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In the human brain, homologous regions of the primary motor cortices (M1s) are connected through transcallosal fibers. Interhemi-
spheric communication between the two M1s plays a major role in the control of unimanual hand movements, and the strength of this
connection seems to be dependent on arm activity. For instance, a lesion in the M1 can induce an increase in the excitability of the intact
M1 and an abnormal high inhibitory influence onto the damaged M1. This can be attributable to either the disuse of the affected limb or
the overuse of the unaffected one. Here, to directly investigate cortical modifications induced by an abnormal asymmetric use of the two
limbs, we studied both the excitability of the two M1s and transcallosal interaction between them in healthy subjects whose right hand was
immobilized for 10 h. The left “not-immobilized” arm was completely free to move in one group of participants (G1) and limited in the
other one (G2). We found that the non-use reduced the excitability of the left M1 and decreased the inhibitory influence onto the right
hemisphere in the two groups. However, an increase in the excitability of right M1 and a deeper inhibitory interaction onto the left
hemisphere were evident only in G1. Thus, modifications in the right M1 were not directly produced by the non-use but would depend on
the overuse of the “not-immobilized” arm. Our findings suggest that the balance between the two M1s is strongly use dependent.

Introduction
In the human brain, homologous regions of the primary motor
cortices (M1s) are connected through transcallosal fibers (Wahl
et al., 2007). These connections seem to be mainly of the inhibi-
tory type and may be measured assessing interhemispheric inhi-
bition (IHI) via transcranial magnetic stimulation (TMS)
(Ferbert et al., 1992). Precisely, transcallosal inhibition presum-
ably involves GABAergic inhibitory interneurons, because the
corpus callosum itself consists of glutamatergic excitatory fibers
(Asanuma and Okuda, 1962; Jenny, 1979). Several evidences sug-
gested that the interhemispheric communication between M1s
plays a major role in the control of unimanual hand movements
and that the strength of these connections are dependent on the
arm use. Indeed, during the execution of unimanual finger move-
ments, the contralateral M1 inhibits deeper the ipsilateral one
through the transcallosal pathway (Duque et al., 2007), inducing
a decrease of ipsilateral M1 excitability (Liepert et al., 2001). Fur-
thermore, studies in patients with stroke in motor areas reported
an increase of activity in the intact M1 (Liepert et al., 2000) and an
abnormally high IHI from the intact to the damaged M1, more
prominent in cases with greater motor impairment (Murase et
al., 2004). Whether these modifications in cortical excitability are
attributable to the disuse of the affected hand or to a compensa-
tory overuse of the unaffected hand (Liepert et al., 2000; Hummel

and Cohen, 2006) is not clear. Altogether, these findings raised
the hypothesis that reduction of excitability in the intact hemi-
sphere may contribute to improvements of motor function in
stroke (Hummel and Cohen, 2006). Accordingly, previous stud-
ies in healthy volunteers showed that downregulation of excit-
ability in one motor cortex, by repetitive TMS (rTMS) on that
area, results in an increased excitability of the opposite motor
cortex and an improved motor performance of the ipsilateral
hand (Gilio et al., 2003; Kobayashi et al., 2004; Avanzino et al.,
2008). Here, to directly investigate cortical modifications in-
duced by an abnormal asymmetric use of the two limbs, we pro-
pose an experimental approach based on short-term hand
immobilization in healthy volunteers. Indeed, recent studies
demonstrated that even a short period of upper limb immobili-
zation leads to a reduction of cortical activity of the contralateral
M1 (Huber et al., 2006). However, whether hand non-use influ-
ences the ipsilateral M1 excitability and the interhemispheric in-
teraction has not been evaluated. Furthermore, to what extent
cortical changes may also be attributable to the use of the not-
immobilized arm has to be estimated. Toward this goal, we in-
vestigated both the excitability of the two M1s and transcallosal
interaction between them in healthy subjects whose right hand
was immobilized and whose left not-immobilized arm was
completely free to move in one group of participants (G1) and
limited in the other one (G2). We expected that short-term
non-use might induce, in addition to downregulation of the
contralateral M1, upregulation of the ipsilateral one and mod-
ifications of interhemispheric interactions between the two
M1s. Furthermore, if the use of the “not-immobilized” arm
influences these changes, different effects should be observed
in the two groups of subjects.
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Materials and Methods
Subjects. Nineteen subjects were recruited for the study and were divided
in two groups (G1, 12 subjects; G2, 7 subjects). The two groups were
matched for age and gender (G1, mean age, 25.4 � 3.0 years, six females;
G2, mean age, 25.0 � 2.0 years, three females). All participants were right
handed, as determined by the Edinburgh Handedness Inventory (Old-
field, 1971). All subjects were naive to the purpose of the experiment.
They reported no previous history of neurological disorders or orthope-
dic problems for the right hand. Subjects had no contraindication to
TMS, and they participated in this study after giving an informed con-
sent. The study was conducted in accordance with the Declaration of
Helsinki.

Immobilization procedure. All subjects were instructed not to move
their right hand for 10 h from the morning (8:00 A.M.) to the evening
(6:00 P.M.). To prevent any right hand movement, subjects wore a soft
bandage, typically used in everyday clinical practice by physiotherapists.
Also a cotton support was given to the participants to hold the arm and
keep it in a comfortable way during the 10 h of hand immobilization.

Monitoring left-arm activity. Participants were divided in two groups
regarding the activity of the left not-immobilized arm. In the first group
(G1), participants received no instructions concerning the left-arm use,
which was completely free to move. In the other group (G2), we asked the
subjects to limit the left-arm movements, trying to use it as usual. In the
day before immobilization, all participants were completely free to move.
They spent both days in the laboratory doing similar daily life activities
(i.e., reading or working at the computer).

To quantitatively check whether participants were able to respect the
given instructions concerning the not-immobilized limb, we monitored
the physical activity duration of the left arm. To this aim, subjects wore an
accelerometer set up in a multisensor actigraph (InnerView Professional,
SenseWear PRO Armband) on their left forearm for 2 d, 1 d before and
during the immobilization, from approximately 8:00 A.M. to 6:00 P.M.
every day. The multisensor actigraph records the cumulative amount of
time spent (in minutes) during physical activity at a certain level of
energy expenditure by means of mathematical algorithms. Data were
sampled at 32 Hz. The energy cost of an activity can be measured in units
called METs (metabolic equivalent). Using the definition for 1 MET as
the ratio of work metabolic rate to a standard resting metabolic rate, 1
MET is considered a resting metabolic rate obtained during quiet sitting.
Here, to record physical activity duration, we set a threshold level of 1.5
METs that is usually the energy expenditure during deskwork (Ain-
sworth et al., 2000).

Electromyography recording. Electromyography (EMG) was recorded
with silver disc surface electrodes placed in a tendon belly arrangement
over the bulk of the first dorsal interosseus (FDI) muscle and the first
metacarpophalangeal joint bilaterally. The ground electrode was placed
at the elbow. EMG signals were amplified and filtered (20 Hz to 1 kHz)
with a D360 amplifier (Digitimer). The signals were sampled at 5000 Hz,
digitized using a laboratory interface (Power1401; Cambridge Electron-
ics Design), and stored on a personal computer for display and later
offline data analysis. Each recording epoch lasted 400 ms, of which 100
ms preceded the TMS. Trials with background EMG activity were ex-
cluded from analysis.

Transcranial magnetic stimulation. We tested cortical excitability of left
and right M1s by means of recruitment curve (RC) and interhemispheric
communication between the two M1s assessing IHI. TMS procedure was
performed 1 d before and immediately after 10 h of hand non-use, always
at approximately 6:00 P.M.

For RC study, TMS was performed with a single Magstim 200 mag-
netic stimulator (Magstim Company) connected with a figure-of-eight
coil with wing diameters of 70 mm. For IHI study, TMS was given
through two Magstim 200 stimulators, one connected to a figure-of-
eight coil with wing diameters of 70 mm (test stimulus) and the other
connected to a small figure-of-eight coil with wing diameters of 50 mm
(conditioning stimulus) (Magstim Company). The coils were placed tan-
gentially to the scalp with the handle pointing backward and laterally at a
45° angle to the sagittal plane inducing a posteroanterior current in the
brain. This orientation was chosen based on the findings that the lowest

motor threshold is achieved when the induced electrical current flows
approximately perpendicular to the line of the central sulcus (Werhahn
et al., 1994). We determined the optimal position for activation of the left
and right FDI muscles by moving the coil in 0.5 cm steps around the
presumed motor hand area. Resting motor threshold (RMT), defined as
the minimum stimulus intensity that produced a MEP of at least 0.05 mV
in 5 of 10 consecutive trials, was found and expressed as a percentage of
maximum stimulator output (MSO).

RCs were tested in all the subjects of G1 and G2, while IHI was studied
in 9 subjects of G1 and in all subjects of G2. Three subjects of G1 were
excluded from the study of interhemispheric connectivity because before
immobilization we did not find an inhibition of at least 50% and there-
fore it might be difficult to evaluate possible changes in IHI after
immobilization.

Recruitment curve (RC). RC was examined by measuring peak-to-peak
amplitude (expressed in mV) of motor evoked potentials (MEPs) elicited
at stimulus intensities of 5, 10, 15, 20, and 25% of MSO above RMT
(calculated on the values of the individual RMT obtained each day). Ten
trials were recorded at each stimulus intensity, and the average MEP
amplitude was taken as MEP size.

Interhemispheric inhibition. IHI both from left to right (LtoR) and from
right to left (RtoL) M1s was tested after a randomized conditioning-test
design reported previously (Ferbert et al., 1992). A suprathreshold condi-
tioning stimulus (CS) was given to one hemisphere before a test stimulus
(TS) delivered to the other side. The TS was adjusted to produce an MEP of
�1 mV peak-to-peak amplitude. The CS was set at 130% of RMT. IHI was
measured at five interstimulus intervals (ISIs): the CS was given 6, 7, 8, 9, and
10 ms before the TS. Stimuli were randomly delivered in one set of 70 trials:
50 conditioned, 10 for each ISI, and 20 unconditioned. IHI was expressed as
the ratio between the mean peak-to-peak MEP amplitude in conditioned
versus unconditioned trials. In each day, CS was adjusted on the basis of the
individual RMT found in that session, and TS was adjusted to obtain a 1 mV
MEP amplitude.

Statistical analysis. To check that the experimental instructions about
the use of the left arm during the period of hand non-use were respected
by the two groups of subjects, we compared the left-arm physical activity
duration measured the day before and during immobilization by means
of repeated-measures (RM) ANOVA with group (G1 and G2) as
between-subjects and time (before and during immobilization) as
within-subjects factors.

To evaluate the effect of immobilization on cortical excitability, RMT
of left and right hemisphere was compared before and after immobiliza-
tion by means of a paired t test in G1 and G2 separately. TMS recruitment
curve data were analyzed, separately for each group and separately for
each hemisphere by means of an RM-ANOVA with time (before and
after immobilization) and intensity (�5, �10, �15, �20, and �25% of
MSO) as within-subjects factors. Similarly, to assess the effect of immo-
bilization on interhemispheric inhibition, LtoR IHI and RtoL IHI of G1
and G2 were subjected separately to an RM-ANOVA with time and ISI
(6, 7, 8, 9, and 10 ms) as within-subjects factors. Then, to evaluate
whether there was any difference in the effect of immobilization on the
basis of the use of the left arm, for each parameter (RC left M1, RC right
M1, LtoR IHI, and RtoL IHI), we ran an RM-ANOVA with the within-
subjects factors described previously (i.e., time and intensity for RC; time
and ISI for IHI) and with group (G1 and G2) as between-subjects factor.
Significance threshold was set at p � 0.05. If ANOVA showed a signifi-
cant interaction effect, we performed post hoc comparisons using the least
significance difference (Fisher’s) test to directly compare the experimen-
tal factors. All statistical analyses were performed by using SPSS 13.0.
Data are presented as mean � SE.

Results
Preliminary note
All subjects tolerated TMS procedure and were able to comply
with the given instructions regarding the left-arm use as con-
firmed by the physical activity duration recorded through the
accelerometer. Accordingly, statistical analysis revealed a signifi-
cant interaction of group � time (F(1,17) � 11.89, p � 0.005), and
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post hoc analysis showed that in G1 the physical activity duration
of the left arm increased during immobilization ( p � 0.005),
whereas in G2 it did not change ( p � 0.20).

Cortical excitability in G1and G2
In G1, after immobilization, cortical excitability of the left and
right M1changed (Fig. 1A,D). Resting motor threshold of left M1
significantly increased (from a value of 36.3 � 1.7 to a value of
37.7 � 1.7; p � 0.006). Cortical excitability of left M1 strongly
decreased after immobilization (time � intensity, F(4,44) � 3.40,
p � 0.017), and post hoc analysis revealed that MEP size recorded
in “post” at �15, �20, and �25% of MSO was significantly lower
than MEP size recorded in “pre” (�15%, p � 0.00099; �20%,
p � 0.00021; �25%, p � 0.00022) (Fig. 1A). Differently, RMT of
the right hemisphere did not change (from a value of 38.1 � 1.2
to a value of 37.1 � 1.3; p � 0.13), whereas cortical excitability of
the right M1, when tested with RC, increased after immobiliza-
tion at all the stimulation intensities (time, F(1,11) � 6.51, p �
0.026; time � intensity, F(4,44) � 2.01, p � 0.11) (Fig. 1D).

In G2, after immobilization, left M1 RMT increased (from
37.7 � 1.2 to 39.5 � 1.2; p � 0.05), and cortical excitability, when
tested with RC, significantly decreased after immobilization
(time � intensity (F(4,24) � 3.77, p � 0.016). Post hoc analysis
revealed that MEP size recorded in post at �15, �20, and �25%
of MSO was significantly lower than MEP size recorded in pre

(�15%, p � 0.00006; �20%, p � 0.03; �25%, p � 0.0002) (Fig.
1B). Differently from G1, in G2, neither the RMT (from a value of
37.1 � 1.3 to a value of 36.6 � 1.0; p � 0.51) nor cortical excit-
ability of the right M1, when tested with RC, changed after im-
mobilization (time, F(1,6) � 0.40, p � 0.55; time � intensity,
F(4,24) � 0.73, p � 0.58) (Fig. 1E).

Figure 1, C and F, shows the mean values of MEPs across the
different stimulation intensities in G1 and G2 before and after
immobilization.

Interhemispheric inhibition in G1and G2
In G1, after immobilization, interhemispheric inhibition be-
tween the two hemispheres (LtoR and RtoL) changed (Fig.
2 A, D). LtoR IHI was markedly attenuated (time, F(1,8) � 11.8,
p � 0.008). The decrease in LtoR IHI was consistently ob-
served at all the ISIs evaluated with no interaction between ISI
and time (F(4,32) � 0.33, p � 0.85). On the contrary, RtoL IHI
increased (main effect of time, F(1,8) � 7.72, p � 0.024). Again,
the increase in RtoL IHI was consistently observed at all the
ISIs evaluated with no interaction between ISI and time (F(4,32) �
0.79, p � 0.54).

In G2, after immobilization, only LtoR IHI changed, whereas
RtoL IHI remained stable (Fig. 2B,E). LtoR IHI was attenuated
(time, F(1,6) � 9.45, p � 0.02). The decrease in LtoR IHI was
consistently observed at all the ISIs evaluated, with no interaction

Figure 1. Left and right motor cortex RC in G1 (dark gray square) and G2 (light gray square)
before (PRE; solid line) and after (POST; dashed line) immobilization. A (G1) and B (G2) illustrate
the MEP recruitment curve (peak-to-peak amplitude, in millivolts, on the ordinate) of left motor
cortex (LM1), whereas D (G1) and E (G2) illustrate the MEP recruitment curve of right motor
cortex (RM1). On the abscissa, the stimulus intensities are shown (5, 10, 15, 20, and 25% of MSO
above RMT). On C and F, the mean values of MEP sizes in G1 (dark gray) and G2 (light gray)
before (solid line) and after (dashed line) immobilization are shown. Data are represented as
mean values � SE. In A, B, D, and E, asterisks indicate significant difference between pre and
post values when interaction of time � intensity was statistically significant. In C and F, aster-
isks indicate the main effect of time. *p � 0.05, **p � 0.01.

Figure 2. IHI from LtoR and RtoL hemispheres in G1 (dark gray square) and G2 (light gray
square) before (PRE, solid line) and after (POST, dashed line) immobilization. A (G1) and B (G2)
illustrate LtoR IHI expressed as the ratio between the mean peak-to-peak MEP amplitude in
conditioned versus unconditioned trials (MEPcond/MEPtest on the ordinate), whereas D (G1)
and E (G2) illustrate the RtoL IHI. On the abscissa, the ISIs (6, 7, 8, 9, and 10 ms) are shown. On
C and F, the mean values of IHI in G1 (dark gray) and G2 (light gray) before (solid line) and after
(dashed line) immobilization are shown. Data are represented as mean values � SE. In A, B, D,
and E, asterisks indicate significant difference between pre and post values when interaction of
time � ISI was statistically significant. In C and F, asterisks indicate the main effect of time.
*p � 0.05, **p � 0.01.
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between ISI and time (F(4,24) � 0.37, p �
0.83). Differently, RtoL IHI did not change
after immobilization as revealed by RM-
ANOVA (time, F(1,6) � 1.21, p � 0.31;
time � ISI, F(4,24) � 0.56, p � 0.67).

Figure 2, C and F, shows the mean val-
ues of IHI across the different ISIs in G1
and G2 before and after immobilization.

Comparison between groups: RC and
IHI in G1 and G2
When comparing RC of G1 and G2, statis-
tical analysis revealed that cortical excitabil-
ity of the left M1 was similarly modified by
immobilization in the two groups (Fig. 1C)
(group, F(1,17) � 0.95, p � 0.34; group �
time, F(1,17) � 0.000001, p � 0.99; group �
time � intensity, F(4,68) � 0.88, p � 0.48).
Differently, because in G2 RC of the right
M1 did not change after immobilization,
RM-ANOVAshowedasignificant interaction
of group � time (F(1,17) � 4.19, p � 0.045).
Post hoc analysis showed that, whereas in G1
MEP size recorded in post was significantly
higher than that measured in pre ( p �
0.02), in G2 MEP size was similar in the two
testing days ( p � 0.54) (Fig. 1F).

Concerning interhemispheric inhibi-
tion, statistical analysis revealed that LtoR
IHI followed the same trend in the two
groups after immobilization (group,
F(1,14) � 0.04, p � 0.85; group � time, F(1,14) � 1.49, p � 0.24;
group � time � ISI, F(4,56) � 0.06, p � 0.99) (Fig. 2C). Differ-
ently, because immobilization did not induce any change in RtoL
IHI in G2, RM-ANOVA showed a significant interaction
group � time (F(1,14) � 7.12, p � 0.018). Post hoc analysis showed
that, whereas in G1 RtoL IHI significantly increased after immo-
bilization ( p � 0.02), in G2 there was no difference in RtoL IHI
between the two testing days ( p � 0.27) (Fig. 2F).

Discussion
In the present study, we showed that 10 h of right-hand non-use
induced a decrease in cortical excitability of the left M1 and a
reduction of IHI from the left hemisphere to the right one. Fur-
thermore, we found that changes in cortical excitability of right
M1 and IHI from the right to left hemisphere were dependent on
the use of the left, not-immobilized, arm. In fact, only in the
group of subjects free to move the left arm (i.e., G1), we observed
an increase in cortical excitability of the right M1 and a deeper
IHI from the right to the left M1 after immobilization. A sum-
mary of these findings is graphically shown in Figure 3.

Immobilization effect
TMS of the motor cortex has been used to study plastic changes in
cortical excitability associated with immobilization (Liepert et al.,
1995; Zanette et al., 1997, 2004; Facchini et al., 2002; Huber et al.,
2006). Although these studies yielded conflicting findings, a likely
result was that even a short-term non-use is able to induce a decrease
of cortical excitability in the motor area related to the restricted mus-
cles (Facchini et al., 2002; Huber et al., 2006), probably because of the
induction of local synaptic depression (Huber et al., 2006).

To our knowledge, this is the first study showing that transcal-
losal interaction can be modulated by short-term hand non-use.

Recent works showed that the activity of transcallosal and corti-
cospinal neurons are modulated by similar interneuron popula-
tion (Trompetto et al., 2004; Avanzino et al., 2007). Therefore, a
possible neurophysiological explanation of short-term non-use
effect on transcallosal interaction might deal with changes in the
excitability of the population of interneurons that controls both
transcallosal and corticospinal neurons, thus inducing similar
effects in the two neural systems. In agreement with this hypoth-
esis, it has been shown that the administration of an inhibitory
protocol on left M1 by means of rTMS was able to decrease the
corticospinal excitability of left M1 and transcallosal pathway
activity (i.e., IHI from left to right M1s) (Pal et al., 2005). Fur-
thermore, a reduction in transcallosal pathways activity (LtoR
IHI) induced by a corticocortical associative stimulation protocol
elicited an increase of the right M1 corticospinal excitability
(Rizzo et al., 2009, 2011). Behaviorally, the reduction of the in-
hibitory control from the left to the right motor cortex may be
instrumental to release the right motor cortex to facilitate unilat-
eral movements in the left hand.

All these findings are in accordance with previous studies based
on short-term deprivation of sensory inputs by ischemic nerve
block. In fact, an acute upper limb deafferentation induced a focal
increase in the excitability of the non-deafferented hand motor cor-
tex (Werhahn et al., 2002a; Floel et al., 2008) together with improve-
ments in the non-deafferented hand in either tactile spatial acuity in
healthy subjects (Werhahn et al., 2002b) and in hand motor perfor-
mance in patients with stroke (Floel et al., 2008).

Use-dependent effects
A remarkable result was that only when subjects were free to
move the left hand (G1) we observed significant changes in right
M1 excitability, in either the corticospinal and transcallosal path-

Figure 3. A schematic view of the experimental design and main results. All participants in G1 and G2 were instructed not to use
the dominant (right) hand for 10 h, wearing a soft bandage. The use of the left, not-immobilized arm was monitored by means of
an actigraph for 10 h during the period of immobilization (2° day) and 1 d before (1° day). MEP size decreased in the left hemisphere
(reduced MEP in blue, compare with black one) in both G1 and G2, whereas it increased in the right hemisphere only in G1
(increased MEP in red, compare with black one). LtoR IHI was reduced in both G1 and G2 (thin arrow in blue, compare with black
one), whereas RtoL IHI was deeper only in G1(thick arrow in red, compare with black one).
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ways. Indeed, these subjects showed an increase in the quantity of
movement of the left arm during the immobilization period (i.e.,
overuse), together with an increased excitability of the corticospi-
nal and transcallosal neurons of right M1. Differently, partici-
pants of G2, instructed to limit the left-arm activity during
immobilization, despite the similar changes in LtoR IHI as ob-
served in G1, showed no changes in the right M1 excitability.
Therefore, the modifications observed in the right M1 are likely
to be dependent on the left-arm use and not only on the modifi-
cation of the LtoR IHI observed in both groups. This hypothesis is
in accordance with recent results by Granert et al. (2011) showing
that, in patients affected by writer’s cramp, 4 weeks of right-hand
immobilization induced a mirrored pattern of gray matter vol-
ume changes in left (decrease) and right (increase) M1. Modifi-
cations in right M1 has been interpreted by the authors as linked
to the “forced” use of the not-immobilized hand for daily manual
skills during immobilization. Furthermore, on the basis of recent
works on the role of GABA in practice-dependent plasticity (Zi-
emann et al., 2001), we hypothesize that a fundamental role in
modulating right M1 excitability is played by the interaction be-
tween the “forced” use of the left arm and the changes in LtoR IHI
induced by right-hand immobilization. Accordingly, in litera-
ture, it has been shown that plasticity is facilitated by a decrease of
GABA-related inhibition (Ziemann et al., 1998) and that motor
practice performed without a previous downregulation of the
inhibitory GABAergic activity induced only mild or no changes
in cortical excitability (Ziemann et al., 2001). Here, we can as-
sume that, after immobilization, the disinhibition of right M1
likely attributable to the reduced activity of transcallosal fibers
from left M1 onto intracortical GABAergic interneurons in right
M1 could act together with the engagement of the sensorimotor
system induced by the increase of left-arm use. This interaction
might induce a positive aftereffect on right M1 excitability
through an Hebbian potentiation mechanism (Hebb, 1949;
Avanzino et al., 2009). However, an investigation of the changes
in GABA-related intracortical inhibition induced by hand immo-
bilization on the right M1 should be addressed in future studies to
confirm this hypothesis.

Motor cortex activity and proprioception
We can suppose that the effect on M1 activity observed in the
present work was not only attributable to the absence of volun-
tary movement during hand non-use but also to the reduction of
proprioceptive information from the immobilized hand. Indeed,
using EEG recording, Huber et al. (2006) described a significant
reduction of the amplitude of the P45 component after a short-
term arm immobilization. P45 classically represents the proprio-
ceptive information processing within the sensorimotor areas
(Allison et al., 1992). These findings could suggest that the reduc-
tion in proprioceptive information processing recorded after
short-term immobilization could be mainly attributable to a de-
crease of the proprioceptive input inflow from right-arm muscle
spindles. Presumably, Ia input, which is related to perceived arm
motion, could be here the mostly affected (i.e., dynamic propri-
oception) (Burke et al., 1976). More, in animal models, it has
been demonstrated that this input is thought to have direct access
to contralateral sensory and motor cortical areas (Heath et al.,
1976; Hore et al., 1976). Furthermore, recent work by Naito et al.
(2002) showed that, in humans, M1 neurons react also to propri-
oceptive stimuli (i.e., hidden sensory neurons). This suggests a
fundamental link between dynamic proprioceptive information
and the excitability of M1 in humans. Therefore, some investiga-
tors (Rosenkranz and Rothwell, 2003; Swayne et al., 2006) dem-

onstrated that the vibration of hand and forearm muscles,
activating Ia fibers, can modify the excitability of both M1s as well
as the transcallosal interaction between them. This finding un-
derlies the effect of proprioceptive input on that population of
interneurons modulating both corticospinal and transcallosal
neurons. In the same vein, the increased excitability recorded in
G1 in the right M1 could be attributable to the enhancement of
proprioceptive input produced by the left-arm overuse.

Relevance of the present findings
In conclusion, we demonstrated that a brief period of right-hand
non-use decreased the excitability of left M1 and reduced inter-
hemispheric inhibition from left-to-right hemisphere. More-
over, right-hand non-use induced an increase of the excitability
of right M1 and a deeper IHI from right-to-left hemisphere only
in those subjects who overused the left arm. This motor behavior
probably had the aim to compensate for the right-hand non-use
attributable to immobilization procedure. Together, these results
confirm the hypothesis of a fundamental role played by voluntary
movement in the balance between the two M1s. Indeed, arm
immobilization creates an important imbalance between the use
of the two arms. An alternative approach in investigating this
topic could deal with short-term period of left-hand overuse
without any immobilization of right hand. Nevertheless, the im-
mobilization procedure used in the present work was also de-
signed to reproduce in healthy subjects, for a short period, an
already developed neuro-rehabilitative protocol, such as the
constraint-induced movement therapy (CIMT). CIMT is a cur-
rent approach to stroke rehabilitation that implies the massed
practice of the affected arm by restraining, through immobiliza-
tion, the unaffected limb (Langhorne et al., 2009; Sirtori et al.,
2009). Stroke is a classical model of an unbalanced activity of the
two M1s supported by an abnormal stronger interhemispheric
communication from the intact to the lesioned hemisphere
(Hummel and Cohen, 2006). In stroke patients, CIMT has been
demonstrated to induce an enhanced neuronal excitability in the
damaged hemisphere (Liepert et al., 1998) functionally relevant
in motor recovery.

Taking advantage of this study, we can speculate that CIMT
might improve motor function in stroke, restoring a normal in-
terhemispheric communication from intact to lesioned hemi-
sphere, and that the amount of work done with the affected limb
is crucial in determining the positive rehabilitation outcome.
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