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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disorder charac-
terized by the progressive degeneration of the dopaminergic system, leading to a variety of motor
and nonmotor symptoms. The currently available symptomatic therapy loses efficacy over time,
indicating the need for new therapeutic approaches. Repetitive transcranial magnetic stimulation
(rTMS) has emerged as one of the potential candidates for PD therapy. Intermittent theta burst
stimulation (iTBS), an excitatory protocol of rTMS, has been shown to be beneficial in several animal
models of neurodegeneration, including PD. The aim of this study was to investigate the effects
of prolonged iTBS on motor performance and behavior and the possible association with changes
in the NMDAR subunit composition in the 6-hydroxydopamine (6-OHDA)-induced experimental
model of PD. Two-month-old male Wistar rats were divided into four groups: controls, 6-OHDA
rats, 6-OHDA + iTBS protocol (two times/day/three weeks) and the sham group. The therapeutic
effect of iTBS was evaluated by examining motor coordination, balance, spontaneous forelimb use,
exploratory behavior, anxiety-like, depressive/anhedonic-like behavior and short-term memory,
histopathological changes and changes at the molecular level. We demonstrated the positive effects of
iTBS at both motor and behavioral levels. In addition, the beneficial effects were reflected in reduced
degeneration of dopaminergic neurons and a subsequent increase in the level of DA in the caudop-
utamen. Finally, iTBS altered protein expression and NMDAR subunit composition, suggesting a
sustained effect. Applied early in the disease course, the iTBS protocol may be a promising candidate
for early-stage PD therapy, affecting motor and nonmotor deficits.

Keywords: Parkinson’s disease; 6-OHDA; rTMS; iTBS; NMDA receptor; neuroprotection

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
affecting ~8 million people worldwide, with a prevalence increasing 2.5-fold over the
past three decades [1]. The main characteristic of PD is the progressive degeneration of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the resulting
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decrease in striatal DA levels. The degeneration of the complex nigrostriatal networks and
the resulting predominance of corticostriatal glutamatergic inputs seem to be crucial for
the pathogenesis of PD [2–4] and responsible for most of the observed motor and behav-
ioral dysfunction (i.e., cognitive impairment, anxiety, depression, sleep disorder) [5]. The
currently available symptomatic therapy, a combination of levodopa/carbidopa, after an
initial period of significant benefit, usually leads to drug-related motor complications (i.e.,
“wearing-off” symptoms, dyskinesia, “on-off” phenomenon), autonomic dysfunction and
mood swings, as well as drug-related side effects (psychosis), all of which severely reduce
quality of life [6]. Therefore, the development of new therapeutic approaches targeting
all aspects of the disease remains the highest priority and an unmet need. Intracerebral
injection of the neurotoxin 6-hydroxydopamine (6-OHDA) provides a valuable experi-
mental rodent model that selectively targets DA neurons and induces neurodegeneration
with synaptic rearrangements and motor and behavioral deficits consistent with those
seen in humans [7–9]. The model reproduces the changes in the postsynaptic N-methyl-
D-aspartate receptors (NMDAR) subunit composition and the resulting changes in basal
ganglia connectivity typical of PD patients [3]. Notably, 6-OHDA–induced denervation
alters relative GluN1 and GluN2B levels without affecting GluN2A [10–12], suggesting that
variations in NMDAR subunit composition play a central role in deregulating corticostriatal
plasticity [3,4]. Overall, the 6-OHDA-induced PD model is a reliable tool for testing the
clinical efficacy of novel therapeutic approaches in PD.

Repetitive transcranial magnetic stimulation (rTMS) is a safe and noninvasive method
of brain stimulation that has emerged as one of the potential candidates for PD therapy. In
rodents, rTMS has been shown to be capable of eliciting complex neurobiochemical effects
affecting early gene expression, changes in Ca2+ dynamics, changes in neurotransmitter
release and glutamate receptor expression, reduction of oxidative stress and inflammation
and activation of neurotrophic factors [13]. Previous research by several groups shows
that intermittent theta burst stimulation (iTBS), a highly efficient excitatory protocol of
rTMS, has beneficial effects on neuroinflammation, anxiety-like behavior, depressive-like
behavior and learning and memory in several animal models of neurodegeneration [14–16].
To date, a few studies have been conducted to evaluate the effects of various rTMS protocols
on the rodent model of PD [14,17]. Most studies reported beneficial effects of rTMS, but
focused primarily on motor symptoms and survival of DA neurons (for a review please
see [17]), neglecting behavioral aspects of the disease and underlying mechanisms. Given
the complexity of PD pathology and the presence of nonmotor dysfunction that often
precedes motor symptoms, further research is needed to provide a clear rationale for
whether and how an rTMS-specific protocol, such as iTBS, can influence pathological
processes underlying both motor and nonmotor aspects of PD. Therefore, the aim of this
study was to examine the effects of prolonged iTBS on motor performance and behavior
and the potential crosstalk with alterations in synaptic plasticity and NMDAR subunit
composition. Our findings contribute to the understanding of the mechanisms underlying
iTBS effects in experimental PD and provide new insights into how iTBS might be used as
a therapy in PD patients.

2. Materials and Methods
2.1. Animals and Housing Conditions

A total of 90 two-month-old male Wistar rats (280 ± 20 g), bred at the Center of
Veterinary Services animal facility, Ministry of Defense, were used for this study. Animals
(3–4/cage) were maintained under constant conditions (23 ± 2 ◦C, 12 h light/dark cycle),
a standard diet and tap water ad libitum. All experimental procedures were performed
in accordance with the EU Directive 2010/63/EU and approved by the Ethics Commit-
tee for Animal Experiments of the College University of Belgrade—Faculty of Biology
(No. 323-07-08250/2021-05). The experiments were repeated twice to avoid a litter effect
(n = 50 per experiment).
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2.2. Unilateral 6-Hydroxydopamine Lesion of the Right Substantia Nigra Pars Compacta

The animals were positioned in a stereotaxic frame (Stoetling Co., Wood Dale, IL,
USA) under ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia. Two microliters
of 6-OHDA (6 µg/µL, Sigma Aldrich, St. Louis, MO, USA) in sterile saline supplemented
with 0.2% ascorbic acid were injected into the region of rSNpc (right SNpc), whereas the
same volume of vehicle was injected into the lSNpc (left SNpc) (+5.40 mm AP; ±2.10 mm
ML and +7.40 mm DV, according to the stereotaxic Atlas of Paxinos and Watson). The
neurotoxin was administered through a 50-µL Hamilton syringe at a constant flow rate of
0.4 µL/min (Harvard Apparatus, Holliston, MA, USA) [18]. The needle was left in place for
an additional 5 min to allow diffusion of the solution in the SNpc and then slowly retracted.
Another group of animals (control) received the vehicle solution bilaterally in the SNpc
using the same procedure. Seven days postsurgery, a tail suspension test was performed to
functionally assess the motor asymmetry induced by unilateral administration of 6-OHDA
and performance in this test was used as a selection criterion [19]. In contrast, animals
without motor asymmetry were excluded from the experiment (n = 4).

2.3. Experimental Design

Figure 1 summarizes the experimental design. Animals injected unilaterally with
6-OHDA were randomly divided into three experimental groups: 6-OHDA (n = 22),
6-OHDA + iTBS (n = 22) and 6-OHDA + iTBSsh (sham; n = 20). The fourth group of animals
received the vehicle solution bilaterally and was used as controls (n = 20). The animals
were subjected to the iTBS protocol or sham stimulation for 21 days and sacrificed after
30-dpi by decapitation (Harvard Apparatus, Holliston, MA, USA).
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2.4. Theta Burst Stimulation Protocol

Seven days after surgery, animals in the 6-OHDA + iTBS group underwent the inter-
mittent theta burst stimulation (iTBS) protocol, as previously reported [16]. Because DA
neuronal cell death peaks approximately 7 days after surgery, coinciding with the onset
of motor symptoms [20,21] the iTBS treatment began at this time point. Stimulation was
performed with the MagStim Rapid2 device and a 25-mm figure-of-eight coil (MagStim
Company, Whitland, UK). Twenty trains of ten bursts each (three pulses at a frequency
of 50 Hz), repeated at 5 Hz (10 s intervals between trains, with a total duration of the
stimulation of 192 s, with the magnetic stimulation intensity set at 35%) were delivered
to each animal. The animals were gently held during stimulation while allowed to move
freely during the 10 s intervals between trains. The sham group (6-OHDA+ iTBS sham)
was exposed to the noise artifact by placing a cage containing two animals next to the
stimulation device. The same treatment protocol was repeated for 21 consecutive days. The
6-OHDA and control groups did not receive iTBS treatment.
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2.5. FEM Modeling Methodology

To investigate the TMS parameters and induced electric field (E) in this study, a 3D
finite element method (FEM) was used to create a rat head and TMS model. The head model
was derived from high-resolution anatomical T2-weighted images with isotropic voxels of
an ex vivo rat’s head (weighing 280± 20 g) acquired with a 9.4T Bruker Biospec 94/30 small
animal MRI machine. MRI images were processed and high-resolution images [22] were
registered using the FMRIB software library [23] and the original rat brain was extracted
using the Brain Extraction Tool (BET) (Figure 2). The 3D surfaces for each tissue type were
segmented using ITK-SNAP [24] based on the image signal intensity values and imported
into COMSOL Multiphysics version 6.0 for optimization, meshing and TMS simulation
(Supplementary Figure S1). The final rat head and coil model consisted of ~1.13 million
domain elements. The brain was 26.85 mm long (excluding the spinal trigeminal tract
and spinal cord). The MagStim Rapid2 TMS device and 25-mm eight-coil models were
created using two homogenized multiturn coils (inner diameter 18 mm, outer diameter
42 mm), each with 14 turns of apartment copper (0.75 mm × 6 mm) [25,26]. The model
boundary contained an infinite domain unaffected by boundary conditions. All model
domains were meshed with at least one “extra fine” element size and the coil and its
core were meshed with the swept function. rTMS was simulated by driving the coil
with a 584.5 V (Vc) pulse generated by the MagStim system, with the current change
(dI/dt) inducing the E-field peaking at 50.7 A/µs (dI/dt|Max = Vc/L). This simulation
was performed in the frequency domain using the biphasic pulse rise time similar to the
method used by Tang et al. (2016) [27]. The coil was aligned centrally over the rat brain so
that the current direction of the coil would induce an E-field in the brain running anterior
to posterior. Dielectric properties such as isotropic conductances (σ) were set for each
tissue layer as soft tissue = 0.465 S/m, skull = 0.02 S/m, cerebrospinal fluid = 1.654 S/m,
gray matter = 0.106/m and white matter = 0.126 S/m; other dielectric properties were set
to values used in previous rodent TMS studies [28,29]. The E-field and magnetic flux density
(B) induced by rTMS were calculated using the magnetic and electric field equations in
the AC /DC module of COMSOL, which solves Maxwell’s equations by determining the
magnetic vector potential field (A) in the frequency domain. The rate of change of the coil
voltage determines the electric field induced in the brain and the magnetic flux density is
given by the expressions E = −∇V − jωA and B =∇ × A, respectively, where∇ is the curl,
ω is the frequency and j is the free current density.

2.6. Behavioral Tests

Behavioral tests were performed in a secluded room to provide acoustic and visual
isolation. Before each test, animals were allowed at least 60-min habituation period. A
single researcher conducted all behavioral tests to ensure consistency in treatment of the
animals. Odors were removed by cleaning the apparatus with 70% alcohol between test
sessions. Control and treated animals were treated in parallel on the same day to keep
conditions as constant as possible.

2.7. Rota-Rod Test

A rota-rod device (Elunit, Belgrade, Serbia) was used to assess motor coordination
and balance. Seven days before surgery, the animals underwent three conditioning sessions
on a rota-rod device. The animals were placed on a stationary suspended cylinder (rod) for
30 s to stimulate fall avoidance behavior. Animals were then placed on the rotating cylinder
at a constant speed of 10 rpm for 90 s. Animals that did not withstand the challenge in
all training sessions were removed from the experiment. The experimental animals were
subjected to 3 rota-bar test sessions, accelerating from 4 to 20 rpm in 200 s [30]. Each test
session consisted of three trials on the rota-rod, with a maximum duration of 200 s per trial
and a 30 min inter-trial interval. For each animal, the latency to fall and traveled distance
were recorded and the best performance from the trial was used for further analysis.



Cells 2023, 12, 1525 5 of 19Cells 2023, 12, x FOR PEER REVIEW 5 of 21 
 

 

 

Figure 2. Heat maps of magnetic field (A,B) and electric field (C,D) measured in the stimulated iTBS 

FEM model. Representative FEM models of iTBS stimulation depicting 2D (A) and 3D (B) heat maps 

of magnetic field and electric fields (C,D). Arrows show the direction of the generated electric field 

(C,D). Scale bars = 10 mm. 

2.6. Behavioral Tests 

Behavioral tests were performed in a secluded room to provide acoustic and visual 

isolation. Before each test, animals were allowed at least 60-min habituation period. A 

single researcher conducted all behavioral tests to ensure consistency in treatment of the 

animals. Odors were removed by cleaning the apparatus with 70% alcohol between test 

sessions. Control and treated animals were treated in parallel on the same day to keep 

conditions as constant as possible. 

2.7. Rota-Rod Test 

A rota-rod device (Elunit, Belgrade, Serbia) was used to assess motor coordination 

and balance. Seven days before surgery, the animals underwent three conditioning ses-

sions on a rota-rod device. The animals were placed on a stationary suspended cylinder 

(rod) for 30 s to stimulate fall avoidance behavior. Animals were then placed on the rotat-

ing cylinder at a constant speed of 10 rpm for 90 s. Animals that did not withstand the 

challenge in all training sessions were removed from the experiment. The experimental 

animals were subjected to 3 rota-bar test sessions, accelerating from 4 to 20 rpm in 200 s 

[30]. Each test session consisted of three trials on the rota-rod, with a maximum duration 

of 200 s per trial and a 30 min inter-trial interval. For each animal, the latency to fall and 

traveled distance were recorded and the best performance from the trial was used for fur-

ther analysis. 

  

Figure 2. Heat maps of magnetic field (A,B) and electric field (C,D) measured in the stimulated iTBS
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of magnetic field and electric fields (C,D). Arrows show the direction of the generated electric field
(C,D). Scale bars = 10 mm.

2.8. Limb Use Asymmetry (Cylinder Test)

The cylinder test is used to study spontaneous use of the forelimbs [31]. An animal
was placed in a glass cylinder (H: 40 cm × D: 20 cm) and the number of times it reared
up and touched the cylinder wall was recorded for 5 min. Wall contacts were sorted as
contralateral forelimb (CF), ipsilateral forelimb (IF) or both forelimb (BF) contacts. The
number of impaired forelimb contacts relative to the total number of contacts was calculated
using [(CF× 0.5 BF)/(IF + CF + BF)] and was used as an index of asymmetry [32]. Unaware
of the experimental groups, two researchers independently analyzed the data and averaged
the results.

2.9. Open Field

After completion of iTBS treatment, an open field test (OFT) was performed to assess
anxiety-like behavior [16,33]. The animals were placed in the upper right corner of a black
arena (100 × 100 × 50 cm) divided into 25 × 25 cm squares and their activity was recorded
for 5 min. The total number of movements and the time spent in the center fields (in
seconds) were analyzed using ANY-maze Video Tracking System 7.11.

2.10. Object Recognition Test

Object recognition was applied to test the learning and memory performance of the
6-OHDA animals subjected to iTBS. The animals were placed in the center of the arena,
equidistant from two identical rectangular objects. They were allowed to freely explore the
arena and the objects for 5 min (sampling phase) before returning to their home cages. After



Cells 2023, 12, 1525 6 of 19

one hour, the animals returned to the arena, where a new conical object was introduced in
place of a rectangular one. Their activity was recorded for an additional 5 min (test phase),
provided that sniffing, climbing and exploring the object for more than 2 s was classified
as active exploration. Performance was analyzed by ANY-maze Video Tracking System
7.11. The time spent with the novel object relative to the total time spent with both objects
is expressed as the recognition index (RI) [34].

2.11. Sucrose Preference Test

The sucrose preference test was used to assess anhedonia and/or depressive-like
behavior [35]. Briefly, animals were deprived of food and water for 18 h, beginning at 3 pm
the day before the test. At 9 am, the animals were placed in a cage for one hour and given
two preweighed bottles, one containing tap water and the other containing 2% sucrose. The
procedure was repeated for three consecutive days, switching the position of the bottles.
The volume of ingested liquids was measured after each session and the mean volume
was used to evaluate the sucrose preference (%) = [(sucrose intake/(sucrose intake + water
intake)) × 100].

2.12. Brain Tissue Preparation and Immunohistochemical Staining

The brains were rapidly removed from the skull after decapitation (n = 3–4/group)
and fixed in 4% paraformaldehyde (PFA) for 24 h, cryoprotected and dehydrated in graded
sucrose solution (10–30% in 0.2 M PBS, pH 7.4). The 25 µm-thick coronal sections at the
level of the caudoputamen and the midbrain were mounted on supefrost glass slides,
air-dried for 1–2 h at RT and stored at −20 ◦C until use.

After rehydration in PBS, the sections were treated with 0.3% hydrogen peroxide for
20 min and washed with PBS for 3 × 5 min. Subsequently, sections were blocked with
5% normal donkey serum at room temperature for 1 h, followed by incubation with primary
antibodies overnight at 4 ◦C (Table 1). The slides were then probed with appropriate
secondary antibodies (Table 1) for 2 h at room temperature. The signal was visualized using
the 3,3′-S-diaminobenzidine-tetrahydrochloride kit (DAB, Abcam, Cambridge, UK) as a
chromogen for HRP-conjugated secondary antibodies. After dehydration in graded ethanol
(70–100%) and clearance in xylene, the sections were mounted with the DPX-mounting
medium (Sigma Aldrich, USA). The sections were examined under a LEITZ DM RB light
microscope (Leica Mikroskopie and Systems GmbH, Wetzlar, Germany) equipped with
a LEICA DFC320 CCD camera (Leica Microsystems Ltd., Heerbrugg, Switzerland) and
analyzed using LEICA DFC Twain Software (Leica, Wetzlar, Germany).

Table 1. List of used primary and secondary antibodies.

Antibody Source and Type Used Dilution Manufacturer

DAT Rabbit, polyclonal 1:500 WB Abcam, #ab184451, RRID:AB_2890225

TH Rabbit, polyclonal 1:2000 WB, 1:500 IHC Millipore #AB152, RRID:AB_390204

GluN1 Rabbit, polyclonal 1:4000 WB Cell Signaling Technology, #5704,
RRID:AB_1904067

GluN2A Rabbit, polyclonal 1:4000 WB Millipore, #07-632, RRID:AB_310837

GluN2B Mouse, monoclonal 1:3000 WB Abcam #ab93610, RRID:AB_10561972

BDNF Goat, polyclonal 1:1000 WB Santa Cruz Biotechnology, #sc-33904,
RRID:AB_2259044

EAAT1 Rabbit, polyclonal 1:1000 WB Cell Signaling Technology, #5684T,
RRID:AB_10695722

EAAT2 Rabbit, polyclonal 1:1000 WB Abcam, #ab69098, RRID:AB_2190732

GluR1 Mouse, monoclonal 1:1000 WB Santa Cruz Biotechnology, #sc-55509,
RRID:AB_629532
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Table 1. Cont.

Antibody Source and Type Used Dilution Manufacturer

Synaptophysin Rabbit, polyclonal 1:5000 WB Santa Cruz Biotechnology, #sc-9116,
RRID:AB_2199007

PSD-95 Mouse, monoclonal 1:1000 WB Millipore, #MAB1598, RRID:AB_94278

GAPDH Rabbit, polyclonal 1:2000 WB Thermo Fisher Scientific, #PA1-987,
RRID:AB_2107311

Goat anti-rabbit IgG,
HRP-conjugated Goat, polyclonal 1:30,000 WB Abcam, #ab6721, RRID: AB_955447

Goat anti-mouse IgG,
HRP-conjugated Goat, polyclonal 1:30,000 WB Abcam, #ab97240, RRID:AB_10695944

Rabbit anti-goat IgG,
HRP-conjugated Rabbit, polyclonal 1:10,000 WB R and D Systems, #HAF017,

RRID:AB_562588

WB—western blot; IHC—immunohistochemistry.

2.13. Measurements of Dopamine (DA) Content in Striatum by HPLC Assay

For the HPLC analysis, brains (5–6 animals/experimental group) were isolated from
the skull and the midbrain and striatum were dissected for subsequent determination
of dopamine and serotonin concentrations [36]. Tissue samples were homogenized in
DEPROT (1 mg/10 µL) using an Ultra-Turrax homogenizer, sonicated (3× 10 s), centrifuged
(30 min, 15,000 rpm, 4 ◦C) and the supernatants were transferred to separate tubes. An
aliquot of each sample (40 µL) was injected into the UltiMate3000 HPLC system (Thermo
Scientific, Waltham, MA, USA) and applied to C18 HPLC column (Thermo Scientific,
Waltham, MA, USA) with 100 mM ammonium formate buffer, pH 3.6 (A) and methanol
(B), as a mobile phase. The mobile phase was pumped at a flow rate of 500 µL/min,
with an initial A:B ratio of 98:2%. Under these conditions, serotonin and dopamine were
readily separated and detected by an electrochemical detector (850 mV, 25 ◦C). Data were
analyzed using the Chromeleon7 Chromatography Data System (Thermo Scientific). The
catecholamine concentrations were expressed as µg/mg tissue.

2.14. Tissue Isolation and Western Blot Analysis

Animals in the Sham group and the iTBS group (5–7 animals per group) were de-
capitated and the brains were rinsed in ice-cold saline. The right caudoputamen (rCPu)
and left caudoputamen (lCPu) and right midbrain (rMB) and left midbrain (lMB) were
dissected and separately frozen in liquid nitrogen and stored at −80 ◦C. For Western blot
analysis, the expression level of target proteins in the lCPu and lMB of each animal was
used as an internal control for the expression level in the rCPu and rMB, respectively.
Tissue samples were homogenized in the isolation buffer (0.32 M sucrose, 10 mM HEPES,
pH 7.4) at 4 ◦C, the resulting homogenates were centrifuged at 3000× g for 10 min at
4 ◦C and the supernatants obtained were collected for Western blot analysis. The pro-
tein content in each sample was determined using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, USA). Equal sample aliquots (20 µg of the sample proteins) were
resolved using SDS-PAGE and transferred to PVDF membrane using semidry transfer, as
described previously [37]. The supporting membrane was incubated with primary anti-
bodies (Table 1), rinsed in TBST and incubated with appropriate horseradish-peroxidase
(HRP)-conjugated secondary antibodies using SmartBlot apparatus. Chemiluminescent
signals were detected by the ECL solution (Bio-Rad, Hercules, CA, USA) in ChemiDocIt
Imager (UltraViolet Products Ltd., Cambridge, UK). The optical densities (OD) of the target
band and GAPDH band (loading control) in each lane were determined in the ImageJ
program (https://imagej.nih.gov/ij/, accessed on 1 October 2020) and the ratio in each
lane was expressed relative to the same ratio in Sham-L. The results are expressed as mean
± SD, from n = 2–4 independent replicates.

https://imagej.nih.gov/ij/
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2.15. Statistical Analysis

All data were analyzed for normality using the Shapiro—Wilk test and appropriate
parametric or nonparametric tests were used. The results of the behavioral tests were
analyzed using one-way ANOVA, followed by Tukey’s post hoc test for multiple com-
parisons. The results obtained by HPLC and Western blot analysis were analyzed using
Student’s t test or the Mann—Whitney test if the normality condition was not met. The
values represent mean ± SD as indicated in Figure legends. The values of p < 0.05 were
considered statistically significant. Analysis and graphical presentation were performed in
the GraphPad Prism 9.0 (San Diego, CA, USA) software package.

3. Results
3.1. FEM Modeling Results

FEM modeling of the MagStim Rapid2 apparatus estimated the generated B-field peak
to be 1.28 T at the base of each coil forming the figure of eight loop. At the superior surface
of the brain (closest to the coil), the value was estimated to be 698.5 mT, whereas in the CPu
it ranged from 480.4 mT to 302.2 mT and in the SN from 358.8 mT to 303.4 mT (Figure 2B).
Accordingly, the estimated E-field value at the cortical surface of the brain was 124.05 V/m,
decreasing down to a minimum of ~21 V/m at the base of the brain (Figure 2B–D). The
CPu was located between 5.24 mm and 9.81 mm below the scalp surface and experienced
simulated E-field values between 57.92 V/m and ~33 V/m at these depths, respectively.
The SN was located 8.95 mm to 10.87 mm below the scalp surface and exhibited E-field
values between ~34 V/m and 37.98 V/m, respectively, (Figure 2A,B).

3.2. Intermittent Theta Burst Stimulation Improves 6-OHDA-Induced Motor Dysfunction

The effects of 6-OHDA injection into the rSNpc and the iTBS protocol on the extent
of motor impairment were determined by measuring latency to fall and traveled distance
in the rota-rod test (Figure 3). In each of the three consecutive sessions, the latency to fall
was significantly lower in the 6-OHDA group compared to the control animals, whereas
the animals receiving iTBS stimulation showed a dramatic improvement in motor per-
formance, reflected as significantly prolonged latency to fall, which was comparable to
the control (Figure 3A—F(3, 76) = 21.10, p < 0.0001; Figure 3B—F(3, 76) = 17.52, p < 0.0001;
Figure 3C—F(3, 76) = 13.89, p < 0.0001). The same holds for travelled distance measures,
which were significantly reduced in 6-OHDA animals and comparable to the control level in
the iTBS group (Figure 3D—F(3, 76) = 19.01, p < 0.0001; Figure 3E—F(3, 76) = 17.26, p < 0.0001;
Figure 3F—F(3, 76) = 14.84, p < 0.0001). The effect of iTBS on the motor performance was
further tested in the cylinder test. The use of contralateral forelimb was severely impaired
in the 6-OHDA animals compared to the control. The animals subjected to iTBS showed
a significant improvement, reflected in the percentage of contralateral forelimb contacts
comparable to the control (Figure 3G, F(3, 76) = 17.36, p < 0.0001).

3.3. Intermittent Theta Burst Stimulation Improves 6-OHDA-Induced Non-Motor Symptoms and
Neurochemical Imbalance

The efficacy of iTBS in attenuating 6-OHDA-induced anxiety-like behavior was
examined in the open-field test. Measured parameters, including the number of en-
tries (Figure 4A, F(3, 75) = 11.20, p < 0.0001) and time spent in central fields (Figure 4B,
F(3, 73) = 21.05, p < 0.0001), show significant improvement in iTBS-treated animals com-
pared to the 6-OHDA group (Figure 4A,B). Similarly, iTBS attenuated depressive-like
behavior in the sucrose preference test (F(3, 40) = 11.49, p < 0.0001). The sham and 6-OHDA
animals showed a moderate reduction in sucrose intake compared to the control, whereas
sucrose intake in iTBS animals was comparable to the control (Figure 4C). The efficacy of
iTBS stimulation on learning and memory was tested through an object recognition test
(Figure 4D). A significant difference was observed in the recognition index between the
iTBS, 6-OHDA and sham groups (F (3, 62) = 16.97, p < 0.0006), which implies a beneficial
influence of iTBS on short-term memory performance.



Cells 2023, 12, 1525 9 of 19

Cells 2023, 12, x FOR PEER REVIEW 9 of 21 
 

 

6-OHDA animals compared to the control. The animals subjected to iTBS showed a sig-

nificant improvement, reflected in the percentage of contralateral forelimb contacts com-

parable to the control (Figure 3G, F(3, 76) = 17.36, p < 0.0001). 

 

Figure 3. Intermittent theta burst stimulation improves 6-OHDA-induced motor dysfunction. Motor
performance in control and 6-OHDA-lesioned rats following iTBS treatment was evaluated using
rota-rod (A–F) and cylinder test. Rota-rod measured the latency to fall (s) and travelled distance
(m) after first, (A,D) second (B,E) and third (C,F) week of stimulation. Cylinder test measured the
contralateral forelimb contacts with the wall (G). Values are expressed as mean ± SD. Results of post
hoc Tukey’s test and significance are shown inside the graphs: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Dots in the graphs represent the values of individual animals. (H) Rota-rod setting.
(I) Cylinder arena.
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Figure 4. Intermittent theta burst stimulation improves 6-OHDA-induced nonmotor symptoms and
neurochemical imbalance. Quantitative analysis of open field behavioral test represented as number
of center entries (A) and time in central squares (B). Track plots and heat maps of animals from
each group are shown below the graphs. Sucrose preference test was used to assess anhedonia (C),
while short-term memory was assessed with novel object recognition test expressed as recognition
index (D). Results of post hoc Tukey’s test and significance are shown in graphs, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns—not significant. Representative immunoblot membrane and quanti-
tative data analysis showing relative DAT protein abundance in caudoputamen (E). Bars represent
the mean value of target protein normalized to GAPDH abundance ± SD (from n = 5–6 individual
animals, in 2–4 technical replicates), expressed relative to left caudoputamen, which serves as internal
control, arbitrarily defined as 100%. Results of HPLC analysis of dopamine (F) and serotonin (G) con-
centrations in lesioned caudoputamen expressed as ng/mg tissue. Data are expressed as mean ± SD
(n = 5–6/group). * p < 0.05 different from sham (two-tailed unpaired Student’s t-test, E–G). Dots in
the graphs represent values of individual animals.

The neurochemical changes induced by 6-OHDA and iTBS stimulation were assessed
by determining the difference between the rCPu and lCPu in respect of protein abundance
of dopamine transporter (DAT) (Figure 4E) and dopamine and serotonin levels (Figure 4F,G).
The protein abundance of DAT protein expression in the iTBS group was lower than in the
sham group (t = 3.082, p < 0.01). The ratio of dopamine (Figure 4F, t = 2.590, p < 0.05) and
serotonin (Figure 4G, t = 3.798, p < 0.01) in the rCPu and lCPu increased significantly in the
iTBS animals compared to the sham group.
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3.4. Intermittent Theta Burst Stimulation Reduces 6-OHDA-Induced Neuronal Death of the
Lesioned SNpc and Loss of TH Positive Fibers Density in the Caudoputamen

The neuroprotective effects of iTBS treatment on dopaminergic neurons in the SNpc
and their projections in the CPu were assessed using tyrosine hydroxylase (TH) immunohis-
tochemistry (Figure 5A,B) as well as TH protein quantification with Western blot analysis
(Figure 5C,D). Unilateral injection of 6-OHDA in a sham group resulted in a marked de-
crease in TH-immunoreactivity in rSNpc (Figure 5A) and TH-positive projections in the
rCPu (Figure 5B) compared to the contralateral sides. Analysis of relative protein expres-
sion of TH-positive neurons (Figure 5C, t = 5.471, p < 0.001) in MB and TH-positive fibers
(Figure 5D, t = 3.147, p < 0.01) in the CPu confirmed the higher survival of the iTBS group
compared to the sham group.
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Figure 5. Intermittent theta burst stimulation reduces 6-OHDA-induced neuronal death of the le-
sioned SNpc and loss of TH positive fibers density in the caudoputamen. Representative coronal
sections of TH-positive neurons in the SNpc (A) and TH-positive fibers in striatum (B) from sham-
treated and iTBS-treated rats after 4 weeks. Scale bar: 500 µm. Representative immunoblot membrane
and quantitative data analysis showing relative TH protein abundance in SNpc (C) and caudoputa-
men (D). Bars represent the mean value of target protein normalized to GAPDH abundance ± SEM
(from n = 5 individual animals, in 2–4 technical replicates), expressed relative to left midbrain or
caudoputamen, which serves as internal control, arbitrarily defined as 100%. Results of two-tailed
unpaired Student’s t-test and significance are shown in graphs: * p < 0.05, *** p < 0.001.
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3.5. Intermittent Theta Burst Stimulation Modulates NMDA Receptor Subunit Composition

The expression levels of the NMDA receptor subunits GluN1, GluN2A and GluN2B,
the AMPA receptor (GluR1) and the glutamate transporters GLAST (EAAT1) and GLT
(EAAT2) were further examined in the CPu after 6-OHDA and iTBS treatment. The ex-
pression levels of BDNF, SIN and PSD-95, which are involved in synaptic plasticity and
functional recovery were also examined (Figure 6). As presented in Figure 5, protein abun-
dance of GluN1 (Figure 6A, t = 5.040, p < 0.001), GluN2A (Figure 6B, t = 5.537, p < 0.001),
GLAST (Figure 6D, t = 4.212, p < 0.001), GLT1 (Figure 6E, t = 2.783, p < 0.05) and BDNF
(Figure 6F, t = 3.672, p < 0.006) in rSNpc compared to lSNpc significantly increased in
animals receiving iTBS treatment relative to the sham group. The iTBS treatment resulted in
an increase in SYN/PSD-95 ratio relative to the sham group (Figure 6H, t = 4.768, p < 0.001).
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Figure 6. Intermittent theta burst stimulation modulates NMDA receptor subunit composition.
Representative immunoblot membrane and quantitative data analysis showing relative subunit
protein abundance of GluN1 (A), GluN2A (B), GluN2B (C), BDNF (D), EAAT1 (E), EAAT2 (F) and
GluR1 (G). Relative abundance of the ratio of synaptic proteins Synaptophysin and PSD-95 ratio
in caudoputamen of sham and iTBS animals (H). Bars represent the mean value of target protein
normalized to GAPDH abundance± SD (from n = 5–6 individual animals, in 2–4 technical replicates),
expressed relative to left caudoputamen, which serves as internal control, arbitrarily defined as
100%. Results of two-tailed unpaired Student’s t-test and significance are shown in graphs: * p < 0.05,
** p < 0.01, *** p < 0.001.

4. Discussion

The aim of the present study was to investigate the effect of a prolonged iTBS stim-
ulation protocol on gross motor performance and nonmotor symptoms in the 6-OHDA
model of Parkinson’s disease. Neurodegeneration was induced by unilateral injection of
6-OHDA into the right SNpc, resulting in selective DA neuronal cell loss and anterograde
degeneration of the nigrostriatal neural pathway. We would like to emphasize that the ex-
perimental paradigm used in this work may be more appropriate than the other commonly
used when the toxin is infused in the CPu. Although both experimental paradigms lead to
similar motor impairments, the underlying cause might be different at the molecular level.
Because 6-OHDA enters the cell via DAT, when used in CPu it unselectively destroys all
synaptic terminals and possibly glial cells expressing DAT [38,39] as well as other elements
expressing serotonin and norepinephrine transporters, since 6-OHDA can also enter the
cell via these transporters [38]. On the other hand, if it is injected into the SNpc, it destroys
the cell bodies of the dopaminergic neurons and consequently all projections to the CPu,
but also to other regions [40] leading to a more suitable model of PD. The main focus of this
paper was to evaluate the specific iTBS protocol that started 7 dpi with the onset of motor
and behavioral deficits [19,20,41] and lasted for three consecutive weeks. The effects of iTBS
were assessed in terms of motor and nonmotor symptoms and underlying neurochemical
and biochemical responses.

To analyze which parts of the brain are affected by the iTBS protocol, we created
the FEM model. The FEM model describes that E-field levels in most parts of the brain,
including the caudoputamen and substantia nigra, are above the value of ~28 V/m, suffi-
cient to generate action potentials in the affected neuronal tissue [42], predicting that the
iTBS protocol would have been effective in eliciting electrical changes in the structures
studied. It should be noted that the electrical field generated also affects glial cells and their
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physiology, which may contribute to the overall response seen after iTBS [43]. The FEM
model gives us the opportunity and rationale to hypothesize that the iTBS protocol used in
this study may have a direct effect by targeting the CPu and SNpc, apart from the likely
indirect effects resulting from stimulation of other brain regions.

Previous modeling attempts have described that TMS-induced maximal E-field values
depend strongly on the species and brain size. However, rodent and human values are
similar for the 25-mm coil used in our study, supporting the translational potential of this
protocol [44].

The study confirmed that the iTBS protocol was able to improve the motor deficits
of 6-OHDA-affected animals, as evidenced by significantly improved performance on the
rota-rod and cylinder tests. Motor improvements were observed as early as one week after
initiation of iTBS stimulation, in contrast to other rTMS protocols that required two or more
weeks of application to produce measurable motor progress [45,46]. Furthermore, the iTBS
protocol resulted in sustained motor improvement that lasted for at least three weeks after
intoxication; that is, for the entire duration of the stimulation. At the cellular level, motor
improvement may be associated with a significant reduction in DA neuronal cell loss and
preservation of nigrostriatal projections [14]. Several TMS protocols have been shown to
reduce neuronal cell death by interfering with pro-apoptotic signaling pathways [14,16]
and reducing the production of reactive oxygen species [47] involved in 6-OHDA-induced
neurotoxicity [48]. In addition to direct neuroprotective effects, iTBS also attenuates glial
cell-mediated secondary damage [15,49], all of which may be responsible for the increased
TH expression observed after treatment.

Our study demonstrated that the iTBS protocol improves nonmotor symptoms, in-
cluding anxiety- and depressive/anhedonic-like behavior and cognitive deficits induced
by 6-OHDA. The neurotoxin directly induces loss of dopaminergic neurons and subse-
quent dopamine depletion in the striatum, which contributes to both motor impairments
and anxiety- and depressive/anhedonic-like behavior. Several studies have shown that
6-OHDA-induced loss of dopaminergic terminals, as well as other catecholaminergic
projections, leads to a neurochemical imbalance that partially underlies the observed be-
havioral deficits [50]. Accordingly, iTBS protocol restored dopamine levels in the striatum,
confirming previous data obtained with other rTMS protocols in animal models of neurode-
generative [20,46] and psychiatric disorders [51]. The recovery of dopamine levels after
iTBS [20,43,46] is likely due to reduced loss of DA neuronal projections and striatal DAT
expression. The beneficial effects of iTBS on behavioral and motor deficits in 6-OHDA are
probably due, in part, to increased serotonin levels as well, which is critically involved in
cognitive and motor functions and in the pathophysiology of depressive-like behavior in
animals and humans [50,52]. Serotonin in the striatum originates from the dense terminal
projections arising from the dorsal raphe nucleus. Its interactions with the striatal dopamin-
ergic system [53] decrease corticostriatal [54] and thalamostriatal [53] glutamatergic input
and modulated reward-mediated learning [55], thus the observed increase may influence
aforementioned processes. The behavioral deficits resulting from 6-OHDA, such as anxiety-
and depressive/anhedonic behavior, are a complex phenomenon with an elusive molecular
background, so that increases in dopamine and serotonin, although beneficial, are not solely
responsible for the deficits or improvements after iTBS. It is also worth noting that due to
the size of the coil, the stimulation affects virtually the entire brain, so it is possible that
some of the improvement in motor and nonmotor symptoms is also due to stimulation of
other brain regions and increased hemispheric compensation [56]; however, this is beyond
the scope of this study and requires further investigation.

In this regard, our study is the first to show changes in NMDAR subunit composition
in a model of 6-OHDA-induced SNpc degeneration. In 6-OHDA animals, increased extracel-
lular glutamate from corticostriatal inputs potentiates GluN1/GluN2B-mediated signaling,
which, together with depletion of DA, can lead to motor and behavioral deficits [57]. The
decreased expression of GluN1 and GluN2A and upregulation of GluN2B suggest that
6-OHDA alters NMDA receptor subunit composition in favor of GluN1 and GluN2B.
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Therefore, iTBS treatment reversed these effects and resulted in an increase in GluN1 and
GluN2A and a decrease in GluN2B subunit expression. Interestingly, selective GluN2B
receptor antagonism was found to alleviate symptoms in rodent and primate models of
PD [58–62], suggesting an important role of GluN2B-mediated signaling in PD. Moreover,
the iTBS-induced increase in GLAST and GLT1 expression may offset the increased extra-
cellular glutamate levels. Several studies have shown that extracellular glutamate levels
and/or binding of glutamate to its receptors are increased in both the 6-OHDA model
and PD pathology [63–65]. Because chronic rTMS has been shown to induce the release of
neurotransmitters in vivo, including glutamate, the increase in astrocytic GLAST and GLT1
may be a compensatory mechanism that can regulate extracellular glutamate levels, which
is also relevant to the pathology.

Overall, our data suggest that iTBS enhances GluN1/GluN2A-mediated signaling
and DA-glutamate crosstalk in the striatum, which is essential for motor and nonmotor
behavior. Moreover, it has been shown that induction of LTP by high-frequency stimulation
in the dorsolateral striatum requires GluN2A-, but not GluN2B-containing NMDAR [66].
Additional evidence comes from our findings that prolonged iTBS increased expression of
both presynaptic and postsynaptic markers, which may indicate enhanced synaptic contacts
and which may point to improved structural plasticity and improved motor/behavioral
function [12,13]. This phenomenon was demonstrated by other groups in the PD model
after acute iTBS [67,68]; however, it would require additional electrophysiological evidence
to examine synaptic plasticity in our conditions. Dopaminergic terminals converge with
cortical glutamatergic inputs on striatal spiny GABAergic neurons, which control many
behavioral outputs [3]. NMDARs containing different subunits play distinct roles in the
striatum, i.e., GluN2A-containing NMDARs regulate glutamatergic synaptic transmission
and evoked dopamine release in the striatum [69]. Moreover, altered NMDAR subunit com-
position in the striatum has been shown to be closely associated with the pathophysiology
and progression of both PD and experimental parkinsonism [4,10]. Finally, iTBS as well as
other rTMS protocols have been shown to affect the expression of NMDAR subunits [70]
and that their effects are mediated by NDMA signaling [71–73], further supporting the data
we obtained.

In summary, although the results of the present study clearly demonstrate the ben-
eficial effects of iTBS and address some of the potential underlying mechanisms, several
limitations of the study should be noted. The first relates to the technical limitations associ-
ated with the size and manual placement of the coil, which do not allow focal stimulation
of specific areas but can be considered as whole-brain stimulation. Therefore, the observed
effects of iTBS may be the result of both cortical and subcortical stimulation and their
interconnectivity. The second and a very important limitation concerns the nature of the
tissue component. More specifically, it is impossible to precisely determine the changes in a
particular cellular compartment (i.e., extrasynaptic vs. synaptic, membrane vs. cytoplasm)
in the fraction used, so we can only discuss the overall changes in the striatal region. Finally,
more in-depth analyses are required to connect the changes in NMDAR components to the
behavioral deficits to strengthen and elucidate the observed benefits following iTBS.

5. Conclusions

To our knowledge, this is the first study to show positive effects of prolonged iTBS
on motor and especially, on emotional behavior as well as on learning and memory in
the 6-OHDA-induced SNpc degeneration experimental paradigm of PD. This study is
also the first to report molecular changes that may contribute to the understanding of
the action of iTBS in this model. Overall, the results suggest that prolonged iTBS res-
cues dopaminergic cells and increases striatal levels of DA, serotonin and glutamate
transporter expression and alters NMDAR subunit composition, leading to predominant
GluN1/GluN2A-mediated signaling. In conclusion, iTBS protocol, if applied at the onset of
early symptoms, may be a promising candidate for the early-stage therapy of PD targeting
motor and nonmotor deficits.
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35. Perić, I.; Stanisavljević, A.; Gass, P.; Filipović, D. Fluoxetine exerts subregion/layer specific effects on parvalbumin/GAD67
protein expression in the dorsal hippocampus of male rats showing social isolation-induced depressive-like behaviour. Brain Res.
Bull. 2021, 173, 174–183. [CrossRef]

36. Stefanovic, B.; Spasojevic, N.; Jovanovic, P.; Jasnic, N.; Djordjevic, J.; Dronjak, S. Melatonin mediated antidepressant-like effect in
the hippocampus of chronic stress-induced depression rats: Regulating vesicular monoamine transporter 2 and monoamine
oxidase A levels. Eur. Neuropsychopharmacol. J. Eur. Coll. Neuropsychopharmacol. 2016, 26, 1629–1637. [CrossRef]

37. Dragic, M.; Stekic, A.; Zeljkovic, M.; Zaric Kontic, M.; Mihajlovic, K.; Adzic, M.; Grkovic, I.; Nedeljkovic, N. Altered Topographic
Distribution and Enhanced Neuronal Expression of Adenosine-Metabolizing Enzymes in Rat Hippocampus and Cortex from
Early to late Adulthood. Neurochem. Res. 2022, 47, 1637–1650. [CrossRef]

38. Blum, D.; Torch, S.; Lambeng, N.; Nissou, M.; Benabid, A.L.; Sadoul, R.; Verna, J.M. Molecular pathways involved in the
neurotoxicity of 6-OHDA, dopamine and MPTP: Contribution to the apoptotic theory in Parkinson’s disease. Prog. Neurobiol.
2001, 65, 135–172. [CrossRef] [PubMed]

https://doi.org/10.1016/j.brainresbull.2020.06.013
https://www.ncbi.nlm.nih.gov/pubmed/32599126
https://doi.org/10.3389/fnagi.2022.889983
https://doi.org/10.1016/j.neuint.2022.105356
https://doi.org/10.1097/00001756-199510020-00008
https://doi.org/10.3390/ijms21082874
https://doi.org/10.1006/neur.1995.0016
https://doi.org/10.1016/j.jchemneu.2020.101884
https://www.ncbi.nlm.nih.gov/pubmed/33161074
https://doi.org/10.1016/j.neuroimage.2014.04.001
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1016/j.brs.2012.02.005
https://www.ncbi.nlm.nih.gov/pubmed/22483681
https://doi.org/10.1109/IEMBS.2009.5334070
https://doi.org/10.3389/fncir.2016.00047
https://doi.org/10.4061/2011/414682
https://doi.org/10.1109/TBME.2004.827925
https://doi.org/10.3390/ijms140816817
https://doi.org/10.1016/S0028-3908(00)00005-8
https://doi.org/10.1016/j.neuint.2018.11.005
https://www.ncbi.nlm.nih.gov/pubmed/30419255
https://doi.org/10.1016/j.yhbeh.2008.11.011
https://doi.org/10.1007/s10339-011-0430-z
https://www.ncbi.nlm.nih.gov/pubmed/22160349
https://doi.org/10.1016/j.brainresbull.2021.05.021
https://doi.org/10.1016/j.euroneuro.2016.07.005
https://doi.org/10.1007/s11064-022-03557-5
https://doi.org/10.1016/S0301-0082(01)00003-X
https://www.ncbi.nlm.nih.gov/pubmed/11403877


Cells 2023, 12, 1525 18 of 19

39. Winner, B.M.; Zhang, H.; Farthing, M.M.; Karchalla, L.M.; Lookingland, K.J.; Goudreau, J.L. Metabolism of Dopamine in Nucleus
Accumbens Astrocytes Is Preserved in Aged Mice Exposed to MPTP. Front. Aging Neurosci. 2017, 9, 410. [CrossRef]

40. Suzuki, K.; Okada, K.; Wakuda, T.; Shinmura, C.; Kameno, Y.; Iwata, K.; Takahashi, T.; Suda, S.; Matsuzaki, H.; Iwata, Y.; et al.
Destruction of dopaminergic neurons in the midbrain by 6-hydroxydopamine decreases hippocampal cell proliferation in rats:
Reversal by fluoxetine. PLoS ONE 2010, 5, e9260. [CrossRef] [PubMed]

41. Prasad, E.M.; Hung, S.-Y. Behavioral Tests in Neurotoxin-Induced Animal Models of Parkinson’s Disease. Antioxidants 2020, 9, 1007.
[CrossRef]

42. Radman, T.; Ramos, R.L.; Brumberg, J.C.; Bikson, M. Role of cortical cell type and morphology in subthreshold and suprathreshold
uniform electric field stimulation in vitro. Brain Stimul. 2009, 2, 215–228, 228.e1–3. [CrossRef]

43. Cullen, C.L.; Young, K.M. How Does Transcranial Magnetic Stimulation Influence Glial Cells in the Central Nervous System?
Front. Neural Circuits 2016, 10, 26. [CrossRef] [PubMed]

44. Alekseichuk, I.; Mantell, K.; Shirinpour, S.; Opitz, A. Comparative modeling of transcranial magnetic and electric stimulation in
mouse, monkey, and human. Neuroimage 2019, 194, 136–148. [CrossRef]

45. Lee, J.Y.; Kim, H.S.; Kim, S.H.; Kim, H.-S.; Cho, B.P. Combination of Human Mesenchymal Stem Cells and Repetitive Transcranial
Magnetic Stimulation Enhances Neurological Recovery of 6-Hydroxydopamine Model of Parkinsonian’s Disease. Tissue Eng.
Regen. Med. 2020, 17, 67–80. [CrossRef] [PubMed]

46. Lee, J.Y.; Kim, S.H.; Ko, A.-R.; Lee, J.S.; Yu, J.H.; Seo, J.H.; Cho, B.P.; Cho, S.-R. Therapeutic effects of repetitive transcranial
magnetic stimulation in an animal model of Parkinson’s disease. Brain Res. 2013, 1537, 290–302. [CrossRef] [PubMed]

47. Stevanovic, I.; Ninkovic, M.; Mancic, B.; Milivojevic, M.; Stojanovic, I.; Ilic, T.; Vujovic, M.; Djukic, M. Compensatory Neuro-
protective Response of Thioredoxin Reductase against Oxidative-Nitrosative Stress Induced by Experimental Autoimmune
Encephalomyelitis in Rats: Modulation by Theta Burst Stimulation. Molecules 2020, 25, 3922. [CrossRef]

48. Schober, A. Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA and MPTP. Cell Tissue Res. 2004, 318, 215–224.
[CrossRef]

49. Stanojevic, J.; Dragic, M.; Stevanovic, I.; Ilic, T.; Stojanovic, I.; Zeljkovic, M.; Ninkovic, M. Intermittent theta burst stimulation
ameliorates cognitive impairment and hippocampal gliosis in the Streptozotocin-induced model of Alzheimer’s disease. Behav.
Brain Res. 2022, 433, 113984. [CrossRef]

50. Vieira, J.C.F.; Bassani, T.B.; Santiago, R.M.; Guaita, G.D.O.; Zanoveli, J.M.; da Cunha, C.; Vital, M.A. Anxiety-like behavior induced
by 6-OHDA animal model of Parkinson’s disease may be related to a dysregulation of neurotransmitter systems in brain areas
related to anxiety. Behav. Brain Res. 2019, 371, 111981. [CrossRef]

51. Lee, C.-W.; Wu, H.-F.; Chu, M.-C.; Chung, Y.-J.; Mao, W.-C.; Li, C.-T.; Lin, H.-C. Mechanism of Intermittent Theta-Burst Stimulation in
Synaptic Pathology in the Prefrontal Cortex in an Antidepressant-Resistant Depression Rat Model. Cereb. Cortex 2021, 31, 575–590.
[CrossRef]

52. Prinz, A.; Selesnew, L.-M.; Liss, B.; Roeper, J.; Carlsson, T. Increased excitability in serotonin neurons in the dorsal raphe nucleus
in the 6-OHDA mouse model of Parkinson’s disease. Exp. Neurol. 2013, 248, 236–245. [CrossRef]

53. Cavaccini, A.; Gritti, M.; Giorgi, A.; Locarno, A.; Heck, N.; Migliarini, S.; Bertero, A.; Mereu, M.; Margiani, G.; Trusel, M.; et al.
Serotonergic Signaling Controls Input-Specific Synaptic Plasticity at Striatal Circuits. Neuron 2018, 98, 801–816.e7. [CrossRef]
[PubMed]

54. Mathur, B.N.; Capik, N.A.; Alvarez, V.A.; Lovinger, D.M. Serotonin induces long-term depression at corticostriatal synapses. J.
Neurosci. Off. J. Soc. Neurosci. 2011, 31, 7402–7411. [CrossRef] [PubMed]

55. Blomeley, C.P.; Bracci, E. Serotonin excites fast-spiking interneurons in the striatum. Eur. J. Neurosci. 2009, 29, 1604–1614.
[CrossRef]

56. Blesa, J.; Juri, C.; García-Cabezas, M.Á.; Adánez, R.; Sánchez-González, M.Á.; Cavada, C.; Obeso, J.A. Inter-hemispheric
asymmetry of nigrostriatal dopaminergic lesion: A possible compensatory mechanism in Parkinson’s disease. Front. Syst.
Neurosci. 2011, 5, 92. [CrossRef]

57. Nash, J.E.; Brotchie, J.M. Characterisation of striatal NMDA receptors involved in the generation of parkinsonian symptoms:
Intrastriatal microinjection studies in the 6-OHDA-lesioned rat. Mov. Disord. 2002, 17, 455–466. [CrossRef]

58. Löschmann, P.-A.; De Groote, C.; Smith, L.; Wüllner, U.; Fischer, G.; Kemp, J.A.; Jenner, P.; Klockgether, T. Antiparkinsonian
activity of Ro 25-6981, a NR2B subunit specific NMDA receptor antagonist, in animal models of Parkinson’s disease. Exp. Neurol.
2004, 187, 86–93. [CrossRef]

59. Steece-Collier, K.; Chambers, L.K.; Jaw-Tsai, S.S.; Menniti, F.S.; Greenamyre, J.T. Antiparkinsonian actions of CP-101,606, an
antagonist of NR2B subunit-containing N-methyl-d-aspartate receptors. Exp. Neurol. 2000, 163, 239–243. [CrossRef]

60. Nash, J.E.; Hill, M.P.; Brotchie, J.M. Antiparkinsonian actions of blockade of NR2B-containing NMDA receptors in the reserpine-
treated rat. Exp. Neurol. 1999, 155, 42–48. [CrossRef]

61. Blanchet, P.J.; Konitsiotis, S.; Whittemore, E.R.; Zhou, Z.L.; Woodward, R.M.; Chase, T.N. Differing effects of N-methyl-D-aspartate
receptor subtype selective antagonists on dyskinesias in levodopa-treated 1-methyl-4-phenyl-tetrahydropyridine monkeys. J.
Pharmacol. Exp. Ther. 1999, 290, 1034–1040.

62. Rylander, D.; Recchia, A.; Mela, F.; Dekundy, A.; Danysz, W.; Cenci, M.A. Pharmacological modulation of glutamate transmission
in a rat model of L-DOPA-induced dyskinesia: Effects on motor behavior and striatal nuclear signaling. J. Pharmacol. Exp. Ther.
2009, 330, 227–235. [CrossRef] [PubMed]

https://doi.org/10.3389/fnagi.2017.00410
https://doi.org/10.1371/journal.pone.0009260
https://www.ncbi.nlm.nih.gov/pubmed/20174647
https://doi.org/10.3390/antiox9101007
https://doi.org/10.1016/j.brs.2009.03.007
https://doi.org/10.3389/fncir.2016.00026
https://www.ncbi.nlm.nih.gov/pubmed/27092058
https://doi.org/10.1016/j.neuroimage.2019.03.044
https://doi.org/10.1007/s13770-019-00233-8
https://www.ncbi.nlm.nih.gov/pubmed/31970698
https://doi.org/10.1016/j.brainres.2013.08.051
https://www.ncbi.nlm.nih.gov/pubmed/23998987
https://doi.org/10.3390/molecules25173922
https://doi.org/10.1007/s00441-004-0938-y
https://doi.org/10.1016/j.bbr.2022.113984
https://doi.org/10.1016/j.bbr.2019.111981
https://doi.org/10.1093/cercor/bhaa244
https://doi.org/10.1016/j.expneurol.2013.06.015
https://doi.org/10.1016/j.neuron.2018.04.008
https://www.ncbi.nlm.nih.gov/pubmed/29706583
https://doi.org/10.1523/JNEUROSCI.6250-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21593324
https://doi.org/10.1111/j.1460-9568.2009.06725.x
https://doi.org/10.3389/fnsys.2011.00092
https://doi.org/10.1002/mds.10107
https://doi.org/10.1016/j.expneurol.2004.01.018
https://doi.org/10.1006/exnr.2000.7374
https://doi.org/10.1006/exnr.1998.6963
https://doi.org/10.1124/jpet.108.150425
https://www.ncbi.nlm.nih.gov/pubmed/19357321


Cells 2023, 12, 1525 19 of 19

63. Calon, F.; Rajput, A.H.; Hornykiewicz, O.; Bédard, P.J.; Di Paolo, T. Levodopa-induced motor complications are associated with
alterations of glutamate receptors in Parkinson’s disease. Neurobiol. Dis. 2003, 14, 404–416. [CrossRef] [PubMed]

64. Gao, H.-C.; Zhu, H.; Song, C.-Y.; Lin, L.; Xiang, Y.; Yan, Z.-H.; Bai, G.-H.; Ye, F.-Q.; Li, X.-K. Metabolic changes detected by ex vivo
high resolution 1H NMR spectroscopy in the striatum of 6-OHDA-induced Parkinson’s rat. Mol. Neurobiol. 2013, 47, 123–130.
[CrossRef] [PubMed]

65. Caudle, W.M.; Zhang, J. Glutamate, excitotoxicity, and programmed cell death in Parkinson disease. Exp. Neurol. 2009, 220,
230–233. [CrossRef]

66. Li, P.; Li, Y.-H.; Han, T.-Z. NR2A-containing NMDA receptors are required for LTP induction in rat dorsolateral striatum in vitro.
Brain Res. 2009, 1274, 40–46. [CrossRef] [PubMed]

67. Natale, G.; Pignataro, A.; Marino, G.; Campanelli, F.; Calabrese, V.; Cardinale, A.; Pelucchi, S.; Marcello, E.; Gardoni, F.; Viscomi,
M.T.; et al. Transcranial Magnetic Stimulation Exerts “Rejuvenation” Effects on Corticostriatal Synapses after Partial Dopamine
Depletion. Mov. Disord. 2021, 36, 2254–2263. [CrossRef]

68. Cacace, F.; Mineo, D.; Viscomi, M.T.; Latagliata, E.C.; Mancini, M.; Sasso, V.; Vannelli, A.; Pascucci, T.; Pendolino, V.; Marcello, E.;
et al. Intermittent theta-burst stimulation rescues dopamine-dependent corticostriatal synaptic plasticity and motor behavior in
experimental parkinsonism: Possible role of glial activity. Mov. Disord. 2017, 32, 1035–1046. [CrossRef]

69. Schotanus, S.M.; Chergui, K. NR2A-containing NMDA receptors depress glutamatergic synaptic transmission and evoked-
dopamine release in the mouse striatum. J. Neurochem. 2008, 106, 1758–1765. [CrossRef]

70. Ma, J.; Zhang, Z.; Kang, L.; Geng, D.; Wang, Y.; Wang, M.; Cui, H. Repetitive transcranial magnetic stimulation (rTMS) influences
spatial cognition and modulates hippocampal structural synaptic plasticity in aging mice. Exp. Gerontol. 2014, 58, 256–268.
[CrossRef]

71. Vlachos, A.; Müller-Dahlhaus, F.; Rosskopp, J.; Lenz, M.; Ziemann, U.; Deller, T. Repetitive magnetic stimulation induces
functional and structural plasticity of excitatory postsynapses in mouse organotypic hippocampal slice cultures. J. Neurosci. Off. J.
Soc. Neurosci. 2012, 32, 17514–17523. [CrossRef]

72. Labedi, A.; Benali, A.; Mix, A.; Neubacher, U.; Funke, K. Modulation of inhibitory activity markers by intermittent theta-burst
stimulation in rat cortex is NMDA-receptor dependent. Brain Stimul. 2014, 7, 394–400. [CrossRef]

73. Brown, J.C.; DeVries, W.H.; Korte, J.E.; Sahlem, G.L.; Bonilha, L.; Short, E.B.; George, M.S. NMDA receptor partial agonist,
d-cycloserine, enhances 10 Hz rTMS-induced motor plasticity, suggesting long-term potentiation (LTP) as underlying mechanism.
Brain Stimul. 2020, 13, 530–532. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.nbd.2003.07.003
https://www.ncbi.nlm.nih.gov/pubmed/14678757
https://doi.org/10.1007/s12035-012-8336-z
https://www.ncbi.nlm.nih.gov/pubmed/22936308
https://doi.org/10.1016/j.expneurol.2009.09.027
https://doi.org/10.1016/j.brainres.2009.04.016
https://www.ncbi.nlm.nih.gov/pubmed/19376094
https://doi.org/10.1002/mds.28671
https://doi.org/10.1002/mds.26982
https://doi.org/10.1111/j.1471-4159.2008.05512.x
https://doi.org/10.1016/j.exger.2014.08.011
https://doi.org/10.1523/JNEUROSCI.0409-12.2012
https://doi.org/10.1016/j.brs.2014.02.010
https://doi.org/10.1016/j.brs.2020.01.005
https://www.ncbi.nlm.nih.gov/pubmed/32289670

	Introduction 
	Materials and Methods 
	Animals and Housing Conditions 
	Unilateral 6-Hydroxydopamine Lesion of the Right Substantia Nigra Pars Compacta 
	Experimental Design 
	Theta Burst Stimulation Protocol 
	FEM Modeling Methodology 
	Behavioral Tests 
	Rota-Rod Test 
	Limb Use Asymmetry (Cylinder Test) 
	Open Field 
	Object Recognition Test 
	Sucrose Preference Test 
	Brain Tissue Preparation and Immunohistochemical Staining 
	Measurements of Dopamine (DA) Content in Striatum by HPLC Assay 
	Tissue Isolation and Western Blot Analysis 
	Statistical Analysis 

	Results 
	FEM Modeling Results 
	Intermittent Theta Burst Stimulation Improves 6-OHDA-Induced Motor Dysfunction 
	Intermittent Theta Burst Stimulation Improves 6-OHDA-Induced Non-Motor Symptoms and Neurochemical Imbalance 
	Intermittent Theta Burst Stimulation Reduces 6-OHDA-Induced Neuronal Death of the Lesioned SNpc and Loss of TH Positive Fibers Density in the Caudoputamen 
	Intermittent Theta Burst Stimulation Modulates NMDA Receptor Subunit Composition 

	Discussion 
	Conclusions 
	References

