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Effects of Rapid Eye Movement Sleep Deprivation
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Abstract: In a temporal difference learning approach of classical conditioning, a theoretical error sig-
nal shifts from outcome deliverance to the onset of the conditioned stimulus. Omission of an
expected outcome results in a negative prediction error signal, which is the initial step towards suc-
cessful extinction and may therefore be relevant for fear extinction recall. As studies in rodents
have observed a bidirectional relationship between fear extinction and rapid eye movement (REM)
sleep, we aimed to test the hypothesis that REM sleep deprivation impairs recall of fear extinction
through prediction error signaling in humans. In a three-day design with polysomnographically
controlled REM sleep deprivation, 18 young, healthy subjects performed a fear conditioning, extinc-
tion and recall of extinction task with visual stimuli, and mild electrical shocks during combined
functional magnetic resonance imaging (fMRI) and skin conductance response (SCR) measurements.
Compared to the control group, the REM sleep deprivation group had increased SCR scores to a
previously extinguished stimulus at early recall of extinction trials, which was associated with an
altered fMRI time-course in the left middle temporal gyrus. Post-hoc contrasts corrected for meas-
ures of NREM sleep variability also revealed between-group differences primarily in the temporal
lobe. Our results demonstrate altered prediction error signaling during recall of fear extinction after
REM sleep deprivation, which may further our understanding of anxiety disorders in which dis-
turbed sleep and impaired fear extinction learning coincide. Moreover, our findings are indicative
of REM sleep related plasticity in regions that also show an increase in activity during REM sleep.
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INTRODUCTION

In theoretical approaches of classical conditioning, learn-
ing is driven by prediction error signals that reflect the
discrepancy between a prediction and its actual outcome
[Rescorla and Wagner, 1972]. Temporal difference learning
models propose that theoretical error signals shift from the
onset of outcome deliverance to the onset of conditioned
stimulus (CS) presentation during learning [Sutton and
Barto, 1990], and neurophysiological studies have demon-
strated that dopaminergic midbrain neurons signal in ac-
cordance with temporal difference models [Schultz, 1998;
Schultz et al., 1997]. Prediction error signals have also been
examined with functional magnetic resonance imaging
(fMRI); prediction error signaling in appetitive conditioning
is associated with increased activation in the ventral and
dorsal striatum [Haruno and Kawato, 2006; Jensen et al.,
2007; Knutson et al., 2001; O’Doherty et al., 2003]. Studies
employing fear conditioning paradigms [Büchel and Dolan,
2000] to study prediction error signaling have also revealed
increased activation in dopaminergic midbrain regions
[Menon et al., 2007; Seymour et al., 2004] and the striatum
and insula [Jensen et al., 2007; Schiller et al., 2008; Seymour
et al., 2004]. The reported correlations reflect positive pre-
diction updates that occur when a CS elicits a positive pre-
diction about an outcome, or when an outcome is larger
than anticipated. A negative prediction error occurs when
an outcome is less than predicted, which was associated
with increased activity in the ventromedial and dorsolateral
prefrontal cortices, the left lateral orbitofrontal cortex and
caudate, the middle temporal and angular gyri, and visual
cortices [Spoormaker et al., 2011].

The relevance of negative prediction error signaling is
that it is proposed to constitute the initial step to success-
ful fear extinction [Spoormaker et al., 2011], which is a
promising model for human anxiety disorders [Pape and
Pare, 2010; Rauch et al., 2006]. Fear extinction and fear
extinction consolidation are impaired in posttraumatic
stress disorder (PTSD) patients [Milad et al., 2009; Wessa
and Flor, 2007], which is mediated by altered activity in
brain regions critical to extinction [Milad et al., 2009] such
as the hippocampus and ventromedial prefrontal cortex
[Kalisch et al., 2006; Milad et al., 2007,a,b; Phelps et al.,
2004; Rauch et al., 2006]. Unclear is yet why fear extinction
is impaired in PTSD patients, but a crucial role for dis-
turbed sleep has been proposed [Germain et al., 2008;
Levin and Nielsen, 2007]. This is in line with PTSD
patients showing altered sleep parameters, such as
increased rapid eye movement (REM) density [Kobayashi
et al., 2007] and fragmented REM episodes [Mellman and
Hipolito, 2006; Mellman et al., 2002; Spoormaker and
Montgomery, 2008]. Studies in rodents have demonstrated
that selective REM sleep deprivation impairs cued fear
extinction [Silvestri, 2005] and consolidation of cued fear
extinction [Fu et al., 2007]. Conversely, contextual extinc-
tion ameliorates sleep disturbances in rats [Wellman et al.,
2008], and low frequency stimulation of the hippocampus

after fear extinction impaired both REM sleep and recall of
extinction [Deschaux et al., 2010]. A recent study in
humans comparing a sleep group with a day group found
that sleep generalized fear extinction [Pace-Schott et al.,
2009]. In a previous study employing afternoon sleep peri-
ods, we observed that subjects that slept well after the
conditioning and extinction tasks (i.e., less interrupted
sleep and more REM sleep) also had a reduced skin con-
ductance response (SCR) to the extinguished stimulus,
which was mediated by the ventromedial prefrontal cortex
[Spoormaker et al., 2010].

The medial prefrontal cortex shows increased activity in
REM sleep compared to nonREM (NREM) sleep [Braun
et al., 1997; Maquet et al., 1996] that is temporally related
to REMs in sleep [Hong et al., 1995, 2009; Peigneux et al.,
2001], which is suggestive of REM sleep related plasticity.
In addition, particularly the dorsal striatum shows a
strong increase in activity in REM sleep [Braun et al.,
1997], which is also temporally related with REMs [Hong
et al., 2009; Miyauchi et al., 2009; Wehrle et al., 2005]. The
question is whether these subcortical regions are involved
in plasticity processes during REM sleep or simply reflect
oculomotor control of REMs as in waking [Miyauchi et al.,
2009]. Evidence of REM sleep related plasticity is the
reported increased functional connectivity during REM
sleep between the cuneus and the caudate after a visuo-
motor task with probabilistic sequences compared to ran-
dom sequences [Peigneux et al., 2003]. Evidence
suggestive of REM sleep related plasticity is our observa-
tion of increased functional connectivity between the
amygdala and the caudate after a nap period with REM
sleep [Spoormaker et al., 2010]. Observing altered activity
in these regions after selective REM sleep deprivation
would be an argument for REM sleep related plasticity.

As subcortical, paralimbic, and temporal lobe regions of
interest are involved in both REM sleep and prediction
error signaling during fear conditioning/extinction, we
conducted a discriminatory fear conditioning, extinction,
and recall of extinction procedure [Spoormaker et al.,
2010], with simultaneous SCR and fMRI (SCR/fMRI)
measurements. Fear conditioning occurred on day one,
fear extinction on day two, and recall of fear extinction on
day three. The first night (from day 1 to day 2) was a
habituation night in the sleep laboratory that was used to
exclude subjects with sleep disorders. At the start of the
second night, subjects were randomized into a selective
REM sleep deprivation group or a control group that
received the same number of manual awakenings from
NREM sleep stages in the sleep laboratory, to control for
awakening arousal and stress [Horne and McGrath, 1984].

METHODS

Subjects

The study protocol was in line with the Declaration of
Helsinki and was approved by the local ethical review
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committee. Subjects provided their written informed con-
sent after the study protocol had been fully explained, and
were reimbursed for participation. Eighteen nonsmoking,
right-handed male participants [mean age ¼ 23.4 (� 2.8)
years, range 18–30 years] underwent a general medical
and structured psychiatric interview and clinical MRI to
exclude present and past neurological, psychiatric, and
sleep disorders. Participants were instructed to follow a
regular sleep-wake-schedule with bedtimes between 23:00
and 08:00 hrs during the week prior to the experiment,
documented by sleep protocols and wrist actigraphy. Fur-
thermore, participants were asked to refrain from caffeine
for at least 3 days prior and during the experiment. Stand-
ard exclusion criteria for MRI were used throughout the
study. Because we observed significant between-group dif-
ferences in extinction in a 90-min afternoon nap study in
which subjects did or did not have REM sleep (N ¼ 16) in
our previous study [Spoormaker et al., 2010], we expected
that examining a similar amount of subjects with a more
robust overnight REM sleep deprivation approach would
increase the statistical power. Our study sample had suffi-
cient power (c ¼ 0.70) to detect large between-group dif-
ferences (Cohen’s d ¼ 1) with an alpha of 0.05 on the
recall of extinction task, as determined with G*Power 3.0
[Faul et al., 2007].

Study Overview

Subjects had to maintain a regular sleep schedule in the
7 days prior to the experiment, which was verified by
wrist actigraphy and sleep protocols. Day 1: Subjects per-
formed the conditioning task at 6 p.m. to allow for suffi-
cient consolidation of conditioning before extinction
occurred 24 hrs later. (Fear extinction is typically per-
formed immediately after conditioning but it is yet unclear
whether conditioning is then fully consolidated, which is
why we took a cautious approach.) The conditioning ses-
sion was preceded by a brief habituation session in which
all stimuli were presented three times. Night 1: Clinical
and habituation night with full clinical polysomnography
in the sleep laboratory to exclude subjects with a sleep dis-
orders (no subject had a sleep disorder). Day 2: Subjects
performed the extinction session at 6 p.m. After this, sub-
jects were randomized into the experimental or control
group based on a previously generated table with partici-
pant numbers and a randomized variable. Night 2: The ex-
perimental group was subjected to REM sleep deprivation
(REMD, manually performed) and the control group
received a matched amount of awakenings, however from
NREM sleep stages. We used a manual REM sleep depri-
vation method, as pharmacological suppression of REM
sleep would require agents that may affect subsequent
fear extinction processes. Day 3: In the early morning
(around 6–7 a.m.), subjects performed a brief reward learn-
ing task with monetary gains and a loss aversion task. In
the late afternoon, subjects returned to the institute for the

recall of extinction task (again at 6 p.m.). A brief interview
about the subject’s daily activities was conducted to ensure
that subjects did not sleep during the day. After this, sub-
jects performed a novel conditioning task; here we focus
on the main tasks of conditioning, extinction, and recall of
extinction.

Paradigms

The conditioning, extinction and recall of extinction
tasks consisted of three basic geometrical figures that were
presented 15 times each. Two were followed by shocks
during conditioning, and one was followed by shocks dur-
ing extinction (50% reinforcement schedule; safety stimu-
lus: CS; extinguished stimulus: CSE; unextinguished
stimulus: CSU). This is a minor adaptation from our previ-
ously used task [Spoormaker et al., 2010], which we
employed to ensure that subjects would show stimulus-
specific extinction instead of context-specific extinction. (If
shocks are only administered in the first session, and no
shocks are administered in the second session, then the
initial nonshock trials in the third session could lead sub-
jects to assume that this session is just like the second ses-
sion a ‘‘nonshock’’ session, making between stimulus
contrasts less informative.) No shocks were administered
during recall of extinction. A partial reinforcement sched-
ule was chosen because after continuous reinforcement,
extinction may be successful in a few trials [Phelps et al.,
2004].

EEG Acquisition in the Sleep Laboratory

For both nights, polysomnographic data were recorded
and stored with a digital recorder (Comlab 32 Digital
Sleep Lab, Brainlab V 3.3 Software, Schwarzer GmbH, Mu-
nich, Germany). Electrodes F3 and F4, C3 and C4, and O3
and O4 (referenced against the contralateral mastoid, fil-
tered from 0.5 to 70 Hz), electrooculogram and mental/
submental electromyogram (EMG) were measured at a
sampling rate of 250 Hz. Sleep data analyses were per-
formed by independent professional scorers blind to the
study design using the criteria as described by Rechtschaf-
fen and Kales (1968). The recordings in the clinical habitu-
ation night included additional measurements: nasal and
oral thermistor channels, chest and abdominal respiratory
movements, arterial oxygen saturation (finger oximetry),
EMG of the legs, and an electrocardiogram. Clinical nights
were evaluated by medical professionals to exclude sub-
jects with sleep disorders.

REM sleep deprivation was performed manually and af-
ter each awakening (also in the control group), subjects
were kept awake for three 30-s epochs. Subjects in the ex-
perimental group were awoken at the first eye movement
(deflection larger than 25% of the maximum deflection
during calibration before sleep) if the EMG was flat. Sub-
jects in the control group were awoken when they were
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not in REM sleep. This occurred at random times but with
a similar distribution as the experimental group (e.g.,
more awakenings at the end of the sleep period).

Electrical Stimulation

Mild electrical shocks during the conditioning, extinc-
tion, and reversal learning paradigms were administered
to the back of the right hand and acted as the uncondi-
tioned stimulus (US). Electrical shocks were pulses of 2 ms
duration with intensities between 8 and 25 mA, generated
by a Digitimer Stimulator (Model DS7, Digitimer, Hert-
fordshire, United Kingdom). Gold electrodes were custom
made for electrical stimulation in the MR environment.
Stimulation intensity was individually set before the scan-
ning session. Subjects received the instruction: ‘‘Shocks
should be uncomfortable but not painful.’’

Physiological Data Recording and Statistical

Analysis

SCR measurements were acquired at a sampling rate of
500 Hz from electrodes on the index and middle finger of
the left hand using a BrainAmp ExG amplifier (Brain
Products, Munich, Germany). Skin conductance data were
baseline corrected and visually inspected for artifacts to
discard bad intervals. The SCR was defined as the peak-
to-peak amplitude difference in skin conductance of the
largest positive deflection [Schiller et al., 2008] in a 0.5–4.5
s latency window [Milad et al., 2009] after stimulus-onset,
with a minimal response criterion of 0.02 lS [Phelps et al.,
2004]. We further analyzed a second time-window of inter-
est that lasted from 4.5 to 7.5 s, because of the robust SCR
around the timing of the omitted shock (around stimulus-
offset). This stimulus-offset SCR and its neural correlates
have been described in more detail [Spoormaker et al.,
2010]. Previous experimental studies have conceptualized
the stimulus-onset SCR as an anticipatory response [Pro-
kasy and Ebel, 1967], partly reflecting an orienting
response, whereas the stimulus-offset SCR was proposed
to reflect a conditioned response to the US [Grings et al.,
1962], in line with Pavlov’s observation that the condi-
tioned response is strongest at the time of expected out-
come deliverance [Pavlov, 1927]. The occurrence of both
responses is in line with a temporal difference learning
approach, where the two responses would relate to a posi-
tive prediction error at stimulus-onset and a negative pre-
diction error after omission of the expected shock [Sutton
and Barto, 1990]. The onset SCR is commonly analyzed in
studies employing SCR, yet the offset SCR also appears to
be increased after conditioning [Grings et al., 1962], some-
thing that we also observed in young healthy subjects
[Spoormaker et al., 2011]. We therefore included both
onset and offset SCR data in our analyses.

Raw skin conductance scores were square root trans-
formed and scaled to each subject’s maximal (square root

transformed) US response to account for interindividual
SCR variability [Delgado et al., 2008]. In the novel-condi-
tioning task, differential SCR scores were computed by
subtracting the scaled SCR to the CS� from the scaled
SCR to the CSþ. In the extinction and recall of extinction
task, the primary outcome variables comprised the change
in mean SCR over all trials (trials 1–15) of a particular
stimulus from extinction (day 2) to recall of extinction
(day 3). We performed a MANOVA on the d-values from
extinction (day 2) to recall of extinction (day 3) for all
stimuli and time-windows: this statistical test can be inter-
preted as a group � time interaction. As the mean SCR
over 15 trials is a conservative outcome variable, we addi-
tionally computed five blocks of three consecutive trials
(e.g., trials 1–3, 4–6, etc.) to test between-group differences
using one-tailed independent samples t-tests. All analyses
were repeated with three covariates: sleep restriction (the
difference between average total sleep time in the week
preceding the experiment as measured by sleep diaries
and total sleep time on the experimental night as meas-
ured by polysomnography), the amount of sleep stage 2
and the amount of deep sleep stage 4 in the experimental
night (all in min). The latter two sleep stages were selected
because the t-value of the between-group difference
exceeded 1.0 (see Table I).

Questionnaires

All participants filled out questionnaires regarding acute
sleepiness [Akerstedt and Gillberg, 1990], attention, and

TABLE I. Mean values (6 SD) of sleep variables per

group (in min)

Control
Group (n ¼ 9)

REMD
Group (n ¼ 9) Ta

Total sleep timeb 347.3 (� 27.36) 304.28 (� 34.01) 2.96**
REM sleep amount 52.3 (� 8.1) 15.1 (� 9.2) 9.14***

NREM sleep amount 292.9 (� 25.4) 286.3 (� 34.6) 0.46
Stage 1 amount 30.9 (� 19.6) 37.8 (� 13.8) 0.85
Stage 2 amountc 175.4 (� 26.5) 151.4 (� 33.2) 1.69
Stage 3 amount 39.9 (� 12.0) 36.2 (� 13.4) 0.61
Stage 4 amountc 46.7 (� 31.0) 60.9 (� 24.9) 1.08
Latency wake to S1 10.8 (� 9.8) 7.4 (� 5.3) 0.90
Latency S1 to S2 4.6 (� 2.7) 11.0 (� 24.8) 0.77
Latency S2 to S3 10.1 (� 3.9) 9.1 (� 3.8) 0.56
Latency S2 to S4 18.0 (� 8.7) 13.9 (� 4.4) 1.25

**P < 0.01;
***P < 0.001.
aUndirected independent samples t-tests (df ¼ 16), with equal var-
iances assumed, except for REM sleep amount (df ¼ 8.5).
bTotal sleep time was subtracted from the average total sleep time
in the week preceding the experiment (according to sleep diaries),
to obtain a sleep restriction measure that was included as a cova-
riate in the statistical SCR and fMRI analyses.
cS2 and S4 amount were also included as a covariate in the statis-
tical analyses.
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vigilance (visual-analogue scales) before fMRI measure-
ments at day 2 and 3. Other questionnaires were filled
before the start of the experiment and comprised the (State
and) Trait Anxiety Inventory [Spielberger et al., 1983], the
Beck Depression Inventory [Beck et al., 1996], and the big
five inventory for personality factors [Lang et al., 2001].

fMRI Acquisition and Analysis

Whole brain fMRI was carried out at 1.5 Tesla (Signa
Excite, GE, Milwaukee, WI) using an 8-channel head coil
and covering 25 slices [AC-PC-orientation, 64 � 64 matrix,
3 mm thickness, 1 mm gap; echo planar imaging (EPI), TR
2 s, TE 40 ms]. Postprocessing and statistical analyses
were performed with SPM5 (www.fil.ion.ucl.ac.uk/spm).
Images were slice time corrected and realigned to the first
volume using rigid body transformation. Functional data
were normalized to the EPI template in Montreal Neuro-
logical Institute (MNI) space, resliced (voxel resolution 2 �
2 � 2 mm3), and spatially smoothed using a 6 � 6 � 6
mm full width at half maximum Gaussian kernel. After
high-pass filtering (128 s) fixed and random effects analy-
ses were computed in SPM5.

All first level fMRI-models were run with eight nuisance
regressors: six affine motion correction regressors, one
regressor reflecting global signal variations as derived
from the cerebro-spinal-fluid mask and another derived
from the white matter mask, both obtained during seg-
mentation in native space. One first level analysis was per-
formed with these eight nuisance regressors only, to
generate residual images that were used for extraction of
event-related time-courses. These time-courses were
demeaned and standardized to the temporal standard
deviation.

The main first level analyses consisted of classical fMRI
analyses and prediction error fMRI analyses, which were
all run with the above described nuisance regressors. In
the classical fMRI analysis, onsets and durations of stimuli
were entered as the regressor of interest, together with
first order time modulations. In the prediction error fMRI
analysis, we used the analysis method from a previous
study [Spoormaker et al., 2011] in which we demonstrated
that the most optimal temporal difference model to exam-
ine brain activity in relation to positive and negative pre-
diction errors (at stimulus-onset and -offset, respectively)
simply employed constant values for every stimulus-onset
(0–2 s) and -offset (3–5 s) period. The logic of using a pre-
diction error signal window of 2 s was that the shock was
timed at 3.1 s and offset of the visual stimulus was at 4 s.
Omission of shock is more likely to be noticed after stimu-
lus-offset (second 4–5) than in the brief temporal window
just before stimulus cessation (second 3.1–4), and a win-
dow duration of 2 s covers both. A constant value of 0.5
(at onset) and �0.5 (at offset) was used for all prediction
errors. Therefore, this model does not constitute a tempo-
ral difference learning algorithm in the strict sense as no

learning (increments or decrements in prediction error val-
ues) is assumed to take place due to shock occurrence or
omission, yet it seems to elicit prediction error signal
related brain activity most optimally [Spoormaker et al.,
2011].

Second level random effects analyses were performed
for statistical inference on the group level. For the classical
analysis, we computed differential contrasts from extinc-
tion to recall of extinction for the three stimuli separately
and entered these into a full factorial ANOVA. The group
� stimulus interaction on these differential contrasts can
be interpreted as a group � stimulus � time interaction,
and we will use the latter term in the following. The full
factorial ANOVA of the prediction error fMRI analysis
was performed at recall of extinction only, because only
the CS- was expected to show comparable prediction error
time-courses in both the extinction and recall of extinction
tasks. Post-hoc between-group differences were calculated
with independent samples t-tests and were repeated with
three covariates: sleep restriction, the amount of sleep
stage 2 and the amount of deep sleep stage 4 in the experi-
mental night (see section Physiological data recording and
statistical analysis). Statistical maps of interest were
sampled at a threshold of P < 0.001; a cluster based
(whole brain) multiple test correction procedure was
employed, with significance defined as cluster P-values
< 0.05 after correction for family wise error under consid-
eration of nonstationary smoothness [Hayasaka et al.,
2004]. All statistical parametric maps are in accordance
with the neurological convention (left/right ¼ left/right).

RESULTS

REM Sleep Intervention

There were no significant differences in the amount of
times that subjects were awoken: 12.8 (� 2.1) times for the
REM sleep deprivation (REMD) group and 11.4 (� 1.8)
times for the control group [t(16) ¼ 1.44, P ¼ 0.17]. The ex-
perimental manipulation resulted in 14.2% (� 1.8%) REM
sleep of the total sleep period in the control group and
4.2% (� 2.6%) in the REMD group, t(8.5) ¼ 9.34, P < 0.001.
Note that the Rechtschaffen and Kales criteria have a bias
of epochs being coded as REM sleep, as epochs before a
REM have to be classified retrospectively as REM sleep
until the last preceding sleep spindle or K-complex. These
epochs primarily consist of ‘‘tonic REM sleep,’’ that is,
epochs without eye movements. Regarding ‘‘phasic REM
sleep,’’ which has been shown critical for plasticity proc-
esses [Datta et al., 2004] and which we defined as more
than two eye movements in one epoch, subjects in the
REMD group had on average 1.9 (� 1.8) epochs versus
32.6 (� 24.6) epochs in the control group [t(8.1) ¼ 3.7; P <
0.01] reflecting 0.3% versus 5.0% of the total sleep period
respectively (see Supporting Information Table S1 for an
overview in the difference of amount of REM epochs
according to various criteria). There were no significant
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differences for time spent in other sleep stages or in sleep
latency to the various NREM stages (Table I).

Skin Conductance Responses (SCR)

A MANOVA on the SCR from the extinction task (day
2) to the recall of extinction task (day 3) revealed that the
group � time interaction for the extinguished stimulus
(CSE) was neither significant at stimulus-onset nor at -off-
set [F(1,16) ¼ 1.00 and 0.16; all P > 0.33], although there
was trend for a significant difference at onset of the CSE in
early recall trials [trials 4–6: t(16) ¼ 1.54; P ¼ 0.071] in the
expected direction. However, when this analysis was re-
run with sleep restriction, S2 amount and S4 amount as
covariates, this post-hoc difference became significant
[F(1,13) ¼ t2(13) ¼ 3.48; one-sided P ¼ 0.043), see Figure 1.
Moreover, the group � time interaction on the average of
all 15 stimulus-onset CSE-scores from extinction to recall
of extinction showed a trend for significance [F(1,13) ¼ 3.15;
P ¼ 0.099] when corrected for the influence of the covari-
ates sleep restriction, S2 amount and S4 amount.

We further observed a trend for a significant group �
time interaction for the safety stimulus (CS-) at stimulus-
offset [F(1,16) ¼ 4.13; P ¼ 0.059], but not at stimulus-onset
[F(1,16) ¼ 2.52; P ¼ 0.62]. Post-hoc tests on trial blocks of
three consecutive trials revealed the most robust effects of
REMD on stimulus-offset of the CS- in late trial blocks 10–
12 [t(9.8) ¼ 1.65; P < 0.05] and 13–15 [t(9.2) ¼ 2.42; P <
0.05]. The group � time interaction for the safety stimulus
(CS-) at stimulus-offset was no longer significant [F(1,13) ¼
1.43; P ¼ 0.254] when we controlled for the covariates
sleep restriction, S2 amount and S4 amount, and only the
last offset trial block (trials 13–15) remained significant, see
Supporting Information Figure S1. There were neither sig-
nificant group � time interactions nor significant post-hoc
differences for the unextinguished stimulus (CSU) at stim-

ulus-onset or -offset [F(1,16) ¼ 0.39 and 0.64; all P > 0.44],
and this was not altered by inclusion of the covariates
sleep restriction, S2 and S4 amount.

The night sleep between the conditioning and extinction
task appeared to have had a stabilizing effect on the cru-
cial differential scores at onset CSE � CS- and CSU � CS-,
which are typically used as a measure of discriminatory
fear conditioning. These differential scores were not yet
significantly positive in the last conditioning trial block
(trials 13–15; all P > 0.10) but were significant at the initial
extinction trial block 24 hrs later (trials 1–3; all P < 0.05).
See Supporting Information Figure S2 for the SCR data
from conditioning to extinction in the whole group.

Classical fMRI Analysis

The regions involved in this task (relative to baseline) at
extinction and recall of extinction consisted of the thala-
mus, middle cingulate cortex and supplementary motor
area, insula, and visual cortices (see Supporting Informa-
tion Fig. S3). The differential contrasts for each stimulus
(from extinction to recall of extinction) were analyzed in a
full factorial ANOVA, and the group � time � stimulus
interaction was the contrast of interest. However, there
were no significant clusters of activation in this contrast.
The effect of time revealed clusters in the bilateral insula
and putamen that reduced their activity in response to the
stimuli over time; and a group � time interaction revealed
a trend for a significant cluster in the left inferior temporal
and fusiform gyrus, see Table II.

An additional post-hoc test at recall (control > REMD
for all stimuli) revealed whole brain corrected cluster sig-
nificance in a cluster in the dorsal anterior cingulate cortex
(see Table II), but this cluster was not significant after cor-
rection for the covariates sleep restriction, S2 amount and
S4 amount. This can be explained by trend-wise

TABLE II. Interaction and between-group contrasts in the classical analysis on the differential contrasts from

extinction to recall of extinction

Cluster Voxel

Pcorr k Fpeak X Y Z

Average effect of condition (effect of time)
Insula and putamen (R) 0.003 96 29.67 34 �2 14
Insula and putamen (L) 0.018 76 23.96 �32 2 0
Cerebellum crus I and 6 (R) 0.086 27 20.47 38 �54 �38

Main effect of group (group � time interaction)
Inferior temporal and fusiform gyrus (L) 0.070 22 29.70 �42 �12 �36

Post-hoc test at recall of extinction: control > REMD (CSE)
Middle cingulate cortex (L,R) 0.013 134 t: 4.38 6 8 28

Pcorr stands for nonstationary, whole brain corrected cluster P-values, k for the cluster size, Fpeak for the F-value of the peak-voxel, t for
t-value, [x, y, and z] coordinates are in MNI-space. Note that there were no significant clusters of activation in the group � stimulus
interaction. The cluster in the middle cingulate cortex at recall of extinction was not significant when controlled for the three covariates
sleep restriction, S2 amount and S4 amount, due to trend-wise correlations of this cluster with sleep restriction (Pcorr ¼ 0.076, k ¼ 56,
tpeak ¼ 4.63) and with S2 amount (Pcorr ¼ 0.057, k ¼ 85, tpeak ¼ 6.26). A brainstem cluster at [4-34-28] was noted in the group � time
interaction (Pcorr ¼ 0.420, k ¼ 14, Fpeak ¼ 24.44).
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correlations of this cluster with sleep restriction (Pcorr ¼
0.076, k ¼ 56, and tpeak ¼ 4.63) and with S2 amount (Pcorr

¼ 0.057, k ¼ 85, and tpeak ¼ 6.26).

Prediction Error fMRI Analysis

As in our previous study [Spoormaker et al., 2011], the
bilateral dorsolateral prefrontal cortex, the left middle tem-
poral gyrus, and left putamen were involved in negative
prediction error signaling, which can be observed in the
negative contrast of the parametric modulation of predic-
tion errors, see Figure 2 (cool colors) and Supporting Infor-
mation Table S2.

The group � stimulus interaction revealed a significant
cluster in the left middle temporal gyrus (Pcorr < 0.05; k ¼
53), see Figure 3 and Table III. In addition, we computed
stimulus-specific interactions that revealed a trend for sig-
nificance in a cluster in the right caudate and nucleus
accumbens (Pcorr ¼ 0.051; k ¼ 20) for the group � stimulus
interaction of the CSU and CS- (Fig. 2B and Table II).
Moreover, we observed significant clusters in the right
amygdala (Pcorr < 0.05; k ¼ 40) and left temporal gyrus
(Pcorr < 0.05; k ¼ 152) for the group � stimulus interaction
of the CSU and CSE (Fig. 2C and Table II). There were no
significant clusters of activation for the group � stimulus
interaction of the CSE and CS-.

Figure 2.

Main effects of the prediction error fMRI analysis. Regions acti-

vated in the positive (hot colors; positive PE) or negative con-

trast (cool colors; negative PE) of the parametric modulation of

the stimuli during recall of extinction. Positive and negative PEs

were entered into the same parametric modulation to a particu-

lar stimulus, with stimulus-onsets (0–2 s) receiving a constant

positive value and stimulus-offsets (3–5 s) receiving a constant

negative value, see upper right insert. The positive contrast of

this parametric modulation reflects regions that are more active

at stimulus-onset compared to–offset, a negative contrast

reflects the reverse. [X, Y, and Z] coordinates refer to the MNI

coordinates of the respective slices. All depicted clusters had

whole brain corrected significance (Pcorr < 0.05) under the

assumption of nonstationary smoothness. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 1.

Skin conductance response (SCR) data at fear extinction and

recall of fear extinction. The SCR at stimulus-onset (time-win-

dow 0.5–4.5 s) was summarized per trial block, with the first

trial block representing stimulus presentations 1–3, the second

trial block presentations 4–6, etc. Lines represent mean values

of the scaled SCR (� standard error of the mean). The only sig-

nificant between group difference controlled for the covariates

sleep restriction, S2 amount and S4 amount occurred at the sec-

ond trial block of the CSE at recall of extinction (* P < 0.05).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Post-hoc between-group comparisons controlled for the
covariates sleep restriction, S2 amount and S4 amount
demonstrated most pronounced differences for the CSE
and CS-, see Table III. The REMD > control contrast of the
CSE revealed significant clusters of activation in the left
middle temporal gyrus and bilateral superior and middle
occipital gyri, with a trend-wise cluster in the left lateral
orbitofrontal cortex. The REMD > control contrast of the
CS- also revealed the left middle (and inferior) temporal
gyrus, but in addition, clusters in the bilateral superior/
middle frontal gyri, left putamen and left amygdala, and
hippocampus. This amygdala and hippocampus cluster
was also noted but not whole brain significant (both P ¼
0.16) for the CSE and CSU in the same REMD > control
contrast.

To illustrate the direction of the differential activity in
these clusters associated with prediction error signaling,
event-related time-courses are provided in Figure 4. The
time-course in the middle temporal gyri for the CSE
(upper two right panels) are flipped between groups. Fur-
ther of interest are the three left panels of the CSU, which
show that for the CSU between-group differences were
more pronounced in subcortical regions.

Vigilance Control Measures

There were no between-group differences on sleepiness
or vigilance at any of the measurements (Supporting Infor-
mation Table S3) and there were no between-group differ-
ences on subjective sleep complaints, depression, anxiety
complaints, or on personality factors (Supporting Informa-
tion Table S4).

DISCUSSION

To date, fMRI studies on the effects of full and partial
sleep deprivation have reported altered behavioral and
blood-oxygen-level-dependent (BOLD) signal responses in
a multitude of tasks (for a review, see Chee and Chuah,
2008], including emotional tasks [Chuah and Chee, 2008;
Sterpenich et al., 2007, 2009; Venkatraman et al., 2007; Yoo
et al., 2007]. REM sleep has been proposed to be important
for emotional processing [Walker and van der Helm,
2009], particularly for consolidation of emotional memories
[Diekelmann and Born, 2010; Walker and Stickgold, 2004;
Walker and van der Helm, 2009]. This first study on the
fMRI effects of REM sleep deprivation observes robust
between-group differences in activity in temporal lobe
regions, which show increased activity during REM sleep
relative to slow wave sleep [Braun et al., 1997; Maquet
et al., 1996] and are involved in a variety of memory proc-
esses [Eichenbaum et al., 2007], including emotional mem-
ory processes [Phelps, 2004].

fMRI Effects

The fMRI differences we observed were most robust in
the so-called prediction error fMRI analysis, in which we
contrasted the onset of the stimuli with the offset – an
analysis that supposedly highlights temporal difference
error signals [Spoormaker et al., 2011]. These analyses
revealed altered prediction error signaling in the middle
temporal gyrus after REM sleep deprivation, with a
reversed time-course in response to the CSE in the REMD
group relative to the control group. The REMD group
demonstrated higher activity in the post-hoc prediction

Figure 3.

Interaction effects and between-group comparisons of the pre-

diction error fMRI analysis at recall of extinction. Panel A

depicts the group � stimulus interaction of the prediction error

signaling analysis at recall of extinction (Pcorr < 0.05, whole brain

corrected). The other panels depict post-hoc contrasts of

between group differences for a specific stimulus controlled for

the covariates sleep restriction, S2 amount and S4 amount, see

Table III for an overview of significant clusters of activation.

Note that there were no significant clusters of activation for the

CSU. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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error contrast of the CSE in the left middle temporal gyrus,
bilateral middle occipital gyri, and trend-wise in the left
lateral orbitofrontal cortex. Moreover, the REMD group
also demonstrated higher activity in response to the CS- in
the left middle temporal gyrus, but additionally in the
bilateral middle and superior frontal gyri, left putamen
and left amygdala/hippocampus. This latter cluster was
also noted in the between-group comparison for the CSE
and CSU, although it did not reach whole brain signifi-
cance in these post-hoc contrasts. Both the CSE and CS-
signal safety, with the main difference being that the CS-
was never paired with electrical shocks (unambiguous
safety) and that the CSE is a conflicting stimulus that is
thought to be associated both fear and extinction memo-
ries [Corcoran and Quirk, 2007a,b; Milad et al., 2009;
Rauch et al., 2006]. Altered activity in the left middle tem-
poral gyrus in response to the CSE (the stimulus for which
the reversal of the time-course was most pronounced) may
be related to the role that this region has in signaling
anticipation and omission of shocks [Spoormaker et al.,
2011].

The (medial) orbitofrontal cortex is involved in fear
extinction recall [Milad and Rauch, 2007,a,b; Rauch et al.,
2005] and we noted a more lateral orbitofrontal cluster in
the between-group comparison of the CSE specifically. The
orbitofrontal cortex has direct projections to the amygdala

and interacts with temporal lobe regions, hypothalamus,
and brainstem [Rempel-Clower, 2007]. The involvement of
the orbitofrontal cortex in both anxiety disorders [Milad
and Rauch, 2007] and insomnia [Altena et al., 2010] sug-
gests a similar neural substrate for some sleep and anxiety
disorders; here it is noteworthy that the lateral orbitofron-
tal cortex has been repeatedly been observed in association
with prediction error signaling in various aversive learn-
ing tasks [Seymour et al., 2005; Spoormaker et al., 2011].

Furthermore, the role of the superior frontal gyrus in
response to the CS- could reflect compensatory recruit-
ment in relation to conflict processing and to uncertainty
evoked by intermittent stimulus presentations [Dunsmoor
et al., 2007], and this appeared in concert with the left
putamen for the CS- specifically. This is indicative of REM
sleep related plasticity in a corticostriatal loop, and it is of
note that the putamen shows increased activity in REM
sleep relative to NREM sleep [Braun et al., 1997; Maquet
et al., 1996] and activity in relation to REMs [Hong et al.,
2009; Miyauchi et al., 2009; Wehrle et al., 2005].

A classical fMRI analysis that correlated the BOLD
response with stimulus presentation did not reveal robust
between-group differences: the group � time � stimulus
interaction was not significant and the group � time inter-
action yielded only one trend-wise significant cluster.
More notably, a post-hoc between-group comparison

TABLE III. Interaction and between-group contrasts of the prediction error fMRI analysis at recall of extinction

Cluster Voxel

Pcorr k tpeak X Y Z

Group � stimulus interaction
Middle temporal gyrus (L) 0.035 53 F: 15.66 �62 �42 2

Directed group � stimulus interaction
(CS– and CSU)

Caudate, nucleus accumbens (R) 0.051 20 5.00 6 4 �6
Directed group � stimulus interaction

(CSE and CSU)
Middle temporal gyrus (L) 0.002 152 4.80 �56 �40 �2
Amygdala, olfactory cortex (R) 0.038 40 3.86 26 6 �18

Post-hoc: REMD > control (CSE)
Middle temporal gyrus (L) 0.005 94 7.79 �62 �40 2
Middle occipital gyrus (R) 0.010 111 7.69 48 �80 6
Sup/middle occipital gyrus (L) 0.022 76 7.09 �36 �90 16
Sup/middle occipital gyrus (L) 0.011 80 6.82 �26 �76 34
Lateral orbitofrontal cortex (L) 0.058 10 5.42 �36 30 �12

Post-hoc: REMD > control (CS –)
Inf/middle temporal gyrus (L) 0.004 169 9.46 �46 �60 �2
Sup/middle frontal gyrus (L) 0.019 95 7.40 �20 8 60
Amygdala, hippocampus, pallidum (L) 0.024 31 6.90 �18 �4 �14
Sup/middle frontal gyrus (R) 0.003 130 6.52 30 0 60
Putamen (L) 0.093 19 5.65 �28 �12 0

Pcorr stands for nonstationary, whole brain corrected cluster P-values, k for the cluster size, tpeak for the t-value of the peak-voxel (F for
F-value), Inf for inferior, Sup for superior, [x, y, and z] coordinates are in MNI-space. Post-hoc contrasts were computed with sleep
restriction, S2 amount and S4 amount as covariates. There were no significant clusters of activation at the employed threshold in other
post-hoc contrasts. The cluster in the amygdala and hippocampus was noted also for the CSE (left, Pcorr ¼ 0.156, and right, Pcorr ¼
0.166) and for the CSU (left, Pcorr ¼ 0.174).
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revealed one cluster in the middle cingulate cortex (corre-
sponding to the dorsal anterior cingulate), but this cluster
did not survive correction for the effects of covariates. In
particular, sleep restriction—the amount of hours slept
less than normal in the experimental night—and amount
of light sleep stage 2 were correlated with activity in this
cluster. Previous work has shown that the dorsal anterior
cingulate is crucial for the expression of fear responses
[Corcoran and Quirk, 2007a,b; Milad et al., 2007] and posi-
tively correlated with increasing SCRs to aversive stimuli
[Milad et al., 2007]. The correlation with of this region
with the covariate sleep restriction suggests that dorsal an-
terior cingulate activity could reflect compensatory activity
due to sleep deprivation [Drummond et al., 2004, 2005],
which may have been successfully executed in the control
group only. Our data suggest that NREM sleep stages are
involved in consolidation and recall of fear and safety,
which is in line with the observation that interventions
reducing slow wave activity (such mild acoustic sleep dis-
ruption resulting in shallow sleep) also blunt activation in
temporal lobe regions [Van Der Werf et al., 2009].

Physiological Differences

The fMRI differences were paralleled by higher physio-
logical SCR responses of the REMD group to the CSE in
early recall of extinction trials, which reflects impaired

consolidation of fear extinction. This is in the expected
direction [Germain et al., 2008; Levin and Nielsen, 2007]
and closely matches animal results reported by Fu et al.
(2007) that also observed moderate effects in early recall of
fear extinction trials in rodents. This difference occurred at
early trials 4–6 and not at early trials 1–3, which could be
related to the observation that the initial stimulus presen-
tations elicited a strong SCR in all tasks. The time � group
interaction for the physiological response to the CSE only
showed a trend for significance, which may be due to the
conservative primary outcome variable (average of all tri-
als) that is less sensitive to temporary changes.

In a large behavioral study comparing a sleep group to
wake group, Pace-Schott et al. (2009) found no effect of
sleep on recall of fear extinction (the effect size collapsed
across trials was around 0.31), although they observed
reduced SCR responses to the unextinguished stimulus in
the sleep group. Our observed effect size for recall of fear
extinction, collapsed across trials, was similar (Cohen’s d
¼ 0.30), but much larger at early recall trials (0.77). An ini-
tial and temporary between-group difference is more
likely to reflect a cognitive impairment (e.g., decreased
recall) than a consistent difference across trials, which
given the large variability in SCR scores could also reflect
reduced physiological reactivity after sleep. This would be
in line with findings from the same group that demon-
strated that an afternoon nap (compared to resting wak-
ing) was associated with greater habituation of the

Figure 4.

Event-related time-courses during recall of extinction. Event-

related time-courses of regions showing significant between-

group differences of the parametric modulation of the stimuli at

recall of extinction. Red lines reflect the mean standardized

time-courses of the REMD group and black lines reflect the

mean standardized time-courses of the control group to specific

stimuli, averaged over all trials and subjects and extracted from

the residual images. Vertical lines depict the standard error of

the mean. Time-courses were extracted from the peak voxel

with a sphere with a radius of 5 mm; information on peak voxel

coordinates can be found in Table III. PHG, parahippocampal

gyrus; Mid Temp/Occ, middle temporal and occipital gyrus.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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physiological response to affective pictures [Pace-Schott
et al., 2010]. In this study, REM sleep occurrence in an
afternoon nap was correlated with reduced physiological
habituation, which contradicts our observation that the
control group had a trend for lower physiological
responses than the REMD group. This could be indicative
of a dissociation between conditioned and intrinsically
negative stimuli. It is of note that a full night of REM sleep
versus REM sleep deprivation likely results in more robust
effects than a brief REM sleep period in an afternoon nap,
and an experimental REM sleep manipulation further
overcomes the issue that individual differences in physio-
logical reactivity and REM sleep occurrence in an after-
noon nap are strongly correlated [Spoormaker et al., 2010].

In our data, controlling for the covariates S2 and S4
amount and sleep restriction diminished the effect on the
CS-, indicating that the effects of REM sleep on unambigu-
ous safety may interact with other sleep stages. Larger be-
havioral studies employing REM and slow wave sleep
deprivation [e.g., Genzel et al., 2009] would therefore be
helpful to examine whether recall of safety versus physio-
logical output is differently dependent on various sleep
stages or the alternation of slow wave sleep and REM
sleep [Diekelmann and Born, 2010; Walker and Stickgold,
2004]. Moreover, studies employing naps will be helpful to
explore which NREM stages are correlated with recall of
unambiguous safety.

Stimulus-Onset Versus Stimulus-Offset SCR

One open question is what the stimulus-offset SCR
actually reflects. The stimulus-onset SCR is a measure with
a long history in experimental psychology [Rodnick, 1937;
Switzer, 1934] and has been continuously studied since the
1960s [Grings et al., 1962; Prokasy and Ebel, 1967]. This has
allowed for a thorough understanding of the stimulus-
onset response and for instance, whether or not it is advisa-
ble to divide this interval in several windows of interest
[Pineles et al., 2009]. Much less is known about the stimu-
lus-offset SCR, as the majority of behavioral studies use
few trials with a 100% reinforcement schedule. Such a
schedule is less suitable for fMRI, in which several
repeated trials are needed to improve the signal-to-noise
ratio, but also because electrical shocks cause artifacts in
the echo-planar images (therefore shock trials are typically
discarded in fMRI studies on fear conditioning and extinc-
tion). In a previous study [Spoormaker et al., 2011], we
noted that in the last conditioning trials, the differential
score CSþ � CS- (reflecting discriminatory conditioning)
was significantly positive at stimulus-offset but not at stim-
ulus-onset. It may therefore be a more sensitive measure
for discriminatory conditioning. However, this study
showed that a 24-hour interval in between fear condition-
ing and extinction stabilized this differential SCR at onset,
which was significantly positive in the initial fear extinc-
tion trials. It cannot be excluded that the stimulus-offset

SCR reflects a physiological trait and that the trend for
higher scores at stimulus-offset in the REMD group indi-
cates increased physiological responses after REM sleep de-
privation. This would be first detected at the CS- as the
variance of the SCR responses at CS- offset is minimal
(most scores equal zero), because a SCR at CS- offset is rare
compared to CS- onset [Spoormaker et al., 2011]. Cognitive
interpretations of the between-group difference at stimu-
lus-offset for the CS- are therefore preliminary, whereas
the between-group difference for the CSE occurred at stim-
ulus-onset only and is more likely to reflect a cognitive dif-
ference. To evaluate whether these effects reflect a
physiological inhibition or a cognitive disruption, it would
be interesting to assess predictions of fear stimuli in subjec-
tive ratings. We did not employ this in the current study
because raising the awareness of stimulus-contingencies
may alter their sleep dependency akin to procedural skills
[Robertson et al., 2004] and classical conditioning can occur
independent from awareness [Knight et al., 2003]. Further-
more, SCR peak deflection approaches are sensitive and
require large sample sizes, which is not realistic for fMRI
studies. More sensitive approaches to examine the anticipa-
tory SCR, such as dynamic causal modeling of the neuronal
input [Bach et al., 2010], can be helpful in elucidating the
SCR effects of sleep deprivation.

Methodological Considerations

One limitation is that on the basis of our data, we cannot
conclude that the control group showed a ‘‘normal’’ pattern
of responding. A next step would be to include a group that
does not undergo any sleep deprivation to examine the nor-
mal temporal pattern of activity in the regions of interest.
What we can conclude from our data is that REM sleep de-
privation significantly alters prediction error signaling, and
that the SCR responses to the CSE at recall of extinction were
significantly higher after REM sleep deprivation.

Note that we did not find whole brain significant clusters
of activity in the classical fMRI analysis, but this could have
been a consequence of the relatively strict threshold
employed in this study (whole brain corrected significance
instead of small volume corrections). Striking is that even at
the conservative threshold used, with N ¼ 9 per group, we
observed rather strong fMRI effects. This appears illustrative
of the robustness of whole night REM sleep deprivation.

The fMRI effects we found in our study are unlikely to
be caused by interference with other emotional memory
demands, as the subjects performed only one overnight
emotional memory task (consolidation of extinction learn-
ing). Moreover, we can exclude circadian rhythm fluctua-
tions as a confounding factor since all sessions were at the
same time of the day. However, it should be noted that our
control group slept on average about 40 min longer than
the REMD group. We corrected for the reduction of total
sleep time in the experimental night relative to the week
preceding the experiment by including this sleep restriction
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score as a covariate, as well as S2 and S4 amount. More-
over, the additional sleep time consisted almost exclusively
of REM sleep, while the amount of NREM sleep did not
differ between groups. We think this procedure has there-
fore limited confounding effects of prolonged NREM sleep.
We found this manipulation to be preferable to keeping the
total sleeping time constant (and therefore having different
amounts of NREM sleep in both groups) or to performing
no or a very different intervention (e.g., comparing REM
deprivation with slow wave sleep deprivation).

Clinical Implications

Our findings may be relevant to understanding the role
of REM sleep disturbances in the development of PTSD.
Objective sleep disturbances as measured with polysom-
nography have been less pronounced than subjective sleep
complaints in PTSD (for reviews see Harvey et al., 2003;
Pillar et al., 2000], but this may have been due to con-
founding factors in the studied PTSD samples such as age,
gender, co-morbid depression, and substance abuse that
all interact with sleep [Kobayashi et al., 2007]. In their
meta-analysis, Kobayashi et al. (2007) corrected for these
confounding factors and demonstrated that PTSD patients
show more stage 1 sleep, less slow wave sleep, and
increased REM density. More specifically, fragmentation of
REM sleep has been noted in PTSD patients [Mellman and
Hipolito, 2006; Spoormaker and Montgomery, 2008] and
this is ameliorated by the alpha1-antagonist Prazosin [Tay-
lor et al., 2008], which indicates increased noradrenalin
output in PTSD patients due to locus coeruleus hyperac-
tivity, a region that normally reaches its nadir in REM
sleep [Pace-Schott and Hobson, 2002]. Critically, REM frag-
mentation (shorter and more frequent REM sleep periods)
as measured by polysomnography within 1 month after
the traumatic event (traumatic injury) predicted PTSD
symptom severity 6 weeks later [Mellman et al., 2002].
Moreover, REM duration correlates inversely with insom-
nia symptoms in PTSD [Mellman et al., 2007]. One recent
study observed that REM sleep deprivation resulted in
more disruptions in cardiac measures during rebound
REM sleep in subjects with nightmares relative to subjects
without nightmares, suggesting a dispositional sensitivity
to REM sleep deprivation [Nielsen et al., 2010].

Fear extinction is a promising model for several human
anxiety disorders, including PTSD [Pape and Pare, 2010;
Rauch et al., 2006]. In PTSD patients, fear extinction and
fear extinction recall is impaired [Milad et al., 2009; Wessa
and Flor, 2007], which is associated with altered activity in
the hippocampus and ventromedial prefrontal cortex
[Milad et al., 2009]. Studies in rodents have demonstrated
that a predatory encounter in rats curtails slow wave and
REM sleep [Lesku et al., 2008], and that selective REM
sleep deprivation impairs cued fear extinction [Silvestri,
2005] and consolidation of cued fear extinction [Fu et al.,
2007]. Our results extend these findings by showing
impaired recall of fear extinction after selective REM sleep

deprivation in humans. Moreover, our findings elucidate
the neural circuitry subserving this impairment, which was
primarily located in a brain structure critical for a variety
of memory processes: the temporal lobe (for a review see
Eichenbaum et al., 2007]. This provides experimental evi-
dence for the notion that REM sleep disturbances are cen-
tral to the development of impaired recall of fear extinction
and eventually, PTSD. Treating (REM) sleep disturbances
and related complaints such as nightmares and insomnia
in the wake of a traumatic event may therefore have an
ameliorating effect on the development of PTSD and PTSD
symptom severity (for a review of treatment efficacy, see
Nappi et al., in press]. The role of prediction error sig-
nals—signals that are proposed to subserve fear condition-
ing and extinction—may be essential to this developmental
model; more research is needed to study their relationship
with sleep and their occurrence in patient samples.

CONCLUSIONS

In short, our results suggest that REM sleep deprivation
affects a specific pattern of subcortical and temporal lobe
regions, which are regions that show increased activity
during REM sleep [Braun et al., 1997; Maquet et al., 1996].
The left middle temporal gyrus showed most robust
between-group differences in activity in association with
prediction error signaling during recall of fear extinction
and safety, paralleled by increased physiological responses
to a previously extinguished stimulus after REM sleep de-
privation. This may provide a greater understanding of
dysfunctional fear processes in anxiety disorders such as
PTSD, in which disturbed REM and impaired fear extinc-
tion learning coincide. Examining prediction error signal-
ing appears a promising approach to studying the effects
of REM sleep deprivation on the human brain.
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