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ABSTRACT

Tian D, Izumi S. TMS and neocortical neurons: an
integrative review on the micro-macro connection in
neuroplasticity. Jpn J Compr Rehabil Sci 2023; 14:
1-9.

Neuroplasticity plays a pivotal role in neuroscience
and neurorehabilitation as it bridges the organization
and reorganization properties of the brain. Among the
numerous neuroplastic protocols, transcranial magnetic
stimulation (TMS) is a well-established non-invasive
protocol to induce plastic changes in the brain. Here,
we review the findings of four plasticity-inducing
TMS protocols in the human motor cortex with
relatively evident mechanisms: conventional repetitive
TMS (rTMS), theta-burst stimulation (TBS), quadripulse
stimulation (QPS) and paired associative stimulation
(PAS). Based on the reviewed evidence and a preliminary
TMS neurocytological model proposed in our previous
report, we further integrate the neurophysiological
evidence and plasticity rules of these protocols to
present an updated micro-macro connection model
betweenneocorticalneuronsandtheneurophysiological
evidence in TMS. This prototypical model will guide
further efforts to understand the neural circuit of the
motor cortex, the mechanisms of TMS, and the
advance of neuroplasticity technologies and their
outcomes.
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Introduction

Neuroplasticity, generally referred to as the
reorganization ability of the brain, is the infrastructure
of learning, memory, and functional recovery after
central nervous system lesions. In the human motor
cortex, neuroplasticity can be induced by non-invasive
brain stimulation (NIBS) including transcranial
magnetic stimulation (TMS) and transcranial electric
stimulation (TES; for a review, see [1]). In our recent
review article, we attempted to illustrate the micro-macro
connection in the motor cortex by integrating neocortical
neurocytological and TMS electrophysiological evidence
[2]. However, the outcomes of neuroplasticity studies
were not included. As neuroplasticity has vital implications
and potential applications in neurorchabilitation and
bioengineering, we believe that understanding and
establishing a micro-macro model based on the
evidence of neuroplasticity is the next step after the
preliminary model that we proposed.

By category, plasticity-inducing TMS can be sub-
classified into conventional repetitive rTMS (rTMS
hereafter), quadripulse stimulation (QPS) and paired
associative stimulation (PAS) (Table 1). In the present
review, we discuss the “micro-macro connection” of
neuroplastic effects and underlying neuronal substrates
of these four TMS protocols, as an addition and update
to our previous model regarding basic TMS mechanisms

(2].

Corticospinal descending volleys and neocortical
neurons

The corticospinal descending volleys are the
cortical-originating descending impulses evoked by
TMS/TES through the corticospinal tract (CST),
consisting of the direct wave (D-wave) and indirect
waves (I-waves) recorded from high-cervical epidural
electrodes (for a review, see [7]). Both the D-wave and
I-waves originate from the neocortex, which has a six-
layer laminal structure with a vast number of neurons.
In epidural recordings, the initial volley evoked by
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Table 1. Typical plastic protocols of TMS.

The TMS protocols include conventional rTMS, TBS, QPS and PAS (hereby the peripheral nerve stimulation and
TMS protocol, not the corticocortical PAS). Subscript denotes interstimulus interval. Abbreviations: iTBS,
intermittent TBS; c¢TBS, continuous TBS; ITI, inter-train interval; IBI, inter-burst interval; ISI, inter-stimulus
interval; MNS, median nerve electrical stimulation at the wrist; M1, primary motor cortex. References: a. [1]; b.

[3]; c. [4]; d. [5,6].

Subcategory Protocol Stimulation Pattern Plastic Effect”
TMS High frequency 2 3 Hz consecutive stimuli + ITI LTP
! [a] Low frequency <1 Hz consecutive stimuli without ITI LTD
TBS b iTBS 3 pulses at 50 Hz applied at 5 Hz + ITI LTP
[b] cTBS 3 pulses at 50 Hz applied at 5 Hz without ITI LTD
PS QPS . 4 pulses at 1.5-10 ms ISI applied every 5 s LTP
QPS [c] QPS,, 00 4 pulses at 30—-100 ms ISI applied every 5 s LTD
PAS Id PAS,, MNS 25 ms prior to M1-TMS LTP
[d] PAS,, MNS 10 ms prior to MI-TMS LTD

*Plasticity effect can be state-dependent (i.e., metaplasticity). If the corticospinal excitability prior to the excitatory
protocol is relatively high, the original LTP plastic effect may be reduced or even reversed into LTD and vice versa.

TES is termed the D-wave, representing the direct
excitation of the pyramidal tract neuron (PTN) axons.
I-waves are named by their peak latency after the
D-wave as Il-wave, 12-wave, 13-wave, etc., which
indicates the indirect excitation of the PTN from the
input of other pyramidal neurons (PNs) in the cortex.
As the descending volleys have long been proven to
originate from the neocortex, it is safe to state that
neocortical neurons play a vital part in the generation
and modulation of the descending volleys [7].

In the present review, we adopt the primary motor
cortex (M1) neuron landscape from our previous report
[2] and propose the TMS-related neuronal model
shown in Figure 1A. Apart from a highly complicated
hierarchical taxonomy, cortical neurons can be
subcategorized into two populations: the excitatory
pyramidal neurons (PNs, including intratelencephalic
neuron, IT and pyramidal tract neuron, PTN in Figure
1A) and the inhibitory interneurons (INs) [2]. It has
been shown that PNs make synaptic connections with
other PNs and INs and form the I-wave pathways.
Inhibition impinging on the PNs occurs in three ways,
as feedback inhibition (Figure 1A: IT1-BC1-IT1, IT2-
BC3-IT2), feedforward inhibition (Figure 1A: IT2-
BC4-1T3, DB-ChC2-IT2/3/4) and lateral inhibition
(Figure 1A: IT3-MC-IT1/IT2/PTN1/PTN2) [8]. We
previously found that paired-pulse short interval
intracortical inhibition (SICI) mainly comes from
basket cells (BC) and chandelier cells (ChC), while
the I-waves are generated in the PN excitatory synaptic
chains under the regulation of BC and ChC (Figure 1).
However, apart from the synaptic delay between the
PN, the axonal/dendritic conduction time also appears
to contribute to the timing of the I-waves [9].
Consequently, we include the axonal/dendritic conduction
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time in our model of I-wave generation. In patch-
clamp neurocytological studies, the action potential-
excitatory postsynaptic potential (AP-EPSP) latency
(i.e., the latency between presynaptic neuron action
potential generation and postsynaptic neuron somatic
EPSP rise) can be used as an index of synaptic location
at the dendritic tree [9]. As reported by Sjostrom et al.,
the AP-EPSP latency of layer 2/3-layer 5 (L2/3-L5)
PN connections was 3.0 + 0.4 ms [9]. Therefore, the
L2/3-L5 AP-EPSP latency of approximately 3 ms
cannot catch the initiation of the I1-wave (~1.5 ms).
Hence, the majority of L2/3 ITs that target the PTN
apical dendrite cannot participate in the Il-wave
initiation at the L5 PTN axonal hillock. So, where is
the I1-wave generated? Apart from the possibility of
action potential backpropagation (BPAP) as proposed
by Ugawa et al. [10], another possible origin of the I1-
wave may be the fast PTN-PTN synapses at PTN basal
dendrites, which can elicit powerful EPSPs near the
PTN cell soma and generate the I1-wave in the 1.5 ms
time window after the initiation of the D-wave (Figure
1: PTN1-PTN2). Meanwhile, since the L5 PTNs are
the pivot of almost all CST output, plasticity in PTN-
PTN synapses might be difficult to induce because of
a ceiling effect caused by the massive movement-
related output in healthy individuals. This hypothesis
could explain the small influence of the I1-wave in
TMS protocols except continuous theta-burst stimulation
(cTBS). Accordingly, in this hypothetical model, we
consider that the PTNs generate the I1-wave and the
L2/3 ITs generate the late I-waves. Based on this
neuron landscape, we explain the neural pathways and
plasticity rules of each protocol. However, as the
actual mechanisms and neural substrates underlying
[-waves are still not understood, further investigations
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Figure 1. Schematic landscape of TMS-related neocortical neuron landscape and plasticity rules.

(A) Schematic neuron landscape in the MI1. Horizontal dotted line indicates the boundary of neocortical
supragranular layers (L1-L3, above) and infragranular layers (L5-L6, below). Neurons are labeled and numbered
next to the cell soma. Interneurons and related synapses are colored in dark blue while black open shapes denote
pyramidal neurons and related synapses. BCs target the perisomatic dendrites while ChCs target mainly the axonal
initial segment (AIS). Gray vertical lines indicate the apical dendrites of the PTNs, solid lines denote axons at
different conduction speed (line thickness). Red-colored synapses denote the excitatory synapses generating
I-waves (SICF) in single-pulse TMS. Red triangles below the PTNs denote the axon hillock generating the D-wave.
The neuron substrates for paired-pulse SICI (blue text), LICF (red text) are labeled next to the No.1 neuron of each
type. The selective targets of TMS plasticity are denoted next to the neuron. (B) BCM rule in ¢cTBS and iTBS. As
the stimulation dose increases, the threshold for LTP-LTD shift (0,,) slides to the right/left as the general excitability
of the cortex increases/decreases in iTBS (red)/cTBS (blue), eventually causing plasticity reversal in a homeostatic
manner. (C1-C4) Integration of BCM and STDP rules in QPS. At shorter ISIs, the degree of LTP (length of the red
line) outweighs that of LTD (length of the blue line), causing net potentiation (C2). At longer ISIs, LTD gradually
outweighs LTP due to the slower decay, and turns potentiation into depression (C4). At the time point where the
degree of LTP equals that of LTD, the effect is completely counterbalanced to zero (Cl1: 0,,, C3). For detailed
interpretation and related references in this figure, the reader is referred to the main text. Abbreviations: BPAP,
backpropagating action potential; EPSP, excitatory postsynaptic potential; S1, somatosensory cortex; PMd,
dorsolateral premotor cortex; TC, thalamocortical; IT, intratelencephalic neuron; BC, basket cell; MC, Martinotti
cell; SBC, small basket cell; PTN, pyramidal tract neuron; ChC, chandelier cell; DB, double-bouquet cell.

are needed on the empirical specification of the I-wave
related neural substrates.

rTMS remain obscure. Moreover, modulation of
paired-pulse cortical inhibition and facilitation circuits
after rTMS is also highly inconsistent (for a review,

Conventional repetitive TMS (rTMS)

1. Neurophysiological evidence

It is widely accepted that high-frequency (> 3-Hz)
rTMS potentiates cortical excitability through long-
term potentiation (LTP) and low-frequency (< 1-Hz)
rTMS depresses the excitability via long-term
depression (LTD) [1]. The frequency, delivery period
and aftereffects of rTMS correspond with the evidence
of experimental LTP/LTD generation in animal studies
[11]. However, although rTMS has been subcategorized
by stimulation frequency [1], the explicit frequency-
dependent effects inside high- and low-frequency

see [12]). In light of the rTMS effect on the TMS-
evoked cortical descending volleys, Di Lazzaro et al.
reported that 5-Hz rTMS facilitated the “proximal
D-wave” (i.e., the D-wave evoked by non-focal or
biphasic TMS pulse, which has a slightly longer
latency than the monophasic-TMS-evoked D-wave;
this D-wave is considered to originate from the axonal
location that is more proximal to the PTN cell soma)
and late I-waves while 1-Hz rTMS inhibited the late
I-waves [13]. This evidence suggested that rTMS may
induce neuroplasticity in the neural population
responsible for generating the late I-waves.

Another factor affecting the rTMS-induced plasticity
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is the inter-train interval (ITI). ITI in high-frequency
rTMS is necessary as it may be related to neuron
response failure proposed in a cellular study [14].
Neuron response failure is the phenomenon whereby a
neuron cannot maintain synchronic firing in response
to suprathreshold stimuli when the stimulation rate
exceeds a certain frequency, unless a long interval is
intersected [14]. Consistent with the neurocytologic
evidence, Rothkegel et al. reported that MEP decreased
significantly after consecutive 5-Hz rTMS, compared
to the MEP increase after 5-Hz rTMS with 60-s ITI
[15]. Another study using 10-Hz rTMS with different
stimulation durations yielded similar results. While
the 10-Hz rTMS with 55-s ITI induced LTP aftereffects,
the effects turned into LTD if the ITI was 5 s [16]. This
reverse from LTP to LTD was also observed in TBS
[3]. These lines of evidence indicate the influence of
ITI in rTMS, which is also evident in TBS. This
suggests that an ITI that is significantly longer than the
membrane time constant of the neurons may be
necessary for rTMS and TBS to induce LTP.

2. Neuroplasticity rule

A few insights can be drawn from the frequency-
dependent LTP/LTD rule. We noted that the highest
frequency of safe rTMS in human studies (=20 Hz
[1]) is much lower than the frequencies adopted in
laboratory LTP induction (up to 400 Hz [17]). As the
membrane time constant of neocortical PNs is shorter
than 50 ms (the NeuroElectro Project, https:/neuroelectro.
org/), we can attribute the rTMS-induced LTP to the
repetitive firing by single-pulse TMS, with an abundant
interval left for the stimulated neurons to repolarize
and return to their rest potentials between stimuli.

3. Neurocytological model

Based on the plasticity rule model, the stimulation
pattern indicates that rTMS appears to induce plasticity
in the general neural circuit involved in single-pulse
TMS, in a frequency-dependent manner. Specifically,
in Figure 1A, we propose that high/low-frequency
rTMS induces LTP/LTD in all typical I-wave-related
IT-PTN and BC/ChC-IT synaptic connections. While
LTP in the IT-IT synapses might be counteracted by
feedback inhibition (IT-BC-IT), the enhancement of
IT-PTN synapses can result in late I-wave facilitation,
thus accounting for the neurophysiological evidence.

Theta-burst stimulation (TBS)

1. Neurophysiological evidence

The difference in protocol between TBS and rTMS
lies in the integration of 6 rhythm (4-12 Hz) oscillation
with high-frequency LTP-inducing bursts up to 50 Hz,
which enables TBS to induce plastic effects with
different properties compared to rTMS. Technically,
0-frequency-matched stimulation should entrain and
augment the 6 band activity and increase the firing
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synchronicity of these two neural populations.
Consistent with this inference, studies investigating
neural oscillation changes by TBS revealed that cTBS
(corresponding to the 6 frequency) significantly
increased 0 band power in awake electroencephalography
(EEG) [18], while the entrainment of intermittent
theta-burst stimulation (iTBS) was not significant
[19]. For the frequency-dependent plasticity induction,
even though the dose-dependent effects of TBS
resembled those of rTMS at lower pulse numbers [20],
doubling the stimulation dose of both cTBS and iTBS
resulted in plasticity reversal, showing MEP suppression
after iTBS and facilitation after cTBS [21,22]. In
addition, although TBS combines the two LTP
induction processes, cTBS was found to be suppressive
[3]. This disparity may also come from the necessity
of an ITT to prevent neuron response failure, as the ITI
duration of iTBS (8-10 s [21]) largely overlaps with
that of rTMS. For corticospinal descending volleys,
while iTBS facilitated the late I-waves as did high-
frequency rTMS, cTBS suppressed the Il-wave
instead of the late I-waves [23,24]. Given that the late
I-waves, instead of the Il-wave, are selectively
suppressed by paired-pulse intracortical inhibition
(ICT) [25], the authors suggested that ¢cTBS induced
LTD from pathways other than the late-I-wave
targeting ICI circuits, such as in the excitatory PN
chains [24]. Interestingly, evidence also suggested that
SICI decreased after cTBS (i.e., disinhibition of SICI)
and increased after iTBS (i.e., more inhibition of SICT)
[3], which showed a simultaneous increase in both
SICI and the late I-waves in iTBS.

2. Neuroplasticity rule

Apart from the involvement of frequency-dependent
LTP induced by the 50-Hz bursts, the plasticity reversal
upon double-dose TBS [21,22] conforms to another
rule named the BCM theory [26] (Figure 1B).
Specifically, the induction of LTP or LTD largely
depends on the postsynaptic neuron excitability, showing
as a gradual alteration from suppression (LTD) to
potentiation (LTP) as the postsynaptic neuron
excitability increases. In TBS, as the stimulation dose
increases, the threshold for LTP-LTD shift (0,,) slides
to the right/left as the general excitability of the cortex
increases/decreases in iTBS/cTBS, eventually causing
plasticity reversal in a homeostatic manner.

3. Neurocytological model

Viewed microscopically, cortical 8 rhythm stems
from two populations: L5 PN (PTN in the M1) and
regular-spiking interneuron (RS-IN, e.g., small basket
cells and double-bouquet cells) [27,28] (Figure 1A).
The aforementioned EEG evidence [18,19] indicates
that cTBS may produce greater entrainment to the 6
rhythm-related PTN and RS-IN than iTBS. Nevertheless,
insufficient ITI of cTBS may also induce PTN response
failure, turn the PTN-related LTP at IT-PTN and even
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PTN-PTN synapses into LTD [14], and thus inhibit the
I1-wave. However, the LTD at the IT-PTN synapses
(responsible for late I-waves) could be lifted to some
extent, as RS-INs that mainly inhibit inhibitory BCs
can in turn disinhibit the ITs [29] (i.e., cause the
decrease of SICI), eventually resulting in little change
in the late I-waves. For iTBS, we infer from the weaker
modulation of 6 rhythm [19] that fewer response
failures occur in PTNs, along with the RS-INs being
less synchronized. The I1-wave can be kept stable due
to the PTN ceiling effect, while the late [-wave-related
synapses are strengthened by high-frequency LTP,
including the synapses involved in feedback inhibition
(IT-BC-IT synapses). The simultaneous enhancement
of I-wave-related excitatory and inhibitory circuits
therefore accounts for the late I-wave facilitation
along with SICI increase in iTBS.

Quadripulse stimulation (QPS)

1. Neurophysiological evidence

QPS is a novel stimulation protocol inducing a
stronger and more distinct plasticity effect with less
inter-individual variability compared to rTMS and
TBS [4]. Although the paradigm of facilitatory 1.5-ms
QPS (QPS,,) resembled another protocol termed
I-wave periodicity rTMS (iTMS, applying 1.5-ms
inter-stimulus interval (ISI) suprathreshold paired-
pulses every 5 s repetitively) [30], the plastic effects of
QPS, , significantly outweighed those of same-
intensity iTMS at either matched pulse or train number
[31]. This evidence suggested that whereas excitatory
QPS used the same ISI as iTMS, QPS is not a simple
intensification of iTMS but is able to recruit certain
neural populations other than iTMS to induce such
strong and long-lasting plasticity. At ISIs ranging from
1.5 to 1250 ms, the most prominent LTP and LTD
induction occurred at 5 ms (QPS,) and 50 ms (QPS, )
[32]. Excitatory QPS; increased and inhibitory QPS,,
decreased single-pulse MEP amplitude as well as
paired-pulse short interval intracortical facilitation
(SICF) and long interval intracortical facilitation
(LICF) significantly without affecting SICI [32]. In
terms of the interhemispheric effects, in 2013,
Tsutsumi et al. [33] firstly investigated the transcallosal
effect of QPS. The study revealed that applying
excitatory QPS; to the left motor cortex resulted in an
MERP increase in both hemispheres (i.e., induced left-
to-right interhemispheric facilitation (IHF)) whereas
inhibitory QPS, did not affect MEP in the non-
stimulated hemisphere [33]. Regarding the THF effect,
it is possible that the LTP plasticity induced by QPS
might be strong enough to overcome the regulation of
IHI-related inhibitory INs and result in IHF. This
speculation is based on the observation of a paradoxical
IHF effect in the paired-pulse IHI paradigm, when the
conditioning stimulus was large enough [34].
However, a crucial issue regarding QPS mechanisms

has not been addressed: evidence regarding the change
of corticospinal descending volleys in QPS remains
absent. As the descending volleys can provide more
direct information about the change in the neocortex
than the MEPs, empirical evidence is needed in order
to examine the underlying mechanisms.

2. Neuroplasticity rule

QPS also involves two plasticity rules at the same
time: the ISI-dependent BCM-like nonlinear plasticity
and spike-timing dependent plasticity (STDP, time
window = 100 ms) [4,26,32]. According to Hamada et
al. [32], the effect spectrum of QPS fitted well with the
BCM curve (Figure 1C1) [4]. The possibility of
combining BCM with STDP comes from the quadripulse
protocol, which allows the pulse sequence to be a
variable range depending on the burst ISI. According
to experimental data [35], the STDP curve is not
symmetric. Instead, it shows a different decay pattern
of LTP/LTD as the ISI lengthens, where LTP decreases
more sharply than LTD (Figure 1C2-4). We regard the
quadripulse to distribute equally both pre- and post-
neuron firing of each PN in the I-wave pathways. At
shorter ISIs (regardless of firing sequence), the LTP
effect outweighs LTD and results in net potentiation;
at longer ISIs the LTP decays more than LTD, resulting
in net inhibition. Accordingly, the nature of combining
frequency-dependent LTP/LTD, BCM and STDP rules
at the same time enables QPS to further promote
neuroplasticity than other protocols.

3. Neurocytological model

Microscopic perspectives on neuronal selectivity
can be made separately from QPS; and QPS, with the
most prominent effects (Figure 2A). In QPS,, the ISI
(5 ms) allows the latter pulse to arrive at the IT-PTN
synapse when the IT-PTN apical dendrite BPAP
induced by the former pulse returns to the IT-PTN
synapse (a round-trip propagation in the apical dendrite
between the IT1/2-PTN synapse and the PTN cell
soma) [36]. This repeated coincidence of presynaptic
depolarization and BPAP induces strong LTP at distal
synapses along the apical dendrite where most of the
L2/3 IT neurons form synapses with the PTN [9],
showing as the increase of single-pulse MEP (late
I-waves by inference, evidence needed) and SICF. In
inhibitory QPS, the effect of BPAP would be less
where IT-PTN synapses at the distal dendrites tend to
undergo LTD at longer ISIs [9]. Regarding the LICF
increase without affecting SICI, we suggest the
possibility of low-threshold ChC-selective axonal
potentiation. That is, when the PN membrane potential
is depolarized but does not reach the firing threshold,
the subthreshold conditioning of 5-ms ISI enables
ChCs to elicit depolarizing GABAergic postsynaptic
potentials (GPSPs) and increase the PN spike
probability [37], which was proposed in the previous
model as a neural substrate of paired-pulse LICF [2].
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This selective potentiation of ChC by 5-ms bursts
should account for the LICF increase and also partly
for the L2/3 IT potentiation in QPS,, whereas BCs
(related to SICI) are less sensitive to this ISI [38].
Simultaneously, the high-frequency action potential
firing of the L2/3 IT axons would also affect the
transcallosal projection targeting the unstimulated
hemisphere, overwhelm the regulation of IN inhibition
(IHI) and result in THF, if the excitation becomes
strong enough. On the other hand, QPS,; decreased
MEP the most with less THI modulation [4]. As already
proven the callosal fiber is excitatory, consisting of axons
from IT neurons in all cortical layers [2]. The
modulation absence of IHI in QPS, therefore suggests
little increase in excitability in the IT neurons in the
stimulated hemisphere. Since QPS, also has little
effect on SICI [32] and the ISI of 50 ms is consistent
with the firing frequency of neocortical Martinotti
cells (MC, mediating lateral inhibition) [39], the
strong inhibition might come from the synchronization
of MC spiking and selective potentiation of MC-IT/
PTN synapses, along with the LTD in IT-PTN
synapses.

Paired Associative Stimulation (PAS)

1. Neurophysiological evidence

Compared to the frequency-dependent LTP/LTD-
mediated rTMS/TBS/QPS, the highly timing-dependent
PAS is likely to induce neuroplasticity via STDP
[40,41], together with the feature of TMS-induced
current selectivity. In light of the I-waves, research by
Di Lazzaro et al. showed that PAS, /PAS_ significantly
inhibited/enhanced the late I-waves without significant
change of the I1-wave [42,43]. Although the modulation
of the late I-waves by PAS resembles rTMS and iTBS,
empirical evidence also points to the selectivity of
TMS-induced current direction. Changing the TMS
current direction alters the cortical descending volleys
as well as the MEP latency (for a review, see [44]).
Specifically, the D-wave is preferentially evoked by
TMS-induced current parallel to the precentral gyrus
in a lateromedial direction, while the I-waves are
prominently evoked by posterior-to-anterior (PA-) and
anterior-to-posterior (AP-) TMS, in which the induced
current flows perpendicular to the precentral gyrus.
Although evidence has indicated that PA-TMS
preferentially recruits both the I1-wave and the late
I-waves whereas AP-TMS recruits late I-waves only,
the late I-waves generated by PA- and AP-TMS are
thought to come from different neural populations
[44]. In PAS, it has been reported that PAS, |
potentiated MEP either with PA or AP TMS-induced
current [45]. However, when the TMS pulse was
conditioned by another subthreshold pulse in a SICI
manner, only the MEP increase induced by AP-PAS, .
was cancelled. The facilitation of PA-PAS,, . was not
affected by PA-SICI conditioning [45]. However, the
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cancellation of PA-PAS aftereffects by PA-SICI was
observed elsewhere, as the effects of PA-PAS,, were
cancelled by PA-SICI, ~[46] and PA-PAS by PA-
SICL, _ [47]. Conversely, PA-SICI,  also decreased
after PA-PAS,, [48], suggesting the involvement of the
current-specific SICI circuits in both PA- and AP-PAS.
Furthermore, in a study by Hamada et al. [49], the
authors proposed the insight that PAS, . and PAS,,
targeted the PA- and AP-sensitive population
respectively, as the MEP facilitation of PAS,, was
cancelled by cerebellar tDCS (which is thought to
target the AP-sensitive circuits) while the potentiation
of PAS, ; was not affected by the DC stimulation.

2. Neuroplasticity rule

STDP is the most related and evident plasticity rule
in PAS. The polarity of STDP plasticity by PAS relies
highly on the timing of the afferent input to the primary
somatosensory cortex (S1), the SI-M1 relay, and the
TMS pulse timing [40]. If the TMS pulse is delivered
before the afferent input arrives at S1 (i.e., the N20
timing), PAS induces LTD in M1 and suppresses MEP.
Conversely, if the timing of the TMS pulse lags the
arrival by 1.5-4.8 ms (allowing the signal to be relayed
to M1), PAS induces LTP and potentiates MEP [1].

3. Neurocytological model

The neurocytological model of PAS is mainly based
on TMS-induced current selectivity. Although consensus
on the neuronal basis of TMS current selectivity has
not been reached, it has been convincingly proposed
that the main locations affected by motor cortex TMS
are the dorsal premotor cortex (PMd) and M1 in the
precentral gyrus. Specifically, the M1 hand area is
usually located in the posterior bank of the precentral
gyrus, while the anterior bank is mostly PMd with
strong connectivity with the posterior M1 and can be
selectively excited by AP-TMS. Conversely, the M1
hand area located in the posterior bank can be excited
by PA-TMS at lower intensity than AP-TMS, as the
induced current flow is parallel to the corticospinal
axon descending direction [2,50]. Accordingly, in PAS
we consider that the peripheral afferent input firstly
passes the thalamus, then is relayed to M1 directly or
relayed to S1, and finally arrives at L2/3 in M1
indirectly, with or without passing PMd. Therefore,
the thalamus-M1, S1-M1 relay and S1-PMd-M1 relay
account for the timing and induced current selectivity
of PAS, ; and PAS,.. The STDP-related LTP/LTD
would first occur at L2/3 IT synapses (in Figure 1A,
the incoming synapse targeting IT1) as cortical inputs
are mainly processed in L2/3 [51]. The SICI priming
pre-activates the fast-spiking BCs and ChCs, and
therefore cancels the effect of STDP of both PA- and
AP-PAS.
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Implications and future directions

In neuroscience, the aim is to “decipher the brain”
while in neurorehabilitation the aim is to “reorganize
the brain.” In these processes, neuroplasticity is the
overlap of these two disciplines. As reviewed in the
present paper, many neuromodulation protocols have
been devised, yielding prominent results both in research
and clinical practice. As the techniques in neurocytology
and NIBS are advancing rapidly, it will become
necessary to combine cellular and neurophysiological
evidence in the future. However, although we reviewed
the M1-TMS plastic protocols with relatively clear
mechanical evidence, during the literature search and
model construction we felt there was a severe lack of
evidence to establish a precise causal link between
evidence from the micro and macro scale. Therefore,
many explanations of the present model come from
analogy and need further investigation from both
neurocytological and neurophysiological perspectives.
Although it is probably too early to propose the
hypothetical micro-macro connection model, we believe
that the “ice-breaking” and preliminary infrastructure
presented in this paper may serve as a prototype for
explorations to decipher the brain and neuromodulation
mechanisms, and lead to technical advances in
neuroscience and neurorehabilitation.
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