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  Pref ace    

 Parkinson’s disease (PD) is one of the most common neurodegenerative diseases, 
with the incidence rising along with the aging population. Treating the motor symp-
toms of PD with the dopamine precursor, levodopa, is extremely effective and, to 
this day, one of the successes of modern clinical pharmacology. Unfortunately, the 
almost unavoidable development of involuntary movements, levodopa-induced dys-
kinesia (LID), reduces the functional benefi t of levodopa and impacts on PD 
patients’ quality of life. While the degree of functional impact varies such that not 
all patients have, or will develop, LID that is bothersome, globally the problem and 
its impact on individuals and the socioeconomic well-being of society is one that 
will only increase. Indeed, LID limits the utility of many PD drugs, including some 
that have only recently reached the market, that would otherwise improve the motor 
symptoms. 

 In this book, we have brought together the leading experts in the fi eld to provide 
a comprehensive text on the current state of the art with respect to understanding 
LID. The book covers all aspects of LID from clinical phenomenology; current 
treatment and management practices; clinical trial design; epidemiology; and 
fi nally, a comprehensive review of preclinical and clinical studies into the patho-
physiology of LID, including plasticity, where we review a wide range of neu-
rotransmitter systems. Of course, all of these also provide insights into the neural 
mechanisms underlying nonmotor basal ganglia functions that may extend into a 
better understanding of behavioral and cognitive issues that also affect PD patients as 
well as having potential to be applied to hyperkinetic movement disorders outside PD. 

 We hope this text provides an A to Z of LID and gives both neuroscientists and 
practicing clinicians an insight into the management, both current and future, of 
LID.  

  Toronto, ON, Canada     Susan     H.     Fox   
 Toronto, ON, Canada     Jonathan     M.     Brotchie    
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    Chapter 1   
 Phenomenology of Levodopa-Induced 
Dyskinesia 

                Panagiotis     Zis     ,     Kallol     Ray     Chaudhuri     , and     Michael     Samuel     

    Abstract     Levodopa has been effective against the motor features of Parkinson’s 
disease for several decades. However, it is observed that long-term treatment 
with levodopa can be complicated by the development of various types of 
response fl uctuations as well as dyskinesias. The latter, once established, tend to 
remain persistent although they can be reduced by some pharmacological and 
neurosurgical manipulations. These situations can lead to a signifi cant source of 
disability, and their treatment options require signifi cant expertise and costs. 
Therefore, efforts are made to minimize or prevent the appearance of long-term 
dyskinesia and fl uctuations. In this chapter, we will consider the phenotypes of 
levodopa-induced dyskinesias.  
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       Introduction 

 Since the description of “paralysis agitans” by James Parkinson, in 1817, it took 
about 150 years for an effective symptomatic therapy to be found for some of the 
motor symptoms [ 1 ]. In the 1950s, it was believed that the surgical interventions of 
pallidotomy (which is distinct from today’s pallidotomy) and thalamotomy were 
more effective compared to the medical treatment that was available at the time [ 2 ]. 
However, studies in the 1950s [ 3 ,  4 ] led, in 1960, to the discovery that catechol-
amines are abnormally metabolized in Parkinson’s disease (PD), thus making dopamine 
precursors an appealing treatment option [ 5 – 8 ]. 

 Since the 1960s [ 9 ], numerous trials with either oral or intravenous levodopa 
(L-3, 4-dihydroxyphenylalanine) in PD have been reported, with mostly favorable 
outcomes. These fi ndings suggested that levodopa is effective against rigidity and 
especially akinesia and that it acts probably through transformation into dopamine 
in the brain. Moreover, combination with monoamine oxidase inhibitors or surgery 
was considered also effective. The early and short-term reported side effects of the 
use of levodopa included nausea, loss of appetite, and hypotension [ 1 ]. 

 Years later, however, it was observed that long-term treatment with levodopa is 
often complicated by the development of various types of response fl uctuations as 
well as dyskinesia [ 10 ,  11 ]. The latter, once established, tend to remain persistent 
although can be reduced by some pharmacological manipulations. When such 
fl uctuations occur, there sometimes arises the diffi culty of clinically balancing 
“OFF” symptoms (tremor, akinesia, rigidity) with “ON” dyskinesia and fl uctua-
tions. These situations are diffi cult to treat and sometimes require the introduction 
of invasive or surgical therapies for PD [ 12 ]. These situations lead to a signifi cant 
source of disability, and treatment options require signifi cant expertise and costs. 
Therefore, efforts are made to minimize or prevent the appearance of long-term 
dyskinesia and fl uctuations [ 13 ]. In this chapter, we will consider the phenotypes 
of levodopa- induced motor complications as both fl uctuations and levodopa-
induced dyskinesia tend to occur simultaneously. Before doing so, we provide 
some defi nitions. An “OFF” period applies to the motor state where the patient is 
experiencing tremor, akinesia, or rigidity either because medication has not been 
taken, or because its effect has worn “OFF,” or because medication was taken but 
it did not have an effect. On the contrary, an “ON” period applies to the motor 
state of the patient when these symptoms, including mobility, have been reduced/
abated by treatment [ 14 ].  

    Response Fluctuations in Levodopa Treatment 

 Treatment with levodopa offers motor and some nonmotor symptom control [ 15 ]. 
Especially in early initiation of levodopa treatment, a sustained response can be 
achieved in relatively small doses. However, with disease progression this “honey-
moon” period is reduced and patients experience episodes of recurring “OFF” 
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parkinsonian symptoms, which can occur at any time during the day and particularly 
during the night due to the drug’s metabolism (short half-life) [ 16 ]. Apart from the 
motor fluctuations, patients can also suffer from oscillations of nonmotor 
symptoms, such as anxiety, drenching sweats, slowness of thinking, fatigue, and 
irritability [ 17 ]. The motor fl uctuations during levodopa treatment, which are the 
main focus of this chapter, can broadly be classifi ed into three different patterns: 

    Wearing “OFF” 

 This is the earliest and most common sign of the loss of symptom control and 
usually occurs after a few years on levodopa. The pathophysiological mechanism is 
believed to be related to the progressive loss of presynaptic dopaminergic cell 
terminals, leading to subtherapeutic levels of levodopa concentration between 
doses. This pattern refers to the observation that the duration of the benefi cial effect 
of each levodopa dose becomes progressively shorter [ 18 ]. “End-of-dose” deterio-
ration is generally predictable and usually improves by taking another dose of 
levodopa, increasing the previous dose of levodopa, or the addition of levodopa- 
enhancing agents, such as monoamine oxidase inhibitors (MAOIs) and catechol-O- 
methyltransferase (COMT) inhibitors. Examples of these are the patients’ reports of 
early morning tremor, nocturnal immobility, or nighttime “OFF” dystonia, improving 
rapidly after the fi rst morning dose [ 19 ].  

    Delayed “ON” 

 This is another pattern of response fl uctuation. One causal factor may be impaired 
or delayed absorption of oral levodopa, either in the proximal jejunum or across the 
blood-brain barrier, where neutral amino acids compete with levodopa uptake [ 20 ]. 
Another potential causal factor is the erratic gastric emptying commonly seen in 
PD [ 21 ]. A further mechanism involving lack of synaptic “buffering” secondary to 
progressive cell loss may also be conceptualized. Delayed “ON” refers to the obser-
vation that the interval between the intake of a levodopa dose and induction of the 
subsequent “ON” effect is delayed or is absent (no “ON” despite taking medication) 
until the patient experiences the benefi t from subsequent therapy.  

    Random “ON-OFF” 

 Transitions from “OFF” to “ON,” and vice versa, are usually predictable in early 
stage disease. Random “ON-OFF” is a pattern of response oscillations that can 
be seen with disease progression and therefore most commonly presents in the 
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advanced stages of PD. These fl uctuations can be fast. They seem unrelated to 
the timing of the last levodopa oral dose. Although the exact mechanism remains 
unknown, it is hypothesized that pharmacodynamics and neuroplastic changes 
in striatal medium spiny neurons and the basal ganglia circuitry may contribute 
to their generation [ 19 ].   

    Defi nitions of Dyskinesia and Its Typical Forms 

 The word dyskinesia is a Greek word (δυσκινησία), literally meaning “bad move-
ment.” In medical defi nitions, “dyskinesia” generally refers to any nonvoluntary 
movement, other than tremor [ 22 ]. In general, the spectrum of parkinsonian 
levodopa-induced dyskinesia includes a variety of movements, such as choreic, dys-
tonic, athetoid, and ballistic movements. 

 The word chorea derives from the Greek word χορός (chorus), meaning “dance.” 
Choreic movements are irregular, spasmodic, and involuntary movements that are 
not rhythmic, but appear to fl ow from one muscle to the next [ 23 ]. It refers to mainly 
distal muscles and is best seen in the fi ngers, the toes, the wrists, and/or the ankles. 
Chorea can also be seen in the cranial facial muscles and neck. In non-parkinsonian 
patients, facial choreic movements can of course be related to other pathologies, 
including those induced by neuroleptics (tardive dyskinesia), affecting the tongue, 
lips, cheeks, eyebrows, and forehead. Facial choreic movements in Parkinson’s dis-
ease do not seem as common as limb dyskinesia. 

 Dystonia is a Greek word (δυστονία), meaning “bad tone.” Dystonia is defi ned 
as a movement disorder that is sustained or intermittent and is characterized by 
involuntary, patterned, and often repetitive contractions of opposing muscles, 
causing twisting movements or abnormal postures, or both. Dystonia is often initiated 
or worsened by voluntary action and associated with overfl ow muscle activation, the 
latter referring to an involuntary movement of one body part when another moves 
voluntarily. In non-parkinsonian patients, dystonia is classifi ed along 2 axes: clini-
cal characteristics (which include age at onset, body distribution, temporal pattern, 
and associated features) and etiology (which includes nervous system pathology 
and inheritance) [ 24 ]. By analogy, dystonia in PD represents similar patterns of 
involuntary movements, but the etiology is usually either wearing “OFF” of anti-
parkinsonian medication or a subtype of “ON” dyskinesia, called diphasic dyski-
nesia. Such dystonic symptoms can result in signifi cant pain and functional 
disabilities [ 25 ]. 

 Ballism derives from the Greek verb βάλλω, meaning “throw.” Movements that 
are performed with maximal velocity and acceleration can be considered as ballistic. 
These actions are electrophysiologically characterized by high fi ring rates, brief 
contraction times, and high rates of force development [ 26 ]. Clinically the move-
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ments affect mainly proximal muscles, i.e., sudden abrupt violent movement of the 
whole arm or leg [ 27 ]. 

 Athetoid movements – the typical movements of athetosis (also a Greek word, 
αθέτωσις) – are slow, involuntary, writhing movements of the fi ngers, hands, toes, 
and feet and in some cases can affect the arms, the legs, the neck, and the tongue. 

 Phenotypically, levodopa-induced dyskinesia (LID) can look like any of the above 
and typically develop with disease progression and with repeated dopamine 
replacement therapy in Parkinson’s disease [ 25 ]. Most often, LID is characterized by 
idiosyncratic mixtures of dystonia and chorea. Although they are termed “levodopa 
induced,” they also occur with dopamine agonists [ 28 ,  29 ] but their  prevalence after 
starting agonist use seems less than with levodopa. Hence, allowing for other potential 
side effects, patient preference, and other individual patient factors, there is sometimes 
a preference for agonist use in early disease in an attempt to minimize the induction 
and delay the onset of drug-induced fl uctuations and dyskinesia. Additionally, when 
fl uctuations and dyskinesia start to appear, another strategy is the introduction of 
agonist and reduction of levodopa to attempt to delay and/or reduce the existing 
dyskinesia in PD. Dyskinesia can also be induced by the addition of COMT inhibitors 
to standard levodopa preparations, since COMT inhibitors delay breakdown of 
levodopa and therefore boost the action of levodopa, despite the stability of the oral 
dose of levodopa that was taken. In this chapter, therefore, when describing phenom-
enology, the term “levodopa-induced dyskinesia” will be taken to mean dopaminergic 
drug-induced dyskinesia in PD, which is related to all dopaminergic therapy, whether 
it be levodopa, agonist, or COMT inhibitors.  

    Timing of Levodopa-Induced Dyskinesia 

 Several patterns of expression of LID can be described, especially based on the tim-
ing of their appearance in relation to the “ON-OFF” cycle of the patient. Table  1.1  
summarizes the different types of LID and the associated characteristics.

   Table 1.1    Types and characteristics of levodopa-induced dyskinesia   

 Most commonly 
affected site 

 Most common type of 
movements 

 Associated 
pain 

 LID type 
 OFF-period dyskinesia  Lower limbs  Dystonic  +++ 
 ON period  Extremities and neck  Choreic or choreoathetoid  − 
  Peak-dose dyskinesia  
  Square-wave dyskinesia  
 Diphasic  Extremities and neck  Choreic, choreoathetoid, 

dystonic, or ballistic 
 ± 
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      “ON”-Period Dyskinesia 

 “ON”-period dyskinesia is the most common type of LID as they present in the 
70–80 % of the patients who experience dyskinesia [ 22 ]. This type of LID occurs 
when the dopaminergic stimulation in the brain is maximal or increased and subse-
quently the patient is in an “ON” motor state. Usually the movements are choreiform 
or choreoathetoid, but occasionally ballistic [ 19 ]. The clinical manifestation of 
“ON”-period dyskinesia includes the appearance of restlessness and continuous 
jerky, involuntary movements most frequently affecting the extremities and the 
trunk. Although, typically they affect the limbs, both upper and lower (Video  1.1 ), 
and the head (Video  1.2 ), respiratory muscles can also be affected. 

 The fi rst manifestation of LID usually occurs ipsilateral to the most affected side 
of PD. According to the onset and duration, “ON”-period dyskinesia can be classi-
fi ed into two different subtypes: “peak-dose” and “square-wave” dyskinesia. 

    Peak-Dose Dyskinesia 

 Peak-dose dyskinesia, initially termed the “improvement-dyskinesia-improvement” 
(I-D-I) response [ 30 ], is the most common subtype, occurring at the time of best 
“ON” response to levodopa, when the dopaminergic stimulation is ongoing. Before 
and after the period of dyskinesia, the patient experiences some “ON” time without 
dyskinesia. For example, after a dose of medication, a patient may experience 1 h of 
good “ON” without dyskinesia, followed by 20 min of “ON” with dyskinesia, 
followed by 45 min of good “ON” without dyskinesia, before wearing “OFF” 
occurs if a further dose of medication is not taken. Although peak-dose dyskinesias 
are predominantly choreic, they can also be dystonic as painful muscle cramping.  

    Square-Wave Dyskinesia 

 Although peak-dose dyskinesia may initially be reduced or disappear with lowering 
of the levodopa dose, the time occupied by the dyskinesia can expand to fi ll the 
entire “ON” period of benefi t. That is, the patient does not have an “ON” period 
without dyskinesia. As a result, the relief of akinesia (lack of movement) alternates 
with movement “overshoot” (excessive movement) that they represent [ 31 ].   

    “OFF”-Period Dyskinesia (“OFF” Dystonia) 

 “OFF”-period dyskinesia occurs when the dopaminergic stimulation in the brain is 
low and subsequently the patient is “OFF” or transitioning from “ON” to “OFF.” This 
most commonly occurs during the night (nocturnal dyskinesia) or before the fi rst 
levodopa dose in the morning (early morning dyskinesia) or just after taking the 
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levodopa dose. The latter is presumed to be because the brain dopamine concentration 
has not yet reached a therapeutic level despite the recent intake of the levodopa. 
Alternatively, it may occur just before the next levodopa dose, as the drug effect of the 
previous dose wears “OFF.” The phenotype of OFF-period dyskinesia is predomi-
nantly dystonic (“OFF” dystonia) [ 31 ]. The clinical presentation often affects the 
lower limbs, usually ipsilaterally to the side most affected by the disease [ 19 ]. A char-
acteristic manifestation includes foot inversion and painful fl exion of the toes 
(Fig.  1.1 ). Long term   , dystonia can be sustained enough to cause contracture.

   Although “OFF” dystonia can be seen in patients with PD not yet treated [ 22 ] and, 
thus, one could argue that “OFF”-period dyskinesia should not considered to be levodopa 
induced, some studies have showed that it can also be a drug-induced phenomenon, as 
it can resolve when levodopa is stopped or the dosage is appreciably reduced [ 32 – 34 ]. 
However, it can also be combated by taking more dopaminergic medication.  

a

c

b

  Fig. 1.1    “OFF” right foot dystonia. The right foot shows plantar fl exion and toes curling down ( a ). 
In this case, it was painful. During the same time point, the left foot has a normal position ( b ), 
showing asymmetry affecting the more severely affected side. In this case, the right foot has not 
developed contracture ( c ), as can be seen when the patients stand, the abnormal right foot posture 
is corrected       
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    Diphasic Dyskinesia 

 Diphasic (or biphasic) dyskinesia, also termed “dyskinesia-improvement- dyskinesia” 
(D-I-D) response [ 30 ], is more diffi cult to treat and fortunately less commonly 
observed than I-D-I. Typically D-I-D occurs at two different time points of a single 
dose cycle: once at the beginning (for a few minutes) and once at the end (also for a 
few minutes). These dyskinetic episodes are separated by a “best ON” period in 
which less or no dyskinesia occurs. For example, the fi rst effect of taking levodopa 
may be noted by a patient after 30 min after drug ingestion. After this, a patient may 
enter a “start of dose” moderate/severe dyskinetic period for 20 min, followed by a 
“best ON” period with less dyskinesia for 40–60 min, followed by an “end-of-dose” 
moderate/severe dyskinetic period of 15 min, before the patient would become 
“OFF” if a further dose of medication is not taken. The duration of each component 
of this cycle can vary, but the cycle itself can be stereotyped with each dose of 
levodopa. At the time points of dyskinesia, the levodopa level is presumed to be 
changing – rising at the beginning of dose period and falling at the end of dose.    The 
patient enters from the “OFF” state to the “ON” state, or vice versa, but having a 
period of severe dyskinesia sometime during the transition phases [ 19 ]. 

 Diphasic dyskinesia can affect arms and legs but usually affect the lower limbs 
more [ 35 ]. Phenomenologically they involve repetitive rapidly alternating dystonic 
fl exion/extension foot movements or leg kicking in a stereotyped pattern, often 
associated with high-stepping and bizarre gaits [ 36 ]. However, occasionally dipha-
sic dyskinesia can be ballistic or a mixture of dystonia and ballism [ 37 ]. In this case, 
diphasic dyskinesia is not only disabling per se, but also painful. A notable feature 
of this type of LID is that while the lower limbs are moving involuntarily, the upper 
half of the body can exhibit parkinsonian signs, e.g., tremor [ 38 ].   

    Other Forms of Levodopa-Induced Dyskinesia 

 Although levodopa-induced dyskinesia generally affects the limbs, trunk, head, and 
neck, less common dyskinesias associated with levodopa include respiratory [ 39 ] 
and ocular muscle dyskinesia [ 40 ]. 

    Respiratory Dyskinesia 

 Respiratory muscle dyskinesia has been described in non-parkinsonian patients, e.g., 
tardive dyskinesia induced by neuroleptic drugs [ 41 ]. Historically, respiratory diffi -
culties associated with levodopa therapy were observed in a small number of patients 
with postencephalitic parkinsonism who developed “respiratory crises” with gasp-
ing, panting, breath holding, and irregular respiratory depth and rate [ 42 ]. In PD, 
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respiratory dyskinesia can be a rare, but disabling complication of treatment with 
levodopa and presents as an irregular, tachypneic pattern of respiration alternating 
with brief periods of apnea, in a pattern consistent with a central origin [ 43 ]. The 
underlying pathophysiological mechanisms are not well understood, but a possible 
explanation for an irregular and fast breathing is the loss of control over diaphrag-
matic and intercostal muscles [ 44 ]. It is not clear why the frequency of levodopa-
induced respiratory muscle dyskinesia is low compared with other voluntary muscles. 
In the limbs, “ON” dyskinesia appears fi rst in the limbs which are more affected by 
the parkinsonism and so are more bradykinetic when “OFF,” supporting the view that 
the propensity to develop levodopa-induced dyskinesia is related to the degree of 
nigral–striatal denervation. Bradykinesia of the voluntary respiratory muscles is not 
typically seen in PD, and so it can be hypothesized that this is why levodopa-induced 
dyskinesia of the voluntary muscles is not seen frequently in PD. Although respira-
tory disturbance has been reported without coexisting limb dyskinesia [ 45 ], it has 
also been associated with laryngeal dystonia and/or orofacial dyskinesia [ 39 ].  

    Ocular Dyskinesia 

 Although infrequent, levodopa-induced dyskinesia can involve the extraocular mus-
cles. Ocular dyskinesia involves repeated and stereotyped movements of the eyes. 
These eye movements occur simultaneously with choreoathetoid limb movements 
[ 46 ,  47 ], during the peak effect of levodopa [ 47 ]. They can involve both axes, verti-
cal and horizontal. It has been suggested that the main direction of gaze deviation 
can be towards the side most affected by PD [ 40 ]. The spectrum of clinical manifes-
tation varies from being phasic and brief to dystonic and sustained for several sec-
onds [ 40 ]. Ocular dyskinesia in PD patients differs from oculogyric crises in non-PD 
patients in several aspects. Oculogyric crises are usually tonic, and sustained in 
duration, and can last up to few hours. Moreover, in an oculogyric crisis, voluntary 
control over the eyes is short and visual fi xation is diffi cult during an oculogyric 
crisis. In PD levodopa-induced ocular dyskinesia, eye movements are usually brief 
and stereotyped with some ability to control fi xation [ 40 ].   

    Impact of Duration of Treatment 

 Duration of levodopa therapy has been considered a signifi cant risk factor for devel-
oping dyskinesia. In the fi rst years on levodopa, the percentage of patients suffering 
from dyskinesia is low, varying from less than 3 % after 6 months of treatment [ 48 ] 
to approximately 33 % of the patients after 20 months of treatment [ 49 ]. After 
3 years on levodopa, the rates increase further and vary from 26 % [ 50 ] to 54 % [ 51 ]. 
After 5 years on levodopa, approximately one half of the patients have been reported 
to develop dyskinesia induced by levodopa [ 28 ,  52 ,  53 ]. 
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 In long-term follow-up studies, the incidence of dyskinesia increases further. 
After 10 years on levodopa, 52–78 % of the patients will develop dyskinesia [ 54 – 56 ], 
and after 15 years of treatment, more than nine out of ten patients will suffer from 
dyskinesia [ 57 ]. Thus, it is largely accepted that dyskinesia is likely to occur when on 
levodopa for many years [ 58 ], although one cannot determine if this is an exclusive 
effect of treatment duration or a combined effect of neurodegeneration, disease dura-
tion, and dose. Further, these studies need to be interpreted with some caution in their 
application to clinical practice, as it is clear that the frequency of levodopa-induced 
dyskinesia (after being on treatment for a specifi c period of time) differs from study 
to study. This variability might be caused by the different methodology used, the dif-
ferent clinical settings, and the different studied populations [ 25 ]. For example, while 
younger patients seem to have a slower progression of the disease, they present with 
earlier onset and higher rate of levodopa-induced dyskinesia [ 58 ,  59 ].  

    Impact of Levodopa Dose 

 The ability of levodopa to induce dyskinesia and alleviate extrapyramidal symp-
toms has generally been considered as a continuous dose-dependent pharmacologi-
cal spectrum [ 60 ]. Moreover, the fact that in modern series, levodopa-induced 
dyskinesia appears to occur later than in earlier series [ 61 ] suggests that the higher 
levodopa doses used in the past lead to the appearance of earlier dyskinesia. In a 
large retrospective study, one risk for dyskinesia was a higher initial levodopa dose 
[ 62 ]. In a cross-sectional study, higher daily levodopa dose was found to be associ-
ated with dyskinesia, after adjusting for other risk factors [ 63 ]. In the DATATOP 
study, patients with levodopa-induced dyskinesia were taking higher levodopa 
doses at the time of appearance of dyskinesia, compared to patients without dyski-
nesia [ 49 ]. However, the cumulative dose of levodopa did not differ signifi cantly, as 
was also observed in another smaller, retrospective study [ 64 ]. 

 The exact impact of levodopa dose on the appearance of dyskinesia is diffi cult to 
be calculated, as PD patients might receive different doses of levodopa on different 
time points throughout the day. Moreover, their drug regimen changes as the disease 
progresses. However, it is common clinical practice to keep the dose and duration of 
levodopa to that which provides a good “ON” period, in an effort to keep both dose 
and duration of levodopa exposure to be adequate for motor control for the individu-
al’s requirements and yet minimize the long-term risk of developing dyskinesia.  

    Impact of Levodopa Type 

 Levodopa is currently available as an oral preparation as standard-release, controlled- 
release, and dispersible tablets. However, levodopa can also be administered intra-
venously [ 65 ] or intrajejunally [ 66 ]. Controlled-release formulations are thought to 
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reduce the fl uctuations in plasma levodopa levels and have been suggested to be 
superior to immediate-release formulations with decreased “OFF” time and reduced 
levodopa dosing frequency in clinical trials [ 67 – 69 ]. However, other studies sug-
gested that controlled-release formulations may not be superior to standard-release 
preparations [ 70 ] but in some studies are associated with increased dyskinesia [ 70 –
 74 ]. Hence there is no uniform conclusion in selecting one form over another when 
attempting to treat dyskinesia. Intravenous levodopa has been directly compared to 
oral levodopa. In general, intravenous administration shows more prolonged and 
stable clinical response [ 65 ] with minimal side effects [ 75 ], including improvement 
in dyskinesia [ 76 ]. Practical considerations have hindered clinical use and intrave-
nously administered levodopa is only used in research studies. 

 In contrast, the recent introduction of continuous intrajejunal infusion in some coun-
tries has been a novel strategy for the treatment of motor complications in patients with 
advanced PD. This offers more stable plasma levodopa concentration compared to oral 
therapy [ 77 – 79 ]. Intrajejunal levodopa not only improves motor fl uctuations in PD but 
also reduces dyskinesia severity and duration [ 80 – 83 ]. Therefore, although intrajejunal 
infusion is an expensive and technically demanding option, it may be promising for 
some patients who have already developed dyskinesia and fl uctuations in advanced 
PD. As it is not employed in early disease, one cannot determine if early use would 
prevent the development of dyskinesia. The variability of the response to levodopa 
treatment when a different route of administration is selected highlights the fact that 
several pharmacokinetic factors, including the erratic absorption and short elimination 
half-life of levodopa, in combination with a pharmacodynamic post-receptor response 
play a signifi cant role in the motor fl uctuations and levodopa-induced dyskinesia [ 84 ]. 

 Finally, a new capsule formulation of carbidopa-levodopa, the IPX066, has been 
studied lately versus immediate-release carbidopa-levodopa in patients with 
Parkinson’s disease and motor fl uctuations. This extended-release formulation has 
been shown to potentially be a useful treatment for patients with Parkinson’s disease 
who have motor fl uctuations, with potential benefi ts including decreased off-time 
and reduced levodopa dosing frequency [ 67 ].  

    Conclusion 

 Levodopa-induced dyskinesia includes a wide spectrum of movements such as cho-
reic, dystonic, athetotic, and ballistic movements. The pattern is usually described 
based on the timing of their appearance in relation to “ON-OFF” cycle of the patient. 
Various factors seem to be associated with levodopa-induced dyskinesia, which 
include the duration on levodopa treatment, its dosage, and its type. Dyskinesia has 
been associated with decreased quality of life [ 13 ,  61 ,  85 ]. However, some PD 
patients express a signifi cantly greater preference for the “ON” state (with dyskinesia) 
rather than the “OFF” state (without dyskinesia) [ 86 ]. Therefore, treatment choices 
for advanced PD, including the management of dyskinesia, are not only determined 
by the clinical expression but also by the patient’s preference [ 87 ].     
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    Chapter 2   
 Dyskinesia Rating Scales in Parkinson’s 
Disease 

             Christopher     G.     Goetz       and     Carlo     Colosimo     

    Abstract     An increasing scientifi c focus in Parkinson’s disease research involves 
the identifi cation of new treatments to improve or prevent dyskinesia. One of the 
major roadblocks to progress has been the clear delineation of a single best scale to 
assess the burden of dyskinesia. The Movement Disorder Society has developed a 
program to evaluate existing dyskinesia scales with prespecifi ed criteria that must 
be met to receive the designation of Recommended. Among the many available 
dyskinesia scales, a small number meet the minimal criteria, and investigators and 
clinicians can select among these scales the one that best fi ts the need of the assess-
ments. If patient perceptions are the primary focus, the Lang-Fahn and PD-DYS-26 
are likely to be selected, with the latter having the stronger clinimetric profi le. If 
only objective assessments are desired, the AIMS can be chosen for impairment and 
the RDRS can be chosen for disability. The UDysRS has a very strong clinimetric 
profi le and combines both patient perceptions and objective assessments of disability 
and impairment, providing the most comprehensive measurement tool for the 
overall burden of dyskinesia.  

  Keywords     Dyskinesia   •   Parkinson’s disease   •   Rating scales  

        Introduction 

 Drug-induced dyskinesia is common in Parkinson’s disease (PD) and is frequently 
the source of social and physical disability [ 1 ]. In cross-sectional studies, dyskinesia 
is reported in 20–60 % of chronically treated PD patients, and recognized risk 
factors include young age at disease onset, long disease duration, and high total 
dosage of levodopa and other dopaminergic drugs [ 2 – 4 ]. Whereas dyskinesia is 
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often a bilateral problem, it usually fi rst appears on the body side most affected by 
parkinsonian symptoms [ 3 ]. The cranial region, specifi cally facial muscles and neck 
as well as the trunk, is also frequently involved [ 4 ]. As discussed elsewhere in this 
book, different forms of dyskinesia have a proclivity to affect different body parts, 
for example, peak-dose dyskinesia primarily affect the head, neck, and upper 
extremities, end-of-dose dyskinesia affects primarily the trunk and legs, and fi nally 
dystonia usually affects one or both feet. Regardless of clinical form, dyskinesia can 
impair health-related quality of life [ 1 ]. As such, continued efforts to improve dys-
kinesia are ongoing and require an accurate rating of dyskinesia using clinical measures 
that are valid, reproducible, and able to detect clinically meaningful change. 

 Several rating scales have been used in clinical practice since the 1970s for the 
assessment of dyskinesia in PD. Some are part of global scales that measure overall 
motor disability in PD, others are adaptations of scales developed from other forms 
of dyskinesia such as tardive dyskinesia, and some have been specifi cally developed 
for dyskinesia assessment in PD [ 5 ,  6 ]. In the last decade, although new pharmaco-
logical and surgical treatments for advanced PD have been developed and tested, 
efforts have been limited by the lack of a single, widely accepted clinical rating 
instrument for dyskinesia [ 7 ]. 

 The development of a single clinical rating instrument that captures all features 
of dyskinesia has been challenging for several reasons [ 6 ]. First, there are multiple 
issues related to dyskinesia, namely, anatomical distribution of dyskinesia, intensity 
of movements, disability or impact on activities of daily living, time spent with 
dyskinesia, and patient perceptions. Second, the actual phenomenology of dyskinesia, 
whether choreic or dystonic, is important to register and rate. Finally, discrimination 
from other motor features of parkinsonism, specifi cally tremor, is important to 
capture. All these features infl uence the items that need to be included in a given 
scale and the anchors related to those items. 

 Because of the impact of dyskinesia on patients with PD, the Movement Disorder 
Society (MDS) organized a systematic review of the clinimetric properties of the 
scales used to measure dyskinesia in PD [ 8 ]. This review fi ts into a larger program 
to evaluate rating scales for all elements of PD and therefore followed a standard 
process, described below. The overall fi ndings of this program have been consoli-
dated into a recent textbook [ 9 ], and this chapter is largely based on the chapter in 
that book devoted to dyskinesia [ 10 ].  

    The MDS Rating Scale Evaluation Programs 

 The organization of the systematic review of rating scales for PD, including the 
evaluation of dyskinesia rating scales, follows an established methodology. This 
process includes scale identifi cation, selection, and appraisal strategies [ 8 ], using 
terminology and defi nitions developed for the Appendix of Ancillary Scales to 
complement the MDS-sponsored revision of the Unifi ed Parkinson’s Disease Rating 
Scale (MDS-UPDRS) [ 11 ,  12 ]. 
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 The offi cial defi nitions for the critiques are: a scale is considered Recommended 
if it has been applied to PD populations, if there are data on its use in studies beyond 
the group that developed the scale, and if it has been studied clinimetrically and 
found to be valid, reliable, and sensitive to change. A scale is considered Suggested 
if it has been applied to PD populations, but only one of the other criteria applies. A scale 
is Listed if it meets only one of the three criteria defi ned for Recommended scales. 
Because of the paucity of demonstrated treatments for dyskinesia, the clinimetric 
criterion for rating dyskinesia scales does not categorically require responsiveness 
to be established. In the event that a scale fulfi lls the requirements of reliability and 
validity, the criterion is considered to be met, although the absence of responsive-
ness is noted as a weakness of the given scale. Details of the scale identifi cation 
process for the entire PD rating scale program and for dyskinesia rating scales are 
outlined in full detail elsewhere [ 9 ,  10 ].  

    Dyskinesia Rating Scales 

 Nine published rating scales for dyskinesia in PD are identifi ed and described 
below with the designations based on the three key criteria described above 
(Tables  2.1  and  2.2 ): Abnormal Involuntary Movement Scale (AIMS) [ 13 ], The 
Unifi ed Parkinson’s Disease Rating Scale (UPDRS) Part IV [ 14 ], its recent revi-
sion as part of the MDS- UPDRS [ 12 ], the Obeso Dyskinesia Rating Scale [ 15 ,  16 ], 

   Table 2.1    Descriptive characteristics of the scales [ 10 ]   

 Scale 

 Time to 
complete 
(minutes) 

 Patient 
historical 
rating 

 Clinical 
examination 

 Administration 
burden a  

 AIMS  15  No  Yes  + 
 UPDRS  20 b   Yes  Yes  + 
 MDS-UPDRS  20 b   Yes  Yes  + 
 Obeso (CAPIT)  2  Yes  Yes  + 
 Rush Dyskinesia 
Rating Scale 

 5  No  Yes  + 

 CDRS  10  No  Yes  + 
 Lang-Fahn  5  Yes  No  + 
 PDYS-26  10  Yes  No  + 
 UDysRS  15  Yes  Yes  + 

   AIMS  Abnormal Involuntary Movement Scale,  UPDRS  Unifi ed Parkinson’s Disease Rating Scale, 
 MDS - UPDRS  revised version of the  UPDRS ,  CDRS  Clinical Dyskinesia Rating Scale,  PDYS - 26  
Parkinson Disease Dyskinesia Scale,  UDysRS  Unifi ed Dyskinesia Rating Scale 
  a Administration burden was rated as: + (easy, e.g., summing up of the items   ), ± (moderate, e.g., 
visual analogue scale (VAS) or simple formula), – (diffi cult, e.g., VAS in combination with for-
mula, or complex formula, ? (no information found on rating method) 
  b Time necessary to complete all the scales  

2 Dyskinesia Rating Scales in Parkinson’s Disease



20

the Rush Dyskinesia Rating Scale [ 17 ], the Clinical Dyskinesia Rating Scale [ 18 ], 
the Lang-Fahn Activities of Daily Living Dyskinesia Scale [ 19 ], the Parkinson 
Disease Dyskinesia Scale (PDYS-26) [ 20 ], and the Unifi ed Dyskinesia Rating 
Scale (UDysRS) [ 21 ]. Home diaries for patients’ self-assessment of dyskinesia 
have been developed [ 22 ], but these rating instruments are primarily focused on 
motor fl uctuations. Nonetheless, a brief discussion of their use in dyskinesia is 
provided at the end of this chapter.

       AIMS: Abnormal Involuntary Movement Scale 

    Scale Description 

 The AIMS is a clinician-rated instrument to assess the severity of abnormal move-
ments in seven body areas [ 13 ], each area is scored from 0 to 4 (absent, minimal, 
mild, moderate, severe). Three additional items rate the global severity of abnormal 
movements, disability derived from the abnormal movements, and patient’s awareness 
of the abnormal movement. The scale includes specifi c instructions to standardize 
the evaluation and requires the examiner to observe the patient sitting quietly at rest 
and again while carrying out selected motor tasks. The highest severity of the abnor-
mal movements is rated. If movements only occur upon activation procedures such 
as opening and closing of the mouth, fi nger tapping, standing, and sitting, but are 
not seen spontaneously, the severity rating is ranked as one level lower than if the 

   Table 2.2    Key evaluation points of the scales   

 Scale 
 Applied 
in PD 

 Applied beyond 
original authors 

 Successful 
clinimetric testing  Qualifi cation 

 AIMS  X  X  X a   Recommended 
 UPDRS  X  X  0 b   Suggested 
 MDS-UPDRS  X  X  0 b   Suggested 
 Obeso (CAPIT)  X  X  0  Suggested 
 Rush Dyskinesia 
Rating Scale 

 X  X  X  Recommended 

 CDRS  X  0  X  Suggested 
 Lang-Fahn  X  X  X  Recommended c  
 PDYS-26  X  X  X  Recommended c  
 UDysRS  X  X  X  Recommended c  

  For an explanation of the qualifi cation groups, see text 
  AIMS  Abnormal Involuntary Movement Scale,  UPDRS  Unifi ed Parkinson’s Disease Rating Scale, 
 MDS - UPDRS  revised version of the  UPDRS ,  CDRS  Clinical Dyskinesia Rating Scale,  PDYS - 26  
Parkinson Disease Dyskinesia Scale,  UDysRS  Unifi ed Dyskinesia Rating Scale 
  a AIMS has several modifi ed versions and it is not entirely clear whether clinimetric analyses are 
uniform across all versions 
  b Clinimetric testing not performed specifi cally on the Part IV 
  c In the original report [ 8 ], this scale was designated as Suggested, but based on newer published 
data, the authors have reclassifi ed as Recommended on the premise that this designation will be 
offi cially authorized when an updated report is generated  
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same intensity is seen spontaneously. The scale does not provide word anchors to 
explain the designations of absent, minimal, mild, moderate, and sever, so that these 
fi nal designations may be biased by the rater’s experience. The scale was originally 
developed for rating tardive dyskinesia in psychiatric patients but has been used for 
rating of Huntington’s disease- and PD-related dyskinesia. Modifi cations that 
exclude the one-point reduction caveat for movements seen only with activation 
have also been used. In some cases, the questions related to dental hygiene and the 
wearing of dentures are excluded, since these questions are often considered more 
important in tardive dyskinesia than in dyskinesia related to Parkinson’s disease. 

 The AIMS is quick to administer and takes only about 10 minutes to complete. 
It can therefore be repeated several times during the day for time-based assess-
ments. It focuses on anatomy and does not give any indication whether the dyskine-
sia is dystonic or choreic in character. There is no patient input into the ratings, so 
the disability ratings rely on the clinician’s judgment rather than patient percep-
tions. Because it is a scale developed for tardive dyskinesia, it emphasizes face and 
neck movements that may not be the primary focus of dyskinesia in PD.  

    Key Evaluation Issues and Recommendation Status 

 AIMS meets the criterion for use in PD and use by multiple authors studying dyski-
nesia effects by drugs and surgery [ 23 ,  24 ]. Clinimetric data rely mainly on inter- and 
intra-rater coeffi cients, and in non-PD patients, the scale showed high inter-rater and 
test-retest reliability for tardive dyskinesia [ 25 ,  26 ]. Only the original version of the 
scale has been clinimetrically assessed, whereas none of the modifi ed versions have 
undergone validation testing. Further, the clinimetric properties of the scale have 
been only partly tested in PD. In one study the mean correlation coeffi cient (R) 
between two raters for total score was 0.81 ( p  < 0.01) [ 20 ]. Internal consistency, con-
current validity, discrimination validity, and content validity have not been examined 
in PD patients. A moderate correlation was found between a modifi ed AIMS version 
and involuntary movement amplitude derived from accelerometers in dyskinetic PD 
subjects [ 27 ]. Therefore, whereas suffi cient testing has been performed to meet the 
clinimetric criterion, the data are not strong for specifi c reference to PD dyskinesia. 
As a fi nal designation, the AIMS meets the criteria of a Recommended scale, but 
with limitations that include limited clinimetric data in PD patients, poor documenta-
tion of phenomenological subtypes of dyskinesia, and no information on the impact 
of dyskinesia on the patient’s quality of life or perceptions of health.   

    The Unifi ed Parkinson’s Disease Rating Scale (UPDRS) 

    Scale Description 

 The UPDRS was developed by incorporating elements from previous scales, including 
the Columbia, Webster, King’s College, Northwestern University Disability, UCLA, 
and New York University Parkinson’s Disease Rating Scales to provide a 
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comprehensive assessment of disability and impairment in PD [ 14 ]. The development 
of this scale involved multiple trial versions, and the fi nal published scale is 
offi cially known as the UPDRS version 3.0 [ 14 ]. The UPDRS has been the most 
widely used rating scale for PD, in routine clinical practice and clinical trials, 
although it is increasingly being replaced by the newer version, called the Movement 
Disorder Society Unifi ed Parkinson’s Disease Rating Scale (MDS-UPDRS) [ 11 , 
 12 ] . Part IV of the UPDRS focuses on motor complications and includes rating 
items to assess dyskinesia over the past week. Four issues are rated: historical 
information on dyskinesia duration (dividing the waking day into four quartiles), an 
overall assessment of intensity, the amount of painful dyskinesia, and the presence 
or absence of early morning dystonia. 

 The main strengths of the Part IV of the scale are the very short time required and 
the clear anchors with defi ned time frame for assessment. Whereas the UPDRS as a 
full scale demonstrates good inter- and intra-rater reliability, the individual or 
collective items covering dyskinesia have not been independently studied from a 
clinimetric perspective. Even with this weakness, the original UPDRS, specifi cally 
the items covering the disability due to dyskinesia and the amount of the waking day 
when dyskinesia is present, has been the primary outcome measure in clinical trials 
for antidyskinetic agents [ 23 ].  

    Key Evaluation Issues and Recommendation Status 

 The UPDRS meets the criteria of having been used to assess PD and having been 
used by multiple authors. A teaching videotape is available, standardizing the practical 
application of the scale, serving as an important tool to enhance inter-rater reliability 
[ 28 ]. Because the items related to dyskinesia have not been specifi cally studied from 
a clinimetric perspective, this criterion is not met, and the UPDRS therefore is 
designated as a Suggested scale.   

    The MDS-Revised Unifi ed Parkinson’s Disease Rating Scale 
(MDS-UPDRS) 

    Scale Description 

 Because of scientifi c advances and relevant limitations identifi ed in the original 
UPDRS scale [ 29 ], the MDS developed a revision of the UPDRS, termed the MDS- 
UPDRS. After development, this scale underwent extensive clinimetric testing and 
validation before offi cial presentation [ 12 ]. Although developed in English, offi cial 
translations that meet clinimetric criteria for equivalency with the English version 
are now available in French, German, Italian, Spanish, Slovak, and Estonian with 
active programs in process for several additional languages. In regard to dyskinesia, 
Part IV has a series of questions to measure time spent with dyskinesia, severity of 
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movements, and impact on the patient’s life. Although part of a larger scale, the 
dyskinesia questions comprise a single statistical factor within clinimetric profi le of 
the MDS-UPDRS.  

    Key Evaluation Issues and Recommendation Status 

 The MDS-UPDRS has been adopted in several clinical trials of PD by authors unre-
lated to the original authors and has been designated by the NIH Common Data 
Elements as the Recommended scale to assess overall PD impairment and specifi -
cally motor impairment (  www.commondataelements.ninds.nih.gov    ). However, 
the dyskinesia items have not been specifi cally used as a primary outcome in a 
clinical trial of dyskinesia, and extensive clinimetric data are not available yet on 
this subsection of the overall scale. Therefore, the MDS-UPDRS dyskinesia items 
meet only two of the three criteria and are a Suggested scale for the evaluation of 
dyskinesia. Even with further clinimetric testing, because the questions on dyski-
nesia are few and general in their nature, this subsection of the MDS-UPDRS is 
likely to serve primarily as a screening assessment rather than a primary outcome 
measure for defi nitive studies.   

    Obeso Dyskinesia Rating Scale 

    Scale Description 

 This scale was one of the fi rst assessment tools specifi cally developed to measure 
dyskinesia in PD. It consists of several questions that combine the patient’s historical 
perceptions regarding dyskinesia and the examiner’s objective rating of dyskinesia 
severity. Disability is assessed using two categories of information: severity (graded 
0–5) and duration (graded 0–5). These scores are combined to provide a single score 
based on the mean of the two subscores. The intensity score combines two clinical 
issues, namely, patient awareness of abnormal movements and the actual observed 
intensity of such movements. The duration score, similar to the UPDRS Part IV 
duration item, divides the waking day into four quartiles. 

 The main strength of the scale is that it very easy to apply, and instructions to the 
rater are clear, except for the absence of the time frame of reference.  

    Key Evaluation Issues and Recommendation Status 

 Following development, this scale was included in the widely used Core Assessment 
Program for Intracerebral Transplantations (CAPIT) protocol for evaluation of 
patients undergoing neurosurgical interventions for PD [ 15 ,  16 ]. Subsequently, how-
ever, the scale was not widely used and has never been explored from a clinimetric 
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point of view. As such, the Obeso Dyskinesia Rating Scale meets two of the three 
criteria (used in PD and by multiple authors, but no clinimetric validation), and it is 
designated as a Suggested scale for dyskinesia in PD.   

    Rush Dyskinesia Rating Scale [RDRS] 

    Scale Description 

 The Rush Dyskinesia Rating Scale [ 17 ] focuses on observation-based ratings of 
dyskinesia-related disability during prescribed tasks of daily living. In the original 
scale, the rater observes the patient walking, drinking from a cup, and putting on 
and buttoning a coat. A revision included a fourth task, namely, communication 
while a patient is sitting and speaking or reading. The greatest degree to which 
dyskinesia interferes with function is rated on a 0–4 scale that includes descriptors 
(0, absent; 1, minimal severity, no interference with voluntary motor acts; 2, dyski-
nesia may impair voluntary movements but patient is normally capable of undertaking 
most motor acts; 3, intense interference with movement control and daily life activities 
are greatly limited; 4, violent dyskinesia, incompatible with any normal motor task). 
In addition, the rater indicates which types of dyskinesia (chorea, dystonia, other) 
are present and which single type is most disabling. 

 In the original version, after all activities were observed, the single highest rating 
of disability was entered as the score, and in modifi cations, each activity was rated 
separated with the fi nal score being the sum of all activity ratings. A videotape 
accompanies the original publication and demonstrates different degrees of severity, 
examples of chorea without dystonia, dystonia without chorea, and mixed 
dyskinesia [ 17 ]. The main strengths of the scale are the focus on functional disability 
of dyskinesia and its very rapid application, allowing for repeated ratings over time, 
especially for acute pharmacological studies. In several studies, the RDRS has been 
combined with the AIMS as two complementary measures utilized together, one 
focusing on disability and one on impairment. Because the scale is based on pre-
specifi ed tasks, if a patient has maximal dyskinesia during a specifi c activity not 
included in the protocol, there is no way to capture this disability with the RDRS.  

    Key Evaluation Issues and Recommendation Status 

 This scale is specifi cally designed for PD and has been applied in many clinical trials 
beyond the original authors [ 23 ,  30 ]. The scale has been demonstrated to have high 
intra-rater and inter-rater reliability. The scale also has been rated highly for its ease 
of application, appropriateness of tasks for refl ecting disability, and overall utility. 
Clinimetric testing revealed relatively high inter- and intra-rater reliability. It there-
fore meets the three criteria and is designated as a Recommended scale, but likely 
needs to be used along with another scale, like the AIMS, in order to provide a fuller 
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overall view of dyskinesia. Given this limitation, efforts to combine elements of the 
AIMS and RDRS led to the development of the Unifi ed Dyskinesia Rating Scale 
(see below).   

    Clinical Dyskinesia Rating Scale (CDRS) 

   Scale Description 

 CDRS independently evaluates severity of hyperkinesia and dystonic postures in 
PD patients and is scored for each body region (face, neck, trunk, right and left 
upper extremities, right and left lower extremities) [ 18 ]. Scores range from 0 (none 
observed) to 4 (extreme), with use of 0.5-scoring intervals permitted for 6 items. 
The maximum total score for each subscale (dyskinesia and dystonia) is 28. Ratings 
are based on patient observation at rest and during activation. The scale does not 
provide an estimate of disability or functional compromise from dyskinesia. The 
scale has been validated in raters with and without experience in clinical trials for 
dyskinesia. Because it is short to administer, the scale has primarily been used to 
measure severity during acute levodopa challenge testing, applicable during both 
“on” and “off” conditions. No specifi c instructions on its use are described.  

   Key Evaluation Issues and Recommendation Status 

 This scale is designed specifi cally for PD but has not been used outside its developers. 
Clinimetrically, inter-rater reliability in PD patients was explored for different 
groups of raters (neurologists, neurosurgeons, and nurses specialized in PD), several 
of them being inexperienced with formal dyskinesia rating programs. The CDRS 
proved to have excellent inter-rater reliability for hyperkinesia ( W  = 0.88) and 
moderate reliability for dystonia ( W  = 0.44). Overall test-retest reliability was satis-
factory (Kendall’s tau = 0.74). Dystonia ratings had less concordance (with some 
Kendall tau coeffi cients as low as 0.31). The scale proved to be valid across all 
disease stages, but the scale’s sensitivity to change (over time or to treatment) has 
not been demonstrated. Based on these collective fi ndings, the CDRS meets two of 
the three criteria (use in PD and clinimetric testing), but it has not been used outside 
of its originators, resulting in a designation of a Suggested scale.   

    Lang-Fahn Activities of Daily Living Dyskinesia Scale 

   Scale Description 

 The Lang-Fahn Activities of Daily Living Dyskinesia Scale focuses on patient 
perceptions of disability related to dyskinesia. An ordinal scale (0–4, 0 repre-
senting no dyskinesia and 4 representing inability to perform the task) assesses 
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the patient’s report on fi ve activities of daily living potentially impacted by 
dyskinesia at their maximum severity over the past few days (handwriting or 
drawing, cutting food and handling utensils, dressing, hygiene, and walking). 
The scale is completed by the physician based on historical information pro-
vided by the patient. Patients are asked to recall their function over the last few 
days and respond based on the worst interference by dyskinesia. Further infor-
mation regarding the dyskinesia pattern such as diphasic, peak dose, or dystonia 
is not captured by the scale. Like other scales based on patients’ declaration, it 
does not take into account that many patients will defer activities until dyskine-
sia resolves and, therefore, might state that dyskinesia is not disabling for a 
given task since the activity was deferred.  

   Key Evaluation Issues and Recommendation Status 

 This scale is specifi c for PD but has not been used widely in publications unrelated 
to the original authors (Parkinson Study Group) [ 19 ,  30 ,  31 ]. One study attempted 
validation of this scale [ 19 ], and documented a moderate correlation with patient 
diary information completed 1 week prior to the visit [ 19 ] and some correlation 
with the Clinician’s Global Impression and the Patient’s Global Impression. Core 
issues like test-retest reliability have not been clearly established. In a recent study, 
however, the scale was responsive to change in dyskinesia during a placebo-con-
trolled assessment of amantadine [ 32 ]. Whereas the original MDS report designated 
this scale as Suggested [ 8 ], when the evaluation group updates its offi cial report, 
the new information on responsivity warrants a likely redesignation of the Lang-
Fahn Scale as Recommended for the assessment of patient-perceived disability 
from dyskinesia.   

    Parkinson Disease Dyskinesia Scale (PDYS-26) 

   Scale Description 

 The Parkinson Disease Dyskinesia Scale (PDYS-26) is a 26-item, patient-based 
measure “for quantifying the impact of dyskinesia on activities of daily living” in 
PD using a 0–4 option for each activity (0 = no interference, 4 = Activity impossible) 
[ 20 ]. Items include basic, instrumental, and social daily activities. The question for 
each item is about interference with the given activity over the past week by invol-
untary movements when they were at their most intense state. The scale is focused 
on choreic dyskinesia, and in the instructions, dyskinesia is equated to “involuntary 
movements,” with specifi c warnings to exclude both tremor and dystonia. The 
PDYS-26 can be rapidly completed with clear and concise instructions to patients, 
although some questions have redundancy.  
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   Key Evaluation Issues and Recommendation Status 

 This scale is specifi cally designed to assess PD dyskinesia and has been used in a 
number of studies conducted by investigators outside the developing team [ 32 – 34 ]. 
The scale was developed with strong clinimetric testing following Item Response 
Theory (Rasch analysis) principles and methodology. Later, it was validated by means 
of the Rasch analysis, again, and also applying Classical Test Theory methods. PDYS-
26 has satisfactory acceptability, with no fl oor or ceiling effect and appropriate distri-
bution of scores [ 20 ]. The internal consistency was very high (alpha = 0.97), perhaps 
related to redundancy, and the item homogeneity coeffi cient resulted satisfactory 
(0.59). The test-retest reliability was excellent (for the total score, ICC = 0.92). 
Concerning the convergent construct validity, PDYS-26 showed strong correlation 
with the UPDRS dyskinesia items and the sum of these items. Correlation was moder-
ate/high with items of the Rush Dyskinesia Rating Scale ( R  = 0.36–0.78) and variable 
with the components of the AIMS ( R  = 0.20–0.84). Factor Analysis identifi ed a single 
factor, explaining 58 % of the variance. It also demonstrated responsivity to amanta-
dine treatment in comparison to placebo treatment [ 32 ]. In the original assessment 
document [ 8 ], this scale was designated as Suggested, but based on these fi ndings, 
PDYS-26 fulfi lls the criteria to be Recommended and will likely be offi cially desig-
nated as such in a future update as a measure for assessing patient’s perception of 
functional impact from dyskinesia in PD.   

    The Unifi ed Dyskinesia Rating Scale (UDysRS) 

   Scale Description 

 The Unifi ed Dyskinesia Rating Scale (UDysRS) is the newest rating scale developed 
specifi cally for the assessment of dyskinesia in PD [ 21 ]. The UDysRS contains both 
self-evaluation questions (by the patient alone or with their caregivers) and items 
that are assessed directly by the physician to rate abnormal movements objectively 
during prescribed activities of daily living. The time frame for the patient rating of 
dyskinesia refers to the prior week (including the day of which the examination is 
performed). The UDysRS consists of two primary sections (Historical and 
Objective). The Historical section is divided in two parts, the fi rst focusing on “on 
dyskinesia” and the second focusing on “off dystonia.” The Objective section is a 
rater-based assessment and is derived from a combination of the principles of the 
AIMS and the RDRS. Impairment or intensity of dyskinesia is rated in several body 
regions and disability is rated during four motor tasks: communication, drinking 
from a cup, dressing, and ambulation. All questions are scored on a scale from 0 to 
4 (0 = normal, to 4 = severe) with a total possible score of 104. The scale provides 
specifi c instructions for all questions and comes with a teaching DVD including a 
training exercise [ 35 ]. This training program, based on various examples of dyskinesia 
and anchored in scores generated by experts, is aimed at increasing homogeneity of 
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ratings among and within raters and centers. There is an offi cial Spanish translation 
that has completed clinimetric validation. Other language translation programs are 
in process or planned  

   Key Evaluation Issues and Recommendation Status 

 This scale is designed specifi cally for PD-associated dyskinesia and, although new, is 
already part of numerous clinical trials of anti-dyskinesia agents [35 and see   www.
ClinicalTrials.gov    . Internal consistency, factor structure, intra-rater and inter- rater 
reliabilities, temporal stability, and reproducibility of the scale have been established 
with a well-defi ned clinimetric program [ 21 ,  35 ,  36 ]. Further, in a trial comparing dif-
ferent scales in their ability to detect responsivity to amantadine, the UDysRS total 
score showed the highest effect size (eta 2  = 0.138) for detecting treatment- related 
change, with all other scales (Lang-Fahn, PDYS-26, Rush Dyskinesia Rating Scale, 
and AIMS) having effect sizes <0.1 [ 32 ]. In the original report [ 8 ], this scale was 
marked as Suggested, but, based on the new clinimetric data, the UDysRS fulfi lls the 
criteria to be designated as Recommended and will likely be offi cially designated as 
such for the overall assessment of dyskinesia, including both patient-based and rater-
based ratings, in the offi cial update planned for the future.   

    Home Diaries 

 In the MDS-sponsored evaluation of dyskinesia scales, home diaries were not offi -
cially critiqued, as these tools are primarily focused on the identifi cation of motor 
fl uctuations [ 22 ,  37 ]. Daily diaries are completed by patients at home and generally 
cover 30 min increments throughout a 24 h day. The most commonly used diary in 
clinical research is the Parkinson’s Disease Diary, developed by Hauser and col-
leagues, and this tool includes fi ve categories: sleep, OFF, ON without dyskinesia, ON 
with non-troublesome dyskinesia (dyskinesia that do not impede activities), and ON 
with troublesome dyskinesia that interfere with function [ 22 ]. Another diary model is 
the CPSIT-PD (Core Assessment Program for Surgical Interventional Therapies in 
Parkinson’s Disease) ON-OFF Diary, and this tool has slightly different options: OFF, 
partial OFF, ON, and ON with dyskinesia of any type or severity [ 37 ]. Clinimetric 
studies of these two tools have been performed, but the assessments cover all aspects 
of motor fl uctuations without specifi c focus on dyskinesia validation.   

    Future Perspectives 

 Given that very few effective treatments are available for treating or prevention of 
development of dyskinesia [ 38 ], there is signifi cant scientifi c and pharmaceutical 
interest in the development of new antidyskinetic agents. One of the major roadblocks 
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to progress has been the clear delineation of a single best scale to assess the burden 
of dyskinesia. The criteria utilized to assess dyskinesia scales have identifi ed a small 
number of scales that meet the minimal criteria for Recommended and investigators 
and clinicians need to select among these scales the one that best fi ts the need of the 
assessments. If patient perceptions are the primary focus, the Lang- Fahn and 
PD-DYS-26 are likely to be selected, with the latter having the stronger clinimetric 
profi le. If only objective assessments are desired, the AIMS can be chosen for 
impairment and the RDRS can be chosen for disability. The UDysRS has a very 
strong clinimetric profi le and combines both patient perceptions and objective 
assessments of disability and impairment, providing the most comprehensive mea-
surement tool for the overall burden of dyskinesia. Scales involving objective 
assessments are currently based on ratings in the physician’s offi ce, but, with the 
development of smart phones and electronic camera devices, it is reasonable to 
consider adaptations for home assessments. Further, a number of mechanical 
devices that record movement are available that may allow monitoring of dyskinesia 
in the home environment and thereby allow a longitudinal documentation of dyski-
nesia within the patient’s day-to-day lifestyle. These technologies, however, need to 
discriminate dyskinesia from volitional movement and tremor in PD in order to be 
valid measurements of dyskinesia. The anatomical variability of dyskinesia, its 
multiple phenomenological forms, and the mechanical burden of wearing detection 
devices limit the practicality of such instruments today, but they can be reasonably 
envisioned for the future. Such devices may be particularly useful for detecting the 
true temporal pattern of dyskinesia, because a selective reduction of awareness of 
dyskinesia during the patient’s “on” state is well described and likely falsely 
minimizes the true amount of daily time spent with dyskinetic movements [ 39 ].     
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    Chapter 3   
 Epidemiology of Levodopa-Induced 
Dyskinesia 

                Miguel     Coelho      and     Joaquim     J.     Ferreira   

    Abstract     Several factors may explain the heterogeneity found in reports of the 
prevalence and incidence of levodopa-induced dyskinesia (LID), namely, the type 
of design of the studies, the length of follow-up, and the instruments used to mea-
sure LID. In order to show these fi gures as clear as possible, this chapter reviews the 
epidemiology of LID found in three main design studies: community-based obser-
vational studies, hospital-based observational studies, and clinical trials. 

 In a landmark paper by Ahlskog and Muenter, the authors reviewed the studies 
from the pre-levodopa and modern era and found similar numbers for the preva-
lence and incidence of LID between observational studies and clinical trials. 
Nevertheless, a distinction between community-based and hospital-based studies 
was not done. The frequency of dyskinesia was higher and earlier in pre-levodopa 
compared to modern era studies. In the modern era, the frequency of LID was about 
40 % by 5 years and 90 % by 9–15 years. 

 However, some recent studies found slightly smaller percentages of LID in 
community- based studies. In contrast, recent hospital-based cohorts found LID 
in more than 90 % of the patients by 10–15 years, although they were trouble-
some in only 12 %. The available data show that the fi gures for LID are similar 
worldwide and no major difference exists between populations with different 
ethnic background. 

 Clinical trials have proved to be a strong tool to compare the incidence of LID 
between different drugs or drug regimens. However, their strict inclusion and exclu-
sion criteria may limit the external validation of their fi ndings. Most often, RCTs 
have compared the frequency of LID in the experimental drug arm with that in the 
levodopa arm. The ELLDOPA trial found that patients receiving 600 mg/day of 
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levodopa had a signifi cantly higher frequency of LID (16.5 %) compared to placebo 
(3.3 %) and that dose of levodopa >300 mg/day carried a signifi cantly higher risk of 
developing LID. Several trials compared the incidence of LID between dopamine 
agonists (DAs) and levodopa in early PD patients. As a rule, the incidence of LID 
was lower and delayed in patients taking DA, even if levodopa could be added later 
to the DA arm in open label. This difference was substantially higher before patients 
had started supplemental levodopa. As an example, the frequency of LID was 20 % 
in the ropinirole group compared to 45 % in the levodopa group at 5 years and 
52.4 % compared to 77.8 % at 10 years, respectively. The pramipexole trials reported 
a frequency of LID of 24.5 % in the pramipexole group compared to 54 % in the 
levodopa group at 4 years, while at 6 years the frequency was 20.4 % with prami-
pexole compared to 36.8 % with levodopa. Interestingly, the 14-year follow-up of a 
UK trial found that LIDs were present in 56 % of the patients in the bromocriptine 
arm compared to 58 % in the levodopa arm, and additionally the frequency of 
moderate/severe LID was also similar in both arms (bromocriptine 35 % vs levodopa 
39 %). The addition of entacapone to levodopa/carbidopa (LCE) was associated 
with a shorter time to the onset of and a higher frequency of LID (42 %) compared 
to the levodopa/carbidopa group (32 %). Patients taking selegiline were also found 
to have twice the hazard ratio to develop dyskinesia than patients on placebo. 

 Risk factors for LID have been identifi ed. Several studies have shown that 
patients with a younger age at PD onset have a higher risk of LID, but this difference 
may lose signifi cance in the long term. Females also appear to be at a higher risk for 
LID but this might be biased by a lower weight, yielding a higher concentration of 
levodopa. Longer disease duration, longer PD duration before the initiation of 
levodopa, and more advanced disease have been associated with a higher frequency 
of LID. On the other hand, levodopa carries a higher risk of LID compared to DA, 
whereas the dose and the duration of levodopa treatment are also associated with a 
higher frequency of LID.  

  Keywords     Levodopa   •   Dyskinesia   •   Frequency   •   Prevalence   •   Incidence   •   Motor 
complications  

        Introduction 

 Levodopa remains the “gold-standard” antiparkinsonian drug to treat the motor 
symptoms of Parkinson’s disease (PD). However, its long-term use is associated 
with the development of levodopa-induced motor complications (MC), namely, 
motor fl uctuations and dyskinesia. 

 The emergence of MC in the natural history of PD is of paramount importance 
since it is a milestone in terms of greater disability, poorer quality of life (QoL), and 
complex drugs regimens. In fact, motor complications are the major indication for 
advanced therapies in the management of PD, such as functional surgery and apo-
morphine and levodopa/carbidopa intestinal gel pumps. 
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 As such, knowledge of the epidemiology of levodopa-induced dyskinesia (LID) 
is very important in order to plan individual patient management and research for 
future strategies to treat and prevent the emergence of LID. 

 Several factors may account for discrepancies found in reports of the prevalence 
and incidence of LID. Although LID manifests as different phenomenology, most 
observational and interventional studies assess peak-dose dyskinesia, which is an 
important bias when estimating the epidemiology of LID. Figures based on obser-
vational studies or clinical trials introduce another type of bias, as these studies tend 
to recruit different samples of patients, and the same is true whether observational 
studies are community or hospital based. The epidemiology of LID is also infl u-
enced by the instruments used to capture the event, for example, whether they are 
patient centered or investigator centered. Similar to other studies, prospective and 
retrospective reports tend to fi nd different values for LID. Moreover, some authors 
report the occurrence of MC as a whole, without differentiating motor fl uctuations 
from LID. Finally, many reports do not distinguish between troublesome and non- 
troublesome dyskinesia, which have distinct clinical implications. 

 This chapter covers the epidemiology of LID and aims to present the information 
in such a way that the reader more easily realizes the infl uence of biases in the 
reporting of fi gures for LID.  

    Observational Studies 

    Community-Based Studies 

 A landmark paper by Ahlskog and Muenter [ 1 ] reviewed the epidemiology of LID 
reported in studies from the pre-levodopa era and from the post-levodopa or modern 
era. Papers from 1966 until September 2000 were included, and the authors searched 
series where patients had been treated with levodopa monotherapy. They excluded 
series with patients previously treated with dopamine agonists (DAs), but they allowed 
patients using concomitant amantadine, selegiline, or anticholinergics. The authors 
also excluded studies that specifi cally addressed MC in young-onset PD (<40 years). 
Series were stratifi ed into pre-levodopa era and modern era, since in general, patients 
from the pre-levodopa era had a longer duration of parkinsonism at the onset of 
levodopa therapy; this stratifi cation would help to understand whether the increase in 
frequency of MC with duration of levodopa therapy primarily refl ects disease duration 
or levodopa treatment duration. Series were also grouped according to the duration of 
levodopa treatment. Comparing the frequency of LID between prospective clinical 
trials and observational studies yielded similar fi gures so that the overall frequency of 
LID can apply to both observational studies and clinical trials. However, a distinction 
between community- and hospital-based studies was not available in the review. 
Median duration of parkinsonism before onset of levodopa therapy was 6–10 years in 
pre-levodopa era studies compared to 2–3 years in modern era. The frequency of 
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dyskinesia was higher and much earlier in pre- levodopa era studies. By 6 months, 
about 50 % of patients developed dyskinesia in pre-levodopa era studies, compared to 
<10 % by 12 months in modern era studies. In pre-levodopa era, the frequency of LID 
(50 %) was maintained throughout the 2.5–3.5 years interval, with very few data 
beyond that time point. In contrast, the frequency of LID increased slowly in modern 
era studies, reaching about 33 % by 4–6 years and 90 % by 9–15 years. This differ-
ence in the frequency of LID may be accounted for by the difference in parkinsonism 
duration before the initiation of levodopa therapy, suggesting that greater depletion of 
dopaminergic striatal terminals may increase the likelihood of LID (Table  3.1 ).

   A community-based prospective cohort of incident PD cases followed up for 8 
years [ 2 ] enrolled 132 PD patients, with mean age at onset of 70.1 years. Using 
survival analysis, around 35 % of the patients (exact fi gure not given) developed 
LID diagnosed according to UPDRS part IV, with an estimated time to dyskinesia 
onset of 6.6 years. The only independent predictor for dyskinesia was the daily dose 
of levodopa equivalents (mean 429 mg), although duration of levodopa treatment 
predicted time to onset of LID. A smaller prospective study in rural Tanzania [ 3 ] 
identifi ed 32 patients with PD who were followed up for 3 years. Median age at PD 
onset was 69 years and median duration of disease at study entry was 5.1 years. All 
patients were treated with levodopa monotherapy. Sixteen patients were available 
for evaluation at fi nal follow-up. At the last visit, median age of these 16 patients 
was 81.5 years, median disease duration 8.5 years, median Hoehn and Yahr (HY) 
stage 3, and patients were taking a small mean daily levodopa dose of 384.4 mg. 
Four (25 %) patients developed LID, of peak-dose and end-of-dose subtype. 

 Schrag and Quinn [ 4 ] assessed the prevalence of MC in an unselected community- 
based sample of 124 patients with PD. This was a cross-sectional study and most 
information was retrieved retrospectively. Peak-dose, diphasic, and off-period dyski-
nesia were assessed. Patients had a mean age of 71.3 years and a mean disease dura-
tion of 6.8 years and were taking levodopa for 5.2 years with a mean daily dose of 
423.3 mg. Eighty-seven (70 %) patients were taking levodopa, one-third was taking 
selegiline and about 15 % were taking DA or anticholinergics. Overall, twenty- four 
patients (19 %) had experienced LID (peak-dose in 25 %, diphasic in 6 %, and off-
period dystonia in 10 %). The frequency of LID was 28 % among patients taking 
levodopa and it was 40 % in those taking >300 mg/day. The rate of MC increased 

   Table 3.1    Levodopa-induced dyskinesia reported in community-based observational studies   

 Observational studies 

 Community-based 

 Cross-sectional  Longitudinal 

 Schrag and 
Quinn 00 [ 4 ] 

 Wickremaratchi 
11 [ 5 ] 

 Dotchin 11 
[ 3 ] 

 Evans 11 
[ 2 ] 

 Ahlskog and 
Muenter 01 [ 1 ] 

 Van Gerpen 06 
[ 6 ] (retrospective) 

 19 %  23 %  25 % by 
8.5 yrs of 
LD therapy 

 35 % by 
8 yrs of FU 

 40 % by 
5 yrs of LD 
therapy 

 30 % by 5 yrs of 
LD therapy and 
59 % by 10 yrs of 
LD therapy 

   FU  follow-up,  LD  Levodopa,  LID  Levodopa-induced dyskinesia,  yrs  years  
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with disease severity and duration and with dose and duration of levodopa treatment. 
The frequency of LID was 4 % in patients with ≤5 years of PD duration, 12 % after 
disease duration of 6–9 years, and 53 % in those with ≥10 years of disease. This rate 
increased to 7, 18 and 57 %, respectively, in patients taking levodopa. When consid-
ering only patients with good response to levodopa, the rates were 6, 20, and 67 %, 
respectively. The occurrence of dyskinesia also increased with higher stages of HY, 
from 29 % in HY stage 2–2.5, 43 % in HY 3, and 60 % in HY 4–5. The frequency of 
dyskinesia according to the duration of levodopa therapy was 13 % in patients taking 
levodopa for ≤5 years, 36 % after 6–9 years of levodopa therapy, and 100 % in those 
with ≥10 years of levodopa. Mean time to onset of dyskinesia was 6.7 years from 
symptoms onset and 5.7 years from levodopa start. There was a moderate positive 
correlation between emergence of MC and the time elapsed between disease onset 
and start of levodopa. However, the authors did not fi nd a correlation between disease 
severity and onset of levodopa when controlled for disease duration, suggesting that 
a more aggressive disease was not the cause for an earlier start of levodopa and thus 
for an earlier emergence of MC. Younger patients at PD onset were found to have 
earlier dyskinesia, whereas current older patients developed dyskinesia later even 
after controlling for levodopa dose. In a logistic regression analysis using dyskinesia 
as the dependent variable, treatment duration and duration of disease signifi cantly 
predicted the occurrence of dyskinesia; however, treatment duration did so more 
strongly than duration of disease. Nevertheless, the sensitivity of the model to predict 
dyskinesia was low at 75 %. In another cross-sectional study, Wickremaratchi et al. 
[ 5 ] reported on the motor phenotype of PD according to age at onset. They conducted 
a community-based study supplemented by regional referrals to enrich the sample 
with early onset (<45 years) PD cases (EOPD). Three hundred fi fty-eight patients 
were included (70 EOPD), of whom 125 were community based. Mean age at onset 
was 56 years, mean current age was 65 years, and the mean disease duration was 9 
years. Levodopa mean duration of treatment was 5 years and the mean daily dose 
was 428 mg. Community- based cases were older at onset (64 vs 51 years), older at 
time of assessment (72 vs 61 years), and had a shorter disease duration (7 vs 9 years) 
than referral cases. Most EOPDs were referrals but they did not signifi cantly differ 
from EOPS cases from the community. Eighty (23 %) patients developed LID, a 
fi gure similar to that found by Schrag and Quinn [ 4 ]. LID strongly related to age at 
disease onset, with an increased risk for those with an onset <55 years (35 %) com-
pared to those with disease onset ≥55 years (11 %); multivariate analysis showed 
that age at onset, duration of disease, duration of levodopa treatment, and levodopa 
dose all independently predicted occurrence of LID. For those with onset <55 years, 
duration of disease and levodopa dosage were stronger predictors for LID than dura-
tion of levodopa treatment. Younger patients also spent more time of the waking day 
in a dyskinetic state. EOPD cases reported more dystonia than later-onset patients, 
either pretreatment dystonia or levodopa-induced off-period and peak-dose 
dystonia. 

 In a retrospective study, Van Gerpen et al. [ 6 ] identifi ed 126 incident PD cases 
diagnosed in Olmsted County, Minnesota, between 1976 and 1990 and followed up 
for a median of 11 years. Only peak-dose and diphasic LID were retrieved. The 
median age at PD onset (69 years) was older than usually reported and the median 
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age at levodopa start was 72 years, while the median daily dose of levodopa 
for the fi rst year was 450 mg. Refl ecting prescription patterns at the time, all patients 
were initially treated with levodopa, and adjunct medication was limited. Using 
Kaplan- Meier estimates, the risk of dyskinesia was 30 % by 5 treatment years and 
59 % by 10 treatment years, while the risk for dyskinesia severe enough to cause 
drug adjustment was 17 % and 43 % by 5 treatment and 10 treatment years, respec-
tively. After 10 years of levodopa, the risk of dyskinesia not adequately controlled 
by medication adjustment was 12 %. Severe and uncontrolled LID occurred in only 
1 patient after 10 years of treatment. Median time to dyskinesia onset was 8 years. 
In multivariate analysis, older age decreased the risk of dyskinesia, whereas higher 
levodopa dose at disease onset increased that risk.  

    Hospital-Based Studies 

 As a rule, hospital-based cohorts tend to report higher frequencies of LID, which is 
usually explained due to referral bias, as more complex patients or with younger 
onset are referred to dedicated clinics (Table  3.2 ). The fi rst prospective, longitudinal 
cohort of new onset Chinese PD patients included 171 cases that were follow-up for 
a mean of 11 years [ 7 ]. Mean age at disease onset was 62.2 years, mean HY at 1.9, 
while mean disease duration at the end of follow-up was 11.4 years. Fifty (29.2 %) 
died during the study. First occurrence of dyskinesia was recorded although the 
instrument to capture the event was not reported. Almost all (99 %) patients were 
exposed to levodopa, of whom 63.9 % developed LID. Chinese in addition to Thai 
or mixed origin patients were also enrolled in a multicenter study in Thailand [ 8 ]. 
One hundred fi fty-four patients were asked retrospectively about the occurrence of 
MC. Young-onset patients were excluded. Current mean age was 68.1 years while 
mean age at onset was 61.2 years. PD duration was ≥10 years in 13.6 % of patients. 
Levodopa treatment was reported in 98.1 % of patients (mean daily dose 409 mg), 
and 85 % were classifi ed as excellent responders. Dyskinesia was present in 23.7 % 
of patients and 10.5 % complained of morning dyskinesia, presumably morning 
dystonia. A univariable analysis identifi ed younger age at onset, longer disease 
duration, higher severity, longer treatment duration, and higher levodopa dose as 
predictors of MC.

   The Sydney Multicenter Study was initially conducted as a double-blind RCT 
comparing the effi cacy and safety of low-dose levodopa with low-dose bromocrip-
tine in 149 levodopa-naive PD patients [ 9 ]. Results on the surviving patients were 
reported after a mean follow-up of 15 and 20 years [ 10 ,  11 ]. The mean age at PD 
onset was 56 years for the 52 surviving patients at the 15-year assessment; all but 3 
were on levodopa with a mean daily dose of 734 mg [ 10 ]. LID had been experienced 
by 49 (94 %) patients, and they were disabling according to UPDRS part IV in 6 
(12 %) [ 10 ]. The mean duration of treatment to LID onset was 5.3 years, with a 
signifi cant difference between levodopa (4.2 years) and bromocriptine (6.9 years) 
arms. Thirty patients were still surviving at 20 years, and LIDs were present in all 
those taking >300 mg of levodopa but were disabling in only 6 [ 11 ]. 
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 Using an interesting design, patients were videotaped during 3 challenge tests 
after 200/50 mg of levodopa/carbidopa and scored regarding parkinsonism and 
 dyskinesia in order to assess how the motor response to levodopa evolutes in the 
long term (6 and 10 years) [ 12 ,  13 ]. Thirty-four patients were recruited from the 
time of treatment initiation and followed up for a mean of 8 years [ 12 ]. All patients 
except one were started with levodopa and mean daily dose at study end was 
606 mg. Mean age was 64 years at study onset, and 16 reached fi nal assessment at 
94 months [ 12 ]. LID emerged in 72 % of the patients after mean treatment duration 
of 28 months; their severity increased over time, and they were signifi cantly more 
severe in fl uctuators than in non-fl uctuators and also in those with higher amplitude 
of motor response to levodopa [ 12 ]. 

 Cabo López et al .  [ 14 ] conducted a long-term prospective study of “de novo” PD 
patients in a naturalistic environment of a clinic-based practice. Sixty-four patients 
recruited between 1992 and 2002 were evaluated at baseline and 5 years, of whom 
38 were available for assessment at 10 years. Reasons for lost to follow-up were not 
reported, and neither the clinical characteristics nor the drug use of those patients 
who withdrew from study was recorded as well. Patients were asked about MC at 
each 6-month follow-up visit. Mean age at PD onset was 61.3 years and mean base-
line motor UPDRS score was 17.6 points. Patients were grouped according to initial 
therapy (levodopa vs non-levodopa) in a nonrandomized fashion. At baseline, 43 
patients were initially treated with levodopa and these had a worse score in motor 
UPDRS compared to those initially not treated with levodopa. At 5 years, all 64 
patients were on levodopa and 38 % reported LID (levodopa 51.2 % vs non-levodopa 
9.5 %), and at 10 years LID occurred in 71 % (levodopa 84 % vs non-levodopa 
46.2 %), whereas 25 % of the patients did not develop MC at 5 years and only 1 of 
38 was free of MC at 10 years. Mean daily levodopa dose at last assessment was 
550 mg. In a similar study, 45 early PD patients (mean age at diagnosis 58.5 years) 
were followed for 10 years with assessments every 6 months [ 15 ]. Initial antiparkin-
sonian therapy was chosen by the treating neurologist, and levodopa was the initial 
drug in 25 patients. There were no clinical differences between patients started on 
levodopa or on other antiparkinsonian drugs. At 5 years, all but 1 patient were on 
levodopa, and at 10 years LIDs were present in 91 % of the patients. Factors that 
predicted a higher frequency of LID were younger age at onset (OR 0.90; 95 % CI 
0.82–0.98), being female (OR 12.87; 95 % CI 1.91–167.9), and levodopa as initial 
therapy (OR 8.31; 95 % CI 1.42–82.77). 

 Several cross-sectional studies have assessed the frequency of LID. Fabbrini et al. 
[ 16 ] found that 33.5 % of 307 PD patients recruited during a 12-month period had 
LID. Patients had a mean age of 69.1 years, mean disease duration of 8.5 years and 
had dyskinesia for a mean of 4.6 years. Thirty-nine patients with LID were treated 
with levodopa monotherapy, 64 were treated with levodopa and DA, and the mean 
daily dose of levodopa was 625 mg. All patients had peak-dose dyskinesia and 27 % 
had additionally diphasic dyskinesia, and in most their severity was mild to moderate. 
Patients with LID had a younger age at PD onset, a longer duration of disease and 
more severe symptoms, a longer duration of treatment with levodopa, and more 
motor fl uctuations than patients without LID. In 124 Chilean PD patients, LIDs were 
identifi ed in 47.2 % of the patients [ 17 ]. Mean age for the whole sample was 
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66.1 years and patients had a mean PD duration of 8.1 years; levodopa was taken by 
92.7 % of the patients with a mean daily dose of 713 mg. Female patients and a 
higher levodopa dose were associated with a higher prevalence of LID. A Malaysian 
study found a similar frequency of LID (44 %) in 95 multiethnic Malaysian PD 
patients (64.3 % Chinese, 31 % Malays, and 3.7 % Indians and other ethnic groups) 
[ 18 ], assessing LID by UPDRS part 4. Mean age at PD onset was 58.5 years and 
mean disease duration was 6 years, while median duration of levodopa therapy was 
3 years and its mean daily dose was 550 mg. Peak-dose LIDs were present in 59.5 % 
of the cases and diphasic in 26.2 %. In 54.8 % they involved >1 body region, in 
23.8 % affected the face and neck, the lower limbs were involved in 14.3 %, the 
whole body in 11.9 %, and the trunk and the upper limbs were affected in 4.8 and 
2.4 % of the patients, respectively. LID had a median duration of 52.5 min. while 
peak-dose dyskinesia started 60 min. after levodopa intake. The independent predic-
tors of LID were the longer duration of levodopa therapy, younger onset age, and a 
higher total daily levodopa. The strongest predictor of LID was the duration of 
levodopa therapy, as a 1-year increase in the duration of levodopa therapy predicted 
a 42.4 % ( p  = 0.003, 95 % of CI 11.3–17.9 %) increase in the odds of developing 
dyskinesia. The total daily levodopa dose and onset age ranked, respectively, the 
second and third strongest risk factors for LID. A slightly higher frequency of LID 
was found in 155 Israeli PD patients treated with levodopa and with good clinical 
data in medical fi les [ 19 ]. Mean age at PD onset was 61.1 years but duration of PD 
was not reported. Time from PD diagnosis to levodopa onset was 1.5 years, whereas 
time from PD diagnosis to development of LID was 5.3 years. Eighty-nine (57.4 %) 
had developed LID, and these were predicted by a younger PD age onset and a longer 
latency between diagnosis and initiation of levodopa, while female patients had a 
shorter time to LID onset. The clinical characteristics of late-stage Parkinson’s dis-
ease have been reported by Coelho et al. [ 20 ] in a study of 50 PD patients in stage 4 
or 5 of HY during on-state. Mean disease duration was 18 years, mean age of patients 
was 74.1 years, and they were taking a mean levodopa daily dose of 785 mg. LID 
were present in 31 (62 %) patients and they were troublesome in 13. They were rated 
as severe completely disabling by 8 % of the patients and in a similar percentage they 
occurred for >75 % of the waking day, according to UPDRS part 4. Peak- dose dys-
kinesia affected 30 % of the cases, diphasic dyskinesia 18 %, and in 14 % of the 
patients both peak-dose and diphasic LID were reported. Papapetropoulos et al .  [ 21 ] 
compared MC in sporadic and familial PD and found an overall frequency of LID of 
27.4 %. The frequency of LID increased with disease duration and severity in both 
groups. Only in those patients with ≤5 years of PD duration did familiar PD patients 
report signifi cantly more dyskinesia (30.4 %) than sporadic PD patients (4.5 %). 
Importantly, familial cases with a genetic diagnosis of parkin or  alpha- synuclein 
mutations were excluded. Mean age at onset (61 years), disease duration (7 years), 
levodopa treatment duration (6 years), daily dose (440 mg), and mean time from 
onset to levodopa start (1.2 years) were similar in both groups. Time from disease 
onset to development of LID was similar between familiar and sporadic PD, whereas 
familiar PD patients started LID signifi cantly earlier than sporadic PD patients after 
onset of levodopa (3.4 vs 4.1 years, respectively). Peak-dose dyskinesia was the 
predominant LID, while 3 patients reported diphasic dyskinesia. 
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 The Juntendo Parkinson Study Group [ 22 ] included 1,768 Japanese PD patients 
in a retrospective study to assess long-term prognosis in PD. Frequency and time to 
onset of MC were assessed in a sub-cohort of 1,183 individuals, whose mean age at 
PD onset was 59.3 years, mean disease duration was 6.4 years, and mean time to 
levodopa start was 2.3 years. After 5, 10, and 15 years of disease, the frequency of 
LID was 8.5, 35.1, and 62.8 %, respectively. Regression models showed that females 
and patients with an onset ≤50 years had a signifi cantly shorter time to the 
emergence of MC, while no association was found between the initial symptoms 
(tremor onset, bradykinesia onset, or gait onset) or the initial type of treatment and 
the time to develop LID. A higher frequency of LID (88 %) was found in another 
retrospective study conducted in 116 patients on levodopa monotherapy [ 23 ]. The 
authors reviewed the medical records of patients treated between 1965 and 1992 
and followed regularly until death for a mean of 7 years. The sample included 
patients diagnosed before the advent of levodopa, thus mean time between PD diag-
nosis and start of levodopa was considerably long (6.7 years) compared to modern 
series. Mean age at PD onset was 58.7 years, mean PD duration was 16.1 years, 
while mean duration of levodopa treatment was 9.9 years (mean daily dose 
992.4 mg). Mean time of onset of LID after levodopa was 1.4 years. None of the 
independent variables predicted the occurrence of LID, although younger age at 
onset was associated with a higher risk of dyskinesia but without reaching statistical 
signifi cance. The heterogeneity of this sample may explain the lack of association 
found between risk factors and the development of LID. 

 An interesting survey was conducted by Müller et al. [ 24 ], where 380 PD 
specialists from 7 countries worldwide were inquired about LID in their patients. 
Physicians estimated that 34 % of their patients experienced LID, although differences 
were present between countries. Physicians additionally completed retrospectively 
the patient record forms of their last 5 patients with LID. The mean age of 1,900 
patients was 69 years and the mean duration of PD was 8.9 years; 94 % of patients 
were receiving levodopa at the time of dyskinesia onset (monotherapy 38 %; com-
bination with DA 56 %), while 5 % were treated with DA monotherapy. Most 
patients (60 %) were receiving levodopa for 1–6 years when dyskinesia were fi rst 
diagnosed, although the occurrence of LID was unrelated to the duration of levodopa 
therapy. LID were moderate-to-completely disabling in 57 % of the patients, and 
18 % of them suffered LID for more than 50 % of the waking day.   

    Clinical Trials 

 Randomized clinical trials (RCTs) are another source of information for extracting 
numbers concerning the frequency of LID. Strict inclusion and exclusion criteria 
may limit the external validation of the fi ndings of an RCT, whereas type of design, 
comparators, choice of outcomes and measurement tools, duration of the trial, and 
sample size call for attention when interpreting results regarding the frequency of 
LID. Nonetheless, RCTs are powerful research tools and ideal experimental 
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paradigms to assess and compare the frequency of LID under specifi c drug treat-
ments.    Usually, RCTs assessing the emergence of LID have compared the frequency 
with which LID develops with the experimental drug with that due to levodopa.
We are reporting only trials not included in the review by Ahlskog and Muenter 
et al. [ 1 ] (Table  3.3 ).

      Levodopa 

 The ELLDOPA trial [ 25 ] assessed the effect of levodopa on the rate of progression 
of parkinsonism in 361 patients with early PD. The primary outcome was the change 
in the total score of UPDRS, while dyskinesia was depicted as adverse events. 
Patients were allocated to placebo or to three different doses of levodopa (150, 300, 
or 600 mg daily). After 40 weeks, patients receiving levodopa at 600 mg had a sig-
nifi cantly higher frequency of LID (16.5 %) compared to placebo (3.3 %), whereas 
the frequency of dyskinesia was similar to that of placebo in those patients receiving 
150 or 300 mg of levodopa. These results suggest that doses of levodopa >300 mg/
day are associated with a signifi cantly higher risk of developing LID. 

 In an open-label RCT, Caraceni et al .  [ 26 ] compared the frequency of MC in 473 
early PD patients allocated to either levodopa, DA, or selegiline monotherapy, with 
the possibility of later addition of levodopa if necessary. After a mean follow-up of 
3 years, the frequency of LID was signifi cantly higher in levodopa-treated patients 
(27.1 %) compared to DA-treated patients (14.8 %) but not to selegiline-treated 
patients (20.7 %). Patients on levodopa developed LID after a mean of 26 months, 
compared to 18 and 21 months in those on DA and selegiline, respectively. LID in 
the selegiline and DA arms became more frequent when levodopa was added.  

    Dopamine Agonists 

 RCTs comparing the frequency of LID between DA and levodopa differ in the methods 
of dyskinesia assessment, number of treatment arms, allowance for levodopa rescue, 
disability and QoL assessment, and duration of follow-up. Nevertheless, they have all 
shown a consistent lower frequency of or a delay to the onset of LID in early PD 
patients randomized to DA monotherapy compared with those randomized to levodopa 
monotherapy, even if levodopa could be added later to the DA arm in open label 
[ 27 – 34 ]. The magnitude of this difference was substantially higher when comparing 
patients not requiring supplemental levodopa or before they started rescue levodopa. 
Additionally, the majority of these RCTs have found that the DA had a weaker effect 
on motor disability than levodopa [ 27 – 35 ]. Although DAs were associated with a lower 
frequency of LID, most RCTs found a similar frequency of disabling dyskinesia in the 
long term (4–10 years) as well as equivalent scores in QoL scales between patients 
initially randomized to DA or levodopa [ 27 – 34 ]. 
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 The PELMOPET study [ 27 ] stands out as a good model regarding the comparative 
frequency of LID between DA and levodopa because rescue therapy with levodopa 
was not allowed and no open-label extension was conducted, albeit it poorly refl ects 
routine clinical practice. In this strict monotherapy trial for 3 years, the incidence of 
LID and the time to onset of LID were signifi cantly lower and longer with pergolide 
than with levodopa. If emergence of LID was defi ned by the fi rst UPDRS IVa posi-
tive score, LID in the pergolide group was 16.3 % compared to 32.9 % in the 
levodopa group, whereas it was 8 % in the pergolide arm compared to 26 % in the 
levodopa arm if only a positive answer to question 32 of UPDRS IVa was consid-
ered. These values are in the range of those reported in the ropinirole trial before 
levodopa supplementation (ropinirole 5 % vs levodopa 36 %), where a positive 
score on UPDRS IVa item 32 was the primary outcome [ 28 ,  29 ]. The total frequency 
of LID was 20 % in the ropinirole group compared to 45 % in the levodopa group at 
5 years, whereas it was 52.4 % compared to 77.8 % at 10 years, respectively [ 28 , 
 30 ]. Hauser et al. [ 30 ] found a median time to develop LID of 8.6 years in patients 
from the original ropinirole group compared to 7 years in patients from the original 
levodopa group. The ropinirole trial identifi ed younger age at baseline, worse motor 
disability at baseline, and higher levodopa dose at dyskinesia onset as the best pre-
dictors of time to development of dyskinesia [ 28 ,  29 ]. The pramipexole trials 
reported similar results, with a frequency of LID at 4 years of 24.5 % in the prami-
pexole arm compared to 54 % in the levodopa arm, while in the fi nal visit at 6 years 
LID was reported by 20.4 % of the patients initially randomized to pramipexole and 
by 36.8 % of those originally randomized to levodopa [ 31 ,  32 ]. Katzenschlager 
et al. [ 35 ] reported the 14-year follow-up results of the open-label randomized 
Parkinson’s Disease Research Group of the United Kingdom (PDRG-UK) trial 
comparing three initial treatments (levodopa, levodopa + selegiline, and bromocrip-
tine) in PD, extending the previous results of the 10-year follow-up reported by 
Lees et al. [ 34 ]. The levodopa + selegiline arm was stopped prematurely due to 
higher mortality in an interim analysis. Of the original 782 patients, data was avail-
able for 109, whose mean age at disease onset was 57 years and mean disease dura-
tion was 19 years. All but 4 patients were on levodopa at fi nal follow-up. LIDs were 
present in 58 % of the patients in the levodopa arm compared to 56 % in the bro-
mocriptine arm. Similarly, the difference in the prevalence of moderate/severe LID 
according to investigators rating was also nonsignifi cant between the treatment 
arms (levodopa 39 % vs bromocriptine 35 %).  

    COMT Inhibitors (Entacapone) 

 The STRIDE-PD study [ 36 ] compared the time to onset and frequency of LID 
between levodopa/carbidopa (LC) and levodopa/carbidopa/entacapone (LCE) in 
early PD patients requiring initiation of levodopa. The results showed that initia-
tion of levodopa with LCE was associated with a signifi cant shorter time to onset 
of LID and also the frequency of LID was higher in the LCE group (42 %) 
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compared to the LC group (32 %). Either group had a frequency of LID in the 
range of that reported for the levodopa treatment arms in the DA trials. A sub-
analysis showed that this signifi cant difference was lost if patients on DA were 
excluded (LCE 34 % vs LC 35.5 %). The occurrence of dyskinesia was more frequent 
in patients younger than 65 years, women, patients with a lower body weight 
(<75 kg), a disease duration <2 years, and in patients receiving >400 mg/day of 
levodopa. There was a trend for better motor function in patients taking LCE. A prior 
study (FIRST-STEP) [ 37 ], evaluating the effi cacy, safety, and tolerability of LCE 
compared to LC in early PD, found that the frequency of LID was not statistically 
different between LCE (5.3 %) and LC (7.4 %), although the methods to depict 
dyskinesia were the same in both STRIDE-PD and FIRST-STEP trials. In contrast 
to the STRIDE-PD, the primary outcome of the FIRST-STEP was the difference in 
the total score of UPDRS parts II and III, its duration was much shorter (39 weeks), 
and patients on DA were excluded.  

    MAO-B Inhibitors (Selegiline and Rasagiline) 

 From the initial 800 PD patients enrolled in the parent Deprenyl and Tocopherol 
Antioxidative Therapy of Parkinsonism (DATATOP) clinical trial, a second inde-
pendent randomization was carried out for 368 patients who had required levodopa 
and were on selegiline [ 38 ]. In a double-blind design, patients were allocated either 
to withdraw selegiline and change to a placebo of selegiline or to continue on sele-
giline. The primary outcome was the development of wearing off, dyskinesia, or 
on-off motor fl uctuations during a mean follow-up of 2 years. At baseline, patients 
had a mean age of 67 years and a mean in-study exposure to selegiline of 4.4 years; 
mean HY stage was 2.1 and mean SE was 86, whereas mean UPDRS motor score 
was 20. LIDs were present in 37 % (placebo) and 40 % (selegiline) of the patients 
at baseline, and patients randomized to placebo had a slightly higher dose and expo-
sure to levodopa. During the follow-up, patients on selegiline had twice the hazard 
ratio to develop dyskinesia than patients on placebo, with a frequency of LID of 
33.8 and 19.4 %, respectively. Selegiline patients taking at baseline levodopa for 
>3 years had a frequency of LID of 45 % compared to 25 % in those taking levodopa 
for less than 3 years. The difference in the frequency of LID lost signifi cance when 
only patients with no LID at the second randomization were analyzed. 

 We found no fi gures for the incidence of LID in the trials of rasagiline.   

    Risk Factors 

 Risk factors for LID are covered more extensively in Chap.   4     in this book. Here, we 
briefl y touch upon the most relevant ones; many of which have already been men-
tioned along previous sections. 
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    Characteristics of the Patient 

    Age 

 Patients with younger age at disease onset have been associated with a higher risk 
to develop LID [ 5 ,  15 ,  18 ,  39 – 43 ]. In a recent systematic review (SR), Wickremaratchi 
et al. [ 39 ] found that patients with a younger age at onset had a higher risk of LID 
as well as an increased rate of dystonia at onset and during treatment, either as peak- 
dose or off-period motor symptom.    Interestingly, this SR identifi ed very few 
prospective population-based studies assessing the effect of PD onset age on the 
clinical features of PD and that the defi nition of young-onset PD (YOPD), usually 
defi ned as those with onset <40 years, varied widely between reports. Even in 
patients with a disease onset after 40 years, the incidence of LID drops with increasing 
age of PD onset, as found by Kumar et al. [ 41 ] in a review of the medical records of 
91 patients who had been treated with levodopa for >5 years. The incidence of LID 
declined markedly with disease onset after 60 years, and it was only 14–16 % in 
those patients with PD onset after 70 years. These results were confi rmed in 3 recent 
studies [ 5 ,  43 ,  15 ]. In 358 community-based and regional PD patients, the OR for 
development of LID in those patients with onset <55 years was 3.8 (95 % CI 1.8–8.0), 
while it was 2.1 (95 % CI 1.0–4.8) in those with onset <45 years [ 5 ]. Importantly, 
mutations in parkin or PINK1 genes did not explain this difference in the frequency 
of LID [ 5 ]. The studies by Ku et al .  and Garcia-Ruiz et al .  suggest that the difference 
in the incidence of LID according to PD age onset loses signifi cance in the long 
term (10 years) [ 43 ,  15 ]. In the study by Schrag and Quinn [ 4 ], age or age at disease 
onset was not associated with a higher prevalence of LID; however, younger patients 
and patients with younger age at PD onset developed LID earlier than older patients 
or those older at disease onset.  

    Gender 

 The risk of LID has been found to be higher in female patients in some reports [ 44 ,  45 , 
 17 ,  15 ] but not in others [ 18 ,  4 ]. A higher prevalence of LID in females may be 
confounded by a lower weight in females, yielding a signifi cantly higher plasma 
concentration of levodopa [ 46 ,  47 ]. Hassin-Baer et al. [ 19 ] found that female patients, 
although not associated with a higher risk of LID, had a shorter time to LID onset.   

    Characteristics of the Disease 

 Regarding features of PD, the characteristics that more frequently have been associ-
ated with a higher risk of LID are longer disease duration, longer PD duration before 
initiation of levodopa therapy, and more advanced disease [ 1 ,  4 ,  48 ,  42 ,  18 ], albeit 
the OR of each of these risk factors varies between reports.  
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    Characteristics of the Drug Treatment 

 Several clinical trials have shown that levodopa carries a higher risk of LID com-
pared to DA [ 27 – 35 ]. The duration of levodopa treatment has also been associated 
with a higher prevalence of LID [ 1 ,  4 ,  48 ,  18 ], and one study has found that the 
effect of the duration of levodopa treatment was even stronger than that of PD dura-
tion [ 4 ]. Higher levodopa dose has also been associated with a higher frequency of 
LID [ 1 ,  4 ,  48 ,  42 ,  18 ,  17 ].   

    Conclusions 

 Evidence shows that the prevalence and incidence of LID vary considerably depend-
ing on the instrument used to capture the event, the type of PD patients recruited, the 
design of the study, the length of follow-up, and the drugs used to treat parkinson-
ism. No strong data support a striking difference in the frequency of LID among 
different ethnic populations. A great percentage of PD patients will develop LID 
during the disease course, especially if attending a dedicated PD clinic. Levodopa 
substantially increases the risk of LID, although this difference and its clinical 
implication might dissipate in the long term.     
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    Chapter 4   
 Risk Factors for Levodopa-Induced 
Dyskinesia 

                Jee-Young     Lee      and     Beom     S.     Jeon     

    Abstract     Levodopa-induced dyskinesia (LID) is a disabling motor complication of 
chronic dopaminergic therapy in patients with Parkinson’s disease (PD). The most 
important risk factor for LID is levodopa therapy: longer treatment duration and 
high daily levodopa dose. Longer duration of PD, more severe disease, and younger 
age at PD onset are also signifi cant risk factors. However, there is a profound inter-
individual difference in the susceptibility to LID; thus, discoveries from recent 
genetic association studies are worth reviewing although they are limited because of 
small sample size, lack of replication, and poor pathophysiological backgrounds. 
Three major suggestions from the studies are as follows: fi rst, a  DRD2  gene haplo-
type with the functional consequence of a low generalized activity on the presynaptic 
D2 receptor may be associated with high risk of dyskinesia; second, a  DRD3  variant 
with low receptor-binding affi nity may be associated with the diphasic form of 
dyskinesia; and third, a  COMT  low-activity allele may be associated with earlier 
onset of dyskinesia. Further investigations on other genes regarding dopaminergic 
and nondopaminergic modulators in the basal ganglia would enhance our under-
standing of LID susceptibility as well as reveal the possible mechanism of it.  
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        Text 

 Since the discovery of levodopa as a treatment of Parkinson’s disease (PD) in the 
1960s, it has been a gold standard treatment of PD for half a century. However, after 
the introduction of levodopa therapy, patients have encountered disabling and 
occasionally medically refractory dyskinesia due to the levodopa medications. For 
the past three decades, studies have been accumulating regarding the risk factors 
and predictors of levodopa-induced dyskinesia (LID). Knowledge from those studies 
has become a basis for treatment guidelines in PD geared toward minimizing 
LID. However, LID is still a potential disabling and inevitable problem in patients 
with PD; thus, exploration of individual susceptibility to LID is an emerging issue 
from both a clinical and research perspective. 

 In this chapter, we will review the clinical risk factors and predictors of LID in 
the fi rst part and secondly, will discuss the genetic risk factors for LID covering an 
update from recent genetic association studies.  

    Clinical Risk Factors 

    Duration of Levodopa Treatment 

 The strongest risk factor for LID is levodopa treatment. Epidemiologic studies have 
suggested that LID occurs more frequently with a longer levodopa treatment dura-
tion. In a community-based survey of 124 patients with PD, the prevalence of dys-
kinesia among those on levodopa therapy increased as the disease duration increased 
with a prevalence of 7 % in those with a disease duration of 5 years or less, 18 % for 
a duration of 6–9 years, and 57 % for a duration of 10 years or more [ 1 ]; however, 
the levodopa treatment duration was more signifi cantly associated with dyskinesia 
risk than with PD duration in this cohort [ 1 ]. In another community-based retro-
spective study, the estimated rate of dyskinesia was 30 % at 5 years of treatment and 
59 % at 10 years [ 2 ]. Prospective studies also showed that the LID frequency 
increases with treatment duration similar to those in the retrospective study reports. 
However, the frequency of LID varied among reported studies, probably because of 
differences in the defi nition of dyskinesia and the methods of detection. In the 
DATATOP study which included 352 de novo PD patients who had required 
levodopa treatment, dyskinesia appeared in about 20 % of the patients with a follow-
 up of 20.5 months [ 3 ]. With difference to community-based cohort studies, levodopa 
dosages were actively adjusted for optimal motor control in this interventional study, 
which might cause relatively high levodopa dosages. In addition, dyskinesia was 
detected by investigators, not by patients; thus, assessments might be much sensitive. 
In another large interventional study, the CR First study, where a regular and slow 
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releasing form of levodopa was compared, dyskinesia appeared in only 22 % of 
patients after 5 years of treatment [ 4 ]. The quite low frequency in this study might 
be explained by less inclusion of young-onset patients and by detection of dyskinesia 
being based on patients’ diary defi ned as presence of 10 % or more “ON with 
dyskinesia” during waking hours.  

    Duration of PD and Hoehn and Yahr Stage 

 In a large study reviewing 74 publications spanning 1966 through 2000, Ahlskog 
and Muenter have summarized that levodopa therapy can cause dyskinesia in 50 % 
of patients by the 5th to 6th month of therapy in patients diagnosed during the 
pre- levodopa era, whereas the median dyskinesia frequency in patients diagnosed 
during the post-levodopa era was approximately 40 % by 4th to 6th year of therapy [ 5 ]. 
Early onset of LID in patients during the pre-levodopa era was probably due to the 
patients having longer durations of PD when they started the levodopa therapy. In a 
retrospective comparison of three PD groups that included the Hoehn and Yahr 
stage (HY) 1 ( n  = 17), HY 2 ( n  = 13), and HY 3 ( n  = 10), when they started the 
levodopa therapy, the time to onset of dyskinesia was signifi cantly shorter in the HY 
3 group [ 6 ] although the sample size was too small. Thus, more severe PD and a 
longer duration of the disease are also important risk factors. In line with this, LID 
appears more prominently in the worst parkinsonian side [ 7 ].  

    Levodopa Dosage 

 Levodopa usually does not induce dyskinesia in a normal individual, but a very 
high dose can produce LID as evidenced by studies on normal monkeys [ 8 ,  9 ]. In 
hemiparkinsonian rats, the levodopa dosage seems to be critically involved in 
dyskinesia via loss of synaptic depotentiation [ 10 ]. There are many studies 
reporting that higher doses of levodopa therapy may cause LID earlier and more 
frequently [ 1 ,  11 ,  12 ]. In a prospective trial comparing different doses of levodopa 
in which patients were randomly allocated 150, 300, and 600 mg/day and fol-
lowed-up for 40 weeks of treatment and 2 weeks of washout (ELLDOPA study) 
[ 13 ], the frequency of LID was signifi cantly high in the highest dose group (3.2, 
2.3, and 16.5 %, respectively) [ 13 ]. Another large prospective trial (STRIDE-PD) 
where early PD patients requiring initiation of levodopa therapy were randomly 
allocated to levodopa + carbidopa or levodopa + carbidopa + entacapone treat-
ments and followed- up for 134 weeks again supported the fact that levodopa 
dosage is closely related to the risk of developing LID [ 14 ]. In this study, 12.1 % 
of the patients receiving less than 400 mg/day of levodopa had dyskinesia, 
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whereas 55.8 % of those receiving more than 600 mg/day developed dyskinesia 
at the end of the study [ 14 ]. 

 Studies suggested that females are more likely to develop dyskinesia; [ 15 ] 
however, when given the same dose of levodopa plus decarboxylase inhibitor, 
the area under the levodopa plasma concentration time curve corrected for kilo-
gram body weight (AUC w ) is signifi cantly higher in women with a reduced oral 
clearance [ 16 ]. Thus, with the same dose of levodopa, females are exposed to a 
higher AUC w  compared to males. Furthermore, body weight is reported to affect 
the pharmacokinetics of levodopa which may infl uence the onset of dyskinesia 
[ 17 ,  18 ]. A subanalysis of a prospective trial comparing ropinirole versus 
levodopa as an initial therapy (REAL-PET) revealed that the levodopa dose per 
kilogram body weight is the most signifi cant in the development of LID, whereas 
female gender, absolute levodopa dose, body weight, disease duration, and 
motor unifi ed PD rating scores were not signifi cant by multiple logistic regres-
sion analysis [ 19 ]. In a retrospective Japanese PD study to investigate the effi cacy 
of low-dose levodopa treatment in 92 patients, the mean levodopa dosage was 
186.4 ± 75.3 mg/day and the mean duration of follow- up was 6.2 ± 3.3 years [ 20 ]. 
There was a very low rate of dyskinesia in the overall patients (6.5 %) as well as 
in those ( n  = 19) with a treatment duration of 10 years or more (21.1 %) [ 20 ]. 
Therefore, treatment with a high levodopa dose relative to a patient’s body 
weight is a signifi cant risk factor of LID.  

    Early Use of Dopamine Receptor Agonist 

 Large prospective trials of dopamine agonists (ropinirole, pramipexole, caber-
goline, and pergolide) versus levodopa as the initial monotherapy [ 21 – 24 ] have 
consistently shown a lower frequency of dyskinesia in the dopamine agonist-
treated group at the cost of having reduced or marginally reduced symptomatic 
improvement and tolerability disadvantages over levodopa. Possibly, the initial 
dopamine agonist treatment prior to the levodopa therapy or concomitant admin-
istration of a dopamine agonist to levodopa can reduce the dose of levodopa, or 
the initial dopamine agonist monotherapy can delay the initiation of levodopa 
therapy. Open-label follow-up of the CALM-PD cohort for up to 6 years of initial 
randomized cohorts showed that the incidence of dyskinesia was still low in the 
initial pramipexole- treated group compared with the initial levodopa-treated 
group [ 25 ]. A 10-year follow-up of the initial 5-year treatment cohort of ropinirole 
versus levodopa also showed that the time to onset of dyskinesia was signifi -
cantly longer in the initial ropinirole-treated group [ 26 ]. However, initial reduc-
tion of dyskinesia frequency was not sustained in a longest follow (14 years) 
cohort of bromocriptine versus levodopa trial [ 27 ]. There was no signifi cant 
difference in the prevalence of disabling dyskinesia between the two groups in 
the long term. Thus, early dopamine agonist use probably delays only the time 
to onset of LID.  
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    Young Age at Onset 

 Many epidemiologic studies have shown that young age at onset of PD is an important 
risk factor for LID [ 1 ,  2 ,  11 ,  14 ,  15 ,  19 ,  28 ,  29 ]. The 5-year risk of developing LID 
in a population-based cohort was 50 % in patients with onset between 40 and 
59 years of age, whereas it was 16 % in those with an onset over 70 years of age [ 28 ]. 
In vivo functional imaging studies using positron emission tomography have shown 
that “dopamine turnover” to dopamine synthesis and storage rate is inversely cor-
related with age at the onset of PD [ 30 ]. The “dopamine turnover” rate is more 
accentuated by levodopa treatment than by dopamine agonist use [ 31 ], which can be 
implicated in the pathogenesis of LID. Young-onset PD patients might have more 
compensatory mechanisms to dopaminergic cell loss in the basal ganglia; such 
changes may make younger patients more vulnerable to developing LID [ 32 ]. In a 
recent voxel-based grey matter volume and cortical thickness analysis, young-onset 
dyskinetic PD patients tended to have more nigral abnormality, whereas late-onset 
dyskinetic patients had more cortical abnormalities [ 33 ]. In terms of preventing or 
delaying LID in younger PD subjects, high-dose dopamine agonist therapy in 
young-onset PD patients may increase the risk of impulse control disorders (ICD) 
[ 34 ]; thus, strategy for the dopaminergic therapy should take into consideration an 
individual’s condition to minimize potential treatment-related complications includ-
ing LID and ICD while maintaining functional abilities.   

    Genetic Risk Factors 

 As discussed above, long-term high-dose levodopa therapy is a strong risk factor 
for LID in PD. However, some patients do not develop LID despite a long period 
of levodopa therapy, whereas other patients develop LID soon after the initiation of 
therapy. Both the profound interindividual difference and the high prevalence of 
LID in young-onset PD patients suggest that there may be a genetic susceptibility. 
In the post-levodopa era, identifi cation of genetic risk factors for LID has become 
an issue to avoid this disabling motor complication. 

 Chronic pulsatile administration of levodopa leads to plastic changes in the pre-
synaptic and postsynaptic neurotransmitter systems in the basal ganglia and related 
circuits (as discussed further in subsequent chapters). Genetic polymorphisms 
regarding the presynaptic and postsynaptic structures involved in plastic changes 
are potential substrates for genetic susceptibility. There may be affi nity or expression 
level differences in postsynaptic dopamine receptors, or differences in presynaptic 
receptors and transporter protein-binding availabilities or enzymatic activity differ-
ences involved in levodopa metabolism. In addition to dopaminergic transmission, 
non-dopaminergic modulators in the basal ganglia circuit also play important roles 
in the establishment of LID [ 35 ]. Thus, genetic polymorphisms of these molecules 
or receptors are good targets for genetic association studies on LID in PD. 
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 Although a considerable number of studies have managed to identify the genetic 
associations with LID, consistently replicated results are very limited because small 
sample sizes (probably from diffi culties in recruiting patients and samples) and 
population stratifi cation might hamper the identifi cation of true genetic associations 
regarding LID. Differences in the defi nition of dyskinetic subjects versus non- 
dyskinetic controls among the studies are also an unsolved problem. No studies 
have yet prospectively evaluated the genetic association with LID because whether 
a patient has dyskinesia from a retrospective evaluation is not accurate in PD. 

 Despite all these issues, the results of genetic association studies to date can 
provide valuable insight into the pathophysiology of LID and new knowledge for 
the genetic research of PD. 

    Dopamine Receptor and Dopamine Transporter Genes 

 Genetic association studies on dopamine receptors and transporter genes are sum-
marized in Table  4.1 . There have been many studies conducted on  DRD2  variants, 
but for other subtypes, studies are rare. The  Taq I polymorphism was initially thought 
to be a  DRD2  variant but later revealed to be located downstream of it, called the 
ankyrin repeat domain  ANKK1. ANKK1  alters the expression level of NF-κB- 
regulated genes which regulate  DRD2  expression [ 36 ,  37 ]. The  Taq IA variant pro-
duces amino acid changes (Glu713Lys). The A1(T) allele has been reported to be 
associated with low-dopamine D2 receptor availability [ 38 – 40 ] and with the 
increased striatal activity of  l -amino acid decarboxylase [ 41 ]. Thus, it has been sug-
gested that the  Taq IA variant mainly alters “presynaptic” D2 receptors, which exert 
negative control on dopamine release. There was a report of a signifi cant association 
with this variant and motor fl uctuation in PD [ 42 ], but two independent studies on 
LID have reported that there was no association. However, a recent comprehensive 
study on the haplotype of  DRD2  combined with  ANKK1  gene variants reported that 
LID is associated with the TTCTA haplotype (including A1 of  TaqI A) in PD [ 43 ]. 
In this study, Rieck et al. analyzed 6 variants in the  DRD2 / ANKK1  gene among 199 
Brazilian patients ( n  for dyskinesia = 83): the -141C insertion/deletion (Ins/Del 
-rs1799732), rs2283265, rs1076560, C957T (rs6277),  Taq IA (rs1800497), and 
rs2734849. They found that a haplotype (TTCTA) derived from rs2283265, 
rs1076560, C957T,  Taq IA, and rs2734849 among the  DRD2 / ANKK1  gene region 
was associated with LID. The former two variants are putatively involved in alterna-
tive splicing, thus might decrease the expression of the  DRD2  short splice variant 
when compared with the  DRD2  long variant, and the product of the short splice 
variant is mainly located in the presynaptic fi ber as an autoreceptor [ 44 ]. The latter 
three variants were associated with reduced dopamine D2 receptor availability or 
reduced affi nity [ 38 – 41 ,  45 ,  46 ]. This result is very interesting. It was fi rst approached 
by haplogroup analysis regarding LID in PD, and this haplotype is linked to func-
tional consequences because a generalized reduced expression of  DRD2  mainly at 
the presynaptic level results in a lower negative feedback signal and a loss of control 
over dopamine release [ 43 ] despite the high dopamine content in the synaptic cleft.
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   Table 4.1    Summary of genetic association studies on dopamine receptors and dopamine 
transporter genes with levodopa-induced dyskinesia in Parkinson’s disease   

 Genes  Gene variants  Dyskinesia type  Results  References 

  DRD1   3 variants (5′ UTR, 3′ 
UTR, 5q35.1 codon421) 

 Peak dose  No association with any of 
the genetic variants 

 [ 48 ] 

  DRD2   STR, (CA)n  Peak dose  Low risk of dyskinesia: 
carrying 13 or 14 alleles 

 [ 48 ] 

 Peak dose  Low risk in men: carrying 
13 or 14 alleles 

 [ 47 ] 

 Early vs. late 
dyskinesia 

 High risk of dyskinesia: 
carrying 14/15 genotype 

 [ 49 ] 

  Taq IA, IB, ID, Val96Ala, 
Pro310Ser, Ser311Cys, 
−141Cins/del 

 Not specifi ed  No association with any of 
these genetic variants 

 [ 61 ] 

  Taq IA  Diphasic, peak 
dose 

 No association with either 
dyskinesias 

 [ 29 ] 

 Haplotype (−141Cins/del, 
rs2283265, rs1076560, 
C957T,  Taq IA, rs2734849) 
at DRD2/ANKK1 region 

 Not specifi ed  High risk of dyskinesia: 
TTCTA haplotype 

 [ 43 ] 

  DRD3   Ser9Gly(rs6280)  Chorea, 
dystonia, motor 
fl uctuation 

 No association with any 
motor complications 

 [ 62 ] 

 Diphasic, peak 
dose 

 High risk of diphasic 
dyskinesia: AA genotype 

 [ 29 ] 

 No association with 
peak-dose dyskinesia 

 Not specifi ed  No association  [ 61 ] 
  DRD4   48-bp VNTR, 12-bp 

VNTR, 13-bp deletion 
 Not specifi ed  No association  [ 61 ] 

  DRD5   T978C  Motor 
fl uctuation, 
only 

 No association, no study on 
dyskinesia 

 [ 64 ] 

  SLC6A3   40-bp VNTR  Not specifi ed  High risk of dyskinesia: 
9-copy allele 

 [ 61 ] 

 Not specifi ed  No association  [ 67 ] 

   SLC6A3  dopamine transporter gene,  DRD1  dopamine receptor D1 gene,  DRD2  dopamine receptor 
D2 gene,  DRD3  dopamine receptor D3 gene,  DRD4  dopamine receptor D4 gene,  DRD5  dopamine 
receptor D5 gene,  STR  short tandem repeat,  VNTR  variable number tandem repeat,  UTR  untrans-
lated region  

   Three other studies investigated the short tandem repeat (CA  n  ) of the  DRD2  gene 
for an association with LID in PD. However, the results are controversial because 
two studies showed a protective effect for the 13 or 14 allele, whereas one study 
showed an increasing risk for carrying the 14/15 genotype [ 47 – 49 ]. The functional 
signifi cance of this variant has not been clarifi ed. 

 The D1 receptor is involved in the expression of LID via selective loss of long- 
term depotentiation with close relationship to glutamate receptor ionotropic 
N-methyl- d -aspartate (NMDA) subunit 2b signaling [ 50 ,  51 ]. The D1 direct pathway 
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is suggested to be hyperactive for both peak dose and diphasic forms of LID [ 35 ]. 
However, studies on the  DRD1  variant with LID in PD are very rare. There is one 
study reporting a  DRD1  gene variant with LID [ 48 ] in which Oliveri et al. investi-
gated three independent variants, but there was no signifi cant association. The 
 DRD1  variants including rs4532 have been recently reported to be pharmacogenomic 
markers of treatment response to antipsychotics in schizophrenia patients [ 52 ]; thus, 
further studies are worth doing to analyze this variant for LID in PD. 

 Three studies have investigated the  DRD3  Ser9Gly variant, in which the “Ser” 
allele represents a relatively low receptor-binding affi nity [ 53 ]. The function of D3 
is not yet well known, but an initial suggestion of its function is that the postsynaptic 
D3 receptor may act as an inhibitory control over behavioral or locomotor activity 
[ 54 ]. The D3 receptor distributes mainly in the mesolimbic region in normal condi-
tions, but in the presence of LID, its expression is increased in the putamen and 
globus pallidus shown by studies involving 6-hydroxydopamine-lesioned rats [ 55 ] 
and a nonhuman primate 1-methyl to 4-phenyl to 1,2,3,6-tetrahydropyridine model 
expressing LID [ 56 ]. This overexpression of D3 in the motor part of the basal 
 ganglia circuit is correlated with the severity of LID [ 56 ,  57 ]. Interestingly, the 
expression of D3 mainly occurs in D1-expressing neurons [ 57 ,  58 ] in these models. 
Brain-derived neurotrophic factor (BDNF) can trigger the expression of D3 [ 59 ]. 
An interesting suggestion for the implication of D3 in the pathogenesis of LID is the 
alternative splicing of the  DRD3  gene. Because the D3 receptor has the highest 
affi nity to dopamine among the dopamine receptors, in a homeostatic process, alter-
native splicing would occur with chronic levodopa treatment. The alternative splic-
ing variant of DRD3 called D3nf can dimerize with D3, traffi cking it into the 
intracytoplasmic space removing the D3 receptors from the synaptic membrane [ 60 ]. 
This process results in loss of normal inhibitory control of postsynaptic D3 receptors 
on D1, thus enhancing the D1 direct pathway. 

 The fi rst study on  DRD3  Ser9Gly showed no association with dyskinesia (not 
specifi ed as either peak dose or diphasic or both) [ 61 ]. Another study analyzed asso-
ciations of  DRD3  Ser9Gly with various kinds of motor complications including dys-
kinesia, separately analyzed as choreic forms and dystonic forms, and motor 
fl uctuations. But there was no signifi cant association [ 62 ]. An interesting fi nding in 
this study was that for dystonic forms of dyskinesia, the levodopa load was not a 
signifi cant factor unlike choreic dyskinesia and motor fl uctuation. The authors sug-
gested that intrinsic mechanisms outweigh the contribution of pharmacological 
issues in the development of dystonia in PD [ 62 ]. Dystonic forms of dyskinesia may 
appear as a severe form of peak-dose dyskinesia or as a feature of diphasic dyskinesia 
[ 7 ], and intrinsic and genetic susceptibilities may be more important for this kind of 
dyskinesia rather than the usual peak-dose choreiform dyskinesia [ 63 ]. In a third 
study regarding  DRD3 , peak-dose and diphasic dyskinesia were separately analyzed 
because these two forms of dyskinesia are quite different in clinical features, and 
distinct pathophysiological substrates are expected to be involved [ 7 ,  29 ,  35 ,  63 ]. It 
was revealed that  DRD3  Ser allele is signifi cantly associated with the risk of diphasic 
dyskinesia but not with peak-dose dyskinesia [ 29 ]. The results of that study have yet 
to be replicated by other groups, but the possible role of the D3 receptor in diphasic 
dyskinesia is worth further investigation in the future. 
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 There are few studies regarding the association of the  DRD4  variant with LID in 
PD. Kaiser et al. reported no signifi cant association [ 61 ]. There is no published 
literature regarding the  DRD5  variant for LID, but one study reported it had no 
association with motor fl uctuation in PD [ 64 ]. 

 Dopamine transporter (DAT) is located in the presynaptic nerve terminals for the 
reuptake of synaptic dopamine. In early PD, it is reported that dopamine transporter 
expression is reduced to compensate for dopamine loss [ 65 ]. This compensatory 
change was more exaggerated in young-onset patients [ 30 ], which is related to an 
increase in the “dopamine turnover” rate. In a functional imaging study using posi-
tron emission tomography (PET), this downregulation of dopamine transporters 
was more exaggerated in patients with LID than in patients without LID [ 66 ]. From 
this background, DAT gene (= SLC6A3 ) variants may be associated with LID in 
PD. There are few studies regarding the  SLC6A3  variant. One study reported that the 
40-base pair variable number tandem repeat (VNTR) 9-copy allele was associated 
with an increased risk of LID in PD [ 61 ]. However, another study using [ 123 I]-N-
omega- fluoropropyl-2beta-carbomethoxy-3beta-(4-iodophenyl)nortropane 
([ 123 I]-FP-CIT) single-photon emission computed tomography (SPECT) and VNTR 
genotyping revealed that there was no difference in [ 123 I]-FP-CIT bindings as well 
as in the frequencies of LID between the carriers of the 9-copy allele and 10-copy 
homozygotes [ 67 ]. Thus, further studies are needed to confi rm the role of the 
 SLC6A3  variants in LID.  

    COMT and MAO 

 The catechol- O -methyltransferase (COMT) is an enzyme that degrades levodopa 
into 3- O -methyldopa (3-OMD) which is opposite to the process of decarboxylation 
in which levodopa enzymatically becomes dopamine. COMT is present in both the 
periphery and brain; thus, theoretically high COMT activity needs higher levodopa 
doses to produce dopamine at a similar level. The most studied polymorphism of the 
 COMT  gene is the Val158Met substitution (rs4680) of the membrane-bound COMT 
isoform found predominately in the brain. The Met substitution produces a low- 
activity allele (usually designated as L in the literature) which leads to a higher 
bioavailability of levodopa [ 68 ]. There are many studies on COMT variants and the 
association with interindividual pharmacokinetic differences of levodopa therapy, 
daily dosages of levodopa, and response sensitivity [ 69 – 73 ], as well as cognitive 
functioning in PD [ 74 ,  75 ]. With dyskinesia risk, there have been several cross- 
sectional studies, but the results are not convincing as to any consistent association 
(Table  4.2 ) [ 71 – 73 ,  76 ,  77 ]. However, one recent study with a longitudinal follow-
 up of 5 years has shown that carriers of the low-activity allele had an increase in the 
risk of dyskinesia 2 times or more compared to the high-activity allele homozygotes 
[ 78 ]. The proposed dopamine metabolism change between the Met and Val carriers 
was also shown by a [ 18 F]DOPA PET study in PD patients [ 79 ]. Thus, further stud-
ies are warranted to replicate this genetic association with a well-designed protocol 
to adjust for potential clinical risk factors of LID in the future.

4 Risk Factors for Levodopa-Induced Dyskinesia



60

   In the brain, dopamine is metabolized by intraneuronal monoamine oxidase A 
(MAOA) and by glial and astrocyte MAOA and monoamine oxidase B (MAOB) 
[ 80 ]. The A644G (rs1799836) variant of  MAOB  in intron 13 is associated with a 
change in the enzyme activity [ 81 ]. The MAOB activity is higher for carriers of 
allele G compared to allele A [ 82 ,  83 ]. In PD, carriers of the  MAOB  A allele have 
been shown to be more effi ciently treated with low daily doses of levodopa [ 69 ]. 
However, regarding the risk of LID, the  MAOB  variant was not shown to have a 
signifi cant effect (Table  4.2 ) [ 77 ]. A synonymous substitution of T to G in exon 8 of 
the  MAOA  gene is thought to promote  MAOA  mRNA expression [ 84 ], but it also had 
no signifi cant association with LID in PD [ 85 ].  

    Non-dopaminergic Modulators 

 The glutamate  N -methyl- d -aspartate receptor subunit 2B (NMDA) gene ( GRIN2B ) 
is a possible candidate gene for LID in PD because of the role of NMDA subunit 
2b-mediated signaling in the generation of dyskinesia and the antidyskinetic effect 
of NMDA antagonists [ 50 ,  51 ]. Lee et al. investigated three gene variants, C366G 
(rs7301328), C2664T(rs1806201), and T-200G(rs1019385), and found no signifi -
cant association with dyskinesia, either diphasic or peak-dose type (Table  4.3 ) [ 29 ]. 
Because these three variants do not have functional consequences, it is still possible 

    Table 4.2    Summary of genetic association studies on COMT and MAOB with levodopa-induced 
dyskinesias in Parkinson’s disease   

 Genes  Gene variants 
 Dyskinesia 
type  Results  References 

  COMT   Val158Met (rs4680)  Not specifi ed  High risk of dyskinesia: Val 
allele (longitudinal study) 

 [ 78 ] 

 Not specifi ed  No association  [ 85 ] 
 Not specifi ed  No association  [ 72 ] 
 Not specifi ed  No association  [ 77 ] 
 Not specifi ed  No association  [ 71 ] 
 Not specifi ed  High risk of dyskinesia: no 

signifi cant after Bonferroni 
correction 

 [ 76 ] 

 Haplotype (rs6269:A > G; 
rs4633C > T; 
rs4818:C > G; 
rs4680:A > G) 

 Not specifi ed  High-activity 
haplotype(G_C_G_G): high 
prescribed dose 

 [ 73 ] 

 No signifi cant infl uence on 
LID 

  MAOA   T941G (rs6223)  Not specifi ed  No association  [ 85 ] 
  MAOB   A644G (rs1799836)  Not specifi ed  No association  [ 77 ] 

   MAOA  monoamine oxidase A gene,  MAOB  monoamine oxidase B gene,  COMT  catechol-O - 
ethyltransferase   
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that a functional variant of  GRIN2B , which is yet to be identifi ed, could be associated 
with either diphasic or peak-dose dyskinesia. However, a marginal association was 
found between the C2664T variant with peak-dose dyskinesia in that study cohort; 
thus, this variant is worth investigating again in future studies. This variant is report-
edly associated with age at onset in Huntington’s disease and with the differences in 
responsiveness to antipsychotics in schizophrenia [ 29 ,  86 ,  87 ].

   The brain-derived neurotrophic factor (BDNF) is known to stimulate dopamine 
release and has a role in striatal plasticity by modulating receptors in the basal gan-
glia. Specifi cally, BDNF acts on D1 and D3 receptor expression and serotonergic 
fi ber sprouting which was shown to be involved in LID by rodent models [ 59 ,  88 –
 90 ]. Because the Val66Met variant of  BDNF  results in reduced activity-dependent 
secretion of BDNF [ 91 ,  92 ], this variant may be associated with the risk of 
LID. There were two studies that investigated the association of the Val66Met vari-
ant with LID in PD (Table  4.3 ) [ 85 ,  93 ]. One study showed that patients with Met/
Met and Met/Val alleles had an earlier onset of dyskinesia [ 93 ], whereas the other 
study with pathologically confi rmed PD patients showed that the Val66Met variant 
was not signifi cantly associated with dyskinesia onset [ 85 ]. In these two studies, 
other clinical risk variables of LID were not completely controlled for and there 
might be some discrepancies in the detection of dyskinesia due to the retrospective 
nature of the studies; thus, further studies with a prospective follow-up are war-
ranted in the future. 

 Serotonergic innervation to the striatum is proposed to be a potential contributor 
to LID [ 94 – 96 ] and serotonergic modulation may attenuate LID in PD [ 35 ,  63 ]. The 
promoter region of the serotonin transporter gene variant (5-HTTLPR) is linked to 
the transcriptional activity of this gene [ 97 ] because the S allele for low transcrip-
tional activity results in greater facilitation of serotonergic transmission. In one 
study, the frequency of the S allele was higher in the peak-dose dyskinesia group but 
without any statistical signifi cance (Table  4.3 ) [ 29 ]. In that study, the frequency of 
the minor allele S was too low; thus, a small sample size might be responsible for 
the negative results. For other serotonergic gene variants, there is a paucity of data. 

 Endogenous opioids are modulators in the basal ganglia pathway, and altered opi-
oid transmission was reported in PD patients with LID by an in vivo functional imag-
ing study using [ 11 C]diprenorphine PET [ 98 ]. Because the A188G variant of the 
opioid mu receptor gene ( OPRM1 ) is linked to high binding affi nity for β-endorphin 
[ 99 ], Strong et al. investigated this variant regarding LID risk (Table  4.3 ). They found 
that the G allele was associated with an increased risk of earlier onset of dyskinesia, 
but the statistical signifi cance was only marginal ( p  = 0.05) [ 49 ]. The exact role of 
many kinds of endogenous opioids and receptor subtypes have yet to be clarifi ed; 
thus, further research is required in the future (see Chap.   12    ). 

 Lastly, the angiotensin-converting enzyme gene ( ACE ) and the apolipoprotein E 
gene ( APOE ) have been studied because of their relationship with a younger onset 
age of PD and emerging knowledge about the role of the rennin-angiotensin system 
on dopamine-mediated neuroinfl ammation and oxidative stress in the basal ganglia 
[ 100 ]. However, studies have yet to show any signifi cant associations with LID in 
PD (Table  4.3 ) [ 101 – 103 ].   
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    Conclusions 

 Currently there is no ultimate way to prevent LID in PD therapy. However, strate-
gies to reduce levodopa dosages and the early use of dopamine agonists particularly 
in young-onset PD patients can help to reduce LID as well as to delay onset of it. 
Recent association studies for LID suggest that genetic predispositions to increasing 
synaptic dopamine content and dopamine turnover rate make an individual prone to 
develop LID. Further works on molecular machineries to modulate synaptic dopa-
mine content and metabolism could enhance understanding the mechanism of LID 
and future development of preventive therapy for it.     
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    Chapter 5   
 Pharmacological Treatment Options 
for Levodopa-Induced Dyskinesia 

             Regina     Katzenschlager    

    Abstract     The current pharmacological treatment options for dyskinesia in 
Parkison’s disease are based on three principles: adjusting the ongoing treatment, 
adding specifi c antidyskinetic drugs, or administering dopaminergic drugs continu-
ously via pump systems. 

 In patients with a wide therapeutic window, an overall dose reduction may be 
suffi cient to improve dyskinesia without motor worsening. Once fl uctuations 
become troublesome, individual adjustments are required, which may include 
reducing levodopa while increasing longer-acting classes of drugs, such as dopa-
mine agonists and MAO-B and COMT inhibitors. When motor complications have 
become complex, or if tolerability is impaired, these classes of drugs may need to 
be reduced or discontinued and levodopa at short intervals may be the only oral 
option. 

 Substances shown to have specifi c antidyskinetic effects, without worsening 
motor function, include the antiglutamatergic drug amantadine and the antipsy-
chotic clozapine (which carries a risk of leukopenia and requires regular blood 
checks). 

 In patients with motor complications refractory to all adjustments of oral and 
transdermal treatments and where deep brain stimulation is either contraindicated or 
not desired, continuous delivery of levodopa into the jejunum (via a percutaneous 
gastric tube) or of the dopamine agonist apomorphine subcutaneously may greatly 
improve motor fl uctuations and dyskinesia.  
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        Introduction 

 The treatment of motor fl uctuations is often relatively straightforward as long as 
OFF periods are limited to end-of-dose effects and gastrointestinal absorption 
remains reliable. Once dyskinesia has developed, however, management 
becomes more complex. While mild dyskinesia may go unnoticed by patients 
and may not necessarily require changes in a patient’s medication, its emergence 
always indicates that a stage of the illness has been reached where the therapeu-
tic window is narrowing, and physicians must be vigilant and intervene as soon 
as dyskinesia worsens. The goal of any therapeutic intervention for dyskinesia 
needs to be discussed with the patient at each stage. Depending on a patient’s 
personal and professional circumstances, even slight dyskinesia may be socially 
extremely undesirable and may require immediate action. At the other end of the 
spectrum, there are those patients who prefer being ON and able to move, despite 
dyskinesia, to their OFF states. In the vast majority of patients, however, dyski-
nesia is associated with impaired quality of life and treatment is an important 
goal. 

    Peak-Dose Dyskinesia 

 Dose reductions can often relieve dyskinesia as long as wearing-off is mild or not 
apparent at all – indicating that the patient still has a wide therapeutic window. 
However, with the progression of the neurodegenerative process, the dopaminergic 
doses required for adequate motor control increase and often lead to worsening of 
dyskinesia. The approach to a patient with motor fl uctuations and dyskinesia there-
fore always requires an individualized adjustment of the medication, aiming at the 
lowest possible dose that will control parkinsonian motor problems without induc-
ing troublesome dyskinesia. 

 For some patients with motor complications that have become refractory to 
all adjustments of oral or transdermal treatments, deep brain stimulation 
(DBS) – or, in some cases, lesional surgery – is an effi cacious option (see Chap. 
  6    ). Before recommending surgery, all available and suitable options for the 
pharmacological management of dyskinesia should be considered for each 
patient. In patients not eligible for, or reluctant to undergo DBS, pharmacologi-
cal alternatives include dopaminergic drugs delivered via pump systems, where 
available. 

 The current pharmacological treatment options for peak-dose dyskinesia are 
based on several principles:

    1.    Adjusting intervals and doses of the available and suitable oral or transdermal 
dopaminergic treatments   

   2.    Adding oral drugs with direct antidyskinetic effects   
   3.    Administering antiparkinsonian drugs continuously via pumps      
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    Biphasic Dyskinesia 

 Similar principles apply to the management of biphasic dyskinesia, although this 
has rarely been studied as a separate entity in treatment studies. In addition, it has 
been recommended that increasing levodopa to levels exceeding the upper threshold 
of biphasic dyskinesia may be useful. However, this approach may worsen peak- 
dose dyskinesia. Overall, clinical practice suggests that biphasic dyskinesia is often 
more diffi cult to manage than dyskinesia limited to ON periods.  

    OFF Period Dystonia 

 In contrast, OFF-period dystonia, which is typically painful, is often also consid-
ered a form of dyskinesia but occurs during the times of lowest levodopa plasma 
levels, typically in the morning or during marked OFFs. The approach here gener-
ally includes all measures to improve motor fl uctuations. In addition, specifi c rap-
idly acting rescue drugs can be very helpful. These are listed in Table  5.1 .   

    Adaptations to Current Antiparkinsonian Drug Treatment 

    Adjusting Levodopa, Dopamine Agonist, and Enzyme Inhibitor 
Administration 

 Reductions in the overall dopaminergic dose will lead to an improvement of dyski-
nesia. This can be achieved by reducing individual doses or by extending the inter-
vals between drug intakes. If the patient still has a wide therapeutic window 
(meaning an ability to reduce the dopamergic dose without worsening PD motor 
symptoms) or if the initial dose was higher than currently needed by the patient, this 
may be the only intervention required. 

 The aim is to determine, for each patient, which drug or drug combinations and 
which doses provide suffi cient motor control while inducing as little dyskinesia as 
possible. Levodopa has the highest propensity to worsen dyskinesia. If doses can be 
lowered and some levodopa can be replaced with a dopamine agonist, dyskinesia 
often improves. This has been demonstrated for numerous oral and transdermal 
dopamine agonists: Examples include rotigotine and pramipexole, which were 
shown to increase daily ON time without troublesome dyskinesia by 2.8 and 2.7 h, 
respectively, compared with 1.4 h on placebo ( p  < 0.001) [ 1 ], ropinirole (although 
the signifi cance of the difference from placebo was not stated in that study) [ 2 ], and 
several ergot dopamine agonists. The controlled-release formulation of ropinirole 
also reduces ON time with troublesome dyskinesia [ 3 ]. There is no evidence of 
clinically relevant differences among the dopamine agonists in this indication [ 4 ,  5 ]. 
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However, due to lower antiparkinsonian potency of all oral and transdermal dopa-
mine agonists, it is usually not possible to administer these agents as monotherapy 
in patients who have already developed motor complications. 

 Reductions of levodopa may result in worse control of the parkinsonian motor 
symptoms, leading to increased daily OFF duration. This can sometimes be coun-
teracted by shortening the intervals between levodopa intakes. 

 If these steps are insuffi cient to control dyskinesia, reducing or discontinuing 
MAO-B inhibitors and COMT inhibitors should be considered. With shorter-acting 
drugs such as levodopa, entacapone, or standard-release dopamine agonists, it is 
sometimes possible to focus individual dose reductions on those times of the day 
when dyskinesia is usually present or more marked in an individual patient (e.g., the 
second half of the day for many patients).  

    Prolonged-Release, Transdermal, and High-Dose Dopamine 
Agonist Treatment 

 Achieving a more continuous delivery of a dopaminergic drug may improve not 
only OFF duration but also dyskinesia. However, for the oral dopamine agonists, 
there is no evidence that the new controlled-release formulations are associated 
with less dyskinesia compared with the respective immediate-release formula-
tions. Similarly, transdermal rotigotine does not appear to offer a superior ben-
efi t with respect to managing dyskinesia compared with shorter-acting oral 
dopamine agonists [ 1 ,  6 ]. Patients who have developed motor complications will 
continue to require oral levodopa, which has a very short half-life. It is likely 
that this outweighs any benefi ts derived from the more stable plasma curves 
achieved by these dopamine agonists, whose antiparkinsonian effi cacy is not 
suffi cient to replace levodopa. 

 The improvement in dyskinesia observed when oral levodopa is switched to 
continuous intrajejunal administration is in keeping with the concept that it is not 
the pharmacological agent as such that drives dyskinesia but rather the manner in 
which it is administered. In the past, attempts were made to achieve more continu-
ous drug delivery by using very high doses of oral dopamine agonists, thereby 
enabling a reduction in oral levodopa. In some studies, maximum licensed daily 
doses were considerably exceeded [ 7 – 11 ]. This approach is currently not generally 
encouraged, mainly due to the side effect profi le of dopamine agonists. Many unde-
sirable effects have been found to be dose dependent, such as somnolence, 
unplanned episodes of sleep, and hallucinations [ 12 ]. The specifi c impact of dopa-
mine agonists on risk assessment and impulse control, which is currently being 
investigated in more depth, raises concerns with respect to using higher than 
licensed doses.  
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    Management of Increasingly Complex Motor Complications 
and Disease Progression 

 Eventually, some patients will reach a stage when they fl uctuate between OFF and 
ON periods throughout the day, with all ON periods associated with troublesome 
peak-dose dyskinesia, or with additional biphasic dyskinesia. The predictability of 
OFFs and dyskinesia may thus get lost. In the case of such complex motor compli-
cations, where managing OFFs can only be achieved at the expense of increasing 
dyskinesia, it may become necessary to reduce or discontinue even the dopamine 
agonist and to administer frequent doses of levodopa throughout the day to prevent 
OFFs. 

 Finding the right combination of doses and intervals that provide good motor 
control for as much of the day as possible, without inducing dyskinesia, may require 
frequent follow-up visits and adjustments. The more advanced the patient is, the 
less likely he or she manages to maintain a state of good motor control without 
troublesome dyskinesias throughout the day, with any of the oral or transdermal 
pharmacological treatments currently available.   

    Oral Treatments with (Potentially) Specifi c Antidyskinetic 
Effects 

 There is currently a limited choice of orally administered agents which have been 
proven to relieve dyskinesia without worsening motor disability. While research 
efforts are directed at detecting and investigating such agents, only two are currently 
available, amantadine and clozapine, with limited evidence for some other agents. 

    Glutamatergic Antagonists 

    Amantadine 

 A pathogenic role of striatal N-methyl- d -aspartate (NMDA) receptor changes in the 
formation of dyskinesia has been suggested (see Chap.   13    ). Amantadine is a nonse-
lective NMDA receptor antagonist and has been reported to reduce levodopa- 
induced dyskinesia, both in animal models and in patients with PD. 

 The effect of amantadine (300 mg/day) on dyskinesia was assessed in a 3-week 
randomized, placebo-controlled trial in 18 patients [ 13 ]. ON time with dyskinesia 
and the Abnormal Involuntary Movement Scale (AIMS) after a levodopa chal-
lenge test improved signifi cantly on amantadine, as did OFF time duration. In a 
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 placebo- controlled crossover trial (2 weeks on each treatment, 1 week washout 
period), dyskinesia severity was assessed by self-scoring using visual analogue 
scales and was reduced by approximately 50 % on amantadine compared with pla-
cebo. Similarly, Unifi ed Parkinson’s Disease Rating Scale (UPDRS), part IV/items 
32 and 33 (duration and disability due to dyskinesia), also signifi cantly improved 
with amantadine [ 14 ]. 

 A randomized, placebo-controlled trial found a dyskinesia reduction by 45 % 
with amantadine (300 mg/day), on video recordings after levodopa challenge tests, 
using a modifi ed Rush Dyskinesia Rating Scale (RDS) [ 15 ]. UPDRS part IV (motor 
complications) was also signifi cantly superior compared to placebo. As open-label 
follow-up indicated a recurrence of dyskinesia after a mean of 4.9 months, com-
pared with 1.3 months on placebo, the authors concluded that the antidyskinetic 
effect of amantadine may be only transitory. 

 In a subsequent study, 32 patients who had been on stable amantadine for the 
treatment of dyskinesia for at least 1 year were randomized to amantadine (at the 
same dose) or placebo for 3 weeks [ 16 ]. The mean dose of amantadine was around 
300 mg/day. A signifi cant increase in dyskinesia, as measured on UPDRS items 32 
and 33, occurred in patients switched to placebo, from 3.06 (95 % CI, 2.1–4.03) at 
baseline to 4.28 (95 % CI, 3.1–5.4). In contrast, there was no change on continuing 
amantadine. While the difference between the arms did not reach signifi cance 
(likely due to insuffi cient power), only the placebo patients experienced a signifi -
cant and clinically relevant increase in ON time with troublesome dyskinesia (from 
1.7 to 3.5 h/day). 

 A crossover study evaluated amantadine 300 mg/day (for 27 days) compared to 
placebo for dyskinesia in a Japanese population [ 17 ]. The drug was titrated at 
weekly intervals so the maximal dose was only taken for 1 week. Adjusted odds 
ratio for an improvement on RDS with amantadine (assessed on home videos) was 
6.7 [95 % CI, 1.4–31.5]. UPDRS IVa (dyskinesia items 32–35) also improved sig-
nifi cantly on amantadine. 

 A small randomized, placebo-controlled study in 18 patients found no signifi cant 
change in dyskinesia severity but a signifi cant improvement in daily duration of 
dyskinesia and impact on daily acitivities [ 8 ]. 

   Safety 

 Amantadine may induce or worsen neuropsychiatric adverse effects, including hal-
lucinations, confusion, agitation, and psychosis. Leg edema may occur, as may skin 
changes (livedo reticularis). Prolongation of QT intervals has been observed. There 
have been case reports of reversible corneal edema, and clinicians need to be vigi-
lant about patients reporting sudden visual changes. Myoclonus may also occur in 
patients with impaired renal function.  
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   Summary 

 The evidence shows that amantadine is effi cacious as an oral antidyskinetic drug 
and that the antidyskinetic effect is sustained for at least 1 year. The average dose in 
the studies demonstrating dyskinesia reduction was 300 mg/day. The potential of 
amantadine to worsen neuropsychiatric problems should be taken into account 
when considering its use, particularly in elderly patients. Similarly, a combination 
with drugs that have an effect on the QT interval should be avoided. The evidence 
from randomized-controlled studies enabled the Evidence Based Medicine (EBM) 
Task Force of the International Parkinson and Movement Disorder Society (MDS) 
to classify amantadine as effi cacious in the treatment of dyskinesia and as being 
clinically useful in this indication. Its safety was considered to be acceptable, with-
out the need for specialized monitoring [ 5 ].   

    Memantine 

 Very limited evidence exists for a potential antidyskinetic effect of memantine. In 
a small double-blind crossover study in 12 patients, no improvement was found 
in the dyskinesia elicited by levodopa challenge tests [ 18 ], in contrast to uncon-
trolled observations of some effect on dyskinesia in PD patients with dementia 
[ 19 ].   

    Neuroleptics 

    Clozapine 

 Clozapine is an atyical neuroleptic which has been investigated as a treatment for 
dyskinesia. Its exact mechanism of action is unclear but may relate to the rate of 
binding to striatal dopamine D2 receptors, which is of shorter duration than with 
other neuroleptics. Other mechanisms such as its serotonergic properties may also 
have a role. Uncontrolled studies of clozapine for dyskinesia suggested a reduction 
by around 50 % on high doses [ 20 ]. A randomized, placebo-controlled 10-week 
study of clozapine (average dose around 40 mg/day) was conducted in 50 patients 
with disabling dyskinesia [ 21 ]. Clozapine was associated with a signifi cant reduc-
tion in ON time with dyskinesia (−1.7 h) compared with placebo (−0.74 h), without 
changes in OFF time duration. Video scoring of dyskinesia after levodopa challenge 
tests showed signifi cantly less dyskinesia at rest than at baseline. However, during 
activation using mental calculation tasks, no signifi cant improvement in severity 
was observed. 
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 In clinical practice, many patients experience worsening of dyskinesia during 
emotional changes or with physical activities. Therefore, the change in dyskinesia 
measured at rest in this study remains of somewhat unclear clinical signifi cance. 

   Safety 

 Clozapine use requires mandatory regular blood testing because of the risk of agran-
ulocytosis. There is evidence to show that the risk of this potentially life-threatening 
adverse effect decreases over time. In a US study, the frequency in the second 
6 months of treatment was found to be 0.70/1,000 patient-years and after the fi rst 
year, 0.39/1,000 patient-years [ 22 ]. Sedation, sialorrhea, and orthostatic hypoten-
sion are not uncommon. Myocarditis, cardiomyopathy, and pericarditis have been 
observed. Additional risks associated with all neuroleptics include QT prolonga-
tion, metabolic changes such as diabetes, hyperlipidemia and weight gain, and cere-
brovascular and cardiovascular morbidity.  

   Summary 

 The EBM Review by the MDS in its most recent update [ 23 ] classifi ed clozapine as 
being effi cacious in the treatment of dyskinesia and clinically useful, but had previ-
ously stated concerns with respect to its clinical usefulness, based on safety issues – 
particularly, but not limited to, the risk of leukopenia – and on the slightly 
inconsistent results in the outcome measures of the single available randomized 
study. In practical terms, if all other noninvasive measures have failed and if a 
patient is not eligible for device-aided treatments (pumps or surgery), clozapine can 
be considered for dyskinesia management. The usual initial dose is 12.5 mg and this 
should be increased slowly to a maximum of around 75 mg/day (higher doses have 
been used in studies), administered as one dose at nightime or in two doses.   

    Quetiapine 

 As an atypical neuroleptic with some similarities to clozapine, quetiapine has also 
been investigated for the treatment of dyskinesia. 

 A small retrospective chart review reported on 22 patients who had received 
quetiapine for dyskinesia at varying doses (mean 239 mg/day in the 11 patients 
available for follow-up) and for varying periods of time (22 months in the 15 patients 
classifi ed as responders) [ 24 ]. The retrospective nature and the lack of a validated 
scale limit any conclusions from this observation. 

 In a small randomized crossover study, nine patients received 25 mg of quetiap-
ine at nighttime or placebo for 2 weeks, with a 1-week washout period [ 25 ]. Patient 
diaries showed no signifi cant difference in any parameter nor did subjective dyski-
nesia assessments or blinded video ratings of levodopa challenge tests. The subse-
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quent uncontrolled administration of 50 mg/day was associated with a slight 
dyskinesia reduction on some scales, but drowsiness and daytime sleep episodes 
occurred frequently on this dose. 

 Overall, the role of quetiapine in the management of dyskinesia has not been 
determined with certainty. However, its propensity to induce sedation and the lack 
of convincing improvements in the reported small studies make this drug unlikely 
to gain a role in the majority of patients.   

    Anticonvulsants 

    Levetiracetam 

 Levetiracetam had shown an antidyskinetic effect in MPTP-lesioned primates and 
had been suggested to improve dyskinesia in PD patients in several small, open, 
uncontrolled studies. 

 In a randomized, placebo-controlled crossover trial (2-week treatment period), 
power was lost due to low recruitment (38 subjects). ON time with dyskinesia was 
reduced by 75 min, but statistical comparisons were not clearly defi ned. The change 
in UPDRS item 32 (dyskinesia duration) was signifi cant, but RDS after a levodopa 
challenge was not [ 26 ]. In contrast, two randomized, placebo-controlled studies did 
not fi nd signifi cant improvements with levetiracetam: In an 11-week study (mean 
dose 1,800 mg) in 34 patients, none of the endpoints, including modifi ed AIMS, 
UPDRS IV, ON time with and without dyskinesia, and a challenge test, were signifi -
cantly changed [ 27 ]; a small (16 patients) 6-week study did not fi nd any improve-
ments on 1,500–2,000 mg/day [ 28 ]. The MDS EBM Review classifi ed levetiracetam 
as having insuffi cient evidence for a role in the treatment of dyskinesia [ 23 ].  

    Other Anticonvulsants 

 Zonisamide was investigated for the management of motor fl uctuations [ 29 ]. Post 
hoc analysis suggested an improvement in disability due to dyskinesia (UPDRS 
item 33). Zonisamide is currently licensed only in Japan for the treatment of PD.   

    Licensed Drugs Shown to Be Ineffective in Clinical Studies 

 Based on preclinical data or preliminary fi ndings in humans, many agents with vari-
ous suggested mechanisms have been investigated in patients with dyskinesia. 
Among those licensed for other indications, agents lacking effi cacy for levodopa- 
induced dyskinesia in PD include naltrexone [ 30 ], cannabis  [ 31 ], perampanel [ 32 ], 
and riluzole [ 33 ]. 

5 Pharmacological Treatment Options for Levodopa-Induced Dyskinesia



78

 The atypical neuroleptic, olanzapine has been investigated for dyskinesia in 
PD. A randomized, placebo-controlled study had to be terminated early due to 
marked motor worsening in the olanzapine arm [ 34 ], similar to studies of olanzap-
ine for psychosis in PD patients [ 35 ], and additional evidence of detrimental motor 
effects in PD patients exists. Olanzapine is therefore not effi cacious and should not 
be used for the management of dyskinesia.  

    Licensed Drugs with Uncertain Effi cacy on Dyskinesia 

 Very limited and confl icting evidence exists for the serotonergic agent, buspirone, 
and for the beta adrenergic antagonist, propanolol [ 36 ].   

    Device-Aided Treatments Providing Continuous Drug 
Delivery 

 Switching from oral levodopa to an intrajejunal application of the same drug has 
been shown to improve motor complications, including dyskinesia. 

 Evidence from large but uncontrolled studies suggests that a similar effect may 
be achieved with the dopamine agonist apomorphine when administered by con-
tinuous subcutaneous infusion. 

    Levodopa/Carbidopa Intestinal Gel Infusion (LCIG) 

 Levodopa/carbidopa intestinal gel (LCIG) is a carbomethylcellulose aqueous gel 
administered via a portable infusion pump into the jejunum, where it is released 
continuously and absorbed. The pump contains a cassette with the gel suspension 
and is attached to a permanent endoscopic gastrostomy (PEG) tube. The insertion of 
the tube requires a minor surgical intervention. Gastric emptying, which becomes 
less reliable as PD progresses, is bypassed. This delivery method leads to relatively 
stable levodopa plasma levels [ 37 ], and numerous uncontrolled studies have shown 
an improvement in motor fl uctuations and in dyskinesia. 

 Until recently, only limited evidence from small randomized studies had con-
fi rmed this effect on motor complications [ 38 ,  39 ]. A randomized study compared 
nasoduodenal levodopa as monotherapy (oral levodopa was allowed overnight) 
with optimized conventional therapy (which included subcutaneous apomorphine 
injections or infusion in eight patients) in a crossover design with two 3-week treat-
ment phases and no washout phase [ 39 ]. Per protocol, 19 of 24 subjects completed 
the study. Daily levodopa doses ranged between 456 and 3,556 mg; doses in the 
conventional arm were not stated. A non-validated video rating scale was devised, 
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ranging from −3 (severe OFF) to +3 (severe dyskinesia). The primary effi cacy vari-
able was the percentage of ratings between −1 and +1, accepting mild parkinsonism 
or mild dyskinesia. The median percentage in this range was 81 % on conventional 
therapy and 100 % on infusion ( p  < 0.01). Total UPDRS (but not part 3 subscore) 
was signifi cantly improved with LCIG. There were no differences in adverse effects. 

 A relatively large, placebo-controlled, randomized, double-blind study of intra-
jejunal levodopa infusion has now been completed [ 40 ]: This compared LCIG with 
oral levodopa in 71 patients over 12 weeks, using a double-dummy design. Patients 
were randomized to LCIG infusion plus placebo capsules or encapsulated levodopa 
tablets plus placebo gel infusion. Sixty-six patients completed the study. The pri-
mary endpoint, OFF time reduction, was signifi cantly greater with LCIG (4.04 ver-
sus 2.14 h on immediate-release levodopa). ON time without troublesome dyskinesia 
was signifi cantly different and was increased by 4.1 h on LCIG versus 2.2 on 
immediate- release levodopa ( p  = 0.0059). Quality of life was also signifi cantly in 
favor of LCIG. The most common adverse events were complications related to the 
device insertion (89 %), abdominal pain (42 %), procedural pain (32 %), and nausea 
(25 %). Reasons for discontinuation were peritonitis, psychosis, and post- procedural 
discharge, in one patient each. 

 Several uncontrolled studies had reported improvements in dyskinesia compared 
with baseline [ 41 – 44 ]. One retrospective multicenter review found at least some 
dyskinesia improvement in 94.7 % of 75 patients assessed for effi cacy (out of 91 
patients started on LCIG) [ 41 ]. Interim results of an ongoing prospective, uncon-
trolled multicenter study in 192 patients reported a signifi cant OFF time reduction 
from baseline and a decrease in ON time with troublesome dyskinesia from 1.5 to 
0.9 h/day at week 12, and this was sustained (1.0 h/day) at week 54; the difference 
was signifi cant at each time point [ 42 ]. 

    Safety 

 Most adverse effects of LCIG occur in relation to the device itself and include tech-
nical and surgical complications such as infections, including peritonitis. In the pro-
spective multicenter study of 192 patients, seven were reported to have developed 
peritonitis, all within 2 weeks of PEG tube insertion [ 42 ]. Disconnection, clogging, 
coiling, or kinking of the tube are not uncommon. Complications of device insertion 
have been reported in 21–57 % of patients [ 42 ]. Mechanical interference of certain 
foods such as asparagus may occur [ 45 ]. Recurrent pancreatits due to duodenal 
ulceration following traction of the tube has been described [ 46 ]. 

 A retrospective review reported on 91 patients with advanced PD who had 
received LCIG as last-line treatment [ 41 ]. At least one technical problem occurred 
in 62.6 % of these patients; peritonitis, in 4.3 %. Even though 65 % of the patients 
had visual hallucinations at entry, severe psychosis occurred in only 2.2 %. 

 With respect to neuropsychiatric problems, it is likely that LCIG has more ben-
efi cial than negative effects. There are reports of improvements including complete 
resolution of impulse control disorders (ICDs) including gambling [ 47 ], which are 
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closely linked to dopamine agonist use, and of dopamine dysregulation syndrome 
[ 48 ]. This involves craving for higher doses, dose increases, and associated behav-
ioral changes. However, newly onset neuropsychiatric problems including dopa-
mine dysregulation syndrome have been described [ 49 ]. Confusion and hallucinations 
occur infrequently. 

 Cases of new onset of polyneuropathy have been reported in patients on LCIG, 
and this is currently being investigated further. Evidence has emerged that PD as such 
is associated with an increased risk of axonal, predominantly sensory polyneuropa-
thy, with duration of levodopa exposure contributing to the risk [ 50 ]. However, in a 
large prospective study, fi ve patients out of 192 developed polyneuropathy, classifi ed 
as serious in four, and three had acute to subacute onset. The mechanism has not yet 
been determined but may but may involve raised homocysteine levels resulting from 
increased COMT enzyme activity associated with high dose levodopa treatment [ 51 ]. 
It has not yet been established whether vitamin B12 supplemetation is indicated when 
levels are normal, but regular screening for vitamins B12 and B6 and homocysteine 
levels, as well as baseline neurography, is advisable. Malabsorption has been sus-
pected, and this may also underlie weight loss which is occasionally observed [ 52 ]. 

 The majority of hospital admissions due to a complication related to LCIG have 
occurred during the fi rst year of treatment. In order to detect and manage any prob-
lems early, patients and carers must be instructed carefully and emergency contacts 
must be provided.  

    Summary 

 LCIG translates the principle of dopaminergic drug delivery into clinical practice 
and its clinical use as an infusion has demonstrated that the same drug that induces 
dyskinesia when taken orally is capable of relieving dyskinesia when administered 
continuously. Apart from the benefi cial effect of LCIG on motor fl uctuations, con-
siderable and clinically relevant improvements in dyskinesia have been reported 
[ 40 ], and dyskinesia reduction has now also been demonstrated in a placebo- 
controlled, randomized study. Safety issues are mostly related to the device and to 
infections, including peritonitis. The treatment requires a dedicated multidisci-
plinary team with good collaboration between neurology and gatroenterology 
services.   

    Apomorphine Infusion 

 Apomorphine is a non-ergot dopamine agonist which must be administered paren-
terally due to its low bioavailability. When injected subcutaneously, motor symptom 
relief is equivalent to levodopa, with a considerably faster onset (5–15 min) and 
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shorter duration (mean 40 min) of effect. A randomized study demonstrated that 
95 % of OFF periods were successfully treated by apomorphine injections compared 
to 23 % on placebo, but ON time with troublesome dyskinesia also increased [ 53 ]. 

 Several uncontrolled studies showed marked reductions in daily OFF time from 
baseline when apomorphine is administered via continuous subcutaneous infusion 
during the waking hours, but randomized comparisons with other treatments or pla-
cebo have not yet been performed. The largest, retrospective, study was multicenter 
and reported a reduction in daily OFF time by 4.3 h [ 54 ]. 

 Some uncontrolled studies have also reported reductions in dyskinesia severity 
compared to baseline, by 34 % up to 83 % (the latter was found in a small study of 
patients on apomorphine monotherapy). One study used blinded rating of dyskine-
sia severity following levodopa and apomorphine challenge tests before and 
6 months after initiating apomorphine infusion and showed a reduction in dyskine-
sia severity by 34–44 % on video ratings [ 55 ]. The maximum dyskinesia improve-
ment has been observed to occur after several months; mean daily doses in studies 
reporting effects on dyskinesia have been in the range of 100 mg [ 56 ]. 

 Dyskinesia reduction may be more marked in patients who manage to substan-
tially reduce their oral dopaminergic therapy. “Apomorphine monotherapy” has 
been defi ned as infusion only during the waking day with discontinuation of oral 
drugs, except in the morning and at night [ 55 – 58 ]. While a proportion of patients do 
achieve actual apomorphine infusion monotherapy (45 out of 63 patients in one 
retrospective study), others do not tolerate complete discontinuation of oral drugs 
during daytime. However, the overall reduction of short-acting agents appears to be 
the determinant factor for dyskinesia reduction [ 55 ,  59 ], and a forced switch to strict 
monotherapy probably is not required. The observed improvement is in keeping 
with the current concept of dyskinesia formation and believed to be due to the 
replacement of pulsatile with continuous drug delivery. 

 In practical terms, infusion treatment is usually initiated on an inpatient basis 
although this is not an absolute requirement if frequent visits are possible and 
increases are done very slowly. Domperidone is a peripheral dopamine receptor 
blocker which counteracts adverse effects such as nausea and is usually used as a 
premedication for 1–3 days before starting apomorphine. Domperidone has been 
linked to QT prolongations, and attempts to decrease or discontinue it should be 
made within weeks if possible. Alternatively, trimethobenzamide may be used if 
domperidone is not available. Oral dopamine agonists and subsequently other 
oral antiparkinsonian drugs are gradually withdrawn over weeks to months, while 
fl ow rates of apomorphine are increased. While the standard daily duration of 
infusion is around 14–16 h, some patients with severe nocturnal OFFs benefi t 
from 24-h administration, with lower fl ow rates during the night. The pump is 
usually worn on a belt around the patient’s waist. The needle is inserted into the 
abdominal skin into rotating injection sites. During the initial inpatient stay, 
patients and carers are instructed in handling the pump, including hygiene 
measures. 
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    Safety 

 Potential side effects of apomorphine infusion include dopaminergic effects which 
may occur on any dopamine agonist, including nausea, orthostatic hypotension, leg 
edema, or somnolence. 

 Skin nodule formation is very common but is usually mild. Histologically, this 
was found to be aseptic panniculitis. Rarely, medically relevant skin problems such 
as abscesses or ulcerations occur, which may require surgical treatment. Occasionally, 
widespread nodules may impair reliable and stable absorption of apomorphine. 

 Hemolytic anemia is probably rare (below 1 %) [ 54 ] but regular screening is 
required. Recommended intervals for full blood counts are usually 3–6 months. 
Coombs test has been described to turn positive in 6–12.5 % of patients although 
this may be reversible. Hemolytic anemia requires discontinuation of apomorphine 
and treatment in collaboration with hematology specialists. 

 Neuropsychiatric adverse effects may occur. As with other dopaminergic drugs, 
a subgroup of vulnerable patients develop ICDs. No comparative studies exist to 
show whether ICDs are more common than with other dopamine agonists. As pump 
treatments are generally used in patients with advanced disease, neuropsychiatric 
problems typically associated with long disease duration and high dopaminergic 
doses may occur: These include punding, a behavioral disorder with repetitive, pro-
longed activities resembling normal recreational or domestic activities (such as 
cleaning, using a computer), and dopamine dysregulation syndrome, which possibly 
occurs at a similar rate as on high doses of levodopa although comparative data are 
lacking and improvement in some neuropsychiatric features has also been observed 
in non-randomsied studies [ 60 ,  61 ]. Confusion or hallucinations are not uncommon 
but typically occur in cognitively impaired patients. It is currently unknown whether 
this adverse effect is more common than with oral dopamine agonists [ 62 ,  63 ]. 

 Technical problems rarely result in cessation of the pump and improvement in 
some neuropsychiatric features has also been observed in non-randomsied studies 
[ 60 ,  61 ]. Issues occasionally seen include clotting of connections, arrest of the 
pump, and disconnection of the syringe. Even if a technical problem cannot be dealt 
with immediately, e.g., using contact numbers provided to patients and carers, there 
is little or no risk involved for the patients if they are clearly instructed which oral/
transdermal medication to use for the interim.  

    Summary 

 Apomorphine infusion has been shown in many uncontrolled studies to markedly 
improve OFF time, and this has often been observed to be accompanied by dyskine-
sia reduction, particularly when oral drugs could be reduced. While these observa-
tions are supported by long-standing clinical use of the treatment, data from 
randomized studies are still being awaited. Safety issues include those typical of 
dopamine agonists as well as skin changes and, rarely, hemolytic anemia, requiring 
regular follow-up (Table  5.1 ).
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        Choice of Infusion Therapy: Shared Features and Differences 

•      The principal indication for apomorphine and intrajejunal infusion is identical : 
motor complications which have become refractory to all adaptations of oral and 
transdermal treatment options, determined by the patient’s perception and the 
impact of motor complications on each patient’s quality of life.  

•   Continuous delivery of dopaminergic drugs by pumps has the potential to ame-
liorate motor complications, and both LCIG and apomorphine may be consid-
ered for the treatment of dyskinesia. A randomized study of LCIG has been 
completed, making the evidence for LCIG more robust than for apomorphine 
infusion. The bulk of the evidence from uncontrolled studies suggests that OFF 
time reduction is likely similar with LCIG and apomorphine infusion. The effect 
on dyskinesia may potentially be less predictable with apomorphine, particularly 
if oral medication cannot be reduced suffi ciently. However, studies to defi nitely 
show the effect of apomorphine infusion on dyskinesia are still lacking and no 
data from randomized studies comparing the two infusions are available.  

•   All device-aided treatments that are available and for which a patient is suitable 
should be discussed with the patient. The choice must be made on an individual 
basis. If a patient meets contraindications for DBS or decides against surgery, the 
factors listed in Table  5.1  may be helpful in deciding whether both pumps are 
options for a given patient (if available) or a specifi c recommendation for one 
over the other should be made.  

•   It has been suggested that device-aided treatments are currently often considered 
and discussed with patients too late in the course of the disease [ 64 ].  

•   Contraindications for pump treatments are less strict than for DBS, and impor-
tantly, there is no age limit. Both LCIG and apomorphine infusion may be tried 
in patients with mild cognitive impairment and LCIG may be considered on an 
individual basis in patients with up to a moderate degree of dementia. Either 
treatment in cognitively impaired patients depends on adequate caregiver 
support.  

     Table 5.1    Clinical features and their impact on the decision for one 
infusion therapy over the other   

 Apomorphine 
pump  LCIG 

 Slight hallucinations  +/−  + 
 Hallucinations > slight  –  +/− 
 Impulse control disorders  –  + 
 Mild cognitive impairment to mild dementia  +/−  + 
 Moderate dementia  –  +/− 
 L-dopa-unresponsive postural and gait 
problems, falls 

 +/−  +/− 

 Orthostatic hypotension  –  +/− 
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•   In contrast to DBS, gait and balance problems unresponsive to levodopa are not 
contraindications but the patient and caregiver should be made aware that these 
problems will likely not improve on infusion therapy.  

•   Interdisciplinary teams including a nurse with special interest in PD are best 
suited for the management of patients with any of the device-aided treatments. 
For LCIG, additional good collaboration with a gastroenterology service must be 
in place (Table  5.2 ).

   Table 5.2    Practical recommendations   

 1. Peak-dose dyskinesia 
   Reduce individual levodopa dose, at the risk of increasing OFF time. The latter can be 

compensated for by increasing the number of daily doses of levodopa, or by increasing a 
dopamine agonist, or both 

   Discontinue or reduce MAO-B inhibitors, or COMT inhibitors, or both, at the risk of 
worsening of wearing-off 

  Add amantadine – most studies have used oral 200–400 mg/day 
  DBS in patients without contraindications 
   Add atypical antipsychotic clozapine, at doses of 12.5–75 mg/day (up to 200 mg/day). The 

use of clozapine is limited by potential serious adverse events (agranulocytosis, myocarditis), 
but it has stronger evidence for an antidyskinetic effect than quetiapine 

  Apomorphine continuous subcutaneous infusion 
  Intrajejunal levodopa infusion 
 2. Biphasic dyskinesia 
 This type of dyskinesia can be very diffi cult to treat and has not been specifi cally investigated in 
high-quality studies 
 Apart from surgical treatment (DBS/lesional), the following pharmacological approaches may 
be tried: 
  The strategies described for peak-dose dyskinesia can be considered 
   Increasing the size and frequency of levodopa doses or a dopamine agonist, at the risk of 

increasing peak-dose dyskinesia 
  Larger, less frequent doses may give more predictable responses 
  Apomorphine and intrajejunal levodopa infusion can be tried 
 3. Off-period and early-morning dystonia 
   All strategies used to improve wearing-off can be applied, including long-acting and 

transdermal dopamine agonists and rasagiline 
  Dispersible formulations of levodopa 
  Subcutaneous injections of apomorphine 
  Apomorphine and intrajejunal levodopa infusion as 24 h application may be appropriate 
   Additional doses of levodopa (with or without a COMT inhibitor) or dopamine agonist upon 

awakening during the night may be helpful 
   Botulinum toxin can be employed in severe OFF-period and early-morning dystonia in 

selected cases 

  Adapted from Ferreira et al. [ 4 ]  
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    Abstract     From the perspective of stereotactic surgery, control of dyskinesia in 
Parkinson’s disease (PD) can be accomplished by reducing the dosage of levodopa 
through subthalamotomy and subthalamic nucleus (STN) deep brain stimulation 
(DBS) or by pallidotomy and globus pallidus internus (GPi) DBS. Both STN and 
GPi interventions seem to be equally effective in controlling the appendicular motor 
signs of PD; however, only GPi surgery is considered to have a direct effect on dys-
kinesia. The antidyskinetic effect of STN procedures is in most part related to a 
reduction of dopaminergic drug dosages. Therefore, the si ne qua non condition for 
reduction of dyskinesia when STN interventions are considered is their capacity to 
enable a reduction of levodopa dosage. Pallidal surgery is indicated when dyskine-
sia is a dose-limiting factor for either maintaining or introducing a more aggressive 
dopaminergic therapy. Also medications used for the treatment of PD are useful for 
psychiatric, cognitive, sleep, and other non-motor aspects of the disease; therefore, 
withdrawal or dose reduction may not be a desired goal. DBS has taking over a 
central role in surgical treatment of movement disorders, and, in fact, ablative pro-
cedures are now considered alternatives, particularly when bilateral procedures are 
required. Other advantages are the facts that DBS does not produce a brain lesion 
and that the stimulator can be programmed to induce better therapeutic effects while 
minimizing adverse effects.  

  Keywords     Parkinson’s disease   •   Dyskinesia   •   Deep brain stimulation   •   DBS   • 
  Pallidotomy  
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        Introduction 

 Reduction of levodopa-induced dyskinesia (LID) in Parkinson’s disease (PD) can 
be accomplished by providing a signifi cant relief on the motor symptoms of PD 
through medication optimization and in some cases reducing the dosage of levodopa 
[classically through subthalamic nucleus (STN) deep brain stimulation (DBS)] or 
by pallidotomy or globus pallidus internus (GPi) DBS [ 1 ]. Currently, DBS has 
become the preferred stereotactic procedure in PD; however, unilateral ablative 
surgery continues to be performed and can be quite effective especially when dys-
kinesia affects only one body side. In this review we will address ablative surgery 
and DBS.  

    Ablative Surgery 

 The indication for any form of stereotactic ablative surgery (SAS) has always been 
the symptomatic treatment of select motor features of PD as identifi ed during a 
detailed multidisciplinary workup. As early as the 1950s, the inner segment of the 
internal globus pallidus (GPi) and the ansa lenticularis have been the common 
choice for functional neurosurgeons [ 2 ]. This approach was advocated and further 
reinforced following the observation that ligation of the anterior choroidal artery, 
performed for the treatment of accidental bleeding in a PD patient, resulted in relief 
of tremor [ 3 ,  4 ]. As this technique (ansa–pallidotomy) became more widely uti-
lized, the results for tremor control were mixed, despite the good outcome for 
rigidity. As a result, pallidotomy was gradually replaced by thalamotomy, which 
exerted a more optimal tremor control [ 5 ]. The failure to reduce tremor in some 
cases was likely due to a failure to target the appropriate posteroventral pallidum, 
which was a limitation of early technology. However, with the advent of levodopa 
in the 1960s, SAS became gradually less popular and did not reemerge again until 
the early 1990s [ 6 ]. 

 The revival of SAS in PD was driven by the shortcomings of levodopa therapy 
that were slowly emerging [ 7 ]. The fi rst setback was the fact that levodopa, as it is 
now well understood after decades of use, did not live up to the hopes of preventing 
disease progression. Also, because of the high doses of levodopa required to control 
tremor, LID and motor fl uctuations started to appear. Medical management was 
challenging with the balance of relief of parkinsonian motor signs against motor 
fl uctuations and induction of dyskinesia, often with neither being managed opti-
mally [ 8 ]. The disappointment with levodopa was coupled with advances from 
physiological and surgery, and also by the emerging and more precise understand-
ing of the organization of the basal ganglia (BG), better SAS techniques, and use of 
neuroimaging for accurate target localization. At that time, thalamotomy was rein-
troduced, and, in addition to improvements in the motor aspects of PD, several 
authors reported impressive suppression of LID [ 9 ]. 
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 Svennilson et al. reported that when the posteroventral GPi was lesioned addi-
tional benefi t to general motor function (interpreted as corresponding to relief of 
akinesia) could be obtained [ 10 ]. Later, Laitinen et al. returned to the initial target 
and the posteroventral GPi became the preferred surgical treatment for PD patients. 
In the classical report from 1992, Laitinen’s group showed favorable outcomes that 
included not only robust improvements in the cardinal signs of PD but also signifi -
cant amelioration of LID [ 11 ]. 

 At approximately the same time, anatomic and physiological studies confi rmed 
that the GPi and STN were both overactive in PD, and experimental studies demon-
strated that lesions in these structures could improve parkinsonism in animal mod-
els [ 12 – 14 ]. The classical basal ganglia model predicted that pallidotomy would 
worsen dyskinesia; however, this symptom became its most striking benefi t, prob-
ably as a result of interference with abnormal fi ring patterns (rather than rates) in 
circuit neurons [ 15 ]. 

 Both the clinical report by Laitinen et al. and the pathophysiological laboratory- 
based developments in PD reinforced the role of pallidotomy for treatment of LID 
in PD.

       Unilateral Pallidotomy 

 Although human and animal model studies have revealed convincing evidence that 
lesions of the pallidal outfl ow receiving areas of the thalamus (nucleus ventralis 
oralis and ventralis posterior) can ameliorate LID, lesions of the cerebellar outfl ow 
receiving areas (ventralis intermedius nucleus) were in general found to only relieve 
tremor [ 28 ]. Despite these observations, thalamotomies were never consistently 
used to treat LID, possibly because of the limited results that were observed on 
other PD symptoms and the fact that it would take a very large anteriorly extended 
lesion to accomplish suppression of LID. 

 In the mid-to-late 1990s, several studies reported that unilateral pallidotomy in 
patients with PD had its most dramatic effect on contralateral dyskinesia. At that 
time, Lozano et al. [ 22 ] published the effect of pallidotomy in 14 patients with rigid 
akinetic parkinsonism, disabling dyskinesia, motor fl uctuations, and intact cogni-
tion. Motor improvements in the OFF medication condition were mainly contralat-
eral. The most dramatic improvement was for ON period LID, which was shown to 
be reduced by 92 % in the contralateral side after 6 months. The typical complica-
tions of this procedure, homonymous hemianopia, facial paresis, and hemiparesis, 
were not observed, except for mild and transient facial droop in three cases (noted 
by clinicians but not the patients). Two years later, the same group published a series 
of 40 cases, some with a longer follow-up: 27 for 1 year and 11 for 2 years. Short- 
term results were similar to their previous study; however, trend analysis revealed a 
slight worsening of contralateral dyskinesia after the fi rst year and a loss of benefi t 
for ipsilateral dyskinesia by the second year. Age had an impact on OFF-period 
motor signs, with those older than 65 retaining less improvement after 6 months. 
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LID responded similarly in the two age groups studied. There were no signifi cant 
reductions in dopaminergic therapy after surgery. Persistent adverse events included 
facial weakness (two cases), bulbar defi cits (three cases), mild dementia (three 
cases), and worsening of handwriting in four cases [ 29 ]. The fi ndings in the same 
cohort were published after a much longer follow-up (mean 52 months), showing a 
sustained improvement in OFF-period contralateral motor signs and in LID. Other 
than dyskinesia and levodopa-responsive motor signs, no additional characteristics 
had a signifi cant impact on long-term surgical outcome [ 17 ]. 

 In 1998, another group published a preliminary study with a series of 26 PD 
patients, confi rming that the most signifi cant effect following unilateral ventral 
medial pallidotomy was the reduction of contralateral LID by 67 %, while ipsilateral 
and axial dyskinesia also improved (both around 50 %) signifi cantly. The improve-
ment in underlying parkinsonism as measured by comparing the Unifi ed Parkinson’s 
Disease Rating Scale (UPDRS) scores in the OFF state before and 3 months after 
surgery was less robust (27 %). On medication, no signifi cant postoperative improve-
ments in parkinsonism were detected, and antiparkinsonian medication dosages 
increased by 11 % postoperatively. The presence of disabling LID, therefore, was 
considered the major indication for this surgical procedure. Two (7.7 %) patients 
died due to cerebral hemorrhages directly related to surgery, while another 15 % had 
major complications (signifi cant focal motor and bulbar defi cits) [ 30 ]. In 2003, the 
fi rst randomized, prospective controlled trial comparing pallidotomy with the best 
medical therapy was published. The study included 18 patients in each group, show-
ing, after 6 months, a 32 % improvement of the total UPDRS motor score in the 
surgical group versus only a 5 % deterioration for those randomized for medical 
therapy. Mean score improvement in the dyskinesia section of the UPDRS (Part IV) 
for the surgical group was 45 %, whereas patients kept on medical therapy worsened 
by 8 %. The study also revealed that LID improved after pallidotomy in all patients, 
and two-thirds had “complete relief” on the contralateral side. Also, there was a 
36 % reduction in ipsilateral dyskinesia severity. Levodopa equivalent doses 
remained unchanged. There were no fatal outcomes and complications occurred in 
three cases (16.7 %). This study also showed that the age had a clear relationship 
with clinical outcome, independent of disease duration, with younger patients show-
ing more improvement. This effect was continuous, with no apparent threshold [ 31 ]. 

 The series with the longest follow-up was by Kleiner-Fisman et al. and included 
ten patients, showing a trend toward signifi cance lasting up to 12 years in contralat-
eral LID [ 32 ], and by Hariz and Bergenheim who reviewed 13 of the 38 patients 
described in Laitinen’s original study from 1992. Mean follow-up was 10.5 years 
(up to 13.5), and the effect of surgery remained consistent for contralateral LID, but 
varied for the appendicular OFF-period signs. The authors went as far as to consider 
pallidotomy as a prophylactic measure against LID [ 33 ]. 

 Lesion size does not seem to have a signifi cant effect on response [ 34 ]; however, 
the optimal location within the GPi that improved dyskinesia is a matter of contro-
versy. Lesion location and size may be different from that required to ameliorate 
other PD signs, and some experts still advocate a bigger lesion size for prolonged 
benefi t. While anteromedially placed lesions seem to be better correlated with 
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improvement in contralateral LID, central and posterolateral placed lesions 
improved OFF parkinsonian signs [ 35 ]. However, lesions placed in more ventral 
locations or anywhere in the posteroventral GPi have been shown to be equally 
effective [ 36 ]. Differences in outcome measures as well as in methods of determin-
ing lesion location probably account for many of these discrepancies.  

    Bilateral Pallidotomy 

 Bilateral staged and simultaneous pallidotomies produce similar improvements in 
OFF motor and ON dyskinesia to unilateral procedures, with the possible addition of 
improvements in truncal dyskinesia, dystonia, and, arguably, selected aspects of gait 
such as walking speed and freezing [ 37 ,  38 ]. These good results were dampened by 
reports of unacceptable cognitive and bulbar (mainly speech) adverse effects, described 
in series that today may be considered not large or suffi ciently detailed enough to 
provide a defi nitive verdict [ 39 ]. Only a few other studies have shown different per-
spectives [ 40 ,  41 ]. The series by Parkin et al. [ 42 ], for instance, showed the results in 
115 patients who underwent pallidotomy, 53 of which consisted of bilateral proce-
dures. These authors reported signifi cant effectiveness for bilateral pallidotomy, espe-
cially for dyskinesia for up to 12 months, at the expense of worsening of speech in 8 % 
and salivation in 13 %, fi gures that were similar to those found for unilateral surgery.  

    Subthalamotomy 

 In 1963, Andy et al. described a series of 72 “diencephalic operations” (including 
bilateral interventions) performed in 58 patients for the treatment of parkinsonian 
tremor. The authors describe a 75 % reduction of tremor and a low incidence of long-
term complications, including apathy in most patients and mild contralateral hemipa-
resis in 8.6 %. Hemiballism occurred in fi ve patients, all of whom were completely 
improved 2 months postoperatively. They also concluded that the most effi cient 
lesion was in the posterior subthalamus, including the fi elds of Forel, the zona incerta, 
and the prerubral area medial to the STN [ 43 ]. Later in the 1990s, with the growing 
experience and good outcomes of STN DBS, subthalamotomy started to be reap-
praised. Two small series published in 1997 [ 44 ,  45 ] were encouraging and led to 
larger and more detailed studies. In 2001, a series of 11 patients were described in an 
open-label prospective study of unilateral subthalamotomy with a 12-month follow-
up period, showing an improvement in mean UPDRS III scores of 39 %, including 
50 % for bradykinesia, 70 % for rigidity, and 86.7 % for tremor. Doses of levodopa 
were not changed during the 12-month period; however, fi ve patients followed up for 
longer had a mean reduction of 59 % in levodopa equivalent daily dose (LEDD). LID 
remained unchanged, while lesion-induced hemiballism was signifi cant in only one 
case, which had to undergo an additional surgical procedure [ 46 ]. These patients 
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were later reported after a follow-up of at least 3 years, showing persistent improve-
ments, in some cases for up to 6 years. This study showed that complications were in 
general related to larger and bilateral lesions [ 47 ]. The same group also published a 
larger series with 89 patients followed up for 36 months, again showing comparable 
improvements and postoperative hemiballism in 14 patients (15 %), eight of which 
requiring a pallidotomy. Interestingly, these 14 patients also had signifi cantly higher 
LID scores before surgery [ 48 ]. Another similar observation included 8 patients 
(bilateral subthalamotomy was performed in four) followed up for 18 months. 
Although one of these patients died from complications of surgery, the remaining 
experienced sustained benefi ts in motor signs and a mean reduction in LID by 75 %. 
Levodopa requirements were lower in all cases, ranging from a 38 to 66 % daily dose 
reduction. Hemiballism occurred in 25 % of cases, possibly correlated to the STN 
lesion size. The authors did not fi nd other complications, including motor, sensory, 
speech, or cognitive functions [ 49 ]. Patel et al. followed 21 patients who underwent 
unilateral subthalamotomy for at least 12 months. The overall improvement in 
UPDRS III after 12 months was 54 % (27 % for rigidity, 36.8 % for bradykinesia, 
and 61 % for tremor). Mean  l -dopa dose reduction ranged from 34 to 47 %, with an 
improvement of dyskinesia score by 51 %. In most cases lesions extended beyond 
the STN to involve pallidofugal fi bers (H2 fi eld of Forel) and the zona incerta. The 
one patient who presented with refractory and severe lesion-induced hemiballism 
had the lesion placed more centrally in the STN. Other than that, the only signifi cant 
complication was cognitive impairment, detected in 9 % of the group [ 50 ]. 

 A small comparative study analyzed 16 PD patients randomized to receive bilat-
eral STN DBS, bilateral subthalamotomy, or unilateral subthalamotomy plus 
 contralateral STN DBS, followed for 12 months postoperatively, showing that 
motor improvement and adverse events, including motor, cognitive, and psychiatric 
outcomes, were similar [ 51 ]. 

 In general, because only a few centers have considerable experience with this 
procedure, which may have a greater risk and relatively high incidence of persistent 
dyskinesia, this technique is currently not routinely performed if STN DBS is an 
available option, despite its proven effi cacy. However, subthalamotomy remains an 
alternative surgical option for patients whose conditions are refractory to pharmaco-
logical treatment or those who are unable to receive DBS implants due to medical 
reasons or access limitations [ 19 ].  

    Studies Comparing Pallidotomy and Deep Brain Stimulation 
of the GPi or STN 

 Few studies have compared the effi cacy and safety of pallidotomy and DBS of the GPi 
or STN. An early, non-randomized trial comparing results of pallidotomy, STN, and 
GPi DBS concluded that GPi DBS had similar effects to pallidotomy, but is safer when 
bilateral procedures are required. Also, bilateral STN DBS may improve OFF-period 
motor symptoms to a greater proportion than the other procedures and might also 
improve ON-period motor function [ 52 ]. In 2004, Esselink et al. [ 53 ] compared, in a 
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randomized, observer-blind trial, the effect of unilateral pallidotomy and bilateral STN 
DBS in patients with PD followed up for 6 months, confi rming that stimulation was 
more effective in reducing OFF-period motor signs. In addition, this procedure pro-
vided better ON-period motor scores and a greater reduction of dopaminergic drug 
treatment dosages. Both improved LID and functional scales equally, and the number 
of adverse events was similar in both groups. The same group also published the 
results after 4 years with similar fi ndings, except for dopaminergic treatment dosage, 
which did not signifi cantly differ between groups after the fi rst 12 months [ 16 ].   

    Deep Brain Stimulation 

 Since the introduction of DBS for the treatment of movement disorders, this proce-
dure has gradually been taking over the central role in SAS. In fact, ablative proce-
dures are now considered alternatives and only used when DBS is not feasible due 
to technical, travel, patient preference, and economic reasons [ 54 ,  55 ]. 

 Two of the reasons that favor DBS, particularly if bilateral procedures are 
required, are the facts that it is not intended to produce a brain lesion and that the 
stimulator can be programmed with respect to several variables, including electrode 
location, amplitude, frequency, and pulse width, to induce better therapeutic effects 
while minimizing adverse effects. In the case of PD, DBS electrodes have been 
placed in two main basal ganglia targets, the GPi and the STN, though other targets 
are also possible (Tables  6.1  and  6.2 ) [ 56 ]. 

    GPi DBS 

 The fi rst study to report results of this procedure described three patients in 1994, 
with the postoperative results described as “excellent,” refl ecting improvements in 
all motor signs of the disease, as well as for motor fl uctuations and LID [ 57 ]. During 

   Table 6.1    Effects of unilateral pallidotomy, subthalamotomy, bilateral GPi, and STN deep brain 
stimulation (DBS) on general motor improvement (UPDRS III), dyskinesia (UPDRS IV), and 
levodopa equivalent daily dose (LEDD)   

 Motor improvement (%) 
 Improvement for 
dyskinesia (%)  Reduction in LEDD 

 Unilateral pallidotomy  25–45  45–86  n.s. (0–10 %) 
 Subthalamotomy  18–50  40–85  23–49 % 
 GPi DBS  26–43  47–88  n.s. (15–17 %) 
 STN DBS  25–54  20–83  31–47 % 

  Refs. [ 16 – 27 ] 
 Mean improvement after a minimum of 6 months compared to preoperative baseline. Scores refl ect 
the medication off condition, for DBS, stimulation on. 
  n.s.  nonsignifi cant  
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the next decade, several descriptions of larger series confi rmed these fi ndings. A 
study with a follow-up of at least 24 months showed that the mean improvements in 
the UPDRS motor and activities of daily living scores after 12 months were more 
than 50 %, motor fl uctuations were reduced from 40 to 10 %, and the score for LID 
was reduced to one third. Doses of levodopa tended to remain unchanged. Half of 
the patients experienced a slight worsening of levodopa and stimulation-resistant 
gait and bulbar symptoms following 12 months [ 58 ]. In 2000, a study by Kumar 
et al. [ 21 ] showed the results seen on a cohort of 22 consecutive cases of PD treated 
with GPi DBS, 17 of whom had bilateral surgeries. Postoperatively, at 6 months, the 
motor improvement in the OFF condition reached 31 and 66 % reduction in LID. 

 The fi rst double-blind, crossover study evaluating the results of GPi and STN 
DBS in PD was performed in 2001, showing that both procedures induced signifi -
cant improvements in motor function and dyskinesia (by 58 % for STN and 66 % 
for GPi DBS); however, the average medication used, measured in levodopa equiva-
lents, decreased signifi cantly more for the STN DBS patients [ 26 ]. A study with 
longer follow-up, mean 48.5 months, showed a 64 % mean improvement in dyski-
nesia after this period [ 25 ]. Finally, another study followed up 11 patients with PD 
who underwent GPi DBS for up to 5 years, showing that, despite a decline on the 
motor benefi t for the OFF-period scores after 3 years, the improvement in LID was 
sustained for up to 5 years [ 59 ].  

    STN DBS 

 STN DBS for advanced PD was fi rst introduced in the 1990s and is currently the 
most common form of surgical treatment applied for this disorder worldwide. The 
initial series reported signifi cant improvements in OFF-period tremor, rigidity, and 
bradykinesia, as well as attenuation of motor fl uctuations and LID, associated with 
a 50 % reduction in dopaminergic treatment dosages [ 60 ]. Subsequent studies con-
fi rmed these fi ndings. In 2001, a prospective study of 91 patients showed, after 
6 months, a robust improvement in all motor signs in the OFF condition, in the 
percentage of time with good mobility, and no dyskinesia, mean dyskinesia score, 
as well as a mean reduction in daily levodopa dose equivalents (approximately 
60 %) [ 26 ]. At this point it became clear that the reduction in dyskinesia could be 
attributed at least in part to the reduction of levodopa dosage. However, a few stud-
ies showed that this may not be the only element in this benefi cial effect. A study 
designed to assess the effect of STN DBS on OFF-period dystonia, and on diphasic 
and peak dose dyskinesia after a levodopa challenge using the same suprathreshold 
dose as before surgery with the stimulation on, showed a reduction of OFF-period 
dystonia by 90 %, and of diphasic dyskinesia by 50 %, and of peak dose dyskinesia 
by 30 % [ 61 ]. The same authors had already reported that chronic STN DBS per se 
tends to reduce dyskinesia, as opposed to chronic activation of the dopaminergic 
system with levodopa. The authors speculated that this difference may have been 
due to the pulsatile nature of levodopa stimulation versus the more continuous 
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activation provided by chronic STN DBS [ 62 ]. There was also an important study 
by Oyama et al. that elegantly showed that dyskinesia could possibly be reduced in 
both the STN and GPi targets. The authors accounted for medication reduction and 
showed that in both targets there was a possibility of dyskinesia suppression without 
medication reduction [ 63 ]. 

 Long-term studies of bilateral STN DBS in patients with advanced PD have 
demonstrated the stability of this therapy over time. A 5-year prospective study 
of 49 consecutive patients treated with STN DBS noted that OFF-medication 
motor scores at 5 years were still 54 % better than baseline [ 20 ]. Worsening of 
ON-medication akinesia, speech, postural stability, and freezing of gait was 
interpreted to be consistent with the natural progression of PD. However, LID 
benefi ts persisted, with dyskinesia disability and duration at 5 years being 
improved by 58 and 71 %, respectively, in comparison with baseline. Similar 
benefi ts with respect to dyskinesia were observed in 37 patients followed for 
5 years after DBS surgery [ 64 ]. Finally, a comprehensive meta-analysis of 921 
patients who underwent STN DBS between 1993 and 2004 noted an average 
reduction in LID of 69.1 % [ 65 ].  

    Mechanisms of Action in Reducing Levodopa-Induced 
Dyskinesia 

    Pallidal Stimulation 

 Restoration of the thalamocortical activity by suppression of the inhibitory output 
from the pallidum to the ventrolateral thalamus is the suspected mechanism for 
motor improvement underpinning GPi DBS; however, the cellular mechanisms of 
high-frequency stimulation are still unknown. The mechanism of GPi DBS in 
reducing dyskinesia is also not completely understood. The current views of the 
basal ganglia physiology suggest that inhibition of ventral GPi activity should 
induce dyskinesia; however, lesioning of the ventral pallidum provides relief of 
dyskinesia [ 66 ]. One of the possible justifi cations for this apparent paradoxical 
response is that LID may be more correlated with an abnormal pattern than with the 
direction and intensity of the neuronal activity within the GPi [ 66 ,  67 ]. Surgical 
modifi cation of this patterned activity might be accomplished by lesioning (direct 
neuronal inhibition) or with DBS (indirect inhibition through activation of inhibi-
tory axons close to the electrode). Dyskinesia might also arise from an abnormal 
balance of activity within different functional zones of the nucleus (ventral versus 
dorsal GPi), and stimulation may suppress this abnormal activity [ 66 ,  68 ,  69 ]. 
Finally, the antidyskinetic effect of GPi DBS may be mediated through effects on 
the subthalamopallidal tract, which projects to the dorsal GP externus and GPi. 
Dorsal GPi stimulation might inhibit this projection and would be expected to 
improve PD symptoms and induce dyskinesia [ 70 ].  
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    STN Stimulation 

 STN DBS mimics the effects of levodopa on parkinsonian motor symptoms and 
allows reduction of dopaminergic medication, secondarily relieving dyskinesia as 
medications are reduced or withdrawn postoperatively [ 63 ]. However, improvement 
of dyskinesia is also sometimes observed in the early postoperative period after 
implantation of electrodes in the STN, even in the absence of a reduction of medica-
tions [ 1 ]. This indicates a direct antidyskinetic effect of manipulation of the STN (or 
the vicinity of its dorsal border and perhaps the zona incerta), but long-term relief 
of dyskinesia generally requires reduction of medications. The specifi c site of action 
in stimulation of the STN is unknown. Some data indicate that the best effect can be 
achieved at the lowest intensity not through stimulation of neurons within the STN, 
but by stimulation of tissue dorsal to it, which might affect the pallidothalamic 
bundle, the pallidosubthalamic tract, and/or the zona incerta [ 71 ]. Other data indi-
cate that the most effective contact location appears to be within the anterodorsal 
portion of the STN, although current could spread from this location into the directly 
superior fi elds of Forel and zona incerta [ 72 ]. The observation that an active DBS 
contact dorsal to the STN may provide better control of dyskinesia (indicative of a 
direct antidyskinetic effect) supports the notion that activation of structures dorsal 
to the STN is important in providing relief of parkinsonian symptoms by DBS of the 
STN [ 18 ]. Overall, the specifi c mechanisms of action of GPi and STN DBS in sup-
pressing dyskinesia are unknown.   

    Studies Comparing the Effect of GPi and STN DBS 

 A few studies have compared the effect of GPi and STN DBS on PD. The fi rst, 
published in 2001, had a relatively short follow-up period after surgery (3 months) 
and revealed similar improvements in OFF-period motor parameters, as well as for 
ON dyskinesia, with the caveat that only the STN group was able to signifi cantly 
reduce the levodopa equivalent dose [ 26 ]. In 2005, a non-randomized extension of 
this study with 105 patients followed up for at least 3 years showed that, in addition 
to improvements in all motor signs of parkinsonism in the OFF condition, STN 
DBS signifi cantly improved OFF dystonia and ON dyskinesia, while GPi had a 
similar effect on ON dyskinesia with no signifi cant improvement on OFF dystonia. 
In this study, reduction in postoperative levodopa equivalent doses were signifi cant 
only for the STN group, in which more than 10 % of patients stopped taking 
levodopa. These changes were sustained after up to 4 years of follow-up [ 25 ]. 
Moro et al., in an double-blind, non-randomized study with 35 patients who under-
went STN DBS and 16 who underwent GPi DBS, found that both procedures 
induced signifi cant improvements in OFF-period motor signs, ADLs, and ON dys-
kinesia scores, although only the STN group had a signifi cant reduction in the doses 
of levodopa. These results were sustained after 6 years of follow-up [ 73 ]. A direct 
comparison of both procedures was published in 2012 [ 27 ]. This was a randomized, 
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evaluator-blind study with 198 PD patients followed up for at least 36 months, 
which concluded that the primary outcome, OFF-period motor improvement 
(including subscales for each motor sign), was signifi cantly improved, but the 
improvements were similar, stable over time, and with parallel trends for both tar-
gets. The scores for complications of levodopa therapy (UPDRS IV), including dys-
kinesia, as well as the amount of ON-period time without troublesome LID, were 
signifi cantly improved for both groups over 36 months, with nonsignifi cant, but 
greater decreases in levodopa dosages in the STN group. Finally, one recent double- 
blind study of 128 PD patients randomized for either form of treatment showed that 
patients who underwent STN DBS had larger improvements in OFF-period mean 
UPDRS motor score, mean change in ADLs scores, and mean reduction in medica-
tion after surgery. OFF dystonia scores were similarly improved as well as the time 
in ON phase without dyskinesia. The scores of the dyskinesia rating scales were 
signifi cantly better 12 months after surgery for those who underwent GPi DBS. This 
difference probably occurred because the authors assessed patients after 12 months 
with the same dose of levodopa used at baseline; however, in daily life, they may use 
lower doses, leading to less LID [ 24 ].  

    Practical Issues: Selection of the Surgical Target, Technique, 
and Programming 

 Numerous studies have demonstrated the effectiveness of STN DBS in controlling 
the appendicular motor signs of PD; however, this procedure is not considered to 
have as much of a direct effect on the intensity of LID. The antidyskinetic effect of 
STN DBS has been hypothesized to be related to allowing reduction of dopaminer-
gic drug dosages, with consequent improvement in side effects, including LID. The 
persistence or worsening of LID after STN DBS is common and is, in fact, indica-
tive of the necessity to reduce the dose of levodopa [ 74 ]. Therefore, the si ne qua non 
condition for reduction of LID when STN DBS is considered is its capacity to enable 
a reduction of levodopa dosage. If, however, an adequate response of motor symp-
toms does not occur postoperatively, dyskinesia will remain unchanged. Of impor-
tance, STN stimulation not uncommonly induces contralateral dyskinesia, which 
may be persistent, and in some cases leads to the implantation of rescue GPi leads. 

 On the other hand, GPi DBS seems to have a direct effect on the reduction of 
dyskinesia. Patients undergoing this procedure typically cannot tolerate signifi -
cantly lower doses of levodopa after surgery and still appreciate a marked reduc-
tion of dyskinesia. Simplistically, patients who experience a good response of their 
PD symptoms with levodopa, but whose primary and most signifi cant source of 
disability is dyskinesia, may benefi t from GPi DBS [ 63 ]. In other words, GPi DBS 
can be especially valuable for cases in which LID is a dose-limiting factor for 
either maintaining or introducing a more aggressive dopaminergic therapy. In addi-
tion, levodopa may have a synergistic effect on GPi DBS which is not seen after 
STN stimulation. Burchiel et al., for instance, in a randomized, double-blind study, 
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comparing the effects of STN and GPi DBS, showed that, in combination with 
levodopa, UPDRS motor scores were signifi cantly more improved for patients who 
underwent the pallidal procedure. This combination was also more clinically sig-
nifi cant for axial symptoms, which are traditionally considered refractory to either 
form of treatment alone [ 75 ]. Another more recent meta-regression of long-term 
studies of cases who underwent these procedures confi rmed that GPi DBS in com-
bination with levodopa was correlated with better scores for postural instability and 
gait disorder than STN stimulation plus levodopa [ 76 ]. 

 Selection of either target may also be infl uenced by the fact that medications 
used for the treatment of PD are useful not only for motor but also for psychiatric, 
cognitive, sleep, and other non-motor aspects of the disease; therefore, withdrawal 
or dose reduction may not be a desired goal [ 77 ]. Selection of the target should be 
based on the patient’s most disabling symptoms, response, and side effects related 
to levodopa and the ultimate goals of therapy [ 78 ]. If LID is a patient’s most dis-
abling symptom, especially if they require more immediate improvement due to its 
severity and potential morbidity, then GPi DBS should be considered with the 
knowledge that regardless of changes in medication therapy after surgery there is a 
high likelihood that dyskinesia will improve. On the other hand, patients undergo-
ing STN DBS must hope for a suffi ciently good response after surgery that will 
allow medications to be suffi ciently reduced. If change in parkinsonian motor 
symptoms after STN DBS is insuffi cient to guarantee reduction of levodopa dosage, 
or if its reduction worsens or induces non-motor symptoms, the intervention for 
dyskinesia may be “unfruitful” [ 1 ]. 

 In the case of a patient in whom, in addition to motor signs of parkinsonism, 
medication side effects other than dyskinesia are a primary source of disability, STN 
DBS may be more desirable. 

 In general, when the presence of LID is the main problem and indication for 
surgery, there are no formal differences in the procedures when compared to situa-
tions when the chief complaint is another motor feature of the disease. However, a 
few minor variables exist. Implantation of leads is typically performed while 
patients are in the OFF condition to avoid disabling dyskinesia, leading to motion 
artifacts during preoperative imaging and to better microelectrode recording during 
the intraoperative procedure [ 79 ]. Other variations are used because of possible dif-
ferential antidyskinetic effects of stimulation at different sites within the GPi as 
stimulation of two different sites within the nucleus induces different effects on 
dyskinesia and response to dopaminergic treatment. Studies have shown that stimu-
lation of the most dorsal aspects of the GPi in the OFF period usually leads to 
improvement of the cardinal signs, especially bradykinesia, while inducing dyski-
nesia, mimicking the action of levodopa. When deeper (ventral) sites within the 
nucleus were stimulated, signs worsened. In the ON period, stimulation of the 
 ventral GPi reduced dyskinesia but may have worsened bradykinesia. Stimulation 
of the intermediate area seems to provide a balance between these two extremes. It 
is unclear whether these fi ndings have a practical signifi cance, but their existence 
should be kept in mind during surgical planning, positioning of the lead within the 
GPi, and during programming sessions [ 66 ,  68 ,  69 ]. 
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    Postoperative Programming: GPi DBS 

 As a rule, the evaluation of stimulation-related benefi cial effects is typically less 
reliable during the fi rst weeks after electrode implantation, due to the lesion effect of 
the procedure. Therefore, the initial programming should be performed after at least 
2 weeks of surgery. At this time, the patient should be in the OFF-medication condi-
tion, after 12 h of dopaminergic drug withdrawal. The fi rst step should focus on 
achieving the best improvement of the cardinal signs of parkinsonism. The second 
phase should address the patient during the ON period, under the effect of levodopa, 
with particular awareness for LID. Therefore, the goal of programming should be 
attempting to achieve a good relief of PD symptoms in the OFF condition, not asso-
ciated with the occurrence of dyskinesia in the ON period, and with the highest 
threshold for side effects of stimulation. This procedure should be performed for all 
four contacts separately, defi ning a hierarchy for therapeutic window [ 80 ]. 

 In patients whose primary complaint is LID, an additional programming session 
can be performed in a full ON condition to confi rm the adequate benefi cial effect of 
stimulation, but is usually only indicated if there are diffi culties suppressing dyski-
nesia. Special attention must be directed to ensure that benefi cial medication effects 
are not antagonized by stimulation, as well as the OFF-medication symptoms are 
not exacerbated, since different regions within the GPi may have opposite effects on 
dyskinesia and on the cardinal signs of parkinsonism, when stimulated. Fortunately, 
the detrimental effects of stimulation on parkinsonism and the response to levodopa 
have higher thresholds than the benefi cial effects on dyskinesia. As ventral GPi 
areas may provide good relief of dyskinesia at the expense of loss of benefi cial 
effect of levodopa, a better stimulation response can be detected by using more cen-
tral contacts, which usually provide good relief of dyskinesia as well as tremor, 
rigidity, and bradykinesia [ 68 ,  81 ]. It is important to point out that many experts 
have been unable to replicate the differential effects of programming different con-
tacts in the GPi, and that in general the GPi has been found to be a much easier target 
to optimize. The GPi target also allows for more fl exibility that the STN target, as 
was recently shown by Weaver et al. in VA study 36-month outcomes [ 27 ,  82 ].  

    Postoperative Programming: STN DBS 

 As STN DBS ideally mimics the motor effects of levodopa in many aspects, the 
main objective of initial programming in cases of dyskinesia relies on providing a 
signifi cant improvement of the motor signs of parkinsonism and a concomitant 
decrease in levodopa dosage, which, on average, reaches a 50 % reduction [ 23 ]. 
Therefore, as in the case of GPi DBS, the fi rst programming session should prefer-
entially be performed in patients during the OFF period, holding all medications for 
PD for 12 h. In fact, most experts that program STN and GPi DBS have patients 
report to the clinic in an OFF-medication condition, which provides a nearly opti-
mal programming scenario (no bias of medications). This is generally enough for 
most patients; however, some patients may require longer OFF periods. In diffi cult 
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cases, after programming for reduction of bradykinesia, tremor, and, especially, 
rigidity, patients should take their regular doses of levodopa and, in the ON state, be 
assessed for adverse effects with the combination of stimulation and medications, 
particularly dyskinesia. The patient should be seen during this fi rst session at the 
peak effect of levodopa and ideally should have access to expert programming for 
the next few days, as dyskinesia may appear after a latency period of up to several 
hours [ 83 ,  84 ]. During the fi rst few weeks and months after surgery, as stimulation 
is adjusted to provide the best relief of parkinsonian symptoms, medication doses 
can be slowly titrated downward, and LID tends to improve or resolve. Moreover, 
dyskinesia has been hypothesized to improve with chronic continuous stimulation 
due to plastic changes as a direct effect of stimulation, leading to desensitization of 
the neuronal circuitry underlying to LID. Persistent dyskinesia is generally treated 
by further reduction of medication [ 83 ]. 

 In some instances, especially during the fi rst few weeks after DBS implantation, 
dyskinesia may be exacerbated, and, in fact, the induction of these involuntary 
movements in the short term predicts a favorable long-term outcome [ 63 ]. Thus, the 
particular electrode that induces dyskinesia is usually the most effective contact for 
long-term therapy. In these cases, if reducing levodopa leads to worsening of PD 
symptoms, medication doses should be kept at the lowest adequate therapeutic 
level, and stimulation amplitudes or other parameters should be reduced. Over time, 
the threshold for induction of dyskinesia typically increases, and amplitude can be 
gradually increased [ 85 ]. Finally, if stimulation using the most effective contact 
precipitates dyskinesia that cannot be controlled except by unacceptable reduction 
of stimulation intensity, programming the system to use a more proximal contact in 
a monopolar confi guration, or reprogramming to a bipolar confi guration, may be 
necessary. Addition of a contact dorsal to the STN (perhaps in the zona incerta) may 
also provide better control of dyskinesia [ 83 ].       

   References 

         1.    Follett KA. Comparison of pallidal and subthalamic deep brain stimulation for the treatment 
of levodopa-induced dyskinesia. Neurosurg Focus. 2004;17(1):E3.  

    2.    Guridi J, Lozano AM. A brief history of pallidotomy. Neurosurgery. 1997;41(5):1169–80.  
    3.    Cooper IS. Surgical alleviation of Parkinsonism; effects of occlusion of the anterior choroidal 

artery. J Am Geriatr Soc. 1954;2(11):691–718.  
    4.    Rand RW, Stern WE, Orr JK. Parkinsonism; early results of occlusion of the anterior choroidal 

artery. Calif Med. 1954;81(4):276–8.  
    5.    Gillingham J. Forty-fi ve years of stereotactic surgery for Parkinson’s disease: a review. 

Stereotact Funct Neurosurg. 2000;74(3–4):95–8.  
    6.    Okun MS, Vitek JL. Lesion therapy for Parkinson’s disease and other movement disorders: 

update and controversies. Mov Disord. 2004;19(4):375–89.  
    7.    Speelman JD, Bosch DA. Resurgence of functional neurosurgery for Parkinson’s disease: a 

historical perspective. Mov Disord. 1998;13(3):582–8.  
    8.    Lang AE, Lozano AM. Parkinson’s disease. Second of two parts. N Engl J Med. 

1998;339:1130–43.  
    9.    Tasker RR, Siqueira J, Hawrylyshyn P, Organ LW. What happened to VIM thalamotomy for 

Parkinson’s disease? Appl Neurophysiol. 1983;46(1–4):68–83.  

6 Surgical Options for Levodopa-Induced Dyskinesia in Parkinson’s Disease



104

    10.    Svennilson E, Torvik A, Lowe R, Leksell L. Treatment of parkinsonism by stereotatic ther-
molesions in the pallidal region. A clinical evaluation of 81 cases. Acta Psychiatr Scand. 
1960;35:358–77.  

    11.    Laitinen LV, Bergenheim AT, Hariz MI. Leksell’s posteroventral pallidotomy in the treatment 
of Parkinson’s disease. J Neurosurg. 1992;76(1):53–61.  

    12.    Bergman H, Wichmann T, DeLong MR. Reversal of experimental parkinsonism by lesions of 
the subthalamic nucleus. Science. 1990;249(4975):1436–8.  

   13.    Aziz TZ, Peggs D, Agarwal E, Sambrook MA, Crossman AR. Subthalamic nucleotomy allevi-
ates parkinsonism in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-exposed pri-
mate. Br J Neurosurg. 1992;6(6):575–82.  

    14.    Hamada I, DeLong MR. Excitotoxic acid lesions of the primate subthalamic nucleus result in 
reduced pallidal neuronal activity during active holding. J Neurophysiol. 1992;68(5):1859–66.  

    15.    Lozano AM, Lang AE. Pallidotomy for Parkinson’s disease. Adv Neurol. 2001;86:413–20.  
     16.    Esselink RA, de Bie RM, de Haan RJ, Lenders MW, Nijssen PC, van Laar T, Schuurman PR, 

Bosch DA, Speelman JD. Long-term superiority of subthalamic nucleus stimulation over palli-
dotomy in Parkinson disease. Neurology. 2009;73(2):151–3.  

    17.    Fine J, Duff J, Chen R, Chir B, Hutchison W, Lozano AM, Lang AE. Long-term follow-up of 
unilateral pallidotomy in advanced Parkinson’s disease. N Engl J Med. 2000;342(23):
1708–14.  

    18.    Follett KA, Weaver FM, Stern M, Hur K, Harris CL, Luo P, Marks Jr WJ, Rothlind J, Sagher 
O, Moy C, Pahwa R, Burchiel K, Hogarth P, Lai EC, Duda JE, Holloway K, Samii A, Horn S, 
Bronstein JM, Stoner G, Starr PA, Simpson R, Baltuch G, De Salles A, Huang GD, Reda DJ, 
CSP 468 Study Group. Pallidal versus subthalamic deep-brain stimulation for Parkinson’s 
disease. N Engl J Med. 2010;362(22):2077–91.  

    19.       Jourdain VA, Schechtmann G, Di Paolo T. Subthalamotomy in the treatment of Parkinson’s 
disease: clinical aspects and mechanisms of action. J Neurosurg. 2014;120:140–51.  

    20.    Krack P, Batir A, Van Blercom N, et al. Five-year follow-up of bilateral stimulation of the 
subthalamic nucleus in advanced Parkinson’s disease. N Engl J Med. 2003;349:1925–34.  

    21.    Kumar R, Lang AE, Rodriguez-Oroz MC, Lozano AM, Limousin P, Pollak P, Benabid AL, 
Guridi J, Ramos E, van der Linden C, Vandewalle A, Caemaert J, Lannoo E, van den Abbeele 
D, Vingerhoets G, Wolters M, Obeso JA. Deep brain stimulation of the globus pallidus pars 
interna in advanced Parkinson’s disease. Neurology. 2000;55(12 Suppl 6):S34–9.  

    22.    Lozano AM, Lang AE, Galvez-Jimenez N, Miyasaki J, Duff J, Hutchinson WD, Dostrovsky 
JO. Effect of GPi pallidotomy on motor function in Parkinson’s disease. Lancet. 1995;
346(8987):1383–7.  

    23.    Moro E, Scerrati M, Romito LM, Roselli R, Tonali P, Albanese A. Chronic subthalamic 
nucleus stimulation reduces medication requirements in Parkinson’s disease. Neurology. 
1999;53(1):85–90.  

    24.    Odekerken VJ, van Laar T, Staal MJ, Mosch A, Hoffmann CF, Nijssen PC, Beute GN, van 
Vugt JP, Lenders MW, Contarino MF, Mink MS, Bour LJ, van den Munckhof P, Schmand BA, 
de Haan RJ, Schuurman PR, de Bie RM. Subthalamic nucleus versus globus pallidus bilateral 
deep brain stimulation for advanced Parkinson’s disease (NSTAPS study): a randomised con-
trolled trial. Lancet Neurol. 2013;12(1):37–44.  

     25.    Rodriguez-Oroz MC, Obeso JA, Lang AE, Houeto JL, Pollak P, Rehncrona S, Kulisevsky J, 
Albanese A, Volkmann J, Hariz MI, Quinn NP, Speelman JD, Guridi J, Zamarbide I, Gironell A, 
Molet J, Pascual-Sedano B, Pidoux B, Bonnet AM, Agid Y, Xie J, Benabid AL, Lozano AM, 
Saint-Cyr J, Romito L, Contarino MF, Scerrati M, Fraix V, Van Blercom N. Bilateral deep 
brain stimulation in Parkinson’s disease: a multicentre study with 4 years follow-up. Brain. 
2005;128(Pt 10):2240–9.  

      26.    The Deep-Brain Stimulation for Parkinson’s Disease Study Group. Deep-brain stimulation of 
the subthalamic nucleus or the pars interna of the globus pallidus in Parkinson’s disease. N 
Engl J Med. 2001;345:956–63.  

      27.    Weaver FM, Follett KA, Stern M, Luo P, Harris CL, Hur K, Marks Jr WJ, Rothlind J, Sagher 
O, Moy C, Pahwa R, Burchiel K, Hogarth P, Lai EC, Duda JE, Holloway K, Samii A, Horn S, 

R.P. Munhoz and M.S. Okun



105

Bronstein JM, Stoner G, Starr PA, Simpson R, Baltuch G, De Salles A, Huang GD, Reda DJ, 
CSP 468 Study Group. Randomized trial of deep brain stimulation for Parkinson disease: 
thirty-six-month outcomes. Neurology. 2012;79(1):55–65.  

    28.    Narabayashi H, Yokochi F, Nakajima Y. Levodopa-induced dyskinesia and thalamotomy. J 
Neurol Neurosurg Psychiatry. 1984;47(8):831–9.  

    29.    Lang AE, Lozano AM, Montgomery E, Duff J, Tasker R, Hutchinson W. Posteroventral medial 
pallidotomy in advanced Parkinson’s disease. N Engl J Med. 1997;337(15):1036–42.  

    30.    Samuel M, Caputo E, Brooks DJ, Schrag A, Scaravilli T, Branston NM, Rothwell JC, Marsden 
CD, Thomas DG, Lees AJ, Quinn NP. A study of medial pallidotomy for Parkinson’s disease: 
clinical outcome, MRI location and complications. Brain. 1998;121(Pt 1):59–75.  

    31.    Vitek JL, Bakay RA, Freeman A, Evatt M, Green J, McDonald W, Haber M, Barnhart H, 
Wahlay N, Triche S, Mewes K, Chockkan V, Zhang JY, DeLong MR. Randomized trial of 
pallidotomy versus medical therapy for Parkinson’s disease. Ann Neurol. 2003;
53(5):558–69.  

    32.    Kleiner-Fisman G, Lozano A, Moro E, Poon YY, Lang AE. Long-term effect of unilateral 
pallidotomy on levodopa-induced dyskinesia. Mov Disord. 2010;25(10):1496–8.  

    33.    Hariz MI, Bergenheim AT. A 10-year follow-up review of patients who underwent Leksell’s 
posteroventral pallidotomy for Parkinson disease. J Neurosurg. 2001;94(4):552–8.  

    34.    Goodman SH, Wilkinson S, Overman J, Koller WC, Tröster A, Pahwa R, Lyons K, Kieltyka J, 
Burns J, Gordon M. Lesion volume and clinical outcome in stereotactic pallidotomy and thala-
motomy. Stereotact Funct Neurosurg. 1998;71(4):164–72.  

    35.    Gross RE, Lombardi WJ, Lang AE, Duff J, Hutchison WD, Saint-Cyr JA, Tasker RR, Lozano 
AM. Relationship of lesion location to clinical outcome following microelectrode-guided 
pallidotomy for Parkinson’s disease. Brain. 1999;122(Pt 3):405–16.  

    36.   Lang AE, Lozano A, Montgomery EB, Tasker RR, Hutchison WD. Posteroventral medial 
pallidotomy in advanced Parkinson’s disease. Adv Neurol. 1999;80:575–83.  

    37.    Pincus MM. Benefi cial effect of bilateral pallidotomy on gait is unproven. Arch Neurol. 
2000;57(8):1231–2.  

    38.    Siegel KL, Metman LV. Effects of bilateral posteroventral pallidotomy on gait of subjects with 
Parkinson disease. Arch Neurol. 2000;57(2):198–204.  

    39.    Intemann PM, Masterman D, Subramanian I, DeSalles A, Behnke E, Frysinger R, Bronstein 
JM. Staged bilateral pallidotomy for treatment of Parkinson disease. J Neurosurg. 
2001;94(3):437–44.  

    40.    Favre J, Burchiel KJ, Taha JM, Hammerstad J. Outcome of unilateral and bilateral pallidotomy 
for Parkinson’s disease: patient assessment. Neurosurgery. 2000;46(2):344–53.  

    41.    Counihan TJ, Shinobu LA, Eskandar EN, Cosgrove GR, Penney Jr JB. Outcomes following 
staged bilateral pallidotomy in advanced Parkinson’s disease. Neurology. 2001;56(6):
799–802.  

    42.    Parkin SG, Gregory RP, Scott R, Bain P, Silburn P, Hall B, Boyle R, Joint C, Aziz TZ. Unilateral 
and bilateral pallidotomy for idiopathic Parkinson’s disease: a case series of 115 patients. Mov 
Disord. 2002;17(4):682–92.  

    43.    Andy OJ, Jurko MF, Sias Jr FR. Subthalamotomy in treatment of parkinsonian tremor. J 
Neurosurg. 1963;20:860–70.  

    44.    Obeso JA, Alvarez LM, Macias RJ. Lesion of the subthalamic nucleus in Parkinson’s disease. 
Neurology. 1997;48:A138.  

    45.       Gill SS, Heywood P. Bilateral dorsolateral subthalamotomy for advanced Parkinson’s disease. 
Lancet. 1997;350(9086):1224.  

    46.    Alvarez L, Macias R, Guridi J, Lopez G, Alvarez E, Maragoto C, Teijeiro J, Torres A, Pavon 
N, Rodriguez-Oroz MC, Ochoa L, Hetherington H, Juncos J, DeLong MR, Obeso JA. Dorsal 
subthalamotomy for Parkinson’s disease. Mov Disord. 2001;16(1):72–8.  

    47.    Alvarez L, Macias R, Lopez G, Alvarez E, Pavon N, Rodriguez-Oroz MC, Juncos JL, Maragoto 
C, Guridi J, Litvan I, Tolosa ES, Koller W, Vitek J, DeLong MR, Obeso JA. Bilateral subthala-
motomy in Parkinson’s disease: initial and long-term response. Brain. 2005;128(Pt 
3):570–83.  

6 Surgical Options for Levodopa-Induced Dyskinesia in Parkinson’s Disease



106

    48.    Alvarez L, Macias R, Pavón N, López G, Rodríguez-Oroz MC, Rodríguez R, Alvarez M, 
Pedroso I, Teijeiro J, Fernández R, Casabona E, Salazar S, Maragoto C, Carballo M, García I, 
Guridi J, Juncos JL, DeLong MR, Obeso JA. Therapeutic effi cacy of unilateral subthalamot-
omy in Parkinson’s disease: results in 89 patients followed for up to 36 months. J Neurol 
Neurosurg Psychiatry. 2009;80(9):979–85.  

    49.    Su PC, Tseng HM, Liu HM, Yen RF, Liou HH. Subthalamotomy for advanced Parkinson dis-
ease. J Neurosurg. 2002;97(3):598–606.  

    50.    Patel NK, Heywood P, O’Sullivan K, McCarter R, Love S, Gill SS. Unilateral subthalamotomy 
in the treatment of Parkinson’s disease. Brain. 2003;126(Pt 5):1136–45.  

    51.    Merello M, Tenca E, Pérez Lloret S, Martín ME, Bruno V, Cavanagh S, Antico J, Cerquetti D, 
Leiguarda R. Prospective randomized 1-year follow-up comparison of bilateral subthalamot-
omy versus bilateral subthalamic stimulation and the combination of both in Parkinson’s dis-
ease patients: a pilot study. Br J Neurosurg. 2008;22(3):415–22.  

    52.    Kumar R, Lozano AM, Montgomery E, Lang AE. Pallidotomy and deep brain stimulation of 
the pallidum and subthalamic nucleus in advanced Parkinson’s disease. Mov Disord. 1998;13 
Suppl 1:73–82.  

    53.    Esselink RA, de Bie RM, de Haan RJ, Lenders MW, Nijssen PC, Staal MJ, Smeding HM, 
Schuurman PR, Bosch DA, Speelman JD. Unilateral pallidotomy versus bilateral subthalamic 
nucleus stimulation in PD: a randomized trial. Neurology. 2004;62(2):201–7.  

    54.    Hooper AK, Okun MS, Foote KD, Fernandez HH, Jacobson C, Zeilman P, Romrell J, 
Rodriguez RL. Clinical cases where lesion therapy was chosen over deep brain stimulation. 
Stereotact Funct Neurosurg. 2008;86(3):147–52.  

    55.    Munhoz RP, Teive HA, Francisco AN, Raskin S, Rogaeva E. Unilateral pallidotomy in a 
patient with parkinsonism and G2019S LRRK2 mutation. Mov Disord. 2009;24(5):791–2.  

    56.    Terzic D, Abosch A. Update on deep brain stimulation for Parkinson’s disease. J Neurosurg 
Sci. 2012;56(4):267–77.  

    57.    Siegfried J, Lippitz B. Bilateral chronic electrostimulation of ventroposterolateral pallidum: a 
new therapeutic approach for alleviating all parkinsonian symptoms. Neurosurgery. 
1994;35(6):1126–9.  

    58.    Ghika J, Villemure JG, Fankhauser H, Favre J, Assal G, Ghika-Schmid F. Effi ciency and safety 
of bilateral contemporaneous pallidal stimulation (deep brain stimulation) in levodopa- 
responsive patients with Parkinson’s disease with severe motor fl uctuations: a 2-year follow-up 
review. J Neurosurg. 1998;89(5):713–8.  

    59.    Volkmann J, Allert N, Voges J, Sturm V, Schnitzler A, Freund HJ. Long-term results of bilat-
eral pallidal stimulation in Parkinson’s disease. Ann Neurol. 2004;55(6):871–5.  

    60.    Limousin P, Krack P, Pollak P, Benazzouz A, Ardouin C, Hoffmann D, Benabid AL. Electrical 
stimulation of the subthalamic nucleus in advanced Parkinson’s disease. N Engl J Med. 
1998;339(16):1105–11.  

    61.    Krack P, Pollak P, Limousin P, Benazzouz A, Deuschl G, Benabid AL. From off-period dysto-
nia to peak-dose chorea. The clinical spectrum of varying subthalamic nucleus activity. Brain. 
1999;122(Pt 6):1133–46.  

    62.    Krack P, Limousin P, Benabid AL, Pollak P. Chronic stimulation of subthalamic nucleus 
improves levodopa-induced dyskinesia in Parkinson’s disease. Lancet. 1997;350(9092):1676.  

       63.    Oyama G, Foote KD, Jacobson 4th CE, Velez-Lago F, Go C, Limotai N, Zeilman PR, Romrell 
J, Wu SS, Neal D, Okun MS. GPi and STN deep brain stimulation can suppress dyskinesia in 
Parkinson’s disease. Parkinsonism Relat Disord. 2012;18(7):814–8.  

    64.    Schupbach M, Gargiulo M, Welter ML, et al. Stimulation of the subthalamic nucleus in 
Parkinson’s disease: a 5 year follow up. J Neurol Neurosurg Psychiatry. 2005;76:1640–4.  

    65.    Kleiner-Fisman G, Herzog J, Fisman D, et al. Subthalamic nucleus deep brain stimulation: 
summary and meta-analysis of outcomes. Mov Disord. 2006;21 Suppl 14:S290–304.  

       66.    Krack P, Pollak P, Limousin P, et al. Opposite motor effects of pallidal stimulation in 
Parkinson’s disease. Ann Neurol. 1998;43:180–92.  

    67.    Wu YR, Levy R, Ashby P, et al. Does stimulation of the GPi control dyskinesia by activating 
inhibitory axons? Mov Disord. 2001;16:208–16.  

R.P. Munhoz and M.S. Okun



107

      68.    Bejjani B, Damier P, Arnulf I, Bonnet AM, Vidailhet M, Dormont D, Pidoux B, Cornu P, 
Marsault C, Agid Y. Pallidal stimulation for Parkinson’s disease. Two targets? Neurology. 
1997;49(6):1564–9.  

     69.    Krack P, Pollak P, Limousin P, Hoffmann D, Xie J, Benazzouz A, Benabid AL. Subthalamic 
nucleus or internal pallidal stimulation in young onset Parkinson’s disease. Brain. 1998;121(Pt 
3):451–7.  

    70.    Katayama Y, Oshima H, Kano T, Kobayashi K, Fukaya C, Yamamoto T. Direct effect of sub-
thalamic nucleus stimulation on levodopa-induced peak-dose dyskinesia in patients with 
Parkinson’s disease. Stereotact Funct Neurosurg. 2006;84(4):176–9.  

    71.    Plaha P, Ben-Shlomo Y, Patel NK, Gill SS. Stimulation of the caudal zona incerta is superior 
to stimulation of the subthalamic nucleus in improving contralateral parkinsonism. Brain. 
2006;129(Pt 7):1732–47.  

    72.    Saint-Cyr JA, Hoque T, Pereira LC, Dostrovsky JO, Hutchison WD, Mikulis DJ, Abosch A, 
Sime E, Lang AE, Lozano AM. Localization of clinically effective stimulating electrodes in 
the human subthalamic nucleus on magnetic resonance imaging. J Neurosurg. 2002;97(5):
1152–66.  

    73.    Moro E, Lozano AM, Pollak P, Agid Y, Rehncrona S, Volkmann J, Kulisevsky J, Obeso JA, 
Albanese A, Hariz MI, Quinn NP, Speelman JD, Benabid AL, Fraix V, Mendes A, Welter ML, 
Houeto JL, Cornu P, Dormont D, Tornqvist AL, Ekberg R, Schnitzler A, Timmermann L, 
Wojtecki L, Gironell A, Rodriguez-Oroz MC, Guridi J, Bentivoglio AR, Contarino MF, 
Romito L, Scerrati M, Janssens M, Lang AE. Long-term results of a multicenter study on 
subthalamic and pallidal stimulation in Parkinson’s disease. Mov Disord. 2010;25(5):
578–86.  

    74.    Deuschl G, Paschen S, Witt K. Clinical outcome of deep brain stimulation for Parkinson’s 
disease. Handb Clin Neurol. 2013;116C:107–28.  

    75.    Burchiel KJ, Anderson VC, Favre J, Hammerstad JP. Comparison of pallidal and subthalamic 
nucleus deep brain stimulation for advanced Parkinson’s disease: results of a randomized, 
blinded pilot study. Neurosurgery. 1999;45(6):1375–82.  

    76.    St George RJ, Nutt JG, Burchiel KJ, Horak FB. A meta-regression of the long-term effects of 
deep brain stimulation on balance and gait in PD. Neurology. 2010;75(14):1292–9.  

    77.    Stacy MA, Murck H, Kroenke K. Responsiveness of motor and nonmotor symptoms of 
Parkinson disease to dopaminergic therapy. Prog Neuropsychopharmacol Biol Psychiatry. 
2010;34(1):57–61.  

    78.    Okun MS, Foote KD. Parkinson’s disease DBS: what, when, who and why? The time has come 
to tailor DBS targets. Expert Rev Neurother. 2010;10(12):1847–57.  

    79.    Bronstein JM, Tagliati M, Alterman RL, Lozano AM, Volkmann J, Stefani A, Horak FB, 
Okun MS, Foote KD, Krack P, Pahwa R, Henderson JM, Hariz MI, Bakay RA, Rezai A, 
Marks Jr WJ, Moro E, Vitek JL, Weaver FM, Gross RE, DeLong MR. Deep brain stimulation 
for Parkinson disease: an expert consensus and review of key issues. Arch Neurol. 2011;
68(2):165.  

    80.    Kumar R. Methods for programming and patient management with deep brain stimulation of 
the globus pallidus for the treatment of advanced Parkinson’s disease and dystonia. Mov 
Disord. 2002;17 Suppl 3:S198–207.  

    81.    Volkmann J, Herzog J, Kopper F, Deuschl G. Introduction to the programming of deep brain 
stimulators. Mov Disord. 2002;17 Suppl 3:S181–7.  

    82.    Tagliati M. Turning tables: should GPi become the preferred DBS target for Parkinson dis-
ease? Neurology. 2012;79(1):19–20.  

      83.    Krack P, Fraix V, Mendes A, et al. Postoperative management of subthalamic nucleus stimula-
tion for Parkinson’s disease. Mov Disord. 2002;17 Suppl 3:S188–97.  

    84.    Mazzone P. Deep brain stimulation in Parkinson’s disease: bilateral implantation of globus 
pallidus and subthalamic nucleus. J Neurosurg Sci. 2003;47(1):47–51.  

    85.   Deuschl G, Fogel W, Hahne M, Kupsch A, Müller D, Oechsner M, Sommer U, Ulm G, Vogt 
T, Volkmann J. Deep-brain stimulation for Parkinson’s disease. J Neurol. 2002;249(Suppl 
3):III/36–9.    

6 Surgical Options for Levodopa-Induced Dyskinesia in Parkinson’s Disease



109© Springer-Verlag London 2014
S.H. Fox, J.M. Brotchie (eds.), Levodopa-Induced Dyskinesia in Parkinson’s 
Disease, DOI 10.1007/978-1-4471-6503-3_7

    Chapter 7   
 Basal Ganglia Circuitry Models 
of Levodopa- Induced Dyskinesia 

                Wai     Kin     D.     Ko    ,     Matthieu     Bastide    , and     Erwan     Bezard    

        W.  K.  D.   Ko    
  Department of Neurodegenerative Diseases ,  Université de Bordeaux, Institut des Maladies 
Neurodégénératives, UMR 5293 ,   F-33000 146 rue Leo Saignat ,  Bordeaux ,  33076 ,  France   

  CNRS, Institut des Maladies Neurodégénératives, UMR 5293 ,   Bordeaux ,  F-33000 ,  France    

    M.   Bastide    
  Department of Neurodegenerative Diseases ,  Université de Bordeaux, Institut des Maladies 
Neurodégénératives, UMR 5293 ,   Bordeaux ,  France    

  CNRS, Institut des Maladies Neurodégénératives, UMR 5293 ,   Bordeaux ,  F-33000 ,  France     

    E.   Bezard      (*) 
  Motac Neuroscience Ltd ,   Manchester ,  UK    

  Department of Neurodegenerative Diseases ,  Université de Bordeaux, Institut des Maladies 
Neurodégénératives, UMR 5293 , 
  Bordeaux ,  France    

  CNRS, Institut des Maladies Neurodégénératives, UMR 5293 ,   Bordeaux ,  F-33000 ,  France   
 e-mail: erwan.bezard@u-bordeaux2.fr  

    Abstract     L-3,4-dihydroxyphenylalanine ( l -DOPA) treatment in Parkinson’s 
disease (PD) patients commonly leads to dyskinesia, a hyperkinetic movement 
disorder that remains an unsolved clinical problem. The unravelling of key 
pathophysiological mechanisms in PD and dyskinesia has led to updated models 
of the basal ganglia motor circuit, capturing nonlinear    neuronal information pro-
cessing in a dynamical network architecture. Our understanding into the func-
tional organization of the basal ganglia motor system is further supported by 
recent computational models that focus on neuronal activations within distinct 
closed feedback loops. Together, these models of the basal ganglia circuitry com-
pose a more comprehensive and detailed insight into the diverse neuronal dys-
functions in the pathophysiology of PD and LID.  

  Keywords      l -DOPA-induced dyskinesia   •   Parkinson’s disease   •   Basal ganglia 
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        Parkinson’s Disease and Levodopa- Induced Dyskinesia 

 Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 
approximately 1 % of the population over the age of 55 years, with highest preva-
lence in ages of 85 years and over [ 1 ]. PD is commonly characterized by a clinical 
syndrome of motor symptoms (bradykinesia, postural abnormalities, and resting 
tremor) [ 2 ] that occur due to an extensive loss of nigrostriatal neurons which release 
dopamine [ 3 ], a modulatory neurotransmitter of the basal ganglia motor circuit [ 4 ]. 

 In the early 1960s, studies showed that dopamine replacement with its immedi-
ate metabolic precursor,  l -3,4-dihydroxyphenylalanine ( l -DOPA), dramatically 
alleviated PD motor symptoms [ 5 ,  6 ]. Following this,  l -DOPA was introduced to 
PD patients [ 7 ] and has since been widely used for the treatment of PD. However, 
following long-term use of  l -DOPA, the initial benefi cial effects of treatment are 
compromised by unpredictable “on-off” fl uctuations of therapeutic effects [ 8 ,  9 ], 
gradual “wearing off” of therapeutic effi cacy [ 10 ,  11 ], and  l -DOPA-induced dyski-
nesia (LID) [ 12 ]. The latter is a severe hyperkinetic motor complication that is com-
monly expressed as an idiosyncratic mixture of chorea (irregular fl ow of muscular 
movements in rapid and slow phases) and dystonia (slow twisted movements from 
abnormal muscular contractions) [ 13 ]. LID occurs in approximately 90 % of PD 
patients after 9 years of  l -DOPA treatment [ 14 ], and once established, dyskinesia is 
elicited upon each administration of  l -DOPA, or dopamine agonist [ 15 ]. Moreover, 
LID increases in severity with further  l -DOPA treatment [ 16 ] and can become as 
debilitating as PD itself, causing a negative impact on quality of life [ 17 ]. 

 Understanding the pathophysiology of LID is an important step in developing a 
suitable treatment that can resolve the clinical need of treating dyskinesia. In this 
review, we discuss the pathophysiology of PD and LID using the basal ganglia cir-
cuitry model of the motor circuit. We also describe a recent computational model 
that demonstrates subtle dysfunctions in neural processing within the basal ganglia 
following the loss of dopamine. In addition, we highlight recent experimental fi nd-
ings of molecular adaptations that occur in the nuclei outside of the basal ganglia, 
which may have important roles in the expression of LID.  

    Basal Ganglia 

 The basal ganglia are a group of subcortical nuclei that include the striatum (cau-
date nucleus and putamen), subthalamic nucleus (STN), substantia nigra (pars 
reticulata, SNr, and pars compacta, SNc), ventral tegmental area, and globus pal-
lidus (internal, GPi, and external, GPe, segments) [ 18 ]. These interconnected 
nuclei are modulated by dopamine and together form a neural network that relays 
information from the cortex to the thalamus. These so-called corticobasal gan-
glia-thalamocortical loops functionally convey information for both motor and 
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non-motor processes [ 4 ]. Several of these loops exist for motor, oculomotor, 
associative, limbic, and orbitofrontal functions. Moreover, each loop projects 
from largely segregated regions of the basal ganglia and thalamus to different 
cortical target areas of the cerebral hemisphere [ 19 ].  

    Classic “Input” and “Output” Stations of the Basal Ganglia 

 The striatum is a major input station of the basal ganglia receiving different afferent 
projections, which include dopaminergic fi bers from the midbrain [ 20 ], serotoner-
gic fi bers from dorsal and medial raphe nucleus [ 21 ], noradrenergic fi bers from the 
locus coeruleus [ 22 ], acetylcholinergic fi bers from the pedunculopontine nucleus, 
and glutamatergic fi bers from the thalamus, STN, and cortex [ 23 ,  24 ]. The glutama-
tergic fi bers of the cortex project massively to the striatum in a somatotopically 
organized manner [ 25 – 27 ]. In the motor    cortico-basal ganglia-thalamo-cortical loop 
of the primate brain, sensorimotor afferents of the primary motor and somatosen-
sory cortices project to the posterolateral putamen [ 26 ,  28 ]. Here, the dorsal region 
is occupied by somatotopic representation of the leg, which is followed by the arm, 
while the facial representation lays most ventral [ 28 ]. The putamen projects via 
γ-aminobutyric acid (GABA)-ergic medium spiny neurons (MSNs) to the GPi/SNr 
[ 29 ,  30 ], which are the output nuclei of the basal ganglia. These nuclei send 
GABAergic efferent neurons to the motor nuclei of the thalamus (ventralis anterior 
and lateralis) and brain stem [ 19 ,  31 – 33 ]. In turn, the motor nuclei convey excitatory 
glutamatergic projections to motor-related cortical areas, completing the motor cor-
ticobasal ganglia-thalamocortical loop [ 34 – 37 ].  

    Striatal “Direct” and “Indirect” Pathways 

 In the 1980s, a model of the basal ganglia circuitry was proposed based on the avail-
able anatomical, neurochemical, and electrophysiological data (see Fig.  7.1a ) [ 19 , 
 32 ]. This now “classic” model describes two main efferent projections from the 
striatum to the output of the basal ganglia, the so-called direct and indirect path-
ways. The direct pathway refers to the monosynaptic neuronal connection between 
the striatum and GPi/SNr. The neurons of this pathway primarily express dopamine 
D 1  receptors and preproenkephalin-B (PPE-B), an opioid peptide that is subse-
quently cleaved to produce co-transmitters substance P, dynorphins, leucine- 
enkephalins, and α-neoendorphin [ 38 ]. The “indirect” pathway describes the 
polysynaptic neuronal connection of the striatum to GPi/SNr. Striatofugal neurons 
of this pathway project to the GPe and, in turn, the GPe sends GABAergic efferent 
fi bers to the STN. From here, glutamatergic efferent fi bers of the STN project to the 
GPi/SNr. The striatopallidal neurons of the indirect pathway primarily express 
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dopamine D 2  receptors and preproenkephalin-A (PPE-A), an opioid peptide that is 
subsequently cleaved to enkephalin [ 38 ]. Both the direct and indirect pathways are 
modulated by dopamine, which activates striatonigral neurons of the direct pathway 
and inhibits striatopallidal neurons of the indirect pathway (see Fig.  7.1a ).

   Based on segregated pathways, the classic functional model of the basal ganglia 
describes the processing of neural information in a feed-forward manner for achiev-
ing a behavioral outcome. Using the motor circuit as an example, it was suggested 
that the direct pathway facilitates the execution of desired motor sequences, while 
the indirect pathway mediates blocking of unwanted motor programs to “smooth” 
cortical-initiated motor sequences [ 4 ,  39 – 41 ]. Both the direct and indirect pathways 
lead to inhibition of the basal ganglia output nuclei for normal motor function. 
Accordingly, electrophysiological studies of saccadic eye and limb movements in 
awake monkeys have shown GPi/SNr neurons are tonically active (50–100 Hz) dur-
ing rest and exhibit reduced activity during movement [ 42 – 45 ].  

    Basal Ganglia Circuitry in Parkinson’s Disease 

 The classic model of the basal ganglia circuitry has been used to describe the patho-
physiology of PD (see Fig.  7.1b ) [ 32 ,  33 ,  46 ]. From this model, PD motor symp-
toms occur as a result of an imbalance between direct and indirect pathways caused 
by extensive degeneration of nigrostriatal dopaminergic neurons. While striatoni-
gral neurons of the direct pathway become underactive, striatopallidal neurons of 
the indirect pathway become overactive leading to inhibition of GPe and subsequent 
disinhibition of the glutamatergic efferent fi bers of the STN [ 32 ]. Thus, with loss of 
dopamine, both pathways lead to increased activation of the GPi/SNr, thereby inhib-
iting the motor thalamic nuclei. The resulting effect is reduced activation of motor 
cortical areas, which is seen to occur in the primary sensory motor cortex [ 47 ] and 
supplementary motor area [ 48 ] in the parkinsonian state. 

 In the late 1980s, several groundbreaking studies were conducted that helped 
uncover key mechanisms in the pathophysiology of PD. In these experiments con-
ducted by Mitchell et al., neuronal metabolic marker 2-deoxyglucose (2-DG) was 
used to reveal the activity states of the basal ganglia subnuclei in the 1-methyl- 4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned nonhuman primate (nhp) 
model of PD. It was found that the STN was hyperactivated, while the GPe, tha-
lamic ventralis anterior, and lateralis nuclei were hyper-inhibited [ 49 – 51 ]. 
Accordingly, these major discoveries suggested that there was hyperactivation of 
the basal ganglia output structures in PD [ 51 ], which was later confi rmed through 
measurements of electrophysiological activity [ 52 – 54 ] and mRNA expression of 
neuronal activity marker, cytochrome oxidase subunit I [ 55 ]. Additionally, the acti-
vation states of the striatofugal pathways in PD have been demonstrated through the 
expression of striatal PPE precursors, where reports have consistently shown 
reduced PPE-B and increased PPE-A mRNA expression in the striatum [ 56 – 58 ]. 
These molecular data demonstrate underactivation of striatonigral neurons and 
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  Fig. 7.1    Schematic diagrams of the classic basal ganglia circuitry model illustrating linear, feed- 
forward information processing. Dopamine mediates opposing functional effects on the two major 
projection pathways of the striatum for ( a ) normal motor function. Loss of endogenous dopamine 
in ( b ) Parkinson’s disease (PD) causes abnormal neuronal activity leading to reduced excitatory 
feedback to the cortex. Repeated treatment with  l -DOPA in PD induces ( c ) dyskinesia, causing 
increased activity in the cortex. Arrow size corresponds to activity of neuronal projections.  l  - 
DOPA     L-3,4-dihydroxyphenylalanine,  D   1   R  dopamine D 1  receptor,  D   2   R  dopamine D 2  receptor,  Enk  
enkephalin,  Dyn  prodynorphin,  STR  striatum,  GPi  internal segment of the globus pallidus,  GPe  
external segment of the globus pallidus,  STN  subthalamic nucleus,  SNr  substantia nigra pars reticu-
lata,  SNc  substantia nigra pars compacta,  VA/VL  ventralis anterior and lateralis nuclei         

a

b
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hyperactivation of striatopallidal neurons, which both favor the overactivation of the 
basal ganglia output nuclei in PD. 

 Following the original neuronal metabolic activity studies, behavioral experi-
ments carried out in MPTP-lesioned nhps further characterized the pathophysiolog-
ical changes in PD. Fundamentally, these studies revealed the causal role of the STN 
in production of parkinsonian motor symptoms [ 59 ,  60 ], which were dramatically 
abolished following surgical or neurochemical (muscimol or kainic acid) lesion of 
this structure. At the cellular level, subthalamotomy was also shown to reduce the 
overactivation of the basal ganglia output nuclei in PD [ 61 ,  62 ]. Collectively, these 
revolutionary fi ndings led to a resurgence of neurosurgical procedures for the treat-
ment of parkinsonism, which included the ablation of the GPi [ 63 ,  64 ] or STN [ 65 ], 
and deep brain stimulation (DBS) of the STN [ 66 – 68 ].  

    Basal Ganglia Circuitry in Levodopa-Induced Dyskinesia 

 Early suggestions put forward on the pathophysiology of LID essentially described 
the opposite functional state to that of PD (see Fig.  7.1c ) [ 69 ]. Particular emphasis 
was originally placed on the indirect pathway in the pathogenesis of the dyskinetic 
state, where it was proposed that the underactivation of the striatopallidal neurons 

c

Fig. 7.1 (continued)
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caused disinhibition of the GPe, leading to subsequent over-inhibition of the 
STN. In turn, disinhibition of thalamic motor nuclei resulted in excessive excit-
atory input to motor cortical areas, which is found to occur in PD patients express-
ing LID [ 70 ,  71 ]. Pioneering experiments, again conducted by Mitchell et al. [ 72 ] 
in MPTP- lesioned nhps, showed that at peak dose of dopamine agonist-induced 
dyskinesia, there was an increased uptake of 2-DG in the STN and GPi, demon-
strating that these structures were hyper-inhibited. This study also showed that 
2-DG was reduced in the motor thalamic nuclei, refl ecting its hyperactivated state 
in dyskinesia [ 72 ]. 

 The role of the direct pathway in the pathogenesis of LID was later emphasized 
by Bezard et al. [ 86 ]. In this key review, it was suggested that underactive/abnormal 
fi ring of the basal ganglia output nuclei in dyskinesia [ 52 ,  73 – 78 ] was primarily 
caused by overactivated striatonigral neurons of the direct pathway. Indeed, func-
tional hyperactivation of the direct pathway in LID has been demonstrated at the 
cellular level from (1) dramatic elevations of striatal mRNA expression of PPE-B 
and prodynorphin [ 58 ,  79 – 82 ] and (2) supersensitization of striatal dopamine D 1  
receptors [ 83 ]. In addition, it has been reported that treatment with selective dopa-
mine D 1  receptor agonist, ABT-431, in PD patients elicits dyskinesia to a similar 
extent to that of  l -DOPA [ 84 ], supporting the hypothesis of a hyperactivated direct 
pathway in the pathogenesis of dyskinesia. It should be noted that these data are 
inline with the mechanism suggested in the classic functional model, whereby an 
overactivated direct pathway mediates over-inhibition of the basal ganglia output, 
causing the underactivation of these nuclei (see Fig.  7.1c ). 

 On the contrary, the proposed underactivation of the indirect pathway in the 
pathophysiology in LID has been, somewhat, inconsistent with several experimen-
tal fi ndings, which has presented some limitations of the classic functional model 
(discussed in more detail in the section below). For example, the underactivation of 
the indirect pathway due an overactivated GPe is not consistently seen in dyskinetic 
MPTP-lesioned nhps [ 55 ]. In addition, striatopallidal neurons of the indirect path-
way are not underactive, as demonstrated by the levels of striatal PPE-A mRNA, 
which are actually further upregulated, rather than downregulated, in dyskinesia 
compared to PD [ 79 ,  85 ]. It has since been suggested that increased striatal PPE-A 
mRNA in LID may occur due to reduced parkinsonism following  l -DOPA treat-
ment, rather than LID itself [ 86 ]. This is consistent with clinical fi ndings that have 
shown dopamine D 2  receptor agonists are effective antiparkinsonian agents with a 
reduced risk of inducing dyskinesia [ 87 ]. 

 At this point, it is worth mentioning that the classic functional basal ganglia 
model has provided an excellent basis for describing the functional mechanisms 
involved in normal and disease states (see Fig.  7.1a–c ). However, the classic 
model remains too simplistic, and its use is limited when describing the patho-
physiological mechanisms in PD and LID. In the next section, we outline some 
of the main inconsistencies that have arisen between experimental data and the 
classic functional basal ganglia model.  

7 Basal Ganglia Circuitry Models of Levodopa-Induced Dyskinesia



116

    Developments of the Basal Ganglia Circuitry Model 

 Progressing from the original descriptions of the classic functional model by 
Alexander and Crutcher [ 4 ], experimental reports have revealed a greater complex-
ity in the neural organization and information processing within the basal ganglia. 
These data have led to the development of the functional model, which has engaged 
the highly dynamic nature of neural networking in the basal ganglia circuitry. 

    Organization and Structure 

 In the classic model, the separate direct and indirect pathway organization has been 
widely accepted, but the actual degree of segregation and opposing functional activ-
ity of the striatal neuronal projections remains unclear [ 88 ]. Firstly, striatofugal 
axons show consistent collateralization to both the GPe and GPi [ 89 ], suggesting an 
interconnected, rather than segregated, organization. Secondly, the response of the 
striatofugal pathways to dopamine cannot be simply viewed as an activating or 
deactivating effect caused exclusively via actions on dopamine D 1  or D 2  receptors, 
respectively, as (1) a high percentage of striatal MSNs expresses both subtypes of 
dopamine receptors [ 90 – 92 ] and (2) because dopamine D 1  and D 2  receptor responses 
are not consistently opposite [ 93 ,  94 ]. It is also worth mentioning that the modula-
tory effects of dopamine in the basal ganglia are not only restricted to the striatum. 
In fact, extensive dopaminergic SNc projections are found to innervate most, if not 
all, of the other basal ganglia subnuclei [ 95 – 100 ]. Thus, taking this into consider-
ation, another level of complexity is added, as these dopaminergic innervations can 
bypass the feed-forward processing mediated by striatofugal neuronal activity 
[ 101 – 103 ]. 

 From the early 2000s, the mechanism of neural processing in the basal ganglia 
has been reevaluated [ 104 ,  105 ]. The concept of a linear feed-forward mechanism, 
solely based on altered fi ring rate of each basal ganglia subnucleus, has been found 
to be inconsistent with preclinical and clinical data, sparking the reorganization of 
the basal ganglia circuitry. In particular, the model now incorporates the numerous 
internal feedback loops [ 104 ,  106 ], which have been found to exist through recipro-
cal connections between the many of the basal ganglia subnuclei [ 107 – 110 ]. This 
reformed organization of basal ganglia circuitry has brought drastic changes to the 
arrangement of the classic indirect pathway, which include (1) the GPe as now 
occupying a central position and being viewed as a key structure for inhibitory 
modulation of the striatum, GPi and STN (see Fig.  7.2 ) [ 111 – 113 ], and (2) the STN 
being considered as another major input station of the basal ganglia, receiving affer-
ent glutamatergic projections from the cortex [ 114 ,  115 ] and thalamus [ 116 ], while 
sending glutamatergic efferent projections to the GPe, GPi/SNr, ventral thalamic 
nuclei, and pedunculopontine nucleus [ 117 ,  118 ]. Importantly, the overall structural 
reorganization of the motor circuit now sees the functional dual disynaptic control 
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of the GPe and GPi (see Fig.  7.2 ) [ 104 ,  113 ] via parallel cortical projections to 
the striatum and STN. The corticostriatal projection uses the striatum to mediate 
inhibitory control of the pallidal segments, while the cortico-STN projection, also 
known as the hyper-direct pathway [ 115 ], uses the STN to mediate fast excitatory 
input to these structures [ 119 ].

       Mechanism of Neural Information Processing 

 The mechanism of neural processing in the classic functional model, which is 
based only on the fi ring rate of each individual subnucleus in the basal ganglia, is 
unable to explain several major experimental fi ndings in PD and LID. Most 

  Fig. 7.2    A schematic diagram showing the functional organization of the basal ganglia. This 
updated model proposed by Obeso et al. [ 113 ] illustrates the dual disynaptic control of the internal 
and external segments of the globus pallidus, originating from corticostriatal and cortico- 
subthalamic projections. The position of the external segment of the globus pallidus in this model 
has been emphasized to mediate important inhibitory control of the basal ganglia output nuclei, 
while modulating the activity of the striatum and subthalamic nucleus via reciprocal connections. 
 DRs  dopamine receptors,  STR  striatum,  GPi  internal segment of the globus pallidus,  GPe  external 
segment of the globus pallidus,  STN  subthalamic nucleus       
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notably, simple underactivation of the basal ganglia output nuclei in dyskinesia 
[ 73 ,  76 ,  77 ] cannot fully explain the pathogenesis of LID [ 75 ]. This is because 
lesion of the GPi does not result in dyskinesia [ 120 ,  121 ]. In fact, pallidotomy of 
the internal segment effectively alleviates LID in MPTP-lesioned nhps [ 122 ] and 
PD patients [ 123 ,  124 ], which is opposite to the proposed outcome of the classic 
functional model. Other major inconsistencies of the classic model have been 
identifi ed in PD, which include: (1) lesions of the motor thalamic nuclei do not 
exacerbate parkinsonism in patients [ 120 ] and (2) lesions of the GPe do not induce 
PD motor symptoms [ 54 ]. Collectively, these data have indicated that the process-
ing of neural information for motor behavior in the basal ganglia is much more 
complex than originally thought [ 19 ], which cannot rely exclusively on fi ring 
rates. Instead, the fi ring rate model has been developed to incorporate the func-
tional roles of neuronal fi ring patterns, such as synchronicity and oscillatory acti-
vations, in motor function, which are characteristically different in established PD 
and LID [ 75 ,  125 – 127 ].  

    Neuronal Firing Patterns in the Basal Ganglia 

 The study of neuronal fi ring patterns is commonly conducted through electro-
physiological measurements of single/multiunit activity or local fi eld potentials 
(LFPs). Single/multiunit recordings show the action potentials of one or multi-
ple neurons, while LFPs typically refl ect subthreshold synchronized afferent 
activations of a larger group of neurons [ 128 ]. These sets of neuronal data are 
analyzed for either synchronous or oscillatory patterns of activity, which are 
determined using a range of statistical tools on the time and/or frequency 
domains [ 129 ]. While the oscillatory activity can modulate neuronal synchroni-
zation in cortical and subcortical regions [ 130 ,  131 ], these patterns of neuronal 
activity are not mutually exclusive, i.e., synchronized fi ring can occur in the 
absence of periodic fi ring or vice versa [ 129 ]. The presence of synchronized 
activity between networks in distinct neuroanatomical regions is hypothesized 
to “bind” or “couple” neural ensembles, as part of a wider functional integration 
process [ 130 – 132 ]. Such synchronized fi ring is suggested to be a mechanism of 
neural processing in cortical and thalamic regions. On the contrary, the function 
of the basal ganglia, as an intermediate in corticobasal ganglia-thalamocortical 
loop, has been suggested to mediate so-called dimensional reduction, which 
describes the funnelling of redundant cortical neuronal inputs for effi cient 
action planning [ 133 ].    This has been indicated from electrophysiological stud-
ies conducted in normal animals that have revealed the activity of neurons in the 
GPe [ 134 ], GPi [ 135 ], and STN [ 136 ] are generally asynchronous, with approxi-
mately 90 % or more of recorded neurons displaying uncorrelated fi ring patterns 
[ 53 ,  137 ,  138 ]. The oscillations in spike activity of MSNs in the striatum are 
typically weak [ 139 ,  140 ].   
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    Abnormal Neuronal Firing Patterns in the Pathophysiology 
of PD and LID 

 Following original reports of abnormal neuronal fi ring patterns in experimental 
parkinsonism [ 53 ,  141 ], patterns in burst fi ring, synchronization, and oscillatory 
activity have been well studied in PD and LID. Initial experiments conducted sin-
gle-unit measurements of neuronal activity in the subnuclei of the basal ganglia in 
MPTP- lesioned nhps and showed that the incidence of burst fi ring was increased in 
the GPe, GPi, and STN [ 53 ,  141 ,  142 ]. Additionally, neurons within these struc-
tures were found to demonstrate hyper-synchronized oscillatory activity that was 
characteristically <30 Hz (within the β (beta)-band) [ 53 ,  135 ,  143 ]. Similar fi nd-
ings have been reported in clinical studies, following measurements of LFPs via 
macroelectrodes during neurosurgery [ 125 ]. Although these data are not directly 
comparable to single-unit measurements, LFPs in the STN and GPi of PD patients 
in the off- state showed dominant low-frequency (<30 Hz) oscillations, with 
increased coherence in activity (at 6 and 20 Hz) between these structures. The ori-
gin of these low-frequency oscillations in PD has been suggested to arise from an 
abnormal network effect following extensive loss of dopamine in the basal ganglia, 
which may occur from imbalanced activity between the direct and hyper-direct 
pathways [ 105 ] or due to rebound fi ring of STN [ 144 – 146 ] caused by abnormal 
inhibitory input from the GPe [ 147 – 149 ]. The STN is likely to impose enhanced β 
(beta)-band oscillations on the GPi through its direct synaptic connection, which 
then reverberates through the motor corticobasal ganglia-thalamocortical loop, as 
indicated from coherent β (beta)-band oscillations between the basal ganglia sub-
nuclei and motor cortical regions [ 150 – 153 ]. 

 The functional relevance of enhanced β (beta)-band oscillations in the motor 
corticobasal ganglia-thalamocortical loop has been postulated to disrupt informa-
tion processing, contributing to the expression of PD motor symptoms [ 154 ]. In-line 
with this suggestion, low-frequency (5–20 Hz) stimulations of the STN typically 
worsen akinesia in PD patients [ 155 – 157 ], while neuronal fi ring of GPi cells at 
4–6 Hz in MPTP-lesioned nhps [ 53 ] and PD patients [ 158 ] has been correlated to 
the frequency of resting tremor. Moreover, studies have shown that treatment with 
dopaminergic agents in PD suppresses the low-frequency β (beta)-band oscillations 
in the basal ganglia [ 125 ,  159 ,  160 ] and motor cortical regions [ 151 ,  152 ], causing 
several marked changes in neuronal activity, such as the uncoupling of high- 
frequency oscillations (HFO) (>300 Hz) to low-frequency β (beta)-band oscillations 
[ 160 ] and a shift to a new prominent peak in activity at ~70 Hz (γ (gamma)-band) 
[ 125 ], as parkinsonism is alleviated. The presence of γ (gamma)-band oscillations 
(70–85 Hz) in the basal ganglia, particularly the STN, may be refl ective of an 
improved motor state in PD as clinical studies have shown (1) HFS of the STN 
>70 Hz alleviates PD motor symptoms in patients [ 155 ] which also suppresses low- 
frequency β (beta)-band oscillations in the GPi [ 161 ] and (2) increased coherence 
between the STN and GPi in the γ (gamma)-band frequency following  l -DOPA 
treatment in PD patients, which also augments with movement [ 151 ]. However, in 
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PD patients that exhibit dyskinesia following treatment with dopaminergic 
 medication, different patterns of neuronal activities are induced [ 127 ,  162 ]. While 
LFPs in the STN of these patients do show increased (17.8 %) logarithmic power of 
activity in the γ (gamma)-frequency range, there is a more striking increment 
(77.6 %) in activity at 4–10 Hz (θ (theta)/α (alpha)-band) that is specifi cally associ-
ated with dyskinesia [ 127 ,  163 ]. Clinical data have also revealed that the coherence 
between the STN and GPi at <10 Hz is increased in the dyskinetic state [ 162 ]. 

 As discussed above, neuronal patterns of burst fi ring, synchronization, and oscil-
latory activity within the motor corticobasal ganglia-thalamocortical loop are asso-
ciated with different motor states. It has been postulated that tonic levels of 
endogenous dopamine in the normal basal ganglia may mediate desynchronized 
neuronal fi ring for the processing of motor commands [ 126 ,  164 ]. However, in PD, 
when there is extensive loss of dopamine, these motor commands are not, or inef-
fi ciently, processed within the basal ganglia. Prominent changes, such as enhanced 
hyper-synchronization and oscillatory patterns of fi ring at β (beta)-band frequen-
cies, may represent increased threshold levels of activity, acting as a “barrier” that 
ultimately impedes information processing for movement [ 126 ,  164 ]. On the con-
trary, hyper-synchronization of neuronal activity at θ (theta)/α (alpha)-band fre-
quencies, as recorded in LID [ 127 ,  162 ,  163 ], may allow for release of involuntary 
motor sequences that become expressed as dyskinesia. Thus, neurosurgical proce-
dures for symptomatic treatments of PD and LID can be viewed as a method of 
alleviating, or resetting, abnormal subcortical activations [ 165 ], allowing the 
resumption of neuronal processing for motor programming in the absence of an 
endogenous dopamine tone. In the next section, we discuss a recently developed 
computational model of the basal ganglia circuit for action selection, which 
describes the loss of motor function and emergence of low-frequency oscillations 
following striatal dopamine denervation.  

    Computational Models of the Basal Ganglia Motor Circuit 

 Although the precise functional consequences of abnormal neuronal fi ring patterns 
in the basal ganglia in parkinsonian and dyskinetic states remain unclear, recent 
advances have been made in our understanding of neural processing in the expres-
sion of the motor symptoms. Studies conducted by Boraud’s group identifi ed key 
functional changes in the basal ganglia output nuclei that related to the onset of 
parkinsonism [ 166 ]. Their work demonstrated that hyper-synchronized β (beta)-
band oscillations in the GPi occurred following the establishment of PD motor 
symptoms in MPTP-lesioned nhps [ 166 ]. In the same study, the authors identifi ed 
that onset of experimental parkinsonism was closely related to a shift in the fi ring 
profi le of GPi neurons, where there was an increased (~1.5-fold) proportion of 
excitable neurons and a decreased (~0.5-fold) number of functional inhibitory neu-
rons [ 166 ]. Moreover, in an earlier study conducted by the same research group, GPi 
neurons in MPTP-lesioned nhps were found to have altered fi ring activities that 
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were related to the spatiotemporal aspects of motor processing [ 167 ]. In these 
MPTP-treated nhps, it was shown that the number of GPi neurons responsive to 
manipulated limb movements was increased (~5-fold), demonstrating a loss of 
somatosensory selectivity [ 167 ]. Neurons within the GPi also displayed premature 
fi ring in relation to onset of muscular activity, suggesting dysfunctional neural pro-
cessing for movement [ 167 ]. These key experimental fi ndings indicated that changes 
in neural activity at the level of the GPi could be instrumental in disrupting motor 
processing in action selection, leading to the motor disabilities seen in PD. 

 In 2006, Boraud’s team put forward a dynamic computational model of the 
basal ganglia network that described the neural processing for action selection 
from closed feedback loops (see Fig.  7.3 ) [ 105 ]. Interestingly, in-line with 
experimental fi ndings in MPTP-treated nhps [ 166 ], this computational model 
described how reduced dopamine levels caused loss of action selection that cor-
related with a shift in the proportion of activated neurons in the GPi, prior to the 
development of synchronized low-frequency oscillations within the basal gan-
glia [ 105 ]. This functional model of the basal ganglia uses two main feedback 
loops that are each arranged in a somatotopic manner [ 168 – 171 ]: (i) the hyper-
direct pathway (cortex-STN-GPi- thalamus-cortex) [ 114 ] and (ii) the direct 

  Fig. 7.3    A schematic diagram of basal ganglia neuronal connections in a model for action selec-
tion proposed by Leblois et al. [ 105 ]. In this circuit, two neuronal populations ( black and gray ), 
each composed of (i) cortex-STR-GPi-thalamus-cortex and (ii) cortex-STN-GPi-thalamus-cortex 
pathways compete to execute action selection. This is achieved when activity in of one cortical 
population overcomes threshold activity in the other cortical population. Importantly, projections 
from the STN cross over, modulating GPi neuronal activity in the competing loop. Dopamine in 
the striatum mediates potentiation of corticostriatal synapses, strengthening the activity of a spe-
cifi c striatal projection. This can lead to increased feedback to the cortex in the same neuronal 
population to cause action selection.  DA  dopamine,  STR  striatum,  GPi  internal segment of the 
globus pallidus,  STN  subthalamic nucleus       
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pathway (cortex-striatum-GPi-thalamus-cortex). These two pathways have 
opposing effects on cortical activity; the hyper-direct inhibits the thalamic 
nuclei which causes reduced cortical fi ring (global negative), while the direct 
pathway disinhibits the thalamic nuclei leading to increased cortical fi ring 
(global positive). Leblois et al. [ 105 ] described two somatotopic channels from 
one corticobasal ganglia-thalamocortical loop (each composed of two feedback 
loops) that act in parallel and compete to execute action selection (see Fig.  7.3 ) 
[ 170 – 172 ]. This is achieved when the activity of one cortical population over-
comes the threshold activity of that in the other. Importantly, the projections 
from the STN to the GPi have pivotal roles in the execution of a motor program, 
as the STN mediates “cross-path” activity, modulating GPi neuronal activity in 
its own loop and also in the competing circuit [ 105 ]. This functional model also 
describes the effects of dopamine in the striatum, where it mediates potentiation 
of corticostriatal synapses in sensorimotor regions [ 173 ], strengthening direct 
pathway activity for biasing selection of the motor program in the correspond-
ing circuit. When dopamine levels are normal, i.e., 100 %, the computational 
model demonstrates how action selection can occur as “symmetry breaking,” 
the transition of activity when one neuronal population becomes greater than 
the other, takes place. Such a situation arises when motor planning information, 
sent from sensorimotor cortical areas, produces strong positive feedback activ-
ity in the direct pathway and inhibitory feedback activity in the hyper-direct 
pathway, causing asymmetric activations of neuronal populations in the GPi. In 
turn, cortical activity in one population is enhanced, while the other is attenu-
ated leading to the selection of an action [ 105 ].

   An extension to the computational model proposed by Leblois et al. has recently 
been described for the processing of neural information in the basal ganglia for two 
level decision-making (i.e., cognitive and motor) [ 174 ]. Based on electrophysiologi-
cal data in nhps [ 175 ], the updated model demonstrated how task-related decisions 
made at the cognitive level can infl uence the motor level for action selection. The 
model architecture of the updated model is more sophisticated, describing two action 
selection modules, i.e., one cognition and one motor, which act in parallel. Each 
action selection module arises from distinct regions of the cortex, consisting of the 
direct and hyper-direct pathways, in a corticobasal ganglia-thalamocortical loop. For 
each loop, channels composed of separate ensembles in cortical areas are representa-
tive of decision choices that compete for action selection [ 174 ]. This computational 
model incorporates the idea of multiple corticobasal ganglia- thalamocortical loops 
for different aspects of neural processing [ 4 ], which interact in the striatum as affer-
ent fi bers converge in specifi c overlapping regions [ 174 ]. In this model, symmetry 
breaking for action selection can be initiated by internal noise prior to learning, 
which is followed by dopamine-mediated effects at corticostriatal synapses. 
Subsequently, synaptic gain in the direct pathway at the striatal level mediates posi-
tive feedback of that channel, while negative feedback of the hyper- direct pathway 
suppresses competing channels [ 174 ], in a center-surround inhibitory fashion [ 176 ]. 
Thus, activities of both circuits promote action selection of a specifi c channel. 

 These novel dynamic computational models of neural networks may prove to be 
important tools in the study of basal ganglia disorders. In the original computational 
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model, Leblois et al. [ 105 ] demonstrated that striatal dopamine denervation leads to 
complete loss of action selection ability. Initial changes included a marked reduc-
tion in the ratio of inhibited GPi neurons by the direct pathway, which occurred 
following ~30 % dopamine loss [ 105 ]. As a result, feedback from the direct path-
way was reduced, preventing the mechanism of symmetry breaking. Interestingly, 
after approximately 70–80 % striatal dopamine denervation, the inability of the 
direct pathway to counteract negative feedback of the hyper-direct pathway resulted 
in synchronized oscillatory neuronal activity (frequency of 10–12 Hz) [ 105 ]. As 
these predictions are in-line with experimental fi ndings in PD [ 166 ], the model pro-
vides an excellent tool for studying the pathogenesis of disease states, with the 
advantage of incorporating more parallel loops and additional anatomical subnuclei 
[ 105 ,  174 ]. Although the pathophysiological changes in LID have yet to be mod-
elled in these computational models, it would be particularly interesting to investi-
gate whether synchronized θ (theta)/α (alpha)-band oscillations are produced in the 
basal ganglia in the dyskinetic state, as reported in patients [ 127 ,  162 ]. Speculatively, 
the dyskinesia could be modelled by incorporating pathophysiological hallmarks of 
LID, such as dysfunctional LTP at corticostriatal synapses [ 177 ,  178 ]. If this is pos-
sible, the current computational model could help elucidate the precise conse-
quences of abnormal neuronal oscillatory activations in the basal ganglia subnuclei 
on action selection or identify the subtle changes in fi ring activities that lead to the 
expression of dyskinesia. In addition, we suggest that future basal ganglia models 
should be extended for describing the pathophysiology of LID. This is because 
recent studies have demonstrated molecular and functional adaptations associated 
with the expression of dyskinesia also occur in anatomical regions beyond the sub-
nuclei of the basal ganglia. In a recent study conducted by Halje et al. [ 179 ], it was 
shown that dyskinetic motor symptoms in the unilateral 6-hydroxydopamine 
(6-OHDA)-lesioned rat model of LID were alleviated as abnormal motor cortical 
oscillations (80 Hz) were attenuated, following application of a dopamine D 1  recep-
tor antagonist to specifi c cortical regions. These data, as well as our recent fi ndings 
[ 180 ], highlight the need to look beyond the basal ganglia subnuclei for functional 
changes that can directly impact motor function.  

    Additional Nuclei in the Pathophysiology of LID 

 Molecular changes in the pathophysiology of LID have been well studied in the 
basal ganglia subnuclei [ 181 ], but little remains known of the adaptations that occur 
in other structures. A previous report identifi ed the bed nucleus of the stria termina-
lis (BST) was hyperactivated in dyskinetic MPTP-lesioned nhps [ 182 ], suggesting 
a potential role of this structure in the pathophysiology of LID. Using the unilateral 
6-OHDA-lesioned rat model of LID, we recently investigated the molecular adapta-
tions in the whole brain by quantifying the expression of four immediate early genes 
(IEGs) (ΔFosB, ARC, FRA2, Zif268/EGR1) [ 180 ]. We found that dyskinesia sever-
ity in  l -DOPA-treated unilateral 6-OHDA-lesioned rats correlated to the overex-
pression of these specifi c IEGs in the following structures: oval (oBST), juxta 
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(jBST), and medial (mBST) bed nucleus of the stria terminalis, lateral habenula 
(lHb), pontine nuclei (Pn), and cuneiform nucleus (CnF). Such molecular adapta-
tions in these nuclei could stem from irregular activities of afferent fi bers. For exam-
ple, serotonergic afferents [ 183 ] to the oBST and jBST may facilitate unregulated 
fl uctuations of dopamine release in LID [ 184 – 187 ], which is likely to cause an 
abnormal functional state of these nuclei [ 188 ]. The molecular adaptations in the 
lHb nuclei, a structure that projects to different monoaminergic regions including 
the serotonergic dorsal and medial raphe, could be involved in the aberrant release 
of dopamine from serotonergic (5-HT) terminals in LID, contributing to the patho-
genesis of dyskinesia [ 189 – 192 ]. Further studies are currently being conducted to 
fully elucidate the functional roles of these additional nuclei in the pathogenesis of 
dyskinesia. It is important to note that recent fi ndings from our group and others 
[ 179 ] highlight the need to evaluate regions outside of the basal ganglia for fully 
uncovering the pathophysiological mechanisms in LID.  

    Conclusions 

 The functional basal ganglia circuitry model for describing the pathophysiology of 
PD and LID has developed quite considerably over the past few decades. Critical 
evaluation of functional mechanisms has proved an important step in progressing 
from the original descriptions of basic box-arrow circuitry and feed-forward infor-
mation processing [ 4 ] to more updated basal ganglia models, which have captured 
complex neural network connections [ 104 ] and the dynamic nonlinear neuronal 
processing in disease states [ 105 ]. While our understanding of the pathophysiologi-
cal mechanisms of PD and LID motor symptoms remains incomplete, the road to 
uncovering subtle dysfunctional neuronal processes will undoubtedly be guided by 
accurately modelling the latest experimental fi ndings. Recent technological 
advancements that allow for the simultaneous measurements of single-unit neuronal 
activity, whole body kinematics, and muscular activities in freely moving nhps 
[ 193 ] are likely to be at the forefront of relating specifi c motor abnormalities that 
occur in PD and LID to abnormal neural processing in the basal ganglia and other 
anatomical regions. By striving to understand the complex mechanisms involved, 
we hope to make solid progress in the development of novel clinical treatments for 
PD and LID, to ultimately improve the quality of life of patients suffering from 
these movement disorders.     
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    Chapter 8   
 Features and Mechanisms of Diphasic 
Dyskinesia in Parkinson’s Disease 

             Marcelo     Merello      ,     Inés     Trigo Damas     , and     José     A.     Obeso     

    Abstract     Levodopa-induced dyskinesia is normally assessed based on the 
course of the appearance of their symptoms. Diphasic dyskinesia (DD) usually 
appears at the beginning and at the end, but not at the peak, of the levodopa 
effect in long-term treated Parkinson’s disease patients. The most commonly 
affected subjects with this form of dyskinesia are those who have an early onset 
of the disease, approaching 20 % of globally treated parkinsonian patients. 
Typically, they are present in the lower limbs and exhibit rhythmic and some-
time stereotypic movement patterns. In the past, DD were a serious manage-
ment problem and often associated with severe dysautonomic manifestations. 
Current pharmacological trends to avoid high levodopa use have reduced the 
incidence of very troublesome DD. When severe, surgical approach may be con-
sidered, since pallidotomy typically resolves the movements. In a broader sense, 
the net predominance of the lower limb in DD is a fascinating mystery of which 
resolution could lead to important advances in the functional anatomy of the 
basal ganglia and Parkinson’s disease.  
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        Introduction 

 Dopamine replacement therapy using levodopa usually shows an initial period 
where the response to the medication is adequate and motor manifestations are well 
controlled. However, motor complications (fl uctuations and dyskinesia mainly) 
arise in most patients within 5–10 years of levodopa treatment [ 1 ,  2 ]. 

 Levodopa-induced dyskinesia (LID) has different presentation patterns [ 3 ], 
namely, peak-dose dyskinesia, diphasic dyskinesia, and “off”-period dystonia 
[ 4 – 7 ]. Typically, peak-dose dyskinesia shows choreiform-type movements in the 
most affected side of the body as fl eeting or purposeless fi dgety-type movements 
that can be exaggerated by emotional states or stress [ 8 ,  9 ], whereas OFF dystonia 
consists of spasms and dystonic postures commonly affecting one foot and with 
early- morning predominance. Diphasic dyskinesia (DD) also labeled as “beginning 
and end of dose” or DID (for dystonia improvement dystonia) is less common than 
the other categories but becomes extremely disabled and a major management prob-
lem. In addition, some unique features of DD make this complication extremely 
interesting in terms of understanding basal ganglia pathophysiology.  

    History and Major Features of Diphasic Dyskinesia 

 A diphasic pattern (Fig.  8.1 ) of some LIDs was fi rst recognized by Tolosa et al. 
[ 10 ,  11 ] but described and labeled as a distinct subtype of LID by Lhermitte and 
Agid [ 10 ] and by Muenter et al. [ 12 ,  13 ]. The essential and intriguing feature of 
DD is that the abnormal movements occur when levodopa plasma levels are 
ascending and descending and, accordingly, can cease during peak plasma levels 
[ 2 ,  12 ,  14 ]. This makes DD the only secondary effect of a drug (at least for those 
acting on the nervous system) which is not increased but ameliorated by increas-
ing the dose, thus truly a paradoxical effect.

  Fig. 8.1    Time period of 
diphasic dyskinesia.  Yellow 
ellipses  indicate the 
appearance of diphasic 
dyskinesia during the wearing 
ON and OFF of levodopa 
levels in plasma.  Brown 
ellipse  indicates the peak of 
dose period when the subjects 
show normal motor behavior       
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   Characteristically, DD affects younger patients, and they occur when patients are 
in the transitional state from the OFF to the ON period (Fig.  8.1 ). In other words, 
DD occurs at a time when dopaminergic activity has to reach a threshold which is 
below the one needed to obtain an anti-parkinsonian benefi t. The latter, of course, 
coincides with peak levodopa concentrations. The phenomenology of DD has been 
a matter of discussion and confusion for years [ 6 ,  15 ]. Many different labels (dysto-
nia, choreoathetosis, ballism, stereotyped movements, etc.) have been used to 
describe DD. However, this is essentially a semantic problem. In the majority of 
cases, careful observation reveals that DD typically begins by the lower limbs and 
has a repetitive, slow (2–3 Hz), fl exion–extension character [ 3 ,  9 ,  16 ], whereas the 
upper half of the body remains parkinsonian. A typical combination is someone 
kicking the leg while exhibiting a typical parkinsonian tremor in the upper limb of 
the same body side. The lower limb movements of DD may become quite large, 
involve more proximal segments, and loss their repetitive stereotypic character, thus 
leading to the use of ballism or chorea, but, in fact, the reciprocal activation of ago-
nist/antagonist muscles is maintained in most instances [ 4 ]. In a minor proportion of 
patients, the predominant manifestation may be dystonic posturing of the limb. In 
some patients, there may be more complex manifestations like “silly gait” or “drum-
mer gait” whereby patients do seem to be performing a voluntary action [ 17 ]. 

 In addition, in a relatively large proportion of patients, the dyskinesia does not cease 
completely as the patient goes into the ON stage but becomes different, typically choreic 
or dystonic movements [ 18 ] which have contributed to the confusing terminology. 

 The true incidence of DD is not well ascertained as the movements often pass 
unnoticed when mild and short lasting. It is estimated that about 20 % of Parkinson’s 
disease (PD) patients show DD severe enough to be clinically relevant [ 15 ]. Luquin 
et al. [ 19 ] studied the pattern of dyskinesia among 168 patients. Ninety-four percent 
of patients showed ON-period dyskinesia and 18.5 % had a diphasic presentation. 
OFF-period dystonia was noted in 35.7 % of patients (Table  8.1 ). 

 In the 1970s and 1980s, when many current treatments were not available, patients 
with DD could become extremely disabled entering into a “dyskinetic status” (thus 
also called “dyskinesia without benefi t”) accompanied by pain and autonomic 
changes which considerably decreased the patients’ quality of life [ 6 ,  15 ,  20 ]. Indeed, 
in some few instances the patient died from systemic complications.

       Do Patients with DD Correspond to a Different PD Subtype? 

 Why is it that only a small group of patients display DD? It is possible that the phe-
nomena may exist in all patients but reasons related to the velocity in turning ON 
may be affecting the process, such that some patients exert DD while others do not. 
DD usually affects patients with early-onset disease [ 21 ,  22 ]. The risk of developing 
dyskinesia or wearing OFF is closely linked to levodopa dose [ 23 ]; however no 
single work has studied demographic or disease-related differences between both 
types of dyskinesia.  
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   Table 8.1    Characteristics and established observations of diphasic dyskinesia   

 Occur at the beginning and end of the levodopa effect 
 Disappear with a higher dose of levodopa or with a “rescue” dose of subcutaneous 
apomorphine 
 May be considered as the only drug-induced side effect that disappears when  increasing  the 
dose of the offensive drug 
 Characteristically, the leg is the body part predominantly involved 
 Occurs only in a subgroup of PD patients: factors distinguishing who will or will not develop 
DD are not recognized 
 Are abolished by either pallidotomy or thalamotomy 
 Different movement disorders may be seen as an expression of DD, such as dystonia, ballism, 
or stereotyped movements. Rhythmic, alternating movements of the legs are the most common 
manifestation 
 The nomenclature used in the literature has been variable and confusing over time 
 Some patients treated with continuous delivery of apomorphine or lisuride subcutaneously and 
also with graft-induced dyskinesias exhibit similar repetitive movements and failed to reach a 
full anti-parkinsonian response, imitating the movements of DD but without the beginning–end 
of dose pattern 
 Subthalamic nucleus surgery may induce dyskinesia in some patients which is 
phenomenologically similar to the typical repetitive moments of DD 

    What Can Graft-Induced Dyskinesia Tell Us About DD 
Pathophysiology and the Putative Role of Serotonin 
in Its Genesis? 

 Recently, a new and occasionally severe form of dyskinesia that persists for pro-
longed periods of time following withdrawal of dopaminergic medication has been 
reported in patients with PD, who have undergone fetal nigral transplantation, so- 
called graft-induced dyskinesia or OFF-levodopa posttransplant dyskinesia. These 
movements contrast with classical LID, which typically disappears within hours 
after stopping the medication and its phenomenology resemble typical DD [ 24 ]. 
Thus, like DD, OFF dyskinesias are asymmetric, rhythmic, alternating, stereotypic 
movements that predominantly affected the legs. The basis of OFF-medication dys-
kinesia that develops following fetal nigral transplantation is not known. It has been 
proposed that they may be due to graft overgrowth with excess dopamine produc-
tion due to prolonged periods of preoperative culturing of cells. However, posttrans-
plant OFF medication more often occurred in association with incomplete (or 
negligible) improvement in the OFF motor scores, indicating that the graft-derived 
increases in dopaminergic activity was insuffi cient to achieve a full anti- parkinsonian 
effect but perhaps enough to trigger dyskinesia that resembles DD but was rather 
maintained. A similar situation can be observed in PD patients treated with continu-
ous infusion of levodopa or apomorphine [ 25 ,  26 ]. Similarly, STN-DBS can also 
elicit a DD pattern of movements, which can be overcome by increasing the current 
voltage [ 27 ]. 
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 More recently, experimental evidence indicating a pivotal role of the striatal 
serotonergic innervation in the genesis of OFF-drug dyskinesia has been generated 
by using the 6-OHDA lesion rat model [ 28 ,  29 ]. Serotonin neuron-rich fetal ventral 
mesencephalic (FVM) tissue grafts exacerbated both the severity and duration of 
abnormal involuntary movements in this model with no motor function improve-
ment, whereas dopamine neuron-rich grafts produced less dyskinesia and substan-
tial functional improvement. Carlsson et al. [ 29 ] suggested that with an equal ratio 
of dopamine to serotonin neurons in the PD brain, remaining dopamine neurons can 
buffer dopaminergic activity from serotonergic nerve terminals. 

 Serotonergic axons arborize as densely and as widely as dopaminergic neurons 
in the striatum, and their proximal location allows for a complex serotonin– 
dopamine interaction. Serotonin receptors have diffuse striatal morphology and are 
expressed by many non-dopaminergic neurons, including medium-sized spiny neu-
rons and cholinergic interneurons. However, there is a higher representation of 5HT 
receptors in the ventral striatum compared with dorsal striatum. 

 The similarities between OFF-levodopa posttransplant dyskinesias and DD, the 
role of serotonin in stereotypies and persistent behaviors, as well as the selective 
preference of the leg consistent to the differential expression of 5HT receptors 
between dorsal and ventral striatum make the serotoninergic hypothesis of DD 
trustworthy for further studies.  

    Does DD Share the Same Pathophysiology 
with Peak-Dose Dyskinesia? 

 Despite the established correlation with low levodopa plasma levels, the pathophys-
iology of DD is uncertain. Whereas it is true that increasing levodopa dose can 
cause a signifi cant reduction or even disappearance of DD, this is typically short 
lasting and gives way to generalized peak-dose dyskinesia. Equally, the use of apo-
morphine injections as a rescue therapy for patients with DD is also accompanied 
by aggravation of dyskinesias. Thus, Durif et al. [ 30 ] reported that apomorphine 
bolus administration reduced DD in three patients, but the improvement was rapidly 
followed by peak-dose dyskinesia. They noticed that in two of those patients the 
apomorphine boosts were effi cient just at the fi rst morning dose but not during the 
rest of the day. 

 The available pharmacological observations and the distinct clinical features of 
DD would suggest they represent a different subtype of LID and not just a fragment 
of peak-dose dyskinesias. Recently, a genetic study [ 31 ] showed that DD was asso-
ciated with the DRD3 p.S9G polymorphism variant suggesting a specifi c genetic 
susceptibility and differentiated mechanism for both DD and peak-dose LID. 

 However, evidence in the opposite direction, i.e., that both DD and peak-dose 
LID have similar pathophysiological mechanisms, has been generated recently by 
neurophysiological studies of local fi eld potentials. In PD patients undergoing deep 
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brain stimulation (DBS), the implantation of electrodes allows the recording of fi eld 
potential activity from various subcortical structures. In summary, in the OFF state, 
the STN shows a peak of abnormal activity in the low beta range (between 10 and 
30 Hz), which disappears in the ON medication state [ 32 ,  33 ]. The disappearance of 
the low beta peak is accompanied in around 30 % of patients by an increase in 
gamma activity (60–80 Hz) [ 34 ]. Related studies have also shown evidence of 
changes in higher frequencies (200–400 Hz) between both states, linked to complex 
interactions with the beta activities [ 35 ]. In the ON state, an additional peak in the 
theta/alpha range (4–10 Hz) has been associated with the presence of levodopa- 
induced dyskinesia and impulse control disorders [ 36 ]. In specifi c patients, continu-
ous recording throughout a levodopa cycle has shown the same oscillatory activity 
(around 8 Hz) and STN topography while exhibiting DD and “peak-dose” dyskine-
sia [ 34 ,  35 ]. 

 Animal models support the fi ndings from DBS in patients mentioned above [ 37 , 
 38 ]. In the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) monkey model, 
activity in the beta range has been recognized in the STN and GPi. In this model, the 
peak of such synchronous spiking activity appeared between 10 and 12 Hz coinciding 
with the frequency of tremor typically observed in African green or vervet monkeys, 
which are the only ones exhibiting tremor at rest after MPTP. Accordingly, the MPTP 
monkey model supports, by and large, the fi ndings in PD patients (indicating that 
severe striatal dopamine depletion leads to increased synchronization in the basal gan-
glia in the low beta range). Indeed, synchronization between oscillatory local fi eld 
potentials (LFPs) and single neuronal action potential activity within a given nucleus, 
i.e., STN, is enhanced in the parkinsonian state, quite unlike the normal state. 

 Additionally, studies conducted in the 6-OHDA (6-hydroxydopamine) unilater-
ally lesioned rat have also shown a peak of beta activity (essentially around 30–35 Hz 
in the awake animal and around 20 Hz in the anesthetized rat) in the STN, SNpr, and 
GP and in the motor cortex. Thus, accordingly, enhanced beta activity within the 
basal ganglia in the “indirect” circuit and between the motor cortex and the STN is 
considered a net characteristic of the unilaterally dopamine-depleted rat. 
Administration of dopaminergic agents, such as apomorphine or levodopa, attenu-
ates beta activity, further mimicking the observations in PD patients. More in detail, 
theta/alpha range LFP power (4–10 Hz) is increased in 6-OHDA-lesioned groups 
following a single levodopa administration [ 39 – 41 ]. Interestingly, in a recent study 
by Halje et al. [ 42 ] with rats as well, they showed a tight association between pres-
ence of LID and strong resonant high-frequency oscillations in the primary motor 
cortex of the lesioned (parkinsonian) hemisphere. The frequency was essentially the 
same, 80 Hz in all animals and in all experiments during the whole dyskinetic 
period. These oscillations were also found in striatal recordings indicating the pos-
sibility of a downstream pathway from the cortex. Also, these oscillations were not 
found in the non-parkinsonian hemisphere. 

 Thus, according to the above fi ndings, the neuronal activity associated with DD 
and peak-dose dyskinesias might be the same. Furthermore, both types of LID are 
equally eliminated by pallidotomy and thalamotomy, suggesting marked similari-
ties in the neuronal circuits conveying the signals leading to the abnormal 
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 movements. Recently, Alegre et al. [ 43 ] described a theta peak in a group of patients 
showing DD, very similar to the one present during peak-dose dyskinesias, suggest-
ing that they are highly related neurophysiological phenomena. These fi ndings may 
be considered as the fi rst physiological evidence supporting the notion that diphasic 
dyskinesia is the beginning of ON or peak-dose dyskinesia restricted to mechanisms 
controlling the lower limbs, thus representing the initial manifestation of levodopa- 
induced dyskinesia. However, this similarity does not rule out that some distinct 
pathophysiological mechanisms may underlie either type and account for some of 
the clinical features. Recently, Filipovic et al. [ 44 ] studied the effect of rTMS in 
motor cortex (M1) in a single patient who suffered from both DD and peak-dose 
dyskinesia to evaluate the potential differences in the responses to the stimulation. 
They found that the effect was more pronounced for the DD. This preliminary 
observation could suggest differential cortical mechanisms.  

    Are Proprioceptive Defi cits Involved in DD Generation? 

 It has been hypothesized that joint position sensation becomes phasically dimin-
ished after levodopa intake [ 45 ]. The brain, receiving weak positional information, 
would then facilitate exaggerated or adventitious searching movements in an attempt 
to keep abreast of the deployment of body parts. This pathophysiology would have 
some relation with the pseudo-chorea seen in response to peripheral deafferentation 
and may be specially involved in the typically diphasic dyskinetic gait usually seen 
in many patients and described by Ruzicka et al. [ 17 ] as “silly walks” which may 
mimic psychogenic gaits. Characteristically, those gait patterns occurred at the 
beginning and end of each levodopa dose effect with some dystonia followed by 
ballistic kicking and stamping. The gait patterns presented indeed look bizarre but 
also remarkably similar across patients. Recurring characteristics include “stepping 
with kicks,” “high knee elevations,” and ballistic “stamping” of the lower limb, 
generally on the side fi rst affected by PD. In addition, dystonic postures of the con-
tralateral foot and ipsilateral arm were present. Another important element was that 
the timing of these abnormal movements in relation to the intake and clinical effi -
cacy of dopaminergic medication clearly had a diphasic pattern: “silly gaits” devel-
oped shortly following a levodopa dose, at the beginning of the therapeutic effect. 
When the levodopa effect increased further to reach a full ON state, the dyskinesias 
largely disappeared, and gait improved considerably, consistent with previous 
descriptions of diphasic levodopa-induced dyskinesias [ 17 ]. 

 O’Suilleabhain et al. [ 46 ] intended to determine if levodopa and dopamine ago-
nists have acute depressant effects on joint position awareness and if such effects 
differ between dyskinetic and nondyskinetic patients. Unfortunately, the authors did 
not discriminate between DD and peak dose. They found that when ON, the 17 PD 
patients tended to score worse than controls for each of the tests of proprioception, 
with differences reaching signifi cance for the elbow discrimination and matching 
tests but not the spatial recall.  
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    Does the Predilection of Leg Involvement in DD Represent 
Differential Somatotopic Sensitivity to Levodopa? 

 The predilection for the leg and stereotypic movements represents a challenge in 
terms of basal ganglia pathophysiology. In patients with DD, typically the OFF 
spreads rostro-caudally (from face to feet), whereas the ON follows the opposite 
caudo-rostral spreading (feet fi rst, face latest) [ 16 ]. This might suggest an initial 
preponderance for striatal dopaminergic depletion in the dorsal motor putamen, i.e., 
the lower limb region. 

 In PD the loss of dopaminergic neurons in the nigrostriatal system results in a 
dorsoventral gradient of striatal denervation with greater loss of dopaminergic ter-
minals in the dorsolateral striatum compared to the ventromedial part [ 47 ,  48 ]. The 
striatum is somatotopically organized being the dorsolateral part the zone corre-
sponding to the leg. If early loss of dopaminergic innervation to the striatum affects 
and denervates the dorsal putamen fi rst, and if LID is associated with hypersensitiv-
ity of striatal dopaminergic receptors, one may expect that lower levodopa plasma 
and DA striatal levels are needed to trigger dyskinesia in the lower limb. However, 
why DD can stop with higher dopaminergic activity is enigmatic. We can only spec-
ulate and provide here a hypothesis to explain the observations. We propose that 
different levels of striatal dopaminergic activity are needed to reach normal motor 
control of distinct body parts; the dopaminergic threshold for the lower limb would 
be lower than for the face and arm (Fig.  8.2 ). This explains why the foot area 
switches ON fi rst and OFF later than rostral body parts and also that relatively low 
levodopa levels become “excessive,” triggering dyskinesias. However, why do the 
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  Fig. 8.2    Functional modulation of different topographical regions of the posterior putamen 
according to the dopaminergic gradient during the time period of diphasic dyskinesias       
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leg movements stop with peak dopaminergic activity? One putative explanation 
would be that in a normally operating striatum and motor circuit, activation of the 
upper limbs leads to reduced facilitation and excitability of neurons engage in lower 
limb mobility. In PD patients with DD, once the physiological tone of the upper 
limbs and face is restored, coinciding with higher levodopa levels, the lower limb 
excitability would be reduced, increasing the threshold for dyskinesias, which 
would no longer be present in the affected leg. This is suggested by the natural 
observation that most skilful motor activities (i.e., writing, painting, shooting, etc.) 
are performed while still and vice versa; walking or running is not typically associ-
ated with fi ne manual performance.

   Finally, it is pertinent to question why DD has a net predominance to show repet-
itive, stereotypic movements and walking behaviors. It would appear as if the 
nigrostriatal denervation pattern of such PD patients would render the motor system 
especially sensitive to  release  such patterns with low dopaminergic stimulation. 
Maybe the very automatic nature of stepping and walking requires the least dopami-
nergic modulation.  

    Is There Any Difference in the Therapeutic Response Between 
DD and Peak Dyskinesia? 

 So far, functional surgery represents the most effective treatment for DD which may 
be completely resolved after either pallidotomy [ 49 ,  50 ] or thalamotomy [ 51 ]. STN- 
DBS studies have shown responses ranging from 30 to 40 % when evaluated sepa-
rately from peak dose [ 52 ]. OFF-period dystonia, associated with neuronal 
hyperactivity in the STN, is directly affected by STN stimulation and disappears 
immediately. The effect of chronic high-frequency stimulation of the STN on dipha-
sic and peak-dose dyskinesias is more complex and is related directly to the func-
tional inhibition of the STN and indirectly to the replacement of the pulsatile 
dopaminergic stimulation by continuous functional inhibition of the STN.  

    Conclusions 

 DD is common in PD patients treated with levodopa, but over the last two decades 
the severity of this motor complication has waned, progressively becoming a rare 
clinical problem. The particular sensitivity of a proportion of PD patients to develop 
DD is not understood, and a recent study suggested genotypic differences compared 
with PD patients showing “peak-dose” dyskinesias only. The net predominance of 
the lower limb in DD is a fascinating mystery of which resolution could lead to 
important advances in the functional anatomy of the basal ganglia and the under-
standing of the onset of nigrostriatal degeneration in PD.     
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    Abstract     Therapy with L-3,4-dihydroxyphenylalanine (levodopa,  l -DOPA), the 
immediate precursor of dopamine, is the most effective treatment for Parkinson’s 
disease. However, despite its undeniable antiparkinsonian effi cacy,  l -DOPA admin-
istration does not recapitulate dopaminergic transmission as it occurs under physi-
ological conditions, notably because of short plasma half-life and variable 
absorption. Hence, in the non-parkinsonian state, dopamine levels in the striatum 
are constantly maintained above a threshold and can further increase, in a stimulus- 
dependent manner. In contrast, in PD, dopamine levels are markedly reduced and 
transiently increased with each administration of  l -DOPA, leading to variable levels 
of striatal dopamine, alternating between peaks and troughs. Such fl uctuations in 
dopamine levels lead to discontinuous, pulsatile stimulation of dopamine receptors 
within the striatum, which is thought to be a key determinant underlying the dyski-
netic state. Therapeutic approaches that would produce continuous drug delivery 
(CDD) and ensuing continuous dopaminergic stimulation (CDS) have been actively 
sought. After a brief historical review, this chapter summarizes the biochemical and 
pharmacokinetic properties of  l -DOPA. Results of studies assessing the effect of 
CDD/CDS paradigms on dyskinesia development and on the severity of dyskinesia 
once it has developed are then presented.  

  Keywords      l -DOPA   •   Pharmacokinetics   •   Pulsatility   •   Continuous dopaminergic 
stimulation   •   Dyskinesia  
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       A Brief History of  l -DOPA in Parkinson’s Disease 

 Dopamine was fi rst synthesized in 1910 [ 1 ], and its precursor, D,L-3,4- 
dihydroxyphenylalanine (D, l -DOPA), was synthesized the following year [ 2 ]. The 
enzyme aromatic L-amino acid decarboxylase (AADC or DOPA decarboxylase) 
was discovered in 1938 [ 3 ]. An anti-akinetic effect of D, l -DOPA was demonstrated 
in 1957, when it was administered to rabbits that had received the vesicle-depleting 
agent reserpine [ 4 ], a fi nding that would be later reproduced in human [ 5 ]. At the 
same time, it was also demonstrated that reserpine induces dopamine depletion that 
is reversed by L-3,4-dihydroxyphenylalanine (levodopa,  l -DOPA) administration 
[ 6 ]. In their groundbreaking study, Ehringer and Hornykiewicz discovered that 
dopamine levels were reduced in the striatum of patients suffering from Parkinson’s 
disease (PD) [ 7 ]. Hornykiewicz later correlated most of PD motor symptoms with 
striatal dopamine depletion [ 8 ]. Approximately at the same time, a reduction of 
dopamine excretion in the urine of PD patients was reported [ 9 ]. 

 These seminal studies led to the introduction of dopamine replacement therapy, 
in the early 1960s, with the dopamine precursor  l -DOPA. In 1961, Birkmayer and 
Hornykiewicz administered intravenous  l -DOPA to PD patients and found an 
important reversal of parkinsonian disability [ 10 ]. The following year, Barbeau 
et al. reported an improvement of parkinsonism, mostly rigidity, after the adminis-
tration of oral  l -DOPA to PD patients [ 11 ] and would later report further  observations 
regarding  l -DOPA effi cacy [ 12 ,  13 ]. In the second half of the 1960s, Cotzias et al. 
reported the usefulness of high-dose  l -DOPA to alleviate parkinsonism, mostly bra-
dykinesia and rigidity [ 14 – 17 ]. In 1969, a double-blind study encompassing a pla-
cebo treatment established the effi cacy of  l -DOPA [ 18 ]. 

  l -DOPA was fi rst administered without a peripherally acting AADC inhibitor, 
such as carbidopa or benserazide, and the doses of  l -DOPA required to achieve 
therapeutic effi cacy were higher than those used today. AADC inhibitors were 
added to  l -DOPA during the second half of the 1960s and fi rst half of the 1970s 
[ 19 – 21 ]. AADC inhibitors allowed to reduce the doses of  l -DOPA, a faster onset of 
antiparkinsonian benefi t and a decrease in side effects of dopamine on the cardio-
vascular and gastrointestinal systems, such as hypotension, nausea, vomiting, and 
anorexia [ 16 ,  22 – 24 ].  

    Biochemistry of  l -DOPA 

 Tyrosine hydroxylase (tyrosine 3-monooxygenase, TH) is the rate-limiting enzyme 
in the formation of  l -DOPA, dopamine, and catecholamines. TH requires oxygen 
and the cofactors tetrahydrobiopterin and iron to metabolize L-tyrosine into 
 l -DOPA [ 25 ]. The role of TH is not so critical in PD, where patients are adminis-
tered  l -DOPA directly.  l -DOPA is transformed into dopamine by the enzyme 
AADC, which requires pyridoxal phosphate as a cofactor [ 26 ,  27 ]. AADC is also 
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present in serotonergic neurons, where it converts 5-hydroxytryptophan into 
5-hydroxytryptamine (serotonin, 5-HT) [ 27 ,  28 ]. AADC is also encountered out-
side of the brain [ 29 ], which is why  l -DOPA is administered with a peripherally 
acting AADC inhibitor that does not cross the blood-brain barrier, thereby allow-
ing for more  l -DOPA to enter the brain. AADC inhibition allows reducing  l -DOPA 
doses required by as much as 60–80 % [ 30 ,  31 ]. At least 50–75 mg of an AADC 
inhibitor, sometimes more, are necessary on a daily basis [ 1 ,  32 ]. 

  l -DOPA is absorbed in the duodenum and proximal jejunum by active transport 
via the large neutral amino acid (LNAA) system [ 33 ,  34 ].  l -DOPA is also trans-
ported actively in the brain via the LNAA system [ 35 ,  36 ] present in the endothelial 
cells and astrocytes [ 37 ]. Because  l -DOPA enters the body and the brain by active 
transport, it has to compete with dietary proteins and amino acids [ 38 ], and high 
protein intake, even in the absence of fl uctuations of  l -DOPA plasma levels, can 
reduce  l -DOPA antiparkinsonian action. For instance, in a study where  l -DOPA 
was delivered intraduodenally, motor performance declined, despite stable plasma 
 l -DOPA levels, following oral protein intake [ 39 ]. In another study, where  l -DOPA 
was delivered intravenously, the administration of a high-protein meal reduced the 
antiparkinsonian effi cacy of  l -DOPA, without altering its plasma concentration 
[ 40 ]. That last study also showed that meals interfere with the absorption of oral 
 l -DOPA and reduce  l -DOPA peak plasma levels [ 40 ]. Compared with plasma fl uc-
tuations of  l -DOPA, plasma fl uctuations of LNAA throughout the day are small and 
are believed to contribute to about 10 % of the variability of  l -DOPA entry within 
the brain [ 41 ,  42 ]. 

 Once in the brain,  l -DOPA is transformed into dopamine by the enzyme AADC 
[ 43 ], as mentioned above. AADC is found in catecholaminergic neurons in the brain 
[ 44 ], notably dopaminergic neurons from the substantia nigra and their projections, 
as well as in 5-HT neurons from the raphe complex and their striatal projections [ 45 , 
 46 ]. Some interneurons within the striatum also harbor the enzyme AADC [ 47 ,  48 ]. 
These three neuronal populations represent sites where  l -DOPA is metabolized in 
dopamine in the striatum. In PD, with the degeneration of the nigrostriatal system, 
 l -DOPA is transformed in dopamine mostly by raphe-striatal 5-HT neurons and, to 
a lesser extent, striatal intrinsic AADC-containing interneurons. 

 Following synaptic release, dopamine exerts its affi nity through interaction with 
dopamine D 1–5  receptors [ 49 ,  50 ], to which it binds with moderate/high affi nity. 
Dopamine also binds to some non-dopaminergic receptors, as well as to monoami-
nergic transporters [ 51 ]. The dopamine transporter (DAT) transports dopamine back 
into the presynaptic neuron [ 52 ,  53 ]. Dopamine is also transported back to the pre-
synaptic neuron, albeit to a lesser extent, by the plasma membrane monoamine 
transporter (PMAT) [ 54 ,  55 ]. Within the presynaptic neuron, dopamine can either 
be recycled into the vesicles via the vesicular monoaminergic transporter type 2 
(VMAT 2 ) [ 56 ,  57 ] or degraded. When dopamine is not reuptaken by the presynaptic 
neuron or repackaged in presynaptic vesicles, it undergoes degradation. Several 
enzymes participate in the catabolism of dopamine. Monoamine oxidase B (MAO- 
B) and catechol-O-methyltransferase (COMT) are important enzymes in the pro-
cess, and the inhibition of their activity is an effi cacious way to extend the duration 
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of  l -DOPA antiparkinsonian action [ 58 – 62 ]. Monoamine oxidase A (MAO-A), 
aldehyde dehydrogenase, and aldehyde reductase are also involved in dopamine 
breakdown [ 63 ]. 

 MAOs are intracellular enzymes localized on the outer mitochondrial membrane 
[ 64 ,  65 ], and both MAO-A and MAO-B metabolize dopamine equally within the 
human brain [ 66 ]. MAO-A metabolizes dopamine within neurons, while MAO-B 
metabolizes dopamine within both neuronal and glial cells [ 67 ]. The MAOs trans-
form dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC) [ 8 ,  68 ]; 
3,4- dihydroxyphenylacetaldehyde (DOPAL) and 3,4-dihydroxyphenylethanol 
(DOPET) are intermediate products in the metabolism of dopamine and are trans-
formed into DOPAC by alcohol dehydrogenase and aldehyde dehydrogenase, 
respectively [ 69 ,  70 ]. A fraction of dopamine is also autoxidated by interaction with 
molecular oxygen [ 71 ]. 

 There are two isoforms of COMT [ 72 ]. COMT is a cytoplasmic and intranuclear 
enzyme [ 73 ,  74 ] that is found within both neurons and glia [ 75 ]. COMT is also 
encountered in the extracellular space [ 76 ]. COMT transforms  l -DOPA into 
3-O-methyldopa (3-OMD) and dopamine into 3-methoxytyramine (3-MT) [ 73 ,  77 ]. 
3-MT is then converted to homovanillic acid (HVA) by the MAO and, to a lesser 
extent, the aldehyde dehydrogenase, whereas DOPAC is converted to HVA by the 
COMT [ 78 ]. Other metabolic pathways also exist where dopamine is metabolized, 
notably by dopamine beta-hydroxylase in noradrenergic neurons [ 79 ], but these will 
not be reviewed here.  

    Pharmacokinetics of  l -DOPA 

 In the clinic,  l -DOPA half-life (T½) is short and lasts 1.5–2 h [ 80 – 85 ]. After oral 
administration,  l -DOPA plasma levels are maximal (Tmax) approximately 1 h after 
intake, although the unpredictable absorption discussed above introduces variability 
[ 84 ,  86 ]. Tmax and the maximal plasma levels (Cmax) are variable and depend on 
the dose administered, as well as on the time since last meal or the gastric-emptying 
time [ 87 ]. Following the administration of  l -DOPA/AADC inhibitor 100/25 mg, 
 l -DOPA plasma levels reach 6–10 nmol/ml [ 85 ,  88 ,  89 ], whereas plasma levels 
reach 13–17 nmol/ml following the administration of  l -DOPA/AADC inhibitor 
200/50 mg [ 84 ,  89 ]. The threshold for minimal clinical effect is estimated to be 
around 7 nmol/ml [ 89 ,  90 ].  l -DOPA plasma levels are 10–15-fold higher than 
 l -DOPA levels in the ventricular cerebrospinal fl uid [ 91 ]. About 25–50 % of 
 l -DOPA in the plasma is bound to proteins [ 92 ,  93 ]; part of this variability comes 
from the techniques employed to determine protein-bound and unbound  l -DOPA 
[ 94 ].  l -DOPA clearance is ≈0.4 l/min [ 95 ]. 

 COMT inhibitors are commonly used in the clinic to extend the duration of 
 l -DOPA antiparkinsonian action, on-time. Tolcapone increases the area under the 
curve (AUC) when administered with  l -DOPA, but it does not increase plasma 
Cmax [ 96 ]. Entacapone also increases  l -DOPA AUC by 20–40 % and prolongs 
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 l -DOPA T½ by ≈40 % [ 97 – 99 ], without changing  l -DOPA Cmax or Tmax [ 99 ]. 
Few studies assessing the effects of selegiline on  l -DOPA pharmacokinetic param-
eters have been performed. Selegiline may increase  l -DOPA T½ by as much as 
≈90 % [ 95 ], without increasing Cmax [ 100 ]. To the best knowledge of this author, 
studies assessing the effect of rasagiline on  l -DOPA pharmacokinetic parameters 
have not been performed in clinical settings. However, in a microdialysis study 
performed in the rat, rasagiline increased  l -DOPA-derived dopamine concentra-
tions by almost twofold [ 101 ]. Whether such elevations are achieved in the clinic 
remains to be demonstrated.  

    Continuous Dopaminergic Stimulation 

 In the non-parkinsonian, normal state, dopamine release is both tonic and phasic, 
with dopamine levels always remaining above a certain threshold [ 102 ,  103 ]. In the 
denervated striatum of PD, especially late in disease course, where few nigrostriatal 
dopaminergic neurons remain and the “buffering capacity” of the DAT has disap-
peared [ 104 ,  105 ], tonic dopamine release has disappeared, and dopamine release 
becomes mostly pulsatile, following each dose of  l -DOPA, and parallels  l -DOPA 
pharmacokinetic profi le, the “short-duration response” [ 106 ]. However, early in dis-
ease process, repeated administration of  l -DOPA leads to a sustained antiparkinso-
nian effect that persists hours/days after discontinuation of  l -DOPA, the 
“long-duration response,” which, at this point, may account for as much as one third 
to one half of the antiparkinsonian benefi t conferred by  l -DOPA [ 107 ,  108 ]. 

 In agreement with reduced buffering and storage capacity of the nigrostriatal 
system in dyskinesia and possibly indicative of a more severe disease, DAT binding 
levels in the putamen of PD patients with dyskinesia are lower than those of PD 
patients without dyskinesia [ 109 ]. While a reduction of DAT levels may lead to 
higher synaptic dopamine concentration and, as a corollary, greater antiparkinso-
nian benefi t, it may also enhance peak dopamine levels associated with each 
 l -DOPA administration [ 110 ], thereby exacerbating the fl uctuations in dopamine 
levels. In addition to the DAT, alterations in vesicular dopamine content and vesicu-
lar dopamine release might also contribute to the pulsatility of dopamine transmis-
sion in the parkinsonian striatum [ 111 ]. A third factor underlying the variability in 
dopamine levels might come from raphe-striatal 5-HT neurons which contain the 
enzyme AADC and, in advanced PD, constitute the main dopaminergic input to the 
striatum [ 28 ,  112 – 116 ]. However, 5-HT fi bers do not contain the autoregulatory 
mechanisms required for physiological dopamine release, and this aberrant, com-
pensatory dopamine release has been identifi ed as a causative element in the patho-
physiology of dyskinesia [ 117 – 120 ]. All of these changes lead to higher peaks and 
lower troughs, increasing dyskinesia severity with a shorter duration of  l -DOPA 
antiparkinsonian action [ 121 ,  122 ]. 

 Pulsatile, nonphysiological dopamine release and dopamine receptor stimulation 
are regarded as important factors in the induction and maintenance of dyskinesia, 
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possibly by inducing abnormal plasticity within the striatum [ 123 ], which paved the 
way to the concepts of “continuous dopaminergic stimulation” (CDS) and “continu-
ous drug delivery” (CDD), where antiparkinsonian therapy would be delivered con-
stantly, leading to uninterrupted dopamine receptor stimulation, more akin to the 
physiological state. In CDD and CDS, the stimulation of dopaminergic receptors 
would not be a pharmacokinetic phenomenon occurring, for instance, with each 
 l -DOPA intake, but would rather be continuous temporally and more constant in 
terms of plasma and brain levels of  l -DOPA/dopamine achieved [ 124 ,  125 ]. 

    Continuous Dopaminergic Stimulation and the Development 
of Dyskinesia 

 The concept of CDS has led to the use of longer-acting dopamine agonists as anti-
parkinsonian therapy in the early stages of the disease [ 126 – 128 ], although most of 
dopamine agonists available do not provide continuous antiparkinsonian benefi t and 
their use does not prevent dyskinesia induction. However, in preclinical studies, the 
administration of short-acting dopamine agonists to previously untreated parkinso-
nian animals elicited more severe dyskinesia than longer-acting dopamine agonists 
or continuous infusion of dopamine agonists. For instance, in the 6- hydroxydopamine 
(6-OHDA)-lesioned rat, the short-acting dopamine agonist apomorphine elicited 
more severe dyskinesia than the longer-acting dopamine agonists pramipexole and 
pergolide [ 129 ]. In contrast, in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-lesioned marmoset, initiating dopaminergic therapy with either apomor-
phine or pergolide led to dyskinesia of the same severity [ 130 ]. However, in the 
MPTP-lesioned marmoset, de novo administration of the dopamine agonists apo-
morphine or rotigotine once or twice daily induced more severe dyskinesia than de 
novo continuous administration of these two drugs [ 131 ,  132 ]. Similar results were 
obtained in the MPTP-lesioned macaque, where once daily apomorphine injections 
led to dyskinesia development, whereas continuous apomorphine infusion did not, 
even after 6 months [ 132 ]. 

 These preclinical studies provide evidence that continuous stimulation of dopa-
mine receptors with dopamine agonists elicits less dyskinesia than pulsatile dopa-
mine agonist administration. However, the interpretation of studies comparing de 
novo dopamine agonist with de novo  l -DOPA administration is more complex, as 
the dopamine agonists clinically available all display greater affi nity for dopamine 
D 2 /D 3  over D 1  receptors compared with  l -DOPA and dopamine, which exhibit simi-
lar affi nity for D 1 /D 2  receptors [ 133 – 140 ] (Table  9.1 ). Because of this preferential 
D 2  affi nity of dopamine agonists, any effect on dyskinesia development when dopa-
mine replacement therapy is commenced with dopamine agonists instead of 
 l -DOPA cannot be solely attributed to a longer duration of action. Notwithstanding 
this preferential D 2 /D 3  affi nity of dopamine agonists, there is some evidence, albeit 
some controversy persists, that starting therapy with a dopamine agonist delays the 
onset of dyskinesia when compared to  l -DOPA.
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   In one study evaluating ropinirole monotherapy (056 study), early PD patients 
were treated initially with ropinirole, which successfully delayed dyskinesia onset 
when compared to initial therapy with  l -DOPA [ 141 ,  142 ]. However, the dyskinesia- 
sparing effect of ropinirole was lost when  l -DOPA was added [ 142 ], but 10 years 
after treatment introduction, the odds of exhibiting severe dyskinesia were greater 
in patients initially part of the  l -DOPA group [ 143 ]. Similarly, in the CALM-PD 
(Comparison of the Agonist pramipexole versus Levodopa on Motor complications 
of Parkinson’s Disease) study, signifi cantly less subjects treated initially with prami-
pexole exhibited dyskinesia than subjects treated initially with  l -DOPA after a 
2-year follow-up [ 144 ]. After a 6-year open-label follow-up, the majority of patients 
initially randomized to pramipexole were taking  l -DOPA, but signifi cantly less 
patients initially receiving pramipexole were experiencing dyskinesia compared 
with patients who started directly on  l -DOPA therapy [ 145 ]. Similar to ropinirole 
and pramipexole, in another study, initial treatment with bromocriptine for 3 years 
delayed the emergence of dyskinesia when compared to initial treatment with 
 l -DOPA [ 146 ]. In the Sydney Multicentre Study of Parkinson’s disease, patients 
were initially randomized to receive low-dose bromocriptine or  l -DOPA. No dyski-
nesia developed while patients were treated solely with bromocriptine, but  l -DOPA 
had to be commenced in most of the bromocriptine-treated patients, and after 5 
years, there was no difference in the prevalence or severity of dyskinesia, regardless 
of the initial treatment arm [ 147 ]. A 15-year follow-up encompassing one third of 
the patients from the initial cohort showed that 94 % of subjects were affl icted by 
dyskinesia [ 148 ]. The results of the Sydney Multicentre Study do not, however, 
argue against the CDS concept, as the half-life of bromocriptine, although longer 
than  l -DOPA, is still relatively short [ 80 ]. 

 Another study performed in patients not optimally treated 3 years after disease 
onset provided complementary results to the above trials. In that study, ropinirole 
prolonged release was added to  l -DOPA in a subset of patients, while  l -DOPA was 
increased in the other subgroup. Patients on ropinirole prolonged release developed 
signifi cantly less dyskinesia than patients whose  l -DOPA dose was increased [ 149 ]. 

   Table 9.1    Dopamine binding affi nity   

 Target  Affi nity (Ki, nM)  References 

 D 1   2,340–4,900  [ 137 ,  197 ] 
 D 2   7.5–710  [ 139 ,  198 ] 
 D 3   5.6–29  [ 198 ,  199 ] 
 D 4   28  [ 139 ] 
 D 5   228–1,080  [ 137 ,  197 ] 
 Trace amine-associated receptor 1  422  [ 200 ] 
 5-HT 1A   1,400 (EC 50 )  [ 201 ] 
 DAT  890–1,200  [ 202 ] 
 NET  139  [ 203 ] 
 SERT  240,000  [ 204 ] 
 VMAT 2   1,400  [ 205 ] 

9 Pharmacological Properties of Levodopa



154

In contrast to the studies cited above, this last trial was not a de novo study with a 
dopaminergic agonist and indicates that even when pulsatile treatment has been 
established, continuous stimulation of dopamine receptors might attenuate the pro-
cess leading to the development of dyskinesia. 

 In clinical settings, however, it is not always possible to initiate dopaminergic 
therapy with a dopamine agonist or even to add a dopamine agonist to patients, for 
instance, when they have severe disease or psychiatric manifestations. It was sug-
gested that combining  l -DOPA with entacapone would increase  l -DOPA half-life 
and result in less pulsatility and elicit less dyskinesia than  l -DOPA alone. 
Preclinical studies performed in the 6-OHDA-lesioned rat [ 150 ] and the MPTP-
lesioned marmoset [ 151 ,  152 ] suggested that it might indeed be an effective way to 
attenuate dyskinesia development, although another study performed in the MPTP-
lesioned monkey suggested otherwise [ 153 ]. In the clinic, the STRIDE-PD 
(STalevo Reduction in Dyskinesia Evaluation in Parkinson’s Disease) study was a 
134-week clinical trial that aimed at determining if initiating  l -DOPA therapy in 
combination with entacapone would attenuate dyskinesia development compared 
with commencing  l -DOPA without entacapone. In contrast to what was expected, 
time to dyskinesia onset was shorter in patients taking  l -DOPA/carbidopa/entaca-
pone compared with patients taking  l -DOPA/carbidopa, and at the end of the study, 
more patients had developed dyskinesia in the  l -DOPA/carbidopa/entacapone 
group [ 154 ]. It is noteworthy that the STRIDE-PD study was not a pure de novo 
study, as several patients enrolled were taking dopamine agonists prior to treatment 
allocation. In addition, patients who developed dyskinesia were taking higher 
 l -DOPA equivalent doses, and a follow-up of the STRIDE-PD patients for 208 
weeks established that higher  l -DOPA dose is an important factor to develop dys-
kinesia [ 155 ], in agreement with the previous literature [ 156 ]. In contrast, in the 
FIRST-STEP (Favorability of Immediate-Release carbidopa/levodopa vs STalevo; 
Short-Term comparison in Early Parkinson’s) study, no difference in time to dys-
kinesia onset could be demonstrated after 39 weeks between  l -DOPA/carbidopa/
entacapone and  l -DOPA/carbidopa treatments [ 157 ]. Although the STRIDE-PD 
and FIRST-STEP studies do not provide evidence to support the CDS concept, 
they do not disprove it either, because of differences in  l -DOPA equivalent doses 
between dyskinetic and non-dyskinetic patients. Moreover, in these two studies, 
treatments were administered three or four times a day, which may not be suffi cient 
to provide continuous coverage, and perhaps more frequent, smaller doses would 
have led to different outcomes. 

 Transdermal rotigotine is possibly the only clinically available pharmacological 
tool that enables CDD with constant plasma levels round the clock [ 158 ]. 
Transdermal rotigotine was administered to patients with early PD in the context of 
controlled trials, and no dyskinesia was reported after 41 weeks [ 159 ,  160 ]. In an 
open-label extension of one of these studies, a few patients developed dyskinesia 
while receiving rotigotine without  l -DOPA [ 161 ]. This is an important fi nding that 
needs to be discussed. Indeed, CDD may not necessarily lead to CDS, even with 
constant plasma levels, as factors such as receptor desensitization and internaliza-
tion may result in variability in dopamine receptor stimulation [ 158 ,  162 ], which 
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perhaps explains why a subset of patients receiving continuous rotigotine therapy 
developed dyskinesia. Another explanation is that CDD and ensuing CDS may be 
effective at preventing dyskinesia in a subset of patients, perhaps with a lesser 
degree of nigrostriatal denervation. Another possibility though is that CDS may 
simply be a way to delay the emergence of dyskinesia, as several other factors have 
also been identifi ed to play a role in dyskinesia [ 163 ], and perhaps dyskinesia will 
remain inevitable until a way to target several, if not all, of the etiological factors 
simultaneously is discovered.  

    Continuous Dopaminergic Stimulation 
and Established Dyskinesia 

 Whether CDS can attenuate dyskinesia once the dyskinetic phenotype is well estab-
lished is also unclear and varies according to studies. Preclinical studies have hinted 
that CDS effectively alleviates established dyskinesia, but there is more variability 
in the clinic. For instance, in the MPTP-lesioned marmoset, continuous infusion of 
rotigotine [ 164 ] or administration of the long-acting dopamine agonist cabergoline 
[ 165 ] alleviated established dyskinesia. 

 A micronized suspension of  l -DOPA (20 mg/ml) and carbidopa (5 mg/ml) in 
methylcellulose gel provides chemical and physical stability in addition to high 
 l -DOPA concentrations and is now utilized in clinic to infuse  l -DOPA/carbidopa 
continuously within the duodenum or proximal jejunum [ 166 ,  167 ]. Clinical tri-
als using  l -DOPA intestinal gel have provided mixed results with regard to dys-
kinesia. In two small trials, continuous intraintestinal  l -DOPA delivery over a 
12-h period daily for 6 months reduced the severity of established dyskinesia 
[ 168 ], whereas it did not diminish dyskinesia severity when  l -DOPA was deliv-
ered over a 14-h period daily for 18 months [ 169 ]. However, in a recent random-
ized, controlled, double- blind, double-dummy multicentre study where  l -DOPA 
was administered over a 16-h period daily for 12 weeks, the duration of on-time 
with troublesome dyskinesia was not signifi cantly reduced, and no effect on dys-
kinesia severity was noted, although patients enrolled all had low baseline dyski-
nesia and an effect on dyskinesia severity was not the primary end point of the 
study [ 170 ]. Nevertheless, this lack of effect on dyskinesia severity was a fi nding 
diffi cult to reconcile with the CDS concept, and it was suggested that a 3-month 
period may not be long enough to reverse the molecular changes characterizing 
the dyskinetic state [ 171 ]. In agreement with that possibility, an open-label study 
where  l -DOPA was infused in the jejunum over 16 h daily for 54 weeks found a 
reduction of on-time with troublesome dyskinesia [ 172 ]. Importantly, continuous 
intraintestinal delivery of  l -DOPA may not completely abolish the need for oral 
antiparkinsonian medication [ 173 ], in which case a certain pulsatility of  l -DOPA 
administration and ensuing dopamine plasma and brain concentrations would 
remain. Under such circumstances, the intraintestinal  l -DOPA infusion might be 
akin to the tonic dopamine release evoked above, while oral  l -DOPA might be 
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akin to phasic dopamine release and perhaps such a mode of dopamine replace-
ment therapy would mimic more closely the physiological state, although this 
remains speculative. 

 However, intraintestinal infusion of  l -DOPA over a 16-h period daily probably 
does not totally eliminate pulsatile stimulation of dopamine receptors, even if 
delivered at a constant rate in the absence of concurrent oral dopaminergic ther-
apy. Hence, as seen above, despite stable plasma levels, meals and protein intake 
interfere with brain entry of  l -DOPA, and a certain variability of  l -DOPA deliv-
ered to the brain appears inevitable. In addition, there will be a time, when the 
intestinal pump is switched off, where dopamine levels will fall to a relative 
trough and, when the intestinal pump is switched back on, a relative peak will 
occur. As such, any drug delivery paradigm that does not provide round-the-clock 
 l -DOPA delivery may always encompass a certain degree of pulsatility, and per-
haps this is why the effects of intraintestinal  l -DOPA infusion on dyskinesia 
severity are variable. Accordingly, clinical studies in which dopaminergic agents 
were administered without interruption for extended periods of time have shown 
a reduction of previously established dyskinesia. For instance, continuous, unin-
terrupted intravenous infusion of the dopamine agonist lisuride over a 3-month 
period led to a signifi cant reduction of dyskinesia severity [ 174 ]. Shorter continu-
ous, uninterrupted intravenous administration of dopaminergic agents is also suf-
fi cient to modulate the dyskinesia threshold, although the optimal duration has not 
been established. Continuous intravenous administration of  l -DOPA over 48 h 
did not reduce the dyskinesia threshold in one study [ 175 ], while 7–12 days may 
be suffi cient [ 176 ]. Of course, further studies, encompassing more patients, are 
needed to confi rm the results of these trials where dopaminergic agents were 
infused uninterruptedly. 

 In a placebo-controlled study where transdermal rotigotine was administered 
to PD patients for 24 weeks, the duration of on-time with troublesome dyskine-
sia was unchanged, while the duration of on-time without troublesome dyskine-
sia was increased in the rotigotine arm vs. the placebo arm, possibly refl ecting 
greater duration of antiparkinsonian benefi t. In this study, adjusting  l -DOPA 
doses was permitted, notably to reduce dyskinesia severity, if needed [ 177 ]; as 
such, the conclusions that can be drawn on continuous rotigotine delivery on 
dyskinesia intensity from the trial are limited. In another study, transdermal 
rotigotine also increased the duration of on-time without troublesome dyskine-
sia, here again possibly refl ecting an effect related to on-time rather than a 
reduction of dyskinesia per se, although more patients experienced dyskinesia 
in the rotigotine group and had to have their  l -DOPA dose reduced than in the 
placebo group [ 178 ]. In an open-label extension of these studies, continuous 
rotigotine administration did not prevent the development of dyskinesia in 
patients previously devoid of dyskinesia, which developed at the incidence of 
4–8 % per patient-year over 4–6 years [ 179 ]. The results of these studies with 
transdermal rotigotine coupled with  l -DOPA are diffi cult to interpret when it 
comes to CDS. As rotigotine is a preferential D 3 /D 2  dopamine agonist, perhaps 
these receptors were stimulated constantly, while D 1  receptors might have been 
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stimulated in a discontinuous way with each  l -DOPA administration. Although 
such an explanation remains speculative, it could explain, at least partly, why 
continuous rotigotine administration did not alleviate or prevent the develop-
ment of dyskinesia. 

 A concern that was raised with technologies leading to CDD such as intraintes-
tinal administration of  l -DOPA or dopamine agonists is whether or not tolerance 
will occur over time, especially if drugs are administered uninterruptedly over 24 h 
[ 180 ,  181 ].   

    The Quest for Continuous  l -DOPA Delivery 

 Currently, two strategies are available clinically to achieve CDD, transdermal roti-
gotine, which delivers drug for 24 h, and intraintestinal  l -DOPA infusion, which 
delivers  l -DOPA for 12–16 h daily [ 162 ]. Although transdermal drug delivery may 
be a good way to achieve CDS, the technology is available only with rotigotine, 
and intraintestinal delivery of  l -DOPA, necessitating a surgical procedure, is too 
invasive to be offered as a treatment in the early stages of PD, where oral therapy 
is available. Research is ongoing to develop an oral formulation of  l -DOPA that 
would provide constant delivery and stable plasma levels over a prolonged period 
of time. 

 IPX066 is a dual immediate- and extended-release formulation of  l -DOPA/car-
bidopa that maintains  l -DOPA plasma levels above 50 % of Cmax for ≈4.0 h, in 
contrast to ≈1.4 h for immediate-release  l -DOPA/carbidopa [ 82 ]. In a study per-
formed in  l -DOPA-naïve PD patients, IPX066 induced dyskinesia in about 5 % of 
patients over a 30-week time period [ 182 ], which seems comparable to fi gures 
obtained when immediate-release  l -DOPA/carbidopa is administered [ 142 ]. In PD 
patients with motor complications, IPX066 signifi cantly increased the duration of 
both on-time without dyskinesia and on-time without troublesome dyskinesia in a 
13-week phase III study [ 183 ]. 

  l -DOPA prodrugs that would be absorbed anywhere in the intestine could theo-
retically provide constant  l -DOPA delivery and maintain plasma and brain levels 
constant [ 184 ]. XP21279 is a prodrug of  l -DOPA that is being actively absorbed 
throughout the gastrointestinal tract. A sustained-release XP21279–carbidopa 
bilayer tablet was developed [ 185 ]. When administered to PD patients in a random-
ized, double-blind phase II crossover study with regular  l -DOPA/carbidopa, 
XP21279 increased the duration of on-time without troublesome dyskinesia but also 
worsened existing, or led to the development of, dyskinesia in 21 % of patients tak-
ing the drug; it is noteworthy that patients were already taking  l -DOPA prior to 
enter the study [ 186 ]. Based on these results, switching to XP21279 may not be a 
way to prevent the emergence of dyskinesia in patients previously treated with 
immediate-release  l -DOPA. 

 Studies presented so far only as abstracts have reported data on a sustained- 
release “accordion”  l -DOPA/carbidopa pill [ 187 ,  188 ]. This accordion pill has 
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 better absorption and pharmacokinetic profi les than regular  l -DOPA/carbidopa and 
leads to more constant plasma levels. In a phase II multicentre study, troublesome 
dyskinesia was decreased in some patients [ 188 ]. 

 Polymer-coated sustained-release  l -DOPA/carbidopa tablets have been devel-
oped [ 189 – 191 ] that could theoretically lead to prolonged  l -DOPA release, but they 
still need to be tested in PD patients. 

  l -DOPA patches and rods that would enable continuous and stable delivery of 
 l -DOPA have been suggested as potential approaches to achieve CDD and CDS, 
but diffi culties with  l -DOPA solubility, stability, and propensity to oxidize limit 
the use of these therapeutic paradigms at the moment [ 192 ,  193 ]. Such a patch 
(ND0611) was developed with  l -DOPA ethyl ester as the active ingredient [ 166 , 
 194 ]. A phase I/IIa study assessing the safety and tolerability of continuous subcu-
taneous delivery of  l -DOPA/carbidopa is currently underway (clinicaltrials.gov 
identifi er: NCT01725802) [ 195 ].  

    Concluding Remarks 

  l -DOPA is the most effi cacious antiparkinsonian agent, and with disease progres-
sion, virtually all patients ultimately end up taking it [ 196 ]. However, its limited 
absorption and short half-life do not recapitulate all of the features of dopaminergic 
transmission under physiological conditions, but rather lead to pulsatile, discontinu-
ous stimulation of dopamine receptors, which is thought to be a core factor in the 
development of dyskinesia. CDS is regarded as a way to achieve sustained stimula-
tion of dopamine receptors; however, the pharmacological tools to achieve CDS 
remain limited and may not reproduce the physiological state either. For instance, 
although transdermal rotigotine allows for round-the-clock stimulation of dopami-
nergic receptors, unlike dopamine, it exhibits a strong preference for D 3 , then D 2 , 
and D 1  receptors; as such, it does not completely mimic the action of the endoge-
nous transmitter. Intestinal delivery of  l -DOPA/carbidopa is certainly attractive, but 
may not fully recapitulate physiological conditions either. For instance, in the nor-
mal state, movement itself can infl uence dopamine release and ensuing dopamine 
levels [ 158 ]; such a tight regulation of dopamine is currently not possible with the 
available technologies. Moreover, intraintestinal delivery of  l -DOPA requires an 
abdominal surgery and is an invasive approach that may be diffi cult to justify in 
early PD where a good control of symptoms can be achieved with oral dopamine 
agonists or  l -DOPA, although these treatments lead to pulsatile dopamine receptor 
stimulation and, eventually, motor complications. Research is ongoing to develop 
oral therapies that will lead to constant  l -DOPA delivery and more steady plasma 
levels, hopefully allowing for more physiological dopamine receptor stimulation 
and preventing the emergence of dyskinesia.     
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    Abstract     This chapter reviews preclinical and relevant clinical studies investigating 
the role and contribution of dopamine (DA) receptor subtypes in the pathophysiology 
of L-3,4-dihydroxyphenylalanine ( l -DOPA)-induced dyskinesias (LID) in parkin-
sonian patients and animal models. Altered dopaminergic neurotransmission in the 
basal ganglia are observed in LID. Two conditions are necessary for their appear-
ance: (1) loss of DA in nigrostriatal pathway and (2) treatment with  l -DOPA or DA 
agonists, the basis of replacement therapy. LID are clearly more complex than a 
hypersensitivity due to a simple increase in the density of striatal DA receptors. The 
development and expression of LID are related to increases in the activity of D 1 , D 2 , 
and D 3  receptors, while the contribution of the activity of D 4  and D 5  receptors 
remains unexplored. In clinical trials with PD patients, some factors have been iden-
tifi ed to increase the risk of developing LID such as high doses of  l -DOPA or DA 
agonist treatment, abnormal and pulsatile stimulation of DA receptors, activation of 
a specifi c DA receptor subtype (D 1  vs. D 2 /D 3 ), and polymorphisms of the DA recep-
tor subtypes (D 1 , D 2 ). DA receptors interact with receptors of several other neu-
rotransmitters. The implications of these interactions in the development and 
expression of LID in PD patients and animal models need further investigation to 
fi nd novel drug targets.  

  Keywords     Parkinson’s disease   •    l -DOPA-induced dyskinesia   •   Animal models   • 
  Parkinsonian patients   •   Motor complications   •   Dopamine receptor   •   Sensitization   • 
  Receptor supersensitivity   •   Dopamine signaling pathways  
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       Introduction 

 Parkinson’s disease (PD) is the most common neurodegenerative movement disorder 
and is likely to increase due to the aging of populations [ 1 ,  2 ]. PD involves princi-
pally the death of dopamine (DA) neurons in the substantia nigra  pars compacta  
(SNc), but other neurotransmitters and neuromodulators are also affected [ 3 ]. 

 The treatment of motor symptoms of PD with the DA precursor, L-3,4- 
dihydroxyphenylalanine ( l -DOPA), introduced 50 years ago still remains a very 
effective medication. However, various complications including motor fl uctuations 
and abnormal involuntary movements, such as  l -DOPA-induced dyskinesias (LID), 
limit the quality of life in PD patients and can be very diffi cult to manage [ 4 – 6 ]. LID 
are irreversible or at least persistent, and this suggests that dopaminergic drugs can 
permanently or persistently modify the brain response to DA. Indeed, once LID 
have appeared and  l -DOPA treatment is withdrawn, the fi rst dose after several 
weeks of drug holiday will trigger them again [ 7 ]. No drug is yet approved for dys-
kinesias, aside from a modest benefi t with amantadine in some PD patients [ 8 ]. 
Selective D 2 /D 3  DA agonists have less potential to induce motor complications 
compared to  l -DOPA [ 9 ,  10 ]. However, even if such DA agonists exert an antipar-
kinsonian effect, they are less potent than  l -DOPA to control motor symptoms of 
PD [ 11 ]. Hence, as disease progresses, parkinsonian patients initiated with DA 
 agonist monotherapy will eventually require  l -DOPA, and after 10–15 years, their 
motor complications appear similar as they would have been if started initially on 
 l -DOPA therapy [ 12 ,  13 ]. These observations suggest that disease progression plays 
a major role in the onset and the development of LID rather than the type of dopa-
minergic drug treatment used. 

 The mechanisms involved in the occurrence of LID are complex and have been 
investigated in numerous studies using animal models and parkinsonian patients. 
The loss of DA in the nigrostriatal pathway and the chronic administration of 
 l -DOPA, or DA agonists, are two necessary conditions for their appearance. 
However, LID are clearly more complex than hypersensitivity due to a simple 
increase in the density of striatal DA receptors. Moreover,  l -DOPA can induce a 
sensitization to dopaminergic response. Hence, multiple changes in DA receptors 
located in the basal ganglia and in their respective signaling pathways have been 
observed, including, but not restricted to, the modulation of the expression and the 
activity of subtypes of DA receptors, G proteins, effectors, protein kinases, tran-
scription factors, etc. The development of LID seems to be related to increases in 
the activity of D 1 , D 2 , and D 3  receptor subtypes, while the contribution of the activ-
ity of D 4  and D 5  receptors remains unexplored. 

 Much information has been gained from animal models, especially from the 
6-hydroxydopamine (6-OHDA)-lesioned rat and the 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP) nonhuman primate models [ 14 ]. However, differences 
in the basal ganglia dopaminergic system between animal models and human brain 
are observed. Hence, the rodent basal ganglia show anatomical differences com-
pared to the human and nonhuman primates. For instance, the caudate nucleus and 
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putamen are components of the striatum which are fused in rodents, whereas they 
are separated by the internal capsule in primates [ 15 ,  16 ]. Moreover, the segregation 
of the so-called direct (D 1  receptor-related) and indirect (D 2  receptor-related) path-
ways of the basal ganglia is well documented in rodents, but their separation is not 
as clear in primates [ 17 ]. Hence, in primates both D 1  and D 2  receptor agonists can 
induce dyskinesias [ 18 ], whereas in rodents the contribution of the direct pathway 
with an increased activity of D 1  receptors has been more associated with LID [ 19 ]. 
Moreover, most striatal output neurons in rodent and primate brains can extensively 
collateralize and send collateral projections to every striatal output target [ 20 – 22 ]. 
Thus, DA transmission in the basal ganglia is more complex than the simplistic 
model of a complete segregation between D 1  and D 2  DA receptors. 

 Much remains to be learned from dopaminergic systems and biochemical pro-
cesses that underlie the development of LID and how dopaminergic and non- 
dopaminergic drugs can be used to avoid the initiation of LID in early PD, to prevent 
or inhibit their expression in later stages of the disease, and to reverse the priming 
process through a normalization of the basal ganglia function. This chapter presents 
preclinical and relevant clinical studies reviewing the role and contribution of DA 
receptor subtypes and their signaling in the pathophysiology of LID. The transla-
tional values of the animal models will be discussed with salient examples of clini-
cal results.  

    Classifi cation of Dopamine Receptors and Their Distribution 
in the Basal Ganglia 

 DA binds to one of the fi ve different subtypes of G protein-coupled DA receptors, 
D 1 –D 5  [ 23 ]. DA receptors regulate cAMP-protein kinase A through G protein- 
mediated signaling [ 24 ]. The D 1  class of receptors (D 1  and D 5 ) couples mostly to 
Gα s /Gα olf  and stimulates production of cAMP and activity of protein kinase A [ 25 , 
 26 ]. In contrast, the D 2  class (D 2 , D 3 , and D 4 ) couples Gα i /Gα o , regulates production 
of cAMP negatively, and modulates intracellular Ca 2+  levels [ 27 ,  28 ]. 

 Both D 1  and D 2  receptors are highly expressed by striatal medium spiny neurons 
(MSN) and are the most studied in PD and LID as compared to the other subtypes 
[ 29 ,  30 ]. D 1  and D 2  receptors are present at lower levels in the cortex as compared 
to the striatum [ 31 ]. D 1  receptors are expressed in striatofugal neurons containing 
substance P and dynorphin that project to the substantia nigra  pars reticulata  and to 
the internal globus pallidus, which constitute the direct striatal output pathway [ 32 ]. 
By contrast, D 2  receptors are predominantly localized in striatofugal neurons 
expressing enkephalin, which project to the external globus pallidus, constituting 
the indirect pathway [ 33 ,  34 ]. As compared to the postsynaptic D 1  receptors, D 2  
receptors are also localized on presynaptic nigrostriatal dopaminergic terminals, on 
the SNc neurons, and on presynaptic corticostriatal terminals where they can inhibit 
striatal glutamate release [ 29 ,  35 ,  36 ]. In humans and nonhuman primates, D 3  recep-
tors are mostly found in the nucleus accumbens and in the striatum and are also 
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localized in the internal globus pallidus, anterior thalamus, amygdala, hippocampus, 
and cortex [ 37 – 39 ]. In the human striatum, there is approximately one D 3  receptor 
for two D 2  receptors, and D 3  receptor can colocalize with both D 1  and D 2  receptors 
[ 38 ,  40 ]. The distribution of D 3  receptors in rodents is not similar to the pattern 
observed in human and nonhuman primate brains [ 40 ,  41 ]. This receptor is unde-
tectable in the internal globus pallidus of rodents [ 40 ]. Moreover, a lower D 3 /D 2  
ratio (approximately 1/20) is found in the rodent’s striatum as compared to human 
and nonhuman primate brains [ 38 ,  40 ]. The D 4  receptor is found in extrastriatal 
areas, namely, the septum, cortex, hippocampus, and thalamus [ 31 ,  42 ]. The D 5  
receptor is localized in the neck of dendritic spines in striatal medium spiny neurons 
and cholinergic interneurons [ 43 ]. The D 5  receptor is also found in the cortex, hip-
pocampus, substantia nigra, cerebellum, and thalamus [ 42 ,  44 ].  

    Contribution of Dopamine Receptors in  l -DOPA-Induced 
Dyskinesias 

    Dopamine Receptor Supersensivity and Dopamine Sensitization 

 Denervation-induced supersensitivity of DA receptors was initially recognized as a 
plausible mechanism of LID. Numerous studies evaluated the density of D 1 , D 2 , and 
D 3  receptors by autoradiography in the brain of human and animal models (sum-
marized in Tables  10.1  and  10.2 ). LID were found to be clearly more complex than 
a hypersensitivity due to a simple increase in the density of striatal DA receptors. If 
hypersensitivity of DA receptors were present in untreated PD patients and were the 
cause of LID, LID would appear with the fi rst dose of  l -DOPA. However, LID usu-
ally do not emerge at fi rst exposure to  l -DOPA, but rather develop gradually over 
years of treatment.

        D 1 -Like Family of Dopamine Receptors 

 Early studies using dopaminergic drugs showed that D 1  receptor agonists were as 
effective as D 2  receptor agonists in improving parkinsonian symptoms in primates 
while inducing less dyskinesia [ 113 – 115 ]. More recently, the use of D 1  receptor 
agonists in 6-OHDA rats demonstrated their dyskinesiogenic effects and pharmaco-
logical blockade of D 1  receptor is more effective than D 2  receptor antagonists in 
reducing LID [ 116 – 118 ]. However, this concept was already known for some time. 
In fact, it has been shown several years before that dyskinesia could develop in 
drug-naive MPTP primates by a chronic administration of a full D 1  receptor agonist 
[ 119 ]. Furthermore, genetic knockout of D 1  receptors completely blocks LID in 
parkinsonian mice, whereas D 2  receptor knockout mice develop LID similar to 
wild-type mice [ 120 ]. 
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      Table 10.1    Changes in striatal dopamine (DA) receptors and intracellular pathways associated 
with MPTP lesion and  l -DOPA treatment inducing dyskinesias in nonhuman primates   

 DA markers  Effect of lesion and treatment by technique  References 

 D 1  receptor   Autoradiography and homogenate binding  
 MPTP  No change  [ 45 – 53 ] 

 Posterior  [ 54 ] 
 Increase  [ 55 – 59 ] 

 Anterior  [ 54 ] 
 Decrease a   [ 54 ] 

 MPTP +  l -DOPA 
 No change  [ 46 ,  54 ] 
 Increase  [ 47 ,  52 ,  59 ] 
 Decrease  [ 55 ] 

  In situ hybridization  
 MPTP  No change  Anterior  [ 58 ] 

 Posterior  [ 60 ,  61 ] 
 Decrease  Anterior  [ 47 ,  60 – 62 ] 

 Posterior  [ 58 ,  62 ] 
 MPTP +  l -DOPA  No change  Anterior  [ 47 ] b  

 Posterior  [ 61 ] 
 Increase  Anterior  [ 47 ] b  
 Decrease  Anterior  [ 61 ] 

 D 2  receptor   Autoradiography and homogenate binding  
 MPTP  No change  [ 48 ,  49 ,  56 ,  63 ] 

 Posterior  [ 54 ] 
 Increase  [ 45 ,  46 ,  50 – 53 ,  55 ,  57 , 

 64 – 67 ] 
 Anterior  [ 54 ] 

 MPTP +  l -DOPA 
 No change  [ 48 ,  52 ] 
 Decrease  [ 46 ,  51 ,  55 ,  65 ] 

  In situ hybridization  
 MPTP  No change  [ 58 ,  67 ] 

 Increase  [ 47 ,  60 ,  61 ,  68 ] 
 MPTP +  l -DOPA  No change  [ 47 ,  68 ] 

 Decrease  [ 61 ] 
 D 3  receptor   Autoradiography  

 MPTP  No change  [ 69 ] 
 Posterior  [ 70 ] 

 Decrease  [ 37 ,  52 ,  71 ] 
 Anterior  [ 70 ] 

 MPTP +  l -DOPA 
 No change  [ 69 ] 
 Increase  [ 37 ,  52 ,  71 ] 

  In situ hybridization  
 MPTP  Increase (early)  [ 67 ] 

(continued)
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Table 10.1 (continued)

 DA markers  Effect of lesion and treatment by technique  References 

 Akt/GSK3   Western blot  
 MPTP  Decrease phosphorylation  [ 72 ] 
 MPTP +  l -DOPA  Increase phosphorylation  [ 72 ] 

 ERK1/2   Western blot  
 MPTP  No change  [ 73 ] 

 Increase phosphorylation  [ 74 ] 
 MPTP +  l -DOPA  Increase phosphorylation  [ 73 ] 

 Decrease phosphorylation  [ 74 ] 
 DARPP-32   Immunohistochemistry  

 MPTP  Decrease  [ 75 ] 
  Western blot  
 MPTP  No change  [ 47 ,  73 ] 
 MPTP +  l -DOPA  Increase phosphorylation  [ 47 ,  73 ] 

 ΔFosB   Western blot  
 MPTP  Increase  [ 76 ,  77 ] 
 MPTP +  l -DOPA  Increase  [ 77 ] 

   a An agonist radioligand was used for this particular autoradiography, whereas antagonists were 
used for the others listed 
  b Non-dyskinetic animals showed no change, whereas dyskinetic animals showed increases  

     Table 10.2    Changes in striatal dopamine (DA) receptors and intracellular pathways associated 
with Parkinson’s disease and  l -DOPA treatment inducing dyskinesias   

 DA markers  Technique 

 Effect of disease 
compared to 
controls 

 Effect of  l -DOPA 
compared to 
controls  References 

 D 1  receptor   Homogenate binding and autoradiography  
 [ 3 H]SCH-23390  Increase  No change  [ 78 ] 

 No change  [ 79 – 84 ] 
 Caudate: decrease 
 Putamen: no change 

 [ 85 ] 

 Increase  [ 86 ] 
  PET  
 [ 11 C]SCH-23390  No change  [ 87 ] 

 No change  No change  [ 88 ,  89 ] 
 No change  [ 90 ] 

(continued)
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Table 10.2 (continued)

 DA markers  Technique 

 Effect of disease 
compared to 
controls 

 Effect of  l -DOPA 
compared to 
controls  References 

 D 2  receptor   Homogenate binding and autoradiography  
 [ 3 H]haloperidol  Increase  No change  [ 91 ] 

 Caudate: No change 
Putamen: Increase 

 [ 80 ,  92 ] 

 [ 3 H]spiperone  Increase  No change  [ 93 ] 
 No change  [ 79 ,  81 – 83 ,  94 ] 

 No change  No change  [ 95 ,  96 ] 
 Caudate: decrease 
 Putamen: no change 

 [ 85 ] 

 [ 3 H]raclopride  Increase  [ 86 ] 
 [ 125 I]epidepride  Increase  [ 97 ] 
 [ 3 H]CV205-502  No change  [ 84 ] 
  PET  
 [ 11 C]raclopride  Increase  [ 98 ,  99 ] 

 Increase  No change  [ 100 ,  101 ] 
 Increase  Caudate: decrease 

 Putamen: no change 
 [ 90 ,  102 ] 

 No change  [ 103 ] 
 [ 11 C]methylspiperone  No change  [ 104 ] 

 No change  [ 103 ] 

 [ 123 I]IBZM  No change  [ 105 ] 
 No change  Decrease  [ 106 ] 

 Increase  [ 107 ] 
 Increase  [ 108 ] 

 D 3  receptors   Homogenate binding and autoradiography  
 [ 3 H]7-OH- DPAT   Decrease  [ 86 ] 

 No change  [ 109 ] 
 [ 125 I]trans-7-OH-PIPAT  Decrease  [ 97 ] 
  mRNA   No change  [ 109 ] 
  PET  
 [ 11 C]-(+)-PHNO 

 Decrease  [ 110 ] 

 Akt and 
pAkt(Ser473) 

  Western blot   Decrease  [ 111 ] 

 DARPP-32   Western blot   Decrease  [ 79 ,  112 ] 

   PET  positron emission tomography  
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 Several autoradiographic investigations of D 1  receptors were performed in vivo 
and on postmortem tissues of animal models (Table  10.1 ) and in PD humans 
(Table  10.2 ), but no general consensus emerges [ 121 ]. These differences may be due 
to various experimental assays and the subregion of the striatum measured. In pri-
mates, striatal D 1  receptor specifi c binding remains unchanged [ 45 – 54 ] or increases 
[ 54 – 59 ] after MPTP lesion.  l -DOPA treatment in MPTP monkeys induces increases 
[ 47 ,  52 ,  59 ] or no change in D 1  receptors [ 46 ,  48 ,  54 ]. The administration of D 1  
receptor agonists in monkeys increases D 1  receptors binding [ 47 – 49 ,  62 ], whereas 
D 1  receptor specifi c binding returns to control values with D 2  receptor agonists or 
the combination of D 1  and D 2  receptor agonists [ 54 ,  122 ]. In humans, D 1  receptors 
are unaffected whether PD patients are treated or not with  l -DOPA [ 88 ,  89 ] or 
decreased by 20 % with long-term  l -DOPA treatment as measured by PET [ 123 ]. D 1  
receptor mRNA is reported to remain unchanged [ 58 ,  60 ,  61 ] or decrease after 
 exposure to MPTP [ 47 ,  58 ,  60 – 62 ]. This decrease is reversed with the administra-
tion of  l -DOPA [ 47 ,  61 ] or with pulsatile administration of D 1  receptor agonists in 
the caudal striatum [ 62 ]. On the other hand, D 2  receptor agonists exert no change on 
MPTP-induced decrease of D 1  receptor mRNA [ 58 ,  60 ]. 

 Although the association between the expression of D 1  receptors and LID is 
unclear, the sensitivity of D 1  receptors as measured by GTPγS binding is reported to 
be linearly related to the severity of LID [ 47 ].  l -DOPA induces a decrease of D 1  
receptor sensitivity in non-dyskinetic MPTP monkeys, whereas its sensitivity is 
strongly increased in dyskinetic animals [ 47 ]. Such change in sensitivity of D 1  
receptors in LID may depend on its subcellular distribution. Indeed, in non- 
dyskinetic animals killed at the peak of  l -DOPA plasma levels (1 h), D 1  receptors 
are located at the synaptic membrane, while, by contrast, they are present at both 
synaptic and cytoplasmic membranes of striatofugal neurons in dyskinetic monkeys 
[ 124 ]. The activation of D 1  receptors by exogenous  l -DOPA produces a proteasome 
chymotrypsin-like catalytic hypoactivity, which, in turn, leads to a D 1  receptor 
abnormal traffi cking in striatal neurons by an impairment of receptor degradation 
[ 125 ]. Lentiviral overexpression of striatal G protein-coupled receptor kinase 6 
leads to an internalization of D 1  receptors and decreases in primates with estab-
lished LID [ 126 ]. On the other hand, in 6-OHDA rats killed 45 min after a single 
dose of  l -DOPA, D 1  receptors were internalized in the cytoplasm compared to nor-
mal rats treated with  l -DOPA [ 127 ]. Similar fi ndings were found in PD patients, 
with a preferential cytoplasmatic localization of D 1  receptors after chronic  l -DOPA 
when compared to healthy controls [ 128 ]. Though the subcellular distribution of D 1  
receptors is altered with  l -DOPA, it is not clear what is the consequence of this 
distribution in the development, priming process, and expression of LID. 

 The stimulation of D 1  receptors activates the phosphorylation of the DA- and 
cAMP-regulated phosphoprotein 32 kDa (DARPP-32) [ 129 ]. DARPP-32 is unaf-
fected by  l -DOPA treatment in normal mice, but  l -DOPA produces increases in its 
phosphorylation in a DA-depleted state [ 130 ]. Long-term potentiation (LTP) and 
long-term depression (LTD) are two types of synaptic plasticity that modify neuro-
transmission effi cacy in striatofugal neurons [ 131 ]. LTP is lost in parkinsonian ani-
mals [ 132 ], and  l -DOPA treatment restores corticostriatal LTP, but not in those 
displaying LID [ 133 ]. The activation of the D 1  receptor/DARPP-32 pathway is 
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important in the induction of LTP and LTD since both are lost in mice lacking 
DARPP-32 [ 134 ]. 

 D 1  receptors interact with the ionotropic glutamate receptors NMDA at the 
postsynaptic striatal level and may form hetero-oligomeric complexes [ 135 ]. This 
interaction infl uences traffi cking, signaling, and desensitization of both receptors 
[ 136 ,  137 ], and such complexes are lost in 6-OHDA rats displaying abnormal invol-
untary movements (AIMs) [ 138 ]. The extracellular signal-regulated kinase (ERK) 
is an important intracellular protein involved in LTP [ 139 ] and thought to be associ-
ated with the LID priming process [ 73 ]. Interestingly, ERK signaling is part of the 
intracellular pathways of both NMDA and D 1  receptors [ 140 ], and its dephosphory-
lation is regulated by the protein phosphatase 1 [ 141 ]. The activation of D 1  receptors 
induces phosphorylation of ERK in normal [ 142 ] and in DA-depleted rodents’ 
brains [ 143 ], and there is a correlation between phosphorylated ERK and LID [ 118 , 
 120 ,  130 ,  144 ]. Phosphorylation of ERK is, at least, dependent of abnormal activa-
tion of DARPP-32 and its phosphorylated state being greatly reduced in mice lack-
ing DARPP-32 receiving  l -DOPA [ 130 ]. In addition, LID are reduced with 
pharmacological inhibition of ERK intracellular signaling [ 145 ,  146 ]. Lastly, Ras- 
GRF1 is a neuronal specifi c activator of ERK signaling [ 140 ,  147 ]. Its genetic dele-
tion abolishes D 1  receptor-induced phosphorylation of ERK [ 147 ] and reverts LID 
in mice and monkeys [ 148 ] but at the cost of reduced locomotor activity [ 148 ]. It 
remains however important to consider that ERK is not restricted to LID, but is also 
involved in many other functions [ 149 ]. 

 The family of transcription factors  fos/jun  has been extensively studied [ 150 ]. 
Dopaminomimetic agents induce the expression of c-jun, c-fos, ΔFosB, and FosB 
in striatal neurons in normal animals [ 151 ,  152 ] and hemiparkinsonian animals 
[ 153 ] and require, at least, the activation of D 1  but not D 2  receptors [ 152 ]. In mon-
keys, ΔFosB is increased with MPTP and remains elevated for several months after 
exposure to MPTP [ 76 ]. Pulsatile administration of the short-acting D 1  receptor 
agonist SKF-82958 upregulated further ΔFosB in MPTP monkeys and was associ-
ated with the development of LID, thus indicating an involvement of D 1  receptors in 
the priming process leading to their expression [ 76 ]. On the other hand, SKF-82958 
administered continuously through a minipump or chronic treatment with a D 2  
receptor agonist did not induce LID and no change in ΔFosB [ 154 ]. Such 
dopaminergic- induced elevation in ΔFosB remains upregulated several weeks after 
treatment discontinuation [ 155 ]. In addition, there is a positive correlation between 
the number of cells immunoreactive to FosB/ΔFosB and the severity of AIMs in 
6-OHDA rats [ 156 ]. Genetic overexpression of ΔFosB in normal rats leads to invol-
untary movements similar to  l -DOPA-induced AIMs observed in 6-OHDA rats 
[ 157 ]. Genetic overexpression of JunD, a dominant negative inhibitor of ΔFosB, 
reduces LID in MPTP primates [ 77 ]. Moreover, the D 1  antagonist SCH-23390, as 
well as antidyskinetic agents, is associated with a decreased FosB/ΔFosB expres-
sion in dyskinetic animals [ 118 ,  158 ]. The long-term increase in ΔFosB [ 155 ], and 
possibly the activation of ERK pathway, may contribute to the “memory for LID” 
[ 159 ] and could explain partially why  l -DOPA drug holiday has few or no effect on 
LID in patients [ 7 ]. More information on D 1  receptor-mediated abnormal 
transmission in LID can be found in [ 160 ]. 
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 D 1  and adenosine A 1  receptors are known to form functionally interacting 
complexes in cortical neurons and basal ganglia [ 161 ,  162 ]. Simultaneous pretreat-
ment with A 1  and D 1  receptors agonists in D 1 /A 1  cells was shown to decrease D 1  
receptor adenylyl cyclase signaling [ 163 ]. The adenosinergic involvement in LID is 
discussed in another chapter of the present textbook. Concerning the other DA 
receptor in the D 1 -like subfamily, namely, the D 5  receptor, there is, to our knowl-
edge, no study on its involvement in PD and LID.  

    D 2 -Like Family of Dopamine Receptors 

 Though D 1  receptors have been classically thought as being responsible for priming 
and expression of LID and have thus received more attention [ 160 ,  164 ,  165 ], D 2  
receptors also contribute to LID. In fact, once primed to express LID, D 2  agonists will 
trigger AIMs in 6-OHDA rats [ 166 ,  167 ] as well as LID in MPTP monkeys [ 148 ,  168 ] 
and PD patients [ 169 ]. Moreover, a comparison of several D 1  and D 2  agonists in 
MPTP monkeys with established LID demonstrated that D 2  agonists produce higher 
dyskinesia than their D 1  counterparts [ 113 ]. Furthermore, the administration of the D 2 /
D 3  agonist (+)-PHNO may also lead rapidly to the development of LID in MPTP 
monkeys [ 170 ]. Once primed, these monkeys displayed LID that were unaffected 
by the addition of the D 1  antagonist SCH-23390 to (+)-PHNO [ 170 ,  171 ]. Primed 
with (+)-PHNO, MPTP monkeys will display LID, as severe as those elicited with 
(+)-PHNO, when administered with the D 1  agonist CY-208243 [ 171 ]. 

 Compared to D 1  receptors, autoradiography studies on D 2  receptors show more 
consistent results (Table  10.1 ). Nevertheless, here also differences among studies 
are reported and maybe due to the experimental assay and the subregion of the stria-
tum investigated. Levels of D 2  receptors in the striatum remain unchanged [ 48 ,  49 , 
 54 ,  56 ,  63 ,  95 ,  96 ,  103 ,  105 ,  106 ] or were increased with MPTP lesion in monkeys 
[ 45 ,  46 ,  50 – 55 ,  57 ,  64 – 67 ] and in untreated PD patients [ 79 – 83 ,  90 – 94 ,  98 – 102 , 
 108 ]. Such DA denervation-induced increases in the expression of D 2  receptors are 
reversed with the administration of  l -DOPA [ 46 ,  51 ,  55 ,  65 ,  84 ,  104 ] or were not 
affected [ 48 ,  52 ]. The administration of D 2  receptor agonists reduces the MPTP- 
induced upregulation of D 2  receptors [ 54 ,  57 ], but not as effi ciently as  l -DOPA, 
whereas D 1  receptor agonists have no effects on D 2  receptors or can produce an 
increase [ 49 ]. Similar observations were made in de novo PD patients as measured 
by PET scan [ 98 ,  172 ]. In PD patients for whom dopaminergic treatment was dis-
continued after subthalamic deep brain stimulation, the  l -DOPA-induced downreg-
ulation of D 2  receptors was reversed [ 101 ]. D 2  receptor mRNA increases in the 
posterior striatum after exposure to MPTP [ 47 ,  60 ,  61 ,  68 ] or remains unchanged 
[ 58 ,  67 ]. The MPTP-induced upregulation of striatal D 2  receptor mRNA is com-
pletely reversed by  l -DOPA treatment in monkeys [ 61 ] or unaffected [ 47 ,  68 ], 
whereas the administration of D 2  receptor agonists will either decrease (pulsatile) or 
reverse (continuous) the upregulation [ 60 ]. To our knowledge, D 2  receptor traffi ck-
ing alterations in PD and LID has not yet been established. 
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 The regulator of G-protein signaling (RSG) 9–2 is known to inhibit D 2  adenylyl 
cyclase-dependent intracellular signaling in the basal ganglia [ 173 ]. Its genetic 
deletion in mice causes greater locomotor responses to the D 1 /D 2  agonist apomor-
phine [ 173 ]. The overexpression of RSG9-2 in MPTP monkeys diminishes LID, as 
well as D 2  agonist-induced dyskinesia, but at the cost of decreased antiparkinsonian 
activity [ 174 ]. On the other hand, the striatal D 2  receptor-regulated Akt/GSK3 sig-
naling cascade, which is independent from adenylyl cyclase, contributes to neuro-
degenerative disease including PD [ 175 ]. It was recently shown in MPTP monkeys 
that  l -DOPA treatment with or without antidyskinetic drugs induced a prolonged 
phosphorylation of both Akt and GSK3 [ 72 ]. Furthermore, the severity of LID was 
correlated with their respective levels of phosphorylation in the posterior putamen 
[ 72 ]. As demonstrated for D 1  receptors, intracellular signaling pathways in D 2  
receptor expressing neurons are also impaired in LID and may represent other tar-
gets for pharmacological treatments. 

 D 2  and adenosine A 2A  receptors are known to form functional hetero-oligomers 
[ 162 ,  176 ]. Long-term administration of A 2A  or D 2  agonists induces an internaliza-
tion and desensitization of the D 2 /A 2A  complex [ 176 ], whereas D 2  antagonists trig-
ger an increase in D 2 /A 2A  complex immunoreactivity [ 177 ]. Moreover, A 2A  and the 
glutamate metabotropic mGlu5 receptors are also known to interact [ 178 ]. 

 Compared to D 1  and D 2  receptors, striatal D 3  receptors are much less abundant 
[ 179 ] and unaffected by DA denervation in rats [ 180 ]. D 3  receptor specifi c binding 
decreases in MPTP monkeys [ 37 ,  52 ,  70 ,  71 ] and PD patients [ 86 ,  97 ,  110 ]. However, 
its expression highly increases with  l -DOPA treatment or D 1 -like agonists and sug-
gests an involvement of D 3  receptors in sensitization to  l -DOPA [ 37 ,  52 ,  70 ,  71 , 
 181 ]. Furthermore, the administration of a D 3  receptor agonist potentiates the 
behavioral response to D 1  receptor stimulation in 6-OHDA rats [ 182 ]. On the other 
hand, no change in D 3  specifi c binding and mRNA was observed after MPTP and 
 l -DOPA in common marmosets [ 69 ] and in humans [ 109 ], indicating species differ-
ences. Nevertheless, the administration of a selective D 3  receptor agonist in  l -DOPA- 
primed  MPTP monkeys elicited LID comparable to those induced by apomorphine 
[ 183 ]. Antagonizing D 3  receptors may help in reducing the development of LID but 
not those already established, as demonstrated in MPTP marmosets [ 184 ]. In MPTP 
macaques, the D 3  antagonist nafadotride reduced established LID but at the cost of 
decreased antiparkinsonian benefi ts of  l -DOPA [ 37 ]. D 3  receptors seem to be 
involved in LID, but further studies are needed to establish its role in the develop-
ment, priming, and expression of LID. 

 To our knowledge, no investigation of D 4  receptors has yet been done on post-
mortem tissues of PD patients or MPTP monkeys. However, the addition of the 
selective and potent D 4  receptor antagonist L-745,870 to  l -DOPA was recently 
associated with a reduced severity of LID and an increased on-time duration with-
out disabling LID in MPTP monkeys [ 185 ]. Though its antidyskinetic effects remain 
to be elucidated, the relative abundance of D 4  receptors on GABAergic neurons of 
the pallidum compared to the striatum [ 186 ] suggests an involvement of the nigro-
pallidal pathway, the latter being relatively spared in MPTP monkeys [ 187 ]. It also 
remains unknown if D 4  receptors are involved in the priming process.  
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    Dopamine–Dopamine Receptor Hetero-oligomers 

 The so-called direct D 1  receptor-related and the indirect D 2  receptor-related pathways 
(subject covered in the previous chapter) have opposite effects [ 188 ] and may be an 
important factor to consider in LID. In rodents, it has long been thought that both 
pathways were well segregated [ 189 ]. It was however shown that most [ 190 ], if not 
virtually all, DA neurons express both D 1  and D 2  receptors in rodents [ 191 ]. It is 
noteworthy that a signifi cant proportion of MSN coexpress both D 1  and D 2  receptor 
proteins in monkeys [ 21 ]. On the other hand, roughly 25 % of neurons in rats [ 192 ] 
and up to 5 % in primates [ 33 ] coexpress both receptor mRNAs. Such coexpression 
of D 1  and D 2  receptors suggests a functional cross talk between these two receptors. 
Indeed, the administration of D 2  agonists potentiates the effects of immediate early 
genes upon D 1  receptors stimulation [ 193 ]. Moreover, D 1  and D 2  receptors can form 
functional hetero-oligomers and may account for the D 1 –D 2  receptor synergetic 
effects [ 194 ]. In fact, the D 1 /D 2  hetero-oligomer produces a functional unit for cal-
cium generation, which is not observed with the stimulation of D 1  or D 2  receptor 
homo-oligomer [ 195 ]. A rapid desensitization of such D 1 /D 2  hetero- oligomer may 
occur with the stimulation of D 1  receptors with the specifi c agonist SKF-83822 or a 
pretreatment with the D 1 /D 2  hetero-oligomer agonist SKF-83959 [ 196 ]. D 1  and D 3  
receptors are coexpressed in several striatal neurons in rats [ 197 ] and may also 
physically interact and form functional hetero-oligomers [ 198 ]. Hetero-
oligomerization between the D 1  and D 3  receptors abolishes the D 1  agonist- induced 
cytoplasmatic sequestration [ 199 ]. Behavioral and locomotor implications of D 1 /D 3  
hetero-oligomer have been reviewed [ 200 ] and deserve more attention. The D 1 /D 2  
and D 1 /D 3  hetero-oligomers offer a new exploratory path of research for LID, and 
more studies are needed to fully understand their possible involvement in LID. 

 Although most of the binding, in situ hybridization, and PET studies described 
in the present section did not show a clear correlation between DA receptor super-
sensitivity and LID (Tables  10.1  and  10.2 ), it should be considered that receptor 
supersensitivity may not be strictly related to changes in receptor protein or mRNA 
levels [ 201 ,  202 ]. Changes in DA-related intracellular pathways are to be taken into 
account in the development, priming process, and expression of LID. Furthermore, 
DA receptor subtypes interact with one another and with receptors from other neu-
rotransmitters. Hence, LID are by far more complex than one would expect from 
classical biochemical concepts.   

    Relevant Clinical Studies in Parkinsonian Patients 
on Dopamine Receptors 

 The implications of the DA receptor subtypes in the pathophysiology of PD and LID 
have been investigated in major clinical studies in PD patients. Studies verifi ed whether 
the use of higher doses of  l -DOPA or DA agonist, where DA receptors are probably 

V.A. Jourdain et al.



183

more stimulated, provides a better antiparkinsonian response but may increase the risk 
of developing LID. In the Deprenyl and Tocopherol Antioxidant Therapy of 
Parkinsonism (DATATOP) controlled and multicenter trial, a mean daily  l -DOPA dose 
of 338 mg was not associated with LID in parkinsonian patients, while at higher dose 
(mean of 387 mg), LID were observed at the same follow-up time [ 203 ]. Moreover, the 
Earlier vs. Later  l -DOPA Therapy in PD (ELLDOPA) study, a prospective, double-
blind, and placebo-controlled trial, was conducted to address the effi cacy and the safety 
of different doses of  l -DOPA in 317 previously untreated PD patients (<14 days of 
dopaminergic drugs) for 40 weeks [ 204 ]. While providing a better antiparkinsonian 
effect, higher doses of  l -DOPA were associated with a dose-dependent effect on LID 
[ 204 ]. Moreover, a community-based study, where 87 PD patients were treated with 
 l -DOPA with a >10-year follow-up, showed that the development of LID was increased 
with disease duration and severity, but LID were also related to the duration and the 
dose of  l -DOPA treatment [ 205 ]. In normal brains, striatal DA concentrations are con-
stant, there is a continuous stimulation of MSN, and the activity of the basal ganglia is 
normalized. However,  l -DOPA is not able to maintain constant synaptic and extrasyn-
aptic DA concentrations in PD. Hence, DA receptors are not constantly exposed to DA. 
 l -DOPA, which already promotes fl uctuations in brain DA concentration levels, is not 
able to completely normalize basal ganglia activity. It has been showed in a [ 11 C]raclo-
pride PET study that patients with peak-dose LID had larger 1 h increases in synaptic 
DA levels than non-dyskinetic PD patients [ 206 ]. Inversely, diphasic dyskinesias, 
which are different from the peak-dose LID (which are associated with high  l -DOPA 
doses), can occur with low doses of  l -DOPA and can be attenuated by increasing 
 l -DOPA doses [ 207 ]. These studies suggest a relation between  l -DOPA doses (level 
of stimulation of DA receptors) and the risk of developing LID. 

 The development of LID is also probably due to an abnormal and pulsatile stimula-
tion of DA receptors. This has been verifi ed with dopaminergic drugs that are able to 
stimulate more continuously DA receptors, consequently decreasing the risk of devel-
oping LID [ 8 ,  208 – 210 ]. Hence, long-acting DA agonists and continuous infusion of 
 l -DOPA can reduce already established LID or reduce the development of LID as 
compared to  l -DOPA-treated PD patients. The ergot derivatives (bromocriptine, per-
golide, and cabergoline), long-acting D 2  receptor agonists, were the fi rst 
DA agonists approved, and they reduce dyskinesia when combined to  l -DOPA or used 
as monotherapy [ 211 – 217 ]. Similar results were also obtained with nonergot DA ago-
nists such as pramipexole and ropinirole where these agonists improved parkinsonian 
disability and reduce established LID in advanced PD state [ 218 ,  219 ]. Interestingly, 
many prospective double-blind randomized controlled trials evaluated the risk of 
developing LID in previously untreated early PD patients when treated chronically 
with  l -DOPA or DA agonists. In a 5-year study including 268 PD patients, ropinirole 
reduced the development of LID as compared to the  l -DOPA group (45 % vs. 20 %) 
[ 10 ]. Similarly, in the prospective randomized multicenter and double-blind CALM-PD 
(Comparison of the Agonist Pramipexole with  l -DOPA on Motor Complications of 
Parkinson’s Disease) study, pramipexole reduced the risk of developing LID as com-
pared to  l -DOPA (31 % vs. 10 %) after 2 years of treatment [ 9 ]. The authors of this 
same study obtained similar results at 6-year follow-up (54 % with  l -DOPA vs. 24 % 
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with pramipexole) [ 220 ]. However, a later subanalysis of the ropinirole study and 
CALM-PD showed that delaying the introduction of  l -DOPA did not prevent the 
development of LID [ 221 ,  222 ]. Thus, the use of a long-acting DA agonist may mask 
LID but does not prevent the development of LID once  l -DOPA treatment is started. 

 Another strategy to avoid fl uctuating DA concentrations in the basal ganglia and 
reducing already established LID is to add catechol-O-methyltransferase (COMT) 
inhibitors to  l -DOPA treatment [ 223 – 226 ]. The COMT inhibitor entacapone was 
shown to inhibit the expression of LID in monkeys [ 227 ], while in the multicenter and 
double-blind clinical trial Stalevo Reduction in Dyskinesia Evaluation in Parkinson’s 
disease (STRIDE-PD), an increase of LID was observed with entacapone [ 228 ]. The 
increase of LID observed might be related to the choice of a non-appropriate 3.5 h 
interval between Stalevo administrations [ 228 ]. Concerning the monoamine oxidase B 
(MAO-B) inhibitors, in Lasting effect in Adjunct therapy with Rasagiline Given Once 
daily (PRESTO) and A Randomized Placebo-Controlled Trial of Rasagiline in 
Levodopa-Treated Patients With Parkinson Disease and Motor Fluctuations (LARGO) 
clinical studies, the use of rasagiline 1 mg/day and rasagiline 1 mg/day + entacapone 
200 mg, respectively, in adjunct to  l -DOPA was associated with increases in LID 
[ 229 ,  230 ]. Thus, DA brain levels were probably too high, enhancing global dopami-
nergic activity and increasing the risk of developing LID. It has also been hypothesized 
that the development of LID might be related to the activation of a specifi c DA recep-
tor subtype. In rodent models, the contribution of the direct pathway with an increased 
activity of D 1  receptors has been associated with AIMs [ 19 ]. It was also initially 
thought that the stimulation of D 2  rather than D 1  receptors with a specifi c agonist could 
reduce or prevent the development of LID. However, in humans and non human pri-
mates, the use of short- acting and specifi c agonists of D 1 , D 2 , and D 3  receptor subtypes 
seems to be implicated in the development of LID [ 37 ,  113 ,  119 ,  231 ,  232 ]. For 
instance, the selective D 1  agonist prodrug, ABT-431, was administered as monother-
apy in advanced PD patients with fl uctuating response to  l -DOPA and induced similar 
antiparkinsonian benefi ts and dyskinesia as  l -DOPA [ 232 ]. Hence, this study shows 
that D 1  receptor agonists are as likely to produce dyskinesias as  l -DOPA. 

 Moreover, genetic variations in DA receptors have been identifi ed to play a role in 
the occurrence of peak-dose LID. A case–control study comparing sporadic PD patients 
and control subjects was conducted to evaluate three polymorphisms involving the D 1  
receptor gene and one intronic short tandem repeat polymorphism of the D 2  receptor 
gene [ 233 ]. Polymorphisms of the D 1  receptor gene were not associated with the risk 
of developing PD or peak-dose LID, while the 15 allele of the polymorphism of the D 2  
receptor gene was more frequent in parkinsonian than in control subjects [ 233 ]. The 
frequency of both the 13 allele and the 14 allele of the D 2  receptor gene polymorphism 
was higher in non-dyskinetic than in the dyskinetic PD subjects, while the risk reduc-
tion of developing peak-dose LID for PD subjects carrying at least 1 of the 13 or 14 
alleles was 72 % with respect to the PD subjects who did not carry these alleles [ 233 ]. 
In another cohort study, genetic factors related to the D 2  receptor polymorphic status 
were found to have a protective effect in the development of LID in men, but not in 
women [ 234 ]. Moreover, more recent studies also suggest that gene polymorphisms in 
DA receptor subtypes might be implicated in the development of LID [ 235 ,  236 ].  
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    Conclusion 

 Studies of LID in parkinsonian patients and animal models show multiple changes 
in the basal ganglia dopaminergic systems in the activity and the modulation of DA 
receptors and their signaling pathways. The mechanisms involved in the occurrence 
of PD, DA depletion, and LID are complex and involve numerous neurotransmit-
ters. LID are by far more complex than one would expect from classical biochemi-
cal concepts. DA receptor supersensitivity may not be strictly related to changes in 
receptor protein or mRNA levels. Moreover, LID may not be associated with a 
specifi c DA receptor subtype but are generated less by dopaminergic drugs with 
long half-life. It is important to continue to identify which proteins are up- or down-
regulated in direct and indirect output pathways of the basal ganglia implicated in 
LID. More studies with PD patients and animal models are needed to better under-
stand the implication of DA receptors subtypes and their interactions with other 
neurotransmitters and their receptors in the development of LID to improve the 
effectiveness of present treatments or to develop new therapies against the LID.     
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    Chapter 11   
 The Serotonergic System in Levodopa-Induced 
Dyskinesia 

                Elisabetta     Tronci    ,     Camino     Fidalgo    , and     Manolo     Carta    

    Abstract     An increasing body of experimental evidence suggests that serotonergic    
neurons play a major role in the production of levodopa-derived dopamine when 
dopaminergic    neurons have degenerated, and that unregulated release of dopamine 
from serotonergic neurons is responsible for the appearance of levodopa-induced 
dyskinesia (LID) in animal models of Parkinson’s disease (PD). 

 Promising preclinical fi ndings show that the activation of 5-HT1 receptors, 
induced by the administration of 5-HT1A and/or 5-HT1B receptor agonists, sup-
pressed LID in 6-OHDA-lesioned rat, as well as in MPTP-treated nonhuman pri-
mate models of PD, suggesting a possible clinical application. This chapter will 
provide an overview of these preclinical fi ndings concerning the role of serotonergic 
neurons and serotonergic receptors in the appearance of LID, with a brief review of 
relevant clinical studies.  

  Keywords     Levodopa   •   LID   •   Dopamine   •   Serotonin   •   5-HT receptors  

        The Serotonergic System in Parkinson’s Disease 

 Serotonin (5-hydroxytryptamine, 5-HT) is an important modulator of the central 
nervous system (CNS), and its action is mediated by a large variety of receptor 
subtypes. Serotonin is synthesized from L-tryptophan by a two-step reaction: the 
tryptophan hydroxylase enzyme generates 5-hydroxytryptophan (5-HTP), which 
is then converted to serotonin by the  l -amino acid decarboxylase enzyme 
(AADC). The serotonergic system originates from the raphe nuclei and is one of 
the most widely distributed, innervating virtually all regions of the CNS and 
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participating in mechanisms of cognition, feeding and satiety, mood and emo-
tion, circadian and sleep-wake cycle regulation, pain, and motor functions [ 1 ,  2 ]. 
An increasing body of experimental evidence demonstrates the involvement of 
the serotonergic system in modulating the function of basal ganglia circuits and 
its interaction with the dopaminergic system. Both serotonergic and dopaminer-
gic systems are affected in neurodegenerative disorders such as Parkinson’s dis-
ease (PD) and have been implicated in the pathophysiology of depression and 
schizophrenia [ 3 ]. A role of the serotonergic system in the regulation of motor 
function is suggested by the dense serotonergic input received by areas such as 
the striatum, substantia nigra pars reticulata, and globus pallidus [ 4 ,  5 ]. 
Interestingly, postmortem studies of patients with PD have shown loss of seroto-
nergic markers in the caudate, as well as hypothalamus and frontal cortex [ 6 ,  7 ]. 
However, as also seen in PET imaging studies, the degree of serotonergic termi-
nal loss appears to be less severe than that affecting the dopaminergic system, 
and there is no correlation with motor disability, or dyskinesia [ 8 ]. On the other 
hand, it has been suggested that the partial loss of serotonergic innervation may 
contribute to the development of depression in PD patients [ 9 ], although consis-
tent evidence is lacking [ 5 ]. 

 Serotonin exerts its actions via specifi c receptors, which are located in most of 
the brain, especially in the hippocampus, basal ganglia, and striatum. To date, 14 
distinct subtypes of the serotonergic receptors have been identifi ed [ 10 ,  11 ]; among 
all serotonergic receptors, some have been shown to participate in the regulation of 
motor function and/or induction of dyskinesia in PD, such as the 5-HT1A, 5-HT1B, 
5-HT2A, 5-HT2C, and the 5-HT3 receptors. 

 5-HT1A receptors are located somato-dendritically in the dorsal raphe nuclei, 
where they regulate cell fi ring [ 12 ]. 5-HT1A receptors have been also identifi ed 
postsynaptically in other brain regions, such as the cerebral cortex, striatum, and 
subthalamic nucleus [ 13 ], where they serve to control release of other neurotrans-
mitters, such as glutamate [ 14 ]. Interestingly, the activation of postsynaptic 5-HT1A 
receptors located at prefrontal cortex has also been shown to affect serotonin neuron 
activity through an indirect loop to the raphe nuclei [ 15 – 17 ]. 5-HT1B receptors are 
also expressed as autoreceptors at serotonergic terminals in target areas, where they 
contribute to control serotonin release. Moreover, these receptors are also localized 
in non-serotonergic neurons, such as the striatal medium spiny neurons, and regu-
late GABA release [ 18 – 20 ]. 

 Among the other 5-HT receptors, the 5-HT2A receptors are involved in a variety 
of behaviors and diseases including anxiety, hyperactivity disorders, aggression, 
and social interaction. Moreover, they play a role in drug addiction and in the mech-
anism of action of anti-psychotic drugs. It has been shown that 5-HT2A receptors 
are abundant in the neocortex, striatum, and nucleus accumbens, where they appear 
to have a role in the emergence of motor complications [ 21 ,  22 ]. 

 Another interesting serotonergic receptor that has been shown to play a role in 
the regulation of motor functions is the 5-HT2C receptor. This receptor subtype 
shows high and moderate expression in limbic areas and basal ganglia, respectively. 
The activation or blockade of 5-HT2C receptors results in an opposite effect on 
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dopamine release; indeed, their activation induces a reduction of dopamine release 
along the dopaminergic pathway, while their blockade increases dopamine release 
along the meso-cortico-limbic as well as nigrostriatal pathways [ 23 ,  24 ]. Despite 
the infl uence of 5-HT2C receptors in modulating dopaminergic system, very little is 
known on their role in PD and dyskinesia. 

 5-HT3 receptors are mostly localized in limbic areas and brainstem nuclei, while 
they show low expression in the basal ganglia areas. Unlike other serotonergic 
receptors, 5-HT3 receptors are ion channels. They have been found to be involved 
in anxiety, schizophrenia, learning, and attention, as well as in craving and pain. 
Although 5-HT3 receptors have been reported to play a role in controlling striatal 
dopamine release [ 25 ], their involvement in PD and dyskinesia is poorly studied. 

 Despite the important role of serotonergic receptors in regulating motor functions, 
selective agonists for these receptors were generally unsuccessful for the treatment 
of parkinsonian motor symptoms [ 26 ]; on the other hand, the serotonergic receptors 
have been implicated in the development of motor complications induced by drug 
treatment in parkinsonian patients, such as levodopa-induced dyskinesia (LID).  

    Involvement of the Serotonergic System 
in Levodopa-Induced Dyskinesia 

 The therapeutic effi cacy of levodopa during the fi rst few years of treatment is con-
ceivably due to the presence of a suffi cient number of spared dopamine neurons that 
can provide conversion of levodopa and mediate physiological release of dopamine; 
however, with the progression of the disease, most of dopaminergic neurons are 
lost, and levodopa-derived dopamine is produced in non-dopaminergic elements, 
including the serotonergic terminals. In fact, serotonergic neurons are able to con-
vert exogenous levodopa to dopamine and store and release dopamine in an activity- 
dependent manner in a number of experimental conditions, both in vitro and in vivo 
[ 27 – 29 ]. Indeed, serotonergic neurons share the same enzymatic machinery as 
dopaminergic terminals (aromatic amino acid decarboxylase and vesicular mono-
amine transporter 2 enzymes) and are able to convert levodopa to dopamine and to 
mediate storage of dopamine into synaptic vesicles. 

 It is conceivable to think that conversion of levodopa takes place into serotonergic 
neurons also in earlier stages of disease; however, as long as there are suffi cient spared 
dopaminergic terminals, the contribution of serotonergic neurons may be benefi cial, 
as dopaminergic terminals provide a buffering system for the levodopa- derived dopa-
mine (through the dopamine transporter). By contrast, as the disease progresses and 
spared dopaminergic terminals are lost, the contribution of serotonergic neurons 
becomes detrimental (see Fig.  11.1 ).

   In fact, unlike dopaminergic neurons, serotonergic neurons cannot regulate the 
extracellular levels of dopamine due to the lack of an autoregulatory feedback 
mechanism for dopamine release. As a consequence, levodopa-derived dopamine is 
released in uncontrolled way following levodopa administration. This will act in 
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  Fig. 11.1    In the early stage of PD, the ability to release dopamine is partially preserved due to 
the presence of a suffi cient number of spared dopaminergic neurons that have not yet degener-
ated. At this stage, serotonergic terminals may contribute to levodopa-derived dopamine release, 
due to an ability to convert exogenous levodopa to dopamine and store and release dopamine in 
an activity- dependent manner. However, their contribution may be benefi cial as synaptic dopa-
mine levels are kept within a physiological range due to the presence of an effi cient buffering 
system provided by the spared dopamine terminals (through the dopamine transporter). With the 
progression of the disease, when most of dopaminergic terminals are lost, the contribution of 
serotonergic neurons becomes detrimental due to the lack of autoregulatory feedback mecha-
nisms able to regulate synaptic dopamine levels. The uncontrolled release of dopamine from 
serotonergic neurons will act in concert with the intermittent nature of the orally administered 
levodopa to produce swings in synaptic dopamine levels and pulsatile stimulation of striatal dopa-
minergic receptors, which is responsible for the onset of dyskinesia. 5-HT1 receptor agonists will 
act to reduce levodopa-derived dopamine release from serotonin neurons, which will dampen 
swings in synaptic dopamine levels       
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concert with the intermittent nature of the orally administered levodopa, to cause 
swing in synaptic dopamine levels, which is responsible for pulsatile stimulation of 
striatal dopaminergic receptors and aberrant downstream signaling cascade (see 
Fig.  11.1 ). In line with this view, it has been shown that removal of the forebrain 
serotonergic innervation by the selective toxin 5,7-dihydroxy-tryptamine (5,7- 
DHT) produces an almost complete suppression of LID [ 30 ,  31 ]. Dramatic reduc-
tion of levodopa-derived striatal dopamine levels appears to account for the 
anti-dyskinetic effect of 5,7-DHT lesions [ 29 ]. 

 Support for the important role of serotonergic neurons in dyskinesia also came 
from a rat PET imaging study, where the administration of the 5-HT1A receptor 
agonist 8-OH-DPAT (which reduced LID) reversed levodopa-induced decrease of 
[(11) C]raclopride binding and increase of extracellular dopamine [ 32 ]. 

 Interestingly, Rylander and colleagues have demonstrated a correlation between 
the density of serotonergic terminals in the striatum and the severity of LID across 
different species. In fact, dyskinetic rats and primates, as well as postmortem tissue 
of PD patients, have shown a growth-promoting effect on the striatal serotonergic 
fi bers, accompanied by an increase of serotonin transporter (SERT) expression, 
induced by levodopa treatment. Regenerative sprouting of the serotonergic neurons 
was also accompanied by increased BDNF (Brain Derived Neurotrophic Factor)    
levels and increased BDNF-induced levodopa-derived dopamine release in rat stria-
tal slices [ 33 ]. This is interesting as intracerebral delivery of BDNF has previously 
been shown to promote serotonergic terminal sprouting [ 34 ]. 

 Further evidence for the involvement of serotonergic neurons in the appearance 
of LID came from recent experimental studies, where increased serotonergic tone 
by administration of either selective serotonin reuptake blockers (SSRIs) or the 
serotonergic precursor 5-hydroxytryptophan signifi cantly reduced LID expression 
in hemiparkinsonian rats, without compromising the levodopa therapeutic effi cacy 
[ 35 – 37 ]. 

 Swings in synaptic dopamine levels, rather than high dopamine levels, are sug-
gested to be a key factor for the development of LID. Indeed, postsynaptic dopami-
nergic receptors are highly plastic and can adapt to either low or high synaptic 
dopamine levels by altering the effi ciency of intracellular signal transduction; by 
contrast, rapid changes in synaptic neurotransmitter levels, with high dopaminergic 
receptor occupancy (following each levodopa dose), followed by dramatic reduc-
tion (few hours after each levodopa dose), would impair this ability. In agreement 
with this view, it has been shown that dyskinetic patients present higher synaptic 
dopamine levels 1 h after levodopa administration compared to stable responders, 
while this difference disappeared few hours later [ 38 ]. Furthermore, dyskinesia is 
signifi cantly dampened in advanced dyskinetic patients receiving continuous intra- 
duodenal infusion of levodopa, which is effective in reducing swing in synaptic 
dopamine levels [ 39 ]. 

 All together, these experimental fi ndings provide strong evidences supporting 
the important role of serotonergic neurons in the induction and expression of LID, 
at least in animal models of PD.  
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    5-HT1A and 5-HT1B Receptor Agonists in the Treatment 
of Dyskinesia 

 The activation of serotonergic autoreceptors is a physiological mechanism meant 
to avoid excessive synaptic neurotransmitter release. Thus, while in normal condi-
tions this mechanism is able to keep synaptic serotonin levels within a physiologi-
cal range, under levodopa treatment in parkinsonian states, the activation of 
serotonergic autoreceptors is also able to inhibit serotonergic neuron-derived dopa-
mine release. In fact, accumulating evidence support the effi cacy of 5-HT1 recep-
tor agonists for the treatment of LID, with the 5-HT1A receptors having received 
most of the attention, as they are able to control serotonin neuron fi ring and release 
(See Fig.  11.1 ). 

 Several 5-HT1A receptor agonists have displayed acute and chronic anti- 
dyskinetic effects in both animal models and in clinical studies [ 30 ,  31 ,  40 – 44 ]. 
Unfortunately, some of these studies have also shown that the administration of 
5-HT1 agonists is associated with the induction of side effects, including worsening 
of the anti-parkinsonian effi cacy of levodopa (See Table  11.1 ). For instance, the 
partial 5-HT1A receptor agonist sarizotan demonstrated potent effi cacy in reducing 
dyskinesias in primate and rodent models of PD and in idiopathic PD patients in 
early open-label studies [ 41 ]; however, the anti-dyskinetic effi cacy of sarizotan 
could not be shown to be signifi cant compared to placebo in a following study, 
where the drug increased also off-time    duration [ 45 ]. Moreover, in rats, high doses 
of sarizotan resulted in the induction of “serotonin syndrome” components, i.e., 
body posture associated with motor depression. Furthermore, the selective 5-HT1A 
receptor agonist 8-OH-DPAT inhibited LID in dyskinetic MPTP primates but only 
with increased motor disability [ 46 ,  47 ]. The partial, non-selective 5-HT1A receptor 
agonist buspirone was found to reduce LID in patients [ 48 ], but two other studies 
have found that this effect was again associated with a reduction of the anti- 
parkinsonian effi cacy of levodopa [ 49 ,  50 ].

   It has recently been demonstrated that 5-HT1B receptor agonists can also elicit 
anti-dyskinetic effects in animal models of PD [ 30 ,  51 ,  52 ]. However, to date, no 
clinical trials have been performed with these agonists. 

 It should be stressed that the anti-dyskinetic effect of 5-HT1 receptor agonists, as 
seen in the studies reported above, is likely not exclusively due to the activation of 
5-HT1 autoreceptors. In fact, the activation of postsynaptic 5-HT1A and 5-HT1B 
receptors has also been shown to produce anti-dyskinetic effect by reducing striatal 
release of glutamate and GABA, respectively [ 30 ,  53 – 55 ]. Accordingly, relatively 
high doses of 5-HT1 receptor agonists have been shown to reduce dyskinesia 
induced by direct dopamine receptor agonists, such as apomorphine, which is not 
dependent on serotonergic neuron release [ 30 ,  52 ,  56 ]. 

 Recent results have also shown that simultaneous activation of 5-HT1A and 
5-HT1B receptors, using low doses of 8-OH-DPAT and CP-94253, respectively, 
produced a synergistic effect on suppression of LID in 6-OHDA-lesioned rats and 
in MPTP-treated macaques, with near to full inhibition at doses of the two drugs 
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that were ineffective when given individually [ 30 ,  56 ]. In contrast, the same com-
bined doses did not affect dyskinesia induced by apomorphine, suggesting that the 
observed effect is mainly due to the activation of presynaptic receptors [ 30 ]. 
Accordingly, combination of 8-OH-DPAT and CP-94253 was found to reduce 
extracellular dopamine levels following levodopa administration [ 57 ]. 

 Recently, the mixed 5-HT1A/5-HT1B receptor agonist eltoprazine has been 
characterized for its anti-dyskinetic properties, both in rat and monkey models of 
PD. Eltoprazine, developed for the treatment of aggression, exhibited a safe toxico-
logical profi le and lack of serious side effects [ 58 ,  59 ], and is currently investigated 
in a clinical trial for the treatment of attention-defi cit hyperactivity disorder (ADHD) 
(ClinicalTrials.gov Identifi er: NCT01266174). In the rat 6-OHDA as well as macaque 
MPTP lesion models of PD, eltoprazine displayed high effectiveness in blocking LID 
at doses that were ineffective to reduce dyskinesia induced by apomorphine, support-
ing a presynaptic effect of this drug; however, the anti-dyskinetic effect of eltoprazine 
was accompanied by a partial reduction of the levodopa therapeutic effi cacy [ 44 ,  60 ]. 
Similarly, anpirtoline, a mixed 5-HT1A/5-HT1B receptor agonist, with higher affi nity 
for the 5-HT1B receptor, was very effective in reducing dyskinesia in rats and mon-
keys but at the expense of PD score at signifi cantly effective doses [ 43 ]. 

   Table 11.1    5-HT1 receptor agonists for the treatment of LID   

 Reference  Drug name 
 Acute/chronic 
treatment 

 Animal model/
patients 

 Effi cacy 
against 
LID 

 Effect on 
therapeutic 
action of 
levodopa 

 [ 40 ]  Sarizotan  Acute  6-OHDA-lesioned 
rats 

    no 

 Acute   Macaca fascicularis   yes 
 [ 41 ]  Sarizotan  Acute  Patients in 

moderate-advance 
state of PD 

 yes 

 [ 30 ]  8-OH-DPAT 
+ CP-94253 

 Acute  6-OHDA-lesioned 
rats 

 yes  Not affected 

 [ 31 ]  8-OH-DPAT  Acute  6-OHDA-lesioned 
rats 

 yes  Increased 

 [ 42 ]  Buspirone  Acute  6-OHDA-lesioned 
rats 

 yes 

 Chronic  6-OHDA-lesioned 
rats 

 yes 

 [ 44 ]  Eltoprazine  Chronic  6-OHDA-lesioned 
rats 

 yes  Partial reduction 

 Acute   Macaca fascicularis   yes  Partial reduction 
 [ 43 ]  Anpirtoline  Acute  6-OHDA-lesioned 

rats 
 yes  Not affected 

 Acute   Macaca fascicularis   yes  Partial reduction 

  The effects of 5-HT1 receptor agonists on LID and levodopa-induced therapeutic effects are sum-
marized in this table  
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 Thus, as seen with other selective 5-HT1 receptor agonists, the maintenance of 
the levodopa therapeutic effect may represent a concern in this approach, not only 
for eltoprazine but, possibly, for any drug with similar profi le. In spite of this, elto-
prazine is under investigation in a phase 2 double-blind clinical trial employing a 
limited number of patients, with encouraging preliminary results (see   http://www.
psychogenics.com/press2012.html    ). 

 Based on the preclinical observation that combination of 5-HT1A and 5-HT1B 
receptor agonists showed anti-dyskinetic effects, without worsening levodopa ther-
apeutic properties [ 56 ], it is also possible that the ideal compound has to possess the 
right affi nity for the two serotonergic autoreceptors to be clinically useful. 
Nevertheless, the narrow therapeutic window is a concern and may require a careful 
titration of the selected compound in each patient. 

 A plausible explanation for the worsening of the levodopa therapeutic effect 
observed after the administration of 5-HT1 receptor agonists is the advanced stage 
of dopaminergic neuron degeneration characterizing the animal models employed 
in these investigations, as well as the patients recruited in the sarizotan trial. In fact, 
under this condition, the serotonergic neurons may mediate not only the pro- 
dyskinetic effect of levodopa but also its residual therapeutic effi cacy. If so, the 
anti-dyskinetic effect of 5-HT1 receptor agonists should unavoidably lead to paral-
lel reduction of the therapeutic effect of levodopa. Therefore, 5-HT1 receptor ago-
nists may fi nd better clinical effi cacy in a situation of less severe dopaminergic 
neuron degeneration, where spared dopamine neurons can mediate the effect of 
levodopa, and silencing of serotonergic neurons should be less detrimental. PET 
imaging studies could be useful to identify patients retaining some residual dopami-
nergic innervation that may be more likely to benefi t from 5-HT1 receptor agonists. 
On the other hand, for the same reason, these patients are also less likely to suffer 
from severe dyskinesia. 

 It should also be mentioned that sarizotan, like other 5-HT1 receptor agonists, 
such as buspirone, has antagonistic activity for the dopaminergic D2 receptors that 
may have contributed to the negative outcome of the clinical trial [ 61 ,  62 ]. Moreover, 
these compounds are able to target only one autoreceptor subtype, and suffi cient 
anti-dyskinetic effi cacy may be obtained at relatively high doses of the drugs, which 
are likely to also affect postsynaptic 5-HT1 receptors. 

 Therefore, new large clinical investigations employing more selective 5-HT1A/5- 
HT1B receptor agonists are warranted to clarify the role of serotonin neurons in the 
appearance of LID in PD patients and to verify whether pharmacological silencing 
of serotonin neurons is a feasible therapeutic approach for the treatment of LID.  

    5-HT2A Receptors Antagonists in the Treatment of Dyskinesia 

 Serotonergic 5-HT2A receptors are localized at postsynaptic level, and in general 
they exert an excitatory effect. The role of 5-HT2A receptors in the expression of 
dyskinesia has been recently confi rmed in a study by Riahi et al. [ 63 ] where they 
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showed an increase at striatal level of these receptors in levodopa dyskinetic com-
pared to non-dyskinetic monkeys, suggesting a possible use of drugs targeting these 
receptors for the treatment of dyskinesia. Preclinical and clinical studies have dem-
onstrated the effect of drugs acting on 5-HT2A receptors in controlling levodopa- 
induced motor complications [ 64 ,  65 ]; interestingly, one clinical study reported the 
ability of aripiprazole   , a 5-HT2A receptor antagonist and partial 5-HT1A and dopa-
mine D2 receptor agonist, to reduce LID without worsening motor performance in 
PD patients [ 66 ]; however, it is diffi cult to establish the contribution of each receptor 
subtype, given that the effect may also be due to the activation of 5-HT1A receptors. 
In MPTP-treated primates, the selective 5-HT2A inverse agonist pimavanserin was 
recently demonstrated to reduce LID by 36 % without worsening motor scores [ 67 ]. 
However, it has also been reported that the selective 5-HT2A antagonist ritanserin 
alleviated LID but at the expense of levodopa-induced therapeutic action [ 68 ,  69 ]. By 
contrast, the selective 5-HT2A antagonist volinanserin was not effective in reducing 
LID in 6-OHDA-lesioned rats [ 70 ]. 

 Further work is required to establish whether 5-HT2A antagonists could be use-
ful in dyskinetic patients.  

    SERT as a Possible Target for Dyskinesia 

 Recent evidence has demonstrated the implication of the SERT in the pathophysi-
ology of LID; Rylander et al. [ 33 ] observed a signifi cant upregulation of SERT 
expression in the striatum of dyskinetic animals, both in rats and nonhuman pri-
mates, as well as in dyskinetic patients, which provided support to the idea that the 
serotonergic system is involved in the appearance of LID also in PD patients. 
Accordingly, few preclinical studies have shown a signifi cant reduction of dyski-
nesia after blockade of the serotonin transporter by SSRIs. Thus, acute [ 35 ] and 
chronic [ 37 ,  71 ] administration of the serotonin reuptake inhibitors citalopram and 
paroxetine in levodopa-dyskinetic rats resulted in a signifi cant reduction in AIMs 
severity, without affecting the anti-parkinsonian action of levodopa [ 35 ]. The anti- 
dyskinetic effect of SSRIs is likely to be due to a combination of different mecha-
nisms: (i) activation of presynaptic 5-HT1 receptors by serotonin, which may 
reduce dopamine release, as seen for selective 5-HT1 agonists; (ii) blockade of 
dopamine reuptake by serotonergic neurons, which may reduce swings in synaptic 
dopamine levels; and (iii) activation of postsynaptic serotonin receptors. In fact, 
the activation of postsynaptic 5-HT1 receptors by selective agonists has been 
shown to provide anti-dyskinetic effect in parkinsonian rats. In support of a possi-
ble postsynaptic effect of SSRIs, a signifi cant 47 % reduction of apomorphine-
induced dyskinesias was observed in patients treated with fl uoxetine, without 
modifi cation of parkinsonian motor disability [ 72 ]. In contrast, short-term parox-
etine treatment did not affect dyskinesia induced by intravenous levodopa [ 73 ]. 
Clinical investigations are needed to further explore the use of SSRIs as anti- 
dyskinetic agents.  
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    Conclusions 

 An overwhelming body of experimental evidence suggests that the serotonin system 
is implicated in the appearance of LID in animal models of PD. Moreover, accumu-
lating clinical results appear to support a key role of this system also in PD patients. 
Dampening the release from the serotonin neurons has been shown to be a promis-
ing approach in preclinical models. Concerns have been raised about the clinical 
feasibility of this approach, as not only dyskinesia but also the therapeutic effect of 
levodopa may depend on dopamine release from the serotonin neurons in advanced 
stages of disease. However, few compounds have been tested in patients so far, and 
most of them also presented antagonist activity for the dopamine receptors, which 
may have played a role in the observed worsening of the levodopa therapeutic effi -
cacy. Thus, new clinical trials employing more selective serotonin 5-HT1 receptor 
agonists are warranted. The effect of SSRIs should also be further investigated.     
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    Chapter 12   
 The Opioid System in Levodopa-Induced 
Dyskinesia 

             Tom     H.     Johnston      ,     Paula     Ravenscroft     , and     Michael     P.     Hill    

    Abstract     A wealth of evidence underlies the pivotal role of opioidergic neurotrans-
mission in both normal and pathological basal ganglia function. Accompanying the 
development and expression of levodopa-induced dyskinesia (LID), following long-
term dopamine replacement therapy in Parkinson’s disease (PD), are myriad changes 
in both opioid receptor levels as well as the stoichiometry and processing of endoge-
nous opioid peptides. Notably, in both patients and animal models of PD, dopamine 
denervation and chronic levodopa therapy are associated with an enhancement of basal 
ganglia opioid transmission. Whether this and other alterations are wholly causative or 
compensatory remains to be fully elucidated. Nevertheless, such observations have 
formed the basis for utilizing a variety of small molecules and other potential therapies 
to modulate the opioid system for the treatment of motor complications in PD. This 
chapter will provide an overview of the opioid system and describe both preclinical and 
clinical studies concerning the role of opioids in LID. New insights such as the role of 
receptor dimerization and potential role for biased ligands are also reviewed.  

  Keywords     Opioid   •   PPE-B   •   Levodopa   •   Dyskinesia   •   Motor complications  

        The Endogenous Opioid System 

 The fi rst description of a related group of endogenous opioid peptides, the enkeph-
alins, and their structures was reported by Hughes and colleagues [ 1 ]. Other endog-
enous opioids were quickly discovered including dynorphin and β-endorphin 
[ 2 – 5 ]. All these peptides share the enkephalin sequence (Tyr-Gly-Gly-Phe-Leu or 
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Tyr-Gly- Gly-Phe-Met) at the N-terminus, with differing extensions at the 
C-terminus. Subsequently, another set of endogenous peptides with opioidergic 
properties, the endomorphins, were discovered and were found to be distinct from 
the classic opioid peptides in that they were highly μ-opioid receptor selective and 
did not contain the enkephalin sequence [ 6 ]. A further opioid-like peptide that has 
similarities to dynorphin A [ 7 ] was discovered independently by two groups and 
termed orphanin FQ by one [ 8 ] and nociceptin by the other [ 9 ]. 

    Opioid Peptide Precursors 

 Enkephalins are pentapeptides, produced from the proteolysis of the polypeptide 
precursor molecule preproenkephalin-A (PPE-A), which contains six copies of 
methionine-enkephalin (met-enkephalin) and one copy of leucine-enkephalin (leu-
enkephalin) [ 10 ,  11 ]. Dynorphins are produced from the proteolysis of preproen-
kephalin B (PPE-B, also known as preprodynorphin), which also contains sequences 
for leu-enkephalin, α-neoendorphin, and β-neoendorphin [ 12 – 15 ]. In addition, pre-
proopiomelanocortin contains sequences for β-endorphin [ 16 ]. Nociceptin/Orphanin 
FQ (N/OFQ) is derived from prepronociceptin and is found almost exclusively in 
the CNS [ 17 ]. No precursor for the endomorphins has been found to date.  

    Opioid Receptors 

 The existence of opioid receptors was fi rst demonstrated in 1973 by a number of 
groups [ 18 – 20 ], and around 20 years later molecular sequencing and cloning stud-
ies confi rmed the existence of three distinct classes; μ-, δ-, and κ- [ 21 – 23 ]. Each 
class displays at least two pharmacological subtypes in vivo (reviewed in [ 24 ]). 
Opioid receptors, as well as other G-protein-coupled receptors, exist in oligomeric 
complexes [ 25 ,  26 ]. Homo-oligomerization of μ-, δ-, and κ-opioid receptors has 
been demonstrated, suggesting a critical functional role for receptor–receptor inter-
actions. Of more interest perhaps is the phenomenon of hetero- oligomerization. 
Hetero-dimerization between δ- and κ-opioid receptors was the fi rst opioid receptor 
complex identifi ed and was shown to display novel pharmacology [ 27 ]. Hetero-
dimerization between δ- and μ-opioid receptors has been extensively documented 
[ 28 ,  29 ], and recently a selective ligand was identifi ed for this complex [ 30 ]. It has 
also been shown that the endogenous opioids endomorphin-1 and leu- enkephalin 
have a higher affi nity for the μ–δ complex than either receptor alone [ 31 ]. Thus, 
specifi cally targeting opioid hetero-oligomers may open up new opportunities for 
therapeutic development. To add to the complexity, at least 31 splice variants of the 
μ-opioid receptor have been isolated from mice, 16 from rats, and 19 from humans 
(reviewed in:[ 32 ]). The endogenous opioid peptides have 
different degrees of selectivity for opioid receptors. Leu-enkephalin and 
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met-enkephalin are predominantly endogenous ligands of the δ-opioid receptor 
[ 33 ], β-endorphin, and the endomorphins predominantly bind to the μ-opioid recep-
tor [ 6 ,  34 ,  35 ], whereas the dynorphins and neoendorphins act mainly via the 
κ-opioid receptor [ 36 ]. N/OFQ binds to the nociceptin receptor (also referred to as 
the orphanin FQ receptor) [ 17 ]. The nociceptin receptor has a high degree of homol-
ogy to other opioid receptors, but the classic endogenous opioids exhibit little or no 
affi nity for it [ 37 ]. A summary of key endogenous opioids and their preferred target 
receptor is described in Table  12.1 .

   Opioid receptors are distributed throughout the structures of the basal ganglia 
and the distribution is relatively conserved across species. The distribution of opioid 
receptor mRNA and opioid receptor binding sites in the rat CNS has been reviewed 
by Mansour et al. [ 38 ]. There is a high correlation between μ-opioid receptor mRNA 
expression and binding in the clusters and patches of the striatum and nucleus 
accumbens and pallidal complex [ 38 ,  39 ], suggesting local receptor synthesis. 
δ-Opioid receptor mRNA and binding is also highly correlated in the striatum, 
nucleus accumbens, and globus pallidus [ 39 ,  40 ]. While mRNA and binding of 
κ-opioid receptors are highly correlated in the striatum and nucleus accumbens, 
there are differences in the substantia nigra pars compacta and ventral tegmental 
area which may be due to receptor transport [ 39 ]. The subthalamic nucleus also 
contains high levels of κ-opioid receptors [ 41 ].   

    Changes to the Opioid System in PD and LID 

 Many studies in both rodent [ 42 – 63 ] and nonhuman primate [ 64 – 72 ] models of 
Parkinson’s disease have consistently demonstrated increased striatal PPE-A mRNA 
expression compared to normal control animals. Similarly, studies in PD patients 
show the same pattern of increase in striatal PPE-A mRNA expression [ 73 – 75 ]. 

   Table 12.1    Mammalian endogenous opioid ligands and receptors   

 Precursor  Endogenous peptide  Opioid receptor selectivity 

 Preproenkephalin-A  Met-enkephalin  δ-opioid receptor 
 Leu-enkephalin  δ-opioid receptor 

 Preproenkephalin-B  Dynorphin A  κ-opioid receptor 
 Dynorphin B  κ-opioid receptor 
 Leu-enkephalin  δ-opioid receptor 
 α-neoendorphin  κ-opioid receptor 
 β-neoendorphin  κ-opioid receptor 

 Preproopioimelanocortin  β-endorphin  μ-opioid receptor 
 No precursor discovered  Endomorphin-1  μ-opioid receptor 

 Endomorphin-2  μ-opioid receptor 
 Prepronociceptin  N/OFQ  N/OFQ receptor 
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Conversely, rodent [ 46 ,  47 ,  49 ,  51 ,  52 ,  60 ,  76 – 78 ] and nonhuman primate [ 66 – 68 , 
 79 ] models of PD show reduced striatal PPE-B mRNA expression. It has also been 
demonstrated that prepronociceptin is increased in the substantia nigra in rodent 
models of PD [ 80 – 83 ]. Following repeated D 1 /D 2  dopamine receptor stimulation in 
rodents, striatal PPE-A mRNA is either further elevated compared to that in the par-
kinsonian state or remains the same, while PPE-B mRNA levels are elevated [ 46 – 48 , 
 50 ,  52 ,  57 ,  59 ,  63 ,  76 ,  78 ,  84 – 90 ]. The same pattern is seen in nonhuman primate 
models of PD [ 65 – 68 ,  70 ,  91 – 94 ] and in PD patients [ 73 – 75 ]. In contrast to the num-
ber of studies looking at precursor expression, relatively few studies have looked at 
the expression of the opioid peptides being produced from these precursors. However, 
a recent study in MPTP-lesioned nonhuman primates demonstrated signifi cant eleva-
tions in met- and leu-enkephalin in the putamen and external segment of the globus 
pallidus [ 66 ]. Elevated levels of N/OFQ have also been demonstrated in the CSF of 
PD patients [ 95 ]. Recent studies have looked at the levels of opioid peptides in rat 
[ 87 ,  96 ] and nonhuman primate [ 66 ] models of LID. The rodent studies used the 
sensitive technique of matrix-assisted laser desorption ionization (MALDI) imaging 
mass spectrometry (IMS) that allows comprehensive detection of multiple molecular 
species in a single tissue section. They found elevated levels of the PPE-B derived 
peptides, dynorphin B and α-neoendorphin, in the dorsolateral striatum [ 87 ] and sub-
stantia nigra [ 96 ] of severely dyskinetic rats compared with mildly dyskinetic or 
non-dyskinetic rats. A similar elevation in the PPE-B derived peptide, dynorphin A, 
has been seen in dyskinetic nonhuman primates [ 66 ]. Changes in receptor levels and 
receptor signaling in PD and dyskinetic states have been extensively reviewed by 
Huot and colleagues [ 97 ] and are summarized in Table  12.2 .

       Potential of Selective vs. Nonselective Classical Opioid 
Receptor Therapies 

 The plethora of changes in basal ganglia function such as underactivity of output 
nuclei (i.e., internal segment of the globus pallidus and substantia nigra pars reticu-
lata) likely represent key mechanisms underlying dyskinesia in PD (reviewed in [ 98 ]). 

   Table 12.2    Changes to opioid receptor levels and receptor signaling in PD and dyskinetic states   

 μ-receptor levels are reduced in the striatum and GPi of dyskinetic NHPs killed in the ON state 
 μ-receptor-mediated signaling is overactive in the striatum and GPi of MPTP-lesioned NHPs 
killed in the ON state 
 δ-receptor levels are unchanged in the striatum of dyskinetic NHPs killed in the ON state 
 δ-receptor-mediated signaling is overactive in the striatum of MPTP-lesioned NHPs killed in 
the ON state 
 κ-receptor levels are reduced in the GPe and GPi of dyskinetic NHPs killed in the ON state 
 κ-receptor-mediated signaling is overactive in the caudate nucleus and motor cortex of 
MPTP-lesioned NHPs killed in the ON state 

  Adapted from: Huot et al. [ 97 ]  

T.H. Johnston et al.



217

Concomitantly, a substantial preclinical literature has implicated aberrant opioid 
transmission in the expression of LID. As discussed, these include the classic observa-
tions of increases in the synthesis of basal ganglia PPE-B and associated opioid pep-
tides in animal models of LID and in  postmortem  tissue from dyskinetic PD patients 
[ 46 ,  74 ,  75 ,  91 ,  99 ,  100 ]. Additionally, functional imaging studies using positron 
emission tomography showed that PD patients with LID displayed heightened opioid 
transmission [ 101 ]. Such observations have lent support to the hypothesis that antago-
nism of opioid transmission, in the fi rst instance using the approach of nonselective 
receptor subtype blockade, might be associated with anti-dyskinetic actions. Indeed, 
the nonselective opioid receptor antagonist naloxone was shown to alleviate estab-
lished abnormal involuntary movements (AIMs), a correlate of dyskinesia seen in PD 
patients, in the 6-OHDA-lesioned rat model of PD [ 102 ], but was alternately proven 
both ineffective [ 103 ] and effective [ 104 ] at reducing LID in the MPTP-lesioned 
macaque. Responses to another nonselective opioid antagonist, naltrexone, were also 
ambivalent showing an alleviation of established LID evident in the MPTP-lesioned 
marmoset [ 92 ] while lacking effect on, or even exacerbating, LID in the macaque 
[ 105 – 108 ]. The lackluster display of benefi t attributed to use of non-subtype- selective 
blockade was borne out in clinical studies examining both naloxone [ 109 ] and naltrex-
one [ 110 ,  111 ] in which either a total absence of, or only modest, anti-dyskinetic 
benefi t was revealed. Such lack of clear anti-dyskinetic actions possibly refl ects the 
interaction of non-subtype-selective ligands with multiple opioid receptors, which 
might provide competing pro- and anti-dyskinetic effect. Strikingly, recent advanced 
mass spectrometry studies have for the fi rst time afforded insight into the exact nature 
of the PPE-B-derived opioid peptide species generated in the dyskinetic state that 
could shed light on why generalized blockade of all opioid actions likely represents 
too blunt a therapeutic strategy. Thus, the aforementioned MALDI-TOF-based imag-
ing in nigral and striatal tissues of levodopa-treated, 6-OHDA-lesioned rats has 
revealed a strong positive correlation between AIMs severity and levels of the PPE-B 
derived peptides, dynorphin B and α-neoendorphin. Of note, these dyskinesia-associ-
ated peptides were not those with the highest affi nity to κ-opioid receptors, but also 
activate μ- and δ-opioid receptors [ 87 ,  96 ]. Such data provide compelling evidence 
that enhanced activation of non-κ-opioid receptors by select peptide products of 
PPE-B may contribute to the development of dyskinesia after chronic levodopa ther-
apy. In keeping with heightened activity of μ-opioid function, the selective μ-opioid 
receptor antagonists cyprodime and ADL5510 both alleviated LID in the MPTP-
lesioned nonhuman primate, without affecting levodopa anti-parkinsonian effi cacy 
[ 92 ,  105 ]. Likewise, and in agreement with hyperactive δ-opioid receptor-mediated 
transmission in dyskinesia, the δ-opioid receptor antagonist naltrindole reduced LID 
in the MPTP- lesioned nonhuman primate, also without affecting levodopa anti-par-
kinsonian effi cacy [ 92 ]. While earlier studies remain pertinent in suggesting overac-
tivity of κ-opioid-mediated signaling in LID (based on elevated PPE-B-heightened 
expression), as being a key element in the generation of LID, the more recent MALDI 
data described perhaps temper this assertion. Indeed, behavioral studies in which 
κ-opioid receptors were blocked with nor-binaltorphimine ( nor -BNI) showed no 
reduction in LID in the MPTP-lesioned nonhuman primate [ 92 ]. Conversely, 
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stimulation of κ-opioid receptors with U50,488 reduced established AIMs in the 
6-OHDA-lesioned rat and dyskinesia in the MPTP-lesioned squirrel monkey, though 
at the expense of impairing levodopa anti-parkinsonian action [ 112 ]. In addition, 
TRK-820, a selective κ-opioid receptor agonist, effectively ameliorated levodopa-
induced AIMs in the 6-OHDA-lesioned rat, an effect which was blocked by prior 
treatment with  nor -BNI [ 113 ]. Thus, the lack of clear effi cacy of non- subtype selec-
tive opioid receptor antagonists may refl ect that any anti- dyskinetic benefi t conferred 
by blocking μ- and δ-opioid receptors may be offset by blockade of κ-opioid recep-
tors. If the failure of non-subtype selective opioid antagonists to alleviate LID in clini-
cal trials is indeed due to their blockade of κ-opioid receptors, and if the anti-dyskinetic 
effi cacy of the non-subtype selective opioid agonists is primarily mediated via an 
agonist effect at κ-opioid receptors, then selective stimulation of these receptors may 
yet represent a promising anti-dyskinetic target. Any κ-opioid agonist-based strategy 
will of course have considerable challenges to overcome in dealing with the dyspho-
rogenicity implicit with this class of compound [ 114 ]. 

 The optimal balance of opioid receptor stimulation and blockade with which to 
achieve peak anti-dyskinetic effect has yet to be fully elucidated. Indeed, an alterna-
tive explanation for the rise in levels of PPE-B and derived opioid peptides observed 
in striatal tissue from dyskinetic patients or animal models, is as a compensatory 
response to prolonged levodopa therapy and onset of dyskinesia rather than a direct 
causative event (reviewed in: [ 115 ]). Evidence to support this alternate hypothesis is 
no less compelling. Thus, nonselective stimulation of opioid receptors with meperi-
dine alleviated LID in the MPTP-lesioned nonhuman primate [ 103 ] while not affect-
ing the anti-parkinsonian action of levodopa. Likewise, morphine alleviated established 
LID as well as dyskinesia elicited by selective stimulation of either D 1  or D 2  dopamine 
receptors in the MPTP-lesioned nonhuman primate [ 116 ] and showed effi cacy in a 
small open-label clinical report [ 117 ]. Given the anti-dyskinetic actions afforded by 
selective κ-opioid agonists, it is fair to assume that at least part of the benefi t exhibited 
by morphine and meperidine as nonselective agonists is exerted via activity at this 
receptor. The obvious challenges of advancing an opioid agonist for this indication 
aside, the potential benefi t of a selective μ-opioid agonist would be interesting to see 
although similar mood-altering side effects to those observed with κ-opioid selective 
agonists have been reported for μ-opioid agonist-based approaches [ 118 ]. It can how-
ever be said with certainty that stimulation of the δ-opioid receptor is unlikely to 
underlie such effects. In the untreated parkinsonian state (prior to advent of dopamine 
replacement therapy), δ-opioid receptor agonists can provide robust anti-parkinsonian 
effects. In both haloperidol-administered rats and MPTP-lesioned nonhuman pri-
mates, the selective δ-opioid receptor agonist, SNC80, reversed all parkinsonian defi -
cits [ 119 ]. While δ-opioid receptor agonists have considerable potential as 
anti-parkinsonian agents, their use in more advanced patients, where dyskinesia has 
already emerged, may be limited. Thus, in MPTP-lesioned nonhuman primates with 
established levodopa-induced dyskinesia, δ-opioid agonists elicit dyskinesia even as 
monotherapy and exacerbate dyskinesia if given in combination with levodopa [ 120 ]. 

 Recent work has examined both agonist and antagonist effects at the nociceptin/
orphanin FQ (N/OFQ) receptor as a strategy to alleviate LID. Systemic  administration 
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of J-113397, an N/OFQ receptor antagonist, enhanced the anti-parkinsonian actions 
of low-dose levodopa in 6-OHDA-lesioned rats [ 121 ] but worsened established LID 
in the MPTP-lesioned nonhuman primate [ 122 ]. Conversely, both native N/OFQ 
peptide and a synthetic N/OFQ agonist, Ro 65–6570, given via intracerebroven-
tricular injection reduced established AIMs in the 6-OHDA-lesioned rat and, given 
systemically to MPTP-lesioned nonhuman primates, Ro 65–6570 signifi cantly 
reduced established LID without compromising the anti-parkinsonian benefi t of 
levodopa [ 123 ].  

    New Avenues in Therapeutic Development 

 Given the multiplicity of effects, both positive and negative, offered by modulation 
of the opioid system in PD and LID, a combination approach that simultaneously 
yields the best of multiple strategies may be of value. The concept of opioid ligands 
with “agonist/antagonist” properties is hardly new, having been described several 
decades ago for pentazocine and related compounds [ 124 ]. Recent work has identi-
fi ed single chemical entities with dual δ-opioid receptor agonist and μ-opioid antag-
onist (DAMA) characteristics [ 125 ]. Such compounds, with inherent 
anti-parkinsonian actions (mediated via actions at the δ-opioid receptor) also, via 
μ-opioid receptor blockade, have the potential to suppress both the development of 
dyskinesia in early disease, when given as monotherapy, and its expression, when 
combined with levodopa, in later stages of the disease. A similar strategy centered 
on dual-actions of a single compound at the κ- and μ-opioid receptors has also 
recently been promulgated [ 126 ]. Specifi cally, nalbuphine, a semisynthetic opioid 
used clinically as an analgesic, with activity as both a weak μ-opioid receptor antag-
onist and a κ-opioid receptor partial agonist, has been shown to ameliorate estab-
lished dyskinesia in MPTP-lesioned nonhuman primates without worsening 
parkinsonian symptoms. This strategy offers the combined anti-dyskinetic potential 
of both μ-opioid antagonism and κ-opioid agonism reportedly using sub-analgesic 
doses of nalbuphine below those at which any propensity for side effects relating to 
κ-opioid receptor stimulation (dysphoria and loss of anti-parkinsonian action) might 
compromise therapeutic benefi t. 

 Avoidance of such psychotomimetic effects and other opioid agonist-related 
complications such as the development of tolerance with chronic administration 
[ 127 ] would represent a considerable advance on current therapies. Possible solu-
tions to these issues may be forthcoming with some profound advances in the fun-
damental understanding of GPCR biology witnessed over the last decade. Chief 
among these may be the recognition that in addition to the classical repertoire of 
agonists and antagonists which activate or inactivate the entirety of a receptor’s 
signaling network, “biased” ligands can selectively activate a subset of the signal-
ing pathways available to that receptor by a particular ligand [ 128 ,  129 ]. For 
instance, a newly developed κ-opioid receptor agonist, 6′-guanidinonaltrindole, 
was shown to display bias toward the activation of signaling through non-β-arrestin 

12 The Opioid System in Levodopa-Induced Dyskinesia



220

2 pathways [ 130 ,  131 ], a mechanism associated with the loss of dysphoria [ 132 ]. 
Such preferential signaling that avoids β-arrestin engagement is also being explored 
in the context of enhancing δ-opioid receptor agonist strategies in an attempt to 
limit seizure activity associated with “classical” agonists such as SNC80 [ 133 ]. 
Separation of seizure and locomotor effects may however be challenging. For 
example, some of the newer δ-opioid receptor agonists such as ADL5747 and 
ADL5859, while showing a lack of seizure activity at doses associated with anal-
gesia, also show a total lack of SNC80-like anti-parkinsonian effect [ 134 ]. Future 
therapeutic development may also take into consideration discovery of yet another 
class of new opioid receptor ligands, those, as discussed earlier, with the capacity 
to selectively bind to, and activate, heteromeric opioid receptors, rather than either 
receptor expressed in monomeric form [ 30 ].  

    Conclusion 

 It is clear that opioidergic neurotransmission is signifi cantly altered in Parkinson’s 
disease and levodopa-induced dyskinesia. Current data suggest that the elevated 
level of opioids derived from PPE-B plays the most prominent role in dyskinesia 
expression following long-term dopamine replacement therapy. The most promis-
ing target explored to date appears to be the μ-opioid receptor where selective antag-
onists afford anti-dyskinetic activity without compromising the anti-parkinsonian 
benefi t of levodopa. However, new avenues that utilize compounds with combined 
opioid agonist and antagonist properties, biased ligands, in particular κ-opioid ago-
nists lacking β-arrestin activity or those selective for opioid receptor heterodimers, 
may provide novel strategies in the treatment of levodopa-induced dyskinesia.     
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    Chapter 13   
 Glutamate Receptors and Levodopa-Induced 
Dyskinesia 

                Barbara     Picconi     and     Paolo     Calabresi    

    Abstract     Levodopa is considered the therapy of choice for Parkinson’s disease (PD) 
treatment. After the early phases of the disease, in which levodopa treatment is highly 
effective against parkinsonian symptoms, uncontrolled motor fl uctuations and abnor-
mal movements named levodopa-induced dyskinesia (LID) appears. An effi cient anti-
parkinsonian/antidyskinetic therapy has not so far been developed. Altered glutamatergic 
transmission is one of the main pathophysiological features of LID within basal ganglia 
circuit. Experimental evidence shows that the traffi cking and the localization of the 
glutamate ionotropic (NMDA and AMPA) and metabotropic receptors in the synaptic 
cleft appear to have a relevant role in the pathogenesis of LID. Glutamate receptors 
have therefore been considered as potential targets for a novel pharmacological inter-
vention in PD and LID treatment. Here we report an overview from the main preclini-
cal studies in experimental models of PD and LID to the most recent clinical trials in 
PD patients describing the pros and cons of the use of glutamate receptor agents.  

  Keywords     Levodopa-induced dyskinesia   •   Parkinson’s disease   •   NMDA receptors   
•   AMPA receptors   •   mGluR receptors  

        Molecular Mechanisms Underlying LID Induction 

 The mechanisms underlying the induction of levodopa-induced dyskinesia 
(LID) could have both central and peripheral origins; one of the possible expla-
nations is that the nonphysiological, pulsatile stimulation of the postsynaptic 
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dopamine (DA)  receptors can ultimately alter the physiological circuits within 
the basal ganglia causing an abnormal motor output that results in altered move-
ments [ 1 ]. At the molecular and cellular levels, the functional interaction 
between dopaminergic and glutamatergic pathways within the striatum repre-
sents a key element in the pathophysiology of both parkinsonian symptoms and 
LID development [ 2 – 4 ]. 

 Experimental models of LID in rodents help to understand the effect of specifi c 
receptors and molecular signaling pathways underlying the development and 
expression of dyskinetic movements [ 5 ]. Moreover, parkinsonian nonhuman pri-
mates (NHP) provide a useful model as they share several clinical features of PD 
and LID with patients [ 6 ]. Nevertheless, clinical studies designed to assess risk 
factors for the development of dyskinesia in patients with PD provide the most 
useful information toward understanding the cellular mechanisms of this disabling 
disorder [ 7 ]. 

 A combination of pre and postsynaptic maladaptive changes is needed for par-
kinsonian animals to develop dyskinesia [ 7 ,  8 ]. During the progressive loss of 
nigrostriatal neurons, dopaminergic sprouting and reduced DA uptake contribute to 
preserve intrastriatal DA levels [ 9 ] and result in an alteration of glutamatergic con-
trol [ 10 – 13 ]. Both dopaminergic decrease and uncontrolled replacement, by the use 
of levodopa, might contribute to the secondary alterations in the glutamatergic 
transmission within the basal ganglia circuits. Presynaptic adaptive changes together 
with the changes occurring in postsynaptic DA receptors, such as alteration in the 
receptors sensitivity and density, lead to an altered substrate in which levodopa 
exerts its actions. Thus, initially, levodopa is converted into DA, stored in synaptic 
vesicles and released by surviving DA-releasing terminals. However, when degen-
eration advances, DA catabolism and uptake are reduced and decarboxylation of 
levodopa to DA and release occur in non-dopaminergic cells causing a failure in the 
buffering of DA levels [ 14 – 16 ]. 

 Consequently, during chronic levodopa treatment, dopaminergic control on glu-
tamatergic transmission is progressively deregulated resulting in altered synaptic 
localization and function of glutamate receptors.  

    Glutamatergic Transmission in PD and LID 

 Several experimental studies using PD animal models show the amelioration of 
parkinsonian motor symptoms when glutamatergic transmission is normalized [ 17 ]. 
Accordingly, in parkinsonian rats a dramatic increase of corticostriatal glutamater-
gic activity has been shown [ 18 – 20 ]. Targeting specifi cally this glutamatergic 
hyperactivity could be benefi cial for the treatment of PD and LID [ 18 ,  20 – 23 ]. This 
increased glutamatergic transmission infl uences both pre- and postsynaptic events. 
The postsynaptic events infl uencing the traffi cking and the localization of the gluta-
mate ionotropic and metabotropic receptors in the synaptic cleft appear to have a 
relevant role in the pathogenesis of LID [ 24 ].  

B. Picconi and P. Calabresi



231

    Metabotropic Glutamate Receptors, mGluR Families 

 Among the various strategies investigated in the last years to either reduce or 
prevent LID, the use of drugs targeting metabotropic glutamate receptors (mGluRs) 
revealed promising preclinical and clinical aspects. In particular, various mGluRs 
interact with key molecular steps implicated in the pathophysiology of LID: DA 
receptor activation and release, modulation of A2a adenosine receptors, regulation of 
N-methyl-D-aspartate (NMDA) receptor function, as well as glutamate and GABA 
release. Metabotropic glutamate receptors are characterized by the coupling of their 
subunits to second messenger systems through G-proteins and belong to the large 
family of G-protein- coupled receptors (GPCRs) [ 25 ]. The family of mGluR receptors 
is characterized by an extracellular N-terminal domain, a heptahelical domain, and an 
intracellular C-terminal tail variable in length. At least 8 mGluR subtypes are known, 
each with its splicing variants; these are classifi ed into 3 distinct mGluR groups: 
mGluR group I, including mGluR1 and 5; mGluR group II, including mGluR2 and 3; 
and mGluR group III, including mGluR4, 6, 7, and 8. Group I mGluRs, positively 
coupled to phospholipase C (PLC), increases intracellular ion calcium (Ca 2+ ) levels by 
releasing it from intracellular stores, stimulates IP 3 /Ca 2+ /PKC pathway, potentiates 
L-type voltage-dependent Ca 2+  channels (VDCCs), and inhibits K +  conductances. 
Groups II and III mGluRs, negatively coupled to adenylyl cyclase (AC), exert an 
inhibitory action on voltage-dependent calcium channels (VDCCs). Their stimulation 
causes a presynaptic inhibitory action on the release of several neurotransmitters, 
including glutamate [ 17 ]. Many selective mGluRs agonists and antagonists are avail-
able, and ligands for specifi c mGluR subtypes could be potentially therapeutically 
effi cient for PD/LID symptoms, but the strong binding at the highly conserved gluta-
mate site in the N-terminus exerted by these drugs can produce adverse effects related 
to the generalized activation of the receptor. Moreover, seminal electrophysiological 
studies have shown that the classical antagonists of group I mGluRs reduce 
DA-dependent striatal synaptic plasticity (both long-term depression, LTD, and long-
term potentiation, LTP) raising the possibility that their clinical use might induce det-
rimental effects on striatal-dependent motor and cognitive activity [ 26 – 28 ]. Many 
efforts have been devoted into the synthesis of new allosteric modulators of the differ-
ent mGluR classes, in the attempt to fi ne-tune activity at the receptor. For example, the 
possible therapeutic use of negative allosteric modulators of group I or positive allo-
steric modulators of groups II and III receptors has been proposed [ 24 ,  29 ].  

    Ionotropic Glutamate  N -Methyl-D-Aspartate (NMDA) 
Receptors 

 In the last decades, N-methyl-D-aspartate (NMDA) receptors have emerged as one of 
the key elements of the glutamatergic synaptic transmission in both physiological and 
pathological conditions [ 4 ,  30 – 32 ]. From different experimental approaches, the 
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pathophysiological picture that has developed posits that the strength of corticostriatal 
NMDA-mediated glutamatergic signals might be dynamically regulated during PD 
progression. In fact, bidirectional changes of corticostriatal synaptic plasticity are 
critically controlled by the different degrees of nigral denervation and by the differen-
tial assembly of striatal NMDA receptor subunits [ 4 ,  33 ,  34 ]. 

 NMDA receptor consists in a heteromeric molecule structured by the assembling 
between three different subunits, GluN1, GluN2 and GluN3, each of which contain 
several splicing variants: GluN1 subunit presents eight variants, GluN2 subunit 
presents four variants GluN2A-D, and GluN3 have two different forms. The func-
tional receptor is composed by two GluN1 subunits and two GluN2 subunits [ 35 ]. 
The subunits GluN1 are needed for the functionality of the receptor and for the 
binding of the co-agonist glycine. The selectivity of the NMDA receptor for the 
Mg +  block and for Ca 2+  permeability is dependent on a specifi c residue located in 
the pore loop of these subunits. GluN2B subunits receive the binding of the agonist 
glutamate and have a critical role in several pharmacological properties of the recep-
tor complex such as the sensitivity to the Zn 2+ , the conductance and kinetics of the 
single channel. The functional properties and the traffi cking mechanisms of the 
NMDA receptor complex depend on the phosphorylation state of the single subunits 
[ 36 ]. Altered NMDA receptor composition and traffi cking  in  and  out  of the postsyn-
aptic density (PSD) compartment reveal an interesting role in many pathological 
conditions, and it have been extensively studied in the last decades [ 2 ,  30 ,  37 ]. In the 
PSD, NMDA receptors are clustered with several scaffolding cytoskeletal and sig-
naling proteins (membrane-associated guanylyl kinases, MAGUK proteins) in close 
contact with the large pools of subunits retained within the endoplasmic reticulum 
(ER) [ 38 ,  39 ]. This accumulation of NMDA receptors in the postsynaptic compart-
ment ensures a rapid response to neurotransmitter release and provides a molecular 
mechanism for linking the transmembrane ion fl ux to the signaling machinery 
responsible for specifi c second messenger pathways. Among the protein complexes 
governing the response of the signaling cascade, α-calcium-calmodulin-dependent 
protein kinase II (α-CaMKII) is directly linked to the GluN2A and GluN2B sub-
units [ 40 ,  41 ] and competes in NR2A binding with PSD-95 [ 38 ]. Interestingly, 
CaMKII- and tyrosine-dependent phosphorylation of NMDA receptors has been 
shown altered in experimental model of PD [ 13 ,  42 ]. In the striatum, as well as in 
other brain areas, one form of synaptic plasticity, LTP, which is lost in parkinsonian 
animals, requires NMDA receptors activation [ 43 – 46 ]. Interestingly, the NMDA 
receptor complex, and in particular its subunit composition, is profoundly altered in 
experimental PD [ 47 ,  48 ].  

    Ionotropic  Alpha-Amino-3-hydroxy-5-methyl-4- 
Isoxazolepropionic Acid (AMPA) Receptors 

 Ionotropic alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors are tetramer receptors composed by a combination of four subunits GluA1, 
GluA2, GluA3, and GluA4 [ 49 ]. All the AMPA receptor subunits are composed of 
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an extracellular N-terminal domain (NTD), two S1 and S2 ligand-binding domains, 
four membrane spanning domains (M1–M4), and two C terminus regions. The sub-
units GluA1 to GluA4 can form both homo- and heteromers receptor complex. 
Upon binding with glutamate in the PSD compartment, synaptic AMPA receptors 
induce membrane depolarization and consequently remove Mg +  block from NMDA 
receptor channel, reducing the threshold to induce long-term increases of the synap-
tic responses. AMPA receptor-dependent depolarization also opens L-type Calcium 
(Ca 2+ ) channels and leads to activation of CRE elements that, binding to specifi c 
promoter regions, are responsible for gene transcription. Evidence showing a pos-
sible role of the AMPA receptor in PD and dyskinesia is provided by the high levels 
of radioligand binding activity for this receptor found in NHP and in the putamen of 
parkinsonian patients displaying LID compared to non-dyskinetic subjects [ 50 ,  51 ]. 

 Although, a recent paper by Lee and coworkers [ 52 ] suggests a putative role of 
AMPA receptors in parkinsonian state, there is still no general consensus on the 
mechanism underlying dysregulation of AMPA receptor subcellular distribution in 
PD or their pathological changes in subunit composition. No changes in AMPA 
GluR2, GluR3, and GluR4 mRNA levels in the globus pallidus or GluR1-4 levels in 
the striatum in PD patients and in 6-hydroxydopamine (6-OHDA)-lesioned rats, 
compared with their respective controls, have been found [ 53 ]; however, GluR1 
immunoreactivity was found to be increased in the caudate and putamen of MPTP-
lesioned NHPs [ 54 ]. Recently, Ba and colleagues found a signifi cant decrease in the 
abundance of both serine-831-phosphorylated GluR1 and total GluR1 in striatal 
neuronal membrane from parkinsonian rats. Chronic levodopa treatment induced an 
upregulation of the serine-831-phosphorylation state of GluR1 confi ned to 
parvalbumin- positive interneurons where GluR1 subunits are exclusively expressed 
[ 55 ]. GluR1 levels in a triton-insoluble synaptic fraction, representing the isolated 
PSD compartment, presumably mainly of striatal projection neurons, were not 
altered in 6-OHDA-lesioned rats [ 13 ]. Although controversial, these data indicate 
that modifi ed AMPA receptor-mediated transmission in the basal ganglia network 
could play a critical contribution to the motor symptoms of PD.  

    Targeting mGluR Receptors in LIDs: Evidence 
from Preclinical to Clinical Studies 

 Preclinical and clinical studies focused on metabotropic receptors has found increased 
binding for the mGluR5 receptors in dyskinetic MPTP-treated NHP and in parkinso-
nian, dyskinetic patients [ 56 ,  57 ]. The use of mGluR5 antagonists has been proposed 
as a good antidyskinetic approach in both rodent and NHP models of PD [ 29 ,  58 ]. 
Recent studies analyzed cellular and plastic changes occurring during the reduction 
of LID following the administration of the high selective mGluR5 antagonist, 
3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) [ 59 – 61 ]. Moreover, this 
drug has shown an ability to prevent the gene induction of striatal pro-dynorphin and 
pre-proenkephalin, dyskinesiogenic molecular markers [ 62 ,  63 ]. Two different 
mGluR5 antagonists signifi cantly reduced LID induction without interfering with 

13 Glutamate Receptors and Levodopa-Induced Dyskinesia



234

the physiological motor activities and resulted in the attenuation of known molecular 
markers of LID [ 59 ,  61 ,  64 ]. Recently a new allosteric modulator of mGluR5, feno-
bam, has been studied in PD and LID [ 65 ]. Fenobam was previously utilized as non-
benzodiazepine, anxiolytic compound [ 66 ]. Using rodent and NHP PD models the 
study confi rmed that acute administration of fenobam attenuates LID in both experi-
mental models. This paper confi rms that the chronic administration of fenobam 
decreased the development of peak-dose LID without compromising the anti-parkin-
sonian effect of levodopa and prolonged its effect [ 65 ]. 

 Despite the data supporting the possible antidyskinetic use of mGluR5 antago-
nists, their translational to the clinic presents diffi culties. Recently, the development 
of tolerance following the chronic administration of mGluR antagonists has been 
reported [ 67 ]. Additionally, a possible new antidyskinetic mGluR5 antagonist, 
AFQ056, has been described [ 68 ]. AFQ056 reduced LID following an acute admin-
istration, while the anti-parkinsonian effi cacy of levodopa treatment was maintained 
at a high dose of AFQ056 and increased at suboptimal doses without apparent side 
effects. Thus, it was suggested that this novel mGluR5 antagonist might have the 
potential to be the fi rst drug to be approved for the treatment of LID in PD. 

 Recently two randomized, double-blind, placebo-controlled studies showed an 
antidyskinetic effect of AFQ056 at 2 weeks follow-up in a small group of PD 
patients with LID [ 69 ]. 

 In the fi rst study, the authors included PD patients with moderate to severe LID 
(study 1) and in the second study those with severe LID (study 2) on stable dopami-
nergic therapy. Treatment with 25–150 mg AFQ056 or placebo was administered 
twice daily for 16 days. Although encouraging antidyskinetic effects have been 
obtained in AFQ056-treated patients, compared to placebo, serious adverse events 
were reported in both studies. Regarding tolerability, the most common side effects 
were represented by dizziness, hallucination and illusions, fatigue, nasopharingitis, 
diarrhea, and insomnia. When analyzing the incidence of adverse effects by the fi nal 
actual dose, there was a possible dose-dependent increase of illusions. 

 Overall these studies support a potential antidyskinetic effect of higher doses of 
AFQ056. However, this improvement was not associated with a reduction of patient 
disability considering some of the severe side effects reported. Further studies 
involving larger group of patients and longer follow-up period are needed to con-
fi rm the possible antidyskinetic effect and to explore strategies to lower aversive 
effects of this compound.  

    Targeting NMDA Receptor Subunits in PD and LID: Evidence 
from Preclinical to Clinical Studies 

 NMDA receptor represented for several years the main target for the development 
of antidyskinetic drugs. In animal models of dyskinesia the NMDA receptor antago-
nist amantadine has been studied [ 70 – 72 ]. Although   , some promising antidyski-
netic effects, the benefi cial response of different NMDA receptor antagonists 
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appears weak. Recent studies have investigated the specifi c role of the single sub-
units of the NMDA receptor complex. The fi rst candidate studied dealing with dys-
kinesia was the GluN2B subunit. Findings, both in parkinsonian and dyskinetic 
animals, showed a possible important pathogenetic role of this subunit [ 50 ,  73 – 76 ]. 
High striatal levels of tyrosine phosphorylation of the GluN2B subunit have been 
observed in dyskinetic animals [ 75 ,  77 ], causing a disruption of the interaction 
between the GluN2B-containing NMDARs and the endocytic complex and leading 
to the altered stabilization and effi cacy of receptors on the cell surface [ 78 ,  79 ]. The 
pharmacological antagonism of GluN2B has been extensively studied in LID with 
contrasting results. Dyskinetic movements in NHP were signifi cantly reduced after 
the application of Co101244 and CI-1041, two selective NR2B antagonists [ 80 – 83 ]. 
Conversely the use of another GluN2B antagonist CP-101,606 exacerbated LID in 
dyskinetic rats and marmoset [ 84 ,  85 ]. Moreover, although the use of the GluN2B 
antagonists prevented L-DOPA-induced wearing-off fl uctuations [ 86 ], it failed to 
ameliorate LID [ 61 ]. 

 Recently, several studies analyzed the possible role of an altered traffi cking of 
GluN2A and/or GluN2B subunits between synaptic and extra-synaptic membranes 
and in and out the site on the surface of the plasma membrane [ 2 ,  3 ]. Decreased 
levels of GluN1 and GluN2B subunits have been measured in striatal membranes of 
parkinsonian animals, while the abundance of GluN2A was unchanged [ 47 ,  48 ]. 
Further studies, performed utilizing the 6-OHDA parkinsonian rat model, showed 
alterations in striatal synaptic plasticity such as LTD, LTP, and changes in the ratio 
between GluN2A/N2B subunits [ 13 ,  33 ,  87 ]. In particular, the NR2B subunit was 
found to be specifi cally reduced in the PSD compartment from advanced parkinso-
nian rats when compared to control rats and without alterations of GluN1 and 
GluN2A [ 13 ,  33 ,  87 ]. Interestingly, MPTP parkinsonian NHP presented massive 
changes in the total homogenate levels of striatal NMDA receptor proteins, such as 
decreased levels of GluN1 and GluN2B [ 12 ]. Moreover, in parkinsonian rats the 
alteration of NMDA receptor subunit localization in the PSD compartment is 
accompanied by a decreased recruitment of PSD-95 to GluN2A–N2B subunits. 
These events are paralleled by an increased activation of the pool of α-CaMKII 
associated with the NMDA receptor complex [ 13 ]. Moreover, decreased synaptic 
membrane localization and increased vesicular localization of PSD-95 and SAP97, 
members of the PSD-MAGUK family, have been reported [ 88 ]. This different redis-
tribution of MAGUK components in the synaptic site could account for dysregula-
tion of NMDA receptors at synapses of PD animals. While, in advanced PD, LTP is 
completely lost and this synaptic alteration is coupled to a specifi c reduction of the 
GluN2B subunits in the PSD compartment [ 87 ], the picture found in the early 
phases of the disease is quite different. A partial dopaminergic depletion strongly 
alters the LTP maintenance, and this synaptic alteration is also accompanied by a 
dramatic increase in the GluN2A NMDA receptor subunits in the striatal synapses, 
suggesting the presence of a profound rearrangement of the receptor complex com-
position [ 89 ]. These profound differences in NMDA receptors in the postsynaptic 
compartment of partially versus fully lesioned rats suggest that GluN2-type regula-
tory subunits are sensitive to plastic changes induced by the differential degree of 

13 Glutamate Receptors and Levodopa-Induced Dyskinesia



236

DA denervation. The GluN2A subunit might represent a major player in early 
phases of PD, and it seems to be sensitive to distinct degrees of DA denervation; 
thus, it may represent an adequate target for early therapeutic intervention. Overall, 
these results from dyskinetic animal models highlight that an altered ratio between 
GluN2A- and GluN2B-containing receptors may play an important pathophysio-
logical role and reducing the GluN2A subunit localization to normalize the ratio 
GluN2A/N2B at the synapse may represent a mechanistic target for therapy [ 90 ]. 

 To date, the only antidyskinetic therapeutic approach considered relatively effi -
cacious and useful in the clinical practice is represented by the treatment with aman-
tadine, a nonselective NMDA receptor antagonist. A series of double-blind, 
placebo-controlled studies conducted by Verhagen Metman and colleagues demon-
strate the possible therapeutic use of NMDA antagonists such as amantadine and 
dextromethorphan on LID and motor fl uctuations in PD [ 91 – 94 ]. In four separate 
trials, the use of three different NMDA receptors antagonists adjuvant to levodopa 
therapy reduced LID and motor fl uctuations [ 92 ]. Treatment with amantadine 
reduced LID severity in PD patients compared to placebo group, without altering 
the anti-parkinsonian effect of levodopa [ 94 – 96 ]. These fi ndings suggest that aman-
tadine, given as adjuvant to levodopa, can markedly improve motor response com-
plications and support the view that hyperfunction of NMDA receptors contributes 
to the pathogenesis of LID. 

 Contrasting data have been collected regarding another NMDA antagonist, 
memantine. Idiopathic PD patients with motor fl uctuations and LID were random-
ized to be studied in a cross-over design for the NMDA antagonist memantine [ 97 ]. 
Unfortunately, this study showed no drug effect on dyskinesia. One other study 
showed that memantine can improve severe LID resistant to other pharmacologic 
interventions [ 98 ]. In    a recent clinical trial, that studied for a longer time meman-
tine, benefi cial drug effects on parkinsonian symptoms and motor complications 
have been seen [ 99 ]. 

 Recent results confi rmed a relevant role of glutamate receptor supersensitivity in 
the putamen of dyskinetic condition following long-term levodopa therapy in 
PD. Radioligand binding studies conducted in PD patients experienced LID showed 
increased levels of binding sites to the GluN1/N2B-containing receptor in putamen 
nucleus compared to control subjects, whereas binding remained unchanged in the 
caudate nucleus [ 51 ]. 

 Recently, Nutt and colleagues [ 100 ] analyzed in a randomized, double-blind, 
placebo-controlled clinical trial: the effect of CP-101,606 (GluN2B subunit selec-
tive NMDAR antagonist) versus placebo on the motor fl uctuations and LID. This 
study showed a signifi cant therapeutic effect of CP-101,606 on LID severity but 
without any improvement of parkinsonian symptoms. Moreover, the treatment 
with this GluN2B antagonist was associated with a dose-related dissociation and 
amnesia. Further studies will be necessary to fi nd possible antidyskinetic drugs 
acting on the modulation of single GluN2 subunits with the aim to avoid adverse 
cognitive effects.  
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    Targeting AMPA Receptors in PD and LID: Evidence 
from Preclinical Studies 

 Corticostriatal synapses containing ionotropic glutamate receptors such as AMPA and 
NMDA receptors have a relevant role in the capability to trigger both forms of striatal 
synaptic plasticity, LTD and LTP, in physiological and pathological conditions [ 43 ]. In 
particular, while LTP is NMDA dependent, LTD is dependent on the cooperation 
between dopaminergic signaling and AMPA receptors activation. Both LTD and LTP 
are lost in parkinsonian rats and are differentially altered in dyskinetic condition [ 33 , 
 101 ]. Abnormal PKA signaling via high levels of phospho-Thr34–DARPP-32 have 
been found in the striatum of dyskinetic rats, and this has been associated with a loss 
of bidirectional synaptic plasticity [ 33 ]. The phosphorylation of DARPP-32 at Thr34 
does not affect per se AMPA GluR1 subunit phosphorylation another target of PKA 
kinases. Recently, Santini and colleagues studied PKA/DARPP-32 signaling and their 
effects on NMDA and AMPA subunits in a model of LID both in mouse and NHP 
[ 102 ,  103 ]. These works confi rmed that LID were associated with hyperphosphoryla-
tion of DARPP-32 at Thr34 and consequently of GluR1 AMPA receptor at Ser845. 
Increasing evidence suggests that antagonism of AMPA receptors improves LID in 
MPTP NHP [ 70 ]. The highly potent and selective- specifi c antagonist ligand for 
AMPA receptors, [(3)H]Ro 48–8587, reveals high levels of AMPA receptors in dyski-
netic NHP, but only in specifi c subregional areas of the striatum [ 104 ]. An altered 
traffi cking of AMPA receptors subunits GluR2 and GluR2/3 has been recently impli-
cated in the development of LID in a model of dyskinetic NHP [ 105 ]. 

 A strong support to the role of both NMDA and AMPA receptor traffi cking alter-
ation in the development of LID has arisen from the work by Bagetta and colleagues 
[ 106 ]. This study demonstrates that parkinsonian symptoms and LID were associ-
ated with an altered NMDA/AMPA receptor ratio and, in particular, a switch of 
AMPAR subunit composition within glutamatergic synapses. In particular, Bagetta 
and colleagues demonstrated an increased index of rectifi cation (IR) of AMPA cur-
rent in striatal medium spiny neurons recorded from dyskinetic animals, suggesting 
a possible abnormal insertion of GluR2-lacking AMPARs at corticostriatal syn-
apses. In fact, this rise of this parameter indicates that, in these conditions, a switch 
toward a nonlinear voltage–current relationship occurs within glutamatergic syn-
apses and stems from a major availability of Ca 2+ -permeable AMPA receptors (i.e., 
Ca 2+ -permeable GluR2-lacking AMPARs). This result is in agreement with previ-
ous data demonstrating that dopaminergic lesion and dyskinetic condition are asso-
ciated with increased activity of Ca 2+ -permeable AMPAR due to hyperphosphorylation 
of GluR1 subunit [ 103 ]. 

 Together, these data show an interesting potential role of AMPA receptor activity 
and traffi cking in the development of PD and levodopa-induced complications. 
However, to date, no relevant clinical study showing benefi t of AMPA antagonists 
has been reported.     
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    Abstract     The endocannabinoid system modulates the release of excitatory and 
inhibitory neurotransmitters in several brain areas implicated in motor control. 
Cannabinoid and dopamine receptors are highly abundant and often co-expressed in 
the basal ganglia circuitry, and the cross talk between these two systems regulates 
short- and long-term synaptic plasticity in the striatum. Dysregulation of the endo-
cannabinoid system has been reported in animal models of Parkinson’s disease and 
parkinsonian patients and is exacerbated in dyskinetic states, following chronic 
levodopa administration. 

 This chapter reviews recent investigations on the relationships between endo-
cannabinoids and other neurotransmitter/neuromodulator systems in the basal 
ganglia, with the intent to underline their relevance for the pathophysiology of 
levodopa- induced dyskinesia and discuss new pharmacological approaches for 
their treatment.  
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        Introduction 

 Although levodopa remains the gold standard for the treatment of motor symptoms 
in Parkinson’s disease (PD), its long-term use leads to the development of abnormal 
involuntary movement, collectively termed dyskinesia, in as many as 90–95 % of 
PD patients receiving treatment [ 1 – 3 ]. 

 The molecular mechanisms associated with LID development are not fully 
understood, but several factors, including neurotransmitter abnormalities, pulsatile 
stimulation of dopamine receptors, and maladaptive plasticity within the striatum, 
are known to play a role [ 4 ]. 

 To date, the only FDA-approved drug for the treatment of dyskinesia is the 
NMDA antagonist amantadine [ 5 ,  6 ]. This drug, however, has a short therapeutic 
time window, is poorly tolerated, and can worsen dyskinesia upon discontinuation 
or induce psychiatric complications [ 5 ,  7 ]. Thus, there is an urgent need to develop 
alternative antidyskinetic therapies targeting non-dopaminergic systems to avoid 
possible interferences with the antiparkinsonian effects of L-DOPA. 

 In the last decade, several studies have pointed to the endocannabinoid system as 
an important modulator of synaptic transmission and plasticity in the basal ganglia 
circuitry. As this system regulates dopamine-induced motor activation and is 
required for the coordination and fi ne-tuning of movement [ 8 ,  9 ], it represents a 
potential pharmacological target for the treatment of motor disorders. Indeed, both 
exogenous and endogenous cannabinoids show antiparkinsonian and antidyskinetic 
activity in animal models of PD and patients. 

 In this chapter, we will review the most relevant studies on the role played by the 
endocannabinoid system in LID, discuss the complex interactions between endo-
cannabinoids and several neurotransmitters regulating basal ganglia function [ 10 , 
 11 ], and provide a conceptual frame to address some confl icting fi ndings reported in 
the literature.  

    The Endocannabinoid System 

 The endocannabinoid system consists of a family of lipid signaling molecules 
(endocannabinoids) released on demand from membrane lipid precursors, the 
enzymes responsible for their synthesis and degradation and distinct metabotropic 
(cannabinoid), ionotropic, and nuclear receptors activated by these ligands [ 12 ,  13 ]. 

 Among the multiple endocannabinoids identifi ed so far [ 14 ], arachidonoyl etha-
nolamine (anandamide) [ 15 ,  16 ] and 2-arachidonoyl glycerol (2-AG) [ 17 ] represent 
the two most studied examples. 

 Anandamide is synthesized in a Ca ++ -dependent manner from N-arachidonoyl 
phosphatidylethanolamine by phospholipase D (PLD) [ 18 ,  19 ] or via alternative 
pathways, such as those initiated by alpha-beta-hydrolase 4 [ 20 ]. 2-AG is produced 
by diacylglycerol lipases (DAGLα and β) acting on membrane acyl arachidonoyl 
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glycerols [ 21 ,  22 ]. As in the case of anandamide, multiple biosynthetic pathways 
have been reported for 2-AG, which can also derive from the hydrolysis of phospha-
tidic acid or lysophospholipids [ 23 ,  24 ]. 

 The biological actions of anandamide are terminated by facilitated diffusion into 
cells via a carrier-mediated transport [ 25 ], followed by enzymatic hydrolysis via a 
fatty acid amide hydrolase (FAAH) [ 26 – 28 ]. To date, there is no consensus on the 
existence of an endocannabinoid transporter [ 29 ], and its molecular identity has not 
been yet identifi ed. Anandamide can be also metabolized by lipoxygenases [ 30 ] and 
cyclooxygenases (such as COX-2) [ 31 – 33 ]. In particular, the COX-2 metabolic 
pathway may become physiologically relevant under conditions promoting endo-
cannabinoid or COX-2 upregulation, as in the course of neurodegenerative pro-
cesses [ 34 ]. 

 Concerning 2-AG, although this lipid can be metabolized by FAAH and cyclo-
oxygenases [ 35 ,  36 ], in the brain it is mainly hydrolyzed by a monoacylglyceroli-
pase (MAGL), which is localized in presynaptic elements [ 37 ]. Interestingly, 
pharmacological blockade of FAAH by URB597 may decrease brain 2-AG in vitro 
via a mechanism involving TRPV1 activation and DAGL inhibition [ 38 ,  39 ]. This 
decrease, however, has not been confi rmed in vivo by other groups [ 40 – 43 ], sug-
gesting that it might be limited to specifi c brain areas. 

 The endocannabinoids can activate G i/o  protein-coupled cannabinoid receptors 
(CB1 and CB2), some members of the transient receptor potential (TRP) family, 
as well as nuclear peroxisome proliferator-activated receptors (PPAR) [ 44 ]. 
Endocannabinoids can also serve as allosteric modulators or bind to other metabo-
tropic receptors, including GPR55 [ 45 – 47 ] – a cloned orphan receptor activated 
by the CB1 antagonists rimonabant and AM251 [ 48 ] – and GPR18 [ 49 ]. However, 
the physiological roles of these receptors remain unknown, and neither anan-
damide nor 2-AG has shown consistent pharmacological effects following GPR55 
stimulation [ 50 ]. 

 In rodents and humans, CB1 receptors are highly expressed in the peripheral and 
central nervous system (CNS) [ 51 ,  52 ], whereas CB2 receptors are mainly restricted 
to immunocompetent cells, lymphoid organs, and microglia [ 44 ,  53 ,  54 ]. The “seg-
regation” of CB2 to the immune system has been challenged by recent studies 
showing their presence in neurons and glial cells throughout the brain, including the 
substantia nigra pars reticulata (SNpr) and the striatum [ 55 – 58 ]. Also, CB2 recep-
tors are upregulated in activated microglia and astrocytes in response to neurotoxic 
insults and neuroinfl ammatory events [ 59 – 62 ]. 

 Within the basal ganglia, CB1 receptors are generally expressed on presynaptic 
elements, including GABAergic striatofugal neurons [ 63 ,  64 ], striatal parvalbumin- 
positive interneurons [ 65 ,  66 ], glutamatergic terminals from the cortex [ 67 ] and the 
subthalamic nucleus [ 68 ], and serotonergic afferents [ 69 ,  70 ] (see Fig.  14.1 ). It is 
now well established that activation of presynaptic CB1 receptors by retrogradely 
mobilized endocannabinoids inhibits the release of several neurotransmitters 
involved in basal ganglia function [ 71 ,  72 ].

   Endocannabinoids and CB1 receptors have been implicated in three main forms 
of plasticity at striatal synapses: (1) short-term depolarization-induced suppression 
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of excitation (DSE) or inhibition (DSI), (2) short-term depression dependent by 
activation of postsynaptic Gq-coupled receptors, and (3) long-term depression 
(LTD) (for review, see [ 73 ]). Also, concomitant activation of CB1 and other metabo-
tropic receptors can promote the coupling of CB1 to G isoforms other than G i/o  [ 74 , 
 75 ] or the formation of heterodimers with D2 and mu-opioid receptors [ 76 ,  77 ], 
leading to different downstream signaling pathways than those traditionally acti-
vated by cannabinoids. 

 Studies on cannabinoid agonists administered to CB1 knockout mice support the 
existence of non-CB1/CB2 receptors regulating synaptic transmission throughout 
the body (for review, see [ 52 ]). 

  Fig. 14.1    Schematic illustration of the basal ganglia motor circuit showing striatofugal “direct” 
and “indirect” projections to the output nuclei and afferent projections from the cortex and raphe 
nuclei to the striatum.  GPi  globus pallidus pars interna,  GPe  globus pallidus pars externa,  SNpc  
substantia nigra pars compacta,  SNpr  substantia nigra pars reticulata,  STN  subthalamic nucleus. 
Glutamatergic ( green ), GABAergic ( red ), and serotonergic projections and expression of different 
receptor subtypes are also indicated       
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 As previously mentioned, some exogenous and endogenous cannabinoids can 
target at least fi ve distinct TRP channels [ 78 ]. In particular, anandamide can bind to 
TRPV1 receptors [ 79 ], which are expressed in the striatum, globus pallidus, and the 
substantia nigra pars compacta (SNpc) [ 80 – 82 ]. As anandamide affi nity for TRPV1 
is quite low, it is not clear whether this lipid might serve as an endovanilloid ligand 
under physiological conditions [ 83 ,  84 ]. Nevertheless, blockade of FAAH activity 
has been shown to enhance anandamide potency at TRPV1 receptors in vitro [ 85 ]. 
In addition, there is evidence for a cross talk between CB1 and TRPV1 receptors, as 
CB1 stimulation can alter the phosphorylation state of TRPV1 and consequently its 
function [ 86 ]. 

 Some cannabinoid compounds, including anandamide, noladin ether, virod-
hamine, and WIN55,212-2, can also bind different subtypes of PPAR receptors and 
enhance the expression of their target genes [ 87 ]. In particular, anandamide has 
been shown to activate  PPARα [ 88 ] and PPARγ  [ 89 ]. These recep-
tors, which are known to increase insulin sensitivity and modulate glucose and lipid 
metabolism, are also expressed in neuronal and glial cells of the basal ganglia [ 90 , 
 91 ]. Although their role in the CNS is still largely unexplored, recent studies indi-
cate that PPARα  and  PPARγ agonists have antioxidant and neuro-
protective activity in animal models of PD [ 92 – 95 ], Alzheimer’s disease [ 96 ,  97 ], 
cerebral ischemia [ 98 ], and traumatic brain injury [ 99 ,  100 ], and they can reverse 
haloperidol-induced oral dyskinesia in rats [ 101 ].  

    Pharmacological Effects 

    Effects on PD Motor Symptoms 

 In general, systemic administration of exogenous cannabinoids, or enhancement 
of endocannabinoid tone via pharmacological blockade of their catabolic 
enzymes or reuptake, decreases locomotor activity in a CB1-dependent manner 
[ 28 ,  102 – 104 ]. In line with these observations, CB1 knockout mice exhibit motor 
abnormalities [ 105 ,  106 ] and suppression of cocaine-induced hyperlocomotion 
[ 107 ]. However, some of the cannabinoid-induced motor effects are not elicited 
via activation of CB1 receptors. For instance, anandamide produces catalepsy in 
both CB1 knockout mice and wild-type controls [ 108 ], and elevation of endocan-
nabinoid tone in these animals produces hypokinesia via a TRPV1-mediated 
mechanism [ 109 ]. Also, pharmacological blockade of TRPV1 receptors in 
6-OHDA rats has been shown to unmask the antidyskinetic effects of the FAAH 
inhibitor URB597 [ 103 ] (see below). These observations suggest that, under con-
ditions in which anandamide reaches supraphysiological concentrations and con-
sequently activates TRPV1, these channels can infl uence motor behaviors 
presumably by affecting the fi ring rate of nigrostriatal neurons and dopamine 
transmission [ 110 ]. 
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 In the context of PD, several research groups have found increased CB1 mRNA 
and receptor binding in the striatum of animal models [ 111 ,  112 ] and PD patients 
[ 113 ]. Numerous studies have also shown abnormal endocannabinoid levels, 
although there is no consensus on the direction of endocannabinoid fl uctuations. 
While some reports indicate an increase of endocannabinoid levels in the basal 
ganglia of dopamine-depleted rodents [ 114 – 116 ], other studies showed decreased 
or unaltered endocannabinoid tone [ 103 ,  117 ,  118 ]. These discrepancies may be 
 attributable to species-specifi c differences among PD models or to the physiologi-
cal state of the animals at the time of the experiments, which is known to affect 
endocannabinoid release. Interestingly, the administration of levodopa to 6-OHDA 
rats failed to elevate anandamide levels [ 103 ,  117 ] and further increased CB1 
expression in the striatum [ 119 ], suggesting that levodopa is not able to correct the 
endocannabinoid dysfunction associated with dopamine denervation. This dys-
function likely causes the disruption of the plasticity observed at corticostriatal 
synapses in PD models [ 118 – 121 ]. In this regard, elevation of endocannabinoid 
tone has been shown to rescue striatal LTD and to alleviate motor defi cits associ-
ated with the nigrostriatal lesion [ 118 ]. Although these data point to a defi cit (rather 
than an enhancement) of endocannabinoid mobilization in PD, improvement of 
motor symptoms has been achieved not only with administration of cannabinoid 
agonists but also with CB1 receptor antagonists in either rodents [ 122 – 124 ] or 
nonhuman primates [ 125 ] (Table  14.1 ). Explaining these paradoxical fi ndings is 
challenging, although the answer may lie in the multiple site of actions engaged by 
cannabinoid drugs when administered systemically. Indeed, while increased endo-
cannabinoid transmission may alleviate PD symptoms by reducing striatal gluta-
mate release [ 71 ,  115 ], on the other hand, activation of CB1 on striatofugal 
terminals of the “indirect” pathway may lead to increased GABAergic drive to the 
external globus pallidus (GPe), which may amplify the inhibitory output of the 
basal ganglia and consequently contribute to PD symptoms. Therefore, in this case, 
CB1 antagonism may produce antiparkinsonian effects by limiting GABA release 
from striatopallidal projections. Finally, other studies have hypothesized that CB1 
antagonists elicit antiparkinsonian effects only in animals with severe nigrostriatal 
lesions [ 123 ,  126 ], which may differentially affect endocannabinoid production 
and CB1 expression in the striatum and GPe of these animals versus those with less 
severe lesions.

       Effects on LID 

 As endocannabinoids counteract dopamine-mediated hyperactivity [ 103 ,  136 ,  137 ] 
and given the fact that increased corticostriatal glutamate transmission contributes to 
dyskinesias [ 138 ,  139 ], stimulation of CB1 receptors should alleviate dyskinetic 
symptoms by (1) reducing levodopa-induced sensitization of dopamine receptors, (2) 
normalizing aberrant glutamate release, and (3) rebalancing maladaptive plasticity in 
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the denervated striatum. In support of this hypothesis, several groups have shown 
cannabinoid-mediated improvement of levodopa-induced abnormal involuntary 
movements (AIMs) in rodent models and nonhuman primates [ 103 ,  118 ,  128 ,  131 , 
 132 ] and PD patients [ 129 ] (Table  14.1 ). 

 The antidyskinetic effects of cannabinoid agonists do not seem to result from a 
generalized motor suppression, as they were obtained using doses that did not pro-
duce hypomotility or catalepsy [ 103 ,  126 ]. Nevertheless, as in the case of PD motor 
defi cits, signifi cant antidyskinetic effects [ 125 ,  130 ], or no effects [ 134 ], were also 
observed with CB1 antagonists (Table  14.1 ). The rationale for blocking CB1 recep-
tors as a pharmacological approach to treat dyskinesia is based on the observations 
that endocannabinoid transmission is elevated in dyskinetic animals [ 140 ] and PD 
patients [ 113 ] and that genetic deletion of CB1 receptors prevents the development 
of severe abnormal movements in mice [ 140 ]. However, neither striatal endocan-
nabinoid levels nor CB1 upregulation has been correlated to LID expression or 
severity [ 125 ,  141 ]. 

 Overall, these discrepancies reveal some limitations in generalizing cannabinoid 
effects across different animal models and may be ascribed to the multiple sites of 

     Table 14.1    Pharmacological effects of cannabinoid agents on PD motor symptoms and dyskinesia   

 Cannabinoid agent  Pharmacology  PD motor symptoms  Dyskinesia 

 THC (Cannabis)  CB1/CB2 agonist  Alleviate motor defi cits 
in PD models [ 126 ] or no 
effect [ 122 ,  127 ] 

 No effect in PD patients 
[ 127 ] 

 Nabilone  CB1/CB2 agonist  Improve levodopa 
antiparkinsonian action 
[ 128 ] 

 Antidyskinetic in PD 
models [ 128 ]. Can 
reduce dyskinesia in PD 
patients [ 129 ] 

 URB597  FAAH inhibitor  Alleviate motor defi cits 
in PD models [ 118 ] 

 Antidyskinetic in PD 
models in the presence of 
a TRPV1 blocker [ 103 ] 

 WIN55,212-2  CB1/CB2 agonist  Induce hypokinesia in 
rodents [ 103 ,  130 ] 

 Antidyskinetic in PD 
models [ 103 ,  117 ,  131 ] 

 HU-210  CB1/CB2 agonist  Impair motor function 
[ 132 ] 

 Alleviate some AIM 
subtypes [ 132 ] 

 SR141716A 
(rimonabant) 

 CB1 antagonist  Alleviate motor defi cits 
in PD models [ 123 – 125 ] 
or no effect [ 122 ,  133 ] 

 Antidyskinetic in PD 
models [ 125 ] or no effect 
[ 117 ]. Can precipitate 
AIMs in non-dyskinetic 
animals [ 132 ] 

 AM251  CB1 antagonist  Alleviate motor defi cits 
in PD models [ 123 ] 

 No effect [ 103 ,  132 ] 

 CE  CB1 antagonist  Enhance antiparkinsonian 
action of levodopa [ 134 ] 

 No effect [ 134 ] 

 Oleylethanolamide 
(OEA) 

 TRPV1 antagonist  No effect [ 135 ]  Antidyskinetic in PD 
models [ 135 ] 
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action of cannabinoid agents (see above), which complicate the translation of these 
fi ndings into new pharmacotherapies. 

 So far, studies carried out in PD patients have been inconclusive. While a 
 randomized, double-blind, placebo-controlled pilot study by Sieradzan et al. 
[ 129 ] has shown an antidyskinetic action of the cannabinoid agonist nabilone in 
PD patients [ 129 ], other reports have not confi rmed any benefi cial effects of 
either cannabinoid agonists [ 127 ] or antagonists [ 133 ] on LID. However, the 
study of Carroll et al. [ 127 ] evaluated the effects of oral cannabis, which has a 
highly variable pharmacokinetics and a more complex pharmacological profi le 
than synthetic cannabinoid agonists. In addition, the assessment of dyskinesia 
was based on patient self- reported questionnaires, which are often inaccurate in 
identifying symptoms [ 142 ]. On the other hand, the dose of the CB1 antagonist 
rimonabant used in the study of Mesnage et al. [ 133 ] was signifi cantly lower than 
that used by van der Stelt and coworkers [ 125 ]. Thus, new and larger-scale clini-
cal studies are necessary to confi rm the antidyskinetic properties of cannabinoid 
agents in humans. 

 Pharmacological blockade of FAAH, which elevates anandamide and other 
acylethanolamides in those brain areas where they are actively synthesized, did 
not reduce levodopa-induced AIMs in 6-OHDA rats [ 103 ]. These fi ndings suggest 
that increasing anandamide tone is not suffi cient to alleviate dyskinesia, possibly 
because of the concomitant stimulation of CB1 and TRPV1 receptors, which exert 
opposite effects within the basal ganglia circuitry. In support of this hypothesis, 
coadministration of the FAAH inhibitor URB597 and the TRPV1 antagonist cap-
sazepine produced a signifi cant antidyskinetic effect in 6-OHDA rats [ 103 ,  131 ]. 
In addition, a recent study by Gonzalez-Aparicio [ 143 ] has shown that oleyletha-
nolamide (OEA), a structural analog of anandamide that does not bind to CB1 but 
has antagonistic activity at TRPV1 receptors, can reduce levodopa-induced AIM 
via a TRPV1-mediated mechanism [ 135 ]. These observations differ from those 
reported by Lee et al. [ 143 ], showing that the administration of either URB597 or 
the TRPV1 agonist capsaicin alone reduced levodopa-induced hyperactivity in 
reserpine-treated rats [ 143 ]. However, it is important to note that hyperactivity in 
reserpine-treated rodents has not been validated as an appropriate measure of dys-
kinesia [ 144 ]. 

 Although TRPV1 blockade seems necessary to unmask the antidyskinetic effect 
of URB597, the benefi cial action of this drug is only partially mediated by CB1 
receptors, since pretreatment with the CB1 antagonist AM251 did not fully reverse 
the combined effect of URB597 and capsazepine (CPZ) [ 103 ]. Interestingly, admin-
istration of the nonselective PPAR antagonist BADGE completely blocked the 
URB597 + CPZ antidyskinetic effect (unpublished observations), suggesting a 
PPAR-dependent mechanism. Whether the involvement of PPAR in this response 
refl ects a direct action of anandamide, or of other lipid signaling molecules elevated 
by FAAH blockade, on these nuclear receptors is still unclear. Nevertheless, a recent 
study has shown that PPARα  and  PPARγ agonists administered 
individually or in combination with antipsychotics can alleviate haloperidol-induced 
oral dyskinesias [ 101 ].   
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    Endocannabinoid Modulation of Basal Ganglia Circuitry: 
Pathophysiology and Implications for LID 

 According to the classical model of basal ganglia organization (see Fig.  14.1 ), stria-
tal MSN receive excitatory glutamatergic projections from the cerebral cortex. 
MSN are in turn modulated by nigrostriatal dopaminergic afferents that exert excit-
atory or inhibitory effects on “direct” and “indirect” striatofugal pathways via dopa-
mine D1 and D2 receptors, respectively. 

 Although CB1 are not present on dopaminergic neurons [ 145 ], they co-localize 
with D1/D2-like receptors in the dorsal striatum and indirectly affect dopamine 
output by modulating neurotransmitter release from projecting inhibitory and excit-
atory terminals via stimulation of CB1 receptors [ 64 ,  67 ,  68 ,  72 ,  146 ,  147 ]. The 
overall effect of cannabinoids on dopamine release in the caudate-putamen remains 
controversial, as some studies have shown a decrease [ 72 ], an increase [ 148 ], or no 
effect at all [ 149 ,  150 ]. Anandamide- and endocannabinoid-enhancing drugs, such 
as FAAH inhibitors, can also modulate nigrostriatal dopamine transmission by act-
ing at TRPV1 [ 109 ,  110 ,  151 ,  152 ] or PPAR receptors [ 153 ]. 

 Stimulation of dopamine D1- and D2-like receptors has been shown to affect 
striatal endocannabinoids in opposite ways: for example, while D1 agonists tend to 
decrease anandamide [ 154 ], D2-like agonists increase it [ 103 ,  117 ,  136 ,  155 ]. These 
effects may depend on the ability of D1 and D2 agonists to enhance or diminish 
excitatory postsynaptic currents in striatal MSN, respectively, and suggest a 
dopamine- mediated control of endocannabinoid mobilization [ 156 ]. Indeed, studies 
have shown that LTD at corticostriatal synapses is regulated by D2 receptors [ 118 , 
 157 ]. Although the precise site of this modulation is still the subject of debate, it 
appears to be restricted to glutamatergic projections onto MSN of the indirect path-
way [ 118 ,  158 ] and to be mediated by anandamide or 2-AG, depending on the fre-
quency of stimulation applied to the glutamatergic afferents [ 159 – 161 ]. 

 Endocannabinoids, in particular anandamide, also mediate synaptic depression 
at GABAergic afferents onto striatal MSN [ 155 ,  162 – 164 ] to produce disinhibition 
of MSN activation. 

 Interestingly, endocannabinoid-mediated LTD at corticostriatal synapses is pro-
foundly compromised after striatal dopamine denervation [ 118 ] or blockade of D2 
receptors [ 157 ,  165 ,  166 ] and completely lost in dyskinetic – but not in non- 
dyskinetic – parkinsonian rats treated with levodopa [ 167 ]. 

 In line with these observations, behavioral studies indicate that the anandamide 
elevation observed after administration of dopaminergic agonists may serve as an 
inhibitory feedback signal to offset dopamine-induced hyperactivity [ 136 ,  137 , 
 168 ]. Thus, abnormalities in dopamine and endocannabinoid-mediated plasticity 
may disrupt this feedback mechanism and lead to motor disturbances, particularly 
upon long-term activation of dopamine receptors. 

 Recent studies have added a further level of complexity, showing a competitive 
interaction between dopamine D2 and adenosine A 2A  receptors in the induction of 
endocannabinoid-mediated plasticity, such that D2 receptor activation promotes 
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LTD, whereas A 2A  activation promotes LTP [ 158 ,  169 ]. Also, coadministration of 
A 2A  and CB1 agonists has been shown to partially inhibit the CB1-dependent 
decrease of glutamate transmission [ 170 ]. The presence of A2A receptors on gluta-
matergic terminals projecting onto MNS spines [ 171 ] suggests that these might be 
the anatomical substrate for these complex interactions. 

 CB1 receptors are also expressed on serotonergic raphe-striatal fi bers [ 69 ] 
(Fig.  14.1 ), which are able to (1) convert levodopa into dopamine and release it as 
a “false neurotransmitter,” thus contributing to LID development [ 172 ]; (2) infl u-
ence nigrostriatal dopamine release [ 173 ]; and consequently (3) affect the 
dopamine- mediated and CB1-dependent control of glutamate release [ 174 ]. 
Therefore, we could speculate that cannabinoid agents may exert their antidyski-
netic effects by dampening the ectopic dopamine release from serotonergic termi-
nals and/or by controlling dopamine transmission indirectly via inhibition of 5-HT 
release [ 175 ,  176 ]. 

    Molecular Mechanisms 

 Overactivity of D1-positive striatofugal neurons of the direct pathway has been long 
known to be involved in LID [ 177 – 179 ]. Dopamine denervation leads to a high- 
affi nity D1 receptor state in 6-OHDA rats [ 180 ,  181 ], and D1 agonist-induced 
GTPγS binding has been correlated with LID severity in MPTP-treated primates 
[ 182 ]. D1 overactivity is also accompanied by dysregulation of the cAMP/protein 
kinase A (PKA) signaling cascade and increased signaling of the dopamine- and 
cAMP-regulated phosphoprotein-32 kDa (DARPP-32), a key integrator of dopami-
nergic and glutamatergic inputs in the striatum [ 131 ,  183 ,  184 ]. 

 Administration of the cannabinoid agonist WIN55,212-2 has been shown to alle-
viate levodopa-induced AIM in 6-OHDA rats and to reverse the concomitant over-
activity of striatal PKA [ 131 ]. In keeping with these observations, blockade of PKA 
signaling has been proven as an effective strategy to reduce AIM expression [ 185 , 
 186 ], possibly by preventing PKA-mediated cytoskeleton modifi cations, which may 
contribute to the long-term aberrant plasticity underlying striatal dysfunction in 
dyskinesia [ 185 ,  187 ]. The reduction of PKA activity elicited by cannabinoids may 
result from the direct activation of CB1 receptors, which are negatively linked to 
adenylyl cyclase and co-localized on D1-positive striatal neurons [ 69 ]. 

 PKA-induced phosphorylation at the threonine (Thr)-34 site converts DARPP- 32 
into an inhibitor of protein phosphatase-1 (PP1) [ 188 ]. Although DARPP-32 phos-
phorylation appears to be required for the expression of CB1-mediated motor 
effects, such as catalepsy [ 189 ], WIN55,212-2 administration to dyskinetic rats 
produced a dephosphorylation of DARPP-32 at Thr-34 that was only partially 
reversed by the CB1 antagonist AM251 even at doses that fully blocked 
WIN55,212-2 antidyskinetic effect [ 131 ]. This discrepancy may depend on differ-
ent biochemical or functional aspects underlying the behaviors measured in these 
studies (catalepsy versus AIM) and/or, as previously mentioned, on species- specifi c 
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differences among animal models. Interestingly, Polissidis et al. [ 190 ] have shown 
that WIN55,212-2 can produce opposite effects on striatal Thr-34 phosphorylation 
across different rat strains [ 190 ].   

    Concluding Remarks 

 Experimental evidence indicates that systemic administration of cannabinoids 
reverses the aberrant levodopa-induced overactivity of downstream signaling that 
may lead to long-term maladaptive changes in striatal plasticity. However, both 
direct (or indirect) cannabinoid agonists and antagonists have shown antidyskinetic 
actions in preclinical models, and experimental evidence for their effi cacy in clini-
cal settings is still limited. Given the modulatory action played by the endocannabi-
noid system in the basal ganglia, understanding its dysfunction in PD and reconciling 
confl icting data may have important implications for the pathophysiology and treat-
ment of levodopa-associated motor complications. 

 In addition, the therapeutic potentials of modulating endocannabinoid levels or 
targeting non-CB receptors activated by endocannabinoids, such as TRP channels 
and PPAR receptors, have not been fully explored. These approaches may offer 
more effective and specifi c pharmacological actions than those observed with tradi-
tional cannabinoid agents. Furthermore, as some of these drugs have shown anti- 
infl ammatory and neuroprotective properties in the CNS [ 191 ], their application in 
PD therapy appears particularly appealing, as they may delay/halt the progressive 
neurodegenerative process occurring in this pathology.     
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    Chapter 15   
 The Role of the Noradrenergic System and Its 
Receptors in Levodopa-Induced Dyskinesia 

             Corinne     Y.     Ostock      and     Christopher     Bishop     

    Abstract     Chronic dopamine replacement therapy with levodopa in Parkinson’s 
disease (PD) is often complicated by the emergence of deleterious motor sequelae 
including levodopa-induced dyskinesia (LID). The mechanism(s) underlying the 
pathogenesis of LID remain speculative; however, accumulating evidence has high-
lighted a role for the noradrenergic system. In this chapter, we evaluate the body of 
research that has implicated the NA system in the development and treatment of 
LID and discuss the following: (1) changes in the noradrenergic system originating 
in the locus coeruleus in the parkinsonian brain, (2) the use of experimental models 
with noradrenergic lesions for the investigation of LID, and (3) the effi cacy of tar-
geting noradrenergic receptors for the treatment of LID.  

  Keywords     Levodopa-induced dyskinesia   •   Noradrenaline   •   Locus coeruleus   • 
  α(alpha) adrenergic receptor   •   β(beta) adrenergic receptor  

        Introduction 

       The Noradrenergic System 

    The Locus Coeruleus 

 Two main ascending systems are responsible for noradrenergic innervation of the 
central nervous system (CNS). The fi rst and primary source of noradrenaline (NA) 
within the CNS is the locus coeruleus (LC) located along the fourth ventricle in the 
pons. Noradrenergic neurons of the LC display extensive axonal branching 
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allowing single NA neurons to have widespread cerebral innervation [ 1 ,  2 ]. Large 
fusiform cells originating in the LC project to the hippocampus and cortex, while 
medium- sized multipolar cells project to the cortex, spinal cord, and cerebellum 
[ 1 ,  3 ]. The LC also projects to areas implicated in PD including the substantia nigra 
pars compacta (SNc) [ 4 ] and striatum [ 5 ]. Under normal conditions, melanin-con-
taining noradrenergic neurons within the rostral and dorsal planes of the LC inner-
vate the forebrain, while noradrenergic neurons located within the ventral and 
caudal planes of the LC project to the spinal cord and cerebellum [ 6 ]. The medul-
lary noradrenergic system is the second source of NA within the CNS and is com-
prised of scattered groupings of noradrenergic neurons in the ventrolateral reticular 
formation and nucleus of the solitary tract that innervate the hypothalamus and 
regulate endocrine, feeding, and sexual behavior [ 7 – 9 ]. Neurotransmitter release 
from NA neurons occurs through typical synapses or volume transmission via axo-
nal varicosities [ 10 ].  

    Noradrenergic Receptors 

 NA exerts potent effects on CNS neurotransmission via interactions with norad-
renergic receptors. Two classes of metabotropic noradrenergic receptors are found 
throughout the central and peripheral nervous system: alpha (α(alpha)1, α(alpha)2) 
and beta (β(beta)1, β(beta)2, β(beta)3) receptors. The excitatory effects of NA are 
mediated through α(alpha)1- and β(beta)- receptors within the CNS. Gq-coupled 
(alpha)1-adrenoceptors (α(alpha)1R) are comprised of three distinct subtypes: 
α(alpha)1 A , α(alpha)1 B , and α(alpha)1 D,  which when stimulated activate phospho-
lipase C activity. α(alpha)1R are found in regions associated with PD including the 
LC, cortex, striatum, and subthalamic nucleus (STN) (Fig.  15.1 ) [ 11 – 14 ]. 
Gs-coupled β(beta)1- and β(beta)2- adrenergic receptors (β(beta)R) are found 
postsynaptically throughout the cortex, olfactory bulbs, septum, hippocampus, 
striatum, and thalamus [ 15 ,  16 ], while β(beta)3R are found mainly in the periph-
ery. Stimulation of these receptors activates adenylyl cyclase (AC) activity. The 
inhibitory effects of NA are mediated by Gi-coupled α(alpha)2-adrenoceptors 
(α(alpha)2R) negatively coupled to AC. This receptor class is comprised of three 
distinct subtypes: α(alpha)2 A , α(alpha)2 B , and α(alpha)2 C , respectively. α(alpha)2 B  
receptors are found mainly in the periphery. α(alpha)2 A Rs are widely distributed 
throughout the brain including in the hippocampus, amygdala, LC, cerebral cor-
tex, and striatum, while α(alpha)2 C Rs are found in the olfactory bulbs, basal gan-
glia, and most densely in the striatum (Fig.  15.1 ) [ 17 – 19 ], an area only sparsely 
innervated by NA neurons and containing low NA content. α(alpha)2Rs exist pre-
synaptically as autoreceptors on dendrites of NA neurons where they tonically 
regulate noradrenergic effl ux. α(alpha)1-, 2-, and β(beta)- receptors are found 
postsynaptically as heteroreceptors on targets of NA neurons where they regulate 
the release of other neurotransmitters. Stimulation and blockade of these receptors 
have anatomically distinct effects on motor behavior that will be discussed in more 
detail later.
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        The Role of Noradrenaline in Parkinson’s Disease 

    Neuroanatomical Alterations in the Noradrenergic System 

 Anatomical studies of patients with PD have revealed a disease-specifi c pattern of 
noradrenergic cell loss from rostral to caudal within the LC as PD severity pro-
gresses [ 20 ]. LC noradrenergic cell loss is often greater than 80 % in the parkinso-
nian brain [ 21 ]. This far exceeds that seen in normal aging where moderate 
(~25–50 %) reductions in LC cell number and NA brain concentrations are common 
[ 6 ,  22 ]. The remaining melanin-containing neurons of the LC display morphologi-
cal changes in the PD brain including reduced dendritic arborizations and dendritic 
length, loss of synaptic spines, and shrinkage or swelling of the soma [ 23 – 26 ]. 
Other markers for NA are also altered in postmortem LC tissue including NA trans-
porter (NAT), the NA rate-limiting enzyme tyrosine hydroxylase (TH), and the 
NA-synthesizing enzyme dopamine (DA)-β-hydroxylase (DBH) [ 27 ]. LC NA 
degeneration in PD is also associated with reduced NA concentrations and altered 
NA functioning throughout the CNS. For example, there are marked reductions in 
postmortem NA tissue concentrations in the cortex, cerebellum, motor thalamus, 
and hypothalamus of PD patients [ 22 ,  28 ,  29 ]. Cerebrospinal fl uid (CSF) measures 

a b c

  Fig. 15.1    Changes in basal ganglia signaling following DA loss in PD and following exogenous 
levodopa administration in LID. ( a ) DA signaling in the normal brain. ( b ) DA loss in PD causes an 
imbalance between the “direct” and “indirect” striatal output pathways. PD is associated with 
overactivity of the “indirect” striatal output neurons and underactivity in “direct” striatal output 
neurons. ( c ) In LID, exogenous levodopa treatment shifts the imbalance between the “direct” and 
“indirect” pathway in favor of the “direct” striatal output pathway. Noradrenergic receptors are 
represented as colored boxes: α(alpha)1R-  blue , α(alpha)2R-  purple , β(beta)1R-  orange , 
β(beta)2R-  yellow . Changes in receptor expression are expressed in size (compared to the normal 
brain).  Smaller boxes  represent decreased receptor expression and  larger boxes  represent increased 
receptor expression [ 13 – 18 ,  35 – 41 ].  Striped boxes  are added when receptor expression changes 
are unknown       
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of NA and DBH concentration in PD patients are inconsistent. Moderate reductions 
in CSF concentrations of DBH (50–60 %) [ 30 ,  31 ] and NA (~60 %) [ 32 ] have been 
observed in some PD patients, while no change in CSF NA or metabolite concentra-
tion has been reported in others displaying comparable parkinsonian disabilities 
[ 33 ]. Cortical axonal TH and DBH immunoreactivity is diminished in postmortem 
brain tissue of PD patients [ 34 ]. Although changes in TH may also refl ect pathologi-
cal DA cell loss, cortical DBH reductions are likely a direct result of LC degenera-
tion because the cortex receives sole NA innervation from LC. 

 Noradrenergic receptor expression is also altered in the parkinsonian brain. 
Excitatory α(alpha)1R and β(beta)1R densities are increased in the cerebral cortex 
of PD patients [ 13 ,  35 ] (Fig.  15.1 ). This effect has also been mirrored in experimen-
tal models of PD as cortical α(alpha)1R expression is enhanced in rodents with DA 
and NA lesions [ 36 ], and β(beta)1R density is increased in the cortex, thalamus, 
hippocampus, and amygdala of hemiparkinsonian rats [ 37 ]. Striatal β(beta)1R 
expression is reduced following DA lesions in an experimental model of PD [ 38 ] 
and shows a trend for reductions in PD humans patients [ 39 ] suggesting that these 
receptors may reside presynaptically on nigrostriatal terminals. Striatal β(beta)2R 
expression is increased in DA-lesioned rats and human PD brains, while enhanced 
nigral β(beta)2R expression is found in DA-lesioned rats but not human PD brains 
[ 37 ,  39 ]. Inhibitory α(alpha)2Rs are reduced in the cerebral cortex of PD patients 
[ 13 ]. This is in opposition to experimental work showing that chronic reserpine 
treatment to deplete CNS DA, NA, and 5-HT led to an upregulation in α(alpha)2R 
density in the cerebral cortex [ 40 ]. In rats, unilateral DA depletion increased 
α(alpha)2 A  mRNA expression within the intact LC, and levodopa restored LC 
α(alpha)2 A R to control levels in these animals [ 41 ]. In the same animals, striatal 
α(alpha)2 C R expression remained stable following DA lesion and levodopa treat-
ment (Fig.  15.1 ). Despite this study, how noradrenergic receptor expression and 
function change in the parkinsonian brain as a result of levodopa treatment remains 
critical but largely unanswered questions.  

    Behavioral Outcome of Noradrenergic Depletion in Parkinson’s Disease 

 Correlative post- and antemortem studies have attributed reductions in biochemical 
markers in the NA system to motor symptoms such as “freezing,” akinesia, postural 
instability, and tremor as well as reduced treatment effi cacy [ 10 ,  42 ,  43 ]. 
Experimentally, DBH knock-out mice that lack NA display parkinsonian motor 
defi cits and spontaneous dyskinesia even when striatal DA content is normal [ 44 ]; 
however, it is not clear if NA loss in early neurodevelopment affects motor symp-
toms differently than NA loss induced in adulthood. Parkinsonian motor defi cits 
induced in mice and monkeys by administering the DA neurotoxin 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP) can be exacerbated by additional norad-
renergic LC degeneration [ 45 – 47 ]. Interestingly, MPTP treatment in mice that 
depleted striatal DA content by 80 % did not produce PD-like motor defi cits when 
the NA system remained intact [ 44 ].  
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    Experimental Models of Noradrenergic Loss in Levodopa-Induced 
Dyskinesia 

 Several animal models have been developed that recapitulate nigrostriatal DA cell 
loss observed in PD including striatal, SNc, or medial forebrain bundle (MFB) 
lesions with 6-hydroxydopamine (6-OHDA) or peripheral injection of 
MPTP. Unfortunately, the majority of animal models used to study levodopa- 
induced dyskinesia (LID) neither display nor account for NA loss. In fact, the NAT 
blocker desipramine is often given prior to 6-OHDA infusion to prevent noradren-
ergic cell loss. Although evidence suggests that additional NA lesions exacerbate 
primary PD symptoms, only four studies have directly examined the effect of addi-
tional noradrenergic lesions on LID severity. These models have thus far produced 
contradictory behavioral effects on LID severity and duration. The strengths and 
limitations of the lesion models discussed below highlight the necessity of more 
accurately modeling the progression and treatment of PD.    

    The DSP-4 Model 

 The NA neurotoxin [N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine] (DSP-4) has 
been widely employed due, in part, to the ease with which the NA lesion can be 
created. DSP-4 is a systemically administered, blood-brain barrier penetrating mol-
ecule that causes rapid but transient reductions in brain NA tissue content [ 48 ,  49 ] 
and cortical NAT [ 50 ]. Following uptake by NAT, DSP-4 accumulates in the neuron 
and induces degeneration of NA terminals via alkylation of vital neuronal structures 
[ 51 ]. DSP-4 has gained more use in PD research since it preferentially targets nor-
adrenergic neurons originating in the LC, leaving medullary NA neurons intact [ 48 , 
 52 ]; however, a number of issues limit its widespread utility in experimental PD and 
LID studies. 

 First, the extent of DSP-4-induced LC cell loss remains debatable. It has been sug-
gested that DSP-4 preferentially affects NA terminals, not cell bodies. Szot et al. [ 53 ] 
reported that DSP-4 administration alone does not result in LC cell loss in rats, though 
NA tissue concentrations, terminal NAT-binding sites, and α(alpha)2R binding sites 
were reduced in a number of forebrain regions. However, week prior to 6-OHDA, 
others have reported that DSP-4 treatment suppressed TH-positive cell staining in the 
LC for up to 2 months [ 54 ,  55 ] and reduced NA tissue concentrations in multiple 
forebrain regions [ 56 ,  57 ]. In addition to such variability, other limitations of DSP-4 
treatment include damage to serotonergic neurons [ 58 ,  59 ] and noradrenergic system 
recovery over time [ 49 ,  53 ]. There is also evidence of species and strain differences 
in the susceptibility of different populations of NA neurons to DSP-4 [ 59 ]. 

 Only two studies have evaluated the effect of DSP-4 treatment on LID. The order 
of DA and NA lesions differed between these groups but produced similar behav-
ioral outcomes. DSP-4 administered 7 days prior to 6-OHDA DA lesions [ 55 ] or 
4 weeks after 6-OHDA DA lesion [ 60 ] did not alter the severity or duration of LID 
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compared to rats with DA lesions alone. However, DSP-4 treatment altered the tra-
jectory of changes in levodopa-induced rotational and locomotor behavior in rodents 
over repeated levodopa treatments. Daily levodopa treatment produces a 
sensitization- desensitization of contralateral rotations in 6-OHDA DA lesioned rats 
where rotational activity increases for the fi rst 2 weeks then decreases by the third 
week of consecutive levodopa treatment [ 54 ,  61 ]. DSP-4 pretreatment in these ani-
mals prevented the desensitization response such that dual DA + NA-lesioned rats 
continued to rotate at high levels by the third week of testing, while rats with just 
DA lesions rotated signifi cantly less. In acute tests, rats with additional DSP-4- 
induced NA lesions rotated more than those without NA lesions during the fi rst 
20 min of testing, an effect that vanished during the last 40 min of testing [ 57 ]. 
Furthermore, rats with additional DSP-4 lesions displayed increased activity 
in locomotor chambers following acute levodopa treatment compared to rats with 
just DA lesions [ 56 ]. These fi ndings are in contrast to more general effects of 
levodopa. For example, MPTP-treated mice given DSP-4 displayed less levodopa- 
induced locomotor activity [ 47 ,  62 ] following levodopa treatment compared to 
those without NA lesions.  

    The 6-OHDA Model 

 6-OHDA infusions into the striatum, SNc, or MFB have been employed to model 
DA and/or NA loss in a number of animal models. 6-OHDA is transported into the 
cell via NAT or the DA transporter (DAT). Once in the cell, 6-OHDA interferes with 
mitochondrial function leading to metabolic defi cits and eventually cell death [ 63 , 
 64 ]. 6-OHDA has also been used to destroy NA neurons by local infusion into the 
LC or its fi ber tracts [ 45 ,  65 ,  66 ]. 

 NA lesions with 6-OHDA in hemiparkinsonian rats have been shown to modify 
the severity and duration of LID; however, only two studies have systematically 
examined this, and the direction of these effects is in opposition. Barnum et al. [ 65 ] 
and Fulceri et al. [ 66 ] administered 6-OHDA unilaterally into the MFB of rats with 
or without pretreatment of the NAT blocker desipramine to protect NA neurons in 
order to compare rats with purely dopaminergic lesions from those with dual DA 
and NA lesions. Dual lesions resulted in marked reductions in hippocampal (80 %) 
and moderate (64 %) [ 65 ] to marked (~75 %) [ 66 ] reductions in striatal NA content 
compared to rats with an intact noradrenergic system. In one study, 6-OHDA- 
induced NA loss exacerbated the severity and prolonged the duration of LID [ 66 ]. 
In these rats, NA loss was positively correlated with LID severity. This is in stark 
contrast to the work by Barnum et al. [ 65 ] which showed that 6-OHDA-induced NA 
loss attenuated LID severity. In this work, dual lesioned rats were less dyskinetic 
than just DA-lesioned rats on the fi rst day of levodopa treatment, an effect that dis-
appeared by the third day of chronic levodopa treatment. Furthermore, rats with 
additional NA loss required higher doses of levodopa to elicit dyskinesia compared 
to those with intact NA systems. Levodopa-induced contralateral rotations were 
also reduced in these dual lesioned rats [ 65 ].  
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    The Ibotenic Acid Model 

 Direct LC infusions of ibotenic acid have also been reported to alter LID in 6-OHDA 
DA-lesioned rats that had previously been rendered dyskinetic [ 60 ]. Although ibo-
tenic acid lesions are not neurochemically selective, they were reported to produce 
moderate (~42 %) reductions in cresyl violet-stained LC cell numbers compared to 
animals with DA alone lesions. Such LC lesions did not impact the severity of peak 
LID or levodopa-induced locomotor behavior compared to previous test days. 
Instead, LID duration was extended by approximately 40 min within a single testing 
period. 

    Considerations 

 Several features of these studies may explain behavioral discrepancies that have 
complicated the interpretation of NA lesion models in LID. First, lesion order and 
timing are probable sources of variance since NA loss precedes DA loss in the 
human condition [ 21 ]; unfortunately this has not been consistently recapitulated in 
experimental models. Second, the behavioral consequence of bilateral NA loss with 
a unilateral DA lesion remains unknown. Finally, whether NA-lesion-induced 
changes in LID are due to the loss of the transmitter itself or noradrenergic machin-
ery like NAT has not been elucidated. Evidence shows that NA binds to DA recep-
tors within the basal ganglia [ 67 ], and striatal infusion of exogenous NA elicits LID 
in hemiparkinsonian rats [ 68 ]. Therefore, it has been argued that lesion-induced 
reductions in NA binding at DA receptors may manifest as a dampened behavioral 
response to levodopa [ 47 ,  62 ,  65 ]. Alternatively, evidence shows that NAT can take 
up DA [ 69 ,  70 ] and may play a more integral role in clearing levodopa-derived DA 
following loss of striatal DAT in PD [ 71 ]. Under these circumstances, NA lesions 
that destroy terminal NAT would be expected to augment LID severity or duration 
[ 60 ,  66 ]. To date, no studies have directly examined the mechanism(s) through 
which NA modifi es levodopa-induced behaviors. A concerted effort toward system-
atic investigation of these issues is clearly warranted in order to determine the exact 
contribution of the LC and NA in LID.  

    Pharmacological Targeting of Noradrenergic Receptors 
in Levodopa-Induced Dyskinesia 

 According to classic models of basal ganglia neurocircuitry, under normal condi-
tions nigrostriatal DA stimulates DA receptors on GABAergic output neurons of the 
“direct” and “indirect” signaling pathways to induce motor movements (Fig.  15.1a ). 
SNc DA degeneration in PD is accompanied by marked reductions in striatal DA 
content which alters the activity of these GABAergic striatal output neurons. 
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As discussed in Chap.   7    , PD is associated with reduced activity in the “direct” stria-
tonigral/striatopallidal pathway and enhanced activity of the “indirect” striatopalli-
dal pathway resulting in disinhibition of the SNr and STN (Fig.  15.1b ). Nigral and 
STN disinhibition increases thalamic inhibition, the net result of which is disrupted 
motor movement for the PD patient. DA replacement with levodopa while initially 
correcting for PD disturbances eventually results in imbalanced basal ganglia cir-
cuitry in favor of the direct pathway (Fig  15.1c ) where SNr inhibition is increased 
and thalamic inhibition is decreased. At the same, there is underactivity of the indi-
rect pathway which enhances STN inhibition and reduces thalamic inhibition. 
Behaviorally, this manifests in excessive movements such as LID. Noradrenergic 
compounds may improve LID expression by restoring proper basal ganglia 
neurotransmission.   

    α(alpha)1-Adrenoceptors 

 Recently, α(alpha)1Rs have become of interest in LID because they infl uence DA 
neurotransmission within the CNS. Direct stimulation of α(alpha)1R within the 
medial prefrontal cortex enhances local DA effl ux in healthy rodent brains, and 
antagonism at this receptor can block NA-induced DA release [ 72 ]. These effects 
are also seen in subcortical structures directly implicated in PD and LID. For exam-
ple, α(alpha)1R stimulation has excitatory effects on DA neurons within the SNc 
[ 73 ], while intrastriatal α(alpha)1R blockade reduces striatal DA effl ux in intact 
rodents [ 74 ]. 

 There is a small but growing body of literature implicating this receptor in dys-
kinesia. As shown in Table  15.1 , to date three studies have examined the α(alpha)1R 
in respect to LID. Administration of the selective α(alpha)1R antagonist 2-[[b-(−4- 
hydroxyphenyl)ethyl]aminomethyl]-1-tetralone (HEAT) dose dependently reduced 
LID in 6-OHDA-lesioned rats without producing sedative locomotor effects [ 75 ]. In 
contrast, pretreatment with the α(alpha)1R antagonist prazosin did not infl uence 
LID in 6-OHDA-lesioned rats [ 76 ] or MPTP-treated nonhuman primates [ 77 ] but 
did reduce levodopa-induced motor activity in nonhuman primates [ 77 ]. Prazosin 
has also been shown to attenuate amphetamine-induced ipsilateral circling behavior 
in a rodent model of PD [ 78 ,  79 ]. Collectively, this suggests that α(alpha)1R block-
ade may blunt DA-mediated hyperactivity.

   The neuroanatomical site of action for these effects has not been determined. 
Direct infusion of the α(alpha)1R agonist cirazoline into the striatum via reverse- 
microdialysis alone failed to produce dyskinesia in parkinsonian rats [ 75 ]. This does 
not rule out striatal α(alpha)1R as a point of articulation for α(alpha)1R antagonists 
because concomitant DA receptor stimulation is likely necessary to induce 
LID. However, extra-striatal α(alpha)1Rs may also contribute to the anti-LID effects 
of α(alpha)1R antagonists. A key basal ganglia intermediate, the STN, receives nor-
adrenergic innervation [ 80 ,  81 ] and contains postsynaptic α(alpha)1R that have 
been shown to infl uence locomotor behavior in a rodent model of PD [ 12 ]. To date, 
this receptor population has not been directly investigated for its role in LID.  
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         Table 15.1    Review    of the literature on behavioral effects of pharmacological targeting of 
noradrenergic receptor subtypes on dopaminergic- and levodopa-mediated behaviors   

 Receptor target  Species 

 Levodopa- induced 
recovery in PD 
symptoms 

 Levodopa- 
induced 
dyskinesia 

 Dopaminergic-induced 
hyperactivity/rotations 

 α1-  Antagonist  Human  –  –  – 
 Primate  No change [ 77 ]  No change [ 77 ]  Decrease [ 77 ] 
 Rodent  –  Decrease [ 75 ]  Decrease [ 78 ,  79 ] 

 No change [ 76 ] 
 α2-  Agonist  Human  –  –  – 

 Primate  Decrease [ 85 ]  Decrease [ 85 ]  – 
 Rodent  Decrease [ 84 ]  Decrease [ 84 ]  Decrease [ 78 ,  79 ,  86 , 

 87 ] 
 No change [ 86 ] 

 Antagonist  Human  No change [ 97 – 99 ]  Decrease [ 99 ]  – 
 No change 
[ 97  a ,  98 ] 

 Primate  No change [ 85 ]  Decrease [ 85 , 
 94 ,  95 ] 

 Decrease [ 100 ] 

 Increase [ 94 – 96 , 
 102 ] 

 No change 
[ 102  b ] 

 Rodent  Decrease [ 84 ]  Decrease [ 65  c , 
 75 ,  84 ,  92 ,  93 , 
 101 ] 

 Increase [ 78 ,  79 ,  86 , 
 87 ]  No change [ 93 ] 

 Increase [ 101 ] 
 β1/2-  Antagonist  Human  No change [ 109 ]  Decrease [ 109 ]  – 

 Primate  Decrease [ 85 ]  Decrease [ 85 ]  – 
 Rodent  No change [ 84 ]  Decrease [ 65 , 

 75 ,  84 ,  110 ] 
 Decrease [ 110 ] 

 β2-  Antagonist  Human  Increase [ 112 ,  113 ]  –  – 
 Primate  –  –  – 
 Rodent  –  –  – 

  Symbols denote studies in which mixed results were found with further clarifi cation 
  a In humans, α(alpha)2R antagonism reduced LID in patients with severe but not moderate dyski-
nesia 
  b In primates, α(alpha)2R antagonism did not alter disabling dyskinesia but worsened non-disabling 
dyskinesia associated with prolonged levodopa “on-time” 
  c In rodents, α(alpha)2R antagonism was associated with an early reduction, but later potentiation, 
of LID severity  

    α(alpha)2-Adrenergic Receptors 

 Inhibitory α(alpha)2R are the most extensively studied adrenoceptor in LID 
because they are abundantly expressed in the basal ganglia and have been shown 
to modify DA synthesis and turnover [ 82 ]. For example, knockout mice lacking the 
α2(alpha) C R display reduced striatal DA turnover, while mice with overexpression 
of this receptor display increased DA metabolism [ 83 ]. Both agonists and antago-
nists for this receptor show promise as adjunctive treatment for the reduction of LID. 
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    α(alpha)2R Agonism 

 Since the early 1990s, several α(alpha)2R agonists have been examined for anti-
dyskinetic properties. Acute treatment with the α(alpha)2R agonist clonidine effec-
tively blocked LID in 6-OHDA-lesioned rats [ 84 ] and MPTP-treated nonhuman 
primates [ 85 ] (Table  15.1 ). Unfortunately, dyskinesia reversal is often accompanied 
by the return of parkinsonian motor defi cits. Levodopa-, apomorphine-, and 
methylphenidate- induced rotations are all attenuated following α(alpha)2R stimula-
tion [ 78 ,  79 ,  86 ,  87 ] (Table  15.1 ). Thus, the relatively small therapeutic window of 
current α(alpha)2R agonists may hinder clinical use because the antidyskinetic 
actions of α(alpha)2R agonists may be confounded by a global suppression of motor 
movements. 

 Evidence suggests that striatal α(alpha)2R may underlie the antidyskinetic prop-
erties of α(alpha)2R agonists. Over 90 % of GABAergic striatal medium spiny neu-
rons express Gi-coupled-α(alpha)2 C R [ 88 ] which when stimulated reduce AC activity 
[ 89 ,  90 ]. Striatal α(alpha)2R exert simultaneous, opposing effects on striatal signal-
ing pathway activity that may account for the antidyskinetic effects of α(alpha)2R 
agonists. As shown in Fig.  15.1 , LID is associated with overactivity of striatal projec-
tion neurons in the “direct” signaling pathway and underactivity of striatal projection 
neurons in the “indirect” signaling pathway. α2R stimulation inhibits DA D1R sig-
naling pathway activity in striatonigral neurons of the “direct” pathway and enhances 
DA D2R signaling pathway activity in striatopallidal neurons of the “indirect” path-
way [ 91 ]. Thus, α(alpha)2R stimulation may reduce LID by decreasing the activity 
and fi ring rate of inhibitory GABAergic projections to the hypoactive SNr, which 
could restore thalamic inhibition and alleviate LID symptoms.  

    α(alpha)2R Antagonism 

 α(alpha)2R antagonists have gained more widespread attention as potential levodopa 
adjuncts because they may possess dual antidyskinetic and antiparkinsonian actions. 
Many α(alpha)2R antagonists including idazoxan, yohimbine, rauwlscine, and fi pa-
mezole reduce the severity or duration of LID in rodents [ 65 ,  75 ,  84 ,  92 ,  93 ] and 
nonhuman primates [ 85 ,  94 – 96 ] (Table  15.1 ). However, these compounds show 
mixed effi cacy in humans. For example, in a phase IIb clinical trial, high doses of 
fi pamezole reduced dyskinesia without hindering levodopa’s antiparkinsonian ben-
efi ts (measured using the Unifi ed Parkinson’s Disease Rating Scale; UPDRS) in a 
population of American PD patients but did not change LID severity in a population 
of somewhat dissimilar Indian PD patients [ 97 ]. Idazoxan treatment did not alter 
LID severity in PD patients [ 98 ]; however, in a Phase IIa pilot study, a moderate 
dose of idazoxan mildly reduced LID severity [ 99 ]. Notably, the high dose of 
idazoxan actually increased LID severity in some patients [ 99 ], a fi nding supported 
by recent experimental evidence where idazoxan reduced LID and levodopa- 
induced rotations during the fi rst hour of testing but extended the duration of LID 
and rotations during the last hour of testing [ 65 ,  100 ]. Furthermore, α(alpha)2R 
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blockade with the specifi c antagonist atipamezole has been shown to augment 
levodopa-induced rotational behavior in hemiparkinsonian rats [ 79 ,  86 ] (Table  15.1 ). 
Interestingly, α(alpha)2R antagonists prevent severe/disabling LID but do not com-
pletely abolish levodopa-induced behaviors. This feature may underlie the ability of 
α(alpha)2R antagonists to maintain levodopa’s promotor benefi ts (Table  15.1 ). In 
fact, both idazoxan and fi pamezole have the capacity to extend the duration of 
levodopa’s antiparkinsonian effects [ 94 ,  95 ,  101 ,  102 ]. Only one study described a 
worsening of parkinsonian symptoms where yohimbine treatment diminished time 
spent on the rotorod [ 84 ]. 

 Several mechanisms discussed herein could potentially account for the anti-
dyskinetic and antiparkinsonian effects of this class of compound. Recent experi-
mental evidence has shown that idazoxan treatment simultaneously reduces 
levodopa-induced striatal DA effl ux and LID [ 92 ]. This is surprising because intra-
striatal infusions of idazoxan actually enhance striatal DA effl ux in DA-lesioned 
rats [ 103 ], and systemic administration of the selective α(alpha)2R antagonists 
RX821002 and RX811059, both derivatives of idazoxan, increases striatal DA over-
fl ow [ 104 ]. Simultaneous blockade of α(alpha)2R at several points within the basal 
ganglia circuitry could contribute to the purported coincident antidyskinetic and 
antiparkinsonian effects. Striatal α(alpha)2R blockade may facilitate the antiparkin-
sonian effects of α(alpha)2R antagonists via enhancement of DA D1R-mediated AC 
activity and signaling. Extrastriatal α(alpha)2R likely underlie the antidyskinetic 
effects of α(alpha)2R antagonists. Blockade of α(alpha)2R on hypoactive SNr neu-
rons in LID (Fig.  15.1c ) increases GABA release [ 105 ] from neurons that innervate 
the thalamus. Thus, SNr α(alpha)2R antagonism may restore thalamic inhibition to 
ultimately reduce LID.   

    β(beta)-Adrenergic Receptors 

 β(beta)R are found in high concentrations in the striatum [ 106 ] rendering them an 
intriguing but underexplored target for the control of LID. As shown in Table  15.1 , 
β(beta)R compounds show promise as adjuncts for reducing LID and parkinsonian 
signs. Peripherally active β(beta)2R antagonists (i.e., beta-blockers) reduce postural 
tremor in MPTP-treated nonhuman primates [ 107 ] and essential tremor in humans 
[ 108 ], while centrally active compounds modify LID expression. In a small open- 
label study in humans, the pan β(beta)1/2R antagonist propranolol was reported to 
blunt choreic and ballistic dyskinetic movements with little effi cacy for reducing 
dystonia [ 109 ]. Propranolol’s antidyskinetic effects have been supported in rodent 
[ 65 ,  75 ,  84 ,  110 ] and nonhuman primate [ 85 ] models of PD as well. There is one 
nonhuman primate study suggesting that doses of propranolol that reduce LID may 
also alter levodopa’s promotor benefi ts [ 85 ], although others, including clinical 
work, report that no change in levodopa-mediated behaviors [ 84 ,  109 ,  110 ]. 

 Striatal β(beta)R may mediate the antidyskinetic effects of β(beta)R antagonists. 
Direct infusion of propranolol into the lesioned striatum reduced LID in hemipar-
kinsonian rats [ 110 ]. In vivo and in vitro work shows that β(beta)R stimulation 
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enhanced, while blockade reduced striatal DA effl ux [ 111 ]. This could explain how 
β(beta)R antagonists reduce LID but at higher doses may also potentially interfere 
with levodopa’s antiparkinsonian effects. In support, co-treatment of the centrally 
active β(beta)2R agonist albuterol with levodopa improved parkinsonian motor 
defi cits as measured by the UPDRS and fi nger-tapping tests [ 112 ,  113 ]. β(beta)2R 
agonism also extended levodopa “on-time” in PD patients [ 114 ], perhaps by 
enhancing striatal DA levels. Alternatively, striatal β(beta)R antagonism may 
reduce LID by blunting aberrant DA receptor signaling pathway activity [ 91 ,  110 ]. 
The extent to which β(beta)Rs are co-localized with DA D1R or D2R expressing 
neurons is unknown, but recent evidence suggests that β(beta)1R are found on DA 
D1R expressing neurons [ 115 ]. Striatal preprodynorphin (PPD) gene expression 
used as a marker of D1R-mediated activity of the direct pathway [ 116 ] is increased 
following levodopa treatment [ 117 ]. A low dose of propranolol that moderately 
reduced LID also blocked striatal PPD mRNA expression in levodopa-treated 
hemiparkinsonian rats [ 110 ]. 

    Considerations 

 As is often the case, several noradrenergic compounds have proceeded to clinical tri-
als despite the lack of knowledge surrounding how they work. Key issues must be 
addressed in order to fully elucidate the role of noradrenergic adjuncts in LID. First, 
several α(alpha)2R antagonists including yohimbine, idazoxan, rauwolscine and to a 
lesser extent fi pamezole and atipamezole have pharmacological effects at non- 
noradrenergic receptors. Chief among these are agonism of serotonin 1A receptors 
and antagonism at DA D2R [ 95 ,  118 – 121 ], both of which have repeatedly been shown 
to reduce LID [ 122 – 126 ]. Thus, off-target action should be an important consider-
ation when testing α(alpha)2R antagonists. Second, levodopa methyl ester, DA, and 
the DA metabolite 3-MT show moderate to high binding affi nities for the α(alpha)2R 
[ 90 ,  127 ,  128 ]. Therefore, it is important to determine if α(alpha)2R blockade reduces 
LID by preventing the action of levodopa-derived DA and/or NE at α(alpha)2R within 
the basal ganglia. Finally, PD is often associated with reduced autonomic nervous 
system activity and some PD patients experience orthostatic hypotension and brady-
cardia [ 129 ,  130 ]. Peripheral β(beta)R blockade could exacerbate these symptoms 
and may explain why these compounds have not seen widespread use.   

    Conclusions 

 A large body of work shows that the noradrenergic system originating in the LC is 
profoundly affected in PD. Despite this knowledge, the impact of such loss on 
levodopa treatment effi cacy and side effects remains speculative. Signifi cant points 
of noradrenergic articulation in the basal ganglia circuitry suggest that α(alpha) and 
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β(beta) receptor compounds may be viable adjuncts to levodopa but the mecha-
nisms through which they exert their effects remain underexplored. However, it has 
become increasingly apparent that LID is a multifaceted disorder with complex 
interactions between many neurotransmitter systems. As such, drug development in 
LID needs to move beyond the antiquated notion that targeting a discreet receptor 
population is suffi cient to ablate dyskinesia symptoms. The future of pharmacologi-
cal treatments for LID likely lies in systematically targeting multiple noradrenergic 
and/or other neurotransmitters receptor classes simultaneously in order to normal-
ize aberrant neurotransmission in the basal ganglia responsible for LID.     
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    Abstract        Although levodopa-induced dyskinesia (LID) in Parkinson’s disease 
arises because of aberrant dopaminergic transmission, extensive evidence indicates 
that nondopaminergic drugs may be useful in the suppression of these abnormal 
involuntary movements. Here, we review a compelling literature which suggests 
that drugs that act on the nicotinic cholinergic system are benefi cial in reducing 
LID. Nicotine treatment decreased LID in several parkinsonian animal models 
including mice, rats, and monkeys using treatment modes that readily extend to 
human use (patch or oral administration). Nicotine decreased LID when given either 
before or several months after the start of levodopa treatment, with no tolerance to 
its benefi cial effect during the course of the study (30 weeks). Work with nicotinic 
acetylcholine receptor (nAChR) null mutant mice shows that nicotine exerts its 
antidyskinetic effects by acting at nAChRs, with the α4β2, α6β2, and α7 receptor 
subtypes all contributing to the occurrence of LID. An involvement of multiple 
subtypes in LID is also supported by studies with drugs targeting select nAChR 
populations. Notably, nicotine and nAChR drugs did not worsen parkinsonism in 
any animal model. The mechanisms whereby nicotine and nAChR drugs reduce 
LID may involve long-term nAChR downregulation and/or desensitization followed 
by a decline in striatal dopamine release. In addition to its ability to reduce LID, 
nicotine also protects against nigrostriatal damage and has cognitive-enhancing and 
antidepressant effects. These combined properties suggest that nicotine and nAChR 
drugs may be of benefi t in the management of LID in Parkinson’s disease.  

  Keywords     Levodopa   •   Dyskinesia   •   Nicotine   •   nAChRs   •   Parkinson’s disease  
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        Introduction 

 Current treatments for Parkinson’s disease primarily consist of symptomatic manage-
ment, with the most effective therapy involving dopamine replacement with the dopa-
mine precursor levodopa. Unfortunately, long-term levodopa use is associated with 
complications such as on-off phenomena, wearing off, and levodopa-induced dyskine-
sia (LID), which represent substantial barriers to effective disease management [ 1 ,  2 ]. 
Aberrant dopaminergic function plays a key role in the generation of LID. However, 
other central nervous system (CNS) neurotransmitter systems are also involved in LID, 
including the cholinergic one. Here, we fi rst provide a brief overview of nicotinic ace-
tylcholine receptors (nAChRs), followed by preclinical studies showing that nicotine 
reduces LID in several parkinsonian animal models. We next focus on the nAChR 
subtypes that mediate LID using genetically modifi ed mice and selective nAChR 
drugs. Lastly, we discuss the role of muscarinic acetylcholine receptors (mAChRs). 
Overall, the data suggest that nicotine and drugs directed to CNS nAChRs may be most 
useful for the treatment of the dyskinesia that arises with levodopa therapy.  

    nAChR Subtypes in the Nervous System 

 Converging evidence indicates that nicotine exerts its antidyskinetic effect by inter-
acting at CNS nAChRs, for which the endogenous neurotransmitter is acetylcho-
line. nAChRs are ligand-gated ion channels composed of fi ve membrane-spanning 
subunits around a central channel [ 3 ,  4 ]. Various types of nAChRs have been identi-
fi ed throughout the body. Some consist of only α subunits (α7), whereas other are 
composed of a combination of α (α1–α6) and β (β1–β4) subunits, with the α subunit 
containing the acetylcholine or agonist recognition site [ 3 ,  4 ]. The predominant 
nAChR subtype in skeletal muscle is composed of α1β1γδ subunits, while the 
α3β4* and α7 subtypes are present in the peripheral nervous system (the asterisk 
indicates the possible presence of other subunits in the receptor). By contrast, the 
most abundant and widespread CNS nAChR populations are the heteromeric β2* 
and homomeric α7 receptors (Fig.  16.1 ), with only minimal expression of α3β4* 
and no α1β1γδ nAChRs. The observation that nAChRs in the brain vary from those 
in the peripheral autonomic nervous system and skeletal muscle is of note as it 
allows for the development of targeted drug therapies for CNS disorders. The pri-
mary β2* nAChRs in the brain are the α4β2* receptors, which are widely expressed 
in numerous brain regions, and the α6β2* nAChRs, which exhibit a more restricted 
distribution primarily to catecholaminergic neurons (Fig.  16.1 ). Homomeric α7 
nAChRs are widely localized throughout the brain, although expression is relatively 
sparse in the basal ganglia. nAChRs containing the α2, α3, and/or α5 subunits are 
also present in the brain but to a much lesser extent [ 3 ,  4 ,  7 ].

   In summary, the predominant nAChR subtypes in regions such as the cortex, 
hippocampus, thalamus, and cerebellum are the α4β2* and α7 nAChRs, while the 
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primary ones in the basal ganglia are the α4β2* and α6β2* subtypes with α7 
nAChRs less densely expressed [ 3 ,  4 ,  7 ].  

    Nicotine Administration Reduces LID 
in Parkinsonian Animal Models 

 Parkinsonian animal models have been used as a fi rst approach to investigate the 
potential of nicotine and nAChR drugs to alleviate LID. Although the available 
models recapitulate many features of Parkinson’s disease, they each have their 
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  Fig. 16.1    Subunit composition of nAChR subtypes in the nigrostriatal dopaminergic pathway. 
Nicotine, like acetylcholine, causes its effects in the brain by acting at nAChRs. These ligand-gated 
ion channels are pentamers composed of different combinations of α (α2–α6) and β (β2–β4) 
subunits. Work using genetically modifi ed mice, nAChR subtype-specifi c antibodies and drugs, as 
well as nAChR subunit chimeras and concatamers has shown that the primary nAChRs function-
ally active in the nigrostriatal pathway are the α6β2*, α4β2*, and α7 nAChRs. The α6β2* nAChR 
subtype consists of the high-affi nity α6β2α4β2β3 and the lower-affi nity α6β2α6β2β3 nAChRs 
[ 5 ]. α4β2* nAChRs include the α4β2α4β2α5 and α4β2 subtypes, with the latter existing in two 
different stoichiometries, the higher-affi nity α4β2α4β2β2 conformation and the lower-affi nity 
α4β2α4β2α4 conformation [ 6 ]. α6β2α4β2β3, α6β2α6β2β3, α4β2α5β2, α4β2α4β2β2, and 
α4β2α4β2α4 are all present in dopaminergic terminals [ 7 ]. GABAergic interneurons and medium 
spiny neurons express α4β2α4β2β2 and α4β2α4β2α4, whereas α7 nAChRs are thought to be 
exclusively localized to glutamatergic terminals [ 7 ]. Two agonist binding sites ( triangles ) are 
depicted at the interface between α and β2 subunits in heteromeric receptors, while the homomeric 
α7 receptors have fi ve binding sites [ 4 ]       
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limitations. For this reason, nicotine and nAChR drugs have been tested in several 
models, including parkinsonian monkeys, rats, and mice (Table  16.1 ).

   MPTP-lesioned, (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) nonhuman pri-
mates (NHPs) offer the advantage that they develop parkinsonian motor symptoms that 
closely resemble those in Parkinson’s disease. Moreover, the abnormal choreiform and 
dystonic movements that arise in NHPs with levodopa treatment are similar to those 
observed clinically. Thus, levodopa-treated parkinsonian NHPs provide a good model 
for pharmacological investigations [ 20 – 22 ]. Long-term administration of nicotine alle-
viates both peak and total LID by ~60 % in this animal model for the entire length of 
the studies (30 weeks) (Fig.  16.2a, b ) [ 13 – 15 ]. The antidyskinetic effect of nicotine 
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  Fig. 16.2    Nicotine treatment reduces LID in nonhuman primates. In panel ( a ), MPTP-lesioned 
monkeys were gavaged with levodopa (10 mg/kg)/carbidopa (2.5 mg/kg) twice daily for 5 days a 
week. Eight weeks later, they were given nicotine (300 μg/ml in 50 % diluted Gatorade in the 
drinking water). The total dyskinesia scores (expressed as % vehicle) were averaged over 2–3 days 
during the 4 h period following the afternoon dose of levodopa. Values are the mean ± SEM of 5–6 
monkeys. Panel ( b ) shows a decline in the daily time course of LID with nicotine treatment at week 
30, with similar results during the entire course of the study. The symbols depict the median of 5–6 
monkeys. Panel ( c ) shows that the nicotine-mediated improvement in LID is lost by 6 weeks of 
nicotine washout (mean ± SEM of 5–6 monkeys). Panel ( d ) compares the effect of nicotine on the 
total dyskinesia scores in animals pretreated for 2 weeks with nicotine, treated with nicotine 8 
weeks after the start of levodopa treatment, and re-treated with nicotine after a 6-week washout 
period. The  bars  represent the mean ± SEM of 15–30 weeks of nicotine treatment. Signifi cance of 
difference of drug treatment from vehicle, * P  < 0.05, ** P  < 0.01, and *** P  < 0.001 using two-way 
ANOVA followed by a Bonferroni post hoc test. Signifi cance of difference from vehicle using a 
Mann-Whitney test, ## P  < 0.01 (Data taken in modifi ed from Refs. [ 14 ,  15 ])       
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persists for several weeks after discontinuation (Fig.  16.2c ). Interestingly, nicotine 
readministration after a 10-week washout period led to an immediate decline in LID 
(re- treatment group) (Fig.  16.2d ). Thus, prior nicotine exposure appears to exert a prim-
ing effect, that is, it modulates receptor-mediated responsiveness such that the effect to 
subsequent exposure occurs more readily. Nicotine treatment reduced LID to a similar 
extent whether administered 2 months before (pretreatment) or after (posttreatment) 
levodopa (Fig.  16.2d ) [ 13 ,  15 ]. Thus, nicotine can be used prophylactically to minimize 
the occurrence of LID and can also reduce existing LID. No tolerance developed to 
continued daily nicotine treatment (Fig.  16.2a ), a key concern as patients generally 
require lifelong treatment with levodopa [ 13 ,  15 ]. The effect of nicotine was optimal in 
NHPs with moderate nigrostriatal damage [ 14 ], suggesting that nicotine administration 
would most effectively reduce LID in patients with moderate Parkinson’s disease.

   The ability of nicotine to reduce LID was also evaluated in rodents with a unilateral 
nigrostriatal lesion, as they more readily allow for the testing of varying treatment 
paradigms and delivery modes, as well as for work to investigate mechanisms. 
Long-term nicotine administration reduced LID in rats and mice when provided in 
the drinking water, via slow-release minipumps or by systemic injection (Table  16.1 ) 
[ 8 – 11 ,  16 ]. The fi ndings that the nicotine-mediated improvement in LID is observed 

       Table 16.1    Nicotine and nAChR drugs decrease LID in different parkinsonian animal models   

 nAChR drug 
 nAChR 
subtype 

 Mode of 
treatment 

 Animal 
model 

 Moderate 
lesion 

 Severe 
lesion 

 References  % decline in LID 

 Nicotine  Multiple  Drinking 
water 

 Rats  50–70  –  [ 8 ] 

 Injection  –  30  [ 9 ] 
 Minipump  50–70  –  [ 8 ] 
 Drinking 
water 

 Mice  50–60  20  [ 10 – 12 ] 

 Drinking 
water 

 Monkeys  50–70  0  [ 13 – 15 ] 

 Varenicline  Multiple  Injection  Rats  40  0  [ 16 ] 
 Oral  Monkeys  45  –  [ 17 ] 

 A-85380  β2*  Injection  Rats  50  20  [ 16 ] 
 Sazetidine  β2*  Injection  Rats  –  23  [ 18 ] 
 TC-2696  β2*  Injection  Rats  –  30  [ 18 ] 
 TI-10165  β2*  Injection  Rats  –  32  [ 18 ] 
 TC-8831  β2*  Injection  Rats  –  24  [ 18 ] 

 Oral  Monkeys  50  –  [ 17 ,  19 ] 
 TC-10600  β2*  Injection  Rats  –  32  [ 18 ] 
 ABT-089  β2*  Oral  Monkeys  35  –  [ 17 ] 

  Rats and mice were lesioned by unilateral injection of 6-OHDA into the medial forebrain bundle, 
while monkeys were given MPTP via subcutaneous injection using administration paradigms that 
resulted in moderate and more severe nigrostriatal damage [ 8 – 17 ]. Levodopa was administered 
once or twice daily 5 days per week for weeks to months [ 8 – 17 ]. All declines in LID shown are 
signifi cant ( P  < 0.05) from corresponding vehicle-treated groups 
 – Not done  
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across species and with varying modes of administration support the idea that 
 nicotine treatment may be useful in Parkinson’s disease patients. In fact, a small 
clinical trial showed that 4 months of oral nicotine administration reduced various 
components of LID in patients with moderate Parkinson’s disease (   http://www.neu-
raltus.com/pages/news_rel12_03_10.html    ).      

    α4β2*, α6β2*, and α7 nAChR Subtypes Modulate LID 

 The knowledge of the nAChR subtypes involved in LID is important for the devel-
opment of selective pharmacotherapies to reduce their occurrence with a minimum 
of side effects. The use of nAChR knockout mice has proved very useful in this 
regard. β2 nAChR subunit knockout mice, which lack both α4β2* and α6β2* 
nAChRs, had reduced baseline LID levels. Moreover, nicotine did not reduce LID 
in β2 nAChR subunit null mutant mice (Table  16.2 ). These two fi ndings suggest that 
nAChRs expressing the β2 subunit are important for both the generation of LID and 
the antidyskinetic effect of nicotine. Subsequent work showed that α6 nAChR 
subunit deletion led to similar results as β2 deletion, indicating α6β2* nAChRs play 
a critical role [ 10 ,  11 ] (Table  16.2 ). α4 nAChR subunit deletion also prevented the 
antidyskinetic effect of nicotine, although it did not result in a reduction in baseline 
LID scores (Table  16.2 ). The observation that β2, α4, and α6 nAChR subunit 
deletion all affected LID suggests that α6β2* and α4β2* nAChRs are important for 
the expression of LID. As well or alternatively, the fi nding that both these subtypes 
mediate LID may also suggest an involvement of the α6α4β2* nAChR population. 
This idea stems from recent reports showing that the α6α4β2* nAChR mediates 
several of nicotine’s effects on dopaminergic function including dopamine neuronal 
fi ring and endogenous dopamine release [ 23 – 26 ].

   Additionally, LID were modifi ed in α7 nAChR null mutant mice. However, while 
the lack of β2* nAChRs prevented the nicotine-mediated decrease in LID and decreased 
baseline LID, α7 nAChR deletion increased baseline LID [ 12 ]. These data suggest that 
the α7 nAChR subtype has an inhibitory impact on the development of LID. Moreover, 
nicotine treatment still decreased LID in α7 nAChR knockout mice. This differential 
regulation by α7 and β2* nAChRs may relate to the fact that these receptors exhibit 
unique molecular and functional properties. For instance, α7 nAChRs are much more 
permeable to calcium, desensitize more rapidly, and are linked to different intracellular 
cell signaling steps compared to β2* nAChRs [ 27 – 31 ]. 

     Table 16.2    nAChR subunit deletion modulates expression of LID   

 nAChR subunit 
knockout 

 Baseline LID 
in knockout 

 Nicotine reduces 
LID in knockout 

 nAChR subtype 
involved in LID  Reference 

 β2  Decreased  No  Yes  [ 10 ] 
 α6  Decreased  No  Yes  [ 11 ] 
 α4  No change  No  Yes  [ 12 ] 
 α7  Increased  Yes  Yes  [ 12 ] 
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 In summary, fi ndings with nAChR knockout mice suggest that multiple nAChR 
populations infl uence LID, including the α4β2*, α6β2*, and α7 subtypes. Since 
Parkinson’s disease is progressive with multiple compensatory changes throughout, 
one possibility is that various nAChR subtype drugs may be differentially effective 
during the course of the disease.  

    CNS Selective nAChR Drugs Reduce LID 

 Pharmacological studies further support the idea that CNS selective nAChRs are 
involved in LID. Evidence for this possibility stems from studies which show that 
β2* nAChR agonists attenuate LID in parkinsonian rodents and NHPs (Table  16.1 ). 
A-85380 and a series of novel nicotinic receptor compounds primarily acting at β2* 
nAChRs all reduced LID in 6-hydroxydopamine (6-OHDA)-lesioned rats [ 16 ,  18 ]. 
In addition, one of the agonists used in the rodent studies (TC-8831) reduced LID 
in both macaques and squirrel monkeys, without worsening parkinsonism on or off 
levodopa [ 17 ,  19 ]. Since currently available drugs act at both α4β2* and α6β2* 
nAChRs, it has not been possible to evaluate a role for the individual subtypes 
pharmacologically. The β2* nAChR antagonist mecamylamine also decreased LID 
in parkinsonian rats [ 9 ], supporting the idea that the decline in LID is mediated via 
an interaction at β2* nAChRs.  

    Localization of nAChRs Involved in Nicotine’s 
Antidyskinetic Effect 

 Current data suggest that nAChRs in the striatum play a key role in the anti-
dyskinetic effect of nicotine. Evidence for this idea stems from lesion studies 
involving unilateral injection of the dopaminergic neurotoxin 6-OHDA in rats 
and mice or subcutaneous injection of MPTP in NHPs. Both nicotine and 
nAChR drugs most effectively reduce LID in mice, rats, or NHPs with moderate 
nigrostriatal damage, that is, when the dopaminergic system is still partially 
intact (Table  16.1 ) [ 10 ,  14 ,  16 ]. Nicotine administration is much less effective 
in severely lesioned rodents and NHPs [ 10 ,  14 ,  16 ]. These results suggest that 
α6β2* and/or α4β2* nAChRs on nigrostriatal dopamine terminals are critical 
for the nAChR-mediated decline in LID. However, since nicotine does reduce 
LID to some extent with severe nigrostriatal damage, nAChRs on nondopami-
nergic neurons may also contribute. Alternatively, α4β2* nAChRs in the thala-
mus, cortex, and cerebellum, regions linked to motor control and coordination, 
may be important. Additionally, α7 nAChRs on cortical afferents to the striatum 
and/or α7 receptors in other CNS regions may be involved in the antidyskinetic 
effect of nicotine. 
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 In summary, α4β2* and α6β2* nAChRs on dopamine terminals of the nigrostriatal 
pathway contribute to the expression of LID. Other striatal α4β2* and α7 nAChRs 
may also be involved, as well as nAChRs in other brain regions. The idea that 
multiple nAChRs in various brain regions are important is consistent with studies 
showing that the striatal dopaminergic system is tightly interconnected with numerous 
other neurotransmitter systems involved in movement.  

    Mechanism of Action of Nicotine to Reduce Dyskinesia 

    nAChR Desensitization and Downregulation 

 An important issue is the mechanism of action of nAChR drugs to reduce LID, as 
this may help in the development of more targeted therapeutic approaches. 
Unexpectedly, previous work showed that both nAChR agonists and the antagonist 
mecamylamine reduced LID to a similar extent [ 9 ]. One explanation for these fi ndings 
is that agonists produce their behavioral effect via nAChR desensitization. Although 
agonists initially activate nAChRs, this is rapidly followed by receptor desensitization 
or a functional blockade, similar to that observed with antagonists [ 28 ,  32 ,  33 ]. 
Further support for this idea stems from fi ndings that nicotine administration results 
in a similar decline in LID whether given intermittently via injection or continuously 
via slow-release minipump, a regimen that readily promotes receptor desensitization 
[ 8 ,  9 ]. The idea is consistent with its potential mechanism of action in addiction, 
depression, and anxiety [ 28 ,  32 ,  34 ]. Long-term nicotine treatment also leads to the 
downregulation of α6β2* nAChRs (Fig.  16.3a, b ) [ 36 ]. Thus, both nAChR desensitiza-
tion and downregulation may underlie the nAChR- mediated improvement in LID.

       Decline in Striatal nAChR-Mediated Dopamine Release 

 LID are thought to arise because of a loss of nigrostriatal dopamine cells, coupled 
with intermittent exposure to large doses of levodopa. Together these two conditions 
lead to large transient increases in striatal dopamine release, which consequently 

Fig. 16.3 (continued) Long-term nicotine treatment also decreased nicotine-evoked  3 H-dopamine 
release from synaptosomes prepared from the unlesioned ( c ) and lesioned ( d ) striatum [ 35 ]. These 
changes may underlie the improvement in LID observed with long-term nicotine treatment. Levodopa 
treatment had no effect on nAChR expression or function. A schematic representation of the effects 
of lesioning and/or nicotine is shown in the  lower panels . ( e ) Depicts nAChR-mediated dopamine 
release in vehicle-treated intact striatum with nicotine stimulation. ( f ) Illustrates the decrease in 
release in vehicle-treated lesioned striatum due to lesioning ( dotted neuron ). ( g ) Shows the decrease 
in stimulated release in intact striatum with nicotine treatment, which results in a decrease in α6β2* 
nAChR levels. ( h ) Shows that long-term nicotine treatment further decreases release in lesioned rats. 
Thus, nicotine treatment may dampen the enhanced dopamine release that arises with chronic 
levodopa treatment and consequently reduce LID.  X  denotes nAChR regulation. The  red dots  repre-
sent dopamine. The  arrows  signify a decrease in dopamine release under different conditions       
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  Fig. 16.3    Long-term nicotine treatment decreases α6β2* nAChR expression and function. Previous 
work had shown that long-term nicotine treatment decreased α6β2* nAChR binding levels in 
the unlesioned ( a ) and lesioned ( b ) striatum of rats with a unilateral 6-OHDA lesion [ 35 ]. 
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result in excessive dopaminergic stimulation and LID [ 37 – 40 ]. As mentioned ear-
lier, nAChRs in the striatum are present on nigrostriatal dopamine terminals and 
regulate dopamine release [ 3 ,  7 ]. Long-term nicotine treatment may act to dampen 
this enhanced striatal dopamine release by modulating α6β2* and α4β2* nAChR 
expression and function (Fig.  16.3a, d ) [ 35 ]. Long-term nicotine treatment decreases 
striatal α6β2* nAChR levels by ~50 %, with corresponding declines in α6β2* nAChR-
mediated dopamine release. α4β2* nAChR-mediated dopamine release is also decreased 
by ~50 % [ 35 ]. Although α4β2* nAChR levels are not decreased after long-term 
nicotine treatment, they are functionally desensitized, as are α6β2* nAChRs to a 
lesser degree [ 28 ,  41 ]. Altogether these data suggest that nicotine may improve LID 
in parkinsonian animal models by chronically desensitizing and/or downregulating 
nAChRs and consequently decreasing dopaminergic function (Fig.  16.3 ).   

    Nicotine and nAChR Drugs Do Not Affect Parkinson’s 
Disease Motor Symptoms 

 In contrast to the consistent decline in LID in parkinsonian mice, rats, and NHPs, 
the effect of nicotine or nAChR agonists on motor symptoms of parkinsonism has 
yielded variable results with an improvement in motor function in some studies but 
not others [ 8 ,  10 ,  13 ,  42 – 44 ]. This inconsistency in preclinical studies extends to 
clinical reports and trials, which have also yielded variable improvements in 
Parkinson’s disease motor symptoms (Table  16.3 ). These differential outcomes may 
be due to differences in nicotine dosing, duration of treatment, outcome measure 
evaluated, small cohort size, and/or clinical stage (early versus late Parkinson’s dis-
ease). However, a more likely explanation for the variable outcome may relate to the 
type of trial, that is, open-label versus double-blinded (Table  16.3 ). The open-label 
studies generally yielded a positive outcome [ 45 – 50 ], although there was one with 
no improvement [ 51 ]. By contrast, nicotine treatment led to very little clinical effi -
cacy on motor symptoms in the double-blinded trials, which also had signifi cantly 
larger groups of patients [ 52 – 55 ]. In fact, there was improvement in only one 
double- blinded study that was limited to two patients [ 56 ]. Although differential 
treatment paradigms among the different studies cannot be ruled out, the weight of 
the evidence suggests that nicotine treatment does not acutely improve motor symp-
toms in levodopa-treated Parkinson’s disease patients.

       Role of Smoking/Nicotine in Protection 
Against Parkinson’s Disease 

 In addition to its ability to reduce LID, one very interesting property of nicotine 
resides in its capacity to protect against neuronal degeneration in experimental models 
[ 31 ,  57 – 59 ]. Nicotine and nAChR agonists have been reported to attenuate a host of 
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toxic insults in different neuronal cells in culture. More relevant to Parkinson’s 
disease, nicotine administration also protects against nigrostriatal damage in 
parkinsonian monkey, rat, and mouse models [ 60 – 62 ]. These basic research fi ndings 
provide a molecular basis for the well-known epidemiological observation of a 
negative correlation between Parkinson’s disease and tobacco use [ 63 – 67 ]. The 
reduced incidence of Parkinson’s disease and smoking is dose and time dependent 
and diminishes with smoking cessation. Importantly, it is not due to a selective 
mortality [ 63 – 67 ]. Furthermore, twin studies show that Parkinson’s disease is less 
likely to develop in the twin that smokes [ 68 ]. These combined fi ndings all point to 
a true biologic effect of smoking in reducing Parkinson’s disease. To our knowledge, 
studies have not been reported as to whether smoking modulates the expression of LID. 

 Although tobacco contains thousands of chemicals, anyone of which may 
contribute to smoking’s neuroprotective effect, the animal studies described above 
suggest that nicotine may represent a component that plays a role, at least in part. 
Indeed, a clinical trial funded by the Michael J. Fox Foundation is currently recruiting 
participants to investigate the disease-modifying potential of transdermal nicotine 
in early Parkinson’s disease (ClinicalTrials.gov Identifi er NCT01560754).  

    Table 16.3    Variable improvement in Parkinson’s disease motor symptoms with nicotine or 
nicotinic agonists   

 Study 
 Improvement in 
parkinsonism  Drug 

 # of 
patients 

 Outcome 
measure used 

 Reference or 
ClinicalTrials.
gov Identifi er 

 Open- 
label  

 Yes  Nicotine IV  6  Tremor a   [ 45 ] 
 Yes  Smoking and 

nicotine gum 
 6  Tremor, rigidity, 

bradykinesia, 
posture a  

 [ 46 ] 

 Yes  Nicotine IV and 
patch 

 15  Hoehn and Yahr  [ 47 ] 

 Yes  Nicotine gum  8  UPDRS  [ 48 ] 
 Yes  Nicotine patch  6  UPDRS  [ 49 ] 
 Yes  Smoking  1  UPDRS, 

 Hoehn and Yahr 
 [ 50 ] 

 No  Nicotine patch  22  UPDRS  [ 51 ] 
 Double- 
blinded  

 No  Nicotine gum  48  UPDRS  [ 52 ] 
 No  Nicotine patch  16  UPDRS  [ 53 ] 
 No  Nicotine patch  32  Columbia Univ 

rating scale, 
Schwab- England  

 [ 54 ] 

 No  SIB-1508Y oral  77  UPDRS  [ 55 ] 
 Yes  Nicotine gum 

and patch 
 2  Tremor, rigidity a   [ 56 ] 

 Data not yet 
available 

 Nicotine patch  40  UPDRS  NCT00873392 

 Data not yet 
available 

 Varenicline  40  UPDRS, Berg 
Balance Scale 

 NCT01341080 

   a Scale not provided. Unifi ed Parkinson’s Disease Rating Scale (UPDRS)  
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    Muscarinic Receptors 

 Acetylcholine not only interacts with nAChRs but also mAChRs of which there are 
fi ve subtypes (M1 to M5) [ 69 ,  70 ]. These G-protein-coupled receptors are quite 
distinct structurally and functionally from nAChRs; they are also differentially 
distributed in the CNS with high expression in the striatum and numerous other 
brain areas linked to motor function [ 69 ,  70 ]. Interestingly, muscarinic receptor 
antagonists were initially a primary treatment for Parkinson’s disease motor symp-
toms. However, levodopa and dopamine agonists have now largely superseded their 
use because antimuscarinic drugs have numerous side effects due to the stimulation 
of peripheral nervous system mAChRs (nausea, constipation, urinary retention, 
dry mouth) and also CNS mAChRs (sedation, confusion) [ 70 ,  71 ]. The effect of 
antimuscarinics has also been tested on LID. Atropine did not attenuate LID in 
levodopa-treated parkinsonian NHPs [ 72 ], although the muscarinic blocker dicyclomine 
did reduce LID in 6-OHDA-lesioned mice. Further work is thus required to understand 
the role of mAChRs in LID.  

    Summary and Concluding Remarks 

 Accumulating studies suggest that the nicotinic cholinergic system represents a 
target for improving LID. Long-term administration of nicotine or nAChR drugs 
substantially reduces LID in parkinsonian mice, rats, and nonhuman primates 
(Fig.  16.2 , Table  16.1 ). The mechanism may involve nAChR desensitization and/or 
downregulation, with a consequent decline in striatal dopamine release (Fig.  16.3 ). 
Presynaptic α6β2* and α4β2* nAChRs on striatal dopaminergic terminals appear 
to be prime regulators of LID. However, α4β2* and α7 nAChRs on other striatal 
neurons and/or in other brain regions may also contribute. Long-term molecular and 
cellular alterations are involved since the antidyskinetic effect of nicotine requires 
several weeks to develop and to wash out (Fig.  16.2a, c ). Nicotine administration 
appears to result in long-term alterations in synaptic plasticity or priming, as 
evidenced by fi ndings that its benefi cial effect is very quickly restored upon nicotine 
reintroduction [ 14 ]. 

 Despite extensive preclinical studies and much clinical experience, the identifi -
cation of pharmacotherapies for the management of LID in Parkinson’s disease 
patients has proved diffi cult. This may be because their origin is multifactorial and 
involves alterations in numerous CNS neurotransmitter systems. Variability in drug 
responsiveness may arise because of a complex interplay between the effects of 
progressive dopamine denervation and chronic dopaminergic drug treatment, with 
the continual development of novel compensatory mechanisms. Possibly, there may 
be subgroups of LID that respond more effectively to certain classes of drugs than 
others. An alternate or concurrent possibility is that drug combinations may prove 
optimal in the treatment of LID as is the case for the treatment of numerous other 
disease states ranging from cancer to psychiatric conditions. 
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 Altogether, the present review provides evidence for a role of nAChR drugs for 
the treatment of LID. Additional advantages of such drugs are that they exhibit 
pro- cognitive and antidepressant properties and most importantly may have disease- 
modifying potential. These combined characteristics suggest a compelling role for 
nAChR drugs in Parkinson’s disease treatment.     
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    Abstract     Ongoing clinical trials are looking at new strategies for treatment of 
levodopa-induced dyskinesia (LID). While the pathophysiology of LID is still not 
completely understood, preclinical studies have provided more insights into the 
underlying mechanisms. To date, however, translation to human therapeutic trials 
has generally been disappointing. Two main therapeutic strategies are recognized: 
(1) agents that may  prevent  the development of dyskinesia and can be used in early 
PD and (2) interventions that  reduce established  dyskinesia in advanced PD. 

 As LID are thought to relate to chronic pulsatile stimulation of dopamine receptors, 
continuous dopaminergic stimulation might reduce established dyskinesia and 
possibly prevent or delay the appearance. Ongoing clinical trials are investigating 
novel dopamine preparations with a more stable delivery that might also allow 
reductions in oral levodopa. The effect of levodopa-sparing agents on LID is also 
being investigated, both in early and advanced PD. Moreover, non-dopaminergic 
agents are being studied as add-on therapies in established LID. Such agents are 
also being studied in early PD, either as monotherapy to improve parkinsonian 
symptoms without causing dyskinesia or as add-on treatments to prevent develop-
ment of dyskinesia in levodopa-treated patients. 

 In this chapter, we will review recently published and ongoing Phase II–IV clinical 
trials for the treatment of LID. As the research fi eld is constantly evolving, this 
chapter will be updated regularly through a website (LINK), which will include a 
database of ongoing studies and recent results from clinical trials. This is meant to 
be a practical tool for the clinician to follow new developments in the fi eld of LID 
treatment and to have an easy access to information on ongoing trials.  

  Keywords     Levodopa-induced dyskinesias   •   Parkinson’s disease   •   Motor fl uctua-
tions   •   Treatment   •   Clinical trials  
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     Levodopa-induced dyskinesias (LID) pose a challenge to every clinician facing 
patients with long-standing Parkinson’s disease (PD). Levodopa is currently the 
most effective treatment for motor symptoms of PD. However, the long-term use of 
levodopa is almost invariably associated with the development of motor complica-
tions such as wearing-off and dyskinesias. Currently, modifi cations in the levodopa 
regimen and amantadine remain the mainstay of the medical treatment for LID (see 
Chap.   5    ). However, reduction of levodopa formulations is frequently at the expense 
of an increase in parkinsonian symptoms, and amantadine can be associated with 
side effects and its effi cacy may be limited. Some studies have shown a modest 
improvement in LID with clozapine [ 1 ], but its administration is limited by the risk 
of agranulocytosis and the need for frequent laboratory monitoring. Deep brain 
stimulation or continuous administration of levodopa or dopamine agonist can 
also be used in patients with signifi cant motor fl uctuations and dyskinesias, but 
inclusion criteria are very restricted and not every patient is amenable to these 
interventions. 

 Many clinical studies are trying to fi nd new therapeutic targets for LID. While the 
pathophysiology of LID is still not completely understood, ongoing preclinical stud-
ies have provided more insights on the biochemical mechanisms of this motor com-
plication. Translation to human clinical studies has, however, been generally 
disappointing so far. Some molecules seem to have positive results in small studies, 
and further research is needed to establish the real effi cacy of these new molecules. 

 In this chapter, we will review ongoing Phase II–IV clinical trials for the treat-
ment of LID. As the research fi eld is constantly moving, this chapter will soon be 
out-of-date and therefore a website will be updated regularly with new studies and 
recent results from clinical trials. This is meant to be a useful tool for the clinician 
to keep tract of new developments in the fi eld of LID treatment and to provide, in a 
centralized fashion, information on ongoing studies. We have divided the trials into 
two main therapeutic strategies:

    1.    Studies investigating agents that may  prevent  the development of dyskinesia and 
can be used in early PD   

   2.    Studies for interventions that  reduce established  dyskinesia in advanced PD     

   Prevention of Dyskinesia in Early PD Patients (Table  17.1 ) 

    One focus of research is directed at  preventing  the appearance of LID in early PD 
patients. Several approaches have been adopted, and the background pathophysiology 
underlying these targets has been extensively covered in earlier chapters. One 
strategy is to provide more continuous dopaminergic stimulation, to minimize 
pulsatile dopamine receptor stimulation using longer-acting dopaminergics such as 
dopamine agonists. Another approach is to use add-on, “levodopa-sparing” agents, 
such as dopamine agonists or monoamine oxidase-B (MAO-B) inhibitors, to reduce 
levodopa dosage. Some studies are also investigating non-dopaminergic agents for 

S.H. Fox and I. Boileau-Boire

http://dx.doi.org/10.1007/978-1-4471-6503-3_5


303

      Ta
bl

e 
17

.1
  

  Pr
ev

en
tio

n 
   of

 d
ys

ki
ne

si
a 

in
 e

ar
ly

 P
D

 p
at

ie
nt

s 
(O

ng
oi

ng
 s

tu
di

es
 a

s 
of

 S
ep

te
m

be
r 

3r
d,

 2
01

3)
   

 A
ge

nt
 

 C
la

ss
 o

f 
m

ol
ec

ul
e 

 St
ud

y 
ty

pe
 

 D
os

e 
 D

ur
at

io
n 

 N
um

be
r 

of
 p

ts
 

 In
cl

us
io

n 
cr

ite
ri

a 
 Pr

im
ar

y 
ou

tc
om

es
 

 Se
co

nd
ar

y 
ou

tc
om

es
 

 M
ea

su
re

 f
or

 
dy

sk
in

es
ia

s 

 A
m

an
ta

di
ne

 
(P

R
E

M
A

N
D

Y
SK

 
st

ud
y)

 

 N
M

D
A

 
gl

ut
am

at
e 

re
ce

pt
or

 
an

ta
go

ni
st

 

 Ph
as

e 
2 

 20
0 

m
g/

da
y 

 18
 

m
on

th
s 

 20
2 

pt
s 

 E
ar

ly
 id

io
pa

th
ic

 
PD

 b
y 

U
K

PD
B

B
 

cr
ite

ri
a 

 R
at

io
 o

f 
pa

tie
nt

s 
w

ith
 

dy
sk

in
es

ia
 

 R
at

io
 o

f 
pa

tie
nt

s 
w

ith
 d

ys
ki

ne
si

a 
af

te
r 

w
as

h-
ou

t 

 ‘N
S’

 

 N
C

T
01

53
83

29
 

 D
ou

bl
e-

bl
in

d,
 

pl
ac

eb
o-

 
co

nt
ro

lle
d 

ra
nd

om
iz

ed
 

st
ud

y 

 <
3 

ye
ar

s 
of

 D
x 

 R
at

io
 o

f 
pa

tie
nt

s 
w

ith
 m

ot
or

 
fl u

ct
ua

tio
ns

 
 St

ud
y 

st
ar

t d
at

e:
 

M
ar

ch
 2

01
2 

 <
1 

ye
ar

 o
f 

le
vo

do
pa

 
 T

im
e 

to
 o

ns
et

 o
f 

dy
sk

in
es

ia
s 

 A
ge

 >
35

 y
ea

rs
 

 L
ac

k 
of

 m
ot

or
 

co
m

pl
ic

at
io

ns
 o

f 
le

vo
do

pa
 th

er
ap

y 
 In

fo
rm

ed
 c

on
se

nt
 

 H
ea

lth
 I

ns
ur

an
ce

 
C

ov
er

ag
e 

 St
ab

le
 

an
tip

ar
ki

ns
on

ia
n 

tr
ea

tm
en

t f
or

 a
t 

le
as

t 2
 m

on
th

s 
 Po

ss
ib

le
 to

 m
ai

nt
ai

n 
th

is
 tr

ea
tm

en
t 

un
ch

an
ge

d 
du

ri
ng

 
th

e 
st

ud
y 

pe
ri

od
 

(e
xc

ep
t t

he
 d

os
e 

of
 

 l -
do

pa
 w

hi
ch

 c
an

 b
e 

ad
ju

st
ed

 d
ur

in
g 

th
e 

st
ud

y 
af

te
r t

he
 th

ir
d 

m
on

th
 o

f P
ha

se
 1

) 

(c
on

tin
ue

d)

17 New Clinical Trials for Levodopa-Induced Dyskinesia



304

 A
ge

nt
 

 C
la

ss
 o

f 
m

ol
ec

ul
e 

 St
ud

y 
ty

pe
 

 D
os

e 
 D

ur
at

io
n 

 N
um

be
r 

of
 p

ts
 

 In
cl

us
io

n 
cr

ite
ri

a 
 Pr

im
ar

y 
ou

tc
om

es
 

 Se
co

nd
ar

y 
ou

tc
om

es
 

 M
ea

su
re

 f
or

 
dy

sk
in

es
ia

s 

 A
m

an
ta

di
ne

 (
vs

. 
do

pa
m

in
e 

ag
on

is
t 

as
 in

iti
al

 
tr

ea
tm

en
t)

 

 N
M

D
A

 
gl

ut
am

at
e 

re
ce

pt
or

 
an

ta
go

ni
st

 

 O
bs

er
va

tio
na

l, 
pr

os
pe

ct
iv

e 
ca

se
–c

on
tr

ol
 

st
ud

y 

 N
S 

 10
 y

ea
rs

 
 50

0 
pt

s 
 PD

 
 D

ys
ki

ne
si

a 
on

se
t 

 U
PD

R
S 

 N
S 

 N
C

T
01

33
86

62
 

 A
ge

 3
0–

60
 y

ea
rs

 
 D

ys
ki

ne
si

a 
se

ve
ri

ty
 

 St
ud

y 
st

ar
t d

at
e:

 
M

ay
 2

01
1 

 H
oe

hn
 a

nd
 Y

ah
r 

<
3 

 O
m

eg
a-

3 
fa

tty
 

ac
id

s 
 A

nt
i-

 
ox

id
an

t  
 Ph

as
e 

1 
 N

S 
 1.

5 
ye

ar
s 

 40
 p

ts
 

 Id
io

pa
th

ic
 P

D
 

 A
dv

er
se

 
ev

en
ts

 
(p

er
io

di
c 

sa
fe

ty
 la

b 
in

fo
rm

at
io

n,
 

m
on

th
ly

 
te

le
ph

on
e 

ca
lls

, 
th

er
ap

eu
tic

 
le

ve
l 

m
on

ito
ri

ng
, 

an
d 

as
se

ss
m

en
t o

f 
di

et
ar

y 
in

ta
ke

s)
 

 D
ys

ki
ne

si
as

 
(d

ur
in

g 
le

vo
do

pa
 

ad
m

in
is

tr
at

io
n)

 

 M
ea

su
re

m
en

ts
 

w
ith

 a
 f

or
ce

 
pl

at
e 

 N
C

T
01

56
39

13
 

 D
ou

bl
e-

bl
in

d,
 

pl
ac

eb
o-

 
co

nt
ro

lle
d 

ra
nd

om
iz

ed
 

st
ud

y 

 N
o 

le
vo

do
pa

 
tr

ea
tm

en
t o

r 
pr

io
r 

ex
po

su
re

 to
 

le
vo

do
pa

 

 C
lin

ic
al

 s
ca

le
 

(N
S)

 
 St

ud
y 

st
ar

t d
at

e:
 

O
ct

ob
er

 2
01

2 

Ta
bl

e 
17

.1
 

(c
on

tin
ue

d)

S.H. Fox and I. Boileau-Boire



305

use in early PD that can improve PD symptoms either as monotherapy without 
causing dyskinesia or as add-on treatments that could prevent development of 
dyskinesias in levodopa-treated patients. 

   Dopamine Agonists 

 Dopamine agonists, as monotherapy in early PD, have been shown to delay the 
development of dyskinesia; however this effect is generally not maintained once 
levodopa is started. Although at present there are no new active trials in this category; 
a brief review is outlined below. The dopamine D2 agonists ropinirole [ 2 ,  3 ], prami-
pexole [ 4 ,  5 ], and bromocriptine [ 6 ,  7 ] all showed less dyskinesia in the short term 
(2–5 years), but this benefi t was generally lost after 10–14 years follow-up, once 
levodopa was added in. The ability to reduce LID development may be partly due to 
the longer half-life compared to levodopa, as well as the ability to use lower levodopa 
doses. However, the longer duration of action is not likely the main effect on reducing 
dyskinesia as early use of the dopamine agonist cabergoline, with the very long 
half-life of 63–68 h [ 8 ], appears to have similar long-term effects as the shorter-
acting agonists [ 9 ,  10 ]. 

 The new longer-acting preparations of ropinirole and pramipexole have been 
investigated as monotherapy in early PD, although to date dyskinesia development 
has not been the primary outcome. The slightly longer duration of action may be of 
advantage, but studies have not yet shown this benefi t. Ropinirole prolonged release 
(PR), as monotherapy in early PD, was signifi cantly more effective when compared 
to ropinirole immediate release (IR) [ 11 ]. The results were probably driven by 
higher doses of ropinirole PR; however despite the higher dosage, tolerance was 
similar in both groups. A randomized controlled trial (RCT) comparing add-on 
ropinirole PR versus additional levodopa in early PD patients already on levodopa 
showed signifi cant difference in the proportion of patients who developed dyskinesia 
in the ropinirole PR group (3 % with ropinirole PR versus 17 % with additional 
levodopa) [ 12 ]. Pramipexole extended release (ER) has been studied as monother-
apy in early PD in two double-blind, placebo- and active-comparator-controlled 
study [ 13 ,  14 ]. The difference in changes in the Unifi ed Parkinson’s Disease Rating 
Scale (UPDRS) parts II + III composite score was statistically signifi cant for prami-
pexole ER when compared to placebo and non-inferior when compared to pramipexole 
IR. Dyskinesias were as frequent in both treatment groups (16.5 % with prami-
pexole ER vs. 18.3 % with pramipexole IR) but signifi cantly more than with 
placebo (7.9 %). 

 Rotigotine, a transdermal patch of dopamine agonist, has also been studied in 
early PD. The continuous release of the dopamine agonists would be expected to 
have a positive effect on preventing LID, assuming the concept of continuous dopamine 
receptor stimulation (CDS); however, to date, studies have not been undertaken 
to investigate this concept. Results of a placebo-controlled trial demonstrated 
signifi cant improvement in UPDRS part III [ 15 ]. Another study in early PD has 
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shown non-inferiority to pramipexole and superiority to placebo in terms of reduction 
in OFF time [ 16 ]. Dyskinesias were more frequent with both pramipexole and roti-
gotine when compared to placebo (15, 12, and 3 %, respectively), but no difference 
was found between pramipexole and rotigotine during the study period.  

   Amantadine 

 Amantadine is a nonselective N-methyl- D -aspartate (NMDA) glutamate receptor 
antagonist that is currently recommended for the treatment of LID [ 17 ]. The effect 
as an antidyskinetic agent has been described in previous studies (see Chap. XX). 
Although no preclinical study has been published on evaluating the effect of pretreat-
ment with amantadine to prevent LID, early use of amantadine to prevent striatal 
glutamate-induced neuroplasticity changes appears to be a reasonable approach. A 
recent retrospective study investigating the effect of early treatment with amantadine 
on risk of developing dyskinesia failed to demonstrate a difference in time to onset 
of dyskinesias, or proportion of patients with dyskinesias at 5 years, in patients who 
fi rst started on amantadine versus levodopa [ 18 ]. 

 A prospective phase II RCT trial of amantadine, 200 mg/day vs. placebo, is cur-
rently investigating possible protective effects of this medication on appearance of 
dyskinesias (PREMANDYSK study) (Table  17.1 ). Patients with early PD with less 
than 3 years of diagnosis and less than 1 year of levodopa usage, and no motor com-
plications, are currently recruited. The ratio of patients with dyskinesia at 18 months 
will serve as the primary outcome. Time to onset of dyskinesias and ratio of patients 
with dyskinesia after a washout period will also be analyzed as secondary outcomes. 

 Furthermore, an observational, prospective, open-label study comparing the 
onset time and severity of LID in patients initially treated with amantadine or 
dopamine agonists is currently recruiting (Table  17.1 ). Patients will initially be 
divided on the basis of fi rst treatment into either amantadine or dopamine agonist 
groups. When patients on amantadine necessitate a more potent symptomatic 
treatment, they will be further subdivided into two groups depending on whether 
the add-on treatment was levodopa or dopamine agonists. Patients in the dopamine 
agonists group cannot use amantadine. Dyskinesia onset will be analyzed over a 
period of 10 years, and secondary outcomes will consist of UPDRS scores and severity 
of dyskinesias.  

   Omega-3 Fatty Acids 

 Docosahexaenoic acid (DHA) is an omega-3 fatty acid that has been shown to delay 
the onset and reduce the severity of LID in MPTP monkeys [ 19 ]. A recent case 
report in a PD patient also showed benefi t from fi sh oil containing high-dose DHA 
for treatment of LID [ 20 ], with a decrease on the Unifi ed Dyskinesia Rating Scale 
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(UDysRS) score from 46 to 37 with treatment. A phase I study is currently recruiting 
untreated PD patients (Table  17.1 ). Adverse events will be monitored over a period 
of 1.5 years. As a secondary endpoint, dyskinesia will be measured during levodopa 
administration, with a clinical scale and objective dyskinesia measurements on a 
force plate. This device, which is similar to a doormat, has been validated in a recent 
study [ 21 ]. Patients are instructed to stand still on the mat fi rst quietly and then with 
distraction maneuvers. Measures of variability of total body center of pressure were 
correlated to clinical rating scales of dyskinesia.   

   Reducing Established Dyskinesia (Table  17.2 ) 

    Treatment of established LID can be challenging. Three approaches are reviewed:

    1.    Continuous dopaminergic stimulation: such trials are investigating novel dopa-
mine preparations that also allow reductions in oral levodopa. Surgical options 
such as deep brain stimulation (DBS) are reviewed in this section.   

   2.    Add-on therapies to oral levodopa to reduce wearing off without causing LID.   
   3.    Non-dopaminergic add-on therapies, with reducing LID as primary end point.     

   Continuous Dopaminergic Stimulation 

 Chronic stimulation of dopaminergic receptors, secondary to abnormal pulsatile 
levodopa dosage, is thought to lead to LID by inducing altered synaptic plasticity of 
striatal neurons and changes in striato-pallidal transmission (see Chap. XX). CDS 
might therefore be associated with a reduction in established LID. Levodopa has 
a short plasma half-life (around 90 min) and due to multiple factors (including 
peripheral and central pharmacokinetic effects) is associated with a progressively 
shorter duration of action with continued disease duration [ 22 ]. As a consequence, 
PD subjects require more frequent dosing schedules that further exacerbate the risk 
of LID. Methods to improve the duration of action of levodopa thus include improving 
gastric absorption: adaptation of the drug delivery to enhance duration of action 
or additional enzyme inhibition to prevent breakdown. Directly acting dopamine 
agonists are also able to bypass gastrointestinal issues. 

   Levodopa-Carbidopa Intestinal Gel 

 Levodopa-carbidopa intestinal gel (LCIG) is a method of direct infusion of levodopa 
into the small intestine, with the aim of bypassing slow gastric absorption issues, 
and thus increasing bioavailability of levodopa. The preparation is available for use 
in advanced PD in several countries, based on data from prior open-label and 
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retrospective studies, which revealed benefi t in reducing OFF time without an 
increase in dyskinesias [ 23 – 25 ]. The phase III double-blind, double-dummy RCT 
was published recently [ 26 ]. This study, conducted in 71 patients, showed reduction 
in OFF time of −1.91 h in the LCIG group when compared to immediate-release 
oral levodopa-carbidopa, without an increase in dyskinesias. The study was not 
designed to show a difference in LID, as the recruited patients had low baseline 
levels of dyskinesias. However, there was a trend toward a greater increase in 
levodopa total daily dose in patients treated with oral levodopa-carbidopa, which 
could possibly correlate with a lower risk of dyskinesias. This will have to be stud-
ied in further detail in long-term studies. 

 There is an ongoing large multicenter (86 sites in 16 countries) open-label prag-
matic study to evaluate clinical usefulness of levodopa-carbidopa gel (Table  17.2 ). 
Advanced PD subjects with motor fl uctuations despite optimal medical treatment were 
recruited. Interim results of 192 patients, reported after 12 weeks, showed increased 
daily ON time without troublesome dyskinesia was 4.6 h per day, compared to baseline 
[ 23 ]. The benefi t was sustained among the 61 patients who completed the 54 weeks’ 
period, with a mean increase in ON time without dyskinesias of 5.3 h per day. Further 
analysis on 323 subjects who reached 54 weeks has been presented in abstract only and 
showed increased ON time without troublesome dyskinesias, irrespective of age, PD 
duration, and number of PD medications at baseline [ 27 ]. Benefi ts were noticed as 
early as 4 weeks and were maintained throughout the study period (54 weeks). 

 A real-life observational study comparing levodopa-carbidopa gel with apomor-
phine has been completed and interim results reported [ 28 ]. This analysis, per-
formed on 87 patients with advanced PD, showed similar effects on motor symptoms 
for both treatments, with improvements on UPDRS parts III and dyskinesia as 
assessed using UPDRS part IV after 6 months, and better scores on the short version 
of Parkinson’s Disease Questionnaire (PDQ-8). Response to levodopa-carbidopa 
intestinal gel was superior to apomorphine in terms of non-motor symptoms, mainly 
sleep/fatigue and gastroenterological/urinary symptoms, while improvements in 
mood were greater with apomorphine. Even though a nonsignifi cant tendency 
toward greater impact on LID with levodopa-carbidopa intestinal gel was found 
[ 29 ], both methods of continuous dopaminergic stimulation appear to have similar 
effi cacy on reducing dyskinesia. There was no data on changes in levodopa dosing 
over the course of the study. A direct “de-priming” effect on striatal neuroplasticity 
due to CDS however may also play a role in reduced LID expression.  

   Bilayered Immediate-Release and Extended-Release Carbidopa/Levodopa 

 A new formulation of bilayered immediate-release and extended-release carbidopa/
levodopa (IPX066) has been developed with the aim of providing a longer duration of 
action of levodopa. A recent RCT reported decreased OFF time by 1.69 h (as mea-
sured by patients self-assessed PD diaries) compared to 0.66 h for immediate- release 
carbidopa/levodopa, without increasing ON time with troublesome dyskinesia [ 30 ]. 
Improvements in UPDRS part III scores were also better in the IPX066 group.  
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   Gastric-Retentive, Extended-Release Formulation of Levodopa/Carbidopa 

 DM1992, a gastric-retentive, extended-release formulation of levodopa/carbidopa, 
has been studied in a phase II trial. Preliminary data show a reduction in OFF time 
of 1.1 h in the DM1992 group compared to immediate-release carbidopa/levodopa, 
based on patient diaries [ 31 ]; however, data concerning dyskinesias are not  available 
yet.  

   Sustained-Release Levodopa-Carbidopa (Accordion Pill) 

 Another sustained-release carbidopa-levodopa preparation, the Accordion Pill 
(AP), was assessed in a phase II multicenter, crossover RCT [ 32 ]. When compared 
to the usual regimen of carbidopa-levodopa, AP decreased OFF time by 45 % with-
out increasing troublesome dyskinesias for the smaller dose (50–375 mg BID); for 
the higher dose (50–500 mg BID), not only was OFF time decreased, but time with 
troublesome dyskinesias was reduced as well by 40 %.  

   Surgical Interventions 

 Surgical treatments such as pallidotomy and bilateral deep brain stimulation (DBS) 
of the subthalamic nucleus (STN) have shown benefi t in improving motor symp-
toms in patients with PD suffering from levodopa-induced complications, and these 
results have been reproduced in various studies. Disabling dyskinesias still remains 
one of the main indications for surgical intervention. The target of choice for PD is 
usually bilateral STN-DBS, as a concomitant reduction in levodopa results in a 
marked reduction in dyskinesia by average of 69.1 % [ 33 ]. However, for some indi-
viduals with contraindications to STN-DBS, targeting the globus pallidus interna 
(GPi) specifi cally can reduce dyskinesia, without a change in levodopa dose [ 34 ]. 
There has been a recent interest in targeting GPi over STN for PD due to potential 
for less adverse effects on mood and cognition. Thus, a large RCT compared bilat-
eral STN-DBS with GPi DBS and found there was a signifi cant improvement in 
troublesome dyskinesia of about 3.0 h at 2 years for both targets but more depres-
sion and adverse effects on visual processing and other neurocognitive measures 
within the STN group [ 35 ,  36 ]. In another RCT published recently, cognitive, mood, 
and behavioral adverse effects were similar in patients with GPi or STN stimulation 
[ 37 ]. However, dyskinesias in the ON-stimulation/ON-medication state were lower 
in the GPi group as measured by the Clinical Dyskinesia Rating Scale (CDRS). 

 A recent study investigated the benefi ts of functional surgery if performed earlier 
in the disease [ 38 ]. This trial included patients with levodopa-related motor compli-
cations present for less than 3 years who were randomized to bilateral STN-DBS 
or best medical treatment. There was an improvement in quality of life as mea-
sured by Parkinson’s Disease Questionnaire-39 (PDQ-39). Motor scores were also 
improved, including the UPDRS parts III and IV, and ON time without troublesome 
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dyskinesias as measured by patient diaries. A dyskinesia assessment during levodopa 
 challenge also showed improvement in the neurostimulation group, as measured by 
the Marconi dyskinesia scale. 

 New studies for DBS are under way to better determine the optimal targets, tim-
ing, and long-term effects of surgical treatment (Table  17.2 ). One ongoing trial is 
evaluating the effect of the method of placement of electrodes on clinical benefi t. 
Microelectrode recording and frame-based stereotaxis will be compared to preop-
erative computed tomography and frameless stereotaxis. The primary outcome 
measure will be change in ON time without dyskinesia. Another study of STN-DBS 
is comparing single versus multiple electrodes, the main endpoint being the change 
on UPDRS part III OFF medication. LIDs will also be assessed by the CDRS. Finally, 
a trial is currently recruiting PD patients with early (<3 years) and late (>3 years) 
motor fl uctuations for STN-DBS. The change in ON time without troublesome dys-
kinesias will be analyzed as a primary endpoint.   

   Add-On Therapies to Oral Levodopa to Reduce 
Wearing Off Without Causing LID 

 Many new studies for PD are focused on pharmacological approaches to treat wear-
ing off with the additional benefi t of not worsening or inducing dyskinesia. 

   Prolonged-Release Ropinirole 

 Prolonged-release (PR) ropinirole is effi cacious as add-on to levodopa, with a higher 
proportion of patients showing >20 % reduction in OFF time compared to ropinirole 
immediate release (66 % versus 51 %) [ 11 ], with no signifi cant change in time ON with 
troublesome dyskinesia or the Abnormal Involuntary Movement Scale (AIMS) score. 
Recruitment for the phase IV extension study is ongoing (Table  17.2 ). Another trial is 
analyzing maintenance dose versus increased dose of ropinirole PR, as monotherapy or 
levodopa adjunct (Table  17.2 ). Patient diaries will be used to determine the outcomes.  

   Extended-Release Pramipexole 

 Pramipexole extended release also showed reduction in OFF time when compared 
to placebo (−2.1 h vs. −1.4 h), while the magnitude of the effect was comparable to 
Pramipexole IR (−2.5 h) [ 14 ]. UPDRS parts II + III scores also improved with 
pramipexole ER (−11.0 points) and IR (−12.8 points) when compared to placebo 
(−6.1 points). There was no increase in ON time without troublesome dyskinesia 
with either formulation of pramipexole. An extension study evaluating once daily 
(QD) versus twice daily (BID) dosage is ongoing (Table  17.2 ).  

17 New Clinical Trials for Levodopa-Induced Dyskinesia



320

   Rotigotine 

 Rotigotine transdermal patch has also shown benefi t on motor symptoms in multi-
ple studies [ 15 ,  39 – 41 ]. Recently published results from two open-label extension 
studies confi rmed safety and effi cacy of the rotigotine patch after a mean of 6 years 
[ 42 ]. Incidence of dyskinesia was similar in patients initially randomized in the 
rotigotine treatment group and placebo (study 1 – PREFER) or pramipexole (study 
2 – CLEOPATRA-PD) groups. A phase III study is ongoing for patients with 
advanced PD and motor fl uctuations (Table  17.2 ). The primary effi cacy measure is 
the change in OFF time, as measured by patient diaries. ON time without trouble-
some dyskinesias will be available from the diaries for further evaluation.  

   Apomorphine 

 Apomorphine is a short-acting dopamine agonist that can be delivered via subcuta-
neous pump. Studies comparing DBS and subcutaneous infusion of apomorphine 
revealed similar improvements in OFF time, but dyskinesia reduction was only 
found in the stimulation group [ 43 ,  44 ]. Apomorphine infusion has also been stud-
ied in patients with contraindications to DBS. OFF time was reduced by 36 % and 
dyskinesias remained stable [ 45 ]. Further results from another retrospective study 
confi rmed the same fi ndings [ 46 ], with the absence of improvement in UPDRS part 
IV or dyskinesia scores.  

   Safi namide 

 Safi namide is a mixed monoamine oxidase-B (MAO-B) inhibitor, which also acts as 
a glutamate release inhibitor and reduces dopamine reuptake. This agent has been 
evaluated in advanced PD with motor complications. Preliminary results of two 
placebo-controlled trials were presented (add-on to levodopa and add-on to dopa-
mine agonist), showing a signifi cant improvement in motor symptoms without 
increasing troublesome dyskinesias [ 47 ,  48 ].  

   Ordopidine 

 Dopidines are a new class of medications that stabilize dopamine transmission by 
acting as competitive dopamine D2 receptor antagonists with fast dissociation prop-
erties [ 49 ]. Pridopidine, a dopamine stabilizer, has been studied in Huntington’s 
disease [ 50 ]. The study did not reach statistical signifi cance, but trends toward 
motor improvements were observed. Ordopidine (ACR325), a new member of the 
dopidines class, has completed in a phase I trial. Phase II trials focusing on LID are 
planned [ 51 ].  
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   Zonisamide 

 Zonisamide is a drug mainly known for its antiepileptic properties. Its mechanisms 
of action are diverse and include blockade of voltage-sensitive T-type calcium chan-
nels, inhibition carbonic anhydrase, inhibition of glutamate release, and modulation 
of GABAa receptors. Benefi cial effect of zonisamide has been demonstrated in ani-
mal models of PD. The mechanisms of action on parkinsonian symptoms are not 
well defi ned, but probably include inhibition of monoamine oxidase, activation of 
dopamine synthesis, and modulation of a δ-opioid receptor in the basal ganglia [ 52 ]. 
In a recent RCT [ 53 ], time in OFF state was signifi cantly reduced by 0.719 h in the 
zonisamide group compared to a decrease of 0.011 h in the placebo group. 
Dyskinesia rates were similar in both groups.   

   Add-On Therapies to Reduce LID as Primary Endpoint 

   Glutamatergic Pathways 

 As reviewed in Chap. XX, glutamatergic pathways have a role in the pathophysiol-
ogy of LID. Glutamate receptors are divided into two main categories, ionotropic 
(NMDA, AMPA) and metabotropic (mGluR) receptors. Amantadine, a recom-
mended treatment for LID, probably exerts its antidyskinetic effect via the blockade 
of NMDA receptors causing attenuation of the glutamatergic stimulation of the 
direct pathway. This rationale has led to multiple clinical studies.  

   NMDA Receptors 

   Amantadine 

 As mentioned previously, amantadine is the only medication specifi cally approved 
for treatment of LID. Even though this medication is effi cient in reducing dyskine-
sia, use is often limited by poor tolerance. A new formulation of extended-release 
amantadine (ADS-5102), which is thought to have a better side effects profi le, has 
been studied in PD patients with LID (EASED Study). Preliminary results of the 
phase II/III randomized, placebo-controlled, double-blind study reported signifi cant 
differences between ER-amantadine-treated patients and placebo patients on the 
UDysRS [ 54 ] with a statistically signifi cant dose response [ 55 ]. There was a 
decrease of ON time with troublesome dyskinesias of 1.8 h with the 340 mg dose 
when compared to placebo. Comparisons with immediate-release amantadine have 
not been done, however. 

 Long-term effects of amantadine on LID have been questioned, especially since 
results from a long-term study suggested that the benefi cial effect of amantadine lasted 
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only 4.3 months [ 56 ]. A recent study examining withdrawal of amantadine in treated 
patients demonstrated a signifi cant increase in dyskinesias at follow-up, as measured 
by UPDRS items 32 + 33, the AIMS scores, and patient diaries [ 57 ]. There was also a 
higher dropout rate related to increased dyskinesias in the placebo group. Although 
the results of this study could be related to a withdrawal rebound effect of amantadine, 
this study provides new evidence to support the long-term use of amantadine in LID.  

   Dextromethorphan and Quinidine 

 Dextromethorphan is an uncompetitive NMDA receptor antagonist. Two small stud-
ies demonstrated reduction of dyskinesia scores with dextromethorphan without 
increasing parkinsonian symptoms [ 58 ,  59 ]. The combination of dextromethorphan 
with quinidine, a cytochrome P450 2D6 (CYP2D6) enzyme inhibitor, improves the 
bioavailability of the drug by decreasing its metabolism. Dextromethorphan and quin-
idine (AVP923) are being evaluated in a phase II, double- blind, placebo-controlled 
crossover study (Table  17.2 ). This study will focus on dyskinesia with UDysRS scores 
as a primary outcome and Movement Disorders Society UPDRS (MDS-UPDRS), PD 
Motor Diary, bradykinesia, and subscales of the UDysRS as secondary outcomes.  

   D-Serine 

 D-Serine, an NMDA receptor agonist, has demonstrated an improvement in both 
drug-induced parkinsonism and tardive dyskinesias in neuroleptic-treated schizo-
phrenic patients, as rated by the Simpson-Angus Scale for Extrapyramidal symp-
toms (SAS) and Abnormal Involuntary Movement Scale (AIMS) scores, respectively 
[ 60 ]. A recent double-blind, controlled crossover study on a small number of 
patients with PD patients resulted in improved UPDRS score but no improvement 
in dyskinesias scores on the AIMS [ 61 ].  

   Neu-120 and Neu-240 

 Other molecules may be studied in phase II and III clinical trials in future years. Neu-
120, a selective, uncompetitive NMDA receptor modulator, has completed phase I 
studies. Neu-240, another NMDA receptor modulator, is still in the preclinical stage.   

   AMPA Receptors 

   Topiramate 

 Topiramate is a kainate and alpha-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate 
(AMPA) glutamate receptor antagonist mainly known for its anticonvulsant properties. 
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This molecule has demonstrated benefi t in levodopa-treated MPTP primates with 
LID. A phase 2, double-blind, placebo-controlled, add-on to amantadine study is active 
(Table  17.2 ). Dyskinesias will be measured with the UDysRS, and other motor out-
comes such as the MDS-UPDRS and Hoehn and Yahr stage will be analyzed.  

   Perampanel 

 Perampanel (E2007), a highly selective AMPA glutamate receptor antagonist, 
showed nonsignifi cant trends toward reduction in OFF time in a dose-ranging phase 
II study [ 62 ], but those fi ndings were not reproduced in two phase III studies [ 63 ]. 
Perampanel also failed to reduce dyskinesias, and the perampanel PD development 
program was terminated.  

   Talampanel 

 Another AMPA receptor antagonist, Talampanel (LY300164) has been studied in 
two phase II studies, but results are not available.   

   mGluR5 Receptors 

   Mavoglurant 

 Mavoglurant (AFQ056) is a metabotropic glutamate receptor 5 (mGluR5) antago-
nist. Two previous trials reported jointly evaluated the effect of AFQ056 on PD 
patients with moderate-to-severe (study 1) or severe (study 2) LID [ 64 ]. Both trials 
found a signifi cant improvement in dyskinesia scores measured by either the Lang- 
Fahn Activities of Daily Living Dyskinesia Scale (LFADLDS) (study 1) or modifi ed 
Abnormal Involuntary Movement Scale (mAIMS) (study 2) after a 16-day period, 
without increasing parkinsonian symptoms. AFQ056 was reasonably well tolerated, 
main adverse events being related to reemergence of dyskinesias in the down-titra-
tion period. The most recent trial was a dose-fi nding study in PD patients with mod-
erate-to-severe peak-dose dyskinesias [ 65 ]. LID were measured after 12 weeks by 
the mAIMS, PD dyskinesia Scale (PDYS-26), UPDRS part IV items 32 and 33 and 
patient diaries. AFQ056 at a dose of 200 mg/day demonstrated decreased mAIMS 
scores when compared to placebo, but no effect was observed at smaller doses. 
PDYS-26 scores, UPDRS items 32 + 33 composite score and ON time with dyskine-
sias were not improved with treatment. An open-label extension study has recently 
stopped and further development of mavoglurant appears to be on hold (Table  17.2 ).  

   Dipraglurant 

 Another metabotropic glutamatergic agent studied recently is Dipraglurant 
(ADX48621), which also acts as an mGluR5 modulator. Preliminary results from a 
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randomized, double-blind, placebo-controlled phase 2 study were recently pre-
sented [ 66 ]. PD patients with moderate-to-severe LID were treated for 28 days. 
Signifi cant differences in the mAIMS score were demonstrated at day 1, 14, but not 
at day 28. It is unclear if further studies are planned.   

   Serotoninergic Pathways 

 Animal models have shown that serotonin (5-HT) might be involved in the develop-
ment of LID (see Chap. XX). However, to date, results of clinical trials have been 
disappointing. 

   Sarizotan 

 Sarizotan (EMD128130) is a 5-HT1a receptor agonist with additional dopaminergic 
properties. In a phase IIb, randomized placebo-controlled study in PD patients with 
LID, Sarizotan at a dose of 2 mg/day demonstrated a clinical benefi t on the UPDRS 
IV indices of dyskinesia (items 32 + 33), but no improvement was noted in ON time 
without dyskinesias or the mAIMS score [ 67 ]. However, the benefi cial effect on 
dyskinesias was not reproduced in two phase III trials (PADDY-I and PADDY-II 
trials) [ 68 – 70 ]. Worsening of parkinsonism was noted in addition and further devel-
opment for LID has now stopped.  

   Piclozotan 

 Another 5-HT1A receptor partial agonist with partial D3 agonist activity, Piclozotan 
(SUN-N4057), has shown decrease in both ON time with dyskinesias and OFF time 
in a phase II study, suggesting potential benefi t for treatment of LID [ 71 ].  

   Selective Serotonin Reuptake Inhibitors (SSRIs) 

 SSRIs are used in PD mainly for the treatment of depression and anxiety. Dyskinetic 
rat models have shown improvements in LID with treatment with SSRIs. A retro-
spective study reviewed incidence of LID in patients with SSRI treatment [ 72 ]. No 
difference was found in the proportion of patients who developed dyskinesias at the 
end of follow-up; however mean time to onset of dyskinesia was longer in SSRI- 
treated patients when adjusted for disease onset (6.7 vs. 5.5 years) and levodopa 
treatment starts (5.6 vs. 4.7 years). Prospective studies are needed before conclusions 
can be drawn. A single RCT using fl uoxetine demonstrated mild signifi cant reduc-
tion in dyskinesia after apomorphine infusion, without worsening parkinsonian 
symptoms, in seven PD patients [ 73 ]. However, no new studies have been initiated.   
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   Adrenergic Pathways 

 Adrenergic pathways are also potentially involved in the development of LID (see 
Chap. XX). Noradrenergic neurones are particularly abundant in the striatum, and 
their overactivation may lead to overstimulation of the direct pathway, causing 
involuntary movements. Several drugs modulating these receptors have shown ben-
efi t in animal models. 

   Fipamezole 

 A recent double-blind, placebo-controlled phase II study of fi pamezole (JP-1730), a 
selective alpha 2-adrenergic receptor antagonist, showed potential clinical benefi t 
for treatment of dyskinesias in a prespecifi ed subgroup analysis [ 74 ]. The scoring 
system used was the Levodopa-Induced Dyskinesia Scale (LIDS), a modifi cation of 
the AIMS. A phase III study is apparently in the pipeline [ 75 ].   

   Adenosine Pathways 

 Adenosine A2A receptors activation in the striatum regulate dopamine and gluta-
mate release in the brain. Autopsy series have shown a higher number of these recep-
tors in the striatum in dyskinetic patients compared to PD patients without LID. 

   Preladenant 

 Preladenant (SCH420814), an antagonist of the adenosine A2A receptor, improved 
motor function in MPTP primates without increasing dyskinesias. Improvement in 
OFF time without increasing dyskinesia was demonstrated in a phase II, double- 
blind, randomized trial [ 76 ]. However, very recently, failure to produce the same 
results in phase III trials led to discontinuation of further studies [ 77 ].  

   Istradefylline 

 Another adenosine A2A receptor antagonist, Istradefylline (KW-6002), has shown, 
in multiple phase II and III studies, improvement in OFF time without increasing 
troublesome dyskinesias [ 78 – 80 ]. A recent placebo-controlled RCT demonstrated 
reduction in OFF time of 0.99 and 0.96 h with the 20 and 40 mg doses, respectively, 
versus 0.23 h in the placebo group, without signifi cant increases in ON time with 
troublesome dyskinesias [ 81 ].  
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   Tozadenant 

    Similar results were found in another phase II, placebo-controlled trial of Tozadenant 
(SYN115) presented recently. OFF time was reduced by 1.1 h and motor UPDRS 
improved, without worsening ON time with troublesome dyskinesias [ 82 ]. A phase III 
study is in the pipeline of the company, with enrollment of patients planned in 2015 
[ 83 ]. This novel mechanism for treatment of parkinsonism could offer an alternative to 
levodopa and therefore decrease LID; however, specifi c studies addressing this issue 
have not been done yet. Nevertheless, a direct antidyskinetic effect seems unlikely.   

   Histamine Pathways 

   Famotidine 

 Famotidine is histamine 2 (H2) receptor antagonist mostly used in gastroesophageal 
refl ux disease. H2 and H3 receptors are abundant in the basal ganglia and are thought 
to modulate the output of the direct and indirect pathways. A study consisting of 
multiple“N-of-1” studies of three different doses of Famotidine vs. placebo is currently 
recruiting pts with PD and LID (Table  17.2 ). The rationale behind that study is that H2 
receptors stimulation is thought to decrease acetylcholine in the striatum and therefore 
stimulate the direct pathway, causing excessive movements. Blocking H2 receptors 
could therefore improve symptoms of LID. UDysRS will be analyzed in the primary 
outcome and other dyskinesia scales such as LFADLDS and UPDRS part IV will also 
be used. Another placebo-controlled crossover study is currently recruiting (Table  17.2 ); 
dyskinesia measurements will be using Rush Dyskinesia Scale and UDysRs.   

   Cholinergic Pathways 

 Enhanced striatal cholinergic activity has been associated with LID in animal mod-
els, possibly by causing hyperstimulation of the direct pathway. Blocking acetyl-
choline activity might therefore reduce symptoms of dyskinesias. 

   AQW051 

 AQW051, a neuronal nicotinic receptor (a7nAchR) ligand, has recently been stud-
ied in a randomized, double-blind, placebo-controlled phase II study of PD patients 
with moderate-to-severe LID [ 84 ]. The study has been completed recently but no 
data are currently available. Primary outcomes are change in mAIMS score, change 
in UPDRS part III, and safety and tolerability. Dyskinesias will be further addressed 
by the LFADLDS score and UPDRS part IV items 32–33.  
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   Nicotine 

 Nicotine has been reported in case series to improve PD motor symptoms; however 
this has never been reproduced in randomized placebo-controlled studies. An anti-
dyskinetic effect has been found in different animal models of LID [ 85 ,  86 ]. Nicotine 
patches, in a single study, improved neuroleptic-induced akathisia [ 87 ]. A recent 
double-blind, placebo-controlled phase I/II study of NP002 (nicotine receptor ago-
nist) showed nonsignifi cant trends in improving LID on different rating scales [ 88 ]. 
Other phase II studies are planned but not currently under way.  

   Botulinum Toxin 

 Botulinum toxin has been studied in multiple studies for LID, but signifi cant benefi t 
was not achieved except for painful OFF dystonia of the foot [ 89 ]. The most recent 
study of botulinum toxin in LID [ 90 ] focused on cervical-predominant dyskinesias, 
and primary outcome consisted of the Goetz Dyskinesias Rating Scale (GDRS) 
while secondary outcomes were Clinician Global Impression of Change (CGIC) 
and items 32–34 of the UPDRS. Clinical benefi t was seen in the GDRS scores for 
resting dyskinesias, and there was a trend for reduction in ON time with LID, but 
transient dysphagia and neck weakness led to premature discontinuation of the 
study because of safety concerns.   

   MAO-B Inhibitors 

   Safi namide 

 A phase II trial designed specifi cally to study the antidyskinetic effect of Safi namide, 
a MAO-B inhibitor, showed a trend toward improvement in dyskinesias as mea-
sured by the Dyskinesia Rating Scale, but did not reach statistical signifi cance [ 91 ]. 
A post-hoc analysis in the subgroup of patients with severe dyskinesia demonstrated 
a signifi cant decrease in LID, and it has been said that the low proportion of patients 
with dyskinesias might have infl uenced the results.   

   Antiepileptics 

   Levetiracetam 

 Levetiracetam, a synaptic vesicle glycoprotein (SV2A) modulator with well-known 
antiepileptic properties, has been studied in MPTP-lesioned primates with LID. The 
rationale for the treatment was effect on the pathological synchronization/desyn-
chronization in the basal ganglia in LID patients. Positive results in animal studies 
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led to human clinical trials, with confl icting results [ 92 – 95 ]. No defi nitive conclu-
sion has been drawn from the results, and more clinical studies do not seem to be in 
the pipeline for the moment.        
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    Abstract      L -DOPA-induced dyskinesia (LID) represents one of the major limitations 
in the current pharmacotherapy of Parkinson’s disease (PD) and affects the majority 
of PD patients. Animal models are the most important preclinical tool for molecular 
investigations of LID mechanisms and therapeutic targets. 

 Over the last two decades, models of LID have been developed in both nonhuman 
primate and rodent species, recapitulating several aspects of the human dyskinesia. 
This chapter will review and compare the main features of the rodent and non-
primate models of LID currently available and summarize some of the main neuro-
biological fi ndings obtained from these models.  

  Keywords      L -DOPA-induced dyskinesia   •   6-Hydroxydopamine   •   MPTP   •   Animal 
models   •   Abnormal involuntary movements   •   Parkinson’s disease  

        Introduction 

 A key and still unmet objective in PD treatment is to relieve motor symptoms without 
inducing dyskinesia. In order to achieve this goal, animal models of PD and LID are 
an essential tool to investigate pathophysiological mechanisms and test new poten-
tial therapies. Several animal models of LID showing similarities to the peak- dose 
pattern have been extensively studied. These models have been created both in 
nonhuman primates, rats and mice. Nonhuman primate models were the fi rst to be 
introduced to study dyskinesia and are considered very reliable for pathophysiological 
and pharmacological investigations due to their phenomenological similarities to 
the human condition. On the other hand, the time and cost-effectiveness of rodents 

mailto:Angela.Cenci_Nilsson@med.lu.se


336

make them very advantageous for preclinical investigations. During the past few 
years, rodents have become the species of choice to explore cellular and molecular 
mechanisms of LID.  

    Nonhuman Primate Models of LID 

 The irreversible parkinsonian condition caused by 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP) was described for the fi rst time in the early 1980s [ 1 ,  2 ] 
in drug abusers inadvertently taking this toxin as a contaminant derivative of a 
synthetic opioid narcotic. Following these observations, MPTP became the most 
widely used toxin to mimic PD in nonhuman primate (NHP) models [ 3 ]. The 
corresponding animal model exhibits both the primary motor features (in particular, 
rigidity and bradykinesia) and some of the cognitive and autonomic impairments 
that occur in human PD [ 4 – 6 ]. MPTP-lesioned NHP models of PD have been produced 
by toxin administration via different routes (such as intravenous, subcutaneous, 
intramuscular injection, via osmotic mini-pumps or intracarotid [ 7 – 10 ], although 
this latter model has been reported to not develop LID [ 11 ]). MPTP causes a bilateral 
DA degeneration, binding the dopamine transporter and inducing therefore 
neuronal death of dopaminergic cells through radical stress [ 12 ], with consequent 
DA depletion in the putamen [ 3 ,  13 – 16 ]. Moreover, in addition to the degeneration 
of the nigrostriatal DA pathway, also noradrenergic and serotonergic damages have 
been reported in some studies [ 17 ,  18 ]. 

 MPTP-lesioned NHP chronically treated with  L -DOPA provide excellent models 
to mimic LID and test potential anti-dyskinetic agents.  L -DOPA can be administered 
either orally or via several injection routes. Subcutaneous injections are the 
preferred rout of administration, offering more stable plasma levels [ 19 ]. 

 In the dyskinesia literature, four different species of NHP have been used, 
namely, squirrel monkey ( Saimiri sciureus ) (only in [ 20 ,  21 ]), marmoset ( Callithrix 
jacchus ), cynomolgus ( Macaca fascicularis ), and rhesus macaque ( Macaca mulatta ) 
(reviewed in [ 22 ]). Among these, squirrel monkeys and marmosets are particularly 
advantageous for their small size that confers an easy handling and housing. 
However, for unknown reasons, even non-lesioned squirrel monkeys have been 
described to develop LID following levodopa administration [ 23 ,  24 ], a feature that 
is not encountered in humans. On the contrary, MPTP-treated marmosets show 
parkinsonian motor symptoms reversible upon the administration of DA-mimetic 
compounds [ 13 ] and exhibit dyskinetic-like behaviors, including chorea and dysto-
nia, when treated with levodopa. Some authors fi nd that LID in the marmoset is 
diffi cult to rate due to the fast hyperkinetic movements and limited spectrum of 
dyskinetic behaviors exhibited by this species (reviewed in [ 22 ,  25 ]. In this model, 
the robust locomotor activity induced by levodopa provides a gross measure of the 
total motor activity associated with the treatment, including both antiparkinsonian 
and dyskinetic components. Marmosets have also been used to obtain unilateral 
[ 26 ,  27 ] or bilateral 6-OHDA lesion models of PD [ 28 ,  29 ]. To our knowledge, there 
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are no studies reporting the development of LID upon levodopa administration 
to 6-OHDA- lesioned marmosets. 

 MPTP-lesioned macaques (both cynomolgus and rhesus) show stable and 
reproducible dyskinesia upon chronic levodopa administration. In this model, 
dyskinesia involves one or more parts of the body [ 10 ] and is characterized by 
choreic, dystonic, and ballistic movements or the combination of those [ 30 – 35 ]. 
LID presents several similarities with the dyskinesia observed in PD patients, exhibiting 
the same repertoire as well as interindividual differences in the patterns of dyskinetic 
behaviors [ 22 ,  25 ]. Thanks to these similarities to the human symptoms, MPTP-
lesioned macaques are often referred to as the “gold-standard model” of LID, 
particularly by the laboratories where this model is commonly used. 

 Behavioral assessments in MPTP-lesioned NHP are performed post hoc on video 
recordings of animals freely moving in their home cages. The effi cacy of levodopa 
in improving parkinsonian motor defi cits is measured with a scale derived from the 
United Parkinson’s Disease Rating Scale (UPDRS) used in PD patients [ 36 ,  37 ], 
which gives scores for mobility, bradykinesia, and posture. To quantify LID, several 
rating scales are available, such as the Abnormal Involuntary Movement Scales, the 
Dyskinesia Disability Scales for MPTP-treated primates, the Monkey Quality 
On-Time Rating, the Global Non-Human Primate Dyskinesia Rating Scale, and the 
St. Kitts Biomedical Primate Dyskinesia Scale (for a review, see [ 38 ]). All these 
scales have been used to measure the severity of dyskinesia in either pharmacological 
or pathophysiological studies of LID and have been compared to clinical rating 
scales in order to defi ne their translational value [ 39 ]. Weaknesses of these scales 
often lie in the diffi culty to anchor the different severity grades (moderate, mild, 
severe LID) to objective, unequivocal, physiological parameters. This diffi culty 
may give rise to signifi cant inter-rater and intra-laboratory variability. Today, the 
most widely used rating scale to measure LID in MPTP primates is the Dyskinesia 
Disability Rating Scale [ 40 ], which has been recently revised [ 38 ]. The original 
scale goes from 0 to 4 and assesses both severity and duration of the dyskinetic 
behavior: 0, no dyskinesia; 1, rare dyskinetic postures and movements; 2, moderate 
dyskinetic movements but not interfering with the normal behavior; 3, marked and 
frequent dyskinesia interfering with the normal behavior; and 4, severe and virtually 
continuous dyskinesia disabling to the animal and replacing the normal behavior. 
The revision of this scale includes the evaluation of disability under dyskinetic 
conditions based on the duration and the continuity of the behavior during 6 h 
observation time [ 41 ]. This requires examining the impact of dyskinesia on specifi c 
motor tasks that the animals can normally perform (such as walking on the fl oor, 
climbing a branch or the wall, grasping fruit). These modifi cations of the original 
rating scale thus allow one to distinguish between disabling and non-disabling 
dyskinesia, setting the threshold of disability over grade 2 (moderate severity) of the 
original rating scale. This revised scale not only adds clarity, simplicity, and stan-
dardization to the rating procedure (training videos are also included), but it also 
improves its clinical relevance. Indeed, it is closer to the way in which dyskinesia 
is rated in clinical trials, where PD patients are asked to keep diaries of “ON time 
with troublesome dyskinesia” versus “ON time with non-troublesome dyskinesia.”  
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    Rodent Models of LID 

    Abnormal Involuntary Movements in 6-OHDA-Lesioned Rats 

 Rodent models of PD have proven value to study neurobiological mechanisms, for-
mulate new hypotheses, and screen new potential treatments. In the past two 
decades, several rodent models of PD that mimic different aspects of the human 
pathology have been developed [ 42 ]. However, the 6-hydroxydopamine (6-OHDA) 
model [ 43 ] is the only one so far used to produce a rat model of LID. The reproducibil-
ity of the lesions and the possibility to target different areas make the 6-OHDA injec-
tions a solid procedure to reproduce particular patterns of nigrostriatal degeneration 
[ 44 ]. Varying degrees of DA denervation can be induced by injecting the toxin in 
different sites along the nigrostriatal DA pathway, mimicking in this way early- or 
late-stage PD [ 45 ]. 6-OHDA injections in the medial forebrain bundle (MFB) lead to 
a virtually complete nigrostriatal lesion, with up to 100 % loss of dopaminergic 
terminals in the striatum, whereas intrastriatal injections lead to a less severe lesion, 
with a varying degree of DA denervation depending on the toxin concentration used 
[ 46 ]. The toxin is generally injected unilaterally, as a complete bilateral lesion causes 
a dramatic akinetic state, requiring intense postoperative nursing protocols. In addi-
tion, a major practical advantage offered by unilateral lesion models is that motor 
performance on the non-impaired side of the body can serve as a control relative to 
the impaired side in all tests assessing lateralized behavior, for example, rotational 
locomotion, sensorimotor integration, and forelimb use [ 47 ]. 

 Levodopa-induced abnormal involuntary movements (AIMs) with dystonic and 
choreiform-like features were described for the fi rst time in the rat at the end of the 
“1980s” [ 48 ]. The AIMs had the same time profi le as peak-dose dyskinesia in PD 
and showed increased severity with repeated levodopa administration [ 49 ,  50 ]. 
Levodopa-induced dyskinesia in the rat presents many functional and phenome-
nological similarities with human peak-dose LID. Indeed, it affects virtually all 
muscle groups in the body, it interferes with normal motor activities when severe 
[ 47 ,  51 ], and its incidence and severity are dependent on the levodopa dose [ 52 ]. 
Importantly, LID in rats is modulated by clinically recognized anti-dyskinetic 
compounds such as amantadine and clozapine [ 47 ,  51 ]. 

 Earlier studies had described levodopa-induced stereotypies, mainly consisting 
of augmented repetitive oral behaviors in rodents [ 53 ]. A link has been demonstrated 
between an overstimulation of the dopaminergic system and the appearance of these 
stereotypic behaviors [ 48 ]. However, in the rodent AIM scale fi rst introduced by 
Cenci and coworkers [ 49 ,  50 ], increased manifestations of normal, rodent- specifi c 
behaviors (e.g., licking, gnawing, rearing) were not included. A recent study has 
indeed confi rmed that levodopa-induced abnormal involuntary movements and 
stereotypic behaviors represent distinct entities that respond very differently to a 
range of compounds, including the anti-dyskinetic drug amantadine [ 54 ]. 

 6-OHDA-lesioned rats treated with levodopa exhibit three main subtypes of 
dyskinesia, which involve distinct areas of the body, i.e., the forelimb, orofacial, and 
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neck-trunk regions. These movements are qualitatively distinguishable from an 
augmented manifestation of typical rodent behaviors, like grooming, exploratory 
sniffi ng, licking, or gnawing. The latter are goal directed, bilateral, and superimposed 
on a pattern of general behavioral activation. The original rating scale of AIM 
severity described by Cenci and coworkers [ 49 ] scores axial, limb, orolingual, and 
locomotive dyskinetic subtypes (for illustrations and video clips, see [ 45 ,  46 ] and 
[ 55 ] based on the proportion of the observation time during which the dyskinetic 
behavior is expressed. Animals are monitored for 1 min every 20 min over the 3 h 
immediately post levodopa injection, and ratings are done through online observa-
tions. Each AIM subtype is scored on a severity scale from 0 to 4, as follows: 0, no 
dyskinesia; 1, signs of dyskinesia during half of the observation time; 2, dyskinesia 
present during more than half of the observation time; 3, dyskinesia present all the 
time but suppressible by light sensory stimuli; and 4, continuous, severe, and not 
suppressible dyskinesia. Anchoring a dyskinesia severity grade to the time during 
which dyskinetic items are present increases the objectivity of the assessments. 
Summing all the scores per session (or treatment period) gives a total dyskinesia 
score with excellent metric properties, as indicated by the striking linear correla-
tions found between this score and levels of gene or protein expression in specifi c 
brain regions (see, e.g., [ 49 ,  56 – 58 ]). Although apparently different from the dyskinesia 
rating scales used in nonhuman primates, the rodent AIM scale in fact presents 
some important similarities. Thus, severity grades 1 and 2 of the rodent rating scale 
appear to correspond to the grades defi ned as mild and moderate, respectively, on 
the monkey rating scale. Indeed, in the rat, a severity score of two sets the threshold 
above which dyskinesia becomes disabling and interferes with the animals’ performance 
in tests of spontaneous behavior [ 47 ] (video clips have been published in [ 59 ]). 

 In order to give a more articulate description of the dyskinetic behaviors, an addi-
tional rating scale assessing the amplitude of the AIMs has been recently introduced. 
This scale was fi rst developed to capture different features of dyskinetic behaviors in 
rats having different degrees of striatal DA denervation [ 46 ]. This scale has now been 
tested in several laboratories and found to provide a sensitive tool to detect treatment-
related improvements in LID, particularly when combined with the basic severity 
scale of Cenci and coworkers to obtain a “global AIM score” [ 18 ,  54 ,  60 ]. 

 Another AIM rating scale for 6-OHDA-lesioned rats was developed by Steece- 
Collier and colleagues, originally with the purpose of evaluating the response to 
levodopa in rats with intrastriatal transplants of embryonic ventral mesencephalic 
tissue [ 61 ,  62 ]. This scale introduces qualitative components to classify the dyskinetic 
movements as stereotypic or dystonic and takes one additional body region into 
consideration, i.e., the hind limb. This more complex method has the advantage of 
giving a broader description of the behaviors observed, but it inevitably also makes 
the online scoring more diffi cult and time demanding. Indeed, in the original 
description of this method, animals were rated only at two time points following the 
administration of levodopa [ 61 ,  62 ]. The Steece-Collier scale has not been subjected 
to the same extent of pharmacological validation as the one proposed by Cenci et al. 
(1998) [ 47 ,  49 ,  51 ]. However, a recent comparison of different methods to study 
dyskinesia in the rat [ 54 ] showed a good internal correlation between the two scales. 
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Both of them were found capable of detecting reductions in levodopa-induced AIMs 
by compounds with proven anti-dyskinetic properties in nonhuman primates and 
PD patients, such as amantadine, and D1 or D2 receptor antagonists [ 54 ].  

    Summary of the Main Neurobiological Correlates of LID 
in the Rat 

 The occurrence of LID in the rat is highly dependent on the degree of striatal denervation 
[ 46 ,  63 ,  64 ]. In rats receiving 6-OHDA injections in the MFB, the degeneration of 
the nigrostriatal DA pathway is complete in the ipsilateral hemisphere [ 46 ], and 
clinically relevant doses of levodopa [ 52 ] or DA agonists [ 65 ] are suffi cient to 
induce severe dyskinetic movements. On the contrary, the same levodopa doses induce 
less severe AIMs in rats sustaining partial lesions (i.e., intrastriatal lesions) [ 46 ]. 

 The susceptibility to develop dyskinesia varies among rats, even when working 
with rats with complete MFB lesions [ 49 ,  56 ]. This mimics the clinical situation, 
since the susceptibility to LID varies greatly among PD patients (reviewed in [ 66 ]). 
This variability is particularly advantageous to perform correlation analyses between 
dyskinesia severity and molecular changes in the brain, as fi rst illustrated by [ 49 , 
 56 ]. Molecular changes correlating with dyskinesia severity are assumed to drive 
the development of a maladaptive plasticity that maintains the brain in a dyskinesia- 
prone state. Indeed, clinical observations have indicated that, once established, LID 
is very diffi cult to reverse (reviewed in [ 67 ]). The many studies performed in the rat 
model of LID have shaped current mainstream pathophysiological notions. 
According to these, the extracellular DA derived from levodopa administration [ 68 , 
 69 ] acts on supersensitive DA receptors in the denervated striatum and strongly 
activates signaling cascades that mediate upregulation of immediate early genes, 
neurotransmitter-related genes, and other plasticity molecules (reviewed in [ 67 ]. 
The mitogen-activated protein kinase (MAPK), extracellular signal-regulated 
kinase 1/2 (ERK1/2), is the pathway downstream of the DA receptors that most 
strongly contributes to the events outlined above [ 34 ,  49 ,  56 ,  58 ,  70 – 72 ]. In addition 
to neurons, it is most likely that nonneuronal compartments also contribute to the 
development of LID. We have found that levodopa-treated rats exhibit endothelial 
proliferation and angiogenic activity in the basal ganglia in a manner that correlates 
positively to dyskinesia severity [ 73 – 75 ]. Recent microarray expression studies 
using striatal mRNA from dyskinetic rats have reported pronounced upregula-
tion of genes involved in extracellular matrix remodeling, cell growth, and immune 
regulation [ 76 ]. These data support the concept that LID is associated with a com-
prehensive reorganization of the striatal microenvironment. 

 The importance of serotonergic and noradrenergic systems in the pathophysiology 
of LID has been investigated in several studies [ 18 ,  77 – 81 ]. In particular, the density 
of striatal serotonin (5-HT) fi bers was shown to correlate with dyskinesia both 
in rats and nonhuman primate models [ 18 ,  82 ] and in one postmortem study in 
PD patients [ 18 ]. Moreover, transplants of serotonergic neurons in the striatum 
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exacerbate LID in the rat [ 83 ]. Compounds acting on the 5-HT system are currently 
under clinical evaluation and represent a potential therapeutic strategy for LID 
(reviewed in [ 84 ]).  

    Contralateral Rotations 

 Upon levodopa administration, hemi-parkinsonian rats show contralateral turning 
behavior, a feature that was originally presented as an index of the drug’s antipar-
kinsonian effect (reviewed in [ 45 ]. Contralateral rotational activity has been vari-
ably used to assess both the therapeutic effect and the dyskinesiogenic potential of 
dopaminergic drugs, raising interpretational diffi culties [ 45 ,  85 ]. The dose of 
levodopa necessary to induce robust contralateral turning is higher than the one 
required for inducing LID [ 52 ]. The lower levodopa doses suffi cient to induce AIMs 
are more clinically relevant and refl ect the daily levodopa doses given to advanced 
PD patients [ 52 ]. 

 Rather than focusing on the total number of turns, some studies have measured 
changes in the duration of rotational behavior and used them as a rodent equivalent 
of the wearing-off fl uctuations seen in PD. Thus, by counting the number of contra-
lateral rotations during 3 h post levodopa administration, the group led by T. Chase 
reported that the duration of maximal rotational behavior became approx. 20–25 % 
shorter over 3 weeks of levodopa treatment, resembling a “wearing-off”-like phe-
nomenon [ 86 – 89 ]. This model has not been widely used by many other groups, 
possibly because it measures a relatively subtle phenomenon that requires high 
doses of levodopa to be consistently induced [ 52 ]. 

 The rats’ rotational activity can be also rated as locomotive AIMs according to 
the same scoring criteria as used for the axial, limb, and orolingual AIMs [ 49 ]. This 
AIM subtype does not provide a specifi c measure of dyskinesia in the rat, as loco-
motive AIM scores are highly induced by drugs with low dyskinesiogenic potential 
(e.g., bromocriptine), and they are not attenuated by amantadine nor by many other 
compounds that signifi cantly reduce axial, limb, and orolingual AIMs [ 47 ,  51 ,  54 , 
 77 ,  90 ]. When included in the ratings, locomotive AIMs should therefore be consid-
ered separately from the other three AIM subtypes. In line with our own experience, 
a recent study where AIM scales, ratings of stereotypic behaviors, and rotational 
counts were recorded in parallel from 6-OHDA-lesioned rats treated with levodopa 
concluded that these behavioral manifestations have distinct time profi les and 
respond differently to DA antagonist treatments [ 54 ].  

    The 6-OHDA-Lesioned Mouse Model of LID 

 The vast availability of genetically engineered mouse strains has raised a great interest 
toward using the mouse for studies of LID. Over the last decade, both toxin- based 
and genetic mouse models of PD have been used to replicate parkinsonian motor 
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defi cits and LID [ 22 ]. 6-OHDA lesions are currently the preferred model to replicate 
LID in the mouse [ 57 ,  58 ,  91 – 93 ]. Although MPTP lesions are widely used for 
neuroprotection studies in the mouse, they do not seem suitable for the purpose of 
studying LID. Indeed, the degree of DA depletion obtained after MPTP administration 
in the mouse seems to vary greatly depending on administration protocols and strain 
[ 94 ], and the behavioral and biochemical impairments are also variable [ 94 – 97 ]. 
The only study reporting LID in MPTP-lesioned mice has described the occurrence 
of AIMs only in old animals (10–12 months old) treated with very high doses of 
levodopa (200 mg/kg). Dyskinesia was described as hyperactivity (running, jumping) 
and stereotypic movements (scratching, gnawing) [ 98 ]. 

 Upon levodopa treatment, 6-OHDA-lesioned mice exhibit AIMs with dystonic 
and hyperkinetic features similar to those characterized in the rat [ 93 ]. The rating 
scale used for mouse AIMs follows the same principles as that used in rats and 
refl ects the topographic distribution, frequency, and duration of the dyskinetic 
behavior affecting orofacial, trunk, and limb muscles [ 57 ,  91 – 93 ]. The mouse model 
of LID has been pharmacologically validated, to some extent, in studies showing 
that the severity of AIMs can be reduced by acute administration of compounds like 
amantadine and buspirone, which alleviate LID in other animal models of PD [ 99 ] 
and in PD patients [ 100 ]. Moreover, molecular interventions that either increase or 
aggravate levodopa-induced AIMs in the mouse exert similar effects in nonhuman 
primate models of LID [ 34 ,  101 ]. However, for therapeutic screening purposes, the 
rat is to be preferred over the mouse. Indeed, AIMs are easier to quantify in rats, 
they have been more extensively validated, and they display a large degree of stability 
and reproducibility over prolonged treatment periods (see, e.g., [ 50 ,  102 ]). 

 Given the increasing availability of transgenic mice, the use of 6-OHDA-lesioned 
mice for the purpose of studying LID is bound to expand. It is therefore important 
to be open about the diffi culties that the lesioning procedure in mice may entail. The 
fi rst studies performing 6-OHDA lesions in the mouse highlighted the high degree 
of postoperative mortality both in MFB (82 %) and striatally lesioned animals 
(30 %) [ 93 ]. In recent years, advances have been made in optimizing the lesion 
procedures, the postoperative care protocols, and the routines for behavioral testing 
in 6-OHDA-lesioned mice [ 57 ,  103 ]. The quality of postsurgical care administered 
to the animals in the fi rst 2–3 weeks post lesion has proven to be absolutely essential 
to ensure a good recovery [ 57 ]. It is important that laboratories interested in using 
6-OHDA-lesioned mice acquire suffi cient training and apply suitable nursing 
protocols on the mice in the fi rst three postoperative weeks. 

 As described in the rat [ 46 ], 6-OHDA-lesioned mice with different degree of DA 
denervation exhibit different dyskinesia severity. Indeed, mice with a virtually 
complete lesion (i.e., receiving 6-OHDA injections in the MFB) have been described 
to exhibit severe AIMs (grades 3 and 4) upon treatment with low, therapeutic 
levodopa doses. At the same doses, mice with partial DA denervation (intrastriatal 
lesions) exhibit less severe dyskinetic behavior (grades 1 and 2), and dyskinetic 
movements are interrupted by normal behavior [ 59 ]. Severe AIMs (corresponding 
to grades 3 and 4 of the basic rating scale of Cenci et al. 1998) may provide a paral-
lel to the disabling dyskinesia in the monkey LID rating scale, while mild AIMs 
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(grades 1 and 2) represent dyskinesia without disabilities. Indeed, AIMs with grade 
1 or 2 do not substitute the animals’ normal behavior, whereas grade 3 or 4 AIMs 
completely replace the animals’ normal behavior [ 59 ], comparable to what is 
observed in severely dyskinetic monkeys [ 41 ]. 

 When setting up a mouse model of LID, an important consideration is the potential 
difference between strains in the sensitivity to levodopa. One study comparing the 
rotational behavior and the severity of AIMs following chronic levodopa treatment 
in pure FVB and FVB/C57BL6 mice reported a higher sensitivity to levodopa in the 
latter ones [ 104 ]. However, to our knowledge, no other comparisons have been done 
after this study, and most laboratories currently use the C57BL6 strain to generate 
mouse models of LID [ 34 ,  57 ,  58 ,  92 ,  93 ,  105 ]. 

 Mouse and rat models present some differences that should be taken into account 
when choosing the rodent species for studies of LID. First of all, dyskinetic mice 
present faster and less articulate limb and orofacial AIMs compared to the rats, 
precluding in this way a reliable application of the AIM amplitude scale. Moreover, 
when mice have a complete MFB lesion, AIM scores rapidly reach a plateau of 
severity, within 2–3 days of commencing levodopa treatment. Some studies have 
reported a reduction of total AIM scores due to a shortened duration of the dyskinetic 
behavior when treatment with levodopa was given for several weeks [ 99 ]. As 
described in the rat model, levodopa induces contralateral rotations, which are more 
pronounced in dyskinetic mice than in non-dyskinetic ones [ 57 ]. Although rotations 
have been used as measure of dyskinesia in some studies [ 106 ], we observed that 
pronounced rotations may also occur in mice that do not exhibit any abnormal 
movement of the body [ 57 ]. Lundblad et al. (2005) reported that locomotive AIMs 
(a correlate of rotations) are not reduced by amantadine [ 99 ]. Fasano et al. (2010) 
reported that genetic inactivation of RasGRF1 (a positive modulator of ERK signaling) 
alleviates axial, limb, and orolingual AIMs but has no effects on locomotive AIMs 
[ 34 ]. For all the above reasons, rotational behavior should be scored as a separate 
measure from limb and orolingual AIMs [ 34 ,  57 ,  99 ]. 

 The degree of DA denervation does not only affect the severity of the dyskinetic 
behaviors, but also the susceptibility to LID and the expression pattern of postsyn-
aptic markers of dyskinesia. MFB-lesioned mice treated with levodopa develop all 
subtypes of AIMs to their maximal severity, whereas intrastriatally lesioned animals 
show a high interindividual variability, some of them being free from dyskinesia 
[ 57 ]. In these two different PD models, postsynaptic markers of dyskinesia are 
expressed in the most denervated striatal regions, providing a mirror image of TH 
fi ber density [ 57 ]. Among them, pERK1/2 provides an early marker of aberrant 
neuroplasticity and postsynaptic D1 receptor supersensitivity (reviewed in [ 67 ]). In 
MFB-lesioned mice with a complete DA denervation throughout striatum, an acute 
levodopa challenge activates pERK1/2 in all striatal regions. By contrast, in intra-
striatally lesioned mice, pERK1/2 is expressed only in the dorsolateral striatum, 
which is the most dopamine-depleted striatal region, but not in medial areas having 
more than 60 % of spared tyrosine hydroxylase fi bers [ 57 ]. Another postsynaptic 
marker of dyskinesia that shows the same expression pattern of pERK1/2 is ΔFosB 
[ 57 ,  70 ], a stable transcription factor that accumulates in the brain after chronic 
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perturbations [ 107 ]. Striatal upregulation of ΔFosB in dyskinesia has been described 
in rats [ 56 ], nonhuman primates [ 33 ,  34 ], mice [ 34 ,  57 ,  70 ,  93 ], and recently also in 
a postmortem investigation of PD patients with dyskinesia [ 108 ]. Studies targeting 
upstream components of the Ras-ERK-ΔFosB signaling cascade intervention in the 
mouse [ 34 ] as in the rat [ 56 ,  109 ] and in the nonhuman primate models [ 33 ] have 
demonstrated the important causal contribution of this pathway to LID. 

 An interesting observation described in the mouse 6-OHDA lesion model is the 
presence of dopaminergic neurons in the striatum correlating with the severity of 
LID [ 57 ,  92 ]. These cells have been described also in rats [ 110 – 112 ], nonhuman 
primates [ 113 ,  114 ], and PD patients [ 115 ]. Interestingly, these neurons seem to be 
regulated by 6-OHDA lesion and levodopa treatment, and they have been recently 
described to correlate both with dyskinesia severity and with the expression levels 
of ΔFosB [ 57 ]. However, the functional importance of these neurons is yet to be 
clarifi ed. Some laboratories are currently interested in fi nding out whether these 
neurons play a role in the pathophysiology of LID [ 116 ,  117 ].  

    Other Mouse Models 

 Only 10 % of the human PD is caused by genetic mutations. However, the use of 
knockout and transgenic mice for genes involved in the human disease is very 
important to investigate molecular pathways of neurodegeneration and devise 
both biomarkers and targets for therapeutic intervention [ 118 ]. Several mouse 
strains have been created, overexpressing either genes involved in autosomal-
dominant PD, such as α-synuclein [ 119 ] and leucine-rich repeat kinase 2 (LRRK2) 
[ 120 ,  121 ], or knockdown or knockout of genes involved in the autosomal reces-
sive forms such as parkin [ 122 ,  123 ], PTEN-induced putative kinase 1 (PINK-1) 
[ 124 – 126 ], and DJ-1 [ 127 ]. However, the use of genetic models for studies of LID 
has been very limited, due to their lacking a severe nigrostriatal degeneration, 
required for the development of dyskinesia. Thus far, the only genetic model 
reported to exhibit pronounced nigrostriatal DA denervation and LID upon 
levodopa administration is the aphakia mouse (lacking Ptx3 gene, which codes for 
a transcription factor required for DA cell differentiation) [ 128 ]. However, the 
type of AIMs developed by this mouse model are different from the ones described 
in the toxin models, showing simultaneous fl uttering movements of both forepaws 
and one hindpaw while rearing. This pattern was termed “three-paw dyskinesia” 
and can be reduced following treatment with anti-dyskinetic drugs such as aman-
tadine and buspirone [ 128 ]. In this model, some well-established postsynaptic 
markers of LID are expressed in the striatum upon chronic levodopa treatment, 
such as immunoreactivity for FosB/ΔFosB and phospho-ERK1/2 [ 128 ,  129 ]. 
These markers were originally described in classical neurotoxin-based models in 
mice with 6-OHDA lesions [ 34 ,  57 ,  70 ,  93 ], in the rat [ 56 ,  71 ] and in nonhuman 
primate models of LID [ 33 ,  34 ].   

V. Francardo and M.A. Cenci



345

    Conclusions 

 Nonhuman primate and rodent models have been developed for preclinical research 
in order to study molecular and biochemical mechanisms underlying the patho-
physiology of LID. Dyskinetic behaviors are seen in both rodents and nonhuman 
primates that sustain severe nigrostriatal lesions followed by treatment with 
levodopa. These movements show dystonic and hyperkinetic components seen in 
PD patients (face validity). These models have contributed to progress in under-
standing many molecular mechanisms involved in the development of dyskinesia. 
Moreover, they all have been pharmacologically validated for their response to 
compounds already used in the clinic for the treatment of dyskinesia, such as aman-
tadine. For the sake of testing potential treatments for dyskinesia, it is essential to 
exclude that a reduction of AIM scores is not due to a motor depressant effect or to 
a potential interference of the treatment with the therapeutic effect of levodopa. This 
has been addressed in different ways in NHP and in rodent models (see Table  18.1 ). 
In monkeys, scores of parkinsonian motor behavior (similar to the UPDRS scale 
used in clinic) and locomotor behavior are used to measure parkinsonian motor defi -
cits [ 2 ,  13 ,  34 – 36 ,  41 ,  130 – 134 ]. By contrast, these tests cannot be applied to 
rodents, in which, however, other behavioral tests have been used (e.g., rotarod, 
cylinder test, etc; see Table  18.1 ) [ 47 ,  49 ,  57 ,  92 ,  93 ,  99 ,  105 ,  135 – 138 ].

    Table 18.1    Most common behavioral tests used to assess antiparkinsonian motor responses to 
dopaminergic medication   

 Specie  Lesion model  Test used  Seminal references 

 Marmoset  Chronic MPTP  Motor disability  [ 13 ,  130 ] 
 Locomotor activity  [ 130 ] 

 Squirrel monkey  Chronic MPTP  Motor disability  [ 2 ] 
 Locomotor activity  [ 131 ] 

 Macaque  Chronic MPTP  Motor disability  [ 34 – 36 ,  41 ,  132 ] 
 Locomotor activity  [ 34 ,  35 ,  41 ,  132 ] 
 Electromyography  [ 133 ,  134 ] 

 Rat  Intracerebral  Rotational activity  [ 47 ,  49 ] 
 6-OHDA injection  Rotarod  [ 132 ,  135 ] 

 Cylinder test  [ 47 ] 
 Locomotor activity  [ 132 ] 
 Corridor test  [ 136 ] 
 Stepping test  [ 137 ] 

 Mouse  Intracerebral  Rotational activity  [ 57 ,  92 ,  93 ] 
 6-OHDA injection  Rotarod  [ 92 ] 

 Cylinder test  [ 57 ,  92 ,  93 ,  99 ] 
 Locomotor activity  [ 34 ,  57 ,  92 ,  99 ] 
 Corridor test  [ 92 ,  105 ] 
 Stepping test  [ 105 ] 
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   Thanks to their translational applicability, animal models of LID represent a 
valuable tool to further understand molecular pathways through which levodopa 
induces dyskinetic responses and to test new potential anti-dyskinetic treatments 
acting on these pathways.     
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    Chapter 19   
 Final Thoughts: Summary and Future 
Therapeutic Strategies in Levodopa-Induced 
Dyskinesia 

             Jonathan     M.     Brotchie      and     Susan     H.     Fox   

    Abstract     Levodopa-induced dyskinesia represents an on-going challenge in the 
management of PD. Clinicians and scientists need to continue to work together in 
developing strategies to reduce and prevent LID. Here, we review and summarize the 
fi eld to date as presented in the book and give an overview of future perspectives.  

  Keywords     Levodopa   •   Non-dopaminergic   •   Animal models  

     We would like to take the opportunity to conclude this book by thanking all the 
authors who have contributed their time and expertise to make it a comprehensive 
survey of LID as it exists in 2014. As editors, it has been our pleasure to work with 
such esteemed, and valued, colleagues and friends in the fi eld. We are also extremely 
grateful for the support and enabling role of the team at Springer who made the 
book possible. We would like to conclude by sharing our personal views on how 
we see the fi eld moving forward. The views are solely our own and based upon 
experience, and perhaps prejudice, developed in our work over the last decades 
where we have been involved in the assessment of more than 40 potential antidyski-
netic therapies in nonhuman primates and more than a dozen in clinical trials. 

 Throughout this book, authors have provided reviews of the state of the art with 
respect to clinical management (Chaps.   1    ,   3    ,   5    , and   6    ) and understanding of the 
pathophysiology of LID (Chaps.   4    ,   7    , and   8    ). Levodopa is still the most effective 
antiparkinsonian drug with least propensity for side effects and most cost-effective 
at improving PD patients’ quality of life. The development of LID becomes part of 
the “cost” of this potential improvement in PD symptoms. Despite decades of study, 
the pharmacological properties of levodopa preclude long-term administration of 
the drug in a way that does not result in LID (Chaps.   9     and   10    ). 
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 There is increasing understanding that for many PD subjects, putting up with a 
small degree of LID is better than the opposite clinical state of being off, slow, and 
stiff. We know that PD patients often do not appreciate that they even have LID, and 
so the clinical necessity to treat such movements may be driven by family and the 
physician, rather than the patient themselves. However, there still exists a signifi cant 
number of PD patients, for whom LID is a bothersome symptom, including young- 
onset patients who will need a lifetime of levodopa therapy and an increasing 
proportion of patients who do not tolerate levodopa-sparing agents in particular 
dopamine agonists. The early use of surgical options (e.g., bilateral STN DBS) is 
still only for a select group. There thus remain a signifi cant number of PD patients 
requiring management of LID. Targeting certain individuals based on genetic 
propensity to develop LID (Chap.   4    ) may be a future option, to rationalize and 
optimize such therapies. 

 We have come to understand that there exists a panoply of neurotransmitter 
systems, including mu-opioid, alpha-adrenergic, 5-HT-1A, −1B and 2A serotoner-
gic, nicotinic cholinergic, CB1 cannabinoid, and both inotropic and metabotropic 
glutamate receptors, that have been validated as potential antidyskinetic therapeutic 
targets (Chaps.   11    ,   12    ,   13    ,   14    ,   15    , and   16    ). Such validation has been delivered in 
rodent and nonhuman primate models (Chap.   18    ) and in many cases, in proof-of- 
concept Phase II clinical trials. Potential therapeutics acting at these targets have in 
common that their anticipated mode of utilization would most likely be as adjunc-
tive therapy to levodopa. That is, they show potential to reduce the expression of 
dyskinesia once it has been established, without reducing the antiparkinsonian 
benefi ts of levodopa. In this scenario, they are analogous to, and potentially an 
extension of, the current use of amantadine. However, these new targets offer hope 
to provide benefi t to those patients who currently do not benefi t, or receive nonoptimal 
benefit, from combination of dopamine replacement therapy and amantadine. 
A major challenge in delivering this promise appears to be successful translation 
from demonstration of effi cacy in nonhuman primates and Phase II clinical studies 
into success at Phase III trials and ultimately regulatory approval for clinical use. 
Thus, the nonhuman primate models of LID, based upon MPTP administration and 
chronic levodopa therapy, have proved extremely reliable in defi ning compounds 
and target drug exposure levels that show effi cacy in Phase II. Moreover, the 
availability of the intravenous levodopa Phase IIa trial paradigm, pioneered by 
Dr Chase in the 1990s and early twenty-fi rst century, allows rapidly demonstration 
of clinical proof of concept of approaches with effi cacy in nonhuman primate, 
though admittedly in a non-real-world situation, in a small number of patients. Beyond 
Phase II, success seems more diffi cult to attain; in Phase III, we only have trials 
showing no signifi cant effi cacy, compared to placebo, to report. 

 The reasons behind the lack of success beyond Phase II are likely multitude, 
including inappropriate dosing, trial design, and the impact of a strong placebo effect. 
However, these issues are now becoming the focus of investigation (for instance, the 
work lead by Dr Goetz, see Chap.   2    ). With this emerging understanding, and new 
validated clinical rating scales, we see clear hope that the success of preclinical 
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science and early-stage clinical development can be capitalized upon in the coming 
decade (Chap.   17    ). 

 Two features of LID research described above, strong predictive value of animal 
models, and increasing understanding of clinical translation should de-risk the 
process of investing in developing therapies for LID and are beginning to make LID 
an attractive indication for pharmaceutical companies. This is particularly the case 
with respect to indication switching of compounds, where the mechanism of action 
of such agents overlaps with one of the validated targets for LID. In such instances, 
LID can represent an attractive opportunistic route for a rapid transition to  demon-
stration of effi cacy, fi rstly in a nonhuman primate model and subsequently clinical 
proof of concept, for a compound for which the pharmacokinetic, metabolism, and 
safety properties are already well understood. 

 It is clear from the above discussion, and indeed the spectrum of transmitter 
systems covered in individual chapters herein, that LID is not a simple problem of 
enhanced dopaminergic signalling. Complex cascades of compensation, for loss 
of dopaminergic transmission, and plasticity, driven by pulsatile dopaminergic stim-
ulation, impact on multiple transmitter systems and contribute to the development and 
expression of LID. It is clear, in both nonhuman primates and in Phase II clinical 
studies, where available, that the actions of agents acting on any single pharmaco-
logical target are likely to have a range of effi cacy across a patient population. 
Thus, in any individual, the contribution of different transmitter systems to the 
mechanisms underlying their LID is likely idiosyncratic. A corollary of this is that 
no single antidyskinetic agent is likely to be able to completely suppress the expression 
of LID once established. It is thus, perhaps, surprising that, hitherto, therapeutic 
approaches modulating multiple targets have been little studied. Indeed, for most 
of the potential therapeutic agents/targets discussed in the preceding chapters, 
combination with standard clinical care, amantadine has not been rigorously inves-
tigated. As we move forward, an understanding of such interactions could prove 
extremely valuable. Firstly, on a purely logistical level, it could defi ne whether 
clinical trials to assess effi cacy of an approach should/could include patients already 
receiving benefi t from amantadine therapy and indeed should exclude those who 
have not received such amantadine benefi t. Such an understanding could dramatically 
empower our ability to demonstrate effi cacy in clinical studies, for instance, optimizing 
power calculations of study sample size and recruitment. Secondly, and more 
importantly, by overlooking potential interactions between different targets, we may 
be missing signifi cant opportunities for synergy and improved effi cacy. The idea of 
developing therapies that combine actions at multiple targets is beginning to gain 
traction in the serotonergic space. Thus, there is some perception that combination 
of 5-HT1A and 5-HT1B agonists might, by allowing the use of lower doses of both, 
be able to deliver benefi ts of both targets while minimizing any adverse effects of 
one or the other. One approach to this is to develop compounds that are multifunctional, 
acting on more than one receptor. The problem we envisage with this approach is 
that it seems unlikely that a single molecule can capture the relative combination of 
multiple receptor blockade/stimulation that would provide optimal effi cacy. This is 
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compounded by our impression that there is likely no single optimal dose for any 
compound across a population. Certainly, in nonhuman primates, we fi nd that the 
lowest effective dose of drug, in terms of antidyskinetic action, varies by a factor of 
tenfold or more even within a study. For a combination of two more targets, such 
variability would be compounded. A more attractive approach to modulating multiple 
targets is, to our minds, polypharmacy where the dose of each agent can be tailored/
titrated to an individual’s response. This might be achieved with a therapy combin-
ing multiple active molecules, though this is associated with multiple development 
challenges and, as with the single multifunctional molecule, a combination therapy 
may be limited by being only available in one, or at least invariable, combinations. 
We therefore propose that the therapeutic landscape for LID will/should evolve in a 
way in which multiple drugs/targets are developed in parallel and that the armamen-
tarium should be built organically. As compounds are developed, studies in nonhuman 
primates should be expanded to focus on synergy, additivity, or lack of, between 
targets and also on defi ning whether certain populations of patients might befi t more 
than others from drugs for a particular target. With respect to the latter, it is already 
clear that some classes of drug act preferentially to reduce LID of a choreic, rather 
than dystonic, phenotype, and vice versa, while others reduce dyskinesia elicited by 
levodopa but not dopamine receptor agonists. At present, such considerations are 
rarely taken into account when transitioning a development project from nonhuman 
primate to clinical development but could become even more important in defi ning 
how to employ therapies once they reach the market. Moreover, as agents other than 
amantadine become available, neurologists will learn in an empirical manner which 
patients respond best to which combinations, and best practice for combining the 
multiple pharmacologies will become defi ned. 

 The discussion above, and indeed the vast majority of the chapters preceding, has 
focussed primarily upon the issue of understanding and managing LID once it has 
become established. A major opportunity to reduce the impact of LID on patients 
with PD exists if we can prevent,  de novo , the development of LID once dopamine 
replacement therapy is initiated. Over the last decade, and more, the issue of continuous 
dopaminergic stimulation to prevent the development of dyskinesia has gained 
much attention. However, to date, it has proved impossible to deliver antiparkinsonian 
benefi ts equivalent to levodopa while avoiding the development of LID. Alternative 
strategies should be investigated, and we have been attracted to the potential of 
adjunctive therapies that leverage the antiparkinsonian benefi t of levodopa but com-
bine levodopa with an agent that reduces its propensity to lead to the development 
of LID. Compounds with potential to achieve this goal, as indicated by nonhuman 
primate studies, include those acting as A2A adenosine receptor, D3 dopamine 
receptor, and NR2B NMDA receptor antagonists. Indeed, we have long espoused 
that such an indication represents the biggest opportunity for A2A adenosine 
antagonists in PD. It should be noted that of these three potential therapeutic targets 
for reducing the development of LID, none would be considered, by us at least, as 
having signifi cant potential in reducing LID once it has been established. Thus, we 
note that the pharmacology of the development of LID is very different than that 
of its expression. Moreover, this leads us to believe that separate paths of drug 
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development are needed to prevent rather than diminish previously established 
dyskinesia. One attraction of developing agents to prevent the development of LID 
is that, unlike approaches to suppress established LID, which as discussed above, 
have yet to succeed at Phase III, a path through Phase III to market has already been 
demonstrated for de novo therapy that leads to reduced development of LID, for 
dopamine agonists. However, none of the three targets for preventing development 
of LID proposed above has been investigated for such potential in clinical studies. 
The reasons for this are likely not solely scientifi c. The magnitude of a clinical 
proof-of-concept study, likely several hundred patients over 3–5 years, is perceived 
as too large to justify the potential investment for anticipated reward. We feel this 
undervalues the impact of LID, both from a clinical perspective and also from a 
commercial market perspective. In the absence of a true disease- modifying agent in 
PD, an agent that was able to prevent development of LID while allowing 
the antiparkinsonian benefi t of levodopa would form the basis of product with 
potential for annual sales in excess of $1bn. A major challenge that faces us today 
is to convince our partners and colleagues in the pharmaceutical sector that a de 
novo therapy to slow or prevent LID development to represent an unmet need with 
potential impact equivalent to a disease-modifying therapy or a symptomatic therapy 
in a disorder with greater incidence than PD. The translatability of our animal models 
and their value in de-risking investment should help in this respect. 

 In conclusion, the reviews presented through this book illustrate the signifi cant 
advances that have been made in LID over recent years. They highlight the rapidly 
changing face of this important disease area. The discussion presented in this last 
chapter is given to encourage thought and debate and highlight the opportunities 
that remain ahead of us.   
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