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Parkinson's disease (PD) is characterized by the degeneration of dopaminergic neurons. The gold standard ther-
apy relies on dopamine (DA) replacement by the administration of levodopa (L-DOPA). However, with time L-
DOPA treatment induces severe motor side effects characterized by abnormal and involuntary movements, or
dyskinesia. Although earlier studies point to a role of striatal cholinergic interneurons, also known as striatal ton-
ically active neurons (TANs), in L-DOPA-induced dyskinesia (LID), the underlyingmechanisms remain to be fully
characterized. Here, we find that DA depletion is accompanied by increased expression of choline acetyltransfer-
ase (ChAT), the vesicular acetylcholine transporter (VAChT) aswell as the atypical vesicular glutamate transport-
er type 3 (VGLUT3). TANs number and soma size are not changed. In dyskinetic mice, the VAChT levels remain
high whereas the expression of VGLUT3 decreases. LID is attenuated in VGLUT3-deficient mice but not in mice
bearing selective inactivation of VAChT in TANs. Finally, the absence of VGLUT3 is accompanied by a reduction
of L-DOPA-induced phosphorylation of ERK1/2, ribosomal subunit (rpS6) and GluA1.
Our results reveal that VGLUT3 plays an important role in the development of LID and should be considered as a
potential and promising therapeutic target for prevention of LID.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Parkinson's disease (PD) is a neurodegenerative disorder caused by
the progressive loss of dopaminergic neurons innervating the major
input structure of the basal ganglia circuit, the striatum (Ehringer and
Hornykiewicz, 1960). The classical motor symptoms have been associ-
ated with the unbalanced activity of D1R- and D2R-expressing
medium-sized spiny projection neurons (MSNs) (Calabresi et al.,
2014; Day et al., 2008; Kravitz et al., 2010; Tozzi et al., 2011), which
can be restored by the administration of the precursor of dopamine
(DA), levodopa (L-DOPA) (Fahn et al., 2004). However, long-term L-
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DOPA therapy treatment is associated with the development of debili-
tatingmotor fluctuations such as abnormal and involuntarymovements
(AIMs), also known as L-DOPA-induced dyskinesia (LID) (Bastide et al.,
2015).

Converging evidence suggest that LID results in part from aberrant
striatal MSNs activity (Albin et al., 1989; Bateup et al., 2010; Darmopil
et al., 2009; Lindgren et al., 2009; Mallet et al., 2006; Picconi et al.,
2003). Indeed, striatal plasticity is strongly altered in dyskinetic animals
(Cerovic et al., 2013; Fieblinger et al., 2014a; Picconi et al., 2003; Thiele
et al., 2014). Moreover, abnormal activations of intracellular signaling
events, including the cAMP/PKA, ERK and mTORC1 pathways have
been associated to the development of LID (Heiman et al., 2014;
Murer and Moratalla, 2011; Santini et al., 2012, 2007; Westin et al.,
2007). In parallel to these changes occurring in the MSNs, several re-
ports suggest that dysregulation of striatal cholinergic interneurons
(TANs) could participate to the establishment of abnormal striatal activ-
ity associated with LID (DeBoer et al., 1993; Ding et al., 2006; Ding et al.,
2011; Fino et al., 2008; Lim et al., 2014). Indeed, following DA
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denervation, the tonic inhibitory control of DA on TANs is lost (Ding
et al., 2006; Kayadjanian et al., 1999; Maurice et al., 2004) and repeated
administration of L-DOPA leading to dyskinesia enhances striatal cholin-
ergic activity (Ding et al., 2011).

One of the particularities of the TANs is their ability to signal through
both acetylcholine (ACh) and glutamate (Gras et al., 2002). Indeed, the
co-expression of VAChT and VGLUT3 allows the storage of ACh and glu-
tamate into the same synaptic vesicles (El Mestikawy et al., 2011). The
interplay between these two vesicular transporters is functionally im-
portant since VGLUT3 inactivation leads to altered efficiency of ACh ve-
sicular filling transport and reduced striatal ACh release (Gras et al.,
2008). As a consequence, the lack of VGLUT3 alters the physiology of
striatal interneurons and MSNs, thus severely impacting on striatal
transmission (Gras et al., 2008; Nelson et al., 2014; Sakae et al., 2015).
However, the contributions of ACh and glutamate (released by TANS)
for LID are currently unknown. Interestingly, VGLUT3-deficient mice
displayed a hypocholinergic phenotype (Gras et al., 2008). Therefore,
because of its implication in TANs' functions, and limited expression
we hypothesized that VGLUT3 might be a target for the modification
of LID.

Here, we demonstrate that DA depletion is accompanied by an in-
creased expression of VAChT and VGLUT3 in hemiparkinsonian mice.
In contrast, in dyskinetic mice, while VAChT levels still remain elevated,
VGLUT3 expression is strongly decreased in TANs. Moreover, we found
that AIMs induced by repeated L-DOPA administration are attenuated in
VGLUT3-deficient mice but unaltered in mice lacking VAChT in TANs.
Finally, genetic inactivation of VGLUT3 reduced the phosphorylation of
ERK1/2, ribosomal protein S6 and GluA1, molecular markers of LID.
Together, our results indicate that VGLUT3 is critically involved in the
development of LID.

2. Materials and methods

2.1. Animals

Male 10–16weeks oldmicewere used andmaintained in a 12 h light/
dark cycle, in stable conditions of temperature (22 °C) and humidity
(60%), with food and water ad libitum. All experiments were in accor-
dancewith the guidelines of the French Agriculture and ForestryMinistry
for handling animals (authorization number/licenseD34-172-13). C57BL/
6J mice were purchased from Charles Rivers (France). VGLUT3 knockout
mouse linewas backcrossed on a C57BL6/J background for 10 generations
(as previously described, (Sakae et al., 2015). Drd2-Cre::VAChTloxP/loxP

mice were generated by crossing VAChTloxP/loxP with the D2-Cre mouse
line and have been backcrossed 4 generations to C57BL6/J (Guzman
et al., 2011). All procedures were approved by the local animal care com-
mittee (University of Western Ontario Protocol 2008-127) and followed
guidelines of Canadian Council for Animal Care.

2.2. Drugs

L-DOPA (Sigma-Aldrich) was injected at a dose of 10 mg/kg in com-
binationwith theperipheral DOPA decarboxylase inhibitor, benserazide
hydrochloride (Sigma-Aldrich) (7.5 mg/kg). Both drugs were dissolved
in saline (0.9% NaCl) and injected intraperitoneally in a total volume of
10 ml/kg body weight. When mice were not treated with L-DOPA, they
received an equivalent volume of vehicle. Desipramine hydrochloride
(Tocris), injected at a dose of 20 mg/kg, was dissolved in saline
(0.9% NaCl) and injected intraperitoneally 30 min before 6-OHDA
microinjections.

2.3. 6-OHDA lesions

Mice were anesthetized with a mixture of ketamine and xylazine
and mounted in a stereotaxic frame (David Kopf Instruments, Tujunga,
CA) equipped with a mouse adaptor. 6-OHDA-HCl (Sigma) was dis-
solved in 0.02% ascorbic acid in saline at a concentration of 3 μg of free-
base 6-OHDA/μl. Each mouse received two unilateral injections of 6-
OHDA (2 μl/injection) into the right dorsal striatum as described previ-
ously (Francardo et al., 2011; Santini et al., 2007), according to the fol-
lowing coordinates (in mm): anterior–posterior +1, medial–lateral
−2.1, dorsal–ventral−3.2 and anterior–posterior+0.3, medial–lateral
−2.3, and dorsal–ventral −3.2 (Franklin and Paxinos, 2007). Before 6-
OHDA microinjections, all the mice received a pre-treatment with de-
sipramine to prevent noradrenergic degeneration (Fulceri et al., 2006).
Mice were allowed to recover for 3 weeks before drug treatment and
behavioral evaluation. This procedure leads to a decrease in striatal ty-
rosine hydroxylase immunoreactivity ≥80% (Supplemental Fig. 1) and
to a marked akinesia affecting the side of the body contralateral to the
lesioned striatum. Post-operative caring was performed as previously
described (Francardo et al., 2011).

2.4. Spontaneous locomotor activity

Locomotor activity was measured as described (Gangarossa et al.,
2013). Horizontal activity and rearings were measured in a circular cor-
ridor (Imetronic, Pessac, France). Counts for horizontal activity were
incremented by consecutive interruption of two adjacent beams placed
at a height of 1 cm per 90° sector of the corridor (mice moving through
one-quarter of the circular corridor) and counts for vertical activity
(rearing) as interruption of beams placed at a height of 7.5 cm along
the corridor (mice stretching upwards). All mice were placed for
60 min in the activity box.

2.5. Cylinder test

The cylinder test was performed as previously described (Espadas
et al., 2012) 3 weeks after 6-OHDA lesion and on day 5 of chronic
L-DOPA treatment, 140 min after L-DOPA injection to avoid dyskinetic
symptoms (Lundblad et al., 2002; Picconi et al., 2003). Spontaneous ip-
silateral and contralateral forelimb touches to the cylinder walls were
counted for 3–5 min to assess forelimb asymmetry and expressed as
percentage of use as in Lundblad et al. (2002).

2.6. Motor coordination

Motor coordination was measured using a mouse accelerating
rotarod (Ugo Basile, Comerio, Italy) following an accelerating protocol,
with increasing speed from 4 to 40 rpm over a 5-min period as de-
scribed (Gangarossa et al., 2014b). Mice were tested in three consecu-
tive trials. Measurements were done before injection of 6-OHDA
(naive); 3 weeks after lesion (Parkinsonian); and after L-DOPA treat-
ment, hours after the L-DOPA injection to avoid exhaustion and the
peak dyskinesia.

2.7. Abnormal and involuntary movements (AIMs)

Micewere treated for 12 consecutive dayswith 1 injection per day of
L-DOPA (10 mg/kg) plus benserazide (7.5 mg/kg). AIMs were assessed
after the L-DOPA injection (day 6 and day 12) using a previously
established scale (Cenci et al., 1998; Lundblad et al., 2002, 2004;
Pavon et al., 2006). 20 min after L-DOPA administration, mice were
placed in separate cages, and individual dyskinetic behaviors (i.e.
AIMs) were assessed for 1 min every 20 min over a period of 120 min.
AIMs were classified into four subtypes as follows: locomotor AIMs
(contralateral turns), axial AIMs (dystonic posturing of the upper part
of the body toward the side contralateral to the lesion), limb AIMs
(abnormal movements of the forelimb contralateral to the lesion), and
orolingual AIMs (vacuous jaw movements and tongue protrusion).
Each subtype was scored on a severity scale from 0 to 4 as follows: 0,
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absent; 1, occasional; 2, frequent; 3, continuous; 4, continuous and not
interruptible by outer stimuli.

2.8. Tissue preparation and immunofluorescence

Mice were rapidly anesthetized with pentobarbital (500 mg/kg,
i.p., Sanofi-Aventis, France) and transcardially perfused with 4%
(weight/vol.) paraformaldehyde in 0.1 M sodium phosphate buffer
(pH 7.5). Brains were post-fixed overnight in the same solution and
stored at 4 °C. Sections (30 μm) were cut with a vibratome (Leica,
France) and stored at−20 °C in a solution containing 30% (vol/vol) eth-
ylene glycol, 30% (vol/vol) glycerol and 0.1 M sodium phosphate buffer,
until theywere processed for immunofluorescence. Sectionswere proc-
essed as follows: day 1: free-floating sections were rinsed in Tris-
buffered saline (TBS; 50mMTris–HCL, 150mMNaCl, pH7.5), incubated
for 5min in TBS containing 3% H2O2 and 10%methanol, and then rinsed
three times for 10 min each in TBS. After 15 min incubation in 0.2% Tri-
ton X-100 in TBS, sections were rinsed three times in TBS again. Finally,
they were incubated overnight at 4 °C with the different primary anti-
bodies. Slices were then incubated overnight or 72 h at 4 °C with the
following primary antibodies: mouse anti-TH (1:1000, Millipore,
MAB318), rabbit anti-VAChT (1:500, Synaptic System, #139103),
guinea-pig anti-VGLUT3 (home-made 1:500, (Gras et al., 2008) and
goat anti-ChAT (1:1000, Millipore, AB144P). Sections were rinsed
three times for 10 min in TBS and incubated for 45 min with goat
Cy2-, Cy3- and Cy5-coupled (1:500, Jackson Lab) and/or goat A488
(1:500, Invitrogen). Sections were rinsed for 10 min twice in TBS
and twice in Tris-buffer (1 M, pH 7.5) before mounting in 1,4-
diazabicyclo-[2.2.2]-octane (DABCO, Sigma-Aldrich).

Confocal microscopy and image analysis were carried out at the RIO
Imaging Facility (Montpellier, France). Images were acquired using se-
quential laser scanning confocal microscopy (Zeiss LSM780) with the
following band-pass and long-pass filter setting: Alexa 488 (band pass
filter: 505–530), Cy3 (band pass filter: 560–615) and Cy5 (long-pass fil-
ter 650). Each confocal plan (212.55 μm×212.55 μm) obtainedwith the
×40/1.3 oil-immersion lens was generated as merge of two channels.
The objectives and the pinhole setting (1 airy unit) remain unchanged
during the acquisition of all images. Quantification of immunofluores-
cence intensity within a given region of interest (ROIs) was performed
using the analysis/measure plugin of the ImageJ software taking as stan-
dard reference a fixed threshold of fluorescence. Only ChAT+/VAChT+/
VGLUT3+ interneurons in which the cell soma was clearly represented
were considered as appropriate ROIs for densitometric analysis. To
avoid contamination and false positive signals for cellular compartment
analyses, ChAT+/VAChT+/VGLUT3+ interneurons were considered as
appropriate when the cytoplasmic signal was clearly distinguishable
from the nucleus in order to virtually set the focal plan inside the
quantified neuron, thus minimizing artifacts and signal contaminations
(e.g. ceiling or floor effects).

2.9. Western blotting

Western blotting experiments were performed as previously de-
scribed (Gangarossa et al., 2014a; Gangarossa and Valjent, 2012). In
brief, mice were sacrificed by decapitation. The heads of the animals
were then immersed in liquid nitrogen for 5 s. The brains were quickly
removed and the striata dissected out on ice-cold surface, sonicated in
350 μl of 1% SDS and boiled for 10 min. Aliquots (2.5 μl) of the homoge-
nate were used for protein determination using a BCA assay kit (Pierce
Europe). Equal amounts of proteins (15 μg) for each samplewere loaded
onto 8% polyacrylamide gels. Proteins were separated by SDS-PAGE
and transferred to PVDF membranes (GE Healthcare). The membranes
were immunoblotted using tyrosine hydroxylase (1:2000; Millipore,
MAB318), pT202/Y204/T185/Y187-ERK1/2 (1:2000; Cell Signaling,
#9101), ERK1/2 (1:2000; Cell Signaling, #4695), pS235/236-rpS6
(1:2000; Cell Signaling, #2211), pS240/244-rpS6 (1:2000; Cell
Signaling, #2215), rpS6 (1:1000; Cell Signaling, #2317), pS845-GluA1
(1:1000; Millipore, #04–1073), GluA1 (1:750; Millipore, AB1504) and
β-actin (1:40,000; Abcam, ab6276) antibodies. Bound antibodies were
detected with HRP-conjugated anti-rabbit or anti-mouse antibodies
(1:10,000; Cell Signaling Technology) and visualized by enhanced
chemiluminescence detection. Quantifications were performed using
ImageJ.

2.10. Statistical analysis

All the data were analyzed using one-way ANOVA followed by
Newman–Keuls post-hoc test or two-way ANOVA followed by
Bonferroni post hoc test. Unpaired Student's t-test was used when nec-
essary. In all cases, significance threshold was set at p b 0.05. Prism 6.0
software (GraphPad) was used to perform statistical analyses. Results
are expressed as mean ± SEM.

3. Results

3.1. DA depletion and L-DOPA treatment do not alter the number of TANs

Dysregulations of TANs have been reported in rodent models of
Parkinson's disease (Pisani et al., 2003). To determine the impact of
DA depletion on TANs, we first analyzed whether the number of TANs
was altered in 6-OHDA-lesionedmice. The quantification of the number
ChAT-positive interneurons in both dorsomedial and dorsolateral stria-
tum revealed no differences in the DA-depleted side compared to the
unlesioned side (Fig. 1a, b). In addition no change in the TANs soma
size was observed (Fig. 1c).

To test whether LID was accompanied with an altered number of
TANs, 6-OHDA-lesioned mice were treated once a day with L-DOPA
(10 mg/kg) (in combination with 7.5 mg/kg of benserazide to prevent
the conversion of L-DOPA to DA at the periphery) for 12 consecutive
days. The number of ChAT-positive interneurons as well as the some
size of TANs remained unchanged in dyskinetic mice (Fig 1d–f).
Altogether these data revealed that DA depletion and L-DOPA treatment
do not alter the number and the size of TANs.

3.2. Increased striatal expression of ChAT, VAChT and VGLUT3 in
6-OHDA-lesioned mice

We next examined whether DA-depletion was accompanied by
changes in striatal expression levels of ChAT. Whereas the intensity of
ChAT was unchanged at the somatic level, an increase of ChAT expres-
sion (30 ± 4%, p b 0.001) was observed at the level of the neuropil in
the striatal lesioned side compared to the unlesioned side (Fig. 2a, b).

TANs co-express VAChT andVGLUT3 (ElMestikawy et al., 2011).We
next investigatedwhether changes in the expression levels of these two
transporters occurred in 6-OHDA-lesioned mice. As observed with
ChAT, the expression of VAChT and VGLUT3 was increased selectively
in the neuropil (29 ± 3.1% and 14 ± 2.5%, respectively) in the 6-
OHDA-lesioned side compared to the unlesioned striatum (Fig. 2c–e).
Altogether these results revealed that DA-depletion is accompanied by
an enhanced striatal expression of several markers of TANs.

3.3. Differential regulation of ChAT, VAChT and VGLUT3 expressions in
dyskinetic mice

ChAT, VAChT and VGLUT3 levels were then analyzed in mice devel-
oping dyskinesia. In lesioned mice, the increase of ChAT levels in the
striatal neuropil returned to basal levels following 12 days of treatment
with L-DOPA (Fig. 3a, b) while the enhanced level of VAChT persisted
(Fig. 3c, d). In contrast, VGLUT3 levels were decreased in dyskinetic
mice (Fig. 3c, e). Indeed, in addition to the normalization of VGLUT3
levels in the striatal neuropil, we observed a decrease (~25 ± 2.3%,
p b 0.001) in the intensity of VGLUT3 staining in the soma of TANs



Fig. 1. TANs number in DA-denervated and dyskinetic mice. Immunofluorescence detection (a) and quantification (b) of ChAT-positive interneurons in the unlesioned (UL) and lesioned
(L) dorsomedial (DM) and dorsolateral (DL) striatumof saline-treatedmice. Scale bar: 500 μm. (n= 6mice per group). Student's t-test: p N 0.5, ns. Insets showChAT (red) and TH (cyan)
immunolabelings. Scale bar: 50 μm. (c)Measure of TANs soma size in the unlesioned and lesioned striatumof saline-treatedmice (37–39 pictures from 6mice per group). Student's t-test
p N 0.5, ns. Immunofluorescence detection (d) and quantification (e) of ChAT-positive interneurons in the unlesioned (UL) and lesioned (L) dorsomedial (DM) and dorsolateral (DL) stri-
atum of L-DOPA-treatedmice (dyskinesia) (n= 6mice per group). Student's t-test: p N 0.5, ns. Insets (D1 and D2) show ChAT (red) and TH (cyan) immunolabelings. (f) Measure of TANs
soma size in the unlesioned and lesioned striatum of dyskinetic mice (37–39 pictures from 6 mice per group). Student's t-test p N 0.5, ns.
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(Fig. 3c, e). These changes were specific of the dopamine-depleted
striatum since no differences in VAChT and VGLUT3 levels were detect-
ed in the unlesioned striata of both saline- and L-DOPA-treated mice
(Supplemental Fig. 2). Altogether, these data suggest that L-DOPA-in-
duced dyskinesia is accompanied by opposite dysregulation of VAChT
and VGLUT3 levels within the striatum.
3.4. Motor impairment induced by DA depletion and antiparkinsonian
properties of L-DOPA are preserved in VGLUT3-deficient mice

To investigate whether VGLUT3 participates to the motor impair-
ment observed following DA depletion we used VGLUT3-deficient
mice and their wild-type littermates. To rule any potential motor
dysfunctions in the mutant mice that may interfere with the effects
of the lesioned and the subsequent treatment with L-DOPA, sponta-
neous locomotor activity and motor coordination were evaluated in
both wild-type and VGLUT3-deficient mice. No difference in sponta-
neous horizontal locomotor activity was observed between both ge-
notypes (Fig. 4a, b). In contrast, VGLUT3 knockout mice displayed a
significant reduction in the number of rearings (Fig. 4c). This reduced
vertical locomotor activity was not due to motor coordination impair-
ment since nodifferenceswere found between genotypes in the rotarod
test (Fig. 4d).

WT and VGLUT3-deficient micewere next lesioned unilaterally with
6-OHDA and tested for spontaneous rotations and motor coordination
3 weeks later. The impaired motor coordination induced by DA deple-
tionwas indistinguishable in both genotypes and L-DOPA treatment im-
proved motor performance in a similar manner in both genotypes
(Fig. 4d). Moreover, no differences were observed in the number of
spontaneous ipsilateral rotations suggesting that the two groups of
mice displayed similar body asymmetry (Fig. 4e).

To test whether VGLUT3 inactivation interfered with akinesia, the
cylinder test was performed 3 weeks after the lesion in WT and
VGLUT3-deficient mice. Mice lacking VGLUT3 performed less rearings
and wall contacts (Fig. 4f). However, striatal unilateral 6-OHDA lesion
resulted in akinesia (as demonstrated by the decrease in the use of the
contralateral forelimb) in both VGLUT3 knockout and WT mice
(Fig. 4g). Moreover, the reversion of forelimb akinesia was identical
in the two groups of mice following the acute administration of
L-DOPA (10 mg/kg) (Fig. 4g), thus suggesting that the therapeutic ef-
fect of L-DOPAwasmaintained in the absence of VGLUT3. Together, our
results reveal that VGLUT3 inactivation neither affects motor impair-
ment induced by DA depletion nor interferes with the antiparkinsonian
properties of L-DOPA.
3.5. LID is attenuated in VGLUT3-deficient mice

We next investigated the involvement of VGLUT3 in the develop-
ment of abnormal and involuntary movements. WT and VGLUT3-
deficient mice unilaterally lesioned with 6-OHDA were treated daily
with L-DOPA (10 mg/kg). AIMs, including locomotor, axial dystonia,
forelimb and orofacial dyskinesia, were evaluated after of L-DOPA injec-
tion during 120 min on day 6 and day 12. InWTmice, repeated admin-
istration of L-DOPA induced severe dyskinetic responses at day 12
(Fig. 5a) which peaked at 60 min and gradually declined at 120 min
(Fig. 5b). On the other hand, LIDwas strongly attenuated inmice lacking
VGLUT3 (Fig. 5a–c). Moreover, the analysis of each individual AIMs re-
vealed that the four AIMs subscores were reduced in VGLUT3-



Fig. 2. Expression level of ChAT, VAChT and VGLUT3 in DA-depleted mice. (a) Immunofluorescence detection of ChAT-positive interneurons in the unlesioned and lesioned striatum of
saline-treated mice. Scale bar: 40 μm. (b) Measurement of ChAT intensity in the soma and neuropil in the unlesioned and lesioned striatum of saline-treated mice. Student's t-test:
(37–39 pictures from 6 mice per group) ***p b 0.001. (c) Immunofluorescence detection of VAChT and VGLUT3 in the unlesioned and lesioned striatum of saline-treated mice. Scale
bar: 40 μm. (d and e) Measurement of VAChT (d) and VGLUT3 (e) intensity in the soma (62–69 interneurons from 7 mice per group) and neuropil (55–56 pictures from 7 mice per
group) in the unlesioned and lesioned striatum of saline-treated mice. Student's t-test: ***p b 0.001.
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deficient mice (Fig. 5d–g). Importantly, the effects observed were not
linked to the extent of DA depletion between the two genotypes since
no difference in the remaining striatal TH level was found (WT: 11 ±
1.9%, VGLUT3 knockout 12 ± 3.6%, p b 0.001).

TANs co-express VGLUT3 and VAChT (Gras et al., 2008). To investi-
gate whether VAChT was involved in the development LID, AIMs were
evaluated in mice lacking VAChT in TANs (Drd2-Cre::VAChTLoxP/LoxP,
(Guzman et al., 2011). Drd2-Cre::VAChTLoxP/LoxP and VAChTLoxP/LoxP mice
unilaterally lesioned with 6-OHDA were daily treated with L-DOPA for
12 consecutive days. In contrast to what we observed with VGLUT3-
deficient mice, LID was more sever at day 6 in mice lacking VAChT in
TANs compared to their WT littermates (Fig. 6a). However, following
12 days of L-DOPA treatment the expression of LID was indistinguish-
able in WT and VAChT cKO (Fig. 6a–g). Together, these results indicate
that VGLUT3 is involved in the development of LID.
3.6. L-DOPA-induced phosphorylation of ERK, ribosomal protein S6 and
GluA1 is attenuated in VGLUT3-deficient mice

Exacerbated activation of several intracellular signaling pathways
has been causally associated with the development of LID (Bastide
et al., 2015). To investigate the consequence of VGLUT3 deficiency on
L-DOPA-induced aberrant signaling within the striatum, WT and
VGLUT3 knockout mice were sacrificed 30 min after a last injection of
L-DOPA and striatal levels of phosphorylated ERK1/2, ribosomal protein
S6 (rpS6) and GluA1, a subunit of the glutamate AMPA receptor, were
assessed by Western blot. In WT lesioned mice, L-DOPA enhanced the
phosphorylation of ERK1/2 (Fig. 7a, b), rpS6 at both sites S235/236
and S240/244 (Fig. 7c, d) and GluA1 at S845 (Fig. 7e). These L-DOPA-in-
duced phosphorylations were significantly reduced in the lesioned stri-
atum of VGLUT3-deficient mice compared toWT animals (Fig. 7a–e). In
contrast, no differences of the abovementioned phospho-proteins were
detected in the unlesioned striatum ofmutant andWTmice (Fig. 7). To-
gether these results indicate that attenuation of LID in VGLUT3-deficient
mice is accompanied by a reduction of the ability of L-DOPA to exacer-
bate striatal signaling.
4. Discussion

Striatal cholinergic interneurons play a critical role in shaping and
controlling the activity of the striatum. Increasing evidences associate
TANS dysregulation with several striatum-related disorders including
PD (Bonsi et al., 2011; Deffains and Bergman, 2015; Ding et al., 2011;
Girasole and Nelson, 2015; Pisani et al., 2007; Won et al., 2014). In DA-
depleted animals, the autonomous pacemaking activity of TANs is
strongly altered (Bennett and Wilson, 1999; Calabresi et al., 2006; Ding



Fig. 3. Expression levels of ChAT, VAChT and VGLUT3 in dyskineticmice. (a) Immunofluorescence detection of ChAT-positive interneurons in the unlesioned and lesioned striatum of dys-
kineticmice. Scale bar: 40 μm. (b)Measurement of ChAT intensity in the soma and neuropil in the unlesioned and lesioned striatumof saline-treatedmice. Student's t-test: (38–40 pictures
from 6 mice per group) p N 0.5, ns. (c) Immunofluorescence detection of VAChT and VGLUT3 in the unlesioned and lesioned striatum of saline-treated mice. Scale bar: 40 μm. (d and e)
Measurement of VAChT (d) andVGLUT3 (e) intensity in the soma (67–72 interneurons from 7mice per group) andneuropil (62–69pictures from7mice per group) in the unlesioned and
lesioned striatum of saline-treated mice. Student's t-test: ***p b 0.001.
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et al., 2006). Indeed, loss of the tonic inhibitory control exerted by DA
through D2R has been proposed to contribute to the hypercholinergia
observed in animal models of PD (Calabresi et al., 2006; Centonze et al.,
2003; Chuhma et al., 2014; Tozzi et al., 2011). However, the fact that
TANs not only signal with ACh, but also with glutamate, has rarely
been taken into consideration in the context of experimental Parkinson-
ism. Given the critical role of VAChT and VGLUT3 in the signaling activity
of TANs, it is tempting to speculate that the increased levels of these two
vesicular transporters observed after DA denervation constitutes one of
the adaptive mechanisms taking place after the loss of D2R inhibition.
Whether transcriptional or/and post-transcriptional mechanisms are
involved in the increase VAChT and VGLUT3 levels remain to be
determined.

Exacerbated activity of TANs has also been associated with L-DOPA-
induced dyskinesia (Ding et al., 2011). Indeed, pharmacological reduc-
tion of ACh tone or TANs ablation attenuates the expression and the de-
velopment of LID, respectively (Ding et al., 2011; Won et al., 2014).
Whereas the loss of DA transmission leads to increased VAChT and
VGLUT3 levels in the striatum, only VGLUT3 levels are downregulated
following the restoration of DA transmission by L-DOPA treatment.
This decrease may be the result of a homeostatic response to counter-
balance the hypercholinergic tone triggered by DA loss.

The increased VGLUT3 level in DA-depleted striatum and its normal-
ization following L-DOPA treatment led us to hypothesize that VGLUT3
regulation may participate in the genesis of dyskinesia in PD by modu-
lating TANs. Supporting this hypothesis, LID is strongly attenuated in
VGLUT3-deficient mice (present study and (Divito et al., 2015)). In
this later study, Parkinsonian symptoms were also attenuated in
VGLUT3 deficient mice (Divito et al., 2015), an effect we did not ob-
served (present study). These differencesmay be caused by the different
methodological lesion approaches used in the two studies. In contrast,
AIMs induced by chronic administration of L-DOPA (12 days) are unal-
tered in mice lacking VAChT selectively in TANs. However, we noticed
that at day 6, LID was more pronounced in VAChT conditional knockout
mice suggesting that these mice could be more sensitive to L-DOPA. In-
terestingly, selective deletion of VAChT in TANs lead to compensatory
mechanisms including changes in muscarinic M4R and dopamine D1R
and D2R as well as increased response to D1R agonist (Guzman et al.,
2011). Whether D1R hyperactivity previously observed (Guzman et al.,
2011) compensate for the lack of Ach and therefore sustain LID in
VAChT conditional knockout mice will require further investigations.

Our result suggests that the reduction of LID consequent to VGLUT3
deletion was likely caused by the absence of glutamate release rather
than by a reduction of ACh tone (Cachope et al., 2012; Higley et al.,
2011; Nelson et al., 2014). Similar dichotomy between ACh and
VGLUT3-dependent glutamate has been reported in other striatal-
related disorders, such as addiction (Guzman et al., 2011; Sakae et al.,
2015). Indeed, VGLUT3 knockout mice display an enhanced sensitivity



Fig. 4. Antiparkinsonian properties of L-DOPA are preserved in VGLUT3-deficient mice. (a) Horizontal locomotor activity of VGLUT3 KO (n = 9) and WT mice (n = 12) in a novel non-
stressful environment. Data were analyzed using two-way ANOVA: (Time × Genotype: F(11, 209) = 0.94, p = 0.50; Time: F(11, 209) = 32.58, p b 0.001; Genotype: F(1, 209) = 0.39, p =
0.54). (b) Cumulative horizontal locomotor activity of WT and VGLUT3 KO mice over a 60 min period. Data were analyzed using Student's t-test: p N 0.5, ns. (c) Number of rearings in
WT and VGLUT3KOmice over a 60minperiod. Datawere analyzed using Student's t-test: **p b 0.01. (d)Motor coordination inVGLUT3KO (n=9) andWT (n=12)mice before injection
of 6-OHDA (naïve); 3 weeks after lesion (Parkinsonian); and after L-DOPA treatment. Data (means± SEM)were analyzed using two-way ANOVA: (Time × Genotype: F(2, 54)= 0.26, p=
0.77; Time: F(2, 54) = 58.09, p b 0.001; Genotype: F(1, 54) = 2.14, p = 0.15). (e) Ipsilateral spontaneous rotation in VGLUT3 KO andWT mice. Data were analyzed using Student's t-test:
p N 0.5, ns. (f) Number of wall touches in the cylinder test. Data were analyzed using Student's t-test: **p b 0.01. (g) Forelimb asymmetry of VGLUT3 KO (n = 9) andWT (n = 12) mice
3weeks after lesion (Parkinsonian) and after L-DOPA treatment. Datawere analyzedusing two-wayANOVA: (Time×Genotype: F(1, 38)=0.02, p=0.96; Time: F(1, 38)=170.02, p b 0.001;
Genotype: F(1, 38) = 0.75, p = 0.39).

Fig. 5. LID is attenuated in VGLUT3-deficient mice. (a) Time course of total abnormal and involuntary movements (AIMs) scored at day 6 and day 12. Data were analyzed using two-way
ANOVA: (Time × Genotype: F(1, 38) = 2.95, p = 0.09; Time: F(1, 38)= 2.66, p= 0.11; Genotype: F(1, 38) = 24.88, ***p b 0.001). Bonferroni post-hoc test was used for specific comparisons:
*p b 0.05 (VGLUT3 KO-day6 vs WT-day6) and ***p b 0.001 (VGLUT3 KO-day12 vs WT-day12). (b) Time course of total AIMs scored every 20 min over a period of 120 min in VGLUT3
KO (n = 9) and WT mice (n = 12) following the last injection of L-DOPA. Data were analyzed using two-way ANOVA: (Time × Genotype: F(5, 95) = 2.08, p = 0.07; Time: F(5, 95) =
90.31, ***p b 0.001; Genotype: F(1, 95) = 27.05, **p b 0.01). (c) Cumulative AIMs in VGLUT3 KO andWT mice. Data were analyzed using Student's t-test: ***p b 0.001. (d) Cumulative lo-
comotor dyskinesia in both genotypes. Student's t-test: ***p b 0.001. (e) Cumulative axial dyskinesia in both genotypes. Student's t-test: *p b 0.05. (f) Cumulative limb dyskinesia in both
genotypes. Student's t-test: **p b 0.01. (g) Cumulative orofacial dyskinesia in both genotypes. Student's t-test: p N 0.05, ns.
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Fig. 6. LID is unchanged inDrd2-Cre::VAChTLoxP/loxPmice. (a) Time course of total abnormal and involuntarymovements (AIMs) scored at day 6 and day 12. Data were analyzed using two-
way ANOVA: (Time × Genotype: F(1, 40) = 1.75, p = 0.19; Time: F(1, 40) = 11.72, **p b 0.01; Genotype: F(1, 40) = 13.70, ***p b 0.001). Bonferroni post-hoc test was used for specific
comparisons: **p b 0.01 (VAChT cKO-day6 vs WT-day6). (b) Time course of total AIMs scored every 20 min over a period of 120 min in Drd2-Cre::VAChTLoxP/loxP (n = 11) and VAChTLoxP/loxP

mice (n = 11) following the last administration of L-DOPA (day 12). Data were analyzed using two-way ANOVA: (Time × Genotype: F(5, 100) = 0.73, p = 0.60; Time: F(5, 100) = 23.22,
***p b 0.001; Genotype: F(1, 100) = 1.26, p = 0.27). (c) Cumulative AIMs scored during 120 min. Data were analyzed using Student's t-test: p N 0.05, ns. (d) Cumulative locomotor dyskinesia
in both genotypes. Student's t-test: p N 0.05, ns. (e) Cumulative axial dyskinesia in both genotypes. Student's t-test: p N 0.05, ns. (f) Cumulative limb dyskinesia in both genotypes.
Student's t-test: p N 0.05, ns. (g) Cumulative orofacial dyskinesia in both genotypes. Student's t-test: p N 0.05, ns.
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to locomotor effects of cocaine whereas VAChT conditional knockout
mice do not (Gras et al., 2008; Guzman et al., 2011; Sakae et al., 2015).
Moreover, it seems thatwhereas the absence of VGLUT3 increases dopa-
mine release, the absence of VAChT decreases dopamine release, sug-
gesting bidirectional regulation of dopamine by TANs (Sakae et al.,
2015). Interestingly, glutamate released fromTANs influence striatal ac-
tivity through activation of mGluRs (Sakae et al., 2015). Given the role
played by mGluR5 in the development of LID (Bezard et al., 2014;
Fieblinger et al., 2014b; Iderberg et al., 2013; Morin et al., 2014; Morin
et al., 2013; Ouattara et al., 2011; Picconi and Calabresi, 2014), it is
tempting to hypothesize that abnormal glutamate release from TANs
following DA depletion may participate to the development and sever-
ity of dyskinesia.

However it is worth tomention that in addition to the TANs, VGLUT3
is also expressed in other non-glutamatergic neurons throughout the
brain (El Mestikawy et al., 2011; Herzog et al., 2004; Stensrud et al.,
2013). Among them, VGLUT3 is found in the 5-HT terminals arising
from the raphe nuclei (Gagnon and Parent, 2013; Herzog et al., 2004).
As for ACh in TANs, VGLUT3 also critically regulates the vesicular load-
ing of 5-HT (Amilhon et al., 2010). Importantly, within the striatum
more than 75% of VGLUT3 is present in ACh varicosities and 3D recon-
struction helped to establish that the remaining 25% are localized in 5-
HT fibers (Sakae et al., 2015). Striatal 5-HT transmission is strongly al-
tered in PD and increasing evidences reveal its critical role in the devel-
opment of LID (Bezard and Carta, 2015; Carta et al., 2007, 2010; Cenci,
2014; Kannari et al., 2001; Nahimi et al., 2012; Rylander et al., 2010).
Therefore, it cannot be excluded that the absence of VGLUT3 from the
serotonergic terminals innervating the striatum may contribute to the
attenuation of LID observed in VGLUT3-deficient mice. Future studies
will be necessary to assess the specific role of VGLUT3 in TANs and 5-
HT fibers in the development of LID.

In parallel to the attenuation of LID, VGLUT3-deficientmice display a
reduction of the phosphorylation of ERK1/2 and rpS6, a downstream
target of mTORC1 pathway, two signaling cascades known to be causal-
ly linked to the development of LID (Bateup et al., 2010; Fieblinger et al.,
2014b; Santini et al., 2012; Santini et al., 2007; Westin et al., 2007).
While their contribution in the pathogenesis of LID has been largely at-
tributed to their aberrant activation in D1R-expressing MSNs (Feyder
et al., 2011), several lines of evidence suggest that abnormal regulation
of these two signaling pathways within TANs could also contribute to
the development of dyskinesia. Indeed, increased ERK and rpS6
phosphorylation have been observed in TANs in dyskinetic mice
(Ding et al., 2011; Santini et al., 2009a, 2009b). Furthermore, the
blockade of ERK pathway reduced TANs hyperactivity induced by re-
peated L-DOPA treatment (Ding et al., 2011). The reduced phosphoryla-
tion observed in the present study has been detected using a traditional
biochemical approach that does not allowed to conclude about
the identity of the cell-types (MSNs vs TANs) in which this decrease
occurs. However, given the small number of TANs in the striatum
(1–2%, (Tepper and Bolam, 2004; Wilson et al., 1990) and the strong
decrease in L-DOPA-induced signaling phosphorylation observed in
VGLUT3 KO mice, it is reasonable to assume that these modifications



Fig. 7. Intracellular signaling pathways induced by L-DOPA are dampened inVGLUT3-deficientmice. Representative autoradiograms and quantifications of phosphorylated and total forms
of ERK1 (a), ERK2 (b), rpS6 (c and d) and GluA1 (e) inwild-type (WT) and VGLUT3 KOmice. One-way ANOVA: (n= 9–12mice per group) pT202/Y204-ERK1 (F(3, 41)= 7.26, p b 0.001),
pT185/Y187-ERK2 (F(3, 41) = 24.39, p b 0.001), pS235/236-rpS6 (F(3, 41) = 11.48, p b 0.001), p240/244-rpS6 (F(3, 41) = 21.19, p b 0.001), pS845-GluA1 S845 (F(3, 41) = 33.73, p b 0.001).
Newman–Keuls post-hoc test was used for specific comparisons: ***p b 0.001 (WT-lesioned vs WT-unlesioned); °°°p b 0.001, °°p b 0.01 and °p b 0.05 (KO-lesioned vs WT-lesioned).
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may occur in MSNs. Future studies will be necessary to determine
whether VGLUT3 inactivation affects the phosphorylation in MSNs
or/and TANs.

Finally, our data clearly show that decreasing VGLUT3 expression or
activity could be beneficial to the therapeutic efficiency of L-DOPA ther-
apy, thus identifying the atypical glutamate transporter as an innova-
tive and promising pharmacological target for striatum-related
disorders.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2015.12.010.
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