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Repetitive transcranial magnetic stimulation (fTMS) is a noninvasive
neuromodulation technique, and it has been increasingly used as a
nonpharmacological intervention for the treatment of various neurological
and neuropsychiatric diseases, including depression. In humans, rTMS over
the prefrontal cortex is used to induce modulation of the neural circuitry
that regulates emotions, cognition, and depressive symptoms. However, the
underlying mechanisms are still unknown. In this study, we investigated the
effects of a short (5-day) treatment with high-frequency (HF) rTMS (15 Hz)
on emotional behavior and prefrontal cortex morphological plasticity in mice.
Mice that had undergone HF-rTMS showed an anti-depressant-like activity as
evidenced by decreased immobility time in both the Tail Suspension Test and
the Forced Swim Test along with increased spine density in both layer II/lll and
layer V apical and basal dendrites. Furthermore, dendritic complexity assessed
by Sholl analysis revealed increased arborization in the apical portions of both
layers, but no modifications in the basal dendrites branching. Overall, these
results indicate that the antidepressant-like activity of HF-rTMS is paralleled
by structural remodeling in the medial prefrontal cortex.

repetitive transcranial magnetic stimulation, spine density, dendritic complexity,
medial prefrontal cortex, emotional behavior

Introduction

Major depressive disorder (MDD) is a prevalent medical condition causing
substantial disability, depressed mood, limited sleep, decreased interest, impaired
cognitive functioning, and altered appetite. Numerous pharmacological therapies have
been used to treat MDD, but they are effective in only 50%-60% of MDD patients, and
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moreover, there is a very high relapse rate during the treatment
(Dodd et al, 2018). To add to that, those patients who gave
good responses to these medications reported unpleasant side
effects including headache, nausea, gastrointestinal upset, and
sexual dysfunctions (Dodd et al, 2018). For these reasons,
there has been growing interest in the development of
non-pharmacological methods to treat MDD. Non-invasive
brain stimulation techniques, one of the fastest-growing fields
in medicine, have received special attention as potential clinical
tools (George et al., 2022). Among these techniques is repetitive
transcranial magnetic stimulation (rTMS), which noninvasively
excites neurons by rapidly changing magnetic fields (Barker
et al,, 1985). In humans, high-frequency (HF)-rTMS (5-25 Hz)
applied over the prefrontal cortex has been associated with
antidepressant effects and is now used as a treatment option for
drug resistant depression (Somani and Kar, 2019). Based upon
the frontal electroencephalographic asymmetry in depression
and the hypothesis that the patient’s emotional reactivity is
associated with the left frontal lobe hypofunction (Davidson,
1992; Allen et al, 2004), HF-rTMS of the left dorsolateral
prefrontal cortex (DLPFC) is now the approved protocol to treat
drug-resistant depression (George et al., 2010). Although most of
the clinical n trials have Despite clinical evidence, the underlying
mechanisms of how HE-r'TMS induces the anti-depression effect
are poorly known and the investigation of new brain targets
for neuromodulation may optimize the therapeutic use of the
technique.

The medial prefrontal cortex (mPFC) is an important area
that modulates the behavioral response to stress, decision-
making, memory, emotional, and inhibitory control (Riga et al.,
2014). Previous studies in both humans with MDD and animal
models demonstrated abnormal activation of mPFC circuits is
linked to the development of depressive-like behaviors (Vialou
et al,, 2014; Marcus et al,, 2020), rumination, and anhedonia
(Williams, 2016). In addition, optogenetic stimulation of
mPFC pyramidal neurons results in antidepressant effects
(Covington et al,, 2010). The functional contribution of mPFC
networks to the development of MDD is further supported
by studies indicating that chronic stress leads to synapse
loss, reduced spine density, and decrease the apical dendritic
length of layer II/III pyramidal neurons (Liu and Aghajanian,
2008; Csabai et al, 2018). These structural changes in the
prefrontal cortex contribute to the pathophysiology of depressive
disorders (Duman et al,, 2016). Importantly, it appears that the
administration of antidepressants blocks the effects of chronic
stress and restores normal cortical synaptogenesis (Duman et al,,
2016; Holmes et al., 2022). The prelimbic cortex, which is an
mPFC subregion in the mouse brain that is described as the
human equivalent of the pregenual anterior cingulate cortex
(pACC, Brodmann area 24), an area that shows abnormal
activation in patients with depression is an interesting target for
neuromodulation (Bicks et al., 2015). Overall, these data indicate
that morphological plasticity in prefrontal areas is a biological
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mechanism of pivotal importance for alleviating symptoms of
depression. We previously demonstrated that a short, 15 Hz,
r'TMS treatment modulates motor cortex spine density and
dendritic morphology (Cambiaghi et al., 2021). Therefore, it is
possible that HF-rTMS may alter mPFC synaptic architecture.

We assessed the effect of a 5-day HF-rTMS stimulation on
emotional behavior, spine density, and dendritic complexity in
the mPFC in mice. Our hypothesis was that a short HF-rTMS
treatment should decrease immobility (antidepressant-like
activity) when rodents are exposed to an inescapable situation
coupled with synaptic rearrangements in layer II/III and layer V
of the mPFC.

Methods

Animals

Forty 129/SvEv male mice (8 weeks old) were purchased
from Taconic (Germantown, NY). Mice were provided with food
and water ad libitum and kept on a 12:12 light/dark cycle (lights
on at 7:00 am). The mice became accustomed to their habitat for
1 week before the beginning of the experiments. The protocol
was approved by the Animal Care and Use Committee of the
University of Verona (CIRSAL) and authorized by the Italian
Ministry of Health (n. 718/2019-PR).

Stimulation

Animals were divided into two groups, the sham condition
(n = 20) and the real stimulation with HF-rTMS (n = 20).
In experiments, rTMS was applied to awake mice by using a
MagStim Rapid stimulator connected to a 25 mm figure-eight
rodent coil (MagStim, Whitland, Dyfed, UK). The mice were
restrained in a soft plastic funnel with the head positioned
between two plastic bars to allow consistent positioning of
the TMS coil. For the real stimulation, the coil was held in
place using a dedicated plastic support with the center of the
coil right above the frontal areas perpendicular to the mouse’s
body axis (Cambiaghi et al., 2021; Figures 1A,B). For the sham
condition, the coil was oriented away from the mouse’s head,
and it was positioned about 30 cm from the mouse. We first
determined the individual motor threshold, starting at 50%
of the maximum stimulator output. The minimal stimulation
intensity which induced a bilateral muscle twitch in the lower
extremities (visually ascertained by the experimenter) was
considered the motor threshold. The average motor threshold
value was 50 £ 3.7% of the stimulator output. We applied
HF-rTMS stimulation trains (5 s duration, 75 stimuli each train)
separated by 30 s intervals. The stimulation took place for
five consecutive days with a progressive increase in stimulation
trains (one train on day 1 up to five trains on day 5). The
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FIGURE 1
High-frequency-rTMS (HF-rTMS) stimulation and experimental design. (A) Representative picture of the awake mice restrained by a soft plastic
funnel and a (B) graphic representation of the stimulation setup. (C) Schematic of the experimental timeline and HF-rTMS stimulation protocol.
Awake mice restrained with a soft plastic funnel were stimulated with a rodent figure-eight coil. Golgi-stained slices were used to analyze
dendritic spine density and complexity of layer II/Ill and V in the mPFC, prelimbic area.

day before the stimulation or the sham condition (day 1), mice
were restrained in a plastic funnel for 2 min to allow them to
familiarize with the experimental setting and procedure. The
behavioral test and animal perfusion were performed 24 h after
the last stimulation (Figure 1C).

Behavioral tests

We assessed both anxiety-like behaviors (Open field
Test-OFT, and Elevated-plus maze-EPM) and depression-like
behaviors (Forced-swim test-FST, and Tail-Suspension Test-
TST) following a previously described methodology (Crupi
etal, 2010). A total of 30 animals were tested (two groups: Sham,
N = 15; HF-r'TMS, N = 15). Briefly, for the OFT we used a
50 x 50 arena. The floor was divided into 16 squares; the central
four squares were defined as ‘the center “and the 12 squares
alongside the walls as” the periphery’). Mice were placed in the
center and videotaped for 5 min. Locomotor activity (number
of lines crossing) and the time spent in the center were visually
scored off-line. For the EPM, mice were placed for 5 min in a
plus sign-shaped structure consisting of two opposing open arms
(30 x 5 cm) and two opposing closed arms (30 x 5 x 15 cm)
connected by a central platform (5 x 5 cm). The behavior was
videotaped, and we scored the percentage of open-arms entries
and time spent in the open arms. The FST was performed in
a 14 cm diameter vertical glass cylinder, filled with water at
23 &+ 2°C. Each mouse remained in the cylinder for 6 min, and
the duration of immobility (floating) in the last 4 min was scored.
For the TST, mice were suspended from the tail for 6 min with
adhesive tape attached to a horizontal bar. The total duration of
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immobility was scored. All the behavioral tests were performed
on the same day with a 2-h break between tests. The tests were
performed in a randomized order.

Golgi staining, spine density, and
dendritic morphometric analysis

To investigate the effect of the stimulation protocol on
mPFC morphological plasticity a group of 10 mice (Sham,
N = 5 and HF-rTMS, N = 5) were sacrificed 24 h after the
final rTMS session. Under deep anesthesia (Ketamine/Xylazine),
mice were transcardially perfused with 4% paraformaldehyde in
PBS and the brains were then immediately removed, postfixed
for 24 h, and stained with FD Rapid GolgiStain Kit (FD
NeuroTechnologies, Ellicott City, MD, USA). The brains were
stored in the dark in solutions A + B for 2 weeks and for
48 h in solution C at 4°C. Then, the samples were frozen
in dry ice and stored at —70°C until sectioning. Brain slices
were cut in the cryostat to produce 100 pm sections which
were mounted on slides which were then stained in a solution
containing silver nitrate and covered with cover slips. Golgi-
stained pyramidal cells of layer II/IIT and layer V (n = 10 neurons
x brain x group) in the mPFC area from at least three
independent coronal sections (between +2.10 and 1.78 mm
relative to Bregma (Paxinos and Watson, 2013) were analyzed.
Prelimbic layers were identified by their morphology and
distance from the pial surface. Secondary basal and tertiary
apical dendrites were examined by counting the number of
spines. Under oil immersion through a 100x magnification on
a microscope (Olympus BX63) spines were manually counted
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by an experimenter without the knowledge of experimental
conditions (blind analysis). The spine density of each neuron was
calculated by dividing the total number of spines counted on a
neuron by the total length of the analyzed dendrite and expressed
as the number of spines/pum dendrite. The mean spine density
for each mouse was then calculated (Cambiaghi et al., 2021). The
Sholl analysis was performed to investigate dendritic complexity.
For each neuron, the three-dimensional basal and apical
dendritic tree, including all branches, was reconstructed in a
two-dimensional plane using a 40 x magnification (Neurolucida;
MicroBrighField, Williston, VT). The dendritic tracing was
analyzed using the NeuroExplorer software (MicroBrightField)
to quantify dendritic complexity by measuring dendritic length
and number of intersections (branch points) at a different radius
from the soma center (10 pm steps). Samples were number-
coded and blind analysis was performed (Cambiaghi et al., 2020,
2021).

Statistical analysis

The data were analyzed with the GraphPad Prism 8 software
(GraphPad Software, CA, USA). Group differences were
analyzed with an unpaired, two-tailed t-test. Dendritic
complexity was assessed with a two-way ANOVA (main effects:
treatment and radius) followed by Bonferroni’s correction.
P < 0.05 was considered statistically significant.

Results

We initially used anxiety-like and depression-like behavioral
tests (OFT, EPM, FST, and TST) to evaluate the effects of the
HE-rTMS treatment on animals. Stressed and anxious mice
tend to spend less time in both the center of the OFT arena
and in the open arms of the EPM. HF-rTMS stimulated mice
spent the same amount of time in the center of the arena as
the sham mice (4.1 & 0.4 vs. 4.9 £ 0.5 s; p = 0.27), with a
similar locomotor activity, as assessed by analyzing the number
of crossings (44.6 £ 2.4 vs. 39.8 & 4 ; p = 0.33; Figure 2A). In
the EPM, stimulated mice showed similar anxiety levels as the
sham group, as evaluated by both the percentage of open-arm
entries (52.4 & 4.2% vs. 49.3 &= 4.3%, p = 0.61) and time in the
open arms (46.8 £ 3.9 vs. 42.6 &+ 4.3%, ; p = 0.48; Figure 2B).
Therefore, these results indicate that the stimulation protocol
did not lead to increased anxiety. We then examined the effect
of the treatment on depressive-like behavior. In the FST, the
immobility time was significantly lower in the stimulated group
(118.9 &+ 13.4 vs. 162 £ 114 s; p = 0.025). Similar results
were obtained in the TST (107.8 £ 10.2 vs. 137.1 = 7 s; p >
0.05; Figure 2C). Therefore, the HF-rTMS treatment induced a
significant antidepressant-like effect.
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We then investigated whether the observed behavioral
changes were associated with a structural change in the dendritic
morphology of mPFC pyramidal neurons. We used Golgi-Cox
staining to identify individual mPFC layer II/III and layer
V pyramidal neurons (Figures 3A,B) and analyzed both the
dendritic spine density and the dendritic tree complexity by
using the Sholl analysis. The dendritic spine counts of layer
II/III revealed a significant effect of the HF-rTMS in both apical
and basal arborization (p = 0.020 and p = 0.011 respectively;
Figure 3C). Similar changes occurred in layer V at both apical
and basal dendrites (p = 0.004 and p = 0.025 respectively;
Figure 3D). The Sholl analysis (Figure 4A) revealed that the
HEF-rTMS had a significant effect on the complexity of apical
dendrites in both layers. In layer II/III, a two-way ANOVA
analysis (factors: radius and treatment) indicated a difference
of both factors and their interaction for the length (main effect
treatment: F(; ) = 16.01, p = 0.0039; radius: F(41,332) = 199.6,
p < 0.0001, treatment x radius interaction: F(yg224) = 4.714,
p < 0.0001) and the number of intersections (main effect
treatment: F(jg) = 10.76, p = 0.011; radius: F(4536.1) = 196.3,
p < 0.0001, treatment x radius interaction: F(yg224) = 4.114,
p < 0.0001). Bonferroni’s correction showed that the increase in
length in the stimulated group is in the range of 130-160 pwm
(p = 0.0048; p = 0.0035; p = 0.0352; p = 0.0439; Figure 4B).
Furthermore, treated animals showed an increase in the number
of nodes in the same range (p = 0.0343; p = 0.0176; p = 0.0304;
p = 0.0223; Figure 4C). By contrast, basal dendrite branching
showed no difference between the groups in both length (main
effect treatment: F(; g) = 0.38, p = 0.55; radius: F( 1,16.8) = 534.3,
p < 0.0001, treatment x radius interaction: F(z6208) = 0.804,
p = 0.69; Figure 4D) and number of intersections (main effect
treatment: F(; ) = 0.04, p = 0.83; radius: F3326¢6) = 464.0,
p < 0.0001, treatment x radius interaction: F(z6208) = 0.652,
p = 0.902; Figure 4E). When we analyzed the dendritic
complexity of layer V, we found an effect of the stimulation
on apical dendrite length (main effect treatment: F(; ) = 0.48,
p=0.69; radius: F3331.7) = 311.8, p < 0.0001, treatment x radius
interaction: F(42,336) = 3.711, p < 0.0001) and intersections (main
effect treatment: F(; gy = 0.59, p = 0.53; radius: F(3726.6) = 402.1,
p < 0.0001, treatment x radius interaction: F4,336) = 4.027,
p < 0.0001). The Bonferroni’s analysis revealed that stimulated
animals had an increased length in the radius interval between
280 and 300 pm (p = 0.041: p = 0.025; p = 0.016; Figure 4F)
while the increase in the number of intersections took place
between 230 and 260 pm (p = 0.044: p = 0.018; p = 0.041;
p = 0.022; Figure 4G). Similar to layer II/III, the two-way
ANOVA analysis did not show a significant interaction for both
the basal arborization length (main effect treatment: F(; g) = 0.21,
p=0.87; radius: F(51,19.4) = 371.8, p < 0.0001, treatment x radius
interaction: F(36208) = 0.715, p = 0.78) and the number of
nodes (main effect treatment: F; gy = 0.34, p = 0.67; radius:
F(46,142) = 389.5, p < 0.0001, treatment x radius interaction:
F(a6208) = 0.848, p = 0.62; Figures 4H,).
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HF-rTMS modifies depressive-like behavior. In the anxiety-like tests, stimulated and sham animals did not show any difference in the open field
test (OFT) (A), when measuring both the locomotor activity (number of crossing) and time spent in the center of the arena. Similar results
were obtained by analyzing the entries and time spent in the open arms of the elevated plus maze (EPM) test (B). In the depression-like tests,
a significant decrease in immobility time was found in both the forced swim test (FST) and in the tail suspension test (TST) (C). Means + SE.

*p <0.05.

Discussion

In this study, we showed that the HF-rTMS treatment we
used improved depression-like behaviors, increased dendritic
spine density, and dendritic arborization of neurons in both
superficial and deep layers of the mouse mPFC.

Growing evidence indicates that mPFC plays a pivotal
role in depressive-like behavior. Our results are in keeping
with previous studies indicating that different HF-rTMS
protocols induce antidepressant-like effects in rodents (Yang
et al, 2007; Feng et al, 2012; Wang et al., 2014; Heath
et al, 2018; Yan et al, 2022). Moreover, the protocols used
in the aforementioned studies required longer stimulation,
immobilization, and handling of animals which induce stress
and a consequent detrimental effect on morphological and
functional plasticity (Herman et al, 2003). Our results have
shown that a short HF-r'TMS protocol does not increase stress in
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mice and is still capable of inducing antidepressant-like effects.
Thus, our protocol may be suited to assess the effect of plasticity-
based antidepressant treatments on morphological biomarkers
in rodents. Although the different brain circuits engaged during
exposure to inescapable stressful situations like TST and FST are
still to be fully elucidated, the rodent mPFC receives inputs from
several brain regions and projects to key areas regulating mood,
emotion, and stress response (Laubach et al., 2018). For instance,
the networks connecting the mPFC with the dorsal raphe
nucleus (DRN) serotonergic neurons, the ventral hippocampus,
and the nucleus accumbens (Nac) are thought to be involved
in antidepressant-like effects in rodents (Warden et al., 2012;
Wang et al,, 2014; Urban et al,, 2016). Furthermore, previous
works have detailed the role of the balance between mPFC
glutamatergic/excitatory and GABAergic/inhibitory circuits in
mood regulation induced by both HF-rTMS and the rapid
acting antidepressants such as ketamine (Fee et al, 2017;
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FIGURE 3

HF-rTMS modulates apical and basal dendritic spines in layer II/Ill prefrontal neurons within the prelimbic area. (A) Schematic of the stimulated
brain area and representative Golgi staining of the analyzed region of interest (scale bar = 200 um). (B) Representative images of apical and
basal dendrites for the sham and rTMS conditions (L II/1ll). Stimulation resulted in a significantly increased spine density in both apical and basal
dendrites of layer II/11l (C) and layer V (D) (scale bar = 5 um). Means + SE. *p < 0.05, **p < 0.01.

Mineo et al,, 2018; Yin et al., 2021). The use of optogenetic and
chemogenetic techniques may further elucidate at the cellular
level the mechanisms of action underlying the behavioral gain
induced by HF-r'TMS treatment. For instance, photostimulation
of mPFC glutamatergic neurons receiving input from the DRN
reduces immobility time in the TST (Warden et al.,, 2012). In
the same way, stimulation of the afferents from the ventral
hippocampal to the mPFC reduces immobility time in the FST
(Carreno et al,, 2016). Future studies are needed to investigate
the interplay between genetic and environmental factors and to
test whether a similar behavioral gain may occur in different

Cellular Neuroscience

06

mouse strains (Abramov et al., 2008). Since in our study we used
a figure-of-eight rodent coil which stimulates multiple mouse
brain areas, it is likely that multiple networks contribute to the
emotional behavioral modulation induced by HF-rTMS.
Moreover, we showed that behavioral changes were
paralleled by morphological plastic changes in mPFC pyramidal
neurons, with a significant increase in spine density in both
layers II/III and V, apical and basal dendrites. Regarding
dendritic complexity, the stimulated mice showed increased
dendritic length and number of intersections only in the
apical dendrites. Previous studies indicate that spine density is
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FIGURE 4

HF-rTMS induced dendritic plasticity medial prefrontal cortex layer II/1ll and V pyramidal neurons apical dendrites. (A) Schematic representation
of reconstructed layer II/lll neurons for the sham and HF-rTMS groups (scale bar = 50 mm). Quantification of dendritic length and the number
of intersections in both layer II/1ll pyramidal neurons apical (B,C) and basal (D,E) dendrites and in layer V pyramidal neurons apical (F,G) and basal
(H.l) dendrites. Means & SE. *p < 0.05, **p < 0.01.

proportional to the excitatory synaptic input to a given neuron show low levels of glutamate in prefrontal cortex regions
(Hering and Sheng, 2001). Patients with major depression (Arnone et al, 2015) and antidepressants increase glutamate
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concentration in frontal areas (Stone et al, 2012; Wojtas
et al,, 2022). Hence, HF-rTMS might exert positive effects on
depression-like behavior through the regulation of glutamatergic
neurotransmission in mPFC and a consequent increase in spine
density and dendritic complexity. Additionally, mounting
evidence suggests a key role of brain-derived neurotrophic
factor (BDNF) in mediating the antidepressant-like effects of
HE-rTMS (Vlachos et al., 2012). BDNF is a regulator of synaptic
plasticity in the brain and may be a key molecule involved in
the mechanism underlying the relationship between HF-rTMS
and morphological plasticity in mPFC. In this context, it is
worth noting that a low level of BDNF is strongly associated
with depression and antidepressant drugs can normalize BDNF
levels (Castrén and Monteggia, 2021). Furthermore, mice with
forebrain BDNF alterations are known to display impaired
spine-synapse number and dendrite complexity (Duman et al.,
2021). It is recognized that BDNF exerts a key role in the
induction of long-term potentiation (LTP) in the adult mouse
brain. Since cortical LTP is associated with increases in spine
density and dendritic arborization in the cortex (Muller et al,,
2000; Monfils et al,, 2004), it is likely that BDNF may play
a pivotal role in mediating the antidepressant-like effect of
HF-rTMS.

Our treatment resulted in a significant modulation only on
the apical dendrites, mainly in their medial-to-distal portion.
This finding is in agreement with other studies indicating that
stress induces a significant reorganization of apical dendrites in
layer II/III pyramidal neurons of the mPFC, but not in the basal
dendrites (Wellman, 2001; Radley et al., 2004), suggesting that
HF-rTMS may counteract the negative effect of stress on mPFC
morphology.

A limitation of the study is the low focality of the
stimulation delivered through the rodent coil, which may have
induced changes in different brain regions. It is possible that
neuromodulation of sensory and motor brain areas might play
a role in determining behavioral gain since in both the FST
and TST mice will first make efforts to escape but eventually
will exhibit immobility which reflects a measure of behavioral
despair. Furthermore, the determination of the motor threshold
in awake mice using rodent coils is a rather gross measure. Thus,
our results should be confirmed in future studies using a more
focal stimulation, a better determination of the individual motor
threshold (using electromyographic recoding in anesthetized
mice), and protocols should ascertain the effect in animal
models of depression. In addition, the rodent mPFC has
different interconnected subregions, receiving several inputs and
outputs and, in future works, it will be important to explore in
detail the effects of focal stimulation of each subregion using
optogenetic techniques. We have emphasized a possible pivotal
role for growth factors; we should also state that modulation of
neurotransmitters, receptors, and inhibitory circuits could play a
significant contribution to the behavioral effects we are reporting
in our study.
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Lastly, this was a pilot study and we have used only male mice
because of a previously published study that addressed cortical
morphological plasticity in a different brain area using the same
protocol and the same mouse strain (Cambiaghi et al., 2021).
This approach allowed us to discuss region-specific effects. We
plan to confirm and expand our findings using both female and
male mice.

In conclusion, the present study expands the previous
literature and furthers our understanding of the biological
mechanisms underlying the therapeutic effects of HF-rTMS to
show a pivotal role for structural plastic changes within the
mPFC. Future studies are required to better understand mPFC
neuromodulation in clinical and rodent models of depression,
aging, and dementia.
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