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Introduction

there is accumulating evidence for a role of slow-wave 
sleep (sWs) in declarative memory consolidation (Diekel-
mann and Born 2010), and increasing appreciation for the 
potential role of rapid eye movement (REM) sleep in the 
consolidation of emotional memories (Walker and van der 
helm 2009). Notwithstanding the complexity of human 
emotions, the most convincing proof for a role of REM 
sleep in emotional memory consolidation is achieved when 
evidence comes from across species and human popula-
tions in the translational pipeline, i.e., from animal experi-
mental work to human experimental work and correlations 
obtained in clinical populations.

One example of such converging evidence for a role of 
sleep in emotional memory consolidation is provided by 
fear conditioning and extinction, which, due to the close 
overlap between rodent and human experimental tasks and 
associated neural circuitry (Pitman et al. 2012), has been 
proposed a successful model for translation in neuroscience 
(Milad and Quirk 2012). Moreover, it is a clinically rele-
vant model (Rauch et al. 2006) as the ability to extinguish 
fear responses to a previously conditioned stimulus (cs+) 
that are no longer followed by aversive events is impaired 
in post-traumatic stress disorder (PtsD) patients (Blechert 
et al. 2007; Wessa and Flor 2007). In a similar vein, PtsD 
patients show a failure to consolidate extinguished fear 
over a 24-h period (Milad et al. 2009), which is associated 
with hypoactivity in hippocampus and ventromedial pre-
frontal cortex (vmPFc), and hyperactivity in dorsal anterior 
cingulate cortex (Milad et al. 2009).

Abstract In humans, activity patterns in the ventromedial 
prefrontal cortex (vmPFc) have been found to be predictive 
of subsequent fear memory consolidation. Pioneering work 
in rodents has further shown that vmPFc–amygdala theta 
synchronization is correlated with fear memory consolida-
tion. We aimed to evaluate whether vmPFc activity during 
fear conditioning is (1) correlated with fear expression the 
subsequent day and whether (2) this relationship is medi-
ated by rapid eye movement (REM) sleep. We analyzed data 
from 17 young healthy subjects undergoing a fear condi-
tioning task, followed by a fear extinction task 24 h later, 
both recorded with simultaneous skin conductance response 
(scR) and functional magnetic resonance imaging measure-
ments, with a polysomnographically recorded night sleep in 
between. Our results showed a correlation between vmPFc 
activity during fear conditioning and subsequent REM sleep 
amount, as well as between REM sleep amount and scR to 
the conditioned stimulus 24 h later. Moreover, we observed 
a significant correlation between vmPFc activity during fear 
conditioning and scR responses during extinction, which 
was no longer significant after controlling for REM sleep 
amount. vmPFc activity during fear conditioning was fur-
ther correlated with sleep latency. Interestingly, hippocam-
pus activity during fear conditioning was correlated with 
stage 2 and stage 4 sleep amount. Our results provide pre-
liminary evidence that the relationship between REM sleep 
and fear conditioning and extinction observed in rodents 
can be modeled in healthy human subjects, highlighting an 
interrelated set of potentially relevant trait markers.
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Why fear extinction fails to consolidate in PtsD patients 
remains an open question, but it has been proposed that dis-
turbed sleep could play a causal role (levin and Nielsen 
2007; Germain et al. 2008). PtsD patients have a high 
incidence of subjective sleep complaints such as insomnia 
and nightmares (Pillar et al. 2000; harvey et al. 2003) and 
show alterations in objective sleep of moderate effect size, 
specifically with increased stage 1 sleep and reduced sWs, 
and increased REM density (Kobayashi et al. 2007). In this 
light, it is relevant that there is initial experimental evidence 
that REM sleep deprivation impairs fear extinction learn-
ing and consolidation in rodents (silvestri 2005; Fu et al. 
2007), and fear extinction consolidation in humans (spoor-
maker et al. 2012). such data provide a causal framework 
for the clinical correlation that REM sleep fragmentation 
after a potentially traumatic event predicts PtsD symptom 
severity weeks later (Mellman et al. 2002).

there is, however, also evidence that REM sleep is 
important for fear memory consolidation, i.e., the consoli-
dation of fear conditioning. specifically, synchronization in 
the theta band between the rodent medial prefrontal cortex 
(mPFc) and amygdala during REM sleep (after fear con-
ditioning) was predictive of fear expression during a recall 
test the next day (Popa et al. 2010). this so far unique 
study has been corroborated by animal work demonstrat-
ing that immediate sleep deprivation after fear condition-
ing impairs fear memory consolidation manifest in reduced 
fear expression (cohen et al. 2012). such work is sugges-
tive of the notion that immediate post-trauma sleep dep-
rivation may have beneficial effects on acutely stressed 
humans; however, before such an intervention can be 
clinically investigated, evidence for a correlation between 
fear memory consolidation and sleep in humans is war-
ranted. We aimed to provide such evidence by analyzing 
data from our own previous experiment (spoormaker et al. 
2012), in which healthy human subjects underwent a fear 
conditioning task before sleeping a night in the sleep labo-
ratory. Data from this habituation night had not yet been 
analyzed or reported. as recent work demonstrates that par-
ticularly activity (pattern similarity) of the vmPFc during 
fear conditioning is predictive of long-term fear memory 
creation (Visser et al. 2013), we hypothesized that activ-
ity in the vmPFc during fear conditioning would correlate 
with REM sleep parameters and fear expression during 
fear extinction 24 h later. In a previous study, we observed 
that vmPFc activity, which is typically associated with the 
occurrence of the safety stimulus (cs−), was also associ-
ated with the conditioned stimulus (cs+) if an anticipated 
shock was omitted (spoormaker et al. 2011). according to 
a prediction error account, during classical conditioning, a 
cs+ comes to elicit a prediction of an outcome (Rescorla 
and Wagner 1972). If a predicted outcome is omitted, there 
is a violation of the prediction referred to as a negative 

prediction error (a positive prediction error occurs at deliv-
erance of an unpredicted outcome). We used this predic-
tion error account to analyze vmPFc activity to cs+ as 
observed previously (spoormaker et al. 2011).

Methods

subjects

the study protocol was in line with the Declaration of hel-
sinki and was approved by a local ethical review board. For 
a full description see spoormaker et al. (2012). subjects 
provided their written informed consent after the study 
protocol had been fully explained and were reimbursed 
for their participation. Eighteen nonsmoking, right-handed 
male participants [mean age = 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. Par-
ticipants were instructed to follow a regular sleep–wake 
schedule with bedtimes between 2300 and 0800 hours dur-
ing the week prior to the experiment, documented by sleep 
protocols and wrist actigraphy. Participants underwent a 
fear conditioning task on the first day, a fear extinction task 
24 h later, and a recall of fear extinction task 48 h later. 
the first night was a habituation night with full polysom-
nographic recordings (see below), and the second night 
was the experimental night as reported in spoormaker et al. 
(2012). Participants were asked to refrain from caffeine for 
at least 3 days prior and during the experiment. standard 
exclusion criteria for MRI were used throughout the study. 
the sleep data of one subject (habituation night) were dis-
carded due to technical problems, resulting in 17 subjects 
for the final analyses.

Paradigm

We presented three simple geometric shapes as visual 
stimuli for 4 s each, with interstimulus intervals jittered 
between 6 and 10 s. the fear conditioning task consisted 
of 15 presentations of each stimulus in a pseudorandom, 
interspersed order. two of the stimuli (cs1+ and cs2+) 
were coupled to a mild electrical shock in a partial (50 %) 
reinforcement schedule. Electrical shocks followed 3.1 s 
after stimulus onset. the third stimulus served as a safety 
stimulus and was never followed by a shock (cs−). sub-
jects received the following instruction: “Images may be 
followed by mild electrical shocks.” all subjects underwent 
a subsequent extinction session after 24 h, again with 15 
presentation of each stimulus. During extinction, cs1+ 
was no longer followed by a shock (extinguished stimulus, 
csE), while cs2+ was still followed by electrical shocks 
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with 50 % probability (unextinguished stimulus, csU). the 
fear conditioning and extinction sessions took place in the 
MRI scanner.

Electrical stimulation

Mild electrical shocks were administered to the back of 
the right hand and served as the unconditioned 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 ltd., hertfordshire, 
UK). For electrical stimulation, we used custom-made gold 
electrodes compatible with use in the MR environment. 
stimulation intensity was individually set before the scan-
ning session with a staircase protocol. the initial shock 
intensity was set at 5 and 1 ma increments were used to 
find the individual level at which shocks would be uncom-
fortable but not painful.

Physiological data recording and analysis

skin conductance response (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 Brain-
amp ExG amplifier (Brain Products, Munich, Germany). 
scR 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 conduct-
ance of the largest positive deflection in one interval (Pine-
les et al. 2009), consisting of a 0.5–4.5-s latency window 
after stimulus onset (Milad et al. 2009). Raw scR scores 
were square-root transformed and scaled to each subject’s 
maximal square-root-transformed unconditioned stimulus 
response to account for inter-individual scR variability 
(Delgado et al. 2008).

to quantify an outcome for physiological fear expres-
sion after sleep, we used the scR to the to-be-extinguished 
stimulus during fear extinction (i.e., cs1+ becomes csE). 
a standard fear expression score would be a differential 
scR score (csE − cs−); however, our vmPFc activ-
ity contrast in the functional magnetic resonance imag-
ing (fMRI) data was not based on a differential contrast, 
but instead on a cs+ contrast (see below). We there-
fore aimed to quantify scR to csE and explored the fol-
lowing measures: the beta of the scR slope (but 7 out of 
17 had ≤3 responses (to csE), which is too few for reli-
able beta estimation), the mean amplitude excluding zero 
responses (<0.02 μs), and the mean magnitude includ-
ing zero responses (Roth et al. 1990). these outcomes 
differed considerably due to a large incidence of zero 
responses, which is why we decided to simply and con-
servatively use the amount of scR responses (number of 
responses with ≥0.02 μs) to the csE. the mean number 

of responses to csE was 5.0 (sD = 4.2, minimum = 0, and 
maximum = 13).

to examine whether differential fear conditioning 
had a significant effect in our sample, we performed a 
repeated-measures analysis of variance (aNOVa) with 
time and stimulus as within-subjects factors. the fac-
tor stimulus consisted of two levels: differential scR of 
the csE (csE − cs−) and differential scR of the csU 
(csU − cs−). For the factor time, three consecutive trials 
were averaged (trials 1–3, 4–6, 7–9, 10–12, 13–15), result-
ing in five levels. this repeated-measures aNOVa was 
performed for the fear conditioning and extinction sessions 
separately. the significance level was set at 0.05 for all 
statistical tests. a Greenhouse–Geisser correction was per-
formed in case of violation of the assumption of sphericity.

EEG recordings in the sleep laboratory

Polysomnographic data were recorded and stored with a 
digital recorder (comlab 32 Digital sleep lab, Brainlab 
V 3.3 software, schwarzer Gmbh, Munich, Germany). F3 
and F4, c3 and c4, O3 and O4 were referenced against the 
contralateral mastoid (filtered from 0.5 to 70 hz), and fur-
ther electrooculography (EOG, filtered from 0.1 to 30 hz) 
and mental/submental electromyography (EMG, filtered 
from 16 to 125 hz) were recorded with a sampling rate 
of 250 hz. sleep data analyses were performed by inde-
pendent professional scorers blind to the study design 
using the criteria as described by Rechtschaffen and Kales 
(1968). the recordings during the clinical habituation night 
included additional measurements: nasal and oral thermis-
tor channels, chest and abdominal respiratory movements, 
arterial oxygen saturation (finger oximetry), EMG of the 
legs, and an electrocardiography. clinical nights were 
additionally evaluated by medical professionals in order 
to exclude subjects with sleep disorders (no subjects had 
to be excluded). Variables obtained were as follows: onset 
latency and amount (in minutes) of sleep stages 1–4 and 
REM sleep, as well as the amount of wake-after-sleep onset 
(minutes) and stage shifts.

fMRI acquisition and statistical analysis

Whole-brain fMRI was carried out at 1.5 t (signa Excite, 
GE, Milwaukee, Usa) using an 8-channel head coil, cover-
ing 25 oblique 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 using statistical Parametric Mapping software, 
version 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 normal-
ized to the EPI template in Montreal Neurological Institute 

http://www.fil.ion.ucl.ac.uk/spm
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(MNI) space, resliced (voxel resolution 2 × 2 ×2 mm3) and 
smoothed using a Gaussian kernel (full width at half maxi-
mum 6 × 6 ×6 mm3). after high-pass filtering (128 s), 
fixed and random effects analyses were estimated with the 
general linear model as implemented in sPM5. First-level 
fMRI models also contained eight nuisance regressors: six 
coefficients of the affine motion correction and two regres-
sors reflecting global signal variations as derived from the 
cerebrospinal fluid (csF) and white matter compartment, 
both defined from image segmentation in native space.

In order to obtain vmPFc activity during fear condi-
tioning, first-level analyses consisted of a prediction error 
regressor based on a model from a previous study (spoor-
maker et al. 2011). that study demonstrated that vmPFc 
and hippocampus activity were related to negative predic-
tion error signaling, which was modeled into a parametric 
modulation by contrasting values for every stimulus onset 
(0–2 s) with values for stimulus offset (3–5 s) (spoor-
maker et al. 2011). For this analysis, we only analyzed 
stimulus presentations in which shocks did not occur to 
prevent potential contamination from the electrical shocks. 
Moreover, we collapsed both cs+ into a single regressor 
since we were interested in general fear-related rather than 
stimulus-specific activity patterns. We did not use the typi-
cal cs+ > cs− contrast of the stimulus regressors dur-
ing fear conditioning as vmPFc activity is associated with 
cs−. this would have the consequence that vmPFc activ-
ity would be driven by cs− instead of cs+, which could 
confound the relationship between vmPFc activity during 
fear conditioning and fear expression during extinction 
learning.

contrast estimates of the activation during fear con-
ditioning were extracted from the limbic and paralimbic 
regions with significant activity associated with the nega-
tive contrast of this parametric modulation (i.e., negative 

prediction error): left and right vmPFc, left hippocam-
pus, and left lateral orbitofrontal cortex (spoormaker et al. 
2011). control estimates were extracted from regions that 
correlated with the reverse (positive) contrast (bilateral 
insula and midbrain). For an overview of regions of inter-
est, see table 1. all of these regions had a whole-brain-
corrected significance with cluster p values <0.05 after 
correction for family-wise error under consideration of 
nonstationary smoothness (hayasaka et al. 2004), with the 
exception of the left hippocampus (uncorrected p < 0.001, 
k > 20). the volume-of-interest function in sPM5 was 
used to estimate the first eigenvariate of all voxel values 
contained within a 6-mm radial sphere centered on each 
regional cluster maximum identified from the second-level 
contrast. the resulting vector was used for linear Pearson’s 
correlation and partial correlation analyses; spearman’s rs 
was used in case of outliers.

Results

Physiological data

During fear conditioning, the repeated-measures aNOVa 
with time and stimulus as within-subjects factors revealed a 
significant effect of time on differential scR (F2.4,29.3 = 4.44, 
p < 0.05), manifest in an upward trend for both differential 
scR of csE and csU. the effect of stimulus and the stim-
ulus × time interaction were not significant (F1,12 < 1 and 
F2.6,30.9 = 1.60, p = 0.19, respectively). During fear extinc-
tion, a repeated-measures aNOVa with the same design 
revealed no significant effect of time on differential scR 
(F4,60 = 1.69, p = 0.18) and no significant effect of stimu-
lus (F1,15 < 1), whereas the stimulus × time interaction was 
significant (F2.4,35.7 = 3.89, p < 0.05). Repeated-measures 

Table 1  coordinates of regions of interest extracted from contrasts of a parametric modulation to cs+, consisting of a positive constant value 
at stimulus onset and a negative constant value at stimulus offset (shock omission)

cluster peak voxel coordinates in MNI space, cluster size in voxels (2 mm isotropic), cluster p value family-wise error corrected for all voxels in 
the brain mask. From spoormaker et al. (2011)

vmPFC ventromedial prefrontal cortex, L left, R right
a a positive contrast reflects a positive constant value at stimulus onset and a negative constant value at stimulus offset (a negative contrast 
reflects the reverse)

Region cluster peak contrasta cluster size (voxels) cluster p value

vmPFc (l) −6 42 −12 Negative 162 0.004

vmPFc (R) 6 44 −12 Negative same cluster as above

lateral orbitofrontal cortex (l) −40 40 −10 Negative 122 0.003

hippocampus (l) −26 −22 −18 Negative 21 0.342

Midbrain −8 −28 −4 Positive 137 0.002

Insula (l) −32 16 8 Positive 449 3 × 10−5

Insula (R) 36 28 0 Positive 40 0.670
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aNOVas for each stimulus separately showed that this stim-
ulus × time interaction was due to decreasing differential 
scores for csE (F2.5,37.0 = 3.83, p < 0.05) with no change 
for differential scores for csU (F4,64 < 1). these data show 
successful fear conditioning for both cs+ and successful 
extinction learning for csE specifically.

Polysomnographic data

table 2 provides the average sleep data of the habituation 
night, which fell within the normal range.

correlations between fMRI, physiological, 
and polysomnographic data

left vmPFc activity (Fig. 1a) correlated negatively with 
scR amount to the extinguished stimulus during extinc-
tion: r = −0.41, p < 0.05 (trendwise for right vmPFc, 
r = −0.37, p = 0.07). None of the other regions correlated 
with scR amount to the csE, all |r values| <0.16, all p val-
ues >0.10. In line with our hypothesis, left vmPc activity 
correlated positively with REM sleep amount: r = 0.62, 
p < 0.01 (for right vmPFc, r = 0.48, p < 0.05), see Fig. 1b. 
left vmPFc activity did not correlate with amount of non-
REM sleep stages or wake-after-sleep onset, all |r values| 
<0.29, all p values >0.10. this pattern was similar for right 
vmPFc, with an additional positive correlation with stage 3 
amount at trend level, r = 0.40, p = 0.055. left and right 
vmPFc activity further correlated negatively with latency 
to stage 1, r = −0.54, p < 0.05, and r = −0.52, p < 0.05, 
and latencies to all other stages, all r values <−0.45, all p 
values <0.05. this high similarity in correlations was likely 
due to the high correlation between left and right vmPFc 
activity values, r = 0.75, p < 0.001.

In turn, REM sleep amount correlated negatively with 
scR amount to the csE, r = −0.51, p < 0.05. It should 

be noted that this is in the opposite direction of the rela-
tionship reported in rodents, where REM sleep was asso-
ciated with increased subsequent fear expression (Popa 
et al. 2010). Further (exploratory) analyses revealed that 
scR amount to the csE also correlated with latency to 
REM sleep, r = 0.45, p < 0.05, and latency to stage 4 sleep, 
r = 0.55, p < 0.05. Interestingly, a comparatively strong 
correlation between scR amount and wake-after-sleep 
onset could be observed, r = 0.66, p < 0.005.

to evaluate whether REM sleep had a mediating influ-
ence on the correlation between left vmPFc activity (dur-
ing fear conditioning) and scR amount (during extinction 
24 h later), we performed a partial correlation analysis that 
showed that controlling for REM sleep amount reduced this 
correlation to nonsignificance, rpartial = −0.15, p = 0.59. In 
contrast, the partial correlation between left vmPFc activ-
ity and REM sleep amount, controlled for scR amount, 
remained significant, rpartial = 0.52, p < 0.05. the partial 
correlation between REM sleep amount and scR amount, 
controlled for left vmPFc activity, was trendwise signifi-
cant, rpartial = −0.36, p = 0.08.

In further exploratory correlation analyses between 
other brain regions and sleep stages, only the hippocampus 
showed nominally significant correlations with two sleep 
stages: positive with stage 2 amount, r = 0.42, p < 0.05, 
and negative with stage 4 amount, r = −0.43, p < 0.05. 
computing sWs amount (combining s3 and s4) revealed 
the most robust negative correlation with left hippocampus 
activity, r = −0.53, p < 0.05. another correlation of inter-
est was a positive one between brainstem activity and stage 
3 amount, r = 0.40, p < 0.05. None of these correlations 
survived a Bonferroni multiple test correction required for 
such exploratory analyses. It is of note that the left lateral 
orbitofrontal cortex correlated positively with left vmPFc, 
r = 0.64, p < 0.05, but not significantly with REM sleep or 
sWs, both r values <0.36 both p values >0.10.

to evaluate the specificity of our results, we further 
examined scR amount to the cs− and csU. left and right 
vmPFc activity during fear conditioning showed simi-
lar correlations to scR amount to the csU (left vmPFc: 
r = −0.36, p = 0.08, and right vmPFc: r = −0.41, 
p = 0.05) as to the csE reported above. correlations 
with cs− were lower for both left and right vmPFc 
(left vmPFc: r = −0.32, p = 0.11, and right vmPFc: 
r = −0.13, p = 0.31). this is an argument for specificity of 
the results; however, correlations between scR amount and 
all three stimuli were generally high, all r values >0.83, all 
p values <0.001, and this was not due to outliers, all spear-
man’s rs values >0.78, all p values <0.001. Finally, we com-
puted the overnight change in scR amount to csE, csU, 
and cs− and only found a trendwise correlation between 
REM sleep and differential scR amount to csE (extinc-
tion − conditioning), spearman’s rs = −0.46, p = 0.056, 

Table 2  Mean values (±sD) of sleep variables

a Number of stage shifts

Variable time (min)

total sleep time 406.1 (40.4)

sleep efficiency 85.3 (8.6)

stage shifts 177.6a (27.3)

stage 1 amount 32.8 (16.3)

stage 2 amount 190.0 (31.1)

stage 3 amount 51.0 (14.9)

stage 4 amount 48.9 (20.1)

REM amount 76.8 (23.8)

sleep onset latency to stage 1 18.1 (14.8)

sleep onset latency to stage 2 25.3 (24.8)

Wake-after-sleep onset 47.5 (30.4)



 Exp Brain Res

1 3

but not for the other two stimuli, all spearman’s |rs values| 
<0.23, all p values >0.10.

Discussion

Our analyses yielded two main results: First, we also 
observed a relationship between vmPFc activity during 
fear conditioning and later physiological fear expression 
(Visser et al. 2013). In our case, the relationship was shown 
during an extinction task that can be viewed as a recall 
task. second, our analyses show that REM sleep amount 
statistically mediated this relationship in human subjects. 
Our results simultaneously show high specificity: No other 
brain regions were correlated with the amount of REM 
sleep, and vmPFc activity did not correlate with the dura-
tion of other sleep stages.

In our data, vmPFc activity during fear conditioning 
had a positive relationship with REM sleep and a nega-
tive relationship with fear expression to the extinguished 
stimulus 24 h later. It should be noted that in our analysis, 
vmPFc activity did not relate to a general activity increase 
(or decrease) during cs+ relative to other stimuli or base-
line, but to an activity ratio between onset and offset of 
cs+ stimuli. higher values reflected a more positive ratio 
with stronger activity at onset relative to offset of cs+, 
which were correlated with increased REM sleep amount 
and reduced scR amount to csE. this suggests that higher 
vmPFc activity at onset relative to offset of cs+ dur-
ing fear conditioning can be considered as a “protective” 
marker, which is paralleled by the relationship with shorter 
latencies to all sleep stages.

critically, REM sleep statistically mediated these rela-
tionships. this can be interpreted in multiple ways: one 

Fig. 1  a activity from a positive (hot colors) and negative (cool 
colors) contrast of a parametric modulation consisting of a positive 
constant value at stimulus onset and a negative constant value at 
stimulus offset, adapted from spoormaker et al. (2011), reproduced 
with kind permission from Elsevier Inc. White arrows refer to regions 
included in the present analyses (OFC orbitofrontal cortex; vmPFC 
ventromedial prefrontal cortex). the inset displays an additional clus-
ter of activity in left hippocampus that was noted at the threshold 
of uncorrected p < 0.001 and k > 20, but did not reach the whole-

brain corrected significance. Images are displayed in neurological 
orientation (left = left). b Left scatter plot illustrating the correlation 
between left vmPFc activity (arbitrary units) at cs+ during fear con-
ditioning and REM sleep amount (minutes) during the subsequent 
night, r = 0.62, p < 0.01. Right results from the correlation analyses 
in schematic format, with arrows depicting significant (full lines) and 
trendwise significant (dashed lines) correlations; negative correla-
tions are displayed with a blunted arrowhead. **p < 0.01; *p < 0.05; 
#p < 0.10
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interpretation of our findings is that they support the notion 
that REM sleep is involved in fear memory consolida-
tion, with altered fear expression the subsequent day. that 
we found longer REM sleep to be related to reduced fear 
expression is rather puzzling, as this would reflect impaired 
fear memory consolidation, which is in the opposite direc-
tion of animal data (Popa et al. 2010) and recent human data 
(Menz et al. 2013). however, Popa et al. (2010) reported a 
positive relationship between theta synchrony during REM 
sleep and fear expression, and (limbic) theta synchrony 
should not be equated to REM sleep amount (a composite 
score of phasic and tonic REM sleep). Menz et al. (2013) 
showed a positive correlation between REM sleep amount 
and differential scR (cs+ > cs−) during recall (after an 
additional night). there was no correlation between REM 
sleep and amygdala activity at recall in this study, and 
the increased differential fear response after sleep com-
pared to sleep deprivation was driven by decreased scR 
to cs− (Menz et al. 2013). REM sleep could therefore 
be involved in mPFc–amygdala-dependent learning; also, 
Popa et al. (2010) observed the most pronounced relation-
ship between fear expression and theta synchrony in REM 
sleep for amygdala and mPFc. Whether this overnight con-
solidation in humans reflects fear generalization, which 
is mediated by vmPFc (Dunsmoor et al. 2011), or safety 
learning/recall remains to be investigated. Our data could 
reflect improved extinction learning after longer REM 
sleep, which would parallel data from silvestri (2005) who 
showed impaired cued extinction learning after REM sleep 
deprivation in rodents. an alternative interpretation of our 
data is that error-related vmPFc activity during fear condi-
tioning, REM sleep amount, and physiological responding 
the next day represent interrelated physiological trait mark-
ers, which is corroborated by the high correlations among 
scR amounts of the various stimuli.

although our data are able to show both a correlation 
and temporal dependencies (see Fig. 1, lower right), two 
of the three conditions for statistical causality, they do not 
allow the exclusion of a third factor causing the observed 
relationship(s). therefore, any claims of causality would be 
premature; our objective was to provide a human experi-
mental confirmation of the observation that REM sleep 
mediated the relationship between fear conditioning and 
fear expression 24 h later, as reported in rodents (Popa et al. 
2010). this also applies to our findings regarding the corre-
lations between hippocampus activity and stage 2 (positive) 
and stage 4 amount (negative), which may reflect memory 
consolidation (Diekelmann and Born 2010) as well as an 
individual sleep “fingerprint” (Bódizs et al. 2009) of hip-
pocampal efficiency that is manifest in fMRI activity as 
well.

this is particularly relevant to our data as we analyzed 
the habituation night, which may have resulted in sleep 

alterations referred to as the “first night effect” (agnew et al. 
1966). the first night effect is characterized by reduced total 
sleep time and increased wake-after-sleep onset, and altered 
sWs and REM sleep have also been reported (Newell et al. 
2012). Moreover, this first night effect may be more pro-
nounced in subjects that are vulnerable to stress-induced 
sleep disturbance, who may have more disrupted sleep after 
a fear conditioning procedure. In this case, both the first 
night effect and the sleep response to fear conditioning, and 
potentially extinction learning afterward, could reflect inter-
related trait-like markers instead of providing evidence for 
memory consolidation. It is of note, however, that our sleep 
data are comparable to those of larger polysomnographic 
samples, also of the second night (Rosipal et al. 2013).

after this initial demonstration of a relationship between 
vmPFc, REM sleep, and subsequent fear expression, the 
next steps are to use an experimental manipulation to exam-
ine causality and to perform high-density EEG recordings 
to evaluate the role of oscillatory (theta) activity. Moreover, 
the directionality of this relationship needs further atten-
tion, and it is essential to disentangle fear expression from 
extinction learning, as REM sleep may affect both (silves-
tri 2005; Popa et al. 2010). One problem is that, if, akin 
to rodents, mPFc–amygdala theta synchrony during REM 
sleep is essential for fear memory consolidation, and scalp 
EEG may be suboptimal in detecting such oscillations con-
cealed within the medial temporal lobe. Intracranial meas-
urements in epilepsy patients, or magnetoencephalography 
in healthy subjects, may be particularly helpful in addition 
to EEG and fMRI findings.

In conclusion, our findings support the notion that REM 
sleep is relevant to emotional memory processing (Walker 
and van der helm 2009) and provide initial human data that 
are in line with findings in rodents on REM sleep and fear 
extinction learning (silvestri 2005).
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