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Abstract
Exercise can act as a disease-modifying agent in Parkinson’s disease (PD), and we have previously demonstrated that voluntary
exercise in running wheels during 2 weeks normalizes striatopallidal dopaminergic signaling and prevents the development of L-
DOPA-induced dyskinesia (LID) in C57BL/6 mice. We now tested whether LID in Swiss albino mice could be attenuated by
treadmill-controlled exercise alone or in combination with the reference antidyskinetic drug amantadine. The daily intraperitoneal
(i.p.) treatment with three different doses of L-DOPA/benserazide (30/12.5, 50/25, or 70/35 mg/kg) during 3 weeks induced
increasing levels of LID scores in hemiparkinsonian Swiss albino mice previously lesioned with a unilateral intrastriatal injection
of 6-hydroxydopamine (6-OHDA, 10 μg). Then, we addressed the antidyskinetic effects of treadmill-controlled exercise by
comparing LID, induced by L-DOPA/benserazide (50/25 mg/kg, i.p.) during 4 weeks, in sedentary and daily exercised mice.
Exercise reduced LID and improved motor skills of dyskinetic mice, as indicated by decreased contralateral bias, increase in
maximal load test, and latency to fall in rotarod. The antidyskinetic effect of amantadine (60 mg/kg, i.p.) was only observed in
sedentary mice, indicating the absence of synergistic antidyskinetic effect of the combination of treadmill exercise plus aman-
tadine. Finally, Western blot analysis unraveled an ability of exercise to increase the striatal immunocontent of glial cell-derived
neurotrophic factor (GDNF), apart from normalizing striatal levels of tyrosine hydroxylase. These findings show that controlled
treadmill exercise attenuates LID and provide the first indication that the antidyskinetic effects of treadmill exercise may involve
increased striatal GDNF levels.
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Introduction

The development of L-DOPA-induced dyskinesia (LID), also
known as abnormal involuntary movements (AIMs), constitutes
a major limitation in the long-term pharmacological treatment of
Parkinson’s disease (PD) patients. About 90% of PD patients
develop LID within a decade of onset of L-DOPA treatment,
representing an important socioeconomic cause of distress [1].
The exact molecular mechanisms associated with LID develop-
ment remain unknown. The prime candidates are alterations in
dopaminergic neurotransmission, described in animal models of
PD, such as dysregulation in presynaptic control of vesicular
dopamine (DA) loading and DA release, as well as decreased
DA reuptake by DA transporter (DAT) [1, 2].

Previous findings indicated that exercise prevents the loss
of dopaminergic neurons and alterations in dopaminergic neu-
rotransmission in the nigrostriatal pathway in rodent models
of PD [3–6]. Our group previously reported that voluntary
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exercise in running wheels during 2 weeks normalized
striatopallidal dopaminergic signaling and attenuated the de-
velopment of LID in 6-hydroxydopamine (6-OHDA)-
hemiparkinsonian C57BL/6 mice treated with L-DOPA/
benserazide (25/12.5 mg/kg, intraperitoneal (i.p.)) [7].
Interestingly, Klemann et al. [8] recently investigated the mo-
lecular mechanisms underlying the beneficial effects of forced
physical exercise in 1-methyl -4-phenyl-1,2 ,3 ,6-
tetrahydropyrimidine (MPTP)-treated mice through analyses
of the RNA sequencing data. The authors reported that con-
trolled treadmill exercise during 4 weeks in MPTP-treated
mice induced opposite effects compared to previously report-
ed effects of L-DOPA on the expression of mRNAs in the
substantia nigra and the ventromedial striatum [8].

However, it remains to be determined if a controlled sched-
ule of imposed exercise (such as in a treadmill) also affords
antidyskinetic effects. In addition, it is unknown if exercise
can synergize with amantadine treatment, LID’s current refer-
ence therapeutics, to alleviate LID. Finally, there is still no
evidence to link the known ability of exercise to stimulate
the production of neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF) [9] and glial cell-derived neuro-
trophic factor (GDNF) [10] with the control of dyskinesia.
GDNF emerges as a particularly promising candidate since it
exerts a pivotal role in the development and maintenance of
spinal motor neurons andmidbrain dopaminergic neurons [11,
12]. Moreover, GDNF downregulation has been implicated in
PD pathophysiology [12].

Therefore, in the present study, we first carried out a dose-
response curve of the development of LID in 6-OHDA-
hemiparkinsonian Swiss albino mice to investigate the puta-
tive antidyskinetic effects of treadmill-controlled exercise
alone or in combination with amantadine treatment and we
gauged the possible correlation with striatal GDNF levels.

Methods and Materials

Subjects and 6-OHDA-Induced Hemiparkinsonism

A total of 62 adult male Swiss albino mice (8–10 weeks old,
30–35 g) from the Animal Facility of Federal University of
Santa Catarina (UFSC, Florianópolis, Brazil) were used. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of UFSC (proto-
col PP00357).

The experimental designs are illustrated in Figs. 1a and 2a.
Mice were housed in collective cages with controlled environ-
ment: 12/12-h light/dark cycle (lights on at 7 am) and room
temperature of 23 ± 1 °C with ad libitum access to food and
water. The animals were anesthetized with an i.p. injection of
ketamine (90 mg/kg) and xylazine (10 mg/kg). All drugs were
purchased from Sigma-Aldrich and were freshly diluted in

saline (0.9% NaCl). The injection volume used was 0.1 mL/
10 g body weight. 6-OHDA (10 μg in 1 μL of 0.1% sodium
metabisulfite diluted in 0.9% NaCl) was injected in the right
dorsolateral striatum using a stereotaxic apparatus with the
following coordinates (in mm): AP 0.5, ML 2, and DV 3
[13]. The hemiparkinsonian state of 6-OHDA-lesioned mice
was confirmed using two different criteria: (i) net rotations
following a challenge with R(−)-apomorphine and (ii) side
bias in spontaneous forelimb use in the cylinder task.

Behavioral Tasks

Animals were habituated for 1 h in a sound- and light-
attenuated (12 lx) room before behavioral tasks, which were
carried out during the light phase of the cycle between 10 am
and 4 pm. All behaviors were monitored through a video
camera, and the images were analyzed with the AnyMaze®
video tracking (Stoelting Co., Wood Dale, IL, USA) by an
experienced experimenter who was not blind to the experi-
mental groups.

R(−)-Apomorphine Challenge

Micewere challengedwith the non-selective DA receptor ago-
nistR(−)-apomorphine(0.5mg/kg,subcutaneous(s.c.)) inplas-
tic tubes (19-cm diameter, 22 cm high). Net rotations were
counted during drug-free habituation (10 min) and after treat-
ment with R(−)-apomorphine (30 min) diluted in saline. After
4weeksof recovery from6-OHDAsurgery (Fig. 1a),micewith
an insufficient number of rotations (< 2 counterclockwise rota-
tions/min) [14] were discarded (around 20% ofmice).

Cylinder Task

Bradykinesia and motor impairments were assessed in indi-
vidual glass cylinders (12-cm diameter, 15 cm high), after 6-
OHDA surgery, at 4 weeks in experiment 1, and at three dif-
ferent times in experiment 2: (i) before 6-OHDA lesion, (ii)
4 weeks after 6-OHDA surgery, and (iii) 4 weeks after L-
DOPA/benserazide treatment (40 min after the last injection).
In this task, we examined side bias in spontaneous forelimb
use during explorative activity, which corresponds to the ex-
tent of a 6-OHDA lesion in rodents, by counting the number
of wall contacts made with the forepaws. A measure of fore-
limb use asymmetry was obtained by expressing the number
of touches performed by the paw contralateral to the lesion
(left paw) as a percentage of the total number of touches re-
corded for each session [15].

Rotarod

The rotarod was used to evaluate the motor coordination of
the animals [16]. The accelerating rotarod apparatus
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(Insight Scientific Equipments, Ribeirão Preto, SP, Brazil)
consists of a grooved metal roller (6 cm in diameter) and
separated 9-cm-wide compartments elevated at 16 cm. The
spindle speed was increased from 6 to 20 rpm over a max-
imal period of 300 s, and the time spent on the accelerating
rotarod and the corresponding rpm were determined. At
baseline (performed 40 min before treatment), mice that
were able to perform the task within 30–120 s were chosen
for the experiment. Rotarod performance was assessed at
three different times: (i) before 6-OHDA lesion, (ii)
4 weeks after 6-OHDA surgery, and (iii) 4 weeks after L-
DOPA/benserazide treatment (40 min after the last
injection).

LID and Exercise

LID was determined based on the evaluation of abnormal
involuntary movements (AIM score), which were assessed
in individual glass cylinders (12-cm diameter, 15-cm high).
Mice were daily treated with a single i.p. injection of L-
DOPA methyl ester hydrochloride plus benserazide hydro-
chloride, a peripheral DOPA decarboxylase inhibitor. In ex-
periment 1, we performed a dose-response curve of the de-
velopment of LID upon daily i.p. treatment with the three
doses of L-DOPA/benserazide (30/12.5 mg/kg; 50/25 mg/
kg, or 70/35 mg/kg) during 3 weeks. The assessment of LID
was made at 1, 4, 7, 14, and 21 days (Fig. 1a). In experiment

Fig. 1 Experimental design (a). All mice received a single intrastriatal
administration of 6-OHDA (10 μg) and experienced a typical
hemiparkinsonian phenotype, as indicated by an increase in asymmetry
score (contralateral bias) in the cylinder test (***P < 0.001, Student’s
t test) (b). 6-OHDA-treated mice also showed increased contralateral
rotations (4 weeks) measured 30 min after a challenge with
apomorphine (APO, 0.5 mg/kg, subcutaneous (s.c.)) (***P < 0.001 vs.
ipsilateral, Student’s t test) (c). Mice were then separated into four groups
with intraperitoneal treatments with either saline or three different doses
of L-DOPA/benserazide (30/12.5 mg/kg, 50/25 mg/kg, or 70/35 mg/kg)

during 3 weeks, and the AIM score was repeatedly evaluated during the
period of treatment (*P < 0.05 all tested L-DOPA/benserazide doses vs.
saline; &P < 0.05 L-DOPA/benserazide 70/35 mg/kg vs. other two doses;
#P < 0.05 L-DOPA/benserazide 50/25 mg/kg vs. day 1 of the same dose,
ANOVA with repeated measures followed by Newman-Keuls post hoc
tests). Data are expressed as mean ± SEM (n = 8–12 animals/group).
AIMs, abnormal involuntary movements; R(−)-APO R(−)-apomorphine;
s.c., subcutaneous; i.p., intraperitoneal; 6-OHDA, 6-hydroxydopamine;
vs., versus; wks, weeks

2946 Mol Neurobiol (2019) 56:2944–2951



2, a selected dose of L-DOPA/benserazide (50/25 mg/kg,
i.p.) was daily administered during 30 days and LID was
assessed at 1, 7, 14, 21, 28, and 30 days. The AIM score
was manually assessed during 120 min after L-DOPA/
benserazide administration. AIM score was classified into
orofacial, forelimb, axial or dystonic, and locomotive, and
the severity was scored for 1 min every 10 min using a 0–4
scale, as previously described [17, 18].

In experiment 2, the exercised group ran on a horizontal
treadmill with individual lanes (26 × 8.5 × 12 cm) [14]. The

animals were divided into two groups: exercised (n = 12)
and sedentary controls (n = 12). Firstly, mice were habitu-
ated to the treadmill (16 m/min, 10 min) during 4 days.
After resting 1 day, the mice were subject to an incremental
exercise load test with the treadmill at 3% grade; mice
started running at 16 m/min, and the speed increased
2 m/min every 3 min. We next determined the maximal
speed of the exercised mice by submitting them to a pro-
gressive running exercise program (4 weeks, 5 times/week,
with time-out on weekends), where the time and speed

Fig. 2 Experimental design (a). After a single intrastriatal administration
of 6-OHDA (10 μg), mice displayed increased counterclockwise rota-
tions after 4 weeks of surgery (data not shown). Mice were then separated
in exercise (treadmill) or sedentary groups, and both groups were treated
with L-DOPA/benserazide (50/25 mg/kg, i.p.) during 4 weeks (a).
Exercised mice showed a reduced AIM score from 14th, 21th, and 28th
days of treatment (***P < 0.001 vs. sedentary; ###P < 0.001 vs.
exercised on 1st day; ANOVA with repeated measures followed by
Newman-Keuls post hoc tests) (b). Amantadine administration (60 mg/

kg, i.p.) decreased AIM score only in sedentary group (&&&P < 0.001,
Student’s t test) (b). Exercise also improved motor skills of mice, as
indicated by a significant decrease in contralateral bias (c), increase in
maximal load test (d), and latency to fall in rotarod (e) (***P < 0.001 vs.
basal; ###P < 0.001 vs. 6-OHDA sedentary at the end of the protocol,
ANOVA with repeated measures followed by Newman-Keuls post hoc
tests). Data are expressed as mean ± SEM (n = 8–12 animals/group).
AIMs, abnormal involuntary movements; OHDA, 6-hydroxydopamine;
s.c., subcutaneous; i.p., intraperitoneal; vs., versus; wks, weeks
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were adjusted every week. The mice in the exercised group
began running at a speed of 20 m/min (60% obtained in
incremental exercise load test) in the first and second
weeks and 23 m/min in the third and fourth weeks. The
velocity was increased in 5 m/min every week, and the
total training time started in 30, 35, 40, and 45 min every
week, respectively [14].

In addition, after the 30 days of DOPA/benserazide (50/
25 mg/kg, i.p.) treatment without or with the exercise proto-
col, we tested the only approved antidyskinetic drug amanta-
dine hydrochloride (60 mg/kg, i.p.) [7, 13], which was admin-
istered 90 min before L-DOPA/benserazide (Fig. 2a).

Western Blotting

Forty minutes after the last L-DOPA/benserazide injection,
mice were killed by cervical dislocation, and the striatum
was dissected, placed in liquid nitrogen, and stored at −
80 °C until analysis. Striata samples were mechanically ho-
mogenized in 400–500 μL of 50 mM Tris base pH 7.0 with
1 mM EDTA, 100 mM NaF, 2 mM Na3VO4, 1% Triton X-
100, 10% glycerol, and a protein inhibitor cocktail from
Sigma-Aldrich (Germany). Lysates were centrifuged
(1000×g, 10 min, 4 °C) to obtain the supernatants, followed
by a 1/1 (v/v) dilution in 100 mM Tris base pH 6.8 with 4 mM
EDTA, 8% SDS, 20% glycerol, and 8% β-mercaptoethanol.
The samples (60 μg protein/track, bovine serum albumin as
protein standard) were separated in a 10% SDS-PAGE gel.
Proteins were then transferred to nitrocellulose membrane
using a semidry blotting apparatus (1.2 mA/cm2; 1.5 h).
Non-specific interactions were blocked with 5% fat-free dry
milk in TBS (10 mM Tris, 150 mM NaCl, pH 7.5).
Immunodetection was carried out using different polyclonal
primary antibodies, namely mouse anti-TH (1:1000, Santa
Cruz®), anti-DAT (1:1000, Santa Cruz®), or anti-GDNF
(1:1000, Santa Cruz®). The antibodies were diluted in TBS
with 0.05% Tween-20 (TBS-T, pH 7.5), containing bovine
serum albumin (0.5%). After all steps of blocking and incu-
bation, the membranes were washed 3× (for 5 min each) with
TBS-T. Reactions were developed by ECL. Optical density of
the Western blot bands was normalized by β-actin and plotted
in arbitrary units (au).

Statistical Analysis

Data are presented as mean ± standard error of mean (SEM).
The contralateral bias was transformed in percentage to allow
parametric statistical analysis. Data from the cylinder task and
the challenge with R(−)-apomorphine in experiment 1 were
analyzed using Student’s t test. The rest of data were com-
pared using analysis of variance (ANOVA) with subsequent
Newman-Keuls post hoc tests when appropriate. The accepted
level of significance was P< 0.05.

Results

Dose-Response Curve of LID in 6-OHDA-Lesioned
Swiss Albino Mice

In experiment 1, 6-OHDA-lesioned mice exhibited a higher
number of contralateral than ipsilateral rotations following the
R(−)-apomorphine challenge (P < 0.001), without significant
changes over the 4 weeks of evaluation (P = 0.06) (Fig. 1c). 6-
OHDA-lesioned mice also displayed a marked contralateral
bias in spontaneous forelimb use in the cylinder task (P
< 0.001) (Fig. 1b).

Regarding the dose-response curve of LID, it was observed
that the two higher tested doses of L-DOPA (50 mg/kg and
70 mg/kg) induced higher AIM score in comparison with the
lowest tested dose of L-DOPA (30 mg/kg) (F(3, 21) = 76.29, P
< 0.05) (Fig. 1d). Moreover, the AIM score was stable up to
21 days of daily treatment with L-DOPA (for both doses 50
and 70 mg/kg) (Fig. 1d). Based on these results, the dose of
50 mg/kg of L-DOPA was selected for the next experiments
aiming to investigate the antidyskinetic effects of treadmill
exercise in 6-OHDA-lesioned Swiss albino mice (Video 1).

Treadmill Exercise Reduced LID and Improved Motor
Impairments in Hemiparkinsonian Mice

Animals exercised in the treadmill showed a significant reduc-
tion of the AIM score in comparison to the sedentary group at
14, 21, and 28 days of L-DOPA/benserazide treatment (50/
25 mg/kg, i.p.) (P < 0.05, Fig. 2b). After 30 days of L-DOPA
treatment and treadmill exercise, the antidyskinetic effects of a
single amantadine dose (60 mg/kg, i.p.) were probed in the
sedentary and exercised groups. Amantadine reduced AIM
score in the sedentary group (Fig. 2b), but not in the exercised
group (Fig. 2b). Thus, there was no synergistic antidyskinetic
effectof the combinationof treadmill exerciseplusamantadine.

Treadmill-controlled exercise also alleviated 6-OHDA-
induced motor impairments, since exercised animals
displayed a reduced contralateral bias in the cylinder task after
4 weeks of L-DOPA treatment in comparison to sedentary
group (F(1, 17) = 67.21, P< 0.001) (Fig. 2c). Exercised ani-
mals also presented a recovery of 6-OHDA-induced decrease
in the incremental exercise load test (F(1, 17) = 83.59, P
< 0.001) (Fig. 2d) and in the latency to fall off the rotarod
(F(1, 17) = 75.92, P < 0.001) (Fig. 2e).

Effects of Treadmill Exercise on Striatal
Neurochemical Changes in Dyskinetic Mice

The 6-OHDA-lesioned striatum (right hemisphere) of dyski-
netic mice displayed a marked decrease (about 45%) of TH
immunocontent in comparison to the non-injured striatum
(control) (F(1, 20) = 20.23, P < 0.001), which was reversed by
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treadmill exercise (F1(1, 20) = 28.65, P < 0.05) (Fig. 3a).
Moreover, it was observed a significant increase in DAT
immunocontent in the 6-OHDA-lesioned striatum of the sed-
entary group, which was not normalized by treadmill exercise
(F(1, 20) = 11.54, P < 0.05) (Fig. 3b). Remarkably, treadmill
exercise induced a significant increase in GDNF
immunocontent in the 6-OHDA-lesioned striatum in compar-
ison with the non-lesioned striatum of dyskinetic mice (F(1,

20) = 9.05, P < 0.05) (Fig. 3c).

Discussion

The present study provides the first evidence that a schedule of
controlled exercise in a treadmill attenuates LID and improves
motor impairments in Swiss albino mice previously lesioned
with a unilateral intrastriatal injection of 6-OHDA. The current

model of LID in Swiss albino mice was validated by the ob-
served antidyskinetic effect of amantadine, the only approved
drugtoclinicallymanagedyskinesia [19].Finally,whereascon-
trolled exercise leads to contradictory effects on different dopa-
minergic markers, it increased the levels of GDNF in the stria-
tum, unraveling a new neurochemical candidate mechanism to
understand the antidyskinetic effects of controlled exercise.

The controlled exercise schedule in a treadmill reduced
AIM score and improved motor impairments of 6-OHDA-
induced hemiparkinsonian mice treated with L-DOPA, as in-
dicated by a significant decrease in contralateral bias, increase
in maximal load test, and latency to fall of the rotarod. These
results corroborate our previous findings showing that volun-
tary exercise in running wheels during 2 weeks prevented the
development of LID in 6-OHDA-hemiparkinsonian C57BL/6
mice [7]. Therefore, both controlled exercise and voluntary
exercise [7] seem of potential interest to control dyskinesia.

Fig. 3 Quantification of TH, DAT, and GDNF immunocontent in the
non-lesioned striatum (control) and lesioned striatum (6-OHDA) of
hemiparkinsonian mice treated with L-DOPA. Four weeks after a single
administration of 6-OHDA (10 μg injected in the right dorsolateral stri-
atum), mice were separated in exercise (treadmill) or sedentary groups,
and both groups were treated with L-DOPA/benserazide (50/25 mg/kg,
i.p.) during 4 weeks. Exercise reversed the loss of TH immunocontent in
the lesioned striatum (6-OHDA) (a), while being devoid of effects on the
increased striatal DAT density observed in the lesioned striatum (6-

OHDA) in comparison to the non-lesioned striatum (control) of dyskinet-
ic mice (b). Exercise increased the GDNF immunocontent in 6-OHDA-
lesioned striatum of dyskinetic mice (c). *P < 0.05 vs. control (hemi-
sphere contralateral to injury); #P < 0.05 vs. control sedentary; &P <
0.05 vs. 6-OHDA sedentary (two-way ANOVA followed by Newman-
Keuls post hoc tests). Data are expressed as mean ± SEM (n = 6 animals/
group). DAT, dopamine transporter; GDNF, glial cell-derived neurotroph-
ic factor; kDa, kilodalton; TH, tyrosine hydroxylase; vs., versus; wks,
weeks
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This prompts the hypothesis that exercise may represent a
good adjuvant therapy for L-DOPA treatment in PD.
Although it must be conceded that the current study was not
designed to directly compare the efficacy of exercise and
amantadine, it is remarkable that the antidyskinetic effects of
treadmill exercise seemed more evident than that afforded by
the single tested dose of amantadine. However, it remains to
be determined whether the antidyskinetic effects of amanta-
dine in the present model of LID can be improved by chronic
administration and higher doses.

Our preclinical study is in agreement with the conclusions
of a clinical study reporting a decrease of dyskinesia of PD
patients after intensive rehabilitation treatment of 4 weeks of
physiotherapy, 5 days a week [20]. This particular exercise
protocol also decreased dyskinesia and improved the rating
of the patients in the Unified Parkinson’s Disease Rating
Scale (UPDRS), during 6 months [21], in agreement with
the converging evidence from clinical and experimental stud-
ies that physical exercise can act as a disease-modifying agent
in PD [22]. Indeed, previous studies have demonstrated that
exercise alleviates motor impairments of rats and mice le-
sioned with 6-OHDA or MPTP [3–6, 23]. Therefore, it is
possible that the improvement in the rotarod test and in con-
tralateral bias in the cylinder test observed in the exercised
group may also encompass the ability of exercise to alleviate
motor complications.

The exact mechanisms engaged by exercise to control dys-
kinesia remainunknown.Preclinical studieshave indicated that
exercise prevents the loss of dopaminergic neurons as well as
alterations in dopaminergic neurotransmission in the
nigrostriatal pathway in rodent models of PD [3–6]. We have
also previously reported that the antidyskinetic effects of vol-
untary exercise were associated with the normalization of
striatopallidal dopaminergic signaling, namely the
hyperphosphorylation of DARPP-32 (DA and cAMP-
regulated phosphoprotein 32-kDa protein) and c-Fos expres-
sion [7]. Interestingly, it was recently demonstrated that tread-
mill exerciseduring4weeksmodulates someL-DOPA-regulat-
edmolecularpathways in the substantianigra andventromedial
striatum of theMPTPmouse model of PD, particularly signal-
ing involving DA, neuropeptides, and endocannabinoids [8].

In the present study, the evaluation of striatal dopaminergic
markers indicated that treadmill exercise reversed the loss of
TH immunocontent, while being devoid of effects on the in-
creased DAT density, observed in the 6-OHDA-lesioned stri-
atum in comparison to the non-lesioned striatum of dyskinetic
mice. These results corroborate recent findings described by
Huang et al. [24] showing increased striatal DAT levels in rats
after 4 weeks of 6-OHDA injection in medial forebrain bundle
(MFB) and the treatment with a high L-DOPA dose (60 mg/
kg) during 30 days. On the other hand, contrasting with these
findings, Petzinger et al. [25] reported that treadmill exercise
during 28 days actually decreased the expression of DAT and

TH in the striatum of mice lesioned with MPTP. Marked dif-
ferences in the exercise program and neurotoxin models of PD
used in these studies may represent confounding factors, but
the reasons for these discrepant observations are not known
and cast reasonable doubts on this mainstream hypothesis that
exercise directly controls the striatal dopaminergic system to
normalize motor function.

In this context, our pioneering observation that treadmill
exercise increases selectively the levels of GDNF in the 6-
OHDA-lesioned striatum of dyskinetic mice provides a novel
mechanistic insight. Cohen et al. [10] demonstrated that
preinjury forced limb use can prevent the behavioral and neu-
rochemical deficits to the subsequent administration of 6-
OHDA and that this may be due in part to neuroprotective ef-
fects of GDNF. In fact, over the last years, GDNF has been
implicated in the survival of dopaminergic and noradrenergic
neurons [12]. For instance, a single administration of GDNF
(4.5 μg) into the striatum of mice protected DA terminals
against the lossofTHimmunoreactivity inducedby intrastriatal
of6-OHDA(0.5μg) [26].Moreover, a single intrastriatal injec-
tion of GDNF (10 or 100 μg) 4 weeks after the unilateral
intrastriatal administrationof6-OHDAinSprague-Dawley rats
induced a recovery of the nigrostriatal DA system, as indicated
by decreased apomorphine-induced rotations as well as higher
density of TH-positive DA fibers in the striatum and higher
number of DA cell bodies in the substantia nigra [27]. Of high
importance, the intraventricular administrationofGDNF(5μg)
improved MPTP-induced disability, reversed DA cell loss in
the substantianigra,andalsodiminishedL-DOPA-induceddys-
kinesia, which may relate to the ability of GDNF to partly re-
storenigraldopaminergic transmissionor tomodify the activity
of striatal output pathways [28]. In this context, the present
observation that exercise induced a significant increase of
striatalGDNF immunocontent provides the first demonstration
in animalmodels of LID that exercise causes a parallel increase
of both motor function and striatal GDNF levels. However,
further research is needed to clarify the best exercise program
(controlled vs. voluntary, intensity, and duration) to afford
antidyskinetic effects as well as to ascertain the proposed role
of GDNF in this beneficial impact of exercise, and this consti-
tutes a very interesting field that requires additional research.

In conclusion, the present findings provide the first evidence
thatcontrolledexercisein treadmillattenuatesLIDin6-OHDA-
lesioned mice. Moreover, although the origin of LID remains
unknown, the current results indicate that the observed
antidyskinetic effects of treadmill exercise can be associated,
at least in part, to an increase in striatal GDNF levels.
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