
Neurobiology of Disease
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Model of Parkinson’s Disease
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High-frequency stimulation of the subthalamic nucleus (STN-HFS) and L-3,4-dihydroxyphenylalanine (L-DOPA) medication are the most
used therapeutic approaches in Parkinson’s disease (PD), but their beneficial motor effects are burdened by the emergence of cognitive
and depressive disorders. Although a reduced serotonergic function has been linked to the psychiatric effects of antiparkinsonian
treatments, biochemical evidence supporting this hypothesis is still lacking. By using a microdialysis approach in anesthetized rats, we
investigated the ability of STN-HFS (130 Hz, 30 �A, 20 min) and L-DOPA (6 –12 mg/kg) to change extracellular levels of serotonin (5-HT)
monitored simultaneously in the prefrontal cortex (PFC) and hippocampus (HIPP), two brain regions involved in the regulation of mood
and cognition that receive a distinct 5-HT innervation. The results show that STN-HFS inhibited 5-HT levels in the PFC and HIPP of
sham-lesioned and 6-hydroxydopamine (6-OHDA)-lesioned rats. The effect elicited by STN-HFS was blocked by the administration of the
5-HT1A agonist 8-hydroxy-N,N-dipropyl-2-aminotetralin. L-DOPA (6 and 12 mg/kg) reduced 5-HT levels in the PFC and HIPP of 6-OHDA
rats. STN-HFS did not further decrease 5-HT levels induced by L-DOPA, but attenuated L-DOPA-induced dopamine release in the PFC and
HIPP. These neurochemical data show that STN-HFS inhibits 5-HT release by modulating serotonergic neuron activity, while the decrease
in 5-HT levels induced by L-DOPA may include its direct action inside serotonergic neurons. These results support the premise that
antiparkinsonian treatments reduce central serotonergic transmission, which may favor the development of nonmotor side effects in PD.

Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder charac-
terized by the marked degeneration of nigral dopamine (DA)
neurons. L-3,4-Dihydroxyphenylalanine (L-DOPA) usage is the
most common therapy aimed at restoring central DA transmis-
sion (Hauser, 2009). High-frequency stimulation of the subtha-
lamic nucleus (STN-HFS) is a recent surgical approach proposed
to reduce L-DOPA-induced motor side effects (Fraix et al., 2000;
Benabid et al., 2005). While the two different approaches are very
efficient in improving the motor symptoms of the disease, their
motor benefits are burdened by the occurrence of psychiatric side
effects, including cognitive impairments and mood disorders
(Piasecki and Jefferson, 2004; Haber and Brucker, 2009; Van
Rooden et al., 2009). Compelling evidence indicates that the se-
rotonergic system, considered as an etiologic and pathophysio-
logical factor in PD (Zesiewicz and Hauser, 2002; Scholtissen et

al., 2006), plays a role in cognitive and mood disorders (Piñeyro
and Blier, 1999; Bhagwagar et al., 2002). Changes in serotonergic
function could participate in nonmotor side effects induced by
antiparkinsonian therapies (Melamed et al., 1996).

Very few preclinical studies have focused on the effect of an-
tiparkinsonian therapies on serotonergic parameters. Recently, it
has been reported that STN-HFS inhibits the activity of seroto-
nergic neurons in rats (Temel et al., 2007). On the other hand, the
impact of L-DOPA on serotonergic function is complicated by
the fact that L-DOPA enters serotonergic neurons, resulting in
their terminals releasing DA as a false neurotransmitter (Ng et al.,
1970; Arai et al., 1995; Tanaka et al., 1999). While the few data
available suggest a decrease in serotonergic function elicited by
both approaches, the in vivo biochemical evidence on serotonin
(5-HT) release in the DA-depleted brain is lacking.

The prefrontal cortex (PFC) and the hippocampus (HIPP) are
two brain regions involved in the regulation of mood and cognition
(Vertes, 2006; Drevets et al., 2008) that receive distinct serotonergic
innervation from the dorsal raphe nucleus (DRN) and/or median
raphe nucleus (MRN) (Molliver, 1987; Vertes, 1991). Several data
indicate that the control of 5-HT release in the PFC and HIPP is
different due to the distinct 5-HT projections (Kreiss and Lucki,
1994), suggesting that STN-HFS and/or L-DOPA treatments could
differentially alter 5-HT release in these brain regions.
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In the present study, we investigated the effect of STN-HFS
and L-DOPA on 5-HT extracellular levels monitored simulta-
neously using intracerebral microdialysis in the PFC and ventral
HIPP of isoflurane-anesthetized rats. The influence of STN-HFS
was studied in sham- and unilateral 6-hydroxydopamine (6-
OHDA)-lesioned rats, a rat model of PD. The 5-HT1A agonist
8-hydroxy- N, N-dipropyl-2-aminotetralin (8-OHDPAT) was
used in sham-lesioned rats to determine the impact of the
reduction of 5-HT cell firing on the effect of STN-HFS on
5-HT release (Sprouse and Aghajanian, 1987; Bosker et al.,
1996). The influence of L-DOPA (6 –12 mg/kg) was studied on
5-HT release in the PFC and HIPP of 6-OHDA-lesioned rats.
Finally, the effect of combined L-DOPA and STN-HFS on both
DA and 5-HT release was studied.

Materials and Methods
Animals. Male Sprague Dawley rats (IFFA Credo) weighing 240 –280 g
were kept at constant room temperature (21 � 2°C) and relative humid-
ity (60%) with a 12 h light/dark cycle (dark from 8 P.M.) and had ad
libitum access to water and food. All animal use procedures conformed to
European Economic Community (86-6091 EEC) and the French Na-
tional Committee (décret 87/848, Ministère de l’Agriculture et de la
Forêt) guidelines for the care and use of laboratory animals and were
approved by the Ethical Committee of Centre National de la Recherche
Scientifique, Région Aquitaine-Limousin. All efforts were made to min-
imize animal suffering and to reduce the number of animals used.

Drugs. 6-Hydroxydopamine hydrobromide, L-DOPA methyl ester hy-
drochloride, benserazide hydrochloride, desipramine hydrochloride,
(�)8-OHDPAT hydrobromide, and chloral hydrate were purchased
from Sigma. All drug doses were calculated as the free base. All other
chemicals and reagents were the purest commercially available (VWR;
Sigma).

6-Hydroxydopamine injections in the medial forebrain bundle. Animals
(n � 39) were anesthetized with chloral hydrate (400 mg/kg, i.p.), placed
on a stereotaxic frame, and received desipramine (25 mg/kg, i.p.) 30 min
before 6-OHDA injection to protect noradrenergic neurons. 6-OHDA (3
�g/�l) was dissolved in saline solution containing ascorbic acid (1 mM)
and injected with air pressure using a glass pipette (Mallet et al., 2006).
The stereotaxic coordinates of the injection site were as follows (in mm):
anteroposterior (AP) � �3.7; lateral (L) � �1.6 with respect to the
bregma (Paxinos and Watson, 1998). Five injections (0.5 �l/1 min each)
separated by 250 �m vertical intervals along the dorsoventral (DV) ex-
tent were performed between �7 and �8 mm with respect to the surface
of the brain. Sham-lesioned animals (n � 27) received an identical vol-
ume of vehicle alone.

Implantation of microdialysis probes and stimulating electrode. Sham-
and 6-OHDA-lesioned rats were anesthetized by inhalation of a 3%
isoflurane/air mixture in a hermetic chamber and placed on a stereotaxic
frame equipped with a nose mask for constant delivery of the gas anes-
thesia during surgery (2% isoflurane) and with dialysis experiments
(1.5% isoflurane). The dorsal skull was exposed and holes were drilled to
facilitate the simultaneous, ipsilateral implantation of two microdialysis
probes (4 mm long) into the HIPP and PFC and the stimulating electrode
in the STN on the left lesioned side. The stereotaxic coordinates used
were as follows (in mm relative to bregma): HIPP: AP � 5.8, L � �5,
DV � �7.1; PFC: AP � �3.2, L � �0.6, DV � �3.2; STN: AP � �3.8,
L � �2.5, DV � �7.5 (Paxinos and Watson, 1998). During implanta-
tion and microdialysis experiments, body temperature was maintained at
�37°C with a feedback-controlled heating pad. The location of the
probes was determined histologically on serial coronal sections (60 �m)
stained with cresyl violet, and only data obtained from rats with correctly
implanted probes (Fig. 1) were included in the results; 10% of rats who
underwent surgery were excluded.

Electrical stimulation of the STN. A concentric stimulating bipolar
electrode (NEX-100, outer diameter 200 �m; Phymep) was used.
Stimuli were delivered over a 20 min period by an isolated stimulator
(NeuroLog System; Digitimer). Stimulation parameters corresponded

to those used in clinical practice (frequency 130 Hz, 60 �s rectangular
pulse width) except the intensity (30 �A) which was adapted to the rat
(Temel et al., 2007). Only rats shown to have the tip of the stimulating
electrode in the STN were retained for the statistical analysis of the
data (Fig. 1).

Microdialysis. Perfusion was performed as previously described (De
Deurwaerdère et al., 2004) with minor modifications. Microdialysis
probes (CMA/11, 240 �m outer diameter, cuprophan; Carnegie Medi-
cin, Phymep) were perfused at a constant flow rate of 0.5 �l/min by
means of a microperfusion pump (CMA/100; Carnegie Medicin,
Phymep) with artificial CSF containing the following (in mM): 154.1
Cl �, 147 Na �, 2.7 K �, 1 Mg 2�, and 1.2 Ca 2�, adjusted to pH 7.4 with 2
mM sodium phosphate buffer. Dialysates were collected on ice every 20
min. The in vitro recoveries of the probes were �20%. At the end of each
experiment, rat brains were removed and immediately frozen in isopen-
tane (�50°C) and stored at �80°C until histological verification and
postmortem analysis.

Chromatographic analysis. Dialysate samples (10 �l) were immediately
analyzed by reverse-phase HPLC coupled with electrochemical detection
(ECD) as described previously (De Deurwaerdère et al., 2004). The mo-
bile phase [containing the following (in mM): 70 NaH2PO4, 0.1 EDTA,
and 0.1 octylsulfonic acid plus 15% methanol, adjusted to pH 4.5 with
ortophosphoric acid] was delivered at 0.25 ml/min flow rate (Beckman
pump 116) through an Equisil-BDS column (C18, 2 � 250 mm, particle
size 5 �m; CIL Cluzeau). Detection of DA, 5-HT, and 5-hydroxyindo-
leacetic acid (5-HIAA) was performed with an amperometric cell Ag/
AgCl (VT-03) coupled to a programmable detector (Decade II Antec;
Alpha Mos). The potential of the electrodes was set at �500 mV. Output
signals were recorded on a computer (Beckman System Gold). Under
these conditions, the sensitivity values for DA, 5-HT, and 5-HIAA were
0.3, 0.1, and 5 pg/10 �l, respectively, with a signal/noise ratio of 3:1.

Figure 1. a, Representation of the stereotaxic device for the simultaneous and ipsilateral
implantation of two microdialysis probes in the PFC and the HIPP with or without the stimula-
tion electrode in the STN. The picture on the right representing the top of the rat skull shows the
stereotaxic bulk due to the simultaneous implantation of the probes. Three to four weeks
earlier, rats received a unilateral injection of 6-OHDA or its vehicle into the left medial forebrain
bundle (MFB). The stereotaxic plates taken from Paxinos and Watson (1998) display the probe’s
location in sham- and 6-OHDA-lesioned rats in the left PFC, STN, and HIPP. b, Illustrative coronal
section showing the histological verification of electrode location in the STN (scale bar, 200
�m). CP, Cerebral peduncle; ZI, zona incerta.
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Tissue concentrations of monoamines [DA, 5-HT and/or noradrena-
line (NA)] in the striatum and the frontal cortex were performed by
HPLC-ECD to evaluate the extent and the selectivity of the 6-OHDA
lesion, as described previously (De Deurwaerdère et al., 1998). The left
and right sides of the striatum and the frontal cortex were dissected at
�20°C and stored at �80°C until their use in biochemical assays. Tissues
were homogenized in 200 �l of 0.1 N HClO4 and centrifuged at 13,000
rpm for 30 min at 4°C. Aliquots (50 �l) of the supernatants were diluted
in the mobile phase (1/4 for the striatum and 1/2 for the frontal cortex)
before being injected into the HPLC column (Chromasyl C8, 150 � 4.6
mm, 5 �m) protected by a Brownlee–Newgard precolumn (RP-8, 15 �
3.2 mm, 7 �m). The mobile phase, delivered at 1.2 ml/min flow rate, was
as follows (in mM): 60 NaH2PO4, 0.1 disodium EDTA, and 2 octane
sulfonic acid plus 7% methanol, adjusted to pH 3.9 with orthophospho-
ric acid and filtered through a 0.22 mm Millipore filter. Detection of
compounds was performed with a coulometric detector (Coulochem I;
ESA) coupled to a conditioning cell (model 5100) and a dual-electrode
analytic cell (model 5011). The potential of the electrodes was set at �350
and �270 mV, whereas that of the conditioning cell was set at �100 mV.
Results are expressed as nanograms per milligram (ng/mg) of tissue, and
each value is the mean � SEM.

Treatments. All treatments were given after determining a stable base-
line, usually obtained 3 h after the insertion of the microdialysis probes.
Experiments were performed in 6-OHDA- and sham-lesioned rats and
started 21–28 d after the injection of 6-OHDA and its vehicle, respec-
tively. The presence of an effective lesion of DA neurons was not checked
behaviorally before dialysis experiments. The extent and the selectivity of
the DA lesion were evaluated by postmortem tissue concentrations of
monoamines (De Deurwaerdère et al., 1998). The effect of STN-HFS on
5-HT and 5-HIAA extracellular levels in the PFC and HIPP was assessed
in sham- and 6-OHDA-lesioned rats. As there were similar effects of
STN-HFS in both groups, we used sham-lesioned rats to further deter-
mine and characterize the effect of STN-HFS in the presence of the
5-HT1A agonist 8-OHDPAT. 8-OHDPAT is known to decrease 5-HT
release (Adell et al., 1993; Casanovas and Artigas, 1996) by inhibiting
5-HT neuronal firing through the stimulation of the negative feedback
control at somatodendritic 5-HT1A autoreceptors (Sprouse and Aghaja-
nian, 1987). Therefore, this 5-HT compound was used to specifically
address whether the decrease in 5-HT release induced by STN-HFS is
related to its ability to inhibit 5-HT neuronal firing (Temel et al., 2007).
8-OHDPAT (0.1 mg/kg) or its vehicle (sterile water) was injected subcu-
taneously 20 min after the end of the STN-HFS period. The administra-
tion time of 8-OHDPAT was chosen on the basis of its pharmacokinetic
properties, such that it was at its pharmacodynamic maximum when the
effect of STN-HFS on 5-HT release was maximal.

The effect of L-DOPA on 5-HT and 5-HIAA extracellular levels in the
PFC and HIPP was assessed in DA-depleted rats. L-DOPA was adminis-
tered intraperitoneally at 6 and 12 mg/kg (n � 4 and 5, respectively). It
was dissolved in saline and injected 20 min after the administration of the
peripheral monoamine oxidase inhibitor benserazide (15 mg/kg, i.p.). In
a last set of experiments, we combined L-DOPA (12 mg/kg) and STN-
HFS and studied their effect on 5-HT, 5-HIAA, and DA extracellular
levels. L-DOPA was preceded by the administration of benserazide (15
mg/kg, i.p.) while the STN-HFS started 80 min later, the time at which
the effect of L-DOPA on DA release was maximal.

Data and statistical analysis. 5-HT and 5-HIAA contents in each sam-
ple were expressed as the percentage of the average baseline level calcu-
lated from the three fractions preceding any treatment. Data correspond
to the mean � SEM values of the percentage obtained in each experimen-
tal group. The overall effect of treatments corresponds to the averaged
percentages of baseline for dialysates collected after the administration of
treatments. DA extracellular levels stimulated by L-DOPA were expressed
in pg/10 �l and corresponded to the mean � SEM values in each group.
In postmortem analysis, tissue concentration of monoamines was ex-
pressed in ng/mg tissue and corresponds to the mean � SEM values of
each group.

The ability of the 6-OHDA lesion to modify 5-HT and 5-HIAA extra-
cellular levels and monoamine tissue concentration was analyzed using a
Student’s t test. The ability of L-DOPA to modify 5-HT and 5-HIAA

extracellular levels in 6-OHDA-lesioned rats was analyzed using a one-
way ANOVA with the dose as the main factor. When significant ( p �
0.05), it was followed by a post hoc Fisher’s protected least significance
difference test (Fisher’s PLSD) to allow for adequate multiple compari-
sons between groups. In the case of a two-between-factor experimental
design (6-OHDA lesion and STN-HFS, STN-HFS and 8-OHDPAT in
sham-lesioned rats, STN-HFS and L-DOPA in 6-OHDA-lesioned rats on
5-HT and 5-HIAA extracellular levels), implying four experimental
groups, the statistical analysis was performed by a two-way ANOVA.
When significant ( p � 0.05), it was followed by the post hoc Fisher’s
PLSD. The influence of STN-HFS on L-DOPA-induced DA extracellular
levels was analyzed using a Student’s t test. Finally, a one-way ANOVA
was performed in each experiment to determine whether absolute 5-HT
levels were homogenous across groups.

Results
Biochemical assessment of the 6-OHDA lesion
The unilateral injection of 6-OHDA into the left medial forebrain
bundle suppressed tissue DA levels in the left striatum compared
to the nonlesioned side (right striatum; p � 0.001, Student’s t
test). The values obtained in the nonlesioned side corresponded
to values obtained in sham-lesioned rats (Table 1). Tissue levels
of NA and 5-HT were not significantly different between the left
and right sides of the striatum and frontal cortex, and the values
were similar to those obtained in sham-lesioned rats [not signif-
icant (NS)]. Only data from rats with a complete lesion of DA
neurons (�99%, corresponding to undetectable levels of tissue
DA in the striatum) were included in the study.

Effect of the 6-OHDA lesion on basal 5-HT and 5-HIAA
extracellular levels in dialysates from the PFC and HIPP
All in vivo measurements were performed 120 min after the be-
ginning of perfusion, by which time a steady state was achieved.
Absolute basal levels of 5-HT and 5-HIAA in dialysates collected
from the PFC and HIPP were not affected by the 6-OHDA lesion

Table 1. Effect of the unilateral 6-OHDA lesion on monoamine tissue
concentrations in the ipsilateral and contralateral striatum and frontal cortex

Tissue (ng/mg)

Sham 6-OHDA

Ipsilateral Contralateral Ipsilateral Contralateral

Striatum
DA 5862 � 618 6405 � 1322 ND*** 5252 � 885
5-HT 416 � 55 571 � 103 499 � 166 564.5 � 132

Frontal cortex
NA 275 � 50 397 � 62 215 � 47 357 � 32
5-HT 170 � 24 226 � 30 181 � 22 248 � 52

Each value, expressed in ng/mg of tissue, represents the mean � SEM of 10 and 14 rats in the sham- and 6-OHDA-
lesioned groups, respectively. Measurements were performed 3– 4 weeks after the unilateral injection of 6-OHDA or
its vehicle (sham) in the median forebrain bundle. Rats did not receive any pharmacological treatment and/or
STN-HFS. ***p � 0.001 versus the ipsilateral side of sham-lesioned rats and the contralateral side of 6-OHDA-
lesioned rats (Student’s t test). ND, Not detectable.

Table 2. Effect of the unilateral 6-OHDA lesion on absolute basal levels of 5-HT and
5-HIAA in dialysates from the ipsilateral prefrontal cortex and hippocampus

Tissue (pg/10 �l) Sham 6-OHDA

Prefrontal cortex
5-HT 1.39 � 0.10 1.25 � 0.08
5-HIAA 201.7 � 8.6 216.8 � 11.9

Hippocampus
5-HT 1.21 � 0.06 1.10 � 0.06
5-HIAA 233 � 17.4 250.3 � 14.4

Each value, expressed in pg/10 �l dialysates, represents the mean � SEM of 27 and 39 rats in the sham- and
6-OHDA-lesioned group, respectively. Data are not adjusted from probe recovery and correspond to basal extracel-
lular levels of 5-HT and 5-HIAA before any pharmacological treatment and/or STN-HFS. Experiments were per-
formed 3– 4 weeks after the unilateral injection of 6-OHDA or its vehicle (sham) into the medial forebrain bundle. No
statistical difference between groups was observed (Student’s t test).
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(NS, Student’s t test) (Table 2). In the rest of the study, absolute
levels of 5-HT in dialysates did not differ between the different
experimental groups throughout the course of the study (NS,
one-way ANOVA). Finally, basal extracellular levels of DA were
undetectable in both brain regions of sham- and 6-OHDA-
lesioned rats.

Effect of STN-HFS on 5-HT extracellular levels in the PFC
and HIPP of sham- and 6-OHDA- lesioned rats
STN-HFS induced a significant reduction of 5-HT levels in the
PFC and HIPP of both sham- and 6-OHDA-lesioned rats (one-
way ANOVA, F(3,15) � 32 in the PFC and F(3,15) � 48.2 in the
HIPP, p � 0.001) (Fig. 2). In sham-lesioned rats, 5-HT levels
progressively decreased after the beginning of STN-HFS to reach
35 and 44% of baseline at the end of the experiment (140 min
after the stimulation period) in the PFC and HIPP, respectively
( p � 0.001, Fisher’s PLSD test). In 6-OHDA-lesioned rats, the
decrease in 5-HT extracellular levels induced by the STN-HFS in
the PFC was not modified by the 6-OHDA lesion (two-way
ANOVA, F(1,15) � 1.7, NS) and followed a similar time course as
in sham-lesioned rats. However, the decrease in 5-HT extracel-
lular levels induced by STN-HFS in the HIPP was significantly
delayed compared to sham-lesioned rats (two-way ANOVA,

F(1,15) � 19.5, p � 0.001). Indeed, this ef-
fect became significant 60 min later than
in sham-lesioned rats ( p � 0.001 versus the
sham-6-OHDA-plus-STN-HFS group,
Fisher’s PLSD test). The 6-OHDA lesion
did not significantly alter the effect of
STN-HFS on 5-HIAA extracellular levels
in both brain regions (two-way ANOVA,
F(1,15) � 0.02 and 1.3 in the PFC and
HIPP, respectively, NS; data not shown).
STN-HFS induced a significant decrease
in 5-HIAA extracellular levels only in the
HIPP of both sham- and 6-OHDA-
lesioned rats ( p � 0.001, Fisher’s PLSD
test after a significant one-way ANOVA,
F(3,15) � 10.1, p � 0.001; data not shown).

Effect of 8-OHDPAT on the inhibition
of 5-HT extracellular levels induced
by STN-HFS
To determine whether the decrease in
5-HT levels induced by STN-HFS de-
pends on serotonergic nerve activity, the
effect of STN-HFS was evaluated in the
presence of the 5-HT1A agonist
8-OHDPAT in sham-lesioned rats (Fig.
3). 8-OHDPAT was administered at a
dose (0.1 mg/kg) known to decrease ex-
tracellular 5-HT levels by dampening the
firing rate of 5-HT neurons through the
stimulation of 5-HT1A receptors (Casano-
vas et al., 2000). Accordingly, 8-OHDPAT
progressively decreased 5-HT levels to
�47% of baseline in the PFC ( p � 0.01,
Fisher’s PLSD test) and 64% of baseline in
the HIPP ( p � 0.001) at the end of the
experiment (120 min after 8-OHDPAT
administration). The statistical analysis
revealed a significant interaction between
8-OHDPAT and STN-HFS on 5-HT ex-

tracellular levels in the PFC (two-way ANOVA, F(1,13) � 21.8, p �
0.001) and the HIPP (F(1,13) � 17.8, p � 0.001). In the presence of
8-OHDPAT, the decrease in 5-HT extracellular levels induced by
STN-HFS was significantly less in the PFC ( p � 0.05, Fisher’s
PLSD test after a significant one-way ANOVA, F(3,13) � 15.1, p �
0.001) and HIPP ( p � 0.05, Fisher’s PLSD test after a significant
one-way ANOVA, F(3,13) � 27.9, p � 0.001). Indeed, 5-HT dia-
lysate concentrations in STN-HFS rats in the presence of
8-OHDPAT followed the same time course of the effect with
8-OHDPAT alone.

Effect of L-DOPA on 5-HT extracellular levels in the PFC and
HIPP of 6-OHDA-lesioned rats
L-DOPA at 6 and 12 mg/kg dose-dependently decreased 5-HT
extracellular levels in both the PFC and HIPP of 6-OHDA-
lesioned rats (Fig. 4). The decrease was significant at the dose of
12 mg/kg in the PFC ( p � 0.05, Fisher’s PLSD test after a signif-
icant one-way ANOVA, F(2,11) � 4, p � 0.05) and reached a
maximal effect at the end of the experiment (33% of baseline 180
min after L-DOPA administration; p � 0.001 compared to the
administration of vehicle, Fisher’s PLSD test for each point of the
time course). No change of 5-HIAA extracellular levels was ob-
served in the PFC (one-way ANOVA, F(2,11) � 2.4, NS; data not

Figure 2. Effect of STN-HFS on 5-HT extracellular levels in the PFC and HIPP of sham-lesioned and 6-OHDA-lesioned rats. Dialysis
experiments were performed 21–28 d after the injection of 6-OHDA or its vehicle (veh) in the median forebrain bundle. STN-HFS
(130 Hz; 30 �A) or sham stimulation (sham) was applied for a 20 min period as indicated by the horizontal bar. Data represent the
mean � SEM percentages of baseline in each sample (n � 4 –5 rats/group) along the time course of the study. ***p � 0.001 for
veh � STN-HFS group versus the veh � sham group; ���p�0.001 for the 6-OHDA � STN-HFS group versus the veh � STN-
HFS group (Fisher’s PLSD test).

Figure 3. Influence of 8-OHDPAT on the decrease in 5-HT extracellular levels induced by STN-HFS in sham-lesioned rats.
STN-HFS (130 Hz; 30 �A) or sham stimulation (sham) was applied for a 20 min period as indicated by the horizontal bar. 8-OHDPAT
(PAT) or its vehicle (veh) was administered subcutaneously at 0.1 mg/kg 20 min after the end of STN-HFS or sham stimulation as
indicated by the vertical arrows. Data represent the mean � SEM percentages of baseline. *p � 0.05, ***p � 0.001 for the
sham � PAT or the STN-HFS � veh groups versus the sham � veh group, �p � 0.05 for the STN-HFS � PAT group versus the
STN-HFS � veh group (Fisher’s PLSD test).
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shown). In the HIPP, L-DOPA induced an
overall decrease in 5-HT extracellular lev-
els that reached statistical significance
only for the dose of 6 mg/kg ( p � 0.01,
Fisher’s PLSD test after a significant one-
way ANOVA, F(2,11) � 8.5, p � 0.01). This
effect was associated with a decrease in
5-HIAA extracellular levels at 6 mg/kg
L-DOPA only ( p � 0.05, Fisher’s PLSD
test after a significant one-way ANOVA,
F(2,11) � 5.2, p � 0.05; data not shown).
Nonetheless, the effect elicited by 12
mg/kg on 5-HT extracellular levels was bi-
phasic. The analysis of the time course ef-
fect revealed that 5-HT extracellular levels
were transiently increased 60 – 80 min af-
ter its administration (�125% of baseline;
p � 0.01 compared to the administration
of vehicle, Fisher’s PLSD test). Thereafter,
5-HT extracellular levels slowly decreased
to reach levels observed in rats treated
with 6 mg/kg L-DOPA at the end of the
experiment (65% of baseline; p � 0.01).

Effect of combined STN-HFS and
L-DOPA treatments on 5-HT
extracellular levels in the PFC and
HIPP of 6-OHDA-lesioned rats
The influence of STN-HFS on the effect of
L-DOPA (12 mg/kg) on 5-HT extracellu-
lar levels in the PFC and HIPP is shown in
Figure 5. In the PFC, the statistical analysis
revealed a significant interaction between
STN-HFS and L-DOPA on 5-HT extracel-
lular levels (two-way ANOVA, F(1,14) �
17.2, p � 0.01). Indeed, 5-HT extracellu-
lar levels monitored in rats receiving both
L-DOPA and STN-HFS were not signifi-
cantly different from 5-HT levels in rats
receiving only L-DOPA or STN-HFS (NS,
Fisher’s PLSD test). The significant interaction illustrated that the
inhibitory effects of both treatments are not independent factors.
However, STN-HFS did not modify 5-HIAA extracellular levels in-
duced by L-DOPA (two-way ANOVA, F(1.14) � 0.05, NS; data not
shown).

STN-HFS significantly altered the effect of L-DOPA on both
5-HT and 5-HIAA extracellular levels in the HIPP (two-way
ANOVA, F(1,14) � 4.88, p � 0.05 and 14.1, p � 0.01, respectively).
The transient increase in 5-HT extracellular levels induced by
L-DOPA was reduced once the STN-HFS started. It resulted in lower
extracellular levels of 5-HT in the STN-HFS-plus-L-DOPA group
compared to L-DOPA alone until the end of the experiment ( p �
0.01, Fisher’s PLSD test after a significant one-way ANOVA, F(3,14) �
3.6, p � 0.05). Similarly, 5-HIAA extracellular levels in the L-DOPA-
plus-STN-HFS group were significantly lower compared to the
L-DOPA group ( p � 0.001, Fisher’s PLSD test after a significant
one-way ANOVA, F(3,14) � 8.7, p � 0.01; data not shown).

Effect of combined STN-HFS and L-DOPA treatments on DA
extracellular levels in the PFC and HIPP of 6-OHDA-lesioned
rats
Because newly synthesized DA from exogenous L-DOPA is sup-
posed to take place inside vesicles of 5-HT terminals, DA release

is also an index of 5-HT neuronal activity. We therefore assessed
the influence of STN-HFS on the effect of L-DOPA (12 mg/kg) on
DA extracellular levels in the PFC and HIPP (Fig. 6). L-DOPA per
se increased DA levels in the PFC. This effect peaked at �8 pg/10
�l 100 min after its administration and rapidly decreased to �3
pg/10 �l at the end of the experiment. The increase in DA extra-
cellular levels elicited by L-DOPA was significantly reduced al-
most by half by STN-HFS ( p � 0.01, Student’s t test).

L-DOPA per se induced a significant increase in DA levels in
the HIPP as well. This effect reached a plateau at �6 pg/10 �l 60
min after L-DOPA administration and slowly decreased to �4
pg/10 �l at the end of the experiment (180 min after L-DOPA
administration). STN-HFS significantly reduced the increase in
DA extracellular levels induced by L-DOPA ( p � 0.01, Student’s
t test). Indeed, once STN-HFS was applied (80 min after L-DOPA
administration), DA levels induced by L-DOPA rapidly decreased
from 5 pg/10 �l to 3 pg/10 �l and remained steady until the end
of the experiment.

Discussion
The present study provides the first in vivo biochemical evidence
that both STN-HFS and L-DOPA inhibit 5-HT release in the PFC
and HIPP of hemiparkinsonian rats. The inhibitory effect of

Figure 4. Effect of L-DOPA on 5-HT extracellular levels in the PFC and HIPP of 6-OHDA-lesioned rats. L-DOPA was administered
intraperitoneally at 0, 6, and 12 mg/kg 20 min after the administration of benserazide (Bens.; 15 mg/kg, i.p.) as indicated by the
vertical arrows. Data represent the mean � SEM percentages of baseline in each sample (n � 4 –5 rats/group) along the time
course of the study. [�]p � 0.05, [��]p � 0.01 for the overall effect of the 6 or 12 groups versus the overall effect of the vehicle
(0) group; *p � 0.05, **p � 0.01, ***p � 0.001 for each time point of the 6 or 12 groups versus the corresponding time point of
the vehicle (0) group (Fisher’s PLSD test).

Figure 5. Influence of STN-HFS on L-DOPA-induced changes of 5-HT extracellular levels in the PFC and HIPP of 6-OHDA-lesioned
rats. STN-HFS (130 Hz; 30 �A) or sham stimulation (sham) was applied for a 20 min period as indicated by the horizontal bar and
started 80 min after the intraperitoneal administration of L-DOPA at 12 mg/kg. L-DOPA (12) or its vehicle (0) was preceded 20 min
earlier by the administration of benserazide (Bens.; 15 mg/kg, i.p.) as indicated by the vertical bars. Data represent the mean �
SEM percentages of baseline in each sample (n � 4 – 6 rats/group) along the time course of the study. ***p � 0.001 for the
12 � sham or the 0 � STN-HFS groups versus the 0 � sham group; ��p � 0.01 for the 12 � STN-HFS group versus the
12 � sham group (Fisher’s PLSD test).
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STN-HFS occurs likely via an action on 5-HT neuronal activity,
whereas the inhibitory effect induced by L-DOPA may include its
ability to enter 5-HT terminals. STN-HFS attenuates the ability of
L-DOPA to increase DA release in both the PFC and HIPP with-
out affecting further the decrease in 5-HT extracellular levels, a
pattern of effect that may participate in the therapeutic superior-
ity of the combined treatments in PD.

Significance and validity of the 5-HT signal
The 5-HT signal in dialysates likely corresponded to extracel-
lular 5-HT from 5-HT terminals. Basal extracellular levels of
5-HT and 5-HIAA, detected simultaneously in the HIPP and
PFC, corresponded to those previously reported (Kreiss and
Lucki, 1994; Romero and Artigas, 1997). Furthermore, 5-HT
extracellular levels were significantly reduced in both brain regions
by 8-OHDPAT, a 5-HT1A agonist known to reduce both 5-HT
neuronal firing (Sprouse and Aghajanian, 1987; Bosker et al.,
1996) and 5-HT release at nerve terminals (Sharp et al., 1989;
Adell et al., 1993; Casanovas and Artigas, 1996).

STN-HFS inhibits 5-HT release: role of 5-HT
neuronal activity
We show that STN-HFS inhibits 5-HT release in the HIPP and
PFC in both sham- and DA-depleted rats. Our data agree with
the recent study by Temel et al. (2007) showing that STN-HFS
inhibits 5-HT neuron activity of the DRN similarly in sham-
and DA-depleted rats, an effect associated with the emergence
of depressive-like symptoms in rats. Previous clinical data sug-
gested that the ability of HFS to induce depressive symptoms in
patients was related to a putative placement of the electrode in the
substantia nigra pars reticulata (SNr) (Bejjani et al., 1999). In our
conditions however, the direct participation of the SNr is unlikely
because the electrode was located in the medial STN at least 1 mm
rostral from the SNr, and the HFS was confined to the STN as
currents were delivered at low intensity. The decrease in 5-HT
extracellular levels induced by STN-HFS could rather be related
to the inhibition of 5-HT neuronal firing at the level of the DRN
and/or MRN. In line with this hypothesis, STN-HFS combined
with 8-OHDPAT did not result in the summation of their inhib-
itory effects on 5-HT release in the PFC and HIPP, suggesting that
the effect of STN-HFS is suppressed when 5-HT neuronal firing is
inhibited by 8-OHDPAT. The extracellular levels of 5-HT mea-

sured in these conditions were above the
limit of detection, ruling out a putative
ceiling effect related to the sensitivity of
our analysis. Although the ability of
8-OHDPAT to partly reverse the stronger
inhibitory effect of STN-HFS on 5-HT re-
lease could involve a depolarization
blockade on 5-HT neurons induced by
STN-HFS, the available electrophysiolog-
ical data showing a persisting activity of
5-HT neurons after STN-HFS dampens
this hypothesis (Temel et al., 2007). Addi-
tional data are warranted to determine the
precise nature of the depressed action of
HFS-STN on 5-HT neuron excitability.

The decrease in 5-HT release induced
by STN-HFS was greater and appeared
faster in the PFC compared to the HIPP of
sham-depleted rats. This difference was
amplified in DA-depleted rats. Although
we do not have a clear explanation for

these findings, such differences might be related to the different
nature of 5-HT fibers innervating the HIPP and PFC. The PFC
receives predominantly 5-HT fibers from the DRN, while the
HIPP receives 5-HT fibers from DRN and MRN (Molliver, 1987;
Vertes, 1991). These two 5-HT nuclei are functionally distinct
and subject to different regulatory influences (Kreiss and Lucki,
1994; Invernizzi et al., 1997; Hervás et al., 1998).

Effect of 6-OHDA lesion on basal 5-HT release
DA lesion did not significantly affect basal extracellular levels of
5-HT and 5-HIAA in either region. Consistently, the destruction
of DA neurons, characterized here by the suppression of tissue
concentration of DA in the striatum of the lesioned side, did not
affect tissue concentration of 5-HT. These results agree with pre-
vious studies reporting unchanged 5-HT tissue levels following
6-OHDA lesion (Iwamoto et al., 1976; Breese et al., 1984; Erinoff
and Snodgrass, 1986). Changes of 5-HT system activity after DA
lesion have been reported, however, but the data are controver-
sial. Some studies have shown an overall hyperactivity of the
5-HT system (Commins et al., 1989; Zhou et al., 1991) with an
increased activity of DRN and MRN 5-HT neurons (Temel et al.,
2007; Kaya et al., 2008; Wang et al., 2009), while other studies
have reported a significant reduction in 5-HT function (Takeuchi
et al., 1991) with a decreased activity of DRN 5-HT neurons
(Guiard et al., 2008). It is interesting to note that modifications of
basal 5-HT release in the striatum of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-treated monkeys depend on the functional
territories considered (Boulet et al., 2008). These modifications
might be important in territories normally enriched with DA
terminals, such as the striatum, whereas changes in 5-HT extra-
cellular levels in regions less innervated by DA fibers, such as the
HIPP or PFC, would be minimal.

L-DOPA inhibits 5-HT release in the HIPP and PFC of
6-OHDA-lesioned rats
We report for the first time that the acute administration of
L-DOPA dose-dependently inhibits 5-HT extracellular levels in
the PFC and HIPP of hemiparkinsonian rats. Earlier studies have
reported that high doses of L-DOPA decreased 5-HT tissue levels
in the brain (Bartholini et al., 1968; Uretsky and Schoenfeld,
1971). At variance with the effect described after STN-HFS, the
HIPP displayed a higher sensitivity to L-DOPA-induced changes

Figure 6. Influence of STN-HFS on L-DOPA-induced changes of DA extracellular levels in the PFC and HIPP of 6-OHDA-lesioned
rats. STN-HFS (130 Hz; 30 �A) or sham stimulation (sham) was applied for a 20 min period as indicated by the horizontal bar and
started 80 min after the intraperitoneal administration of L-DOPA at 12 mg/kg. L-DOPA (12) was preceded 20 min before by the
administration of benserazide (Bens.; 15 mg/kg, i.p.) as indicated by the vertical bars. Absolute DA levels are expressed in
pg/10 �l of dialysate. ��p � 0.05 for the overall effect of the 12 � STN-HFS group versus the overall effect of the 12 �
sham group; *p � 0.05, **p � 0.01 for each time point of the 12 � STN-HFS group versus the corresponding time point of the
12 � sham group (Student’s t test).

Navailles et al. • Antiparkinsonian Treatments and Serotonin Release J. Neurosci., February 10, 2010 • 30(6):2356 –2364 • 2361



of 5-HT and 5-HIAA extracellular levels compared to the PFC.
The distinct response was also revealed by the biphasic effect on
5-HT extracellular levels obtained at the dose of 12 mg/kg in the
HIPP only. Although the mechanism involved in this biphasic
effect remains to be determined, an excitatory effect of focal ap-
plication of L-DOPA on 5-HT extracellular levels has been previ-
ously reported in the rat substantia nigra (Biggs and Starr, 1997).
Thus, our results support the idea that antiparkinsonian treat-
ments tend to inhibit central 5-HT function but they suggest that
the mechanisms underlying the inhibition of 5-HT release in-
duced by L-DOPA and STN-HFS are different.

L-DOPA and STN-HFS inhibit 5-HT release via
distinct mechanisms
The combination of STN-HFS and L-DOPA did not result in the
summation of their inhibitory effects on 5-HT release in the
HIPP and PFC. This finding indicates that both treatments con-
verge on mechanisms controlling 5-HT release, and the results
showing that STN-HFS did shunt the transient increase in HIPP
5-HT release induced by L-DOPA, together with those obtained
on DA release, suggest that the pathways are different. DA re-
leased from 5-HT terminals may be another index of 5-HT neu-
ronal activity in 6-OHDA rats (Tanaka et al., 1999; Carta et al.,
2008; Navailles et al., 2010), because the decarboxylation of
L-DOPA into DA inside 5-HT terminal leads DA to substitute
5-HT in vesicles (Ng et al., 1970; Arai et al., 1995). We found that
12 mg/kg L-DOPA strongly enhanced DA release in both the PFC
and HIPP, an effect markedly reduced by STN-HFS. In line with
the higher sensitivity of STN-HFS to inhibit 5-HT release in
the PFC compared to the HIPP, the attenuation of L-DOPA-
induced DA release by STN-HFS was more pronounced in the
PFC. The inhibitory effect of STN-HFS on DA release could
be related to its inhibitory action on 5-HT neuronal activity,
because L-DOPA-induced DA release from striatal 5-HT ter-
minals is sensitive to 8-OHDPAT, presumably through a re-
duction of 5-HT firing rate (Kannari et al., 2001; Carta et al.,
2007). Recently, it has been shown that STN-HFS prolonged
the increase in DA levels induced by L-DOPA in the striatum
without affecting the magnitude of its effect (Lacombe et al.,
2007). Such a discrepancy might be related to the use of a
higher dose of L-DOPA (50 mg/kg) in partially DA-depleted
rats, a condition in which DA reuptake sites on remaining DA
terminals may still regulate DA extracellular levels in the stri-
atum (Abercrombie et al., 1990).

Altogether, our data suggest that STN-HFS and L-DOPA
differentially inhibit 5-HT release involving the inhibition of
5-HT neuronal activity and the substitution of 5-HT by newly
synthesized DA inside vesicles of exocytosis, respectively. In
any case, the combined treatments do not potentiate the de-
crease in 5-HT release elicited by each treatment alone in both
regions.

STN-HFS and L-DOPA in the treatment of PD
The ability of STN-HFS or L-DOPA to lower 5-HT extracellular
levels may participate in the emergence of depressive symptoms
(Melamed et al., 1996; Temel et al., 2007). STN-HFS is often
combined with L-DOPA in the treatment of PD (Moro et al.,
1999; Fraix et al., 2000). Although STN-HFS quickened the de-
crease in 5-HT extracellular levels induced by L-DOPA in the
HIPP, it is noteworthy that the combined treatments did not
potentiate the decrease in 5-HT release in any brain region.
This suggests that such a therapeutic strategy may not poten-
tiate the risk of nonmotor side effects associated with impaired

5-HT function, such as cognitive and depressive-like disorders
(Smith et al., 1997; Bhagwagar et al., 2002). A predisposition
to these side effects after long-term medication could be depen-
dent on the degeneration of 5-HT and NE neurons that has been
reported in PD (Melamed et al., 1996; Dauer and Przedborski,
2003; Rommelfanger and Weinshenker, 2007; Kish et al., 2008;
Taylor et al., 2009).

Our study highlights the large impact of L-DOPA in the brain
since L-DOPA, at therapeutic doses, dramatically increases DA
release in brain regions other than the striatum. PFC and HIPP
express DA receptors (Seeman, 1980) and are involved in the
regulation of mood and cognition (Nieoullon, 2002). An exces-
sive DA transmission induced by L-DOPA in these brain regions
could participate in the emergence of motor and nonmotor side
effects in PD. The combination of STN-HFS and L-DOPA might
have multiple motor and nonmotor therapeutic benefits. Indeed,
the ability of STN-HFS to stabilize DA concentrations in the PFC
and HIPP (present study) or in the striatum (Lacombe et al.,
2007) may dampen L-DOPA-related motor fluctuations (Nimura
et al., 2005; Lundblad et al., 2009) and reduce L-DOPA-induced
cognitive side effects such as pathological gambling or psychosis
(Nieoullon, 2002; Siri et al., 2009).

In conclusion, these data show that STN-HFS and L-DOPA by
themselves decrease 5-HT release in the PFC and HIPP in a rat
model of PD. This effect may participate in the emergence of
cognitive and depressive disorders after short- and long-term
treatment in PD (Zesiewicz and Hauser, 2002; Scholtissen et al.,
2006). Finally, we provide evidence that the combined ap-
proaches, while not aggravating the decrease in 5-HT release,
could limit side effects associated with excessive DA transmission
in the brain.
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