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Abstract

After unilateral lesion of the medial forebrain bundle by 6-OHDA rats exhibit lateralized deficits in spontaneous
behavior or apomorphine-induced rotations. We investigated whether such lateralization is attenuated by either
deep brain stimulation (DBS) or glutamatergic neurotransmission in the inferior colliculus (IC) of Wistar rats.
Intracollicular DBS did not affect spontaneous lateralization but attenuated apomorphine-induced rotations.
Spontaneous lateralization disappeared after either the glutamatergic antagonist MK-801 or the agonist NMDA
microinjections into the IC. Apomorphine-induced rotations were potentiated by MK-801 but were not affected
by NMDA intracollicular microinjection. After injecting a bidirectional neural tract tracer into the IC, cell bodies
and/or axonal fibers were found in the periaqueductal gray matter, superior colliculus, substantia nigra, cunei-
form nucleus, and pedunculo-pontine tegmental nucleus, suggesting the involvement of these structures in the
motor improvement after IC manipulation. Importantly, the side of the IC microinjection regarding the lesion
(ipsilateral or contralateral) is particularly important, and this effect may not involve the neostriatum directly.

Key words: 6-OHDA lesion; deep brain stimulation; glutamate; inferior colliculus; medial forebrain bundle;
Parkinson’s disease

q B
S
The inferior colliculus, usually viewed as an auditory structure, when properly manipulated may counteract
motor deficits in parkinsonian rats. Indeed, the present study showed that either 30 Hz deep brain stimula-
tion or glutamatergic neural network in the inferior colliculus reduced body asymmetry induced by a medial
forebrain bundle unilateral 6-OHDA lesion in rats, an animal model of parkinsonism. Understanding how glu-
tamatergic mechanisms in the inferior colliculus influence motor control, which is classically attributed to
the basal nuclei circuitry, could be useful in the development of new therapeutics to treat Parkinson’s dis-
\ease and other motor disorders. /
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, and is characterized by rest-
ing tremor, bradykinesia, akinesia, and postural instability.
It was only in 1960 after Ehringer and Hornykiewicz (1960)
published their landmark article that PD was related to
a profound loss of the pigmented dopamine-producing
neurons in the substantia nigra pars compacta (SNpc)
leading to a reduction of dopamine (DA) in the neostria-
tum. Although pharmacological DA replacement therapy
or deep brain stimulation (DBS) typically targeting motor
regions of the basal nuclei (Perimutter and Mink, 2006)
can alleviate some PD symptoms, patients still report side
effects (Marsden and Parkes, 1977; Okun et al., 2005;
Zheng et al., 2010; Simsek and Anderson, 2015; Hgjlund
et al., 2017). In this respect, searching for a new therapeu-
tic and nonconventional DBS target to relieve motor im-
pairment in patients with PD may be of interest. In this
sense, the inferior colliculus (IC) raises as a putative can-
didate. In addition to being a midbrain tectum structure
known for its pivotal role in acoustic processing, the IC
provides a node in a highly interconnected sensory,
motor, and cognitive network dedicated to synthesizing a
higher-order auditory percept (Gruters and Groh, 2012).
Indeed, it is distinguished from other auditory nuclei in the
brainstem by its output connections to motor pathways
and movement coordination systems (Casseday and
Covey, 1996; Caggiano, et al., 2018). There is also evi-
dence in rats that motor systems project to the IC, such
as projections from the substantia nigra pars lateralis
(SNpl; Olazabal and Moore, 1989) and from the globus
pallidus (Moriizumi and Hattori, 1991). In this line of evi-
dence, it was demonstrated that either DBS or microinjec-
tion of glutamatergic antagonists (AP7 or MK-801) into
the IC attenuated haloperidol-induced catalepsy in awake
rats (Melo et al., 2010; Medeiros et al.,, 2014; Melo-
Thomas and Thomas, 2015; Engelhardt et al., 2018; Ihme
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et al., 2020). Catalepsy in rodents is a state of immobility
attributed mainly to the blockade of D, DAergic receptors
in the striatum induced by systemic or intrastriatal admin-
istration of haloperidol (Hornykiewicz, 1973; Sanberg,
1980; Wadenberg et al., 2001). Such catalepsy is used as
an experimental model of akinesia, a lack of spontaneous
motor activity that is common in PD.

Although haloperidol-induced catalepsy has contrib-
uted to the discovery of symptomatic drugs for PD, it
produces only an acute motor impairment. In a condition
like PD, patients experience chronic motor impairments;
therefore, it is important to investigate the effectiveness
of treatment on long-term symptoms (i.e., lesions), as it
has already been demonstrated in mice with MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) lesions (Melo-
Thomas et al., 2018) and receiving intracollicular DBS. Here,
this research was extended to rats, and it was asked
whether either DBS or glutamatergic neural substrate in the
IC affects chronic motor impairments induced by 6-hy-
droxydopamine (6-OHDA). Injection of this catecholaminer-
gic neurotoxin in the medial forebrain bundle (MFB), for
instance, results in denervation of the dopaminergic nigro-
striatal pathway and is considered as a classic chronic ani-
mal model for parkinsonism (Ungerstedt, 1968; Ungerstedt
and Arbuthnott, 1970; Salari and Bagheri, 2019), since it
leads to a motor deficit that is stable over time. After receiv-
ing unilateral microinjection of 6-OHDA in the MFB, rats ex-
hibit lateralized deficits in spontaneous behavior, such as
ipsiversive (toward the side of lesion) rotations (Ungerstedt
and Arbuthnott, 1970; Schwarting and Huston, 1996a).
Systemic challenge with the DA receptor agonist apomor-
phine (APO) induces contraversive (away from side of lesion)
rotation, as a result of DA receptor supersensitivity in the
DA-depleted hemisphere (Schwarting and Huston, 1996b;
Deumens et al., 2002). This is particularly important since
contraversive rotations in 6-OHDA-lesioned rats are closely
related to dyskinesia, one of the most marked disabilities
observed during the late phase of PD (Konitsiotis and
Tsironis, 2006; Lane et al., 2006). Another important point is
that this rotatory behavior is highly correlated with the
amount of thigmotactic scanning (locomotion along the wall
with the vibrissae in contact with it; Schwarting et al., 1991).
For instance, a rat with a severe 6-OHDA lesion of the right
nigrostriatal pathway spontaneously locomotes clockwise
(ipsiversive rotations) along the walls of an open-field, but
has more scanning with the left side of the body (the domi-
nant side). Contrarily, after receiving APO, this same rat
rotates anticlockwise not only because it exhibits a contra-
versive body asymmetry, but also because it shows more
scanning (more exploration) with the side of the body ipsi-
lateral to the lesion (now the dominant side; Thal et al.,
1979; Schwarting et al., 1991). The present study was
undertaken to investigate whether (1) intracollicular DBS
can ameliorate neurochemical lesion-induced behavioral
asymmetries as assessed by spontaneous or APO-in-
duced contraversive behavior; (2) whether such later-
alization in hemiparkinsonian rats is attenuated by
glutamatergic manipulations in the IC; (3) whether glutama-
tergic manipulations in the IC affect neural activity in the
neostriatum in anesthetized rats; and (4) which motor struc-
tures receive projections from the IC.
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Materials and Methods

Animals

One hundred twenty-six male Wistar rats, weighing 290-
300 g on the day of surgery, were used in four distinct
experiments. Ninety-seven rats were used for behavioral ex-
periments, and 23 rats were used for electrophysiology
(n=19) and the neural tract tracer (n =4) study. A total of six
rats was excluded from our study because of electrode mis-
placement or because they did not present contraversive ro-
tations after apomorphine administration. Rats were housed
in Plexiglas-walled cages in groups of five by cage and had
ad libitum access to water and food (room temperature,
22 =1°C; humidity, 55+ 5%; 12 h light/dark cycle). After
surgery, rats were kept individually for 1 day and were later
housed in pairs in Macrolon type Ill cages with extra high
acrylic covers (length, 22 cm; width, 38 cm). All protocols
were performed in accordance with the European Manual
and approved by the local ethics committee (TVA G53-
2016, Tierschutzbehorde, Regierungsprasidium; behavioral
experiments) or with the recommendations of the Brazilian
Society for Neuroscience and Behavior, which are based on
the of the US National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals (publication No. 85-23,
revised 1985), and were approved by the Ethics Committee
of the University of Sdo Paulo (CEP: 0091/12; electrophysi-
ology and neural tract tracer experiments).

Drugs and doses

6-OHDA (Sigma-Aldrich) 12 ug/ul was dissolved in
0.02% ascorbic acid/physiological saline solution. The
following drugs were dissolved in physiological saline:
NMDA (Sigma-Aldrich) at 30 nmol/0.5 ul; (+)—5-methyl-
10, 11-dihydro-5H-dibenzo (a,d)-cyclohepten-5,10-imine
(MK-801; Research Biochemicals International) at 30 nmol/
0.5 ul; and APO (Teclapharm) at 0.5 mg/kg were used. The
drugs and doses used here were based on those used in
previous studies (Ciucci et al., 2007; Melo et al., 2010;
Medeiros et al., 2014; Tonelli et al., 2018).

Stereotaxic surgery

Rats were anesthetized with 2% isoflurane (Baxter
Deutschland) and fixed in a stereotactic frame (TSE Systems).
Ophthalmic ointment Bepanthen (Bayer Vital) was ap-
plied to prevent eye drying, and 0.5 ml of xylocaine
(Dentsply De Trey) was injected subcutaneously under
the shaved scalp to minimize discomfort.

6-OHDA and sham lesions

Hemiparkinsonian rats (lesion group) were created by
lesioning the right MFB as described previously (da
Cunha et al., 2008). Briefly, a burr hole was drilled above
the MFB, allowing 1 ul of 6-OHDA (12 ug/ul) to be injected
into the right MFB according to the following coordinates
(relative to bregma): anteroposterior (AP), 1.9 mm; medio-
lateral (ML), —1.9 mm; dorsoventral (DL), 7.2 mm (from the
dura mater; Paxinos and Watson, 2007). 6-OHDA was
freshly prepared before each operation and kept in the
dark throughout each surgery. Injections were made
using a stainless steel dental needle (30 gauge; Miraject)
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connected by a polyethylene tube to a 10 ml Hamilton sy-
ringe, at a rate of 1 ul/min controlled by a microinjection
pump (model sp101i, WPI). After injection, the injector
needle was left in place for 3 min to allow local toxin diffu-
sion. The sham group received the vehicle solution (1 ul of
0.02% ascorbic acid in physiological saline) and was
used as a control. Immediately after toxin or physiological
saline microinjection in MFB, the same rats were also im-
planted with an electrode or microinjection guide cannula
in the IC.

Electrode implantation

Rats (n=53) were implanted unilaterally into the IC
with a microelectrode unit, consisting of a stimulation
electrode (90% platinum wire; 10% iridium wire; core
diameter, 125 um; outer diameter, 150 um; impedance,
<10 kQ; Thomas RECORDING), connected to a contact
plate and a platinum wire reference electrode (shaft di-
ameter, 100 um). The electrode was inserted into the
right or left side using the following coordinates aiming
at the central nucleus (CN) of the IC (Paxinos and
Watson, 2007) with distance from bregma as reference:
anteroposterior, +8.6 mm; mediolateral, £1.5 mm; dor-
soventral, +4.5 mm. Although the same coordinates
were used for all rats, after histologic analysis rats with
electrode tips at the most dorsal part of the CN of the IC
(dCN) and the most ventral part of the CN of the IC
(vCN) were separated into two different subgroups.
Each rat had an electrode implanted in the IC on the
same side or on the opposite side of the lesion. The
electrode was fixed to the skull with four stainless steel
screws covered with ultraviolet adhesive (Duo-Link
Universal, BISICO) and acrylic resin. A protective cap
was used to cover the electrode contacts.

Cannula implantation

Rats (n=44) were implanted bilaterally with stainless
steel guide cannulae (22 gauge; length, 13 mm; Thomas
RECORDING) aimed at the following IC coordinates
(Paxinos and Watson, 2007) with A as reference: antero-
posterior, +1.0 mm; mediolateral, =1.5 mm; dorsoven-
tral, +4.5 mm. The cannulae were fixed to the skull and
covered as described in the case of electrode fixation. A
stiletto put inside the guide cannulae prevented obstruc-
tion. After surgery, rats were kept individually for 1 day
and were later housed in pairs in Macrolon type Ill cages
with extra-high acrylic covers (length, 22 cm; width, 38 cm).
Postoperative care included buprenorphine (0.05mg/kg;
Titolare A.l.C.) injected subcutaneously every 12 h for 72 h,
and body weights and general health status were monitored
daily up to the end of the behavioral experiments. Laboratory
conditions were standardized (temperature, 23°C; humidity,
40-60%; 12 hlight/dark cycle), and free access to water and
food was provided. The behavioral tests started 7 day after

surgery.

Behavioral assessments
Elevated plus maze test

Although behavioral asymmetries are usually investi-
gated in open-field tests arenas, previous evidence
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showed that they can also be investigated using an
elevated plus maze (EPM; Schwarting and Borta,
2005), which is classically used to assess anxiety-
related behaviors. Behavioral asymmetries in an EPM
can be assessed, since the animal often has decision
points to turn into an arm to its left or right, and, based
on their turning asymmetries, one could expect that
rats with unilateral 6-OHDA lesions turn more toward
the ipsilateral side (since it neglects the contralateral
side). For that, to encourage exploration, anxiety was
reduced by keeping the light conditions darker than
usual (@ dim red light ~10lux in the testing room),
based on the study by Morato and Castrechini (1989),
who showed that rats tested under low light intensity
increased the number of entries and the time spent in
open arms. Using this approach, our goal was to inves-
tigate whether asymmetry in hemiparkinsonian rats is
affected by intracollicular 30 Hz DBS.

The apparatus consisted of two open arms (50 -
x 10cm) and two closed arms (50 x 10 cm, with 40cm
high walls) extending from a central platform elevated
50cm above the floor. Behavior was monitored by a
video camera (model WVBP330/GE, Panasonic) from
~150cm above the EPM. Before each test, the EPM ap-
paratus was cleaned using a 0.1% acetic acid solution
followed by drying. Electrical currents were delivered
(80 Hz; current amplitude, 600 uA; pulse width, 100 us)
by connecting the implanted stimulation electrodes to
a pulse generator using a tethered system (model
STG3008-FA, Multichannel Systems) through a slip ring
commutator (model SL12C, Bilaney Consultants). The
stimulation procedure and parameters used here were
based on previous studies from our group (Engelhardt
et al., 2018; Ihme et al., 2020). The rats were randomly
assigned to the following groups: Lesion DBS (n=15),
Lesion No DBS (n=18), Sham lesion DBS (n=12), and
Sham lesion No DBS (n =8). The stimulation cable was
connected to the implanted electrode, and rats were
first stimulated for 5min in a clean home cage placed
near the EPM. Thereafter, the rats were placed on the
EPM, with stimulation being continued throughout test-
ing. Specifically, each rat was placed onto the central
platform of the EPM with its head facing one of the open
arms and then allowed to freely explore the open and
closed arms for 5min according to a protocol previ-
ously reported (Pellow et al., 1985; Melo-Thomas et al.,
2017). The procedure in No-DBS controls was identical
except that no current was administered. The following
behaviors were assessed: (1) the number of entries into
and time spent on the open and closed arms; (2) the
number of turns (90°; when approaching the center, the
side chosen to change from open to closed arms, or
vice versa) contraversive and ipsiversive to the lesion
side; (3) the number of half rotations (180°) and rota-
tions (360°) contraversive and ipsiversive to the lesion
side (at both open and closed arms or at the center);
and (4) the number of risk assessments contraversive
and ipsiversive to the lesion side. Here, risk assessment
was defined as aborted attempts to enter into open
arms, which includes scanning, stretch/attend postures
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(when the rat stretches to its full length with its fore-
paws, keeps its hindpaws in the same place, and then
turns back) and flat back approach (locomotion during
which the animal stretches to its full length and cau-
tiously moves forward; Griebel et al., 1997; Coimbra et
al., 2017; Ferreira-Sgobbi et al., 2022). Each rat was
tested only once on the EPM.

Apomorphine-induced rotation test

The goal was to investigate the effect of intracollicular
glutamatergic manipulations or 30 Hz DBS to counteract
APO-induced rotation behavior in hemiparkinsonian rats.
Rotational asymmetry was assessed using an activity box
(40 x 40 x 40 cm) under red light (~30 lux).

Effect of 30 Hz intracollicular DBS. The same stimula-
tion parameters as described for the EPM test were used.
For assessing rotatory behavior under intracollicular
30Hz DBS, immediately after each rat had received
APO (0.5mg/kg, s.c.), the stimulation cable was con-
nected to the implanted electrode and rats were placed
into the arena under continuous stimulation during
30 min. Behavior was monitored over 30 min by a video
camera (model WVBP330/GE, Panasonic) positioned
centrally 1 m above the arena. Here, 25 rats (Lesion,
n=18; Sham lesion, n=7) that had participated in the
EPM test were reused. During data analysis, lesion rats
were assigned (dCN, n=6; vCN, n=12); then, vCN rats
were reassigned to positions contralateral and ipsilat-
eral to lesion (n=6 each). Sham lesion rats were not
compared considering electrode placement in the IC as
a factor, because the total number of rotations for each
rat was close to zero. Each rat was tested two times,
once with 30 Hz DBS and once without DBS in a coun-
terbalanced way with a washout period of 48 h.

Effect of IC glutamatergic manipulations. The rats that
received guide cannulas implanted in the IC were ran-
domly assigned to the following groups: Lesion (n=26);
and Sham lesion (n=18). A given microinjection was de-
livered using a stainless steel dental needle (30 gauge;
Miraject) introduced through the guide cannula previously
implanted in the IC, until its lower end was 1 mm below
the cannula tip. This dental needle (length, 14 mm) was
connected by a polyethylene tube to a 10 ml Hamilton sy-
ringe, and the drugs were delivered at a rate of 0.5 ul/min
controlled by a microinjection pump (model sp101i, WPI).
The animals from the control groups received an equiva-
lent volume of physiological saline. The dental needle was
left in place for an additional 1 min thereafter. Imnmediately
after receiving an injection of NMDA (unilateral), MK-801
(unilateral or bilateral), or a physiological saline solution
into the IC, the rats were placed individually into the arena
and their behavior was recorded over 5min (pre-APO
condition). Then, APO was injected subcutaneously and
the behavior was recorded over 30 min (post-APO condi-
tion). The number of whole rotations (360° turns) toward
either the side of the lesion (ipsiversive) or the opposite
side (contraversive) was assessed offline by a blind to the
protocol experimenter. Only the number of narrow rota-
tions (within a diameter of <30cm corresponding to the
common description “head-to-tail”) were considered and
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Figure 1. Graphical representation summarizing the behavioral procedures. A, Assessment of IC 30 Hz DBS on behavior in the EPM
and on apomorphine-induced rotations in hemiparkinsonian rats. Rats were placed on the EPM under 30 Hz DBS a week after 6-
OHDA-produced unilateral lesions in the MFB. Two days later, the same rats received apomorphine and the rotations were as-
sessed under 30 Hz DBS. B, Assessment of the role of IC glutamate on apomorphine-induced rotations in hemiparkinsonian rats.
Rotations were recorded during 5 min immediately after IC microinjection of NMDA or MK-801 (pre-APO condition). Then, the same
rats received apomorphine subcutaneously, and rotations were again recorded over 30 min (post-APO condition). St, Neostriatum

(created with BioRender.com).

two half-rotations were counted as one whole rotation.
The rats were tested two times with a washout period of
48 h [Fig. 1A,B (created with BioRender.com)].

Assessment of 6-OHDA lesion and electrode location
inthelC

At the end of the behavioral experiments, each rat re-
ceived an overdose of sodium-pentobarbital (Fagron;
600 mg/kg). When breathing stopped, the same stimula-
tion cable used during the behavioral experiments was
connected to the working electrode and the electrical
stimulation (current intensity, 50 uA; pulse width, 100 us;

July/August 2022, 9(4) ENEURO.0076-22.2022

pulse interval, 100 us) was applied for 90 s to produce a
small local electrolytic lesion. This step was crucial to bet-
ter localize electrode tip placement during the later histo-
logic analysis afterward. The rats were then perfused
intracardially with 4% paraformaldehyde. Thirty-microme-
ter-thick coronal sections were cut with a cryostat (model
1850, Leica) and mounted on slides. Histologic staining
for tyrosine hydroxylase (TH; Graybiel et al., 1987) was
used to assess the loss of DA cells in the SNpc ipsilateral
and contralateral to the 6-OHDA injection. The rats were
aleatorily assigned into No-DBS and DBS groups. Only
rats presenting a marked degeneration of the DAergic
neurons in the SNpc with >80% of neuronal loss were
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included in the present study. Sections with the IC were
stained with cresyl violet to reveal the stimulation sites.
Boundaries of the SN and IC were assessed with refer-
ence to the atlas of Paxinos and Watson (2007).

Electrophysiological assessment

The goal of this experiment was to investigate whether
the intracollicular glutamatergic manipulations may affect
neural activity in the neostriatum. For that, intrastriatal
neural activity was assessed after microinjection of either
a glutamatergic agonist (NMDA) or antagonist (MK-801)
into the IC in anesthetized rats. For an overview of this
study, see Figure 5A (created with BioRender.com).

Equipment

The microdrive and microelectrodes used in this expe-
riment were described in detail by Eckhorn and Thomas
(1993). Briefly, the microdrive (Mini Matrix, Thomas
RECORDING), fixed to the stereotaxic equipment, car-
ries up to five stainless steel tubes (outside diameter,
305 um; inside diameter, 152 um). In our experiment,
one microelectrode (impedance range, 0.3-2.3 MQ)
was placed inside each tube with the tip of each micro-
electrode ~1 mm back from the distal end of the tube.
Four electrodes were used for multiunit recording (plati-
num/tungsten alloy; impedance, 1-2 M()). Each micro-
electrode was connected to a high-impedance headstage
preamplifier integrated into the Mini Matrix microdrive.
The preamplifier was connected to a mode selection
and impedance test control device that allowed the se-
lection of one of three functions for each microelec-
trode, as follows: neural recording, impedance testing,
and electrical stimulation. The recorded signals were
then preamplified (gain=19; Mini Matrix), main-amplified
(gain=500; MAF-05, Thomas RECORDING), and filtered
(bandpass, 500 Hz to 20 kHz), then passed through a data
acquisition system and digitized. Neural activity was
displayed and archived using the MC-Rack program
(Multichannel Systems).

Electrophysiological recordings

Rats were anesthetized with urethane (1.4 g/kg, i.p.;
Sigma-Aldrich) and fixed in a stereotaxic frame (David
Kopf Instruments) with the upper incisor bar set at 3.3 mm
below the interaural line such that the skull was horizon-
tal between bregma and A. A midline scalp incision was
made, and a 2 mm burr hole was drilled in the skull
above the IC. A dental needle connected to a Hamilton
syringe was introduced vertically into the IC for drug mi-
croinjections. Another hole (~5 mm) was opened in the
skull above the neostriatum. The Mini Matrix was low-
ered until the tip of each tube rested just over the dural
surface with the electrode tips at the same depth and
aligned in parallel at a distance of 305 um from each
other. Then, the electrodes were moved into the brain
aiming at the neostriatum according to the following co-
ordinates using bregma as the reference: AP, 1.4 mm;
ML, =2.5 mm; DV, 4.5 mm. Under computer control
(Motor Control Software, Thomas RECORDING), each
microelectrode was moved independently at a speed of
20 um/s crossing the dura mater toward the neostriatum.
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Once in the neostriatum, recordings were made from
two different depths (4.5 and 6.5 mm from the dura
mater were considered as more dorsal and more ventral
regions of the neostriatum, respectively) and were con-
sidered as baseline measurements. Then, either NMDA,
MK-801, or physiological saline was microinjected into
the IC. One minute after removal of the microinjection
needle, intrastriatal neural recordings from the same
depths used for baseline measurements were per-
formed. At the end of the experiments, an iron electrode
coated with quartz (outside diameter, 80 m) was intro-
duced into the brain, through the fifth stainless steel tube, at
the same depth as the recording electrodes. An electrical
current of 25 A was applied twice (30 and 90 s) to deposit
iron near the prior recording sites. Experimental sessions
lasted no more than 2 h, and each animal received only one
IC microinjection. The level of anesthesia was monitored
by frequently checking the response to tail pinch, and
urethane was supplemented as necessary to maintain
the depth of anesthesia.

Neural tract tracing of pathways connecting the IC

An independent group of intact Wistar rats (n=4) was
anesthetized intraperitoneally with a mixture of ketamine
(92 mg/kg; Unido Quimica Farmacéutica Nacional) and
xylazine (9.2 mg/kg; Hertape/Calier). They were fixed in
a stereotaxic frame (David Kopf Instruments), and the
bidirectional neural tract tracer biotinylated dextran
amine [BDA; 3.000 molecular weight (MW); Thermo
Fisher Scientific] was microinjected into the IC through
a microinjection cannula (Mizzy; 30 gauge; outer diam-
eter, 0.3 mm, length 14 mm; see Fig. 6A,B) following
the coordinates described for item 2.3. BDA was de-
posited in the IC at a volume of 0.5 ul over the course
of 5min. Infusions were delivered using an infusion
pump (Stoelting) through a polyethylene tube (PE10)
attached to the cannula.

Seven days after microinjection, the rats were again
anesthetized with ketamine and xylazine, and perfused
through the left cardiac ventricle with cold, oxygen-
enriched, Ca®"-free Tyrode’s buffer (40 ml at 4°C) and
ice-cold paraformaldehyde (200 ml, 4% (w/v) in 0.1 M so-
dium phosphate buffer, pH 7.3) for 15 min at a pressure of
50 mmHg with a perfusion pump (L/S peristaltic tubing
pump, Masterflex). The brainstem was quickly removed,
sectioned, and immersed in fresh fixative for 4 h at 4°C. It
was then rinsed for at least 12 h each in 10% and 20% su-
crose dissolved in 0.1 m sodium phosphate buffer, pH 7.4,
at 4°C. The tissue pieces were immersed in 2-methylbu-
tane (Sigma-Aldrich), frozen on dry ice, embedded in
Tissue-Tek OCT, and cut with a cryostat (model CM 1950
Leica) at —22°C. The 20 um slices were subsequently
mounted on glass slides (coated with chrome alum-gel-
atin to prevent detachment) and stained with hematoxy-
lin-eosin using an Autostainer (CV 5030 Autostainer XL,
Leica). The immunohistochemistry was based on previous
studies (see for details Almada et al., 2015, 2021; Falconi-
Sobrinho et al., 2017). The positions of the guide cannula
tips were determined according to the atlas of Paxinos
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and Watson (2007) under a motorized photomicroscope
(Axiolmager Z1, Zeiss).

Statistical analysis

The data obtained in the EPM test were analyzed using
a three-way ANOVA for the factors lesion, DBS, and loca-
tion (open x closed arms) or lateralization (ipsiversive x
contraversive) to detect significant differences between
groups. Bonferroni’s post hoc pairwise tests were used to
determine the sources of detected significances. Repeated-
measures two-way ANOVA, followed by Bonferroni’s post
hoc test when appropriate, was performed to compare the
total number of risk assessments, turns, half turns, and rota-
tions. The effect of DBS during APO-induced rotation be-
havior was analyzed using repeated-measures two-way
ANOVA with the following factors: lesion and DBS, electrode
placement and lesion or electrode placement, and DBS.
ANOVA was followed by Bonferroni’s post hoc test when
appropriate. Additional two-way ANOVAs were conducted
for comparing the effect of microinjections at sham lesion
and lesion conditions, with treatment (NMDA, MK-801, or
saline) and rotations (ipsiversive or contraversive) factor fol-
lowed by Bonferroni’s post hoc test when appropriate.

The number of TH-labeled cells in both the lesion and
no-lesion sides in the SNpc of rats receiving 30 Hz DBS
or IC microinjections was compared by one-way ANOVA,
followed by either Tukey’s post hoc tests or unpaired
Student’s t test, respectively. Statistical analyses were per-
formed using GraphPad Prism version 9.0. All behavioral
data were expressed as the mean = SEM. Differences
were considered significant when the p value was <0.05.

For assessment of neural activity in the neostriatum,
and in a first step, raw multiunit activity was analyzed off-
line with the Thomas Spike Sorter Software (Thomas
RECORDING), using nonlinear energy operator and prin-
cipal component analysis to detect single unit activity and
classify spikes. Afterward, spike times were analyzed fur-
ther using MATLAB 2015a (MathWorks) and converted to
spike density functions using a Gaussian smoothing win-
dow of 90 ms width (o- = 30 ms) to obtain continuous firing
rates of each single unit. Finally, single-unit activity for
each animal and condition was averaged across time, and
all neurons for each specific depth. These averaged firing
rates were compared with respect to recording depth and/
or injected drug by using two-sample Student’s t tests
without assuming equal variances. Furthermore, it was an-
alyzed the mean activity of neurons in the neostriatum. This
was done either before a microinjection (baseline measure-
ment) or right after a microinjection with NMDA, MK-801,
or physiological saline at two different penetration depths.

Results

An overview of the behavioral procedures can be seen
in Figure 1, A and B (created with BioRender.com).
Briefly, 1 week after receiving a unilateral microinjection of
6-OHDA in the MFB and having an electrode implanted
in the right or left IC, the rats were placed on an EPM re-
ceiving intracollicular DBS to assess spontaneous laterali-
zation (for rationale, see Materials and Methods). Two
days later, these rats were assessed for DBS effects on
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APO-induced contraversive rotations in an open field.
Another group of rats received a microinjection of 6-
OHDA in the MFB, and a microinjection cannula was
implanted bilaterally in the IC. One week later, the gluta-
matergic antagonist MK-801 or the agonist NMDA was
microinjected in the IC and spontaneous (pre-APO condi-
tion) or APO-induced rotations (post-APO condition) were
assessed in the open field.

Behavioral assessment during the EPM test

Figure 2A shows the time spent in the arms for all
groups. According to a three-way ANOVA, there was a
main effect of location (F(1,62) = 14.21, p < 0.001), but no
effect of lesion (F(1 36y = 0.000, p > 0.05) or DBS treatment
(F,62) = 0.000, p > 0.05) and no interaction lesion x DBS
(F(1,36) = 0.000, p > 005) or DBS x location (F(1,52) =
1.268, p > 0.05), lesion x location (F(1 3¢ = 0.3648, p >
0.05), or DBS x lesion x location (F(,3s = 0.0173, p >
0.05). Bonferroni’s post hoc comparisons indicated an
effect of location only in the DBS lesion group, since
these rats when receiving 30 Hz DBS spent more time in
the open arms (p < 0.05). Importantly, the lesion No-DBS
group and both Sham lesion groups revealed no prefer-
ence for any arms (p > 0.05), suggesting that, as ex-
pected, the EPM test conditions were not anxiogenic.

Regarding the number of entries, a three-way ANOVA
revealed an effect of lesion (F(1 9g) = 11.74, p < 0.001) and
location (F(1,95) = 9.151, p < 0.01) but no effect of DBS
treatment (F(1 05y = 0.3670, p > 0.05; Fig. 2B), interaction
DBS x lesion (F(1,08y = 1.791, p > 0.05), DBS x location
(F1,08=1.259, p > 0.05), lesion x location (F1,gg = 1.301,
p > 0.05), or DBS x lesion x location (F gg = 0.4054,
p > 0.05). When comparing the total number of entries, a
two-way ANOVA showed a significant effect of lesion
(F(1 ,49) = 8253, p < 001) but no effect of DBS (F(1’49) =
0.2580, p > 0.05) or lesion x DBS interaction (F1 49 =
1.259, p > 0.05; Fig. 2C). According to Bonferroni’s post
hoc comparisons, rats with sham lesions and DBS en-
tered more often into the open arms compared with
the closed arms (p < 0.05) and compared with the
number of open arm entries of 6-OHDA rats receiving
DBS (p < 0.05).

Regarding the number of risk assessments, a three-
way ANOVA revealed an effect of lesion (F(1,9g =
6.184, p < 0.05) and lateralization (F(1 95y = 9.552, p <
0.01) but no effect of DBS treatment (F(1 95 = 0.9923,
p > 0.05). There was a significant lesion x lateraliza-
tion interaction (F(1,95) = 7.992, p < 0.01; Fig. 2D) but
no DBS X lesion (F(1,95) = 0.0001844, p > 0.05), DBS x
lateralization (F(1,95) = 0.3136, p > 0.05), or DBS x le-
sion x lateralization (F(1,9gy=0.2214, p > 0.05) interac-
tion. Bonferroni’s post hoc comparisons revealed that
6-OHDA rats showed more ipsilateral risk assessments
(p < 0.01) and this lateralization was not affected by DBS
treatment (p > 0.05). A two-way ANOVA revealed that
the total number of risk assessments was not affected
by lesion or 30 Hz DBS treatment (F3 49 = 1.785, p >
0.05; Fig. 2H).

Figure 2E-G shows the results for rotatory behaviors.
Regarding the number of turns, according to a three-way
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Figure 2. Effect of intracollicular 30 Hz DBS on exploratory behavior of hemiparkinsonian rats placed on the EPM test. A-C, Classic
behaviors usually assessed during the EPM test, such as time spent (A), number of entries in the open and closed arms (B), and
total number of entries (C), were recorded from 6-OHDA and Sham control rats. Since the test was conducted under lower illumina-
tion, no anxiety was observed and the rats were encouraged to explore the arms more, allowing the experimenter to investigate
whether the exploratory behavior was biased to either side. D-G, 6-OHDA rats showed an increased number of risk assessments
(D), turns (E), half-rotations (F), and rotations toward the lesioned side (ipsilateral; G). Thirty hertz DBS did not affect this lateraliza-
tion. H-K, There was no difference in the total number of these exploratory behaviors when comparing Lesion and Sham lesion
groups. Bars represent mean values, and vertical lines indicate SEM values. *p <0.05; *p <0.01; **p <0.001; ***p < 0.0001, ac-
cording to ANOVA followed by Bonferroni’s multiple-comparisons post hoc test.

ANOVA, there was a significant effect of lateralization
(F1,08 = 8.539, p < 0.01) and lesion x lateralization inter-
action (F(1,9) = 14.86, p < 0.001). There was no effect of
DBS (F(1 ,98) = 1.090, p > 0.05), lesion (F(1,98) =1.058, p >
005), or DBS x lesion (F(«],gg) =0.8081 , P> 005), DBS x
lateralization (F(1,05) = 0.0009664, p > 0.05), or DBS x
lesion x lateralization (F(1 9g) = 3.364, p > 0.05) interac-
tion. Post hoc Bonferroni’s multiple comparisons test
revealed that 6-OHDA rats showed more ipsilateral
turns (No-DBS group, p < 0.05; DBS group, p <
0.0001; Fig. 2E).

Regarding the number of half rotations, according to a
three-way ANOVA, there was a significant effect of lateral-
ization (F(1,08) = 48.63, p < 0.0001) and lesion x lateraliza-
tion interaction (F1,95) = 70.60, p < 0.0001). There was no
effect of DBS (F(1,05) = 1.861, p > 0.05), lesion (F1 95 =
0.2568, p > 0.05), and DBS x lesion (F,9g = 0.04,878,
p > 0.05), DBS x lateralization (F 9s = 0.02,458, p >
0.05), or DBS x lesion x lateralization (F og) = 2.045, p >
0.05) interaction. Post hoc Bonferroni’s multiple-compa-
risons test revealed that 6-OHDA rats showed more
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ipsilateral turns (No-DBS group, p < 0.05; DBS group,
p < 0.0001; Fig. 2F).

Regarding the number of full rotations, according to a
three-way ANOVA, there was a significant effect of lateral-
ization (F(1 ,08) = 23.66, p < 00001) and lesion (F(1,98) =
10.22, p < 0.0001), but no effect of DBS (Fy gg) = 0.3552,
p > 0.05). There was a significant lesion x lateralization
interaction (F(1,9g) = 13.98, p < 0.001) but no DBS x lesion
(F1,08y = 0.0008511, p > 0.05), DBS x lateralization
(F(1,08)=1.295, p > 0.05), or DBS x lesion x lateraliza-
tion (F(1,08) = 0.5442, p > 0.05) interaction. Post hoc
Bonferroni’s multiple-comparisons test revealed
that 6-OHDA rats showed more ipsilateral rotations
and that DBS treatment did not affect this asymmetry
(No-DBS group, p < 0.0001; DBS group, p < 0.001;
Fig. 2G).

According to a two-way ANOVA, there were no signifi-
cant effects in the total number of turns (F3 49 = 0.9136,
p > 0.05; Fig. 2/), or in the total number of half-rotations
(Fz,49) = 1.113, p > 0.05; Fig. 2J). There was a significant
difference in the total number of rotations (F3 49y = 3.911,
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p < 0.05; Fig. 2K) with the lesion No-DBS group showing
more rotations than the Sham lesion DBS group (p <
0.05).

An additional analysis was performed considering the
placement of the IC electrode regarding the lesion side
(ipsilateral or contralateral) as a factor. A three-way
ANOVA used to analyze the time spent revealed an effect
of location (open and closed arms; F(129) = 6.139, p <
0.05) but no effect of DBS (F(1,29) = 0.000, p > 0.05), elec-
trode placement (F (1 29 = 0.000, p > 0.05), or location x
DBS (F(1,29) = 0.5090, p > 0.05), electrode placement x
DBS (F(1,29) = 0.000, p > 0.05), location x electrode
placement (F( 29) = 0.05,331, p > 0.05), or DBS x loca-
tion x electrode placement (F g = 0.05958, p > 0.05)
interaction. Regarding the number of entries, according
to a three-way ANOVA, there was a significant effect of
location (open and closed arms; F(1 29y = 6.078, p < 0.05)
but no effect of DBS (F(129) = 0.2191, p > 0.05), elec-
trode placement (F 1 29) = 0.4162, p > 0.05), or location x
DBS (F(1,29) = 0.3384, p > 0.05), electrode placement x
DBS (Fu,09 = 0.6761, p > 0.05), location x electrode
placement (F 29) = 0.0069, p > 0.05), or DBS x location x
electrode placement (F(1 »9) = 0.4059, p > 0.05) interaction.
Regarding the number of risk assessments, three-way
ANOVAs revealed a significant effect of lateralization
(F(1,299 = 33.33, p < 0.0001) but no effect of DBS
(F(«],gg) =0.1 439, p > 005) electrode placement (F(1 ,29) =
0.7433, p > 0.05), or DBS x lateralization (F 29, = 0.000,
p > 0.05), DBS x electrode placement (F29) = 0.6292,
p > 0.05), lateralization x electrode placement (F 29) =
0.3772, p > 0.05), or DBS x lateralization x electrode
placement (F¢ 29 = 0.06,035, p > 0.05) interaction.
Regarding the number of turns, three-way ANOVA re-
vealed a significant effect of lateralization (F4 29) = 28.91,
p < 0.0001) but no effect of DBS (F 1 29y = 0.02,968, p >
0.05), electrode placement (F(4,29) = 0.7419, p > 0.05), or
DBS x lateralization (F(1,29 = 2.281, p > 0.05), DBS x
electrode placement (F(1 29) = 0.04,433, p > 0.05), later-
alization x electrode placement (F 29 = 1.609, p >
0.05), or DBS x lateralization x electrode placement
(F,20) = 0.03,284, p > 0.05) interaction. Regarding the
number of half-rotations, three-way ANOVA revealed a
significant effect of lateralization (F(1 29 = 86.52, p <
0.0001) but no effect of DBS (F(1,29) = 1.704 p > 0.05),
electrode placement (F1 29) = 0.1336, p > 0.05), or DBS x
lateralization (F(1 00) = 2.129, p > 0.05), DBS x electrode
placement (F(1,29) = 0.1336, p > 0.05), lateralization x elec-
trode placement (F1 29 = 1.955, p > 0.05), or DBS x later-
alization x electrode placement (F1,29) = 0.1331, p > 0.05)
interaction. Regarding the number of rotations, a three-
way ANOVA revealed a significant effect of lateralization
(F(«],Qg) = 27.66, p < 00001) but no effect of DBS (F(1 ,29) =
0.3208, p > 0.05), electrode placement (F 29) = 0.2.363,
p > 0.05), or DBS x lateralization (F1 29 = 32.08, p > 0.05),
DBS x electrode placement (F1 29y = 0.1637, p > 0.05), lat-
eralization x electrode placement (F(129 = 2.363, p >
0.05), or DBS x lateralization x electrode placement
(F(1,20)=0.1637, p > 0.05; data not shown) interaction.
These results suggest that lesion-induced spontane-
ous lateralization was not affected by DBS regardless
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of whether the electrodes were placed ipsilateral or
contralateral to the lesion.

Assessment of APO-induced rotation during 30 Hz
DBS

A two-way ANOVA for repeated measures of APO-in-
duced rotation revealed a significant effect of lesion
(F(1,23)=29.60, p< 0.0001) but no effect of DBS (F(1 23) =
0.1568, p> 0.05) or lesion x DBS interaction (F 23 =
0.06,935, p > 0.05). Post hoc Bonferroni’s multiple-
comparisons test demonstrated that only the lesion
group displayed a significant rotational bias toward the
opposite side of the lesion (contraversive rotations)
compared with Sham lesion group (p < 0.01; Fig. 3A).
However, a new analysis was performed after the iden-
tification of electrode tip positioning. Rats with elec-
trode tips at the dCN and vCN of the IC were separated
into two different subgroups. When considering the
intracollicular site of electrode placement, a relevant
factor, two-way ANOVA, revealed a significant DBS x
electrode placement interaction (F(1 32 = 9.840, p<
0.01). Bonferroni’s post hoc comparisons demonstrated
that rats stimulated in the vCN rotated less compared with
dCN or Sham DBS groups (p < 0.05; Fig. 3B). An additional
two-way ANOVA was performed to analyze the effect of
DBS applied in the vCN, considering the electrode position
related to lesion side (ipsilateral or contralateral) as a
factor. The two-way ANOVA revealed a significant ef-
fect of DBS (F(1,109) = 6.663, p < 0.05) but no electrode
position x DBS interaction (F(1,10) = 1.752, p > 0.05).
According to Bonferroni’s post hoc test, rats submitted
to vCN intracollicular DBS applied ipsilaterally to the
side of the lesion displayed significantly less contraver-
sive rotations (p <0.05) when compared with No-DBS
in the vCN group. When 30 Hz DBS was applied in the
vCN contralateral to the lesion side, the number of con-
traversive rotations was not significantly different from
those displayed by rats from the No-DBS in the vCN
group (p > 0.05; Fig. 3C).

Assessment of spontaneous rotation after either MK-
801 or NMDA microinjections in the IC

The effect of MK-801 microinjected into the IC on spon-
taneous rotation (before apomorphine; injection; Fig. 4).
Two independent two-way ANOVAs were performed for
sham lesion and lesion groups. Regarding the sham le-
sion groups, a two-way ANOVA for repeated measures re-
vealed no effect of rotations (F1.1¢) = 0.03,625; p > 0.05),
treatment (F(1.903,30.45) = 2.877; p > 0.05), or behavior x
treatment interaction (Fz4g = 0.2183; p>0.05), and
therefore no asymmetry was observed. Regarding the le-
sion groups, a two-way ANOVA for repeated measures re-
vealed a significant effect of behavior (F1.115 = 5.020;
p < 0.05) and of behavior x treatment interaction (Fz.11g) =
3.989; p <0.01), but no effect of treatment (F2.014,79.20) =
0.9569; p > 0.05). When treated with physiological saline,
6-OHDA rats rotated spontaneously more toward the le-
sion side (post hoc Bonferroni’s multiple-comparisons test:
ipsiversive rotations, p < 0.001; Fig. 4A), revealing a clear
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Figure 3. Intracollicular 30Hz DBS reduces APO-induced contraversive rotations of hemiparkinsonian rats. A, Only the 6-OHDA
groups displayed a significant rotational bias toward the opposite side of the lesion. B, When stimulated in the vCN, but not in the
dCN, of the IC, these rats rotated less during 30 Hz DBS. C, When the electrode was implanted in the vCN of the IC ipsilateral, but
not contralateral, to the lesion side, 30 Hz DBS reduced significantly contraversive rotations. D, E, The presence of fewer TH-labeled
cells in the SNpc for Sham lesion rats compared with 6-OHDA rats with electrodes in the dCN or vCN of the IC (D) is demonstrated
by the percentage of cell reduction and by a representative image comparing both the lesion and intact side at the SN (E). F, The lo-
cations of electrode tips (black points) in cross-section diagrams of the IC are shown according to the atlas of Paxinos and Watson
(2007). The number of points is less than the total of animals studied because of graphical overlaps. Bars represent mean values,
and vertical lines indicate SEM values. *p < 0.05; **p < 0.01; ***p < 0.0001, according to ANOVA, followed by Bonferroni’s multiple-
comparisons post hoc test.

ipsiversive asymmetry. This asymmetry disappeared after  (Bonferroni’s multiple-comparisons test; p <0.05; i.e.,
MK-801 microinjection (i.e., there was no difference when  they exhibited an ipsiversive asymmetry. Notably, there
comparing the number of ipsiversive and contraversive ro-  was a significant increase in the number of contraversive
tations; p > 0.05) performed by lesioned rats that received  rotations after NMDA microinjection into the IC ipsilateral
either ipsilateral or contralateral, or even bilateral, MK-801  to the lesion (p < 0.05), indicating a clear contraversive
microinjections into the IC. asymmetry induced by NMDA treatment. In addition,
Figure 4B shows the effect of NMDA microinjected into  NMDA microinjected into the IC contralateral to the lesion
the IC on spontaneous rotation behavior in 6-OHDA rats.  abolished lateralization, since there was no significant dif-
Two independent two-way ANOVAs were performed for  ference when comparing the number of ipsiversive and
Sham lesion and Lesion groups. Regarding the Sham le-  contraversive rotations (p > 0.05).
sion groups, a two-way ANOVA for repeated measures re-
vealed no effect of behavior (F(1.16) = 0.06,336; p > 0.05),
treatment (F1.s36.24.575) = 0.1233; p > 0.05) or behavior x Assessment of the rotations induced by APO after
treatment interaction (F(o 32 = 0.2841; p > 0.05; i.e., there  either MK-801 or NMDA microinjections into the IC
was no significant effect of IC treatment and no asymme- When analyzing the number and direction of rotations in-
try was observed; p > 0.05). Regarding the lesion groups,  duced by APO after intracollicular MK-801 microinjection
a repeated-measures two-way ANOVA revealed a signifi-  from Sham lesion groups, a two-way ANOVA for repeated
cant behavior x treatment interaction (Fp 36 = 9.512; measures revealed no effect of treatment (F(1.69327.09 =
p < 0.001), but no effect of behavior (F 15 = 0.5725; p>  20.49; p>0.05), rotations (F1e = 1.164; p>0.05), or
0.05) or treatment (F(1.822,32.80) = 1.988; p >0.05). When treatment x rotations interaction (Fs 4g) = 0.8517; p > 0.05;
treated with physiological saline in the IC, 6-OHDA rats  Fig. 4C). Regarding Lesion groups, a two-way ANOVA
performed more ipsiversive than contraversive rotations  for repeated measures revealed a significant effect of
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Figure 4. Effect of MK-801 or NMDA microinjected into the IC of hemiparkinsonian rats on spontaneous rotations (pre-APO condi-
tion, top panel) and APO-induced rotations (post-APO condition, bottom panel). A, Lesion rats receiving physiological saline
showed a clear ipsiversive asymmetry, which disappeared after MK-801 intracollicular microinjection, regardless of the microinjec-
tion side (ipsilaterally, contralaterally, or bilaterally) in the IC. No asymmetry was displayed by sham control rats treated with either
microinjections of physiological saline or MK-801 in the IC. B, When treated with physiological saline in the IC, 6-OHDA rats exhib-
ited an ipsiversive asymmetry. NMDA microinjected in the IC ipsilateral to the lesion reverted the lateralization to a clear contraver-
sive asymmetry. No asymmetry was observed after NMDA microinjection in the IC contralateral to the lesion. There was no effect of
IC treatment nor any asymmetry in rats with sham lesions. C, After receiving APO subcutaneously, 6-OHDA rats exhibited a clear
contraversive asymmetry. This asymmetry was significantly potentiated by MK-801 microinjected in the IC contralateral to the lesion
side. The sham groups that received either MK-801 or physiological saline in the IC did not exhibit any asymmetry. D, 6-OHDA rats
exhibited the highest number of contraversive rotations, indicating a clear asymmetry as a consequence of subcutaneous
APO treatment. Intracollicular NMDA treatment did not affect that asymmetry regardless of the side of IC microinjection with respect
to the lesion. Microinjection of either physiological saline or NMDA in the IC of sham rats did not induce any asymmetry during
rotations. E, Location of microinjections sites in cross-section diagrams of the IC, according to the atlas of Paxinos and Watson
(2007). The number of points is less than the total of animals studied because of graphical overlaps. F, G, Fewer TH-labeled cells in
the SNpc for Lesion group compared with the Sham lesion group is demonstrated by the percentage of cell reduction (F) and by a
representative image comparing intact and lesion sides of the same rat (G). Bars represent mean values, and vertical lines indicate
SEM values. *p < 0.05; **p < 0.01, according to ANOVA, followed by Bonferroni’s multiple-comparisons post hoc test.

treatment (F.s00, 75.59) = 6.276; p <0.01), behavior
(F1,30) = 29.85; p <0.0001), and treatment x behavior
interaction (Fz 90 = 7.592; p <0.001; Fig. 4C). When
treated with intracollicular microinjections of physiolog-
ical saline, 6-OHDA rats exhibited an increased number
of APO-induced contraversive rotations (Bonferroni’s
multiple-comparisons test; p <0.05), revealing a clear
asymmetry toward the opposite side of the lesion. This
asymmetry was still observed after ipsilateral (p < 0.05)
and contralateral (p <0.01), or even bilateral (p <0.05)
MK-801 microinjections in the IC. In addition, the num-
ber of contralateral rotations from the 6-OHDA groups
was analyzed in more detail. A one-way ANOVA was
performed, revealing a significant effect of treatment
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(F(3,60) = 3.933; p < 0.05) and, according to Bonferroni’s
multiple-comparisons test, the number of contraversive
rotations from MK-801 in the contralateral IC-treated
group was higher compared with those displayed by
the physiological saline-treated group (p <0.05), sug-
gesting a potentiation of asymmetry.

A two-way ANOVA for repeated measures was used to
compare the number and direction of rotations induced
by APO after NMDA was microinjected into the IC.
Regarding Sham lesion groups, there was no significant
effect of treatment (F1 312,30.17) = 3.521; p > 0.05), behav-
ior (Fr.46) = 0.2040; p>0.05), or treatment x behavior
interaction (F(24¢) = 0.2065; p > 0.05), providing no evi-
dence of asymmetry after physiological saline or NMDA
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microinjections into the IC (ipsilaterally or contralaterally
to the lesion; Fig. 4D). In addition, the behavior of 6-OHDA
rats that received NMDA microinjected into the IC after
APO injection, was analyzed. A two-way ANOVA for re-
peated measures revealed a significant effect of behavior
(F,18 = 23.38; p<0.0001) but no effect of treatment
(F1.606, 27.30=0.3503; p > 0.05) or behavior x treatment
interaction (F(2,34) = 0.7981; p > 0.05). Bonferroni’s multi-
ple-comparisons test revealed that lesioned rats receiving
physiological saline into the IC exhibited more contraver-
sive rotations (p < 0.05), indicating a clear asymmetry as a
consequence of lesion and APO treatment. NMDA micro-
injected into the IC (both ipsilateral or contralateral) did
not affect this asymmetry, since after this treatment 6-
OHDA rats still exhibited more contraversive rotations
(p <0.05; Fig. 4D).

TH immunoreactivity in the SNpc

The immunohistochemical analysis showed that the 6-
OHDA lesions (right MFB) led to a substantial loss of TH-
labeled cells (mean loss, 86.91 +2.10%) in the SNpc
compared with the contralateral No lesion side. A repre-
sentative image comparing the lesion and the intact side
of the same rat is shown in Figures 3E and 4G. A one-way
ANOVA revealed that the 6-OHDA groups showed signifi-
cantly fewer TH-labeled cells in the SNpc compared with
the Sham lesion group (Fi,17) = 181.5; p <0.0001; Fig.
3D), but no difference in the number of labeled TH cells
in the SNpc of 6-OHDA rats and intracollicular elec-
trode implant in the IC. Regarding the 6-OHDA rats
with an intracollicular cannula implanted in the IC, an
unpaired Student’s t test revealed that TH density in
the SNpc was significant less for the Lesion group
compared with the Sham lesion group (t=35.66, df =26,
p <0.0001; Fig. 4F).

Electrode tip and microinjection cannula placement

Placements of electrode tips or microinjection sites
in the IC are shown in Figures 3D and 4E, respectively.
The electrode or cannula tips were situated in the central
nucleus of the IC. The number of points is less than the
total number of animals studied because of graphical
overlapping.

Intrastriatal neural activity after microinjection of
either MK-801 or NMDA into the IC

To test whether glutamatergic manipulations in the IC
affect neural activity in the neostriatum, neuronal activity
was recorded from two different depths (considered as
more dorsal or more ventral regions of the neostriatum) in
anesthetized rats. There was no significant difference in
striatal activity (number of spikes) between the two depths
for all three microinjection conditions (tsaiines.s) = —2.47,
p=0.08; tnmvpas.o = —1.75, p=0.12; tpk-go110-31)=0.62,
p =0.55; Fig. 5D-F). Additionally, there was no significant
difference in the neural activity at both depths in the neo-
striatum assessed after the microinjection of MK-801,
NMDA, or physiological saline compared with the respec-
tive baseline activity.
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During microinjections, an unexpected result was ob-
served. Although the rats were anesthetized and their
heads fixed in the stereotaxic apparatus, immediate and
sustained protraction of the vibrissae was produced bilat-
erally by intracollicular microinjection of NMDA but not
MK-801 or physiological saline. Retraction was never pro-
duced. The effect was temporary, since ~1 min after mi-
croinjection the vibrissae were again retracted.

Neural tract tracing of pathways connecting the IC to
the reticular formation structures

Figure 6, A and B, shows the microinjection site of the
bidirectional neural tract tracer BDA into the IC. Cell
bodies, neuronal fibers, and terminal buttons were found
in the caudal part of the pontine reticular nucleus (PnC;
see Fig. 6C-E). Neuronal perikarya were also found in the
dorsomedial columns of the periaqueductal gray matter
(PAG) and dorsolateral columns of the PAG (dIPAG; Fig.
6F-/). Neuronal fibers were found in the ipsilateral inter-
mediate layers of the superior colliculus (iISC; Fig. 6J),
and both BDA-labeled perikarya and neuronal fibers were
found ipsilaterally in the deep layers of the superior colli-
culus (dISC; Fig. 6K). It was also found that BDA-labeled
neuronal cell bodies in the substantia nigra pars lateralis
(Fig. 7A,B), in addition to neuronal fibers ipsilaterally lo-
cated in the SNpc (Fig. 7C) and in the SN pars reticulata
(SNpr) near the SNpl (Fig. 7D). Finally, BDA-labeled cell
bodies and axonal fibers were ipsilaterally found in the
dorsal part of the cuneiform nucleus (CnFD; Fig. 7E,F), in
addition to BDA-labeled axonal fibers spread in the pe-
dunculo-pontine tegmental nucleus (PPTg; Fig. 7G,H).
The neurotracer microinjections in the IC also labeled the
well known connections with auditory structures (data not
shown), such as the dorsal and ventral cochlear nuclei
(cell bodies found in ventral anterior division), intermedi-
ate nucleus of the lateral lemniscus nucleus (labeled
cell bodies and fibers), medial geniculate nucleus (BDA-
labeled fibers and terminal buttons), sub-brachial nucleus
(cell bodies and fibers), medial geniculate nucleus, and
superior olive complex (labeled cell bodies and terminal
buttons in medial superior olive, lateral superior olive, and
superior paraolivary nucleus).

Discussion

Although it has been previously demonstrated the effi-
cacy of intracollicular glutamatergic compounds or DBS
in improving haloperidol-induced catalepsy in rats (Melo
et al., 2010; Medeiros et al., 2014; Melo-Thomas and
Thomas, 2015; Tonelli et al., 2018; lhme et al., 2020), this
animal model suffers from a lack of chronic behavioral
motor deficits that represent the cardinal features of PD
in humans. To have some insight into the potential role
of the IC on improving chronic motor deficits, the pres-
ent study analyzed whether these treatments influence
spontaneous or APO-induced rotations, in rats with uni-
lateral infusion of the dopamine neurotoxin 6-OHDA. In
this study, unilateral 6-OHDA lesions aimed at the MFB
produced a marked degeneration of the DAergic neu-
rons in the SNpc with >80% of neuronal loss. The EPM
test, classically used to assess anxiety, was used to
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Figure 5. Recording of intrastriatal neural activity after microinjection of either MK-801 or NMDA in the IC of anesthetized rats. A,
Graphical representation summarizing the electrophysiological procedure (created with BioRender.com). The Mini Matrix was low-
ered until the tip of each tube rested just above the dural surface, and the electrodes were moved into the brain aiming at the neo-
striatum. Neural recordings were made from two different depths (dorsal and ventral striatum; baseline measurements) before and
after NMDA, MK-801, or physiological saline was microinjected into the IC. B, C, Location of microinjection sites in the IC (black
points) and recording sites in the neostriatum (black squares) in cross-section diagrams of the atlas of Paxinos and Watson (2007).
D-F, Intracollicular microinjection of physiological saline, NMDA, or MK-801 did not affect the mean firing rate (in spikes per second)
at the two different penetration depths in the neostriatum (two-sample t tests). Intracollicular microinjection of physiological saline,
NMDA, or MK-801 did not affect the mean firing rate (in spikes per second) in the neostriatum as a whole (combined) or at the two

different penetration depths (dorsal and ventral striatum; two-sample t tests).

investigate lesion-induced spontaneous asymmetry.
For that purpose, the EPM test was conducted under
low light intensity to reduce anxiety and encourage ex-
ploration. Indeed, no anxiety was observed in both
groups (sham lesioned and lesioned), since there was
no difference in the times spent and numbers of entries
in the open and closed arms. This was particularly im-
portant since it has been reported that unilateral 6-
OHDA lesions can have anxiogenic effects when the rats
are tested under more bright light conditions (O’Connor
et al., 2016). Thus, the conditions under which the pres-
ent EPM test was conducted abolished the possible
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anxiogenic effect of the 6-OHDA lesion and therefore
promoted exploration on the open arms. Indeed, the
total number of turns, half-rotations, and rotations were
not different when comparing lesioned and sham-
lesioned groups. However, these behaviors were biased
toward the damaged hemisphere, revealing a clear and
expected ipsiversive asymmetry, while sham-lesioned
rats showed no preference for any side. This result is co-
herent with a previous study conducted in intact rats
(Schwarting et al., 1991), showing that the number of
turns toward one side of the body is highly correlated
with the amount of thigmotactic scanning (locomotion
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dm/dIPAG

Figure 6. Photomicrographs of transverse sections of Wistar rat brain. A, Diagrammatic representation of a transverse section,
showing a histologically confirmed microinjection site (red circle) of the BDA neural tract tracer (3000 MW) in the IC depicted in a
modified drawing from the atlas of Paxinos and Watson (2007). B, Wistar rat dorsal midbrain in a transverse section, showing a rep-
resentative site of BDA microinjection in IC (black arrow). C-E, Transverse sections of the PnC showing BDA-labeled neuronal
bodies (black arrow) and axonal fibers (C, black arrowheads), terminal buttons (D, open arrowheads), and axonal fibers (E, black ar-
rowheads) and terminal buttons (open arrowheads) connected to the inferior colliculus. F-I, Transverse sections of the dIPAG, iISC,
and dISC, showing BDA-labeled neuronal bodies (black arrow) in dIPAG reciprocally connected to the IC. J, BDA-labeled axonal fi-
bers (black arrowheads) in iISC. K, BDA-labeled neuronal bodies (black arrow) and axonal fibers (black arrowheads) situated in the

dISC ipsilateral to BDA deposit sites in the IC.

along the wall with the vibrissae in contact with it) per-
formed with the other side of the body. Thus, hemipar-
kinsonian rats scan more with the side contralateral to
the lesion; that is, the side that should show sensory ne-
glect. This can also explain the higher incidence of ipsi-
lateral risk assessments performed by lesioned rats at
the present study, since Garcia et al. (2005) suggested
that, in normal rats, behaviors other than the number of
entrances on the arms at the EPM are modulated by thig-
motactic cues, rather than visual ones. Altogether, these
results strengthen the participation of a component of
thigmotaxis modulating asymmetry and suggest, for the
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first time, that the EPM test may be useful in research on
behavioral asymmetries/thigmotaxis.

Although the experimental condition was not anxiogen-
ic, when receiving intracollicular 30 Hz DBS, the 6-OHDA
rats spent more time in the open arms. This result is in ac-
cordance with our previous data showing an anxiolytic ef-
fect of intracollicular 30 Hz DBS in intact rats (lhme et al.,
2020). The number of risk assessments, an ethological
measure often sensitive to drug action (Holmes and
Rodgers, 1998; Coimbra et al., 2017; Paschoalin-Maurin
et al., 2018), was not affected by 30 Hz DBS. In addition,
DBS did not affect the number of turns, half-rotations, or
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Figure 7. Anatomical investigation. A-D, Transverse sections at the level of SNpl (A, B),

SNpc (C), and SNpr (D), showing BDA-

labeled neuronal bodies (black arrow) in SNpl, axonal fibers (C, black arrowheads) in SNpc, and (D) axonal fibers (D, black arrow-
heads) in SNpr ipsilaterally to BDA deposit sites in the IC. E, F, Photomicrographs of transverse sections showing BDA-labeled
neuronal bodies (black arrow) and axonal fibers (black arrowheads) in the CnFD ipsilaterally connected to the IC. G, H, BDA-labeled

axonal fibers (black arrowheads) in ipsilateral PPTg.

rotations in sham control rats, or the ipsiversive asymme-
try induced by the unilateral 6-OHDA lesion revealed in
the EPM test. On the other hand, when the rats were chal-
lenged with APO and submitted to an open field test
arena, a different effect of 30 Hz DBS was observed. Both
lesion groups exhibited more contraversive rotations
compared with sham-lesioned groups, and the incidence
of these rotations was not influenced by 30Hz DBS.
However, when taking into account the specific site of
electrode placement within the IC, 30 Hz DBS in the vCN,
but not in the dCN, attenuated the contraversive asymme-
try induced by the DA receptor agonist. More than that,
this attenuation was dependent on the side of stimulation,
since the number of contralateral rotations was reduced
only when the electrode was placed in the IC vCN ipsilat-
eral to 6-OHDA lesion. This is particularly important since
it was already demonstrated that intracollicular electrical
stimulation in the vCN, but not in the dCN, induced imme-
diate motor responses in anesthetized rats (Melo-Thomas
and Thomas, 2015). Thus, the results of the present study
support the hypothesis that intracollicular 30 Hz DBS af-
fects contraversive body asymmetry induced by unilateral
6-OHDA lesion in rats challenged with APO and suggest
that this effect depends on the placement of the electrode
tip in the IC. The reason why intracollicular 30 Hz DBS im-
proves APO-induced asymmetry but not spontaneous
asymmetry is not clear. The main difference between both
conditions is the activation or nonactivation, respectively,
of upregulated DA receptors in the DA-deprived hemi-
sphere. The mechanism by which ipsilateral 30 Hz DBS in
the IC compensates upregulation of DA receptors there
needs to be investigated.

In addition, the present study showed that spontaneous ip-
siversive behavior asymmetry (pre-APO condition) induced
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by a unilateral 6-OHDA lesion is influenced by the gluta-
matergic neural network in the IC. It was demonstrated
that the ipsiversive asymmetry disappeared after microin-
jection of the glutamatergic antagonist MK-801 into the IC
(i.e., there was no difference when comparing the number
of ipsiversive and contraversive rotations performed by
6-OHDA rats, regardless of the side of IC microinjection
(ipsilaterally, contralaterally, or bilaterally to the lesion).
The absence of asymmetry was also observed when the
glutamatergic agonist NMDA was microinjected in the IC
contralateral to lesion. Surprisingly, NMDA microinjected
in the IC ipsilateral to lesion produced a clear contra-
versive asymmetry (i.e., it reverted the lateralization).
Importantly, there was no difference when comparing
the number of ipsiversive or contraversive spontaneous
rotations after IC microinjection of MK-801, NMDA, or
saline into rats with sham lesions (i.e., no effect of IC
treatment or any asymmetry was observed).

When challenged with APO, 6-OHDA rats receiving
physiological saline in the IC exhibited an increased num-
ber of contraversive rotations, revealing a clear asymme-
try toward the side opposite to that of the lesion. Here, it
was demonstrated that the APO-induced contraversive
asymmetry in 6-OHDA rats can be potentiated by MK-801
microinjected into the IC contralateral to lesion side,
whereas asymmetry was unaffected when the microinjec-
tion was performed bilaterally or in the ipsilateral IC. In
contrast, NMDA microinjected into the IC, ipsilateral or
contralateral to lesion side, did not affect contraversive
asymmetry induced by APO in lesioned rats.

Together, the present results support our hypothesis
that the hypersensitivity caused by neurochemical le-
sion of nigrostriatal DAergic pathway can be influ-
enced by IC 30 Hz DBS or glutamatergic intracollicular
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neurotransmission. Further, our findings suggest that
the side of the IC receiving 30 Hz DBS or NMDA micro-
injections with respect to the lesion is particularly rele-
vant. Although it is well known that rotatory behavior
induced by 6-OHDA-produced unilateral lesion reflects a
striatal DAergic misbalance (Dewar et al., 1997; DeLong
and Wichmann, 2007) between the two hemispheres to
initiate movements (intact side during the pre-APO con-
dition, lesion side during the post-APO condition), the
mechanism by which the glutamatergic neural networks
in the IC affects this misbalance is not known; that is,
how MK-801 microinjected into the contralateral IC po-
tentiates contralateral rotations in the post-APO condi-
tion, but compensated the misbalance between the right
and left side in the pre-APO condition regardless of the
IC side. It is also not clear how NMDA microinjected into
the ipsilateral IC inverted the asymmetry, from ipsiversive
to contraversive rotations during the pre-APO condition.
Searching to explain these results, it seemed plausible to
look at the circuitry connecting the IC with structures in-
volved with motor-related structures. Among these struc-
tures, the neostriatum was chosen based on results from
the present and previous studies from our group demon-
strating the participation of the IC in improving motor im-
pairments induced by (1) MFB 6-OHDA lesion, where
unilateral motor deficit correlates well with the degree of
the nigrostriatal pathways neurotoxic lesion (Ungerstedt
and Arbuthnott, 1970; Schallert et al., 2000; Dowd et al.,
2005); and (2) haloperidol-induced catalepsy, where motor
deficits occur because of a temporary blockage of striatal
DA receptors (Hornykiewicz, 1973; Trevitt et al., 2009;
Melo et al., 2010; Medeiros et al., 2014; Melo-Thomas and
Thomas, 2015; Tonelli et al., 2018; Ihme et al., 2020).
However, contrary to our hypothesis, the results from the
present electrophysiological investigation showed that the
firing rate and number of spikes in two different depths of
the neostriatum remained unchanged after microinjection
of NMDA or MK-801 into the IC in anesthetized rats. Since
neither the blockade nor the activation of glutamatergic re-
ceptors in the IC influenced striatal neural activity in anes-
thetized rats, but affected contraversive and ipsiversive
rotations of rats with unilateral 6-OHDA lesions, as demon-
strated in this study, in addition to inducing paradoxical ki-
nesia in cataleptic rats (Melo et al., 2010; Medeiros et al.,
2014; Tonelli et al., 2018), one can assume that IC DBS or
microinjections of parkinsonian-like rats were effective in
improving motor deficits by recruiting motor programs
other than the neostriatum.

Indeed, the neural tract tracings performed in this study
demonstrated connections between the IC and both dorsal
(deep layers of the superior colliculus and dorsal columns
of the periaqueductal gray matter) and ventral (SNpl) mid-
brain structures. Both the deep layers of the superior colli-
culus and the dorsolateral columns of the periaqueductal
gray matter are interconnected (Ribeiro et al., 2005; Freitas
et al., 2005), receive inputs from the substantia nigra
(Eichenberger et al., 2002; Ribeiro et al., 2005; Castellan-
Baldan et al., 2006), a ventral midbrain structure also con-
nected to the neostriatum (Castellan-Baldan et al., 2006;
Matias et al., 2019), and send projections to the deep
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midbrain and pontine reticular formation (Coimbra et al.,
2006). These former areas also include the mesence-
phalic locomotor region (MLR; Sébille et al., 2017), an
important midbrain structure implicated in commands
for movement initiation and gait selection (Jordan et al.,
2008; Takakusaki, et al., 2016). The MLR is composed
of structures such as the CnF and pedunculo-pontine
nucleus (PPN), which are also reached by axons from
the IC neurons, as shown in our neuroanatomical experi-
ment, and both brainstem structures are involved in gait
control. Corroborating our anatomic results, optogenetic
studies showed that glutamatergic CnF neurons receive
massive projections from the IC (Caggiano, et al., 2018).
Here it is important to emphasize that the electrical stimu-
lation of both the CnF and the IC can evoke persistent
locomotion (Shik et al., 1969) and escape responses (Lovick,
1993; Brandao et al., 1999), respectively. Interestingly, the
caudal mesencephalic reticular formation, specifically the
PPN, controls locomotion and the awake state, and Goetz
et al. (2019) demonstrated in primates that DA depletion
did not alter the mean firing rate of noncholinergic cau-
dal mesencephalic reticular formation neurons, but only
decreased activity of putative cholinergic PPN neurons.
Therefore, it can be speculated that, to compensate be-
havioral asymmetry in 6-OHDA rats in our study, the IC
may be recruiting some alternative downstream motor
pathways such as, for instance, the MLR. This hypothe-
sis will be investigated in further studies by our team.

Noteworthy, in this study, both ipsilateral and bilateral
vibrissae protractions were observed during NMDA, but
not MK-801 or physiological saline, microinjection in the
IC of anesthetized rats. Vibrissae movements (as well as
tail, trunk, and leg movements) during electrical stimula-
tion of the IC in anesthetized rats have been reported by
our group (Melo-Thomas and Thomas, 2015). The ana-
tomic bases of such whisking behavior have been de-
scribed previously (Kis et al., 2004; Nguyen and Kleinfeld,
2005; Kleinfeld et al., 2006). Whisking behavior is com-
monly used by rats to actively explore their environment
(Gibson, 1962; Gamzu and Ahissar, 2001), especially dur-
ing potentially dangerous situations (Arkley et al., 2014;
Filgueiras et al., 2014). Since the IC has been related to
anxiety-like behavior (Brandao et al., 1993, 1994; Melo
and Brandao, 1995), it seems plausible to think that some
kind of multisensory (somatosensory—auditory—-motor)
integration should occur at the mesencephalic level dur-
ing emergency situations to generate a most appropri-
ate motor output (Huffman and Henson, 1990; Young et
al., 1995; Kanold and Young, 2001; Shore, 2005). Our
findings represent a step forward aiming to understand
this kind of multisensory integration influencing whisk-
ing behavior by suggesting that glutamatergic neuro-
transmission in the IC may be involved.

Data presented here and previous findings strength-
en the assumption that the IC plays an important role
in mammalian motor control. Therefore, the IC may provide
a critical site to improve motor impairments because of
basal nuclei damage, recruiting other structures involved in
motor function bypassing the neostriatum. Understanding
how glutamatergic mechanisms in the IC influence motor
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control, classically attributed to the basal nuclei circuitry,
could be useful in the development of new therapeutics to
treat PD and other motor disorders.
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