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High-Frequency Stimulation of the Subthalamic Nucleus
Potentiates L-DOPA-Induced Neurochemical Changes in the
Striatum in a Rat Model of Parkinson’s Disease
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This study examined the cellular changes produced in the striatum by chronic L.-DOPA treatment and prolonged subthalamic nucleus
high-frequency stimulation (STN-HES) applied separately, successively, or in association, in the 6-hydroxydopamine-lesioned rat model
of Parkinson’s disease (PD). Only animals showing severe 1-DOPA-induced dyskinesias (LIDs) were included, and STN-HFS was applied
for 5 d at an intensity efficient for alleviating akinesia without inducing dyskinesias. 1-DOPA treatment alone induced FosB/AFosB
immunoreactivity, exacerbated the postlesional increase in preproenkephalin, reversed the decrease in preprotachykinin, and markedly
increased mRNA levels of preprodynorphin and of the glial glutamate transporter GLT1, which were respectively decreased and unaf-
fected by the dopamine lesion. STN-HEFS did not affect per se the postlesion changes in any of these markers. However, when applied in
association with L-DOPA treatment, it potentiated the positive modulation exerted by L-DOPA on all of the markers examined and tended
to exacerbate LIDs. After 5 d of .L-DOPA withdrawal, the only persisting drug-induced responses were an elevation in preprodynorphin
mRNA levels and in the number of FosB/AFosB-immunoreactive neurons. Selective additional increases in these two markers were
measured when STN-HFS was applied subsequently to L-DOPA treatment. These data provide the first evidence that STN-HEFS exacer-
bates the responsiveness of striatal cells to .-DOPA medication and suggest that STN-HEFS acts specifically through an 1-DOPA-
modulated signal transduction pathway associated with LIDs in the striatum. They point to striatal cells as a primary site for the complex

interactions between these two therapeutic approaches in PD and argue against a direct anti-dyskinetic action of STN-HFS.
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Introduction

Subthalamic nucleus high-frequency stimulation (STN-HES) al-
leviates the L-DOPA-sensitive cardinal motor symptoms of Par-
kinson’s disease (PD), with benefits comparable with those pro-
vided by L-DOPA, albeit with reduced motor complications
(Benabid et al., 2000; Olanow, 2002). The mechanism of action of
HEFS remains uncertain and is suggested to be more complex than
a simple inhibition of the target structure (for review, see
Mclntyre et al., 2004; Garcia et al., 2005; Perlmutter and Mink,
2006). However, STN-HFS has been shown to reverse dopamine

Received July 12, 2006; revised Jan. 25, 2007; accepted Jan. 27, 2007.

This work was supported by the Centre National de la Recherche Scientifique, Agence Nationale pour la Recher-
che (ANR-05-NEUR-013-03), the Action Concertéc Incitative (ACI) program from the Ministry of Research (ACI Grant
04291, project NIC0057). A. Oueslati held a fellowship from “Comité d'Entente et de Coordination des Associations
de Parkinsoniens” and from “Agence Universitaire de la Francophonie.”

Correspondence should be addressed to Pascal Salin, Team “Cellular Interactions, Neurodegeneration and Neu-
roplasticity,” Developmental Biology Institute of Marseille Luminy, Unité Mixte de Recherche 6216, Centre National
de la Recherche Scientifique—Université de la Méditerranée, 31 chemin Joseph Aiguier, 13402 Marseille cedex 20,
France. E-mail: salin@ibdml.univ-mrs.fr.

DOI:10.1523/JNEUR0SCI.2949-06.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/272377-10$15.00/0

(DA) lesion-induced functional alterations in the basal ganglia
output structures in animal PD models, which provides cellular
basis for its antiparkinsonian effects (Salin et al., 2002; Tai et al.,
2003; Degos et al., 2005). To optimize PD treatment, postopera-
tive adaptation of both stimulation parameters and L-DOPA dos-
age is required, given the complex interactions between these two
treatments (Krack et al., 2002). STN-HFS has a dyskinesia-
inducing effect, which, however, progressively declines, allowing
the increase in stimulation intensity, and it reduces L-DOPA re-
quirement, which in turn reduces L-DOPA-induced dyskinesias
(LIDs). Whereas considerable attention is paid to the effects of
each treatment on the pathophysiological functioning of the
basal ganglia, the neural substrate of their interactions remains
unknown. Moreover, the possible impact of the long-term
L-DOPA treatment received by PD patients before surgery on the
responsiveness of basal ganglia components to subsequent STN—
HES has not yet been investigated.

LIDs are generally agreed to result from the pulsatile stimula-
tion of striatal dopamine receptors and downstream modifica-
tions in gene and protein expression (Cenci, 2002). Altered func-
tion and plasticity at striatal glutamatergic synapses might also be
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involved (Chase and Oh, 2000; Calon et al., 2003; Picconi et al.,
2003; Robelet et al., 2004), underlying a pathological form of
learning (Calon et al., 2000). The major molecular changes asso-
ciated with LIDs in animal models and PD patients are the in-
crease in preprodynorphin (PPDyn) mRNA levels in striatonigral
neurons and the additional increase, above lesion-induced levels,
in preproenkephalin (PPE) mRNA in striatopallidal neurons
(Cenci et al., 1998; Henry et al., 1999, 2003; Calon et al., 2000,
2002; Zeng et al., 2000; Tel et al., 2002). The role of glutamate-
mediated mechanisms in these changes is supported by the ex-
perimental data showing that L-DOPA-induced overexpression
of PPE is reduced by a glutamate antagonist (Perier et al., 2002)
and is topographically superimposed to the increased expression
of the glial glutamate transporter GLT1 (Lievens et al., 2001).
Among the signal transduction pathways underlying the devel-
opment of LIDs, striatal induction of the transcription factor
AFosB is suggested to play a major role and to positively modu-
late PPDyn (Andersson et al., 1999). Little is known about the
striatal effects of STN-HFS. Short-duration STN-HFS increases
striatal glutamate extracellular levels (Bruet et al., 2003) and en-
hances dopamine release and metabolism (Bruet et al., 2001;
Meissner et al., 2003; Lee et al., 2006). However, neither short
duration nor prolonged STN-HFS significantly affects the dopa-
mine lesion-induced increase in striatal PPE or preprotachykinin
(PPT) mRNA expression (Salin et al., 2002; Bacci et al., 2004).

This study provides the first cellular substrates for the inter-
action between L-DOPA treatment and STN-HFS in a rat model
of PD by showing that STN-HFS, which per se does not signifi-
cantly modify striatal mRNA levels of PPE, PPDyn, PPT, and
GLT1 nor induces FosB/AFosB expression, selectively modulates
the effects of dyskinesiogenic L-DOPA treatment on these mark-
ers. In addition, using cytochrome oxidase subunit I (Col)
mRNA levels as a marker, we provide evidence that STN-HFS has
an impact on neuronal metabolic activity in layer V of motor
cortical areas.

Materials and Methods

All experiments were performed on male Wistar rats weighing 180200 g
at the time of surgery and were in accordance with the European Com-
munities Council Directive of November 24, 1986 (86/609/EEC). Six
experimental groups of animals with the 6-hydroxydopamine (6-
OHDA) lesion were constituted to analyze the effects of L-DOPA and
STN-HFS either separately, successively, or in combination: (1) lesion
alone (6-OHDA); (2) 1.-DOPA treatment for 19 d (DOPA); (3) STN—
HES for 5 d (HFS); (4) combined treatments, with STN-HFS being ap-
plied during the last 5 d of the 19 d L-DOPA treatment (DOPA plus HFS);
(5) L-DOPA treatment for 14 d followed by STN-HES for 5 d (DOPA/
HES); (6) L-DOPA treatment for 14 d followed by a 5 d washout period
(DOPA/washout). An additional group of naive rats without any surgery
or treatment was used as control. All animals were killed 33 d after the
6-OHDA lesion. The behavioral and cellular analyses were performed
after control of the extent of dopamine denervation and correct location
of the stimulating electrode, as described below, on # animals per group
(n =5 control;n = 4—6 6-OHDA; n = 69 .-DOPA; n = 6-9 HFS; n =
5-7 DOPA plus HFS; n = 4 DOPA/HES; n = 5 DOPA/washout).

6-OHDA lesion

Surgery was performed under Equitesin anesthesia (4 ml/kg). Animals
received a unilateral injection of 10 ug of 6-OHDA (Sigma-Aldrich, St.
Quentin-Fallavier, France) dissolved in 5 ul of 0.9% sterile NaCl con-
taining 0.1% ascorbic acid, at the rate of 1 ul/min, in the left SNc. The
stereotaxic coordinates of the injection site were as follows: anteroposte-
rior, +2.2 mm; lateral, 2.0 mm; dorsoventral, +3.3 mm; with the incisor
bar at +5.0 mm above the interaural plane according to the rat stereo-
taxic atlas by De Groot (1959).
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Pharmacological treatment

L-DOPA treatment consisted of two intraperitoneal injections per day at
12 hintervals, over 19 d for DOPA and DOPA plus HES groups and over
14 d for DOPA/washout and DOPA/HFS groups, of 25 mg/kg L-DOPA
and 12.5 mg/kg benserazide (Sigma-Aldrich) dissolved in 0.9% NaCl
The DOPA and DOPA plus HFS groups were killed 12 h after the last
injection.

Electrode implantation and chronic STN-HFS

Ten days after the 6-OHDA lesion, the three groups of rats to be treated
by STN-HFS were unilaterally implanted with one electrode for deep
brain stimulation in the ipsilateral STN. As described previously (Bacci et
al., 2004), the electrode was formed by two parallel platinum iridium
wires insulated with Teflon and bared at the extremity at a length of 500
pm (diameter of each wire: 140 wm insulated, 76 wm bare). The distance
between the two wires was ~500 wm. The electrode was implanted so
that the two wires were placed in the anteroposterior axis, and the bared
part of each wire was covering the STN extent in depth. The stereotaxic
coordinates were taken averaging interaural and bregma coordinates
(Paxinos and Watson, 1986); from bregma, they were as follows: antero-
posterior, —3.8 mm (taken at equidistance of the two wires); lateral, 2.4
mm; dorsoventral, —8.1 mm from the dura. STN-HFS was applied con-
tinuously for 5 d on freely moving rats and delivered by a pulse generator/
stimulator and a stimulus isolation unit (P2MP, Marseille, France),
which gave rectangular current pulses. The frequency was set at 130 Hz
and the pulse width at 80 us over the stimulation period for all of the
stimulated animals. To avoid tissue damage, the intensity was set at 80
KA, which was about twofold below the intensity evoking dyskinetic
movements of the contralateral forelimb. Animals treated by STN-HFS
were killed immediately after turning off the stimulation.

Analysis of motor behavior

Animals with the dopamine lesion alone and those with the lesion sub-
mitted to HFS were scored for akinesia of the contralateral forelimb by
using the cylinder test, compared with control rats. The animals were not
submitted to stimuli that could have enhanced their tendency to explore.
In brief, animals were placed in a Plexiglas cylinder and, immediately
after, videotaped for 30 min to examine the symmetry/asymmetry of
their forepaw use during their explorative behavior in this new environ-
ment. The numbers of contacts made on the cylinder wall during this
period with the ipsilateral paw, the contralateral paw, and both paws
(double contacts) were determined and expressed as percentage of the
total number of contacts.

For quantification of LIDs, also called abnormal involuntary move-
ments (AIMs), animals of the L-DOPA and the L.-DOPA plus HFS groups
were videotaped for 2 h after the injection of .L-DOPA at day 14 and day
19 of the chronic treatment, which corresponded respectively to the time
point just before STN application (prestimulation) and the last day of
HES treatment. Individual animals were scored for 1 min every 10 min,
from 10 to 120 min after the injection of .-DOPA (12 monitoring periods
of 1 min each) as reported previously (Robelet et al., 2004). Four subtypes
of AIMs (i.e., locomotive, axial, orolingual, and forelimb dyskinesias)
were evaluated, each rated using a scale from 0 to 4 defined by Cenci et al.
(1998), and the sum of the four scores per time point was determined for
each animal (maximal score, 16). Locomotive AIM was rated from the
determination of the number of contralateral rotations per minute. Data
are the means = SEM of the values determined from the n animals per

group.

Morphological studies
Tissue preparation. All animals were killed by decapitation after 33 d
postlesion survival time. The brains were quickly removed and then fro-
zen in dry ice and stored at —80°C. Coronal (10 um thick) tissue sections
were cut at —20°C with a cryostat (CM3050; Leica, Nussloch, Germany)
at striatal level between anteroposterior interaural coordinates 8.2 and
9.2 according to the atlas of Paxinos and Watson (1986). The sections
were then mounted on SuperFrost Plus glass slides (Fisher Scientific,
Elancourt, France) and stored at —80°C until specific treatment.
Histological control of 6-OHDA lesion and electrode placement. The loss
of DA terminals in the striatum was assessed as an index of the extent of
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the DA denervation by analysis of *H-mazindol binding to DA uptake
sites, as described previously (Salin et al., 2002). Briefly, brain sections
were air dried and rinsed for 5 min in 50 mm Tris buffer with 120 mm
NaCl and 5 mm KCI. They were then incubated for 40 min with 15 nm
[*H]-mazindol (specific activity, 17 Ci/mm; NEN DuPont, Boston, MA)
in 50 mm Tris buffer containing 300 mm NaCl and 5 mm KCl added with
0.3 mm desipramine to block the noradrenaline uptake sites. Sections
were rinsed twice for 3 min in the Tris incubation buffer and for 10 s in
distilled water and were air dried. *H-sensitive photographic film
(Kodak BioMax MS Film; Sigma, Steinheim, Germany) were apposed to
the slides in x-ray cassettes and exposed at room temperature for 21 d.
The levels of *H-mazindol labeling were quantified by digitized image
analysis from the film autoradiograms using a BIOCOM (Les Ulis,
France) analysis system (Densirag). Gray levels were converted to optical
densities (ODs) using external standards (calibrated density step tablet;
Kodak, Rochester, NY). The mean OD value was determined from four
sections per animal after subtracting the background signal measured on
each section by scanning a corpus callosum area that is known to lack DA
terminals. The location of the stimulating electrode in the STN of HFS
groups was examined on cresyl-violet-stained sections: we considered
the correct location when the anterior and posterior wires were both in
the STN (see also Bacci et al., 2004). Animals showing a reduction of
<85% in *H-mazindol binding or a misplaced electrode were not in-
cluded in the experimental groups presented above.

In situ hybridization histochemistry

Probes were 43—48 mer synthetic oligonucleotides selected on the basis
of the published sequence of PPE, PPT, PPDyn, GLT1, and Col. Probes
were 3'-end labeled by terminal deoxynucleotide transferase with >>S-
dATP (1300 Ci/mmol). The radiolabeled probes were then extracted on
a Mini Spin Oligo Column (Roche, Indianapolis, IN).

All solutions used for in situ hybridization were treated with diethyl
pyrocarbonate and autoclaved to avoid RNase degradation. Slide-
mounted sections were postfixed for 5 min in 3% paraformaldehyde. The
sections were then incubated in prehybridization buffer containing 2X
SSC and 1X Denhardt’s solution. The sections were then acetylated for
10 min with 0.25% acetic anhydride in 0.1 M triethanolamine and treated
for 30 min in 0.1 M Tris-glycine before being dehydrated in ethanol and
air dried. Each section was covered with 35 ul of hybridization solution
(4X SSC with 50% formamide, 10% dextran sulfate, 1 X Denhardt’s
solution, 0.25 mg/ml Escherichia coli tRNA and 0.5 mg/ml sheared
salmon sperm DNA) containing the radiolabeled probe (radioactivity
level, ~500,000 cpm per section) and incubated overnight at 47°C in
humid chambers. Sections were then rapidly rinsed in ice-cold 2X SSC
and then treated successively for 10 and 40 min with 1X SSC at room
temperature, 1 X SSC at 42°C, and 0.1X SSC at 42°C. Sections were then
dehydrated in ethanol and air dried.

Striatal sections were apposed to Kodak Bio-Max MR-1 film, and ex-
posure time was adjusted to avoid film saturation (6—8 d). Brain sections
from control and experimental groups of animals were run together in
the same experimental session and exposed side by side on the same
autoradiographic film. Sections processed for cellular analysis of Col
mRNA levels were thereafter coated with GE Healthcare (Piscataway, NJ)
LM1 autoradiographic emulsion and exposed at 4°C for 3 weeks. Ex-
posed slides were developed in Kodak D-19 for 4 min at 13°C and coun-
terstained with toluidine blue.

Immunohistochemistry

Brain sections were air dried and postfixed for 20 min in 4% paraformal-
dehyde and rinsed (3 X 5 min) with PBS, pH 7.2. After incubation for 15
min in PBS with H,0, 1% and for 30 min in PBS containing 10% bovine
serum albumin (BSA) and 0.25% Triton X-100, sections were incubated
in rabbit polyclonal IgG anti-FosB-like proteins (antibody sc-48, used at
1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) with 2%
BSA and 0.25% Triton X-100, for 2 h at room temperature and overnight
at 4°C. This antibody was directed against the N-terminal part of FosB
and therefore able to recognize both FosB and its chronic isoforms such
as AfosB-like proteins (Nestler et al., 1999; Perrotti et al., 2004). The
sections were subsequently rinsed in BSA 2% and 5% and incubated for
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2 h with the biotinylated secondary antibody (diluted 1:200; BIOSPA,
Milan, Italy) and then 45 min with an avidin—biotin—peroxidase com-
plex (diluted 1:100 in PBS containing 0.25% Triton X-100; Vector Lab-
oratories, Burlingame, CA). Finally, the labeling was visualized with
0.05% 3-3" diaminobenzidine (Sigma) and 0.04% hydrogen peroxidase.

Data analysis

For immunocytochemistry, striatal tissue sections were examined under
a light microscope using a 4X objective connected to a COHU camera,
and the digitized images were transferred to the screen of a video monitor
with a resulting magnification of 150X. Counts of FosB/AFosB-positive
neurons were performed on a I mm? area in both the lateral and medial
parts of the striatum ipsilateral to surgery. The mean number of labeled
cells per square millimeter was determined from three sections per ani-
mal, and the data from all of the animals per group were averaged and
expressed as means = SEM. For in situ hybridization histochemistry,
levels of autoradiographic labeling were quantified by a computerized
imaging system (BIOCOM). Analysis of striatal PPE, PPDyn, PPT, and
GLT1 mRNA levels was performed from autoradiographic films and was
restricted to the dorsal part of the structure, excluding the nucleus ac-
cumbens. Gray levels were converted to relative ODs by using standard
internal curves. The background signal was determined for each section
by scanning the corpus callosum (that lacked immunolabeling for the
probes used) and subtracted from values obtained in the striatum on the
same section. The mean OD was determined from three sections of each
animal.

Analysis of Col mRNA labeling was performed at the cellular level on
emulsion-coated sections in layer V of motor cortical areas (Frl, Fr2,
HL). Sections were observed under dark-field epilumination with a 20X
immersion objective of a microscope connected to a COHU camera, and
the digitized images were transferred to the screen of a video monitor
with a resulting magnification of 1000 X. Using the Visioscan image anal-
ysis software from BIOCOM, the number of silver grains per cell was
estimated under polarized light by measuring OD with respect to a stan-
dard curve of a defined number of silver grains. Specific labeling was
determined after subtracting autoradiographic background measured
from the corpus callosum. A sampling of at least 60 labeled neurons (>10
grains) per section was quantified in three sections from each animal, and
the mean number of silver grains per neuron was determined. For both
film and cellular analyses, the data from all of the animals per condition
were averaged and were expressed as percentage = SEM of the corre-
sponding controls values.

Statistical analysis of data were performed using a one-way ANOVA
followed by Student-Newman—Keuls test for multiple group compari-
son. Separate analysis was performed for the combined and the succes-
sive treatment conditions, the first one including the control, 6-OHDA,
HES, DOPA, and DOPA plus HFS groups, and the second the control,
6-OHDA, HFS, DOPA/washout, and DOPA/HES groups. A significance
of p < 0.05 was required for rejection of the null hypothesis.

Results

Control of the 6-OHDA-induced denervation extent in the
striatum and of the electrode location in STN

The 6-OHDA-lesioned animals, with or without subsequent
L-DOPA and/or STN-HFS treatment, showed an almost com-
plete loss of *H-mazindol binding in the ipsilateral striatum (Fig.
1). Figure 2 illustrates the location of the two poles of the stimu-
lation electrode in the anteroposterior extent of STN. Each pole
was inside the central or lateral part of STN in the selected ani-
mals. No major tissue damage was observed in the structure after
the 5 d of continuous stimulation.

Behavioral observations

Here, STN-HES was applied in all of the animals at a fixed low
intensity (80 wA) not inducing any dyskinetic movement, both to
ensure that only its antiparkinsonian action is assessed and to
avoid tissue damage with prolonged application. However,
within the 5 min before fixing the stimulation intensity, we ex-
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Figure 1.  lllustrative autoradiographic image and quantitative analysis of *H-mazindol
binding, showing the extensive loss of dopamine terminals in the striatum ipsilateral to the
lesion (*). The data presented in the graphs are the means = SEM of the optical density values
determined from n animals per condition (as defined in Material and Methods) and are ex-
pressed as percentages of control. Statistical comparisons are performed using a one-way
ANOVA followed by Student—Newman—Keuls test. **p << 0.01 compared with control values.
Scale bar, 2 mm.

Ant. 5.40

Figure 2.
stained coronal sections illustrating the location of the bipolar electrode for HFS in the antero-
posterior (Ant.) extent of subthalamic nucleus (delineated by dotted lines). The arrows show
the location of the bared electrode tips delivering HFS. Scale bar, 500 um.

Schematic drawings (sagittal and coronal) and photomicrographs of cresyl violet-
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amined for each rat the effects of progressively increasing the
stimulation intensity. This evaluation was performed 12 h after
the last injection of L-DOPA for the DOPA/HFS and
DOPA+HEFS groups, the latter receiving the next injection just
afterward. As described previously (Salin et al., 2002; Bacci et al.,
2004; Boulet et al., 2006), STN-HFS at increasing intensity in-
duced per se a sequence of AIMs as follows: orofacial dyskinetic
movements (from ~110 pA in our experimental conditions),
plus dyskinetic movements of the contralateral forelimb (from
130 wA), plus strong contralateral bias in the head position, and
finally contralateral rotation (from 170 wA). Therefore, the dif-
ferent subtypes of L-DOPA-induced AIMs can be induced se-
quentially by STN-HFS. This sequence, which was previously
observed both in intact and hemiparkinsonian rats, was found
here to also occur in lesioned rats treated with L-DOPA. Interest-
ingly, we observed that the intensity of HES required to produce
this sequence of AIMs was significantly higher in the L-DOPA-
treated versus untreated rats (threshold for forelimb dyskinesias,
136.5 = 4.8 A in 6-OHDA group vs 173.5 = 7.9 uA in DOPA
group; p < 0.01, Student’s t test). These data suggest that the
dyskinesias-inducing effect of STN-HFS is only partly dependent
on dopamine tone and is reduced by previous L-DOPA treat-
ment, providing new evidence for an interaction between these
treatments. Interestingly also, we observed in pilot experiments
that the threshold for the induction of dyskinesias progressively
increases with prolonged HFS. For instance, when maintaining a
stimulation intensity initially producing forelimb dyskinesias,
the dyskinesiogenic effect rapidly disappears. Moreover, after 2 h
of HFS atlow intensity, the threshold for induction of dyskinesias
is substantially increased compared with that determined within
the first minutes of stimulation, and in some cases is no more
reached. These observations suggest that rapid adaptive mecha-
nisms counterbalance the side effects of HFS.

Effects of STN-HFS on akinesia

In the cylinder test, control animals mostly used both forepaws
(57.7 = 3.4) to make contacts on the cylinder wall during their
explorative behavior. In hemiparkinsonian rats, because of the
akinesia of the contralateral forepaw, the proportion of double
contacts was reduced by ~70% (17.6 = 4.4 in 6-OHDA group;
17.3 = 7.4 in the HFS group prestimulation; p < 0.01 according
to Student—-Newman—Keuls test). HFS of the STN for 5 d effi-
ciently relieved this deficit (45.0 * 12.5), with a significant in-
crease of double contacts compared with the lesion group (p <
0.01) and no more significant difference versus control.

Effects of STN-HFS on L.-DOPA-induced dyskinesias

To assess the effect of STN-HFS on LID, we measured the AIM
score of DOPA plus HEFS rats prestimulation, i.e., at day 14 of the
L-DOPA treatment, and after 5 d of continuous stimulation cor-
responding to day 19 of L-DOPA, compared with the data ob-
tained in the animals treated with L-DOPA alone at the same time
points. We first examined the time course of the sum of the four
AIM subtypes per monitoring period (1 min every 10 min) over
the 2 h after L-DOPA injection (Fig. 3A). No difference was no-
ticeable between day 14 and day 19 in the animals with the
L-DOPA treatment alone. In the DOPA plus HES group, no dif-
ference was either observed between the scores at 5 d stimulation
and prestimulation, except within the last monitoring periods, in
which the stimulation values tended to be higher than the pre-
stimulation scores. We then considered four time windows, each
corresponding to the mean of three recording sessions: 10-30,
40-60, 70-90, and 100-120 min, and we examined separately
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Figure 3.  Effects of subthalamic nucleus high-frequency stimulation on 1-DOPA-induced

AIMs. Analysis of AIMs was performed in the DOPA group at day 14 (CJ) and day 19 (O),
corresponding in the DOPA+HFS group to the time points prestimulation (M) and 5 d of
stimulation (@), respectively. A, Time course of the total AIM score (sum of locomotive, axial,
orolingual, and forelimb scores, each rated in a scale from 0 to 4; maximum score 16) per
monitoring session (1 min every 10 min over 2 h). B, Locomotive AIM, expressed in number of
contralateral rotations per minute and dyskinesia score (C), corresponding to the sum of the
axial, orolingual, and forelimb AIM scores (maximum 12). Four windows are considered in the
2 h monitoring period, each corresponding to the mean of the values obtained in three record-
ing sessions. The data are the means == SEM from six .-DOPA and five DOPA plus HFS animals.
Paired t test comparisons are performed between day 14 and day 19 values in the DOPA group
and between prestimulation and 5 d stimulation values in the DOPA+HFS group. *p << 0.05
compared with prestimulation values.
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the locomotive AIMs, expressed in number of contralateral rota-
tions per min, and the three other AIM subtypes. Figure 3B illus-
trates the rotational behavior. Significant difference was mea-
sured only for the 100-120 min window between prestimulation
and 5 d stimulation values ( p < 0.05 using paired ¢ test). In fact,
at days 14 and 19 of L-DOPA and for prestimulation, the pick of
rotations was followed by a decline at 90 —120 min, whereas there
was a plateau maintained at 100—120 min under stimulation,
suggesting that STN-HES prolonged the rotational behavior.
Figure 3Cillustrates the dyskinetic behavior, i.e., the sum of axial,
orolingual, and forelimb dyskinesias. No significant differences
were measured at any windows between day 14 and 19 in the two
groups of animals, although poststimulation scores tended to be
higher than the prestimulation ones within the same 100-120
min window.

Effects of dyskinesiogenic L-DOPA and chronic HFS of STN,
applied separately, successively, or together on markers of
striatal cell populations

All of the following results concern the dopamine-depleted stri-
atum. No significant change was measured in the striatum con-
tralateral to surgery in any of the experimental conditions
examined.

Preproenkephalin A mRNA levels (Fig. 4)

The expression of PPE was increased by 73% in the 6-OHDA
group compared with controls. This response was not affected in
HFS animals but further increased by 27% in DOPA animals. In
the DOPA plus HFS group, the increase in PPE was exacerbated
compared with the DOPA group (+18%). No L-DOPA-driven
increase in PPE was measured in the DOPA/washout group
[nonsignificant (NS) compared with 6-OHDA]. In the DOPA/
HFS animals, PPE mRNA expression was not significantly mod-
ified compared with 6-OHDA animals.

Preprodynorphin mRNA levels (Fig. 5)

In the 6-OHDA group, PPDyn mRNA levels were decreased
compared with controls (—25%), but this effect did not reached
statistical significance. No significant change was observed in
HES group, whereas DOPA rats showed a dramatic increase both
compared with 6-OHDA and with controls (+540% and +
392%, respectively). A further increase above DOPA values
(+30%) was measured in DOPA plus HFS animals. A significant
increase in PPDyn was maintained in the DOPA/washout group
(+94.6% compared with controls), and a further increase was
measured in the DOPA/HES condition (+27.6% compared with
L-DOPA/washout group).

Preprotachykinin mRNA levels (Fig. 6)

PPT mRNA expression was decreased by 33% in 6-OHDA ani-
mals compared with controls. This effect was reversed in DOPA
(NS compared with control and + 52% compared with
6-OHDA) but unaffected in HFS animals. HFS plus DOPA ani-
mals showed an increase in PPT above control and DOPA values
(+19% and + 16%, respectively). PPT mRNA levels in DOPA/
washout and DOPA/HFS groups did not differ from the
6-OHDA condition.

GLT1 mRNA levels (Fig. 7)

GLT1 mRNA levels were not significantly modified in both
6-OHDA and HFS animals compared with controls but were
significantly increased by 28% in the DOPA ones. The DOPA
plus HES group showed a further increase above DOPA values
(+28.7% vs DOPA; +65% vs controls). No significant differ-
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Figure4. A, B, Digitized autoradiographicimages (A) and quantitative analysis (B) showing
the effects of subthalamic nucleus high-frequency stimulation and of L-DOPA treatment on the
dopamine denervation-mediated increase in striatal preproenkephalin mRNA expression. The
data presented in the graphs are the means == SEM of the optical density values determined
from n animals per condition and are expressed as percentages of control. Statistical compari-
sons are performed using a one-way ANOVA followed by Student—Newman—Keuls test.
Analysis included the control, 6-OHDA, HFS, DOPA, and DOPA +HFS groups for the com-
bined treatment condition and the control, 6-OHDA, HFS, DOPA/washout, and DOPA/HFS
groups for the successive treatment condition. **p < 0.01 compared with control values;
#p < 0.01 compared with 6-OHDA; ®p << 0.05 compared with DOPA. *Side ipsilateral to
surgery. Scale bar, 2 mm.

ences were measured versus controls or 6-OHDA in both the
DOPA/washout and the DOPA/HES groups.

Expression of FosB-like proteins (Fig. 8)

Compared with 6-OHDA, the number of FosB/AFosB-positive
neurons was unaffected in the HFS group but was markedly in-
creased in the DOPA group both in the lateral and the medial
parts of the striatum (18-fold and sixfold, respectively). DOPA
plus HES rats showed an additional significant increase versus
DOPA in the medial (+45%) but not in the lateral part of the
striatum. In the DOPA/washout group, the number of FosB/
AFosB-positive neurons was still increased by ~17-fold and 4.5-
fold versus 6-OHDA in the lateral and medial parts of the stria-
tum, respectively. In the DOPA/HES group, an additional
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Figure5. A, B, Digitized autoradiographicimages (4) and quantitative analysis (B) showing
the effects of subthalamic nucleus high-frequency stimulation and of L-DOPA treatment on
striatal preprodynorphin mRNA expression. The data are determined and presented as in Figure
4,*%p < 0.01 compared with control values; *p << 0.01 compared with 6-OHDA; ®®p < 0.01
compared with DOPA; and *p << 0.01 compared with DOPA/washout. *Side ipsilateral to
surgery. Scale bar, 2 mm.

significant increase by 55% versus DOPA/washout was again
measured in the medial but not the lateral part of the striatum.

Effects of dyskinesiogenic L-DOPA and chronic HFS of STN,
applied separately or together on intraneuronal cytochrome
oxidase subunit I mRNA levels in the motor cortex (Fig. 9).
Neurons of layer V of the motor cortex showed decreased Col
mRNA levels (~22%; p < 0.05) in the 6-OHDA animals. This
effect was abolished in the HFS and DOPA plus HFS groups (NS
compared with control, +43.6% and + 35.8% compared with
6-OHDA, respectively) but not significantly modified in the
DOPA group (NS compared with both control and 6-OHDA
animals).

Discussion

This study shows that STN-HFS has effects per se on neurons of
the motor cortex, whereas it acts at striatal levels by modulating
L-DOPA effects. These data provide strong evidence that the stri-
atum is a primary site of the interaction between the two
treatments.
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Figure7.  Quantitative analysis of the effects of subthalamic nucleus high-frequency stimu-
lationand of L-DOPA treatment on striatal GLT1 mRNA expression. The data are determined and
presented asin Figure 4. *p << 0.05 and **p << 0.01 compared with control values; ®*p < 0.01
compared with DOPA.

Cellular effects of dopamine denervation and dyskinesiogenic
L-DOPA treatment

Our study shows that neuronal metabolic activity, as assessed by
Col mRNA levels, is decreased in layer V of motor cortical areas
in rats with extensive lesion of nigral dopamine neurons, which
extends the previous finding of decreased metabolic activity of
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Figure 8. A, B, Representative photomicrographs of brain sections (4) and quantitative
analysis (B) showing the effects of subthalamic nucleus high-frequency stimulation and of
1-DOPA treatment on FosB/AFosB immunoreactivity in the lateral and medial parts of the
striatum ipsilateral to surgery. The data presented in the graphs are expressed in number of
FosB/AFosB-immunoreactive neurons per square millimeter and are the means = SEM from n
animals per condition. *p < 0.01 compared with 6-OHDA; ®p << 0.01 compared with DOPA;
and *p < 0.01 compared with DOPA/washout. Scale bar, 250 wm. cc, Corpus callosum.

corticosubthalamic neurons (Orieux et al., 2002). Interestingly,
such decrease has also been reported to occur in a model of partial
bilateral lesion and to correlate with the expression of akinetic
deficits (OQueslati et al., 2005). We further found that this cortical
response is not significantly modified 12 h after the end of
chronic dyskinesiogenic L-DOPA treatment, which does not ex-
clude possible transient changes under “on” L-DOPA state.

In the striatum, all of the cellular effects of the dopamine
lesion and of L-DOPA treatment reported here are in agreement
with previous literature data. L-DOPA treatment reversed the
lesion-induced decrease in PPT, further increased PPE, induced
upregulation of PPDyn and GLT1 (Cenci et al. 1998; Henry et al.,
1999, 2003; Calon et al., 2000, 2002; Zeng et al., 2000; Carta et al.,
2002; Tel et al., 2002; Robelet et al., 2004), and increased FosB/
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lation and of L-DOPA treatment on Col mRNA expression in the neurons of layer V of the motor
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experimental condition and are expressed as percentages of control. Statistical comparisons are
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AFosB immunoreactivity (Andersson et al., 1999). PPDyn
mRNA and FosB/AFosB immunoreactivity remained signifi-
cantly elevated after 5 d of L.-DOPA withdrawal. AFosB is a
unique transcription factor that plays an essential role in long-
term adaptive changes in the brain (McClung et al., 2004). The
maintenance of concomitant upregulation of FosB/AFosB and of
PPDyn is in agreement with previous data showing that AFosB,
together with structural and synaptic plasticity markers, is pref-
erentially induced in striatal PPDyn-containing neurons
(Sgambato-Faure et al., 2005) and that the accumulation of FosB-
like proteins induced by chronic L.-DOPA is a particularly stable
phenomenon, underlying sustained effects on the expression of
their target genes, notably PPDyn (Andersson et al., 2003). We
show that, contrarily to PPDyn, no effect of chronic L-DOPA
treatment on striatal PPT, PPE, and GLT1 are observed after the
5 d washout period, suggesting that different pathways are in-
volved in the responses of these markers to L-DOPA. Interest-
ingly, the coordinated changes in the gene expression of the glial
glutamate transporter GLT1 and PPE suggest that the responses
of PPE-containing neurons to L-DOPA may be preferentially
linked to glutamate-mediated mechanisms involving changes in
astrocyte glutamate metabolism.

The possible implication of the L-DOPA-induced changes in
the different striatal markers examined on the electrophysiolog-
ical activities and integrative functions of striatal cells is not
known. However, because AMPA and NMDA receptor subunits
are candidate target genes for AFosB (McClung et al., 2004), and
the efficiency of glutamate transmission critically depends on
glial glutamate metabolism, it is tempting to relate the induction
of AFosB and overexpression of GLT1 to pathological striatal
synaptic plasticity. For instance, LIDs have been recently linked
to increased spontaneous activity (Gubellini et al., 2006) and
impaired depotentiation at striatal glutamatergic synapses (Pic-
coni et al., 2003), as well as to changes in NMDA receptor subunit
composition, phosphorylation, subcellular localization (Gardoni
et al,, 2006), and complex formed with D, dopamine receptor
(Fiorentini et al., 2006).

Behavioral and cellular effects of prolonged STN-HFS

STN-HES at high intensity can induce per se dyskinetic move-
ments. Here, we examined the effects of prolonged STN-HES
when applied at low intensity, providing antiparkinsonian bene-
fits without inducing any subtypes of AIMs. Our behavioral study
using the cylinder test shows that STN-HFS progressively relieves
akinesia, 4-5 d of continuous stimulation being required for

Oueslati et al. ® STN—HFS/L-DOPA Interactions in Striatum

complete recovery of double contacts. Such delay could be related
to the robustness of the cylinder test, which assesses the sponta-
neous forelimb use, because rapid antiparkinsonian benefits have
been reported using other motor tasks in rats (Darbaky et al.,
2003; Shi et al., 2006). However, it complies with the observation
that the maximum beneficial effect of STN—HFS on bradykinesia/
akinesia in PD patients may require hours to days, whereas other
symptoms alleviate within minutes (Krack et al., 2002).

At the cellular level, we show that STN—HFS reverses the do-
pamine lesion-induced decrease in Col mRNA expression in the
motor cortex, which could contribute to the anti-akinetic action
of this surgical treatment. This finding can be compared with
recent data showing that STN-HFS (2—4 h) induces immediate-
early gene expression in the motor cortex (Schulte et al., 2006).
The cortical activation could be the consequence of an excitation,
and additional antidromic invasion, of corticosubthalamic ax-
ons, because the areas examined are known to send projections to
STN (Orieux et al., 2002), or be linked to the rapid normalization
of the cellular changes in the basal ganglia output structures (Sa-
lin et al., 2002; Tai et al., 2003; Bacci et al., 2004; Degos et al.,
2005). In the striatum, we confirm our previous finding that
prolonged STN-HFS per se does not modify the dopamine
lesion-induced changes in PPE and PPT mRNA levels (Bacci et
al., 2004), and we show that it does not modify either the postle-
sional decrease in PPD mRNA levels nor affected GLT1 gene
expression and FosB/AFosB immunoreactivity. The lack of ef-
fects on striatal cell markers complies with the electrophysiolog-
ical recordings showing no major change in striatal cell firing (Shi
et al., 2006) and suggests that the striatum may not be the main
site of the anti-akinetic action of STN-HES, at least under exten-
sive dopamine denervation conditions.

Interactions between prolonged STN-HFS and
dyskinesiogenic L-DOPA treatment

Our study shows that STN-HFS does not reduce but rather tends
to increase LID. This increasing effect is, however, moderate,
mostly observable at the end of the monitoring period of 2 h after
L-DOPA injection. This finding argues against a direct anti-
dyskinetic effect of STN-HFS and supports the view that relief of
LID by HFS of STN depends on postoperative reduction of do-
paminergic medication (Krack et al., 2002; Follett, 2004; Russ-
mann et al., 2004). In contrast with its weak impact on LID,
STN-HEFS significantly interferes with the cellular effects of both
associated and previous L-DOPA treatment at striatal level. When
associated with L-DOPA, STN-HEFS induced an additional in-
crease in all of the markers examined, demonstrating a potentia-
tion by HFS of the L-DOPA effects. Interestingly, HFS subsequent
to L-DOPA treatment had no effect on the markers whose expres-
sion, after L-DOPA withdrawal, did not differ from untreated
lesioned rats, but exacerbated the responses maintained after
L-DOPA washout, i.e., FosB induction and upregulation of PP-
Dyn gene expression. These data suggest that this surgical treat-
ment acts specifically on the examined markers through
L-DOPA-dependent signaling pathways. Previous studies have
emphasized the causal role for striatal FosB induction in the de-
velopment of LID and have suggested that the sustained elevation
of this transcription factor and target gene expression after
L-DOPA withdrawal maintains the sensitization to L-DOPA re-
sponsible for LID (Andersson et al., 1999, 2003). Because STN—
HFS exacerbates those cellular responses, it would be expected to
have a higher impact on LID than that found here. It could be that
the effect on LID is limited because most of the animals already
show severe dyskinesias or because STN-HFS acts on the dura-
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tion rather than on the severity of LID. It also could be that
STN-HES differentially interferes with L-DOPA-mediated re-
sponses in basal ganglia structures downstream the striatum,
such as the internal globus pallidus, whose HFS has a direct anti-
dyskinetic effect in PD patients (Follett, 2004).

Possible neural substrates of the striatal interaction between
STN-HFS and .-DOPA

Here we show that STN-HFS has no effects per se on the exam-
ined striatal markers but exacerbates the effects of L-DOPA,
whereas STN lesion has been reported to reverse the increase in
striatal PPE induced by dopamine lesion (Delfs et al., 1995; Bacci
etal., 2004) and to efficiently limit the further increase produced
by L-DOPA (Perier et al., 2003). This comparison indicates that
the two surgical approaches, although providing antiparkinso-
nian benefits, induce different rearrangements in the striatum
underlying different responsiveness to L-DOPA.

The pathways underlying such rearrangements remain a mat-
ter of concern. Our knowledge on the direct input from STN to
striatum is poor, the data available showing moderate projections
to the striatum (Kita and Kitai, 1987) whose cellular targets and
functional implication remain unknown. There is a crucial need
to re-examine in more details the subthalamostriatal projections
and determine whether STN-HFS modifies their organization or
functional strength. In contrast, numerous studies have involved
changes in corticostriatal glutamatergic transmission as a medi-
ator of the effects of the dopamine lesion and L-DOPA treatment
on certain populations of striatal neurons, notably of the changes
in PPE gene expression. For instance, dopamine lesion is known
to induce an increase in striatal glutamate transmission, and we
recently provided evidence for an additional increase in L-DOPA-
treated dyskinetic rats (Gubellini et al., 2006). Consistently, treat-
ments with glutamate antagonists reduce both the increase in
striatal PPE induced by dopamine lesion (Hajji et al., 1996) and
the additional increase elicited by L-DOPA (Perier et al., 2002) as
well as LID. However, striatal glutamate synaptic transmission is
unlikely to mediate the cellular effects of STN-HFS reported
here. Indeed, whereas STN-HES is presently shown to exacerbate
L-DOPA-induced increase in PPE, we found that this stimulation
efficiently depresses spontaneous striatal glutamatergic transmis-
sion both in parkinsonian rats and L-DOPA-treated dyskinetic
rats (Gubellini et al., 2006). Modulation of the dopamine trans-
mission is another possible mechanism involved in the interac-
tion between STN-HFS and L.-DOPA medication. positron emis-
sion tomography (PET) studies in PD patients have shown that
STN-HES does not produce significant striatal DA release
(Abosch et al., 2003; Hilker et al., 2003; Strafella et al., 2003;
Thobois et al., 2003), suggesting that striatal dopamine is not a
crucial mediator of the antiparkinsonian action of STN-HEFS.
However, there is accumulating evidence that STN-HFS in-
creases striatal dopamine efflux and metabolism in normal rats or
rats with partial dopamine lesion (Bruet et al., 2001; Meissner et
al., 2003; Lee et al., 2006). In addition, recent PET data have
shown that STN-HFS in PD patients attenuates the L-DOPA-
induced fluctuations of striatal DA levels, with possible involve-
ment in the alleviation of motor fluctuation (Nimura et al.,
2005). These data suggest that modulation of DA transmission
could be involved in the effects of STN-HFS when dopamine
transmission is still efficient or restored by L-DOPA. It would be
now of primary interest to determine the impact of STN-HFS on
striatal dopamine turnover and transmission, notably at dopa-
mine receptor level, in L-DOPA-treated parkinsonian rats either
dyskinetic or not.
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In conclusion, our study provides the first evidence that STN—
HFS exacerbates the cellular changes produced in the striatum by
dyskinesiogenic L-DOPA treatment, including the responses that
are sustained after L-DOPA withdrawal, i.e., the induction of
FosB/AFosB-like proteins and upregulation of the target gene
PPDyn, which are thought to maintain the sensitization to L-DOPA
responsible for LID. These findings lead to a reappraisal of the im-
pact of this surgical treatment on the overall corticobasal ganglia-
cortical loop depending on dopamine tone, opening new perspec-
tives for the fine-tuning of combined HFS and L-DOPA therapy.
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