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Summary Levodopa continues to be the most effective agent for the symptomatic treat-
ment of Parkinson’s disease. No other drug matches its ability to suppress par-
kinsonian symptoms, especially in patients with advanced disease. But over time,
initial benefits begin to wane, not so much because of a decline in efficacy against
core symptoms, but rather because of a rise in adverse effects. Most common are
the motor response complications that appear within a few years of treatment
initiation and ultimately affect most parkinsonian patients. These progressively
disabling complications include response fluctuations and abnormal involuntary
movements.

Current evidence indicates that ‘wearing-off’ fluctuations, typically the first
motor complication to become clinically evident, initially reflect the loss of
buffering normally provided by striatal dopaminergic terminals. Thus, with in-
creasing degeneration of the nigrostriatal system, swings in plasma levodopa
concentrations associated with standard dosage regimens produce nonphysiologi-
cal fluctuations in intrasynaptic dopamine. As a result of long term discontinuous
stimulation, secondary changes occur at sites downstream from the dopamine
system and now appear to underlie the progressive worsening of ‘wearing-off’
phenomena as well as the eventual appearance of other response complications.

Chronic intermittent stimulation of normally tonically active dopaminergic
receptors activates specific signalling cascades in striatal dopaminoceptive me-
dium spiny neurons, and this evidently results in long term potentiation of the
synaptic efficacy of glutamate receptors of the N-methyl-D-aspartate (NMDA)
subtype on these GABAergic efferents. As a consequence of their increasing
sensitivity to excitation by cortical glutamatergic projections, it would, however,
appear that medium spiny neuron function changes to favour the appearance of
response fluctuations of the ‘on-off’ type and peak dose dyskinesias.

The inability of standard levodopa treatment to restore striatal dopaminergic
function in a more physiological manner clearly contributes to the appearance of
motor complications. Continuous dopaminergic replacement not only reverses
these complications in parkinsonian patients but also prevents their development
in animal models of Parkinson’s disease. Thus, pharmaceutical approaches that
provide relatively continuous dopamine receptor stimulation might confer both
prophylactic and palliative benefit to parkinsonian patients. Several such strate-
gies are currently under development, and include various methods to prolong
the duration of action of levodopa as well as the use of transdermally administered
or very long acting dopamine agonists.
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Parkinson’s disease is a central nervous system
disorder characterised by the progressive degener-
ation of dopamine-containing neurons that have
their cell bodies in the substantia nigra and their
synaptic terminals in the corpus striatum. Once
striatal dopaminergic transmission is sufficiently
impaired, the disease manifests primarily with mo-
tor abnormalities, especially hypokinesia, rigidity,
tremor and postural instability. Symptomatic treat-
ment attempts to restore transmission at hypo-
functional dopaminergic synapses. Currently, this
goal can be approached by administering either
levodopa, which requires decarboxylation to dopa-
mine for activity, or a dopamine agonist, which can
act directly to stimulate postsynaptic dopaminergic
receptors.

Dopamine agonists have several theoretical ad-
vantages over levodopa for the treatment of Parkin-
son’s disease (table I).[1] Since most nigrostriatal
dopaminergic neurons are lost prior to symptom
onset[2] and residual cells continue to degenerate,
it would seem preferable to administer a direct
acting drug rather than a prodrug, which depends,
once converted to the active amine, on the declin-
ing number of dopaminergic neurons for vesicular
storage and regulated release. Dopamine agonists
have the additional advantage that they may be
chosen to interact relatively selectively with one or
more subtype of dopaminergic receptor and thus
possibly achieve a higher therapeutic index than
levodopa.

Stimulation of D2 family receptors has generally
been considered crucial for antiparkinsonian activ-
ity, and all agonists currently marketed for the
treatment of Parkinson’s disease fall into this
category. However, some animal model studies

suggest that D1 family receptor stimulation may
also be effective.[3,4] Definitive clinical evaluation
of this possibility is dependent on the results of
ongoing trials using relatively selective, fully
effective D1 agonists in patients with Parkinson’s
disease.

Furthermore, dopamine agonists may avoid the
risk of promoting free-radical induced damage due
to increased dopamine metabolism.[5,6] Levodopa
and dopamine can be broken down by enzymatic
and nonenzymatic mechanisms to neurotoxic free-
radicals. Conceivably, levodopa administration ex-
acerbates the potentially deleterious consequences
of accelerated dopamine turnover in residual dopa-
minergic neurons that accompanies nigrostriatal
system degeneration. In contrast, dopamine ago-
nists, at least in part because of their ability to stim-
ulate presynaptic dopaminergic receptors, tend to
retard this compensatory process.[1,7,8] Some ago-
nists may, in addition, possess neuroprotective ac-
tivity for reasons not yet fully understood.[9]

Finally, dopamine agonists with relatively long
half-lives can provide relatively continuous stimu-
lation to postsynaptic dopaminergic elements and
thus, as described below, possibly diminish the
danger of motor response complications.[10,11]

1. Striatal Dopaminergic Transmission

Under normal conditions, the nigrostriatal path-
way is generally a tonically active system. Dopa-
minergic neurons that constitute this pathway gen-
erally fire at a rate of about 5Hz, except when
interrupted by bursts of higher frequency activity
associated with salient sensory stimuli but not with
volitional movement.[12] Since intrasynaptic trans-
mitter levels reflect nerve impulse activity rates, it
would thus appear that dopaminergic regulation of
motor function requires the maintenance of rather
stable levels of dopamine in contact with its post-
synaptic receptors. Relief of core parkinsonian
symptoms clearly depends on the restoration of
normal dopaminergic function. Accordingly, the
goal of antiparkinsonian therapy should be to pro-
vide relatively constant stimulation to striatal
dopaminergic receptors.

Table I.  Potential advantages of a dopamine agonist over levodopa,
for the treatment of Parkinson’s disease

Act independently of the degenerating dopaminergic system

Improve therapeutic index by selectively interacting with certain
 dopamine receptor subtypes

Limit risk of exacerbating oxidative stress, by reducing
 free-radical production

Provide more continuous stimulation of postsynaptic
 dopaminergic receptors
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At early stages of disease, exogenous levodopa
is taken up by residual dopaminergic neurons,
where it is decarboxylated to dopamine and stored
in vesicles for subsequent release onto its postsyn-
aptic receptors. Under such circumstances, swings
in levodopa concentrations resulting from its peri-
odic administration are smoothed out by the vesic-
ular storage and neuronally regulated release of the
newly synthesised amine from residual dopamin-
ergic terminals. Accordingly, striatal dopamine re-
ceptors continue to be exposed to the relatively
constant transmitter levels found under physiolog-
ical conditions.

However, in patients with advanced disease
most dopamine terminals have degenerated.[2]

Consequently, exogenous levodopa largely accu-
mulates in other decarboxylase-containing cells,
where it is converted to dopamine and leaked to the
extracellular space without intervening storage or
regulated release.[13] As a result, intrasynaptic do-
pamine levels do not remain constant, but begin to
reflect the wide shifts in levodopa concentrations
associated with the intermittent administration
(usually every 2 to 6 hours) of this rapidly metabo-
lised (half-life approximately 90 minutes) pro-
drug.[10,14,15] Thus, soon after levodopa ingestion,
striatal dopamine levels rise quickly through the
physiological range and probably well beyond[16]

(fig. 1). This peak is followed by a rapid decline to
subthreshold levels until the next dose is adminis-
tered. Recent observations suggest that the
chronic inability of standard levodopa regimens to
provide more physiological dopaminergic stimula-
tion contributes to the appearance of motor com-
plications.

2. Altered Responses to Dopaminergic
Stimulation

Levodopa remains the mainstay for treating
Parkinson’s disease. This situation largely reflects
its superior ability to alleviate symptoms, espe-
cially in patients with advanced disease.[17] But the
initially favourable response enjoyed by most
parkinsonian patients normally does not last.[17,18]

Deterioration relates less to a decline in levodopa’s

antiparkinsonian efficacy, and more to an increase
in adverse effects.

The most common, and often the most dis-
abling, complications reflect a progressive alter-
ation in motor response. Within 5 years of symp-
tom onset, about half of levodopa-treated patients
begin to experience one or more motor complica-
tion, including response variations, and various
dystonic and choreatic dyskinesias.[19] Motor fluc-
tuations of the ‘wearing-off’ type are usually the
first to appear.[20,21] They occur in relation to dos-
age and reflect a shortening in the duration of levo-
dopa’s antiparkinsonian action (fig. 2). In addition,
a more complex response fluctuation, usually
termed ‘on-off’ phenomena, can often be distin-
guished in patients in a relatively advanced stage
of the disease.[22] These are characterised by
abrupt, seemingly random switches between the
relatively treated (hyperkinetic) and untreated
(hypokinetic) states. They appear to arise as a re-
sult of the increasing steepness of the relation be-
tween levodopa dose and motor response that at-
tends disease progression (fig. 2). Under such
circumstances, small changes in striatal dopamine
levels produce large shifts in motor responses.
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Fig. 1.  Theoretical level of dopamine in the brain, 0 and 6 hours
after levodopa administration.
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Late stage parkinsonian patients also commonly
manifest abnormal involuntary movements,
especially when brain dopamine levels peak. These
choreiform dyskinesias reflect the fact that the
levodopa dose able to induce dyskinesias progres-
sively declines, while the dose needed to amelio-
rate parkinsonian symptoms remains constant
(fig. 3). Thus, with advancing disease the differ-
ence between these amounts (i.e. the therapeutic
window) essentially vanishes, and no dose of

levodopa can be found that adequately controls
symptoms without also inducing dyskinesias. All
these motor complications tend to worsen with
continued disease progression and dopamino-
mimetic therapy.[10]

3. Pathogenesis of Motor Complications

Recent studies have begun to provide insight
into mechanisms underlying the appearance of mo-
tor complications. Fluctuations of the ‘wearing-
off’ type initially reflect the swings in intrasynaptic
dopamine produced by levodopa administration.
As might be expected, if patients manifesting early
‘wearing-off’ fluctuations when levodopa is given
according to standard intermittent schedules are
switched to constant infusion therapy, these fluctu-
ations immediately disappear.[23] However, ‘wear-
ing-off ’ fluctuations progressively worsen, and
‘on-off’ fluctuations as well as peak dose dyskine-
sias appear as a consequence of secondary changes
postsynaptic to the dopamine system. Under such
circumstances, conversion from intermittent to
continuous levodopa treatment has a gradual rather
than an immediate ameliorative effect.[15]
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Fig. 2.  Severity of motor fluctuation at different stages of
Parkinson’s disease (PD). 
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Fig. 3.  Difference between the clinically effective dose of levo-
dopa and the dose causing dyskinesias (i.e. the therapeutic
window) at different stages of Parkinson’s disease (PD).
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Dopamine agonist studies in animals and humans
have provided the most direct evidence implicating
postsynaptic changes. Rats rendered parkinsonian
with 6-hydroxydopamine and then given levodopa
by twice-daily injection soon begin to show re-
sponse alterations resembling human ‘wearing-
off ’ and ‘on-off ’ fluctuations.[24,25] Thus with
intermittent, but not continuous levodopa adminis-
tration, both a progressive shortening in response
duration and an increasing frequency of ‘off’ re-
sponses to an otherwise effective dose of levodopa
occur. In these parkinsonian rats as well as in par-
kinsonian patients, an acute challenge dose of a
direct dopamine agonist such as apomorphine rep-
licates all the response changes occurring with
levodopa. Since the motor effects of apomorphine,
unlike levodopa, reflect only its interaction with
postsynaptic dopaminergic receptors, changes un-
derlying motor response complications must be oc-
curring downstream from the dopamine system.[26]

4. Striatal Mechanisms

Studies to determine possible sites of these
changes have focused on the population of striatal
GABAergic neurons that receive dopaminergic
projections from the substantia nigra. An initial
evaluation of neuropeptides used by these medium
spiny neurons revealed characteristic alterations,
presumably indicative of functional change.[27,28]

Striatal GABAergic neurons that largely express
the D2 dopamine receptor subtype primarily proj-
ect to the internal segment of globus pallidus via the
external globus pallidus and subthalamic nucleus;
they utilise enkephalin and neurotensin as peptide
cotransmitters.[29] On the other hand, striatal
GABAergic neurons that mainly express D1 dopa-
mine receptors largely project directly to the inter-
nal globus pallidus and contain dynorphin, neuro-
tensin and substance P. Lesioning the dopamine
system with 6-hydroxydopamine significantly
increases enkephalin and neurotensin levels.
Subsequent intermittent levodopa treatment pro-
duces additional changes, most conspicuously a
substantial rise in both dynorphin and neurotensin.[28]

Pharmacological studies suggest that these pep-
tide alterations, which do not occur with continu-
ously administered levodopa, reflect functional
modifications that could have important implica-
tions for motor performance.[30] This view is
further supported by the finding that parkinsonian
rats evidencing motor response alterations have a
profoundly decreased reaction to agonists that
preferentially stimulate D1 dopamine receptors
and a markedly increased response to selective D2

agonists.[31] Thus, dopaminergic responsivity of
the direct striatonigral pathway is attenuated, while
responsivity of the indirect striatopallidal pathway
is augmented, possibly indicating that an imbal-
ance between striatal output pathways influenced
by D1 and by D2 dopamine receptor stimulation
might contribute to the pathogenesis of motor com-
plications. Importantly, changes in both peptide
levels and motor responses were evident only
when levodopa treatment was given intermittently
(as occurs in parkinsonian patients) and did not
occur when the same daily dose of levodopa was
infused around-the-clock.

5. Glutamatergic Response Changes

Both laboratory and clinical studies have begun
to elucidate changes occurring in striatal GABA-
ergic neurons that accompany the response modi-
fications associated with long term dopamino-
mimetic treatment.[32] In parkinsonian rats,
chronic intermittent stimulation of dopaminergic
receptors on GABAergic medium spiny neurons
modifies responses mediated by co-expressed glu-
tamate receptors of the N-methyl-D-aspartate
(NMDA) subtype.[33,34] Thus, systemically admin-
istered drugs that selectively inhibit NMDA recep-
tors act prophylactically as well as palliatively to
prevent or reverse all motor response alterations
occurring in this rodent model.[25,33,34] Direct in-
jection studies suggest that these effects of system-
ically administered NMDA antagonists are primar-
ily mediated in the striatum,[34] presumably at the
dendrites of GABAergic neurons expressing dopa-
mine as well as NMDA receptors.[35]
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In MPTP-lesioned parkinsonian primates, co-
treatment with certain NMDA antagonists has also
been found to reduce the dyskinesiogenic but not
the antiparkinsonian effects of levodopa.[36] Further-
more, observations in parkinsonian patients treated
with various NMDA receptor antagonists support
the view that glutamatergic hyperstimulation of
striatal GABAergic neurons may be a factor con-
tributing to the appearance of motor complications
in human Parkinson’s disease.[37,38]

6. Signal Transduction Alterations

Recent investigations have attempted to discern
the basis for the apparently excessive glutamatergic
influence on striatal GABAergic neurons. Prelim-
inary evidence from one such study suggests that
the binding affinity of striatal NMDA receptors in-
creases rather than decreases in parkinsonian rats
that develop levodopa-induced response modifica-
tions. These results seem more compatible with the
hypothesis that upregulation of NMDA receptor
sensitivity, not hyperfunction of cortical glutama-
tergic afferents, explains the beneficial effects of
NMDA antagonists on motor complications.

Components of signal transduction pathways
that might explain how intermittent stimulation of
dopaminergic receptors enhances the synaptic
efficacy of co-expressed NMDA receptors have
recently begun to be identified.[39,40] Current
evidence suggests that a cyclic adenosine mono-
phosphate (cAMP)-protein kinase A-mediated
pathway contributes to D1 receptor associated
activation of NMDA receptors, while a calcium-
calmodulin-dependent kinase II pathway partici-
pates in the signalling cascade linked to D2 recep-
tors. Conceivably, activation of these signal
transduction cascades, as a consequence of chronic
nonphysiological dopaminergic stimulation, re-
sults in changes in NMDA receptor subunit com-
position and phosphorylation state leading to long
term potentiation of their synaptic efficacy. As a
result, striatal GABAergic efferent system function
changes to favour the appearance of motor re-
sponse complications.

7. Clinical Relevance

Levodopa-associated motor response changes
can be reliably induced by intermittent, but not by
continuous, dopaminergic stimulation in rodent
and primate models of Parkinson’s disease. Clinical
observations suggest that the same may be true
for parkinsonian patients, although data from
definitive evaluations of the prophylactic value of
relatively continuous dopaminomimetic adminis-
tration are not yet available.

Attempts to assess the palliative benefit of con-
verting parkinsonian patients who developed
motor complications while receiving a standard
(usually 3 to 6 times daily) levodopa regimen to a
continuous levodopa infusion have, however, been
carried out (fig. 4). Ten days of round-the-clock,
optimal-dose, intravenous administration tends to
reduce all motor complications.[15] A continuous
infusion of a dopamine agonist lasting 3 months
has even more dramatic beneficial effects on pre-
existing motor complications.[41] Taken together,
these studies indicate that motor fluctuations and
peak dose dyskinesias complicating dopamino-
mimetic therapy of Parkinson’s disease are attrib-
utable, at least in part, to the intermittent adminis-
tration of levodopa and can be partially reversed
by treatments that provide more physiological
(i.e. uninterrupted, optimal level) dopamine re-
placement.

Conceivably, the continuous stimulation of
striatal dopaminergic receptors from the outset of
dopaminomimetic treatment will confer prophy-
lactic benefit by limiting changes that occur in
striatal GABAergic neurons as a consequence of
chronic intermittent stimulation.

8. Future Therapeutic Goals

The foregoing observations suggest that the
intermittent stimulation of striatal dopaminergic
receptors may play a role in the pathogenesis of the
most common forms of levodopa-associated motor
response complications. In parkinsonian animals,
the response alterations associated with standard
levodopa regimens can be prevented by approaches
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that provide continuous dopaminergic stimula-
tion.[27] In patients with advanced Parkinson’s dis-
ease, continuous levodopa administration has doc-
umented palliative value and thus might be
expected to confer prophylactic benefit at earlier
stages of disease.[10,15]

Translation of these theoretical concepts and ex-
perimental results to clinical practice are now be-
ginning to show promise (table II). The palliation
or prevention of motor response complications
could, in theory, involve targeting relevant internal
signalling pathways or cell-surface receptors. Al-
though pharmaceuticals that selectively interact
with components of transduction cascades in
striatal GABAergic neurons are not yet available
for clinical study, preliminary trials of NMDA
receptor antagonists have recently begun to yield
encouraging results.[37,38]

At present, however, most developmental ef-
forts remain directed towards new approaches to
more continuously stimulate striatal dopaminergic
receptors. Chronic enteral or parenteral infusions
of levodopa, its more soluble analogues, or of do-
pamine agonists have not proven generally useful.
On the other hand, pharmaceutical approaches to
prolonging levodopa’s duration of action, such as
with controlled release formulations (e.g. Sinemet-
CR) or by the addition of a catechol-O-methyl-
transferase (COMT) inhibitor ( e.g. tolcapone or
entacapone) can be expected to confer some
benefit.[42,43]

Most orally administered dopamine agonists
now marketed for Parkinson’s disease also have
relatively short durations of action (plasma half-
lives ranging from about 4 to 12 hours); accord-
ingly, while better than levodopa, they still fall
short of providing continuous stimulation. Dopa-
mine agonists with a much longer duration of
action (e.g. cabergoline) or sufficient lipid solu-
bility to permit transcutaneous administration
(e.g. N-0923) currently have the clearest potential
for restoring normal dopaminergic function in
parkinsonian patients.[44-46]

Table II.  Strategies for continuous dopaminergic replacement

Continuous infusions of levodopa
 (intravenous/subcutaneous/enteral)

Oral sustained release formulations of levodopa

Dopamine metabolism inhibitors, e.g. monoamine oxidase
 inhibitors (selegiline) or catechol-O-methyltransferase (COMT)
 inhibitors (tolcapone, entacapone)

Long-acting dopamine agonists (e.g. cabergoline)
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9. Conclusions

The principal symptoms of Parkinson’s disease
reflect deficient striatal dopaminergic transmis-
sion. In the later stages of disease, standard levo-
dopa therapy only transiently replaces physiologi-
cal intrasynaptic dopamine levels. Accordingly,
normal dopaminergic transmission is not restored
and motor response complications eventually
ensue. Several promising approaches to the pre-
vention or mitigation of these disabling adverse ef-
fects are under development. Determination of
whether any of these strategies is capable of con-
ferring significant patient benefit awaits comple-
tion of ongoing clinical studies.

References
1. Jenner P. The rationale for the use of dopamine agonists in

Parkinson’s disease. Neurology 1995; 45 Suppl. 3: S6-12
2. Bernheimer H, Birkmayer W, Hornykiewicz O, et al. Brain do-

pamine and the syndromes of Parkinson and Huntington.
Clinical, morphological and neurochemical correlations. J
Neurol Sci 1973; 20: 415-55

3. Blanchet P, Bedard PJ, Britton DR, et al. Differential effect of
selective D1 and D2 dopamine receptor agonists on levodopa-
induced dyskinesia in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-exposed monkeys. J Pharmacol Exp Ther 1993; 267:
275-9

4. Domino EF, Sheng J. Relative potency and efficacy of some
dopamine agonists with varying selectivities for D1 and D2
receptors in MPTP-induced hemiparkinsonian monkeys. J
Pharmacol Exp Ther 1993; 265: 1387-91

5. Ebadi M, Srinivasan SK, Baxi MD. Oxidative stress and anti-
oxidant therapy in Parkinson’s disease. Prog Neurobiol 1996;
48 (1): 1-19

6. Owen AD, Schapira AH, Jenner P, et al. Oxidative stress and
Parkinson’s disease. Ann N Y Acad Sci 1996; 786: 217-23

7. Jenner P, Olanow CW. Oxidative stress and the pathogenesis of
Parkinson’s disease. Neurology 1996; 47 Suppl. 3: S161-70

8. Lange KW, Rausch WD, Gsell W, et al. Neuroprotection by
dopamine agonists. J Neural Transm Suppl. 1994; 43:
183-201

9. Carvey PM, Pieri S, Ling ZD. Attenuation of levodopa-induced
toxicity in mesencephalic cultures by pramipexole. J Neural
Transm 1997; 104: 209-28

10. Chase TN, Engber TM, Mouradian MM. Palliative and prophy-
lactic benefits of continuously administered dopaminomimet-
ics in Parkinson’s disease. Neurology 1994; 44 Suppl. 6:
S15-18

11. Rinne UK. Early combination of bromocriptine and levodopa
in the treatment of Parkinson’s disease: a 5-year follow-up.
Neurology 1987; 37: 826-8

12. Schultz W. Behavior-related activity of primate dopamine neu-
rons. Rev Neurol (Paris) 1994; 150: 634-9

13. Melamed E, Hefti F, Wurtman RJ. Nonaminergic striatal neu-
rons convert exogenous L-dopa to dopamine in parkinsonism.
Ann Neurol 1980; 8: 558-63

14. Mouradian MM, Juncos JL, Fabrini G, et al. Motor fluctuations
in Parkinson’s disease: pathogenic and therapeutic studies.
Ann Neurol 1987; 22: 475-9

15. Mouradian MM, Heuser IJE, Baronti F, et al. Modification of
central dopaminergic mechanisms by continuous levodopa
therapy for advanced Parkinson’s disease. Ann Neurol 1990;
27: 18-23

16. Mouradian MM, Heuser IJ, Baronti F, et al. Pathogenesis of
dyskinesias in Parkinson’s disease. Ann Neurol 1989; 25:
523-6

17. Marsden CD, Parkes JD. Success and problems of long-term
therapy in Parkinson’s disease. Lancet 1997; 2: 345-9

18. Mizuno Y, Mori H, Kondo T. Parkinson’s disease: from etiology
to treatment. Intern Med 1995; 34: 1045-54

19. Peppe A, Dambrosia JM, Chase TN. Risk factors for motor
response complications in L-dopa-treated parkinsonian pa-
tients. Adv Neurol 1993; 60: 698-702

20. Fabbrini G, Juncos J, Mouradian MM, et al. Levodopa pharma-
cokinetic mechanisms and motor fluctuations in Parkinson’s
disease. Ann Neurol 1987; 21: 370-6

21. Fabbrini G, Mouradian MM, Juncos JL, et al. Motor fluctua-
tions in Parkinson’s disease: central pathophysiological
mechanisms, part I. Ann Neurol 1988; 24: 366-71

22. Mouradian MM, Juncos JL, Fabrini G, et al. Motor fluctuations
in Parkinson’s disease: central and pathophysiological mech-
anisms. Part II. Ann Neurol 1988; 24: 372-8

23. Shoulson I, Glaubiger GA, Chase TN. On-off response: clinical
and biochemical correlations during oral and intravenous
levodopa administration in parkinsonian patients. Neurology
1975; 25: 1144-8

24. Papa SM, Engber TM, Kask AM, et al. Motor fluctuations in
levodopa treated parkinsonian rats: relation to lesion extent
and treatment duration. Brain Res 1994; 662: 69-74

25. Marin C, Papa SM, Engber TM, et al. MK801 prevents levo-
dopa-induced motor response alterations in parkinsonian rats.
Eur J Pharmacol 1996; 736: 202-5

26. Verhagen-Metman L, Locatelli ER, Bravi D, et al. Apomorphine
responses in Parkinson’s disease and the pathogenesis of mo-
tor response complications. Neurology 1997; 48: 369-72

27. Engber TM, Susel Z, Kuo S, et al. Levodopa replacement ther-
apy alters enzyme activities in striatum and neuropeptide con-
tent in striatal output regions of 6-hydroxydopamine lesioned
rats. Brain Res 1991; 552: 113-8

28. Engber TM, Boldry RC, Kuo S, et al. Dopaminergic modulation
of striatal neuropeptides: differential effects of D1 and D2
receptor stimulation on somatostatin, neuropeptide Y, neuro-
tensin, dynorphin and enkephalin. Brain Res 1992; 581: 261-8

29. Gerfen CR, Engber TM, Mahan LC, et al. D1 and D2 dopamine
receptor-regulated gene expression of striatonigral and
striatopallidal neurons. Science 1990; 250: 1429-32

30. Engber TM, Boldry RC, Chase TN. The kappa-opioid receptor
agonist spiradoline differentially alters the rotational response
to dopamine D1 and D2 agonists. Eur J Pharmacol 1991; 200:
171-3

31. Engber TM, Marin C, Susel Z, et al. Differential effects of
chronic dopamine D-1 and D-2 agonists on rotational behav-
ior and dopamine receptor binding. Eur J Pharmacol 1993;
236: 385-93

32. Chase TN, Engber TM, Mouradian MM. Contribution of dopa-
minergic and glutamatergic mechanisms to the pathogenesis
of motor response complications in Parkinson’s disease. Adv
Neurol 1996; 69: 497-501

8 Chase

 Adis International Limited. All rights reserved. Drugs 1998; 55 Suppl. 1



33. Engber TM, Papa SM, Boldry RC, et al. NMDA receptor block-
ade reverses motor response alterations induced by levodopa.
Neuroreport 1994; 5: 2586-8

34. Papa SM, Boldry RC, Engber TM, et al. Reversal of levodopa-
induced motor fluctuations in experimental parkinsonism by
NMDA receptor blockade. Brain Res 1995; 701: 13-8

35. Kotter R. Postsynaptic integration of glutamatergic and dopa-
minergic signals in the striatum. Prog Neurobiol 1994; 44:
163-96

36. Papa SM, Chase TN. Levodopa induced dyskinesias improved
by a glutamate antagonist in parkinsonian monkeys. Ann
Neurol 1996; 39: 574-8

37. Blanchet PJ, Verhagen Metman L, Mouradian MM, et al. Acute
pharmacologic blockade of dyskinesias in Parkinson’s dis-
ease. Mov Disord 1996; 11: 580-1

38. Verhagen Metman L, Blanchet PJ, Mouradian MM, et al.
Dextromethorphan and levodopa combination therapy in Par-
kinson’s patients with response fluctuations. Mov Disord
1996; 11: 184

39. Huang CC, Gean PW. Cyclic adenosine-3′,5′-monophosphate
potentiates the synaptic potential mediated by NMDA recep-
tors in the amygdala. J Neurosci Res 1995; 40: 747-54

40. Oh JD, Del Dotto P, Chase TN. Protein kinase A inhibitor atten-
uates levodopa-induced motor response alterations in the
hemi-parkinsonian rat. Neurosci Lett 1997; 228: 5-8

41. Baronti F, Mouradian MM, Davis TL, et al. Continuous lisuride
effects on central dopaminergic mechanisms in Parkinson’s
disease. Ann Neurol 1992; 32: 776-81

42. Roberts JW, Cora-Locatelli G, Bravi D, et al. Catechol-O-
methyltransferase inhibitor tolcapone prolongs levodopa/car-
bidopa action in parkinsonian patients. Neurology 1993; 43:
2685-8

43. Ruottinen HM, Rinne UK. A double-blind pharmacokinetic and
clinical dose-response study of entacapone as an adjuvant to
levodopa therapy in advanced Parkinson’s disease. Clin Neu-
ropharmacol 1996; 19: 283-96

44. Ahlskog JE, Wright KF, Muenter MD, et al. Adjunctive
cabergoline therapy of Parkinson’s disease: comparison with
placebo and assessment of dose responses and duration of
effect. Clin Neuropharmacol 1996; 19: 202-12

45. Rinne UK, Bracco F, Chouza C, et al. Cabergoline in the treat-
ment of early Parkinson’s disease: results of the first year of
treatment in a double-blind comparison of cabergoline and
levodopa. The PKDS009 Collaborative Study Group. Neurol-
ogy 1997; 48: 363-8

46. Belluzzi JD, Domino EF, May JM, et al. N-0923, a selective
dopamine D2 receptor agonist, is efficacious in rat and mon-
key models of Parkinson’s disease. Mov Disord 1994; 9:
147-54

Correspondence and reprints: Dr Thomas N. Chase, Bldg 10,
Room 5C103, 10 Center Dr MSC 1406, Bethesda, MD 20892-
1406, USA.

Continuous Dopaminergic Stimulation 9

 Adis International Limited. All rights reserved. Drugs 1998; 55 Suppl. 1


	Summary 1
	1. Striatal Dopaminergic Transmission 2
	2. Altered Responses to Dopaminergic Stimulation 3
	3. Pathogenesis of Motor Complications 4
	4. Striatal Mechanisms 5
	5. Glutamatergic Response Changes 5
	6. Signal Transduction Alterations 6
	7. Clinical Relevance 6
	8. Future Therapeutic Goals 6
	9. Conclusions 8
	References 8
	Correspondence and reprints  9

