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in Excitability and Plasticity of the Human Hand Motor
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Prolonged limb immobilization deprives sensorimotor cortical areas of an important source of excitatory input, as well as of motor
output. Previous work has described effects on motor excitability but it is unclear whether motor plasticity is also influenced. In two
groups of eight healthy human subjects, the left hand was immobilized for 8 h to induce sensorimotor deprivation of the cortical
representation of the abductor pollicis brevis muscle. We used transcranial magnetic stimulation protocols to evaluate motor excitability
with motor-evoked potentials, input– output (IOcurve) and short-latency intracortical inhibition (SICI) recruitment curves, as well as
long-term potentiation (LTP)/long-term depression (LTD)-like plasticity with paired-associative stimulation (PAS) of the median nerve
and motor cortex using an interstimulus interval of 25 ms (PAS25) or 10 ms (PAS10), respectively, in two sessions at least 7 d apart
(baseline and after immobilization). After immobilization, the slope of the IOcurve decreased, and SICI at lower conditioning pulse
intensities was reduced. The LTP-like effects of PAS25 and the LTD-like effect of PAS10 were both significantly enhanced. The effects differed
among individuals: the more IOslope decreased after immobilization, the greater the increase of PAS25 and the smaller the
increase of PAS10 effects. We suggest that sensorimotor deprivation has two effects. It increases the sensitivity to remaining
sensory inputs and therefore increases the effectiveness of both PAS protocols. In addition, it reduces neuronal excitability to an
individually different level, as reflected in the reduced IOslope and leads to an interdependent modulation of synaptic plasticity as
such as it shifts the threshold of LTP/LTD-like plasticity induction.
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Introduction
The functional organization of the motor cortex is dynamic and
shaped by movement as well as by the sensory feedback it evokes.
For example, we have recently shown that practicing a proprio-
ceptive discrimination task that focuses attention on the hand
temporarily changes sensorimotor cortical organization and in-
fluences behavior by facilitating motor learning (Rosenkranz and
Rothwell, 2012). Indeed, it is well known from the animal and
human literature that reorganization of the sensory (Kaas et al.,
1983; Merzenich et al., 1983; Coq and Xerri, 1999; Weiss et al.,
2004) and motor cortices (Liepert et al., 1995; Ridding and Roth-
well, 1995, 1997; Hallett et al., 1999) can be produced not only by
increasing sensory input but also by removing ongoing inputs
and restricting movements.

In humans, the two most frequently used paradigms to inves-
tigate relatively short-term effects of decreasing sensory feedback
and motor activation are ischemic deafferentation and limb im-
mobilization. Ischemic nerve block (INB) increases the excitabil-
ity of corticospinal projections to muscles proximal to the block
(Ziemann et al., 1998a,b). However, because INB paralyzes the
muscles distal to the block, it is not possible to evaluate plasticity
within their representations in the motor cortex. Experiments in
which limb immobilization has been used to evaluate the effect of
reducing sensory input and motor output have shown that this
intervention changes corticospinal excitability, as assessed with
transcranial magnetic stimulation (TMS). However, the details of
the results appear to vary depending on the duration of the im-
mobilization: shorter periods of immobilization (12 h and 4 d;
Facchini et al., 2002; Huber et al., 2006; Ngomo et al., 2012)
reduce excitability, whereas longer periods (10 or 30 – 40 d) in-
crease excitability (Zanette et al., 1997, 2004; Roberts et al., 2007).
Very long lasting immobilization (80 d or more; Liepert et al.,
1995) reduces excitability but the effects are difficult to interpret
because of concomitant peripheral muscle atrophy (Yue et al.,
1997).

Thus, most studies of the effect of limb immobilization so far
are descriptive and do not probe the underlying mechanisms that
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drive change to occur. The aim of the present experiments was to
provide preliminary evidence that sensorimotor deprivation as
induced by immobilization not only alters measures of cortical
excitability but also changes the sensitivity of basic processes of
synaptic plasticity that could then promote more lasting changes
in neural organization.

In our study, we examined motor excitability and LTP/LTD-
like plasticity in the motor cortical representation of the left
thumb abductor muscle, after the hand was immobilized for 8 h
by use of an adaptable splint. The immobilization procedure par-
ticularly restricted motion of the left thumb, including abduction
movements, and therefore restricted contractions of the thumb
abductor muscle and generation of movement feedback. Our
hypothesis was that immobilization would lead to potentially
interdependent changes in motor excitability and plasticity with
the latter having the potential to change motor cortical organiza-
tion over the longer-term.

Materials and Methods
Subjects
Two groups of subjects, consisting of eight subjects each (Group 1: 5
females, mean age 27 � 5 years; Group 2: 4 females, mean age 27 � 3
years) were tested. All subjects were right-handed according to the Old-
field questionnaire of handedness. The study was approved by the joint
ethics committee of the Institute of Neurology and National Hospital for
Neurology and neurosurgery, London, UK, and by the ethics committee
of the Medical Faculty Mannheim of the University of Heidelberg, Ger-
many. All experiments conform to the Declaration of Helsinki.

Group 1 was studied in the laboratory of the Sobell Department, In-
stitute of Neurology, London, UK, and Group 2 was studied in the labo-
ratory of the Central Institute of Mental Health, Medical Faculty
Mannheim of the University of Heidelberg, Germany. Both laboratories
were equipped with matching technical equipment (magnetic stimula-
tor, stimulating coil, electrical stimulator, EMG amplifier, and software
to control the experiment and collect data).

TMS
Transcranial magnetic stimulation (TMS) was performed using a Mags-
tim 200 stimulator connected to a figure-eight-shaped coil with an inter-
nal wing diameter of 7 cm (Magstim). The coil was held with the handle
pointing backward and laterally 45° to the interhemispheric line to evoke
anteriorly directed current in the brain and was optimally positioned to
obtain motor-evoked potentials (MEPs) in the abductor pollicis brevis
(APB) muscle. Stimulation intensities are quoted in Table 1 as a percent-
age of maximal stimulator output (�SE).

EMG recording
Surface electromyographic (EMG) recordings in a belly-to-tendon mon-
tage were made from the APB, the first dorsal interosseus (FDI), and the
abductor digiti minimi (ADM) muscle of the left hand. The raw signal
was amplified and filtered with a bandpass filter of 30 Hz to 1 kHz
(Digitimer). Signals were digitized at 2 kHz (CED Power1401, Cam-
bridge Electronic Design) and stored on a laboratory computer for off-
line analysis.

Experimental parameters
Motor excitability. At the beginning of each experiment, the stimulus
intensity (SI) needed to evoke an MEP of �1 mV peak-to-peak ampli-
tude (SI1mV) was defined. SI1mV was used to record 15 MEPs before and
after PAS (Fig. 1; see Experimental protocol). The mean amplitude of
these responses was calculated in each subject. In addition, we measured
the input– output relationship of MEP amplitude to stimulus intensity
(IOcurve). The intensities of single TMS stimuli were expressed as a
percentage of SI1mV. Ten MEPs each were recorded with 50, 70, 80, 90,
100 (equal to SI1mV), 110, 120, 130, and 150% of SI1mV. The mean MEP
amplitude per stimulus intensity was calculated for each subject.

SICI. The input– output relation for short-interval intracortical inhi-
bition (SICI curve; Orth et al., 2003; Rosenkranz et al., 2007) was mea-
sured at baseline and after 8 h of immobilization (see Experimental
protocol) using subthreshold conditioning stimulus intensities of 70, 80,
and 90% of active motor threshold (aMT). The aMT was defined as the
minimum intensity needed to evoke an MEP of �200 �V in 5 of 10 trials
in the tonically active APB (�20% of maximal contraction as assessed
visually on an oscilloscope) and was tested before each SICI measure-
ment. The conditioning stimulus preceded the suprathreshold test stim-
ulus (intensity set at SI1mV) by 3 ms (Kujirai et al., 1993). Ten trials were
recorded for each conditioning pulse intensity. Before, in between, and
after the blocks, five single test pulses were given to ensure that the
unconditioned MEP size was stable. In case the MEP was out of the
0.7–1.3 mV range, the test stimulus intensity was readjusted and
the experiment restarted. The peak-to-peak amplitude of the condi-
tioned and test MEPs was measured for each single trial to calculate the
mean amplitude and percentage SICI (conditioned MEP: test) for the
three different conditioning stimulus intensities. This approach allowed
us to measure the level of SICI at a single conditioning intensity as well as
the recruitment of SICI (SICI curve) defined as the increase in SICI with
increasing intensities of conditioning stimulus. Due to technical limita-
tions that were present when the subjects of the PAS10 group were tested,
the SICI curve was measured in the subjects of the PAS25 group only.

PAS
Paired-associative stimulation (PAS) consisted of 200 electrical stimuli of
the left median nerve at the wrist paired with a single TMS pulse over the
hot spot of the APB area of the right hemisphere with a rate of 0.25 Hz.
Electrical stimulation (Digitimer DS7A) was applied through a bipolar
electrode (cathode proximal), using square-wave pulses (duration 0.2
ms) at an intensity of three times the perceptual threshold. TMS was
delivered through a figure-eight coil (diameter of each wing 70 mm)
connected to a Magstim 200 magnetic stimulator and was held in the
same position as described above.

Stimulation was applied at an intensity adjusted to evoke an MEP of
SI1mV in the relaxed APB. Subjects of each group took part in two exper-
imental sessions that were separated by at least 1 week. In Group 1
(PAS25 group), the effect of PAS given with an interstimulus interval of

Table 1. Subjects’ age and TMS parameters determined in the APB (�SE)

Baseline After immobilization

Age (years) aMT SI1mV aMT SI1mV

PAS25 group 27.0 � 1.9 28.9 � 1.3 47.0 � 2.8 30.0 � 1.6 49.3 � 2.2
PAS10 group 27.3 � 1.0 29.0 � 0.6 42.4 � 1.9 31.8 � 1.3 44.3 � 1.6
t test (group

comparison)
0.89 0.94 0.19 0.39 0.09

TMS parameters are given in percentage stimulator output.

Figure 1. Experimental protocol. The subjects participated first in the baseline session,
which was followed by the interventional session within 7 d minimal.
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25 ms (PAS25) between peripheral and TMS stimulus was tested, which
has been shown previously to induce long-lasting MEP increase (Stefan
et al., 2000, 2002). In Group 2 (PAS10 group), the effect of PAS given with
an interstimulus interval of 10 ms (PAS10) between peripheral and TMS
stimulus was tested, which has previously been shown to induce an MEP
decrease (Wolters et al., 2003). Subjects were instructed to look at their
stimulated hand and count the peripheral electrical stimuli they per-
ceived; they were asked the actual count by the experimenter approxi-
mately three to four times during the PAS protocol (Stefan et al., 2004).
The MEPs evoked in the APB, FDI, and ADM were displayed on-line
during the intervention to control for the correct coil position and stored
for off-line analysis.

The effect of the PAS protocols was measured as change of the MEP
amplitude in the APB. Using the stimulus intensity that evokes an MEP of
1 mV peak-to-peak amplitude (SI1mV) in the APB, defined before the
PAS protocol, 15 MEPs were recorded before and after each PAS proto-
col, and the mean amplitude was calculated for the data obtained before
and after PAS in each single subject.

Immobilization procedure
The subject’s left forearm was immobilized in a splint which ensured a
complete immobilization of the wrist, and carpometacarpal and meta-
carpophalangal joints of the thumb and fingers, and restricted move-
ments in the interphalangeal joint of the thumb, and the proximal and
distal interphalangeal joints of the fingers. This procedure also restricted
contractions of the left APB, and consequently the generation of propri-
oceptive feedback from this muscle. To prevent any discomfort induced
by pressure of the splint, the hand was wrapped with a soft bandage and
the splint was adjusted to fit the individual’s hand size and shape before it
was put on and additionally secured by an elastic bandage. The tip of the
thumb and the other fingers remained visible to control for any restric-
tion in blood circulation or swelling.

The splint was put on between 8:00 and 9:00 A.M. and subjects wore it
for 8 h. They were instructed to move their left arm as little as possible
during these 8 h and to place their left forearm in a pronated position and
flexed at the elbow on a small cushion on top of their work desk. Because
all subjects were right-handed and worked in academia (staff members or
students of the institutes in London or Mannheim) it was possible for
them to arrange a “study day” for reading which enabled them to follow
the instructions quite well with minimal interruptions (e.g., lunch
break). During the immobilization the subjects were regularly checked
for any signs of numbness or tingling in the left hand, as well as restriction
in blood flow at least once per hour. An occurrence of any of these
symptoms would have let to an immediate end to the immobilization and
consequently the experiment.

Experimental protocol
Figure 1 shows which interventions were performed and which experi-
mental parameters were measured. In the baseline experiment, the mo-
torcortical excitability, tested with the IOcurve, and the effect of either
PAS25 or PAS10, for the PAS25 and PAS10 groups, respectively, were
tested. These measurements were repeated at least a week later after 8 h of
immobilization of the left thumb and wrist. Both measurements,
baseline and after immobilization, were performed in the late after-
noon (�4 to 5 P.M.) to control for circadian influences on motor
excitability and plasticity.

Data analysis and statistics
The subjects’ age and TMS parameters (aMT and SI1mV) expressed as
percentages of stimulator output are given in Table 1. The comparability
of the PAS25 and PAS10 groups in terms of age and TMS parameters
were tested by unpaired t tests, after testing for normal distribution by use
of the Kolmogorov–Smirnov test.

The input– output curve data were analyzed using ANOVA with the
main factors “stimulus intensity” and “immobilization condition,”
which refers to the two experimental conditions “at baseline” and “after
immobilization.” To simplify the dataset obtained by measuring the
IOcurves, the slopes defined as the steepness of the linear regression line
through the given data points between 90% and 130% SI1mV were calcu-

lated. The IOslopes measured at baseline and after immobilization were
compared within each group by using paired t tests.

The SICI data were analyzed using ANOVA with “conditioning pulse
intensity” and “immobilization condition” as main factors. In addition,
the data obtained at each intensity of conditioning pulse were compared
between the baseline and after immobilization conditions by use of
paired t tests.

To control for correct adjustment of MEP size to 1 mV peak-to-peak
amplitude, the MEPs measured before PAS in the baseline and immobi-
lization measurement were compared within each group by means of
paired t tests; furthermore, the MEPs measured either at baseline or after
immobilization were compared between the groups by means of un-
paired t tests. Within the PAS25 and PAS10 groups, ANOVAs were per-
formed on the raw data of MEPs with the factors immobilization
condition and “MEP amplitude before PAS: after PAS.” For further anal-
ysis, the MEP raw data were normalized and expressed as percentage of
MEPs (MEPs after PAS: MEPs before PAS). Using these normalized data,
the effect of PAS at baseline and after immobilization was compared
within the PAS25 and PAS10 groups by use of paired t tests.

The change in IOslope after immobilization was expressed as a per-
centage of the IOslope at baseline (IOslope after immobilization: IOslope
at baseline; percentage). This was then correlated with two other vari-
ables: (1) the change in PAS effect after immobilization expressed as a
percentage of the PAS effect at baseline (PAS after immobilization: PAS
at baseline), and (2) with immobilization-induced changes of SICI (SICI
after immobilization: SICI at baseline; percentage). In addition, baseline
motor excitability (baseline IOslope) was correlated with the
immobilization-induced changes to the PAS effects. Pearson’s r was cal-
culated for all correlations.

Significance levels for the statistical tests are set to p � 0.01 to correct
for multiple comparisons and small sample size. All ANOVAs were tested
for sphericity using Mauchly’s test. In case of significant sphericity,
Greenhouse–Geisser corrections were performed. Corrected ANOVAs
are marked with an asterisk (*). All data are given as mean � SEM.

Results
None of the subjects experienced any discomfort during the 8 h of
immobilization, nor any side effects of TMS testing.

There was no significant difference between the age and TMS
parameters for the PAS25 and PAS10 groups (Table 1); in addition,
a two-way ANOVA with the factors “immobilization condition”
and “PAS25group/PAS10group” did not show any significant in-
teraction or main effects for either aMT or SI1mV parameters.
Similarly, the number of peripheral nerve stimuli (201 � 2 on
average) that were counted by participants during the PAS pro-
tocols did not differ between either the PAS25 and PAS10 groups
or between the experimental conditions (at baseline and after
immobilization).

Motor excitability
Figure 2 shows the IOcurve measured at baseline and after im-
mobilization, before the PAS protocols were administered, for
the PAS25 (A) and PAS10 groups (B), and Table 2 summarizes
the results of the statistical analysis. All IOcurves showed a signif-
icant increase of MEP amplitudes with increasing TMS intensity
(Table 2, one-way ANOVAs).

After immobilization (and before PAS), the IOcurves were
less steep than in the baseline condition before PAS for both the
PAS25 and PAS10 groups, indicating that immobilization re-
duced the steepness of the IOcurves in both groups. The statisti-
cal analysis of the IOcurves showed a significant interaction of the
factors “immobilization condition” and “stimulus intensity” (see
two-way ANOVA in Table 2), with significant main effects of
both factors.

Further analysis of the IOslopes (Fig. 2C) indicated that there
was no difference between the PAS25 and PAS10 groups at base-
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line (before PAS). Immobilization significantly reduced the
IOslopes in both groups (paired t test; p � 0.009).

PAS induced plasticity
There was no difference in the amplitude of MEPs (�1 mV)
measured at baseline and after immobilization in either the
PAS25 or the PAS10 group (within-group comparison; paired t
test; n.s.); similarly, there were no significant between-group dif-
ferences (unpaired t test; n.s.).

Figure 3 shows that the PAS25 protocol increased, and the
PAS10 protocol decreased MEP, amplitudes, at baseline and after
immobilization. However, both effects were stronger after im-
mobilization. The results of the statistical analysis using ANOVAs
with the main factors “MEP amplitude before and after PAS” and
“immobilization condition” are summarized in Table 3.

For the PAS25 group (Fig. 3A) there was a significant interac-
tion of the main factors “MEP amplitude before and after PAS”
and “immobilization condition,” indicating that immobilization
influenced the PAS25 effect. Post hoc paired t tests showed that
PAS25 significantly increased MEPs in the baseline condition as
well as after immobilization (paired t test, p � 0.001; Fig. 3A).
When the effect of PAS25 was expressed as a percentage change in

MEP amplitude (normalized PAS effect), it became clear that the
PAS25 effect after immobilization was stronger than at baseline
(paired t test, p � 0.001; Fig. 3C).

PAS10 significantly decreased MEPs at baseline as well as after
immobilization (paired t test, p � 0.001; Fig. 3B). As with the
results in the PAS25 group, there was a significant interaction of
the factors “MEP amplitude before and after PAS10” and “im-
mobilization condition,” which highlights the influence of im-
mobilization on the PAS10 effect. Using normalized data (MEPs
after PAS10/before PAS10), post hoc paired t tests showed that
PAS10 reduced MEPs more after immobilization than at baseline
(paired t test, p � 0.006; Fig. 3C).

Correlation between the effect of immobilization on IOcurve
and PAS-induced plasticity
Participants in whom immobilization produced the largest
changes in IOcurve had the largest changes in response to the
PAS25 and the smallest changes in response to PAS10. This is
shown in Figure 4. The percentage change in the IOslope
(IOslope after immobilization: IOslope at baseline) in each per-
son is plotted as filled circles; the percentage difference in the PAS
response (PAS before: PAS after immobilization) is indicated by
the vertical arrows. Arrows going upward indicate an increase of
PAS25 effect with immobilization (Fig. 4A), and arrows going
down indicate an increase in the PAS10 effect with immobiliza-
tion (Fig. 4B). The length of the arrow indicates the amount of
change.

For PAS25, subjects in whom immobilization produced the
greatest decrease in IOslope were those who had the greatest
increase in the effect of PAS25. Conversely, for PAS10, subjects in
whom immobilization produced the greatest decrease in IOslope
were those who had the least change in the effect of PAS10.

Figure 4C displays the same data in a different way, plotting
the change in IOslope against the change in PAS effect. There is a
statistically significant correlation for both the PAS25 (Pearson’s
r: �0.81; p � 0.015) and PAS10 group (Pearson’s r: �0.86;
p � 0.006).

SICI
Figure 5A shows the results of the SICI protocol, measured with
conditioning pulse intensities of 70, 80, and 90% aMT at baseline
and after immobilization (for the 8 subjects of the PAS25 group
only). SICI increased with stronger conditioning stimuli intensi-
ties. Although at 90% aMT the level of SICI was similar at baseline
and after immobilization, it was significantly reduced after im-
mobilization when conditioning stimuli of 70 and 80% aMT were

Figure 2. IOcurves and IOcurve slopes in the APB. The mean MEP amplitude (in mV� SE) as given on the y-axis against the stimulus intensity given on the x-axis (in percentage of SI1mV). A, B,
IOcurves measured at baseline and after immobilization in the PAS25 group (A) and the PAS10 group (B). In both groups, the IOcurves are less steep after immobilization compared with baseline.
C, The slopes of the IOcurves have been calculated for the approximately linear part between 90 and 130% SI1mV. The decrease of IOcurve slopes after immobilization is significant in both groups
(paired t test; p � 0.001).

Table 2. Statistical results of ANOVAs on IOcurves

df/Error df F p

Two-way interaction
Stimulus intensity � immobilization condition

PAS25 4; 28 3.9 0.012
PAS10 2.1; 14.4* 10.0 0.002

Stimulus intensity
PAS25 4; 28 48.3 �0.001
PAS10 1.2; 8.6* 52.7 �0.001

Immobilization condition
PAS25 1; 7 9.9 0.016
PAS10 1; 7 5.9 0.045

One-way interaction
Stimulus intensity

PAS25 baseline 4; 28 36.0 �0.001
PAS25 after immobilization 2.0; 14.3* 38.9 �0.001
PAS10 baseline 1.4; 9.6* 45.5 �0.001
PAS10 after immobilization 1.3; 8.9* 45.7 �0.001

Separate two-way ANOVAs were performed on the data of the IOcurves of the PAS25 and PAS10 groups (measured
before PAS) at baseline and after immobilization (but before PAS) with the within-group factors stimulus intensity
and immobilization condition. Separate one-way ANOVAs with the factor stimulus intensity were performed on the
IOcurves at baseline and after immobilization of the PAS25 and PAS10 groups, respectively. The degrees-of-freedom
(df) and error of degrees-of-freedom (error df), and the F and p values are given. For significant results in Mauchly’s
test for sphericity ( p � 0.05), Greenhouse–Geisser corrections were performed, and the corrected degree-of-
freedom are given (*).
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used (t tests; p � 0.002). Two-way ANOVA with the factors “con-
ditioning pulse intensity” and “immobilization condition”
showed a significant interaction (F(2,14) � 4.3; p � 0.019), while
both factors had a significant main effect (F � 25,6; p � 0.001).

Correlation between changes in SICI and IOslope
Figure 5B displays the correlation between the change of
IOslope and the change of SICI (SICI after immobilization:
SICI at baseline; percentage) and shows that the more the
IOslope decreased after immobilization, the smaller was the
reduction of SICI. The correlations were significant for SICI
measured using a conditioning pulse intensity of 70 and 80%
aMT ( p � 0.007, p � 0.02, respectively; Fig. 5B, Pearson’s r),
but not 90% aMT.

Correlation between baseline motor excitability and changes
in response to PAS and SICI
Given the significant correlations of the immobilization-induced
changes in IOslopes to the changes in the PAS effects and SICI, we
also tested whether the immobilization effects on plasticity
(PAS25 and PAS10 effects) and intracortical inhibition (SICI)
were associated with baseline motor excitability as measured with
the IOcurves. Marginal effects were found in the PAS25 group
only. There was a positive correlation of the IOslope at baseline
and the change of PAS25 effect (p � 0.0113, r � 0.83), but not the
PAS25 effect at baseline. No other effects were found.

Discussion
Sensorimotor deprivation induced by short-term immobiliza-
tion of the thumb reduces the excitability (IOslope) of the corti-
cospinal projection to APB. The new findings are that this is

accompanied by an increase of the LTP/LTD-like effects of PAS25
and PAS10. The effects vary between individuals and are cor-
related: individuals who show the largest reduction in IOslope
have the largest increase in the PAS25 effect, and the smallest
increase in the PAS10 effect. SICI measures with low condition-
ing pulse intensities (70 and 80% aMT) are also reduced; how-
ever, the change is smallest in individuals with the largest change
in IOslope.

The interdependence of these findings is compatible with a
model in which there are concomitant changes of corticospinal
excitability, GABAergic intracortical inhibition, and synaptic
plasticity.

Immobilization as a model for sensorimotor deprivation
Hand immobilization for only 12 h changes motor excitability
(Huber et al., 2006). We shortened this duration to 8 h to test
immobilization in a form that is feasible and easy to apply in
potential clinical studies. The splint we used fixed the left thumb
tightly and restricted especially abduction movements produced
by APB, as target muscle, and reduced phasic activation of cutaneous
receptors. This procedure temporarily reduced the amount of effer-
ent muscle activation as well as the sensory input from proprio-
ceptors in the muscle. Given that immobilization of two fingers
for 4 d did not change spinal excitability as measured with M- and
F-waves (Facchini et al., 2002), it is unlikely that our short pro-
cedure affected spinal or muscular excitability in any way. In-
stead, we hypothesize the effects of immobilization in the present
experiments to occur at supraspinal, probably cortical level and
to result from reduced efferent output to the muscle as well as
sensory afferent input from the muscle. The latter has relatively
direct effects on the motor cortex because proprioceptive input
from muscles is known to project via thalamus directly to area 3a
and area 4 (Huffman and Krubitzer, 2001a,b; Golaszewski et al.,
2002; Cooke et al., 2012).

Motor cortical effects of immobilization
Corticospinal excitability and recruitment
The effects of immobilization on motor thresholds are ambigu-
ous and described as increased (Facchini et al., 2002) or un-
changed (Ngomo et al., 2012). In the present study the active
motor threshold, which controls for baseline levels of excitability
and is thought to depend on excitability of axons in the cortex
(Terao and Ugawa, 2002; Di Lazzaro et al., 2004; Peterchev et al.,
2013), was not significantly changed by immobilization.

IOcurves depend on the distribution of excitability in the cor-
ticospinal projection which is activated trans-synaptically by
TMS (Amassian et al., 1987; Day et al., 1989; Ridding and Roth-

Figure 3. Mean MEP (�SE) in the APB in the PAS25 and PAS10 groups. A, B, The mean MEP in millivolts measured at baseline and after immobilization; the MEPs measured before PAS
are shown in gray columns and after PAS in colored columns (green for PAS25; red for PAS10). There was no difference in MEP size before PAS in the experiments performed at baseline
and after immobilization, neither in the PAS25 nor in the PAS10 group. Therefore, the MEPs were normalized (MEP after PAS/ MEP before PAS) and expressed as percentages (C). After
immobilization, both PAS protocols were significantly more effective: PAS25 increased whereas PAS10 decreased MEPs more than at baseline. Statistical results are given in the figure
(paired t tests; *p � 0.05; **p � 0.01).

Table 3. Statistical results of ANOVAs on PAS

Two-way interaction df/Error df F p

Immobilization condition � before and after PAS
PAS25 2; 14 8.9 0.021
PAS10 2; 14 15.2 0.006

Immobilization condition
PAS25 1; 7 1.6 0.25
PAS10 1; 7 �0.01 0.9

Before and after PAS
PAS25 1; 7 18.9 0.003
PAS10 1; 7 77.6 �0.001

Separate two-way ANOVAs were performed on the raw MEP data of the PAS25 and PAS10 groups measured before
and after PAS either at baseline or after immobilization with the within-group factors “immobilization condition”
and “before and after PAS.” The degrees-of-freedom (df) and error of degrees-of-freedom (error df), and the F and
p values are given. As Mauchly’s test for sphericity was nonsignificant, a correction of the degree-of-freedom was not
necessary.
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well, 1997). If axonal thresholds do not
change, then a given TMS intensity in-
crease will recruit the same extra number
of axons at baseline and after immobiliza-
tion. A reduction in slope of the IOcurves
therefore indicates that the synaptic effect
of these activated axons on corticospinal
neurons is reduced: either because immo-
bilization may depress synaptic transmis-
sion of excitatory inputs to corticospinal
output (Kirkwood et al., 1996; Allen et al.,
2003); or, postsynaptic neurons may be
less excitable because of loss of ongoing
excitatory input.

However, there is also experimental
evidence that when the time averaged ac-
tivity of a neuron is reduced, e.g., by re-
ducing sensory input, mechanisms of
homeostatic plasticity are activated to
keep the output stable (Turrigiano et al.,
1998; Burrone and Murthy, 2003; Watt
and Desai, 2010; Hengen et al., 2013; Keck
et al., 2013). These mechanisms include
(1) “synaptic scaling” that controls the to-
tal synaptic strength of a neuron, (2) the
modulation of intrinsic excitability as a
function of average activity, and (3) the
ability of synapses to undergo Hebbian
modification depending on their history
of use (“metaplasticity”). They occur at a
longer time scale than spike-time-
dependent plasticity (STDP), although
initial changes in synaptic scaling have
been observed as early as 4 h after activity
is reduced (Ibata et al., 2008).

Given that, it might indeed be possible
that during the 8 h of immobilization
mechanisms of homeostatic plasticity are
increasingly activated to prevent too large a
decrease of corticospinal output. The indi-
vidual variability of the IOslope decrease
after immobilization could then indicate in-
dividual differences in either the level of re-
duction in neuronal output or the amount
of homeostatic compensation.

Short-latency intracortical inhibition
SICI, as measure of GABAa-ergic inhibi-
tion (Di Lazzaro et al., 2006; Florian et al.,
2008), was reduced after immobilization
although only when lower conditioning
pulse intensities were used. Conditioning
stimuli of 90% aMT are less specific for
inhibitory interneurons and activate super-
imposed intracortical facilitatory pathways,
which complicates interpretation of the effects (Ilić et al., 2002). At
the lower intensities (70 and 80% aMT) there was a greater re-
duction in SICI in individuals with the smallest reduction in
IOslope, and vice versa. Individuals who show the greatest reduc-
tion in SICI are those who most successfully compensate for the
reduction in excitatory inputs and hence have the smallest change
in IOslope. Thus, the changes in GABAa-ergic inhibition could
be interpreted as one mechanism to compensate reduction of

neuronal excitability after immobilization, with the aim of keep-
ing overall motor excitability within certain limits.

LTP- and LTD-like plasticity
At baseline all subjects responded to PAS by a similar amount
(Ridding and Ziemann, 2010). On average, immobilization in-
creased the effectiveness of both the LTP-like PAS25, as well as
the LTD-like PAS10 protocol. The findings of increased LTP-like
plasticity with PAS25 are consistent with the idea that excitatory

Figure 4. Changes and correlations of IOslopes and PAS effects after immobilization in the individual subjects. A, B, Plot for each
individual subject of the PAS25 (A) and PAS10 (B) groups the IOslope change (IOslope after immobilization: IOslope at baseline;
percentage) on the left y-axis, as well as the change of the normalized PAS effect (PAS effect after immobilization: PAS effect at
baseline; percentage) on the right y-axis, which displays the relative PAS effect change in percentage with ticks indicating steps of
10%. In both groups, the IOslope decreases after immobilization below the values measured at baseline (all black dots are
�100%). However, the extent of the decrease varied in the individual subjects. The change in PAS effect is plotted as arrows going up
(PAS25) or down (PAS10) to indicate the physiological direction of the PAS effects (LTP-like effect of PAS25; LTD-like effect of PAS10) which
both show an increase after immobilization (note: subject 8 in the PAS10 group shows a decreased effect). In the PAS25 group, stronger
decrease of the IOslope was associated with a stronger increase of the PAS25 effect after immobilization; whereas in the PAS10 group,
stronger decrease of the IOslope was associated with a weaker increase of the PAS10 effect after immobilization (except subject 8 in the
PAS10 group). C, The linear regression between the IOslope change (IOslope after immobilization: IOslope at baseline; percentage; x-axis)
and the PAS effect change (PAS effect after immobilization: PAS effect at baseline; percentage; y-axis) for the PAS25 (green symbols) and
PAS10 (red symbols) groups. In both groups, the immobilization-induced changes of IOslope and PAS effects are significantly correlated
(PAS25 group: p � 0.002; PAS10 group: p � 0.013); Pearson’s r is given in the figure.

Figure 5. SICI and correlation of SICI and IOslope changes after immobilization. A, SICI obtained with a conditioning pulse
intensity of 70, 80, and 90% aMT. The y-axis plots the amplitude of the conditioned MEP as the percentage of MEP evoked by the
test pulse alone (�SE). With a conditioning stimulus of 70 and 80% aMT, SICI was significantly lower after immobilization than at
baseline (paired t tests; *p � 0.02). B, Correlation of the changes in IOslope (x-axis) and SICI ( y-axis) induced by immobilization.
The SICI changes measured with 70 and 80% aMT are significantly correlated with the change of IOslope: the more the IOslope
decreases after immobilization, the smaller is the reduction in SICI. Pearson’s r is given for the significant correlations.
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synaptic plasticity is upregulated following a period of reduced
neuronal activity. Enhanced LTP has been described in animal
studies after visual or whisker deprivation (Kirkwood et al.,
1996; Allen et al., 2003). Indeed, the idea that LTP is more
likely to occur after a period of reduced activity is consistent
with the Bienenstock-Cooper-Munro (BCM) concept which
states that whether a synapse is strengthened or weakened by
presynaptic activity depends upon whether the postsynaptic
activity has been below or above a threshold (Bienenstock et
al., 1982).

However, the effects on PAS10 are at first sight less expected:
on average LTD-like plasticity also increased after immobiliza-
tion. The BCM theory suggests that the opposite should happen:
after a period of reduced activity, LTD-like plasticity should be
less likely to occur. So why should immobilization increase the
effectiveness of both LTP- and LTD-like protocols? We propose
that our results are best explained by the presence of a second
factor.

By reducing sensory input immobilization reduces the activity
of postsynaptic neurones in the motor cortex, which as a conse-
quence may activate mechanisms of homeostatic plasticity to
prevent neuronal output from decreasing too much (see discus-
sion of IOslope decrease in Corticospinal excitability and recruit-
ment, above). These homeostatic mechanisms (e.g., synaptic
scaling) modulate all synapses of the neuron (Watt and Desai,
2010). Thus the consequence of reduced activity of postsynaptic
neurones is to increase the effectiveness of all inputs to the neu-
ron (Ibata et al., 2008). In the context of the present experiments
this will mean that during PAS, the effectiveness of the median
nerve sensory input will increase, and thus will tend to increase
the effectiveness of both PAS25 and PAS10.

PAS follows the principles of STDP in which the timing be-
tween the sensory stimulus and the TMS pulse, but also the sig-
nificance of the sensory stimulus determine whether synaptic
potentiation or depression is induced and how strong the effects
are (Stefan et al., 2004; Kamke et al., 2014).

The significant correlations of immobilization-induced
changes in IOslope and PAS suggest that the reduced activity of
the postsynaptic motor neurones, as expressed in the decrease of
IOslope, determines two things: (1) the direction of plasticity that
can be induced with PAS following the BCM model, and (2) the
significance of the sensory stimulus in PAS that modulates the
strength of the STDP effect.

For PAS25, the increase in the LTP-like plasticity induction
was strongest in individuals who showed the strongest reduction
in IOslope and presumably strongest effect of sensory input dur-
ing PAS. This finding is in line with the prediction of the BMC
model and with strengthening of the STDP effect.

In contrast, for PAS10 the BCM rule predicts a decrease of
LTD-like plasticity. However, this is balanced by the strengthen-
ing of the PAS10 effect: individuals who had the largest reduction
in IOslope showed the smallest change in the amount of LTD-like
plasticity. A large reduction in IOslope indicates a large reduction
in postsynaptic excitability, and hence should lead to a greater
increase in the effectiveness of synaptic inputs and a greater ten-
dency to undergo LTD-like effects according to the STDP rule.
This outbalances the expectation from the BCM rule that reduced
excitability should lead to reduced LTD. Thus in these individu-
als, there is little change in the measured LTD-like effect of
PAS10.

In summary, the analysis of the individually different findings
revealed complex and interdependent changes of motor excit-

ability and plasticity induced by sensorimotor deprivation. It is
important to consider these physiological differences when de-
scribing and interpreting the effects of plasticity inducing proto-
cols, especially with the aim of devising and stratifying potential
clinical approaches.
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