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ABSTRACT

Parkinson’s disease (PD) is characterized by the progressive and asymmetrical degeneration of the nigrostriatal
dopamine neurons and the unilateral presentation of the motor symptoms at onset, contralateral to the most
impaired hemisphere. We previously developed a rat PD model that mimics these typical features, based on
unilateral injection of a substrate inhibitor of excitatory amino acid transporters, L-trans-pyrrolidine-2,4-dicar-
boxylate (PDC), in the substantia nigra (SN). Here, we used this progressive model in a multilevel study
(behavioral testing, in vivo 'H-magnetic resonance spectroscopy, slice electrophysiology, immunocytochemistry
and in situ hybridization) to characterize the functional changes occurring in the cortico-basal ganglia-cortical
network in an evolving asymmetrical neurodegeneration context and their possible contribution to the cell death
progression. We focused on the corticostriatal input and the subthalamic nucleus (STN), two glutamate com-
ponents with major implications in PD pathophysiology. In the striatum, glutamate and glutamine levels
increased from presymptomatic stages in the PDC-injected hemisphere only, which also showed enhanced glu-
tamatergic transmission and loss of plasticity at corticostriatal synapses assessed at symptomatic stage. Sur-
prisingly, the contralateral STN showed earlier and stronger reactivity than the ipsilateral side (increased
intraneuronal cytochrome oxidase subunit I mRNA levels; enhanced glutamate and glutamine concentrations).
Moreover, its lesion at early presymptomatic stage halted the ongoing neurodegeneration in the PDC-injected SN
and prevented the expression of motor asymmetry. These findings reveal the existence of endogenous inter-
hemispheric processes linking the primary injured SN and the contralateral STN that could sustain progressive
dopamine neuron loss, opening new perspectives for disease-modifying treatment of PD.

1. Introduction

and autophagy), mitochondrial dysfunction, neuroinflammation,
oxidative stress and excitotoxicity, sustains the degenerative process

Parkinson’s disease (PD) is the second most common neurodegen- (Cheung and Ip, 2009; Dauer and Przedborski, 2003; Michel et al., 2016;

erative disorder. Its main pathological hallmarks are the progressive loss
of nigrostriatal dopamine neurons and the presence of Lewy body in-
clusions, constituted by the deposition of misfolded proteins among
which a-synuclein is a major component (Dauer and Przedborski, 2003).
A cascade of multifactorial pathogenic events, including protein mis-
folding, failure of degradation systems (ubiquitin proteasome pathway

* Corresponding authors.

Olanow, 2007; Schapira and Jenner, 2011). Among these factors,
increasing experimental evidence links PD-like neurodegeneration with
defective function, expression or trafficking of excitatory amino acid
transporters (EAATS) (Aoyama et al., 2008; Assous et al., 2014; Berman
et al., 2011; Iovino et al., 2022; Nafia et al., 2008; Zhang et al., 2020;
Zhang et al., 2016). EAATs not only ensure the bulk of extracellular
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glutamate (Glu) clearance but also fuel essential intracellular metabolic
pathways, such as the synthesis of glutathione. Therefore, defaults in
their function might sustain both excitotoxicity and reduced anti-
oxidant defense (see (Had-Aissouni, 2012; Li et al., 2021; Magi et al.,
2019)).

An intriguing feature of PD is that the cardinal motor symptoms have
an asymmetric presentation in most cases (Barrett et al., 2011; Djaldetti
etal., 2006; Pagano et al., 2016). For a majority of patients, they emerge
as unilateral and spread to the other body side with the disease pro-
gression while worsening in the initially affected side, so that the
asymmetry remains detectable at advanced stages. Symptom dominance
has been related to handedness, and the type and side of motor sign
onset have been linked to the progression of both the motor and the non-
motor symptoms (Riederer et al., 2018; Schapira et al., 2017; Uitti et al.,
2005; van der Hoorn et al., 2012). From a pathological point of view,
this clinical lateralization has been associated with an asymmetry of the
damage/dysfunction of the substantia nigra (SN) and the putamen
(Choe et al., 1998; Prasad et al., 2018), more particularly of the alter-
ations in dopaminergic markers (Bohnen et al., 2006; Huang et al., 2001;
Marek et al., 1996; Wang et al., 2015; Yagi et al., 2010), and has also a
cortical signature (Claassen et al., 2016). These alterations predominate
contralateral to the side of motor symptom onset. Noteworthy, it has
been reported that healthy subjects have symmetric nigrostriatal dopa-
minergic function (Garrido et al., 2020) and that motor symptoms and
striatal dopaminergic denervation are more symmetric in patients with
Lewy body dementia compared to PD (Fedorova et al., 2023). The
mechanisms underlying the pathological asymmetry in PD are not fully
understood. They presumably involve genetic and environmental de-
terminants (Riederer et al., 2018; Wiberg et al., 2019), including
hemispheric differences in neuronal epigenomes (Li et al., 2020), which
may affect the progression and symptoms of PD. Peculiarities of the
pathogenic process might also have a role, as proposed in the o-Synu-
clein Origin site and Connectome model (SOC model) (Borghammer,
2021), which assumes that the initial location of a-synuclein patholog-
ical seeds (brain-first vs. body-first) and connection-dependent propa-
gation of the pathology determines the asymmetry/symmetry of the
degenerative process in Lewy body pathologies.

Most of our knowledge on the pathophysiology of PD comes from
animal models that do not reproduce the progressive character and
asymmetrical evolution of the neurodegenerative process characterizing
PD (Blesa and Przedborski, 2014; Gubellini and Kachidian, 2015).
Interestingly, among the models showing progressive neuro-
degeneration, some present a unilateral to bilateral evolution of the
dopamine neuron loss, pointing to the involvement of interhemispheric
mechanisms in the cell death progression. They include rats with uni-
lateral injection of the substrate inhibitor of EAATSs L-trans-pyrrolidine-
2,4-dicarboxylate (PDC) in the SN (Assous et al., 2014) or of a-synuclein
preformed fibrils in the striatum (Patterson et al., 2019). In the two
studies, sensorimotor deficits emerge when the loss of SN dopaminergic
neurons in the injected brain side reaches 50 to 60% and, similarly,
contralateral degeneration occurs after a threshold of ipsilateral
degeneration has been met. Hence, these models mimic the unilateral
presentation of symptoms associated with progressive asymmetrical
damage to the nigrostriatal system. They may thus be useful both for
addressing the pathophysiology of early PD in an evolving neuro-
degeneration context and for elucidating pathological mechanisms that
might contribute to the progression of the neurodegenerative process.
The substrates of the unusual degeneration phenotype in the PDC model
remain unknown. Although the cell-to-cell spread of a-synuclein pa-
thology provides a potential basis for cell death evolution in models of
synucleopathies, the lack of inclusions in the contralateral SN in the
study by Patterson et al. led to suggest an additional mechanism
affecting the contralateral hemisphere. In the two papers, a similar
scenario has been proposed in which interhemispheric imbalance pro-
duced by the initial unilateral insult induces a cascade of adaptive
changes resulting in an overactivity of glutamatergic inputs to the
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contralateral SN and subsequent excitotoxicity. Here, we used the pro-
gressive PDC-based model of parkinsonism and a combination of in vivo
and ex-vivo approaches to characterize the reactivity of glutamatergic
components of the cortico-basal ganglia network. We focused on the
corticostriatal pathway and the subthalamic nucleus (STN), whose
abnormal activation is central in the pathophysiology of PD and is
suggested to contribute to nigrostriatal neurodegeneration via o-synu-
clein-mediated mechanisms and excitotoxicity (Blandini et al., 1996;
Finlay and Duty, 2014; Foffani and Obeso, 2018; Muddapu et al., 2019;
Rodriguez et al., 1998). As main findings, we evidence an early and
persistent reactivity of the STN contralateral to the primary injury, and
show that its lesion at early presymptomatic stage prevents the late
expression of motor deficits and halts the progression of the degenera-
tion in the PDC-injected SN. These results reveal the implication of
complex interhemispheric adaptive mechanisms involving the STN in a
model of progressive asymmetrical PD, with potential relevance for the
development of disease-modifying strategies.

2. Materials and methods
2.1. Animals and experimental layout

Experimental procedures were carried out in accordance with EU
Directive 2010/63/EU for the care and use of Laboratory animals. They
have been approved by the local and national Ethical Committees
(project authorization delivered by the French Ministry of Higher Edu-
cation, Research and Innovation: #8616-2017011918055786v5). Male
Wistar Han rats (Charles River, France) were utilized, housed 4 per cage
(Type IV cages, 1500 cm2) at 21 + 1 °C in a light controlled environ-
ment (12 h light/dark cycle) with access to food and water ad libitum
(except during deprivation for behavioral tests, see below). Experi-
mental groups are defined as follows: sham (animals with unilateral
vehicle injection in the left SN); PDC (rats receiving PDC injection in the
left SN); PDC + ibot (rats submitted to PDC injection in the left SN and, 7
days later, to contralateral STN lesion by local ibotenic acid injection).
The time of vehicle or PDC injection in the SN is defined as time 0, while
the other points are “days post-injection” (dpi). Different subsets of
sham and PDC animals were used for the following experiments: lon-
gitudinal behavioral assessment followed by proton magnetic resonance
spectroscopic imaging (*H-MRSI) (repeated measures at 30, 60 and 120
dpi), slice electrophysiology (at 120 dpi) and quantitative in situ hy-
bridization (separated subgroups at 4, 30 and 120 dpi). All groups were
processed for quantitative analysis of nigral dopamine neuron loss using
tyrosine hydroxylase (TH) immunodetection at the ending point of each
experiment (Fig. 1A). Animals of the PDC + ibot experiment underwent
behavioral testing followed by 'H-MRSI at 120 dpi and were thereafter
processed for both TH immunodetection and histological control of the
STN lesion (Fig. 1B). The criteria for animal exclusion from the analyses
were: incorrect STN lesion for the PDC + ibot group; one time point
missed for technical reasons in an individual that underwent repeated
assessments (longitudinal behavioral and 'H-MRSI study). No sample
from the selected animals (given as n in the figure legends) was
discarded.

2.2. Surgical procedures

Intranigral stereotactic injection of PDC was performed in groups of
7-8 weeks old rats (180-200 g), as previously reported (Assous et al.,
2014). Animals under equithesin anesthesia (4 ml/kg) were mounted in
a stereotactic apparatus (Kopf Instruments) and received injection of
300 nmol PDC (5 pl of a 60 mM PDC solution at the rate of 1 pl/min) or
vehicle (0.9% NaCl; 5 pl at the rate of 1 pl/min) in the left SN (co-
ordinates in mm: AP +2.2, L & 2.0, and DV +3.3 versus interaural, ac-
cording to the atlas by de Groot (De Groot, 1959)). A subset of the PDC
animals received injection of ibotenic acid (7.6 pg/0.8 pl at a rate of 0.2
ul/min) in the right STN, i.e. the STN contralateral to the PDC-injected
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Fig. 1. Experimental plans.

(A) Experimental design and time course of the experiments shown in Figs. 2 to
5. Three groups of rats were unilaterally injected with PDC in the SNc at day
0 (red arrows). Colored boxes show when experiments were performed; aster-
isks indicate the time points at which brains were processed for TH immuno-
staining. The “Electrophy.” group was utilized for slice electrophysiology at 120
dpi (blue box). The “Behav./MRSI” group underwent three sessions of behav-
ioral testing and H-MRSI at 30, 60 and 120 dpi (orange boxes). The “COI
mRNA” group consisted in three subgroups that were sacrificed at 4, 30 and 120
dpi for COI mRNA measurements (green boxes). Each experiment included a
corresponding group of sham-injected animals that underwent the same
experimental procedures (not shown).

B) Experimental layout and time course of the experiments shown in Fig. 6.
Two groups of rats received a unilateral intranigral injection of PDC at day
0 (red arrows), and one of them was also injected with ibotenic acid in the
contralateral STN at 7 dpi (yellow arrow). Both groups underwent behavioral
testing and 'H-MRSI at 120 dpi (orange box), then they were processed for TH
immunostaining and histological control of STN lesion (asterisk). A sham group
with saline injection in the SNc underwent the same experimental procedures
(not shown). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

ibot inj.

SN, at 7 dpi. This time point was selected based on our previous work
showing modest but significant loss of dopamine neurons of around 20%
in the PDC-injected SN pars compacta (SNc) as soon as 4 dpi, which then
progressively evolves overtime, but no cell loss in the contralateral SNc.
The stereotaxic coordinates for targeting the STN in our animals were in
mm: AP - 3.3, L - 2.4 and DV - 7.6, versus Bregma, which correspond to
AP - 3.8, L - 2.4 and DV - 8, according to the atlas of (Paxinos and
Watson, 1998).

2.3. Behavioral testing

The cylinder test was used to evaluate the motor asymmetry asso-
ciated with asymmetrical loss of nigrostriatal dopamine neurons. The
test was performed repeatedly at 30, 60 and 120 dpi. Animals were
placed in a Plexiglas® cylinder (30 cm diameter) and video recorded
during 15 min. Forelimb contacts on the cylinder wall while rearing
were counted, scoring separately those made using the left (ipsilateral to
SN injection), the right (contralateral to SN injection) or both forepaws
(double contacts). Results are expressed as an asymmetry score, defined
as the percent of contralateral contacts minus the percent of ipsilateral
contacts, these percentages being calculated over the total number of
contacts (left, right and double). Sham rats are expected to show a score
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close to zero, reflecting indifferent use of either forepaw, while PDC
animals are expected to show a negative asymmetry score due to
dopamine neuron loss in the primary injured side over a threshold
triggering akinesia-like deficit of the contralateral paw.

2.4. In vivo H-MRSI

All imaging experiments were performed at the In Vivo Imaging
Auvergne facility (IVIA, Clermont-Ferrand, France; https://doi.org/10.1
8145/ivia) on a 11.7 T Bruker BioSpec Ultra Shielded Refrigerated
system (Bruker BioSpin, Ettlingen, Germany) equipped with a 72-mm ‘H
circular polarizer volume coil and a rat brain surface coil used for
emission and reception, respectively. Animals under inhaled gas anes-
thesia (1-2.4% isoflurane and air, 300 ml/min) were secured to a
handling system. Respiratory rate was monitored all along the session to
adjust anesthesia and body temperature was maintained at 37 °C using a
warm air system. The rat head was manually positioned at the magnet
magnetic center and then localization imaging was performed to vali-
date the position. Multi-slice coronal and axial T2 weighted images were
acquired using multi-slice RARE (Rapid Acquisition with Refocusing
Echoes) protocols to image the whole brain. Main parameters were:
15.7 ms echo time; 2500 ms repetition time; RARE factor = 4; 2 aver-
ages; field of view (FOV) 35 x 35 mm with 256 x 256 points and slice
thickness of 1 mm. Acquired images were used to determine on which
slices 'H-MRSI was performed.

Two standard coronal 2D 'H MRSI were acquired. One slice was
positioned to cover striata while the other one the STNs. *H-MRSI using
a modified CSI (chemical shift imaging) protocol to include semi-LASER
(semi-adiabatic localization by adiabatic selective refocusing) volume
selection to limit chemical shift artefacts (Meyerspeer et al., 2011). The
echo and repetition times were set to 24 and 2000 ms, respectively. To
increase the signal to noise ratio, 8 and 16 weighted transients were
accumulated for striatal and STN 'H-MRSI, respectively. The FOV was
32 x 32 mm with 20 x 20 points and the slice thickness was 2 mm. The
semi-LASER volume selection was done on a FOV of 10 x 10 mm leading
to voxel resolution of 1.6 x 1.6 x 2 mm. The signal acquisition con-
tained 2048 points over a bandwidth of 10 ppm leading to an acquisition
time of 409.6 ms. Automatic shimming of 1st and 2nd order was per-
formed using MAPSHIM procedure. The water signal was suppressed
using a VAPOR (variable power pulses and optimized relaxation delays)
scheme with radio frequency pulses having a bandwidth of 350 Hz (Tkac
et al., 1999). Striatal and STN TH-MRSI acquisition times were about 35
and 63 min, respectively. To quantify metabolites, water 'H-MRSI were
acquired in the same conditions at the exception of the water suppres-
sion pulses, which were not emitted, and only 1 repetition was per-
formed. 'H-MRSI data were processed thanks to the software CSIAPO,
which allows grid-free positioning of cylindric regions of interest (Le Fur
et al., 2010). Because of the small size of the STN in rat, regions of in-
terest were carefully positioned to cover the whole STN and minimize
contamination with surrounding tissues, which mainly correspond to
white matter structures (internal capsule, cerebral peduncle). Then
spectra from the left and right striata and STN were exported and pro-
cessed by using LCModel software version 6.3 (Steven Provencher,
Oakville, Ontario, Canada) (Provencher, 1993), which uses Bayesian
analysis starting with solution spectra basis sets to provide estimates of
metabolite and macromolecule concentrations without operator bias.
The intensity of the water signal obtained from unsuppressed water
spectra was used as an internal reference. Here, we analyzed the levels of
glutamatergic transmission-related metabolites, namely Glu and gluta-
mine (Gln), among the neurochemicals that can be measured with this
method (see Figs. 4 and 5). For including a quantified metabolite in the
group analysis, the output of the LCModel analysis had to (i) measure a
half-height line width for the metabolite inferior to 15 Hz, (ii) display a
fitting residual line randomly scattered around zero (controlled by vi-
sual inspection) and (iii) measure average Cramer-Rao lower bounds
(CRLB) calculated by LCModel inferior to 30%. The metabolite
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concentrations are determined in mM for each animal and results are
expressed as percent of the mean sham value.

2.5. Slice electrophysiology

Brains from 8 PDC-treated rats at 120 dpi and 6 age-related sham
were cut in coronal corticostriatal slices (250 pm) by a vibratome (Leica
VT1000 S, Germany) in oxygenated ice-cold solution containing (in
mM): 110 choline, 2.5 KCI, 1.25 NaHPO4, 7 MgCly, 0.5 CaCly, 25
NaHCOs, 7 glucose, 300-310 mOsm, pH 7.4, bubbled with carbogen
(95% O4 and 5% CO5). Slices were kept in artificial cerebrospinal fluid
(ACSF) at room temperature, whose composition was (in mM): 126
NacCl, 2.5 KCl, 1.2 MgCly, 1.2 NaH3PO4, 2.4 CaCly, 11 glucose, and 25
NaHCOs3, 300-310 mOsm, pH 7.4, and also containing 250 pM kynur-
enic acid and 1 mM sodium pyruvate, bubbled with carbogen. Whole-
cell patch-clamp recordings were performed in ACSF (without kynur-
enic acid and sodium pyruvate) at 35 °C, flowing at ~2.5 ml/min and
containing 50 pM picrotoxin (Tocris Bioscience, UK), using borosilicate
micropipettes (5-6 MQ) filled with an internal patch solution containing
(in mM): 125 K-gluconate, 10 NaCl, 1 CaCly, 2 MgCly, 0.5 1,2-bis (2-
aminophenoxy) ethane-N,N,N,N-tetraacetic acid (BAPTA), 19 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 0.3 guanosine
triphosphate (GTP), and 1 Mg-adenosine triphosphate (Mg-ATP), pH
7.3, 290-300 mOsm. All recordings were performed in the striatum
ipsilateral to intranigral PDC (PDC ipsi) or vehicle injection at 120 dpi.
Electrophysiological data were recorded by an AxoPatch 200B amplifier
with pClamp 10.2 software (Molecular Devices, USA) at a sampling
frequency of 10 kHz. Striatal spiny projection neurons (SPNs) of the
dorsolateral striatum were identified by infrared video-microscopy and
by their electrophysiological properties (Jiang and North, 1991). The
number of recorded SPNs for each experiment is indicated in Fig. 3. A
stimulating bipolar electrode was placed in the white matter between
the cortex and the striatum to evoke AMPA receptor-mediated excitatory
postsynaptic currents (EPSCs). SPNs were clamped at —80 mV, and se-
ries and input resistance were continuously monitored by sending 5 mV
pulses. EPSC amplitude for monitoring long-term depression (LTD) and
long-term potentiation (LTP) was measured on averaged traces (6 per
minute) to obtain time-course plots, and to compare this parameter
before (baseline) and after the induction protocols. LTD induction pro-
tocol consisted in three trains of high-frequency stimulation (100 Hz) of
3 s duration, and with 20 s interval between each train. LTP induction
protocol was identical but, during each train, the recorded SPN was
depolarized to —10 mV in order to allow strong N-methyl-p-aspartate
(NMDA) receptor activation (Calabresi et al., 2000a; Calabresi et al.,
1992a; Calabresi et al., 1992b; Chassain et al., 2016; Paille et al., 2010;
Partridge et al., 2000). EPSC data were analyzed offline by pClamp 10.2
(Molecular Devices, USA). Spontaneous EPSCs (sEPSCs) were recorded
for 5 min and analyzed offline by Mini Analysis 6.0.3 (Synaptosoft,
USA), using a threshold detection (3-5 pA) that was set at twice the
noise of each recording. Only neurons with <20% change in series
resistance and stable EPSCs during the whole experiment were consid-
ered for the analysis.

2.6. TH immunostaining and cell counting

Animals of the 'H-MRSI and of the PDC + ibot experiments were
perfused transcardially with 400 ml 4% PFA in PBS 0.1 M, pH 7.3. Brains
were dissected, left 24 h in the same fixative and then transferred in 30%
sucrose (2 x 48 h). They were then frozen on dry ice and kept at —80 °C
until sectioning. Serial frontal cryosections (40 pm) covering the whole
extent of the SNc were collected in PBS. TH fluorescence immuno-
staining was done on a set of 6 evenly-spaced sections for each animal
covering the PDC peri-injection and posterior zone as defined in (Assous
et al., 2014). After rinses, sections were immersed in 0.3% Triton X-100
in PBS (2 x 15 min), pre-incubated for 30 min in PBS containing 5%
BSA, incubated overnight with mouse anti-TH primary antibody
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(1:1000, Millipore) then incubated 2 h with secondary fluorescent an-
tibodies (Alexa Fluor goat anti-mouse 568; 1:200). The stained sections
were mounted on coverslips with mounting reagent (FluorSave reagent,
Calbiochem) and kept away from light until analysis. Quantitative
analysis of TH-positive cells was performed as previously detailed (Dinh
et al., 2021) using a Zeiss microscope with Axiolmager M2 Apotome
from the IBDM microscopy platform. Photomicrographs were taken with
the ZEN 2 Blue edition Zeiss software. Using ImageJ, SNc was delineated
and the nuclear profiles of all immunostained cells were counted to
exclude any bias that could result from changes in cell soma size or
shape among experimental conditions. The total number of labeled
neurons in the SNc region examined (640 pm anteroposterior extent)
was estimated for each animal by summing the values obtained in the six
sections and multiplying it by a factor of eight to take into account the
staining penetration in the depth of the 40 pm section (15 pm as
determined with an acquisition in Z-stacks) and the sampling (one out of
every three serial sections, cumulated thickness 120 pm). This number
was then corrected using Abercrombie’s correction formula.

For animals of the electrophysiology and of the in situ hybridization
experiments, TH immunostaining was performed on coronal cryostat
sections at SNc level (16 pm) cut from fresh frozen brain tissue. Sections
were collected in PBS and fixed with 4% paraformaldehyde for 10 min
before being processed for TH immunodetection as described above.
Quantitative analysis was done on a set of 3 sections at peri-injection
level per animal as described above and averaged. For all conditions,
individual results are expressed in percentage of the mean sham value.

2.7. Nissl staining

Nissl staining using toluidine blue was performed to assess the extent
and appropriate location of the STN lesion in the PDC + ibot group.
Frontal cryosections (40 pm) at the level of STN were collected in PBS,
then mounted on Superfrost™ slides and left to dry overnight. Sections
were then sequentially rehydrated in PBS for 10 min, incubated in
0.25% toluidine solution, rinsed twice in PBS, left to dry overnight,
immersed twice in absolute alcohol then twice in xylene, and cover-
slipped with DPX mounting medium (Sigma Aldrich).

2.8. Cytochrome oxidase subunit I mRNA in situ hybridization

Brains were quickly removed, frozen in dry ice and kept at —80 °C
until cryostat sectioning. Coronal 16 pm-thick tissue sections at the level
of the STN were cut at 20 °C, thaw mounted onto SuperFrost plus glass
slides (Fisher Scientific, Elancourt, France) and stored at —80 °C until
being processed for radioactive in situ hybridization at cellular level as
reported previously (Bacci et al., 2002). In brief, slide-mounted sections
were post-fixed for 5 min in 3% PFA and incubated in prehybridization
buffer containing 2x standard saline citrate (SSC). The probe was a 44-
mer synthetic oligonucleotide DNA complementary to bases 6191-6235
of the rat cytochrome oxidase subunit I (COI) mRNA. This probe was 3'-
end-labeled by terminal deoxynucleotide transferase with 3°S-dATP
(1300 Ci/mmol) using a DNA-tailing kit (NEN), then purified on a mini
Quick Spin Oligo Column (Roche, Meylan, France). After pre-
hybridization and dehydration, each section was covered with 35 pl of
hybridization buffer containing the probe (500,000 cpm per section)
and incubated overnight at 47 °C in humid chamber. After post-
hybridization, sections were coated with Amersham LM1 autoradio-
graphic emulsion, exposed at 4 °C for 5 days and developed in Kodak D-
19 (4 min at 13 °C), then counterstained with toluidine blue. Sections
were observed first under bright-field illumination to point the coun-
terstained neurons, then under dark-field epilumination to measure the
number of grains per neuron (final magnification 1000x). Quantitative
analysis was done using the Visioscan image analysis software (BIO-
COM) on 100 labeled cells per section randomly distributed in the STN
for each brain side. The number of silver grains per labeled cell was
estimated by measuring OD with respect to a standard curve. This
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quantification was performed on 3 sections per animal and the values
were averaged. Individual results are expressed as percentage of the
mean corresponding sham value.

2.9. Statistical analyses

Statistical analyses were performed using Prism 7 software (Graph-
Pad, USA). All data sets were checked for normal distribution using the
Shapiro-Wilk’s test; when their distribution met the normality criterion,
statistical comparisons were performed by parametric tests, otherwise,
non-parametric tests were used. 'H-MRSI data were analyzed by two-
way repeated measures ANOVA with groups (sham, ipsi to PDC,
contra to PDC) as the between-factor and dpi (30, 60, 120) as the within-
factor, followed by the Tukey’s test for post-hoc multiple comparisons.
Behavioral data were analyzed by two-way repeated measures ANOVA
with groups (sham, PDC) as between-factor and dpi (30, 60, 120) as the
within-factor, followed by the Sidak’s multiple comparisons test for the
animals that underwent longitudinal study; when comparing sham, PDC
and PDC + ibot groups at the single time point of 120 dpi, we used one-
way ANOVA followed by Tukey’s test. Electrophysiological data were
analyzed by Kruskal-Wallis test followed by Dunn’s multiple compari-
sons test (LTD and LTP), 2-sample Kolmogorov-Smirnov test (SEPSC
amplitude and inter-event interval cumulative distributions) or Mann-
Whitney test (SEPSC amplitude and frequency mean values). Kruskal-
Wallis test followed by Dunn’s multiple comparisons test was used for
the analysis of COI mRNA levels. For the analysis of TH cell counts, we
used Mann-Whitney test when comparing two groups; when comparing
more than two data sets, we used Kruskal-Wallis test followed by Dunn’s
multiple comparisons or one-way ANOVA followed by Sidak’s multiple
comparisons test. Spearman correlation test was used to assess the
relationship between the number of TH-positive neurons and the striatal
levels of Glu and Gln. For all analyses, the significance threshold was set
at 0.05 and the results are given in the figures’ legends.

3. Results

3.1. Time course of the PDC-induced parkinsonian-like behavioral deficit
and nigral dopamine neuron loss

Consistent with our previous report (Assous et al., 2014), PDC ani-
mals showed a late onset and progressive establishment of the akinesia-
like deficit in the cylinder test. The asymmetry score was close to zero at
30 dpi and did not show significant difference vs. sham. It was slightly
but significantly increased at 60 dpi and markedly increased at 120 dpi
(Fig. 2A). The 30 dpi time point was then considered as asymptomatic
stage, the 60 dpi as onset/early-symptomatic stage and the 120 dpi as
symptomatic stage.

The extent of the dopamine lesion in the various experimental PDC
groups, assessed by quantitative analysis of TH cell loss in the SN, is
shown in Fig. 2B. At 120 dpi, a reproducible and significant median
decrease in the number of cells of about 50% (ranging from 46.5 to
55.6%) was measured in the injected SNc and a lower decrease (from
18.8 to 30%), either significant or not, in the uninjected contralateral
SNc. The groups used for COI mRNA in situ hybridization further
showed that significant dopamine neuron loss occurs in the injected SN
as soon as at 4 dpi, in agreement with our previous time course study
(Assous et al., 2014).

3.2. Impact of unilateral intranigral PDC injection at striatal level

3.2.1. Corticostriatal transmission and plasticity

Electrophysiological recordings were performed in the striatum
ipsilateral to intranigral PDC or vehicle injection at 120 dpi. PDC ani-
mals exhibited a loss of both corticostriatal LTD and LTP (Fig. 3A), as
well as an increased frequency, but not amplitude, of sEPSC (Fig. 3B).
Overall, these data show that partial dopaminergic neurodegeneration
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Fig. 2. Behavioral deficit and loss of TH neurons in the PDC-induced model of
parkinsonism.

(A) Time-course analysis of unilateral PDC-induced motor deficit in the cylinder
test at 30, 60 and 120 dpi. PDC animals show a late onset of akinesia-like deficit
as assessed by the asymmetry in forelimb use with modest but significant effect
at 60 dpi and a more severe effect at 120 dpi. Sham, n = 5; PDC, n = 8; two-way
repeated measures ANOVA analysis (Fgroup(1,11) = 14.00, P = 0.0033;
Fgpi(2,22) = 14.65, P < 0.0001; Figteraction(2,22) = 7.5, P = 0.0033) followed by
Sidak’s multiple comparisons test (*P < 0.05, ****P < 0.0001).

(B) Assessment of the loss of TH neurons in the different experimental groups.
TH cell loss in the SNc was assessed in the injected SNc for the electrophysio-
logical characterization (Electrophy.) at 120 dpi, in both brain sides for the H-
MRSI study at 120 dpi, and in both brain sides for the COI in situ hybridization
experiment at 4, 30 and 120 dpi. Electrophy.: n = 3 sham and 8 PDC, Mann-
Whitney test (*P < 0.05 vs. sham). Behavior/'H-MRSL: n = 5 sham and 8
PDC, Kruskal-Wallis ANOVA (P < 0.0001) followed by Dunn’s multiple com-
parisons test (***P < 0.001 vs. sham). COI mRNA in situ hybridization: n = 7
sham and n = 4, 6 and 5 PDC at 4, 30 and 120 dpi, respectively; Kruskal-Wallis
ANOVA (P < 0.0001) followed by Dunn’s multiple comparisons post-test (*P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. sham).

In A and B, boxes represent the 25th and 75th percentile (bar = median),
whiskers show the min and max values.

resulting from a single unilateral injection of PDC in the SN is sufficient
to trigger drastic changes in glutamatergic transmission and plasticity at
corticostriatal synapses in the ipsilateral side, similar to those observed
after extensive 6-hydroxydopamine lesion (Calabresi et al., 1993;
Chassain et al., 2016; Gubellini et al., 2006; Tang et al., 2001).

3.2.2. Glutamate and glutamine levels

'H-MRSI spectra were analyzed in voxels placed in the right and the
left striatum of the sham and the PDC rats (Fig. 4A). Metabolic changes
were followed at 30, 60 and 120 dpi. Levels of Glu were significantly
increased in the striatum ipsilateral to PDC injection at 30, 60 and 120
dpi vs. control values and versus values measured in the contralateral
striatum, which did not differ from sham at the three time points
examined (Fig. 4B, left graph). Levels of Gln were also increased only in
the ipsilateral striatum, with significant effect versus sham and contra-
lateral striatum at 30 and 120 dpi (Fig. 4B, right graph).
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Fig. 3. Transmission and plasticity at corticostriatal synapses in unilateral PDC rats.

(A) Corticostriatal LTD (above) and LTP (below) are lost in slices ipsilateral to the intranigral PDC injection at 120 dpi (PDC ipsi), while they are normal in sham. Left
graphs depict the time-course of the average EPSC amplitude normalized to the baseline (vertical grey bars represent the induction protocols); right histograms show
EPSC amplitude after the induction protocols. Kruskal-Wallis ANOVA (P = 0.0012 for LTD and P = 0.0003 for LTP) and Dunn’s multiple comparisons post-test (***P
< 0.001 vs. baseline; P < 0.01 sham vs. PDC). Traces show sample EPSCs recorded before (grey) and after (black) the induction protocols.

(B) The top graphs show that the sEPSC inter-event interval distribution is shifted to the left (left graph; 2-sample Kolmogorov-Smirnov test: P < 0.01) and that the
sEPSC frequency is increased in PDC rats compared to sham (right histogram; Mann-Whitney test: *P < 0.05 sham vs. PDC), suggesting that striatal glutamate release
is significantly increased. Conversely, the sEPSC amplitude (bottom graphs) is similar in sham and PDC rats, suggesting no change in AMPA receptor sensitivity. In A
and B, time-course and cumulative plots values are expressed as mean + SEM; the number of recorded neurons is indicated in brackets; data were obtained from 8
lzDC and 6 sham rats. Boxes represent the 25th and 75th percentile (bar = median), whiskers show the min and max values.
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Fig. 4. Measurements of glutamate and glutamine concentrations in the striatum of unilateral PDC rats.

(A) In vivo 'H-MRSI in the striatum. The images on the right are morphological coronal (at the top) and axial (at the bottom) T2-weighted MR images, on which is
shown the position of the 2D MRSI grid (red labelling) with the regions of interest covering the striatum of both brain sides. On the left are displayed representative
'H-MRSI spectra obtained in the striatum of the right (black voxel) and the left (blue voxel) hemispheres of a PDC rat, corresponding to the sides contralateral and
ipsilateral to PDC injection, respectively. Abbreviations: tCr: total creatine (creatine and phosphocreatine); Myo-Ins: myo-inositol; Tau: taurine; tCho: total choline
(glycerophosphocholine and phosphocholine); NAA: N-acetylaspartate; Gln: glutamine; Glu: glutamate; GABA: y-aminobutyric acid; Ala: alanine; Asp: aspartate.
(B) Striatal levels of Glu (left graph) and Gln (right graph) measured at 30, 60 and 120 dpi. The levels of both metabolites are increased vs. sham in the hemisphere
ipsilateral to intranigral PDC injection (PDC ipsi) while being unaffected in the contralateral one (PDC contra) at all time points examined. Data are expressed as
percentage of sham at each corresponding dpi. Sham, n = 5; PDC, n = 8; two-way repeated measures ANOVA analysis (Glu: Fgrup(2,18) = 66.92, P < 0.0001; Gln:
Fgroup(2,18) = 47.69, P < 0.0001) followed by Tukey’s multiple comparisons post-test (*P < 0.05, ****P < 0.0001 vs. sham; $3$p 0.001, $383p < 0.0001 ipsi vs.
contra). Boxes represent the 25th and 75th percentile (bar = median), whiskers show the min and max values. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.3. Impact of unilateral intranigral PDC injection at STN level

3.3.1. Glutamate and glutamine levels

'H-MRSI spectra were analyzed in voxels centered on the right and
the left STN of sham and PDC animals (Fig. 5A). Metabolic changes were
followed at 30, 60 and 120 dpi. Levels of Glu (Fig. 5B, left graph) and of
Gln (Fig. 5B, right graph) in the STN ipsilateral to PDC did not differ
significantly from sham values at 30 and 60 dpi but were enhanced at
120 dpi. In the contralateral STN, Gln levels were increased vs. sham at
60 and 120 dpi and were significantly higher at these time points than
the levels measured in the ipsilateral STN (Fig. 5B, right graph).

3.3.2. Intraneuronal COI mRNA levels

Quantitative in situ hybridization analysis of intraneuronal COI
mRNA levels in the STN is presented in Fig. 5C. COI mRNA levels were
not significantly modified in the STN ipsilateral to PDC injection at 4 and
30 dpi but were increased by 32.5% at 120 dpi vs. values from sham
animals. In the contralateral STN, intraneuronal COI mRNA levels were
significantly increased vs. control at 4 (+34%), 30 (+26%) and 120 dpi
(+74%). When compared to the ipsilateral STN, contralateral STN
showed higher COI mRNA levels at all the time points examined but the
difference was significant only at 30 dpi. Fig. 5D provides an illustration
of the bilateral increase in intraneuronal levels of COI mRNA at 120 dpi.

3.4. Impact of contralateral STN lesion on the motor dysfunction, the loss
of dopamine neurons and the striatal metabolite levels in the unilateral
PDC-induced model of parkinsonism

The extensive STN lesion produced by ibotenic acid injection in the
selected PDC + ibot animals is illustrated in Fig. 6A.

3.4.1. Behavioral analysis

PDC + ibot animals showed an asymmetry score close to zero at 120
dpi, which did not differ from sham and was markedly reduced versus
PDC animals (Fig. 6B). These results indicate that lesion of the STN
contralateral to the primary injured site prevents the onset of akinesia-
like deficits in the PDC model of progressive asymmetrical
parkinsonism.

3.4.2. Loss of nigral TH neurons at 120 dpi

In the sham animals, the estimated mean number of TH-positive
neurons in the SNc region analyzed was of 4325.1 4+ 152.4. Compared
to sham, the PDC + ibot animals showed a modest decrease in the
number of nigral TH-positive neurons of around 20% in both brain sides
at 120 dpi, consistent with the lack of asymmetry in the cylinder test
(Fig. 6C). The loss of TH neurons in these animals was markedly lower
than the one measured in the PDC animals for the PDC-injected SNc
(20% vs. 50%), as illustrated in Fig. 6D, while it was equivalent for the
uninjected SNc (Fig. 6C). These data thus suggest that contralateral STN
lesion halts the loss of dopamine neurons in the primary injured SNc but
does not prevent the initiation of the degenerative process in the unin-
jected SNc.

3.4.3. Striatal glutamate and glutamine concentrations measured by 1H-
MRSI at 120 dpi and relationship with TH neuron loss

In the striatum ipsilateral to PDC injection, the levels of Glu were
significantly lower in the PDC + ibot vs. PDC animals and did not differ
from sham. The levels of Gln were also normalized, but the decrease vs.
PDC did not reach significance (Fig. 6E). Interestingly, correlative
analysis including the PDC, PDC + ibot and the sham groups shows a
strong negative correlation between the concentrations of these me-
tabolites in the striatum and the numbers of TH-positive neurons in the
SNc (Fig. 6F).
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4. Discussion

The corticostriatal pathway, which provides the striatum with a
heavy glutamatergic innervation, and the STN, the only intrinsic glu-
tamatergic component of the basal ganglia, are considered as key
players in the development of PD motor symptoms and in the progres-
sion of the disease. To date, most published studies relate to abnor-
malities in the activity of these glutamatergic systems in the side
ipsilateral to the lesion in models of acute and extensive unilateral
dopaminergic degeneration, such as induced by intranigral 6-hydroxy-
dopamine, when the pathological state was stabilized at a maximal
level. There is also evidence for functional alterations of either or both of
these components before symptom onset under such extensive lesion
condition and in partial lesion models, either unilateral or bilateral,
showing moderate motor abnormalities, suggesting that they might be
early phenomena in PD pathophysiology (Breysse et al., 2003; Paille
et al., 2010; Schirinzi et al., 2016). However, PD has a progressive
course, characterized by an asymmetrical bilateral evolution of the
dopaminergic degeneration and unilateral onset of motor symptoms,
contralateral to the most damaged brain hemisphere. Such complex
natural history raises the question of the reactivity of these gluta-
matergic systems on both brain sides from presymptomatic to symp-
tomatic state in an asymmetrically evolving neurodegeneration context.
Here, we addressed this issue in the progressive model based on phar-
macologically induced dysfunction of EAATSs by unilateral intranigral
PDC injection. We previously reported that this model is characterized
by a uni- to bilateral evolution of the neurodegeneration and an onset of
akinesia-like deficit of the contralateral forepaw when the loss of
dopaminergic neurons reaches 50-60% in the injected SN and also af-
fects to a less extent the uninjected side (20-30%) (Assous et al., 2014).
The present results regarding the striatum and the STN of the side
ipsilateral to the intranigral PDC injection, i.e. contralateral to motor
deficit onset, are more or less consistent with the literature data. The
most unexpected findings concern the STN contralateral to PDC injec-
tion, which shows an early and sustained reactivity and whose lesion
slows down dopamine neuron loss in the primary injured SN. These data
support the view that maladaptive interhemispheric mechanisms
involving the STN may contribute to the evolution of the neurodegen-
erative process.

The corticostriatal pathway represents the main excitatory input to the
striatum, providing information from diverse cortical areas whose pro-
cessing through the basal ganglia network plays a major role in motor
control but also in cognitive function. This input is bilateral, with an
ipsilateral dominance, and topographically organized. The two classical
forms of long-term plasticity, LTP and LTD, as well as short-term forms of
plasticity are expressed at corticostriatal synapses and are considered as
substrates of motor learning and behavior (Di Filippo et al., 2009). Ab-
normalities of corticostriatal synaptic transmission and plasticity have
long been associated with basal ganglia-related movement disorders,
including PD, Huntington’s disease and L-DOPA-induced dyskinesia
(Calabresi et al., 2000a; Calabresi et al., 2000b; Iravani et al., 2012). In
animal models of PD, differential alterations have been reported among
toxin-induced models, depending on the dopaminergic lesion extent, as
well as among genetic models. Acute extensive toxin-induced lesion of the
nigrostriatal pathway, which triggers robust motor deficits, results in
increased corticostriatal glutamatergic transmission and in the loss of
both LTP and LTD, while partial lesion, triggering mild deficit, results in
the specific loss of LTP (Paille et al., 2010). In genetic models exhibiting
subtle motor abnormalities and quite no degeneration, either both forms
of plasticity or LTD are altered (Madeo et al., 2012). In the current study,
we examined corticostriatal transmission and plasticity in the PDC-
injected hemisphere at 120 dpi, a time point at which significant
contralateral motor deficit is measured in the cylinder test, associated
with partial bilateral loss of dopamine neurons, predominant in the
injected SN. The results show increased corticostriatal transmission and
loss of both LTP and LTD, as previously reported in rat 6-
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Fig. 5. Metabolic changes in the STN of unilateral PDC animals.

(A) In vivo 'H-MRSI in the STN. On the morphological coronal (at the top) and axial (at the bottom) T2-weighted MR images is shown the position of the 2D MRSI
grid (red labelling) with the regions of interest covering the STN of both brain sides. Representative 'H-MRSI spectra obtained on a PDC rat in the STN of the right
hemisphere (black voxel) and the left hemisphere (blue voxel), which correspond to the sides contralateral and ipsilateral to PDC injection, respectively, are dis-
played on the left. For abbreviations, see Fig. 4.

(B) STN levels of Glu (left graph) and Gln (right graph) measured by in vivo H-MRSI at 30, 60 and 120 dpi. In the STN ipsilateral to intranigral PDC injection (PDC
ipsi), the only significant change vs. corresponding sham is an increase in Gln concentration at 120 dpi. In the STN contralateral to PDC, concentrations of both Glu
and Gln are increased vs. sham values from 60 dpi. Data are expressed as percentage of sham at each corresponding dpi. Sham, n = 5; PDC, n = 8; two-way repeated
measures ANOVA analysis (Glu: Fgroup(2,18) = 29.73, P < 0.0001; Fgpi(2,36) = 6.472, P = 0.004; Finteraction(4,36) = 6.784, P = 0.0004; GIn: Fyr0up(2,18) = 22.53, P <
0.0001; Fgpi(2,36) = 14.11, P < 0.0001; Fipteraction(4,36) = 6.932, P = 0.0003) followed by Tukey’s multiple comparisons post-test (*P < 0.05, **P < 0.01; ***P <
0.001, ****P < 0.0001 vs. sham, 3*P < 0.01, ****p < 0.0001 ipsi vs. contra to PDC).

(C) Intraneuronal COI mRNA levels in the STN. On the left, quantitative in situ hybridization analysis at 4, 30 and 120 dpi. COI mRNA levels show significant increase
vs. sham from 4 dpi in the STN contralateral to PDC injection but only at 120 dpi in the ipsilateral STN. Sham, n = 7; PDC 4 dpi, n = 4, 30 dpi, n = 6, 120 dpi, n = 5;
Kruskal-Wallis ANOVA analysis (P < 0.0001) followed by Dunn’s multiple comparisons post-test (*P < 0.05, ****P < 0.0001 vs. sham, *P < 0.05 PDC ipsi vs. contra).
Boxes in B and C represent the 25th and 75th percentile (bar = median), whiskers show the min and max values.

On the right, bright-field photomicrograph at high magnification of toluidine blue-counterstained sections illustrating COI mRNA intraneuronal labeling in the STN of
a PDC animal at 120 dpi compared to sham. Note the higher number of silver grains per labeled neurons in the STN of both brain sides vs. sham. (For interpretation of
Ehe references to colour in this figure legend, the reader is referred to the web version of this article.)

<

hydroxydopamine PD models with complete dopaminergic degeneration uninjected SN is below the threshold for the alteration of striatal
(Bagetta et al., 2010; Centonze et al., 2001; Chassain et al., 2016; glutamate metabolism. Whether, in such condition, corticostriatal
Gubellini et al., 2002; Tang et al., 2001). In the present study, we did not transmission and plasticity are nevertheless altered in the contralateral
differentiate the two subpopulations of SPNs that are distinguished based hemisphere is an intriguing issue that remains to be addressed.
on their preferential expression of D1 or D2 dopamine receptors, which Changes in firing rate, pattern, and oscillation of STN neurons have
modulate corticostriatal glutamatergic plasticity in complex and opposite been observed in PD patients and dopamine-depleted animal models
ways (for review, see (Calabresi et al., 2007)). An abundant literature (see (Quiroga-Varela et al., 2013)). Despite discrepancies in the pa-
suggests that SPNs uniformly express LTP and LTD induced by different rameters affected among studies, attributable to factors such as the PD
protocols both in the rat (Calabresi et al., 1992a; Calabresi et al., 1992b; stage (Remple et al., 2011), the level of dopamine depletion or the lesion
Charpier and Deniau, 1997; Chassain et al., 2016; Fino et al., 2005; model, abnormal activity of STN is considered as a key substrate of PD
Lovinger, 2010; Lovinger et al., 1993; Pawlak and Kerr, 2008) and in symptoms. Consistently, the surgical treatment of PD by deep brain
mouse (Bagetta et al., 2011; Shen et al., 2008). To our knowledge, stimulation targeting the STN provides highly effective relief of motor
whether these two forms of synaptic plasticity are differentially affected symptoms (Benabid et al., 2009; Limousin et al., 1995); it is also sus-
in 6-hydroxydopamine-lesioned rats in D1 vs. D2 SPNs has not been pected to have neuroprotective disease-modifying potential (Guridi
determined, while a study in transgenic mouse shows that LTP is selec- et al., 2018; Harnack and Kupsch, 2010; McKinnon et al., 2019; Torres
tively lost in D1 and LTD in D2 SPNs (Thiele et al., 2014). et al., 2017). Changes in the functioning of STN neurons have been also
We also performed longitudinal in vivo metabolic imaging using *H- detected by measurements of the activity or mRNA levels of COI, a
MRSI at 30, 60 and 120 dpi. This technique offers a noninvasive means metabolic marker of neuronal activity. Interestingly, increased levels of
for simultaneous quantification in vivo of several metabolites in specific COI mRNA have been consistently reported to occur in primate and
brain areas, with several applications for studying brain metabolism and rodent PD models, both under extensive and partial neurodegeneration
pathological dysfunctions both in human and animal models (Ajram conditions when the lesion was stabilized (Breysse et al., 2003; Hirsch
et al., 2019; Hangel et al., 2022; Maudsley et al., 2021; Rae, 2014). For etal., 2000; Vila et al., 1997; Vila et al., 2000). A time-course study also
example, 'H-MRSI has been used to assess metabolic changes in the showed enhanced COI mRNA expression at early stage in the course of

striatum and/or the SN of parkinsonian patients (Groger et al., 2014) the degeneration, preceding changes in firing activity (Vila et al., 2000).
and in animal PD models (Klietz et al., 2019). High magnetic field (11.7 We thus used this index to perform a time course study of STN function
T) and MAPSHIM procedure to homogenize the magnetic field at the in the PDC model at 4, 30 and 120 dpi. In the STN ipsilateral to the

area of interest, as utilized here, can improve both the spectral separa- injection, significant increase in COI mRNA levels occurred only at the
tion and the signal to noise ratio, which results in higher and narrower symptomatic stage of 120 dpi. These data do not fit with results obtained
spectral peaks in an acquisition time compatible with in vivo experi- in the 6-hydroxydopamine model, showing increased levels from 24 h
ments in animals. Hence, signals that are difficult to quantify at lower post-injection (Vila et al., 2000), which could be due to the slower ki-
field strengths can be estimated more easily. In particular, Glu and GIn netics of the degenerative process in the PDC model. However, they are
can be quantified separately instead of their sum termed Glx (Hangel in line with the implication of abnormal STN activity in the appearance
et al., 2022). Because 'H-MRSI does not allow discriminating between of motor deficits. Surprisingly, in the STN contralateral to PDC injection,
intracellular and extracellular Glu nor between metabolic and neuro- we found an early and sustained increase in COI mRNA levels as soon as
transmitter pools, measures cannot be directly attributed to a specific at 4 dpi, thus far before any loss of dopamine neurons in the uninjected
function. However, there is evidence suggesting that MRS-visible Glu SN. This increase is maintained overtime and is even stronger than that
reflects metabolic activity linked to glutamatergic neurotransmission of the STN ipsilateral to PDC injection. The present longitudinal study of
(Rae, 2014; Stagg et al., 2011; Yuksel and Ongur, 2010). Our results Glu and Gln levels by ITH-MRSI provides additional evidence for earlier
showed that glutamate and glutamine levels are markedly increased in and stronger metabolic changes in the contralateral STN. Indeed, while
the striatum ipsilateral to the PDC injection at all time points, while only Gln is increased in the ipsilateral STN at 120 dpi, both Glu and GIn
being unaffected in the contralateral striatum. These results confirm and levels are enhanced in the contralateral STN from 60 dpi. Contrary to the
extend previous data obtained in the unilateral 6-hydroxydopamine and reactivity of the ipsilateral STN, the reactivity of the contralateral STN
the bilateral MPTP models (Chassain et al., 2010; Chassain et al., 2016; obviously does not translate into motor impairment, as the akinesia-like
Melon et al., 2015), by suggesting that changes in glutamate metabolism deficit affects the forepaw contralateral to the primary injured SN. It
might occur in the striatum of the primary injured side from presymp- could be that the functional output of the changes in STN activity de-
tomatic stage with moderate dopamine neuron loss. The lack of change pends on a threshold in the damage of the dopamine system on the same
in the contralateral striatum suggests that the 20% neuronal loss in the brain side; in other words, contralateral STN overactivity might be
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Fig. 6. Impact of contralateral STN lesion on the PDC-induced behavioral deficit, nigral dopamine neuron loss and striatal increases of glutamate and
glutamine levels.

(A) Photomicrographs of a Nissl-stained section illustrating the extent of the ibotenic acid-induced lesion of the STN (delineated by dotted lines) in a selected PDC +
ibot animal. Note the massive cell loss in the in the injected (right image) versus uninjected (left image) STN.

(B) Forelimb asymmetry in animals with unilateral PDC injection alone (PDC) followed by ibotenate-induced lesion of the contralateral STN (PDC + ibot).
Asymmetry scores were determined at 120 days post PDC injection. A significant bias towards the use of the ipsilateral forepaw, reflecting akinesia of the
contralateral forepaw, is measured in PDC rats vs. sham. This bias is no more observed in the PDC + ibot animals, their asymmetry score, close to 0, being not
significantly different from sham values and significantly different from PDC animals. Sham, n = 8; PDC, n = 11; PDC + ibot, n = 7; one-way ANOVA analysis (F
(2,23) = 29.69, P < 0.0001) followed byTukey’s multiple comparisons test (****P < 0.0001).

(C) Loss of TH neurons in the substantia nigra of both brain sides (ipsi and contra to PDC) induced by unilateral PDC injection alone (PDC) or followed by
contralateral STN lesion (PDC + ibot). Cell counts were performed at 120 days post PDC injection. PDC + ibot animals show significantly lower cell loss in the
primary injured substantia nigra (ipsi to PDC) and equivalent cell loss in the contralateral nigra compared to those of the PDC group. Sham, n = 8; PDC, n = 11; PDC
+ ibot, n = 7; one-way ANOVA analysis (F(4,39) = 36.66 P < 0.0001) followed by Sidak’s multiple comparisons post-test (*P < 0.05, ***P < 0.001, ****P < 0.0001
vs. sham, *%%P < 0.0001 PDC vs. PDC + ibot).

(D) Photomicrographs of TH-immunostained sections of sham, PDC and PDC + ibot animals at the level of the injected nigra. Note the lower loss of dopaminergic
neurons in the PDC + ibot condition compared to PDC alone. SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; VTA: ventral tegmental area.
(E) Striatal levels of glutamate (left graph) and glutamine (right graph) measured at 120 dpi by 'H-MRSI in PDC and PDC + ibot rats. Note that contralateral STN
lesion normalizes the level of these metabolites in the striatum ipsilateral to intranigral PDC injection. Kruskal-Wallis ANOVA analysis (P < 0.0001) followed by
Dunn’s multiple comparisons post-test (**P < 0.01, ****P < 0.0001 vs. sham, $p < 0.05 PDC vs. PDC + ibot).

(F) Relationships between glutamate (left graph) and glutamine (right graph) concentration and TH-positive cell number. Spearman test shows a highly significant
negative correlation (Glu: r = —0.777, P < 0.0001; Gln: r = —0.671, P = 0.0002), meaning that the metabolites’ concentration increases as the number of TH-positive
cells decreases. In E and F: sham, n = 8; PDC, n = 11; PDC + ibot, n = 7.

ones in B, C and E represent the 25th and 75th percentile (bar = median), whiskers show the min and max values.

balanced by the maintenance of a sufficient dopamine tone on the basal remain to be identified, that could be involved both in the cell death

ganglia network of the same hemisphere. evolution and the appearance of PD symptoms. Therefore, targeting
An important question is whether the sustained reactivity of the these interhemispheric mechanisms might have disease-modifying ef-

contralateral STN plays a role in the evolution of the neurodegenerative fects, opening novel therapeutic perspectives.

process. It has been previously hypothesized that enhanced gluta-

matergic input to contralateral SNc neurons might initiate the contra- Authors’ roles

lateral degeneration in the PD model based on unilateral injection of

a-synuclein preformed fibrils in the striatum (Patterson et al., 2019). If PS, CC, CM, PG, FD and LKLG contributed to the study conception

this was the case in our model, contralateral STN lesion should prevent and experimental design, with FD and LKLG supervising the work. CM

the uni- to bilateral evolution of the PDC-induced neurodegeneration. and PS carried out the stereotaxic surgeries and immunohistochemical

We performed this lesion at an early stage of the degenerative process experiments. PS performed the in situ hybridization study and analysis.

triggered by unilateral intranigral PDC injection, i.e., at 7 dpi, and CM and CC conducted the behavioral study and data analyses. PG per-

examined the impact on nigral DA neuron loss at 120 dpi. This timing formed the electrophysiological recordings and analysis. CC performed

was determined from our previous work showing that significant the longitudinal 'H-MRSI study and contributed with BP, YLF and GP to

neuronal death occurs as soon as 4 dpi in the injected SN, while it is data analysis. All authors contributed to the result presentation and

markedly delayed in the contralateral SN (significant effect at 60 dpi) interpretation. LKLG wrote the manuscript with the help of PS, CC, CM,
(Assous et al., 2014). Unexpectedly, contralateral STN lesion did not PG, and FD for review and editing. All authors reviewed and agreed the

prevent cell death initiation in the SN of the same hemisphere, but final version of the paper.

halted the ongoing degeneration in the PDC-injected SN and prevented

the appearance of the motor deficit. For instance, whereas at 120 dpi the Funding

PDC animals showed predominant neuronal loss in the injected SN,

reaching >50% of the total population, the PDC + ibot animals showed This work was funded by a grant from France Parkinson (to LKLG)

equivalent modest cell loss on both brain sides, and no more motor and from St. Jude Medical™ (to FD), and was supported by the CNRS,

asymmetry in the cylinder test. Moreover, STN lesion also normalized Aix-Marseille University and Clermont Auvergne University.

the striatal levels of Glu and GIn. These findings point to hyperactivity of

the contralateral STN as a main mechanism sustaining the progression of CRediT authorship contribution statement

dopamine neurodegeneration initiated by intranigral PDC and subse-

quent behavioral and metabolic changes. Identifying the anatomical Pascal Salin: Conceptualization, Data curation, Investigation,

pathways and molecular mechanisms underlying this hyperactivity and Methodology, Writing — review & editing, Writing — original draft.

the subsequent neuronal death it triggers, and determining whether Christophe Melon: Data curation, Investigation, Methodology, Writing

such adaptive interhemispheric mechanism may also play a role in other —review & editing. Carine Chassain: Conceptualization, Data curation,

progressive models of PD, remain critical issues to be addressed in the Investigation, Methodology, Writing — original draft, Writing — review &

future to better understand the pathophysiology of PD. Although ipsi- editing. Paolo Gubellini: Conceptualization, Data curation, Investiga-

lateral STN connections are prominent, there is evidence for bilateral tion, Methodology, Writing — original draft, Writing — review & editing.

and interhemispheric STN connections (Castle et al., 2005; Cavdar et al., Guilhem Pages: Data curation, Investigation, Methodology, Writing —

2018), including afferent inputs from thalamic and brainstem structures, review & editing. Bruno Pereira: Data curation, Methodology, Writing

which may provide routes for the implication of this structure in inter- —review & editing. Yann Le Fur: Data curation, Methodology, Writing —

hemispheric adaptive changes. In this line, the fact that unilateral STN review & editing. Franck Durif: Conceptualization, Funding acquisi-

surgery affects contralateral STN activity and has bilateral motor effects tion, Supervision, Writing — original draft, Writing — review & editing.

supports the view that one side of the basal ganglia can influence the Lydia Kerkerian-Le Goff: Conceptualization, Data curation, Funding

functioning of the other (Brun et al., 2012). acquisition, Methodology, Project administration, Supervision, Valida-
In conclusion, this study reveals complex pathological cross-talks tion, Writing — original draft, Writing — review & editing.

between the STN and SN of both hemispheres, whose substrates
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