatment, the duration of beneﬁt
after a given dose of levodopa becomes progressively
shorter and begins to mirror the plasma half-life of
levodopa.9 Patients begin to experience ﬂuctuations in
motor function alternating between on responses with a
good antiparkinsonian eﬀect and oﬀ responses when
levodopa does not adequately treat parkinsonian features.
Fluctuations can also occur in non-motor features of the
disease (eg, pain, anxiety, depression). In the most severe
cases, patients can experience rapid oscillations between
on and oﬀ states without an apparent association with
the levodopa dose.10
Levodopa-treated patients can also experience
involuntary movements or dyskinesias.11 Dyskinesias
typically occur in association with high concentrations of
levodopa in the plasma and maximum improvement in
the motor response (peak-dose dyskinesia). These
dyskinesias are usually choreiform in nature, although
they can also manifest as dystonia and other movement
disorders. Less commonly, dyskinesias can appear at or
just before the onset of the on response, disappear during
the on period, and re-emerge as the oﬀ period begins
(diphasic dyskinesias). Diphasic dyskinesias are typically
comprised of large amplitude stereotypic, rhythmic, and
repetitive movements of the legs that can be associated
with parkinsonian features in other body regions.
Patients with Parkinson’s disease can also have oﬀ-period
dystonia mostly localised to their legs and commonly
accompanied by pain and a sustained abnormal posture.
In extreme cases, patients treated with levodopa can
cycle between on periods, which are complicated by
disabling dyskinesias, and oﬀ periods in which
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Figure 1: Classic pathways of the basal ganglia
GPe=globus pallidus; STN=subthalamic nucleus; SNr=substantia nigra pars
reticulata; PPN=pedunculopontine nucleus; VL=ventrolateral nucelus of the
thalamus. This classic model of the basal ganglia shows the direct and indirect
striatopallidal pathways and that SNc neurons provide dopaminergic input to
the striatum. The red arrows represent the excitatory pathways and the blue
arrows the inhibitory pathways.

parkinsonism is uncontrolled and the patient is akinetic
and frozen. With disease progression, delivery of a dose
of levodopa that provides both a satisfactory
antiparkinsonian eﬀect and avoids dyskinesia becomes
increasingly diﬃcult.
Motor complications occur in about 50% of patients
with Parkinson’s disease who have received levodopa
for more than 5 years, and in as many as 100% of
patients with young-onset disease.11,12 High doses of
standard levodopa formulations are associated with an
increased risk of motor complications in both animal
models with MPTP lesions and patients with Parkinson’s
disease.13,14 The recent ELLDOPA study showed that
motor complications in levodopa-treated patients are
dose-related and begin earlier than was previously
appreciated.15 After just 9 months of levodopa treatment
(200 mg three times daily), 20% of patients experienced
wearing oﬀ and 16% had dyskinesias.

Dopaminergic organisation of the basal ganglia
The classic model of the basal ganglia emphasises the
direct and indirect striatopallidal pathways and the
selective innervation of the striatum by dopaminergic
neurons originating in the SNc (ﬁgure 1).16,17 However, it is
now appreciated that the basal ganglia function as a
complex, integrated network with multiple feedback and
feedforward loops rather than as the linear ﬁring-ratedependent system depicted in the classic model (ﬁgure 2).18
Furthermore, dopaminergic innervation from the SNc is
not restricted to the striatum but extends to include the
subthalamic nucleus, internal and external segments of
the globus pallidus, thalamus, and cerebral cortex.19
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Dopamine neurons ﬁre tonically at a rate of 3–6 Hz
independent of movement,3,4 and striatal dopamine is
maintained at a nearly constant concentration, as shown
by both microdialysis and amperometry.5,6 Phasic or
burst ﬁring of SNc neurons with release of larger
amounts of dopamine can occur in association with
reward or exposure to new stimuli.20,21 However, the
robust reuptake capacity of the dopamine transporter
maintains constant striatal dopamine concentrations
independent of the SNc neuronal ﬁring rate.3,6,22
Furthermore, axons of dopamine neurons that are
activated by rapid ﬁring branch profusely within the
striatum23 and interact primarily with dopamine
receptors located within or next to the synapse where
dopamine-transporter density is maximum.24 These
factors combine to maintain constant synaptic and
extrasynaptic dopamine concentrations, thus permitting
striatal dopamine receptors to be continuously exposed
to dopamine. The constant ﬁring rate of SNc dopamine
neurons, stable striatal dopamine concentration, and the
continuous activation of striatal dopamine receptors are
essential for normal basal-ganglia function.25
SNc neurons also possess autoregulatory mechanisms,
such as non-renewal, that help maintain stable neuronal
ﬁring rates.26 Non-renewal ﬁring implies that neuronal
excitability is inﬂuenced by previous ﬁring activity (for up
to a few seconds), so that abrupt changes in discharge
rates are modulated and overall ﬁring activity remains
fairly constant. Non-renewal in SNc neurons is probably
mediated by intracellular mechanisms, such as after
hyperpolarisation (calcium-dependent potassium current),
local inhibitory eﬀects of dopamine release, and feedback
circuits such as striatonigral inhibitory projections.27
These factors inﬂuence the probability of spike generation
and regulate interspike variability.
A primary role of dopamine is to exert presynaptic
modulation (in both up and down directions) on the
glutamate-mediated excitation of striatal medium spiny
neurons.28–35 Most striatal neurons are medium spiny
GABAergic neurons that receive massive glutamatergic
inputs (ie, substantially more than 1000 per neuron)
from terminals that originate in the cortex and thalamus
and form asymmetric contacts with the heads of
dendritic spines.36,37 A smaller proportion of striatal
inputs come from dopaminergic, cholinergic, and
GABAergic neurons and form symmetric synaptic
contacts. Striatal neurons primarily project to the globus
pallidus (both external and internal portions) and make
between 10 000 and 30 000 synaptic contacts per
neuron.37 Such an arrangement requires a precise
selection mechanism to ﬁlter incoming and outgoing
signals associated with movement, a function mediated
in part by the eﬀects of dopamine on both presynaptic
and postsynaptic mechanisms. A study in mouse brain
slices showed that dopamine can both enhance or
suppress speciﬁc subsets of corticostriatal aﬀerents by
http://neurology.thelancet.com Vol 5 August 2006
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Figure 2: Modern paradigm of the basal ganglia pathways
SMA=supplementary motor area; GPe=globus pallidus; CM-PF=centromedian parafascicular nucleus; STN=subthalamic nucleus. This paradigm emphasises that the
basal ganglia is a complex network manner with multiple feedback and feedforward loops. Note that SNc dopamine neurons provide dopaminergic innervation to
multiple components of the basal ganglia in addition to the striatum. Reproduced with permission from Elsevier. 25

activation of D2 receptors located presynaptically in
glutamatergic terminals.30 In this study, dopamine was
shown to inhibit glutamate release from less actively
ﬁring corticostriatal aﬀerents and to potentiate release
from more active neurons. In functional terms, when a
series of diﬀerent cortical aﬀerent signals converge on
to a striatal medium spiny neuron, dopamine selectively
enhances activity in the most powerful volley and
inhibits others. We envision this mechanism allows a
desired movement or action to be facilitated, while
minimising the possibility of interference from
conﬂicting neuronal activity.
Dopamine also acts postsynaptically to stabilise the
ﬁring rate and excitability of striatal neurons. Dopamine
inhibits (via D2 receptors) or facilitates (via D1 receptors)
striatopallidal neuronal activity.38 Medium spiny striatal
neurons usually express either D1 or D2 receptors,
which give rise to projections forming the direct and
indirect striatopallidal pathways, respectively (ﬁgures 1
and 2), although there is considerable crosstalk between
these systems and they are probably not totally
discrete.39,40 Movement facilitation is associated with
http://neurology.thelancet.com Vol 5 August 2006

increased activity in the direct pathway and reduced
activity in the indirect pathway.16–18 Dopamine facilitates
activity in D1-bearing neurons, which have an inhibitory
eﬀect on the pallidum, and inhibits activity in
D2-bearing neurons, which lead to excitation of the
pallidum.33 Phasic ﬁring induces the release of
dopamine, which primarily activates D1 and D2
receptors within the synapse, whereas dopamine release
associated with tonic ﬁring primarily excites
extrasynaptically located D1 receptors by volume
transmission.41 Under physiological conditions, tonic
SNc ﬁring predominates so that dopamine primarily
activates extrasynaptic D1 receptors on neurons in the
direct pathway that facilitate movement. Dopamine also
modulates glutamate-mediated long-term potentiation
and long-term depression and thereby regulates
plasticity in striatal neurons.42 Furthermore, dopamine
exerts tonic inhibitory eﬀects on cholinergic
interneurons, which otherwise tend to increase the
excitability of medium spiny striatal neurons by raising
the amplitude of postsynaptic excitatory potentials
evoked by cortical stimulation.43,44
679
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Parkinsonian state
The studies described above illustrate that dopamine
plays a major part in maintaining the stability of the basal
ganglia network and is essential for the selection and
processing of neuronal activity associated with normal
movement. The situation changes in the dopaminedenervated state. The loss of dopamine nigral neurons
impairs dopaminergic modulation of corticostriatal
activity45 and the capacity to develop long-term potentiation
and long-term depression.45–47 Although surviving
dopamine cells in the SNc show little change in ﬁring
rate, autoregulatory mechanisms are impaired and there
is a loss of the ﬁring rate stability provided by non-renewal
mechanisms.48 As a result, there is a reduced capacity to
compensate for small ﬂuctuations in ﬁring rate that
promote instability of the basal-ganglia network. Dendritic
spines on striatal medium spiny neurons, which are the
sites of glutamate–dopamine interactions, are profoundly
reduced in size and density.49,50 Dual photon imaging
shows that these changes are triggered by dysregulation
of L-type calcium channels and selectively aﬀect
striatopallidal but not striatonigral neurons.51
The striatal dopamine deﬁcit may initially be
compensated for by downregulation of the dopamine
transporter, heightened postsynaptic receptor sensitivity,
and changes in subthalamic nucleus and GPi ﬁring.
These compensations might explain the interval between
disease and symptom onset.52,53 However, compensatory
mechanisms eventually fail: D2-bearing medium spiny
neurons (which coexpress enkephalin) become overactive
whereas D1-bearing medium spiny neurons (which
coexpress substance P and dynorphin) become
hypoactive. This failure results in hyperactivity of
neuronal activity in subthalamic nucleus and GPi
neurons, excessive inhibition of thalamocortical and
brainstem motor neurons, and the development of
parkinsonian features.16,17 In association with these
changes, there is a reduction in the inhibitory centre
surround—inhibition of neuronal ﬁring in an area
surrounding a ﬁring neuron—that occurs in response to
peripheral stimuli and abnormal synchronisation of
neuronal ﬁring in the striatum, subthalamic nucleus,
and GPi of MPTP-lesioned monkeys and patients with
Parkinson’s disease.54–60 The discharge rate of individual
neurons in the globus pallidus is irregular and
independent of ﬁring in other nerve cells in normal
monkeys, whereas in parkinsonian monkeys the
discharge is oscillatory in individual neurons and
synchronised between pairs of neurons.61 These changes
result in a loss of somatotopic selectivity and
fundamentally impair the capacity of the basal ganglia to
appropriately select and facilitate normal motor
movement.

Levodopa-treated state
Dopamine replacement with standard doses of regular
levodopa does not make the basal ganglia physiologically
680

normal. Exogenous administration of repeated doses of
short-acting levodopa (half-life of about 60–90 min) leads
to large and uncontrolled oscillations in striatal and
synaptic dopamine concentrations,5,62,63 probably due to
the loss of dopamine terminals and their capacity to
buﬀer ﬂuctuations in striatal dopamine concentrations.
This leads to a change from the normal situation in
which dopamine receptors are continuously exposed to
dopamine, to one in which they are exposed to abnormally
high or abnormally low concentrations of the
neurotransmitter. This pulsatile stimulation destabilises
an already unstable basal ganglia.
Acute administration of dopaminergic drugs like
apomorphine or levodopa can reverse the ﬁring-rate
changes that accompany dopamine denervation in
patients with Parkinson’s disease and MPTP monkeys.64–67
However, dopaminergic replacement with short-acting
drugs does not restore basal ganglia neuronal ﬁring
patterns to normal. Heimer and colleagues68 showed that
although levodopa therapy inﬂuences GPi and GPe ﬁring
rates in MPTP-lesioned monkeys, they move in opposite
directions such that the GPe to GPi ﬁring-rate ratio is
substantially increased in comparison to normal.68
Furthermore, although levodopa reduces the percentage
of correlated pairs of neurons with synchronous ﬁring in
the GPi and GPe of MPTP monkeys, they are not reduced
to normal concentrations in the on state, and remain
grossly abnormal during the oﬀ state. Levodopa use is
also associated with speciﬁc changes in the expression
and distribution of NMDA-receptor subunits. Gardoni
and colleagues69 showed that levodopa-induced dyskinesia
is associated with profound changes in the distribution
of NR2B subunits (from a synaptic to an extrasynaptic
location) and in their association with members of the
membrane-associated guanylate kinase (MAGUK) family
of proteins. These and many other studies showed that
standard levodopa therapy does not normalise the
parkinsonian basal ganglia but shifts it to a diﬀerent state
of abnormality.

Discontinuous or pulsatile stimulation of
striatal dopamine receptors
In Parkinson’s disease, the progressive loss of SNc
dopaminergic neurons causes striatal dopamine
concentrations to be increasingly dependent on the
peripheral availability of levodopa and impairs the
capacity of dopamine terminals to buﬀer ﬂuctuations in
plasma levodopa concentrations. Thus variability in
plasma levodopa concentrations associated with drugs
having a short half-life results in variability in striatal
dopamine concentrations and pulsatile stimulation of
striatal dopamine receptors.
The eﬀect of half-life in the production of dyskinesia
can be readily observed in MPTP-lesioned monkeys.
Short-acting dopaminergic drugs such as levodopa
rapidly induce severe dyskinesias, whereas longer-acting
dopaminergic drugs (eg, ropinorole, bromocriptine,
http://neurology.thelancet.com Vol 5 August 2006
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cabergoline) matched to provide comparable motor
beneﬁt are associated with little or no dyskinesias.70–73
Indeed, intermittent injections of a short-acting
dopamine agonist such as U-91356A or apomorphine
rapidly induce dyskinesia, whereas continuous infusion
of the same drug does not.74,75 These experiments show
that the same dopaminergic drug may or may not induce
dyskinesia depending on whether it is given in a pulsatile
or continuous manner.
Disease severity can also inﬂuence the risk that a drug
will induce pulsatile stimulation and motor complications.
MPTP-lesioned monkeys—with about a 95% loss of
dopamine neurons—develop dyskinesias within days of
starting levodopa treatment,70,71 whereas partially lesioned
or normal animals are much more resistant to the
development of levodopa-induced dyskinesias.73,76
Similarly, patients with Parkinson’s disease are estimated
to have a 40–60% loss of SNc dopamine neurons at the
time of diagnosis and typically do not develop severe
dyskinesias for years after starting levodopa. By contrast,
patients with MPTP toxicity or parkin mutations who
have severe dopaminergic lesions can develop severe
dyskinesias within weeks of starting levodopa.77,78
Pulsatile stimulation of striatal dopamine receptors
can induce molecular and neurophysiological changes
in striatal neurons that are associated with dyskinesias.
Studies in dopamine-denervated mice, rats, and monkeys
showed that dyskinesia induced by short-acting
dopaminergic drugs is associated with altered expression
of various genes or proteins including preproenkephalin,
preprodynorphin, cFos, delta FosB, JunB, Cdk5 (cyclindependent protein kinase 5), ERK1/2 DARP32, and D1signalling proteins.79–84 Similar ﬁndings have been
reported in post-mortem brains of patients with
Parkinson’s disease; preproenkephalin expression was
substantially higher in patients who had levodopainduced dyskinesia than in patients treated with levodopa
who did not have dyskinesia or normal controls.85 Neither
the gene changes nor the dyskinesia associated with a
short-acting dopaminergic drug are reported when the
same drug is given by continuous infusion.79 The
neurophysiological ﬁring pattern of basal-ganglia
neurons is also inﬂuenced by pulsatile dosing with a
dopaminergic drug. Changes in the number and
duration of pauses and bursts as well as in ﬁring
frequency have been reported in both MPTP-lesioned
monkeys and patients with Parkinson’s disease.86,87
Furthermore, pulsatile administration of levodopa
substantially changes GPe to GPi ﬁring-rate ratios,68 does
not fully eliminate synchronous ﬁring,68 and impairs
mechanisms involved in long-term depression and
striatal plasticity.47 How precisely these molecular and
physiological changes lead to dyskinesia is not clearly
understood.
Similar evidence supports the idea that motor
ﬂuctuations (ie, wearing oﬀ) are associated with pulsatile
stimulation. In 6-hydroxydopamine-lesioned rats, chronic
http://neurology.thelancet.com Vol 5 August 2006

treatment with intermittent doses of levodopa is
associated with a progressive reduction in the duration of
the motor response following a single levodopa dose, but
there is no shortening in the duration of the motor
response after a dose of levodopa in animals that had
previously been treated with continuous levodopa
infusion.88,89 As with dyskinesia, levodopa treatment
regimens that induced shortening of the duration of the
motor response were associated with altered expression
of striatal preprodynorphin and prometenkephalin,
whereas these gene changes did not occur with
continuous levodopa administration.90
These ﬁndings show the inability of standard doses of
oral levodopa therapy to restore basal-ganglia physiological
activity to normal. They further demonstrate that nonphysiological discontinuous or pulsatile dopamine
replacement induces further disruptions in the
dopamine-denervated basal ganglia leading to the
development of motor ﬂuctuations and dyskinesia.

Continuous-dopaminergic-stimulation-based
therapy for Parkinson’s disease
These laboratory observations have been extended to the
clinic. In patients with early Parkinson’s disease, several
prospective double-blind, controlled trials have shown
that patients randomised to initiate therapy with a longacting dopamine agonist have a low risk of motor
complications in comparison with patients treated with
standard, short-acting levodopa—even though patients
in both groups could receive supplementation with openlabel levodopa if deemed necessary.91–94 Indeed, very few,
if any, patients treated exclusively with a long-acting
dopamine agonist experience any dyskinesia at all. In
each of these studies, patients initially randomised to
receive levodopa had improved motor responses at all
time points compared with patients initially assigned to
receive a dopamine agonist. This ﬁnding prompted some
to question if the reduced dyskinesia in the agonist group
is associated with a less eﬀective dopaminergic regimen.95
However, agonist-treated patients could receive levodopa
supplementation, and the very low frequency of
dyskinesia seen with long-term dopamine-agonist
monotherapy and the low rate of motor complications
when the same drug is delivered by infusion make this
explanation unlikely.
In patients with advanced Parkinson’s disease,
continuous infusion of levodopa or a dopamine agonist
(apomorphine, lisuride) has been shown to provide longlasting and dramatic improvement in established motor
complications.96 A prospective, controlled study with
40 patients with advanced Parkinson’s disease with severe
levodopa-related motor complications showed the beneﬁt
of continuous infusion. Patients randomly assigned to
switch to a continuous subcutaneous infusion of lisuride
had signiﬁcantly less oﬀ time and dyskinesias than those
remaining on standard oral formulations of levodopa.97
These beneﬁts lasted throughout the 4 year duration of
681
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Implications for current treatment
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Figure 3: Eﬀect of continuous intraintestinal levodopa infusion on motor
complications in Parkinson’s disease
Comparison of oﬀ time and dyskinesia scores at baseline when patients were on
intermittent doses of standard levodopa, and at 6 months when patients were
receiving levodopa by continuous intraintestinal infusion. Note that levodopa
infusion was associated with a signiﬁcant reduction in both oﬀ time and
dyskinesia. Reproduced with permission from the American Medical
Association.109

the study. Infusion was only given during the waking day
to avoid tolerance. As a consequence, patients experienced
some wearing oﬀ and dystonia when the infusion was
discontinued at night, but both patient and physician
global-rating scales indicated that infusion was associated
with substantial and signiﬁcant overall increases in
quality of life. It should be noted that this was an openlabel study, and double-blind trials of infusion therapies
have not yet been done.
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Figure 4: Plasma levodopa concentrations after oral and continuous intraintestinal levodopa administration
When levodopa was given orally patients experienced substantial motor complications but at 6 months, when
levodopa was given by infusion, motor complications were much reduced. Note that infusion avoids the low
trough concentrations seen with repeated oral doses of a standard levodopa formulation. Reproduced with
permission from the American Medical Association.109
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On the basis of laboratory and clinical ﬁndings, many
physicians now start treatment in appropriate patients
with Parkinson’s disease with a long-acting dopamine
agonist and use levodopa when patients can no longer be
satisfactorily controlled with dopamine agonist
monotherapy.98 This decision is partly based on the
potential for short-term exposure to levodopa to prime for
the development of dyskinesia. The concept of priming or
sensitisation implies that patients exposed to levodopa for
even a short time are more prone to develop dyskinesia
when the drug is reintroduced than are patients who have
never been exposed to levodopa.83 This ﬁnding is thought
to be associated with the capacity of levodopa to induce
long-term plastic changes in striatal medium spiny
neurons. Priming has been reported in MPTP-lesioned
monkeys,81 but remains a theoretical concept in patients
with Parkinson’s disease; this concept nonetheless
represents another argument for begining therapy with a
dopamine agonist. Dopamine agonists are not without
complications
(gastrointestinal
problems,
sleep
disturbances with excess daytime sleepiness, peripheral
oedema, psychosis, and possibly the induction of impulse
disorders such as gambling) and are not typically used in
elderly patients or in those with cognitive impairment.
Although dopamine agonist monotherapy can be eﬀective
in early disease, patients eventually require
supplementation with levodopa,91,92 and levodopa can
induce motor complications even if given in conjunction
with a dopamine agonist.73,91,92 Indeed, the time until the
development of motor complications after the initiation
of levodopa is about the same when levodopa is used as
initial therapy as it is when levodopa is added to a
dopamine agonist.91 Thus dopamine agonists delay the
introduction of levodopa but do not prevent or delay the
development of motor complications once levodopa is
initiated.
Current understanding of basal-ganglia physiology
suggests that longer-acting or more continuous delivery
of levodopa might avoid these motor complications.
Controlled release formulations of levodopa did not
reduce the risk of motor complications compared with
standard levodopa in double-blind controlled trials,99 but
the controlled-release drug has variable absorption and
was only given twice daily, so it is unlikely that continuous
dopaminergic stimulation was achieved in this trial.
Patch delivery provides a means of attaining stable
plasma concentrations; however, this has proven diﬃcult
to achieve with levodopa because the drug is acidic and
needs to be given with large volumes of ﬂuid.100 The only
antiparkinsonian drugs currently being tested in a patch
formulation are the monoamine oxidase-B inhibitor
selegiline (primarily studied in depression) and the
dopamine agonist rotigotine.101 Neither of these drugs are
eﬀective enough to avoid the need for levodopa.
Continuous infusion of a dopamine agonist has been
shown to reduce motor complications in patients with
http://neurology.thelancet.com Vol 5 August 2006
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Figure 5: Eﬀect of intraintestinal infusion and addition of entacapone on levodopa pharmacokinetics
Left: comparison of levodopa plasma pharmcokinetics proﬁles when levodopa and carbidopa were given at 3 h intervals with intermittent oral doses of a standard
formulation and then 1 day later to the same patient at the same frequency, but in combination with the catechol-o-methyltransferase inhibitor entacapone. Note
that oral levodopa is associated with low trough concentrations that are avoided when levodopa is combined with entacapone, thereby providing a pattern strikingly
similar to that delivered continuously by infusion. Right: comparison of plasma pharmcokinetic proﬁles when levodopa is delivered orally with intermittent doses of a
standard levodopa formulation and then again in the same patient when levodopa is given by continuous intraintestinal infusion. Note that oral levodopa in
standard formulations is associated with low trough concentrations that are avoided when levodopa is delivered continuously by infusion or when it is combined
with entacapone and given at 3 h intervals.111 Reproduced with permission from Lippincott, Williams, and Wilkins.

advanced disease.96 However, infusions are cumbersome
are associated with side-eﬀects at the site of
administration, and patients with early disease will
probably resist this treatment approach. Continuous
levodopa delivery by intraintestinal infusion has been
shown to reduce established dyskinesia in patients with
advanced disease,102–108 showing the value of continuous
delivery of the drug. However, in addition to the problems
associated with agonist infusions, continuous
intraintestinal levodopa delivery requires a surgical
procedure and frequent repositioning or replacement of
the catheter.
An oral levodopa therapy that reﬂects the
pharmacokinetics of a levodopa infusion would be a
better alternative. To better understand the
pharmacokinetic basis of motor complications, we
compared the plasma levodopa pharmacokinetic proﬁle
in patients receiving oral doses of standard levodopa
complicated by motor complications with that obtained
in the same patients treated with a continuous levodopa
infusion and who had experienced substantial
improvement in oﬀ time and dyskinesias (ﬁgure 3).109
These studies showed that levodopa infusion avoided the
very low trough concentrations reported with intermittent
doses of standard oral levodopa formulations (ﬁgure 4).109
We speculated that in dopamine-lesioned patients with
Parkinson’s disease who cannot buﬀer ﬂuctuations in
plasma concentrations, low trough concentrations lead
to low striatal dopamine concentrations and discontinuous or pulsatile stimulation of striatal dopamine
receptors leading to the development of motor
complications. We further speculated that the
development of an oral levodopa treatment strategy,
which mirrors the pharmokinetic proﬁle obtained with a
levodopa infusion, might similarly avoid motor
complications. To try and accomplish this goal, we
http://neurology.thelancet.com Vol 5 August 2006

combined standard oral levodopa with a catechol-Omethyltransferase inhibitor, which blocks the peripheral
metabolism of levodopa and extends its elimination halflife from about 90 min to about 3 h.110 We found by giving
levodopa and carbidopa in conjunction with entacapone
at 3 h intervals we could avoid the low plasma levodopa
trough concentrations observed with standard
formulations of levodopa and carbidopa, and provide a
plasma pharmacokinetic proﬁle similar to that obtained
from a continuous infusion (ﬁgure 5).111 These ﬁndings
suggest that levodopa, carbidopa, and entacapone given
orally at 3 h intervals might provide more continuous
dopamine stimulation than standard levodopa and
reduce the risk of motor complications. Indeed, studies
in MPTP-lesioned monkeys showed that levodopainduced dyskinesias were signiﬁcantly reduced when
levodopa was given at approximate 3 h intervals in
combination with entacapone.112 The importance of
avoiding pulsatile stimulation is shown by the fact that
the addition of entacapone increases dyskinesia when
levodopa is given at 6 h intervals and continuous
dopaminergic stimulation is not achieved.113 A prospective
multicentre, double-blind study comparing the risk of
motor complications in patients with Parkinson’s disease
randomly assigned to receive levodopa plus entacapone
versus levodopa alone is currently underway (the
STRIDE-PD study). Monoamine oxidase-B inhibitors,
which block the central metabolism of dopamine, provide
another theoretical opportunity to stabilise dopamine
concentrations in the brain, although there is no
experimental data for this approach.

Prospects for the future
The development of therapies based on continuous
dopaminergic stimulation as a treatment for Parkinson’s
disease raises certain practical questions. Foremost,
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will these therapies induce tolerance (or desensitisation)
with degradation of the motor response? Studies in
animals show that continuous 24 h administration of a
dopaminergic drug can be associated with tolerance.114
Similar results have been reported with 24 h infusions
in patients.115 Patients receiving round-the-clock 24 h
infusions can also experience psychiatric problems with
severe hallucinations.96 These problems can generally
be avoided with infusions that are given only during
waking hours and we have not encountered tolerance
or serious psychiatric problems with such infusion
protocols.97,109
Finally, this review has focused on the scientiﬁc rationale
and clinical results obtained with continuous
dopaminergic stimulation as a treatment approach to
Parkinson’s disease. Other factors, such as the topography
of the striatum, pattern of receptor denervation and
activation, postsynaptic transcriptional alterations in
medium spiny neurons, and abnormalities in glutamate
and other neurotransmission systems may also play a
part in the pathogenesis of motor complications. Indeed,
other antidyskinesia treatment strategies may ultimately
prove to be as or more eﬀective than continuousdopaminergic-stimulation-based strategies. Research has
focused on the possibility that dyskinesia is associated
with activation of speciﬁc dopamine receptor subtypes
and dyskinesia has at times been linked to selective
activation of either D1 or D2 receptors. However,
dyskinesias can be induced with selective short-acting
D1116–118 or D2119,120 agonists in MPTP-lesioned monkeys and
patients. D3 receptors have also been implicated in the
pathophysiology of dyskinesia in studies showing that a
selective partial D3 agonist reduces dyskinesia and
improves motor function in MPTP monkeys.121 The
levodopa molecule might also be particularly prone to
induce dyskinesia. Indeed, Maratos and colleagues122
reported less dyskinesia with short acting D1 and D2
agonists than with levodopa in MPTP-lesioned
marmosets.122 These ﬁndings do not, however, detract
from the concept of continuous dopaminergic stimulation
in the treatment of Parkinson’s disease, because there are
many studies in both animal models and patients in
which dyskinesias associated with intermittent delivery of
either levodopa or an agonist can be avoided with
continuous delivery of the same drug.74,75,109,119 Interestingly,
parallel eﬀects have been reported with respect to the
ventral tegmental area and accumbens dopamine system
and addiction where it has been found that intermittent
discrete doses of psychostimulants result in rapid
sensitisation, whereas continuous infusion of the same
drug causes desensitisation.123 We have also not considered
the potential role of non-dopaminergic systems in the
development of dyskinesia, and the possibility that other
targets for antidysknesia therapies might include
glutamate, cholinergic, adenosine2A and opioid
receptors.124 We have also not addressed diphasic
dyskinesia, which may result from a diﬀerent mechanism
684

Search strategy and selection criteria
References for this review were identiﬁed by searches of
PubMed between 1980 and March 2006 using the search
term “continuous dopaminergic stimulation”.

than peak-dose dyskinesia and may not be improved, or
may even be worsened, by continuous delivery of
suboptimal dopamine concentrations as we speculated
have occurred in patients who underwent fetal nigral
transplantation.125 Nonetheless, a large body of scientiﬁc
and clinical information supports the idea that
discontinuous or pulsatile stimulation of striatal
dopamine receptors contributes to the development of
levodopa-induced motor complications and favours the
use of continuous dopaminergic stimulation-based
therapies in an attempt to obtain the symptomatic beneﬁts
of levodopa without motor complications. It is fascinating
that 40 years after the introduction of levodopa, there is
still a fundamental lack of knowledge on how to optimally
give the drug.
Contributors
All authors contributed equally to the design, organisation, and writing
of this review.
Conﬂicts of interest
CWO has consulted with Boehringer Ingleheim, Teva Neuroscience,
Novartis/Orion Pharma, Schwarz, GSK, and Valeant. JAO has consulted
with GSK, Boehringer Ingleheim, Teva/Lundbeck, and Novartis/Orion.
FS has consulted with GSK, Boehringer Ingleheim, Teva Neuroscience,
and Novartis/Orion.
References
1
Lang AP, Lozano AE. Parkinson’s disease. N Engl J Med 1998; 339:
1044–53.
2
Olanow CW. The scientiﬁc basis for the current treatment of
Parkinson’s disease. Ann Rev Med 2004; 55: 41–60.
3
Grace AA. Phasic versus tonic dopamine release and the
modulation of dopamine system responsivity: a hypothesis for the
etiology of schizophrenia. Neuroscience 1991; 41: 1–24
4
Grace AA, Bunney BS. The control of ﬁring pattern in nigral
dopamine neurons: single spike ﬁring. J Neurosci 1984; 4: 2866–76.
5
Abercrombie ED, Bonatz AE, Zigmond MJ. Eﬀects of L-DOPA on
extracellular dopamine in striatum of normal and 6-hydroxydopami
ne-treated rats. Brain Res 1990; 525: 36–44.
6
Venton BJ, Zhang H, Garris PA, Phillips PE, Sulzer D,
Wightman RM. Real-time decoding of dopamine concentration
changes in the caudate-putamen during tonic and phasic ﬁring.
J Neurochem 2004; 89: 1284–1295.
7
Chase TN, Baronti F, Fabbrini G, et al. Rationale for continuous
dopamimetic therapy of Parkinson’s disease. Neurology 1989;
39: 7–10.
8
Obeso JA, Grandas F, Herrero MT, Horowski R. The role of
pulsatile versus continuous dopamine receptor stimulation for
functional recovery in Parkinson’s disease. Eur J Neurosci 1994;
6: 889–97.
9
Fabbrini G, Mouradian MM, Juncos JL, Schlegel J, Mohr E,
Chase TN. Motor ﬂuctuations in Parkinson’s disease: central
pathophysiological mechanisms, part I. Ann Neurol 1988;
24: 366–71.
10 Marsden CD Parkes JD. Success and problems of long-term
levodopa therapy in Parkinson’s disease. Lancet 1977; 1: 345–49,
11 Fahn S. The spectrum of levodopa-induced dyskinesias. Ann Neurol
2000; 47 (suppl 1): 2–11
12 Golbe LI. Young-onset Parkinson’s disease: a clinical review.
Neurology 1991; 41: 168–73.

http://neurology.thelancet.com Vol 5 August 2006

Review

13

14

15

16
17
18

19
20
21
22

23

24

25
26

27

28

29

30

31

32

33

34

35

36

Maratos EC, Jackson MJ, Pearce RK, Jenner P. Antiparkinsonian
activity and dyskinesia risk of ropinirole and L-DOPA combination
therapy in drug naive MPTP-lesioned common marmosets
(Callithrix jacchus). Mov Disord 2001; 16: 631–41.
Schrag A, Quinn NP. What determines the occurrence of
dyskinesias and motor ﬂuctuations in Parkinson’s disease? A
population-based study. Brain 2000; 123: 2297–305.
Fahn S, Oakes D, Shoulson I, et al. Parkinson Study Group. Does
levodopa slow or hasten the rate of progression of Parkinson
disease? The results of the ELLDOPA study. N Eng J Med 2004;
351: 2498–508.
Albin RL, Young AB, Penney JB. The functional anatomy of basal
ganglia disorders. Trends Neurosci 1989; 12: 366–75.
DeLong MR. Primate models of movement disorders of basal
ganglia origin. Trends Neurosci 1990; 13: 281–89.
Obeso JA, Rodriguez-Oroz MC, Rodriguez M, DeLong MR,
Olanow CW. Pathophysiology of levodopa-induced dyskinesias in
Parkinson’s disease: problems with the current model. Ann Neurol
2000; 47 (suppl 1): 22–32.
Smith Y, Kieval JZ. Anatomy of the dopamine system in the basal
ganglia. Trends Neurosci 2000; 23 (suppl): 28–33.
Schultz W. Predictive reward signal of dopamine neurons.
J Neurophysiol 1998; 80: 1–27.
Schultz W. Behavior-related activity of primate dopamine neurons.
Rev Neurol (Paris) 1994; 150: 634–39.
Floresco SB, West AR, Ash B, Moore H, Grace AA. Aﬀerent
modulation of dopamine neuron ﬁring diﬀerentially regulates tonic
and phasic dopamine transmission. Nat Neurosci 2003; 6: 968–73.
Prensa L, Parent A. The nigrostriatal pathway in the rat: A singleaxon study of the relationship between dorsal and ventral tier nigral
neurons and the striosome/matrix striatal compartments. J Neurosci
2001; 21: 7247–60.
Sesack SR, Carr DB, Omelchenko N, Pinto A. Anatomical
substrates for glutamate-dopamine interactions: evidence for
speciﬁcity of connections and extrasynaptic actions.
Ann NY Acad Sci 2003; 1003: 36–52.
Obeso JA, Rodriguez-Oroz MC, Rodriguez M, et al. Pathophysiology
of the basal ganglia in PD. Trends Neurosci 2000; 23: 8–19.
Rodríguez M, Pereda E, González J, Abdala P, Obeso JA. How is
ﬁring activity of substantia nigra cells regulated? Relevance of
pattern-code in the basal ganglia. Synapse 2003; 49: 216–25.
Grace AA, Bunney BS. Opposing eﬀects of striatonigral feedback
pathways on midbrain dopamine cell activity. Brain Res 1985;
333: 271–84.
West AR, Floresco SB, Charara A, Rosenkranz JA, Grace AA.
Electrophysiological interactions between striatal glutamatergic and
dopaminergic systems. Ann NY Acad Sci 2003; 1003: 53–74.
Lee FJ, Wang YT, Liu F. Direct receptor cross-talk can mediate the
modulation of excitatory and inhibitory neurotransmission by
dopamine. J Mol Neurosci 2005; 26: 245–25.
Bamford NS, Robinson S, Palmiter R, Joyce JA, Moore C,
Meshul CK. Dopamine modulates release from corticostriatal
terminals. J Neurosci 2004; 24: 9541–52.
Hernandez-Lopez S, Bargas J, Sumeier DJ, Reyes A, Galarraga E.
D1 receptor activation enhances evoked discharge in neostriatal
medium spiny neurons by modulating an L-type Ca2+ conductance.
J Neurosci 1997; 17: 3334–42.
Yamamoto BK, Davy S. Dopaminergic modulation of glutamate
release in striatum as measured by microdialysis. J Neurochem 1992;
58: 1736–42.
West AR, Grace AA. Opposite Inﬂuences of endogenous dopamine
D1 and D2 receptor activation on activity states and
electrophysiological properties of striatal neurons: studies
combining in vivo intracellular recordings and reverse
microdialysis. J Neurosci 2002; 22: 294–304.
Donnell P, Grace AA. Tonic D2-mediated attenuation of cortical
excitation in nucleus accumbens neurons recorded in vitro.
Brain Res 1994; 634: 105–12.
Charara A, Grace AA. Dopamine receptor subtypes selectively
modulate excitatory aﬀerents from the hippocampus and amygdala
to rat nucleus accumbens neurons. Neuropsychopharmacology 2003;
28: 1412–21.
Doucet G, Descarries L, Garcia S. Quantiﬁcation of the dopamine
innervation in adult rat neostriatum. Neuroscience 1986; 19: 427–45.

http://neurology.thelancet.com Vol 5 August 2006

37

38

39

40
41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Wilson CJ. Basal ganglia. In: The synaptic organization of the
brain. Shepherd GM, ed. Oxford University Press, 2004:
361–414.
Guzman JN, Hernandez A, Galarraga E, et al. Dopaminergic
modulation of axon collaterals interconnecting spiny neurons of the
rat striatum. J Neurosci 2003; 23: 8931–40.
Levesque M, Parent A. The striatofugal ﬁber system in primates: a
reevaluation of its organization based on single-axon tracing
studies. Proc Natl Acad Sci USA 2005; 102: 11888–93.
Kita H. GABAergic circuits of the striatum. Prog Brain Res 1993;
99: 51–72.
Onn SP, West AR, Grace AA. Dopamine-mediated regulation of
striatal neuronal and network interactions. Trends Neurosci 2000;
23 (suppl): 48–56.
Calabresi P, Gubellini P, Centonze D, et al. Dopamine and cAMPregulated phosphoprotein 32 kDa controls both striatal long-term
depression and long-term potentiation, opposing forms of synaptic
plasticity. J Neurosci 2000; 20: 8443–51.
Galarraga E, Hernandez-Lopez S, Reyes A, et al. Cholinergic
modulation of neostriatal output: a functional antagonism between
diﬀerent types of muscarinic receptors. J Neurosci 1999;
19: 3629–38.
Zhou FM, Liang Y, Dani JA. Endogenous nicotinic cholinergic
activity regulates dopamine release in the striatum. Nat Neurosci
2001; 4: 1224–29.
Calabresi P. Electrophysiology of dopamine-denervated striatal
neurons; implications for Parkinson’s disease. Brain 1993; 116:
433–52.
Centonze D, Gubellini P, Picconi B, Calabresi P, Giacomini P,
Bernardi G. Unilateral dopamine denervation blocks cortico-striatal
LTP. J Neurophysiol 1999; 82: 3575–79.
Picconi B, Centonze D, Hakansson K, et al. Loss of bidirectional
striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nat
Neurosci 2003; 6: 501–06.
Rodriguez M, Gonzalez J, Sabate M, Obeso J, Pereda E. Firing
regulation in dopaminergic cells: eﬀect of the partial degeneration
of nigrostriatal system in surviving neurons. Eur J Neurosci 2003;
18: 53–60.
Stephens B, Mueller AJ, Shering AF et al. Evidence of a breakdown
of corticostriatal connections in Parkinson’s disease. Neuroscience
2005; 132: 741–54.
Zaja-Milatovic S, Milatovic D, Schantz AM et al. Dendritic
degeneration in neostriatal medium spiny neurons in Parkinson
disease. Neurology 2005; 64: 545–47.
Day M, Wang Z, Ding J, et al. Selective elimination of
gluatamatergic synapses on striatopallidal neurons in Parkinson
disease models. Nat Neurosci 2006; 9: 251–59.
Zigmond MJ. Do compensatory processes underlie the preclinical
phase of neurodegenerative disease? Insights from an animal
model of parkinsonism. Neurobiol Dis 1997; 4: 247–53.
Bezard E, Dovero S, Prunier C, et al. Relationship between the
appearance of symptoms and the level of nigrostriatal degeneration
in a progressive MPTP-lesioned macaque model of Parkinson’s
disease. J Neurosci 2001; 21: 6853–61.
Tremblay L, Filion M, Bedard PJ. Responses of pallidal neurons to
striatal stimulation in monkeys with MPTP-induced parkinsonism.
Brain Res 1989; 498: 17–33.
Filion M, Tremblay L, Bedard PJ. Abnormal inﬂuences of passive
limb movement on the activity of globus pallidus neurons in
parkinsonian monkeys. Brain Res 1988; 444: 165–76.
Nini A, Feingold A, Slovin H, Bergman H. Neurons in the globus
pallidus do not show correlated activity in the normal monkey, but
phase-locked oscillations appear in the MPTP model of
parkinsonism. J Neurophysiol 1995; 74: 1800–05
Raz A, Vaadia E, Bergman H. Firing patterns and correlations of
spontaneous discharge of pallidal neurons in the normal and the
tremulous 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine vervet
model of parkinsonism. J Neurosci 2000; 20: 8559–71.
Filion M, Tremblay L. Abnormal spontaneous activity of globus
pallidus neurons in monkeys with MPTP-induced parkinsonism.
Brain Res 1991; 547: 142–51.
Hurtado JM, Gray CM, Tamas LB, Sigvardt KA. Dynamics of
tremor-related oscillations in the human globus pallidus: a single
case study. Proc Natl Acad Sci USA 1999; 96: 1674–79.

685

Review

60

61

62

63

64

65

66

67

68

69

70

71

72

73
74

75

76

77

78
79

80

81

686

Levy R, Hutchison WD, Lozano AM, Dostrovsky JO. High
frequency synchronization of neuronal activity in the subthalamic
nucleus of parkinsonian patients with limb tremor. J Neurosci 2000;
20: 7766–75.
Bergman H, Feingold A, Nini A, et al. Physiological aspects of
information processing in the basal ganglia of normal and
parkinsonian primates. Trends Neurosci 1998; 21: 32–38
Miller DW, Abercrombie ED. Role of high-aﬃnity dopamine uptake
and impulse activity in the appearance of extracellular dopamine in
striatum after administration of exogenous L-DOPA: studies in
intact and 6-hydroxydopamine-treated rats. J Neurochem 1999;
72: 1516–22.
de la Fuente-Fernandez R, Sossi V, Huang Z, et al. Levodopainduced changes in synaptic dopamine levels increase with
progression of Parkinson’s disease: implications for dyskinesias.
Brain 2004; 127: 2747–54.
Filion M, Tremblay L, Bedard PJ. Eﬀects of dopamine agonists on
the spontaneous activity of globus pallidus neurons in monkeys
with MPTP-induced parkinsonism. Brain Res 1991; 547: 152–61.
Papa SM, DeSimone R, Fiorani M, Oldﬁeld EH. Internal globus
pallidus discharge is nearly suppressed during levodopa-induced
dyskinesias. Ann Neurol 1991; 46: 732–38.
Hutchinson WD, Levy R, Dostrovsky JO, Lozano AM, Lang AE.
Eﬀects of apomorphine on globus pallidus neurons in parkinsonian
patients. Ann Neurol 1997; 42: 767–75.
Merello M, Balej J, Delﬁno M, Cammarota A, Betti O, Leiguarda R.
Apomorphine induces changes in GPi spontaneous outﬂow in
patients with Parkinson’s disease. Mov Disord 1999; 14: 45–49.
Heimer G, Bar-Gad I, Goldberg JA, Bergman H. Dopamine
replacement therapy reverses abnormal synchronization of pallidal
neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine primate
model of parkinsonism. J Neurosci 2002; 22: 7850–55.
Gardoni F, Picconi B, Ghiglieri V, et al. A critical interaction
between NR2B and MAGUK in L-DOPA induced dyskinesia.
J Neurosci 2006; 26: 2914–22.
Bédard PJ, Di Paolo T, Falardeau P, Boucher R. Chronic treatment
with L-dopa, but not bromocriptine induces dyskinesia in MPTPparkinsonian monkeys; correlation with [3H]spiperone binding.
Brain Res 1986; 379: 294–99.
Pearce RK, Banerji T, Jenner P, Marsden CD. De novo
administration of ropinirole and bromocriptine induces less
dyskinesia than L-dopa in the MPTP-treated marmoset. Mov Disord
1998; 13: 234–41.
Grondin R, Goulet M, Di Paolo T, Bedard PJ. Cabergoline, a longacting dopamine D2-like receptor agonist, produces a sustained
antiparkinsonian eﬀect with transient dyskinesias in parkinsonian
drug-naïve primates. Brain Res 1996; 735: 298–306.
Jenner P. Factors inﬂuencing the onset and persistence of dyskinesia
in MPTP-treated primates. Ann Neurol 2000; 47: S90–99.
Blanchet PJ, Calon F, Martel JC, et al. Continuous administration
decreases and pulsatile administration increases behavioral
sensitivity to a novel dopamine D2 agonist (U- 91356A) in MPTPexposed monkeys. J Pharmacol Exp Ther 1995; 272: 854–59.
Bibbiani F, Costantini LC, Patel R, Chase TN. Continuous
dopaminergic stimulation reduces risk of motor complications in
parkinsonian primates. Exp Neurol 2005; 192: 73–78.
Pearce RK, Heikkila M, Linden IB, Jenner P. L-dopa induces
dyskinesia in normal monkeys: behavioural and pharmacokinetic
observations. Psychopharmacology (Berl) 2001; 156: 402–09.
Ballard PA, Tetrud JW, Langston JW. Permanent human
parkinsonism due to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP): seven cases. Neurology 1985; 35: 949–56.
Khan NL, Graham E, Critchley P, et al. Parkin disease: a phenotypic
study of a large case series. Brain 2003; 126: 1279–92.
Morissette M, Goulet M, Soghomonian JJ, et al. Preproenkephalin
mRNA expression in the caudate-putamen of MPTP monkeys after
chronic treatment with the D2 agonist U91356A in continuous or
intermittent mode of administration: comparison with L-DOPA
therapy. Brain Res Mol Brain Res 1997; 49: 55–62.
Aubert I, Guigoni C, Hakansson K, et al. Increased D1 dopamine
receptor signaling in levodopa-induced dyskinesia. Ann Neurol
2005; 57: 17–26.
Calon F, Grondin R, Morissette M, et al. Molecular basis of
levodopa-induced dyskinesias. Ann Neurol 1998; 47: 70–78.

82

83

84

85

86

87

88

89

90

91

92
93

94

95
96

97

98

99

100

101

102

103
104

Cenci MA, Tranberg A, Andersson M, Hilbertson A. Changes in the
regional and compartmental distribution of FosB- and JunB-like
immunoreactivity induced in the dopamine-denervated rat striatum
by acute or chronic L-dopa treatment. Neuroscience 1999; 94: 515–27.
Blanchet PJ, Calon F, Morissette M. Relevance of the MPTP primate
model in the study of dyskinesia priming mechanisms.
Parkinsonism Relat Disord 2004; 10: 297–304.
Pavon N, Martin AB, Mendialdua A, Moratalla R. ERK
phosphorylation and FosB expression are associated with L-DOPAinduced dyskinesia in hemiparkinsonian mice. J Biol Psych 2006;
59: 64–74.
Calon F, Birdi S, Rajput AH, Hornykiewicz O, Bedard PJ,
Di Paolo T. Increase of preproenkephalin mRNA levels in the
putamen of Parkinson disease patients with levodopa-induced
dyskinesias. J Neuropathol Exp Neurol 2002; 61: 186–96.
Boraud T, Bezard E, Bioulac B, Gross CE. Dopamine agonistinduced dyskinesias are correlated to both ﬁring pattern and
frequency alterations of pallidal neurones in the MPTP-treated
monkey. Brain 2001; 124: 546–57.
Brown P, Oliviero A, Mazzone P et al. Dopamine dependency of
oscillations between subthalamic nucleus and pallidum in
Parkinson’s disease. J Neurosci 2001; 21: 1033–38.
Juncos JL, Engber TM, Raisman R, et al. Continuous and
intermittent levodopa diﬀerentially aﬀect basal ganglia function.
Ann Neurol 1989; 25: 473–78.
Engber TM, Susel Z, Juncos JL, Chase TN. Continuous and
intermittent levodopa diﬀerentially aﬀect rotation induced by D-1
and D-2 dopamine agonists. Eur J Pharmacol 1989; 168: 291–98.
Engber TM, Susel Z, Kuo S, et al. Levodopa replacement therapy
alters enzyme activities in striatum and neuropeptide content in
striatal output regions of 6-hydroxydopamine lesioned rats.
Brain Res 1991; 552: 113–18.
Rascol O, Brooks DJ, Korczyn AD, et al. A ﬁve year study of the
incidence of dyskinesia in patients with early parkinson’s disease
who were treated with ropinirole or levodopa. N Engl J Med 2000;
342: 1484–91.
Parkinson Study Group. Pramipexole vs levodopa as initial
treatment for Parkinson disease. JAMA 2000; 284: 231–38.
Whone AL, Watts RL, Stoessl AJ, et al. Slower progression of
Parkinson’s disease with ropinirole versus levodopa: the REAL-PET
study. Ann Neurol 2003; 54: 93–101.
Parkinson Study Group. Dopamine transporter brain imaging to
assess the eﬀects of pramipexole vs levodopa on Parkinson disease
progression. JAMA 2002; 287: 1653–61.
Wooten GF. Agonists vs levodopa in PD: the thrilla of whitha.
Neurology 2003; 60: 360–62.
Nutt JG, Obeso JA, Stocchi F. Continuous dopamine receptor
stimulation in advanced Parkinson’s disease. Trends Neurosci 2000;
23: 109–15.
Stocchi F, Ruggieri S, Vacca L, Olanow CW. Prospective
randomized trial of lisuride infusion versus oral levodopa in PD
patients. Brain 2002; 125: 2058–66.
Olanow CW, Watts RL, Koller WC. An algorithm (decision tree) for
the management of Parkinson’s disease (2001): treatment
guidelines. Neurology 2001; 56 (suppl 5): 1–88.
Block G, Liss C, Reines S, Irr J, Nibbelink D. Comparison of
immediate-release and controlled release carbidopa/levodopa in
Parkinson’s disease: a multicenter 5-year study. Eur Neurol 1997;
37: 23–27.
Stocchi F, Ruggieri S, Carta A, et al. Intravenous boluses and
continuous infusions of L-dopa methyl ester in ﬂuctuating patients
with Parkinson’s disease. Mov Disord 1992; 7: 249–56.
Guldenpfennig WM, Poole KH, Sommerville KW, Boroojerdi B.
Safety, tolerability, and eﬃcacy of continuous transdermal
dopaminergic stimulation with rotigotine patch in early-stage
idiopathic Parkinson disease. Clin Neuropharmacol 2005; 28: 106–10.
Sage JI, Trooskin S, Sonsalla PK, Heikkila RE, Duvoisin RC.
Long-term duodenal infusion of levodopa for motor ﬂuctuations in
parkinsonism. Ann Neurol 1988; 24: 87–89.
Ruggieri S, Stocchi F, Carta A, Catarci M, Agnoli A. Jejunal delivery
of levodopa methylester. Lancet 1989; 8653: 45–46.
Kurlan R, Rubin AJ, Miller C, Rivera-Calimlim L, Clarke A, Shoulson
I. Duodenal delivery of levodopa for on-oﬀ ﬂuctuations in
parkinsonism: preliminary observations. Ann Neurol 1986: 20: 262–65.

http://neurology.thelancet.com Vol 5 August 2006

Review

105 Kurth MC, Tetrud JW, Tanner CM, et al. Double-blind,
placebo-controlled, crossover study of duodenal infusion of
levodopa/carbidopa in Parkinson’s disease patients with ‘on-oﬀ’
ﬂuctuations. Neurology 1993; 43: 1698–703.
106 Nutt JG, Carter JH, Lea ES, Woodward WR. Motor ﬂuctuations
during continuous levodopa infusions in patients with Parkinson’s
disease. Mov Disord 1997; 12: 285–92.
107 Nilsson D, Hannsson L, Johansson K, Nystrom C, Paalzow LK,
Aquilonius S. Long-term intraduodenal infusion of a water based
levodopa-carbidopa dispersion in very advanced Parkinson’s
disease. Acta Neurol Scand 1998; 97: 175–83.
108 Syed N, Murphy J, Zimmerman T, Mark MH, Sage JI. Ten years‘
experience with enteral levodopa infusions for motor ﬂuctuations in
Parkinson‘s disease. Mov Disord 1998; 13: 336–38.
109 Stocchi F, Vacca L, Ruggieri S, Olanow CW. Infusion of levodopa
methyl ester in patients with advanced PD: a clinical and
pharmacokinetic study. Arch Neurol 2005; 62: 905–10.
110 Nutt JG, Woodward WR, Beckner RM, et al. Eﬀect of peripheral
catechol-O-methyltransferase inhibition on the pharmacokinetcs
and pharmacodynamics of levodopa in parkinsonian patients.
Neurology 1994; 44: 913–19.
111 Olanow CW, Stocchi F. COMT inhibitors in Parkinson’s disease:
can they prevent and/or reverse levodopa-induced motor
complications? Neurology 2004; 62 (suppl 1): S72–81.
112 Smith LA, Jackson MJ, Al-Barghouthy G, et al. Multiple small doses
of levodopa plus entacapone produces continuous dopaminergic
stimulation and reduces dyskinesia induction in MPTP-treated
drug naïve primates. Mov Disord 2005; 20: 306–14.
113 Smith LA, Jackson MJ, Hansard MJ, Maratos E, Jenner P. Eﬀect of
pulsatile administration of levodopa on dyskinesia induction in
drug-naive MPTP-treated common marmosets: eﬀect of dose,
frequency of administration, and brain exposure. Mov Disord 2003;
18: 487–95.
114 Winkler J, Weiss B. Reversal of supersentitive apomorphineinduced rotational behavior in mice by continuous exposure to
apomorphine. J Pharmacol Exp Ther 1986; 238: 242–47.

http://neurology.thelancet.com Vol 5 August 2006

115 Vaamonde J, Luquin MR, Obeso JA. Dopaminergic responsiveness
to apomorphine after chronic treatment with subcutaneous lisuride
infusion in Parkinson’s disease. Mov Disord 1990; 5: 260–62.
116 Blanchet PJ, Bedard PJ, Britton DR, Kebabian JW. Diﬀerential eﬀect
of selective D-1 and D-2 dopamine receptor agonists on levodopainduced dyskinesia in MPTP monkeys. J Pharmacol Exp Ther 1993;
267: 275–79.
117 Blanchet PJ, Fang J, Gillespie M, et al. Eﬀects of the full dopamine
D1 receptor agonist dihydrexidine in Parkinson’s disease.
Clin Neuropharm 1998; 21: 339–43.
118 Rascol O, Nutt JG, Blin O, et al. Induction by dopamine D1 receptor
agonist ABT-431 of dyskinesia similar to levodopa in patients with
parkinson’s disease. Arch Neurol 2001; 58: 249–54.
119 Coleman RJ, Quinn NP, Traub M, Marsden CD. Nasogastric and
intravenous infusions of (+)-4-propyl-9-hydroxynaphthoxazine
(PHNO) in Parkinson’s disease. J Neurol Neurosurg 1990; 53: 102–05.
120 Calabrese VP, Lloyd KA, Brancazio P et al. N-0923, a novel soluble
dopamine D2 agonist in the treatment of parkinsonism. Mov Disord
1998; 13: 768–74.
121 Bezard E, Ferry S, Mach U, et al. Attenuation of levodopa-induced
dyskinesia by normalizing dopamine D3 receptor function. Nat Med
2003; 9: 762–67.
122 Maratos EC, Jackson MJ, Pearce RK, Cannizzaro C, Jenner P. Both
short- and long-acting D-1/D-2 dopamine agonists induce less
dyskinesia than L-DOPA in the MPTP-lesioned common marmoset
(Callithrix jacchus). Exp Neurol 2003; 179: 90–102.
123 Grace AA. The tonic/phasic model of dopamine system regulation:
its relevance for understanding how stimulant abuse can alter basal
ganglia function. Addiction 1995; 37: 111–29.
124 Brotchie JM. Nondopaminergic mechanisms in levodopa-induced
dyskinesia. Mov Disord 2005; 20: 919–31.
125 Olanow CW. Goetz CG, Kordower JH, et al. A double blind
controlled trial of bilateral fetal nigral transplantation in Parkinson’s
disease. Ann Neurol 2003; 54: 403–14.

687

