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Background: REM sleep has antiepileptogenic properties whereas, its loss is known to have a proconvul-
sive role. However, the mechanisms underlying the proepileptogenic effects of REM sleep deprivation are
yet not fully understood. The aim of our study was to evaluate the effects of selective REM sleep depri-
vation (SRD) on cortical excitability in healthy subjects by means of transcranial magnetic stimulation
(TMS).
Methods: Ten normal subjects underwent three TMS sessions: (1) in baseline condition (BL), (2) after SRD
by awakening them at each REM sleep onset and (3) after non-rapid eye movement sleep awakenings
(NREM-A) as control for potential non-specific effects of interruptions. The TMS investigation included
two protocols: (a) the evaluation of motor evoked potentials (MEPs) and silent period (SP) parameters,
recorded in response to single pulse magnetic stimulation; (b) the evaluation of the time course of intra-
cortical motor activity tested with paired-pulse TMS applied at inter-stimulus intervals of 1–10 ms.
Results: After SRD the principal finding observed using single pulse TMS was a significant reduction in the
duration of SP whereas, a reduction of intracortical inhibition was found, using the paired-pulse TMS.
TMS parameters did not show significant changes after NREM-A with respect to BL.
Conclusions: SRD may influence cortical excitability with a reduction of inhibitory intracortical mecha-
nisms, thus supporting the proconvulsant role of REM loss.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sleep and epilepsy are intimately related by mutual and com-
plex interactions [1]. Non-REM sleep seems to have a permissive
effect on seizures and EEG epileptic discharges, whereas REM sleep
has an inhibitory action on both interictal and ictal paroxysms [2].
In addition, sleep deprivation is capable to induce a sensitization to
seizures [3] and it is therefore, employed in clinical settings as an
activation test of EEG in the diagnosis of epilepsy [4]. REM sleep
has antiepileptogenic properties [5–7] whereas its loss is known
to have a proconvulsive role [8–10]. However, the mechanisms
underlying the proepileptogenic effects of REM sleep deprivation
are yet not fully understood.

Transcranial magnetic stimulation (TMS) is a safe and non-inva-
sive diagnostic technique for exploring the motor pathways and
human motor excitability in vivo [11,12]. Several TMS measures
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contribute to assessment, of which the excitability threshold, the
amplitude of the motor evoked potential (MEP) and the silent per-
iod (SP), may be evaluated by the single pulse technique. These
parameters are very sensitive for detecting both physiological
and pathological conditions involving central motor pathways. In
addition, more complex TMS protocols (such as paired TMS) allow
the measurement of the time course of intracortical motor activity
reflecting the excitability of interneuron populations intrinsic to
motor cortical area [13–16].

Recently, some studies documented an impairment of cortical
excitability induced by total sleep deprivation in both healthy
and epileptic subjects by using TMS [17–21]. To date, the effects
of Selective REM sleep Deprivation (SRD) on cortical excitability
have not been explored in humans.

We aimed to study the effects of SRD on the cortical excitability
in healthy subjects assessed by means of single and paired TMS.

2. Methods

Ten healthy right-handed volunteers (six females, four males,
mean age 25.4 ± 3.1, range 20–30 years), recruited from the student
after selective REM sleep deprivation in healthy humans: A transcranial
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population, were included in our study and submitted to TMS. All
participants were required to maintain a regular sleep schedule the
week before the study sessions, as verified by actigraphy and sleep
diary. During three days preceding the study as well as during the
study, the subjects were instructed to abstain from alcohol and caf-
feinated beverages. The local ethical committee for research on hu-
man subjects approved the study protocol, and written informed
consent was obtained from the subjects before the study.

TMS, using single or paired stimuli, was delivered via a focal
butterfly-shaped coil connected to one or two Magstim 200 stimu-
lator units through a Bi-stim module (Magstim, Whitland, Dyfed,
UK). We always stimulated the non-dominant hemisphere,
because it has been proposed that there is an asymmetry in the
excitability of cortical inhibitory mechanism between the two
hemispheres [22]. Subjects were classified as right or left handed
according to their description of the hand used for writing.

Motor evoked potentials were recorded from the opponens pol-
licis of the left hand via surface electrodes applied in a belly-ten-
don montage.

All subjects underwent three TMS sessions, so that motor cortex
excitability was separately assessed in three different conditions:
(1) after a full night of spontaneous sleep (baseline, BL), (2) after
a night of selective SRD and (3) after a night with non-rapid eye
movement sleep awakenings (NREM-A) as control for potential
nonspecific effects of sleep interruptions.

Each TMS session was preceded by two nights of lab polysom-
nography (PSG). The first night was considered as adaptation. Dur-
ing the SRD nights, performed according to Endo’s criteria [23], the
subjects were awakened at the first sign of REM sleep and required
to sit up in bed for two minutes. The criteria for interventions were
20 seconds epoch of desynchronized EEG without spindles or K-
complexes and the concomitant reduction of the tonic EMG ampli-
tude regardless of the occurrence of rapid eye movements. In de-
tail, subjects were awakened by having their names called over
an intercom. Simultaneously, the experimenter entered the record-
ing chamber with the lights off and gently shook the subject until
receiving a response. Volunteers were kept awake for two minutes
by asking them incidental questions (e.g., name the days of the
week), to avoid the immediate relapse into REM sleep.

The NREM-A nights served as a control for the repeated awaken-
ings. During NREM-A nights, the subjects were awakened from one
to two NREM sleep stages and kept awake for two minutes using the
same experimental protocol as for SRD [25]. In the NREM-A session
care was taken to minimize interference with slow wave sleep.

During all sleep nights, the EEG (F4, C4, O2, F3, C3, O1, A2, and A1),
submental EMG and EOG were recorded. Sleep stages were visually
scored for 30 seconds epochs according to the criteria of Rechschaf-
fen and Kales [24]. Sleep stage percentages were calculated over to-
tal sleep time (TST = time from sleep onset to morning awakening
after the time awake during the night is subtracted). Sleep efficiency
(SE) was calculated from the ratio between TST and time in bed
(TIB = recording time between lights off to morning awakening).

The interval between the sessions was not strictly predefined,
but it was not shorter than one week. In order to prevent the effect
of circadian factors, the TMS sessions were performed always in
the late morning (11–12 a.m.). To avoid the hormonal effects
on cortical excitability, all females had testing sessions performed
during the same phase of the menstrual cycle [25]. To control vig-
ilance fluctuations during the TMS sessions subjects were co-re-
corded with PSG and required to stay alert with eyes open and
body muscles relaxed. Subject behavior was continuously checked
by the technician throughout the recording.

The order of the sessions (BL versus SRD) was counterbalanced
across subjects, although the SRD preceded the NREM-A sessions.
This allowed a number of awakenings similar for SRD and NREM-
A nights.
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Each TMS recording session included two protocols: (1) Single-
pulse TMS, with evaluation of MEPs, Motor threshold and of SP
parameters [11,12] and (2), Paired-pulse stimulation, with evalua-
tion of time course of intracortical motor activity tested at 1–10 ms
inter-stimulus intervals [13].
2.1. Single-pulse TMS protocol

The optimal scalp position of the coil was assessed by moving
the coil in one centimeter steps over the presumed hand motor
area. Coil location was determined as the site that elicited the
optimal MEP amplitude during muscle relaxation with the lowest
threshold. The coil was held tangential to the skull with the handle
pointing backwards at 45� lateral to the midline. Usually the ‘opti-
mal’ responses were elicited when the coil was placed five to six
centimeters along the coronal line from Cz point (10–20 Interna-
tional System) [11,26].

For motor threshold measurement, MEPs were recorded during
relaxation of the target muscle [11,12]. At threshold TMS value, a
moderate contraction allowed the detection of both MEP and silent
period parameters in the 500 ms following TMS. Audio-visual elec-
tromyographic feedback was provided to control for muscle relax-
ation and contraction.

The mean of three trials was used to define the following para-
meters and each trial was the average of three consecutive motor
responses [27]:

� Motor threshold (%), expressed as the percentage of the stimu-
lator’s maximal output, defined as the intensity required to eli-
cit detectable MEPs with amplitudes of 0.05–0.15 mV in 50% of
the stimuli [11].
� MEP amplitude (mV), defined as the peak-to-peak amplitude

between the largest negative and positive deflections following
stimulus onset [11].
� Silent period duration (ms), measured from the MEP to the

rebound of voluntary EMG activity (absolute duration of silent
period) [27–28].

2.2. Paired-pulse TMS protocol

MEPs were recorded during complete relaxation of the target
muscle. A conditioning test design was used to investigate the time
course of intracortical motor activity. Paired stimuli were applied
with conditioning pulses delivered between 1–10 ms before
test stimulation. The intensity of the conditioning pulse was main-
tained below the threshold necessary for evoking responses in con-
tracted muscles (70% of the individual resting motor threshold).
Test pulses were delivered suprathreshold for eliciting relaxed
MEPs (110–120% of the individual resting motor threshold). In
each block test and conditioning pulses at the different inter-stim-
ulus intervals were randomly mixed. In order to achieve a com-
plete set of inter-stimulus intervals, several blocks of trials were
performed. Each block included sixteen trials, with eight having
the test stimulus alone (unconditioned MEP) and eight having
pairs of condition-test pulses delivered at one of the 10 inter-stim-
ulus intervals (conditioned MEP). The sequence began and ended
with the unconditioned trials, with the conditioned MEP trials in
between [13,29]. Mean amplitudes of unconditioned and condi-
tioned MEPs were calculated separately for each inter-stimulus
interval. The amplitude of conditioned MEPs was expressed as
the percentage of unconditioned MEPs amplitude. The time-course
was defined as the mean amplitude variation of conditioned MEPs
(expressed as the percentage of ‘‘unconditioned’’ MEPs amplitude)
at each inter-stimulus interval.
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Table 2
Single-pulse TMS data in baseline, SRD and NREM-A conditions.

BL SRD NREM-A

Motor threshold (%) 52.1 ± 6.6 49.7 ± 4.1 50.2 ± 5.2
MEP amplitude (mV) 4.6 ± 1.2 5.1 ± 1.3 4.8 ± 1.4
Cortical silent period (ms) 68.9 ± 18.5 55.8 ± 15.8*,** 70.2 ± 20.8

BL = baseline condition, SRD = selective REM deprivation, NREM-I = control nights
with NREM awakenings.
* Comparison between SRD vs BL, p = 0.003.
** Comparison between SRD vs NREM-A, p = 0.002.
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Fig. 1. Time course of intracortical motor activity tested with paired-pulse TMS.
The size of the conditioned MEP, expressed as the percentage of the size of the
unconditioned MEP alone is displayed at different inter-stimulus intervals (1–
10 ms) in baseline condition (BL, dotted line), after selective REM deprivation (SRD,
solid line) and after control NREM sleep fragmentation (NREM-A, broken line).
� = The size of conditioned MEP at ISI of 2 ms after SRD was significantly higher than
in baseline and NREM-A, p < 0.05 (Post-hoc Tukey HSD Test).
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2.3. Data analysis

For statistical analysis the SPSS program (release 16.0.2,
Chicago, USA) for Windows was used. Motor threshold, MEP ampli-
tude, and SP duration differences between conditions (BL versus
SRD versus NREM-A) were tested using paired t-tests, with a
Bonferroni correction of p values when required.

For PSG data a two-way analysis of variance (ANOVA) with re-
peated measures was used with condition (basal versus SRD versus
NREM-A) and sleep parameters as within factors. The same analy-
sis was separately utilized for paired pulse data with condition
(basal versus SRD versus NREM-A) and inter-stimulus intervals
(1–10 ms) as within factors. Provided the F was significant
(p < 0.05), a post-hoc analysis was performed by using the Tukey
HDS test. Differences at p < 0.05 were considered significant.

3. Results

3.1. PSG data

PSG data are expressed in Table 1. As expected, REM sleep was
significantly reduced during SRD with respect to BL and NREM-A.
TST was significantly reduced during both SRD and NREM-A condi-
tions with respect to BL, but this parameter was not statistically
different between SRD and NREM-A nights. Other nocturnal sleep
data were not significantly different between conditions.

3.2. Single-pulse TMS: MEPs, motor threshold, and silent period

Comparison between excitability threshold in BL, SRD and NREM-
A conditions showed no significant difference. Similarly, amplitude
of ‘contracted’ MEPs was not significantly different between
conditions.

By contrast, SP duration in the SRD condition was significantly
shorter than in the baseline condition (55.8 ms ± 15.8 versus 68.9 ms ±
18.5, respectively; p = 0.003) and NREM-A condition (55.8 ms ± 15.8
versus 70.2 ± 20.8, respectively, p = 0.002) (Table 2).

3.3. Paired-pulse TMS data

All the subjects showed a normal intracortical motor profile to
paired TMS in the basal condition. There was a significant effect
of condition (F(2.18) = 25.02; p < 0.000006). In fact, the mean
amplitude of conditioned MEPs after SRD was significantly higher
than the mean amplitude of conditioned MEPs in basal condition
(112.9% versus 91.2%, p = 0.0001) and in NREM-A condition
(112.9% versus 96.7, p = 0.0003).

Finally, we observed a significant ISI x condition effect (F(18.162) =
2.15, p = 0.006). Post-hoc analysis comparing inter-stimulus inter-
vals 1–10 ms showed significantly higher values at ISI of two ms.
Table 1
Polysomnographic parameters in baseline, SRD and NREM-A conditions.

BL SRD NREM-A

TST 428 ± 48.5** 379.2 ± 18.3 388 ± 21.9
SEI 92.5 ± 5.3 85.8 ± 4.5 86.2 ± 5.4
S1 8.7 ± 5.02 14.6 ± 4.6 8.5 ± 2.9
S2 51.7 ± 3.6 59.6 ± 5.9 52.3 ± 4.4
SWS 20.3 ± 4.7 22.1 ± 3.4 19.2 ± 3
REM 19.3 ± 4.4 3.7 ± 0.9* 19.9 ± 3.8

BL = baseline, SRD = selective REM deprivation, NREM-A = control nights with
NREM sleep awakenings, TST = total sleep time in minutes, SEI = sleep efficiency
index (total sleep time/time in bed � 100), SWS = slow wave sleep, S1, S2, SWS and
REM are expressed as percentages of total sleep time.
* p < 0.0001 (Two-way ANOVA, Post-hoc Tukey HSD Test) SRD vs BL and NREM-A.
** p < 0.05 (Two-way ANOVA, Post-hoc Tukey HSD Test) BL vs SRD and NREM-A.
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after SRD with respect to baseline (91.6 ± 20.9 versus 26.5 ± 12.1,
p = 0.02) and to NREM-A conditions (91.6 ± 20.9 versus 19.7 ± 8.5,
p = 0.003) (Fig. 1).
4. Discussion

The main findings of our study were the significant reduction of
SP duration and the marked amplitude increase of conditioned
MEPs, particularly evident at short intervals (two ms) after SRD.
The latter effect is the clear expression of a reduction of the intra-
cortical inhibition (ICI), thought to reflect the activity of inhibitory
interneurons intrinsic to cortical area 4 [13,14]. Importantly, the
observed effects are likely to be specifically due to SRD, given that
the procedure successfully reduced REM sleep to only 3.7% over to-
tal sleep time in the SRD nights without altering SWS during the
experimental nights. Furthermore, the marked reduction of both
ICI and SP after SRD cannot be attributed to non-specific effects in-
duced by sleep fragmentation, since these effects were not ob-
served after the NREM-A nights.

The reduction of both SP duration and ICI, considered suitable
markers of inhibition/facilitation balance at the cortical level [13,30]
suggests an influence of SRD on neurotransmitter system of the
intracortical circuitry and brainstem.

In fact, ICI is mediated by intracortical inhibitory processes in
healthy subjects. Weak magnetic conditioning stimuli specifically
engage cortical motor inhibitory circuits [13,31]. Pharmacologic
studies demonstrate that ICI can be increased by drugs that en-
hance GABA-A transmission [15,16]. The important decrease of
after selective REM sleep deprivation in healthy humans: A transcranial
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motor inhibition after SRD shown in our study may depend on
modification in cortical excitability mediated by neurotransmit-
ters, possibly the GABA-ergic system.

Otherwise, the decrease of SP duration observed in our study
suggests a reduction of central motor inhibition induced by SRD.
However, the silent period has a complex and partially obscure
pathophysiology and reflects inhibitory activity of mainly cortical,
but even subcortical and spinal circuits possibly modulated by
GABAergic mechanisms [26,28,32–35]. The same multiple areas
are involved in the NREM/REM sleep alternation. Pontine GABAer-
gic mechanisms play a crucial role in the control of the motor
inhibitory system operating during active sleep [36]. GABAergic
REM-on and REM-off neurons localized in the ventrolateral
periacqueductal gray and in the dorsal paragigantocellular reticu-
lar nucleus seem to be reciprocally involved in the regulation of
paradoxical sleep [37]. Blocking GABA receptors in peduncolopon-
tine tegmentum decreases, whereas facilitation of GABA transmis-
sion increases REM sleep in both cats [38] and rats [39]. Thus, the
SRD could be able to influence one of these inhibitor mechanisms
as suggested by the reduction of the SP duration.

Even though our TMS study seems to indicate a prevalent involve-
ment of GABA-ergic processes induced by REM loss, it has to be
considered that modifications of neural excitability mirror the net
result of complex changes interesting different neurotransmitters,
receptors and ion channels, as suggested by experimental animal
studies showing that REM sleep loss provokes relevant impairment
of different neurotransmitter receptor expression and functions
[40,41].

Sleep deprivation is a powerful activator of seizures and it is
known to facilitate both generalized and focal paroxysmal EEG
abnormalities [3,4,42]. Furthermore, an inverse correlation be-
tween REM sleep and epileptogenicity has been shown by several
studies linking sleep and epilepsy.

In fact, REM sleep presents inhibitory effects on paroxysmal events
in both animals and humans [5–7,43,44], whereas a proconvulsant role
of REM sleep deprivation has been documented in animals [8–10].
Notably, recent animal experimental studies showed that REM
sleep loss increases brain excitability through a complex cascade of
intracellular and molecular events leading to increased noradrenalin
levels and activation of Na-K ATPase activity [41]. On this basis,
Mallick and Singh [41] have hypothesized that a fundamental function
of REM sleep is the maintenance of brain excitability.

In the last decade, the effects of total sleep deprivation on human
motor cortex have been explored by means of TMS in normal indi-
viduals with conflicting results, mainly due to partial different
methodological protocols utilized [17–19,45]. However, an increase
in cortical excitability induced by total sleep deprivation has been
documented by some studies in healthy subjects [17,18,46] as well
as in epileptic patients [20,21,47]. In particular, Scalise et al. [18]
reported a reduction of both SP duration and ICI after total sleep
deprivation. Very recently, a combined EEG/TMS study has demon-
strated a progressive increased excitability of the human frontal
cortex with time awake [48].

Although an increase of neuronal brain excitability induced by
REM sleep loss has been showed in animal studies [8,9,41], this ef-
fect has not been documented in humans yet.

In this study, we found a reduction of both ICI and cortical silent
period suggesting an increase of brain excitability induced by SRD
in healthy humans. The increased excitability induced by SRD rep-
resents a further proven of the proconvulsant role explicated by
REM sleep loss. Since our results are very similar to those by Scalise
et al. [18] and Kreuzer et al. [46] observed in totally sleep deprived
healthy humans, we suggest that the cortical hyperexcitability
induced by total sleep deprivation may be mainly due to the net
contribution provoked by REM sleep loss.
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