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Abstract: Behavioral reactions to sensory stimuli during sleep are scarce despite preservation of size-
able cortical responses. To further understand such dissociation, we recorded intracortical field poten-
tials to painful laser pulses in humans during waking and all-night sleep. Recordings were obtained
from the three cortical structures receiving 95% of the spinothalamic cortical input in primates, namely
the parietal operculum, posterior insula, and mid-anterior cingulate cortex. The dynamics of responses
during sleep differed among cortical sites. In sleep Stage 2, evoked potential amplitudes were similarly
attenuated relative to waking in all three cortical regions. During paradoxical, or rapid eye movements
(REM), sleep, opercular and insular potentials remained stable in comparison with Stage 2, whereas
the responses from mid-anterior cingulate abated drastically, and decreasing below background noise
in half of the subjects. Thus, while the lateral operculo-insular system subserving sensory analysis of
somatic stimuli remained active during paradoxical-REM sleep, mid-anterior cingulate processes
related to orienting and avoidance behavior were suppressed. Dissociation between sensory and ori-
enting-motor networks might explain why nociceptive stimuli can be either neglected or incorporated
into dreams without awakening the subject. Hum Brain Mapp 33:2638–2649, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The nature of the interaction between noxious somatic
stimuli and brain activity during sleep remains mysterious

[Kakigi et al., 2007]. Painful events can be incorporated
into ongoing dreams [Maury, 1861; Raymond et al., 2002],
and recent work using scalp-recorded evoked potentials
(EPs) has confirmed the persistence of sizeable cortical
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responses to nociceptive stimuli during all sleep stages,
including paradoxical, or rapid eye movements (REM)
sleep. It has also been established that noxious pulses at
nociceptive threshold evoke arousal reactions in about
30% of cases [Bastuji et al., 2008; Lavigne et al., 2000], i.e.,
significantly more often than repetitive auditory stimuli at
70–80 decibels [Bastuji et al., 1995], or behaviorally signifi-
cant stimuli such as the subject’s own first name [Perrin
et al., 1999].

The ascending nociceptive pathways (the spino-thalamo-
cortical systems) are organized in such a way that a sub-
stantial portion of the spinal axons conveying nociceptive
information projects to the brainstem reticular formation
[reviews in Dostrowsky, 2006; Steriade, 1996; Willis and
Westlund, 1997]. The excitatory output of the brainstem
reticular formation on thalamic and cortical targets
accounts for the strong arousing effect of pain stimuli.
Given the hardwired arousing effect of noxious input, and
even if the proportion of arousals is globally higher for
pain than for other sensory systems, it remains surprising
that (i) painful stimuli can be incorporated onto dreams,
or even trigger them, without necessarily awakening the
subject [Maury, 1861; Nielsen et al., 1993; Raymond et al.,
2002] and (ii) up to 70% of stimuli at nociceptive threshold
can evoke cortical EPs [Bastuji et al., 2008] and autonomic
reactions [Chouchou et al., in press] without giving rise to
electroencephalographic (EEG) or behavioral arousals.
Such phenomena should imply some level of dissociation
between cortical systems devoted to the sensory analysis
of stimuli, allowing incorporation into ongoing cognitive
activity such as dreams, and those systems determining
the orienting reactions underlying arousal and withdrawal
from the noxious input.

In primates, 95% of spinothalamic afferent input reaching
the cortex activates, through direct thalamocortical connec-
tions, three separate cortical areas, namely the posterior
granular insula (Brodman area, BA13), the suprasylvian pa-
rietal operculum (somatosensory area S2), and the mid-an-
terior cingulate cortex (BA 24) [Dum et al., 2009]. In
humans, these cortical areas form the core of the so-called
‘‘Pain Matrix’’ (PM), or network of cortical structures that
respond consistently to noxious mechanical or thermal
stimuli [Apkarian et al., 2005; Frot and Mauguière, 1999;
Garcia-Larrea et al., 2003; Lenz et al., 1998; Peyron et al.,
1999; Treede et al., 1999]. The lateral structures of the PM
(posterior insula and suprasylvian operculum) are thought
to subserve intensity coding and localization of pain inputs,
while the medial PM system (anterior and mid-cingulate
cortex) is linked to the attentional (orienting and arousing)
components of pain [Apkarian et al., 2005; Dum et al., 2009;
Frot et al., 2008; Peyron et al., 2000; Vogt, 2005]. In this
study, we used cortical point-mapping in epileptic patients
implanted with intracranial electrodes in these three crucial
areas of the PM, so as to record the responses to nociceptive
laser stimuli during both wakefulness and all-night physio-
logical sleep. Particular emphasis was put on recordings
during paradoxical, or REM, sleep, to understand possible

specific dissociations between cortical systems linked to
withdrawal and arousal, and those sub-serving the sensory
analysis of painful stimuli that might underlie their incor-
poration into ongoing cognitive activity.

METHODS

Intracerebral Recording Procedure

The 11 patients included in this study suffered from
partial refractory epilepsy. To delineate the extent of the
cortical epileptogenic area and to plan a tailored surgical
treatment, depth EEG recording electrodes were implanted
according to the stereotactic technique of Talairach and
Bancaud [1973]. Among other sites, all of these patients
had electrodes chronically implanted in the posterior-mid
insula, in the supra-sylvian operculum, and in the mid-an-
terior cingulate for the recording of their seizures. The de-
cision to explore these areas resulted from the observation
during scalp video-EEG recordings of ictal manifestations
suggesting the possibility of seizures propagating to or
originating from these regions [for a complete description
of the rationale of electrode implantation, see Isnard et al.,
2000, 2004]. This procedure aims at recording spontaneous
seizures but also includes the functional mapping of
potentially eloquent cortical areas using EPs recordings
and cortical electrical stimulation [for a description of the
stimulation procedure, see Mazzola et al., 2006; Ostrowsky
et al., 2002]. In agreement with French regulations relative
to invasive investigations with a direct individual benefit,
patients were fully informed about electrode implantation,
stereotactic EEG (SEEG), evoked potential recordings, and
cortical stimulation procedures used to localize the epilep-
togenic cortical areas and gave their consent. The laser
stimulation paradigm was submitted to, and approved by,
the local Ethics Committee (CCPPRB Léon Bérard-Lyon).
The present experiments were supported by the French
National Agency for Medical Research (INSERM). Patients
were fully informed about the fact that night laser evoked
potentials (LEP) recordings were not a part of the diagnos-
tic procedure but were performed with research purposes,
and gave their written informed consent.

Data from one patient were excluded because the exact
position of two electrodes could not be ascertained due to
movement induced during an epileptic seizure. In the
remaining 10 patients (5 women, mean age 27 years,
range: 18–51 years), LEP recordings were performed dur-
ing one full night, at the end of the SEEG monitoring pe-
riod, after 5–10 days of continuous SEEG monitoring, and
in the patients’ own recording room. At that time, any
‘‘first-night’’ effect had faded away, and antiepileptic
drugs had been tapered down so that all patients were
under mono or bitherapy (carbamazepine, valproate, lamo-
trigine, levetiracetam, and pregabalin) with daily dosages
at, or slightly under, the minimum of their usual therapeu-
tic range.
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Electrode Implantation and Anatomical

Localization of Recording Sites

The electrode implantation procedure was carried out
using multiple contact electrodes introduced into the brain
perpendicular to the midsagittal plane, according to the ste-
reotactic technique of Talairach and Bancaud [1973]. Each
electrode had 10–15 contacts, each of 2 mm length, separated
by 1.5 mm, and could be left in place chronically up to 15
days. Coordinates of relevant targets were determined on
the patient’s brain magnetic resonance (MR) images accord-
ing to previously described procedures [Frot and Mauguière,
1999, 2003; Ostrowsky et al., 2002]. Anatomical localization
of the cortical electrode contacts was counterchecked using
fusion of skull X-ray after electrode implantation with the
appropriate coronal MR slice of the patient’s brain (MRIcro
software) [Rorden and Brett, 2000]. Each contact and particu-
larly those exhibiting the largest LEP amplitudes (Table I)
were then localized in the Talairach space using their stereo-
tactic coordinates: x for the lateral medial axis, with x ¼ 0
being the coordinate of the sagittal interhemispheric plane; y
for the rostrocaudal (anterior–posterior) axis, y ¼ 0 being the
coordinate of the vertical anterior commissure (VAC) plane,
and z for the inferior–superior axis, z ¼ 0 being the coordi-
nate of the horizontal anterior commissure–posterior com-
missure (AC–PC) plane [Frot and Mauguière, 1999].

Exploration of Suprasylvian Opercular, Insular,

and Cingulate Cortices

The different sites of implantation are illustrated in Fig-
ure 1. The insula was explored in the 10 patients with the
deepest contacts of 1–3 electrodes implanted in the supra-
sylvian opercular cortex or the first temporal gyrus. Thirty-
three electrode contacts explored the posterior insular cor-
tex, distributed along the rostrocaudal axis, þ1 mm rostral
and �28 mm caudal to the VAC plane (y coordinates).

The suprasylvian opercular cortex was explored in eight
patients (26 electrode contacts). Six patients were
implanted with a single opercular electrode, exploring ei-
ther the pre- (five cases) or post-central (one case) opercu-
lum. In the two other patients, both the frontal and the
parietal opercular cortices were each implanted with 1
electrode, and yielded similar results. Twenty-six contacts
explored the suprasylvian opercular area, distributed
along the rostrocaudal axis, þ2 mm rostral and �23 mm
caudal to the VAC plane (y coordinates).

The mid-anterior cingulate was explored in six patients
with 1 electrode. Data were collected using 12 electrode
contacts, distributed along the rostrocaudal axis, between
þ38 mm and þ21 mm rostral to the VAC plane
(y coordinates).

Laser Stimulation Parameters

Radiant nociceptive heat pulses of 5 ms duration were
delivered with a Nd:YAP-laser (Yttrium Aluminium Per-
ovskite; wavelength 1.34 lm; El.En.VR ). The laser beam was
transmitted from the generator to the stimulating probe
via an optical fiber of 10 m length (550 lm diameter with
sub miniature version (SAV) A-905 connector). Series of
laser stimuli were delivered on the dorsum of the hand,
contralateral to the hemispheric side of electrodes implan-
tation. The intensity was kept stable for any given subject
during the whole night, slightly above individual pain
threshold (level 4 in a Likert-type scale where 0 was ‘‘no
sensation,’’ 8 ¼ unbearable pain, and 4 was defined as
‘‘pricking, moderately painful’’). Pain threshold was deter-
mined during wakefulness before sleep, using up to 10
stimulus trials, with ascending/descending intensity, by
varying the laser energy and beam diameter (4–6 mm) and
using a verbal numerical scale. Nociceptive threshold was
obtained in all subjects with energy densities of 50–79 mJ/
mm2. These pain threshold values were within the normal

TABLE I. Coordinates (atlas of Talairach and Tournoux) of contacts (in millimetres) where the maximal amplitudes

of the C1–C2 components in referential mode were recorded

Patients

Insular cortex Opercular cortex Cingular cortex

X Y Z X Y Z X Y Z

P1 38 1 12 45 1 12 4 31 14
P3 36 �27 9 6 34 18
P4 30 �28 10
P5 33 �21 3 43 2 11 �4 35 15
P6 38 �1 �5 46 �1 9 �1 22 24
P7 32 �22 8 54 �23 21 �2 21 20
P8 39 �8 6 42 �3 18 4 32 18
P9 37 �2 �3 44 �6 15
P10 34 �17 2 54 �1 12
P11 34 �23 5 45 0 7
Mean 35.1 �14.8 4.7 46.6 �3.9 13.1 3.5 29.2 18.2
SD 3 11.2 5.5 4.7 8.1 4.6 1.8 6.1 3.6
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range of our laboratory and those reported by others using
Nd:YAP lasers [Leandri et al., 2006; Perchet et al., 2008;
Truini et al., 2007]. To avoid damaging the skin, stimulus
blocks consisted of a maximum of 20 laser pulses and the
heat spot was slightly shifted over the skin surface
between two successive stimuli to avoid habituation and
especially peripheral nociceptor fatigue [Schwarz et al.,
2000]. Following preliminary work showing that delivering
stimuli at short (<6 s) and constant intervals increased the
probability of awakening [Bastuji et al., 2008], the intersti-
mulus interval was pseudo-randomly adjusted on line and
varied between 10 and 25 s.

Recording Procedures

After estimation of pain thresholds to laser, two separate
runs of 10–15 stimulations were applied to the skin in the
superficial radial nerve territory on the dorsum of the
hand during pre-sleep wakefulness, so as to obtain control

responses. Then the patients were allowed to sleep at their
own time. Before delivering any further laser stimulation,
a minimum of 20 min of sleep was allowed from the first
EEG signs of sleep onset. The identification of the different
sleep stages (Stages 2–4, and REM sleep) was done on line
by one of the investigators (HB) expert in sleep studies;
this allowed to stimulate in each sleep stage, and to imme-
diately discontinue the sequence if one stimulus awoke
the sleeper. A second investigator entered the room and
delivered nociceptive pulses transmitted through the optic
fiber from the laser stimulator. The 10-m optical fiber
transited under the door separating the recording and
sleeping areas, and allowed to stimulate conveniently any
body part despite movements of the subjects during the
night. Both the sleeping subject and the investigator wore
eye protections. If any stimulus arouses the sleeper, the
sequence was immediately discontinued. Runs of stimula-
tions were delivered on the dorsum of the hand during
the different sleep stages up to 6:00 AM.

Figure 1.

Anatomical sites of implantation of the 29 electrodes (black

circles) used for recording. The sites of electrode entry in the

brain convexity are shown in a lateral view of the normalized

anatomical model of normal brain proposed by the McConnell

Brain Imaging Center of the Montréal Neurological Institute

(upper part of the figure). The intracerebral location of the six

electrodes exploring the mid-anterior cingulate is shown in

frame B (sagittal view at Talairach’s x ¼ 6 mm), that of the 18

electrodes exploring the insular cortex in C (sagittal view at x ¼
37 mm) and that of the 10 electrodes exploring the supra syl-

vian opercular cortex in D (sagittal view at x ¼ 47 mm).
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Online EEG recordings (Micromed BrainQuickVR , St. Eti-
enne des Oullières, France) were obtained using a sam-
pling frequency of 256 Hz and a bandpass filter of 0.03–
100 Hz, both in bipolar and referential modes. The refer-
ence electrode was chosen for each patient on an
implanted contact located in the skull. Blinks and saccades
were recorded with 2 electro-oculograms (EOG) electrodes
placed on the supero- and infero-lateral right canthus.
EEG, EOG, and electrocardiogram (EKG) were recorded
continuously during the night and were stored for offline
analysis.

Data Analysis

Sleep stages were visually identified using more than 20
intracortical contacts with both bipolar and referential
traces plus EOG. Sleep scoring of intracranial data was
done according to the criteria of Rechtschaffen and Kales
[1968] [see Magnin et al., 2004; Rey et al., 2007], so as to
derive hypnograms based on 30-s epochs and determine
the vigilance state during which laser stimuli were deliv-
ered. More restricted criteria were used during the inter-
vals immediately preceding and following each stimulus,
in order to reject (a) cortical responses occurring during an
arousal period, and (b) responses obtained following less
than 1 min of continuous sleep.

Epoching of the EEG, selective averaging, and record
analysis were performed offline using ASAVR software
(Advanced Neuro Technology (ANT), Eschende, The
Netherlands). The continuous EEG was segmented into
‘‘epochs’’ beginning 100 ms before and ending 900 ms after
the stimulus. A 100 ms prestimulus baseline correction
was performed before averaging. Epochs presenting epi-
leptic transient activities or artifacts were rejected from
analysis, as were epochs recorded during transition phases
between two sleep stages, or during an arousal period.
Single-stimulus LEPs were grouped separately as a func-
tion of the sleep stage during which they were recorded,
and then averaged according to the different states of vigi-
lance and contact positions. The LEP components,
recorded in the three different structures, were identified
as the most positive (or negative) peaks within a 160–420
ms latency window encompassing the corresponding
waveform, determined from literature [Frot et al., 2008;
Frot and Mauguière, 2003] and grand-averages. The com-
ponents were analyzed only when their amplitude during
wakefulness exceeded by at least 3 SD the mean prestimu-
lus baseline. Thus, a first negative component in the oper-
cular and cingulate cortices [Frot et al., 2001, 2008] was
not analyzed in this study because of its very small ampli-
tude. The first component analyzed, peaking at approxi-
mately 200 ms, was positive in the opercular and cingulate
cortices and negative or positive in the insular cortex: thus
this component was not labeled according to its polarity
but as Component 1 (C1) in order to facilitate the compari-
son between the three structures. In the same way, the sec-

ond component, peaking at approximately 300 ms, was
negative in the opercular and cingulate cortices and posi-
tive or negative in the insular cortex: this component was
labeled Component 2 or C2.

In all figures, negative potentials at the intracortical re-
cording site are represented upward. In the text, mean vol-
tages and latencies are given � 1 SE.

Statistical analyses of electrophysiological data were per-
formed on averaged traces from each individual. Latencies
of the two predominant components, C1 and C2, were
considered. For amplitudes, statistical analysis performed
either on peak-to-peak between C1 and C2 or from base-
line to C1 and C2 amplitude values turned out to be simi-
lar so that data on peak-to-peak values only were
reported. Latencies and amplitudes were measured on in-
sular, opercular, and mid-anterior cingulate contacts with
higher amplitude in referential mode, for each subject and
in each sleep stage. Data were then submitted to repeated-
measure analyses of variance (ANOVA). LEPs during slow
wave sleep (SWS) were obtained in only three subjects
and thus could be not included in the ANOVA. As each
cortical structure was explored in a different number of
subjects (insula: 10 patients, operculum: 8 patients, cingu-
late: 6 patients), three separate repeated-measures one-way
ANOVAs were performed. Dependent variables were the
latency and the amplitude of LEP components, and the
within factor (state of vigilance) had three levels: waking,
Stage 2, and REM sleep). The Geisser–Greenhouse (G-G)
correction was used to adjust degrees of freedom when
needed. A significance level of P < 0.05 after G-G correc-
tion was accepted as significant. Post-hoc comparisons
using confidence intervals were performed when ANOVA
yielded significant results. Significance level of confidence
intervals (CI) was set at 95%.

RESULTS

The 10 patients analyzed had electrodes chronically
implanted in the posterior-mid insula, 8 in the supra-syl-
van operculum, and 6 in the mid-anterior cingulate cortex
for the recording of their seizures (Fig. 1). We analyzed a
total of 927 laser nociceptive stimuli, of which 748 (81%)
applied during sleep. An average of 18 (10–30) stimuli per
subject were delivered during wakefulness, 34 (10–74) dur-
ing Stage 2 sleep, 6 (0–34) during SWS (not analyzed), and
35 (3–78) during paradoxical sleep.

Effects of Sleep Stages on LEP Latencies

During wakefulness, LEP latencies were comparable to
those reported in previous LEP studies using intracortical
electrodes [e.g., Frot et al., 2007, 2008]. ANOVA on LEP
latencies showed a significant effect of sleep stage on the la-
tency of component 1 (C1) in the insula [F(1,9) ¼ 5.62; P ¼
0.019], the operculum [ANOVA; F(1,7) ¼ 5.57; P ¼ 0.031],
but not in the cingulate [F(1,5) ¼ 2.65; P ¼ 0.121]. In the
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insula and operculum, the latency of C1 was significantly
delayed in Stage 2 and REM sleep as compared to wakeful-
ness (see Table II). There was no significant effect of sleep
stage on the latency of component 2 (C2) in any structure
(insula [F(1,9) ¼ 1.85; P ¼ 0.19]; operculum [F(1,7) ¼ 1.21; P
¼ 0.32]; cingulate [F(1,5) ¼ 0.42; P ¼ 0.572].

Effects of Sleep Stages on LEP Amplitude

The peak-to-peak amplitudes of C1–C2 evoked by laser
stimuli were significantly affected by sleep in the three
cortical areas, insula [ANOVA; F(1,9) ¼ 30.84; P < 0.001],
operculum [ANOVA; F(1,7) ¼ 22.25; P ¼ 0.001], and cingu-
late [F(1,5) ¼ 25.38; P ¼ 0.001]. As compared to waking,
LEP amplitude was significantly decreased during both
Stage 2 and paradoxical-REM sleep in each structure (see
Table I and Fig. 2). Post-hoc comparisons showed that LEP
amplitudes remained unchanged between Stage 2 and
REM sleep in the insular and the opercular cortices, while
they were significantly decreased during REM sleep as
compared to Stage 2 in the cingulate cortex. The mid-cin-
gulate region was the only area where C1–C2 amplitude

presented a sizeable decrease between sleep Stage 2 and
REM sleep, as illustrated in Figure 3 showing grand-aver-
age LEPs and individual responses from a representative
subject, respectively.

Figure 4 illustrates the uneven distribution of LEP am-
plitude across structures during paradoxical (REM) sleep,
with significant depression in mid-cingulate and the oppo-
site trend (with large scatter of values) in operculum and
insula.

DISCUSSION

The changes of nociceptive responses during sleep dif-
fered between the operculo-insular and the cingulate corti-
ces. While opercular and insular responses to laser stimuli
were attenuated to a similar level during all the sleep
stages investigated, mid-anterior cingulate potentials,
which were only moderately attenuated during sleep Stage
2, abated drastically in paradoxical sleep, to the extent of
decreasing below background noise in three subjects.

Functional Implications

The neuroanatomical basis subserving pain perception is
known to involve two main subsystems, commonly
labelled ‘‘lateral’’ and ‘‘medial’’ [Albe-Fessard et al., 1985;
Treede et al., 1999]. The lateral subsystem includes affer-
ents from the lateral thalamus to SI and operculo-insular
cortices and is thought to encode intensity and localization
of pain inputs [Apkarian et al., 2005; Garcia-Larrea et al.,
2010; Peyron et al., 2000]. The medial subsystem comprises
projections to the mid-anterior cingulate cortex from the
medial thalamus [Baleydier and Mauguière, 1980; Dum
et al., 2009; Treede et al., 1999], and is supposed to activate
the motor, cognitive, and emotional pain components.
Recent evidence in humans points to a simultaneous early
activation of the operculo-insular and mid-cingulate corti-
ces in response to noxious stimuli, suggesting that the
processing of nociceptive information in the ‘‘medial’’ and
‘‘lateral’’ subsystems is, at least in its early phases, rather
parallel than sequential [Frot et al., 2008]. The finding of
short-latency cingulate responses to pain suggests that the
medial system is not exclusively devoted to slow affective
processes [e.g., Price, 2000], but is also involved in fast
reactions such as automatic orienting toward, and motor
withdrawal from, pain stimuli. Indeed, although the tha-
lamo-cingulate projections have been often considered to
subserve affective components of the pain experience [e.g.
Kulkarni et al., 2005; Price, 2000; Rainville et al., 1997],
recent evidence in humans and monkeys shows that the
spinothalamic input to anterior cingulate cortex (ACC)
concern mainly, if not exclusively, cingulate regions pri-
mary involved in motor control, orienting and attention
for action [Dum et al., 2009; Frot et al., 2008; Vogt, 2005].
In this context, the selective depression of mid-anterior
cingulate responses observed during REM sleep is

TABLE II. Quantitative analysis of LEPs in the different

states of vigilance

ANOVA
Mean

difference
95% Confidence

intervals P

LEP amplitude
Insula

(F(1,9) ¼ 30.84; P < 0.001)
W–S2 �77.35 lV [�108.23 to �46.47] 0.001
W–PS �72.40 lV [�100.07 to �44.73] 0.001
S2–PS 4.95 lV [7.18 to 17.08] 0.38

Operculum
(F(1,7) ¼ 22.25; P ¼ 0.001)

W–S2 �101.19 lV [�154.17 to �48.20] 0.003
W–PS �84.13 lV [�111.60 to �56.65] 0.001
S2–PS 17.06 lV [�12.32 to 46.44] 0.21

Cingulate
(F(1,5) ¼ 25.38; P ¼ 0.001)

W–S2 �35.67 lV [�60.05 to �11.28] 0.013
W–PS �51.83 lV [�71.47 to �32.20] 0.001
S2–PS �16.17 lV [�27.06 to �5.27] 0.012

C1 latency
Insula

F(1,9) ¼ 5.62; P ¼ 0.019
W–S2 20.10 ms [0.34 to 39.86] 0.047
W–PS 22.40 ms [6.11 to 38.69] 0.013
S2–PS 2.30 ms [10.86 to �15.46] 0.702

Operculum
F(1,7) ¼ 5.57; P ¼ 0.031

W–S2 23.50 ms [1.99 to 45.02] 0.036
W–PS 17.50 ms [0.26 to 34.74] 0.047
S2–PS �6.00 ms [�17.76 to 5.76] 0.267

Post hoc tests (confidence intervals) following significant
ANOVA.
W: waking; S2: Stage 2; PS: paradoxical sleep.
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consistent with their role in motor withdrawal, as motor
reactions to external sensory input are scarce during this
vigilance stage [Morrison et al., 1995; Rechtschaffen et al.,
1966; Sanford et al., 1992]. The fact that enhancement of
mid-cingulate responses can predict re-emergence of
motor reactions to pain in REM sleep further supports this
interpretation [Mazza et al., 2010].

Mid-anterior cingulate activity is likely to contribute sig-
nificantly to frontal midline LEPs recorded on the scalp, as
suggested by a number of convergent source localization
studies [reviews Garcia-Larrea et al., 2003; Kakigi et al.,
2005]. The selective attenuation of frontal scalp LEPs in
our previous study [Bastuji et al., 2008] and the suppres-
sion of intracranial cingulate LEP in the present one are
likely to reflect the same phenomenon, namely a lack of
mid-frontal response to external inputs during REM sleep.
This phenomenon has been reported in scalp responses to
a variety of stimuli including auditory tones [Bastuji et al.,
1995; Niiyama et al., 1994] and proper names [Perrin et al.,
1999]. Since long date, the midline potentials are known to
represent multimodal responses elicited by a variety of
sensory stimuli [Bancaud et al., 1953; Davis et al., 1939;
Iannetti et al., 2008]; their attenuation could therefore
relate to a general state of frontal hyporeactivity to stimuli
during REM sleep, of which the absence of responses to
pain is only one particular example.

Possible Neurophysiological Substrate of the

Observed Findings

While the homogeneous decrease of nociceptive cortical
responses in sleep Stage 2 could be easily explained by the

global disfacilitation of the cerebral activity that character-
izes this stage, the specific and drastic reduction of the cin-
gulate responses during paradoxical-REM sleep remains
puzzling, and may be due to multiple underlying mecha-
nisms. A tonic suppression of ascending spinothalamic
inputs has been suggested at the spinal cord level through
presynaptic inhibition [Jones, 1993; Soja, 2007]. In our case,
however, this would imply that such blockade predomi-
nates on nociceptive inputs to the medial cingulate cortex,
relative to those projecting to lateral (sensory) targets, and
such selectivity has not been demonstrated so far. In
humans, the EEG activity is much more depressed at tha-
lamic than at cortical levels during paradoxical-REM sleep
[Magnin et al., 2004; Rey et al., 2007]. Once more, while
this phenomenon could account for a global decrease in
cortical nociceptive responses during this stage, it cannot
explain a specific reduction of the cingulate nociceptive
response. What remains is the fact that cingulate and oper-
culo-insular cortices receive their spinothalamic input from
different thalamic nuclei. The operculo-insular cortices
receive afferents essentially from lateral thalamic nuclei:
ventral posterior group (VPL/VPM/VPI), posterior nuclei
(Po) and posterior part of the ventral medial nucleus
(VMpo) [Augustine, 1996; Craig et al., 1994; Freidman and
Murray, 1986; Kobayashi et al., 2009; Montes et al., 2005;
Stevens et al., 1993], whereas the cingulate cortex (Brod-
mann’ area 24) receives direct projections from midline
and intralaminar thalamic nuclei that are themselves the
target of spinothalamic afferents [Baleydier and Mau-
guière, 1980; Hatanaka et al., 2003; Vogt, 2005]. The medial
thalamic targets of the spinothalamic system are also sup-
posed to participate in attention and arousal regulation
during wakefulness [Frith and Friston, 1996; Portas et al.,

Figure 2.

The statistical results of C1–C2 amplitudes in each condition and location are illustrated. Note the sig-

nificant amplitude decrease in the cingulate cortex during paradoxical sleep as compared to stage 2.
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Figure 3.

A: Grand average LEPs in referential recording mode during

wakefulness, sleep stage 2, and paradoxical sleep in the opercu-

lum (bottom), the insula (middle), and the mid-anterior cingulate

(top). Traces recorded by the electrode contact yielding the

largest amplitudes are superimposed on those from the adjacent

contact. On the left part of the figure, for each structure, the

Talairach’s coordinates of the contacts where the maximal ampli-

tudes of the C1–C2 components were recorded are indicated

on mean sagittal MRIs (cingulate x ¼ �1 to �6; insula x ¼ �30

to �36; operculum x ¼ �42 to �54). The precise location of

all these contacts was verified by plotting them on the appropri-

ate MRI slices of each patient. B: Average LEPs from mid-ante-

rior cingulate, insular and opercular cortices (referential

recordings) in one representative patient during wakefulness,

stage 2, and paradoxical sleep. Traces recorded by the electrode

contact yielding the largest amplitudes are superimposed on

those from the adjacent contact. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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1998] and phasic activation periods during paradoxical
sleep [Mancia and Marini, 1995; Steriade et al., 1993;
Wehrle et al., 2007]. Response attenuation in these tha-
lamic regions could therefore contribute to the decrease of
cortical cingulate responsiveness in REM sleep, but this
hypothesis remains speculative pending direct thalamic
recordings.

The Paradox of REM Sleep

PET-scan studies have reported increased metabolism in
the mid- and anterior cingulate during paradoxical sleep
as compared to resting wakefulness [Braun et al., 1997;
Maquet et al., 1996; Nofzinger et al., 1997], and this has
been related to emotional features in dreams [Hobson and
Pace-Schott, 2002; Maquet et al. 2000]. Such results and the
present electrophysiological data reflect different phenom-
ena: taken together they suggest the existence of an
increase in the cingulate energetic metabolism during
REM sleep, most likely linked to the processing of ongoing
mental (dream) activity, which is concurrent with a phasic
inhibition of the orienting and withdrawal responses to

external stimuli, even at nociceptive threshold. Such disso-
ciation between ongoing activity and event-related reac-
tions corresponds indeed to the ‘‘paradoxical’’ nature of
this sleep stage, where a rapid and activated EEG typically
coexists with depressed responsiveness [Jouvet, 1965; Paré
and Llinás, 1995]. Together with the relative preservation
of sensory processing in opercular-insular networks, this
might explain why nociceptive (and other) stimuli can be
incorporated into dreams during REM sleep without
awakening the subject.

Limitations of this Study

The population explored was composed by epileptic
patients, whose cortical nociceptive processing might dif-
fer relative to that of non-epileptic subjects. Notwithstand-
ing such inevitable shortcoming, the phenomena we
describe here were observed irrespective of the localization
and extent of the epileptogenic focus (minute or extensive,
temporo-mesial, or neocortical). Furthermore, no difference
was observed between patients and normal controls as
regards sleep organization and pain thresholds, the latter
being similar in the sides ipsilateral and contralateral to
the epileptic focus, and comparable to those of control
subjects [Perchet et al., 2008]. Antiepileptic drugs can mod-
ify the cortical activity, including during sleep, but their
effects are widespread and have not been reported to act
during one specific vigilance state, i.e., REM sleep [Dun-
can, 1997]. Some antiepileptic drugs, including pregabalin
and oxcarbazepine, may attenuate acute nociceptive neuro-
nal and behavioral responses in animal pain models
[Tomic et al., 2010; You et al., 2009], and have analgesic
effects on chronic neuropathic pain, but there is no clinical
evidence of their effectiveness in clinical acute pain [e.g.,
Durkin et al., 2010; Wiffren et al., in press]. Moreover, car-
bamazepine has been reported to have no effect on laser
evoked potential amplitude [Galeotti et al., 2005]. Further-
more, the nociceptive thresholds obtained in our patients
were strictly comparable to those previously reported in
age-matched healthy subjects studied in our laboratory
[Bastuji et al., 2008; Perchet et al., 2008].

Our study was based on acute near-threshold thermal
pain; the extent to which it may apply to tonic or chronic
pain conditions remains therefore unclear and should be
tested in further studies. Tonic pain is more powerful than
phasic nociception to perturb sleep [Lavigne et al., 2004;
Moldofsky, 2001], and it is likely that the cingulate attenua-
tion observed in this study may be more easily overcome by
painful stimuli of greater intensity and duration. It should
be noted, however, that painful thermal stimuli up to 500
times longer than the laser pulses used herein yielded noci-
fensive reactions in only 2.5% of 351 stimuli applied during
sleep [Lavigne et al., 2000], suggesting that a powerful inhi-
bition of motor behavioral responses, perhaps mediated by
the ACC, is indeed active in tonic conditions too.

Figure 4.

Ratio of peak-to-peak C1–C2 amplitudes in paradoxical sleep

versus stage 2 [(PS-S2)/S2] for the three cortical structures. The

[(PS-S2)/S2] ratio was more widely distributed and frequently

positive for the insular and opercular cortices and clearly nega-

tive with a homogeneous distribution for the mid-anterior cingu-

late cortex.
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Although stimulus energy remains constant along the
experiment, there may have been minor variations of the
energy actually delivered due to slight position changes of
the laser pointer (inducing changes in the angle between
the laser beam and the cutaneous surface) and/or small
thermal skin changes during the night. However, neither
changes in beam orientation, nor temperature skin changes
is bound to one particular sleep stage [see Bastuji et al.,
1988] and, thus, they cannot explain a dissociation of
evoked responses between cortical regions, or between
paradoxical sleep and sleep Stage 2.

Conclusions

The similar latency, but differential responsiveness, of
operculo-insular and mid-cingulate regions during sleep
suggests that these areas subserve parallel processes with
different functional significance. Such dissociation between
sensory and orienting-motor networks might explain why
nociceptive stimuli can be incorporated into dreams dur-
ing paradoxical (REM) sleep without awakening the
subject.
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