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The central nervous system is a highly plastic structure that
can adapt throughout the lifespan of higher mammals to
changes in environment. The establishment of neural con-
nectivity, during embryonic period and during early post-
natal stages, is under genetic and epigenetic control. Envi-
ronmental factors, in particular during the critical period,
can heavily influence the organization of the brain, both in
the short and long term. In the 1980s, Kaas, Merzenich, and
collaborators have reported that the adult central nervous
system of mammals was also capable of a remarkable reor-
ganization following traumatic lesions (amputation, nerve
section, etc.). Since these pioneering works, the concept of
neural plasticity stirs up a growing interest in the scientific
community. Many works have been focused on the extensive
reorganization of cortical and subcortical structures in rela-
tion to individual experience (activity-dependent plasticity).
Within the sensorimotor system, plastic mechanisms can
occur spontaneously after an injury, such as stroke or spinal
cord injury (injury-induced plasticity). These changes can
sometimes be considered as adaptative or compensatory,
but in some cases, they may lead to a maladaptative pro-
cess. More recently, it has been demonstrated that in addi-
tion to training, practicing, and use, mere exposure to
repetitive sensory or central stimulation, significant changes
of behavior and neural processing can be evoked. In patients,
one can take advantage of both the activity-dependent plastic
properties of the CNS to develop efficient therapeutic meth-
ods, in particular through repetitive sensory or direct cur-
rent/magnetic stimulation. Increasing the basic knowledge

of activity-dependent plasticity throughout the lifespan of
humans can substantially influence the treatment and reha-
bilitation methods used for a variety of movement disorders.

Four contributions to this special issue provide an over-
view of data in the field of activity-dependent plasticity of
adult sensorimotor system. They are accompanied by a re-
search paper addressing the question of adaptation to prisms.
All papers pay a particular attention to rehabilitation strate-
gies.

The research paper is entitled “Left-deviating prism adap-
tation in left neglect patient: reflexions on a negative result” by
J. Luauté et al. In healthy subjects, optical prisms are used
to induce experimentally a sensorimotor plasticity. Prism
adaptation is also used in patients with left spatial neglect,
where it appears as a promising therapeutic intervention
for rehabilitation. The authors demonstrate that there is a
directional specificity of the prisms: patients with left spatial
neglect are not affected by prism adaptation to a leftward
optical shift whereas right-deviating prisms are known to
have beneficial effects. The paper also raises the question
about the conditions necessary to produce cognitive after-
effects. Very interestingly, it shows that no cognitive effects
are found in the absence of adaptation, playing against the
hypothesis that active exposure to a simple modification of
sensorimotor coordinates by simple visuomanual pointing is
sufficient to reduce left spatial neglect.

This paper is followed by four reviews. The contribu-
tion by A. Sterr and A. B. Conforto “Plasticity of adult
sensorimotor system in severe brain infarcts: challenges and
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opportunities” is a very integrative overview of the senso-
rimotor system. Interestingly, it highlights that the execu-
tion of movement should be considered from anticipatory
processes within cortical areas to motor performance and
that treatment strategies should consider all these aspects.
In addition, it points out that use-dependent reorganization
of neural representations is a complex process, which is
modulated by various factors, such as attention, motivation,
tiredness and fatigue, and engagement of the patient with the
therapy process.

The other reviews are focused on several levels of
the motor control: cortical, spinal, or corticospinal drive.
Although reflexes had been thought to be very stereotyped
for a long time, it is now well established that spinal reflex
characteristics can change in response to an operant condi-
tioning task, providing evidence for activity-induced plastic
changes within the spinal cord. In consequence, the stretch
reflex or the H-reflex has been extensively studied to evaluate
spinal plasticity in the mature nervous system. The paper by
B. Tahayori and D. M. Koceja “Activity-dependent plasticity of
spinal circuits in the developing and mature spinal cord” com-
pares plasticity of spinal circuits during development and in
adulthood. In childhood, the authors point out the role of
input from both large-diameter primary afferents and from
supraspinal afferents. The paper also explains how changes
in the reflex pathway occur and how they become permanent
and highlights the role of presynaptic inhibition of afferent
fibers.

In her review “Plasticity of corticospinal neural control
after locomotor training in human spinal cord injury” M.
Knikou provides an overview of cortical control of spinal
cord after training. The author demonstrates that the spinal
cord circuitries have the capacity to alter their structure
and function with motor training, in particular in spinal
cord-injured patients. Rehabilitation protocols should take
advantage of the plastic capabilities of corticospinal drive and
spinal interneuronal circuits for restoration of locomotion
after an injury.

An effective motor rehabilitation in humans requires a
better knowledge of somatosensory physiology and its influ-
ence on primary motor cortex (M1) activity. Primary som-
atosensory cortex (S1) and M1 have anatomical and func-
tional connections. In humans as in animals, there is sub-
stantial evidence that direct manipulation of S1 activity
alters motor behavior. M. Jacobs et al. “Plasticity-inducing
TMS protocols to investigate somatosensory control of hand
function” provide a critical review showing that plasticity-
inducing TMS protocols are a powerful tool to modulate
S1 physiology, tactile perception, and neural activity within
both S1 and M1 and suggest that these protocols might be
used to improve hand function in patients.

We hope that this special issue will have brought new
insights into the underlying mechanisms of neural plasticity
that occurs in response to changes in sensorimotor experi-
ence and will help to elaborate efficient rehabilitation strate-
gies and/or to optimize the currently available strategies.

Marie-Hélène Canu
Jacques-Olivier Coq

Mary F. Barbe
Hubert R. Dinse
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Adaptation to right-deviating prisms is a promising intervention for the rehabilitation of patients with left spatial neglect. In
order to test the lateral specificity of prism adaptation on left neglect, the present study evaluated the effect of left-deviating prism
on straight-ahead pointing movements and on several classical neuropsychological tests in a group of five right brain-damaged
patients with left spatial neglect. A group of healthy subjects was also included for comparison purposes. After a single session
of exposing simple manual pointing to left-deviating prisms, contrary to healthy controls, none of the patients showed a reliable
change of the straight-ahead pointing movement in the dark. No significant modification of attentional paper-and-pencil tasks was
either observed immediately or 2 hours after prism adaptation. These results suggest that the therapeutic effect of prism adaptation
on left spatial neglect relies on a specific lateralized mechanism. Evidence for a directional effect for prism adaptation both in
terms of the side of the visuomanual adaptation and therefore possibly in terms of the side of brain affected by the stimulation is
discussed.

1. Introduction

Patients with right cerebral hemisphere lesions often show
a reduced tendency to respond to stimuli and to search
actively for them in the contralateral part of space [1].
This condition described as left spatial neglect is typically
demonstrated by clinical observation and simple perceptual
motor tests such as a line bisection or cancellation test [2].
Left spatial neglect occurs in about 25–30% of all stroke
patients [3], and although some degrees of spontaneous
recovery occurs [4], the disorder persists chronically in many
cases [5]. Frequently associated with contralesional motor or
somatosensory deficit, left spatial neglect is recognized as one
of the main factors associated with poor functional outcome

[6–8]. For these reasons, the improvement of left spatial
neglect over and above spontaneous recovery represents a
challenge in the area of neurological rehabilitation. Over
the past 60 years, many different attempts to alleviate this
impairment have been developed (for a review see [9]).

Among these, prism adaptation is one of the most
promising therapeutic interventions [10]. Prism adaptation
has been widely used since the end of the nineteenth
century as a paradigm to demonstrate visuomotor short-
term plasticity [11]. Exposure to prisms produces a lateral
shift of the visual field so that the visual target appears at
a displaced position. Adaptation to such an optical induced
shift critically requires a set of successive perceptual-motor
pointing movements. While the initial movements tend to
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approximate to the virtual position of the target, subsequent
pointing movements ensure that the pointing error rapidly
decreases so that subjects can readily point towards the real
target position [12]. This initial error reduction comprises
a “strategic component” of the reaction to prisms and does
not necessarily produce adaptation at this stage [13]. To
obtain robust compensatory after-effects following removal
of prisms, further pointing movements are required. These
reinforce the sensory-motor adaptation and are considered
characteristic of the “real” or “true” adaptive component
of the adaptation (e.g., [14]). After-effects result from a
compensatory shift in manual straightahead pointing in a
direction opposite to the original visual shift produced by
prisms. Rossetti et al. [15] proposed that the adaptation
to right-deviating prisms with leftward compensatory after-
effects (using the intact right hand) improved left neglect
symptoms. In this study, a significant improvement was
demonstrated across a variety of different standard paper and
pencil tests (line bisection, line cancellation, copying a scene,
and reading a simple text). Subsequent studies have shown
that these clinical effects could extend to numerous neglect-
related processes (for a review see [16]) such as straightahead
pointing [17], visual exploration toward the left hemispace
[18], postural control [19], contralesional somatosensory
perception [20–22], temporal order judgment [23], and
mental representation [24–26]. From a rehabilitation per-
spective, the long-term beneficial effect on several functional
measures set this intervention apart from the other attempts.
(i) Farné et al. [27] found a reduction of spatial dyslexia still
present one day after a single session of prism adaptation
in a group of 6 patients with left spatial neglect. (ii) Rode
et al. [28] reported a positive effect of prism adaptation on
spatial dysgraphia. The improvement concerned the right-
page preference and was maintained up to 4 days after a
single session of prism adaptation. (iii) Jacquin-Courtois
et al. [29] and Watanabe and Amimoto [30] reported an
improvement of wheelchair navigation after a single session
of prism adaptation in two single-case studies. (iv) A long-
lasting amelioration, up to five weeks, was reported on
several functional tasks following a twice-daily adaptation
program during a period of two weeks [31, 32] or one-daily
prism-adaptation session during two weeks [33, 34].

This impressive generalization and long-standing effects
of prism adaptation have revived interest in the neuro-
cognitive mechanisms by which it has been achieved. The
most two basic questions about the mechanisms of action
of prism adaptation are (i) whether adaptation per se
is necessary to produce cognitive after-effects or whether
simple visuomanual pointing could produce similar effects,
and (ii) whether this adaptation is specific in terms of its
direction. As a matter of facts, such specificity has been
demonstrated in healthy individuals (see for review [35]),
in patients with complex regional pain syndrome [36], but
no data is available on neglect patients. The purpose of the
present study was to evaluate the directional specificity of
prism adaptation in neglect patients. Given that the effect of
right-deviating prisms on left spatial neglect is already well
documented (cf. supra), this work was designed to evaluate
the effect of left-deviating prisms on left spatial neglect. Since

it has been shown that adaptation to right-deviating prism
may affect differently straightahead pointing movements and
attentional tasks [17], the effect of left-deviating prism was
measured both on straightahead pointing movements and
several attentional tasks classically used to assess left spatial
neglect.

2. Methods

2.1. Participants. Patients were selected from the Neuro-
rehabilitation Department of the Hospices Civils de Lyon,
France. Inclusion criteria were right-handed patients with
left spatial neglect after right hemispheric ischemic or
hemorrhagic stroke. Patients with previous history of stroke,
psychiatric diseases, global cognitive deterioration, or any
impairment that could compromise comprehension and
compliance with the tasks were excluded.

For all patients screened, hand preference was assessed
by the Edinburgh inventory [37]. Left spatial neglect was
assessed using a battery of six paper and pencil tests: line
cancellation, balloon test, line bisection, copy of a scene,
drawing from memory, simple text reading (cf. Section 2.2.2.
for description). The presence of hemianopia was assessed
by means of Goldman perimetry. A cerebral computerized
tomography (CT) or MRI scan was performed for each
patient in order to specify the type of lesion (ischemic
or hemorrhagic), to rule out any other relevant prestroke
lesions and to determine the anatomic location of the lesion.

A group of healthy subjects was included for comparison
purposes.

This study was conducted with the informed consent of
the participants, in agreement with the French law (March
2002) and the Helsinki declaration relative to patient’s rights.

The sample comprised six healthy subjects and five
patients aged between 67 and 80 years old (see Table 1 for
clinical profiles of each patient). The mean time period
between stroke onset and inclusion was 1.5 months (range:
1 to 2.5 months). One patient had a hemorrhagic stroke
(patient 2); the four others had an ischemic stroke: two in
the posterior part of the superficial middle cerebral artery
territory (patients 1 and 3), one in the anterior part of the
superficial middle cerebral artery territory (patient 5), and
one in the deep part of the middle cerebral artery territory
(patient 4).

Lesion analysis showed the involvement of the inferior,
middle, and superior temporal gyri in three patients (patient
1, patient 3, and patient 5); the temporoparietooccipital
junction was damaged in two patients (patient 1 and
patient 3). Lesions of other brain structures involved the
somatosensory parietal cortex (patient 1 and patient 5),
the primary motor cortex (patient 1 and patient 5), the
occipital cortex (patient 1 and patient 3), the prefrontal and
the orbito-frontal cortex (patient 5), the insula (patient 1,
patient 2, patient 4, and patient 5), the thalamus (patient
2 and patient 4), the putamen and pallidum (patient 2,
patient 4, and patient 5), the internal capsule (patient
2 and patient 4), the caudate nucleus, the hippocampus,
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Table 1: Clinical profiles of each patient.

Patients number 1 2 3 4 5

Sex M F F F F

Age 80 75 73 67 74

Time after onset (mt) 2 1.5 2.5 1 1

Motor deficit L hemiparesis L hemiplegia L hemiplegia (transient) L hemiplegia L hemiparesis

Somatosensory deficit + + − + +

Hemianopia + − + − −
Constructive apraxia − + − − +

Type of lesion I (MCA) H I (MCA) I (MCA) I (MCA)

Motor and somato-sensory deficits were assessed by a classical clinical examination. Presence of hemianopia was assessed by means of the Goldman perimetry.
Constructive apraxia was assessed on copying geometrical drawings.
Abbreviations—+: present; −: absent; mt: month; F: female; M: male; L: left, H: hemorrhagic; I: ischemic; MCA: middle cerebral artery.

and parahippocampus (patient 4). Figure 1 shows selected
horizontal sections of the lesions for each patient.

2.2. Experimental Procedure. Patients’ performance was
investigated in sessions that took place before prism adap-
tation (referred to as “pre”), immediately after (post), and
2 hours after (late). Healthy subjects performed the same
tasks as patients before (pre) and immediately after (post)
prism adaptation. During each session, left spatial neglect
was assessed using line cancellation, balloon test, line bisec-
tion, copy of a scene, drawing from memory, and a simple
text reading (cf. Section 2.2.2. for description). In order
to check whether healthy subjects and patients correctly
adapted to prisms, a measure of straightahead pointing was
performed before adaptation (pre) and after participants had
completed the immediate neuropsychological tests (post) as
in Rossetti et al. [15].

2.2.1. Straight-Ahead Pointing. The participant was seated
blindfolded in front of a horizontal box that allowed for an
electronic measurement of the finger movement endpoints
with an accuracy of 1 deg. Participants were required to point
straightahead while their head was kept aligned with the
body’s sagittal axis. Seven pointing trials were performed
during each of the two assessments.

2.2.2. Assessment of Left Spatial Neglect. Test Details

Line Cancellation [38]. This test consists of an A4 page
containing 40 lines arranged in different direction. The page
is placed at body midline. Participants were instructed to
cross out all the lines on the page. The score was the total
number of lines crossed.

The Balloon Test [39]. This test consists of two subtests,
carried out on two A3 landscape-orientated stimulus sheets,
each containing 202 items (circles or balloons). In the
first subtest “pop-out”, 22 target balloons are interspersed
between 180 circles which play the role of distractor. Subjects
were asked to cross out as many balloons as they could find.
This test is based on the phenomenon of perceptual “po-
pout,” that is, the time taken to detect target of this kind

does not increase significantly as the number of distractors
increase [40]. In the second subtest “search,” the number and
position of the balloons and circles are exactly the reverse;
thus 22 of the 202 items are circles to be cancelled and
the other 180 items are balloons. In this test, subjects were
required to cancel out as many circles as they could find.
In this test, the targets do not “pop out.” Rather they have
to be searched, and therefore, this test requires a greater
demand on attention. In both subtests, the score represents
the number of targets correctly cancelled.

Line Bisection [41]. Participants were presented with an A4
page, in front of their body midline, containing twenty
lines of different length ranging from 100 mm to 200 mm.
Participants were instructed to cut each line in half by placing
a small pencil mark through each line as close to its center
as possible. The score was the mean percentage of deviation
from the true center of the line (the score is positive when
the deviation is in the right direction and negative when the
deviation is in the left direction).

Copy of a Scene [42]. Participants were required to reproduce
a picture made up of five items (4 trees and a house) in the
space bellow it. Performances were assessed by two scores: (i)
the number of items reproduced and (ii) the number of items
symmetrically depicted.

Drawing from Memory. Participants were simply asked to
draw a daisy without any model. A score of 1 was given
when the daisy was highly asymmetrical, 2 when the drawing
was moderately asymmetrical, and 3 when the drawing was
symmetrical.

Simple Text Reading. Patients were required to read a simple
text. The score on this test represented the number of words
omitted or modified.

2.2.3. Prism Adaptation (See Figure 2). The adaptation pro-
cedure involved the participants having to wear prismatic
goggles that produced a 10◦ leftward shift of the visual wide-
field that is in the opposite direction to Rossetti et al. (1998)
[15]. While wearing prisms, the participant was required
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(a) Baseline (open-loop
pointing)

(b) Exposition to left-deviating prisms (manuel point-
ing)

(c) After-effects (open
loop pointing)

Figure 2: Left-deviating prism adaptation schematic procedure.

to make—as fast as possible—a series of approximately 50
pointing responses, with his/her right hand, to visual targets
located to the left and right side of midline. The procedure
lasted approximately five minutes. In order to ensure optimal
adaptation, visual feedback of the starting point of the
hand was always occluded and the pointing trajectories were
visible.

2.2.4. Statistical Analysis. The first analysis was to test
whether healthy subjects and patients correctly adapted to
left-deviating prisms. We carried out t-tests to compare the
average end-position before (pre) and after (post) prism
adaptation.

In order to evaluate the presence of an amelioration of
left neglect symptoms after prism adaptation, an analysis of
variance with repeated measure (ANOVA) was performed on
each neuropsychological test, using sessions (pre, post, late)
as factor. Hence, for a specified test, the null hypothesis (P
value >0.05) is the absence of difference between sessions
of the mean score across patients. The alternative hypothesis
(P value <0.05) can be written as follow: at least one of the
mean score differs between sessions. In this latter case, a post
hoc Sheffé test was carried out in order to compare the mean
scores across sessions: “pre versus post,” “pre versus late,” and
“post versus late.”

3. Results

For the healthy controls, a significant displacement of the
straightahead pointings to the right was observed after expo-
sure to left deviating prisms without significant modification
of the performances on the attentional paper and pencil tests.

For the neglect patients, no significant effect of prism
exposure was observed neither on the straight-ahead point-
ing task nor on the neuropsychological tests.

3.1. Straight-Ahead Pointing. Controls. Before left-deviating
prism adaptation (pre), the group analysis showed that the
mean end-position of 7 straightahead pointing trials was
shifted 1.3 degrees to the right of the body midline (range:
−2.3◦ to 5.1◦). After prism adaptation (post), the mean
deviation was significantly displaced to the right (mean

position after prism adaptation: 5.8 degrees to the right of
the body midline; range: 0.7◦ to 9.0◦). Comparison between
trials performed before and after prism adaptation was
significant (t = 3.15; P = 0.026). (cf. Figure 3(a) left graph).

Patients. Before left-deviating prism adaptation (pre),
the group analysis showed that the mean end-position
of 7 straightahead pointing trials was shifted 3.7 degrees
to the right of the body midline (range: 2.0◦ to 4.9◦).
After prism adaptation (post), the mean end-position was
unchanged (mean: 3.7 degrees to the right; range: 2.4◦ to
4◦). Comparison between trials performed before and after
prism adaptation was not significant (t = 0.74; P = 0.48).
Individually, the difference of end-position before and after
prism adaptation was always less than 1 degree of angle (cf.
Figure 3(a) right graph).

3.2. Effect of Adaptation to Left-Deviating Prism on Left
Spatial Neglect (Figure 3). None of the paper and pencil
attentional tests have been significantly modified by left-
deviating prisms in the control group. The 95% confident
interval of healthy subjects’ performances is displayed on
Figure 3(b) for each test.

For the neglect group, numerical results are reported for
each test in the following section and in Figure 3(b).

3.2.1. Line Cancellation. An average of 36.4 lines were
cancelled before prism adaptation, 33.8 immediately after
prism adaptation, and 35.6 two hours later (standard error
of mean = 3.3). Analysis of variance showed no significant
difference between sessions, F (2, 8) = 1.31; P = 0.32.

3.2.2. The Balloon Test. In the “pop-out” subtest, a mean of
11.2 targets balloons were crossed before prism adaptation,
9.8 immediately after, and 15.2 two hours later (standard
error of mean = 3.0). Analysis of variance showed no
significant difference between sessions F (2, 8) = 0.86; P =
0.46.

In the “search” subtest, a mean of 8.4 circles were
crossed before prism adaptation, 8.0 immediately after prism
adaptation, and 8.2 two hours later (standard error of mean
= 2.1). Analysis of variance showed no significant difference
between sessions F (2, 8) = 0.02; P = 0.98.



6 Neural Plasticity

Pre Post

Controls

 0

2

4

6

8

10

5

4

1

3
2

6
0

2

4

6

8

10

Pre Post

5

2

1
3
4

−2

−4

−2

−4

D
eg

re
es

 o
f 

an
gl

e

D
eg

re
es

 o
f 

an
gl

e

Neglect patients

Straight-ahead pointing Straight-ahead pointing

(a)

0

10

20

30

40

20
40
60
80

100

Pre Post LatePre Post Late

Pre Post Late Pre Post Late

Pre Post LatePre Post Late

Pre Post Late Pre Post Late

0

0

8

16

24

0

8

16

24

0
1
2
3
4
5

0
1
2
3
4
5

0

1

2

3

10

20

30

40

Line cancellation
Number of lines cancelled

Line bisection (Schenkenberg)
% of deviation to the right from the true center

Number of balloons correctly crossed

Reproduction (copy) of a scene
Total number of items drawn

Drawing a daisy from memory
Text reading

Number of word omissions
1: daisy highly asymmetrical; 2: daisy highly asymmetrical;

3: daisy symmetrical

Number of balloons correctly crossed

Reproduction (copy) of a scene
Total number of items symmetrically drawn

0
−10

Balloon “pop-out” Balloon “search”

(b)

Figure 3: Straighthead pointing movements before and after prism adaptation for healthy controls (left) and neglect patients (right). (a)
For each subject, the average end-position of straightahead pointing movements is represented before (pre) and after (post) left-deviating
prism adaptation. Deviation from body midline is displayed in degrees of angle in positive value for right deviation and negative value for
left deviation. Numbers refer to patient’s identification (cf. Table 1) with the following color code: patient 1 (blue); patient 2 (red); patient
3 (orange); patient 4 (purple); patient 5 (green). (b) Left spatial neglect assessment before (pre), immediately after (post), and 2 hours after
(late) prism adaptation. For each test, the graph represents the mean score ±95% confident interval for the group of five patients at each
session. Individual curves are represented using the same color code as in Figure 3(a). Moreover, performances of the healthy controls (95%
confident interval) are displayed in cross-hatching. For tests and scores description see Section 2.2.2.
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3.2.3. Line Bisection. Before prism adaptation, patients
bisected lines with a mean deviation calculated at 50.3
percent on the right of the true centre; this deviation was 35.8
immediately after prism adaptation and 39.5 two hours later
(standard error of mean = 9.0). Analysis of variance showed
no significant difference between sessions F (2, 8) = 2.27;
P = 0.17.

3.2.4. Copy of a Scene. Before prism adaptation, an average
of 3.6 of the five items was copied and an average of 2.2
items was symmetrically copied. Immediately after prism
adaptation, an average of 4 items was copied and an average
of 2.4 items was symmetrically copied. Two hours after prism
adaptation, an average of 2.4 items was copied and an average
of 1.6 items was symmetrically copied. Standard error of
mean was 0.64 for the total number of items copied and 0.91
for items symmetrically copied. Analysis of variance showed
no significant difference between sessions both for the total
number of items copied F (2, 8) = 3.92; P = 0.06 and for
the number of items symmetrically copied F (2, 8) = 0.78;
P = 0.49.

3.2.5. Drawing from Memory. The daisy was moderately
asymmetrical before prism adaptation (mean = 2), imme-
diately after (mean = 2.2), and two hours later (mean = 2).
Standard error of mean for this test was 0.34. Analysis of
variance showed no significant difference between sessions
F (2, 8) = 2.21; P = 0.81.

3.2.6. Simple Text Reading. Before prism adaptation, an
average of 13.5 words were omitted, 8.5 immediately after
prism adaptation, and 8.0 two hours later (standard error
of mean = 6.7). Analysis of variance showed no significant
difference between sessions F (2, 8) = 0.92; P = 0.45.

4. Discussion

The present study showed that patients with left spatial
neglect are not affected by prism adaptation to a leftward
optical shift. Indeed, neither the rightward deviation of
straightahead pointing nor left spatial neglect, as assessed
by a battery of classical paper and pencil tests, has been
significantly improved or modified after a single session of
visuomotor adaptation to left-deviating prisms. Not only do
these results suggest that there is a directional specificity
of the prisms, but they also show that no cognitive effects
are found in the absence of adaptation. The present results
play against the hypothesis that active exposure to a simple
modification of sensori-motor coordinates is sufficient to
reduce left spatial neglect. The short duration of the adapta-
tion procedure cannot explain independently the absence of
sensorimotor after-effects given that healthy controls adapt
to prisms with the same procedure and neglect patients show
sensori-motor after-effects, even larger than controls, when
exposed to right-deviating prisms during the same amount
of time [15].

4.1. Specific Directional Effects of Prism Adaptation in Neglect

Patients

4.1.1. Adaptability to Wedge Prisms. In our experiment,
none of the 5 neglect patients showed a consistent sensori-
motor adaptation to left-deviating prisms. A similar result
was already reported in experiment 1 of the original
research performed by Rossetti et al. [15]. In this latter
study, eight patients with left spatial neglect were randomly
assigned to a session of left- or right-deviating prism
adaptation. Adaptability was assessed by measuring body-
midline demonstration (i.e. straightahead pointing in the
dark). In contrast to normal subjects, results showed that
patients with left neglect adapted only to right-deviating
prism and not to left-deviating prism. The effect of left-
deviating prism adaptation on left spatial neglect symptoms
was not specifically assessed in this latter work.

These results suggest that patients with left spatial neglect
after right-brain damage are not able to adapt to left-
deviating prisms whereas they are able to adapt to right-
deviating prisms. This result contrasts with the finding of
Weiner et al. [14] that the only lesion site that impaired
prism adaptation was within the cerebellum (see [43]).
Although Weiner et al. [14] tested groups of patients with left
versus right hemisphere lesion, no information is provided
concerning the assessment of left spatial neglect. In their
study it was stated that only patients with occipital lesion
exhibited reduced negative after-effects. However in our
group, the lesion overlapped the occipital cortex in only two
out of the five patients. One explanation to this intriguing
negative result could be related to the absence of detection
of the visual errors by left neglect patients in the case of
left-deviating prisms. Indeed, the first pointing movements
with left-deviating prisms are shifted to the left side of the
visual target, and considering that patients focus their vision
on the target position, the visual error lies in the left visual
field. Hence, it is not surprising that this visual error, which
represents the first necessary signal for prism adaptation,
is not even implicitly detected in patients with left spatial
neglect.

Alternatively, it is possible that visual realignment after
leftward-deviating prisms critically requires the integrity of
the right hemisphere in contrast to visual realignment after
rightward deviating prisms. As regard to this hypothesis,
it is interesting to consider the directional asymmetry for
visual after-effects observed in healthy subjects after a visual
adaptation to leftward versus rightward prism displacement
[44]. This could explain why right-brain-lesioned patients
are only able to adapt to rightward deviating prisms. The
larger amplitude of sensori-motor after-effects observed in
right brain damaged neglect patients compared to healthy
controls [15] is another interesting issue which could
be related to the asymmetrical integration of the prism
adaptation process.

4.1.2. Effect on Left Spatial Neglect and Related Symptoms.
Our results showed for the first time that left-deviating
prisms had no effect on various symptoms of left spatial
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neglect. Previous studies have reported a similar lateralized
specificity of prism adaptation on several neglect-related
symptoms. Tilikete et al. [19] investigated the effect of prism
adaptation on postural imbalance in a group of 15 left
hemiparetic patients, randomly exposed to right-deviating
prism, left-deviating prism, or neutral goggles. The lateral
displacement of the centre of pressure observed in the
pretest was significantly reduced specifically following right-
deviating prisms. Finally, for one of the neglect patients
(patient 4) included in the experiment performed by Mar-
avita et al. [21], contralesional tactile perception and visual
extinction were improved only after adaptation to right-
deviating prism and not after adaptation to left-deviating
prism.

Hence, these results favour a specificity of prism adapta-
tion in terms of the direction of optical shift: only adaptation
to right-deviating prisms can improve left spatial neglect.
The most obvious explanation to account for these results is
related to the absence of adaptability to left-deviating prism
for patients with left spatial neglect (cf. Section 4.1.1). These
results support the hypothesis that the presence of sensori-
motor after-effect is a necessary condition to influence the
highest cognitive levels of space and action representation
subserving neglect recovery. However, as pointed out by
Rode et al. [16], several studies have shown that the
quantitative relationship between the amplitude of after-
effect and neglect amelioration is not obvious (e.g., [45]).

4.2. Specific Directional Cognitive Effects of Prism Adaptation
in Healthy Subjects. Interestingly, the cognitive effects of
prism, in non-brain-damaged subjects, are also supported
by an asymmetrical pattern of performance. Colent et al.
[46] examined the possibility that visuomotor adaptation to
left- or right-deviating prisms could generate a bias on a
line bisection task. Only adaptation to left-deviating prisms
induced a rightward bias on the perceptual version of the line
bisection task. This result was then confirmed by Berberovic
et al. [47]. Michel et al. [48] investigated the effect of prism
adaptation on postural control in healthy subjects. Fourteen
participants were either adapted to a leftward or rightward
visual shift and it was found again that only adaptation
to a leftward visual shift induced significant rightward
postural bias. (For a review see [35]. In another experiment,
Michel et al. [49] showed asymmetric effects after manual
or locomotor adaptation (walking along a rectangle drawn
on the floor with prismatic google) to a leftward or
ritghtward optical deviation on a goal-oriented locomotor
task (estimation of the spatial location of a visual target with
body displacement). On the goal-oriented locomotor task
which comprises a spatial dimension, the rightward after-
effects generated by left-deviating prisms were greater than
the leftward after-effects generated by right-deviating prisms.
This result suggests that in contrast to rightward-deviating
prisms generating only sensori-motor adaptation, leftward-
deviating prisms may induce both sensori-motor and an
additional cognitive after-effect.

Striemer et al. [50] investigated whether prism adapta-
tion could influence visual attention, as assessed by a visual

attention cueing paradigm. Two versions of the task were
employed depending on the delay separating cue onset and
target onset. In the reflexive version, the delay was short
(50 to 300 ms), whereas it was longer in the voluntary
version (300 to 500 ms). Healthy participants were divided in
three groups: left-deviating prisms, right-deviating prisms,
and neutral goggles. The main result was an increase of
voluntary attention efficiency for both left and right visual
space after adaptation to left-deviating prisms. In contrast,
right-deviating prisms decreased the efficiency of voluntary
attention in both left and right space. The experiment
performed by Morris et al. [51] was less conclusive in the
sense that neither adaptation to left-deviating prism nor
adaptation to right-deviating prism significantly modified
a visual search task. However, results presented in this
latter article showed a clear decrease of reaction time and
percentage of error in the left visual space (not present in
the right visual space) after left-deviating prism. Altogether,
the data available in the literature suggest that the cognitive
effects of prism adaptation in healthy subjects depend on
the direction of the optical shift. The present results suggest
that the same is true for unilateral neglect patients, but in
the opposite direction. Spatial neglect is improved only by
adaptation to rightward optical shifts and spatial cognitive
functions tested on healthy subjects are affected mainly
after adaptation to a left-ward shift. This coherence allows
proposing an integrated model of the effects of prism
adaptation on spatial cognition, whereby the lateralized
effects of adaptation on the cerebellum would affect the
controlateral hemisphere [52].

4.3. Neural Mechanisms Underlying Prism Adaptation Ben-
eficial Effect on Left Spatial Neglect. The neural substrate
underlying the therapeutic effect of this method remains to
be fully elucidated. Our study was not specifically designed to
deal with this issue but argues at least for an initial lateralized
bottom-up activation implicated in the detection of the right
visual error during the first pointing movements through
prisms. In a recent functional imaging study performed
on healthy subjects, we used event-related fMRI to analyze
dynamic changes in brain activity during a prolonged
exposure to visual prisms [53]. Results suggest that during
exposure to a leftward prismatic deviation, error-detection
was processed in the left intraparietal sulcus, errorcorrection
involved the left parietooccipital sulcus, and visuomotor
realignment implicated the right cerebellum. Furthermore,
the activation observed bilaterally in the superior temporal
cortex during the late phase of prism exposure was thought
to mediate the effects of prism adaptation on cognitive spatial
representations.

The mechanism by which such lateralized sensori-motor
plasticity induced by prism adaptation can improve spatial
neglect remains unclear. Moreover, the gap might be impor-
tant between what we know about sensori-motor plasticity in
normal subjects and what happens in brain-damaged neglect
patients.

In a functional imaging PET study, we investigated the
anatomical substrates underlying the beneficial effect of
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prism adaptation in five patients with left spatial neglect
following right stroke [54]. We used a covariation analysis
to examine linear changes over sessions as a function of
neglect improvement. This study confirmed that a low-level
sensori-motor adaptation can modulate several cortical areas
involved in spatial cognition and gives further support to
a bottom-up mechanism. Altogether, the following model
is proposed: error signals induced by prisms are initially
processed by the left occipitoparietal cortex, then forwarded
to the right cerebellum where visuomotor realignment takes
place. The clinical benefit would result from the modulation
of left-hemisphere areas via a bottom-up signal produced
by the cerebellum. These areas would partially match those
involved in spatial cognition in the right hemisphere, and
their modulation would improve interhemispheric rebal-
ancing. The basic idea proposed here is that the activation
of the right cerebellum by prism adaptation would play
a negative influence on the activation of the left cerebral
hemisphere. A recent support for such interaction was
provided by Pope and Miall [55] who explored the effect of
cerebellar activity modulation on cognitive tasks. One classic
idea about the contribution of the cerebellum to cognitive
function has been that the processing capacities developed
in the cerebellum for sensorimotor control could also turn
out to be useful for cognitive operations. Accordingly, the
expectation is that reducing cerebellar activity on one side
would impair contralateral hemispheric functions. However
Pope and Miall revealed that cathodal tDCS on the right
cerebellum resulted in an improvement of several cognitive
tasks known to rely on the left cerebral hemisphere functions.
The reciprocal arguments that enhancing right cerebellum
activity by prism adaptation may inhibit left cerebral cortex
function and that downregulating right cerebellum activity
by cathodal tDCS may enhance left cerebral cortex function
provide a general coherence to the idea that cerebellocortical
interactions contribute to the expansion of prism adaptation
effects to cognitive functions.
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Part of the development and maturation of the central nervous system (CNS) occurs through interactions with the environment.
Through physical activities and interactions with the world, an animal receives considerable sensory information from various
sources. These sources can be internally (proprioceptive) or externally (such as touch and pressure) generated senses. Ample
evidence exists to demonstrate that the sensory information originating from large diameter afferents (Ia fibers) have an important
role in inducing essential functional and morphological changes for the maturation of both the brain and the spinal cord. The Ia
fibers transmit sensory information generated by muscle activity and movement. Such use or activity-dependent plastic changes
occur throughout life and are one reason for the ability to acquire new skills and learn new movements. However, the extent
and particularly the mechanisms of activity-dependent changes are markedly different between a developing nervous system
and a mature nervous system. Understanding these mechanisms is an important step to develop strategies for regaining motor
function after different injuries to the CNS. Plastic changes induced by activity occur both in the brain and spinal cord. This paper
reviews the activity-dependent changes in the spinal cord neural circuits during both the developmental stages of the CNS and in
adulthood.

1. Introduction

Deprivation of sensory information during certain periods
of an animal’s life span causes substantial impairment in the
normal development and function of the central nervous
system (CNS). Hence, this period is referred to as a critical
period. The pioneering works of Hubel and Wiesel [1–
5], which culminated in the Nobel Prize in Medicine,
showed that during a critical period, depriving kittens’ visual
information for as few as three to four days resulted in a
substantial decline in the number of striatal neurons [1].
Other studies have shown that during normal development
the acquisition of motor abilities such as standing [6] and
walking [7] are extensively dependent on various sensory
inputs generated by movement. The term activity-dependent
plasticity is used to describe the changes induced in the CNS
associated with movement activity. These activity-dependent
changes occur ubiquitously in the CNS; connections between
the brain and spinal neurons and connections between

sensory neurons and motoneurons of the spinal cord also
show extensive reorganization in response to movement and
activity.

However, activity-dependent changes in the nervous
system are not solely limited to the developing period but
also exist throughout the life span for both the spinal cord
[8] and the brain [9]. The adult CNS also undergoes plastic
changes during the learning of new motor skills which
persists for extended periods of time. Conversely, the loss of
plasticity of the nervous system with aging has been shown
to be related to the decline in specific motor capacities of
the individual. For example, a decline in the flexibility or
adaptability of spinal reflexes has been shown in different
and independent studies to be meaningfully correlated with
fall risk or abnormal postural control strategies [10–14]. In
this instance, regaining the adaptive capacity of the nervous
system is, therefore, a promising strategy for neurological
rehabilitation.
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The purpose of this paper is to review and compare
activity-dependent plasticity of spinal circuits during devel-
opment and in adulthood, focusing on the fundamental
differences in the mechanisms of spinal plasticity between
development and adulthood. Understanding the underlying
mechanisms involved in the activity-dependent induction of
plasticity is potentially meaningful for modern treatments of
a variety of movement disorders.

2. Activity-Dependent Plasticity
during Development

A variety of mechanisms ranging from intrinsic cellular
and morphological properties to genetic and epigenetic
factors [17, 18] have been identified which participate in the
transition of an immature nervous system into its final shape
and function. The maturation process partly depends on the
activity of the neonate during the movement development
critical period [19]. For example, the ability of kittens to
acquire standing, walking, and running skills has been shown
to be related to the maturation of motor units and the central
connectivity between the motoneurons and their various
sensory inputs [20]. Studies of the past two decades have
shown that during maturation, extensive morphological,
molecular, and structural changes occur in motoneurons
[21, 22]. In this part, we will review the effect of sensory
input, receptor activity, and descending drive on the plastic
changes of the spinal circuits during development.

2.1. The Importance of Sensory Input for Proper Development.
Experimental studies have found molecular correlates with
activity, which are predominantly observed during matu-
ration and the developmental progression of motoneurons.
One of the well-studied molecules is a monoclonal antibody
which recognizes a certain proteoglycan known as Cat-301
proteoglycan. Expression of Cat-301 substantially increases
in association with movement [26, 27]. This proteoglycan
does not exist in immediate postnatal cells but its expression
increases as development proceeds, and it has a substantial
role in the morphological and physiological maturation
of the motoneurons. There is evidence to show that this
movement-associated increase in Cat-301 expression is actu-
ally related to the sensory input from large diameter fibers
and not the generation of the movement per se. Studies
with animal models have shown that crushing the sciatic
nerve in neonatal hamsters seriously affects the expression
of Cat-301 proteoglycan on the cell body of motoneurons
[27] whereas in adulthood, a sciatic nerve crush injury
does not cause a substantial change in the expression of
Cat-301, emphasizing its importance during development.
Severing the sensory afferents via dorsal rhizotomy during
development also produces the same pattern of results in the
expression of Cat-301, suggesting the importance of sensory
input to the motoneuron. Interestingly, destruction of the
smaller-diameter unmyelinated afferents (C-fibers) which
are involved in the transmission of pain information, does
not affect the expression of the antibody [26]. Taken together,
it seems that the proprioceptive sensory information from

muscle spindles, whose firing rates are related to the move-
ment of body parts, has a significant role for the induction of
change in the spinal circuits of developing animals.

2.2. NMDA Receptors Have an Important Role in the Induction
of Plasticity. It is well known that sensory Ia fibers make
both monosynaptic and oligosynaptic connections to alpha
motoneurons in the ventral horn and comprise the reflex
arc, using glutamine as the excitatory neurotransmitter.
In the spinal cord, glutamine activates two major types
of ionotropic receptors: NMDA and AMPA receptors. It
was initially thought that these two types of glutamater-
gic ionotropic receptors have differential roles in synaptic
transmission of the reflexes. Initial studies suggested that
NMDA receptors were involved in the transmission of
polysynaptic reflexes and AMPA receptors were involved
in the transmission of the monosynaptic reflexes; however
subsequent studies have shown this not to be the case
[28]. Rather, numerous studies have shown that the NMDA
receptor function is crucial for the induction of plasticity
[29]. For example, in an in vitro experimental setup,
Fields and colleagues cultured the spinal motoneurons of
13-d mouse fetuses in a 3-chambered cell-culture system
and electrically stimulated the sensory afferents of the
motoneurons of one of the chambers. It was shown that
the motoneurons which were subject to chronic stimulation
developed stronger synaptic connections with the afferent
fibers in terms of yielding larger excitatory postsynaptic
potentials (EPSP) compared to the untreated chambers of
the sensory afferents. Therefore, this experimental model
suggested that an increase in sensory input to spinal
motoneurons could increase the efficacy of this synaptic
connection. These stimulation-induced changes in sensory
afferent efficacy were suppressed by the application of the
selective NMDAR antagonist APV [30], suggesting that sen-
sory input to motoneurons induced morphological changes
through the activation of the NMDA receptors. Cell bodies
and dendrites initially grow in size and number but after this
initial growth, they show a regression until they reach their
final mature configuration. NMDA receptors have a role in
this dendritic growth and retraction. The application of an
NMDA antagonist during the first three weeks after birth
substantially abolishes motoneuron and dendritic growth in
neonate hamsters; whereas in adulthood, NMDAR blockade
has not been shown to affect motoneuron morphology [31].
In conclusion, although NMDA glutamatergic receptors do
not have a significant role in signal transmission of the
reflexes, NMDARs do have an important role in inducing
plastic changes in spinal motoneurons.

Interestingly, NMDA receptors can be found throughout
the spinal cord gray matter (ventral and dorsal horn) at very
early stages of development [32], but during maturation they
are essentially eliminated from all parts of the spinal cord
except from the substantia gelatinosa [33]. NMDA receptors
of the substantia gelatinosa have roles in modifying the input
from sensory fibers such as A-delta. Experimental studies on
rat spinal cord has shown that low-frequency stimulation
of A-delta fibers can induce NMDA-dependent long-term
depression (LTD) in substantia gelatinosa [34]. In pathologic
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conditions such as excitotoxicity, activation of these receptors
in the CNS is a contributing part of the process of
neuronal destruction [35]. Likewise, NMDA receptors might
be involved in the development of neuropathic pain [36].
Although these receptors are eliminated from the ventral
horn in the mature spinal cord, this does not rule out the
ability for change at later stages of life.

2.3. Descending Inputs Are Essential for the Induction of Plas-
ticity. The induction of temporary or permanent plastic
change is, logically, also contingent on descending drive. For
example, severing the spinal cord during the developmental
stages substantially reduces the expression of Cat-301 on
the motoneuron soma in neonatal hamsters [27]. At birth,
the corticospinal tract makes synapses with both the dorsal
and ventral regions of the spinal cord. However, during
the course of development, the connections between the
corticospinal tract and the ventral neurons are pruned.
The pattern of synapse elimination seems to be complex
and dependent on activation in both the contralateral and
ipsilateral tracts. In human [37, 38], as well as monkeys
[39] and mice [40], the corticospinal tract makes synaptic
connections with both contralateral as well as ipsilateral
spinal motoneurons, and during normal development of
the CNS, the majority of the connections to the ipsilateral
side are eliminated. Ablation of the cortex in subprimate
mammals during the early stages of postnatal life has been
shown to prevent the elimination of the corticospinal tract
connections to the ipsilateral motoneurons [37]. This injury-
induced maintenance of ipsilateral projections from the
corticospinal tract is accompanied by a hypertrophy of the
cortex of the undamaged side [40]. In line with animal
studies, the same findings have been indirectly shown in
human subjects. In newborns, the application of transcranial
magnetic stimulation (TMS) to the cortex elicits bilateral
muscle-twitch responses to both limbs with almost the
same amplitude but with a shorter delay on the ipsilateral
side. Studies on patients with cerebral palsy (nonprogressive
damage to developing fetal or infant brain [41]) have also
shown the same pathologies as those observed in animal
models. In these patients, the bilateral pattern of innervation
of the spinal motoneurons from the cortex persists and is
not eliminated during maturation [42]. From a behavioral
perspective, this lack of remodeling and selective elimination
of the corticospinal tract connections could partly explain
why children with cerebral palsy cannot tonically decrease
the amplitude of the H-reflex (explained in Section 3, see
below) during walking [43, 44]. In children with diplegic
cerebral palsy, the corticospinal tracts of both sides have
been affected. In these children, rhythmic modulation of the
H-reflex during walking, which is suggested to be spinally
regulated, is intact but the tonic depression of the H-reflex,
which is assumed to be mediated through supraspinal centers
is compromised. Therefore, it seems that the centrally driven
modulation of the H-reflex is affected in these children [45].
This is one example in which understanding the underlying
mechanisms is relevant for the development of behavioral
specific interventions in individuals with motor dysfunction.

Comparison of the findings regarding the activity-
dependent role of NMDA receptors at the level of the spinal
cord and the importance of cortical input to the spinal cord
strongly suggests that both peripheral and descending inputs
are required for activity-dependent plasticity in the spinal
cord. It is shown that these activity dependent eliminations
of synapses are at least partly mediated by NMDA receptor
activation. Recent investigations [46] have shown that the
postsynaptic GluN2B subtypes of NMDA receptors play an
important role for this elimination. The GluN2B-containing
NMDA receptors are better conductors of Ca2+ into the cells.
While it is understood that NMDA receptors mediate many
activity-dependent changes during the early stages of spinal
cord development, the exact mechanism by which NMDA
receptors function to regulate development is unknown.

3. Activity-Dependent Plasticity
in the Adult Spinal Cord

Unlike the literature on the developing spinal cord, much
of our understanding of activity-dependent plasticity of the
mature spinal cord comes from human studies. The H-reflex
is a well-recognized and accepted method for investigating
the function of the spinal circuits during various movements.
For eliciting an H-reflex, an electrical stimulus (usually a
single square-wave pulse with 1 ms duration) is applied to
a peripheral nerve [47]. The largest sensory fibers (the Ia
fibers), due to their axonal diameters are the first to be
stimulated. These sensory afferents transmit the signal to the
spinal cord and synapse both directly and indirectly onto
alpha motoneurons. The resulting activation of the alpha
motoneurons can be detected as a synchronized, coherent
biphasic signal in the EMG activity of the corresponding
muscle. For this reason, the H-reflex is regarded as an
electrical analogue to the stretch reflex [48] (although there
is considerable debate about this comparison). This reflex arc
is nonetheless under the influence of descending drive and
input from the periphery as well as other muscle spindles
[15].

Applying this technique to any accessible mixed nerve
will elicit the H-reflex in the corresponding muscles;
however, this technique has been most widely used for
examination of the soleus muscle due to the superficial
location of its neural innervation. More importantly, the
soleus is a crucial muscle for the control of posture and
gait. Therefore, measuring the H-reflex in the soleus muscle
is an appropriate model for studying the role that spinal
circuits play in the control and modulation of a variety of
bipedal movements. We would like to point out that the
findings from this type of artificially induced reflex might
be different than those of stretch reflexes. There are studies
that show that modulations observed in the H-reflex are
not present in the stretch reflex [49]. It is assumed that
the H- and the stretch reflex are not equally sensitive to
inhibitory mechanisms such as presynaptic inhibition. This
difference can be partly explained by the fact that the H-reflex
is temporally more synchronized than the stretch reflex and
therefore, the temporal dispersion associated with the stretch
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reflex might render the Ia fibers less sensitive to presynaptic
inhibition [50]. This idea is supported by the fact that
repetitive discharge of Ia fibers reduces their susceptibility to
presynaptic inhibition [50].

3.1. Short-Term and Long-Term Changes in the Synaptic
Strength of the Reflex Arc. In adult humans, monkeys, and
rats learning new skills is accompanied by temporary or
permanent changes in the spinal cord, and these changes
have been extensively studied with the stretch reflex or the
H-reflex.

It is well accepted that there exists short-term task-
dependent modulation of spinal reflexes, and this modula-
tion does not immediately impose any structural or long-
lasting functional change in spinal circuits. The prevailing
notion is that synapse strength is altered in a task-specific
manner. However, practicing the same task or stimulating
the same pathway for an extended period of time (e.g., days
or years) can result in long-term structural changes in spinal
circuits. One example from the athletic area is the reflex
regulation in dancers in whom the amplitude of the H-
reflex is substantially lower than the normal population [51–
53]. Presumably, these long-term changes may in fact weight
the contribution of the corticospinal tract in modulating
segmental inputs during highly skilled movement, with less
weight given to the peripheral input of the muscle spindles.

To examine the induction of such long-term change
in the adult spinal cord, an operant conditioning model
of spinal reflexes has routinely been used. In this model
of learning, a spinal reflex (stretch or H-reflex) is elicited,
and the resulting EMG response is recorded. The amplitude
of the reflex is presented to the subject as a feedback. A
reward is provided if the reflex response is modulated in
one particular direction (increase or decrease) as determined
by the examiner. This reward encourages the animal (or
human) to purposefully direct its behavior toward the
desired reflex response. Operant conditioning has been
extensively used for documenting changes in the input-
output relationship of both the spinal stretch and the H-
reflex. This model has provided a powerful tool for the
investigation of spinal circuits as well as any morphological
alterations in the motoneurons associated with learning. It
is now well established that both animals and humans can
similarly increase or decrease the amplitude of the stretch
or H-reflex [54]. Typically, the plasticity in these circuits
has consistently been shown to be nearly 150% increases
in amplitude for those rewarded for increases, and nearly
50% decreases in reflex amplitude for those rewarded for
decreases [55, 56].

3.2. Presynaptic Inhibition as One Method for Altering Synap-
tic Transmission. How do these changes in the reflex pathway
occur and how do they become permanent?

For the efficacy of the synaptic transmission to change
(either transiently or permanently), there are some mech-
anisms which act on the presynaptic terminals and some
mechanisms which affect the postsynaptic terminal. Col-
lectively, such presynaptic or postsynaptic alterations can

increase or decrease the amplitude of EPSPs or inhibitory
postsynaptic potentials (IPSPs). There is a variety of these
mechanisms throughout the central nervous system which
are involved in almost all activities of the CNS from learning
and memory [57], habituation [58], and gating of pain
signals [59] to the control of movement [60–63]. At the level
of spinal motoneurons, both types of mechanisms exist and
have role in the modulation of the H-reflex and stretch reflex
in different movements [64–67]. In general, postsynaptic
mechanisms that exert inhibition on alpha motoneurons
result in these motoneurons being less responsive to any type
of excitatory input. Presynaptic inhibitory mechanisms, on
the other hand, can affect the input to the motoneurons
without affecting the motoneurons intrinsic properties.
This type of inhibition selectively inhibits one input to
the motoneurons without affecting other inputs. Likewise,
inhibition of the Ia-motoneuron synapses presynaptically
can render the reflex gain lower (can reduce the amplitude
of the reflex) without affecting the excitability status of the
motoneurons. In this case, the normal activity of the muscle
will be secured, while its reflexive contraction (and thus its
selective control of incoming sensory information) can be
independently reduced.

Frank and Fuortes (1957) were among the first to
report that sensory inflow can indeed be suppressed without
affecting the resting potential of the postsynaptic alpha
motoneuron [68]. However, they did not provide a reason-
able explanation on how the monosynaptic transmission
can be manipulated without any change in the input level
or any change in the resting potential of the postsynaptic
cell. Later, Frank [69] suggested that there could be what he
termed a “remote inhibition” meaning that the site of this
inhibition is remote from the soma [70, 71]. The existence
of this phenomenon was confirmed in subsequent research
[72], but it was not well understood until the pioneering
work of Eccles, who suggested that Ia afferent synaptic
strength can be affected through axoaxonic GABAergic
inhibitory connections [72, 73]. The prevailing hypothesis
for the mechanism of presynaptic inhibition of Ia afferents
is that the GABAergic receptors in the active zone of the
primary afferent terminal (presynaptic Ia terminals) are
being activated by interneurons of other sources (refer to
Figure 1). Because both sides of this synaptic terminal are
axons (Ia afferent and the interneurons), this specific type
of synaptic connection was termed axoaxonic to address
this phenomenon. These interneurons, while being activated,
act GABAergically on the Ia terminals [74, 75]. Upon the
opening of the GABAA receptors in the Ia terminals, chloride
ions leave the presynaptic terminal and thereby cause the
active zone to depolarize. It is suggested that this GABAergic
mechanism shunts the EPSP through GABAA receptor
activation, or directly affects the Ca2+ channels through
GABAB receptors [70, 76]. Without an influx of Ca2+,
vesicle mobilization is impaired, decreasing the probability of
neurotransmitter release from the afferent terminals [70, 77].
It was shown in the cat that the interneurons which mediate
this primary afferent depolarization (PAD), are under the
influence from both peripheral sources such as Ib volleys and
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Ia input from antagonistic muscles [73, 78, 79] and cuta-
neous afferents [80], as well as from the descending tracts
such as rubrospinal tract [81] and corticospinal tract [82,
83]. How the nervous system affects these different pathways
to reach the desired level of activity in literally thousands of
motoneurons remains a mystery in neuroscience research.

3.3. Functional Significance of Presynaptic Inhibition. Presy-
naptic inhibition of Ia afferents is highly modifiable in
response to postural changes [10] and motor tasks [84, 85].
Presynaptic modulation of Ia inflow could be a physiologic
mechanism for adjusting the amount of feedback to the
central nervous system.

Homonymous [86] as well as heteronymous [87] muscle
afferents can presynaptically affect the sensory inflow of a
given Ia afferent. These sources, due to their origin, are
regarded as peripheral sources for presynaptic modulation.
There are, on the other hand, centers in the brain (such as
the red nucleus and vestibular nuclei) which can also affect
the presynaptic terminals through their descending drive.
Such a central influence on presynaptic interneurons can
be collectively regarded as a central source for presynaptic
modulation.

There is evidence to show that peripheral and central
drives merge to the same common PAD interneurons [88]
and therefore, these two sources can interact and integrate
at the level of spinal cord [89]. Such an interaction can
modify a reflexive activity that would elicit a large amplitude
perturbation.

Taken together, it can be argued that adjusting the
amount of presynaptic inhibition through the interaction of
central and peripheral inputs has an important role in the
execution of voluntary movements. For these reasons, it is
now difficult to differentiate between reflexive and voluntary
movements [90]. Whereas data indicate that presynaptic
inhibition can significantly influence movement, it is not
the only inhibitory mechanism in the spinal cord that has
an effect on motor behavior. Other mechanisms such as
postactivation depression [61], recurrent inhibition [91],
and reciprocal inhibition [92, 93] all have functional roles in
the control and execution of movement. However, prevailing
evidence [16, 63, 80, 94–99] suggests that presynaptic
inhibition has a critical role in the regulation of movement.

On the other hand, presynaptic inhibition has been
repetitively shown to be modifiable in response to motor
practice and learning new skills. In the following sections,
we briefly review some key studies which have demonstrated
short-term and long-term adaptations of the spinal circuits.

3.4. Goal Directed Changes in Presynaptic Inhibition of Ia
Fiber Inputs to the Spinal Cord. During normal movement
execution, such as changes in posture [100], movement
initiation [101], and gait [102], presynaptic inhibition
has been shown to be modulated. Besides the naturally
occurring task specific modulation of presynaptic inhibition,
the amount of presynaptic modulation expressed on spinal
circuits is trainable. There is ample evidence in the literature
to show that the amount of presynaptic inhibition can be

purposefully changed. The experimental methods used to
document this inhibition generally fall into operant condi-
tioning of the reflexes and task-related feedback conditioning
of the reflexes. It should be emphasized that none of these
protocols exclusively target the PI circuits; rather, they exert
various changes on spinal and/or even supraspinal circuits
including alterations in presynaptic inhibition. However,
both protocols can produce short-term as well as long-term
changes in the neural circuits of the reflex pathway.

In operant-conditioning protocols, there seems to be
a complex interaction of mechanisms involved in the
induced plasticity including presynaptic modulation of the
Ia terminals, specifically for the short-term adaptation phase
[103]. While operant conditioning does not usually involve
any specific task, there are protocols specially designed to
modulate the H-reflex to fulfill some experimentally defined
functional task. These task-related-feedback conditioning
protocols usually provide feedback to the subject after each
trial. Trimble and Koceja were the first to successfully
implement such a functional protocol for short-term changes
in spinal reflexes [97]. Their protocol involved a balance-
control task in which subjects stood on a tilt board and were
instructed to maintain their balance in a highly precarious
posture. Applying an electrical stimulation for eliciting the
H-reflex to the bilateral soleus muscles during this task pro-
duced enough ankle torque to destabilize the subjects during
the trial. Over a single session of practice, subjects were able
to learn to depress the H-reflex to minimize the destabilizing
torque, as a strategy to maintain balance subsequent testing
of the same subjects on a solid surface (normal upright
standing) revealed that the H-reflex amplitude remained
depressed for more than 30 minutes after the termination
of the training session [97]. An ensuing study examined
the effect of multisession training on the maintenance of
the suppressed H-reflex. Two hours of H-reflex suppression
training for three days significantly reduced the amplitude of
the H-reflex which showed a trend to remain depressed for a
longer period of time posttraining [98].

Such types of training-induced plasticity have also been
observed in more complex movements. In a novel loco-
motion study, subjects were trained to walk backward on
a treadmill for several weeks. In untrained subjects a large
amplitude H-reflex was observed during the midswing phase
of walking. Training progressively reduced the amplitude of
the reflex. However, these changes in the reflex amplitude
were not related to leg muscle motor evoked potentials
(MEPs). It was suggested that the plasticity induced in the
H-reflex circuits was heavily dependent on the presynaptic
control of the inflow of sensory information [99]. It is
interesting that a comparison of the results of studies
using task-related-feedback conditioning with those using
operant conditioning suggests that the two methods produce
relatively the same percentage of change in the H-reflex.
What remains to be determined, and may be an important
distinction, is whether these two types of feedback result
in the same types of functional and/or behavioral conse-
quences. Studies using operant conditioning as a method for
functional motor improvement have already been initiated,
and thus far have provided promising results [104–106].
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Figure 1: Presynaptic inhibition to Ia fibers. (i) Schematic diagram of different inputs to Ia afferents and alpha motoneurons. Proprioceptive
input from Ia fiber can be selectively suppressed by presynaptic inhibition through PAD interneurons. The interneuron which makes
axoaxonic connection with Ia fiber is GABAergic and regarded as last-order PAD IN. This interneuron is under the influence of an excitatory
interneuron which is referred to as first-order PAD IN. This first-order PAD IN receives inputs from both descending tracts and from
peripheral afferents [15]. In such a case, different inputs can interact to control the Ia input to motoneurons without affecting the intrinsic
properties of motoneurons. (ii) During presynaptic inhibition, the normal activity of the muscle can remain unchanged, while the reflex
gain reduces. In this example, standing with prism goggles (PV condition) suppressed the H-reflex in comparison to normal vision (NV)
standing condition (a), while there was no change in the soleus and tibialis anterior muscle EMG activity (b). This is most likely due to the
presynaptic inhibition of Ia fibers which spares the background activity of motoneurons. Part II adapted with permission from [16].

3.5. Practice Makes Permanence. In humans, it has been
clearly established that long-term, repetitive activity pro-
duces changes in the reflex arc. For example, strength train-
ing has been shown to increase H-reflex amplitude; 14 weeks
of muscle-specific heavy resistance training can increase
the soleus H-reflex amplitude by 20% [107]. Research has
also shown that ipsilateral resistance training increases the
strength of both limbs, most likely due to neural adaptation,
but that the H-reflex amplitude increases only in the trained
side [108]. This finding supports the idea that direct increase
in sensory inflow is necessary for the induction of plasticity
in spinal circuits.

As another example, several studies have shown that the
amplitude of the H-reflex is significantly reduced in trained
dancers [51–53]. The reduction in the H-reflex amplitude
is presumed to be caused by long-term performance of
dance specific movements. Cocontraction of the lower limb
muscles, which is frequently utilized in ballet dance, induces
an increase in presynaptic inhibition, and causes a reduction
in reciprocal inhibition. This activity-induced change in the
H-reflex is most likely a part of the process of acquiring
high-level skill and maintaining balance for dance-specific

techniques. This reduction in response to peripheral sensory
input could also be interpreted as an increase in a cortical
role for the control of movement, and hence a more precise
movement.

Taken together, these studies provide evidence that neural
circuits can undergo long-lasting activity-induced plastic
changes. However, these studies cannot unambiguously
conclude that the plastic changes were induced solely in the
spinal cord circuits. One possibility is that functional changes
in these circuits are due to changes in descending drive rather
than the spinal cord.

To determine whether the long-term changes occur at
the spinal or supraspinal levels, Wolpaw and his colleagues
examined the effect of operant conditioning on the stretch or
the H-reflex in monkeys and human subjects [56, 109, 110].
Wolpaw and O’Keefe demonstrated both in monkeys and
humans that the stretch reflex, as well as the H-reflex, can be
down- or upregulated using operant conditioning. Wolpaw
and colleagues also demonstrated that plasticity occurs in
two distinct phases: an immediate (acute) phase which was
observed in the same day of training (approximately 8–
10% change) and a long lasting (approximately 1-2%/day
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for many days) phase. The acute phase was readily observed
in the stretch reflex but not the long-loop reflexes which
are assumed to involve higher centers such as the cortices.
This immediate phase was temporary and diminished within
a few hours after the termination of the training session.
However, by continuing the training sessions for 4–6 months
in humans and monkeys, respectively, the plasticity became
more permanent and the modulation persisted for months
after termination of the training sessions. Severing the spinal
cord after the reflexes were up- or downregulated (in two
different groups of monkeys) did not diminish the up- or
downregulated reflex [110], supporting the idea that the
plasticity had resided within the spinal circuits.

3.6. Central versus Peripheral Contribution for the Induction of
Plasticity and Memory Formation in the Spinal Cord. Acute
changes in spinal pathways are believed to be triggered
by descending inputs. However, changes in the descending
input over a long period of time can produce permanent
changes in the spinal cord which are regarded as spinal
fixation. Animals with partial transection of the spinal
cord with an intact corticospinal tract are still able to
volitionally up- or downregulate the H-reflex in an operant
conditioning protocol [111]. However, spinal circuits can
undergo plastic changes in response to exercise and skill
acquisition which is not dependent on corticospinal drive.
Operant conditioning is a specific type of memory formation
and due to its nature (volitional alteration of the reflexes
based on the feedback and reward) the descending input
is an indispensable part of it. While the results of the
studies on operant conditioning have provided valuable
information and insight about memory formation in spinal
circuits, conclusions from these studies should be interpreted
with caution. First, it should be considered that during
an operant-conditioning task, changes in the amplitude of
the reflexes are not necessarily the consequences of a motor
demand. Second, no functional tasks are involved during
classical operant conditioning, which means that this type
of conditioning may not be behaviorally relevant and these
results do not translate to real-life situations.

Does the spinal cord have the ability to acquire new
motor skills without the need of the descending drive for this
skill acquisition?

Spinalized cats are indeed able to develop functional
tasks despite the permanent loss of descending input [112,
113]. Such task-dependent modulation in segmental reflexes
have also been observed in spinalized human patients as
well [114]. Unfortunately there are few studies performed
on normal human subjects to parsimoniously demonstrate
changes in the spinal circuits, independent from descending
drive. One obvious reason for this scarcity of information
is the difficulty in differentiating the role of descending
and peripheral inputs to the spinal cord. It is possible that
a given pattern of sensory input (such as that generated
by a specific task) may induce plastic changes in spinal
circuits without the involvement of descending drive. In
an excellent investigation, Meunier and colleagues [115]
examined this possibility by training the subjects to perform

two different types of cycling movements. In one group
subjects performed a cycling exercise in which the resistance
of the pedaling changed every 15 seconds, and they were
asked to keep the cycling speed constant (e.g., complex
task). In a second group, subjects performed the same task
under constant pedaling resistance (e.g., simple task). It was
shown that homosynaptic depression (the depression in the
Ia transmission of sensory information after an immediate
preceding stimulation) substantially changed only in the
complex task group. Since homosynaptic depression is
confined exclusively to the previously activated Ia fibers
and there is no anatomical connection from the upper
centers, investigators concluded that it was the pattern of
sensory inflow that produced the change in synaptic efficacy
between the Ia afferents and the alpha motoneurons. Again,
understanding this discrepancy is extremely important for
the improvement of modern rehabilitation techniques for
spinal cord injury patients.

4. From Behavior to Cellular Events and Back

The exact mechanism of long-term activity-dependent
changes in spinal circuits is not yet well understood. In
operant-conditioning experiments designed to modulate
the reflexes, initially the induced changes (in terms of
the modulation of the reflexes) are reversible and will be
abolished if training is discontinued. However, by continuing
the task, the changes in the amplitude of the reflexes become
permanent. In contrast, in mature animals, the transection
of the corticospinal tract before or during the learning phase
prevents the induction of long-term plastic changes [111,
116, 117]. Histological analysis of alpha motoneurons that
have undergone permanent changes have shown morpho-
logical changes in the C and F terminals of the neurons
[109] as well as changes in the size of the motoneurons,
their input resistance, and axonal conduction velocity [118].
Future research should focus on the mechanisms that trigger
these changes in motoneurons.

Learning a new skill is accompanied by a novel com-
bination of muscle activity patterns that are temporally
and spatially timed. These novel biomechanical configu-
rations produce new sensory information feedback to the
nervous system. Timely coupling of the EPSPs with action
potentials has been shown to alter synaptic efficacy [119].
The backfiring of action potentials from the axon to the
dendrites, if coincident with the EPSP, can affect the EPSP
magnitude and potentially alter synaptic strength. A similar
mechanism could exist in the spinal cord which affects the
synaptic efficacy through the timed arrival of the sensory
input coincident with descending commands. Interestingly,
blocking NMDA receptors prevents the modulatory effect
of action potential on the EPSPs. The studies on long-term
potentiation (LTP) and long-term depression (LTD) could
be used as evidence to show that such timely coupled inputs
could lead to the consolidation of new skills in the spinal
circuits. LTP and LTD have been experimentally induced in
superficial dorsal horn [120], intermediate gray area [121],
and ventral horn [122] of the spinal cord, and blocking
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Table 1: Different aspects of activity-dependent spinal plasticity in the developing and a mature spinal cord, discussed in this paper.

Developing Mature

Cat-301
Increase in response to movement and sensory input to SC
during critical period. Large nerve crush inhibits the
expression of the antibody.

Not substantial. After the critical period, nerve
crush does not affect the expression of the antibody.

NMDA
receptors

Have role in the induction of synaptic plasticity. Probably
have role in the induction of morphological changes. Have
role in dendritic growth and retraction.

Blocking the receptors does not affect motoneuron
morphology. These receptors are being eliminated
from almost all parts of the spinal cord except for
substantia gelatinosa. Likely do not have
substantial role in reflex transmission.

Elimination

Substantial elimination during maturation. Cortical
connections to the ipsilateral side of the spinal cord will be
eliminated during maturation. Dendrites grow and retract.
This is a model of non-Hebbian activity dependent process.
At the neuromuscular junction, many synaptic connections
are lost which results in muscle fibers from polyneural
innervation to mononeural innervation [23, 24].

Synaptic connections mostly follow Hebbian
process. Activity-dependent plasticity does not
seem to eliminate synapses.

Sensory input
Sensory input is essential for developing spinal cord.
Sensory information generated my movement seems to
have role in the development of spinal synapses and circuits.

Have role in both transitional as well as permanent
changes in the spinal circuits. Pattern of sensory
input has been shown to have role in the induction
of plastic changes.

Presynaptic
modulation

Likely presynaptic inhibition exists in infants and is being
modulated in response to movement. However, the role of
presynaptic inhibition in the acquisition of new skills in
newborn infants and children has not been extensively
studied. Recent studies on mouse models have shown that
undernourishment substantially decreases the amount of
presynaptic inhibition [25]

Has important role in the modulation of reflex gain
during different movements, at the initiation of
movement, and for postural control. Skill
acquisition (such as dance) can permanently
change the amount of presynaptic inhibition.
Presynaptic inhibition can also be increased or
decreased through operant conditioning (absence
of any functional task) and task-related feedback
conditioning (presence of a functional task)

Descending
influence

Has important role in the expression of Cat-301 and in the
elimination of synapses through development.

Has important role in the induction of plastic
changes in spinal cord during skill acquisition,
operant conditioning and movement control and
modulation of presynaptic inhibition, and other
spinal mechanisms.

NMDA receptors prevents LTP induction in these regions.
Interestingly, EPSPs are not affected by NMDAR blockade,
but blocking non-NMDA receptors substantially diminishes
EPSPs. Therefore, under normal conditions, non-NMDA
receptors appear to be predominantly responsible for the
generation of EPSP’s. Furthermore, it seems that NMDA
receptors do not have a critical role in the maintenance of
LTP, since blocking NMDA receptors after LTP induction has
no effect on LTP. Conversely, blocking non-NMDA receptors
after LTP induction substantially decreases LTP expression,
demonstrating that non-NMDA receptors are necessary for
the maintenance of LTP. Consistent with in vitro and in vivo
animal studies, blocking NMDA receptors in human subjects
using Dextromethorphan interferes with the acquisition of
motor memory but does not impair motor memory recall
[123].

The studies that have shown LTP in other areas of
spinal cord have not investigated the mechanisms of LTP
induction and maintenance, but it is unlikely that the role
of NMDA receptors in LTP induction and maintenance is
topographically distinct across spinal cord regions. A direct
study between LTP and reflex regulation has not yet been

reported however, it would be of value to examine the effect
of NMDA receptor antagonists on the induction of H-reflex
upregulation. If a behaving animal, treated with NMDA
antagonist to the substantia gelatinosa, cannot upregulate the
H-reflex, this might suggest the importance of the substantia
gelatinosa on the memory capacity of the spinal cord
for movement regulation. Such investigations on NMDA
receptors might provide new advances for the restoration
of spinal ability and motor control. Increasing the basic
knowledge of activity-dependent plasticity throughout the
life span of humans can substantially influence the treatment
and rehabilitation methods used for various neurological
conditions.

5. Concluding Remarks

Spinal circuits possess the ability for plastic changes to
fulfill short- and long-term motor demands. These reversible
changes in spinal circuits are typically accompanied by
alterations in synaptic strength for acute adaptations, and
by morphological and electrophysiological changes for long-
term adaptations. Examining the modulation of spinal
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reflexes during different tasks has provided much of our
understanding about activity-dependent plasticity in the
spinal cord. During normal walking, for example, stretch
reflexes are modulated differently compared with upright
standing. The amplitude of the stretch reflex is not constant
throughout the cycle of gait, and the phases of gait also affect
the strength of the stretch reflex. Practicing a particular skill
for extended periods of time can also affect the amplitude of
the reflexes. Such changes in reflex gain have been shown to
be associated with the degree of performance. For example,
the ability of subjects to maintain a constant pedaling speed
against varying the resistance during the bout of exercise was
shown to be strongly correlated to the degree of H-reflex
modulation [124]. These findings open the doors for seeking
rehabilitation methods to specifically train reflexes with the
aim of improving the function. During motor pathologies,
such as spinal cord injury or brain damage, spinal reflexes
still pose the ability to be modified [125]. It is only through
goal-directed, precise rehabilitation strategies that potential
plastic abilities of the spinal circuits can be used to regain
function. Therefore, understanding the mechanisms and
sites of plasticity within spinal circuits is essential for the
development of new methods that can be used to regain
spinal cord function, including the control of movement,
after injury. Table 1 summarizes the topics reviewed in this
paper and provides a brief comparison about the factors
which are involved in the plasticity of the developing and
mature spinal cord.
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[25] S. Q. González, B. S. Alegrı́a, J. C. G. Olmos, and I. Jiménez-
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[119] H. Markram, J. Lübke, M. Frotscher, and B. Sakmann, “Regu-
lation of synaptic efficacy by coincidence of postsynaptic APs
and EPSPs,” Science, vol. 275, no. 5297, pp. 213–215, 1997.

[120] M. Ranclic, M. C. Jiang, and R. Cerne, “Long-term potenti-
ation and long-term depression of primary afferent neuro-
transmission in the rat spinal cord,” Journal of Neuroscience,
vol. 13, no. 12, pp. 5228–5241, 1993.

[121] S. Pockett, “Long-term potentiation and depression in
the intermediate gray matter of rat spinal cord in vitro,”
Neuroscience, vol. 67, no. 4, pp. 791–798, 1995.

[122] S. Pockett and A. Figurov, “Long-term potentiation and
depression in the ventral horn of rat spinal cord in vitro,”
NeuroReport, vol. 4, no. 1, pp. 97–99, 1993.

[123] O. Donchin, L. Sawaki, G. Madupu, L. G. Cohen, and R.
Shadmehr, “Mechanisms influencing acquisition and recall
of motor memories,” Journal of Neurophysiology, vol. 88, no.
4, pp. 2114–2123, 2002.

[124] R. Mazzocchio, T. Kitago, G. Liuzzi, J. R. Wolpaw, and L.
G. Cohen, “Plastic changes in the human H-reflex pathway at
rest following skillful cycling training,” Clinical Neurophysiol-
ogy, vol. 117, no. 8, pp. 1682–1691, 2006.

[125] M. Knikou, “Plasticity of corticospinal neural control after
locomotor training in human spinal cord injury,” Neural
Plasticity, vol. 2012, Article ID 254948, 13 pages, 2012.



Hindawi Publishing Corporation
Neural Plasticity
Volume 2012, Article ID 254948, 13 pages
doi:10.1155/2012/254948

Review Article

Plasticity of Corticospinal Neural Control after
Locomotor Training in Human Spinal Cord Injury

Maria Knikou1, 2, 3, 4

1 Graduate Center and Physical Therapy Department, College of Staten Island, City University of New York,
Staten Island, NY 10314, USA

2 Physical Medicine and Rehabilitation, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA
3 Sensory Motor Performance Program, Rehabilitation Institute of Chicago, Chicago, IL 60611-2654, USA
4 Electrophysiological Analysis of Gait and Posture Laboratory, Rehabilitation Institute of Chicago, Chicago, IL 60611, USA

Correspondence should be addressed to Maria Knikou, maria.knikou@csi.cuny.edu

Received 14 February 2012; Revised 9 April 2012; Accepted 10 April 2012

Academic Editor: Marie-Hélène Canu

Copyright © 2012 Maria Knikou. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Spinal lesions substantially impair ambulation, occur generally in young and otherwise healthy individuals, and result in
devastating effects on quality of life. Restoration of locomotion after damage to the spinal cord is challenging because axons
of the damaged neurons do not regenerate spontaneously. Body-weight-supported treadmill training (BWSTT) is a therapeutic
approach in which a person with a spinal cord injury (SCI) steps on a motorized treadmill while some body weight is removed
through an upper body harness. BWSTT improves temporal gait parameters, muscle activation patterns, and clinical outcome
measures in persons with SCI. These changes are likely the result of reorganization that occurs simultaneously in supraspinal and
spinal cord neural circuits. This paper will focus on the cortical control of human locomotion and motor output, spinal reflex
circuits, and spinal interneuronal circuits and how corticospinal control is reorganized after locomotor training in people with
SCI. Based on neurophysiological studies, it is apparent that corticospinal plasticity is involved in restoration of locomotion after
training. However, the neural mechanisms underlying restoration of lost voluntary motor function are not well understood and
translational neuroscience research is needed so patient-orientated rehabilitation protocols to be developed.

1. Introduction

Spinal cord injuries (SCIs) cause substantial social, eco-
nomic, and health burdens. In the majority of cases, the
spinal cord is not completely severed and thus some fiber
tracts and segmental spinal cord circuits remain intact [1],
which determine the preserved functions and provide the
basis for functional restoration. In incomplete SCI persons,
recovery of sensorimotor function increases progressively
during the first year [2], with reorganization of sensory and
motor cortices [3] to lead to recovery of function and mal-
adaptive behavior. In para- and tetraplegic patients, the corti-
cal hand area was expanded towards the cortical leg area and
was different based on the lesion level [4]. Further, in par-
aplegic patients the representation of the nonimpaired upper
limb muscles was modified showing an increased activa-
tion in the corresponding primary motor cortex (M1), in

the parietal cortex, supplementary motor area, and cerebel-
lum [5]. An fMRI study in rats showed that after midthoracic
spinal cord transection, deafferented hindlimb territories in
S1 exhibited responses to electrical stimulation of the unaf-
fected forepaw, presumably mediated by both spinothalamic
and dorsal column nuclei pathways [6]. Evidence suggests
that functional plasticity of motor cortical representations is
mediated by an anatomical framework of preexisting projec-
tions that transverse representation borders [7].

In addition to spontaneous reorganization of the brain
after SCI, spinal cord circuitries have the capacity to alter
their structure and function with motor training [8], as
supported by the physiological leg muscle activation patterns
observed after locomotor training in spinalized animals [9–
14]. Body weight-supported treadmill training (BWSTT) is
a therapeutic approach in which a person with SCI steps on
a motorized treadmill while some body weight is removed
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through an upper body harness [15] and repetitive rhythmic
leg movement patterns are promoted either through manual
assistance provided by therapists or through a robotic
exoskeleton system. Evidence that supports this intervention
has been derived largely from studies conducted in spinalized
animals [16–19]. Specifically, treadmill training increases
axonal regrowth and collateral sprouting proximal to the
lesion site in mice [20], phosphorylation of Erk1/2 in the
motor cortex as well as the spinal cord injury area [21],
expression of brain-derived neurotrophic factor (BDNF) in
the spinal cord [22], ameliorates muscle atrophy in moderate
contused SCI rats [23], and alters properties of spinal motor
neurons [24]. These changes are only a small representation
of activity-dependent plasticity located at the synaptic ter-
minals of a variety of systems, that involves physiological,
structural, and biochemical changes (see more in [25, 26]).

In humans, BWSTT improves lower extremity motor
scores, increases the amplitude of muscle activity in the ankle
extensors during the stance phase of walking, and improves
walking ability and clinical outcome measures [27–31].
A recent single-blind, randomized clinical trial involving
BWSTT with manual assistance, stimulation, over-ground
training with stimulation and treadmill training with robotic
assistance showed improvements in walking speed and
distance [31]. Walking speed was not significantly different
between groups, but distance gains were greatest with over-
ground walking training. Further, lower extremity motor
scores increased in all groups, regardless the type of inter-
vention [31].

Based on the aforementioned findings, it is apparent that
BWSTT contributes to restoration of locomotion. Because
remodeling of neuronal circuits as a result of plasticity occurs
at multiple sites of the central nervous system [8, 32] restora-
tion of movement after training is anticipated to be the
result of neural reorganization that occurs simultaneously in
supraspinal and spinal cord circuits. The aim of this paper is
to focus on the corticospinal neural plasticity after locomotor
training in SCI.

2. Cortical Control of Locomotion

The corticospinal tract is the most direct pathway between
the cerebral cortex and spinal cord with corticospinal axons
monosynaptically synapsing onto spinal motor neurons.
Even though neurons of the motor cortex are not required
for simple locomotion, they exhibit a profound step-related
frequency modulation in the cat [33–35]. This modulation
is driven by a combination of signals from the spinal
central pattern generators and sensory afferent feedback
reflex mechanisms that support interlimb coordination [36].
The modulation of motor cortex neurons is necessary for
accurate stepping on uneven terrain when adjustments of
the limb trajectory are required to overstep an obstacle or
to place the foot on a definite spot on the ground [37–
39]. However, pyramidal tract stimulation evokes disynaptic
excitatory postsynaptic potentials (EPSPs) in flexor motor
neurons that are much bigger in the locomotor state than in
the resting state, which are rhythmically modulated so that
the facilitation occurs in the flexor-active phase [40]. While

the spinal cord of vertebrates possesses the neural structures
for genesis of the locomotor rhythm [41–43] and the spinal
pattern generator plays a decisive role in the recovery of
locomotion after incomplete SCI [12], lesions of the dorso-
lateral funiculi at Thoracic T13 level in the cat induced long-
term deficits on the locomotor pattern [44], supporting that
the corticospinal tract plays a prominent role in the neural
control of locomotion.

The involvement of supraspinal neural control in human
walking can be assessed by a variety of techniques utilized in
isolation or in combination, including electroencephalogra-
phy (EEG), electromyography (EMG), transcranial magnetic
and electric stimulation (TMS and TES), and neuroimaging
[45, 46]. Single-photon emission tomography and near-
infrared spectroscopic topography have shown that the sen-
sorimotor and supplementary motor cortices are activated
during real and imagined locomotion [47, 48], while the
prefrontal and premotor cortices were involved in adapting
the locomotor speed on the treadmill [49]. A recent study
postulated a significant coupling between EEG recordings
over the leg motor area and EMG from the tibialis anterior
(TA) muscle in the frequency band of 24–40 Hz prior to heel
strike during the swing phase of walking [50], supporting
a cortical involvement in human gait function [51]. (Time
(cross-correlation) and frequency (coherence) domain tech-
niques for the detection of coupling between signals provide
an analytical framework from which functional coupling
between localized cortical activity (measured by MEG or
EEG) and motor output (EMG) can be identified in human
subjects [52].)

A single stimulus of TMS produces a synchronized
discharge of cortical interneurons and pyramidal neurons
that travel down the corticospinal tract. Epidural electrodes
in the spinal cord detect several waves following TMS,
termed direct (D) and indirect (I) waves. I waves originate
in the motor cortex most likely through activation of cortic-
ocortical projections onto corticospinal neurons [53], while
D waves are thought to result from direct depolarization of
the initial axon segment of the corticospinal neuron [46].
Recordings from the peripheral muscles demonstrate com-
pound muscle action potentials known as motor evoked
potentials (MEPs), which are a summation of multiple motor
units depolarizing in response to D and I waves arriving onto
the spinal motor neurons [54].

However, the MEP amplitude is not a reliable measure
of corticospinal excitability. This is because TMS-induced
action potentials in cortical axons spread transynaptically to
many other neurons [55] that activate different descending
pathways which are differently regulated during human
movement [56]. Further, in order to support cortical excita-
bility changes based on alterations of MEP amplitude due to
motor plasticity, both need to be mediated by the same motor
neurons and caused exclusively by direct monosynaptic pro-
jections from the motor cortex without any contamination
through indirect interneuronal relays. The peaks in the
peristimulus time histogram of the discharge probability of
motor units induced by TMS have the same duration as those
induced by Ia stimulation, and thus there is ample time for
nonmonosynaptic effects to influence the MEP amplitude as
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is the case for the H-reflex [57, 58]. Lastly, because MEPs
are facilitated on average 12 ms before the reaction time
to contraction during which antagonists are concomitantly
facilitated by subcortical circuits [59, 60], it is apparent that
they are sensitive to the excitability state of spinal α-motor
neurons and interneurons [61].

The aforementioned limitations can be counteracted by
reducing the TMS intensity below the MEP threshold. Direct
recordings in awake human subjects have shown that TMS
at subthreshold MEP intensities, which does not evoke any
descending corticospinal volleys, depresses the MEP evoked
by a subsequent suprathreshold TMS [62] and the EMG
activity of ankle extensor muscles during the stance phase of
walking, while the TA ongoing EMG activity is facilitated at a
short-latency at early swing phase [63]. At subthreshold TMS
intensities the excitability of spinal motor neurons at short
latencies is influenced by intracortical inhibitory circuits
and mechanisms [62, 64], including but not limited to
intracortical and interhemispheric inhibition [65–70], that
in turn influence soleus or TA coupled corticomotoneuronal
cells. These findings support that cortical excitability changes
can be assessed in awake humans and that cortical cells with
direct motoneuronal connections change their excitability
during human walking. Corticospinal drive of human loco-
motion is further addressed in Sections 3 and 4, whereas the
cortical control of spinal reflex and interneuronal circuits is
discussed.

2.1. Reorganization of Cortical Control of Motor Output after
Training. Various training protocols in uninjured subjects
induce reorganization of corticospinal actions on lum-
bosacral motor neurons. For example, balance training
decreased the TA and soleus MEP amplitudes [71], while
32 min voluntary ankle dorsi- and plantar-flexion training
increased the TA MEP amplitude regardless of the stimula-
tion intensity level [72]. Repeated visuomotor skill training
increased the maximal MEP and decreased the stimula-
tion intensity needed to evoke an MEP, while opposite
results were obtained after strength training [73], suggesting
that reorganization of corticospinal actions on lumbosacral
motor neurons depends on the type of training.

In motor incomplete SCI subjects at rest, MEPs are either
absent or very small in amplitude with prolonged latencies,
which are considered signs of impaired transmission of the
fastest conducting corticospinal neurons [74–77]. Further,
the absent or small TA MEPs prevail in SCI persons with
increased foot drop [75]. Further, the peak coherence in the
10 to 20 Hz frequency band and synchronization within a
narrow time band between paired TA EMG recordings taken
during the swing phase were absent during the swing phase
and were positively correlated to the degree of foot drop [75].
Because coherence in the frequency and time domain reflects
the common synaptic drive, which may be corticospinal in
origin, behavioral deficits in ambulatory SCI persons are
driven by impaired corticospinal excitability.

Reorganization of corticospinal actions with training in
neurological disorders has been shown in few studies. In 4
male SCI subjects with tetraparesis, f MRI showed a greater
activation in sensorimotor cortical and cerebellar regions

following 36 BWSTT sessions [78] consistent with the
changes observed in the activation patterns of both hemi-
spheres in poststroke subjects after 4 weeks of BWSTT [79].
Three-to-5 month BWSTT enhanced the MEP amplitude
in 9 out of 13 muscles tested, increased the maximal MEP,
and changed the slope of the MEP input-output curve in
the majority of SCI subjects tested while seated [80]. Fur-
thermore, in incomplete SCI participants whom their loco-
motor function improved following treadmill training, the
coherence (24–40 Hz) of EMG activity, which is thought to
indicate a common drive from corticospinal inputs, between
antagonist muscles acting at the knee joint was increased and
remained unaltered in participants that the locomotor ability
was not improved [81]. The lower-frequency coherence (5–
18 Hz), which is thought to contain common synaptic drive
from spinal inputs, remained unchanged in both groups
[81].

One person (49 yo female, 5 years after-injury) with
an American Spinal Injury Association (ASIA) Impairment
Scale (AIS) D at Thoracic 5–7 received 60 BWSTT sessions
(1 h/day; 5 days/week) with a robotic exoskeleton device
(Lokomat). Before training, the patient stepped at 0.5 m/s
with 50% body weight support (BWS), and after training the
patient stepped at 0.89 m/s with 20% BWS. Electrophysiolog-
ical tests, illustrated as a schema in Figure 1, were conducted
before and after training in the same patient while seated as
well as during BWS assisted stepping. Data presented in this
paper are original, have not been published elsewhere, and
are from the same patient. Experiments and training were
conducted following the written consent of the subject. All
experimental procedures were approved by the Institutional
Review Board of the Northwestern University IRB committee
and were conducted in compliance with the 1964 Declaration
of Helsinki.

The TA MEPs evoked at 1.3 TA MEP threshold during
assisted stepping before and after training are shown in
Figure 2. (The TA MEP threshold was established with the
subject standing at equivalent BWS levels to that utilized
during stepping. During stepping, TA MEPs were evoked
randomly at different phases of the step cycle every 3 to 5
steps based on the signal from the ipsilateral foot switch. The
step cycle of the right leg was divided into 16 equal time win-
dows or bins.) Before training, the TA MEP amplitude was
increased during early swing (bins 10–13) when compared to
that observed at midstance (bins 3–5), but an MEP was not
evocable from mid stance (bin 6) until swing phase initiation
(bin 9). After training, the TA MEP amplitude increased
significantly compared to that observed before training and
was modulated in a phase-dependent pattern; that is, it was
progressively depressed during the stance phase (bins 1–
7) and was facilitated during the swing phase (bins 9–14)
(Figure 2). This TA MEP modulation pattern during assisted
stepping is consistent with that reported in uninjured
subjects, which is generally increased when the muscle from
which it is recorded is active and small when the antagonist
muscle is active [82–84]. Although the findings reported in
Figure 2 are from a single case, the altered MEP modula-
tion pattern supports the notion that locomotor training
alters the efficacy of corticospinal descending motor volleys
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Figure 1: Schematic illustration of cortical control of spinal reflex circuits and spinal interneuronal circuits investigated after 60 sessions
of locomotor training in the same SCI subject. The soleus H-reflex evoked by posterior tibial nerve stimulation, tibialis anterior (TA)
muscle motor evoked potential (MEP), soleus H-reflex conditioned by subthreshold transcranial magnetic stimulation (TMS) delivered
at an optimal site (“hot spot”) for evoking an MEP in the right soleus muscle, soleus H-reflex depression by common peroneal nerve
stimulation that is mediated by Ia inhibitory interneurons (Ia INs; reciprocal inhibition), and the reciprocal inhibition conditioned by
subthreshold TMS delivered at an optimal site (“hot spot”) for evoking an MEP in the right TA muscle were all investigated in the same
patient at rest and/or during assisted stepping after locomotor training. Open triangles indicate excitatory synapses, while the filled circle
indicates inhibitory synapses. The cortical control on these spinal circuits is indicated as a synapse that may increase (+) or decrease (−)
actions of flexor-extensor α motor neurons and/or Ia inhibitory interneurons.

synapsing with TA spinal motor neurons in a manner that
supports a physiologic gait pattern. It is apparent that more
studies are needed on the neuronal mechanisms mediating
improvement of locomotor function after training in spinal
lesions of different segmental levels and types, in order that
currently available rehabilitation strategies are optimized.

3. Cortical Control of Spinal Reflex Circuits

The spinal cord constitutes the final common pathway
for segmental and supraspinal pathways underlying motor
behavior. Electrical stimulation of a mixed peripheral nerve

at low intensities activates primary (Ia) afferent axons which
synapse in the spinal cord. Alpha motor neurons activated
monosynaptically by Ia afferent volleys induce a synchro-
nized reflex response known as the Hoffmann-(H-) reflex
[85], which is the electrical analogue of the monosynaptic
stretch reflex. When the H-reflex is used as a test reflex,
the effects of conditioning volleys from other afferents or
descending tracts on the motoneuron pool and synaptic
actions from different sources in health and disease can be
assessed [85, 86].

Cortical control of spinal reflex circuits has been exten-
sively investigated in awake humans by means of TMS.
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Figure 2: TA MEP modulation during stepping before and after
locomotor training in SCI. The tibialis anterior (TA) motor
evoked potential (MEP) amplitude before (dashed line) and after
(solid line) 60 body weight-supported treadmill training (BWSTT)
sessions is indicated as a function of the step cycle during body
weight-supported (BWS) assisted stepping for one patient with
American Spinal Injury Association (ASIA) Impairment Scale (AIS)
D (49 yo female, 5 years after injury, T5–7). The TA MEP was evoked
randomly every 3 to 4 steps at 1.3 times TA MEP threshold while
stepping at 0.5 m/s with 50% BWS before training and at 0.89 m/s
with 20% BWS after training. MEP threshold was established
with subject standing at equivalent levels of BWS utilized during
stepping. The step cycle was divided into 16 equal time windows
or bins. Stance phase duration is identified by the grey region.
Bin 1 corresponds to heel strike. Bins 8, 9, and 16 correspond
approximately to stance-to-swing transition, swing phase initiation,
and swing-to-stance transition, respectively.

Subthreshold TMS produces a short-latency inhibition on
the soleus H-reflex followed by a period of facilitation
[56, 87–89] with subjects at rest. In contrast, the TA
H-reflex is facilitated at an early conditioning-test (C-T)
interval [87]. Superficial peroneal or sural nerve stimulation
potentiates the presumably monosynaptic facilitation of the
TA H-reflex evoked by brain stimulation [90]. The cortical
modulation of the soleus H-reflex depends largely on the
position of the ankle joint, with subthreshold TMS to
induce an early long-lasting facilitation or depression of the
soleus H-reflex during tonic plantar flexion and dorsiflexion,
respectively [87, 91]. Similar findings have been reported for
pyramidal monkeys, cats, and baboons during which cortical
inhibition predominated on the soleus and gastrocnemius
monosynaptic reflex, while cortical facilitation influenced
largely flexor motor neurons [92, 93]. It should be noted,
however, that a single cortical D wave could produce changes
in segmental motor neurons in the primates but not in the
cat that required D and I waves or multiple D-waves [93].

In addition to the H-reflex, the TA long-latency (or
M3) ankle stretch reflex was facilitated when the MEP
arrived in the spinal cord at the same time [94]. However,
subthreshold TMS intensities delivered 55–85 ms prior to

the M3 depressed the long-latency TA stretch reflex [95].
Because the long-latency response was reduced in size fol-
lowing subthreshold TMS while the short-latency response
remained unchanged [95, 96], it provides evidence that
the long-latency stretch reflex is mediated in part by a
transcortical path that can be affected by subthreshold TMS.
During human walking, subthreshold TMS induces a short-
latency, presumably monosynaptic, facilitation of the soleus
H-reflex followed by a long-lasting inhibition [94]. Because
potentiation of TA MEPs was synchronized with the peak
TA ankle stretch reflex, corticospinal pathways are partly
involved in the generation of spinal stretch reflexes during
human walking [97, 98]. In human SCI, the conditioned
H-reflex profile by subthreshold TMS varied significantly
based on the AIS scores [99, 100]. In patients with severe
paralysis (AIS A-B) an early or late soleus H-reflex facilitation
by TMS was absent [99], suggesting for a nonphysiological
interaction between descending inputs and spinal reflex
excitability in patients with spastic paraparesis [100].

3.1. Reorganization of Cortical Control of Spinal Reflexes after
Training. Persistent changes in H- or stretch reflex ampli-
tudes may be regarded as signs of learning and plasticity as
a result of training, which have been shown after various
training protocols. For example, 30 min ankle cocontraction
training decreased the ratio of maximal H-reflex versus max-
imal M wave (Hmax/Mmax) and improved motor perfor-
mance defined as the difference between the maximum and
minimum torque displacements within 1 min [101]. The
soleus H-reflex amplitude was enhanced after 3 week isomet-
ric maximal plantar flexion training when measured at 20%
and 60% of maximal voluntary contraction (MVC) [102],
with similar results to be reported after 14 week of resistance
training that involved heavy weight-lifting exercises for
the leg muscles with reflexes measured during maximal
isometric ramp contractions [103]. In contrast, 18 sessions
eccentric strength training of the plantar flexor muscles for
a 7 week period increased the Hmax/Mmax ratio during
eccentric MVC but not during isometric or concentric
contractions [104], suggesting that spinal reflex excitability
is adjusted based on the type of exercise training protocol.

Nonetheless, the aforementioned changes in H-reflex
amplitude can result from modifications of interneuronal
circuits interposed in the spinal pathway or by changes on
the strength of descending pathways, since the latter is potent
regulator of spinal reflex circuits behavior [105–107]. This
is supported by the failed operant conditioning of the H-
reflex in rats when the corticospinal tract was transected at
the spinal cord level [108, 109].

Limited evidence exists on plastic changes of the cor-
tical control of spinal reflexes after locomotor training in
neurological disorders. Forty BWSTT sessions in 29 patients
with incomplete SCI reestablished the TMS-induced long-
latency soleus H-reflex facilitation with subjects at rest [110].
It should be noted that BWS improves the efficacy of the
sensorimotor cortex function [111], decreases the TA MEP
threshold, and increases the map size for the TA in both
hemispheres of stroke patients [112]. Nonetheless, when
TMS effects on spinal reflexes are assessed with patients at
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Figure 3: Soleus H-reflex modulation during assisted stepping before and after locomotor training in SCI. The unconditioned soleus H-
reflex modulation before (dashed lines) and after (solid lines) 60 sessions of body weight-supported treadmill training (BWSTT) (a) and the
conditioned soleus H-reflex by subthreshold TMS at the conditioning-test interval of 1 ms (b) are indicated as a function of the step cycle.
The mean amplitude of the unconditioned and conditioned soleus H-reflexes evoked at each bin is expressed as a percentage of the maximal
M-wave evoked 80 ms after the test H-reflex. TMS was delivered at 0.95 times MEP threshold for the soleus muscle at a conditioning-test
interval of 1-ms. Unconditioned and conditioned soleus H-reflexes were accepted when the associated M-waves ranged from 4 to 8% of the
maximal M-wave evoked at each bin. H-reflex values are not indicated for some of the bins after BWSTT because they were not accepted
based on the M-wave amplitude as a percentage of the maximal M-wave, which is different from not being evocable as was the case for
before BWSTT. The step cycle was divided into 16 equal time windows or bins. Stance phase duration is identified by the grey region. Bin 1
corresponds to heel strike. Bins 8, 9, and 16 correspond approximately to stance-to-swing transition, swing phase initiation, and swing-to-
stance transition, respectively.

a resting state, it cannot be assumed that corticospinal
changes due to training are transferrable at a locomotor state
and thus be functional relevant. This is largely based on that
(1) short-latency ankle or quadriceps extensor reflexes (H- or
stretch reflexes) are modulated in a phase-dependent pattern
in uninjured subjects [113–115], (2) the phase-dependent
modulation of these reflexes is affected substantially in
individuals with an SCI [115–117], and (3) cortical control
constitutes one of the sources for the phasic patterned reflex
excitability during human walking [86].

In Figure 3(a), the soleus H-reflex recorded during BWS
assisted stepping according to methods described in detail
[115, 118, 119], before and after 60 BWSTT sessions, is
indicated for the same patient whose TA MEP modulation
pattern was described in Figure 2. After 60 BWSTT sessions,
the maximal reflex excitability shifted, with respect to the
step cycle phase, from mid- to early stance (bins 1–3),
while a maintained H-reflex excitability commonly observed
throughout the stance phase in uninjured subjects [115] was
absent before and after training (Figure 3(a)). However, after
60 BWSTT sessions the soleus H-reflex amplitude increased
during the late swing phase (bins 12–16), consistent to a
reflex behavior observed in some control subjects [120]. The
effects of subthreshold TMS on the soleus H-reflex at a C-T
interval of 1-ms during BWS assisted stepping are indicated
as a function of the step cycle before and after 60 BWSTT ses-
sions in Figure 3(b). It is clear that, after 60 BWSTT sessions,
subthreshold TMS affected substantially the soleus H-reflex
during the stance phase resulting in a progressive increase

of the soleus H-reflex amplitude. The soleus H-reflex
amplitude was maintained throughout the stance phase
(compare bins 1–8 in Figures 3(a) and 3(b)). Modifications
in synaptic actions of cortical inhibitory circuits exerted on
soleus motor neurons might be the source of these changes
since the phasic soleus H-reflex excitability during BWS
assisted stepping with or without leg assistance by a robotic
exoskeleton remains unaltered [115, 118].

4. Spinal Interneuronal Inhibitory Circuits:
Reciprocal Ia Inhibition

One of the spinal interneuronal circuits with paramount
contribution to the neural control of movement is that
of disynaptic reciprocal Ia inhibition. Reciprocal inhibition
refers to an automatic antagonist motor neuron inhibi-
tion when an agonist muscle contracts. Following an SCI,
the reciprocal inhibition is either reduced or replaced by
reciprocal facilitation [121–124] leading to coactivation of
antagonist ankle muscles, spasticity, and poor movement
performance.

Regulation of locomotion by reflexly mediated spinal
circuits that integrate sensory inputs is well established.
The contribution of muscle afferents mediating information
about the amplitude and rate of muscle stretch is easily
recognized by the phase-dependent modulation of short-
latency spinal reflexes during walking. The short-latency
soleus and quadriceps extensor reflexes (stretch, tendon, or
H-reflex) in humans are modulated in a way that promotes
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bipedal gait. The ankle stretch and soleus H-reflexes increase
progressively from mid- to late stance in parallel with
the soleus EMG activity and are significantly depressed or
abolished during the swing phase of gait [113–115, 125]. A
phase-dependent modulation has been demonstrated for the
ankle stretch reflex in the high decerebrate mesencephalic cat
[126].

The soleus H-reflex depression during the swing phase in
humans has been partly ascribed to reciprocal Ia inhibition
exerted from common peroneal nerve group I afferents
on soleus motor neurons, which is regulated in a similar
manner to that reported in animals and corresponds largely
to absent reciprocal inhibition in the stance phase and
maximal in the swing phase [127, 128]. During fictive loco-
motion in cats without brainstem connections, simultaneous
extracellular recordings from Ia inhibitory interneurons and
intracellular recordings from lumbar motor neurons revealed
that hyperpolarization of soleus α motor neurons coincided
with activity of Ia inhibitory interneurons [129, 130]. Ia
inhibitory interneurons were rhythmically active due to
periodic excitation and not due to periodic inhibition by
other spinal inhibitory interneurons [130]. Recent evidence
obtained from spinalized animals verified that reciprocal
Ia inhibition contributes to hyperpolarization of motor
neurons during the inactive (flexion) phase of locomotion
[131].

4.1. Cortical Control of Reciprocal Ia Inhibition. Animal
studies through intracellular recordings provided a detailed
knowledge of the pathway and integration of segmental and
supraspinal convergence at the interneuronal level [132–135]
with volleys in the corticospinal tract to exert an excitatory
effect over Ia inhibitory interneurons [136]. In monkeys,
intracortical stimulation revealed that the same interneurons
mediate the disynaptic inhibition of motor neurons evoked
by corticospinal fibers and the disynaptic inhibition of
motor neurons evoked by group Ia afferents of antagonist
muscles [137]. Further, motor neurons and Ia inhibitory
interneurons were activated in parallel by supraspinal centers
in order to secure a coordinated contraction of agonists and
relaxation of antagonists [138, 139].

Descending control of reciprocal inhibition has clearly
been postulated in humans. In particular, the reciprocal
inhibition exerted from common peroneal nerve group I
afferents on soleus motor neurons was observed 50 ms before
the onset of TA EMG activity [140]. Further, when subjects
attempted to dorsiflex the ankle after the common peroneal
nerve was blocked with a local anesthetic a strong soleus H-
reflex depression was still evident [141]. The test H-reflex
facilitation, induced by TES applied to the scalp below the
intensity needed to produce a motor response, was quickly
terminated by subsequent arrivals of IPSPs at the motor
neurons [88]. These IPSPs might be produced by activity
in Ia inhibitory interneurons, which in monkeys receive
monosynaptic tract projections [142]. Single subthreshold
TES reduced the inhibition of the flexor carpi radialis
H-reflex evoked by radial nerve stimulation at a latency
compatible with a monosynaptic or disynaptic corticospinal
projection to Ia inhibitory interneurons [143]. Descending
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Figure 4: Cortical control of spinal reflex circuits after locomotor
training in SCI. Mean size (n = 20) of soleus H-reflex conditioned
by common peroneal nerve stimulation at the conditioning-
test interval of 3 ms, which reflects the amount of reciprocal
Ia inhibition (RCI), soleus H-reflex conditioned by subthreshold
TMS (TMS + H-reflex) at a C-T interval of 1 ms, and reciprocal
inhibition conditioned with subthreshold TMS (TMS + RCI) at C-
T intervals of 1 and 3 ms, respectively. Data are from the same
patient. The size of the conditioned H-reflexes is expressed as a
percentage of the mean amplitude of the control soleus H-reflex.
Error bars indicate the SEM, and asterisks denote a statistically
significant difference (paired t-test, P < 0.05) for conditioned H-
reflexes recorded before and after 60 BWSTT sessions.

facilitation of Ia inhibitory interneurons has also been
documented for the human leg [87, 89].

4.2. Reorganization of Cortical Control of Reciprocal Ia
Inhibition after Training. Findings on the reorganization of
reciprocal inhibition as a result of motor training in health
and disease are limited. Stimulation of the common peroneal
nerve with a train of 10 pulses at 100 Hz with and without
motor cortex stimulation potentiated reciprocal inhibition in
control subjects [144]. Reciprocal inhibition was potentiated
after 12 sessions of ankle dorsiflexion strength training when
measured at the onset of ankle dorsiflexion but remained
unchanged when measured with subjects at rest [145].

In Figure 4, the mean amplitude of the soleus H-reflex
conditioned by stimulation of common peroneal nerve
group I afferents at a C-T interval of 3 ms and established
according to methods outlined in detail [146], which repre-
sents the amount of reciprocal inhibition (RCI), before and
after 60 BWSTT sessions with subject seated (same patient
for data previously described in Figures 2 and 3 is indicated as
a percentage of the control H-reflex). Further, the soleus H-
reflex conditioned by subthreshold TMS at a C-T interval of
1 ms and the reciprocal inhibition conditioned by subthresh-
old TMS (C-T intervals: 3 and 1 ms, resp.) as a percentage
of the control H-reflex is indicated. It is apparent that
locomotor training reestablished the reciprocal inhibition
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Figure 5: Changes in the cortical control of reciprocal Ia inhibition
after locomotor training in SCI. Net effects of subthreshold tran-
scranial magnetic stimulation (TMS) on reciprocal Ia inhibition
during BWS assisted stepping before and after 60 body weight-
supported treadmill training (BWSTT) sessions. The net effects
of subthreshold TMS on reciprocal inhibition were estimated at
each bin of the step cycle based on the equation (D-C)-(B-A)
whereas A is the test H-reflex during stepping, B is the soleus
H-reflex conditioned by subthreshold TMS during stepping at a
conditioning-test (C-T) interval of 1 ms, C is the soleus H-reflex
conditioned by common peroneal nerve stimulation (i.e., reciprocal
inhibition) at a C-T interval of 3 ms during stepping, and D is the
reciprocal inhibition conditioned by subthreshold TMS (3 and 1 ms
C-T intervals). Positive values indicate potentiation of reciprocal
inhibition and negative values indicate attenuation of reciprocal
inhibition by cortical inputs.

exerted from flexor group I afferents on soleus motor neu-
rons, potentiated the soleus H-reflex depression following
subthreshold TMS, and potentiated the reciprocal inhibition
conditioned by subthreshold TMS, consistent with findings
reported in uninjured subjects (see Figure 4 in [147]).

The net effects of subthreshold TMS on the reciprocal
inhibition during BWS-assisted stepping before and after
60 BWSTT sessions are indicated in Figure 5 for the same
patient. The net effects (or net modulation) were estimated at
each bin of the step cycle based on the equation (D-C)-(B-A)
whereas A is the test soleus H-reflex (baseline soleus H-
reflex modulation pattern during stepping), B is the soleus
H-reflex conditioned by subthreshold TMS, C is the soleus
H-reflex conditioned by common peroneal nerve stimulation
(i.e., reciprocal inhibition), and D is the reciprocal inhibition
conditioned by subthreshold TMS. Positive values indicate
potentiation of reciprocal inhibition and negative values
indicate attenuation of reciprocal inhibition. Locomotor
training contributed significantly to attenuation of reciprocal
inhibition exerted from ankle flexor afferents to extensor
motor neurons during the stance phase. Most importantly,
potentiation of reciprocal inhibition at swing phase initiation
(i.e., bin 9 in Figure 5) was evident. Adaptation of cortical

control of reciprocal inhibition after locomotor training
supports that changes of corticospinal neuronal pathways
interacting with Ia interneurons are possible in people with a
chronic SCI, although altered corticospinal interactions with
other spinal inhibitory interneurons, such as Renshaw cells
and presynaptic inhibitory interneurons, cannot be excluded
[85, 148, 149].

5. Conclusion

SCI changes the human body homeostasis leading to myriad
changes of multiple systems. In most cases, the spinal
cord is not completely severed and thus some fiber tracts
and segmental spinal cord circuits remain intact. Based on
the plastic capabilities of the central nervous system, it is
apparent that the adult lesioned motor system reorganiza-
tion occurs spontaneously after an injury and after train-
ing. Electrophysiological studies have shown that BWSTT
increases the MEP amplitude, changes the common drive of
antagonist muscles from corticospinal inputs with subjects
seated, and alters the TA MEP modulation pattern during
BWS assisted stepping. Further, BWSTT reestablished the
TMS-induced long-latency soleus H-reflex facilitation and
potentiated the short-latency soleus H-reflex depression fol-
lowing subthreshold TMS with subjects at rest, while cortical
modulation of the soleus H-reflex during stepping changed
significantly. Lastly, BWSTT changed the cortical control of
reciprocal inhibition during BWS assisted stepping in a man-
ner that promotes bipedal gait. These findings support the
notion that improvements in locomotor function from
treadmill training are mediated, in part, by changes in the
corticospinal drive of spinal reflex circuits, spinal interneu-
ronal circuits, and output of leg muscles during walking.

6. Perspective

Plasticity in the brain and spinal cord underlying restoration
of lost function can be driven by appropriately designed
interventions [150, 151]. Development of such interventions
depends largely on gaining a detailed understanding of the
underlying neural mechanisms that support restoration of
motor function. Based on this brief paper it is clear that
there is a need for translational neuroscience research in
order that the neural mechanisms underlying restoration of
lost voluntary motor function are outlined based on specific
clinical cases. This body of knowledge will contribute signif-
icantly to the development of new rehabilitation strategies
and/or optimization of the currently available strategies,
and to patient-orientated rehabilitation protocols promoting
evidence-based rehabilitation.

Abbreviations

BWS: Body weight support
BWSTT: Body weight-supported treadmill training
C-T: Conditioning-test
EMG: Electromyographic
EPSPs: Excitatory postsynaptic potentials
IPSPs: Inhibitory postsynaptic potentials
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MEP: Motor evoked potentials
SCI: Spinal cord injury
TA: Tibialis anterior
TMS: Transcranial magnetic stimulation
TES: Transcranial electric stimulation.
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Hand function depends on sensory feedback to direct an appropriate motor response. There is clear evidence that somatosensory
cortices modulate motor behaviour and physiology within primary motor cortex. However, this information is mainly from
research in animals and the bridge to human hand control is needed. Emerging evidence in humans supports the notion
that somatosensory cortices modulate motor behaviour, physiology and sensory perception. Transcranial magnetic stimulation
(TMS) allows for the investigation of primary and higher-order somatosensory cortices and their role in control of hand
movement in humans. This review provides a summary of several TMS protocols in the investigation of hand control via the
somatosensory cortices. TMS plasticity inducing protocols reviewed include paired associative stimulation, repetitive TMS, theta-
burst stimulation as well as other techniques that aim to modulate cortical excitability in sensorimotor cortices. Although the
discussed techniques may modulate cortical excitability, careful consideration of experimental design is needed to isolate factors
that may interfere with desired results of the plasticity-inducing protocol, specifically events that may lead to metaplasticity within
the targeted cortex.

1. Introduction

There is emerging evidence that alterations in somatosensory
processing may underlie challenges in hand control after
neurological injury. Abnormalities in somatosensory phys-
iology and perception are observed in clinical populations
such as stroke and focal hand dystonia [1, 2]. Evidence
suggests that somatosensory-based therapies provide tem-
porary benefits [3–5]. To translate fundamental science
into effective therapies aimed at long-term improvements
in hand function, a comprehensive understanding of the
role of somatosensory cortex must be incorporated into
models of hand control. In recent years, the use of plasticity-
inducing transcranial magnetic stimulation (TMS) protocols
has become a powerful tool to investigate the neural activity
within the hand representations in primary somatosensory
(SI) and primary motor (M1) cortices, touch perception
and motor behavior. Such protocols have furthered our
understanding of the somatosensory contributions to hand
function.

Somatosensory input is represented in multiple corti-
cal areas, similar to other sensory areas. The significance
of multiple cortical representations of the hand remains
unclear, although one hypothesis is that each area con-
tributes a particular attribute to the process of sensory-
guided movement [6]. Emphasis has largely been directed to
understanding processing in SI. This information has served
clinical neuroscience well as decades of monkey research
have exposed fundamental principles of neural plasticity
that have instructed formulas for rehabilitation training in
patient groups [4]. SI which encompasses the postcentral
gyrus is composed of at least four subareas in monkeys [7, 8]
and humans [9, 10] that include 3a, 3b, 1, and 2. With the
exception of 3b, evidence in monkey species demonstrates
that all sub-areas project directly to M1 [11–18]. Higher-
order somatic loci such as the secondary somatosensory
cortex or Brodmann’s area 5 share particular features such
as large neural receptive fields and gross somatotopy [19,
20]. Area 5, located in the superior parietal lobule, is
particularly interesting since it appears to be dominated by
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the representation of the hand and upper limb [21, 22] and
is largely absent in species lacking opposable thumbs [21, 22]
suggesting its emergence with skilled thumb manipulation
[21]. The projection from area 5 to M1 is considered to be as
dense as that which originates from SI [23].

There is substantial evidence that alterations in SI
activity can affect somatosensation, M1 physiology, and
motor control. In monkeys, manipulation of peripheral
input through nerve crush or digit amputation [24] or
experience [25] leads to neuroplastic changes within the
postcentral gyrus. Lesions directly to SI such as the removal
of the hand and arm representations within areas 1, 2,
and 3 elevate detection thresholds by 3–6 times [26], while
damage to area 1 leads to deficits in texture perception, and
damage to area 2 impairs the percepts of curvature and
form [27]. In monkeys, direct manipulation of SI activity
alters motor behaviour. Injection of muscimol in the SI
region leads to loss of finger coordination [28], cooling the
postcentral gyrus leads to clumsy, slow movements, and poor
coordination [29], and lesioning impairs the acquisition of
new motor skills [30]. Direct manipulation of SI activity also
alters neural responsiveness within M1. Tetanic stimulation
applied to SI in cats increases the responsiveness in M1
neurons [31, 32]. Cooling the postcentral gyrus increases
the background activity in M1 neurons, suggesting that
SI may have a net inhibitory influence on M1 [29]. In
another study, the SI versus M1 effects on EMG activity
were compared using intracortical microstimulation during
wrist movements. Compared to M1, stimulation to SI yielded
a smaller percentage of neurons that altered EMG activity,
and this change was more often suppression rather than
facilitation of EMG activity [33]. Collectively, these data
indicate that alterations to SI influence neural mechanisms
that underpin somatosensory and motor processing.

In humans, understanding somatosensory physiology
and its influence on M1 activity and motor control of the
hand is important to basic and clinical neuroscience. This
review is focussed on the use of plasticity-inducing TMS
protocols to further the understanding of somatosensory
contributions to hand function. Identifying methods to
increase or decrease neural activity within hand represen-
tations may advance the development of therapies intended
to improve hand function in clinical populations. We focus
primarily on evidence that three TMS protocols applied to SI
modulate perception and neural activity within SI and M1
and include paired associative stimulation, repetitive TMS
and theta-burst TMS. For each, we briefly describe the neural
mechanisms that appear to underpin effects, the influence on
somatosensory and motor physiology, tactile perception and
motor behaviour when delivered over SI, and the potential
limitations of the technique. We subsequently describe
additional paradigms that have also provided evidence of
modulating SI activity.

2. TMS Plasticity-Inducing Protocols

Investigations into the somatosensory influence on M1
activity in humans often employ TMS paradigms to examine

corticospinal excitability and specific neural circuitry. We
briefly review specific TMS paradigms to measure such
circuitry and refer the reader to other reviews intended to
cover these topics more thoroughly [34, 35].

2.1. TMS Paradigms to Measure Corticospinal Excitability
and Intracortical Circuitry. Single-pulse TMS delivered over
a particular muscle representation within M1 at intensities
above threshold can evoke a motor response in that con-
tralateral muscle. The amplitude of the resultant motor-
evoked potential (MEP) recorded from the target muscle
reflects the excitability of corticospinal circuitry and spinal
motoneurons [36–38]. Using dual-pulse TMS paradigms,
intracortical inhibitory circuits within M1 may be tested
by controlling the interstimulus interval (ISI) between the
two TMS pulses delivered to M1. Short-interval intracortical
inhibition (SICI) occurs when the ISI is in the range of
1–6 ms [39–41], and long-interval intracortical inhibition
(LICI) occurs when the ISI is in the range of 50–200 ms
[42]. In SICI and LICI, the first TMS pulse acts to inhibit
the corticospinal output produced by the second TMS pulse
such that the MEP amplitude is reduced. In contrast, an
ISI in the range of 8–30 ms results in an increase in MEP
amplitude, circuitry referred to as intracortical facilitation
(ICF) [39]. ICF occurs when the first TMS pulse facilitates
the corticospinal output produced by the second pulse [39,
41]. In addition to circuitry within M1, interhemispheric
interactions between M1 in opposite hemispheres can be
studied. Using two TMS coils, one TMS pulse called
the conditioning stimulus (CS) is applied to M1 in one
hemisphere and is followed by a TMS pulse called the
test stimulus (TS) delivered to the opposite M1 [43]. This
circuitry is known as interhemispheric inhibition (IHI) and
is subdivided into short and long intervals with maximal
inhibition at ∼10 and 40 ms, respectively [44, 45]. Short-
(SIHI-) and long- (LIHI-) interval IHI appear to mediated
by different mechanisms since baclofen, a GABAB receptor
agonist, alters LIHI without changing SIHI [46]. In addition
to circuitry probed within and between motor cortices, other
neural interactions can be assessed by pairing peripheral
nerve stimulation or cutaneous stimulation of the hand
with a TMS pulse over M1. ISIs of approximately 20–50 ms
or 200–1000 ms decrease motor excitability, effects known
as short-latency afferent inhibition (SAI) or long-latency
afferent inhibition (LAI), respectively [47–49].

2.1.1. Paired Associative Stimulation. Paired associative stim-
ulation (PAS) involves peripheral nerve stimulation followed
by a TMS pulse delivered over the cortex, typically M1. Pairs
of nerve-cortex stimuli are applied repetitively and result in
long-lasting changes in cortical excitability [50]. Depending
on the interstimulus interval (ISI) between the peripheral
nerve stimulation and the TMS pulse, PAS can elicit changes
in corticospinal excitability, indexed by increases or decreases
in MEP amplitude, respectively. PAS applied with an ISI of
25 ms (PAS25) increases MEP amplitude [50, 51], while a
10 ms ISI (PAS10) decreases MEP amplitude [52]. Changes
in cortical excitability persist for approximately 30 to 60
minutes following PAS [50, 53].
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The PAS protocol was developed based on animal models
of spike timing-dependent plasticity, particularly long-term
potentiation (LTP)/depression (LTD) (for review, see [54,
55]). It has been proposed that PAS induces long-lasting
changes in M1 circuitry via LTP/LTD-like mechanisms of
cortical synapses, with the direction of excitability dependent
on the interval between stimuli [50–52]. The bidirectional
effects of PAS are dependent upon the temporal order of
the paired stimuli. This timing is known to modulate the
levels of postsynaptic calcium concentrations via N-methyl-
D-aspartate (NMDA) receptor activation which ultimately
determines the LTP- or LTD-like effects [54]. The arrival of
peripheral afferent stimuli to the motor cortex via horizontal
corticocortical fibres with the near simultaneous TMS pulse
delivered over M1 leads to MEP facilitation suggesting LTP-
like effects. In contrast, if the temporal order is reversed
with the TMS pulse reaching the motor area first, the MEPs
show LTD-like suppression. Temporal order is a feature
associated with LTP/LTD [54]. Further, PAS effects localized
to the target APB muscle do not carry over to muscle
representations distant from the paired electrical inputs [56].
This is in line with LTP/LTD mechanisms thought to be
associated with input specificity demonstrated in the rat
motor cortex [54, 57]. Last, blocking NMDA receptor activity
abolishes the PAS effects in humans [58, 59] and rats [60].

Long-lasting changes in M1 excitability are induced for
up to an hour following the use of the PAS technique which
combines somatosensory afferent input and direct modula-
tion of cortical activity using TMS. Though several studies
have demonstrated the influence of PAS on corticospinal
excitability as measured via MEPs [50, 52], it appears that
intracortical circuits are unaffected [51, 61]. However, using
a lower-intensity PAS protocol whereby median nerve stimu-
lation is paired with single-pulse TMS over M1 (i.e., intensity
to elicit a 0.5 mV MEP versus 1 mV used in other studies),
long-lasting changes in inhibitory intracortical circuits of
M1 were observed [62]. Specifically, following PAS25, long-
interval intracortical inhibition (LICI) was reduced and
long-latency afferent inhibition (LAI) was reduced when
the ISI between the CS and TS was 150 ms. In contrast,
PAS10 increased LICI, while LAI showed a nonsignificant
increase. Interestingly, at an ISI of 240, the direction of LAI
reversed with PAS25 and PAS10, emphasizing the importance
of intervals between stimulation. PAS10 decreased SICI, while
the effects of PAS25 were inconsistent [62]. Overall, this work
demonstrates that PAS, a technique that manipulates the
arrival of the somatosensory afferent volley and M1 cortical
activity, can indeed modulate intracortical circuitry within
M1.

PAS has also been used to demonstrate changes in SI
excitability. PAS may be performed by pairing median nerve
stimulation with TMS pulses delivered directly over SI.
The interval between the nerve and SI stimulation may be
determined by using the individual latencies of the N20 SEP
potential. Using this technique, intervals that aim to closely
time the arrival of the afferent volley with the TMS pulse
applied to SI lead to a facilitation of the P25 SEP. In contrast,
when the SI TMS pulse is delivered in advance of the arrival
of the afferent volley by ∼20 ms, the P25 is decreased [63]

in line with an inhibitory versus excitatory effect of short
versus long intervals, respectively. However, a recent study
was unable to replicate these findings [64] possibly related to
the lower intensities used for the SI TMS pulse (120% versus
150% RMT) and median nerve stimulation (110% of motor
threshold versus 300% perceptual threshold). Thus, it may
be that PAS over SI may require higher TMS intensities than
that required by PAS over M1. In one study using a similar
paradigm, the effects of PAS on single- and paired-median
nerve SEPs were evaluated in controls and patients with focal
hand dystonia [65]. In contrast to the previous report, PAS
did not significantly alter SEPs in the healthy control group.
PAS did however increase SEPs and intracortical inhibition
in FHD [66].

2.2. PAS Considerations. The facilitatory and inhibitory
effects of PAS 25 and 10 ms are altered by prior neural
activity. This effect known as metaplasticity describes a
change in the neuroplasticity effects as a result of the recent
history [67]. Preconditioning with 250 suprathreshold TMS
pulses delivered at 0.1 Hz eliminates the PAS 25 facilitation
and PAS 10 suppression. Subthreshold TMS and also median
nerve stimulation preconditioning did not abolish the PAS-
25-induced facilitation though they did prevent the increase
from achieving statistical significance [68]. Similarly, motor
training involving the thumb blocks the PAS- 25-induced
facilitation [69, 70] and either leaves PAS-induced inhibition
unchanged [69] or enhances the inhibition [70]. These
data suggest that limiting neural activity is an important
determinant for observing PAS facilitation and inhibition,
and that a prior history of activity within the neural targets
of PAS will affect the outcome of this plasticity-inducing
protocol.

The after effects of PAS seem to be more effective depend-
ing on the time of day, suggesting that circadian rhythms
and hormonal fluctuations may influence the magnitude of
PAS effects [71]. PAS was significantly more effective in the
afternoon compared to morning sessions [71]. Having the
subject directed their attention to the stimulated hand also
increases the magnitude of PAS effects [72].

There is conflicting evidence of the effects of PAS on
spinal circuit excitability. While authors report no changes
in spinal excitability with the use of F-waves [56, 59], others
have recently found changes at the spinal level with the use of
H-reflex recruitment curves [73, 74]. The authors conclude
that the PAS-induced increase of the H-reflex is due to a
decrease in the presynaptic inhibition of Ia terminals [74].
It is important to note, however, that the latter group used
a modified version of PAS in which the stimulation protocol
was delivered at a faster rate of 0.2 Hz and applied 240 paired
pulses [73, 74]. Facilitatory PAS protocols which deliver
more stimuli at a higher rate [71] comparably induce greater
increases in MEP amplitude than standard PAS [56]. It is
possible that paired stimulus parameters of greater intensity,
frequency, and number of pulses may induce a greater degree
of descending modulation of spinal circuitry than standard
PAS protocols.
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2.2.1. Repetitive TMS. TMS, applied repetitively, can be
used to induce short-term changes in cortical excitability.
The effects of repetitive TMS (rTMS) are dependent on
the stimulus parameters of the protocol, with the main
determinants being the frequency of pulse delivery and the
intensity [75]. RTMS delivered at frequencies ≤1 Hz lead
to the suppression of MEP amplitude [76] and increased
MEP amplitude when applied at frequencies ≥1 Hz [77, 78].
RTMS has also been shown to alter intracortical circuitry
such that SICI decreases [79].

The physiological basis of increases and decreases in
cortical excitability with high- versus low-frequency rTMS
has been attributed to LTP and LTD of cortical synapses
[34, 80]. In rat models, 1 Hz rTMS reduced the number
of calbindin D-28k- (CB-) positive cells suggesting that
inhibitory activity of interneurons controlling synaptic input
to pyramidal cells was altered [81]. Within two hours
following 1 Hz rTMS, GAD 67 expression related to GABA
synthesis in the cytosol was reduced, while GAD 65 related
to GABA synthesis for neurotransmission was unaltered [82].
However, one to seven days following stimulation, GAD 65,
GAD 67, and GAT1 GABA transport expression increased
suggesting longer-term changes in inhibitory neural circuits
[82].

In humans, Satow et al. (2003) investigated the influence
of low-frequency rTMS (0.9 Hz) over the left-hemisphere
motor hotspot for APB and at two alternate positions 3 cm
anterior and 3 cm posterior to the hotspot. Effects were only
induced at the APB site which the authors refer to as the
“sensorimotor” site [83]. Somatosensory-evoked potentials
(SEPs) were unchanged though thresholds for the detection
of tactile stimuli using Von Frey filaments increased for 0–
8 minutes on the right index finger [83]. Tactile frequency
discrimination on the left hand was impaired following
1 Hz rTMS over right SI with the duration of impairment
related to the duration of rTMS [84]. The longest perceptual
impairment persisted for 8 minutes and occurred following
twenty minutes of rTMS low-frequency rTMS [84]. Spa-
tial acuity measured using 2-point discrimination is also
impaired following 1 Hz rTMS over SI, although the effects
on wrist proprioception were variable [85].

High-frequency rTMS applied to SI alters tactile acuity
and physiology. Gains in tactile spatial acuity achieved using
tactile coactivation paradigms were further improved by
combining it with high-frequency rTMS (5 Hz) over SI
[86]. A subsequent report by this group used paired-median
nerve stimulation whereby 5 Hz rTMS over SI reduced
the inhibition of the second SEP within the pair [87].
5 Hz rTMS applied over SI was subsequently shown to
improve tactile spatial acuity on the index finger and increase
the representation of that finger within SI [88]. Similar
findings for tactile frequency discrimination and enlarged
cortical activation within SI were subsequently reported [89].
There is also evidence to suggest that high-frequency rTMS
facilitates somatosensory learning. The learning of a spatial
discrimination task was improved when paired with high-
frequency (15 Hz) rTMS over SI. In contrast, rTMS did not
improve the learning of a frequency discrimination task [90].

In humans, rTMS has been applied to SI to investigate the
after effects on motor behaviour and M1 physiology. Vidoni
et al. (2010) studied the influence of low-frequency rTMS
over SI on the ability to learn a motor tracking task. Real
and sham 1 Hz rTMS was applied over SI, while participants
learned to perform a visually cued wrist flexion/extension
tracking task. Participants receiving real rTMS demonstrated
greater errors in tracking during task acquisition and at a
second testing session the following day when no rTMS was
delivered [85]. Pleger et al (2006) used high-frequency rTMS
over SI to investigate effects on SI and M1 physiology. Fol-
lowing 5 Hz rTMS, functional magnetic resonance imaging
(fMRI) revealed that a cluster of voxels within ipsilateral M1
was shown to be negatively correlated with improvements in
tactile frequency discrimination. Further, participants who
showed the best perceptual performance had the greatest
activation increases in SI and the lowest activation increases
within M1. This study also demonstrated that 5 Hz rTMS
over SI increases the effective connectivity between SI and
M1 [89].

2.3. Repetitive TMS Considerations. One consideration in
attempting to induce rTMS effects relates to monitoring
muscle activity during stimulation. In one study, the effects
of 5 Hz rTMS over M1 were modified by flexion or extension
of the wrist during rTMS application [91]. SICI in flexor
carpi radialis was decreased following rTMS paired with
wrist flexion and increased with wrist extension. Similarly,
SICI in extensor carpi radialis was decreased following
rTMS paired with wrist extension and increased with wrist
flexion [91]. No effects on ICF were observed. A recent
review highlights evidence that neural activity prior to rTMS
either by priming with an independent TMS protocol or
voluntary muscle activation influences the after effects of the
interventional rTMS protocol [92] suggesting metaplasticity.
These data suggest that the state of muscle activity during
rTMS can strongly modify select circuitry within M1.

Low-frequency rTMS over SI has been shown to have
only slight, nonsignificant effects on SEPs recorded from
ipsilateral SI [93]. Interestingly, median nerve stimulation
followed by single-pulse TMS to M1 at ISIs of 150 ms
has shown reductions in contralateral SI SEP components
(N20p-P25 & P25-N33), possibly through secondary effects
of corticocortical projections from the contralateral, non-
stimulated M1 [94]. This suggests that SI changes may be
more responsive to TMS manipulations of activity within M1
compared with those directly applied to SI.

Technical aspects of rTMS are an important consider-
ation. In general, the coil orientation, stimulus intensity
and frequency are factors that can be controlled by the
experimenter. Tings et al. (2005) performed 5 Hz rTMS
over M1 using both PA and AP orientations in separate
sessions. Monophasic rTMS in the PA orientation induced
facilitation of MEP amplitudes, whereas monophasic rTMS
with AP orientation suppressed MEP amplitudes [95].
Berger et al. (2011) delivered 1 Hz rTMS at intensities of
40%, 80%, and 100% RMT. MEP amplitudes decreased for
the lowest intensity, while no significant change was observed
at 80% RMT, and facilitation was recorded at 100% RMT
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[96]. Quartarone et al. (2005) also showed an intensity-
dependent relationship. No increase in MEP amplitude was
found following rTMS at 90% AMT, but when intensity
was increased to 90% RMT, MEP amplitude significantly
increased over time [97]. Overall, the technical parameters
of rTMS should be carefully considered in order to produce
the desired after effect (for further review, see [98, 99]).

2.3.1. Theta-Burst Stimulation. A novel form of repetitive
TMS called theta-burst stimulation (TBS) is composed of
bursts of three pulses delivered at 50 Hz and repeated at
5 Hz [100] and is designed to mimic LTP and LTD inducing
paradigms in animal models [57, 101–104]. TBS can be
applied in a continuous (cTBS) or an intermittent (iTBS)
pattern to induce short-term plasticity changes within the
cortex. CTBS involves uninterrupted bursts of TBS pulses
over a short period of time, while iTBS consists of a 2-second
train of TBS repeated every 10 seconds [100].

The neural mechanisms that mediate TBS effects in
humans remain unclear, though information obtained from
rat models is advancing our understanding. At the cellular
level, TBS delivered over rat cortex alters the expression of
glutamic acid isoforms GAD 65 and GAD 67 and GAT-
1 [82]. GAT-1 is a presynaptic GABA transporter, GAD
65 is important for GABA synthesis for the purpose of
neurotransmission [105], and GAD 67 supports GABA
synthesis within the cytosol [106]. Two hours following
TBS, GAD 65, and GAT-1 expression were increased, while
GAD 67 was decreased [82]. One to seven days following
stimulation opposite effects were found; GAD 65 and GAT-1
expression decreased while GAD 67 increased. The acute and
longer-term effects were observed for both iTBS and cTBS
[82]. These findings demonstrate that both TBS protocols
promote GABA-related activity within targeted cortex. How-
ever, iTBS versus cTBS protocols appear to have different
effects on the expression of cortical proteins involved in
inhibitory cortical systems. Inhibitory neurons that influence
the synchronization of pyramidal cells express parvalbumin
(PV), while those that control dendritic input to pyramidal
cells and other interneurons express calbindin D-28k (CB)
[107]. ITBS reduced the number of PV-positive cells, while
CTBS decreased the number of CB expressing cells [81].
The suggestion from these authors is that iTBS may target
the inhibition of pyramidal cell output neurons, and cTBS
alters the inhibitory activity of interneurons that control the
synaptic inputs to pyramidal cells [81]. Collectively, the rat
model has demonstrated that neural mechanisms of TBS
involve changes to the inhibitory neuronal circuitry within
the targeted cortex. It remains unclear whether the findings
in the rat model are translatable to human TBS studies that
typically employ a single-600-pulse TBS protocol.

In humans, evidence suggests that TBS paradigms may
be related to LTP/LTD-like effects and GABAergic activity
[108]. Using magnetic resonance spectroscopy (MRS), cTBS
increased GABA concentration within targeted cortex [109],
and it was suggested that cTBS at 80% AMT stimulates
GABAA interneurons whose elevated activity is maintained
via GAD 65 expression, and later, by elevated GABA within
the cytoplasm via GAD 67. In addition to altering cortical

inhibition, evidence in humans also suggests that TBS
modulates activity in glutamatergic systems. Although MRS
revealed no change in glutamate concentration following
cTBS [109], the effects of cTBS are abolished after NMDA
receptor blockage [110, 111]. Therefore, cTBS protocols may
alter activity in both inhibitory and excitatory circuitry.
Dopamine also contributes to the mechanisms of iTBS
and cTBS, and effects are abolished following D2 receptor
blockage [112].

Several studies have examined TBS paradigms applied
over M1. CTBS over M1 decreases MEPs for 20–60 minutes
[100, 113, 114] and reduces SICI [100, 113, 115]. In contrast,
iTBS applied over M1 increases MEP amplitude for 15–
20 minutes [100, 114] and increases SICI [100, 115]. TBS
provides an opportunity to modulate cortical excitability at
both the site of stimulation and remote areas. For example,
cTBS over M1 reduces MEP amplitude bilaterally [116].
In another study, cTBS over M1 decreases MEPs in the
stimulated hemisphere and increases MEPs evoked from the
nonstimulated M1 [115]. ITBS applied over M1 increases
MEPs in the stimulated hemisphere [100, 115] and decreases
MEP amplitude in the non-stimulated hemisphere [115].

Investigating the effects of TBS over SI, Ishikawa et al.
(2007) delivered cTBS to left SI (2 cm posterior to M1)
and recorded SEPs elicited from right and left median
nerve stimulation. Following cTBS over left SI, a reduction
in the amplitude of SEP components P22-N30 and P25-
N33, elicited from the right but not left median nerve, was
observed for 13 minutes following stimulation as measured
by two time blocks at 0–3 and 10–13 minutes [116]. No
significant suppression of SEP amplitude was observed at 20
minutes following stimulation [116]. To probe the perceptual
effects of the reduced SEP amplitude following cTBS, Rai
et al. 2011 (in press) examined tactile temporal and spatial
amplitude discrimination thresholds before and following
cTBS over left SI defined as a point 2 cm posterior to
motor hotspot. In line with the reduction in SEP amplitude
following cTBS over left SI [116], temporal discrimina-
tion threshold (TDT) and spatial amplitude discrimination
threshold (SDT) were impaired, and thresholds were elevated
following stimulation at certain time intervals for up to 18
minutes. It is notable that the psychophysical changes (up
to 18 minutes) appear to slightly exceed the physiological
changes (13 minutes) following cTBS. In particular, changes
in TDT between 1–3 and 11–14 minutes are in line with SEP
changes following cTBS [117]. A recent study explored SEPs
and high-frequency oscillations (HFOs) before and following
cTBS and found that HFOs only were suppressed at 15
minutes following stimulation [118].

Intermittent TBS applied over SI also provides the
opportunity to modulate SI physiology and perception.
Katayama and Rothwell (2007) applied iTBS over left SI
(2 cm posterior to left M1) and measured SEPs elicited
from the right median nerve. Following stimulation, SEP
amplitudes (N200-N20p, N20p-P25, and P25-N33) were
increased at 15 and 30 minutes following stimulation [119].
In another study, Premji et al., (2010) applied iTBS over
left SI and measured SEPs elicited from the right and
left median nerves before and at 5, 15, and 25 minutes
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following stimulation. The amplitude of the N20-P25 SEP
was increased at 15 to 25 minutes in the stimulated SI and for
5 minutes in the non-stimulated hemisphere [120]. Similarly,
iTBS applied to left SI facilitated SEPs at 15 and 30 minutes
(N20o-N20p at 15 min; N20p-P25 at 15 and 30 minutes)
[118]. In the same study, following iTBS, no changes were
observed in early or late HFOs. Perceptual benefits have also
been observed following iTBS over SI. An improvement in
tactile spatial acuity on the right index finger was observed
for up to 30 minutes following iTBS over left SI [121].

Continuous TBS has been used to investigate the influ-
ence of SI on the excitability within M1. Ishikawa et al.,
(2007) delivered cTBS over SI and observed that MEPs were
unchanged. Our lab has recently furthered this investigation
by probing the influence SI on corticospinal excitability,
intracortical and interhemispheric motor circuitry for the
representation of the first dorsal interosseous muscle (FDI)
of the hand (paper in preparation). We observed that cTBS
over left-hemisphere SI increases the corticospinal output of
the contralateral hand (increased MEPs), leads to modest
but insignificant increases in contralateral ICF and ipsilateral
SIHI, and does not alter SICI. Importantly, the influence
on corticospinal excitability is specific to the direction of
induced current, a topic that will be discussed later within
this paper, and relates to the discrepancy between previous
findings [116] and ours.

In addition to the influence of SI, higher-order
somatosensory loci may also influence M1 activity. One
such area that has been a focus of interest in our lab is
Brodmann’s area 5. Using dual coil TMS, we observed that
area 5 facilitates M1 output to the FDI muscle of the hand
when the thumb and index finger receive tactile stimulation
[122]. We recently investigated the influence of area 5 on
M1 corticospinal excitability and circuitry [123]. CTBS,
iTBS, and sham TBS were delivered over area 5, and MEPs,
SICI, and ICF were measured from the FDI muscle on
each hand for up to one hour following stimulation. MEPs
were increased bilaterally following cTBS, increased in the
contralateral hand following iTBS and unchanged in the
sham group. ICF and SICI were unchanged [123]. Further,
cTBS over left-hemisphere area 5 increases SIHI in the
ipsilateral hand [124]. Our studies in area 5 have led to the
conclusion that higher-order somatic loci provide powerful
modulation over the corticospinal and transcallosal output
of M1 neurons. Comparing the results of our studies from
area 5 versus SI, it appears that higher-order loci have may
have a more potent influence on M1 activity, at least by the
measures we obtained.

2.4. TBS Considerations. Although cTBS and iTBS protocols
have been in use since the original publication appeared in
2005 [100], evidence continues to accumulate that the after
effects are not always as predicted. We observed that both
iTBS, thought to induce LTP-like effects, and cTBS, thought
to induce LTD effects, lead to the same outcome following
delivery over area 5 [125]. Similarly, another study has shown
that cTBS and iTBS delivered over SI act similarly, such that
both cTBS and iTBS each act to reduce the amplitude of
laser-evoked potentials [126].

The effects of TBS are also dependent on stimulus
intensity and the direction of induced current within the
cortex. Some studies have demonstrated a lack of excitability
change, or an effect in the opposite direction to the original
observations by Huang et al. (2005), and this may relate
to the intensity of TBS delivered. In contrast to the MEP
suppression following cTBS delivered at 80% active motor
threshold [100], cTBS at 70% rest motor threshold increases
MEP amplitude [127, 128]. Less intense cTBS and iTBS
delivered at 70% active motor threshold did not alter
MEP amplitudes [129]. Another important consideration
is the direction of induced current in the cortex. TBS is a
biphasic waveform paradigm that may be applied with a coil
orientation to induce a posterior-to-anterior initial phase
followed by anterior-to-posterior (PA-AP) current in the
cortex or vice versa (AP-PA). When applied with an AP-PA-
induced current flow, cTBS led to increased MEP amplitude
in the ipsilateral hand, in contrast to PA-AP cTBS which
had no bilateral effect [115]. CTBS delivered in the AP-PA
orientation induced a stronger effect on MEP amplitudes
when the two orientations were matched in absolute stimulus
intensity [113]. Together, these studies indicate that the
effects of TBS are determined by parameters of stimulus
intensity and direction of induced current in the brain.

Metaplasticity is also a consideration for TBS protocols.
Muscle activity preceding, during, or immediately following
TBS may alter after effects. CTBS-induced suppression and
iTBS-induced facilitation of MEPs were abolished when
stimulation was applied during simultaneous 10% MVC of
the target muscle [130]. In contrast, muscle contraction
performed for 1 minute following iTBS enhanced MEP
facilitation and reduced the MEP inhibition [130]. Similarly,
facilitation of MEP amplitude was observed following 300-
pulse cTBS [127]. However, facilitation was replaced with
inhibition when cTBS was preceded by 5 minutes of
isometric thumb contraction at ∼25% MVC [127]. When
a brief cTBS protocol of 150 pulses is delivered one minute
after facilitatory iTBS, the enhancement effect is abolished
[131]. Likewise, a brief iTBS protocol shortly following cTBS
abolishes any depressive effects on MEP amplitude [131].

3. Additional TMS Protocols to Induce SI
Plasticity

In monkeys, the excitability of M1 pyramidal tract neurons is
altered in response to stimulation of peripheral nerves [132].
In humans, peripheral nerve stimulation also modulates
corticospinal excitability and circuitry within M1. Corti-
cospinal excitability is decreased for 20–1000 ms following
median nerve stimulation [49], and with the addition of
cutaneous stimulation to the digit, ICF is enhanced [133].
SICI is reduced following cutaneous stimulation of the
index finger [134]. Magnetoencephalography studies have
demonstrated that the 20 Hz rhythm generated in the motor
cortex is increased 20–1000 ms (tested at intervals of 200 ms)
following median nerve stimulation and suppressed during
voluntary movement and motor imagery of the hand [135,
136]. At shorter intervals and in contrast to SAI and LAI,
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median nerve stimulation followed by single-pulse TMS to
M1 at ISIs of 45–70 ms facilitates corticospinal excitability
circuitry involved in ICF, while decreasing SICI, an effect
named afferent-induced facilitation [137]. The aforemen-
tioned studies demonstrate that somatosensory afferent
input is capable of transiently modifying M1 circuitry
directed at muscles of the hand.

Longer-lasting changes in M1 excitability can be ob-
served following manipulation of somatosensory afferent
input. Blocking the peripheral afferent volley from synapsing
within SI may also induce changes within M1. In humans,
ischemic nerve block (INB) has been used to reproduce
deafferentation, and TMS protocols may be used to examine
changes in motor excitability. Compared to pre-INB mea-
sures, muscles proximal to the INB in the upper [138–140]
and lower limb [140] demonstrate increased MEP amplitude,
indicating that alterations in afferent input modulate the
corticospinal excitability of M1. After INB, low-frequency
rTMS (0.1 Hz) at a rate which does not induce excitability
changes in the cortex in normal conditions significantly
increased MEP amplitude, SICI, and ICF to a greater
extent than INB alone [138]. However, in the same study,
rTMS applied to the ipsilateral side of the INB canceled
the MEP enhancement and decreased ICF, indicating M1
interhemispheric effects. The authors suggest that deaf-
ferentation permits the circuitry within M1 to be more
susceptible to plastic changes [138]. Furthermore, MRS has
clearly indicated that GABA, an inhibitory neurotransmitter,
is decreased following INB in humans [141] leading the
authors to suggest that INB-induced changes may involve
a release of the SI to M1 inhibitory influence allowing the
motor circuitry to be subsequently enhanced.

Another promising TMS-plasticity approach is called
quadripulse stimulation (QPS) and involves four monopha-
sic pulses delivered at 0.2 Hz for 30 minutes with effects that
persist for 75 minutes following stimulation [142]. QPS is
thought to modulate activity within M1 excitatory neural
circuits [143, 144]. At short interpulse intervals ranging from
1.5 to 10 ms, MEPs are facilitated, while longer intervals (50,
100 ms) lead to a decrease in MEP amplitude. The greatest
facilitation and suppression are observed at intervals of 5 and
50 ms, respectively [145]. One study has examined the use
of QPS over M1 to alter excitability within contralateral SI
as measured using SEPs [146]. The amplitude of the P25-
N33 component was enhanced during both 5 and 50 ms
QPS. However, at 30 minutes following QPS, only the 5 ms
QPS paradigm led to a sustained increase in the P25-N33
that persisted for up to 90 minutes following stimulation
[146]. These data suggest that QPS at 5 ms is a powerful
modulator of SI excitability with effects that may outlast
other TMS plasticity-inducing approaches. The threshold
from LTD to LTP-like effects is modified by prior history of
cortical activity [145], similar to the reversal of effects seen
when voluntary contraction precedes TBS protocols [127].

4. Conclusion

This paper has illustrated the importance of understanding
hand function through contributions of the somatosensory

cortex using TMS plasticity-inducing protocols. Evidence
clearly demonstrates that plasticity-inducing TMS protocols
are a powerful tool to modulate SI physiology, tactile
perception, and neural activity within M1. PAS, rTMS,
and TBS are repetitive forms of TMS brain stimulation
that may be used to alter the neurophysiology of cortical
circuitry related to hand control. TMS paired with measures
of physiology and/or perception further the understanding
of the neural mechanisms that underpin somatosensory-
guided hand control. This information is fundamental to
creating new therapeutic applications of TMS plasticity
protocols for clinical populations such as stroke and dystonia
that present with impaired hand movement. An important
consideration in all TMS techniques described in this paper is
the state of neural activity within cortex prior to application
of the plasticity-inducing stimulation since all protocols
appear to be sensitive to metaplastic effects. Further, stimulus
parameters such as intensity, orientation, and frequency
influence the outcome of TMS protocols and are therefore
important considerations in experimental design. Through
further use of TMS plasticity-inducing protocols, we will
continue to advance the understanding of sensorimotor hand
control and further optimize protocols to evoke desired
effects. This latter step will be a key element for future
studies that aim to use plasticity-inducing TMS protocols as
a potential therapeutic avenue to improve hand function.

References

[1] R. J. Nudo and K. M. Friel, “Cortical plasticity after stroke:
implications for rehabilitation,” Revue Neurologique, vol. 155,
no. 9, pp. 713–717, 1999.

[2] T. Elbert, V. Candia, E. Altenmüller et al., “Alteration of
digital representations in somatosensory cortex in focal hand
dystonia,” NeuroReport, vol. 9, no. 16, pp. 3571–3575, 1998.

[3] N. N. Byl, E. A. Pitsch, and G. M. Abrams, “Functional
outcomes can vary by dose: learning-based sensorimotor
training for patients stable poststroke,” Neurorehabilitation
and Neural Repair, vol. 22, no. 5, pp. 494–504, 2008.

[4] K. E. Zeuner, W. Bara-Jimenez, P. S. Noguchi, S. R. Goldstein,
J. M. Dambrosia, and M. Hallett, “Sensory training for
patients with focal hand dystonia,” Annals of Neurology, vol.
51, no. 5, pp. 593–598, 2002.

[5] K. E. Zeuner and F. M. Molloy, “Abnormal reorganization in
focal hand dystonia—sensory and motor training programs
to retrain cortical function,” NeuroRehabilitation, vol. 23, no.
1, pp. 43–53, 2008.

[6] V. B. Mountcastle, The Sensory Hand, Neural Mechanisms
of Somatic Sensation, Harvard University Press, Cambridge,
Mass, USA, 2005.

[7] J. H. Kaas, R. J. Nelson, and M. Sur, “Multiple representations
of the body within the primary somatosensory cortex of
primates,” Science, vol. 204, no. 4392, pp. 521–523, 1979.

[8] M. M. Merzenich, J. H. Kaas, M. Sur, and C. S. Lin, “Double
representation of the body surface within cytoarchitectonic
areas 3b and 1 in ’SI’ in the owl monkey (Aotus trivirgatus),”
Journal of Comparative Neurology, vol. 181, no. 1, pp. 41–73,
1978.

[9] P. A. Gelnar, B. R. Krauss, N. M. Szeverenyi, and A. V. Apkar-
ian, “Fingertip representation in the human somatosensory



8 Neural Plasticity

cortex: an fMRI study,” NeuroImage, vol. 7, no. 4, pp. 261–
283, 1998.

[10] A. J. Nelson and R. Chen, “Digit somatotopy within cortical
areas of the postcentral gyrus in humans,” Cerebral Cortex,
vol. 18, no. 10, pp. 2341–2351, 2008.

[11] S. Ghosh, C. Brinkman, and R. Porter, “A quantitative study
of the distribution of neurons projecting to the precentral
motor cortex in the monkey (M. fascicularis),” Journal of
Comparative Neurology, vol. 259, no. 3, pp. 424–444, 1987.

[12] H. Aizawa and J. Tanji, “Corticocortical and thalamocortical
responses of neurons in the monkey primary motor cortex
and their relation to a trained motor task,” Journal of
Neurophysiology, vol. 71, no. 2, pp. 550–560, 1994.

[13] E. G. Jones, J. D. Coulter, and S. H. C. Hendry, “Intracortical
connectivity of architectonic fields in the somatic sensory,
motor and parietal cortex of monkeys,” Journal of Compar-
ative Neurology, vol. 181, no. 2, pp. 291–347, 1978.

[14] E. G. Jones and T. P. S. Powell, “Connexions of the somatic
sensory cortex of the rhesus monkey: II.-Contralateral
cortical connexions,” Brain, vol. 92, no. 4, pp. 717–730, 1969.

[15] E. G. Jones and T. P. S. Powell, “Connexions of the somatic
sensory cortex of the rhesus monkey: I.-ipsilateral CORTI-
CAL connexions,” Brain, vol. 92, no. 3, pp. 477–502, 1969.

[16] T. P. Pons and J. H. Kaas, “Corticocortical connections
of area 2 of somatosensory cortex in macaque monkeys:
a correlative anatomical and electrophysiological study,”
Journal of Comparative Neurology, vol. 248, no. 3, pp. 313–
335, 1986.

[17] B. A. Vogt and D. N. Pandya, “Cortico-cortical connections
of somatic sensory cortex (areas 3, 1 and 2) in the rhesus
monkey,” Journal of Comparative Neurology, vol. 177, no. 2,
pp. 179–191, 1978.

[18] P. Zarzecki, Y. Shinoda, and H. Asanuma, “Projection from
area 3a to the motor cortex by neurons activated from group
I muscle afferents,” Experimental Brain Research, vol. 33, no.
2, pp. 269–282, 1978.

[19] H. Sakata, Y. Takaoka, A. Kawarasaki, and H. Shibutani,
“Somatosensory properties of neurons in the superior pari-
etal cortex (area 5) of the rhesus monkey,” Brain Research,
vol. 64, pp. 85–102, 1973.

[20] Y. Iwamura, A. Iriki, and M. Tanaka, “Bilateral hand repre-
sentation in the postcentral somatosensory cortex,” Nature,
vol. 369, no. 6481, pp. 554–556, 1994.

[21] J. Padberg, J. G. Franca, D. F. Cooke et al., “Parallel evolution
of cortical areas involved in skilled hand use,” Journal of
Neuroscience, vol. 27, no. 38, pp. 10106–10115, 2007.

[22] J. Padberg, E. Disbrow, and L. Krubitzer, “The organization
and connections of anterior and posterior parietal cortex
in titi monkeys: do new world monkeys have an area 2?”
Cerebral Cortex, vol. 15, no. 12, pp. 1938–1963, 2005.

[23] G. R. Leichnetz, “Afferent and efferent connections of the
dorsolateral precentral gyrus (area 4, hand/arm region) in
the macaque monkey, with comparisons to area 8,” Journal
of Comparative Neurology, vol. 254, no. 4, pp. 460–492, 1986.

[24] M. M. Merzenich, R. J. Nelson, M. P. Stryker, M. S. Cynader,
A. Schoppmann, and J. M. Zook, “Somatosensory cortical
map changes following digit amputation in adult monkeys,”
The Journal of Comparative Neurology, vol. 224, pp. 591–605,
1984.

[25] C. Xerri, M. M. Merzenich, W. Jenkins, and S. Santucci,
“Representational plasticity in cortical area 3b paralleling
tactual- motor skill acquisition in adult monkeys,” Cerebral
Cortex, vol. 9, no. 3, pp. 264–276, 1999.

[26] R. H. LaMotte and V. B. Mountcastle, “Disorders in
somesthesis following lesions of parietal lobe,” Journal of
Neurophysiology, vol. 42, no. 2, pp. 400–419, 1979.

[27] M. Carlson, “Characteristics of sensory deficits following
lesions of Brodmann’s areas 1 and 2 in the postcentral gyrus
of Macaca mulatta,” Brain Research, vol. 204, no. 2, pp. 424–
430, 1981.

[28] O. Hikosaka, M. Tanaka, M. Sakamoto, and Y. Iwamura,
“Deficits in manipulative behaviors induced by local injec-
tions of muscimol in the first somatosensory cortex of the
conscious monkey,” Brain Research, vol. 325, no. 1-2, pp.
375–380, 1985.

[29] J. Brinkman, J. G. Colebatch, R. Porter, and D. H. York,
“Responses of precentral cells during cooling of post-central
cortex in conscious monkeys,” Journal of Physiology, vol. 368,
pp. 611–625, 1985.

[30] C. Pavlides, E. Miyashita, and H. Asanuma, “Projection from
the sensory to the motor cortex is important in learning
motor skills in the monkey,” Journal of Neurophysiology, vol.
70, no. 2, pp. 733–741, 1993.

[31] A. Iriki, C. Pavlides, A. Keller, and H. Asanuma, “Long-term
potentiation in the motor cortex,” Science, vol. 245, no. 4924,
pp. 1385–1387, 1989.

[32] T. Sakamoto, L. L. Porter, and H. Asanuma, “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 Research, vol. 413, no. 2, pp.
360–364, 1987.

[33] G. L. Widener and P. D. Cheney, “Effects on muscle activity
from microstimuli applied to somatosensory and motor
cortex during voluntary movement in the monkey,” Journal
of Neurophysiology, vol. 77, no. 5, pp. 2446–2465, 1997.

[34] M. Hallett, “Transcranial magnetic stimulation: a primer,”
Neuron, vol. 55, no. 2, pp. 187–199, 2007.

[35] J. Reis, O. B. Swayne, Y. Vandermeeren et al., “Contribution
of transcranial magnetic stimulation to the understanding of
cortical mechanisms involved in motor control,” Journal of
Physiology, vol. 586, no. 2, pp. 325–351, 2008.

[36] B. L. Day, J. C. Rothwell, P. D. Thompson et al., “Motor cortex
stimulation in intact man. 2. Multiple descending volleys,”
Brain, vol. 110, no. 5, pp. 1191–1209, 1987.

[37] J. C. Rothwell, P. D. Thompson, B. L. Day et al., “Motor cortex
stimulation in intact man. I. General characteristics of EMG
responses in different muscles,” Brain, vol. 110, no. 5, pp.
1173–1190, 1987.

[38] N. T. Petersen, H. S. Pyndt, and J. B. Nielsen, “Investigating
human motor control by transcranial magnetic stimulation,”
Experimental Brain Research, vol. 152, no. 1, pp. 1–16, 2003.

[39] T. Kujirai, M. D. Caramia, J. C. Rothwell et al., “Corticocorti-
cal inhibition in human motor cortex,” Journal of Physiology,
vol. 471, pp. 501–519, 1993.

[40] L. Roshan, G. O. Paradiso, and R. Chen, “Two phases of
short-interval intracortical inhibition,” Experimental Brain
Research, vol. 151, no. 3, pp. 330–337, 2003.

[41] Z. Ni, C. Gunraj, and R. Chen, “Short interval intracorti-
cal inhibition and facilitation during the silent period in
human,” Journal of Physiology, vol. 583, no. 3, pp. 971–982,
2007.

[42] J. Valls-Solé, A. Pascual-Leone, E. M. Wassermann, and
M. Hallett, “Human motor evoked responses to paired
transcranial magnetic stimuli,” Electroencephalography and
Clinical Neurophysiology, vol. 85, no. 6, pp. 355–364, 1992.

[43] A. Ferbert, A. Priori, J. C. Rothwell, B. L. Day, J. G. Colebatch,
and C. D. Marsden, “Interhemispheric inhibition of the



Neural Plasticity 9

human motor cortex,” Journal of Physiology, vol. 453, pp.
525–546, 1992.

[44] S. Kukaswadia, A. Wagle-Shukla, F. Morgante, C. Gunraj,
and R. Chen, “Interactions between long latency afferent
inhibition and interhemispheric inhibitions in the human
motor cortex,” Journal of Physiology, vol. 563, no. 3, pp. 915–
924, 2005.

[45] Z. J. Daskalakis, B. K. Christensen, P. B. Fitzgerald, L.
Roshan, and R. Chen, “The mechanisms of interhemispheric
inhibition in the human motor cortex,” Journal of Physiology,
vol. 543, no. 1, pp. 317–326, 2002.

[46] K. Irlbacher, J. Brocke, J. V. Mechow, and S. A. Brandt,
“Effects of GABAA and GABAB agonists on interhemispheric
inhibition in man,” Clinical Neurophysiology, vol. 118, no. 2,
pp. 308–316, 2007.
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“Modulation of intracortical neuronal circuits in human
hand motor area by digit stimulation,” Experimental Brain
Research, vol. 149, no. 1, pp. 1–8, 2003.

[134] M. C. Ridding and J. C. Rothwell, “Afferent input and
cortical organisation: a study with magnetic stimulation,”
Experimental Brain Research, vol. 126, no. 4, pp. 536–544,
1999.

[135] R. Salmelin and R. Hari, “Spatiotemporal characteristics
of sensorimotor neuromagnetic rhythms related to thumb
movement,” Neuroscience, vol. 60, no. 2, pp. 537–550, 1994.

[136] R. Salmelin and R. Hari, “Characterization of spontaneous
MEG rhythms in healthy adults,” Electroencephalography and
Clinical Neurophysiology, vol. 91, pp. 237–248, 1994.

[137] H. Devanne, A. Degardin, L. Tyvaert et al., “Afferent-induced
facilitation of primary motor cortex excitability in the region
controlling hand muscles in humans,” European Journal of
Neuroscience, vol. 30, no. 3, pp. 439–448, 2009.



12 Neural Plasticity

[138] U. Ziemann, B. Corwell, and L. G. Cohen, “Modulation of
plasticity in human motor cortex after forearm ischemic
nerve block,” Journal of Neuroscience, vol. 18, no. 3, pp. 1115–
1123, 1998.

[139] U. Ziemann, M. Hallett, and L. G. Cohen, “Mechanisms of
deafferentation-induced plasticity in human motor cortex,”
Journal of Neuroscience, vol. 18, no. 17, pp. 7000–7007, 1998.

[140] J. P. Brasil-Neto, J. Valls-Sole, A. Pascual-Leone et al., “Rapid
modulation of human cortical motor outputs following
ischaemic nerve block,” Brain, vol. 116, no. 3, pp. 511–525,
1993.

[141] L. M. Levy, U. Ziemann, R. Chen, and L. G. Cohen, “Rapid
modulation of GABA in sensorimotor cortex induced by
acute deafferentation,” Annals of Neurology, vol. 52, no. 6, pp.
755–761, 2002.

[142] M. Hamada, R. Hanajima, Y. Terao et al., “Quadro-pulse
stimulation is more effective than paired-pulse stimulation
for plasticity induction of the human motor cortex,” Clinical
Neurophysiology, vol. 118, no. 12, pp. 2672–2682, 2007.

[143] M. Hamada and Y. Ugawa, “Quadripulse stimulation—a new
patterned rTMS,” Restorative Neurology and Neuroscience,
vol. 28, no. 4, pp. 419–424, 2010.

[144] Y. Z. Huang, M. Sommer, G. Thickbroom et al., “Consensus:
new methodologies for brain stimulation,” Brain Stimulation,
vol. 2, no. 1, pp. 2–13, 2009.

[145] M. Hamada, Y. Terao, R. Hanajima et al., “Bidirectional long-
term motor cortical plasticity and metaplasticity induced by
quadripulse transcranial magnetic stimulation,” Journal of
Physiology, vol. 586, no. 16, pp. 3927–3947, 2008.

[146] M. Hirose, H. Mochizuki, S. J. Groiss, Y. Tanji, K. Nakamura,
and S. Nakatani-Enomoto, “On-line effects of quadripulse
transcranial magnetic stimulation (QPS) on the contralat-
eral hemisphere studied with somatosensory evoked poten-
tials and near infrared spectroscopy,” Experimental Brain
Research, vol. 214, pp. 577–586, 2011.



Hindawi Publishing Corporation
Neural Plasticity
Volume 2012, Article ID 970136, 10 pages
doi:10.1155/2012/970136

Review Article

Plasticity of Adult Sensorimotor System in Severe Brain Infarcts:
Challenges and Opportunities

Annette Sterr1 and Adriana Bastos Conforto2, 3

1 School of Psychology, University of Surrey, Guildford GU2 7XH, UK
2 Neurology Clincal Division, Hospital das Clinicas, São Paulo University, 05403-000 São Paulo, SP, Brazil
3 Instituto Israelita de Ensino e Pesquisa, Hospital Israelita Albert Einstein, 05652-900 São Paulo, SP, Brazil

Correspondence should be addressed to Annette Sterr, a.sterr@surrey.ac.uk

Received 4 December 2011; Accepted 9 January 2012

Academic Editor: Jacques-Olivier Coq

Copyright © 2012 A. Sterr and A. B. Conforto. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Functional reorganization forms the critical mechanism for the recovery of function after brain damage. These processes are
driven by inherent changes within the central nervous system (CNS) triggered by the insult and further depend on the neural
input the recovering system is processing. Therefore these processes interact with not only the interventions a patient receives,
but also the activities and behaviors a patient engages in. In recent years, a wide range of research programs has addressed the
association between functional reorganization and the spontaneous and treatment-induced recovery. The bulk of this work has
focused on upper-limb and hand function, and today there are new treatments available that capitalize on the neuroplasticity of
the brain. However, this is only true for patients with mild to moderated impairments; for those with very limited hand function,
the basic understanding is much poorer and directly translates into limited treatment opportunities for these patients. The present
paper aims to highlight the knowledge gap on severe stroke with a brief summary of the literature followed by a discussion of the
challenges involved in the study and treatment of severe stroke and poor long-term outcome.

1. Background

The seminal discovery of adult brain plasticity in animals
and humans has hugely influenced the theories and concepts
applied in neurorehabilitation research and their translation
into practice, in particular with regards to movement deficits
in acquired brain injury [1, 2]. This work directly translated
into new and, in some cases, more efficient interventions
for patients with mild to moderate hemiparesis (e.g., [3–5]).
However, much less research has specifically investigated the
reorganization of the motor system in patients with poor or
minimal functional abilities and, most critically, the reha-
bilitation of these patients [6, 7]. This gap in the literature
may be present for a number of reasons. Firstly, standard
rehabilitation approaches are difficult to apply when patients
have little voluntary movement. Secondly, the lack of funding
for regular one-to-one physical therapy sessions beyond the
postacute phase, together with the common assumption that
substantial improvements in functional motor ability are

unlikely once the first 6 months of recovery have passed,
primes the health care system and patients to accept the
status quo. While the latter is true for the whole range
of functional recovery, the impact is particularly grave for
patients with poor functional recovery and also affects the
research effort. Thirdly, the motor system of patients with
poor residual recovery cannot easily be studied with the
paradigms adopted from basic science research, such as
finger opposition or grip movements. These methodological
challenges can be overcome by excluding patients with high
levels of spasm or by limiting the study group to those with
relatively good levels of motor control. As a result, the motor
system of patients with very poor recovery, in particular in
chronic state, has been studied much less than that of patients
with mild or moderate impairment. This translates directly
into studies on treatment efficacy, and indeed, the availability
of suitable treatments per se.

Based on the aforementioned considerations we argue
that research on the mechanisms of long-term recovery, and
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their interaction with treatment efficacy, needs to widen its
focus to the population of stroke survivors with severe long-
term motor deficits. Hereinafter we briefly summarise the
present literature and further discuss the challenges involved
in the study and treatment of patients with minimal motor
recovery.

2. Animal Models of Focal Ischemia versus
Human Strokes

On average, 80% of all strokes are ischemic, and 20% are
hemorrhagic [8]. Upper limb paresis occurs in 85% of the
patients and substantially impacts disability in the long term
[9]. Animal models have tried to reproduce stroke lesions
that occur in humans, with variable degrees of success. The
majority of focal ischemia models involve the middle cerebral
artery (MCA) territory, the most commonly affected arterial
territory in ischemic strokes in humans [10].

2.1. Animal Models of Focal Ischemia. Rat focal ischemia
models are frequently used because of low cost, similarities
between vasculatures of rats and humans, fewer concerns
from the general public compared to nonrodents, and
availability of clear behavioral outcomes [11–13].

Severe MCA infarcts in rodents leading to long-lasting
sensorimotor and cognitive deficits can be produced by
proximal MCA occlusion induced by electrocoagulation.
Complete or partial MCA occlusion can be also achieved by
insertion of an intraluminal filament. In the filament model,
mortality can be high if a large stroke is produced [14].

Other models lead to less severe morbidity and mortality.
For example, if endothelin-1 [15], a vasoconstrictor drug,
is injected topically or intracerebrally, the forelimb motor
cortex is typically spared, but infarcts vary in location and
extension depending on the sites and route of drug admin-
istration. In models of occlusion of the distal MCA or its
branches, cortical frontoparietal infarcts are associated with
less severe deficits than in the cortico-subcortical infarcts
produced by proximal MCA occlusion [16]. Furthermore,
multiple embolic infarcts can be produced in brain areas
supplied by the MCA, after injection of microspheres [17],
macrospheres [18], a thrombotic clot, or purified thrombin
into the internal carotid artery [19, 20]. Finally, light
activation of photosensitive dyes such as Rose Bengal makes
small cortical infarcts possible, by occlusion of cortical vessels
[21].

Many of these techniques have not been applied exclu-
sively to small animals such as rats, mice, gerbils, or rabbits,
but also to cats, dogs, pigs, and monkeys. Larger animals have
proportions of gray/white matter that are more similar to
those found in human brains, in contrast with lissencephalic
brains of rats and mice [22]. However, technical limitations
and costs limit widespread use of focal ischemia models in
larger animals. It is recommended, for instance, that new
drugs be tested first in rodents, before efficacy is investigated
in gyrencephalic species [23].

Animal models are a double-edged sword when used
to understand stroke pathogenesis. They offer powerful

opportunities: the possibility to objectively monitor behav-
ioral outcomes, manipulate experimental conditions, and
obtain images (MRI, microPET) or intracortical recordings
of neuronal activity in living animals; to scrutinize molecular
mechanisms of cell death and recovery; to work with
strains and transgenic animals that present hypertension,
atherosclerosis and obesity, among other factors that are
common in patients with stroke; and to perform post-
mortem histological evaluations.

Still, conclusions based on animal models of focal
ischemia must be examined with caution. For instance,
small, selective cortical infarcts leading to mild sensorimotor
deficits that tend to improve quickly are present in some
of the models but are not common in humans, even
though similar clinical features can occur in subcortical,
lacunar infarcts. In addition, background pathophysiology
is not shared between focal cerebral ischemia in rodents
and humans. Fast arterial recanalization is achieved in
several animal models, while in humans recanalization can
occur either after r-tPA administration or spontaneously
but, unfortunately, does not happen at an early phase after
ischemic injury in most patients [8, 24–27]. Lack of arterial
recanalization is strongly associated with more severe strokes
and lower probabilities of recovery. Furthermore, rodent
models have often included young healthy animals while, in
humans, the bulk of strokes is concentrated in the elderly
[28–32].

Age is a potent predictor of poor outcome in humans
[33, 34]. Interestingly, despite high mortality rates in old
mice, levels of recovery at four weeks have been reported
to be similar in aged and young animals [35]. Other factors
may contribute to poor outcome in humans, ranging from
different mechanisms underlying strokes in different age
groups to self-fulfilling prophecies in stroke care in the aged,
and importantly, to comorbidities that impact recovery.
Diabetes mellitus and atrial fibrillation, for instance, are
significantly associated with more severe outcomes and lower
chances of recovery [36, 37].

Hypertensive rats have poorer collateral blow flow and
also worse outcomes after focal ischemia than nonhyper-
tensive animals [38]. The demand for stroke models in
hypertensive, obese, and aged rodents has been underlined
[22]. Contrasts between the compelling efficacy of a myriad
of drugs in animal models of neuroprotection and the
systematic failure of the same drugs when administered to
patients in clinical trials underscore the requirement for ani-
mal models that more realistically approach human strokes
[13, 22, 39]. However, bigger rates of complications and
mortality in aged or unhealthy animals, technical difficulties
(anesthesia, complex surgeries in less flexible arteries, etc.),
and hence the greater costs involved present challenges for
advancements of research in the field. In particular, high
mortality rates limit the opportunity to study recovery of
animals with severe strokes in the chronic phase.

In summary, there is a gap between pathogenesis and
clinical features of severe strokes in humans and pathogenesis
and clinical features of the most widely used models of
focal ischemia in animals. High costs and lower expectations
for substantial improvements in activity or quality of life
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are also major obstacles for rehabilitation of patients with
severe strokes. Still, as stroke mortality decreases in parallel
with advances in health care, it is expected that more
patients with severe strokes will survive the acute phase over
the next decades. At the moment, successful rehabilitation
strategies for these patients are largely insufficient. Thus,
animal models of focal ischemia that match severe human
strokes more closely are deeply needed.

Despite these limitations, animal models have provided
unique insight on plastic mechanisms underlying sensor-
imotor recovery after focal ischemia, and on how to enhance
beneficial patterns of reorganization to obtain behavioral
gains (e.g., [40]). Constraint-induced movement therapy,
for instance, shown to improve motor outcomes in humans
with different types and sizes of strokes, was developed
based on seminal studies that underscored the importance
of the amount of use of the paretic limb to promote
enhancement of motor function [41, 42]. The phenomenon
was observed in monkeys with small cortical infarcts
submitted to intracortical microstimulation and behavioral
testing [42]. As mentioned before, such small infarcts
are rarely observed in humans, but still, the information
gained by the model was a major step forward in stroke
rehabilitation. Constraint-induced therapy has now been
successfully applied to patients with various types of strokes,
with more severe deficits and worse motor prognoses than
the monkeys included in the model of forced use of the
affected limb [1, 3, 43, 44].

2.2. Studying Recovery after Stroke in Humans: Neurophysiol-
ogy and Neuroimaging. Over the past decades, neuroimaging
and neurophysiology techniques have emerged as paramount
tools to study brain reorganization in humans [45–50].
Overall, functional neuroimaging studies in patients with
stroke have shown that good performance is associated with
augmented activity in preexisting networks during a motor
task, rather than assignment of networks that are not overtly
active during these tasks in healthy subjects. Furthermore,
incremental activity in undamaged areas may negatively
impact motor performance.

For instance, according to the model of interhemispheric
inhibition, an imbalance in activity between the ipsilesional
and the contralesional primary motor cortex (M1) can occur
after stroke [51, 52]. The ipsilesional M1 may be less able to
inhibit the contralateral M1. The disinhibited contralesional
M1, in turn, may excessively inhibit the ipsilesional M1. A
number of studies have shown that this imbalance in activity
between the two hemispheres can impair motor performance
of the affected hand, at least in some patients in the chronic
phase after stroke [51, 52]. Whether interhemispheric
callosal fibers mediate this phenomenon or whether it
depends on changes in activity of cerebellar or thalamic
pathways, remains an open question [52]. However, the vast
majority of published studies that investigated effects of
modulation of interhemispheric inhibition only included
patients with mild to moderate motor impairments, likely
due to difficulties in developing tasks and applying available

neurophysiology and neuroimaging tools to more severely
affected patients [51–59].

In regard to recruitment of ipsilesional or contralesional
secondary motor areas, striking differences in patterns of
function were unveiled when paradigms of investigation were
applied to patients with poor recovery, compared to those
of less affected patients or healthy subjects. Recruitment of
secondary motor areas occurs when the outflow from M1 is
disconnected from the spinal cord in large cortical, cortico-
subcortical or subcortical strokes, as well as in strokes that
strategically damage the corticospinal tract [60, 61]. At least
in part, more pronounced patterns of activity in secondary
motor areas in the ipsilesional and/or contralesional areas are
associated with more severe disruption of the corticospinal
pathway, and excessive activation of secondary motor areas
correlates with poorer motor behavior [48, 50, 62]. Whether
excessive activations of secondary motor areas or contrale-
sional M1 are maladaptive, whether they represent the best
possible remodeling option after severe injury, or whether
they may play “hero” or “villain” roles depending on motor
tasks/circumstances remains to be determined.

There are indications that motor performance may actu-
ally rely on activity of contralesional areas in more severely
affected patients. For instance, it has been shown that
transient disruption of the contralesional dorsal premotor
cortex by transcranial magnetic stimulation slows motor per-
formance of the paretic hand to a greater extent in patients
with worse motor performance compared to less impaired
patients [63]. In addition, activation of the contralesional
dorsal premotor cortex has been demonstrated to be greater
in patients with more severe hand motor impairment,
compared to healthy subjects and to less affected patients
[63]. On the other hand, disruption of the ipsilesional dorsal
premotor cortex increases reaction times in patients with
chronic stroke and mild motor impairments [64].

Together, these studies provide evidence that (1) con-
tralesional areas are positively, functionally relevant in at
least some well-recovered patients in the chronic phase; (2)
in patients with severe motor deficits, behavioral gains, albeit
small, may occur by augmented activity of networks that are
normally either minimally active or not active at all in healthy
brains. Severity of motor impairment seems to be a key factor
influencing patterns of rewiring after stroke, but age, brain
status before stroke, intensity, and timing of rehabilitative
interventions, among other factors, are also likely to play
pivotal roles in the process [33, 34, 65–67].

A key concept to develop effective rehabilitation inter-
ventions is heterogeneity of mechanisms underlying stroke as
well as plastic processes that lead to recovery of function after
neuronal injury. As they say, “different strokes for different
folks”. Stroke lesions and clinical presentations vary across
patients. Mechanisms underlying neurological impairment,
recovery of activity, and participation are also distinct.

Until now, most proof-of-principle studies or clinical tri-
als have excluded patients with severe sensorimotor impair-
ments and the lack of evidence-based effective interventions
has nurtured a nihilistic approach for rehabilitation of these
patients. Therefore, expansion of research about mechanisms
underlying reorganization after severe strokes is imperative.
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Moreover, patients with severe sensorimotor impair-
ments often present with cognitive impairments, depres-
sion and are faced with massive changes in psychosocial
interactions [68–70]. Further research efforts must not only
address restoration of sensorimotor function but also incor-
porate an integrative approach to target neuropsychiatric
domains, personal experience/expectations, environmental
conditions, and psychosocial factors.

3. Capitalizing on Adult Brain Plasticity to
Enhance Motor Recovery: Neural and
Behavioral Considerations

Changes to the functional organization of neural representa-
tions and their behavioral concomitants have been described
for a number of human study models such as amputates
(e.g., [71, 72], musicians [73, 74], blind (e.g., [75–78]) and
deaf persons (e.g., [79, 80]), as well as learning paradigms
(e.g., [81–84]). Together these studies suggest that sensory
representations are sensitive to enhanced or altered sensory
stimulation. This knowledge has the prospect to devise inter-
ventions that capitalize on the plastic capacities of the adult
brain, mainly training- or practice-based interventions. The
mechanisms of brain plasticity interact with psychological
processes and behavior and together provide a number of
considerations for the conceptualization of interventions.

3.1. Injury-Induced Plasticity. Injury to the peripheral or
central nervous system changes receptive field characteristics
of neurons and neural representations through deprivation
of the original afferent inputs these neurons receive [85, 86].
The key mechanisms driving this change are the disinhibition
of silent synapses, and the loss of inhibitory or excitatory
inputs from lesioned neural populations connected to none-
lesioned regions, including homologous areas in the two
hemispheres [87]. In both cases, it is important to appreciate
the effects of functional changes in nonlesioned areas and
their influence on the control of the impaired behavior. As
a consequence, rehabilitation efforts should not only focus
on the impaired function per se, for example, the affected
upper-limb in the case of hemiplegia, but also consider the
effects of use or nonuse of the lesser-affected extremities. This
is particularly relevant for patients with poor recovery as they
will most likely entirely rely on the less-affected extremity
in everyday behavior. This might, at least in theory, increase
the interhemispheric inhibition exerted by the nonlesioned
hemisphere.

3.2. Use-Related Reorganization. Sensory stimulation and
practice shapes neural representations [88]. These changes
are most likely driven through Hebbian mechanisms as well
as dendritic and axonal processes [89]. Critically, use-related
reorganization is not driven by increased neural activation
alone but heavily depends on the behavioral relevance of
the activity [90–92]. This association of sensory stimulation
and consequential changes in neural representations and
receptive field parameters has been demonstrated most
elegantly in monkeys who received auditory and tactile

simulation within the same protocol. Behaviorally, the
animals were only rewarded for responses in one of the two
stimulation modalities, and subsequent changes in the brain
were only observed for the rewarded modality. Thus this
data indicates that neural representations are only susceptible
to stimulation-induced reconfigurations if this stimulation
is attended to and of behavioral significance. Therefore, we
argue that interventions aiming to enhance recovery through
the induction of practice-induced plasticity not only need
to focus on the actual practice element of the intervention
but also consider how the intervention characteristics enforce
attention and provide tangible and motivating feedback.

3.3. Generic Effects of Information Processing Influencing
Motor Cognition. Motor control is a complex behavior that
goes far beyond motor execution and the processes typically
associated with primary motor cortex function. Cognitive
processes such as motor planning, error-monitoring and
attention can heavily influence motor performance. Motor
rehabilitation research, however, typically conceptualizes
motor function as the ability to execute a movement with
little consideration being given to the cognitive processes that
might influence this ability. For example, few studies have
investigated how much patients with hemiplegia benefit from
advanced movement preparation. Anticipatory processes
and motor planning modulate motor performance. The
respective behavioral costs or benefits result from percep-
tual, cognitive, and motoric components of the stimulus-
response cascade, such as stimulus-response mapping and
response selection. Few studies have investigated advanced
movement preparation in patients. A study by Verleger et
al. [93] suggests that well-recovered patients show little
difference to controls in a motor priming task. Using a
similar paradigm in patients with poor recovery, our group
found marked behavioural and electrophysiological differ-
ence between patients and matched control. Most strikingly,
the data suggests that patients are more sensitive to advance
information (manuscript submitted). Thus, it appears that
visual precues can facilitate or hinder apparent affected arm
abilities, and that the magnitude of this effect is modulated
by the severity of the motor deficit. While more research
is needed to fully understand the interaction of cognitive
processes, stroke severity, and motor performance, the
findings summarised previously suggest that using advance
movement information in a cognizant and explicit manner
may be a beneficial addition to rehabilitation interventions.

3.4. Behavior Modification. In order to translate improve-
ments in motor ability into real-world benefits, treatments
have to obtain not only better motor control over the
affected arm, but also a transfer of these newly acquired
abilities into the curriculum of everyday behaviors. This
translation essentially requires a modification of behavior.
Behavior change can be facilitated through a number of
measures falling under the CBT (cognitive behavioral ther-
apy) umbrella. These measures use not only learning prin-
ciples, which in themselves are likely to facilitate use-related
plasticity processes, but also tools that enhance motivation,
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adherence, and coping. The latter, again, are likely to increase
the patient’s engagement with the intervention, which in
turn is likely to improve outcome. Conceptualizing the
rehabilitation of motor function as changing motor behavior
rather than improving motor ability represents a significant
shift in theoretical perspective. It implies that practice-
based interventions should include treatment strategies that
actively support sustained learning and behavior change,
through the explicit use of learning principles and CBT
elements. The latter facilitates not only real-world benefit
but also enhances the processes of use-related functional
reorganization that drive improvements in motor control.

3.5. Psychological Barriers. Interview data (unpublished)
from patients with severe chronic hemiplegia indicates that
these patients experience disproportionate psychological and
service-related barriers. For example, statements such as “I
have lost my hand,” “I hate it (the hand) and want to
make it invisible”, and “it (the hand) looks horrible and
is no good; I’d cut it off if I could” suggest that patients
do not only face the actual physical impairment but also
face psychological barriers to using any residual ability. This
aspect is particularly important for interventions that rely on
motor practice because the patient’s engagement with the
intervention is directly linked to their ability to cope with
their disability. However, more often than not physiotherapy
is provided without considering the psychological barriers
associated with the use of the hemiplegic hand. We therefore
argue that in order to improve the prospects for patients
with low-functioning hemiparesis it is necessary to better
understand the psychology of poor recovery and build that
knowledge into motor rehabilitation interventions.

In addition to the psychological barriers low-functioning
patients seem to experience, our interview data suggests a
strong perception amongst these patients that the care system
is presumptuous and does not provide for them. This is
illustrated by comments such as “my doctors gave up on me
after 3 month,” “my GP said that my hand will not get better,”
“my physio tried to work with my hand initially but soon
gave up,” “the OT only taught me how to manage things
(with my good hand), I guess this was because she knew
that my (paretic) hand would be no good,” and “there is
nothing they can do for me because I cannot move.” These
comments highlight not only the need to understand the
patient perspective and a holistic approach to long-term care
of these patients, but also a critical need to develop motor
rehabilitation treatments that help patients to enhance their
residual motor ability and enhance its real world benefit.

3.6. Tiredness, Fatigue, and Daytime Sleepiness. Tiredness
and fatigue are a common concern in patients after stroke.
This affects not only the patients’ general levels of activity
but, of course, also the level of engagement with the therapy
process. Not a lot can be gained in a therapy session with
a tired patient! Moreover, tiredness and fatigue are linked to
sleep, and sleep is likely to be a modulating factor of recovery.
For example, Terdouzi et al. [94] has shown that poorer sleep
is associated with poorer long-term outcome. Moreover,

patients with chronic low-functioning hemiparesis seem to
suffer from sleep difficulties at least as frequently as the
general population [95]. This is an important point for a
number of reasons. Firstly, poor sleep is often associated with
higher daytime sleepiness. As a consequence, patients may
be more sleepy and hence less active during the day [96].
Secondly, poor sleep negatively affects daytime performance
and information processing. It is therefore likely to further
aggravate the difficulties patients already have with activities
of daily living and to reduce the benefit patients can get
from therapy and other activities. Finally, an increasing body
of literature suggests that sleep enhances brain plasticity
in general and procedural learning specifically (e.g., [97–
100]). Assuming that brain plasticity is the main driver for
the recovery of function, good and sufficient sleep is likely
to facilitate and probably enhance the rehabilitation effort.
Support for this assumption is provided by a series of studies
suggesting that motor learning can be positively influenced
by sleep [101, 102].

The issues raised previously are relevant to all patients
but probably have greater significance in patients with
poorer recovery. Therefore, treatments for these patients in
particular should incorporate measures to counter tiredness
and fatigue and monitor the quality of nocturnal sleep as well
as daytime sleepiness.

4. Overt and Covert Movement: Alternative
Ways of Stimulating the Motor System

Jeannerod’s theory of neural simulation [103] suggests a
shared neural network for the control of overt and covert
movement modalities such as movement observation and
motor imagery. This theoretical framework provides a
powerful tool for research in patients with poor recovery.

Generally, evidence from behavioral, neuroimaging, and
psychophysiological studies confirms Jeannerod’s notion of
equivalence in healthy populations. For example, several
fMRI studies have shown comparable activations in the
cortical motor regions when participants observe or imagine
hand movements (e.g., [104–107]). Thereby, these activities
are similar to the activations obtained when the same
movements are actually performed in the scanner. Typically,
these studies use tasks that can be practiced prior to
scanning and can be performed in the scanner. While
this approach yields interesting and important insights, it
lacks ecological validity, particularly with regard to the
rehabilitation context. Taking these considerations on board,
Szameitat and colleagues [108, 109] studied motor imagery
of complex actions, such as eating with knife and fork
or running. Using an fMRI paradigm, they successfully
demonstrated that imagery of such complex movements is
feasible in the scanner environment and leads to meaningful
activations in the motor system. These findings are not trivial
because complex everyday actions cannot be practiced prior
to the scanning. The person will therefore rely on their
motor memory rather than the experience obtained through
practicing the actual task (e.g., finger tapping) immediately
before the scanning begins. In this sense, the imagery
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of complex movements, by default, affords less stringent
experiment control. However, if motor imagery is to be
used as a study tool for patients with poor recovery, their
inability to move will prevent practice prior to scanning,
and therefore, these patients will also perform the task
by relying on their motor memory. Evidence showing the
feasibility and suitability of a paradigm that omits practice is
therefore particularly relevant for the application in patients
with poor residual recovery. Moreover, the study of complex
actions with fMRI opens the door to the investigation of the
representation of activities of daily living and the alteration of
those representations throughout recovery and/or treatment.

As mentioned previously, the cognitive processes
involved in advance movement preparation are likely to
play an important part in the person’s ability to function
in everyday life but might also enhance or hinder the
rehabilitation effort. Understanding to what extend the
principle of equivalence also holds for the higher cognitive
processes involved in motor planning is therefore important.
In a series of EEG experiments, Kranczioch and colleagues
[110, 111] directly compared execution, imagination, and
observation of finger movements in an advanced motor
preparation paradigm. These studies firstly showed that the
EEG-derived ERPs provide a good tool for the study of covert
movements. This is important because the high temporal
resolution of EEG typically requires precisely timed stimuli,
which is a challenge for the imagery condition. At the same
time, not all patients can part-take in MRI scanning (e.g.,
because of metal in their body) and EEG can therefore
provide an alternative method to study motor processes.

Covert movements not only provide a good vehicle to
study the reorganized motor system of those patients unable
to execute the kind of controlled hand movements used in
experimental paradigms requiring overt responses, but can
also be employed to induce enhanced neural activation of
motor circuitries which aids functional reorganization and
recovery. Coined by Sharma and colleagues as “a backdoor to
the motor system after stroke” [112], therapeutic approaches
using covert movement modalities have recently been tested
[7, 113–116]. While initial evidence is promising, there
are a number of questions that need to be answered in
due course. For example, literally all our knowledge on
covert movement has been obtained in younger persons,
typically University students. Aging is known to affect the
motor system (e.g., [117–119]); in fact, the way a person
moves is quite indicative of older age and frailty. It is
therefore not inconceivable that motor-specific mechanisms
of covert movement, determined in younger populations, are
differentially affected by age. Similarly, the ability to imagine,
or to focus on stimuli during observation, relies heavily on
cognitive and perceptual processes [120] and may therefore,
again, be modulated by age. The latter may of course also
be affected by the stroke [121, 122]. More research that
characterizes covert movement in healthy older persons
is therefore needed to help tailor treatment development.
In addition, it is presently unclear whether imagery and
observation provide equally suitable treatment pathways,
and how this interacts with lesion location. While several
studies have explored the effects of mental practice on

recovery [115], there is, to the best of our knowledge, no
direct comparison between these methods. Pilot data from
our group [123] suggests that motor imagery is best able
to activate the reorganized motor system in patients with
chronic sever hemiparesis.

5. Concluding Remarks

Poor long-term recovery of motor function after stroke
is a major public health issue and a big problem for
patients and their families. But treatment provision is not
satisfactory, research in this area is limited, and (at least
some) patients feel abandoned by the health care system.
A deeper understanding of the complexities involved in
motor control and their interaction with the mechanisms of
brain plasticity as well as psychological aspects of recovery
is needed not only to maximize the treatment outcome
for patients but also to tailor health service provisions and
support infrastructures accordingly. Despite the incredible
advancements in brain imaging and rehabilitation research,
and the growth of knowledge on brain plasticity over the last
20 years, there is little we can offer to patients with minimal
recovery at present. A targeted and interdisciplinary research
effort is required to meet the need for research and treatment
development. This is necessary for the sake of the individuals
affected as well as those who fund the health and welfare
systems.
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