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1. Introduction

Challenges in the neural control of human
attributed  to
alterations in motor pathways and cortices. It

movement are generally
is natural, therefore that clinical neurosciences
have focused on motor pathways and/or motor
cortices for the purpose of promoting neural
plasticity and ultimately improving human
movement. Commonly overshadowed is the
role of somatosensory pathways and cortices
in the neural control of human movement.
Abnormalities in somatosensory processing
contribute to impairments in motor control
[1,2] and therapeutic approaches targeting
somatosensory processing provide temporary
improvements in motor function [3-5]. To date,
clinical neuroscience research efforts directed
at promoting plasticity in somatosensory
paths and cortices are relatively sparse, yet
this approach presents an opportunity to yield
novel rehabilitation strategies that have the
potential to improve human movement.

The ultimate goal of research in our
laboratory is to translate fundamental science
into clinically effective therapies aimed at
improving motor control of the upper limb.
We have capitalized on the use of plasticity-
inducing transcranial magnetic stimulation
(TMS)  protocols  to

promote  plasticity
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Abstract

Somatosensory pathways and cortices contribute to the control of human movement. In humans, non-invasive
transcranial magnetic stimulation techniques to promote plasticity within somatosensory pathways and cortices
have revealed potent effects on the neurophysiology within motor cortices. In this mini-review, we present
evidence to indicate that somatosensory cortex is positioned to influence motor cortical circuits and as such, is
an ideal target for plasticity approaches that aim to alter motor physiology and behavior in clinical populations.
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in  somatosensory processing and have
investigated their effects on neural output
This

with evidence demonstrating the influence

from motor cortices. review begins
of somatosensory cortex on motor cortical
physiology and movement. Demonstrations of
somatosensory cortical plasticity are discussed
next. In the aforementioned sections we cite
key findings from animal models that have
established fundamental knowledge of the
system and refer the reader to more extensive
reviews on these topics. Last, we consider the
clinical applications for promoting plasticity in
the somatosensory cortices. The goal of this
mini-review is to provide convincing evidence
that somatosensory cortex influences motor
physiology and behavior in an effort to capture
new research interests that may capitalize on
the propensity for plasticity in this area.

2. Somatosensory cortex
influences motor cortical
physiology and movement

2.1 Evidence from animal species

In non-human primates, the somatosensory
cortex that is located in the postcentral gyrus
is comprised of subareas 3a, 3b, 1 and 2 and
each area contains distinct somatotopic maps
of the body surface [1]. The term “SI”is typically

used to describe area 3b only [2] so we refer
to the collective subareas as “somatosensory
cortex”. Somatic input to area 3a is derived
predominantly from muscle spindle receptors
[3], while cutaneous inputs are primarily
received by areas 3b [4] and 1 [5,6]. Area
2 receives input from both muscle [7] and
cutaneous [8] sources. In monkeys, dense
corticocortical connections exist between
adjacent somatosensory and primary motor
cortex (M1) [9,10]. All somatosensory subareas
share anatomical connectivity with adjacent
M1, with the exception of area 3b [11-14].
Somatosensory cortex also sends projections
to interneurons in the dorsal and intermediate
zone, and spinal motorneurons in the ventral
horn [15].
The
somatosensory-motor cortical interaction has

functional significance of the
been studied at great lengths in animal models
and has led to different interpretations about
the role of somatic cortex in motor control.
Tetanic stimulation of cat somatosensory
cortex leads to long-term potentiation (LTP) in
M1 and is interpreted as a pathway important
for motor skill learning [16,17]. Similarly,
lesions in monkey somatosensory cortex
impairs the acquisition of new motor skills but
does not affect the performance of existing

motor skills [18]. In monkeys at rest, cooling
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somatosensory cortex leads to an increase in
the tonic firing rate of M1 neurons, an effect
that is absent during movement. Further,
following cortical cooling, forelimb movements
are clumsy and ataxic providing evidence for
a direct role for somatosensory cortex in the
control of movement [19]. Microstimulation
of somatosensory neurons demonstrate
greater inhibitory versus facilitatory effects on
muscle activity suggesting that somatosensory
cortex has an inhibitory influence on motor
physiology, and potentially a minimal role in
the direct control of muscles [20]. However,
somatosensory cortex is necessary for
coordinated finger movement as demonstrated
following injections of GABA agonist muscimol

into somatic cortex [21].

2.2 Evidence from humans
2.2.1 Influence of somatosensory cortex
on motor cortical physiology

Similar to monkey species, human primary
somatosensory cortex (which we refer to as
Sl) appears to have at least four subareas that
demonstrate evidence of somatotopic ordering
for digits of the hand [22]. Investigations of the
influence of Sl on M1 physiology have benefited
from advances in TMS plasticity-promoting
protocols used to temporarily modify neural
activity in SI and measure neural effects from
M1.

Continuous theta-burst stimulation (cTBS)
(LTD)-like
effects in targeted cortex [23], and in human

induces long-term  depression
applications involves a triplet of TMS pulses
at 50 Hz [24] or 30 Hz [25] delivered at 5 Hz
theta frequency. The motor evoked potential
(MEP) evoked by a single suprathreshold
TMS pulse is an index of M1 corticospinal
of
corticospinal and spinal motorneurons, and

excitability reflecting neural activity
is one measure typically obtained before and

following  plasticity-promoting  protocols.
Our lab has repeatedly demonstrated that
cTBS at 30 Hz over Sl leads to increased M1
corticospinal output as measured by greater
MEP amplitude (i.e. LTP-like effects) for up
to one hour following stimulation [26,27]. In
contrast, cTBS over M1 leads to suppression
of corticospinal output (i.e. LTD-like effects)

that persists for about 30 minutes [26,27]. It

is notable that cTBS over S| delivered at 50
Hz does not always lead to LTP-like effects
[28,29] and the direction of induced current
appears to be an important consideration
[30]. Short-latency afferent inhibition (SAl) is
a sensorimotor circuit whereby the amplitude
of the MEP is suppressed by an afferent volley
elicited by peripheral nerve stimulation ~20 ms
in advance of the TMS pulse [31]. SAl is reduced
prior to and during movement [32] with
effects that depend on the specific digit being
moved [33]. cTBS over Sl leads to a reduction
in the SAI circuit for ~45-60 minutes following
stimulation, while cTBS over M1 does not alter
the magnitude of SAI [27].

The mechanism by which altering excitability
in S| physiology
unknown. In monkeys, tetanic stimulation

modulates M1 remains
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of somatosensory cortex evokes LTP in M1
1/ [34].
neurons in the aforementioned laminae are

laminae In humans, excitatory
considered responsible for generating the
TMS evoked MEP [35]. Therefore, one possible
mechanism by which Sl alters M1 physiology in
our studies involves Sl induced LTP in laminae
1I/1I M1 neurons.

Importantly, we have also demonstrated
a lack of somatosensory influences via cTBS
on M1 circuits of inhibition
(short-interval inhibition)
facilitation (intracortical facilitation) [26,36].

intracortical
intracortical and
Collectively, these data indicate that altering
the excitability within Slinduces LTP-like effects
in selected cortical circuits and therefore offers
an opportunity to promote circuit-specific
plasticity in M1 (see Figure 1).

Figure 1. Putative mechanisms following continuous Theta Burst Stimulation (cTBS) over SI. Pathway 1 shows
facilitation of late l-waves resulting in a reduction of short-latency afferent inhibition (SAI). Both
pathways 1 and 2 result in a net facilitation of corticospinal (CS) neurons and the a-motorneuron
(MN) pool causing increased excitability and a subsequent increase in Motor Evoked Potential (MEP)
amplitude. M1 = primary motor cortex, S| = primary somatosensory cortex, FDI = First Dorsal Interosseus

muscle.
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2.2.2 Influence of somatosensory cortex
on motor behavior

Multiple studies have

relationship between M1

investigated the
and S| using a
variety of imaging techniques. Individuals
with cerebrovascular lesions affecting SI are
significantly less accurate performing finger
movements compared to uninjured controls
[37]. Functional magnetic resonance imaging
(fMRI) studies, including those of healthy and
clinical populations, demonstrate that M1 and
Sl share similar patterns of activation in real and
imagined movements [38,39]. Somatosensory
evoked potential (SEP) components N20 and
P22 are larger when evoked from the Braille
reading finger compared to the homologous
digit on the opposite hand [40]. Further,
activity within Sl is strongly modulated by
the occurrence of passive hand movement
[41], illusory palmar flexion [42], and haptic
exploration [43] suggesting a significant role of
Sl during movement.

The influence of SI on motor behavior has
been investigated with various TMS plasticity-
inducing protocols. Participants were tested
across multiple days in their ability to accurately
track a dot target on a computer monitor by
simultaneously moving their wrist to control a
digital representation of their position. Following
practice, low-frequency repetitive TMS (rTMS)
was applied over Sl in the experimental group.
Although both control and experimental groups
showed improvements in the task after practice,
the experimental group performed significantly
worse [44]. In contrast, intermittent theta-burst
stimulation (iTBS), thought to promote LTP-like
effects when delivered over M1 [24] did not alter
motor performance during maximal grip force
or in tapping or aiming tasks, when applied over
SI [45]. A likely explanation for the difference
between outcomes in the above studies is the
nature of the LTD versus LTP- inducing protocols.
However, as suggested by the authors [44],
differences in experimental setup, including
the complexity of the motor tasks and whether
or not vision was present to supplement
somatosensory information, may also contribute
to the observed difference between outcomes
[44].

Recently, cTBS has been applied as a
technique to disrupt individual areas of the

brain during, rather than after the period of
task practice. cTBS over M1 and other motor
brain regions resulted in subjects being able
to accurately complete some but not all of the
tasks within the individual arm ability training
task training program. However, when cTBS
was applied over SI, subjects showed significant
difficulties in tasks involving dexterity, tracking
and aiming, suggesting a vital role for Sl in
motor behavior [46].

2.2.3 Evidence from movement
disorders

Emerging evidence from clinical disorders
affecting movement indicate that abnormalities
in somatosensory processing may contribute
to impairments in motor control. Focal hand
dystonia (FHD), a movement disorder affecting
volitional control of the hand, demonstrates
impairments in  somatosensory percepts.
Temporal discrimination thresholds occur in 40
- 69 ms in healthy controls and require 100 - 155
ms in FHD [47-49]. Similarly, spatial processing
of tactile information is abnormal such that gap
detection and point localization thresholds are
higher [47] and patients show compromised
ability to determine the orientation of fine
spatial gratings [48]. Aberrations in somatotopy
also exist in FHD indicating reduced inter-digit
spacing and abnormalities in the topographic
ordering [50-52].In addition to FHD, alterationsin
touch perception in Parkinson’s disease [53,54],
abnormal sensory gating in Tourette’s [55], and
reduced SAl sensorimotor circuitry in restless
legs syndrome [56] all provide evidence for a
role for somatosensory processing in the control
of movement. We refer the reader to excellent
in-depth
abnormalities in movement disorders [57,58].

reviews detailing somatosensory
Collectively, there are compelling examples of
aberrations in the somatosensory system in
disorders affecting movement, which suggest
that such sensory abnormalities may directly

contribute to motor symptoms.

3. Somatosensory cortex as
target for inducing plasticity

3.1 Sl plasticity in animal models
There is substantial evidence from animal
models to indicate a propensity for plasticity

Translational Neuroscience

in somatosensory cortex and we select only
a few examples from this rich literature (for
[59-61]).
research have demonstrated

excellent reviews, see Decades
of primate
alterations in somatotopic representations
that follow experience or practiced behavior
[62,63], cognitive factors of learning and
attention [64-67], and lesions or manipulations
of the peripheral or central nervous system
[6,68,69]. Rapid cortical plasticity is observed
in rat and monkey species following direct
microstimulation of somatosensory cortex,
which leads to immediate increases in the
cortical representation of the respective
skin site [70]. Further, immediately following
amputation, somatosensory cortical neurons
are responsive to adjoining body parts
[71-73]. Reversible sensory deactivation with a
peripheral lidocaine block in rats leads to rapid
unmasking of responses at subcortical and
cortical levels [74]. Peripheral stimulation leads
to increases in receptive field sizes within one
hour of stimulation [75].

It is notable that fundamental differences in
plasticity may exist between somatosensory
cortex and M1. In rats, both loci demonstrate
short-term depression, short-term facilitation
and LTD. However, LTP was shown to be
easily and reliably evoked in somatosensory
cortex and not M1, irrespective of the theta-
burst frequency tested [76], suggesting a
fundamental difference in the propensity
for LTP between these loci. Excellent reviews
on the neural basis of LTP and LTD in animal

models are available [77-79].

3.2 Sl plasticity in humans

At the level of the synapse, LTP and LTD result
from the pattern of postsynaptic Ca?* influx
with the former achieved by high transient
influx and the latter by lower, consistent
currents [80]. Homosynaptic plasticity refers
to changes in synaptic efficiency that are
consequence of a neuron’s own activity.
Heterosynaptic plasticity refers to changes
in efficiency as a consequence of another
pathway. Animal models of homosynaptic
and heterosynaptic LTP and LTD induction
have instructed TMS-based approaches for
inducing plasticity-like effects in humans (see
Figure 2 for examples).
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Several ITMS protocols have been developed
to promote homosynaptic plasticity within
targeted cortex. Rapid changes in touch
perception and physiology occur following
homosynaptic rTMS protocols over Sl. Low-
sub-threshold rTMS over Sl
increases tactile thresholds, causing a decrease

frequency,

in the ability to detect cutaneous stimuli [81]. A
similar increase in tactile threshold is observed
at similar frequencies using supra-threshold
ITMS intensities [44,82]. In contrast, high-
frequency rTMS (5 Hz) over Sl decreases tactile
discrimination thresholds [83] and also results
in temporary changes in the somatotopic
organization of Sl [84,85]. iTBS over Sl results in
both an improvement in 2-point discrimination
[45]1 and
contrast, cTBS over Sl results in the opposite

temporal  discrimination. In
effect, showing a worsening in temporal
discrimination [86]. Thus, after iTBS, subjects
were more able to discriminate between two
closely timed cutaneous stimuli and with cTBS
subjects were less able to discriminate between
the same stimuli [86]. iTBS over Sl also increases
the amplitude of the N20-P25 somatosensory
evoked potentials (SEP) indicating physiological
changes following stimulation [87].

Spike
supported by increases or decreases in synaptic

timing dependent plasticity is
efficiency that relies on the temporal sequence
of pre- and postsynaptic inputs to a neuron.
Paired Associative Stimulation (PAS) is a form
of TMS heterosynaptic plasticity founded in the
principles of spike timing dependent plasticity
[80]1. In PAS, electrical stimulation of a nerve
is paired repeatedly with single TMS pulses
typically over the cortex [88]. If the two inputs
are delivered such that the afferent impulse
from electrical stimulation reaches the cortical
neurons with their simultaneous activation
by the TMS pulse (~20 ms for TMS targeting
Sl), increases in the corticospinal output are
observed and LTP-like effects are thought to
mediate the change [88,89]. The assumption
underlying PAS effects is that nerve stimulation
and the TMS pulse both evoke inputs onto a
common neuronal population that ultimately
demonstrates short-term associative synaptic
plasticity due to the repeat pairing of separate
inputs. PAS targeting Sl yields increases in the
P25 component of the SEP [90,91], suggesting

Homosynaptic examples
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Figure 2. Schematic of Transcranial Magnetic Stimulation (TMS) protocols used in studies to promote plasticity in
primary somatosensory cortex (SI). Left, homosynaptic protocols utilize TMS only to produce long-term
potentiation (LTP)-like effects in SI and heterosynaptic protocols combine both TMS and peripheral
nerve stimulation at varying inter-stimulus intervals. Green outline indicates the central sulcus on
example anatomy. Right, black lines represent TMS stimulator pulses and red lines represent nerve
stimuli. cTBS = continuous Theta-Burst Stimulation, iTBS = intermittent Theta-Burst Stimulation, rTMS
= repetitive Transcranial Magnetic Stimulation, PAS = Paired Associative Stimulation, rPAS = repetitive

Paired Associative Stimulation.

synaptic plasticity in layers I/l within SI
[92,93]. Depression of the P25 component,
however, was seen at an interstimulus interval
of 20 ms, relative to the N20 component of
each individual, suggesting that PAS yields
bidirectional excitability, dependent on the
timing of inputs [83].

4. Clinical applications for
promoting plasticity in SI

Below we discuss evidence of plasticity-
T™S
somatosensory processing

inducing approaches  targeting
in two clinical
populations where somatosensory processing

has been emphasized.

4.1 Stroke
Sl has been shown to be a target for inducing
plasticity to improve motor control following
In rats with M1

stroke. infarcts, plasticity

induced by prosthetics implanted in SI promote
with
functioning motor areas and improve motor
skill [94].
has been performed in the area of stroke

functional  connectivity residually

recovery Much human research
rehabilitation showing that relatively non-
invasive protocols can have marked changes in
motor control. Based on research showing that
applying a peripheral nerve stimulus to the skin
results in increased activation of Sl in healthy
participants [95-99], the same technique has
been used in stroke survivors. In addition to
increasing excitability, conditioning with a
peripheral stimulus prior to learning various
motor tasks results in a heightened ability to
complete these tasks [100].

Applying cTBS either over M1 or SI
contralateral to the site of the lesion results in
improved ability of post-stroke individuals to
complete a targeting task. Participants moved
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a computer mouse cursor to align with on-
screen targets after cTBS was applied to either
M1 or to Sl. Stimulation over M1 resulted in
an improvement in the early stages of the
movement, and stimulation over Sl resulted in a
decreased time needed to complete the overall
movement [101]. It is notable that only after
the SI cTBS intervention did participants show
significant improvement in completing basic
tasks such as picking up a paperclip or folding
atowel [101]. In a more recent study, 5 Hz rTMS
applied over Sl ipsilateral to the lesion led to
improvements in motor learning and tactile
discrimination [102].

4.2 Dystonia

Studies in dystonia have shown significant
success in utilizing TMS plasticity protocols
in order to reduce symptoms. Early research
showed improvements in handwriting and
writing pressure after low-frequency rTMS was
applied to M1 [103] and premotor cortex [104],
suggesting that multiple regions of the brain
contribute to this form of dystonia.

Based on considerable evidence showing
changes in the activation and organization of Sl
in individuals with dystonia [50,105-108], some
research focus has shifted from M1 to Sl as a
potential target for therapeutic approaches.
Low-frequency rTMS over S| applied for 30
minutes over 5-days in individuals with writer’s
dystonia resulted in significant improvement in
writing as rated by both independent blinded
raters and the participants themselves. Positive
changes persisted during the 5-day testing
period and for 3 weeks after the procedure
[109]. When asked to perform an active
movement of the fingers in the dystonic right
hand, concurrent fMRI showed that rTMS over
left Sl results in increased activation of Sl as well
as surrounding cortical areas [109].

In another study, experimenters looked
at performance on a purely sensory task
following the application of high-frequency
rTMS [110]. Those with writer’s dystonia
showed no change in performance on
a frequency discrimination task, while
controls showed improvement. fMRI analysis
highlighted differences in activation patterns
inthe basal ganglia between dystonia patients,
who showed no increased activation, and
controls who exhibited significant activation
of this region. It was proposed that the basal
ganglia are indirectly activated by the directly
stimulated Sl, and in those with dystonia, these
indirect connections are altered resulting in
limited or no activation [110].

TBS has recently been applied to Sl in
controls and FHD, showing that iTBS and cTBS
improved and reduced temporal discrimination
performance in both groups, respectively, and
to a similar extent. However, the ability to write
was not improved in FHD [86]. This finding
is significant as it suggests that the circuitry
involved in this type of sensory discrimination
task has a similar response to TBS plasticity
protocols in both FHD and healthy populations.

5. Future considerations for
studies aiming to promote
plasticity in human SI

The ethics surrounding attempts to promote
plasticity in the healthy, uninjured individual
remain controversial. Approaches using
TMS to promote plasticity in uninjured
controls typically involve a single session of
stimulation, since there is no apparent desire
to induce more permanent plasticity in such
individuals. However, the results of a single
session of a TMS plasticity protocol applied

in controls are often used to devise clinical
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trials in which multiple sessions are delivered
in a clinical population for the direct purpose
of promoting plasticity. In such attempts,
there are unresolved issues that surround the
anticipated metaplastic effects (i.e. beneficial
versus maladaptive plasticity) and whether
plasticity effects are greater or less than that
which could be obtained from an uninjured,
control group. However, recent TMS studies
in uninjured controls are focused on
quantifying metaplasticity effects following
the delivery of two or more TMS plasticity-
promoting protocols [111,112]. Further, TMS
plasticity approaches have effects at remote
loci, which need to be considered when
interpreting effects [113]. Such studies will be
instrumental for predicting plasticity effects,
deleterious or not. Future clinical studies
may consider measuring outcomes upon the
addition of each subsequent TMS session,
which may indicate the precise number of
repeat sessions required to generate the
desired effects.

6. Conclusion

In this
animal and human evidence in favor of a

mini-review we have presented

powerful somatosensory cortical influence
on motor cortical physiology and behavior.
Somatosensory cortex exhibits a propensity
for plasticity with injury or experience that
can occur on rapid timescales. As such, Sl
in humans is an excellent candidate for
promoting plasticity for the purpose of altering
human movement. We have considered only
clinical applications of FHD and stroke yet
other populations including spinal cord injury,
autism, Parkinson’s and others may benefit
from plasticity promoted in somatosensory

cortex.

References

[1] Kaas JH. Nelson RJ., Sur M, Lin CS., Merzenich M.M., Multiple
representations of the body within the primary somatosensory
cortex of primates, Science, 1979, 204, 521-523 [5]

[2] Kaas J.H.,What, if anything, is SI? Organization of first somatosensory
area of cortex, Physiol. Rev., 1983, 63, 206-231

[3]1 Phillips C.G., Powell TP, Wiesendanger M., Projection from low- [6]
threshold muscle afferents of hand and forearm to area 3a of
baboon’s cortex, J. Physiol., 1971, 217, 419-446

[4] Krubitzer L.A., Kaas J.H. The organization and connections of
somatosensory cortex in marmosets, J. Neurosci., 1990, 10, 952-974

Nelson R.J., Sur M., Felleman D.J., Kaas J.H., Representations of the
body surface in postcentral parietal cortex of Macaca fascicularis, J.

Comp. Neurol., 1980, 192, 611-643

Merzenich M.M., Kaas J.H., Sur M., Lin C.S., Double representation of
the body surface within cytoarchitectonic areas 3b and 1in“SIl”in the

owl monkey (Aotus trivirgatus), J. Comp Neurol., 1978, 181, 41-73

264



[7]1 Schwarz D.W., Deecke L., Fredrickson J.M., Cortical projection of
group | muscle afferents to areas 2, 3a, and the vestibular field in the
rhesus monkey, Exp. Brain Res., 1973, 17, 516-526

[8] Pons T.P, Kaas J.H., Connections of area 2 of somatosensory cortex
with the anterior pulvinar and subdivisions of the ventroposterior
complex in macaque monkeys, J. Comp. Neurol., 1985, 240, 16-36

[9] Fang P.C, Stepniewska l., Kaas J.H., Ipsilateral cortical connections
of motor, premotor, frontal eye, and posterior parietal fields in a
prosimian primate, Otolemur garnetti, J. Comp. Neurol., 2005, 490,
305-333

[10] Tokuno H., Tanji J., Input organization of distal and proximal forelimb
areas in the monkey primary motor cortex: a retrograde double
labeling study, J. Comp. Neurol., 1993, 333, 199-209

[11]Jones E.G., Powell T.P, Connexions of the somatic sensory cortex of
the rhesus monkey. I. Ipsilateral cortical connexions, Brain, 1969, 92,
477-502

[12]Jones E.G., Coulter J.D., Hendry S.H., Intracortical connectivity of
architectonic fields in the somatic sensory, motor and parietal cortex
of monkeys, J. Comp. Neurol.,, 1978, 181, 291-347

[13] Darian-Smith C., Darian-Smith ., Burman K., Ratcliffe N., Ipsilateral
cortical projections to areas 3a, 3b, and 4 in the macaque monkey;, J.
Comp. Neurol., 1993, 335, 200-213

[14] DeFelipe J., Conley M., Jones E.G., Long-range focal collateralization
of axons arising from corticocortical cells in monkey sensory-motor
cortex, J. Neurosci., 1986, 6, 3749-3766

[15] Galea M.P, Darian-Smith ., Multiple corticospinal neuron populations
in the macagque monkey are specified by their unique cortical origins,
spinal terminations, and connections, Cereb. Cortex, 1994, 4, 166-194

[16] Sakamoto T, Porter L.L., Asanuma H., Long-lasting potentiation of
synaptic potentials in the motor cortex produced by stimulation of
the sensory cortex in the cat: a basis of motor learning, Brain Res.,
1987, 413, 360-364

[17]Iriki A., Pavlides C., Keller A., Asanuma H., Long-term potentiation in
the motor cortex, Science, 1989, 245, 1385-1387

[18] Pavlides C., Miyashita E., Asanuma H., Projection from the sensory to
the motor cortex is important in learning motor skills in the monkey,
J. Neurophysiol., 1993, 70, 733-741

[19] Brinkman J., Colebatch J.G., Porter R. York D.H., Responses of
precentral cells during cooling of post-central cortex in conscious
monkeys, J. Physiol., 1985, 368, 611-625

[20] Widener G.L, Cheney PD., Effects on muscle activity from
microstimuli applied to somatosensory and motor cortex during
voluntary movement in the monkey, J. Neurophysiol., 1997, 77, 2446-
2465

[211Hikosaka O. Tanaka M., Sakamoto M., Iwamura Y. Deficits in
manipulative behaviors induced by local injections of muscimol in
the first somatosensory cortex of the conscious monkey, Brain Res.,
1985, 325, 375-380

[22] Nelson A.J., Chen R., Digit somatotopy within cortical areas of the
postcentral gyrus in humans, Cereb. Cortex, 2008, 18, 2341-2351

[23] Takita M., Izaki Y., Jay T.M., Kaneko H., Suzuki S.S., Induction of stable

: . v
Translational Neuroscience VERSITA

long-term depression in vivo in the hippocampal-prefrontal cortex
pathway, Eur. J. Neurosci., 1999, 11, 4145-4148

[24] Huang Y.Z., Edwards M.J., Rounis E., Bhatia K.P,, Rothwell J.C,, Theta
burst stimulation of the human motor cortex, Neuron, 2005, 45, 201-
206

[25] Goldsworthy M.R., Pitcher J.B,, Ridding M.C.,, A comparison of two
different continuous theta burst stimulation paradigms applied to
the human primary motor cortex, Clin. Neurophysiol., 2012, 123,
2256-2263

[26] Jacobs M.F,, Tsang P, Lee K.G., Asmussen M.J., Zapallow C.M., Nelson
A.J., 30 Hz theta-burst stimulation over primary somatosensory
cortex modulates corticospinal output to the hand, Brain Stimul.,
2014, 7,269-274

[27]Tsang P, Jacobs M.F, Lee K.G. Asmussen M.). Zapallow CM.,
Nelson A.J., Continuous theta-burst stimulation over primary
somatosensory cortex modulates short-latency afferent inhibition,
Clin. Neurophysiol., 2014, S1388-2457(14)00171-0

[28] Ishikawa S., Matsunaga K. Nakanishi R., Kawahira K., Murayama
N., Tsuji S., et al., Effect of theta burst stimulation over the human
sensorimotor cortex on motor and somatosensory evoked potentials,
Clin. Neurophysiol., 2007, 118, 1033-1043

[29] Katayama T., Suppa A. Rothwell J.C.,, Somatosensory evoked
potentials and high frequency oscillations are differently modulated
by theta burst stimulation over primary somatosensory cortex in
humans, Clin. Neurophysiol., 2010, 121, 2097-2103

[30]Jacobs M.F, Zapallow CM., Tsang P, Lee K.G. Asmussen M.J.,
Nelson A.J.,, Current direction specificity of continuous theta-burst
stimulation in modulating human motor cortex excitability when
applied to somatosensory cortex, Neuroreport, 2012, 23, 927-931

[31] Tokimura H., Di Lazzaro V., Tokimura Y., Oliviero A., Profice P, Insola
A., et al., Short latency inhibition of human hand motor cortex by
somatosensory input from the hand, J. Physiol., 2000, 523, 503-513

[32] Asmussen M.J., Jacobs M.F, Lee K.G., Zapallow C.M., Nelson A.J., Short-
latency afferent inhibition modulation during finger movement,
PLoS One, 2013, 8, €60496

[33] Asmussen M.J., Zapallow C.M., Jacobs M.F, Lee K.G., Tsang P, Nelson
A.J., Modulation of short-latency afferent inhibition depends on digit
and task-relevance, PLoS One, 2014, 9, e104807

[34] Kaneko T., Caria M.A., Asanuma H., Information processing within
the motor cortex. Il. Intracortical connections between neurons
receiving somatosensory cortical input and motor output neurons of
the cortex, J. Comp. Neurol., 1994, 345, 172-184

[35] Di Lazzaro V., Profice P, Ranieri F., Capone F,, Dileone M., Oliviero A., et
al., I-wave origin and modulation, Brain Stimul., 2012, 5, 512-525

[36] Premiji A., Rai N., Nelson A., Area 5 influences excitability within the
primary motor cortex in humans, PLoS One, 2011, 6, e20023

[37] Okuda B., Tanaka H., Tomino Y., Kawabata K., Tachibana H., Sugita M.,
The role of the left somatosensory cortex in human hand movement,
Exp. Brain Res., 1995, 106, 493-498

[38] Stippich C., Ochmann H., Sartor K., Somatotopic mapping of the
human primary sensorimotor cortex during motor imagery and

265



e
VERSITA

motor execution by functional magnetic resonance imaging,
Neurosci. Lett., 2002, 331, 50-54

[39] Cosottini M., Pesaresi |., Piazza S., Diciotti S., Cecchi P, Fabbri S., et
al.,, Structural and functional evaluation of cortical motor areas in
amyotrophic lateral sclerosis, Exp. Neurol., 2012, 234, 169-180

[40] Pascual-Leone A., Torres F, Plasticity of the sensorimotor cortex
representation of the reading finger in Braille readers, Brain, 1993,
116, 39-52

[41]1Bernard R.A., Goran D.A., Sakai S.T., Carr T.H., McFarlane D., Nordell
B., et al, Cortical activation during rhythmic hand movements
performed under three types of control: an fMRI study, Cogn. Affect.
Behav. Neurosci., 2002, 2, 271-281

[42] Naito E., Roland PE., Grefkes C., Choi H.J., Eickhoff S., Geyer S., et al.,
Dominance of the right hemisphere and role of area 2 in human
kinesthesia, J. Neurophysiol., 2005, 93, 1020-1034

[43]1Kaas A.L., van Mier H., Goebel R, The neural correlates of human
working memory for haptically explored object orientations, Cereb.
Cortex, 2007, 17, 1637-1649

[44] Vidoni E.D., Acerra N.E., Dao E., Meehan S.K., Boyd L.A., Role of the
primary somatosensory cortex in motor learning: an rTMS study,
Neurobiol. Learn. Mem., 2010, 93, 532-539

[45] Ragert P, Franzkowiak S., Schwenkreis P, Tegenthoff M., Dinse H.R.,
Improvement of tactile perception and enhancement of cortical
excitability through intermittent theta burst rTMS over human
primary somatosensory cortex, Exp. Brain Res., 2008, 184, 1-11

[46] Platz T., Roschka S., Christel M., Duecker F., Rothwell J.C., Sack A.T,,
Early stages of motor skill learning and the specific relevance of the
cortical motor system - a combined behavioural training and 6 burst
TMS study, Restor. Neurol. Neurosci., 2012, 30, 199-211

[47] Bara-Jimenez W., Shelton P, Sanger T.D. Hallett M. Sensory
discrimination capabilities in patients with focal hand dystonia, Ann.
Neurol., 2000, 47, 377-380

[48] Sanger T.D., Tarsy D., Pascual-Leone A., Abnormalities of spatial and
temporal sensory discrimination in writer’s cramp, Mov. Disord.,
2001, 16, 94-99

[49] Fiorio M., Tinazzi M., Bertolasi L., Aglioti S.M., Temporal processing of
visuotactile and tactile stimuli in writer’s cramp, Ann. Neurol., 2003,
53,630-635

[50] Butterworth S., Francis S., Kelly E., McGlone F,, Bowtell R., Sawle G.V.,
Abnormal cortical sensory activation in dystonia: an fMRI study, Mov.
Disord., 2003, 18, 673-682

[51]Nelson A.J. Blake D.T. Chen R., Digit-specific aberrations in the
primary somatosensory cortex in writer’s cramp, Ann. Neurol., 2009,
66, 146-154

[52] Bara-Jimenez W. Catalan M.J. Hallett M., Gerloff C., Abnormal
somatosensory homunculus in dystonia of the hand, Ann. Neurol.,
1998, 44, 828-831

[53]Lee M.S. Kim H.S., Lyoo CH. “Off" gait freezing and temporal
discrimination threshold in patients with Parkinson disease,
Neurology, 2005, 64, 670-674

[54] Nelson A.J., Premji A., Rai N., Hoque T, Tommerdahl M., Chen R,

Translational Neuroscience

Dopamine alters tactile perception in Parkinson’s disease, Can. J.
Neurol. Sci., 2012, 39, 52-57

[55] Biermann-Ruben K., Miller A., Franzkowiak S., Finis J., Pollok B.,
Wach C, et al,, Increased sensory feedback in Tourette syndrome,
Neuroimage, 2012, 63, 119-125

[56] Rizzo V., Arico |, Liotta G., Ricciardi L., Mastroeni C., Morgante F, et
al., Impairment of sensory-motor integration in patients affected by
restless legs syndrome (RLS), J. Neurol., 2010, 257, 1979-1985

[57] Patel N., Jankovic J., Hallett M., Sensory aspects of movement
disorders, Lancet Neurol., 2014, 13, 100-112

[58] Abbruzzese G., Berardelli A., Sensorimotor integration in movement
disorders, Mov. Disord., 2003, 18, 231-240

[59] Kaas J.H., The reorganization of somatosensory and motor cortex
after peripheral nerve or spinal cord injury in primates, Prog. Brain
Res., 2000, 128, 173-179

[60] Kaas J.H., Qi H.X., Burish M.J.,, Gharbawie O.A., Onifer S.M., Massey J.M.,
Cortical and subcortical plasticity in the brains of humans, primates,
and rats after damage to sensory afferents in the dorsal columns of
the spinal cord, Exp. Neurol., 2008, 209, 407-416

[61]Jones E.G., Cortical and subcortical contributions to activity-
dependent plasticity in primate somatosensory cortex, Annu. Rev.
Neurosci., 2000, 23, 1-37

[62] Coq J.O., Xerri C., Environmental enrichment alters organizational
features of the forepaw representation in the primary somatosensory
cortex of adult rats, Exp. Brain Res., 1998, 121, 191-204

[63] Xerri C., Merzenich M.M., Jenkins W., Santucci S., Representational
plasticity in cortical area 3b paralleling tactual-motor skill acquisition
in adult monkeys, Cereb. Cortex, 1999, 9, 264-276

[64] Recanzone G.H., Merzenich M.M., Schreiner C.E., Changes in the
distributed temporal response properties of S| cortical neurons
reflect improvements in performance on a temporally based tactile
discrimination task, J. Neurophysiol., 1992, 67, 1071-1091

[65] Recanzone G.H. Merzenich M.M., Jenkins W.M. Frequency
discrimination training engaging a restricted skin surface results in
an emergence of a cutaneous response zone in cortical area 3a, J.
Neurophysiol., 1992, 67, 1057-1070

[66] Recanzone G.H., Merzenich M.M., Jenkins W.M., Grajski K.A., Dinse
H.R., Topographic reorganization of the hand representation in
cortical area 3b owl monkeys trained in a frequency-discrimination
task, J. Neurophysiol., 1992, 67, 1031-1056

[67]1 Recanzone G.H., Jenkins W.M. Hradek G.T. Merzenich M.M.,,
Progressive improvement in discriminative abilities in adult owl
monkeys performing a tactile frequency discrimination task, J.
Neurophysiol., 1992, 67, 1015-1030

[68] Merzenich M.M., Nelson R.J., Stryker M.P, Cynader M.S., Schoppmann
A., Zook J.M., Somatosensory cortical map changes following digit
amputation in adult monkeys, J. Comp. Neurol., 1984, 224, 591-605

[69] Allard T., Clark S.A., Jenkins W.M., Merzenich M.M., Reorganization of
somatosensory area 3b representations in adult owl monkeys after
digital syndactyly, J. Neurophysiol., 1991, 66, 1048-1058

[70] Recanzone G.H., Merzenich M.M., Dinse H.R., Expansion of the cortical

266



representation of a specific skin field in primary somatosensory
cortex by intracortical microstimulation, Cereb. Cortex, 1992, 2, 181-
196

[71] Calford M.B., Tweedale R. Immediate and chronic changes in
responses of somatosensory cortex in adult flying-fox after digit
amputation, Nature, 1988, 332, 446-448

[72] Calford M.B., Tweedale R., Acute changes in cutaneous receptive
fields in primary somatosensory cortex after digit denervation in
adult flying fox, J. Neurophysiol., 1991, 65, 178-187

[73] Calford M.B., Tweedale R., Immediate expansion of receptive fields
of neurons in area 3b of macaque monkeys after digit denervation,
Somatosens. Mot. Res., 1991, 8, 249-260

[74] Faggin B.M., Nguyen K.T., Nicolelis M.A., Immediate and simultaneous
sensory reorganization at cortical and subcortical levels of the
somatosensory system, Proc. Natl. Acad. Sci. USA, 1997, 94, 9428-
9433

[75] Recanzone G.H., Allard T.T., Jenkins W.M., Merzenich M.M., Receptive-
field changes induced by peripheral nerve stimulation in S| of adult
cats, J. Neurophysiol., 1990, 63, 1213-1225

[76] Castro-Alamancos M.A., Donoghue J.P, Connors B.W. Different
forms of synaptic plasticity in somatosensory and motor areas of the
neocortex, J. Neurosci., 1995, 15, 5324-5333

[77] Feldman D.E., Synaptic mechanisms for plasticity in neocortex, Annu.
Rev. Neurosci., 2009, 32, 33-55

[78] Lamsa K.P, Kullmann D.M., Woodin M.A., Spike-timing dependent
plasticity in inhibitory circuits, Front. Synaptic Neurosci., 2010, 2, 8

[79] Kullmann D.M., Lamsa K.P, LTP and LTD in cortical GABAergic
interneurons: emerging rules and roles, Neuropharmacology, 2011,
60,712-719

[80] Bi G., Poo M., Synaptic modification by correlated activity: Hebb's
postulate revisited, Annu. Rev. Neurosci., 2001, 24, 139-166

[81] Satow T., Mima T.,, Yamamoto J.,, Oga T, Begum T, Aso T, et al.,, Short-
lasting impairment of tactile perception by 0.9Hz-rTMS of the
sensorimotor cortex, Neurology, 2003, 60, 1045-1047

[82] Knecht S., Ellger T., Breitenstein C., Bernd R.E., Henningsen H.,
Changing cortical excitability with low-frequency transcranial
magnetic stimulation can induce sustained disruption of tactile
perception, Biol. Psychiatry, 2003, 53, 175-179

[83]Ragert P, Dinse H.R., Pleger B. Wilimzig C, Frombach E.,
Schwenkreis P, et al., Combination of 5 Hz repetitive transcranial
magnetic stimulation (rTMS) and tactile coactivation boosts tactile
discrimination in humans, Neurosci. Lett., 2003, 348, 105-108

[84] Tegenthoff M., Ragert P, Pleger B., Schwenkreis P, Forster A.F,, Nicolas
V., et al,, Improvement of tactile discrimination performance and
enlargement of cortical somatosensory maps after 5 Hz rTMS, PLoS
Biol., 2005, 3, €362

[85] Pleger B., Blankenburg F., Bestmann S., Ruff C.C., Wiech K., Stephan
K.E., et al, Repetitive transcranial magnetic stimulation-induced
changes in sensorimotor coupling parallel improvements of
somatosensation in humans, J. Neurosci., 2006, 26, 1945-1952

[86] Conte A., Rocchi L., Ferrazzano G., Leodori G., Bologna M., Li Voti P,

: . v
Translational Neuroscience VERSITA

et al., Primary somatosensory cortical plasticity and tactile temporal
discrimination in focal hand dystonia, Clin. Neurophysiol., 2014, 125,
537-543

[87] Premji A., Ziluk A. Nelson A.J. Bilateral somatosensory evoked
potentials following intermittent theta-burst repetitive transcranial
magnetic stimulation, BMC Neurosci., 2010, 11, 91

[88] Stefan K., Kunesch E., Cohen L.G., Benecke R., Classen J., Induction
of plasticity in the human motor cortex by paired associative
stimulation, Brain, 2000, 123, 572-584

[89] Wolters A., Sandbrink F., Schlottmann A., Kunesch E., Stefan K., Cohen
L.G,, etal., Atemporally asymmetric Hebbian rule governing plasticity
in the human motor cortex, J. Neurophysiol., 2003, 89, 2339-2345

[90] Litvak V., Zeller D., Oostenveld R., Maris E., Cohen A., Schramm A,
et al., LTP-like changes induced by paired associative stimulation of
the primary somatosensory cortex in humans: source analysis and
associated changes in behaviour, Eur. J. Neurosci., 2007, 25, 2862-
2874

[91] Wolters A., Schmidt A.,Schramm A., Zeller D., Naumann M., Kunesch E.,
et al,, Timing-dependent plasticity in human primary somatosensory
cortex, J. Physiol, 2005, 565, 1039-1052

[92] Allison T., McCarthy G., Wood C.C., Williamson PD., Spencer D.D.,
Human cortical potentials evoked by stimulation of the median
nerve. |l. Cytoarchitectonic areas generating long-latency activity, J.
Neurophysiol., 1989, 62, 711-722

[93] Allison T, McCarthy G., Wood C.C., Darcey TM., Spencer D.D.
Williamson P.D., Human cortical potentials evoked by stimulation
of the median nerve. . Cytoarchitectonic areas generating short-
latency activity, J. Neurophysiol., 1989, 62, 694-710

[94] Guggenmos D.J., Azin M., Barbay S., Mahnken J.D., Dunham C,
Mohseni P, et al., Restoration of function after brain damage using a
neural prosthesis, Proc. Natl. Acad. Sci. USA, 2013, 110, 21177-21182

[95] Hamdy S., Rothwell J.C., Aziz Q,, Singh K.D., Thompson D.G., Long-
term reorganization of human motor cortex driven by short-term
sensory stimulation, Nat. Neurosci., 1998, 1, 64-68

[96] Ridding M.C., Brouwer B., Miles T.S., Pitcher J.B,, Thompson PD.,
Changes in muscle responses to stimulation of the motor cortex
induced by peripheral nerve stimulation in human subjects, Exp.
Brain Res., 2000, 131, 135-143

[97] Fraser C., Power M., Hamdy S., Rothwell J., Hobday D., Hollander |., et
al., Driving plasticity in human adult motor cortex is associated with
improved motor function after brain injury, Neuron, 2002, 34, 831-
840

[98] Kaelin-Lang A., Luft A.R., Sawaki L., Burstein A.H.,SohnY.H., Cohen L.G,,
Modulation of human corticomotor excitability by somatosensory
input, J. Physiol, 2002, 540, 623-633

[99] McDonnell M.N., Ridding M.C., Afferent stimulation facilitates
performance on a novel motor task, Exp. Brain Res., 2006, 170, 109-
115

[100] Celnik P, Hummel F, Harris-Love M., Wolk R. Cohen L.G,
Somatosensory stimulation enhances the effects of training
functional hand tasks in patients with chronic stroke, Arch. Phys.

267



VERSITA Translational Neuroscience

Med. Rehabil., 2007, 88, 1369-1376

[101] Meehan SK., Dao E., Linsdell M.A,, Boyd L.A., Continuous theta
burst stimulation over the contralesional sensory and motor cortex
enhances motor learning post-stroke, Neurosci. Lett., 2011, 500, 26-
30

[102] Brodie S.M., Meehan S., Borich M.R., Boyd L.A., 5 Hz repetitive
transcranial magnetic stimulation over the ipsilesional sensory
cortex enhances motor learning after stroke, Front Hum. Neurosci.,
2014, 8,143

[103] Siebner H.R., Tormos J.M., Ceballos-Baumann A.QO., Auer C., Catala
M.D., Conrad B,, et al,, Low-frequency repetitive transcranial magnetic
stimulation of the motor cortex in writer’s cramp, Neurology, 1999,
52,529-537

[104] Murase N., Rothwell J.C,, Kaji R., Urushihara R. Nakamura K,

Subthreshold

magnetic stimulation over the premotor cortex

Murayama N., et al, low-frequency repetitive
transcranial
modulates writer’s cramp, Brain, 2005, 128, 104-115

[105] Sanger T.D. Pascual-Leone A., Tarsy D. Schlaug G., Nonlinear
sensory cortex response to simultaneous tactile stimuli in writer's
cramp, Mov. Disord., 2002, 17, 105-111

[106] Garraux G., Bauer A., Hanakawa T., Wu T,, Kansaku K., Hallett M.,
Changes in brain anatomy in focal hand dystonia, Ann. Neurol., 2004,

55,736-739

[107] Lerner A., Shill H., Hanakawa T., Bushara K., Goldfine A., Hallett M.,
Regional cerebral blood flow correlates of the severity of writer’s
cramp symptoms, Neuroimage, 2004, 21, 904-913

[108] Hu X.Y,, Wang L., Liu H., Zhang S.Z., Functional magnetic resonance
imaging study of writer’s cramp, Chin Med. J., 2006, 119, 1263-1271

[109] Havrankova P, Jech R., Walker N.D., Operto G. Tauchmanova
J., Vymazal J, et al., Repetitive TMS of the somatosensory cortex
improves writer’s cramp and enhances cortical activity, Neuro
Endocrinol. Lett., 2010, 31, 73-86

[110] Schneider S.A., Pleger B., Draganski B., Cordivari C., Rothwell J.C,,
Bhatia K.P, et al, Modulatory effects of 5Hz rTMS over the primary
somatosensory cortex in focal dystonia - an fMRI-TMS study, Mov.
Disord., 2010, 25, 76-83

[111] Murakami T., Muller-Dahlhaus F, Lu M.K,, Ziemann U., Homeostatic
metaplasticity of corticospinal excitatory and intracortical inhibitory
neural circuits in human motor cortex, J. Physiol., 2012, 590, 5765-5781

[112] Gentner R, Wankerl K, Reinsberger C., Zeller D., Classen J.,
Depression of human corticospinal excitability induced by magnetic
theta-burst stimulation: evidence of rapid polarity-reversing
metaplasticity, Cereb. Cortex, 2008, 18, 2046-2053

[113] Stefan K. Gentner R., Zeller D., Dang S., Classen J., Theta-burst
stimulation: remote physiological and local behavioral after-effects,
Neuroimage, 2008, 40, 265-274

268



