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ABSTRACT: Background: In experimental models of
Parkinson’s disease (PD), different degrees of degeneration
to the nigrostriatal pathway produce distinct profiles of
synaptic alterations that depend on progressive changes
in N-methyl-D-aspartate receptors (NMDAR)-mediated
functions. Repetitive transcranial magnetic stimulation
(rTMS) induces modifications in glutamatergic and dopami-
nergic systems, suggesting that it may have an impact on
glutamatergic synapses modulated by dopamine neuro-
transmission. However, no studies have so far explored
the mechanisms of rTMS effects at early stages of PD.
Objectives: We tested the hypothesis that in vivo appli-
cation of rTMS with intermittent theta-burst stimulation
(iTBS) pattern alleviates corticostriatal dysfunctions by
modulating NMDAR-dependent plasticity in a rat model
of early parkinsonism.

Methods: Dorsolateral striatal spiny projection neurons
(SPNs) activity was studied through ex vivo whole-cell
patch-clamp recordings in corticostriatal slices obtained
from 6-hydroxydopamine-lesioned rats, subjected to a
single session (acute) of iTBS and tested for forelimb
akinesia with the stepping test. Immunohistochemical
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analyses were performed to analyze morphological cor-
relates of plasticity in SPNs.

Results: Acute iTBS ameliorated limb akinesia and rescued
corticostriatal long-term potentiation (LTP) in SPNs of par-
tially lesioned rats. This effect was abolished by applying a
selective inhibitor of GIluN2B-subunit-containing NMDAR,
suggesting that iTBS treatment could be associated with an
enhanced activation of specific NMDAR subunits, which are
major regulators of structural plasticity during synapse
development. Morphological analyses of SPNs revealed that
iTBS treatment reverted dendritic spine loss inducing a prev-
alence of thin-elongated spines in the biocytin-filled SPNs.
Conclusions: Taken together, our data identify that an
acute iTBS treatment produces a series of plastic
changes underlying striatal compensatory adaptation in
the parkinsonian basal ganglia circuit. © 2021 The Authors.
Movement Disorders published by Wiley Periodicals LLC
on behalf of International Parkinson and Movement Disor-
der Society
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In Parkinson’s disease (PD), a progressive degenera-
tion of the dopaminergic neurons located in the sub-
stantia nigra pars compacta (SNpc) results in an
impaired control of voluntary movements and motor
learning disturbances.! Early motor symptoms of most
PD forms are evident when a 60%-70% loss of dopa-
minergic neurons causes a marked decrease in the
striatal dopamine (DA) levels.>

Although significant advances in the last decade made
it possible to recognize earlier signs of the disease, current
treatments, mainly aimed at replacing DA levels in target
areas, are unable to arrest neuronal degeneration or limit
the side effects of current therapies. An intriguing but
unexplored possibility is the combined use of innovative
diagnostic markers into synergistic approaches that
would preserve and enhance patients’ brain residual func-
tions, to maximize the responses to neurorehabilitation
and pharmacotherapy treatments. Repetitive transcranial
magnetic stimulation (rTMS), a noninvasive therapeutic
approach to study neural network organization, used for
diagnostic and therapeutic purposes, is an excellent can-
didate to meet these criteria. A single session (acute) treat-
ment produces an increase in DA content in subcortical
nuclei and induces temporary plasticity in target areas,
effects that can be studied in human subjects and labora-
tory animals.>®

The neurotoxin-based models of PD, the first
experimental paradigms to provide significant
insights into disease mechanisms, have the consider-
able advantage to induce a clear phenotype and a
modular induction of neurodegeneration, providing a
translational vision over the pathological and pheno-
typic characteristics of the human disease.” Among
these, a proper use of 6-hydroxydopamine (6-OHDA)
lesion model leads to distinct degrees of nigrostriatal
denervation®® and provides a glimpse of the neuronal
alterations likely associated with the motor distur-
bances observed in PD patients. In 6-OHDA-par-
tially-denervated rats (partial), showing mild motor
alterations, a 70% reduction in striatal DA levels is
sufficient to selectively impair the induction of cor-
ticostriatal long-term potentiation (LTP), which
depends  on  N-methyl-D-aspartate  receptors
(NMDAR) activation, but not the induction of the
long-term depression (LTD).”

A number of preclinical studies have provided evi-
dence that rTMS induces changes in glutamatergic and
dopaminergic systems,'®!! suggesting that it may have
an impact on excitatory synapses modulated by DA
neurotransmission. However, no studies have so far
explored the mechanisms underlying ex vivo long-term
effects of rTMS at the early stages of PD.

Here, we explored potential beneficial effects of
rTMS, using an intermittent theta-burst stimulation
(iTBS) pattern in an experimental condition in which
striatal DA levels are lowered to the threshold
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associated with early motor symptoms in newly diag-
nosed PD patients.

To this aim, we used a partial 6-OHDA lesion to
mimic the levels of DA cell loss in the early stages of
PD. In this condition, reduced corticostriatal LTP is
associated with an altered balance between GluN2A-
and GluN2B-NMDAR subunits.” In line with a previ-
ous study showing that, among neuronal populations,
immediate early gene activation is restricted to spiny
projection neurons (SPNs),'® we assumed that striatal
neurons could be responsive to iTBS and proposed to
analyze changes in dendritic spine density and
morphometric measurements, and corticostriatal plas-
ticity as a neuronal correlate of forelimb movement
control.

Based on these premises, we tested the hypothesis
that iTBS may reduce forelimb akinesia, a form of
motor disability that consists of a dysfunctional con-
trol of voluntary movements in the front paw contra-
lateral to the brain lesion side, efficiently measured
with the stepping test and associated with striatal
alterations in unilaterally lesioned animals.”!%!* We,
also, hypothesized that iTBS could rescue cor-
ticostriatal LTP through an NMDAR-dependent
mechanism. By using behavioral, immunohistochemi-
cal, and electrophysiological analyses, we explored
structural and functional changes in SPNs of
6-OHDA-partially-lesioned rats that were exposed to
acute iTBS in vivo 20 minutes before tissues and slices
preparation.

Materials and Methods

Extended methods can be found in the Appendix S1.

Nigrostriatal Lesion

Male Wistar rats (n = 115, 1-month-old, 100-125 g at
the time of the lesion) were deeply anesthetized and uni-
laterally injected with either saline (sham-operated, sham
n = 39) or 6-OHDA hydrochloride (Sigma Aldrich,
Milan, Italy) dissolved in a 0.1% ascorbic acid solution
in saline (n = 76) into the medial forebrain bundle
(MFB) of the left hemisphere (anteroposterior
[AP] = —4.4, mediolateral [ML] = +1.2 from Bregma,
dorsoventral [DV] = —7.8 from dura mater) as previ-
ously reported.'?

Fifteen days later, 6-OHDA-lesioned rats were chal-
lenged for apomorphine-induced contralateral turning
behavior to evaluate their DA-depleted status and be
selected as partially (n = 62 rats, indicated in the text
as “partial”) and fully denervated (n = 14 rats, indi-
cated as “full”).” Rats that performed 0-10 turns were
deemed to be unlesioned (n = 16) and were excluded
from this study. All the behavioral, morphological, and
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electrophysiological  experiments  were
2 months after the lesion (Fig. 1A).

performed

Theta-Burst Stimulation

Sham-operated and 6-OHDA-lesioned rats were sub-
jected to a single placebo or iTBS session. The iTBS pro-
tocol consisted in 10 trains of 50 Hz bursts (3 pulses),
repeated at 5 Hz, applied every 10 s (300 pulses,
2 minutes total duration), using a DuoMAG XT-100
stimulator through a 70BF butterfly coil (DEYMED
Diagnostic Europe, Czech Republic).'® Based on the man-
ufacturer’s information and on previous studies using a
similar experimental setting,'* we considered that at a dis-
tance of 1 cm from the coil, an inducing current of 30%
of maximal output produces a magnetic field strength of
0.5 T. This stimulation protocol, taking into account the
dimensions of the rat’s skull, induces a weak electric field
as estimated by Funke et al.'*

Behavioral Testing of Motor Deficits,
Stepping Test

The stepping test was used as previously reported.”
Partial rats were tested, and their motor dysfunctions
assessed before being randomly allotted into two
groups receiving either placebo or iTBS stimulation.

Electrophysiology

Animals were sacrificed 20 minutes post-stimulation.
Corticostriatal coronal slices were obtained, and gluta-
matergic excitatory postsynaptic potentials (EPSPs) were
evoked in intracellular and whole-cell patch-clamp
recordings as previously described.'>" LTP and LTD
were induced through a high-frequency stimulation (HES)
protocol in magnesium-free and physiological medium,
respectively.'®'” For studying spontaneous excitatory
postsynaptic currents (SEPSCs), picrotoxin (50 pM) was
added to block GABA z-mediated currents.

Dendritic Spine Analysis
on Golgi-Stained Brains

Brains of full and partial animals were dissected, and
the two hemispheres were impregnated separately in a
Golgi-Cox solution (1% potassium dichromate, 1%
mercuric chloride, 0.8% potassium chromate) at room
temperature (RT). Samples were then placed in sucrose
30% for 3 days, sectioned, and mounted.'® Dorsolat-
eral SPNs were identified under low magnification
(20 x 0.5 numerical aperture [NA]) using an optical
microscope DMLB Leica (Leica Microsystems, Milano,
Italy). Dendritic spines were quantified online at a mag-
nification of 100 x 1.5 NA using a camera connected
to the microscope. Spine density was measured on den-
drites of fully impregnated dorsolateral SPNs (n = 4/5

neurons per animal, 4/5 segments per neuron) by means
of the Neurolucida software. Number of spines counted
on dendrite segments of the same neuron were pooled
together to obtain averaged values. Analysis of den-
dritic spines size was carried out on random selection
of dendritic spines by measuring spine width parallel to
dendrite through the Image] software (National Insti-
tutes of Health) (600 spines per group). Spine diameter
values were expressed as cumulative frequencies.

Dendritic Spine Analysis on Biocytin-Filled
Neurons

After the recording, slices containing biocytin-loaded
cells were fixed with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS) overnight at 4°C. The
day after, the slices were washed in PBS and incubated
with 555-conjugated Streptavidin (1:200; Streptavidin,
Alexa Fluor 555 conjugate) in PBS 1% Triton X-100
for 3 hours at RT. Images were acquired using a Zeiss
CLSM700 confocal laser-scanning microscope (Zeiss,
Oberkochen, Germany). Neurons of interest were iden-
tified on a 10x objective, and spines were captured
with a 63x oil immersion, objective zoom factor 1.0.
After images acquisition, dendritic segments were ana-
lyzed for spine density, spine area, spine diameter, and
spine neck diameter using the Imaris 7.6.5 software
(Bitplane AG, Zurich, Switzerland).

Tyrosine Hydroxylase Immunofluorescence
Labeling and Analysis

Coronal sections were collected in PBS and incubated
with mouse monoclonal anti-Tyrosine Hydroxylase
(TH) antibody (1:300, Millipore, Milano, Itay) over-
night at 4°C. Subsequently, they were incubated with
secondary antibody Alexa Fluor 594 goat anti-rabbit
for 2 hours at RT, avoiding light. DAPI staining
(1:1000, Enzo Life Science, Milano, Italy) was per-
formed at the last wash with PBS. Images of TH
staining in Substantia Nigra (SN) were acquired using
Zeiss CLSM700 confocal laser-scanning microscope
(Zeiss) and captured with a 5x objective. To evaluate
the number of dopaminergic neurons, TH-positive cells
from both hemispheres were counted in 3-5 slices cut
at —4.68 to —6.00 mm from Bregma.

Statistical Analysis

Analyses were performed using Prism 6.0 (GraphPad
Software, San Diego, CA, USA). Paired and unpaired Stu-
dent’s # tests were used for the behavioral analysis to eval-
uate motor dysfunctions. Paired Student’s ¢ test was used
to compare values of the EPSPs amplitudes of the pre-
versus (vs.) post-HFS protocol in the same cell popula-
tion. Statistical comparisons of the EPSPs mean amplitude
were analyzed over time between different neuronal
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FIG. 1. Experimental plan and model assessment. (A) Time plan of experimental procedures. (B) Left, upper panel: schematic representation of the rat
brain with the stereotaxic coordinates of the coronal midbrain sections used for immunohistochemical analysis. Lower panel: number of TH-positive
neurons in the two hemispheres ipsilateral (ipsi) and contralateral to the lesion side (contra), in the midbrain of animals with Partial lesion subjected to
placebo stimulation (Partial) or iTBS (Partial+iTBS). Right: images of coronal midbrain sections from Partial rats subjected to placebo stimulation or
iTBS. Scale bar, 500 pm. Data are plotted as mean + SEM. (C) Histograms show the averaged ratio, expressed as a percentage of control, between
the number of contralateral and ipsilateral steps made by Partial rats with their forelimbs during each trial before and after being exposed to placebo
stimulation (Partial) or with iTBS (Partial+iTBS). Data are reported as mean + SEM.

populations using a two-way ANOVA. Current—voltage
(I-V) curves were compared using one-way ANOVA.
Morphological (Golgi-based spine scores) measurements
were compared by means of two-way ANOVA with site
of the lesion (ipsilateral lesioned vs. contralateral non-
lesioned hemisphere) and treatment (iTBS vs. placebo
stimulation) as main factors. A two-way ANOVA was
performed after assessment of the distribution normality
by means of the Shapiro-Wilk test. If the interactions
were significant, the test was followed by Bonferroni’s for

post hoc comparison. Spine density scores obtained from
biocytin-filled partial and partial+iTBS neurons were
compared by means of a Mann—-Whitney U test as one
sample distribution did not conform with the normality
test. Cumulative frequencies of spine head diameters in
partial vs. partial +HTBS and full vs. full+iTBS were com-
pared by means of the Kolmogorov-Smirnov (KS) test.
Values given in the text and the figures are mean = SEM
of changes in the respective cell populations. An « level of
0.05 was used for all statistical tests.
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Results

Nigrostriatal Lesion Extents Are
Indistinguishable in the Experimental
and Sham Cohorts

Quantification of dopaminergic cells in the SNpc of
partial rats exposed to iTBS (n = 4 rats) or placebo
stimulation (n = 5 rats) (Fig. 1A) was carried out by
counting TH-positive cells in the left hemisphere where
the unilateral stereotaxic injections of the neurotoxin
6-OHDA were performed (ipsilateral) and comparing
these values to those of the non-lesioned right hemi-
sphere (contralateral).”'**® Statistical comparisons by
two-way ANOVA confirmed a significant effect of the
lesion (F(162 = 45.51, P<0.001) but no effect of
the iTBS treatment (F(; 62 = 1.460, P = 0.23) and no
significant lesion X treatment interaction
(Fi1,62) = 0.786, P = 0.37). A 70% reduction of the
number of TH-positive cells was found in the left hemi-
sphere of partial rats regardless of the treatment
(Fig. 1B, P < 0.01 for each pair comparison).

Acute iTBS Improves Forelimb Akinesia and
Limb Use Asymmetry in Partial Rats

The effect of iTBS on motor dysfunctions in partial
rats (n = 16 rats) was evaluated by means of the
stepping test, which estimates forelimb akinesia and
limb-use asymmetry via the calculation of the contralat-
eral/ipsilateral step ratio.” Partial rats showed an
improvement in the use of the contralateral (impaired)
forelimb after exposure to iTBS, compared to their pre-
stimulation state (Fig. 1C, central panel; paired Stu-
dent’s ¢ test before vs. after iTBS treatment, t = 5.061,
df = 8, ***P < 0.001). Post-stimulation comparison of
contralateral/ipsilateral steps ratios revealed that partial
rats exposed to iTBS used significantly more the contra-
lateral impaired forelimb than their counterparts receiv-
ing the placebo stimulation (Fig. 1C, right panel;
unpaired Student’s # test, after iTBS vs. placebo stimula-
tion, t = 2703, df = 14, *P < 0.05).

Intrinsic Membrane Properties and LTD of
SPNs in Sham and Partial Rats Are Unchanged
by iTBS

Intrinsic membrane properties of SPNs were examined
in each condition by performing intracellular and
whole-cell patch-clamp recordings (Fig. S1A). The
current-voltage curve (I-V), representing the responses
of the membrane to current steps of increasing intensity
before crossing the firing threshold, was unaltered after
exposure to iIBS in any condition (upper-right panel).
Two-way ANOVA analysis was used to compare the
changes in the membrane potential in response to

increasing stimulation (time effect Fs135) = 349.15,
P < 0.0001, treatment effect F3,7 = 1.914, P = 0.15,

ns, and time x treatment interaction, Fys 135 = 1.344,
P = 0.19, ns). The mean number of spikes, calculated at
the step of 500 pA, was also similar among groups (rep-
resentative traces on the left panel and whisker plot
graph on the lower-right panel) (Sham: 19.40 + 1.50
(n = 6), Sham-+TBS: 19.75 £2.10 (n = 5), Partial:
20.50 + 1.85 (n = 6) and Partial+iTBS: 18.75 4+ 1.25
(n = 5); one-way ANOVA: F3 13 = 0.1763, P = 0.91,
ns). The resting membrane potential (RMP) values, cal-
culated at 0 pA from the I-V curve, were also in the
same range in all experimental conditions (Fig. S1A,
average values: —90.13 +£1.98 mV for Sham rats
m = 9); —89.844+ 1.70mV for Sham-+HTBS rats
n = 10); —86.60 £ 1.65mV for Partial (n = 8);
—86.43 + 1.45 mV for Partial HTBS (n = 8)).

The effect of iTBS on long-term synaptic plasticity
was evaluated using a HFS protocol shown to elicit
LTD at corticostriatal synapses in conditions where the
activation of a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor is preva-
lent, and both DA D1 and D2 receptors are acti-
vated.'®>! Results show a regular induction and
maintenance of LTD regardless of the treatment, both
in sham (Fig. S1B; paired Student’s ¢ test, pre-
vs. 30 minutes post-HFS, Sham: t = 7.496, df = 11,
P <0.001, n = 6; Sham+iTBS, t = 6.421, df = 21,
***P <0.001, n = 11) and in partial rats (Fig. S1B;
paired Student’s ¢ test, pre- vs. 30 minutes post-HFS,
Partial: t = 14.16, df = 13, ***P < 0.001, n = 7; Par-
tial +iTBS: t = 7.178, df = 11, ***P < 0.001, n = 6).
These observations were confirmed by a two-way
ANOVA analysis showing no significant group X time
interaction in both sham (F(;5270) = 0.2615, P = 0.99,
ns) and partial rats (F(15,195) = 0.7619, P = 0.74, ns).

A Single Session of iTBS Induces Synaptic
and Plastic Changes in Partial Rats

Spontaneous glutamatergic synaptic activity was
recorded in slices using the whole-cell patch-clamp tech-
nique. Partial rats that had undergone a placebo stimula-
tion, exhibited an increase in the amplitude, but not the
frequency, of sEPSCs compared to sham rats (Fig. 2A,
one-way ANOVA, amplitude: F;3 = 10.72, P < 0.01,
n = 13 Sham vs. n = 9 Partial; frequency: F3 33 =
0.7255, P = 0.54, ns). The exposure to iTBS fully rescued
both the increase in sEPSCs amplitude in partial rats
(n = 9 Partial vs. n = 7 Partial HTBS, P < 0.05) and the
concurrent increase in SEPSCs amplitude and frequency
previously reported’**' in fully-lesioned (Full) rats
(Fig. S3A, unpaired Student’s ¢ test, frequency: n = 12
Full vs n = 10 Full+TBS, t = 5.160, df = 19,
*#%P < 0.001 and amplitude: n = 9 Full vs. n = 11 Full
+iTBS, t = 3.852, df = 18, **P < 0.01). The propensity
of SPNs to express a persistent corticostriatal LTP was
studied in partial and sham rats in each stimulation
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FIG. 2. Synaptic and plastic changes induced by a single session of iTBS in partially lesioned rats. (A) Frequency and amplitude of sEPSC recorded
from SPNs of Sham and Partial rats 20 minutes after placebo stimulation (Sham, Partial) or iTBS (Sham+iTBS, Partial+iTBS). Representative traces
(right panel) show sEPSCs events in SPNs of the four different experimental groups. Data are plotted as mean + SEM. (B) Time course (upper panel) of
mean EPSP amplitude of SPNs in response to an LTP protocol applied in corticostriatal slices from Sham and Partial animals 20 minutes after a ses-
sion of placebo stimulation (Sham and Partial) or iTBS (Sham+iTBS and Partial+iTBS). Representative traces (lower panels) of single SPN recorded
from Sham, and Sham+iTBS or Partial and Partial+iTBS, before (solid lines) and after HFS (dotted lines). (C) Time course (upper panel) of mean EPSP
amplitude in SPNs recorded from Sham, Sham+iTBS, Partial and Partial+iTBS after induction of LTP protocol in the presence of 3 uM ifenprodil. Rep-
resentative traces (lower panels) of single SPNs recorded from the four experimental groups.

condition. Consistent with previous observations,'®!”

HFS applied in sham rats elicited a NMDA- and
D1-receptor-dependent LTP of corticostriatal transmis-
sion that was unaffected by iTBS (Fig. 2B, paired Stu-
dent’s ¢ test, Sham pre- vs. 30 minutes post-HFS,

= 10.04, df = 9, ***P < 0.001, n = 7; Sham+iTBS
pre- vs. 30 minutes post-HFS, t = 8355, df 11,
*#%P <0.001, n = 9). As expected,” HFS applied to
placebo-stimulated partials did not elicit a lasting LTP

(Partial pre- vs. 30 minutes post-HFS, t = 2032, df = 9,
P> 0.5, n = 35) but instead a short-term potentiation of
EPSP amplitude that returned to baseline values in
15 minutes. Application of iTBS was associated to an effi-
cient maintenance of LTP that persisted over the record-
ing time in the partial SPNs (Partial+iTBS pre- vs.
30 minutes post-HFS, t = 13,98, df = 11, ***P < 0.001,
n = 6; two-way ANOVA, time x group interaction,
F14126) = 10.37, P < 0.001; P < 0.01 at 14 minutes and
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P < 0.001 from 16-30 minutes post-HFS). To explore the
nature of this iTBS-induced LTP, we based our approach
on the consideration that in healthy rats, GluN2A- but
not GluN2B-expressing NMDARs are selectively
required for the induction of LTP, which largely relies on
the observation that application of selective non-competi-
tive antagonist of the GIuN2B subunit, ifenprodil, leaves
corticostriatal LTP unaltered.”* Because partial rats show
an increase in GIluN2A/2B ratio receptor subunit
composition,” we tested the hypothesis that iTBS could
rebalance GIuN2A/2B ratio by increasing GIluN2B-
mediated activity. To contrast this effect of iTBS, we first
applied ifenprodil in slices from sham rats placebo stim-
ulation where, as expected, it did not affect LTP
(Fig. 2C, Paired Student’s ¢ test, Sham pre- vs.
30 minutes post-HFS, t = 5.440, df = 11, ***P < 0.001,
n = 6). We, then, applied the HFS protocol to induce
LTP in slices of partials that received placebo or iTBS,
and recorded changes in EPSP amplitude under
ifenprodil application for the entire duration of the
recording. The application of the GluN2B antagonist in
corticostriatal slices from partial+iTBS rats before the
HES completely blocked the induction of the otherwise
observed iTBS-associated LTP (Fig. 2C, Partial+iTBS
pre- vs. 30 minutes post-HFS, t = 1.516, df = 15,
P>0.5,n=06).

iTBS Increases Total Spine Density and the
Proportion of Thin Spines on SPNs of
Partial Rats

Given that signaling through NMDARs is required to
induce structural plasticity in dendritic spines,”>** we
performed unbiased measurements of dendritic spine
density in Golgi-stained SPNs in the lesioned (ipsilateral)
and the non-lesioned (contralateral) hemisphere of par-
tials exposed to iTBS or placebo stimulation (Fig. 3A).
A two-way ANOVA revealed an effect of the site of

lesion (F147 = 12.02, P<0.01), of treatment
(F1,47) = 20.67, P < 0.01), and a significant site of the
lesion X treatment interaction (F47, = 14.60,

P < 0.01). Post hoc pair comparisons then showed that
fewer spines were counted on SPNs in the ipsilateral
hemisphere than in the contralateral hemisphere
(P < 0.001), which confirms the disruptive effect of the
6-OHDA lesion on synaptic density.> Notably, iTBS
increased spine density in SPNs in the lesioned hemi-
sphere (Partial vs. Partial+iTBS, P < 0.001) and rescued
inter-hemispheric differences in spines (Partial+iTBS
ipsilateral vs. contralateral (P = 0.79, ns) (Fig. 3B,C).
Full+iTBS rats also showed an increase in spines in the
ipsilateral hemisphere (Full vs. Full+iTBS, P < 0.001),
which, however, did not fully rescue the inter-
hemispheric differences in spines (Full-+iTBS ipsilateral
vs. contralateral, P < 0.05, Fig. S3B). Aside from the net
number of spines, which globally depicts synaptic

density, morphological parameters as the size and shape
of spines are indexes of the maturation and stability of
synapses, with the large spines hosting robust
synapses.>

Accordingly, we measured spine head diameters on
neurons in the ipsilateral hemisphere from partial and
partial+iTBS rats. Cumulative frequency graphs showed
a shift to the left of the partial+iTBS curve, which
reveals that the stimulation significantly increased the
proportion of thin spines in the lesioned rats (Fig. 3D,
KS,D = 0.3, P < 0.001). To establish direct correlations
between electrophysiological and  morphological
changes, spine density and spine head diameters were
also measured in a smaller sample of previously
recorded biocytin-filled neurons from Partial and Partial
+iTBS rats (Fig. 3E,F). Consistent with the Golgi data,
iTBS increased both spine density (Fig. 3G; Partial vs.
Partial+iTBS, U = 5, *P < 0.05) and the proportion of
thin spines (Fig. 3H, mean diameter KS, D = 0.4002
P <0.001) in the ipsilateral hemisphere. Additional
measurements automatically detected by Imaris software
in biocytin-filled neurons showed that spines in partial
+iTBS also had smaller head areas (Fig. S2A, U = 0.0,
**P < 0.01) and neck diameters (Fig. S2B mean diame-
ter D = 0.4002 P <0.001), consistently with their
immature status.

Overall, the morphological data demonstrate that
iTBS applied to the lesioned dorsolateral striatum trig-
gers an increase in the density of thin, immature, and
potentially more plastic dendritic spines, which are typi-
cally observed in developing neurons. These newly
formed spines are likely to be seen as a key structural
component involved in the recovery of synaptic plastic-
ity observed following the same treatment (Fig. 31).

Discussion

In the paradigm used here, modeling early symptom-
atic PD, a partial loss of dopaminergic afferents onto
striatal SPNs, results in the manifestation of mild
akinesia, a potentiation of spontaneous synaptic cur-
rents and a deficit in activity-dependent LTP. These
alterations in behavior and plasticity were previously
associated with a GluN2A/GluN2B unbalance, consid-
ered at the origin of motor, behavioral, and synaptic
plasticity defects.” Here, by demonstrating that applica-
tion of iTBS in early parkinsonian rats alleviated motor
dysfunctions, fully rescued corticostriatal LTP, and trig-
gered the induction of immature dendritic spines in
SPNs, we provide evidence that acute iTBS rescues the
phenotype and identify a novel mechanism of compen-
satory adaptation in the parkinsonian basal ganglia cir-
cuitry, which supports the observed recovery.

In full experimental parkinsonism, a characteristic
increase in both frequency and amplitude of spontaneous
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FIG. 3. Acute iTBS increases total spine density and the proportion of thin spines on SPNs of Partial rats. (A) Representative images of Golgi staining in
the neurons of dorsolateral striatum acquired at 5x magnification (scale bar, 250 pm). (B) Photomicrographs of Golgi-stained neurons showing dendritic
segments from contralateral (a) and ipsilateral (b) hemisphere of Partial and Partial+iTBS rats (scale bar, 10 ym). (C) Spine density values in
Golgi-stained dendrites of Partial and Partial+iTBS rats. Data are plotted as mean + SEM; (3 hemisphere/group, 3-5 neurons/hemisphere). (D) Cumula-
tive frequencies of spine head diameter measured on Golgi stained samples. (E) Image of a biocytin-loaded neuron recorded from rat coronal slice
(5x magnification, scale bar, 50 um). (F) Biocytin-filled dendritic segment from Partial and Partial+iTBS rats (scale bar, 5 pm). Yellow squares in the
upper panels refer to areas magnified in the bottom panels (scale bar, 2.5 pm). (G) Spine density values (n spines/um) (H) Cumulative frequencies of
spine head mean diameter obtained from biocytin-filled dendrites of Partial and Partial+iTBS rats. (I) Schematic representation of the morphological
changes observed in the dorsolateral SPNs of partial rats that received placebo (left panel) or iTBS stimulation (right panel).

glutamatergic activity because of a disrupted DA- specific alteration of the spontaneous glutamatergic activ-
glutamate interplay is observed.*' Here, we show for the ity limited to its amplitude. Such an increase in amplitude
first time that an incomplete nigrostriatal lesion, aside was rescued by iTBS, according to our hypothesis that a
from being associated with mild motor symptoms and complete recovery can be observed when the iTBS is
with a selective alteration of LTP, is also linked to a delivered in rats with a consistent pool of preserved TH-
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positive neurons. The further observation that iTBS res-
cues the increase in amplitude and frequency of EPSCs in
fully parkinsonian rats'>*! unveils an unexpected efficacy
of the stimulation on excessive glutamatergic activity.

Concerning the effects of magnetic stimulation on
synaptic plasticity in partial rats, whereas LTD
remained unaltered following iTBS application, the
LTP deficit was rescued, suggesting that the stimulation
interferes explicitly with the damaged synaptic opera-
tions without detrimental effects on preserved func-
tions. This result agrees with a previous study showing
a time-dependent area- and cell-type-specific ¢-Fos acti-
vation following iTBS treatment in parkinsonian rats.'’
Therefore, the spectrum of SPNs synaptic deficits nor-
malized by iTBS complements the deficits observed at
the different degrees of DA denervation.

Relevant to the possible mechanisms underlying the
rescue of LTP, in a seminal study, Paille and colleagues
showed an unbalanced GluN2A/GIuN2B subunit ratio
in the striatal postsynaptic density of the partial rats as
the mechanism preventing LTP expression.” Based on
this assumption, we wondered whether the iTBS-
induced recovery of LTP could be ascribed to a
rearrangement of the NMDAR subunits ratio. In the
adult striatum, GluN2A is required for LTP expression,
and the GluN2B antagonist does not affect LTP induc-
tion.”> In early PD, NMDAR subunits unbalance
depends on the abnormal elevation of GIuN2A in the
dorsal striatum.” Instead of favoring LTP, such condi-
tion brings to a marked reduction of its maintenance,
leading to the concept that more than the level of a spe-
cific subunit (each exhibiting strikingly unique biophys-
ical and pharmacological properties), a balanced
interaction between the two is rather required for LTP
induction. Therefore, we hypothesized that iTBS could
also change the ratio by either decreasing GIluN2A or
increasing GluN2B-mediated functions. The more sus-
tainable and simple way to test this hypothesis was to
contrast a possible increase of GluN2B by iTBS with a
GIluN2B antagonist. In line with these premises, in par-
tial rats exposed to iTBS, ifenprodil was able to vanish
the induction of this form of restorative plasticity. Inter-
estingly, ifenprodil alone, without iTBS, did not further
shorten the duration of typical short-term potentiation
in partial rats exposed to placebo stimulation.

Such functional enhancement in GluN2B function,
bringing to a plasticity recovery, raised the question as
to whether iTBS could trigger some form of structural
remodeling in SPNs. To answer this question, we mea-
sured the density and shape of dendritic spines, subcel-
lular elements that host the majority of excitatory
synapses in SPNs. Parallel analyses were carried out in
Golgi-Cox impregnated and in a small sample of previ-
ously recorded biocytin-filled neurons. Confirming that
dendritic spine loss is a robust feature of experimental
and human parkinsonism,?*”% our data show that

partial rats exhibited a decreased spine density on SPNs
in the lesioned hemisphere that was fully rescued by
iTBS stimulation. The recovery of spine density in the
partial-+iTBS group was associated with an increase in
the proportion of thin spines, (ie, small spines with
reduced head and neck diameters) typically observed in
developing neurons.

Interestingly, thin spines of juvenile excitatory synap-
ses require GluN2B-expressing NMDARs enrich-
ment.>' 3% These receptors are thought to preserve the
immature status of excitatory synapses during syn-
aptogenesis, making both functional and structural
changes easier to occur.>* Considering that thin spines
are the subcellular sites where responsive neurons build
transient and flexible synapses, we speculate that iTBS
triggers a juvenile-like remodeling that, if appropriately
stimulated by HFS, drugs, genetic manipulations, or
exploited in motor learning tasks, would maximize the
effect of pharmacological and neurorehabilitation
approaches. Although exploratory, our findings show
that the formation of new spines after iTBS also occurs
in biocytin-filled neurons. This consistency implies that
the two methods validate each other and provides pow-
erful information about the dimension of the phenome-
non observed, reinforcing our assumption that iTBS
significantly modifies these parameters also in the
recorded cells. This fact confirms that the formation of
new dendritic spines after iTBS is a key structural com-
ponent underlying synaptic plasticity.

In conclusion, acute iTBS ameliorated motor symp-
toms and rescued functional and structural alterations
specific to the early symptomatic stage of experimental
PD. These effects involve a functional contribution of
GluN2B-containing NMDARs, although the link of this
involvement to possible increases of endogenous DA
release associated with reduced inflammation, as previ-
ously observed in fully denervated animals,'® has not
been demonstrated yet. However, by identifying the
implication of a specific receptor subunit, our data shed
light on a novel mechanism by which iTBS exerts its
actions and provide a molecular target to explore and
promote new studies on the use of noninvasive stimula-
tion as an efficient add-on to current therapies. ®
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