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Bilateral, high-frequency stimulation (HFS) of the subthalamic nucleus
(STN) is the surgical therapy of choice for movement disability in
advanced Parkinson’s disease (PD), but this procedure evokes debil-
itating psychiatric effects, including depressed mood, of unknown
neural origin. Here, we report the unexpected finding that HFS of the
STN inhibits midbrain 5-hydroxytryptamine (5-HT) neurons to evoke
depression-related behavioral changes. We found that bilateral HFS
of the STN consistently inhibited (40–50%) the firing rate of 5-HT
neurons in the dorsal raphe nucleus of the rat, but not neighboring
non-5-HT neurons. This effect was apparent at clinically relevant
stimulation parameters (>100 Hz, >30 �A), was not elicited by HFS of
either neighboring or remote structures to the STN, and was still
present in rat models of PD. We also found that bilateral HFS of the
STN evoked clear-cut, depressive-like behavior in a widely used
experimental paradigm of depression (forced swim test), and this
effect was also observed in a PD model. Importantly, the depressive-
like behavior elicited by HFS of the STN was reversed by a selective
5-HT-enhancing antidepressant, thereby linking the behavioral
change to decreased 5-HT neuronal activity. Overall, these findings
link reduced 5-HT function to the psychiatric effects of HFS of the STN
observed in PD patients and provide a rational basis for their clinical
management. More generally, the powerful interaction between the
STN and 5-HT system uncovered here offers insights into the high
level of comorbidity of basal ganglia disease and mood disorder.

Parkinson’s disease � mood disorder � deep brain stimulation

The use of stimulation electrodes implanted in the brain to
control severely disabling neurological and psychiatric condi-

tions is an exciting and fast emerging area of clinical neuroscience
(1). As an example, bilateral, high-frequency stimulation (HFS) of
the subthalamic nucleus (STN) has become the surgical therapy of
choice for advanced Parkinson’s disease (PD), and to date �30,000
PD patients worldwide have benefited from this procedure (2, 3).
The relief of movement disability by HFS of the STN is predictable
because this nucleus is a critical part of the basal ganglia motor
circuitry that is dysfunctional in PD patients (4, 5) and in animal
models of PD (6–8).

Despite having important beneficial motor effects, in up to 40%
of PD patients, bilateral STN HFS is associated with the occurrence
of unpleasant and debilitating psychiatric effects, including cogni-
tive alterations, low mood, aggression, and impulsive acts and
thoughts that are linked to suicide (9–12). These psychiatric effects
can be a major burden to patients and their families and often
mitigate the positive effects on motor symptoms. In animals, HFS
and other manipulations of the STN also produce a range of
nonmotor behavioral changes, including increased impulsivity and
altered cognitive responses that appear to correlate with the
adverse effects experienced by PD patients (12). Collectively, these
findings associate the STN with the generation of mood disorder
and related symptoms, not only in STN-stimulated PD patients, but

also in basal ganglia disease patients more generally, for whom
there is a high level of mood disorder comorbidity (13).

Currently there is no rational basis for the clinical management
of the nonmotor effects of STN HFS because the neural origin of
these effects is unknown. Candidate neural substrates include
altered functioning of the connections between the STN and limbic
circuits in the forebrain (12, 14), but direct evidence is lacking.
Moreover, it seems unlikely that the diversity of psychiatric effects
of STN stimulation can be explained by specific STN-limbic con-
nections, and a key role for a neuromodulatory system seems more
plausible. In this respect, it is notable that many of the psychiatric
effects of STN HFS, and especially low mood, aggression, increased
impulsivity, and suicidal ideation, have long been associated with
the reduced functioning of 5-hydroxytryptamine (5-HT; serotonin)
neurons in the midbrain (15–17), which are the source of an
extensive 5-HT innervation to the limbic forebrain (18, 19). Here,
we tested the hypothesis that bilateral STN HFS inhibits the activity
of midbrain 5-HT neurons to evoke depression-related behav-
ioral outputs.

Results
Neuron Firing Properties. Extracellular single-unit recordings were
taken from 64 putative 5-HT neurons and 10 putative non-5-HT
neurons, in the dorsal raphe nucleus (DRN) of treatment naı̈ve,
anesthetized rats. The former neurons had electrophysiological
properties characteristic of DRN 5-HT neurons, i.e., slow (0.7 � 0.1
Hz) and regular (coefficient of variation, 0.32 � 0.01) firing pattern,
and a triphasic waveform of wide spike duration (2.33 � 0.05 ms).
In comparison, the other neurons were faster firing (4.2 � 1.48 Hz),
less regular (coefficient of variation, 0.85 � 0.11), and had a shorter
spike duration (1.9 � 0.12 ms), characteristics typical of DRN
non-5-HT neurons (20).

Effect of STN HFS on the Firing of DRN Neurons. Bilateral STN HFS
(100 or 130 Hz) inhibited the firing rate of the vast majority of 5-HT
neurons tested (53 of 58, F (1, 52) � 31.81, P � 0.05, �45.1 � 3.6%
of baseline firing rate). This effect had a rapid onset and quickly
returned to baseline on cessation of stimulation (Fig. 1A). Analysis
of frequency– and current–response relationships (Fig. 1B) re-
vealed that the inhibition occurred at high frequencies (�100 Hz)
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and low currents (�30 �A), but not at lower frequencies (�50 Hz),
thus closely resembling STN stimulation parameters used clinically.
STN HFS did not influence the firing rate of non-5-HT neurons in
the DRN (Fig. 1C).

Region Specificity of Effect of HFS. Histological analysis revealed
electrode tip locations in the STN in cases where 5-HT neuron firing
rate decreased (53 neurons, 16 rats) and locations immediately
above or below the STN (zona incerta and cerebral peduncle,
respectively) when the firing rate did not change (five neurons, three
rats) (Figs. 1C and 2). To further investigate region-specificity of
STN HFS, electrodes were stimulated at points during the descent
to the STN while recording from the same DRN 5-HT neuron (six
neurons, four rats). In this case 5-HT neurons were inhibited by
HFS of the STN (F (1, 5) � 17.81, P � 0.05) but not neighboring
structures (zona incerta; P � 0.05) or remote structures (parietal
cortex, ventroposteromedial nucleus of thalamus, P � 0.05) (Fig. 3).

Effect of HFS in PD Models. We tested the effect of STN HFS on
5-HT cell firing in two animal models of PD. In rats with chronic
dopamine neuron lesions (i.c.v. 6-hydroxy-dopamine) (21), STN
HFS inhibited 5-HT cell firing by a magnitude (�52.4 � 4.3% of
baseline; 17 neurons, five rats; F (1, 16) � 39.78, P � 0.05) not
different from sham controls (�42.7 � 7.8%; eight neurons, three
rats; F (1, 7) � 10.76, P � 0.05) (Fig. 4A). Similarly, in rats
administered reserpine and �-methyl-p-tyrosine to induce an acute

dopamine depletion (22), STN HFS markedly inhibited 5-HT cell
firing (�49.4 � 8.3% of baseline; six neurons, six rats; F (1, 5) �
20.13, P � 0.05), (Fig. 4B). Notably, although the effects of STN
HFS on 5-HT cell firing remained after dopamine depletion, basal
firing was increased by both acute and chronic dopamine depletion.
Because STN function is well known to be modulated by dopamine
depletion, it is tempting to speculate that the latter finding is further
support for a STN–5-HT link.

Effect of Intra-STN Muscimol. Previous studies have shown that
intra-STN infusion of muscimol, a GABAA receptor agonist, re-
capitulates the effects of STN HFS in animal models of PD (23–25).
We used muscimol to test whether neuronal inhibition in the STN
might underlie the decrease in 5-HT cell firing induced by HFS.
Bilateral infusion of muscimol (0.1 �g), but not vehicle, inhibited
the firing of DRN 5-HT neurons (five neurons, five rats; F (1, 4) �
8.36, P � 0.05; Fig. 5), suggesting that STN HFS also inhibits DRN
5-HT neurons by reducing STN output. A reduction in STN output
is commonly perceived to underlie the beneficial motor effects of
STN HFS (26–28).

Effect of STN HFS on Depressive-Like Behavior. We predicted that the
marked inhibitory effect of STN HFS on the firing of 5-HT neurons
would also evoke 5-HT-dependent, mood-related behavioral out-
puts. To test this, we examined the behavioral effects of STN HFS
in the forced swim test (FST), a widely used and validated animal
model of depression that is sensitive to decreases in 5-HT (29).
Bilateral STN HFS (130 Hz, 150 �A) caused a striking increase in
immobility and decrease in climbing time of stimulated rats com-
pared with nonstimulated controls (F values �11.37, P � 0.05; Fig.
6), thereby indicating the induction of behavioral ‘‘despair’’ (29).

Fig. 1. Effect of HFS of the STN on 5-HT neuronal firing. (A) Spike train and
instantaneous firing rate of a 5-HT neuron in response to STN HFS. Horizontal
bar indicates stimulation period (100 Hz, 100 �A, 2 min). Note inhibition of
single-unit activity during stimulation. (B) Effect of stimulation frequency and
current on 5-HT neuron firing rate. Each point is a mean � SEM value (n � 6).
(C) Firing rate of 5-HT neurons (Left) and non-5-HT neurons (Center) before,
during, and after STN stimulation (100 Hz, 100 �A). Also, firing rate of 5-HT
neurons (Right) before, during, and after stimulation of the zona incerta (ZI).

*, P � 0.05 versus relevant prestimulus baseline control values.

Fig. 2. Histological evaluation of electrode localizations. (A) Illustrative
coronal section showing the histological verification of the electrode location
in the STN. (Scale bar, 200 �m.) (B) Locations of stimulation sites in or close to
the STN, as verified by post hoc histology. Filled circles, stimulation sites that
produced consistent inhibition of 5-HT cell firing in the DRN; open circles,
stimulation sites that produced no significant change in 5-HT cell firing.
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This effect was replicated in animals with chronic dopamine neuron
lesions (Fig. 7A). Importantly, the effects of STN HFS in the FST
were completely prevented by a prior course of treatment with the
selective 5-HT reuptake inhibitor citalopram, at a dose (10 mg/kg
s.c., once daily for 14 days) that by itself had no significant effect in
nonstimulated controls (Fig. 6). The latter findings are analogous to
recent data showing that chronic treatment with citalopram re-
versed the immobility in the FST induced by stress but did not
change immobility by itself (30).

We tested whether STN HFS might alter motor activity and
thereby confound the results of the FST. In an open-field paradigm,
STN HFS had no effect on motor activity (Fig. 7B). In contrast, we
found that STN HFS (at the same stimulation parameters) reversed
motor-time deficits in rats with chronic dopamine neuron lesions
(Fig. 7C), as observed previously (31, 32).

Discussion
Bilateral STN HFS has important therapeutic value for the relief of
movement disability in advanced PD, but this beneficial effect is
often offset by disabling psychiatric effects, including depression
and suicide ideation, which have no identified cause. The current
experiments provide evidence from animal models that adverse

psychiatric effects of STN HFS may be underpinned by a previously
unknown interaction between the STN and midbrain 5-HT
neurons.

In particular, our experiments show that bilateral STN HFS
caused a clear-cut inhibition of the firing of DRN 5-HT neurons.
This effect was observed in animal PD models and elicited at
stimulation parameters (�100 Hz, �30 �A) that produce both the
beneficial motor effects of STN HFS (33, 34) and the unwanted
psychiatric effects (12, 35) in PD patients. Moreover, this effect
reversed upon cessation of the stimulus and was highly specific; STN
HFS did not alter the firing rate of non-5-HT DRN neurons, and
the firing rate of 5-HT DRN neurons was not inhibited by HFS of
either neighboring or remote structures to the STN. It is notable
that STN HFS inhibited the vast majority of 5-HT neurons tested
(�90%). Because the DRN is the principal source of the 5-HT
innervation to the forebrain (36), the latter finding predicts that
STN HFS would inhibit transmission throughout much of the
ascending 5-HT system and impact on the many functions that this
system subserves, including mood regulation (37).

We tested the prediction that STN HFS would elicit changes in
mood-related outputs using the FST, which is a well validated
animal model of depression that is sensitive to changes in 5-HT (29).
This test is based on exposure to a learned inescapable stressor, and
the measurement of immobility that is thought to reflect a failure
of persistence in escape-directed behavior (29, 38, 39). Our exper-
iments show that STN HFS significantly increased immobility (and
decreased climbing time) in both naı̈ve animals and PD models,
without confounding motor effects.

The depressive-like behavior evoked by STN HFS is most likely
mediated by decreased 5-HT cell firing. In support to this, depletion
of 5-HT also induces depressive-like behavior (increases immobil-
ity) in the FST (40). Moreover, our data show that the behavioral
effect of STN HFS was completely prevented by the selective 5-HT
augmenting antidepressant citalopram. Interestingly, two clinical
case reports found that depression due to STN stimulation was
successfully treated with a selective serotonin reuptake inhibitor
(SSRI), including citalopram (41, 42), very much in support of our
observations. Citalopram probably does not prevent the decrease in
STN stimulation-induced 5-HT firing but, rather, counteracts this
effect through blockade of 5-HT reuptake and increasing extracel-

Fig. 3. Effect of HFS at various sites during descent to the STN while recording the same 5-HT neuron in the DRN. (A) Illustration of stimulation sites during
electrode descent to the STN. PtA, parietal association cortex; VPM, ventroposteromedial thalamus; ZID, dorsal zona incerta. (B–E) Typical effects of electrical
stimulation at the level of the cortex (B), thalamus (C), zona incerta (D), and STN (E) on the firing rate of the same 5-HT neuron in the DRN. Horizontal bars indicate
stimulation periods (100 Hz, 100 �A, 2 min).

Fig. 4. Effect of HFS of the STN on 5-HT neuronal firing after chronic and acute
dopamine depletions. (A) Firing rate of 5-HT neurons before, during, and after
STN stimulation (100 Hz, 100 �A) in animals chronically depleted of dopamine by
i.c.v. injection of 6-hydroxy-dopamine. (B) Firing rate of 5-HT neurons before,
during, and after STN stimulation (100 Hz, 100 �A) in animals acutely depleted of
dopamine after coadministration of reserpine and �-methyl-p-tyrosine. *, P �
0.05 versus relevant prestimulus baseline control values.
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lular 5-HT in nerve terminal regions (43, 44). It is plausible that
other behavioral effects of STN HFS are also mediated by reduced
5-HT cell firing. Indeed, STN HFS is reported to result in increased
impulsivity (45), a behavioral change that has long been associated
with lowered 5-HT function (46).

In patients at risk of depression, depletion of tryptophan, the
5-HT precursor, increased depressive symptoms and induced im-

pulsivity (19), and there is evidence that tryptophan depletion
produces similar effects in PD patients (47). In a recent metaanaly-
sis (9), STN HFS evoked disabling mood changes in 15% of PD
patients. However, patients with a psychiatric history are usually
excluded, and individual studies report an incidence as high as 40%
(e.g., ref. 41), suggesting an underestimate of the problem. The fact
that not all patients are influenced in this way suggests that affected
patients have an underlying vulnerability. Determination of the
psychological effects of acute tryptophan depletion before sur-
gery may offer a means to detect those patients most at risk of
developing 5-HT-related psychiatric side effects in response to
STN stimulation.

Although there is no unified concept for the mechanism under-
lying the therapeutic effects of STN HFS in PD, studies across a
range of species, including humans, consistently emphasize a role
for reduced neural activity within the STN and consequent effects
on basal ganglia output structures (26–28, 48–54). Reduced STN
activity may also underpin the inhibition of 5-HT neurons (and
associated depressive-like behavior) induced by STN HFS because
bilateral infusion of the GABAA receptor agonist, muscimol, into
the STN also inhibited 5-HT neurons. Intra-STN infusion of
muscimol also elicits anti-PD effects in animal models (23–25),
further emphasizing the commonality of mechanisms underlying
the motor and nonmotor effects of STN manipulations.

The neural circuits through which STN HFS inhibits the firing of
DRN 5-HT neurons likely involves polysynaptic connections be-
cause the STN does not directly project to the DRN (36). Accord-
ingly, our detailed evaluation of peristimulus time histograms for
STN-inhibited DRN 5-HT neurons revealed no evidence of anti-
dromic activation or short-latency (�10 ms) orthodromic responses
(data not shown). The lack of effect of dopamine lesions and
reserpinization on the 5-HT response to STN stimulation, rules out
an involvement of monoamine (dopamine, 5-HT, noradrenaline)
transmitter pathways. Several brain regions providing important
inputs to the DRN, including the substantia nigra pars reticulata,
lateral habenula nucleus, and medial prefrontal cortex, are direct or
indirect targets of STN outputs (55). These convergent pathways

Fig. 5. Effect of muscimol and saline vehicle infusion into STN on 5-HT neuronal
firing. (A) Spike train and instantaneous firing rate of a 5-HT neuron in response
to bilateral muscimol (0.1 �g per side) infusion into STN. (B). Spike train and
instantaneous firing rate of a 5-HT neuron in response to saline infusion into STN.
(C) Grouped data for all 5-HT neurons tested with bilateral intra-STN infusion of
muscimol or saline. Data are presented as mean � SEM values. *, P � 0.05 versus
relevant prestimulus or predrug baseline control values.

Fig. 6. Effect of HFS of the STN on different behavioral measures in the FST.
Four groups of rats (six per group) were implanted with STN electrodes and
tested as follows: (i) no STN stimulation during test (No stim), (ii) pretreatment
with citalopram, followed by no STN stimulation during test (No stim � cital),
(iii) STN stimulation during test (Stim), and (iv) pretreatment with citalopram,
followed by STN stimulation during test (Stim � cital). Stimulation parameters
were 130 Hz and 150 �A for the duration of the test. Citalopram pretreatment
comprised 10 mg/kg s.c. for 14 days. Bars represent mean � SEM values (n �
6). The effect of STN stimulation was significantly different from other groups
with respect to immobility and climbing: F values �11.4, *, P � 0.05 (two-way
ANOVA with repeated measures, post hoc Duncan’s test).

Fig. 7. Effect of STN HFS on behaviors in the rat. (A) Immobility time of
6-hydroxydopamine-lesioned rats in the FST. (B) Locomotor activity in the
open field of nonlesioned rats. Note that stimulation had no effect. (C) Motor
time in nonlesioned (Left) and 6-hydroxydopamine-lesioned (Right) rats in a
serial choice reaction time task (data redrawn from previous studies; refs. 31
and 32). Note that effects of stimulation were present only in lesioned animals.
STN stimulation parameters were 130 Hz and 30–150 �A for the duration of
the tasks. Bars represent mean � SEM values (n � 6). *, P � 0.05, post hoc
analyses revealed that STN stimulation induced a significant effect.
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are attractive candidate substrates for the inhibitory effect of STN
HFS on 5-HT cell firing and the associated behavioral changes.

Collectively, the current data show that STN HFS causes a
striking inhibition of 5-HT neuronal activity and elicits a 5-HT-
dependent, mood-related behavioral output. We propose that these
changes contribute to the adverse psychiatric effects of STN HFS
in PD patients and provide a rational basis for their clinical
management and prevention by using 5-HT-targeted drug manip-
ulations. More generally, this unsuspected link between the STN
and 5-HT system supports the existence of a ‘‘motor–limbic inter-
face’’ that may contribute to mood disturbances in other popula-
tions of psychiatric and neurological patients.

Materials and Methods
Animals. Male rats for electrophysiological (270–330 g; Sprague–
Dawley Harlan Olac, Bicester, U.K.) and behavioral (270–330 g;
Lewis, Maastricht University, The Netherlands) studies were
housed in groups under conditions of constant temperature (21 �
1°C) and humidity under a 24-h light/dark cycle (lights on 0800–
2000 h, Oxford; lights on 1700–0500 h, Maastricht) with food and
water freely available. Electrophysiological experiments were car-
ried out in accordance with the U.K. Home Office Animals
(Scientific Procedures) Act (1986), and behavioral experiments
were carried out in accordance with the Animal Experiments and
Ethics Committee of Maastricht University.

Electrophysiological Recording of DRN Neurons. Rats were anesthe-
tized with chloral hydrate (460 mg/kg i.p.) with additional doses as
required, supplemented with saffan (1.2 mg/kg i.v.) during surgery.
Extracellular single-unit recordings of putative 5-HT and non-5-HT
neurons were made as described (56). Glass recording electrodes
(filled with 2 M NaCl; 2% pontamine sky blue dye; 6–20 M� in
vitro) were lowered into the DRN (coordinates from bregma:
anteroposterior (AP) �7.5, mediolateral (ML) 0.0, and dorsoven-
tral (DV) �4.5 to �5.5 mm) by using a hydraulic micromanipulator.
Single-unit potentials were amplified and filtered (gain � 1,000,
0.5–5 kHz band pass; Neurolog system; Digitimer, Wellwyn, Gar-
den City, U.K.), captured by using a 1401plus A-D converter, and
analyzed offline by using Spike2 software (Cambridge Electronic
Design, Cambridge, U.K.).

Putative 5-HT neurons satisfied at least three of the following
electrophysiological and pharmacological criteria (20, 57): slow
(0.5–2 Hz) and regular (coefficient of variation, 0.3–0.5) firing
pattern, triphasic extracellular spike waveform with a wide duration
(1.9–2.5 ms), and an inhibitory response to administration of the
5-HT1A receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin
(10 �g/kg i.v.). In comparison, putative non-5-HT neurons were
identified as having a fast and irregular firing and less-broad spike
duration. After recording, the final position of the electrode was
marked by iontophoretic dye injection.

Electrophysiology Protocol. Stimulation electrodes were stereotaxi-
cally implanted bilaterally into the STN (AP �3.8, ML � 2.5, DV
�8.0) and typically left in place for the remainder of the experi-
ment. After 3–5 min of baseline recording, STN stimulations were
typically applied for 2–3 min, and recordings continued for 2–3 min
before any further stimulations (maximum of six per neuron). The
effect of STN stimulation was tested in several neurons per rat
(typically five to six) because repeated periods of STN stimulation
evoked reproducible effects on the firing of individual neurons. In
some experiments, low-frequency stimulation was applied before
high-frequency stimulations (see below) to enable construction of
peristimulus-time histograms.

Stimulation Electrodes and Parameters. Stimulations were applied
bilaterally by using two gold-plated coaxial electrodes with an inner
wire of a platinum–iridium combination (250-�m shaft diameter,
50-�m tip diameter, 75-�m exposed tip length, interpole distance

50 �m; Technomed, Beek, The Netherlands). Electrodes were
connected to a stimulator (Accupulser A310; World Precision
Instruments Berlin, Germany) via a stimulus isolator (WPI A360;
World Precision Instruments). Stimulations were bipolar (inner
electrode negative, outer electrode positive, 60-�s pulse width), and
parameters were verified on-line by using a digital oscilloscope.

Three stimulation protocols were used: (i) HFS was applied while
recording from a DRN 5-HT or non-5-HT neuron. In some
experiments, different stimulation frequencies (10, 50, 100, and 130
Hz) and currents (3, 30, 100, and 150 �A) were evaluated in the
same animal. (ii) HFS was applied to electrodes at different
locations during a descent into the STN while continuously record-
ing from the same DRN 5-HT neuron. Here, electrodes were slowly
advanced, and 2- to 3-min stimulations were applied to the follow-
ing regions: parietal association cortex (AP �3.8, ML 2.5, DV
�1.5), ventroposteromedial nucleus of the thalamus (AP �3.8, ML
2.5, DV �6.0), zona incerta (AP �3.8, ML 2.5, DV �7.0), and then
STN (AP �3.8, ML 2.5, DV �8.0). (iii) To construct peristimulus-
time histograms, low-frequency stimulation (1 Hz for 3–5 min) was
applied while recording from a DRN 5-HT neuron.

Computation of Electrophysiological Data. Stimulation artifacts
(�0.5 ms in duration) were removed from spike trains by off-line
analysis. Specifically, single-unit activity was isolated with standard
‘‘spike sorting’’ procedures, including template-matching, principal
component analysis, and supervised clustering (Spike2). Each trace
was then visually inspected to ensure the quality of spike identifi-
cation. The firing rate of each neuron was then quantified in the
final 60 s of each baseline, stimulation, and poststimulation period.
Regularity of firing was calculated for the same periods by standard
coefficient of variation analysis. Spike waveform width was calcu-
lated from the average of waveforms recorded during the final 60 s
of baseline recording for each neuron, with width determined as the
time between a 5% positive deviation from baseline to the return
to baseline after a negative phase (20). Peristimulus time histograms
were constructed (Spike 2) and assessed according to published
criteria (58).

Intra-STN Infusion of Muscimol. Muscimol, or saline vehicle, was
infused into the STN during recordings. Before recordings, bilateral
cannulae were stereotactically implanted into the STN and left in
place for the remainder of the experiment. Cannulae were con-
nected via tubing to a 50-�l syringe driven by a microinfusion pump.
After a baseline recording of 2–3 min, either muscimol (0.1 �g in
0.5 �l of saline) or saline (0.5 �l) were infused (0.25 �l/min), and
recordings were continued for up to 20 min.

Experimental Models of PD. For chronic dopamine neuron lesions,
rats (n � 8) were pretreated with desipramine (25 mg/kg i.p.) and
anesthetized with halothane before infusion (over 2 min) of 6-
hydroxydopamine (250 �g in 10 �l, n � 5) or vehicle (1% ascorbic
acid/saline, n � 3) into the lateral ventricle (AP �0.9, ML 1.4, DV
�4.0) (21). Electrophysiological experiments were carried out
14–16 days after surgery. Compared with vehicle controls, animals
treated with 6-hydroxydopamine showed a significant (P � 0.05)
loss of striatal dopamine (�82%) and dihydroxyphenylacetic acid
(�89%), as measured by HPLC with electrochemical detection.

The effect of acute dopamine depletion on STN-evoked inhibi-
tion of 5-HT cell firing was also investigated. Animals were treated
with reserpine (5 mg/kg, i.p., 20 h before recording) and then
�-methyl-p-tyrosine (250 mg/kg i.p., 4 h before recording) accord-
ing to Garcia et al. (22). Rats were strikingly akinetic
before anesthesia.

FST. Bilateral stimulation electrodes were stereotaxically implanted
into the STN of anesthetized rats (90 mg/kg ketamine/10 mg/kg
xylazine, i.p.). After recovery (1 week) animals were stimulated via
externalized leads while performing behavioral tasks (31, 32).

Temel et al. PNAS � October 23, 2007 � vol. 104 � no. 43 � 17091

M
ED

IC
A

L
SC

IE
N

CE
S



In the case of the modified FST (59), testing was carried out by
using a transparent Perspex cylinder (50 � 20 cm) surrounded by
black side walls and placed on a black base 60 cm from the floor.
The cylinder was filled with tap water (25 � 1°C) to a depth of
30 cm.

In a pretest session, each rat was placed in the water for 15 min.
The following day and 2 weeks later, rats were placed in the water
for 5 min. STN stimulation commenced 2 min before testing and
continued for the duration of the test. Recordings of behavior were
taken by a digital camera placed above the cylinders. The duration
of the following behaviors was timed by observers blind to treat-
ments: ‘‘immobility’’ (no movements or small and infrequent move-
ments performed solely to maintain the nose above the water),
‘‘swimming’’ (active swimming with the forepaws), and ‘‘climbing’’
(scratching of cylinder walls using both forepaws and hindpaws).
Whereas previous studies have associated climbing behavior with
noradrenergic mechanisms (59), our measures of immobility and
climbing (and swimming) were not completely independent vari-
ables, and any reversal of climbing is likely, at least in part, linked
to the reversal of immobility.

FST Protocol. Four groups of six rats were tested in the FST as
follows: (i) no STN stimulation with saline, (ii) no STN stimu-
lation with citalopram, (iii) STN stimulation (130 Hz, 150 �A)
with saline, and (iv) STN stimulation (130 Hz, 150 �A) with
citalopram. Citalopram treatment comprised 10 mg/kg s.c. once
daily for 14 days. Saline treatment comprised once daily injec-
tions for 14 days. A challenge dose of 10 mg/kg s.c. of citalopram
increases extracellular 5-HT in prefrontal cortex of freely
moving rats by 2- to 3-fold (60).

The effect of STN stimulation on immobility time was also tested
in rats with a dopamine neuron lesion. This experiment comprised
two groups of six STN electrode-implanted, dopamine-denervated
rats; one group was stimulated (130 Hz, 150 �A) during the FST,
and the other received no stimulation.

Open-Field Test. Rats with bilateral STN electrodes were placed in
a square open-field arena (inner dimensions 50 � 50 � 50 cm) and
the distance moved over 10 min was recorded by digital camera
(Ethovision software; Noldus Information Technology, Wagenin-
gen, The Netherlands) placed above the arena. Open-field activity
was measured during one session when electrodes were not stim-
ulated and another session 2 weeks later when the electrodes were
stimulated (130 Hz, 150 �A).

Histology. At the end of electrophysiological and behavioral exper-
iments, rats were perfused transcardially with PBS and then fixative
containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.6). Brains were removed and postfixed for 2 h, followed by
overnight immersion in 20% sucrose at 4°C. Brain tissue was stored
(�80°C) subsequent to sectioning (30 �m) by using a cryostat.
Standard hematoxylin–eosin and standard cresyl violet counter-
stains were used to locate the stimulating and recording electrode
tips.

Statistical Analysis. Electrophysiological data were analyzed statis-
tically by one-way ANOVA with repeated measures. STN stimu-
lation or drug treatment (muscimol) were used as the repeated-
measures factor, followed by a Duncan’s post hoc test. Behavioral
data were analyzed by two-way ANOVA with ‘‘stimulation’’ and
‘‘treatment’’ being used as repeated measures, followed by a
Duncan’s post hoc test. A P value �0.05 was considered significant.
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