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Abstract
One of the well-recognized problems of long-term L-3,4-dihydroxyphenylalanine (L-DOPA) therapy in the treatment of Parkinson’s

disease is the development of L-DOPA induced dyskinesia. These abnormal movements cause significant disability and narrow

the therapeutic window of L-DOPA. Cell transplantation is one of the most promising upcoming therapies for the treatment of

Parkinson’s disease, and may help alleviate or avoid L-DOPA-induced dyskinesia. However, the more recently acknowledged

phenomenon of graft-induced dyskinesia is posing a major obstacle to the success of this treatment. This motor side-effect

closely resembles abnormal movements induced by chronic L-DOPA treatment, yet they remain after withdrawal of the medication

indicating their origins lie in the transplant. In this review, we compare these two therapy-induced adverse effects, from the way

they manifest in patients to the possible mechanisms underlying their development.
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Introduction

Parkinson’s disease is one of the most common neurodegen-
erative conditions with an incidence of 6.3 million people
worldwide, presenting with a developing tremor, rigidity,
bradykinesia and postural instability.1,2 Although the asso-
ciated cell dysfunction is now considered to be fairly wide-
spread throughout the nervous system, the critical site of
neuronal loss for many of the motor symptoms has long
been known to be the pigmented dopaminergic neurons
of the nigrostriatal pathway. The resulting loss of dopamine
(DA) in the caudate nucleus and the putamen3 is amelio-
rated by treatment with the DA precursor, L-3,4-dihydrox-
yphenylalanine (L-DOPA), which effectively alleviates
many of the motor symptoms. This pharmacological
approach has been used for over 50 years and remains the
gold standard treatment.4,5 However, years of chronic
L-DOPA treatment invariably led to significant motor con-
sequences, including motor fluctuations and the appear-
ance of disabling involuntary movements, known as
L-DOPA-induced dyskinesia (LID). The first description of
LID dates from the end of the 1960s, only five years after the
drug became widely available6,7 and it is now established
that on average, LID affects 40% of patients treated for more
than five years, with the incidence increasing by 10% for

each subsequent year of treatment.8 This may be changing
with new practices (i.e. the use of D2 receptor agonists) but
remains a significant problem, and patients may resist the
transition to L-DOPA medication due to their perceptions of
the LID.9,10 This incidence and the lack of good pharmaco-
logical alternatives to L-DOPA has driven the search for
other approaches that might alleviate the motor symptoms
but without the generation of abnormal movements.

Since the late 1970s there has been significant progress
towards the installation of a ‘dopamine factory’ directly into
the caudate and putamen to replace the degenerating nerve
terminals. This is mediated by the intrastriatal transplant-
ation of foetal dopaminergic neuron precursors; with the
first clinical trial starting in 1980.11 Since then, more than
100 patients worldwide have received intra-striatal fVM
transplants. Several small open-label clinical trials per-
formed in the 1980s and early 1990s illustrated the potential
of the technique, showing significant improvement in vari-
ous parameters, notably in the Unified Parkinson’s Disease
Rating Scale (UPDRS) and Activities of Daily Living scale
(ADL) scores. In some cases, the improvement in motor
symptoms was extensive enough to allow a reduction in
daily L-DOPA medication.12–15 Positron emission tomog-
raphy (PET) scans revealed an increase in 18Fluorodopa
uptake in grafted patients, revealing surviving
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reinnervating grafts, supported by the postmortem ana-
lyses of patients who died from unrelated events at differ-
ent intervals posttransplantation showing good fVM
survival associated with partial host tissue reinnerva-
tion.12,15,16 The open-label trials provided robust proof of
concept that fVM can survive, innervate the host’s puta-
men, produce DA and alleviate symptoms. However, two
double-blind US-based studies showed some, but limited
functional improvement in the transplanted groups versus
placebo treated cohorts. Moreover, The Freed et al. study
was the first to report the development of adverse effects
abnormal movements had developed in some patients
which were comparable in severity to mild LID, but
which endured even after withdrawal of L-DOPA treat-
ment. A retrospective video analysis of the patients trans-
planted in the London-Lund-Marburg open-label clinical
trial also revealed a similar type of ‘off’ medication dyskin-
esia in half of the patients enrolled in that trial.17 In general,
these ‘graft-induced dyskinesia’ were mild and required
significant clinical expertise to identify, but a couple of
patients from each study were severely affected with the
need for additional interventions to resolve them. These
reports have led to a period of relative quiescence in the
clinic, which has allowed greater investigation into the vari-
ability of functional improvement in the transplanted
patients, in addition to significant progress in understand-
ing the side-effects.

Superficially, these two dyskinetic conditions present
with similarities in phenomenology, and it is therefore
easy to assume that L-DOPA-induced dyskinesia and
graft-induced motor dysfunction follow the same mechan-
isms. However, this is not proving so simple, and while 40
years of research on LID has provided a great insight into
the mechanisms underlying their development; our know-
ledge regarding abnormal movements driven by a dopa-
minergic graft is fairly limited. This review aims to put
into perspective our understanding of LID and GID, and
discusses the similarities and differences in the way they
manifest in PD patients, the available tools that we have to
study them and our current knowledge about their
mechanisms.

Manifestation in patients
L-DOPA-induced dyskinesia

Of the many side-effects that L-DOPA treatment can have,
the most striking and disabling is dyskinesia. Patients typ-
ically respond well to treatment during the first few years
and a significant improvement in drug management has
reduced the incidence of LID.18 DA agonist monotherapy
can be used to delay the onset of L-DOPA therapy, and thus
delays the development of LID for a few years.19

Unfortunately, after this ‘honeymoon period’, patients
start to experience fluctuations in their response to the
drug and the symptoms of LID gradually appear. Most of
the time, the symptoms of LID correlate with the drug’s
optimal therapeutic window, and correspond to the max-
imal plasma and brain level of L-DOPA. These ‘peak-dose
LID’ are mainly choreiform and become more dystonic as
the disease progresses. LID can also be observed during the

rise and fall of L-DOPA plasma levels, with these ‘diphasic
dyskinesia’ usually being more dystonic. Other forms of
pure dystonia, in one foot for example, have also been
reported in the absence of abnormal movement, in both
‘on phase’ and ‘off phase’ (high or low plasma level of
L-DOPA respectively).7,20,21 Patients do not always notice
early LID as they tend to affect facial muscles, usually mani-
festing as jaw movements and tongue protrusion,20 but they
are very heterogeneous and vary from patient to patient.
However, they rapidly spread to the head and neck, usu-
ally in a wave-nodding movement, before affecting the
limbs in a more dystonic and disabling manner. LID is
also associated with weakening of the tendon reflexes
and, more sporadically, toe flexion or panting respiration
has also been described. LID also has a tendency to affect
the side of the body that was first affected by the disease,
which typically remains the worst side in terms of function.
The main cited risk factors for LID are the extent of
DA denervation and the dose and duration of L-DOPA
treatment; although early onset of the disease also signifi-
cantly increases the risk of developing premature
dyskinesia.22

Graft-induced dyskinesia

These movements, appearing in direct response to the
transplantation of PD patients with fVM within two years
of the surgery, are not linked to acute L-DOPA administra-
tion and present with a differing pattern from the classical
choreiform peak-dose LID. They were firstly reported in the
Denver-Columbia double-blind clinical trial as dystonia
and hyperkinesia, mainly affecting the arm, head and
neck of five of the 33 transplanted patients.23 Later, reports
from the Tampa-Mount Sinai trial also described ‘off-drug’
side-effects in 13 out of the 23 grafted patients. These abnor-
mal movements were described as stereotypic and dystonic
and mainly affected the lower parts of the body, and thus
were similar to diphasic LID.24 Finally, the video-based
reassessment of the 14 Lund-London’s patients trans-
planted in the 1990s found six patients exhibiting chorei-
form and dystonic movements in various parts of the body,
sometimes associated with repetitive and ballistic move-
ments.17 In general, GID is described as being more dys-
tonic, stereotypic and rhythmic than peak-dose LID and is
therefore more comparable to diphasic LID.24 They are gen-
erally mild but may increase in severity over time, reaching
their peak at 2–4 years after the transplantation proced-
ure.17,24 However, as for LID, reports of GID suggest that
they can be very different from one patient to another in
their manifestation, as well as the time frame over which
they develop. Interestingly, one study reported an increase
in [18F]-fluorodopa (F-DOPA) uptake on PET scans in dis-
crete locations they termed ‘hot spots’, in patients who
exhibited severe GID, but not in non-GID grafted patients.
These results were not replicated in similar analyses from
other studies.17,24 Although not all grafted patients show
GID, GID has only been observed in patients who show
improvements in their PD symptoms, suggesting that
side-effects are associated with a functional graft.25
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Animal models
L-DOPA-induced dyskinesia

The main postmortem characteristic of the PD brain is the
absence of pigmented cells in the SN. Neurotoxin-induced
models of dopaminergic depletion have been used for dec-
ades to reproduce this selective neuronal loss in primates
and rodents as models of PD (reviewed by Lane and
Dunnett).26 Non-human primates treated with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) display motor
dysfunction similar to that experienced in PD and exhibit
choreiform and dystonic movements when exposed repeat-
edly to L-DOPA treatment.27–31 They represent a reliable
model for the study of LID as they exhibit peak-dose dys-
kinesia that can be easily scored using a modified version of
the human dyskinesia rating scale.32,33 Moreover, they dis-
play other features experienced by patients after long-term
treatment with L-DOPA, such as fluctuations in the
response to the treatment inducing ‘wearing off’ phases
or diphasic dyskinesia.34 For these reasons, non-human pri-
mates have been used to study the mechanisms underlying
the development of LID, as well as to test new potential
anti-dykinetic drugs.

However, a more cost-effective alternative, and now
widely used and accepted model of LID, is the induction
of L-DOPA-induced dystonic and hyperkinetic movements
in unilateral 6-OHDA-lesioned rats, with new models now
also using mice.35–37 6-OHDA is a neurotoxin delivered sur-
gically into the rodent brain, where it enters the catechol-
amine neurons via the DA transporter and induces cell
death through oxidative stress.38 Unilateral motor deficits
are evident under test conditions and rodents will rotate
when challenged with agents which influence dopamin-
ergic drive.39–41

L-DOPA induces a contralateral rotational
response as the resulting DA stimulates the supersensitive
DA receptors in the lesioned hemisphere. Following several
days of L-DOPA treatment, abnormal movements also
develop which are distinct from the acutely driven stereo-
typic behaviors and are scored using rodent abnormal
involuntary movements (AIM) rating scales.35,42–44 When
challenged with compounds with proven anti-dyskinetic
effects, these experiments reflect similar findings to those
in MPTP-treated primates and/or in clinical trials.36,45,46

While neurotoxin-based models of LID exhibit AIM akin
to those observed in patients chronically treated with
L-DOPA, they constitute an incomplete model of the disease
as a whole. Indeed, they only mimic the main degenerative
feature of PD; depletion of the dopaminergic pathway.
However, it is well established that other neurotransmitters
are affected in PD, such as serotonin, noradrenaline, acetyl-
choline, glutamate and GABA.47–49 Moreover, PD is asso-
ciated with another major pathological hallmark,
a-synuclein positive protein inclusions called Lewy
bodies. The lack of these other features of the disease in
toxin-based animal models of PD may contribute to the
lack of predictive validity of anti-dyskinetic drugs when
translated to the clinic. Indeed, a lot of medications
proven effective in the reduction of LID in animals have
failed to show any benefit to patients. Among them,
5-HT1A agonists and adrenergic a2A antagonists were

found to be very effective in rodents and non-human pri-
mates but failed to alleviate LID significantly in patients
without worsening PD symptoms,50–52 although this prob-
lem may be also ascribed to the selectivity of the agents.
Most recently, Levetiracetam, an anti-epileptic able to
reduce dyskinesia in monkeys,53,54 showed no or very
little effect in alleviating dyskinesia in patients.55–59 The cre-
ation of animal models which carry more of the patho-
physiological features of PD has been a major research
focus.60,61 Whilst now widely available in a variety of
forms, genetically modified rodents often develop mild
and inconsistent nigrostriatal dopaminergic cell loss and
do not develop AIMs when exposed to L-DOPA; likely
due to the lack of severe dopaminergic depletion.60,62 For
these reasons, neurotoxin-based models currently remain
the most reliable way to study LID in rodents. It is, however,
reasonable to think that the combination of genetic models
and using toxin to create specific lesions could offer new
models for the study of LID that would better reproduce
the major hallmarks of PD.

Graft-induced dyskinesia

After the development of transplantation side-effects in
patients, transplantation studies in lesioned rats and mon-
keys explored whether this had been ‘missed’ in animal
models through lack of monitored observations in the
absence of anti-Parkinsonian drugs. Despite the efforts
made to reproduce conditions as close to the clinical experi-
ence as possible (i.e. extremely severe DA depletion
mimicking late stage patients and long-term, high dose
L-DOPA to induce severe LID prior to grafting), only infre-
quent, spontaneous GID was observed in a large-scale
MPTP-treated primate study.63 Similarly, in reports of spon-
taneous GID in 6-OHDA lesioned rats observed in the
absence of medication, these movements were considered
inconsistent and an unreliable measure of GID.64 Prior to the
advent of GID, it had been established that dopaminergic
grafts were capable of reducing AIMs induced by L-DOPA
and, furthermore, were able to prevent their occurrence if
given prior to the initiation of L-DOPA treatment.65

However, closer examination revealed that single site ‘hot-
spot’ fVM transplanted animals displayed a novel, more
stereotypic behavioural phenotype.43 These facial and fore-
limb stereotypies described were not observed in rats
receiving multiple sites deposition of the same number of
foetal cells producing a more evenly innervating graft and
was consistent with the proposal from the Denver-
Columbia clinical trial which identified ‘hot spots’ of DA
in their GID patients.25,43 However, this movement is hard
to evaluate as it can be easily masked by mild LID and
besides is only present during L-DOPA administration,
unlike true GID, which remains present after prolonged
L-DOPA withdrawal.

An alternative approach, which still relies upon exogen-
ous drug administration, is that of amphetamine-induced
abnormal movements. The amphetamine-induced rotation
test is commonly used to assess the severity of DA depletion
following 6-OHDA unilateral lesions as a crude estimate of
the success of fVM transplantation. Prior to recognition of
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clinical GID, it was observed that amphetamine induced
stereotypies and an over-expression of c-fos in the lateral
striatum post-transplantation, were prevented by severance
of the corticostriatal pathway.66 Closer observation in the
knowledge of GID suggested that dyskinetic movements
were also evoked, generally resembling mild to moderate
LID.64,67 Typically, although not universally, the movements
reach their peak severity at 12–16 weeks post-transplanta-
tion and disappear if the graft is completely rejected.68

Described as hyperkinetic limb movements usually asso-
ciated with orofacial dyskinetic and stereotypies, they dem-
onstrate a strong similarity with patients GID.64,67

Nevertheless, a selection of transplanted patients received
amphetamine for 13C raclopride PET imaging scans and did
not show the appearance or worsening of GID.69

We therefore have two quantifiable models of changes in
the profile of abnormal movement, which are elicited pri-
marily in the presence of a dopaminergic graft, in a for-
merly DA depleted striatum. These behaviors are more
prominent after L-DOPA priming but both have to be
evoked by the exogenous administration of either L-DOPA
or amphetamine. Valuable data have been gathered from
these models but it is pertinent to consider that in neither
the rodent nor the primate are we able to establish true GID.

Mechanisms

It is well established that the severity of dyskinesia increases
as the disease progresses. Indeed, a late stage of PD at the
onset of treatment, high dose, and long-term L-DOPA ther-
apy constitute the main risk factors of developing LID.70,71

However, the exact mechanisms underlying the develop-
ment of LID remain unclear. This has been extensively
reviewed elsewhere72–74 but involves long-term changes in
synaptic function within the basal ganglia and at the cortico-
striatal pathway. There is much less certainty when con-
sidering the generation of post-graft dyskinesia. Despite
the correlation observed between the severity of LID prior
to grafting and AIM post-grafting in rodents, the question of
the existence of a shared mechanism remains unresolved.75

However, aberrant processing of DA is believed to play a
key role in the development of both LID and GID.

Serotonergic neurons have been shown to play a role in
aberrant release of DA associated with LID, and this has led
to questions about their role in GID. 5-HT neurons contain
the enzymatic machinery, namely the aromatic L-amino
acid decarboxylase (AADC), required for the conversion
of L-DOPA to DA. They can also store the neurotransmitter
in vesicles at the synapse, and have been proved very effect-
ive in releasing DA converted from L-DOPA.76,77 However,
being serotonergic neurons, they lack the DA auto-receptors
that allow normal negative feedback, altering the control of
DA release and potentially flooding the striatum with DA.
This intrastriatal infusion of DA is sufficient to induce LID
in 6-OHDA lesioned rats, regardless of any pre-treatment78

and pulsatile discharge of DA in the striatum is thought to
be a major protagonist in the development of LID.77,79

Furthermore, PET scans performed on dyskinetic PD
patients revealed a correlation between the severity of
LID and the amplitude of changes observed in striatal DA

levels.80 The potential role of the serotonergic system in DA
dysregulation is further evidenced by the sprouting of 5-HT
terminals in the striatum of dyskinetic animals correlating
with AIM severity, a phenomenon which may further
exacerbate aberrant DA release.77,81

An increased understanding of the role played by striatal
5-HT innervation in LID has led to the hypothesis that GID
may be caused by excessive serotonergic innervation of the
striatum. This idea has been reinforced by the difficulty in
distinguishing between the developing raphe, rich in sero-
tonergic precursor cells, and the developing substantia
nigra containing dopaminergic precursors while dissecting
the fVM for transplantation. It first emerged from the clin-
ical evaluation of three patients exhibiting severe GID,
which revealed increased 11C-DASB signal in PET scans
indicating the increased binding of serotonin transporters
in the graft area compared to both age-matched PD patients
and healthy controls.82 Importantly, these clinical studies
have not examined transplanted patients that did not
have GID, so an important group is missing in this analysis.
Postmortem evaluations have been inconclusive with
regard to 5-HT; the only study able to detect 5-HT neurons
found high levels of tryptophan hydroxylase positive neu-
rons within the graft in patients that did not show GID.83

This has become an increasingly complex story as rodent
studies were inconsistent with this hypothesis, showing
that 5-HT enriched grafts can worsen post-graft LID in
rodent models of PD but does not influence the severity
of the effects of amphetamine.84 Furthermore, studies
depleting host 5-HT neurons did not find any improvement
in amphetamine-induced dyskinesia in grafted rats.84,85

More recent evidence from both rodent and patient evalu-
ations suggests that it may be the ratio of 5-HT/DA trans-
porters available in the striatum rather than the increased
serotoninergic innervation that is important in GID.86–88

Pharmacological data is also similarly open to interpret-
ation. Administration of the 5-HT1A agonist buspirone suc-
cessfully alleviated GID in three patients, but it is important
to note that buspirone is also a weak D2-like receptor antag-
onist, therefore the reduction of GID observed could be due
to the inactivation of D2 receptors more than a normaliza-
tion of the activity of 5-HT terminals.82,87 Indeed, animal
studies showed that 5-HT1A, even when co-administered
with 5-HT1B agonist, can only partially reduce dyskinesia
induced by amphetamine whilst D2 receptor antagonism
completely abolishes them.86 Finally, in the case of GID,
which occurs in the absence of L-DOPA, striatal DA does
not result from the conversion of L-DOPA in 5-HT neurons
(which appears to be the case in LID)89 but is directly pro-
duced by the transplanted dopaminergic cells. Therefore,
the role of 5-HT neurons in GID is still questionable. The
ability of transplanted DA neurons to control DA reuptake
and therefore manage DA levels effectively has also been
brought into question.90 Rather than the relative extent of
5-HT versus DA innervation, the availability of dopamin-
ergic terminals controlling the level of DA at the synaptic
cleft and their location and dispersion throughout the stri-
atum, along with other striatal modifications probably
plays a bigger role in the development of GID.90
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Chronic L-DOPA treatment is known to generate import-
ant post-synaptic modifications that correlate with the
severity of LID; and these modifications predominantly
occur in the subregions of the striatum most closely
linked with the motor phenotypes observed. Among
them, an increased striatal level of �FosB-like proteins
has been reported in both human and animal
models.37,91–94 Chronic L-DOPA treatment is also associated
with an increased level of prodynorphin mRNA, along with
hyper-sensitization of striatal DA receptors.95 Rodent
models demonstrate that these changes are normalized by
a dopaminergic transplant, but that the effect is restricted to
the engrafted region, leaving areas of remaining hypersen-
sitivity, which may respond to the low levels of diffused DA
released by the graft.96 Moreover, animals still exhibit
amphetamine-induced dyskinesia even with a normalized
level of �FosB.43,75,88 In LID, up-regulation of these imme-
diate early genes, particularly in the caudal-lateral part of
the rat striatum, correspond to the generation of abnormal
movements. fVM transplants into this particular area are
also more likely to induce amphetamine-induced dyskin-
esia when compared to a more rostral location,67 data which
correlates with the location of increased uptake of [18F]-
DOPA observed on the PET scans of the dyskinetic
patients.97 All together, these results suggest that the loca-
tion of the graft, as well as the pattern of reinnervation
within the striatum, is likely to be a critical factor in the
development of GID development. Indeed, a patchy graft,
firing DA unevenly into an adjacent region partially nor-
malized for FosB-family and prodynorphin genes expres-
sion and full of DA hypersensitive DA receptors would
generate conditions similar to those associated with LID.
In that situation, the aberrant release of DA stimulates
hyper-sensitive receptors leading to the inhibition of the
internal globus pallidus (GPi).98,99 This hypothesis is sup-
ported by the fact that high frequency stimulation of the GPi
is effective in the treatment of LID, however, the results in
patients suffering from GID have been more variable, high-
lighting once again the important differences between LID
and GID.99,100

Conclusion

Despite 50 years of extensive research, the mechanism
underlying LID is still not fully understood. The appear-
ance of comparable side-effects following fVM transplant-
ation has raised new questions regarding the safety of
transplants but also research into how the mechanisms
could overlap. A major problem facing researchers of GID
is the lack of a truly comparable animal model, which has
proved to be a significant advantage in the understanding
of LID. The time course of GID development (six months–
two years post-transplantation) does not, by and large, fit
with the more prolonged period required for plateau of
symptom improvement and graft development as observed
by 18FDOPA PET scans. Significant pieces of the puzzle are
still missing, in particular regarding the possible role of the
immune system, and importantly there is still work to be
done to maximize the functional improvements possible
with transplantation and consistency with which this can

be achieved. The correlation observed between the severity
of LID and GID would argue in favor of an association
between the two conditions, and highly dyskinetic patients
are currently not considered good candidates for fVM trans-
plantation. Finally, as we develop our knowledge of GID
evoked by fVM, we must be conscious of the new develop-
ments in the stem cell arena, and evaluate whether the same
risk exists with other transplants, or if this may also influ-
ence what we transplant when we have greater control of
the cellular constituents within the grafted material.
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maladie de Parkinson. In: Monoamines et System Nerveux Central.
de Ajuriaguerra J. (ed), Geneva and Paris, Georg et Cie and Masson

et Cie. 1962:247–62

5. Birkmayer W, Hornykiewicz O. [The L-dihydroxyphenylalanine

(L-DOPA) effect in Parkinson’s syndrome in man: On the pathogenesis

and treatment of Parkinson akinesis]. Arch Psychiatr Nervenkr Z Gesamte
Neurol Psychiatr 1962;203:560–74

6. Cotzias GC, Papavasiliou PS, Gellene R. Modification of parkinsonism–

chronic treatment with L-DOPA. N Engl J Med 1969;280:337–45

7. Barbeau A. L-DOPA therapy in Parkinson’s disease: a critical review of

nine years’ experience. Can Med Assoc J 1969;101:59–68

8. Ahlskog JE, Muenter MD. Frequency of levodopa-related dyskinesias

and motor fluctuations as estimated from the cumulative literature. Mov
Disord 2001;16:448–58

9. Khlebtovsky A, Rigbi A, Melamed E, Ziv I, Steiner I, Gad A, Djaldetti R.

Patient and caregiver perceptions of the social impact of advanced

Parkinson’s disease and dyskinesias. J Neural Transm 2012;119:1367–71

10. Hattori N, Fujimoto K, Kondo T, Murata M, Stacy M. Patient perspec-

tives on Parkinson’s disease therapy in Japan and the United States:

results of two patient surveys. Patient Relat Outcome Meas 2012;3:31–8

11. Brundin P, Strecker RE, Widner H, Clarke DJ, Nilsson OG, Astedt B,

Lindvall O, Bjorklund A. Human fetal dopamine neurons grafted in a

rat model of Parkinson’s disease: immunological aspects, spontaneous

and drug-induced behaviour, and dopamine release. Exp Brain Res
1988;70:192–208

12. Hauser RA, Freeman TB, Snow BJ, Nauert M, Gauger L, Kordower JH,

Olanow CW. Long-term evaluation of bilateral fetal nigral transplant-

ation in Parkinson disease. Arch Neurol 1999;56:179–87

13. Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B,

Frackowiak R, Leenders KL, Sawle G, Rothwell JC, Marsden CD,

Bjorklund A. Grafts of fetal dopamine neurons survive and improve

motor function in Parkinson’s disease. Science 1990;247:574–7

14. Lindvall O, Sawle G, Widner H, Rothwell JC, Bjorklund A, Brooks D,

Brundin P, Frackowiak R, Marsden CD, Odin P, Rehncrona S. Evidence

Breger and Lane L-DOPA versus graft-induced dyskinesia 729
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



for long-term survival and function of dopaminergic grafts in pro-

gressive Parkinson’s disease. Ann neurol 1994;35:172–80

15. Piccini P, Brooks DJ, Bjorklund A, Gunn RN, Grasby PM, Rimoldi O,

Brundin P, Hagell P, Rehncrona S, Widner H, Lindvall O. Dopamine

release from nigral transplants visualized in vivo in a Parkinson’s

patient. Nat Neurosci 1999;2:1137–40

16. ordower JH, Freeman TB, Snow BJ, Vingerhoets FJ, Mufson EJ,

Sanberg PR, Hauser RA, Smith DA, Nauert GM, Perl DP, Olanow CW.

Neuropathological evidence of graft survival and striatal reinnervation

after the transplantation of fetal mesencephalic tissue in a patient with

Parkinson’s disease. N Engl J Med 1995;332:1118–24

17. Hagell P, Piccini P, Bjorklund A, Brundin P, Rehncrona S, Widner H,

Crabb L, Pavese N, Oertel WH, Quinn N, Brooks DJ, Lindvall O.

Dyskinesias following neural transplantation in Parkinson’s disease.

Nat Neurosci 2002;5:627–8

18. Jann MW. Advanced strategies for treatment of Parkinson’s disease: the

role of early treatment. Am J Manag Care 2011;17:S315–21

19. Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE,

Abdalla M. Development of dyskinesias in a 5-year trial of ropinirole

and L-DOPA. Mov Disord 2006;21:1844–50

20. Mones RJ, Elizan TS, Siegel GJ. Analysis of L-DOPA induced dyskin-

esias in 51 patients with Parkinsonism. J Neurol Neurosurg Psychiatry
1971;34:668–73

21. Thanvi B, Lo N, Robinson T. Levodopa-induced dyskinesia in

Parkinson’s disease: clinical features, pathogenesis, prevention and

treatment. Postgrad Med J 2007;83:384–8

22. Grandas F, Galiano ML, Tabernero C. Risk factors for levodopa-induced

dyskinesias in Parkinson’s disease. J Neurol 1999;246:1127–33

23. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R,

Dillon S, Winfield H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S.

Transplantation of embryonic dopamine neurons for severe Parkinson’s

disease. N Engl J Med 2001;344:710–19

24. Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF,

Shannon KM, Nauert GM, Perl DP, Godbold J, Freeman TB. A double-

blind controlled trial of bilateral fetal nigral transplantation in

Parkinson’s disease. Ann Neurol 2003;54:403–14

25. Ma Y, Feigin A, Dhawan V, Fukuda M, Shi Q, Greene P, Breeze R, Fahn S,

Freed C, Eidelberg D. Dyskinesia after fetal cell transplantation for

parkinsonism: a PET study. Ann Neurol 2002;52:628–34

26. Kuhn R, Vogt-Weisenhorn D, Wurst W. Genetic Models of Parkinson’s

Disease. In: Lane, E. L. & Dunnett, S. B. (eds.) Animal Models of Movement
Disorders. London: Humana Press, 2011; 243–437

27. Ungerstedt U. 6-Hydroxy-dopamine induced degeneration of central

monoamine neurons. Eur J Pharmacol 1968;5:107–10

28. Burns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM, Kopin IJ.

A primate model of parkinsonism: selective destruction of dopamin-

ergic neurons in the pars compacta of the substantia nigra by N-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine. Proc Natl Acad Sci U S A
1983;80:4546–50

29. Jenner P, Rupniak NM, Rose S, Kelly E, Kilpatrick G, Lees A,

Marsden CD. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced

parkinsonism in the common marmoset. Neurosci Lett 1984;50:85–90

30. Bedard PJ, Di Paolo T, Falardeau P, Boucher R. Chronic treatment with

L-DOPA, but not bromocriptine induces dyskinesia in MPTP-parkin-

sonian monkeys. Correlation with [3H]spiperone binding. Brain Res
1986;379:294–9

31. Crossman AR, Clarke CE, Boyce S, Robertson RG, Sambrook MA.

MPTP-induced parkinsonism in the monkey: neurochemical pathology,

complications of treatment and pathophysiological mechanisms. Can J
Neurol Sci 1987;14:428–35

32. Petzinger GM, Quik M, Ivashina E, Jakowec MW, Jakubiak M, Di

Monte D, Langston JW. Reliability and validity of a new global dys-

kinesia rating scale in the MPTP-lesioned non-human primate. Mov
Disord 2001;16:202–7

33. Jenner P. The MPTP-treated primate as a model of motor complications

in PD: primate model of motor complications. Neurology 2003;61:S4–11

34. Boyce S, Rupniak NM, Steventon MJ, Iversen SD. Characterisation of

dyskinesias induced by L-DOPA in MPTP-treated squirrel monkeys.

Psychopharmacology (Berl) 1990;102:21–7

35. Cenci MA, Lee CS, Bjorklund A. L-DOPA-induced dyskinesia in the rat

is associated with striatal overexpression of prodynorphin- and glu-

tamic acid decarboxylase mRNA. Eur J Neurosci 1998;10:2694–706

36. Lundblad M, Usiello A, Carta M, Hakansson K, Fisone G, Cenci MA.

Pharmacological validation of a mouse model of L-DOPA-induced

dyskinesia. Exp Neurol 2005;194:66–75

37. Smith GA, Heuer A, Dunnett SB, Lane EL. Unilateral nigrostriatal

6-hydroxydopamine lesions in mice II: predicting L-DOPA-induced

dyskinesia. Behav Brain Res 2012;226:281–92

38. Sachs C, Jonsson G. Mechanisms of action of 6-hydroxydopamine.

Biochem Pharmacol 1975;24:1–8

39. Smith GA, Dunnett SB, Lane EL. Amphetamine-induced rotation in the

transplanted hemi-parkinsonian rat–response to pharmacological

modulation. Behav Brain Res 2012;232:411–15

40. Heuer A, Smith GA, Lelos MJ, Lane EL, Dunnett SB. Unilateral

nigrostriatal 6-hydroxydopamine lesions in mice I: motor impairments

identify extent of dopamine depletion at three different lesion sites.

Behav Brain Res 2012;228:30–43

41. Fleming SM. Behavioral outcome measures for the assessment of sen-

sorimotor function in animal models of movement disorders. Int Rev

Neurobiol 2009;89:57–65

42. Winkler C, Kirik D, Bjorklund A, Cenci MA. L-DOPA-induced dyskin-

esia in the intrastriatal 6-hydroxydopamine model of parkinson’s dis-

ease: relation to motor and cellular parameters of nigrostriatal function.

Neurobiol Dis 2002;10:165–86

43. Maries E, Kordower JH, Chu Y, Collier TJ, Sortwell CE, Olaru E,

Shannon K, Steece-Collier K. Focal not widespread grafts induce novel

dyskinetic behavior in parkinsonian rats. Neurobiol Dis 2006;21:165–80

44. Breger LS, Dunnett SB, Lane EL. Comparison of rating scales used to

evaluate L-DOPA-induced dyskinesia in the 6-OHDA lesioned rat.

Neurobiol Dis 2013,50:142–50

45. Lundblad M, Andersson M, Winkler C, Kirik D, Wierup N, Cenci MA.

Pharmacological validation of behavioural measures of akinesia and

dyskinesia in a rat model of Parkinson’s disease. Eur J Neurosci

2002;15:120–32

46. Smith GA, Breger LS, Lane EL, Dunnett SB. Pharmacological modula-

tion of amphetamine-induced dyskinesia in transplanted hemi-par-

kinsonian rats. Neuropharmacology 2012;63(5): 818–28

47. Fahn S, Libsch LR, Cutler RW. Monoamines in the human neostriatum:

topographic distribution in normals and in Parkinson’s disease and

their role in akinesia, rigidity, chorea, and tremor. J Neurol Sci

1971;14:427–55

48. Shimada H, Hirano S, Shinotoh H, Aotsuka A, Sato K, Tanaka N, Ota T,

Asahina M, Fukushi K, Kuwabara S, Hattori T, Suhara T, Irie T.

Mapping of brain acetylcholinesterase alterations in Lewy body disease

by PET. Neurology 2009;73:273–8

49. Lang AE, Lozano AM. Parkinson’s disease. Second of two parts. N Engl

J Med 1998;339:1130–43

50. Manson AJ, Iakovidou E, Lees AJ. Idazoxan is ineffective for levodopa-

induced dyskinesias in Parkinson’s disease. Mov Disord 2000;15:336–7

51. Ludwig CL, Weinberger DR, Bruno G, Gillespie M, Bakker K,

LeWitt PA, Chase TN. Buspirone, Parkinson’s disease, and the locus

ceruleus. Clin Neuropharmacol 1986;9:373–8

52. Goetz CG, Damier P, Hicking C, Laska E, Muller T, Olanow CW,

Rascol O, Russ H. Sarizotan as a treatment for dyskinesias in

Parkinson’s disease: a double-blind placebo-controlled trial. Mov Disord

2007;22:179–86

53. Bezard E, Hill MP, Crossman AR, Brotchie JM, Michel A, Grimee R,

Klitgaard H. Levetiracetam improves choreic levodopa-induced dys-

kinesia in the MPTP-treated macaque. Eur J Pharmacol 2004;485:159–64

54. Hill MP, Bezard E, McGuire SG, Crossman AR, Brotchie JM, Michel A,

Grimee R, Klitgaard H. Novel antiepileptic drug levetiracetam

decreases dyskinesia elicited by L-DOPA and ropinirole in the MPTP-

lesioned marmoset. Mov Disord 2003;18:1301–5

55. Wolz M, Lohle M, Strecker K, Schwanebeck U, Schneider C,

Reichmann H, Grahlert X, Schwarz J, Storch A. Levetiracetam for

levodopa-induced dyskinesia in Parkinson’s disease: a randomized,

double-blind, placebo-controlled trial. J Neural Transm 2010;117:1279–86

730 Experimental Biology and Medicine Volume 238 July 2013
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



56. Lyons KE, Pahwa R. Efficacy and tolerability of levetiracetam in

Parkinson disease patients with levodopa-induced dyskinesia. Clin

Neuropharmacol 2006;29:148–53

57. Tousi B, Subramanian T. The effect of levetiracetam on levodopa

induced dyskinesia in patients with Parkinson’s disease. Parkinsonism

Relat Disord 2005;11:333–4

58. Wong KK, Alty JE, Goy AG, Raghav S, Reutens DC, Kempster PA. A

randomized, double-blind, placebo-controlled trial of levetiracetam for

dyskinesia in Parkinson’s disease. Mov Disord 2011;26:1552–5

59. Zesiewicz TA, Sullivan KL, Maldonado JL, Tatum WO, Hauser RA.

Open-label pilot study of levetiracetam (Keppra) for the treatment of

levodopa-induced dyskinesias in Parkinson’s disease. Mov Disord

2005;20:1205–9

60. Welchko RM, Leveque XT, Dunbar GL. Genetic rat models of

Parkinson’s disease. Parkinsons Dis 2012;2012:128356

61. Chesselet MF, Richter F. Modelling of Parkinson’s disease in mice.

Lancet Neurol 2011;10:1108–18

62. Magen I, Chesselet MF. Genetic mouse models of Parkinson’s disease

The state of the art. Prog Brain Res 2010;184:53–87

63. Redmond DE Jr, Vinuela A, Kordower JH, Isacson O. Influence of cell

preparation and target location on the behavioral recovery after striatal

transplantation of fetal dopaminergic neurons in a primate model of

Parkinson’s disease. Neurobiol Dis 2008;29:103–16

64. Lane EL, Winkler C, Brundin P, Cenci MA. The impact of graft size on

the development of dyskinesia following intrastriatal grafting of

embryonic dopamine neurons in the rat. Neurobiol Dis 2006;22:334–45

65. Steece-Collier K, Soderstrom KE, Collier TJ, Sortwell CE, Maries-Lad E.

Effect of levodopa priming on dopamine neuron transplant efficacy and

induction of abnormal involuntary movements in parkinsonian rats.

J Comp Neurol 2009;515:15–30

66. Cenci MA, Bjorklund A. Transection of corticostriatal afferents

abolishes the hyperexpression of Fos and counteracts the development

of rotational overcompensation induced by intrastriatal dopamine-rich

grafts when challenged with amphetamine. Brain Res 1994;665:167–74

67. Carlsson T, Winkler C, Lundblad M, Cenci MA, Bjorklund A, Kirik D.

Graft placement and uneven pattern of reinnervation in the striatum is

important for development of graft-induced dyskinesia. Neurobiol Dis

2006;21:657–68

68. Lane EL, Soulet D, Vercammen L, Cenci MA, Brundin P.

Neuroinflammation in the generation of post-transplantation dyskin-

esia in Parkinson’s disease. Neurobiol Dis 2008;32:220–8

69. Lane EL. Clinical and experimental experiences of graft-induced dys-

kinesia. Int Rev Neurobiol 2011;98:173–86

70. Kostic VS, Marinkovic J, Svetel M, Stefanova E, Przedborski S. The effect

of stage of Parkinson’s disease at the onset of levodopa therapy on

development of motor complications. Eur J Neurol 2002;9:9–14

71. Hauser RA, McDermott MP, Messing S. Factors associated with the

development of motor fluctuations and dyskinesias in Parkinson dis-

ease. Arch Neurol 2006;63:1756–60

72. Fisone G, Bezard E. Molecular mechanisms of L-DOPA-induced dys-

kinesia. Int Rev Neurobiol 2011;98:95–122

73. Iravani MM, McCreary AC, Jenner P. Striatal plasticity in Parkinson’s

disease and L-DOPA induced dyskinesia. Parkinsonism Relat Disord

2012;18:S123–5

74. Cenci MA, Lindgren HS. Advances in understanding L-DOPA-induced

dyskinesia. Curr Opin Neurobiol 2007;17:665–71

75. Lane EL, Vercammen L, Cenci MA, Brundin P. Priming for L-DOPA-

induced abnormal involuntary movements increases the severity of

amphetamine-induced dyskinesia in grafted rats. Exp Neurol

2009;219:355–8

76. Waldmeier PC. Displacement of striatal 5-hydroxytryptamine by

dopamine released from endogenous stores. J Pharm Pharmacol

1985;37:58–60

77. Lindgren HS, Andersson DR, Lagerkvist S, Nissbrandt H, Cenci MA.

L-DOPA-induced dopamine efflux in the striatum and the substantia

nigra in a rat model of Parkinson’s disease: temporal and quantitative

relationship to the expression of dyskinesia. J Neurochem

2010;112:1465–76

78. Carta M, Lindgren HS, Lundblad M, Stancampiano R, Fadda F,

Cenci MA. Role of striatal L-DOPA in the production of dyskinesia in

6-hydroxydopamine lesioned rats. J Neurochem 2006;96:1718–27

79. Carta M, Carlsson T, Munoz A, Kirik D, Bjorklund A. Serotonin-dopa-

mine interaction in the induction and maintenance of L-DOPA-induced

dyskinesias. Prog Brain Res 2008;172:465–78

80. Pavese N, Evans AH, Tai YF, Hotton G, Brooks DJ, Lees AJ, Piccini P.

Clinical correlates of levodopa-induced dopamine release in Parkinson

disease: a PET study. Neurology 2006;67:1612–17

81. Rylander D, Parent M, O’Sullivan SS, Dovero S, Lees AJ, Bezard E,

Descarries L, Cenci MA. Maladaptive plasticity of serotonin axon ter-

minals in levodopa-induced dyskinesia. Ann Neurol 2010;68:619–28

82. Politis M, Wu K, Loane C, Quinn NP, Brooks DJ, Rehncrona S,

Bjorklund A, Lindvall O, Piccini P. Serotonergic neurons mediate dys-

kinesia side effects in Parkinson’s patients with neural transplants. Sci
Transl Med 2010;2:38ra46.

83. Mendez I, Vinuela A, Astradsson A, Mukhida K, Hallett P, Robertson H,

Tierney T, Holness R, Dagher A, Trojanowski JQ, Isacson O. Dopamine

neurons implanted into people with Parkinson’s disease survive with-

out pathology for 14 years. Nat Med 2008;14:507–9

84. Lane EL, Brundin P, Cenci MA. Amphetamine-induced abnormal

movements occur independently of both transplant- and host-derived

serotonin innervation following neural grafting in a rat model of

Parkinson’s disease. Neurobiol Dis 2009;35:42–51

85. Shin E, Garcia J, Winkler C, Bjorklund A, Carta M. Serotonergic and

dopaminergic mechanisms in graft-induced dyskinesia in a rat model of

Parkinson’s disease. Neurobiol Dis 2012;47:393–406

86. Garcia J, Carlsson T, Dobrossy M, Nikkhah G, Winkler C. Impact of

dopamine to serotonin cell ratio in transplants on behavioral recovery

and L-DOPA-induced dyskinesia. Neurobiol Dis 2011;43:576–87

87. Politis M, Oertel WH, Wu K, Quinn NP, Pogarell O, Brooks DJ,

Bjorklund A, Lindvall O, Piccini P. Graft-induced dyskinesias in

Parkinson’s disease: High striatal serotonin/dopamine transporter

ratio. Mov Disord 2011;26:1997–2003

88. Carlsson T, Carta M, Munoz A, Mattsson B, Winkler C, Kirik D,

Bjorklund A. Impact of grafted serotonin and dopamine neurons on

development of L-DOPA-induced dyskinesias in parkinsonian rats is

determined by the extent of dopamine neuron degeneration. Brain
2009;132:319–35

89. Carta M, Carlsson T, Kirik D, Bjorklund A. Dopamine released from

5-HT terminals is the cause of L-DOPA-induced dyskinesia in parkin-

sonian rats. Brain 2007;130:1819–33

90. Vinuela A, Hallett PJ, Reske-Nielsen C, Patterson M, Sotnikova TD,

Caron MG, Gainetdinov RR, Isacson O. Implanted reuptake-deficient or

wild-type dopaminergic neurons improve ON L-DOPA dyskinesias

without OFF-dyskinesias in a rat model of Parkinson’s disease. Brain
2008;131:3361–79

91. Andersson M, Hilbertson A, Cenci MA. Striatal fosB expression is

causally linked with L-DOPA-induced abnormal involuntary move-

ments and the associated upregulation of striatal prodynorphin mRNA

in a rat model of Parkinson’s disease. Neurobiol Dis 1999;6:461–74

92. Francardo V, Recchia A, Popovic N, Andersson D, Nissbrandt H,

Cenci MA. Impact of the lesion procedure on the profiles of motor

impairment and molecular responsiveness to L-DOPA in the 6-hydro-

xydopamine mouse model of Parkinson’s disease. Neurobiol Dis
2011;42:327–40

93. Lindgren HS, Rylander D, Iderberg H, Andersson M, O’Sullivan SS,

Williams DR, Lees AJ, Cenci MA. Putaminal upregulation of FosB/

delta-FosB-Like. Immunoreactivity in Parkinson’s disease patients with

dyskinesia. J Parkinson’s Dis 2011;1:347–57

94. Cao X, Yasuda T, Uthayathas S, Watts RL, Mouradian MM,

Mochizuki H, Papa SM. Striatal overexpression of DeltaFosB repro-

duces chronic levodopa-induced involuntary movements. J Neurosci
2010;30:7335–43

95. Calon F, Di Paolo T. Levodopa response motor complications–GABA

receptors and preproenkephalin expression in human brain.

Parkinsonism Relat Disord 2002;8:449–54

96. Stromberg I, Kehr J, Andbjer B, Fuxe K. Fetal ventral mesencephalic

grafts functionally reduce the dopamine D2 receptor supersensitivity in

Breger and Lane L-DOPA versus graft-induced dyskinesia 731
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



partially dopamine reinnervated host striatum. Exp Neurol
2000;164:154–65

97. Ma Y, Dhawan V, Mentis M, Chaly T, Spetsieris PG, Eidelberg D.

Parametric mapping of [18F]FPCIT binding in early stage Parkinson’s

disease: a PET study. Synapse 2002;45:125–33

98. Krause M, Fogel W, Heck A, Hacke W, Bonsanto M, Trenkwalder C,

Tronnier V. Deep brain stimulation for the treatment of Parkinson’s

disease: subthalamic nucleus versus globus pallidus internus. J Neurol
Neurosurg Psychiatry 2001;70:464–70

99. Herzog J, Pogarell O, Pinsker MO, Kupsch A, Oertel WH, Lindvall O,

Deuschl G, Volkmann J. Deep brain stimulation in Parkinson’s disease

following fetal nigral transplantation. Mov Disord 2008;23:1293–6

100. Graff-Radford J, Foote KD, Rodriguez RL, Fernandez HH, Hauser RA,

Sudhyadhom A, Rosado CA, Sanchez JC, Okun MS. Deep brain

stimulation of the internal segment of the globus pallidus in delayed

runaway dyskinesia. Arch Neurol 2006;63:1181–4

732 Experimental Biology and Medicine Volume 238 July 2013
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .


