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A B S T R A C T

Anxiety in Parkinson's disease is a comorbid non-motor symptom that alters the quality of life of patients. Its
neuronal substrates and those of L-Dopa treatment are still poorly known. Using different combinations of
monoaminergic system lesions in the rat, we addressed the contribution of these systems in the efficacy of L-
DOPA on anxiety and on the neuronal activity of basolateral amygdala (BLA), a brain structure involved in
anxiety. Anxiety, locomotor activity and motor performance were assessed using the elevated plus maze, the
open field and the skinner box, respectively. The neuronal activity of BLA was electrophysiologically recorded
and the loss of dopamine, noradrenaline and serotonin neurons was quantified by immunohistochemistry and
stereology. Selective bilateral lesion of dopamine neurons, with or without the additional lesions of nora-
drenaline and/or serotonin neurons, induced anxiety disorder. L-Dopa significantly decreased anxiety in animals
with bilateral lesion of dopamine neurons alone or combined with that of noradrenaline neurons. In these two
groups, L-DOPA enhanced the firing rate of BLA neurons. However, in animals with combined lesions of do-
pamine and serotonin neurons or in animals with lesions of the three monoaminergic systems, L-Dopa was no
longer able to decrease anxiety behavior or to change the electrophysiological parameters of BLA neurons. Our
data provide the first evidence of the key and positive role of the serotonergic system in the combined efficacy of
L-Dopa on anxiety and the paralleled BLA neuronal activity, suggesting that the enhancement of the activity of
serotonin neurons may boost the anxiolytic action of L-DOPA.

1. Introduction

Parkinson's disease (PD) is characterized by the degeneration of
dopamine (DA) neurons (Ehringer and Hornykiewicz, 1960) at the
origin of the cardinal motor symptoms of the disease. Moreover, PD is
also characterized by the loss of noradrenaline (NA) cells in the locus
coeruleus (German et al., 1992) and serotonin (5-HT) neurons in the
raphe nucleus (Kish, 2003), which may contribute to the non-motor
symptoms (Devos et al., 2010; Zarow et al., 2003) including anxiety.
Anxiety is a frequent disorder occurring in approximately 25–50% of
PD patients (Dissanayaka et al., 2010; Goetz, 2010; Nègre-Pagès et al.,
2010). It can precede the classical motor features of PD by years and
contributes to the deterioration of patient's quality of life (Chaudhuri
et al., 2006; Reijnders et al., 2009). While some studies suggested the
link between anxiety and the degeneration of DA cells (Chaudhuri and
Schapira, 2009; Eskow Jaunarajs et al., 2010), others suggested the
involvement of NA and/or 5-HT cell loss (Andrade et al., 2004; Graeff,

2002). Using the unilateral 6-OHDA rat model of PD, we provided
evidence for the manifestation of anxiety when NA and/or 5-HT de-
pletions were combined with DA depletion, suggesting that PD should
be modeled as a monoaminergic pathology (Delaville et al., 2012). In
the present study we extended this work by using the bilateral 6-OHDA
rat model.

Levodopa (L-Dopa) is the gold standard anti-parkinsonian treatment,
which permits the restoration of DAergic transmission to improve the
cardinal motor symptoms (Cotzias, 1968; Yahr et al., 1969). However,
the impact of L-Dopa on PD non-motor symptoms and its interaction
with the monoaminergic systems are not clearly established. In the
context of PD, in the absence of DA neurons, 5-HT neurons have been
shown at the origin of the diffuse increase in DA neurotransmission
induced by L-Dopa (Navailles et al., 2010b). Moreover, another study
using metabolic mapping unravelled that non-motor domains, such as
the basolateral amygdala (BLA) may play a role in the mechanism of
action of L-Dopa (Guigoni et al., 2005). Indeed, BLA receives dense
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innervation from the DAergic, NAergic, and 5-HTergic systems (Asan
et al., 2013; Fallon et al., 1978; Smith and Aston-Jones, 2008). How-
ever, the efficacy of L-Dopa on anxiety and its effects on the neuronal
activity of BLA after monoaminergic system lesions are not determined.

The present work aimed to investigate, first, the respective role of
combined bilateral lesions of the monoaminergic systems on anxiety
behavior; second, whether these monoaminergic lesions can interfere
with the effect of L-Dopa on anxiety; third, the changes in the neuronal
activity of BLA neurons after the same lesions. The rational of choosing
BLA has been based on the reported data showing that BLA plays a key
role in anxiety and fear related behaviors (Herry et al., 2008; Lalumiere,
2014).

2. Material and methods

2.1. Animals

Adult male Sprague-Dawley rats (280–380 g) were housed four per
cage under artificial conditions of light, temperature and humidity with
food and water available ad libitum. All experiments were carried out
in strict accordance with the Council Directive 2010/63/EU of the
European Parliament and the Council of 22 September 2010 on the
protection of animals used for scientific purposes. The protocol was
approved by the Ethics local Committee (50120126-A and 50120136-
A).

2.2. Drugs

6-Hydroxydopamine (6-OHDA) hydrobromide, L-ascorbic acid, de-
sipramine hydrochloride, 5,7-Dihydroxytryptamine (5,7-DHT) creati-
nine sulfate salt, Levodopa (L-Dopa) L-3,4-Dihydroxyphenylalanine
methyl ester hydrochloride, benserazide-hydrochloride and all an-
esthesia drugs were purchased from Sigma (Saint-Quentin Fallavier,
France).

2.3. Animal groups, surgical procedures and L-Dopa treatment

Animals were divided into five groups: DA-lesioned group (n = 8);
DA/NA-lesioned group (n = 9); DA/5-HT-lesioned group (n = 12);
DA/NA/5-HT-lesioned group (n = 9) and their relative sham groups
with 6 rats for each of them. One hour before surgery, rats were injected
with Temgesic (0.1 mg/kg, s.c.) for analgesia and rats from the group
without NA cell lesion were injected with desipramine (25 mg/kg, i.p.)
to protect NA neurons from 6-OHDA toxicity. Rats were anesthetized by
ketamine (75 mg/kg) and xylazine (10 mg/kg) and placed in a stereo-
taxic frame (Kopf, France), the skull was exposed and the burr holes
were made. The toxins or vehicle were slowly injected bilaterally in the
medial forebrain bundle (MFB) (in mm: AP 2.8, ML± 2, DV −8.4)
(Paxinos and Watson, 1996). Vehicle was injected in each MFB in sham
animals (0.2% ascorbic acid in 0.9% saline), or 6-OHDA (2 μl in each
MFB, 1.675 μg/μl) in the lesioned-groups and in addition, 5,7-DHT (3 μl
in each MFB, 4 μg/μl) in 5-HT cell lesion groups. After surgery, the rats
were given a 3-weeks recovery before behavioral assessments.

L-Dopa (12 mg/kg) and benserazide (15 mg/kg) were dissolved in
NaCl 0.9% and administered 40 min before behavioral tests (Navailles
et al., 2010b).

2.4. Evaluation of motor performance

The impact of combined monoaminergic lesions on motor behavior
was measured using the distance traveled by the animals in the open
field and the motor time in a skinner box task as previously described
(Zeef et al., 2012; Klinkenberg and Blokland, 2011). Behavioral testing
in the open field started by placing the rat in the middle of the arena
and locomotor activity was recorded using a camera and Ethovision
tracking software (Ethovision®, Noldus Information Technology,

Wageningen, the Netherlands). The distance traveled (cm) by each
animal was determined during 10 min in the arena. Motor time was
investigated by training and testing the rats in a Skinner box (Med
Associates, St. Albans, USA). Animals had to press a lever for five times
in order to obtain a 45-mg food reward and a session was terminated
after 60 trials or 30 min. Rats were trained everyday and data were
collected when the last 3 sessions were stable over time. Motor time
was determined as the mean latency between the release of the panel
and the lever press as previously described (Cao et al., 2006).

2.5. Evaluation of anxiety

The elevated plus maze (EPM), which is considered as the most
common test of anxiety in rodents, was used as previously described
(Faggiani et al., 2015; Carobrez and Bertoglio, 2005). Briefly, animals
were allowed to explore the maze for 5 min and videotaped. The
number of entries and the time spent in the open and closed arms were
measured. The first time in the EPM corresponded to the baseline for
anxiety according to the different groups. One week later, we per-
formed the same test with L-Dopa treatment.

2.6. Extracellular single-unit recordings

Extracellular microrecordings in the BLA were performed in rats
anesthetized with urethane (1.2 g/kg i.p.) as previously reported (Ni
et al., 2001). A single glass micropipette electrode (impedance:
8–12 MΩ) was filled with 4% Pontamine Sky Blue (PSB) in 3 M NaCl
and then lowered into the BLA (in mm: AP −0.9, L 3, D 4.5–7.5)
(Paxinos and Watson, 1996). BLA neurons were identified according to
their firing activity as previously reported (Pare and Gaudreau, 1996).
Extracellular neuronal activity was amplified, bandpass filtered
(300–3000 Hz) using a preamplifier (Neurolog, Digitimer, UK) and
transferred via a Powerlab interface to a computer with Chart 7 soft-
ware (AD Instruments, Charlotte, USA). Basal firing was recorded
during 20 min to ascertain the stability of the discharge activity. Then,
L-Dopa was injected intraperitoneally and the recorded neuron was
followed during 2 h. The recording site was marked by an electro-
phoretic injection of PSB through the micropipette at a negative current
of 20 μA for 7 min (IsoDAM 80, WPI, UK).

2.7. Data analysis

The electrical activity of each neuron was analyzed with a spike
discriminator (AD Instruments), and firing parameters (interspike in-
terval 5-ms bin) were calculated using Neuroexplorer program (Alpha
Omega, Israel). The firing rate values are the mean ± SEM (Belujon
et al., 2007). Firing patterns were analyzed as previously described
(Labarre et al., 2008) and identified as regular, irregular or bursty
(Kaneoke and Vitek, 1996).

2.8. Histology and immunohistochemistry

After completion of the experiments, animals were sacrificed by
intracardiac perfusion of 4% paraformaldehyde, the brains removed,
frozen in isopentane at −45 °C and stored at −80 °C. Brains were
cryostat-cut into 50 μm coronal sections and acetylcholine esterase
staining was used to determine the location of PSB dots as previously
described (Chetrit et al., 2009). Only brains with dots in BLA were re-
tained for data analysis.

The loss of DA cells in the SNc/VTA, DA fibers in the striatum, and
NA cells in the LC were determined using immunohistochemistry of
tyrosine hydroxylase (TH-antibody, Sigma-Aldrich) as previously de-
scribed (Bouali-Benazzouz et al., 2009). 5-HT cell loss in the dorsal and
medial raphe nuclei (DRN and MRN respectively) was determined by
immunohistochemistry of Tryptophan hydroxylase (TrH-antibody,
Sigma-Aldrich). The number of TH- and TrH-immunoreactive (IR) cells
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was obtained using the optical fractionator (Bastide et al., 2014) un-
biased stereological method (Leica DM6000B, Mercator Pro, Ex-
ploraNova, France). Immuno-labelled cells were counted by a blinded
investigator on every 6th section for the SNc, the VTA, the DRN and the
MRN and on every 3rd section for the LC previously used with stereo-
logical parameters adapted to SNc (Counting frames: 80 × 80 μm,
Spacing: 240 × 180 μm, number of sections: 5), to DRN and MRN
(Counting frames: 60 × 60 μm, Spacing: 80 × 120 μm, number of
sections: 4) or to LC (Counting frames: 60 × 60 μm, Spacing:
80 × 100 μm, number of sections: 3).

2.9. Statistical analysis

Statistical analyses were performed using Sigmaplot (Systat
Software) and data were compared using a One-way Anova test. When
normality test passed, we used a One-way Anova test followed, when
significant, by a student Newman-Keuls multiple post-tests. When
normality test failed, we used a Kruskall-Wallis test, when significant,
followed by a post-hoc Dunn's method. The effect of L-Dopa in each
lesioned group, before and after drug injection, was compared using a
Wilcoxon paired t-test. Firing rates were compared using a One-way
Anova test. The effect of L-Dopa in lesioned-rats, before and after drug
injection, was compared using a paired t-test. Firing patterns were
analyzed as previously described (Boraud et al., 1998; Tai et al., 2003)
and their proportions were compared using a Chi2 test.

3. Results

For all the parameters that we have evaluated, each lesioned group
had its relative sham group with 6 rats each. As the results of the dif-
ferent sham groups were not significantly different (data not shown) we
grouped them in a single sham group (n = 24).

3.1. Selective bilateral lesions of DA, NA and 5-HT neurons

Bilateral injection of 6-OHDA into the MFB induced DA cell loss in
the SNc (Kruskal-Wallis, F = 76.17, p < 0.001; Fig. 1AB). Compared
to sham rats, TH-IR cells decreased by 65% in DA-depleted rats
(p < 0.001), 69% in DA/NA-depleted rats (p < 0.001), 63% in DA/5-
HT-depleted rats (p < 0.001) and 76% in DA/NA/5-HT-depleted rats
(p < 0.001). Likewise, it induced DA denervation throughout the
striatum (Kruskal-Wallis, F = 57.51, p < 0.001; Fig. 1CD). The TH-IR
density decreased by 73% in DA-depleted rats (p < 0.001), 72% in
DA/NA-depleted rats (p < 0.001), 69% in DA/5-HT-depleted rats
(p < 0.001) and 87% in DA/NA/5-HT-depleted rats (p < 0.001). In
addition to the SNc, bilateral injection of 6-OHDA induced moderate
but significant DA cell loss in the VTA (Kruskal-Wallis, F = 35,34,
p < 0.001; Fig. 1E). Compared to sham rats, TH-IR cells decreased by
30% in DA-depleted rats (p < 0.001), 48% in DA/NA-depleted rats
(p < 0.001), 33% in DA/5-HT-depleted rats (p < 0.001) and 43% in
DA/NA/5-HT-depleted rats (p < 0.001).

Bilateral injection of 6-OHDA into the MFB of rats without prior
desipramine treatment induced NA cell loss in the LC (One-Way Anova,
F = 80.59, p < 0.001; Fig. 1F–H). Compared to sham rats, TH-IR cells
decreased by 59% in DA/NA-depleted rats (p < 0.001) and 56% in
DA/NA/5-HT-depleted rats (p < 0.001). However, TH-IR cells in the
LC of animals pre-treated with desipramine were not affected.

Bilateral 5,7-DHT injection into the MFB induced specific loss of 5-
HT neurons in the DRN (One-Way Anova, F = 53.49, p < 0.001;
Fig. 2A–C) and the MRN (One-Way Anova, F = 24.15, p < 0.001;
Fig. 2ABD). TrH-IR cells decreased by 48% in the DRN and 39% in the
MRN of DA/5-HT-depleted rats (p < 0.01) and 47% and 44% in DA/
NA/5-HT-depleted rats (p < 0.001). However, TrH-IR cells in both
raphe nuclei of animals who did not receive 5,7-DHT were not affected.

3.2. Motor deficit

In order to assess the consequences of combined monoaminergic
lesions on motor component, we measured two parameters: the dis-
tance traveled by the animals in the open field and the motor time in
the skinner box. Bilateral DA depletion alone or combined with NA
and/or 5-HT significantly affected the spontaneous locomotor activity
in the open field test (One-way ANOVA, F = 6.628, p < 0.001; Fig. 3).
Indeed, compared to sham rats, bilateral DA depletion significantly
decreased the distance of locomotor activity (p = 0.003). Furthermore,
while additional NA or 5-HT or combined NA and 5-HT depletions
significantly decreased the distance traveled by the animals (p = 0.003,
p < 0.001 and p = 0.003 respectively compared to sham rats), they
did not potentiate the locomotor deficit induced by DA depletion alone
(p > 0.05 compared to DA-depleted animals).

Bilateral monoamine depletions significantly affected motor time in
the skinner box (One-way ANOVA, F = 3.37, p = 0.002; Fig. 3). While
bilateral DA depletion alone did not significantly change the motor time
(p = 0.076), additional depletion of NA or 5-HT or NA/5-HT increased
motor time compared to sham rats (p = 0.042, p = 0.048 and
p = 0.024, respectively; Fig. 3).

3.3. Anxiety disorder

Anxiety behavior was assessed using the elevated plus maze and a
rat was judged to be anxious when he spent less time in the open arms
than in the closed arms compared to sham rats. Bilateral lesion of DA
neurons alone or combined with the lesion of NA and/or 5-HT systems
significantly affected the number of entries in open arms extremities
(One-Way ANOVA, F = 11.59, p < 0.001; Fig. 4A) and the time spent
in open arms (One-Way ANOVA, F = 10.18, p < 0.001; Fig. 4B) of the
elevated plus maze. Bilateral lesion of DA neurons significantly de-
creased the number of entries in the open-arms extremities by 91%
(p < 0.001) compared to sham rats. A similar decrease was found by
the additional lesion of NA and/or 5-HT systems. Indeed, compared to
sham rats, the number of entries decreased by 63% (p < 0.001) in rats
with DA/NA lesions, by 81% (p < 0.001) in rats with DA/5-HT le-
sions, and by 66% (p < 0.001) in rats with DA/NA/5-HT lesions. In
the same way, the time spent in the open arms significantly decreased
by 66% (p < 0.001) in rats with DA lesion, by 55% (p < 0.01) in rats
with DA/NA lesions, by 75% (p < 0.001) in rats with DA/5-HT lesions
and by 45% (p < 0.01) in rats with DA/NA/5-HT lesions.

In contrast to the open arms, which are important in the evaluation
of anxiety, DA lesion alone or combined with the lesion of NA and/or 5-
HT did not affect the number of entries in closed arms extremities (One-
Way ANOVA, F = 15.44, p > 0.05; Fig. 5A), but significantly in-
creased the time spent in closed arms (One-Way ANOVA, F = 21.08,
p < 0.001; Fig. 5B).

3.4. L-Dopa and anxiety disorder

Bilateral lesion of 5-HT neurons, but not of NA neurons, interferes
with the effectiveness of L-Dopa on anxiety induced by the bilateral
depletion of DA (Fig. 4C). L-Dopa increased the number of entries in
open arms extremities in rats with bilateral DA lesion (Wilcoxon paired
t-test, p = 0.043, Fig. 4Ca) and in rats with bilateral DA lesion com-
bined with NA lesion (Wilcoxon paired t-test, p = 0.014, Fig. 4Cb).
However, L-Dopa had no effect in rats with DA/5-HT lesion (Wilcoxon
paired t-test, p = 0.321, Fig. 4Cc) as well as in rats with lesions of the
three monoaminergic systems (Wilcoxon paired t-test, p = 0.063,
Fig. 4Cd). Similarly, L-Dopa increased the time spent in open arms in
rats with bilateral DA lesion alone (Wilcoxon paired t-test, p < 0.01,
Fig. 4Da) and in rats with bilateral DA lesion combined with NA lesion
(Wilcoxon paired t-test, p < 0.05, Fig. 4Db). Interestingly, here again
L-Dopa had no effect in rats with DA/5-HT lesion (Wilcoxon paired t-
test, p > 0.888, Fig. 3Dc) and in rats with lesions of the three
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Fig. 1. Selective bilateral lesion of dopamine (DA) neurons in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA), fibers in the striatum and selective bilateral
lesion of NA neurons in the locus coeruleus (LC).
Representative examples of brain slices showing TH immunoreactive (TH-IR) neurons in the SNc and VTA (A), fibers in the striatum (B) and in the LC (F) at three different levels, anterior
(a), median (b) and posterior (c) of sham and lesioned rats. Histograms show the number of TH-IR neurons as counted in the SNc (C), the VTA (D), the LC (G) and the optical density (OD)
of TH-IR as measured in the striatum (E) of sham rats (n = 24), DA-depleted rats (DA, n = 8), DA and NA-depleted rats (DA NA, n = 9), DA and 5-HT-depleted rats (DA 5-HT, n = 12)
and DA, NA and 5-HT-depleted rats (DA NA 5-HT, n = 9). Values are the mean ± SEM. **p < 0.01; ***p < 0.001 in comparison with sham animals.

Fig. 2. Selective bilateral lesion of 5-HT neurons in the dorsal raphe (DR) and median raphe (MR) nuclei.
Representative examples of brain slices showing Tryptophan hydroxylase IR (TrH-IR) cells in the DR and MR nuclei at three different levels of the nucleus, anterior (a), median (b) and
posterior (c) of sham (A) and 5-HT DR/MR lesioned rats (B). Histograms show the number of TrH-IR neurons as counted in the DR (C) and MR (D) nuclei. Values are the mean ± SEM.
***p < 0.001 in comparison with sham animals.
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monoamine systems (Wilcoxon paired t-test, p = 0.06, Fig. 4Dd).
L-Dopa did not affect the number of entries in closed arms ex-

tremities (Wilcoxon paired t-test, p > 0.05; Fig. 5C), nor the time
spent in closed arms (Wilcoxon paired t-test, p > 0.05; Fig. 5D) in all
the groups of lesioned animals.

3.5. L-Dopa and the neuronal activity of BLA neurons

Bilateral DA lesion alone or combined with NA and/or 5-HT tended
to decrease the firing rate of BLA neurons but the difference was not
significant (One-way Anova, F = 0.944, p = 0.440; Fig. 6A). Similarly,
the firing pattern was not affected by the bilateral monoamine lesions

compared to sham rats (Chi2 test, X2 = 3.95, df = 8, p > 0.05;
Fig. 6B). Interestingly, L-Dopa significantly increased the firing rate of
BLA neurons in rats with bilateral DA depletion alone or combined with
NA depletion (paired t-test, p = 0.029 and p = 0.040 respectively,
Fig. 6C–G). However, L-Dopa did not significantly change the firing rate
of BLA neurons in rats with combined lesions of DA/5-HT or DA/NA/5-
HT cells (p > 0.05; Fig. 6G). Concerning the firing pattern, L-Dopa
treatment had no effect of BLA neurons in all lesioned groups (Chi2 test,
X2 = 0, df = 1, p = 1, Fig. 6H).

Fig. 3. Effects of combined bilateral monoamine depletions on lo-
comotor activity and motor performance.
Histograms showing the distance traveled by the animals in the open
field (A) and the motor time as determined in the skinner box (B).
Values are the mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ns: non-significant in comparison with sham ani-
mals.

Fig. 4. Effect of monoaminergic system lesions on anxiety
behavior and their impact on the efficacy of L-Dopa.
Histograms showing the number of entries in open arms
extremities (A) and the time spent in open arms (B). C–D:
Histograms showing the effects of L-Dopa on the number of
entries in open arms extremities (C) and on the time spent
in open arms (D). Values are the mean ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001, ns: non-sig-
nificant in comparison with sham animals (AB) or in com-
parison with lesioned animals without L-Dopa (CD).
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4. Discussion

Our results provide evidence for the critical role played by DA cell
loss in the manifestation of parkinsonian-like anxiety disorder. Indeed,
bilateral selective lesion of DA neurons induced anxiety, which was
reversed by L-Dopa. Interestingly, we show that the additional lesion of
NA and/or 5-HT neurons did not potentiate the anxiogenic effect of DA
cell lesion. While the lesion of NA neurons did not interfere with the
beneficial effect of L-Dopa, the lesion of serotonergic neurons was re-
sponsible for the loss of effectiveness of L-Dopa on anxiety. Finally, we
provide evidence for the parallel of L-Dopa efficacy and the changes in
the electrical activity of BLA neurons. The improvement of anxiety in-
duced by L-Dopa was paralleled by an increase in the firing rate of BLA
neurons in animals with DA cell loss alone or combined with NA cell
loss. However, the absence of efficacy of L-Dopa after lesioning 5-HT
neurons was associated with the absence of changes in the electrical
activity of BLA neurons.

The lesion procedures we used caused selective and significant re-
ductions in the number of TH-IR cells in the SNc, VTA and LC and fibers
in the striatum. Moreover, the 5,7-DHT caused a reduction of 5-HT
neurons in the DRN and MRN. Despite the focus on DA cell loss in PD, it
is now admitted that this pathology is a multi-system disorder char-
acterized by other landmarks, such as the loss of NA and 5-HT neurons.
Our animals with different combined bilateral monoamine depletions
can be considered as models reproducing what happens in human PD
patients, useful in studying the impact of combined monoamine lesions

on the efficacy of L-Dopa on anxiety. The EPM test is a well validated
and widely used paradigm to evaluate the relative anxiety-related
status of rodents (Carobrez and Bertoglio, 2005). The paradigm is based
on the conflict between the innate tendencies of the animals to explore
novel environments versus their innate tendency to avoid open areas
where the thigmotaxis is impossible, and to be afraid of heights (Bourin
et al., 2007; File, 2001). Our results showed that bilateral DA cell le-
sions induced anxiety-like behavior. This anxiogenic effect has not been
exacerbated by the additional depletions of NA and/or 5-HT. These
results provide evidence that anxiety behavior is a DA-dependent non-
motor symptom in agreement with the suggestion of previous clinical
studies (Chaudhuri and Schapira, 2009). Our results also showed that
the bilateral nature of DA cell loss in the rat was necessary to induce
anxiety-like behavior in contrast to a previous study from our team, in
which unilateral DA depletion alone was not sufficient to induce an-
xiety. This behavioral disorder was developed only when the unilateral
DA depletion was combined with noradrenergic and/or serotonergic
depletions (Delaville et al., 2012). Our results are consistent with pre-
vious data showing that anxiety-related behavior in the rat, using the
same test, was seen after bilateral partial lesion of SNc DA neurons
(Drui et al., 2014; Tadaiesky et al., 2008). Moreover, it is unlikely that
anxiety behavior observed in our rats may be due to the motor im-
pairment, as bilateral DA cell loss decreased only slightly locomotor
activity and did not significantly affect motor performance in the
skinner box, and that additional lesions of NA and/or 5-HT systems
were necessary to induce an increase of motor time. The involvement of

Fig. 5. Effect of monoaminergic system lesions on anxiety
behavior and their impact on the efficacy of L-Dopa.
Histograms showing the number of entries in closed arms
extremities (A) and the time spent in closed arms (B). C–D:
Histograms showing the effects of L-Dopa on the number of
entries in closed arms extremities (C) and on the time spent
in closed arms (D). Values are the mean ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001, ns: non-sig-
nificant in comparison with sham animals (AB) or in com-
parison with lesioned animals without L-Dopa (CD).
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NA dysregulation has recently been highlighted in the development of
akinesia in PD patients (Albares et al., 2015; Favre et al., 2013).

The impact of NA and 5-HT cell lesions on the efficacy of L-Dopa on
anxiety was investigated in our animal models with different combined

lesions. In PD patients, only few studies focused on the efficacy of L-
Dopa on anxiety disorder, with conflicting results (Eskow Jaunarajs
et al., 2011). While some studies reported significant improvement of
anxiety under L-Dopa (Funkiewiez et al., 2006; Stacy et al., 2010),

Fig. 6. Effect of monoaminergic lesions and of L-Dopa
treatment on the spontaneous firing rate and pattern of
discharge of BLA neurons.
A–B: The histograms represent the mean ± SEM of the
firing rate (spikes/s, A) and the percentage of distribution
of discharge patterns (B) of BLA neurons recorded in the
experimental groups: sham rats (n = 40 neurons), DA-le-
sioned rats (n = 38 neurons), DA and NA-lesioned rats
(n = 34 neurons), DA and 5-HT-lesioned rats (n = 27
neurons) and DA, NA and 5-HT-lesioned rats (n = 49). C–F:
Representative examples of cortical EEG recordings and
spike trains of irregular and bursty neurons recorded in BLA
before (CE) and after (DF) the injection of L-Dopa. G–H:
Histograms represent the mean ± SEM of the firing rate
(spikes/s, G) and the percentage of distribution of discharge
patterns (H) of BLA neurons recorded before and after L-
Dopa treatment. Values are the mean ± SEM. *p < 0.05,
ns: non-significant.
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others showed no such benefit or reported that L-Dopa exacerbated
anxiety disorder (Fetoni et al., 1999; Maricle et al., 1995). In our study,
acute administration of L-Dopa significantly improved anxiety behavior
in rats with bilateral DA cell lesions. Furthermore, we showed that the
same beneficial effect of L-Dopa was observed in animals with addi-
tional NA cell lesions, but not in DA-lesioned rats with additional 5-HT
cell lesions. These results support the assumption that in the context of
PD, the conversion of L-Dopa to DA is widespread and occurs in 5-HT
neurons, consistent with biochemical results showing that 5-HT neu-
rons are at the origin of the diffuse increase in DA transmission induced
by L-Dopa in 6-OHDA-lesioned rats (Navailles et al., 2010a). Accord-
ingly, we can assume that the loss of 5-HT neurons, even partial
(~50%) in our study, in addition to the loss of DA cells, may com-
promise the release of DA at a sufficient level, resulting in the absence
of efficacy of L-Dopa in improving anxiety. Together, our data suggest
that in PD patients with an absence or low response to L-Dopa, 5-HT
neurons are probably affected by the natural course of the disease.

In order to better understand the pathophysiology of anxiety in the
context of PD, we investigated whether the electrical activity of BLA
neurons can be influenced by the monoaminergic system lesions and
also by the administration of L-Dopa. The rationale of choosing BLA has
been based on the reported data showing that BLA plays a key role in
anxiety and fear related behaviors (Herry et al., 2008; Lalumiere,
2014). Our results showed that DA depletion induced a tendency to
decrease the firing rate without any change of the firing pattern of BLA
neurons, which was not potentiated by the additional depletion of NA
and/or 5-HT. BLA neurons are known to receive dense dopaminergic
innervation and express both D1 and D2 receptors (Scibilia et al.,
1992). Moreover, a reduction of TH positive fiber densities has been
shown in the BLA of MPTP-treated mice (von Bohlen und Halbach et al.,
2005), and that the degeneration of DA neurons in the SNc produces
dramatic decreases in DA and its major metabolites in dopaminergic
projection areas notably in BLA (Scatton et al., 1983). Altogether, these
results suggest that DA plays a role in the modulation of the firing ac-
tivity of BLA neurons and that the degeneration of DA cells in the
context of PD may result in changes in the firing rate, at the origin of
the manifestation of anxiety-like disorder. The fact that we found a
tendency to decrease the firing rate, in contrast to the significant de-
crease reported by Chen et al. (2011), can be explained by the differ-
ences in the lesioning methods and the anesthetics used. Indeed, we
injected 6-OHDA into the MFB, and not into the striatum, to obtain a
significant level of DA cell degeneration in the SNc (> 60%) compared
to the partial bilateral lesion (~30%) obtained by Chen et al. (2011).
Concerning the anesthetic, in our study we used urethane, whereas
Chen and Colleagues used chloral hydrate, with the two anesthetics
having different mechanisms and impact on neuronal activity (Li et al.,
2012).

We then investigated the effect of L-Dopa on the firing activity of
BLA neurons. Our results showed that L-Dopa significantly increased the
firing rate of BLA neurons in rats with bilateral DA depletion alone or
combined with NA depletion to approach the basal level of sham rats.
These changes paralleled the improvement of anxiety-like behavior
induced by L-Dopa in animals with the same lesions. Our results are
consistent with those of a previous study using imaging approaches
based on the measure of blood oxygenation level (Tessitore et al.,
2002). Their data revealed a robust bilateral amygdala response to
sensory information in normal controls that was absent in PD patients
during the hypodopaminergic state. DA replacement partially restored
this response in PD patients. However, and similar to the absence of
changes in behavioral effects, L-Dopa did not change the firing rate of
BLA neurons in rats with the additional lesion of 5-HT neurons. Like for
anxiety behavior, here again we demonstrate that the combined loss of
DA and 5-HT neurons compromised the efficacy of L-Dopa in normal-
izing the electrical activity of BLA neurons.

Our data provide in vivo evidence of the role of L-Dopa in mod-
ulating the firing rate of BLA neurons in the context of PD. We also

show that DA replacement restored the abnormal response of the
amygdala when the 5-HT neurotransmission is not affected.
Furthermore, the loss of 5-HT neurons, which is suggested to result in
the absence of DA release, compromised the responses of BLA neurons,
and this phenomenon is responsible of the absence of efficacy of L-Dopa
on anxiety behavior.

Acknowledgments

This work was supported by the “Université de Bordeaux” (3219R-
6), the “Centre National de la Recherche Scientifique” (CNRS), the
“Association France Parkinson” (F311789), the “Fondation de France”
(2013 00043777) and the “Conseil Régional d'Aquitaine” (11004378).
The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

References

Albares, M., et al., 2015. Interaction of noradrenergic pharmacological manipulation and
subthalamic stimulation on movement initiation control in Parkinson's disease. Brain
Stimul. 8, 27–35.

Andrade, T.G., et al., 2004. Anxiolytic-like effects of median raphe nucleus lesion in the
elevated T-maze. Behav. Brain Res. 153, 55–60.

Asan, E., et al., 2013. Serotonergic innervation of the amygdala: targets, receptors, and
implications for stress and anxiety. Histochem. Cell Biol. 139, 785–813.

Bastide, M.F., et al., 2014. Immediate-early gene expression in structures outside the basal
ganglia is associated to L-DOPA-induced dyskinesia. Neurobiol. Dis. 62, 179–192.

Belujon, P., et al., 2007. Noradrenergic modulation of subthalamic nucleus activity: be-
havioral and electrophysiological evidence in intact and 6-hydroxydopamine-le-
sioned rats. J. Neurosci. 27, 9595–9606.

von Bohlen und Halbach, O., et al., 2005. MPTP treatment impairs tyrosine hydroxylase
immunopositive fibers not only in the striatum, but also in the amygdala.
Neurodegener. Dis. 2, 44–48.

Boraud, T., et al., 1998. Effects of L-DOPA on neuronal activity of the globus pallidus
externalis (GPe) and globus pallidus internalis (GPi) in the MPTP-treated monkey.
Brain Res. 787, 157–160.

Bouali-Benazzouz, R., et al., 2009. Intrapallidal injection of 6-hydroxydopamine induced
changes in dopamine innervation and neuronal activity of globus pallidus.
Neuroscience 164, 588–596.

Bourin, M., et al., 2007. Animal models of anxiety in mice. Fundam. Clin. Pharmacol. 21,
567–574.

Cao, C., et al., 2006. Progressive deterioration of reaction time performance and chor-
eiform symptoms in a new Huntington's disease transgenic rat model. Behav. Brain
Res. 170, 257–261.

Carobrez, A.P., Bertoglio, L.J., 2005. Ethological and temporal analyses of anxiety-like
behavior: the elevated plus-maze model 20 years on. Neurosci. Biobehav. Rev. 29,
1193–1205.

Chaudhuri, K.R., Schapira, A.H., 2009. Non-motor symptoms of Parkinson's disease: do-
paminergic pathophysiology and treatment. Lancet Neurol. 8, 464–474.

Chaudhuri, K.R., Healy, D.G., Schapira, A.H., 2006. Non-motor symptoms of Parkinson's
disease: diagnosis and management. Lancet Neurol. 5, 235–245.

Chen, L., et al., 2011. Alterations of emotion, cognition and firing activity of the baso-
lateral nucleus of the amygdala after partial bilateral lesions of the nigrostriatal
pathway in rats. Brain Res. Bull. 85, 329–338.

Chetrit, J., et al., 2009. Involvement of Basal Ganglia network in motor disabilities in-
duced by typical antipsychotics. PLoS One 4, e6208.

Cotzias, G.C., 1968. L-Dopa for Parkinsonism. N. Engl. J. Med. 278, 630.
Delaville, C., et al., 2012. Emerging dysfunctions consequent to combined monoaminergic

depletions in Parkinsonism. Neurobiol. Dis. 45, 763–773.
Devos, D., et al., 2010. Dopaminergic and non-dopaminergic pharmacological hypotheses

for gait disorders in Parkinson's disease. Fundam. Clin. Pharmacol. 24, 407–421.
Dissanayaka, N.N., Sellbach, A., Matheson, S., O'Sullivan, J.D., Silburn, P.A., Byrne, G.J.,

Marsh, R., Mellick, G.D., 2010. Anxiety disorders in Parkinson's disease: prevalence
and risk factors. Mov. Disord. 25, 838–845.

Drui, G., et al., 2014. Loss of dopaminergic nigrostriatal neurons accounts for the moti-
vational and affective deficits in Parkinson's disease. Mol. Psychiatry 19, 358–367.

Ehringer, H., Hornykiewicz, O., 1960. Distribution of noradrenaline and dopamine (3-
hydroxytyramine) in the human brain and their behavior in diseases of the extra-
pyramidal system. Klin. Wochenschr. 38, 1236–1239.

Eskow Jaunarajs, K.L., et al., 2010. Behavioral and neurochemical effects of chronic L-
DOPA treatment on nonmotor sequelae in the hemiparkinsonian rat. Behav.
Pharmacol. 21, 627–637.

Eskow Jaunarajs, K.L., et al., 2011. Potential mechanisms underlying anxiety and de-
pression in Parkinson's disease: consequences of L-DOPA treatment. Neurosci.
Biobehav. Rev. 35, 556–564.

Faggiani, E., et al., 2015. The combined depletion of monoamines alters the effectiveness
of subthalamic deep brain stimulation. Neurobiol. Dis. 82, 342–348.

Fallon, J.H., et al., 1978. Catecholamine innervation of the basal forebrain. II. Amygdala,
suprarhinal cortex and entorhinal cortex. J. Comp. Neurol. 180, 509–532.

Favre, E., et al., 2013. Deep brain stimulation of the subthalamic nucleus, but not

E. Faggiani et al. Neurobiology of Disease 110 (2018) 20–28

27

http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0005
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0005
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0005
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0010
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0010
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0015
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0015
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0020
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0020
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0025
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0025
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0025
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0030
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0030
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0030
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0035
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0035
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0035
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0040
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0040
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0040
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0045
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0045
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0050
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0050
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0050
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0055
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0055
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0055
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0060
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0060
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0065
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0065
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0070
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0070
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0070
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0075
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0075
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0080
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0085
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0085
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0090
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0090
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0095
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0095
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0095
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0100
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0100
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0105
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0105
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0105
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0110
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0110
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0110
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0115
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0115
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0115
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0120
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0120
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0125
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0125
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0130


dopaminergic medication, improves proactive inhibitory control of movement in-
itiation in Parkinson's disease. Neurotherapeutics 10, 154–167.

Fetoni, V., et al., 1999. Affective symptoms in multiple system atrophy and Parkinson's
disease: response to levodopa therapy. J. Neurol. Neurosurg. Psychiatry 66, 541–544.

File, S.E., 2001. Factors controlling measures of anxiety and responses to novelty in the
mouse. Behav. Brain Res. 125, 151–157.

Funkiewiez, A., et al., 2006. Effects of levodopa and subthalamic nucleus stimulation on
cognitive and affective functioning in Parkinson's disease. Mov. Disord. 21,
1656–1662.

German, D.C., et al., 1992. Disease-specific patterns of locus coeruleus cell loss. Ann.
Neurol. 32, 667–676.

Goetz, C.G., 2010. New developments in depression, anxiety, compulsiveness, and hal-
lucinations in Parkinson's disease. Mov. Disord. 25, S104–S109.

Graeff, F.G., 2002. On serotonin and experimental anxiety. Psychopharmacology 163,
467–476.

Guigoni, C., et al., 2005. Involvement of sensorimotor, limbic, and associative basal
ganglia domains in L-3,4-dihydroxyphenylalanine-induced dyskinesia. J. Neurosci.
25, 2102–2107.

Herry, C., et al., 2008. Switching on and off fear by distinct neuronal circuits. Nature 454,
600–606.

Kaneoke, Y., Vitek, J.L., 1996. Burst and oscillation as disparate neuronal properties. J.
Neurosci. Methods 68, 211–223.

Kish, S.J., 2003. Biochemistry of Parkinson's disease: is a brain serotonergic deficiency a
characteristic of idiopathic Parkinson's disease? Adv. Neurol. 91, 39–49.

Klinkenberg, I., Blokland, A., 2011. A comparison of scopolamine and biperiden as a
rodent model for cholinergic cognitive impairment. Psychopharmacology 215,
549–566.

Labarre, D., et al., 2008. Measure of the regularity of events in stochastic point processes,
application to neuron activity analysis. In: 33rd IEEE International Conference on
Acoustics. Speech and Signal Processing, Las Vegas, NV, pp. 489–492.

Lalumiere, R.T., 2014. Optogenetic dissection of amygdala functioning. Front. Behav.
Neurosci. 8, 107.

Li, Y., et al., 2012. Reciprocal regulation between resting microglial dynamics and neu-
ronal activity in vivo. Dev. Cell 23, 1189–1202.

Maricle, R.A., et al., 1995. Dose-response relationship of levodopa with mood and anxiety
in fluctuating Parkinson's disease: a double-blind, placebo-controlled study.
Neurology 45, 1757–1760.

Navailles, S., et al., 2010a. Chronic L-DOPA therapy alters central serotonergic function
and L-DOPA-induced dopamine release in a region-dependent manner in a rat model
of Parkinson's disease. Neurobiol. Dis. 41, 585–590.

Navailles, S., et al., 2010b. Serotonergic neurons mediate ectopic release of dopamine

induced by L-DOPA in a rat model of Parkinson's disease. Neurobiol. Dis. 38,
136–143.

Nègre-Pagès, L., Grandjean, H., Lapeyre-Mestre, M., Montastruc, J.L., Fourrier, A., Lépine,
J.P., Rascol, O., DoPaMiP Study Group, 2010. Anxious and depressive symptoms in
Parkinson's disease: the French cross-sectionnal DoPaMiP study. Mov. Disord. 25,
157–166.

Ni, Z.G., et al., 2001. Time-course of changes in firing rates and firing patterns of sub-
thalamic nucleus neuronal activity after 6-OHDA-induced dopamine depletion in
rats. Brain Res. 899, 142–147.

Pare, D., Gaudreau, H., 1996. Projection cells and interneurons of the lateral and baso-
lateral amygdala: distinct firing patterns and differential relation to theta and delta
rhythms in conscious cats. J. Neurosci. 16, 3334–3350.

Paxinos, G., Watson, C., 1996. The Rat Brain in Stereotaxic Coordinates. Academic Press,
San Diego.

Reijnders, J.S., Ehrt, U., Lousberg, R., Aarsland, D., Leentjens, A.F., 2009. The association
between motor subtypes and psychopathology in Parkinson's disease. Parkinsonism
Relat. Disord. 15, 379–382.

Scatton, B., et al., 1983. Reduction of cortical dopamine, noradrenaline, serotonin and
their metabolites in Parkinson's disease. Brain Res. 275, 321–328.

Scibilia, R.J., et al., 1992. Topographic nonoverlapping distribution of D1 and D2 do-
pamine receptors in the amygdaloid nuclear complex of the rat brain. Synapse 11,
146–154.

Smith, R.J., Aston-Jones, G., 2008. Noradrenergic transmission in the extended amygdala:
role in increased drug-seeking and relapse during protracted drug abstinence. Brain
Struct. Funct. 213, 43–61.

Stacy, M.A., et al., 2010. Responsiveness of motor and nonmotor symptoms of Parkinson
disease to dopaminergic therapy. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 34,
57–61.

Tadaiesky, M.T., et al., 2008. Emotional, cognitive and neurochemical alterations in a
premotor stage model of Parkinson's disease. Neuroscience 156, 830–840.

Tai, C.H., et al., 2003. Electrophysiological and metabolic evidence that high-frequency
stimulation of the subthalamic nucleus bridles neuronal activity in the subthalamic
nucleus and the substantia nigra reticulata. FASEB J. 17, 1820–1830.

Tessitore, A., et al., 2002. Dopamine modulates the response of the human amygdala: a
study in Parkinson's disease. J. Neurosci. 22, 9099–9103.

Yahr, M.D., et al., 1969. Treatment of parkinsonism with levodopa. Arch. Neurol. 21,
343–354.

Zarow, C., et al., 2003. Neuronal loss is greater in the locus coeruleus than nucleus basalis
and substantia nigra in Alzheimer and Parkinson diseases. Arch. Neurol. 60, 337–341.

Zeef, D.H., et al., 2012. Motor and non-motor behaviour in experimental Huntington's
disease. Behav. Brain Res. 226, 435–439.

E. Faggiani et al. Neurobiology of Disease 110 (2018) 20–28

28

http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0130
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0130
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0135
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0135
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0140
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0140
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0145
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0145
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0145
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0150
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0150
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0155
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0155
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0160
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0160
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0165
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0165
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0165
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0170
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0170
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0175
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0175
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0180
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0180
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0185
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0185
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0185
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0190
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0190
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0190
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0195
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0195
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0200
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0200
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0205
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0205
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0205
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0210
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0210
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0210
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0215
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0215
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0215
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0220
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0220
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0220
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0220
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0225
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0225
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0225
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0230
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0230
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0230
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0235
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0235
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0240
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0240
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0240
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0245
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0245
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0250
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0250
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0250
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0255
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0255
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0255
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0260
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0260
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0260
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0265
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0265
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0270
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0270
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0270
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0275
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0275
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0280
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0280
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0285
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0285
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0290
http://refhub.elsevier.com/S0969-9961(17)30245-0/rf0290

	Serotonergic neurons mediate the anxiolytic effect of l-DOPA: Neuronal correlates in the amygdala
	Introduction
	Material and methods
	Animals
	Drugs
	Animal groups, surgical procedures and l-Dopa treatment
	Evaluation of motor performance
	Evaluation of anxiety
	Extracellular single-unit recordings
	Data analysis
	Histology and immunohistochemistry
	Statistical analysis

	Results
	Selective bilateral lesions of DA, NA and 5-HT neurons
	Motor deficit
	Anxiety disorder
	l-Dopa and anxiety disorder
	l-Dopa and the neuronal activity of BLA neurons

	Discussion
	Acknowledgments
	References




