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Abstract

Motor tics are sudden, repetitive, involuntary movements representing the hallmark behav-
iors of the neurodevelopmental disease Tourette’s syndrome (TS). The primary cause of TS
remains unclear. The initial observation that dopaminergic antagonists alleviate tics led to
the development of a dopaminergic theory of TS etiology which is supported by post mortem
and in vivo studies indicating that non-physiological activation of the striatum could generate
tics. The striatum controls movement execution through the balanced activity of dopamine
receptor D1 and D2-expressing medium spiny neurons of the direct and indirect pathway,
respectively. Different neurotransmitters can activate or repress striatal activity and among
them, dopamine plays a major role. In this study we introduced a chronic dopaminergic alter-
ation in juvenile rats, in order to modify the delicate balance between direct and indirect
pathway. This manipulation was done in the dorsal striatum, that had been associated with
tic-like movements generation in animal models. The results were movements resembling
tics, which were categorized and scored according to a newly developed rating scale and
were reduced by clonidine and riluzole treatment. Finally, post mortem analyses revealed
altered RNA expression of dopaminergic receptors D1 and D2, suggesting an imbalanced
dopaminergic regulation of medium spiny neuron activity as being causally related to the
observed phenotype.

Introduction

Tics are involuntary movements or vocalizations which change in body localization, fre-
quency, intensity, duration and onset. Chronically active, tics represent the behavioral hall-
mark of Tourette’s syndrome (TS). TS is a neurodevelopmental disorder that typically
manifests at school age, affecting 0.3 to 0.9% of children. TS symptoms last throughout child-
hood and show a typical waxing and waning course, they decrease after puberty until
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eventually disappearing in the vast majority of adult patients [1-3]. Motor tics are sudden,
brief and meaningless jerks or movements that can be divided into simple tics, when a single
muscle or muscle group is involved, or complex tics, when groups of muscles are involved
[4].

The underlying mechanism which causes tic development still remains uncertain, but the
Cortico Striato Thalamo Cortical (CSTC) circuit controlling movement and behavior appears
to have a pivotal role in their progression [5-8]. Within the CSTC circuit, the striatum is com-
monly recognized as the main regulatory element and numerous studies underlined its role in
TS as well [5,9-12].

Medium Spiny Neurons (MSN) are GABAergic projection neurons that make up to 95% of
striatal neurons. The remaining 5% comprises various types of interneurons [13] that are
thought to maintain a basal state of inhibition within the striatum controlling MSN activation
[14,15]. Primates and rodents manifest tic-like movements when MSN are released from inter-
neuronal control [16-18] therefore the regulation of MSN activity could be a crucial factor tic
generation.

Multiple neuronal inputs can physiologically modulate MSN activity, but the nigrostriatal
dopaminergic system is one of the most prominent. In fact, MSNs express high levels of
dopaminergic receptors (DR), mainly the DrD1 and DrD2 subtypes. DRs appear highly seg-
regated on MSNs belonging to the direct or the indirect pathway, respectively [19-23]. These
two pathways exert their key role in movement execution by stimulating wanted movements
and blocking unwanted ones. Balanced activity of both is required for physiological move-
ment, while perturbed dopaminergic pathways are known to cause movement alterations
[24-26].

Furthermore, dopamine (DA) has been the first neurotransmitter to be associated with tics,
when administration of DRD2 antagonists such as haloperidol was observed to result in
marked tic reduction. Currently, DRD2 antagonists are the only treatments approved by the
Food and Drug administration for tics, but are not recommended as first line treatment due to
their adverse side-effect profile [27-29].

We hypothesized that a developmental imbalance in the activity of the direct and indirect
pathway in the striatum could induce tic-like phenotype in rats. To verify this hypothesis we
intervened on the dopaminergic nigrostriatal system of juvenile rats by introducing a lesion of
the dopaminergic projections to the dorsal striatum (DS), an area which has previously been
associated with tic-like movements generation in animal models [16,30,31]. Chronic stimula-
tion of the DA-deprived area with indirect-pathway agonist quinpirole resulted in altered
movements that resembled tics and were reduced by the treatment with clonidine, similarly to
what is observed in TS patients [28,29].

Materials and methods

The present study was conducted in juvenile male Wistar rats (RjHan:WI, Janvier, Le Genest
St Isle, France). Fourteen days old rats were housed in groups of 5 together with their mothers
under a 12h light and dark cycle in temperature and humidity controlled rooms and with ad
libitum access to food and water.

The surgical procedure, treatment of animals and their conditions had been approved by
the appropriate institutional governmental agency (Regierungspraesidium Tiibingen, Ger-
many) and performed in an AAALAC (Association for Assessment and Accreditation of Labo-
ratory Animal Care International)-accredited facility in accordance with the European
Convention for Animal Care and Use of Laboratory Animals.
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Experimental design

Stereotaxic surgery. Juvenile 21-22 days old rats were anesthetized with 4% isoflurane in
N,O/O, (70: 30). Rats were adjusted on a stereotaxic frame (David Kopf Instruments, Tujunga,
CA, USA) on a flat skull position. Surgical anesthesia was maintained by reducing isoflurane
to 1.5-1.2%.

The toxin 6-hydroxydopamine hydrobromide (Sigma-Aldrich, Germany) was dissolved in
0.02% ascorbate solution and injected at a flow rate of 0.5 uL/min into (i) left DS (8l total
injection volume in 2 injection points, at a 2 mg/mL concentration, n = 21), (ii) anterior part
of DS (aDS) and (8 pl injection volume, at a 2 mg/mL concentration, n = 15) (iii) central part
of DS (cDS) (8 pl injection volume, at a 2 mg/mL concentration, n = 15). Coordinates are cal-
culated from bregma and scaled down from an adult rat brain [32] for the different injection
sites (in cm): (i) AP = +0.15 ML = +0.25, DV = -0.52 and AP = -0.02 ML = +0.35, DV = -0.50,
(ii) AP = +0.15 ML = +0.25, DV = -0.52, (iii) AP = -0.12 ML = +0.35, DV = -0.52. Sham rats
were injected in the left dorsal striatum (i) with ascorbate solution (n = 15). For all animals,
the needle was left in place for 3 additional minutes after injection and then retracted. Analge-
sia was provided with Meloxicam (Img/kg SC in 2mg/ml injection volume, Boehringer Ingel-
heim Vetmedica GmbH, Germany) 20 minutes before the surgical procedure and at the end.
After recovering from surgery, animals were separated from their mothers and housed in
groups of 5 siblings to prevent isolation.

Dopamine agonist priming and phenotype score

Thirteen days after surgery chronic treatment with a solution of quinpirole (0.5 mg/kg in
saline, IP) for a total of 7 times over 15 days was initiated, as to induce and stabilize the motor
phenotype. On the last day of treatment, rats were individually observed for 1min every
30mins and their phenotype was scored according to our newly developed scale.

Drugs preparation and testing

Quinpirole hydrochloride, clonidine and riluzole were obtained from Sigma-Aldrich Chemie
GmbH, Germany. Haloperidol was purchased from Janssen-Cilag GmbH (Germany) and was
diluted in saline at the desired dose (0.1 mg/kg).

Quinpirole was freshly dissolved in saline shortly before administration (IP, 0.5mg kg).

To investigate the effect of clonidine and riluzole on quinpirole-induced motor phenotype,
drugs were injected together or after quinpirole administration in a way that the maximal
effect of the injected drug would coincide with the phase of constant tic-like phenotype, that
took place 60-120 min after quinpirole administration. Riluzole (2-amino-6-trifluoromethoxy
benzothiazole) was dissolved in 1% tween-20 solution and left overnight under magnetic stir-
ring. On the test day, riluzole was injected (6 mg/kg IP) 60 minutes after quinpirole adminis-
tration, tic-like phenotype score of quinpirole treated aDS, ¢cDS and DS lesioned juvenile rats
was used as control. Clonidine was freshly dissolved in saline and injected together with quin-
pirole (IP, 0.5 and 0.05 mg/kg).

Haloperidol-induced catalepsy

Haloperidol-induced cataleptic immobility is a well-established measure of extrapyramidal
side effects typically associated with antipsychotic treatment [33].

After 45 min from quinpirole administration, rats (n = 8 each group) were injected with
saline as a negative control, haloperidol for positive control (0.1, 0.5 or 1 mg/kg IP) or riluzole
(6 mg/kg IP). After 15 more minutes they were placed with their forepaws on a horizontal bar
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in bipedal position for 1min. In case the rat left the bar within the observation time, it was
replaced on it for a maximum of four times. The total time of immobility on the bar was
recorded as time of catalepsy.

Food intake measurement

During phenotype score, quinpirole treated DS lesioned juvenile rats were provided with a
previously weighed amount of food in the observation cage. After 3hrs the remaining food was
carefully removed and weighed. The difference between the initial and the final amount of
food was considered as food intake measure. The same experiment at the same circumstances
was repeated with DS lesioned juvenile rats administered with saline.

Ultrasound vocalization quantification

One hour after saline (n = 7) or quinpirole (n = 8) administration, rats were individually
placed with their cage in a sound-proof chamber. Spontaneous ultrasonic vocalizations (USV)
produced for 5mins were recorded through a condenser microphone (CM16; Avisoft Bioa-
coustic, Germany), mounted 20 cm above the rat’s cage center, by Avisoft recorder Software
(UltraSound Gate 116 USB, version 3.2 Avisoft Bioacoustics, Germany). The system was sensi-
tive to frequencies of 10-180 kHz, selected sampling frequency was 300 kHz and 16 bit was the
format chosen. The obtained WAV (.wav) file recordings were analyzed through SAS Lab pro
Software (version 4.5, Avisoft Bioacoustics) and the average number of total calls, amplitude
(in kHz), peak frequency (in kHz) and duration (in sec). Calls were further categorized into 22
kHz, 50 kHz monosyllabic and 50 kHz complex calls, representing 50 kHz calls constituted of
more than one syllable, and their average percentage was calculated over the total calls.

Post mortem analyses

RNAscope® in situ hybridization. A total of 6 rats ware used for DRD1 and DRD2 RNA
analysis with in situ hybridization. Rats were sacrificed at PND25 (n = 3) shortly after stereo-
taxic surgery, or at PND50 (n = 3), after priming and phenotype verification. For this group, a
solution of 0.5 mg/kg of quinpirole had been administered 90mins prior to sacrifice. Rats were
deeply sedated with isoflurane and sacrificed by decapitation, the brain was readily extracted,
snap frozen in liquid nitrogen and stored at -80°C. Samples had been moved at -20°C on the
night before sectioning and multiple 12um cryosections from aDS and c¢DS were taken, allow-
ing the same brains to be independently stained for DRD1 and DRD2 RNA.

For each timepoint, 3 different sections (in correspondence with aDS and cDS injection
sites, and an intermediate section), were used for quantification, for a total of 9 sections quan-
tified for DRD1 and DRD2. One aDS section was later excluded from quantification because
of its damage during the procedure.

In situ hybridization was performed using the RNAscope™ 2.5 HD Red Chromogenic
Reagent Kit (Advanced Cell Diagnostics, Hayward, CA ACD#322350), that allowed detection
of target RNA at single cell level. Probes for rat DRD1 (RNAscope™ Probe- Rn-Drdla ACD#
317031) and DRD2 (RNAscope™ Probe- Rn-DRD2 ACD# 315641) were designed and pro-
vided by the manufacturer and the experimental procedure followed the manufacturer’s
instructions for single plex assay. Briefly, frozen cryosections were fixed by immersion in 4%
PFA at 4°C for 15 mins. The tissue was dehydrated in EtOH (50%, 70% and 100%), permeabi-
lized with RNAscope®™ Hydrogen Peroxide for 10 minutes at RT (ACD# 322335) and pre-
treated RN Ascope™ Protease IV (ACD# 322336) for 30 minutes at room temperature.

Target probes for DRD1 and DRD2 were independently hybridized for 2 h at 40°C and the
signal was later amplified through 6 consecutive steps. A chromogenic enzymatic reaction
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produced a red signal in correspondence with the hybridized probe, while hematoxylin was
used for nuclear counterstaining. Images were acquired using ZEISS Axio Scan.Z1 and ana-
lyzed with HALO image analysis platform (Indica labs). For quantitative evaluation, the areas
of interest were manually selected: on the lesioned side the analyzed area corresponded with
the lesion (the area was chosen through comparison with tyrosine hydroxylase immunostain-
ing) and an analogous area was selected on the control side. HALO software segregates cells
into negative (only hematoxylin staining) and positive cells for hematoxylin and DrD1 or
DrD2 probes based on the nuclear optical density (minimal OD 0,338). Positive cells were
reported as percentage of the total cells.

Immunohistochemistry. The presence of tyrosine hydroxylase (TH) the rate-limiting
enzyme for DA synthesis was analyzed by immunohistochemistry to detect the lesioned area
in the DS of PND56 days old rats. After phenotype verification, at PND50 deeply anesthetized
rats were transcardially perfused with saline and by 4% ice-cold paraformaldehyde. Brains
were rapidly extracted, post-fixed in the same solution for 3 hours and then stored in 30%
sucrose at 4°C. After the samples had sunk in the sucrose solution they were frozen with dry
ice and stored at -80°C until use. Coronal sections of 12pum thick of aDS and ¢DS regions were
sectioned using a cryostat at —20°C. After fixation for 20mins in 4% paraformaldehyde slides
were blocked for 2h with a solution of 1% bovine serum albumin, 0.045% fish gelatin and 0.1%
saponine. Samples were incubated overnight with mouse monoclonal anti-TH primary anti-
body (1:400, Millipore Cat# MAB5280, RRID: AB_2201526), of which the specificity is rou-
tinely assessed by the manufacturer. After washing, the primary antibody was detected with
Alexa Fluor™ 488 (Thermo Scientific, Molecular Probes Cat# A-11017, RRID: AB_143160).
Fluorescent brain images were taken through Typhoon™ 9400 Variable Mode Imager (GE
Healthcare).

Statistical analyses

All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, San
Diego, CA, USA). Data are expressed as mean + SEM and P values equal to or less than 0.05
were considered to be statistically significant. All time-effect data were analyzed for statisti-
cal significance using two-way analysis of variance (ANOVA) followed by Sidak s test for
multiple comparison. Phenotype components in aDS ¢DS and DS was analyzed through
one-way ANOVA and Dunn’s multiple comparison tests. DrD1 and DrD2 RNA expression
and cell density variations between PND25 and PND50 were analyzed with repeated mea-
sures two-way ANOVA corrected by Sidak s multiple comparison s test. Total cell density
in lesioned versus control side and food intake of quinpirole or saline treatment rats were
compared with paired Student’s t test. Number, duration, frequency and amplitude of ultra-
sonic vocalizations as well as time of catalepsy were analyzed with one-way ANOVA and
Dunn’s test for multiple comparisons. Types of USV are expressed in percentage of the total
number and are analyzed with two-way ANOVA followed by Tukey s test for multiple
comparisons.

Results

Quinpirole chronic treatment of juvenile rats lesioned with 6-OHDA in
dorsal striatum induced tic-like movements
Chronic DRD2/ DRD3 agonist quinpirole administration to juvenile rats lesioned with 6-

OHDA in the dorsal striatum (DS) (Fig 1) gave raise to abnormal movements that were care-
tully observed and summarized in Table 1.
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post mortem analyses
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Fig 1. Experimental design. The degeneration of nigrostriatal dopaminergic projections on the dorsal striatum was achieved through stereotaxic injection of the
toxin 6-hydroxydopamine (6-OHDA) at postnatal day 21 (PND21). After recovery, rats were chronically administered with the DA agonist quinpirole that induced
a tic-like motor phenotype that was quantified on PND48 and used for drug testing. The entire experimental procedure was concluded before puberty (~PND60-

70).
https://doi.org/10.1371/journal.pone.0196515.9001

Abnormal movements followed quinpirole pharmacokinetics and started quickly after

quinpirole administration, peaking in intensity between 30- 150mins and slowly reducing to
an end around 4hrs after administration.

Movements appeared sudden, fast and occurred in bouts during observation time but their
overall score remained almost constant for more than 2hrs after quinpirole administration
and before progressively declining. Abnormal movements did not impair the physiological
behavior of the animal that was normally able to eat and drink (S1 Fig), walk (except fora very
mild contralateral rotation behavior), and engage in social behavior if reunited with its

siblings.

To quantify tic like movements we needed to develop a rating scale as no rating system for

tic-like movements in rodent models existed. For this purpose, we adapted the Yale Global Tic

Table 1. Tic-like movements observed in 6-OHDA lesioned juvenile rats chronically administered with quinpir-
ole. Simple tic-like movements involve the mouth, neck and limb contralateral to the lesion. Complex tic-like move-
ments are movements of the mouth, neck and limb that occur simultaneously in a repeated and fixed pattern.

Movements resembling TICS

Sudden jerks or movements that recur in
bouts and involve a single muscle or muscle

Sudden jerks or movements involving multiple
body parts recurring in a clear and repeated

group (SIMPLE TICS) pattern (COMPLEX TICS)
Mouth « biting « biting (and/or)
« sniffing « tongue protrusion
« tongue protrusion
« licking +
« side to side head twitching
Neck « side to side head twitching
Contralateral « side-to-side movements of the contralateral | +
limb front paw under the chin « side-to-side movements of the contralateral

front paw under the chin (and/or) opening and

« opening and closing movement of the
closing movement of the contralateral paw

contralateral paw

Other movements
« Contralateral rotations

 Dystonic postures

https://doi.org/10.1371/journal.pone.0196515.t001
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Severity Scale (YGTTS) used for TS patients to our rodent model. The YGTTS takes into
account five separate aspects of motor tics: number, frequency, intensity, complexity, and
interference with normal activities. The same parameters were taken into account for tic quan-
tification in our animal model, except for frequency and intensity that in our case form a single
parameter because of the inducible nature of the model.

Three body parts were identified as candidates to show tic-like movements: mouth, neck
and the paw contralateral to the lesion. The frequency/ intensity represents the duration of tic
bouts over pauses, when the animal continues its natural behavior (walking, eating, grooming
etc.). This parameter is calculated independently for each of the body parts involved as follows:
0 = tic-like movements are absent, 1 = mild (present in less than 40% of time, long pauses
interpolate few tic bouts), 2 = frequent (present in 40-70% of time, tic bouts and pauses equally
alternate) 3 = continuous (almost present at all times with only short spontaneous interrup-
tions), 4 = compulsive (always present with no interruptions).

One body part can show tic-like movements alone or at the same time with other body
parts but independently, similarly to simple tics in patients which involve single muscles or
muscle groups. Furthermore, we observed repetitive movements of more than one body part
together which were repeated in a clear pattern. We recorded these as complex tics.

The overall degree of complexity of tic-like movements was measured as follows: 0 = only
simple tics present, 1 = complex tics appear but represent less than 30% of the total time spent
performing tics, 2 = complex tics represent less than 60% of the total time spent performing
tics, 3 = continuous presence of complex tics with rare and short spontaneous interruptions
(60-90% of the total tics), 4 = compulsive complex tics cannot be interrupted by the animal or
by external stimuli.

Finally, the interference of tics with normal rat’s behavior is taken into account and consid-
ered as value of impairment of the phenotype. This parameter was rated as follows: 0 = the
animal is able to freely alternate tic behavior with his natural behavior, 1 = the animal is exclu-
sively engaged in tic-like activity that lasts for less than half of the observation time (less than
30sec) with no interruption, and/or it shows strong axial torsion for less than 20sec in total,
and/or shows continued rotational behavior for less than 15 consecutive seconds. 2 = points
the animal is exclusively engaged in tic activity for more than half of the observation time with
no interruption and/or it shows strong axial torsion for more than 20sec in total, and/or shows
continued rotational behavior for more than 15 consecutive seconds.

The total tic-like movement score is calculated as a sum of the number of body parts (0 to 3
points), the average of the frequency/ intensity of the different body parts (0 to 4 points), com-
plexity of tics (0 to 4 points) and impairment (0 to 2 points) as shown in Table 2. Borderline
scores such as 1.5, 2.5 and 3.5 are allowed for frequency/intensity and complexity parameters
to improve the sensitivity of the scale.

The rating scale was tested to quantify the phenotype associated with quinpirole treatment
in juvenile rats with lesion of dopaminergic nigrostriatal projections on the DS. Results show
significantly different tic-like movements score between sham and DS rats (F(; »s) = 204.6,
p<0.0001) and between time points (F 9 »52) = 65.40, p<0.0001), with a significant interaction
between groups and time (F 9 55,) = 40.03, p<0.0001). (Fig 2).

During the observation period, juvenile rats were engaged in simple and complex tic-like
movements of the contralateral limb, neck and mouth that did not interfere with food con-
sumption (S1 Fig). In contrast to mouth and limb movements, neck movements did not
appear as simple tic-like movements; rather they only appeared in concert with limb and
mouth movements to form complex tic-like movements.

Quinpirole-induced repetitive chewing and biting movements in sham-lesioned group
suggesting that DRD2 activation alone can be sufficient for oral movements induction, in
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Table 2. Tics rating parameters and related scores. The rating parameters used are translated from the YGTSS used for patients, and include the number of body parts,
frequency of the tic-like movement, complexity and impairment of the normal rats’ behavior.

Number of body parts Frequency Complexity Impairment
0-3 points 0-4 points 0-4 points 0-2 points
o Limb (+1) Calculated as average of: 0 =none 0 = none
« Limb frequency/ intensity: 1 =mild 1 =mild
0 = none 2 = moderate 2 = strong
1 =mild 3 = marked
2 = frequent 4 = compulsive

3 = continuous
4 = compulsive

o Neck (+1) « Neck frequency/ intensity:
0 =none
1 =mild
2 = frequent

3 = continuous
4 = compulsive

« Mouth (+1) » Mouth frequency/ intensity:
0 =none
1 =mild
2 = frequent

3 = continuous
4 = compulsive

https://doi.org/10.1371/journal.pone.0196515.t002

12;

-—
e
*

e DS + quinpirole

s

O Sham + quinpriole

Tics score

o O O O
M O O

20+
50+
180-
210+
240
270+

Time (min)

Fig 2. Time course of tic-like movements score of quinpirole-treated juvenile rats lesioned in the dorsal striatum (DS) and unlesioned rats. On observation
day, tic-like movements score is taken every 30 min after quinpirole administration (0.5 mg/kg) and is calculated as the total number of body parts + average
frequency + complexity + impairment scores. A significant difference between tic-like score in quinpirole treated lesioned and sham rats is indicated as *p< 0.05.

https://doi.org/10.1371/journal.pone.0196515.9002
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Fig 3. Average frequency scores of the body parts involved in tic-like movements. Average frequency scores of limb, neck, mouth movements and complex tic-
like movements during the phase of maximal abnormal motor manifestation (60-120min after quinpirole administration) on dorsal striatum-lesioned rats (A) or

sham-lesioned rats (B).

https://doi.org/10.1371/journal.pone.0196515.9003

agreement with previous reports [34-36] (Fig 3), but no difference in the type, number, dura-
tion, frequency and amplitude of USV was registered between DS lesioned and sham rats
treated with quinpirole (S2 Fig).

Anterior and central dorsal striatum differentially contribute to the motor
phenotype

The phenotype described above was achieved by two separate injections of 6-OHDA: one in
the anterior part (aDS) and the second in the central part (cDS) of the DS (S4 and S5 Figs). As
the striatum reflects the topographic organization of the movement circuit [37], we decided to
investigate the two injection sites independently and observe their contribution to the motor
phenotype.

Total tic-like movements score in aDS was significantly milder than in c¢DS lesioned juve-
nile rats (F 9 250y = 281.0, p<0.0001) and between time points (F(; 250) = 133.6, p<0.0001),
with a significant interaction between groups and time (F 9 250) = 10.12, p<<0.0001) (Fig 4)

Juvenile rats lesioned in aDS showed a mild phenotype consisting of simple tic-like move-
ments of the mouth and the limb (Fig 5).

CDS lesioned juvenile rats showed an intense and complex phenotype similar to DS
lesioned juvenile rats but with a significantly shorter duration (time points 150 and 180 min
men diff = 2, p<0.005 for 150min and mean diff = 1.7, p<0.01. Figs 2 and 4). The phenotype
of all considered body parts of cDS lesioned juvenile rats was intermediate to this of aDS and
DS lesioned juvenile rats, and in all three groups the tic-like phenotype did not impact on the
normal rats’ behavior (Fig 5).
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difference is indicated as ****p<0.001.
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DRD1 but not DRD2 RNA expression is reduced in pre-pubertal rats
lesioned in the dorsal striatum

We hypothesized that motor tic-like phenotype was associated with a dopaminergic imbalance
which influences activation and functioning of the direct and indirect pathway in the develop-
ing striatum. For this reason, we investigated the level of DRD1 or DRD2 RNA expression in
juvenile rats at PND25 shortly after 6-OHDA lesion in DS at PND21, and at PND50, in pre-
pubertal rats with a stable tic-like phenotype. We addressed this question via high resolution
RNAscope™ technology, which allowed for marking of postsynaptic cell nuclei with hematox-
ylin (blue dots), and to visualize and quantify cells expressing the RNA of interest (red dots
and positive nuclear staining) at a single cell level (Figs 6 and 7).

The injection of 6-OHDA in the DS, performed at PND21, left an edema that is visible at
PND25. At this timepoint, an increase in cell number in the lesioned side compared to control
side is observed (mean diff. 1496, p<0.0001), but a reduction of DrD1 (mean difference 23.88,
p<0.0001) and DRD2 positive cells (mean diff 22.59, p<0.0001) is observed in the area adja-
cent to the injection site compared to an analogous area of the control side (Figs 8 and 9). At
PND50 there is no visible trace of the lesioned area (Figs 6 and 7), but there is a significant
lower number of DrD1 in the lesioned side compared to control side (mean diff. 9.95, p<0.05)
(Fig 8), that is not due to a lower cell number in the lesioned side (Fig 9) while no difference in
DrD2 is encountered (Fig 8).
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https://doi.org/10.1371/journal.pone.0196515.9005

Preliminary results obtained with samples from aDS$ (n = 3) and c¢DS (n = 3) seem to indi-
cate that DrD1 reduction in DS of PND50 rats is significant only in its anterior part (F;g) =
23.64, p = 0.0002) (Fig 10).

Glutamatergic modulation with riluzole effectively reduces tic-like
phenotype

Glutamatergic corticostriatal projections are major activators of MSN activity and their activity
is tightly interconnected with this of dopaminergic nigrostriatal neurons. Their possible role in
the pathophysiology of tics and TS has been supported by clinical and preclinical data and
anti-glutamatergic therapy has been suggested but remains poorly investigated [38-41].

We decided to investigate the effect of riluzole, a glutamatergic modulator, on DS-lesioned
rats chronically administered with quinpirole.

At first, predictive validity was checked with clonidine an o2-adrenergic receptor agonist
that is commonly used as a therapy for TS. A preliminary experiment with a higher dose of clo-
nidine (0.5 mg/kg) was executed, but the high reduction of phenotype score observed appeared
to be associated with signs of catalepsy, like rigidity and immobility (experimental observa-
tions) (S3 Fig). At a lower dose of clonidine (0.05 mg/kg), phenotype score was significantly
different across treatment groups (F(; 108 = 19.76, p<0.0001) and time points (Fg ;05) = 37.98,
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Fig 6. In situ hybridization reveals DrD1 RNA expression in aDS and cDS of 6-OHDA lesioned rats, evaluated at PND25 and PND50. In all panels, red dots
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(bottom left), aDS PND50 (top right), cDS PND50 (bottom right). The orange circle approximately indicates the area taken into account for quantitative analysis.

https://doi.org/10.1371/journal.pone.0196515.9006

p<0.0001) with a significant interaction between treatment and time (Fg ;05) = 8.8,
p =0.0016) (Fig 11). In this case we did not observe sign of catalepsy.

Glutamatergic modulation with riluzole (6 mg/kg), administered 60 minutes after quinpir-
ole due to its different pharmacokinetics, showed a rapid, significant reduction in tic-like
movements score (F( 56, = 86.58, p<) 0.0001and no cataleptic effects (Fig 11 and S6 Fig)
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Fig 7. In situ hybridization reveals DrD2 RNA expression in aDS and cDS of 6-OHDA lesioned rats, evaluated at PND25 and PND50. In all panels, red dots
result from a chromogenic reaction indicating the presence of the target RNA, while blue dots represent the nuclear marker; aDS PND25 (top left), cDS PND25
(bottom left), aDS PND50 (top right), cDS PND50 (bottom right). The orange circle approximately indicates the area taken into account for quantitative analysis.

https://doi.org/10.1371/journal.pone.0196515.9g007

Discussion

This work aimed at understanding the role of dopaminergic alterations in the juvenile stria-
tum, a brain region which is causally related to behavioral deficits of neurodevelopmental dis-
order Tourette’s syndrome (TS) [10,11,38]. In particular, we focused our attention on the
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dorsal region of the striatum which takes part in different aspects of motor function, including
planning, learning and execution [37]. Alterations in this region have been previously associ-
ated with the generation of motor tics [16,30,31]. Consistent with literature findings [12,42],
vocal tics, the other defining feature of TS, do not seem to be related to dorsal striatum abnor-
malities (S2 Fig).

Physiological movements are considered the result of a balanced integration of all compo-
nents of the CSTC circuit, with particular relevance of the striatum as primary regulator of the
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Fig 9. Total cell density in the lesioned area at PND25 and PND50. The total cell density in the area that had been
interested by the lesion was calculated as number of nuclear staining-positive cells/ um? of tissue in 18 samples taken
from rats sacrificed after the lesion at PND25 or at PND50 after phenotype validation. Significant difference is
indicated as **p<0.01, ****p<0.001.

https://doi.org/10.1371/journal.pone.0196515.9009
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circuit. A failure of physiological processes for selection of wanted movements to promote
their execution could cause movement abnormalities [24,26,37].

The dopaminergic nigrostriatal system regulates movement through a continuous and strict
balance of the striatal direct and indirect pathway dichotomy [24,26]. For these reasons, we
introduced a dopaminergic imbalance in juvenile rats at the dorsal striatal level via lesion of
the nigrostriatal terminals (54 and S5 Figs) followed by a chronic administration of DrD2
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Fig 11. Time course of tic-like movements score after clonidine and riluzole administration. Clonidine (0.05 mg/kg IP) was administered together with
quinpirole (A). Riluzole (6mg/kg IP) was administered 60min after quinpirole (indicated by an arrow) (B). Significant reduction of phenotype score compared to
the score obtained during quinpirole treatment by the same animals is indicated as *p<0.05, **p<0.01.

https://doi.org/10.1371/journal.pone.0196515.g011
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agonist quinpirole. The protocol was developed to cover the phase of neurodevelopmental
plasticity during the prepubertal phase in rats, in order to mimic the human condition [1,3].

Shortly after 6-OHDA injection in the DS, at PND25, the lesioned area appears character-
ized by tissue damage probably resulting from edema [43,44] and by increased cell number
that likely reflects ongoing inflammatory processes [45]. Levels of both DrD1 and DrD2
mRNA expressing cells were markedly reduced (Figs 6 and 7), however, it is worth mentioning
that no behavioral abnormality was observed at this time point. Movement alterations were
first associated with the beginning of quinpirole chronic treatment, and became consistent
after 6 quinpirole administrations on alternate days. The majority of movements appeared to
be involuntary, fast, and patterned, similarly to tics in patients and we defined them tic-like
movements (Table 1).

It is important to underline that the presence of face validity in rodent models of tics mostly
rely on their adherence to the definition of tics established for humans (sudden, rapid, recur-
rent, nonrhythmic motor movements or vocalizations). The consideration of fast, repetitive
and recurring movements as tic-like movements is a generally accepted compromise consider-
ing the fact that the identifying feature of tics in TS- waxing and waning course and their antic-
ipation by sensory phenomena- are hard to be translated into preclinical models. However, as
a consequence, different types of movements may fall under this definition and a careful obser-
vation is needed for their characterization and distinction. For instance, in patients, tics can be
confounded with stereotypies, which are characterized by the execution of extremely rigid
sequences of involuntary movements. In animal models, a well-described stereotype is the
increase in chained grooming [31,46], that is now considered a rodent expression of compul-
sive behavior and was not observed in our animal model.

While the major components of the CSTC are conserved, the great differences in the move-
ment repertoire of humans and rodents are likely to lead to a different manifestation of tics
[47,48].

For this reason, we first carefully categorized abnormal movement manifestations and
described those similar to tics, (Table 1) that represented the major phenotype.

Tic-like movements were shown to involve the paw and the mouth independently or form
complex patterned movements also involving the neck (S1 Video) reflecting the distinction
between simple and complex tics in patients. Other motor phenotypes like mild axial torsion
and contralateral rotations were occasionally observed in DS and cDS lesioned rats, but did
not represent a major phenotype. Contralateral rotation is considered as an effect of the intra-
hemispheric difference of dopaminergic input introduced with the lesion [49]. Axial dystonia
is a typical component of the dyskinetic phenotype of adult rats lesioned with 6-OHDA in the
medial forebrain bundle. Our model shows very low signs of axial torsion, probably because of
the relatively small lesion area. As the coexistence of TS and dystonia has been reported in the
literature [50,51], DS or cDS lesioned rats could be a useful tool in the investigation of this
condition.

As a rating scale for tic-like movements in animal models was missing but needed [52], we
developed a new one by translating the one in use for patients.

The new rating system is focusing on movements with tic-like features in order to increase
its translatable potential, while minor phenotypes were indirectly taken into account as impair-
ing factors (Table 2). The distinction between simple and complex tic-like movements repre-
sents an innovative point of our rating system.

In our characterization we moved forward to determine the role of the anterior and the cen-
tral DS in phenotype formation, knowing that the dorsal striatum is topographically organized
[16,17,37]. We observed that aDS lesioned juvenile rats exclusively show mild simple tic-like
movements of the mouth and the paw, while cDS lesioned juvenile rats have a more complex
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and marked phenotype, similarly to the full DS lesioned juvenile rats involving simple and
complex movements of the paw, mouth and neck (Fig 5). This result may indicate that both
DS regions are equally implicated in mouth movements, while mainly ¢DS is involved in neck
and limb movements.

Bronfeld and colleagues showed tic-like movements evoked by microinjection of GABA
antagonist bicuculline in the DS [16]. In their observations, mild facial movements were
reported after both injections in the anterior and in the dorsal striatum, consistent with our
findings. The major phenotypes they described were strong tic-like movements of forelimbs
and hindlimbs depending on whether the area of injection was anterior dorsal striatum or pos-
terior dorsal striatum respectively. We did not investigate the posterior dorsal striatum and
did not observe hindlimb tic-like movements, but we reported forelimb tic-like movements
associated with aDS as well, and c¢DS. Bicuculline is a GABA antagonist which is considered to
relieve striatal MSN near the injection site from interneuronal inhibition. Consequently, stria-
tal projection neurons become more susceptible to abnormal firing when stimulated by the
premotor cortex. Our model acts at a different level of the CSTC circuit: by removing the con-
trol held by nigrostriatal DA projections on cortico-striatal synapses. We reckon that in both
cases MSN are more easily subjected to abnormal firing, possibly causing tic-like movements.

In post mortem samples obtained from DS lesioned juvenile rats at PND50, the absence of
DA afferent fibers to DS indicated the successful ablation of nigrostriatal neurons. At the stria-
tal level, recovery of both DrD1 and DrD2 mRNA expression between PND25 and PND50
can be observed, although at a different extent: while the expression level of DrD2 mRNA at
PND50 is comparable between lesioned and unlesioned side, DrD1 mRNA expression on the
lesioned side is still significantly lower than on its control side (Fig 9). The majority of the stud-
ies investigating the expression level of DrD1 and DrD2 receptors at a late timepoint after
6-OHDA was mainly done in adult rats [23,53-56]. Fewer studies analyzed DRD1 and DRD2
expression in adult rats that received 6-OHDA as neonates [57-60] showing that the precise
age at which the lesion was performed and the time between lesion and testing determine the
experimental outcome. Our investigations covered a critical period for striatal development
that takes place between PND20 and PND60, during which the number of DrD1 and DrD2
positive neurons is subjected to a continuous variation [60-63]. It is known that 6-OHDA
lesions and receptor stimulation can interfere with the physiological development of DA
receptors in the striatum [54,60,64]. For this reason, we think that the continuous agonism of
DrD2 trough quinpirole could have supported DrD2 but not DrD1 expression, that remained
lower in the lesioned side. The resulting imbalanced activation of direct and indirect pathway
could represent the basis of the motor phenotype observed. In support of our results, DrD1
mRNA levels were reported to be reduced in TS patients by one of the few available post mor-
term investigations [65].

Furthermore, several studies suggested DRD?2 as a candidate gene for TS [66-68], while
imaging and post mortem studies supported abnormality of DrD2 expression in the striatum
[69] or in other brain areas [70,71]. However, it needs to be mentioned that other studies failed
to replicate these results [72,73] and the involvement of DrD2 in TS is still under debate.

On the other hand, it is clear that therapeutics targeting DrD2 effectively alleviate tics Cur-
rently they represent one of the few FDA-approved treatments for TS, although they are not
the drug of choice of physicians because of their strong side effects [29,74].

We decided to address the role of glutamatergic regulation as possible strategy for tic reduc-
tion after increasing lines of evidence showed the involvement of the glutamatergic system in
TS [39,41,75]. The glutamatergic modulator riluzole was shown to have a safe profile and was
investigated in numerous child-onset psychiatric disorders with successful outcome [76-79].
In TS patients a single preliminary study showed tic reduction associated at a comparable

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 17/23


https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

extent to riluzole and placebo treatment. Because of intrinsic limitations of the study such as
low number of participants and limited time-duration, the authors strongly recommend fur-
ther investigations [79]. Riluzole has been successfully used as off label therapy for tic reduc-
tion, and for this reason we decided to support its investigation in our tic-like movements
model.

Predictive validity was first tested in the presence of the alpha-adrenergic agonist clonidine,
a therapeutic option for tics and comorbid attention deficit/ hyperactivity disorder in patients
[80,81] that effectively reduced tic-like phenotype in quinpirole-treated DS-lesioned rats
(Fig 3).

Upon riluzole treatment we observed a strong reduction of tic-like movements (Fig 11) that
could result from a partial restoration of the delicate balance between dopamine and glutamate
at the cortico-striatal projections level or to a compensatory action at the thalamo-cortical
level. In our observations, animals were able to move freely and showed no sign of catalepsy
thus suggesting that glutamatergic modulation could represent a safe therapeutic option for TS
patients.

Supporting information

S1 Fig. Food intake of DS lesioned rats administered with quinpirole and saline.
(TIF)

S2 Fig. Ultrasonic vocalizations produced by rats treated with quinpirole. USV produced
by DS (n = 15), aDS (n = 15), cDS (n = 15) and sham (n = 15) lesioned rats administered with
quinpirole are characterized according to their number (A) duration (B) average frequency
(C) amplitude (D) and call types expressed in percentage of the total number (E). Significant
difference between groups is indicated as *p<0.05.

(TIF)

S3 Fig. Time course of tic-like phenotype of quinpirole treaded DS lesioned rats adminis-
tered with 0.5 mg/kg of clonidine.
(TIF)

S4 Fig. Lesion of the anterior DS. The lesioned area could be observed through tyrosine
hydroxylase (TH) immunostaining, revealing loss of dopaminergic TH positive projections in
6-OHDA lesioned aDS.

(TTF)

S5 Fig. Lesion of the cDS. The lesioned area could be observed through tyrosine hydroxylase
(TH) immunostaining, revealing loss of dopaminergic TH positive projections in 6-OHDA
lesioned cDS.

(JPG)

S6 Fig. Catalepsy is not associated to riluzole treatment in rats. DS lesioned rats were
administered with saline, HA (0.1, 0.5 and 1 mg/kg) and riluzole (6 mg/kg) 45 min after quin-
pirole administration. Time of catalepsy was calculated as time the animals spent on a horizon-
tal bar without movement, for a maximum of one minute. Significant difference between
groups is indicated as: *p<0.05, **p<0.01, ***p<0.005 and ****p<0.01.

(TIF)

S$1 Video. Example of simple tic-like movements.
(AVI)

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196515.s007
https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

Acknowledgments

Authors are very thankful to the International Graduate School of molecular medicine of Ulm
University and the TS-EUROTRAIN community for their support to this work.

Furthermore, the authors thank Tatiana Peleh for her support with USV analysis, Dr. Ger-
ald Birk for his help with in situ hybridization, Oliver Herd for his extremely useful revisions
and Dr Christian Meyer for statistical analyses. Lastly, the authors are extremely thankful to
Dr Leda Dimou and her lab for the great support offered during the manuscript revision. This
work is dedicated to Dr. Andrea Ludolph who first ideated this project but sadly passed away
before its completion.

Author Contributions

Conceptualization: Ester Nespoli.

Data curation: Ester Nespoli.

Formal analysis: Ester Nespoli.

Funding acquisition: Tobias Boeckers, Ulrike Schulze.
Investigation: Ester Nespoli, Francesca Rizzo.
Methodology: Ester Nespoli.

Project administration: Ester Nespoli, Bastian Hengerer.
Resources: Ester Nespoli.

Software: Ester Nespoli.

Supervision: Bastian Hengerer.

Validation: Ester Nespoli.

Visualization: Ester Nespoli.

Writing - original draft: Ester Nespoli.

Writing - review & editing: Ester Nespoli, Tobias Boeckers, Ulrike Schulze, Bastian
Hengerer.

References

1. Scharf JM, Miller LL, Gauvin CA, Alabiso J, Mathews CA, Ben-Shlomo Y. Population prevalence of
Tourette syndrome: A systematic review and meta-analysis. Mov Disord. 2015; 30: 221-228. https://
doi.org/10.1002/mds.26089 PMID: 25487709

2. Singer HS. Tourette syndrome and other tic disorders. In: Weiner WJ, Tolosa E, editors. Handbook of
Clinical Neurology. Elsevier; 2011. pp. 641-657. https://doi.org/10.1016/B978-0-444-52014-2.00046-X
PMID: 21496613

3. Robertson MM, Eapen V, Singer HS, Martino D, Scharf JM, Paschou P, et al. Gilles de la Tourette syn-
drome. Nat Rev Dis Primer. 2017; 3: 16097. https://doi.org/10.1038/nrdp.2016.97 PMID: 28150698

4. Ganos C, Martino D. Tics and Tourette Syndrome. Neurol Clin. 2015; 33: 115—-136. https://doi.org/10.
1016/j.ncl.2014.09.008 PMID: 25432726

5. Peterson BS, Thomas P, Kane MJ, Scahill L, Zhang H, Bronen R, et al. Basal Ganglia volumes in
patients with Gilles de la Tourette syndrome. Arch Gen Psychiatry. 2003; 60: 415-424. https://doi.org/
10.1001/archpsyc.60.4.415 PMID: 12695320

6. Sowell ER, Kan E, Yoshii J, Thompson PM, Bansal R, Xu D, et al. Thinning of sensorimotor cortices in
children with Tourette syndrome. Nat Neurosci. 2008; 11: 637—639. https://doi.org/10.1038/nn.2121
PMID: 18488025

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 19/23


https://doi.org/10.1002/mds.26089
https://doi.org/10.1002/mds.26089
http://www.ncbi.nlm.nih.gov/pubmed/25487709
https://doi.org/10.1016/B978-0-444-52014-2.00046-X
http://www.ncbi.nlm.nih.gov/pubmed/21496613
https://doi.org/10.1038/nrdp.2016.97
http://www.ncbi.nlm.nih.gov/pubmed/28150698
https://doi.org/10.1016/j.ncl.2014.09.008
https://doi.org/10.1016/j.ncl.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25432726
https://doi.org/10.1001/archpsyc.60.4.415
https://doi.org/10.1001/archpsyc.60.4.415
http://www.ncbi.nlm.nih.gov/pubmed/12695320
https://doi.org/10.1038/nn.2121
http://www.ncbi.nlm.nih.gov/pubmed/18488025
https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Miller AM, Bansal R, Hao X, Sanchez-Pena JP, Sobel LJ, Liu J, et al. Enlargement of Thalamic Nuclei in
Tourette Syndrome. Arch Gen Psychiatry. 2010; 67: 955-964. https://doi.org/10.1001/archgenpsychiatry.
2010.102 PMID: 20819989

Caligiore D, Mannella F, Arbib MA, Baldassarre G. Dysfunctions of the basal ganglia-cerebellar-tha-
lamo-cortical system produce motor tics in Tourette syndrome. PLOS Comput Biol. 2017; 13:
e€1005395. https://doi.org/10.1371/journal.pcbi.1005395 PMID: 28358814

Hyde TM, Stacey ME, Coppola R, Handel SF, Rickler KC, Weinberger DR. Cerebral morphometric
abnormalities in Tourette’s syndrome: a quantitative MRI study of monozygotic twins. Neurology. 1995;
45:1176—-1182. PMID: 7783885

Kalanithi PSA, Zheng W, Kataoka Y, DiFiglia M, Grantz H, Saper CB, et al. Altered parvalbumin-positive
neuron distribution in basal ganglia of individuals with Tourette syndrome. Proc Natl Acad Sci U S A.
2005; 102: 13307-13312. https://doi.org/10.1073/pnas.0502624102 PMID: 16131542

Kataoka Y, Kalanithi PSA, Grantz H, Schwartz ML, Saper C, Leckman JF, et al. Decreased number of
parvalbumin and cholinergic interneurons in the striatum of individuals with Tourette syndrome. J Comp
Neurol. 2010; 518: 277—291. https://doi.org/10.1002/cne.22206 PMID: 19941350

Rizzo F, Nespoli E, Abaei A, Bar-Gad |, Fegert J, Rasche V, et al. Aripiprazole selectively reduces
motor tics in a young animal model for Tourette’s Syndrome and comorbid ADHD. Front Neurol.
2018;9-59.

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC. Striatal interneurones: chemical, physiological and
morphological characterization. Trends Neurosci. 1995; 18: 527-535. https://doi.org/10.1016/0166-
2236(95)98374-8 PMID: 8638293

Kods T, Tepper JM. Inhibitory control of neostriatal projection neurons by GABAergic interneurons. Nat
Neurosci. 1999; 2: 467—472. https://doi.org/10.1038/8138 PMID: 10321252

Gittis AH, Leventhal DK, Fensterheim BA, Pettibone JR, Berke JD, Kreitzer AC. Selective Inhibition of
Striatal Fast-Spiking Interneurons Causes Dyskinesias. J Neurosci. 2011; 31: 15727—-15731. https:/
doi.org/10.1523/JNEUROSCI.3875-11.2011 PMID: 22049415

Bronfeld M, Yael D, Belelovsky K, Bar-Gad |. Motor tics evoked by striatal disinhibition in the rat. Front
Syst Neurosci. 2013;7-50.

Worbe Y, Sgambato-Faure V, Epinat J, Chaigneau M, Tandé D, Frangois C, et al. Towards a primate
model of Gilles de la Tourette syndrome: Anatomo-behavioural correlation of disorders induced by stria-
tal dysfunction. Cortex. 2013; 49: 1126—1140. https://doi.org/10.1016/j.cortex.2012.08.020 PMID:
23040317

Pogorelov V, Xu M, Smith HR, Buchanan GF, Pittenger C. Corticostriatal interactions in the generation
of tic-like behaviors after local striatal disinhibition. Exp Neurol. 2015; 265: 122—128. https://doi.org/10.
1016/j.expneurol.2015.01.001 PMID: 25597650

Beaulieu J-M, Gainetdinov RR. The Physiology, Signaling, and Pharmacology of Dopamine Receptors.
Pharmacol Rev. 2011; 63: 182—217. https://doi.org/10.1124/pr.110.002642 PMID: 21303898

Freeze BS, Kravitz AV, Hammack N, Berke JD, Kreitzer AC. Control of Basal Ganglia Output by Direct
and Indirect Pathway Projection Neurons. J Neurosci. 2013; 33: 18531-18539. https://doi.org/10.1523/
JNEUROSCI.1278-13.2013 PMID: 24259575

Ford CP. The Role of D2-Autoreceptors in Regulating Dopamine Neuron Activity and Transmission.
Neuroscience. 2014; 282: 13—-22. https://doi.org/10.1016/j.neuroscience.2014.01.025 PMID: 24463000

Cazorla M, de Carvalho FD, Chohan MO, Shegda M, Chuhma N, Rayport S, et al. Dopamine D2 Recep-
tors Regulate the Anatomical and Functional Balance of Basal Ganglia Circuitry. Neuron. 2014; 81:
153-164. https://doi.org/10.1016/j.neuron.2013.10.041 PMID: 24411738

Gagnon D, Petryszyn S, Sanchez MG, Bories C, Beaulieu JM, Koninck YD, et al. Striatal Neurons
Expressing D1 and D2 Receptors are Morphologically Distinct and Differently Affected by Dopamine
Denervation in Mice. Sci Rep. 2017; 7: 41432. https://doi.org/10.1038/srep41432 PMID: 28128287

Mink JW. THE BASAL GANGLIA: FOCUSED SELECTION AND INHIBITION OF COMPETING
MOTOR PROGRAMS. Prog Neurobiol. 1996; 50: 381-425. https://doi.org/10.1016/S0301-0082(96)
00042-1 PMID: 9004351

Cui G, Jun SB, Jin X, Pham MD, Vogel SS, Lovinger DM, et al. Concurrent Activation of Striatal Direct
and Indirect Pathways During Action Initiation. Nature. 2013; 494: 238—242. https://doi.org/10.1038/
nature11846 PMID: 23354054

Calabresi P, Picconi B, Tozzi A, Ghiglieri V, Di Filippo M. Direct and indirect pathways of basal ganglia:
a critical reappraisal. Nat Neurosci. 2014; 17: 1022—1030. https://doi.org/10.1038/nn.3743 PMID:
25065439

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 20/23


https://doi.org/10.1001/archgenpsychiatry.2010.102
https://doi.org/10.1001/archgenpsychiatry.2010.102
http://www.ncbi.nlm.nih.gov/pubmed/20819989
https://doi.org/10.1371/journal.pcbi.1005395
http://www.ncbi.nlm.nih.gov/pubmed/28358814
http://www.ncbi.nlm.nih.gov/pubmed/7783885
https://doi.org/10.1073/pnas.0502624102
http://www.ncbi.nlm.nih.gov/pubmed/16131542
https://doi.org/10.1002/cne.22206
http://www.ncbi.nlm.nih.gov/pubmed/19941350
https://doi.org/10.1016/0166-2236(95)98374-8
https://doi.org/10.1016/0166-2236(95)98374-8
http://www.ncbi.nlm.nih.gov/pubmed/8638293
https://doi.org/10.1038/8138
http://www.ncbi.nlm.nih.gov/pubmed/10321252
https://doi.org/10.1523/JNEUROSCI.3875-11.2011
https://doi.org/10.1523/JNEUROSCI.3875-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049415
https://doi.org/10.1016/j.cortex.2012.08.020
http://www.ncbi.nlm.nih.gov/pubmed/23040317
https://doi.org/10.1016/j.expneurol.2015.01.001
https://doi.org/10.1016/j.expneurol.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25597650
https://doi.org/10.1124/pr.110.002642
http://www.ncbi.nlm.nih.gov/pubmed/21303898
https://doi.org/10.1523/JNEUROSCI.1278-13.2013
https://doi.org/10.1523/JNEUROSCI.1278-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24259575
https://doi.org/10.1016/j.neuroscience.2014.01.025
http://www.ncbi.nlm.nih.gov/pubmed/24463000
https://doi.org/10.1016/j.neuron.2013.10.041
http://www.ncbi.nlm.nih.gov/pubmed/24411738
https://doi.org/10.1038/srep41432
http://www.ncbi.nlm.nih.gov/pubmed/28128287
https://doi.org/10.1016/S0301-0082(96)00042-1
https://doi.org/10.1016/S0301-0082(96)00042-1
http://www.ncbi.nlm.nih.gov/pubmed/9004351
https://doi.org/10.1038/nature11846
https://doi.org/10.1038/nature11846
http://www.ncbi.nlm.nih.gov/pubmed/23354054
https://doi.org/10.1038/nn.3743
http://www.ncbi.nlm.nih.gov/pubmed/25065439
https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Shapiro E, Shapiro AK, Fulop G, Hubbard M, Mandeli J, Nordlie J, et al. Controlled study of haloperidol,
pimozide and placebo for the treatment of Gilles de la Tourette’s syndrome. Arch Gen Psychiatry. 1989;
46: 722-730. PMID: 2665687

Scahill L, Erenberg G, Berlin CM, Budman C, Coffey BJ, Jankovic J, et al. Contemporary assessment
and pharmacotherapy of Tourette syndrome. NeuroRX. 2006; 3: 192—206. https://doi.org/10.1016/].
nurx.2006.01.009 PMID: 16554257

Eddy CM, Rickards HE, Cavanna AE. Treatment strategies for tics in Tourette syndrome. Ther Adv
Neurol Disord. 2011; 4: 25—45. https://doi.org/10.1177/1756285610390261 PMID: 21339906

Worbe Y, Baup N, Grabli D, Chaigneau M, Mounayar S, McCairn K, et al. Behavioral and Movement
Disorders Induced by Local Inhibitory Dysfunction in Primate Striatum. Cereb Cortex. 2009; 19: 1844—
1856. https://doi.org/10.1093/cercor/bhn214 PMID: 19068490

Xu M, LiL, Pittenger C. Ablation of fast-spiking interneurons in the dorsal striatum, recapitulating abnor-
malities seen post-mortem in Tourette syndrome, produces anxiety and elevated grooming. Neurosci-
ence. 2016; 324: 321-329. https://doi.org/10.1016/j.neuroscience.2016.02.074 PMID: 26968763

Swanson LW. Brain maps: structure of the rat brain. 1sted. Amsterdam: Elsevier; 1992.

Hoffman DC, Donovan H. Catalepsy as a rodent model for detecting antipsychotic drugs with extrapyra-
midal side effect liability. Psychopharmacology (Berl). 1995; 120: 128—133.

Bratcher NA, Farmer-Dougan V, Dougan JD, Heidenreich BA, Garris PA. The Role of Dopamine in
Reinforcement: Changes in Reinforcement Sensitivity Induced by D1-type, D2-type, and Nonselective
Dopamine Receptor Agonists. J Exp Anal Behav. 2005; 84: 371-399. PMID: 16596971

Delfino MA, Stefano AV, Ferrario JE, Taravini IRE, Murer MG, Gershanik OS. Behavioral sensitization
to different dopamine agonists in a parkinsonian rodent model of drug-induced dyskinesias. Behav
Brain Res. 2004; 152: 297-306. https://doi.org/10.1016/j.bbr.2003.10.009 PMID: 15196797

Charntikov S, Der-Ghazarian T, Herbert MS, Horn LR, Widarma CB, Gutierrez A, et al. Importance of
D1 and D2 receptors in the dorsal caudate-putamen for the locomotor activity and stereotyped behav-
iors of preweanling rats. Neuroscience. 2011; 183: 121-133. https://doi.org/10.1016/j.neuroscience.
2011.03.037 PMID: 21443930

Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. 2016; 18: 7-21. PMID: 27069376

Singer HS, Morris C, Grados M. Glutamatergic modulatory therapy for Tourette syndrome. Med Hypoth-
eses. 2010; 74: 862—-867. https://doi.org/10.1016/j.mehy.2009.11.028 PMID: 20022434

Nordstrom EJ, Bittner KC, McGrath MJ, Parks CR Ill, Burton FH. “Hyperglutamatergic cortico-striato-
thalamo-cortical circuit” breaker drugs alleviate tics in a transgenic circuit model of Tourette’s syndrome.
Brain Res. 2015; 1629: 38-53. https://doi.org/10.1016/j.brainres.2015.09.032 PMID: 26453289

Naaijen J, Forde NJ, Lythgoe DJ, Akkermans SEA, Openneer TJC, Dietrich A, et al. Fronto-striatal glu-
tamate in children with Tourette’s disorder and attention-deficit’/hyperactivity disorder. Neurolmage Clin.
2016; 13: 16-23. https://doi.org/10.1016/j.nicl.2016.11.013 PMID: 27909683

Kanaan AS, Gerasch S, Garcia-Garcia |, Lampe L, Pampel A, Anwander A, et al. Pathological glutama-
tergic neurotransmission in Gilles de la Tourette syndrome. Brain. 2017; 140: 218-234. https://doi.org/
10.1093/brain/aww285 PMID: 28007998

McCairn KW, Nagai Y, Hori Y, Ninomiya T, Kikuchi E, Lee J-Y, et al. A Primary Role for Nucleus Accum-
bens and Related Limbic Network in Vocal Tics. Neuron. 2016; 89: 300-307. https://doi.org/10.1016/j.
neuron.2015.12.025 PMID: 26796690

Mohan Kumar V, John J, Govindaraju V, Ahmad Khan N, Raghunathan P. Magnetic resonance imaging
of NMDA-induced lesion of the medial preoptic area and changes in sleep, temperature and sex behav-
iour. Neurosci Res. 1996; 24: 207-214. https://doi.org/10.1016/0168-0102(95)00995-7 PMID: 8815441

Dhawan JK, Kumar VM, Govindaraju V, Raghunathan P. Changes in Magnetic Resonance Imaging
and Sex Behavior After 6-OHDA Injection in the Medial Preoptic Area. Brain Res Bull. 1998; 45: 333—
339. https://doi.org/10.1016/S0361-9230(97)00404-8 PMID: 9510428

Akiyama H, McGeer PL. Microglial response to 6-hydroxydopamine-induced substantia nigra lesions.
Brain Res. 1989; 489: 247-253. https://doi.org/10.1016/0006-8993(89)90857-3 PMID: 2501002

Kalueff AV, Aldridge JW, LaPorte JL, Murphy DL, Tuohimaa P. Analyzing grooming microstructure in
neurobehavioral experiments. Nat Protoc. 2007; 2: 2538—-2544. https://doi.org/10.1038/nprot.2007.367
PMID: 17947996

Hardman CD, Henderson JM, Finkelstein DI, Horne MK, Paxinos G, Halliday GM. Comparison of the
basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for
the output, internal relay, and striatal modulating nuclei. J Comp Neurol. 2002; 445: 238—-255. https://
doi.org/10.1002/cne.10165 PMID: 11920704

Bortolato M, Pittenger C. Modeling tics in rodents: Conceptual challenges and paths forward. J Neurosci
Methods. 2017; 292: 12-19. https://doi.org/10.1016/j.jneumeth.2017.02.007 PMID: 28237575

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 21/23


http://www.ncbi.nlm.nih.gov/pubmed/2665687
https://doi.org/10.1016/j.nurx.2006.01.009
https://doi.org/10.1016/j.nurx.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16554257
https://doi.org/10.1177/1756285610390261
http://www.ncbi.nlm.nih.gov/pubmed/21339906
https://doi.org/10.1093/cercor/bhn214
http://www.ncbi.nlm.nih.gov/pubmed/19068490
https://doi.org/10.1016/j.neuroscience.2016.02.074
http://www.ncbi.nlm.nih.gov/pubmed/26968763
http://www.ncbi.nlm.nih.gov/pubmed/16596971
https://doi.org/10.1016/j.bbr.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15196797
https://doi.org/10.1016/j.neuroscience.2011.03.037
https://doi.org/10.1016/j.neuroscience.2011.03.037
http://www.ncbi.nlm.nih.gov/pubmed/21443930
http://www.ncbi.nlm.nih.gov/pubmed/27069376
https://doi.org/10.1016/j.mehy.2009.11.028
http://www.ncbi.nlm.nih.gov/pubmed/20022434
https://doi.org/10.1016/j.brainres.2015.09.032
http://www.ncbi.nlm.nih.gov/pubmed/26453289
https://doi.org/10.1016/j.nicl.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27909683
https://doi.org/10.1093/brain/aww285
https://doi.org/10.1093/brain/aww285
http://www.ncbi.nlm.nih.gov/pubmed/28007998
https://doi.org/10.1016/j.neuron.2015.12.025
https://doi.org/10.1016/j.neuron.2015.12.025
http://www.ncbi.nlm.nih.gov/pubmed/26796690
https://doi.org/10.1016/0168-0102(95)00995-7
http://www.ncbi.nlm.nih.gov/pubmed/8815441
https://doi.org/10.1016/S0361-9230(97)00404-8
http://www.ncbi.nlm.nih.gov/pubmed/9510428
https://doi.org/10.1016/0006-8993(89)90857-3
http://www.ncbi.nlm.nih.gov/pubmed/2501002
https://doi.org/10.1038/nprot.2007.367
http://www.ncbi.nlm.nih.gov/pubmed/17947996
https://doi.org/10.1002/cne.10165
https://doi.org/10.1002/cne.10165
http://www.ncbi.nlm.nih.gov/pubmed/11920704
https://doi.org/10.1016/j.jneumeth.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28237575
https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Dunnett SB, Torres EM. Rotation in the 6-OHDA-Lesioned Rat. Animal Models of Movement Disorders.
Humana Press; 2011; 62: 299-315. https://doi.org/10.1007/978-1-61779-298-4_15

Jankovic J, Stone L. Dystonic tics in patients with Tourette’s syndrome. Mov Disord. 1991; 6: 248-252.
https://doi.org/10.1002/mds.870060309 PMID: 1922130

Pringsheim T, Freeman R, Lang A. Tourette syndrome and dystonia. J Neurol Neurosurg Psychiatry.
2007; 78: 544. https://doi.org/10.1136/jnnp.2006.0102442 PMID: 17435193

Yael D, Israelashvili M, Bar-Gad I. Animal Models of Tourette Syndrome—From Proliferation to Stan-
dardization. Front Neurosci. 2016; 10: 132. https://doi.org/10.3389/fnins.2016.00132 PMID: 27065791

Marshall JF, Navarrete R, Joyce JN. Decreased striatal D1 binding density following mesotelencephalic
6-hydroxydopamine injections: an autoradiographic analysis. Brain Res. 1989; 493: 247-257. hitps://
doi.org/10.1016/0006-8993(89)91160-8 PMID: 2527583

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ, et al. D1 and D2 dopamine recep-
tor-regulated gene expression of striatonigral and striatopallidal neurons. Science. 1990; 250: 1429—
1432. https://doi.org/10.1126/science.2147780 PMID: 2147780

Gerfen CR. Molecular effects of dopamine on striatal-projection pathways. Trends Neurosci. 2000; 23:
S64-70. https://doi.org/10.1016/S1471-1931(00)00019-7 PMID: 11052222

Konradi C, Westin JE, Carta M, Eaton ME, Kuter K, Dekundy A, et al. Transcriptome analysis in a rat
model of L-DOPA-induced dyskinesia. Neurobiol Dis. 2004; 17: 219-236. https://doi.org/10.1016/j.nbd.
2004.07.005 PMID: 15474360

Radja F, El Mansari M, Soghomonian J-J, Dewar KM, Ferron A, Reader TA, et al. Changes of D1 and
D2 receptors in adult rat neostriatum after neonatal dopamine denervation: Quantitative data from
ligand binding, in situ hybridization and iontophoresis. Neuroscience. 1993; 57: 635-648. https://doi.
org/10.1016/0306-4522(93)90011-4 PMID: 7906013

Neal BS, Joyce JN. Neonatal 6-OHDA lesions differentially affect striatal D1 and D2 receptors. Synap N
Y N. 1992; 11: 35—46. https://doi.org/10.1002/syn.890110106 PMID: 1351321

Thomas WS, Neal-Beliveau BS, Joyce JN. There is a limited critical period for dopamine’s effects on D1
receptor expression in the developing rat neostriatum. Dev Brain Res. 1998; 111: 99-106. https://doi.
org/10.1016/S0165-3806(98)00126-6

Tarazi Fl, Baldessarini RJ. Comparative postnatal development of dopamine D1, D2 and D4 receptors
in rat forebrain. Int J Dev Neurosci. 2000; 18: 29-37. https://doi.org/10.1016/S0736-5748(99)00108-2
PMID: 10708903

Gelbard HA, Teicher MH, Faedda G, Baldessarini RJ. Postnatal development of dopamine D1 and D2
receptor sites in rat striatum. Brain Res Dev Brain Res. 1989; 49: 123—-130. PMID: 2529061

Teicher MH, Andersen SL, Hostetter JC Jr.. Evidence for dopamine receptor pruning between adoles-
cence and adulthood in striatum but not nucleus accumbens. Dev Brain Res. 1995; 89: 167-172.
https://doi.org/10.1016/0165-3806(95)00109-Q

Soiza-Reilly M, Azcurra JM. Activity-dependent reduction of dopamine D2 receptors during a postnatal
critical period of plasticity in rat striatum is not affected by prenatal haloperidol treatment. Int J Dev Neu-
rosci. 2011; 29: 855-860. https://doi.org/10.1016/j.ijdevneu.2011.08.001 PMID: 21856408

Savasta M, Dubois A, Benavidés J, Scatton B. Different plasticity changes in D1 and D2 receptors in rat
striatal subregions following impairment of dopaminergic transmission. Neurosci Lett. 1988; 85: 119—
124. https://doi.org/10.1016/0304-3940(88)90440-5 PMID: 2834672

Lennington JB, Coppola G, Kataoka-Sasaki Y, Fernandez TV, Palejev D, Li Y, et al. Transcriptome
Analysis of the Human Striatum in Tourette Syndrome. Biol Psychiatry. 2016; 79: 372-382. https://doi.
org/10.1016/j.biopsych.2014.07.018 PMID: 25199956

Herzberg |, Valencia-Duarte AV, Kay VA, White DJ, Mller H, Rivas IC, et al. Association of DRD2 vari-
ants and Gilles de la Tourette syndrome in a family-based sample from a South American population
isolate. Psychiatr Genet. 2010; 20: 179—-183. https://doi.org/10.1097/YPG.0b013e32833a215a PMID:
20431429

YuanA, Sul, YuS, LiC, YuT, Sun J. Association between DRD2/ANKK1 TaqglA Polymorphism and
Susceptibility with Tourette Syndrome: A Meta-Analysis. PLoS ONE. 2015; 10: e0131060. https://doi.
org/10.1371/journal.pone.0131060 PMID: 26110876

Muller-Vahl KR, Loeber G, Kotsiari A, Miller-Engling L, Frieling H. Gilles de la Tourette syndrome is
associated with hypermethylation of the dopamine D2 receptor gene. J Psychiatr Res. 2017; 86: 1-8.
https://doi.org/10.1016/j.jpsychires.2016.11.004 PMID: 27883923

Muller-Vahl KR, Berding G, Kolbe H, Meyer GJ, Hundeshagen H, Dengler R, et al. Dopamine D2 recep-
torimaging inGilles de la Tourette syndrome. Acta Neurol Scand. 2000; 101: 165—171. https://doi.org/
10.1034/j.1600-0404.2000.101003165.x PMID: 10705938

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 22/23


https://doi.org/10.1007/978-1-61779-298-4_15
https://doi.org/10.1002/mds.870060309
http://www.ncbi.nlm.nih.gov/pubmed/1922130
https://doi.org/10.1136/jnnp.2006.0102442
http://www.ncbi.nlm.nih.gov/pubmed/17435193
https://doi.org/10.3389/fnins.2016.00132
http://www.ncbi.nlm.nih.gov/pubmed/27065791
https://doi.org/10.1016/0006-8993(89)91160-8
https://doi.org/10.1016/0006-8993(89)91160-8
http://www.ncbi.nlm.nih.gov/pubmed/2527583
https://doi.org/10.1126/science.2147780
http://www.ncbi.nlm.nih.gov/pubmed/2147780
https://doi.org/10.1016/S1471-1931(00)00019-7
http://www.ncbi.nlm.nih.gov/pubmed/11052222
https://doi.org/10.1016/j.nbd.2004.07.005
https://doi.org/10.1016/j.nbd.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15474360
https://doi.org/10.1016/0306-4522(93)90011-4
https://doi.org/10.1016/0306-4522(93)90011-4
http://www.ncbi.nlm.nih.gov/pubmed/7906013
https://doi.org/10.1002/syn.890110106
http://www.ncbi.nlm.nih.gov/pubmed/1351321
https://doi.org/10.1016/S0165-3806(98)00126-6
https://doi.org/10.1016/S0165-3806(98)00126-6
https://doi.org/10.1016/S0736-5748(99)00108-2
http://www.ncbi.nlm.nih.gov/pubmed/10708903
http://www.ncbi.nlm.nih.gov/pubmed/2529061
https://doi.org/10.1016/0165-3806(95)00109-Q
https://doi.org/10.1016/j.ijdevneu.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/21856408
https://doi.org/10.1016/0304-3940(88)90440-5
http://www.ncbi.nlm.nih.gov/pubmed/2834672
https://doi.org/10.1016/j.biopsych.2014.07.018
https://doi.org/10.1016/j.biopsych.2014.07.018
http://www.ncbi.nlm.nih.gov/pubmed/25199956
https://doi.org/10.1097/YPG.0b013e32833a215a
http://www.ncbi.nlm.nih.gov/pubmed/20431429
https://doi.org/10.1371/journal.pone.0131060
https://doi.org/10.1371/journal.pone.0131060
http://www.ncbi.nlm.nih.gov/pubmed/26110876
https://doi.org/10.1016/j.jpsychires.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27883923
https://doi.org/10.1034/j.1600-0404.2000.101003165.x
https://doi.org/10.1034/j.1600-0404.2000.101003165.x
http://www.ncbi.nlm.nih.gov/pubmed/10705938
https://doi.org/10.1371/journal.pone.0196515

@° PLOS | ONE

Dopamine alterations can induce tic-like movements in juvenile rats

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Minzer K, Lee O, Hong JJ, Singer HS. Increased prefrontal D2 protein in Tourette syndrome: a postmor-
tem analysis of frontal cortex and striatum. J Neurol Sci. 2004; 219: 55-61. https://doi.org/10.1016/j.jns.
2003.12.006 PMID: 15050438

Gilbert DL, Christian BT, Gelfand MJ, Shi B, Mantil J, Sallee FR. Altered mesolimbocortical and tha-
lamic dopamine in Tourette syndrome. Neurology. 2006; 67: 1695-1697. https://doi.org/10.1212/01.
wnl.0000242733.18534.2c PMID: 17101911

Diaz-Anzaldia A, Joober R, Riviere J-B, Dion Y, Lespérance P, Richer F, et al. Tourette syndrome and
dopaminergic genes: a family-based association study in the French Canadian founder population. Mol
Psychiatry. 2004; 9: 4001411. https://doi.org/10.1038/sj.mp.4001411 PMID: 15094788

Abi-Jaoude E, Segura B, Obeso |, Cho SS, Houle S, Lang AE, et al. Similar striatal D2/D3 dopamine
receptor availability in adults with Tourette syndrome compared with healthy controls: A [11C]-(+)-PHNO
and [11C]raclopride positron emission tomography imaging study. Hum Brain Mapp. 2015; 36: 2592—
2601. https://doi.org/10.1002/hbm.22793 PMID: 25788222

Singer HS. Treatment of Tics and Tourette Syndrome. Curr Treat Options Neurol. 2010; 12: 539-561.
https://doi.org/10.1007/s11940-010-0095-4 PMID: 20848326

Mahone EM, Puts NA, Edden RAE, Ryan M, Singer HS. GABA and glutamate in children with Tourette
syndrome: A 1H MR spectroscopy study at 7T. Psychiatry Res Neuroimaging. 2018; 273: 46-53.
https://doi.org/10.1016/j.pscychresns.2017.12.005 PMID: 29329743

Grant P, Lougee L, Hirschtritt M, Swedo SE. An Open-Label Trial of Riluzole, a Glutamate Antagonist,
in Children with Treatment-Resistant Obsessive-Compulsive Disorder. J Child Adolesc Psychopharma-
col. 2007; 17: 761-767. https://doi.org/10.1089/cap.2007.0021 PMID: 18315448

Grant P, Song JY, Swedo SE. Review of the Use of the Glutamate Antagonist Riluzole in Psychiatric
Disorders and a Description of Recent Use in Childhood Obsessive-Compulsive Disorder. J Child Ado-
lesc Psychopharmacol. 2010; 20: 309-315. https://doi.org/10.1089/cap.2010.0009 PMID: 20807069

Wink LK, Erickson CA, Stigler KA, McDougle CJ. Riluzole in Autistic Disorder. J Child Adolesc Psycho-
pharmacol. 2011; 21: 375-379. https://doi.org/10.1089/cap.2010.0154 PMID: 21823915

Lemmon ME, Grados M, Kline T, Thompson CB, Ali SF, Singer HS. Efficacy of Glutamate Modulators
in Tic Suppression: A Double-Blind, Randomized Control Trial of D-serine and Riluzole in Tourette Syn-
drome. Pediatr Neurol. 2015; 52: 629—634. https://doi.org/10.1016/j.pediatrneurol.2015.02.002 PMID:
26002052

Singer HS, Brown J, Quaskey S, Rosenberg LA, Mellits ED, Denckla MB. The Treatment of Attention-
Deficit Hyperactivity Disorder in Tourette’s Syndrome: A Double-Blind Placebo-Controlled Study With
Clonidine and Desipramine. Pediatrics. 1995; 95: 74-81. PMID: 7770313

Rizzo R, Gulisano M, Cali PV, Curatolo P. Tourette Syndrome and comorbid ADHD: Current pharmaco-
logical treatment options. Eur J Paediatr Neurol. 2013; 17: 421-428. https://doi.org/10.1016/j.ejpn.
2013.01.005 PMID: 23473832

PLOS ONE | https://doi.org/10.1371/journal.pone.0196515  April 26, 2018 23/23


https://doi.org/10.1016/j.jns.2003.12.006
https://doi.org/10.1016/j.jns.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15050438
https://doi.org/10.1212/01.wnl.0000242733.18534.2c
https://doi.org/10.1212/01.wnl.0000242733.18534.2c
http://www.ncbi.nlm.nih.gov/pubmed/17101911
https://doi.org/10.1038/sj.mp.4001411
http://www.ncbi.nlm.nih.gov/pubmed/15094788
https://doi.org/10.1002/hbm.22793
http://www.ncbi.nlm.nih.gov/pubmed/25788222
https://doi.org/10.1007/s11940-010-0095-4
http://www.ncbi.nlm.nih.gov/pubmed/20848326
https://doi.org/10.1016/j.pscychresns.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29329743
https://doi.org/10.1089/cap.2007.0021
http://www.ncbi.nlm.nih.gov/pubmed/18315448
https://doi.org/10.1089/cap.2010.0009
http://www.ncbi.nlm.nih.gov/pubmed/20807069
https://doi.org/10.1089/cap.2010.0154
http://www.ncbi.nlm.nih.gov/pubmed/21823915
https://doi.org/10.1016/j.pediatrneurol.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26002052
http://www.ncbi.nlm.nih.gov/pubmed/7770313
https://doi.org/10.1016/j.ejpn.2013.01.005
https://doi.org/10.1016/j.ejpn.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23473832
https://doi.org/10.1371/journal.pone.0196515

