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Abstract 
 
Neural plasticity is defined as a reshape of communication paths among neurons, expressed through changes in the 

number and weights of synaptic contacts. During this process, which occurs massively during early brain development 

but continues also in adulthood, specific brain functions are modified by activity-dependent processes, triggered by 

external as well as internal stimuli. Since transcranial magnetic stimulation (TMS) produces a non-invasive form of brain 

cells activation, many different TMS protocols have been developed to treat neurological and psychiatric conditions and 

proved to be beneficial. Although neural plasticity induction by TMS has been widely assessed on human subjects, we 

still lack compelling evidence about the actual biological and molecular mechanisms. In order to support a better 

comprehension of the involved phenomena, the main focus of this review is to summarize what has been found through 

the application of TMS to animal models. The hope is that such integrated view will shed light on why and how TMS so 

effectively works on human subjects, thus supporting a more efficient development of new protocols in the future.  

 

Keywords: TMS, Transcranial Magnetic Stimulation, Brain plasticity, Synaptic plasticity, Mental disorders, Animal 

model. 
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Introduction 
 
It is now well-established that repeated activation of neural circuits can lead to changes in their intrinsic transmission 

strength (Bliss and Lømo 1973). These plastic modifications can be expressed through functional alterations, both 

positively and negatively directed, variations in gene transcription and translation, as well as through the morphological 

restructuring of synaptic networks (Citri and Malenka 2008). Originally, plastic changes were induced by electrical 

stimulation of afferent fibers (Bliss and Lømo 1973); later on, in addition to this standard methodology, we fostered the 

introduction of additional protocols capable of inducing bona fide long-term potentiation (LTP) and long-term depression 

(LTD), including chemical stimulation (Lamanna et al. 2015) and optogenetics (Fenno et al. 2011). Some of these 

techniques work in vivo on experimental animals, others can be applied only to in vitro preparations, but none has been 

used on humans. 

In this respect, transcranial magnetic stimulation (TMS), which non-invasively induces focal electrical activation of 

neurons and related efferent fibers through a magnetic field, represents an effective tool to induce neural plasticity in the 

human brain. This technique has already provided important clinical results in psychiatric and neurological diseases 

(Rossi et al. 2020), all conditions where pathological alteration of brain circuits is hypothesized (Downar et al. 2016). For 

example, TMS application to patients with major depression produced beneficial effects lasting months, implying that - 

directly or indirectly - it produces enduring neural modifications (Levkovitz et al. 2015). 

The efficacy of TMS, exactly as that of LTP/LTD protocols, varies with stimulation parameters, these affecting 

associativity and cooperativity of the involved plasticity induction processes, but also according to the target brain areas 

(Rossi et al. 2020) (see Table 1 for a description of the TMS protocols mentioned in this review). The latter indeed show 

different levels of plastic potential, presumably a reflection of NMDA receptors distribution and differences in molecular 

cascades (Oberman and Pascual-Leone 2013). Unfortunately, TMS studies on humans fail to unveil the actual 

neurobiological modifications subtending those plastic changes. On the other hand, TMS applied to the animal model 

allows a more direct investigation, addressing if and how TMS can induce the same protein and molecular changes seen 

after the induction of LTP/LTD. Molecular mechanisms might represent a valuable point of convergence, since homology 

studies showed similar processes in both animals and humans (Keeler and Robbins 2011). However, it seems appropriate 

to always keep in mind that, since the rodent brain is much smaller than the human's, stimulation depth is not an issue for 

most animal studies, but on the other hand these lack the targeting precision achieved with humans. These limitations 

could be overcome with the development of new stimulation tools for both humans and animal models. 

In this review, we first summarize representative evidence available in the literature supporting the capability of TMS to 

induce functional plastic changes in the brain of human subjects. Then, we collect and discuss studies performed on 

animal models which shed light on the underlying molecular and biochemical mechanisms. We believe that such parallel 

view can contribute to better define the involvement of synaptic plasticity in the ameliorating effects of TMS therapy. 
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Name Protocol Purpose 

TMS Single magnetic pulses sent through the 
coils. 

Single stimulation of target areas in brief sessions. 
Used for evaluation of motor threshold and functional 
tool together with recording techniques (fMRI or 
EEG) for brain areas mapping. 

 
rTMS 

 

Repeated magnetic pulses sent through 
the coils, at either high (>5Hz) or low 
(~1Hz) frequencies. 

Modulation of brain areas activity: high frequency 
rTMS is commonly used to excite brain areas, while 
low frequency to inhibit. 

ppTMS 
Pairs of stimuli at different locations, 
separated by a variable interval. 

Interhemispheric and interregional stimulation 
(inhibition or facilitation) of the cortex. 

TBS 

 
Sequences of stimuli mimicking the 
hippocampal theta rhythm. Protocol 
variants:  
- intermittent TBS (iTBS) 
- continuous TBS (cTBS) 

Enhanced and long-lasting modulation of cortical 
excitability. TBS was originally used to induce LTP 
in preclinical models. 

dTMS 

 
Pulses that can reach deeper (~ 4 cm) 
locations beneath the skull and more 
precise focalization compared to 
classical TMS. 
 

Enhanced stimulation accuracy, reduced side-effects, 
stimulation of subcortical regions.  

 
Table 1. Different types of TMS protocols. rTMS: repeated TMS; ppTMS: paired-pulse TMS; TBS: theta-burst 

stimulation; dTMS: deep TMS. 
 

 
 
The endless tale of synaptic plasticity induction and expression 
 
Before addressing the link between TMS action and brain plasticity, it is worth recalling some key aspects that underlie 

the induction and expression of those functional and structural changes produced by synaptic plasticity phenomena. Of 

course, the panorama of mechanisms that make possible such changes is boundless and constantly evolving. Hence, we 

will briefly introduce the topic and provide reference to other reviews for a more in-depth coverage. Functional synaptic 

plasticity in mammals has been thoroughly characterized in vitro using samples from animal models, such as acute brain 

slices of the hippocampus, by using specific electrical stimulation protocols. High frequency stimulation (~100 Hz), either 

delivered as a tetanus or a sequence of intermittent bursts (theta-burst stimulation) (Larson & Munkácsy 2015), usually 

produces potentiation of synapses (LTP), but it can induce both LTP and LTD in specific cortical preparations (such as 

prefrontal cortex) due to the metaplastic action of neuromodulators (Otani et al., 2003; Lamanna et al., 2021). LTD is 

more classically obtained through low frequency (~1 Hz), steady stimulation delivered for relatively longer periods of 

time. One of the most important features of LTP, observed in several brain circuits (the most popular being the Schaffer 

collaterals of the hippocampus) is associativity, i.e. the dependence of potentiation upon almost simultaneous activation 

of pre- and post- synaptic neurons. Associativity is generally granted by the activation of glutamate NMDA receptors and 
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the consequent inflow of Ca2+ ions (Bliss & Collingridge, 2013). Calcium is pivotal to the induction/expression of both 

synaptic potentiation and depression, since it directly or indirectly activates protein kinases (such as Ca2+/calmodulin-

dependent protein kinase II, CaMKII, cAMP-dependent protein kinase, PKA, and protein-kinase C, PKC) and 

phosphatases (such as PP1 and PP2A), respectively. Such enzymes mediate complex intracellular cascades leading to the 

remodeling of synaptic receptors composition, release retrograde messengers, and eventually up- or down-regulate gene 

expression and protein synthesis/degradation, which is required for the consolidation of synaptic changes in the long-term 

(Klann & Dever, 2004). Intrinsic excitability of membranes at the level of both soma and neurites can also go through 

plastic changes and these can be maintained in the long-term, dramatically affecting the function of brain circuits (Daoudal 

& Debanne, 2003). Furthermore, such changes, together with synaptic scaling, allow for effective stabilization of neural 

circuits following synaptic potentiation, thus preserving their functionality (Turrigiano & Nelson, 2000). Structural 

changes can either occur at the level of the dendritic arbor, or affect whole networks of the brain connectome, with heavy 

consequences on neural dynamics (Bargmann & Marder, 2013). The former kind of modification involves growth factors 

such as the brain derived neurotrophic factor (BDNF), which is known to be released both constitutively and following 

synaptic activation (Kuczewski et al, 2009), and recently attracted deep interest in the context of stress-related depressive-

like behaviors (Björkholm & Monteggia, 2016). Not only the cellular part of the brain, i.e. neurons and synapses, is 

involved in the structural and functional plastic changes described above. Perineuronal nets (PNNs), formed by 

chondroitin sulphate proteoglycans (CSPGs), seem to be involved in the inhibition of axon regeneration and act as a glial 

“scar” blocking new axons growth in neural injured sites (Siebert and Osterhout 2011). In addition, PNNs encapsulate 

GABAergic fast-spiking interneurons (FSI) expressing parvalbumin (PV), a calcium-binding protein known to play 

crucial roles in short-term plasticity (Caillard et al. 2000). Therefore, PNNs are thought to regulate the inhibitory action 

of PV+ cells on principal neurons, hence orchestrating the opening and the closing of the so-called critical period. Critical 

periods are specific epochs, in the early and late stages of nervous system development, which are characterized by very 

high plastic potential, and thus contribute to the shaping of most brain functions, such as sensory processing (Levelt & 

Hübener, 2012). Finally, although most studies focused on clarifying the mechanisms of plasticity at glutamatergic 

synapses, GABAergic transmission is also known to be highly plastic, and the induction of inhibitory plasticity generally 

involves different molecular mechanisms, such as changes in the expression of Cl- transporters (Griffen & Maffei, 2014). 

 
 
Interpreting TMS effects on human brain in a plasticity perspective 
 
Extended evidence in humans suggests that TMS induces plastic changes and strengthens neural plasticity mechanisms. 

Nevertheless, the available studies are limited to functional modifications and do not address the underlying biological 

and molecular mechanisms. In many instances, TMS has been shown to alter specific motor behaviors and the 

corresponding neurophysiological outputs: the enhancing effect of TMS on the motor evoked potential (MEP) is a classic 

example. Murray and colleagues, among others, compared the MEP as an index of corticomotor excitability during and 

after 15-min and 30-min TMS protocols (Murray et al. 2011). In this work, TMS augmented such excitability after the 

shorter protocol, with no additional advantages with the longer one. In a later study, MEP responses were found 

potentiated by a paired-pulse TMS (ppTMS) paradigm able to induce a cortical facilitation with different time intervals, 

from 8 to 30 ms (Cash et al. 2016). The authors suggest that a period of GABAergic late cortical disinhibition (LCD) 

could underlie this facilitation. All the above transient changes in excitability might refer to a change in action potential 

activation threshold, which is not a synaptic plastic change per se. Nevertheless, in the same study, the authors designed 

stimulation sequences where each MEP-evoking pulse was preceded by ppTMS. Thanks to the ppTMS-induced cortical 
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facilitation, this approach produced long-lasting enhancement of motor responses (~60 min), which is suggestive of forms 

of synaptic plasticity like LTP (Cash et al. 2016). 

Other studies indicated synaptic plasticity as the basal mechanism of TMS functional effects by showing how paired 

associative TMS stimulations induce appreciable long-term transmission effects in terms of physiological changes at the 

level of M1 (Müller-Dahlhaus et al. 2015). This is reminiscent of Hebbian LTP, but a direct proof of the potentiation of 

the target circuit is difficult, if not impossible, to achieve. Along this line, TMS has also been shown to change the learning 

of specific motor behaviors: some examples of these effects are found in the following studies. There is evidence, in fact, 

that intermittent theta-burst stimulation (iTBS) over primary motor cortex (M1) enhances motor learning across tasks in 

healthy subjects (Platz et al. 2018), even if the high situation-dependent efficacy of TMS should be considered (Hallett 

2001). Another study demonstrated that TMS on M1, delivered simultaneously to motor imagery (MI), induces changes 

in motor output increasing MEPs in hand and forearm muscles involved in the motor imagination process (Foysal and 

Baker 2020). Another important concept that links the use of TMS to changes in motor behavior is functional recovery 

following neurophysiological damage and, also in this case, neural plasticity seems to be the basis of the improvements. 

Here we present studies that move in this direction. In a clinical trial, Volz and colleagues showed that the enhancement 

of motor cortex excitability using iTBS-TMS, if applied before physical therapy, promoted recovery of motor functions 

in a short time span after stroke onset (Volz et al. 2016). Interestingly, the comparison of connectivity maps in motor-

related areas revealed that patients with better motor outcome featured a lower decrease in functional connectivity 

between M1 and bilateral motor areas and this was significantly higher in the M1-stimulation group compared to the 

control one. In another study BDNF has been hypothesized to play a specific role in modulating the efficacy of repetitive 

TMS (rTMS) contributing to motor recovery of stroke patients through the induction of LTP-like plasticity (Chang et al. 

2014). Based on similar premises, Ackerley and colleagues tested primed upper limb physical therapy with iTBS after 

stroke (Ackerley et al. 2016). The effectiveness of such therapy resulted significantly increased immediately after TMS 

and one month later. In addition, a greater improvement was associated with a more balanced corticomotor excitability, 

explainable by the induction of LTP-like plasticity, with an increase of input receptibility as well as with improved M1 

connectivity. Another interesting result on the use of TMS for the plasticity-like functional recovery of specific 

physiological deficits comes from the application of rTMS to the visual cortex of patients with amblyopia, where it was 

found that 10 Hz stimulation produced an increase in contrast sensitivity in all participants (Thompson et al. 2008). All 

the works described above are summarized in Table 2. Although exemplary, these findings support the idea that TMS 

produces plastic changes on different neural circuits. Similar TMS applications performed on animal models, analyzed in 

the next section, allow to better investigate synaptic plasticity involvement and suggest molecular and functional 

mechanisms underlying the observed effects. 
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Study Stimulation type and duration Stimulation 
area Results - Humans 

Thompson 
et al., 2008 

rTMS at 1 Hz, 600 pulses total; rTMS at 10 
Hz, 5 s trains with 45 s inter-train intervals, 
900 pulses total; intensity: 100% of motor 
threshold (MT).  

V1 
10 Hz increased contrast 
sensitivity in patients with 
amblyopia. 

Murray et 
al., 2011 

ppTMS, 1.5 ms inter-pulse interval, delivered 
0.2 Hz, 15 or 30 min sessions. Left M1 Increased corticomotor 

excitability. 

Chang et 
al., 2014 

rTMS at 10 Hz, 55 s inter-train intervals, 1000 
pulses/day for 10 days; intensity: 90% of MT. M1 

Altered motor cortex 
excitability; the effect is 
BDNF-related. 
BDNF genotyping was 
performed through PCR on 
blood samples from tested 
subjects. 

Ackerley et 
al., 2016 

iTBS protocol:  600 stimuli for 10 consecutive 
days; intensity: 90% of MT. Ipsilesional M1 Dose-effect improvements in 

physical therapy efficacy. 

Cash et al., 
2016 

ppTMS, 1.3-1.5 ms inter-pulse interval, 6 
trains of 4 doublets at 200-250 ms intervals, 8 s 
inter-train interval, 48 pulses total. Intensity: 
maximum at 120% of MT. 

Left M1 Increased MEP. 

Volz et al., 
2016 iTBS for 3.5 min, daily for 5 days. M1 

Improved motor rehabilitation 
of stroke patients; lower 
decrease in functional 
connectivity between M1 and 
bilateral motor areas. 

Platz et al., 
2018 

iTBS protocol: rTMS at 50 Hz, bursts of 3 
pulses, repetition frequency in the theta range 
(5 Hz), 2 s trains repeated at 0.1 Hz, 600 pulses 
total (daily for 4 days). Intensity: 80% of active 
MT.  

M1 and S1 Enhancement of motor 
learning in healthy subjects. 

Foysal and 
Baker, 
2020 

Six different intervention protocols, pairing 
TMS with MI of either flexion or extension 
movements. TMS rate: 0.1 Hz; intensity: 1.1 or 
1.2 X RMT; 15 min sessions. 

Left M1 
Increased MEP of muscles 
associated to specific motor 
imagery. 

 
Table 2.  Studies using TMS putatively inducing neural plasticity on human subjects. 

 
 
 

Plasticity effects of TMS on animal models 
 
Animal models are an unvaluable resource for investigating the biological mechanisms underlying plastic processes that 

are either induced or enhanced by TMS treatment. The following selection of studies, summarized in Table 3, aims at 

shedding light on the functional, molecular and anatomical plastic changes of the involved brain circuits. 

 
Visual cortex 

Castillo-Padilla and Funke showed that iTBS administration enhanced the visual performance of dark-reared rats, making 

it indistinguishable from that of rats reared in a normal 12h light/dark cycle (Castillo-Padilla and Funke 2016). 

Furthermore, a study investigating the stimulation effects on terminal zones (TZs, areas where neurons projections 
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terminate in a specific cluster or region), suggests that also low-intensity rTMS (LI-rTMS) can induce plastic changes on 

visual pathways (Makowiecki et al. 2014): after LI-rTMS, the abnormal dispersion of TZs was significantly reduced, as 

shown by retrograde labelling of geniculo-cortical projections. Such result also suggests that, although TMS stimulation 

is limited to cortical areas, it can also indirectly drive rearrangement of projections originating in sub-cortical nuclei, at 

least in those receiving strong cortical feedback, such as the visual thalamus (Montesano et al., 2015). Both the 

aforementioned studies provide evidence for the involvement of BDNF. As a matter of fact, the deficit in visual 

performance of dark-rearing rats seemed to come along with a decrease in BDNF and atypical PKC expression, whereas 

in other groups an enriched environment and iTBS prevented BDNF and PKC from decreasing (Castillo-Padilla and 

Funke 2016). Accordingly, Makowiecki et al. found an increase in BDNF concentration in the superior colliculus and 

visual cortex after LI-TMS (Makowiecki et al. 2014). 

When applied to the primary visual cortex (V1) of cats, 10 Hz TMS stimulation was shown to induce a temporary state 

of increased excitability, opening a time window for enhanced plasticity, thus facilitating the reorganization of stimulus-

orientation maps (Kozyrev et al. 2018). Such reorganization was stable for hours and characterized by a systematic shift 

in orientation preference toward the trained orientation. Thus, the authors speculate that TMS may be used to 

noninvasively trigger a targeted large-scale remodeling of neural connections (Kozyrev et al. 2018). 

 

Prefrontal cortex 

High-frequency rTMS protocols conducted on prefrontal cortex of rats significantly increased BDNF expression in 

hippocampus and prelimbic cortex three days after the stimulation; similarly, augmented levels of the AMPA receptor 

GluR1 subunit and of phosphorylated GluR1 (pGluR1) were detected solely in hippocampus of awake animals, with a 

decrease in such neuroplasticity markers if anesthesia was applied (Gersner et al. 2011). 

 

Somatosensory cortex 

Mix and colleagues investigated changes in the populations of PV+ expressing GABAergic FSI as a consequence of 

iTBS-TMS application on rats (Mix et al. 2015). The authors found that the TMS protocol caused a reduction in the 

number of PV+ cells and that this effect was age-dependent, with no reduction before PD30. It was also shown that such 

effect was paralleled by the growth of PNNs, suggesting a role of these structures in shaping the network of PV+ neurons. 

GABA released from PV+ cells also inhibits neural stem cells keeping them quiescent (Mix et al. 2015). Therefore, a 

reduction in PV+ cells could in turn enhance neural stem cells proliferation (Cullen and Young 2016). In a subsequent 

study, Hoppenrath et al. (2016) found that the excitability of FSIs was durably increased by iTBS, as assessed through ex 

vivo electrophysiological recordings, but only between postnatal day 29 and 36. The evidence provided by these studies 

suggest that TMS could exert opposite effects on PNN maturation. However, these findings support the general idea that 

PV+ FSIs are particularly sensitive to TBS during early cortical development. Based on this, the authors speculate that 

TMS could be very effective during early development to act on the maturation of neocortical networks before the closing 

of the critical period (Hoppenrath et al. 2016). 

In order to investigate more directly the intracellular pathways and the molecular elements involved in TMS effects, Lu 

and colleagues studied the action of TMS neurorehabilitation over S1 in an animal model of traumatic brain injury (TBI) 

(Lu et al. 2015). Authors were able to outline significant differences between the TBI-only and the 4-weeks TMS-TBI 

treatment group: multi-unit recordings showed a significant increase in the neuronal activity of the TMS group compared 

to controls, and increased levels of CaMKII expression. A further analysis of local field potentials (LFPs) recorded in the 

S1 of the same groups confirmed these findings (Lu et al. 2015). Hence, TMS might promote CaMKII expression, which 
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in turns induces neurite growth by the action of BDNF. Indeed, BDNF is known to regulate synaptic plasticity and 

neurogenesis, and its signaling impairment has been shown to be central in depressive and anxiety disorders and may also 

play a role in several other disorders (Bathina and Das 2015). 

Based on the evidence described above, TMS might represent a valuable tool for promoting the re-opening of critical 

periods of plasticity (Hensch and Bilimoria 2012), either by acting on PNNs and PV+ cells or by directly promoting 

neural plasticity in target neuronal populations. 

 

Motor and sensorimotor cortices 

Muller and colleagues demonstrated for the first time that low frequency rTMS (lf-rTMS) induces LTD-like modulation 

of cortex excitability. Using in vivo electrophysiology in anesthetized rats, they proved a long-lasting reduction in the 

lateralized forelimb MEPs, which may be traced back to LTD-type plasticity due to its frequency- and NMDAR- 

dependence, with preferential response to 1 Hz stimulation (Muller et al. 2014). 

Fujiki and colleagues applied bilateral high frequency rTMS (hf-rTMS) on rats using an electrical stimulation protocol 

known to induce hippocampal LTP in vivo (Fujiki et al. 2020). The authors showed that both rTMS and direct electrical 

stimulation of the same sensorimotor cortices produced a similar pattern of ribosomal protein S6 phosphorylation in 

several areas beside the stimulated ones, including the cingulate and the piriform cortices. Since S6 phosphorylation is 

related to several NMDA-dependent signaling cascades including MAPK/ERK, PI3 kinase and mTOR, the results of this 

study suggest that hf-rTMS stimulation can enhance synaptic plasticity occurring also at brain sites far from those 

stimulated. Although S6 phosphorylation seems a promising marker for evaluating TMS efficacy, the reported 

comparisons remain qualitative and successful induction of functional plasticity was not verified (Fujiki et al. 2020). 

Chronic TMS treatment at low frequencies (10-15 Hz) was shown to enhance spatial learning in a mouse model of 

Alzheimer’s disease (AD) based on the accumulation of intracellular amyloid-b deposits (Wang et al. 2015). Interestingly, 

better cognitive performance of both wild type mice and TMS-treated AD model was followed by higher LTP in 

hippocampal slices.  In addition, the authors found that TMS reduced the accumulation of amyloid-b and rescued the 

inhibition of large conductance calcium-activated potassium channels (BK) observed in the AD model, likely by 

promoting Homer-1a expression in the neocortex. These findings support the idea that TMS clinical effects can be related 

to its ameliorating action on biological processes involved in synaptic plasticity, that can be compromised by pathological 

conditions. 

Yang and colleagues provided evidence for a role of synaptic plasticity in the therapeutic effects of magnetic stimulation 

of rats’ brain with a depressive-like phenotype induced by chronic unpredictable stress (CUS) (Yang et al. 2019). It was 

shown that 1 Hz stimulation on the rat’s head ameliorated cognitive deficits induced by CUS and restored CUS-occluded 

LTP tested in vivo at Schaffer collaterals. The biochemical characterization on hippocampus lysates from the same 

animals showed an increase in the expression of PSD95 and of the NMDA receptor-channel subunit NR2B, both related 

to synaptic plasticity and cognitive function (Barkus et al., 2010). The above results suggest that plasticity is enhanced 

by magnetic stimulation, but the target brain region used in this study cannot be precisely identified. 

TMS was also applied to a Parkinson’s disease (PD) rat model based on 6-hydroxydopamine lesion in order to test for 

possible interactions of such phenotype on motor plasticity induced by a TBS rTMS protocol (Hsieh et al. 2015). 

Interestingly, iTBS-induced potentiation of MEPs shown on healthy controls was occluded in advanced PD animals. 

Furthermore, such occlusion correlated with both disease severity and the loss of dopaminergic nigral cells and striatal 

terminals. This result suggests that TMS-induced potentiation of MEPs could be related to dopamine-dependent synaptic 
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plasticity in the striatum (Kreitzer, A. C., & Malenka, R. C. (2008). Striatal plasticity and basal ganglia circuit function. 

Neuron, 60(4), 543-554.), which is compromised by dopaminergic deficit in the PD rat model. 

rTMS was also applied to cases of spinal cord injury, believing that its effects could improve the symptomatology of the 

trauma. A recent study examined rats with spinal cord injury at the level of T9 segment (Krishnan et al. 2019). The authors 

show that high frequency (20 Hz) rTMS administered 10 minutes after injury bilaterally to sensorimotor cortices produced 

a significant improvement in locomotion measured one week after injury. These results were confirmed by the longer 

inter-peak latency of MEPs, suggesting a plastic reorganization of motor pathways after the global cortical silencing 

induced by the injury.  Moreover, by using ultra-high field functional magnetic resonance imaging (fMRI), the authors 

found a greater response after TMS to hindlimb stimulation in the right and left hindlimb primary somatosensory areas. 

Interestingly, the effects on all these measures were stronger with the acute treatment compared to the chronic one 

(administered 2 weeks after spinal injury). 

 

Spinal cord 

A recent work examined the effects of TMS applied on the spinal injury site (at the C6/7 level) coupled with a locomotor 

function recovery program performed using treadmill training (Hou et al. 2020). The best results in terms of rehabilitative 

effects were achieved using both instruments instead of a single one. These effects include the restoration of the forelimb 

grip strength and limb coordination, a better continuity of the descending fibers around the lesion found using MRI and 

a better conservation of descending tracts detected via diffusion tensor MRI. Furthermore, an increased expression of 

BDNF and molecules mediating synaptic inhibition (GABAB receptors), as well as increased levels of dopamine beta-

hydroxylase (DβH), were found through immunohistochemistry. According to the authors, TMS was able to increase the 

excitability of motor neurons by acting on pre- and post- synaptic GABAergic and noradrenergic signaling, and this action 

also led to the enhancement of motor plasticity effects induced by the treadmill simulator. 

 

Hippocampus 

Further evidence linking TMS to modulation of plasticity comes from a study demonstrating the rescuing effects of low 

frequency rTMS (lf-rTMS) on L-type Ca2+ channel activity, which was long-term inhibited by exposure to sevoflurane 

during early stages of postnatal development (Liu et al. 2016). Sevoflurane is a volatile anesthetic with complex effects 

on cortical activity and synaptic transmission (Arena et al. 2017) also known to inhibit hippocampal synaptic plasticity 

(Xiao et al. 2016). As Liu and colleagues pointed out, voltage-dependent Ca2+ channels are crucial for several plasticity-

related processes. Hence, TMS action might prevent damages exerted by several different agents during critical periods 

of brain development (Liu et al. 2016). 

 

 

Study Stimulation type and duration Stimulation 
area 

Animal model Results 

Makowiec
ki et al., 
2014 

rTMS protocol (10 minutes daily for 
14 days): high frequency stimulation 
comprising 59.9 ms trains of 20 
pulses, repeated at 6.67 Hz for 1 min, 
10.01 Hz for 8 min, and 6.25 Hz for 
the final min. 

Visual cortex Ephrin-A2A5-
/- mice 
C57Bl/6J wild-
type mice 

Significant reduction of 
the number of ectopic 
terminal zones and 
increase in BDNF 
concentration. 
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Kozirev et 
al., 2018 

rTMS protocol (25–30 min): 10 Hz 
protocol composed of high-frequency 
trains of five pulses triggered every 7 
s; 1 Hz protocol composed of three 7-
min trains for a total of 1250 pulses. 

Visual cortex Adult cats Changes in 
excitatory/inhibitory 
balance; increased 
variability in orientation 
preference and 
excitability. 

Gersner et 
al., 2011 

rTMS (daily for 10 days): 900 daily 
pulses applied. Low-frequency: 
continuously at 1 Hz for 900 s; high-
frequency: 9 trains of 100 pulses at 
20 Hz (5 s each train) with an 
intertrain interval of 55 s. 

Frontal cortex Male Sprague-
Dawley rats; 
60 days old 

Increased BDNF levels in 
hippocampus and 
prelimbic cortex of high-
frequency stimulated rats; 
increased GluR1 and 
pGluR1 levels in the 
hippocampus of awake 
high-frequency stimulated 
rats. 

Lu et al., 
2015 

rTMS protocol (twice a week for 4 
weeks): 9 trains of 100 pulses 
delivered at 20 Hz and an intertrain 
rest time of 55 s. 

Somatosensory 
cortex 

Male Sprague-
Dawley rats; 
postnatal days 
24-52 

Enhanced rehabilitative 
effects in TBI mice. 

Mix et al., 
2015 

iTBS protocol (1 day): three iTBS 
blocks of 600 pulses at 15 min 
intervals.  
Each block consisted of 20 burst 
trains including ten 50 Hz bursts of 
three pulses repeated at 5 Hz. Trains 
lasted two seconds and were repeated 
at 10 s intervals. Block duration of 
192 s. 

Somatosensory 
cortex 

Male Sprague-
Dawley rats; 
postnatal days 
28-90 

Age-dependent reduction 
of PV+; parallel growth 
of PNNs. 
 
 

Castillo-
Padilla and 
Funke, 
2016 

iTBS protocol (daily for 7 days): 600 
pulses grouped as bursts of three 
pulses at 50 Hz, repeated at 5 Hz. 
Twenty trains of 2 s repeated at 
intervals of 10 s. 

Somatosensory 
cortex 

Male and 
female Long-
Evans rats, 
postnatal days 
26-32  

Improvement of 
performance in visual 
tests of dark-reared rats. 
BDNF and PKC 
involvement. 

Hoppenrat
h et al., 
2016 

Same iTBS protocol used in (Mix et 
al., 2015). 

Somatosensory 
cortex 

Male Sprague-
Dawley rats; 
postnatal days 
28-90 

Durable increase in 
excitability of FSIs. 

Liu et al., 
2016 

lf-rTMS protocol (daily for 7 days): 1 
Hz stimulation for 600 s. 

Dorsal 
hippocampal 
formation 

Male and 
female 
Sprague-
Dawley rat; 2-5 
weeks old  

Recovery of activity and 
Ca2+ channels functioning 
previously inhibited by 
sevoflurane. 

Hsieh et 
al., 2014 

iTBS and cTBS protocols (3-pulse 
bursts at 50 Hz repeated at 5 Hz). For 
iTBS, a 2-s train of TBS was 
repeated every 10 s for 20 repetitions 
(total 600 pulses); in the cTBS 
paradigm, a 40-s train of 
uninterrupted TBS was given (600 
pulses). 

Motor cortex Wistar rats 
(350–400 g); 
PD animal 
model based on 
6-
hydroxydopam
ine lesion in 
the same strain 

iTBS potentiated MEPs, 
while cTBS depressed 
their amplitude; 
correlation between 
dopaminergic cells loss 
and reduction of MEP 
potentiation in PD model. 

Muller et 
al., 2014 

lf-rTMS at 1 Hz, 0.5 Hz, or 0.25 Hz 
for a total of 300 stimuli.  

Motor cortex Adult male 
Long-Evans 
rats 

LTD-type MEP 
suppression by 1 Hz 
rTMS. NMDAR 
antagonists prevented 
MEP depression. 
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Wang et 
al., 2015 

Chronic TMS: biphasic pulses 
delivered at 1, 10 or 15 Hz for 5 s 
daily for 4 weeks. 

Sensorimotor 
cortex 

Triple 
transgenic AD 
model mice 
(3xTg) with 
129/C57BL6 
hybrid 
background 

Better cognitive 
performance; enhanced 
LTP in hippocampal 
acute slices; reduced 
accumulation of amyloid-
b and rescue of BK 
channels inhibition. 

Yang et 
al., 2019 

TMS at 1 Hz; 1 h per day for 14 
days. 

Sensorimotor 
cortex 

Adult male 
Wistar rats 
subjected to a 
CUS protocol 

Occlusion of 
hippocampal LTP by 
CUS was rescued by 
TMS; increase in 
hippocampal PSD95 and 
NR2B. 

Krishnan 
et al., 2019 

10 Hz TMS trains of 4 s; 26 s inter-
train interval; 7 consecutive trains 
(total of 280 pulses) per day; 3 
sessions per week for 6 weeks. 

Sensorimotor 
cortex 

Male adult 
Sprague-
Dawley rats 

Enhanced locomotor 
rehabilitation, enhanced 
MEP responses; increased 
fMRI responses to 
hindlimb stimulation in 
areas for S1 
representations. 

Fujiki et 
al., 2020 

hf-rTMS: 400 Hz bursts of 8 stimuli; 
inter-burst interval of 10s; 10-30 min 
total duration. 

Sensorimotor 
cortex 

Adult male 
Sprague 
Dawley rats 
(290–375 g) 
with spinal 
cord injury 

Phosphorylation of 
ribosomal protein S6 in 
several cortical areas. 

Hou et al., 
2020 

TMS stimulation in groups of 5 
biphasic pulses per stimulation 
intensity; 3 s inter-pulse interval; 75 
pulses in total; sequence repeated 
every day for six weeks (total of 18 
sessions). 

Spinal cord Young-adult 
Sprague 
Dawley rats 
(275-300 g) 

Significant locomotor 
improvement; 
upregulation of GABAB 
receptors, GAD6, DβH, 
and BDNF; better 
conservation of 
descending axonal tracts. 

 
Table 3. Studies using TMS to induce neural plasticity on animal models. 

 
 
 
Discussion 
 
The behavior of any specific brain circuit can change in the short term for many different reasons. Functional variations 

may depend on changes in neuronal excitability (Turrigiano and Nelson 2000) or alternatively in synaptic strength, what 

in jargon is called synaptic plasticity. In the long term, anatomical variations can add to this process, with modifications 

in the number of synapses and in neuronal morphology. In this review, we attempted to understand which biochemical 

and molecular processes related to synaptic plasticity are recruited by TMS protocols, by analyzing experimental animal 

studies. This goal is not easily attained, because a full generalization of the findings obtained from these studies to humans 

would require the same TMS protocols applied to the same target brain areas, as specified in the introduction. 

Unfortunately, although much effort has been devoted to achieve comparability (Figure 1), the real situation is far from 

the ideal one. 
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Figure 1.  Scheme showing TMS protocols and brain areas already investigated in human (left) and experimental animal 
(right) models. rTMS: repeated TMS; ppTMS: paired-pulse TMS; iTBS: intermittent theta-burst stimulation; lf-rTMS: 
low-frequency repeated TMS; cTMS: continuous TMS; hf-rTMS: high-frequency repeated TMS; M1: primary motor 
cortex; S1: primary sensory cortex; V1: primary visual cortex; PFC: prefrontal cortex; HC: hippocampus; image created 
with BioRender.com. 
 

 

Despite this, if we assume a comparable setting, animal studies provide clear-cut evidence that brain cell activation 

induced by TMS produces many characteristic biological trademarks of synaptic plasticity, including the activation of 

plasticity-related intracellular signaling cascades involving Ca2+, CaMKII and BDNF. In a clinical perspective, the 

enhancement of BDNF expression by TMS (Gersner et al. 2011) might be relevant for treating specific conditions and 

could also be monitored as a biomarker for TMS effectiveness (Peng et al. 2018). Furthermore, based on its effects on 

geniculocortical map refinement (Makowiecki et al. 2014), a TMS application would be useful for patients presenting 

impaired or disrupted topographical maps. Beside these more classical plasticity-related changes, other helpful alterations 

have been observed in animal studies as a consequence of TMS stimulation, such as an improvement on the myelination 

action of oligodendrocytes (Cullen et al. 2019), possibly favoring a beneficial remodeling of long-range cerebral 

connectivity. Finally, microRNA is increasingly being studied as a potential biomarker for neurodegenerative illnesses 

and conditions such as traumatic brain injuries (Müller et al. 2016); TMS has been shown to target and upregulate 

microRNA to promote neural stem cells proliferation, an evidence supporting its bio-marking potential (Liu et al. 2015).  

It would also seem useful, in order to have a more direct dissection of the elements involved in neural plasticity, to 

combine TMS with tools capable to detect in vivo changes in synaptic activity (Ferro et al. 2017) at the animal models 

level. In addition, many models of psychiatric disorders with high validity might be tested to drive future human 

applications (Lamanna et al. 2019), and TMS could also serve to study plasticity changes induced by behavioral 

manipulation (Treccani et al. 2014; Lamanna et al. 2021). 

Finally, being neural plasticity a broad characteristic of the brain, numerous factors are considered when exploring its 

properties and uncountable elements rely on the same molecules. On these bases, it appears important to investigate also 
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the role of secondary plasticity effects, i.e. whether the expression of plasticity-related changes occurs not only in the 

stimulated area but also in all the other cortical and subcortical regions connected to it. 

In conclusion, we believe it is crucial to carefully analyze and discuss the accumulating evidence in this field to eventually 

clarify the link between TMS efficacy and its action on plasticity processes, also looking at the clinical purpose of creating 

precise and personalized therapy protocols (Mantovani et al., 2021). 
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