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Brief Communication

Involvement of Sensorimotor, Limbic, and Associative
Basal Ganglia Domains in L-3,4-Dihydroxyphenylalanine-
Induced Dyskinesia
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Dyskinesia represents a debilitating complication of 1-3,4-dihydroxyphenylalanine (L-dopa) therapy for Parkinson’s disease. Such motor
manifestations are attributed to pathological activity in the motor parts of basal ganglia. However, because consistent funneling of
information takes place between the sensorimotor, limbic, and associative basal ganglia domains, we hypothesized that nonmotor
domains play a role in these manifestations. Here we report the changes in 2-deoxyglucose (2-DG) accumulation in the sensorimotor,
limbic, and associative domains of basal ganglia and thalamic nuclei of four groups of nonhuman primates: normal, parkinsonian,
parkinsonian chronically treated with 1-dopa without exhibiting dyskinesia, and parkinsonian chronically treated with r-dopa and
exhibiting overt dyskinesia. Although nondyskinetic animals display a rather normalized metabolic activity, dyskinetic animals are
distinguished by significant changes in 2-DG accumulation in limbic- and associative-related structures and not simply in sensorimotor-
related ones, suggesting that dyskinesia is linked to a pathological processing of limbic and cognitive information. We propose that these
metabolic changes reflect the underlying neural mechanisms of not simply motor dyskinesias but also affective, motivational, and
cognitive disorders associated with long-term exposure to L-dopa.
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Introduction

Chronic treatment of Parkinson’s disease (PD) patients with the
dopamine precursor L-3,4-dihydroxyphenylalanine (L-dopa) in-
duces development of adverse fluctuations in motor response
and involuntary movements, known as L-dopa-induced dyskine-
sia (LID) (Yahr et al., 1968). The motor nature of these manifes-
tations led to investigation of the abnormalities of neuronal func-
tion in the cortico—basal ganglia—thalamocortical motor circuit
(for review, see Bezard et al., 2001b). Although a current theory
concerning the organization of basal ganglia pathways proposes
that the frontal cortex and the basal ganglia are arranged in par-
allel, functionally segregated circuits (Alexander and Crutcher,
1990), there is supporting evidence for consistent funneling of
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information between the so-called sensorimotor, limbic, and as-
sociative domains (Nauta and Domesick, 1978; Haber et al.,
1993, 2000).

Interestingly, Mitchell et al. showed in their 2-deoxyglucose
(2-DG) seminal studies (Mitchell et al., 1989, 1992) that the mo-
tor component of the subthalamic nucleus (STN), the dorsolat-
eral tip, had normal terminal activity in chorea that was increased
significantly in dystonia, whereas the metabolic activity of the
ventromedial “limbic/associative” STN was impaired in both
cases. This result originally suggested pathophysiological differ-
ences between L-dopa-induced chorea and dystonia. We now
hypothesize that it may also reflect the involvement of nonmotor
pathways in LID, raising the possibility that LID also corresponds
to an abnormal processing of limbic/associative information.

In this study, we report the changes in 2-DG accumulation
(Sokoloffetal., 1977) in the sensorimotor, limbic, and associative
domains of basal ganglia and thalamic nuclei of four nonhuman
primate groups: normal, parkinsonian, parkinsonian chronically
treated with L-dopa without exhibiting dyskinesia, and parkinso-
nian chronically treated with L-dopa exhibiting overt dyskinesia.

Materials and Methods

Animals. Nineteen female Macaca fascicularis monkeys (Shared Animal
Health, Beijing, People’s Republic of China) were housed in individual
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TH and Niss| cells

1-Dopa administration

Scores at 0 min Scores at 30 min Scores at 60 min

DAT binding
Groups (fmol/mg) TH NS TH + NS Dose (mg) p D P D P D
Control
(4] 123.9 922 139 1061 0.0 0.0
Q 154.5 958 13 1071 0.0 0.0
(€] 1349 1007 107 1114 0.0 0.0
“4 144.4 935 138 1073 0.0 0.0
() 129.4 986 12 1098 0.0 0.0
MPTP
M1 1.6 137 216 353 8.0 0.0
M2 34 140 290 430 9.0 0.0
M3 2.7 74 237 3N 75 0.0
M4 35 198 N 409 9.5 0.0
M5 1.5 135 244 379 85 0.0
MPTP/t-dopa nondyskinetic
L1 3.9 127 215 342 54 9.4 0.0 2.1 0.0 0.2 0.2
L2 29 237 172 409 59 10.6 0.0 2.8 0.0 0.0 0.0
13 42 169 212 381 56 9.2 0.0 26 0.0 0.0 0.0
L4 53 134 270 404 50 8.4 0.0 2.2 0.0 0.0 0.4
MPTP/L-dopa dyskinetic
D1 8.6 246 234 480 60 8.8 0.0 20 0.0 0.7 3.1
D2 5.6 217 217 434 66 75 0.0 1.9 0.0 0.3 2.7
D3 7.7 106 164 270 53 7.2 0.0 18 0.0 0.0 3.1
D4 0.8 155 213 369 50 75 0.0 28 0.0 0.0 29
D5 4.1 178 237 415 55 10.2 0.0 2.1 0.0 0.2 28

Mean age, 3.05 = 0.05 years; mean weight, 3.1 == 0.1 kg. Extent of lesion is comparable among the three MPTP-lesioned groups both at the striatal [ dopamine transporter (DAT) binding; femtomoles per milligram of equivalent tissue
and nigral [tyrosine hydroxylase (TH)-immunopositive neurons and Nissl-stained (NS) cells ] levels [ for methods, see Bezard et al. (2001c, 2003)]. .-Dopa dose (in milligrams) is given for each individual as well as their mean parkinsonian
(P) and mean dyskinetic (D) scores before administration (0 min) and at 30 and 60 min after administration. The only dyskinetic animals displayed severe dyskinesia 60 min after L-dopa administration (Bezard et al., 2003), presenting
choreic—athetoid (characterized by constant writhing and jerking motions), dystonic, and sometimes ballistic movements (large-amplitude flinging, flailing movements). At the peak of the dose (60 —150 min after injection), dystonicrolling

and writhing on the cage floor were common.

primate cages under controlled conditions of humidity (50 * 5%), tem-
perature (24 * 1°C), and light (12 h light/dark cycles); food and water
were available ad libitum, and animal care was supervised by veterinari-
ans. Experiments were performed in accordance with the European
Communities Council Directive of November 24, 1986 (86/609/EEC) for
care of laboratory animals.

Experimental protocol. Population characteristics (summarized in Ta-
ble 1) indicate that all 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated groups showed a comparable level of lesion but different
behaviors (Bezard et al., 2001c, 2003). Control and MPTP-treated ani-
mals correspond to the animals named D0 and D25 groups in the follow-
ing studies (Bezard et al., 2001a,c), whereas nondyskinetic and dyskinetic
animals come from a population of animals validated previously (Bezard
etal., 2003). Those later were chronically treated with twice daily admin-
istration of L-dopa (Modopar; Roche, Welwyn Garden City, UK; L-dopa/
carbidopa ratio, 4:1) for 6—8 months at a tailored dose designed to pro-
duce a full reversal of the parkinsonian condition (1620 mg/kg1-dopa).
Five monkeys developed severe and reproducible dyskinesia (MPTP-
intoxicated, dyskinetic monkey group), whereas four did not (MPTP-
intoxicated, nondyskinetic monkey group).

Behavioral assessment. The parkinsonian condition was assessed on a
parkinsonian monkey rating scale using videotape recordings of mon-
keys (Boraud et al., 2001; Bezard et al., 2003). A score of 0 corresponds to
anormal animal, and a score of >6 corresponds to a parkinsonian animal
(Bezard et al., 2003). The severity of dyskinesia was rated using the dys-
kinesia disability scale (Pearce et al., 1995; Brotchie and Fox, 1999): 0,
dyskinesia absent; 1, mild, fleeting, and rare dyskinetic postures and
movements; 2, moderate, more prominent abnormal movements, but
not interfering significantly with normal behavior; 3, marked, frequent,
and, at times, continuous dyskinesia intruding on the normal repertoire
of activity; or, 4, severe, virtually continuous dyskinetic activity, disabling
to the animal and replacing normal behavior.

2-DG procedure. On the day they were killed, animals were given an
intravenous injection of 1 mCi/kg [*H]2-DG (specific activity, 50 Ci/

mmol, 185 GBq/mmol; Interchim, Grenoble, France) in sterile saline as
described previously (Mitchell et al., 1989; Bezard et al., 2001a). After 45
min, all animals were killed by sodium pentobarbital overdose (150 mg/
kg, i.v.). L-Dopa-treated animals received their tailored dose of L-dopa 15
min before 2-DG (Table 1). However, a single individual, D5, received its
L-dopa 15 min after 2-DG (Table 1). Brains were quickly removed, im-
mediately frozen in isopentane (—45°C), and stored at —80°C. Tissue
was sectioned at 20 wm in a cryostat at —17°C and thaw-mounted
onto gelatin-subbed slides. Once freeze-dried (—60°C; 40.10 2 at-
mospheres) for 2 h, both serial sections and autoradiographic methyl-
methacrylate standards (Amersham Biosciences, Uppsala, Sweden)
were exposed to “H-Hyperfilm (Amersham Biosciences) for 2
months at —30°C, developed in D-19 developer (Eastman Kodak,
Rochester, NY), and fixed in Kodak Unifix. Densitometric analysis of
autoradiographs was performed using an image analysis system (Vi-
sioscan version 4.12; Biocom, Les Ulis, France) as described previ-
ously (Bezard et al., 2001a). Four sections per animal per nucleus were
analyzed by an examiner blind with regard to the experimental con-
dition. Optical densities were averaged for each region in each animal
and converted to the amount of radioactivity bound in comparison
with the standards. Mean bound radioactivity and SEM were then
calculated for each group.

Statistical analysis. For multiple comparisons of parametric data, one-
way ANOVA was used to estimate overall significance, followed by post
hoc t tests corrected for multiple comparisons by Bonferroni’s method
(Miller, 1981). For multiple comparisons of behavioral assessments, a
Kruskal-Wallis nonparametric test was used to estimate overall signifi-
cance, followed by post hoc t tests corrected for multiple comparisons by
Dunn’s method (Miller, 1981). All data were normally distributed, and
significance levels of t test comparisons were adjusted for inequality of
variances when appropriate. These analyses were completed using the
Stata program (Intercooled Stata 6.0; Stata Corporation, College Station,
TX). p < 0.05 was considered significant.
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Anatomy

Results

2-DG uptake was measured across senso-
rimotor, associative, and limbic domains
of basal ganglia and in some target struc-
tures of these three domains. For that pur-
pose, the external part of the globus palli-
dus (GPe) was divided into sensorimotor
(GPe-M), associative (GPe-A) and limbic
(GPe-L) territories, as defined previously
(Haber et al., 1993; Francois et al., 1994)
(Fig. 1). The STN was divided into senso-
rimotor (STN-M) and associative—limbic
(STN-AL) domains (Parent and Hazrati,
1995b) (Fig. 1). 2-DG accumulation was
measured as a whole in the internal part of
the globus pallidus (GPi) and in the sub-
stantia nigra pars reticulata (SNr), two
output structures of basal ganglia, because
of the consistent overlap between different
domains in these nuclei (Parent and Haz-
rati, 1995a). Three nuclei were studied in
the thalamus. The ventral anterior (VA)
and ventral lateral (VL) nuclei are defined
as thalamic targets of the motor loop. VA
nuclei were measured on sections 4 mm
anterior to anterior commissura (AC) where the STN is absent,
and VL nuclei were measured on sections 6 mm to AC where the
STN is present (Martin and Bowden, 1996). The mediodorsal
nucleus (MD) is defined as thalamic output of the associative
loop of the basal ganglia (Parent and Hazrati, 1995a). The nu-
cleus of the stria terminalis (NStT) was chosen as a limbic output
of basal ganglia (Groenewegen et al., 1991).

In the three domains of the GPe (GPe-M, F; ,,) = 7.01, p <
0.005; GPe-A, F(3.,,) = 14.51, p < 0.0001; GPe-L, F 5 ,, = 11.33,
p < 0.0005), 2-DG uptake was significantly elevated in parkinso-
nian animals compared with normal animals ( p < 0.05) (Fig. 1,
Table 2). Both the nondyskinetic and dyskinetic animals dis-
played apparently normalized levels of 2-DG accumulation in the
GPe-M and GPe-L (Fig. 1, Table 2). However, dyskinetic animals
showed significantly decreased 2-DG uptake in the GPe-A com-
pared with control, MPTP-treated, and nondyskinetic animals
(p <0.05) (Fig. 1, Table 2).

2-DG uptake in the two domains defined in the STN was
modified as well (STN-M, F; ;) = 17.51, p < 0.0001; STN-AL,
F3,17) = 29.56, p < 0.0001). The MPTP-treated animals showed
a significant decrease in 2-DG accumulation in both the STN-M
and STN-AL ( p < 0.05) (Fig. 1, Table 2). In the STN-M, L-dopa
treatment induced an increase in 2-DG levels in both the nondys-
kinetic and the dyskinetic group; no significant difference was
observed with the control group. Surprisingly, in the STN-AL,
this increased 2-DG uptake was more marked. Both nondyski-
netic and dyskinetic animals showed a significant increase in
2-DG accumulation compared with MPTP but also with normal
animals ( p < 0.05) (Fig. 1, Table 2).

In the GPi (F5,, = 16.32; p < 0.0001), MPTP treatment
induced a significant increase in 2-DG uptake compared with
control animals ( p < 0.05) (Fig. 1, Table 2). L-Dopa administra-
tion did not induce changes in 2-DG uptake in the nondyskinetic
L-dopa-treated, MPTP-treated group (Fig. 1, Table 2). On the
contrary, in the dyskinetic group, the 2-DG accumulation was
higher than in the MPTP-treated group ( p < 0.05) (Fig. 1, Table
2). No ssignificant change was observed in 2-DG uptake in the SNr

Al16.4

Figure 1.

Control
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Schematic representation of 2-DG accumulation changes in the four experimental situations in the area of interest.
[Drawings are adapted from Szabo and Cowan (1984)]. Dyskinesia is not yet present at t = 30 min but s very severe att = 60 min.
In the left column, color indicates the domain to which the structure belongs: purple for motor, green for limbic, and yellow for
associative. 2-DG accumulation changes are represented by the pale/dark level of color. Blue indicates inhibitory nuclei, and red
indicates excitatory nuclei. Cd, Caudate nucleus; SN¢, substantia nigra pars compacta.

(F3,17) = 3.61; p < 0.05) in any group, as reported previously
(Mitchell et al., 1989, 1992; Bezard et al., 2001a).

In both VA nuclei (F; ;) = 12.04; p < 0.0004) and VL nuclei
(F3,17) = 14.50; p < 0.0001), the motor nuclei of the thalamus,
the MPTP treatment induced a strong and significant increase in
2-DG uptake ( p < 0.05) (Fig. 1, Table 2). In the nondyskinetic
and dyskinetic groups, 2-DG uptake is reduced by L-dopa therapy
in both VA and VL nuclei, leading to an apparent normalization
of 2-DG levels compared with control animals (Fig. 1, Table 2).
Such normalization makes 2-DG uptake in VA and VL nuclei
significantly different from the parkinsonian situation (Fig. 1,
Table 2). In the MD (F 3 ,,, = 6.42; p < 0.0058), an associative
nucleus, no change was observed in either the MPTP-treated or
the nondyskinetic groups. However, the dyskinetic animals
showed significantly decreased 2-DG uptake compared with the
other three groups ( p < 0.05) (Fig. 1, Table 2).

In the NStT (F(5 5y = 3.52; p < 0.05), 2-DG uptake was mod-
ified only in the dyskinetic animals. In this group, the level of
2-DG was significantly reduced compared with the control group
(p <0.05) (Fig. 1, Table 2).

The above results suggested that, whereas nondyskinetic ani-
mals displayed normalized metabolic activity compared with
controls, dyskinetic animals were distinguished by significant
changes in 2-DG accumulation in limbic- and associative-related
structures and not simply in sensorimotor nuclei. These results
were obtained using all animals but D5 that had been killed 30
min after L.-dopa administration (see Materials and Methods). At
this time point, D5 parkinsonian symptoms were improved, but
no LID was rated (Table 1). Indeed, LID appeared from 45 to 50
min onward in the dyskinetic group (Bezard et al., 2003). Al-
though data deriving from a single individual cannot be used for
statistical analysis, the qualitative analysis provides interesting
insights (Fig. 1, Table 2). At 30 min after L-dopa administration,
2-DG levels in motor nuclei (e.g., in the GPe-M, STN-M, VA
nuclei, and VL nuclei) were not different (defined as within 1
SEM) from both nondyskinetic and dyskinetic animals at 60 min
after L-dopa administration, in direct correlation with improve-
ment of parkinsonian motor abnormalities (Table 1). In the as-
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Table 2. Densitometric analysis of 2-DG accumulation in control, parkinsonian (MPTP), .-dopa nondyskinetic, and .-dopa dyskinetic animals

1-Dopa dyskinetic

MPTP L-Dopa nondyskinetic 30 min 60 min

Area Control (mean == SEM) Mean = SEM % Mean = SEM % Mean % Mean = SEM %

GPe-M 1.68 = 0.11 1.96 = 0.10* 16.67 175 = 0.16 417 171 1.78 1.66 = 0.09 —1.19
GPe-A 1.65 = 0.10 1.87 = 0.11* 13.34 1.67 = 0.08" 1.21 171 3.63 1.45 + 0.08*' —12.12
GPe-L 167 0.1 1.95 + 0.12% 16.77 179 +0.12 7.19 172 2.99 150 +0.13 ™ —-10.18
STN-M 222 +0.14 1.83 = 0.18* —17.57 224 =011 0.90 2.33 4.95 251011 7 13.06
STN-AL 252 +0.19 2.10 = 0.15* —16.67 2.85 + 0.12% 13.09 2.67 5.95 2.91 =+ 0.09% 15.48
GPi 1.81 £ 0.14 214 +0.21% 18.23 224 +0.12% 23.76 2.22 22.65 251 = 0.11* 38.67
SNr 1.93 +0.18 215+ 0.16 11.39 1.93 £ 0.16 0 1.97 2.07 2.24+0.19 16.06
VA 1.82 = 0.15 2.13 = 0.08* 17.03 1.76 = 0.07 —3.29 171 —6.04 1.67 = 0.17 —8.24
VL 1.93 +0.16 240 * 0.16* 24.35 1.97 £ 0.12 2.07 1.85 —4.1 1.80 = 0.13 —6.74
MD 171 £0.07 1.79 = 0.08 4,68 173 £0.17 117 1.69 —1.17 1.48 + 0.11** —13.45
NStT 1.87 = 0.08 1.83 = 0.12 —214 177 = 0.15 —5.35 1.81 =321 1.64 = 0.10% —12.29

Data (mean == SEM) are expressed in terms of tissue equivalent ratios of the amount of radioactivity in the considered structure to that in the white matter of the same section. % represents the mean difference with controls. Because asingle
individual is used 30 min after .-dopa administration, no SEM is given and no statistical analysis has been performed. *p << 0.05, significant difference with control; *p < 0.05, significant difference with MPTP; *p < 0.05, significant

difference with nondyskinetic.

sociative-limbic nuclei, however, 2-DG levels were similar to
nondyskinetic animals and different (defined as beyond 1 SEM)
from the dyskinetic animals, although D5 displayed the same
temporal pattern for LID appearance as the four other dyskinetic
animals (i.e., LID would occur 15-20 min later) (Table 2).

Discussion

The key finding of this study is that the neural mechanisms re-
sponsible for LID expression may also involve both limbic and
associative domains and not simply the sensorimotor domain.
Qualitative temporal analysis also supports this view, because in a
dyskinetic animal killed when parkinsonian motor abnormalities
were improved but before LID appeared, 2-DG levels were nor-
malized in motor nuclei and not different from nondyskinetic
animals in associative-limbic nuclei. We propose, therefore, that
dyskinesia is linked to pathological metabolic activity in the as-
sociative-limbic nuclei. LID should not be regarded simply as a
movement disorder but also as involving affective, motivational,
and cognitive aspects of behavior, which have thus far been
poorly investigated in the clinic.

The pattern of changes in 2-DG accumulation in our experi-
mental groups matches the original findings of Mitchell et al.
(1989, 1992). For instance, we do confirm the differential meta-
bolic activity between the motor component of the STN, the
dorsolateral tip, and the ventromedial limbic—associative STN in
both nondyskinetic and dyskinetic animals. Although they
showed normalized metabolic activity in the GPe of dyskinetic
animals compared with normal animals, we show that this occurs
only in the sensorimotor domain but not in both the limbic and
associative domains, where the uptake is significantly decreased
(Fig. 1). Surprisingly, the metabolic activity of basal ganglia
motor-related structures was not affected in the dyskinetic ani-
mals compared with the nondyskinetic ones. Increased 2-DG
uptake in the GPi should correspond to the increased GABAergic
tone coming from the striatum but also from the GPe. Although
2-DG uptake is not changed in the sensorimotor GPe of dyski-
netic animals, both the associative and limbic domains showed
decreased accumulation, suggestive of a decreased inhibition
from the striatum. Interestingly, D5, a dyskinetic animal, did not
show such decreased levels in GPe-A/GPe-L domains. Because
D5 had been killed before LID appeared, decreased inhibition
from the associative—limbic striatum would not occur when par-
kinsonian motor abnormalities were improved and when LID
was not yet present. Such disinhibition of the GPe should trans-

late into increased GABAergic tone from the GPe on the GPi. For
the three functional domains overlapping within the GPi, the
increased 2-DG accumulation in the GPi would reflect the in-
creased activity arising from the associative-limbic domains of
GPe and not from the motor domain. Such an increased
GABAergic tone on the GPi is likely responsible for the exces-
sively decreased firing frequency of GPi neurons during LID
(Bezard et al., 2001b; Boraud et al., 2001). Both VA and VL nuclei
receive extensive GABAergic projections from the GPi; the de-
creased 2-DG accumulation in those structures in dyskinetic an-
imals was anticipated as reported previously (Mitchell et al.,
1992).

Accompanying the decreased 2-DG uptake in the limbic and
associative domains of the GPe is the finding that both the NStT
and the MD display decreased 2-DG accumulation (1) only in the
dyskinetic animals and (2) only when LID is actually present (i.e.,
not in D5, which was killed before the appearance of LID) (Fig. 1,
Table 2). The NStT is a direct output of the ventral striatum, part
of the limbic system. A decreased uptake in the NStT is thus
suggestive of a decreased GABAergic tone arising from the ventral
striatum in dyskinetic animals and only in this later group. Inter-
estingly, an excitatory pathway has been described between the
NStT and the STN (F. Georges, personal communication) pro-
viding an alternative way to drive the pathological activity of the
STN toward LID. In the limbic circuit, the ventral striatum re-
ceives projections, notably from the anterior cingulate, area and
projects to the ventral commissural GPe, also called the GPe-L
(Alexander and Crutcher, 1990; Parent and Hazrati, 1995a). In
the associative/cognitive circuit, the rostral striatum receives pro-
jections from the associative cortices and projects to the commis-
sural GPe-A. The GPe-A and GPe-L project to the STN-AL,
which in turn projects to the GPi (Alexander and Crutcher, 1990;
Parent and Hazrati, 1995a). The associative-limbic circuit is
closed by GPi projections to the MD, the thalamic target of basal
ganglia associative—limbic output. The decreased 2-DG accumu-
lation in the MD of dyskinetic animals would thus be the signa-
ture of the specific impairment of the entire circuit. However,
although the present study shows a concomitant change, it does
not establish a causative link that remains to be directly
demonstrated.

Although basal ganglia pathways are thought to be arranged in
parallel, functionally segregated circuits (Alexander and
Crutcher, 1990), there is supporting evidence for consistent fun-
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neling of information between the so-called sensorimotor, lim-
bic, and associative domains (Nauta and Domesick, 1978; Mo-
genson et al., 1980; Haber et al., 1993, 2000). Haber et al. (2000)
have further developed this concept by proposing that the same
information is progressively processed by the different functional
domains of the basal ganglia through specific pathways of func-
tional interaction through basal ganglia circuits (Haber et al.,
2000; McFarland and Haber, 2002). This hypothesis has recently
received support from the demonstration that cocaine self-
administration produces a progressive involvement of limbic,
associative, and ultimately sensorimotor striatal domains (Por-
rino et al., 2004). Both chronic cocaine administration and
chronic L-dopa treatment result in elevated dopaminergic tone in
the striatum. A nonspecific increase in extracellular dopamine
levels within the striatum would lead to widespread dissemina-
tion of information instead of focused processing. Here we pro-
vide evidence for comparable mechanisms, although not in the
same order (sensorimotor, then limbic and associative domains),
in LID. Supporting this notion are the investigations of the com-
partmental changes in expression of FosB proteins in the intact
and dopamine-depleted striatum after chronic apomorphine
treatment in the rat (Saka et al., 1999; Cenci, 2002). Chronic
apomorphine treatment led to increased ventromedial expres-
sion of FosB (Saka et al., 1999). Cenci (2002) also demonstrated
that such increased FosB immunoreactivity could be related to
locomotive motor abnormalities. In other words, hyperdopam-
inergic tone would lead to pathological involvement of all basal
ganglia domains in the processing of previously segregated
information.

Along with clinical observations reporting reward-deficiency
syndrome or learning deficits in L-dopa-treated PD patients
(Swainson et al., 2000; Czernecki et al., 2002), we propose that
dyskinesia should not be regarded simply as a movement disor-
der but also as an affective, motivational, and cognitive disorder.
Although the qualitative temporal analysis suggests a causative
role for involvement of associative and limbic nuclei in inducing
LID, direct electrophysiological measurements are mandatory to
formally establish such a causal relationship. Indeed, a change in
2-DG uptake does not necessarily indicate an alteration in the
firing activity of neurons but reflects the integration of changes
during 45 min in the overall level of intrinsic synaptic activity
(Schwartz et al., 1979). Nonetheless, a fundamental consequence
of the present study is that we cannot continue analyzing LID by
investigating only motor areas, thus rendering unreliable all stud-
ies that do not pay attention to the anatomofunctional organiza-
tion of cortico—basal ganglia loops. Seeing LID as either “caused”
by unwanted involvement of associative and limbic areas or sim-
ply as having the cognitive and limbic abnormal counterparts of
LID (“consequence”), as is often reported in hyperkinetic disor-
ders (Klawans, 1988; Litvan et al., 1998), might have different
clinical consequences. For instance, if electrophysiological inves-
tigations support the causative hypothesis, modulating the activ-
ity of nonmotor regions would reduce severity of LID, thereby
offering new drug targets for treatment of this debilitating
condition.
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