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Abstract

Using bacterial artificial chromosome—double transgenic mice expressing tdTomato in D1 receptor-medium spiny neurons
(MSNs) and enhanced green fluorescent protein in D2 receptor-MSNs, we have studied changes in spine density and perisomatic
GABAergic boutons density in MSNs of both the D1R and D2R pathways, in an experimental model of parkinsonism (mouse
injected with 6-hydroxydopamine in the medial forebrain bundle), both in the parkinsonian and dyskinetic condition induced by
L-DOPA treatment. To assess changes in perisomatic GABAergic connectivity onto MSNs, we measured the number of contacts
originated from parvalbumin (PV)-containing striatal “fast-spiking” interneurons (FSIs), the major component of a feed-forward
inhibition mechanism that regulates spike timing in MSNs, in both cell types as well as the number of vesicular GABA
transporter (VGAT) contacts. Furthermore, we determined changes in PV-immunoreactive cell density by PV immunolabeling
combined with Wisteria floribunda agglutinin (WFA) labeling to detect FSI in a PV-independent manner. We also explored the
differential expression of striatal activity—regulated cytoskeleton-associated protein (Arc) and c-Fos in both types of MSNs as a
measure of neuronal activation. Our results confirm previous findings of major structural changes in dendritic spine density after
nigrostriatal denervation, which are further modified in the dyskinetic condition. Moreover, the finding of differential modifica-
tions in perisomatic GABAergic connectivity and neuronal activation in MSNs suggests an attempt by the system to regain
homeostasis after denervation and an imbalance between excitation and inhibition leading to the development of dyskinesia after
exposure to L-DOPA.
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Introduction

The dopamine (DA) precursor L-DOPA has been the gold
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standard pharmacological treatment of Parkinson’s disease
(PD) for the past 50 years [1]. However, a significant number
of patients develop motor complications including abnormal
involuntary movements (AIM) termed L-DOPA-induced dys-
kinesia (LID), during chronic L-DOPA therapy. Several stud-
ies show the occurrence of structural plastic changes in the
striatum of parkinsonian animals in association with the de-
velopment of LID, but there are still unresolved issues regard-
ing how L-DOPA modifies striatal connectivity.
Neuroplasticity can be defined as the ability of the nervous
system to respond to intrinsic or extrinsic stimuli by
reorganizing its structure, function, and connections [2].
While these processes are associated with many physiological
phenomena such as learning and memory [3], under certain
conditions, they can become detrimental. A disturbance of the
system could trigger modifications in an attempt to restore its
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normal functioning, but the persistence and lack of reversibil-
ity of such modifications may turn them maladaptive.
Structural plasticity comprises anatomical changes in synapse
numbers, spine density, axonal and dendritic branching pat-
terns, synaptic connectivity patterns, and even neuronal cell
numbers [4]. The balance between the number of inhibitory
and excitatory synapses is one form of network plasticity
[5-8].

Striatal medium spiny neurons (MSNs) are organized in two
GABAergic projection systems. The neurons of the direct path-
way selectively express the DA D1 receptors (D1R-MSNG) [9,
10], while the MSNs of the indirect pathway express the DA
D2 receptors (D2R-MSNs) [11, 12]. MSNs have a large den-
dritic tree densely covered by dendritic spines. Glutamatergic
and dopaminergic afferents converge over MSN dendrites to
regulate basal ganglia—mediated movement and cognition func-
tions [12]. Spines are considered the smallest anatomical struc-
ture where the biochemical and electrophysiological signals of
the glutamatergic and dopaminergic synapses are integrated
[13]. Thus, spine density modifications induced by a
nigrostriatal lesion and L-DOPA therapy have been a topic of
increasing interest during the past decade. In a previous work,
we showed that striatal DA depletion induces a reduction of
dendritic spine density in both types of MSNs which is exclu-
sively reversed by a chronic L-DOPA treatment in the MSNss of
the indirect pathway [14, 15]. In contrast, studies from other
laboratories have found spine depletion in D1R-MSNs only
after chronic L-DOPA treatment but not after 6-OHDA injection
[16, 17]. The discordant findings could be related to differences
in experimental approaches, including the different animal
models used by different groups (e.g., nigrostriatal lesions in-
duced by toxin injections at the striatum or medial forebrain
bundle) [14, 16-18].

Inhibition of MSNs comes from axon collaterals of neigh-
boring MSNs and from striatal GABAergic interneurons [19,
20]. Despite their low number, striatal interneurons critically
modulate corticostriatal synaptic plasticity and MSN excit-
ability, and therefore influence striatal output. In particular,
parvalbumin-immunoreactive (PV-ir) striatal interneurons, al-
so known as fast-spiking interneurons (FSIs), are the major
component of a feed-forward inhibition mechanism that reg-
ulates spike timing in MSNs [21], thus coordinating neuronal
synchrony in the striatum [22]. FSI synapses are located prox-
imally on each MSN [23] and tend to form pericellular baskets
around the somata of both types of MSNs [10, 24-26].
Perisomatic inhibition is particularly efficient at silencing neu-
ronal output because of its close proximity to the axon initial
segment where spikes are generated [20]. Studies analyzing
structural changes in the interaction between FSI and MSNs
after DA depletion have reached opposite conclusions [27, 28]
and their role in LID development has not yet been studied.

Overall, the different results obtained by different labora-
tories preclude drawing conclusions about how the number of
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excitatory and inhibitory connections over MSNs of the direct
and indirect pathway changes after nigrostriatal lesions and
chronic L-DOPA treatment. As an initial attempt to character-
ize this balance, we have studied changes in spine density and
perisomatic GABAergic boutons density in MSNs of both
pathways, in the same experimental model of parkinsonism
(mouse injected with 6-OHDA in the medial forebrain bun-
dle), both in the parkinsonian and dyskinetic condition.

Materials and Methods
Animals

The study was performed on adult female C57BL/6 wild-type
mice and bacterial artificial chromosome in C57B16 (BAC)-
double transgenic mice expressing tdTomato in D1R-MSNs
[29] and enhanced green fluorescent protein (EGFP) in D2R-
MSNSs (The Jackson Laboratory, USA). The animals weighed
25-28 g at the beginning of the experiments and were caged in
groups of five, in a temperature-controlled room (20 °C +
2 °C), with a 12:12-h light/dark cycle and ad libitum access
to food pellets and tap water. The surgical procedure and ex-
perimental treatments were performed in accordance with
European Council Directive 2010/63/EU guidelines for the
care of laboratory animals and the regulations for the Care
and Use of Laboratory Animals of the National Institutes of
Health, USA. Animal experiments were approved by our local
Ethics Committee (IACUC EXP-UBA No. 0027665/2014).
The animals were anesthetized with inhalatory isoflurane be-
fore the surgical procedure.

Drugs

Isofluorane 100% (Nicholas Piramal (I) Ltd, UK), bupivacain
hydrochloride (5 mg/ml, AstraZeneca, Argentina), 6-
hydroxydopamine hydrobromide (6-OHDA, Sigma, USA),
ascorbic acid (Sigma, USA), L-3,4-dihidroxiphenyl-alanine
methyl ester hydrochloride (L-DOPA, Sigma, USA) and
benserazide hydrochloride (Sigma, USA), sterile glucose-
saline solution (5%, Rivero, Argentina).

Unilateral 6-OHDA Lesion

Under deep inhalatory anesthesia (isofluorane 4% in O, for
2 min for induction and 2% for maintenance), mice received a
stereotaxic injection of 6-OHDA (2 ng as freebase/0.5 pl/min)
in the left medial forebrain bundle, so as to produce a severe
degeneration of the nigrostriatal pathway, or vehicle (0.02%
ascorbic acid in saline) [30]. Stereotaxic coordinates used
1.0 mm posterior, 1.1 mm lateral from bregma, and 4.8 mm
ventral from dura [31]. For control groups (SHAM), a simu-
lated lesion was performed by injection of the same volume of
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vehicle at the same coordinates. After surgery, the analgesic
bupivacaine hydrochloride (5 mg/ml) was injected subcutane-
ously (s.c.; 10 ul/10 g body weight) in two sites around the
wound. To minimize mortality caused by the severe dopami-
nergic denervation, mice received intensive postoperative
care. During the 3 weeks after surgery, mice received sterile
glucose-saline solution (0.1 ml/10 g body weight, s.c.) twice a
day to avoid dehydration. In addition, to complement food
intake, animals received a commercially available nutritional
supplement (Ensure® Plus, Argentina). This solution was ad-
ministered per os using a plastic Pasteur pipette (1 ml, twice a
day). This procedure allowed a 100% survival of lesioned
animals after surgery.

Behavioral Evaluation of the 6-OHDA Lesion

Three weeks after surgery, selection of the successfully dener-
vated animals was performed by testing akinesia of the con-
tralateral paw with a limb use asymmetry test (cylinder test,
CT) [32-34] which evaluates the forelimb use during sponta-
neous vertical exploration in a cylindrical enclosure. To per-
form this test, mice were put in a transparent acrylic cylinder
(10 cm diameter, 20 cm height) and an observer counted the
number of wall contacts performed independently with the
left, the right, or both forepaws for 3 min or the time necessary
to perform a total of 10 supporting wall contacts (one session
only). No habituation of the animals to the cylinder was
allowed before the testing session. An asymmetry of forelimb
use score was calculated as the number of contralateral fore-
paw wall contacts plus one-half the number of both forelimbs’
wall contacts, divided by the total number of wall contacts per
session [35]. Animals with less than 20% of contralateral fore-
paw use were considered to be appropriately denervated and
used for the experiments.

L-DOPA Treatment and Behavioral Evaluation

Four weeks after surgery, the 6-OHDA-lesioned animals were
randomly separated in two groups and received a daily intra-
peritoneal injection of physiological saline as vehicle (6-
OHDA/VEH group) or L-DOPA and the peripheral DOPA
decarboxylase inhibitor benserazide (12/12 mg/kg respective-
ly) dissolved in saline solution (6-OHDA/L-DOPA group) for
15 days. SHAM animals were treated with saline for 15 days
(SHAM/VEH group). The drugs were dissolved immediately
prior to use and injected at the volume of 0.1 ml/10 g body
weight.

The abnormal involuntary movements or dyskinesias were
measured after L-DOPA (or VEH) administration on days 1, 4,
8, and 12 every 20 min over a period of 180 min in each
session. Each measure was performed for 1 min by a blinded
observer. The AIM were classified into three different sub-
types: forelimb dyskinesia (FD), axial dystonia (AD), and

orofacial dyskinesia (OD), and scored on a severity scale that
goes from 0 to 4 (0: absent; 1: occasional; 2: frequent; 3:
continuous interrupted by sensory distraction; 4: continuous,
severe, and not interrupted by sensory distraction) [32,
36-38]. Therefore, the sum of the three AIM in each observa-
tion every 20 min was between 0 and 12, while the sum of the
maximum AIM was the sum of the maximum score obtained
for each AIM subtype in each session.

Immunohistochemical Assay

At the end of the experiments, 1 h after the last L-DOPA (or
VEH) injection, the animals were deeply anesthetized and
transcardially perfused with cold paraformaldehyde 4% in
0.1 M phosphate buffer (PB). Brains were dissected out and
post-fixed overnight (ON) in the same fixative solution at
4 °C.

Mice brains used for the evaluation of spine density were
serially sectioned in a vibratome at the striatum level. Serial
sections from the whole striatum were collected as follows:
four 200-pum-thick tissue sections were taken intercalated by
three 30-um-thick tissue sections. Free-floating coronal
200-pum-thick tissue sections were used for Lucifer yellow
(LY) injections of tdTomato-positive (two sections) or
EGFP-positive MSNs (two sections), and alternate 30-um-
thick tissue sections were used for tyrosine hydroxylase
(TH) and FosB immunohistochemistry and for PV and
VGAT immunofluorescence [14, 15]. Twelve to 14 neurons
per section were injected with LY, but only those appropriately
labeled were considered for further analysis. An equal number
of D2R- and D1R-MSNs was injected. BAC-double transgen-
ic mice and wild-type mice used for immunofluorescent stain-
ing were serially sectioned in a freezing microtome and the
free-floating coronal 30-pm-thick tissue sections were stored
in PB 0.9% saline (PBS) containing 0.1% sodium azide at
4 °C.

Immunohistochemistry was performed on free-floating
coronal sections following standard protocols [14, 39, 40].
During all staining procedures, 0.1 M PBS containing 0.3%
Triton X-100 (PBS-T) was used for diluting all
immunoreagents and for washing between all antibody incu-
bations. The following primary antisera were used: rabbit anti-
TH (1:1,000; PelFreez Biologicals, USA), rabbit anti-FosB
(1:10,000; Santa Cruz Biotechnology, USA), rabbit anti-LY
(1:100,000; [41]), mouse anti-PV (1:2,000; Swant,
Switzerland), guinea pig anti-VGAT (vesicular GABA trans-
porter, 1:500; Synaptic Systems, USA), rabbit anti-c-Fos
(1:500; Santa Cruz Biotechnology, USA), rabbit anti-Arc (ac-
tivity-regulated cytoskeleton-associated protein, 1:1,000;
Synaptic system, Germany). In all immunostaining proce-
dures, each primary antibody was once omitted from the ex-
perimental protocol to determine its specificity leading to no
tissue labeling (not shown). For colorimetric immunolabeling,
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the sections were incubated with the corresponding biotin-
labeled antisera (1:250; Vector Laboratories, USA) and the
presence of the primary antibody was visualized by means
of an avidin-biotin peroxidase complex (1:125; Vectastain,
ELITE ABC kit, Vector Laboratories, USA), developed with
0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride (Sigma,
USA) and 0.015% H,0,. For PV, VGAT, c-Fos, or Arc im-
munofluorescent staining was performed in BAC-double
transgenic mice: two sections per animal were incubated sep-
arately with the antibodies described above and the following
secondary antisera: goat anti-mouse Cy5 (1:500; Jackson
Immunoresearch, USA) for PV and goat anti-rabbit Cy5
(1:500; Jackson Immunoresearch, USA) for c-Fos and Arc.
VGAT was developed using goat anti-guinea pig biotinylated
(1:250; Vector Laboratories, USA) and streptavidin-Cy5
(1:200; Jackson Immunoresearch, USA).

Perineuronal nets that can be detected by Wisteria
floribunda agglutinin (WFA) labeling surround most FSI.
WFA is a lectin that binds to carbohydrate moieties on pro-
teoglycans that form perineuronal nets [42]. WFA appears to
preferentially bind carbohydrate structures terminating in N-
acetylgalactosamine linked o or 3 to the 3 or 6 position of
galactose and has been used to detect FSI in a PV-independent
manner [42]. PV immunolabeling combined with Wisteria
floribunda agglutinin (WFA) labeling was performed on
free-floating coronal sections of wild-type mice. Two tissue
sections per animal were incubated ON at 4 °C in mouse anti-
PV, followed by an ON incubation with biotin-labeled WFA
(1:1,000; Vector Laboratories, USA). Each antigen was devel-
oped using goat anti-mouse Cy3 (1:500; Jackson
Immunoresearch, USA) and streptavidin-Cy5 (1:200;
Jackson Immunoresearch, USA), respectively.

Morphological Analysis and Spine Quantification

The autofluorescence of DIR-MSNs and D2R-MSNs were
visualized using an E600FN Nikon microscope by means of
specific filters for those fluorophores. In different 200-um
tissue sections, DIR-MSNs or D2R-MSNs were individually
injected with LY following published protocols [14, 43]. After
that, the injected cells were visualized by immunohistochem-
istry using the anti-LY antibody (as described before) [14].
Dendritic tree reconstruction of MSNs and spine quantifica-
tion were performed under transmitted light at x 100 magnifi-
cation using the software Mercator Pro (Explora Nova,
France) [43]. Spine quantification of striatal DIR-MSNs and
D2R-MSNs was expressed as the number of spines per 10 pm
of dendritic length. Sholl analysis of the dendritic tree was
performed using the National Institutes of Health (NIH,
USA) Imagel software running the Sholl Analysis Plugin. A
grid with concentric rings distributed at equal distances
(15 um) was superimposed and centered in the soma of each
neuron reconstruction [37]. The number of dendritic
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intersections per ring was computed and branching complex-
ity, total dendritic length, and maximum dendritic span were
evaluated [44].

Image Analysis and Quantification

Images of diaminobenzidine-immunolabeled sections were
captured with a Nikon Eclipse 50i microscope equipped with
a Nikon DS-5MCLI1 cooled camera. The percentage of TH-
immunoreactive (TH-ir) area was determined on both lesioned
and unlesioned striata on every 12th 30-pum-thick coronal sec-
tion (a total of six sections covering the striatum between 1.1
and —0.4 mm related to bregma) [31, 40]. Optical density
measurements were performed using the Image]J software
(NIH, USA).

Fluorescent images were acquired with an Olympus
FV1000 confocal microscope (IFIBIO Houssay microscopy
facility). For PVor VGAT perisomatic contact quantifications,
six pictures per animal using x 60 optical zoom and x 2.5
digital zoom were taken from dorsolateral striatum of two
different tissue sections. The number of PV or VGAT boutons
onto each DIR-MSN or D2R-MSN was counted using
Image] software and cell counter plugin (NIH, USA). For c-
Fos and Arc expression, two pictures per animal using x 20
optical zoom were taken from dorsolateral striatum of two
different tissue sections. The percentage of each MSN subtype
in dorsolateral striatum co-expressing c-Fos or Arc was count-
ed using the software ImageJ (NIH, USA). For PV and WFA
co-localization, two photographs per animal, using x 20 opti-
cal zoom, were taken from dorsolateral striatum of two differ-
ent tissue sections. The PV-ir and WFA-labeled cell densities
in dorsolateral striatum were determined using the software
Imagel.

Statistical Analysis

Data analyses were performed using Graph Prism 4 Version
5.0. Statistical tests are described in each figure legend.
Compiled data that passed the Shapiro-Wilks normality test
was analyzed by means of one-way or two-way analysis of
variance (ANOVA) or two-way repeated measures ANOVA
followed, when significant differences existed, by the post hoc
Bonferroni’s or Newman-Keuls multiple comparison test and
represented as mean = SEM. PV and VGAT perisomatic
boutons were analyzed using a one-way nested ANOVA
followed by the post hoc Newman-Keuls multiple comparison
test. Comparisons of data that did not fit a normal distribution
were done with a Kruskal-Wallis ANOVA followed by the
Dunn’s multiple comparisons test, and were represented as
median and ranges. In all tests, significance was assigned
when p <0.05.



Mol Neurobiol (2019) 56:6261-6275

6265

Results

Dendritic and Spine Density Changes After 6-OHDA
Lesion and L.-DOPA-Induced Dyskinesia

In BAC D1R-tdTomato/D2R-EGFP double transgenic mice,
unilateral 6-OHDA medial forebrain bundle injection induced
an almost complete ipsilateral DA depletion, observed both by
TH immunohistochemistry and by the cylinder test.
Hemiparkinsonian mice treated daily with L-DOPA developed
severe AIM (dyskinesias) in the contralateral forelimb, trunk,
and orofacial musculature (see Supplementary Fig. 1). In fixed
200-pm-thick coronal striatal sections, tdTomato-positive and
EGFP-positive neurons were injected with LY by
microiontophoresis under direct visual observation. LY was
then developed by immunohistochemistry with diaminoben-
zidine as chromogen, to allow the visualization of labeled
neurons under bright-field illumination (Fig. 1(a;—ay)). We
performed a Sholl analysis of dendritic tree on morphologi-
cally reconstructed striatal DIR-MSNs (Fig. 1(b;)) and D2R-
MSNs (Fig. 1(c;)) in SHAM/VEH, 6-OHDA/VEH, and 6-
OHDA/L-DOPA animals. A two-way ANOVA of repeated
measures (experimental groups vs distance from soma) of
number of intersections of D2R-MSNs revealed small but
significant effects of lesion and treatment at specific distances
from soma (interaction: F(24 468)=2.02, p=0.0032;
Fig. 1(c,)), while no significant effects were found for the
number of dendritic branching (Fig. 1(c3)), or DIR-MSNs
(Fig. 1(b,, b3)). Effects of cell type (DIR-MSN and D2R-
MSN) and experimental condition on total Sholl intersections,
total branching points, total dendritic length, and maximum
dendritic span were assessed with additional two-way
ANOVAs (Supplementary Fig. 2). Overall, D2R-MSNs
showed a smaller number of intersections (F(; g;,=4.35; cell
type effect, p =0.040, Supplementary Fig. 2a) and a shorter
dendritic span (F(; 1,=21.43; cell type effect, p <0.0001,
Supplementary Fig. 2d) compared with D1R-MSNSs, regard-
less of the experimental group (nonsignificant effects of ex-
perimental condition and interaction). This is in agreement
with previous findings by Fieblinger et al. [17]. Other dendrit-
ic parameters, like number of branching points or total length
of the dendritic arbor, were not different between cell types
(Supplementary Fig. 2b, c).

Spines were counted in the longest dendrite of each sam-
pled DIR-MSN or D2R-MSN (Fig. 1d). In SHAM/VEH an-
imals, there was no significant difference in the number of
spines between DIR-MSNs and D2R-MSNs (6.87 +0.75
and 6.86+0.57, spines per 10 um, respectively). Our data
show a similar and marked reduction of spines in both D1R-
MSNs and D2R-MSNs after 6-OHDA injection (3.89 +0.40
and 4.27 +0.36, respectively) in agreement with previous re-
sults [14, 15, 45]. Moreover, chronic L-DOPA at doses induc-
ing dyskinesia restored a normal spine density in the dendrites

of D2R-MSNs but had no effect on DIR-MSNs (6.04 £0.28
and 3.67 +0.50). Cell type and treatment effects were assessed
with a two-way ANOVA, which revealed significant effects of
both factors (F(1 76)=4.81, p=0.031 and F(; 76,=16.03,
p<0.0001, respectively) and a nonsignificant interaction
(p=0.055). Bonferroni post hoc tests showed that the D2R-
MSNs from L-DOPA-treated animals have significantly more
spines than the D2R-MSNs from 6-OHDA-lesioned vehicle-
treated animals (p <0.05) and do not differ from SHAM-
lesioned mice D2R-MSNs. Moreover, D2R-MSNs have more
spines than DIR-MSNs in the L-DOPA-treated animals
(p<0.01). Thus, the data show a depletion of spines in
DIR- and D2R-MSNs after nigrostriatal denervation and a
recovery of spine density to control levels in D2R-MSNs dur-
ing a chronic L-DOPA treatment that was capable of inducing
AIM. These results are in agreement with previous findings by
Suarez et al. [14] obtained using similar methods but after
local injection of 6-OHDA in the striatum in mice reporting
either DIR- or D2R-MSN with fluorescent proteins.

Striatal Parvalbumin-Containing Interneurons
and MSN Connectivity

The connectivity state between PV striatal interneurons and
MSNss expressing either D1 or D2 receptors in the dyskinetic
condition remains elusive. To answer this question, we
assessed the number of perisomatic PV synaptic boutons onto
D1R-MSNs and D2R-MSNs (Fig. 2a). One-way nested
ANOVA revealed significant differences between experimen-
tal groups for both DIR- and D2R-MSNs (F(2,154)=50.52,
p<0.0001; F5 153 =40.80, p <0.0001; respectively).

In 6-OHDA-lesioned mice treated with VEH, we observed
a reduction of PV contacts in both DIR-MSNs and D2R-
MSNs compared with SHAM/VEH mice (DIR-MSNs 2.02
+0.19 vs 4.10£0.30 contacts per cell, p <0.05; D2R-MSNs
1.74£0.20 vs 3.21 £0.28 contacts per cell, p <0.05;
Newman-Keuls post hoc test). A small but significant further
decrease in PV-ir contacts was observed after L-DOPA admin-
istration in 6-OHDA mice for both types of MSNs (D1R-
MSNs 1.19+£0.22, p<0.05; D2R-MSNs 1.13+0.18,
p <0.05; Newman-Keuls post hoc test) compared with 6-
OHDA/VEH mice (Fig. 2b, c). Thus, the lesion decreased
the number of perisomatic PV-ir contacts in both cell types
and L-DOPA did not counteract the lesion effect.

Changes in the number of PV-ir boutons could be due to
disappearance of the boutons or to reduced expression of PV
in the boutons. To further understand the structural changes in
perisomatic inhibition induced by the treatments, we looked at
the number of perisomatic VGAT contacts (Fig. 2d, e). In
control animals, the number of perisomatic VGAT-ir contacts
was similar to that of PV-ir boutons both in DIR-MSNs and
D2R-MSNs (VGAT-ir DIR-MSNs 3.85+0.19 contacts per
cell; D2R-MSNs 2.72 +0.23 contacts per cell), supporting
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Fig. 1 a(a;) Single MSN injected with Lucifer yellow in a 200-pum-thick
striatal tissue section of a BAC-double transgenic mice. Scale bar: 20 pm.
(ap) Striatal section showing Lucifer yellow injected MSNs after
diaminobenzidine immunostaining. Scale bar: 500 pum. (a3) The arrow
indicates the MSN showed at high magnification in figure (a,). Scale bar:
(az) 200 pum; (a4) 100 pm. b, ¢ Dendritic tree morphometric evaluation of
the DIR-MSNs and D2R-MSNs by Sholl analysis. (b, ¢;) Schematic
representations of a D1R- and D2R-MSN, respectively. (b,, b;) Number
of'intersections and number of branching of the D1R-MSN:ss, respectively.
(cp, c3) Number of intersections and number of branching of the D2R-
MSNes, respectively. Statistical analysis: *p < 0.05; post hoc Bonferroni’s
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D1R-MSNs D2R-MSNs

multiple comparison test after significant interaction in two-way ANOVA
with repeated measures only for number of intersections of D2R-MSNs
(c2) (p=0.0032). d Spine quantification of striatal D1R-MSNs and D2R-
MSNs under the different experimental conditions (mean + SEM).
Statistical analysis: *p <0.05, **p <0.01, ***p <0.001; post hoc
Bonferroni’s multiple comparison test after significant differences in in
two-way ANOVA. e High magnification microphotographs showing a
portion of dendrite from DIR-MSNs and D2R-MSNs under the
different experimental conditions. Scale bar: 10 um. SHAM/VEH, n=
4; 6-OHDA/VEH, n =5; 6-OHDA/L-DOPA, n=4
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Fig. 2 a Confocal microphotographs of the dorsolateral striatum of
double transgenic mice showing the autofluorescence of DIR-MSNs
(red) and D2R-MSNs (green) and the immunofluorescence of PV or
VGAT (white). The arrow heads indicate the perisomatic PV-ir
synapses onto DIR- or D2R-MSNs. Scale bar: 10 pm. Quantification

~6-OHDA/L-DOPA

¥
»

C

= 10+ *

n *

=

8 *

E ]

S 6 M v @

§ [OI/i\\ @® M

> 440 0A"w™ oA [e:0)

% om MY o s an

B 2{@om v Jeoia Y7y @n A W

E O mm CooTA @om MANE

Z 0l—== TREEAS TN —
SHAM/VEH  6-OHDA/VEH  6-OHDA/L-DOPA

e

& 10

=

&

Q 8. * *

Iz

|8}

g 640 o o A

8 |aom A @mmA W

2 4{oommm o @ mAAVW

0]

> | w aoo QIO

g 2{com A4 Vv gmmm CDEEMA V

2 oM S 1010, =x122.23 IO AW

20 A RO E—f——
SHAMNVEH  6-OHDA/VEH  6-OHDA/L-DOPA

of perisomatic PV-ir boutons onto DIR-MSNs (b) or D2R-MSNs (c).
Quantification of perisomatic VGAT-ir boutons onto D1R-MSNs (d) or
D2R-MSNs (e). SHAM/VEH, n=4; 6-OHDA/VEH, n=3; 6-OHDA/L-
DOPA, n=4. *p 0.05; post hoc Newman-Keuls multiple comparison test
after significant differences in one-way nested ANOVA
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the view that perisomatic inhibition comes mainly from PV-ir
neurons. One-way nested ANOVAs revealed significant ef-
fects of the treatments on VGAT-ir contacts for each cell type
(DIR-MSNs: F147y=17.41, p<0.0001; D2R-MSNs:
F2.148y=11.47, p=0.000023). The number of VGAT boutons
was reduced after the 6-OHDA lesions in both types of MSN's
(D1R-MSNSs 2.02 +£0.22, p <0.05; D2R-MSNs 1.30+0.17,
p <0.05; Newman-Keuls post hoc test), supporting a structur-
al effect of the lesion rather than just a reduction of PV expres-
sion. Finally, chronic L-DOPA induced a recovery of
perisomatic VGAT boutons for D2R-MSNs (2.62 +0.20;
p<0.05 vs 6-OHDA/VEH mice, p=0.87 vs SHAM mice),
and a partial recovery for DIR-MSNs (3.10 +0.20; p <0.05
vs SHAM mice, p <0.05 vs 6-OHDA/VEH mice). Together
with the lack of recovery of PV contacts in L-DOPA-treated
mice, these results suggest a structural remodeling of
perisomatic inhibition in dyskinetic animals.

Parvalbumin-Containing Interneurons and Wisteria
floribunda Agglutinin-Labeled Cells in Wild-type Mice

The lower levels of striatal PV-ir boutons found after 6-
OHDA injection and after L-DOPA treatment could be ex-
plained by a loss of FSI and/or reduced levels of PV protein
in the axon terminals of these interneurons. Some studies in-
vestigating PV cell density in related hyperkinetic disorders
like Tourette syndrome, dystonia, and Huntington’s disease
have revealed a reduced number of FSI in these pathologic
conditions [45—47], suggesting that they could also be affected
in LID. Based on this assumption, we analyzed PV-ir cell
density in the injected striatum by immunofluorescent label-
ing using a new group of wild-type mice with the same degree
of DA depletion and similar results in terms of AIM develop-
ment with either VEH or L-DOPA compared with the BAC
transgenic mice (see Supplementary Fig. 3). On images taken
with a confocal microscope, we quantified the number of PV-
ir neurons. One-way ANOVA revealed a significant effect of
treatment (F(»,15)=4.88, p=0.023). We found that PV-ir cell
density was reduced in both 6-OHDA experimental groups
compared with SHAM mice (6-OHDA/VEH: p <0.05; 6-
OHDA/L-DOPA: p < 0.05), with no difference between these
groups (SHAM/VEH, 28.85+1.95 cells/mm?; 6-OHDA/
VEH, 19.71 +1.35 cells/mm?; 6-OHDA/L-DOPA, 20.73 +
3.12 cells/mm?) (Fig. 3a).

To further confirm that reduced levels of PV-ir somata and
axon terminals were not due to a reduction in PV expression
but to a reduction in FSI number, we analyzed PV-ir cells as
well as WFA-labeled cells by double fluorescence labeling.
WFA labels extracellular matrix components around FSI
(perineuronal nets). On images taken with a confocal micro-
scope, we quantified WFA-labeled neurons that were also PV-
ir (Fig. 3b). One-way ANOVA revealed a significant effect of
treatment (£ 15)=4.24, p =0.035), which was explained by a
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significant decrease of WFA+/PV+ cells in 6-OHDA/VEH
animals compared with sham animals (SHAM/VEH 20.76 +
1.51 cells/mm?*; 6-OHDA/VEH 12.56+1.67 cells/mm”;
p<0.05, Newman-Keuls post hoc test). The 6-OHDA/L-
DOPA animals had a WFA+/PV+ cell density which was
half-way up to control levels, not differing significantly from
any of the other two experimental groups (16.63 £2.58 cells/
mm?). Interestingly, co-localization of WFA labeling and PV
immunolabeling showed that even in SHAM mice, there were
some WFA-labeled cells that did not contain PV
(SHAM/VEH 6.69 +2.01 cells/mm?). Furthermore, the num-
ber of WFA-labeled cells that were not PV-ir was similar in the
three experimental groups (SHAM/VEH 6.69 +2.01 cells/
mm?; 6-OHDA/VEH 8.62£2.10 cells/mm?; 6-OHDA/L-
DOPA 6.77 +1.61 cells/mm?; p=0.75). Overall, the data
show that the lesion reduces the number of PV-ir cells and
particularly of those PV-ir cells surrounded by a WFA+
perineuronal nets, and suggest that even though L-DOPA ad-
ministration does not produce a recovery of PV-ir cells, it
partially restores the PV cells that have nets labeled with
WFA, as their levels are not different from 6-OHDA/VEH,
nor from SHAM/VEH (Fig. 3c).

Striatal Activity—Regulated Cytoskeleton-Associated
Protein (Arc) and c-Fos Expression After L-DOPA
Treatment

After completing the evaluation of the dendritic spine density
and the perisomatic inhibitory inputs, we evaluated whether
their impact on MSNs remains balanced after dopaminergic
manipulation in both pathways by measuring the Arc and c-
Fos as markers of the neuronal response to different stimuli.

Immunohistochemical assay for Arc showed no expression
in SHAM or 6-OHDA mice treated with VEH. In contrast,
Arc expression was evident only in the striatum of dyskinetic
animals (6-OHDA mice treated with L-DOPA). The results
showed expression of Arc (blue) in the cellular somata and
dendrites of all DIR-MSNs (red) while the only D2R-MSNs
(green) expressing Arc co-expressed the D1 receptor (Fig. 4a,
Table 1).

Immunofluorescent analysis showed either very low or
even absent nuclear c-Fos expression in the striatum of
SHAM mice, whereas in the 6-OHDA/VEH group, there
was an increase of c-Fos immunoreactivity only in D2R-
MSNSs. More specifically, none of the DIR-MSNs expressed
c-Fos (less than 1%) and half of the D2R-MSNs were c-Fos-ir
(51+£13%) in 6-OHDA/VEH animals. Notably, these D2R-
MSNs did not co-express the D1 receptor. Moreover, after L-
DOPA treatment, the expression of c-Fos was further in-
creased and changed from one cell type to the other, showing
an increased expression only in the DIR-MSNs (99 = 1%) and
in a few D2R-MSNs (1 +1%) which co-expressed the DI
receptor as seen in Arc immunodetection (Fig. 4b, Table 1).
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Fig. 3 a Density of PV-ir a
interneurons in the dorsolateral
striatum under the different
experimental conditions (mean+
SEM). *p <0.05; post hoc
Newman-Keuls multiple
comparison test after significant
differences in one-way ANOVA
test. b Representative confocal
microphotograph of the
dorsolateral striatum of wild-type
mice showing the
immunofluorescence of PV
labeling (red) and WFA labeling
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(green). Arrows indicate WFA-
labeled cells that did not contain
PV in the three experimental
groups. Scale bar: 50 pm. ¢
Quantification of dorsolateral
striatal WFA-labeled cells that
present immunoreactivity for PV
under the different experimental
conditions (mean = SEM).

*p < 0.05; post hoc Newman-
Keuls multiple comparison test
after significant differences in
one-way ANOVA test.
SHAM/VEH, n="7; 6-OHDA/
VEH, n=5; 6-OHDA/L-DOPA,
n=6

SHAM/VEH
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Discussion

Morphological plastic changes of MSNs dendrites were first
found in the brain of PD patients [46, 47]. This gave rise to
several studies using animal models of PD and LID aiming to
describe the microstructural remodeling that takes place in the
dendritic arbor and spines of MSNs. Even though there is a
general consensus that spine pruning of the MSNs is strongly
associated with the extent of the dopaminergic denervation,

0

[0 SHAM/VEH [0 6-OHDA/VEH M 6-OHDA/L-DOPA

6-OHDA/VEH 6-OHDA/L-DOPA

there are some discrepancies regarding the adaptations that
differentially occur in the populations of MSNs [14, 16-18].
Here, we induced a severe dopaminergic denervation by
injecting 6-OHDA into the medial forebrain bundle of double
transgenic mice which enabled us to analyze the two popula-
tions of MSNs in the same animal. We showed that pruning
occurs in both DIR- and D2R-MSNss after DA depletion and
that there is a restoration of spine density in D2R-MSNs but
not in DIR-MSNs after chronic L-DOPA administration, thus
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Fig. 4 Representative confocal a
microphotograph of the
dorsolateral striatum of BAC-
double transgenic mice showing
the autofluorescence of D1R-
MSNss (red) and D2R-MSNs
(green) and the
immunofluorescence of Arc
(blue) (a) or c-Fos (blue) (b).
Arrows indicate some D1R-
MSNSs expressing Arc in the
dyskinetic condition (a) and some
D2R-MSNs or DIR-MSNs
expressing c-Fos in lesioned or
dyskinetic animals, respectively
(b). Arrow heads indicate neurons
co-expressing both D1 and D2
receptors and Arc (blue) (a) or c-
Fos (blue) (b). The color of Arc
and c-Fos fluorescence developed
with Cy5 as fluorophore was
altered to show them in blue.
Scale bars: 100 pm

D1R-MSNs/c-Fos D1R-MSNs/D2R-MSNs/c-Fos D2R-MSNs/ARC D1R-MSNs/ARC D1R-MSNs/D2R-MSNs/ARC

D2R-MSNs/c-Fos

confirming previous findings [14], using a different lesioning
technique of the nigrostriatal pathway.

Similarly, studies analyzing changes in the connections be-
tween PV-containing interneurons and MSNs after DA
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depletion have reached opposite conclusions. One study
showed that PV striatal cells doubled their connectivity onto
D2R-MSNs; it was proposed that such enhanced inhibitory
connectivity would promote neuronal synchrony after DA
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Table 1 c-Fos and Arc
expression in the different striatal % of Arc or c-Fos immunoreactive MSNs (mean + SEM)
subpopulation of MSNs
MSNs SHAM/VEH 6-OHDA/VEH 6-OHDA/L-DOPA
Arc D1 nd nd 100+0
D2 nd nd nd
DI1-D2 nd nd 1000
c-Fos D1 nd 1+1 99+1
D2 nd 51+13 nd
DI1-D2 nd nd 100+0

Animals per group: SHAM/VEH, n =4; 6-OHDA/VEH, n =3; 6-OHDA/L-DOPA, n=4

depletion [27]. On the contrary, another study showed a re-
duction in the innervation of both types of MSNs by PV-
containing interneurons [28]. We showed that PV-ir contacts
onto both types of MSNs are reduced after chronic
nigrostriatal lesions. Thus, our findings are closer to those of
Salin et al. [28] who studied PV interneurons to MSN connec-
tivity 3 weeks after severe nigrostriatal denervation in rats,
than to those of Gittis et al. [27] who used younger mice and
studied PV perisomatic boutons less than a week after lesion.
Whether LID relates to changes in PV interneurons to MSN
connectivity remains unknown, but there is some evidence
showing that the pharmacological inhibition of PV interneu-
rons can induce dyskinesia [48]. Here, we found that PV-ir
boutons onto both types of MSNs remain pruned after L-
DOPA treatment. However, while VGAT-ir contacts are also
reduced after DA depletion, they are restored, for D2R-MSNss,
or partially restored, for DIR-MSNS, after L-DOPA adminis-
tration. Thus, L-DOPA therapy seems to restore GABAergic
contacts in a PV-independent manner.

The quantification of PV-ir cells showed that striatal PV-ir
cell density is reduced after DA depletion. This result is in line
with the decreased number of PV-ir boutons observed after 6-
OHDA injection. Furthermore, we expected that if the de-
crease in PV-ir boutons and cell density were due to a decrease
in PV expression but not a decrease in FSI number, then there
should be an increase in WFA+ cells that do not express PV in
6-OHDA mice. However, DA depletion decreased the number
of WFA-labeled cells that do express PV while maintaining
the number of WFA-labeled cells that are not PV-ir. These
findings suggest that the lower numbers of PV-ir cells and
boutons found in lesioned and dyskinetic mice are not due
to a decreased expression of PV but to a decreased number
of FSI. Remarkably, while L-DOPA did not revert the 6-
OHDA lesion—induced decrease in PV-ir cell density, the
number of WFA+/PV-ir cells was at intermediate levels be-
tween those of SHAM and 6-OHDA groups after L-DOPA
treatment, suggesting that a subpopulation of FSI might have
lost both PV-ir and the WFA+ net but is still restored by L-
DOPA therapy. We speculate that some FSIs are lost after the
6-OHDA lesion while some others have lost PV

immunoreactivity and the WFA+ net but can still recover
these markers during L-DOPA therapy. In this context, the
recovery of VGAT-ir boutons may represent a compensatory
increase of a FSI independent perisomatic inhibitory input
onto MSNE.

There are many possible explanations for the discrepancy
between the number of PV- and VGAT-ir boutons. In addition
to PV-ir interneurons, there are other types of interneurons that
make GABAergic synapses onto MSNss, including those ex-
pressing NPY, somatostatin (SST), and nitric oxide synthase
(NOS) [49]. However, while PV-ir synapses are enriched on
somata [25] and in proximal dendritic regions [24, 50, 51],
SST-ir terminals are enriched on distal dendritic regions
[50-52]. Furthermore, GABAergic synaptic connections be-
tween D1R- and D2R-MSNs have also been reported. In con-
trast to the divergent connectivity of FSIs, MSNs appear to
show convergent connectivity, so while individual connec-
tions are quite weak, an assembly of MSN inputs onto a given
MSN is comparable with FSI connections [53]. MSN recur-
rent collaterals are not randomly distributed: while the major-
ity of their contacts have dendritic location [23], around 12%
has somatic location [54]. It follows then that further work is
necessary to assess the possibility that these perisomatic
GABAergic contacts observed onto MSNs after L-DOPA
come from other types of interneurons that have undergone
relocalization of their synaptic contacts, like SST/NPY/NOS-
ir interneurons, or from other MSNs engaged in lateral
inhibition.

Parvalbumin at presynaptic terminals of FSI axons pre-
vents short-term facilitation at the FSI to MSN synapse [55].
It has been reported that the absence of PV in FSI increases
short-term facilitation and, therefore, inhibition of MSN [56,
57]. Thus, the reduction of PV and VGAT boutons after the 6-
OHDA lesion may reflect a reduction of perisomatic inhibi-
tion in this condition, while the selective decrease of PV in the
dyskinetic animals with restored levels of VGAT-ir contacts
may result in an increased inhibitory effect of the VGAT-
positive perisomatic boutons. This decreased inhibition of
the MSNs in the 6-OHDA condition might be connected to
spine pruning as part of homeostatic mechanisms that tend to
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maintain the balance between excitation and inhibition, which
is supported by our data showing an overall reduction of both
inhibitory and excitatory synaptic connectivity onto both
MSN subtypes after a 6-OHDA lesion. The parallel recovery
of spine density and perisomatic inhibitory input in D2R-
MSNss after L-DOPA treatment could also relate to homeostat-
ic mechanisms trying to maintain the excitatory/inhibitory
balance in these cells. On the other hand, D1R-MSNs show
a partial recovery of perisomatic inhibitory contacts in the
absence of any recovery of spine density, which may still
relate to mechanisms counterbalancing excitation, since there
is molecular (e.g., c-Fos and Arc overexpression) and func-
tional [58, 59] evidence of exacerbated activity of DIR-MSN's
in dyskinetic animals. At the structural level, this enhanced
activity may have a correlation with the remodeling of spine
morphology reported for DIR-MSNs [14, 15].

The assessment of changes in the expression of immediate-
early genes such as c-Fos and Arc is believed to be a useful
tool for evaluating neuronal responsiveness to different stim-
uli [60]. Our data suggest that c-Fos and Arc correlate with
different aspects of MSN architecture and function. While the
expression pattern of cellular c-Fos seems to correspond well
with the changes of activity occurring in MSNs after a
nigrostriatal lesion and LID development, Arc expression is
limited to D1R-MSNs in LID. D2R-MSNs respond excessive-
ly while D1R-MSNSs respond less to inputs from motor cortex
in vivo after a nigrostriatal lesion [21, 30, 61], which corre-
sponds well with our results showing c-Fos overexpression in
the parkinsonian condition only in D2R-MSNs. D2R-MSNs
show adaptations that may serve to attenuate, rather than
cause, this hyperresponsiveness, such as a decreased input
resistance [17] and a reduced density of dendritic spines. A
decrease of perisomatic feed-forward inhibition, in contrast,
may be causally linked to their hyperresponsiveness to cortical
input [21]. On the contrary, spine pruning may be causally
related to the D1IR-MSN hyporesponsiveness while reduced
perisomatic inhibition (and increased input resistance [17])
may help to maintain some degree of activity along the direct
pathway. Likewise, c-Fos is highly and selectively expressed
in DIR-MSNs 1 h after a L-DOPA challenge inducing dyski-
nesia, a condition where D1R-MSNs are expected to be hy-
peractive and D2R-MSNs inhibited [62—64]. These findings
are in line with the current belief that these two well-known
populations of MSNs expressing either D1 or D2 DA recep-
tors are largely distinct, which, once again, have shown dis-
tinct expression patterns and responses to changes in striatal
DA levels. However, those MSNs that co-express both types
of DA receptors seem to behave more similarly to the D1R-
MSNs than the D2R-MSN, as they expressed c-Fos and Arc
only in the dyskinetic condition but not in hemiparkinsonian
mice. This is in line with the results of Gagnon et al. [45] that
showed that, even though these cells are affected differently
than the D1R- and D2R-MSNs by striatal DA deafferentation,
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they have more in common with the DIR-MSNs than with the
D2R-MSNs . As the role and contribution of these neurons to
striatal function and dysfunction are still unknown, these nov-
el findings may contribute to better characterize this contro-
versial population of neurons.

Many of the compensatory molecular changes after L-
DOPA treatment are selectively observed in DIR-MSNs
[65-67]. Among genes associated with synaptic remod-
eling, Arc was found to be related to LID [68, 69]. Arc
mRNA is transported into dendrites after episodes of
neuronal activation depending on NMDA receptor acti-
vation. Arc protein is assembled into the postsynaptic
junction and mediates long-term synapse-specific modi-
fications [70, 71]. Arc expression is highly dynamic and
tightly regulated by neuronal activity and experience,
and it is required for enduring forms of synaptic plastic-
ity and memory. Our results showed that Arc expression
is only observed in DIR-MSNs and only after L-DOPA
administration. Arc is not expressed in D2R-MSNs in
vehicle-treated 6-OHDA mice although these neurons
are hyperactive in this condition [30, 61, 72], nor is it
expressed in D2R-MSNs in the LID condition where
they show spine regrowth [14, 17]. Thus, Arc selective
expression in DIR-MSNs is probably related to some
singular aspect of hyperactivity or spine remodeling tak-
ing place in these cells in LID. Even though we did not
find a restoration of DIR-MSN spine density in LID, it
has been previously shown that there is a microstructural
remodeling of the remaining spines, which are larger and
accompanied by an increase of PSD length [15].
However, synaptic strength remained decreased. On the
contrary, the newly formed D2R-MSN spines had shorter
PSD length, suggesting that they may not be completely
functional [15]. This finding is further supported by our
results showing absence of Arc expression in these neu-
rons, as this protein localizes selectively at activated
synaptic sites [70].

Taking all this into account, our results suggest that L-
DOPA treatment modulates D2R-MSNs in a homeostatic
manner, which is highlighted by the opposite changes in
c-Fos expression and spine density. This modulation
might be responsible for the beneficial effects of L-
DOPA, as recent studies show that parkinsonian deficits
are not readily detectable in mice until D2R-MSNs be-
come hyperresponsive to cortical input [30] and adult de-
letion of the D2R is sufficient to produce a marked par-
kinsonian syndrome in mice [73]. On the contrary, L-
DOPA administration in a dose capable of inducing dys-
kinesia would lead to a new maladaptive scenario, in
which DIR-MSNs are pruned of spines but hyperactive
as suggested by c-Fos expression, and suffering further
spine remodeling, as suggested by Arc expression. This
apparent over-activity of the D1 pathway is in line with
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the current belief that emphasizes the role of DIR as a
main player in the induction of LID.
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