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Abstract How emotions interact with cognitive processes
has been a topic of growing interest in the last decades, as
well as studies investigating the role of sleep in cognition.
We review here evidence showing that sleep and emotions
entertain privileged relationships. The literature indicates
that exposure to stressful and emotional experiences can
induce changes in the post-exposure sleep architecture,
whereas emotional disturbances are likely to develop fol-
lowing sleep alterations. In addition, post-training sleep
appears particularly beneficial for the consolidation of
intrinsically emotional memories, suggesting that emo-
tions modulate the off-line brain activity patterns subtend-
ing memory consolidation processes. Conversely, sleep
contributes unbinding core memories from their affective
blanket and removing the latter, eventually participating
to habituation processes and reducing aversive reactions
to stressful stimuli. Taken together, these data suggest that
sleep plays an important role in the regulation and pro-
cessing of emotions, which highlight its crucial influence
on human’s abilities to manage and respond to emotional
information.
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Introduction

Despite many studies conducted over the last century, the
functions of sleep still remain shrouded in mystery. Avail-
able evidence suggests that sleep plays a non-exclusive role
in neuronal detoxification, conservation of brain energy,
tissue restoration, immunity and neuronal plasticity (for a
review see Siegel 2005). Lately, the interaction between
the physiology of sleep and the processing of emotions has
become a focus of growing interest for the scientific com-
munity. In this review, we will broach this topic, looking
at how presleep emotional experiences impact on sleep
architecture, and conversely how sleep quantity and quality
on prior nights impact on our current mood state and emo-
tional reactivity. We will also discuss how sleep modulates
the processing of presleep emotional experiences and their
reprocessing during re-exposure.

How negative emotions modulate sleep architecture

Modifications in the sleep architecture have been reported
after the presentation of aversive or stressful movies pre-
sented immediately before sleeping, as compared to neutral
movies or a baseline night (Talamini et al. 2013; Baekeland
et al. 1968; Cluydts and Visser 1980). However, alterations
in the sleep hypnogram are discrepant across studies. In the
Baekeland et al. (1968) study, viewing a distressing film
in the evening significantly increased both the number of
REM sleep awakenings and REM sleep density, whereas
Talamini et al. (2013) found a dampening of the expected
REM sleep increase during the second half of the night.
Besides REM sleep attenuation, Talamini et al. (2013)
observed a higher proportion of slow wave sleep (SWS) in
the stressing movie condition. At variance, similar distress-
ing conditions were associated with less sleep stage shifts,
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a higher proportion of stage 2 sleep, a higher overall frag-
mentation of sleep by awakenings and a decreased propor-
tion of sleep in the first 3 h after sleep onset (Cluydts and
Visser 1980). Finally, others did not disclose any disrupt-
ing effects of the presentation of a stressful movie on sleep
architecture, but an alteration in the manifest content of the
initial dreams (Lauer et al. 1987). Also, promoting negative
mood using a failure feedback strategy in different cogni-
tive tasks just before sleeping resulted in lower sleep effi-
ciency, increased sleep latency, higher percentage of intra-
sleep wake periods, more awakenings from REM sleep, a
reduced total sleep time and a reduced proportion of REM
sleep and SWS (Vandekerckhove et al. 2011).

Similarly, daily life stressors seem to exert an impact
on sleep architecture, but results are also discrepant.
Indeed, non-depressed divorcing spouses were found to
exhibit decreased delta sleep, increased amount of REM
sleep and shorter REM sleep latency (Cartwright and
Wood 1991). Likewise, increased REM intensity was
observed after the death of a close relative (Reynolds et al.
1993). However, Akerstedt et al. (2007) found lower sleep
efficiency, higher percentage of wake time and increased
latency to SWS in periods of high stress, but no alteration
in REM sleep parameters in sleep recordings following
the days of low, high and intermediate stress. Anticipation
and apprehension of stressful events may also alter sleep
architecture. For instance, people apprehending a difficult
working day to come exhibited a reduced percentage of
SWS and increased amounts of stage 2 sleep (Kecklund
and Akerstedt 2004), while increased sleep fragmenta-
tion was found in patients waiting for an impending sur-
gical operation (Edéll-Gustaffson 2002). Closer to the
life of scientists, a stress state triggered by announcing a
speech to be given the next morning dampened the normal
increase in REM density over sleep cycles (Germain et al.
2003).

Various changes in sleep architecture after or in appre-
hension of a distressing event may be modulated by the
type of psychosocial stressors under study (i.e., daily life
stress events, experimental stress, traumatic stress), as well
as stress duration and severity (for a review see Kim and
Dimsdale 2007), but may also depend on the individual
coping strategies adopted to face stressful situations. In
patients with cancer, adopting an avoidance coping strat-
egy such as denial and suppression was associated with
increased sleep latency and nocturnal and early morning
awakening, as compared to an approach-oriented coping
strategy encompassing problem-solving to reduce treat-
ment side effects, information seeking, expression of
emotions and social support seeking (Hoyt et al. 2009).
Another study compared the impact of experiential ver-
sus analytical emotion regulation strategies on sleep
architecture (Vandekerckhove et al. 2012). The analytical
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approach consisted in evaluating causes, meanings and
consequences of the emotional experience, whereas the
experiential approach consisted in focusing on emotional
experience and expressing emotions. Participants were
administered a set of intelligence tests, after what they
received a failure feedback stating that their performance
was way below the norms. Before sleeping, they were
instructed to apply the analytical or experiential emotion
regulation strategy. Participants asked to use an experi-
ential approach reported less negative feelings (e.g., irri-
tability, distress and hostility) and exhibited longer total
sleep duration and higher sleep efficiency (i.e., mainly
reduced sleep fragmentation, fewer awakenings and time
spent awake) than those adopting an analytical approach.
The authors surmised that an experiential approach is
more effective to recover from negative emotional events,
with effects extending into sleep physiology. These effects
seem pervasive across the development since positive or
prosocial coping in 5-year-old kindergarten children was
associated with an increased number of NREM S2 sleep
spindles, whereas it was decreased in children using an
avoidance coping strategy (Mikoteit et al. 2012). Besides
state-related effects associated with exposure to ongoing or
pending stressful events, trait-like sensitivity to stress was
also linked with changes in the sleep architecture. Indeed,
greater daytime sleepiness and fatigue, poorer subjective
sleep quality and shorter sleep duration were observed in
individuals having a natural trend for high stress levels
as compared to others usually exhibiting low stress levels
(Kashani et al. 2012). It is of course difficult in this case to
disentangle the effects on sleep architecture that are attrib-
utable to a repeated exposure to stressful events (or expe-
rienced as such) from those associated with an intrinsic
sensitivity to stress.

Is sleep an emotional regulator?

If emotional distress seems to exert an impact on sleep
architecture on the subsequent nights, the reverse is also
true. Many studies showed that sleep loss lowers emo-
tional intelligence (Killgore et al. 2008), impairs emo-
tional regulation by increasing irritability (Kahn-Greene
et al. 2006) and emotional lability (Horne 1985) and wors-
ens mood in children (Berger et al. 2012; Vriend et al.
2013) as well as in adults (Dinges et al. 1997; Lingenfelser
et al. 1994; Rose et al. 2008). Also, increased self-reported
feelings of depression, frustration, anger and anxiety are
frequently observed over a prolonged sleep deprivation
(Caldwell et al. 2004; Durmer and Dinges 2005; James
and Gregg 2004; Pilcher and Huffcutt 1996; Scott et al.
2006; Kahn-Greene et al. 2007; Tempesta et al. 2010),
which might eventually represent a more deleterious
impact on daily activities than sleep deprivation-related
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cognitive and behavioral alterations (Vandekerckhove and
Cluydts 2010). Delivering theta (5 Hz) anodal transcranial
direct current stimulation during REM sleep periods in
the second half of the night increased gamma EEG during
late REM sleep and was associated with a negative mood
state in the morning (Marshall et al. 2011). Furthermore,
disruptive daytime events (e.g., when being disrupted
during a scheduled activity) are perceived more nega-
tively by medical residents in a state of lack of sleep and
reduce the positive effect of goal-enhancing experiences
(e.g., an opportunity to perform a medically challenging
task; Zohar et al. 2005). The perception of stress is also
exacerbated by sleep deprivation (Minkel et al. 2012) or
in subjects self-reporting poor sleep quality (Prather et al.
2013). This biased perception of stress seems to depend
on both the intensity of the stressor and of the vigilance
state. Indeed, administration of a cognitive test inducing
low stress levels induced greater subjective stress, anxiety
and anger in sleep-deprived participants as compared to
rested controls (Minkel et al. 2012). By contrast, increased
negative mood and stress levels were observed in a high-
stress cognitive testing condition in both normal sleep and
sleep-deprived conditions. The authors suggested that the
psychological threshold for the perception of stress from
cognitive demands is lowered after sleep deprivation,
whereas negative affects in response to high-stress perfor-
mance demands are not increased. This lack of effect of
sleep in the latter case might be due to a ceiling effect in
stress responses.

Like sleep deprivation, poor sleep quality is associated
with decreased ability in cognitive reappraisal (Baglioni
et al. 2010; Bower et al. 2010; Mauss et al. 2013), i.e., the
ability to cognitively reframe an emotional event in order
to lessen its impact (Ochsner and Gross 2005). Mauss et al.
(2013) concluded that a lack of sleep, but also impaired
sleep quality, might alter cognitive reappraisal ability by
impairing underlying higher cognitive functions such
as cognitive control processes (Goel et al. 2009; Tucker
et al. 2010). Using fMRI, exacerbated emotional reac-
tivity for aversive stimuli (or in other words, decreased
cognitive reappraisal ability) after sleep deprivation was
associated with an amplified amygdala response. Con-
nectivity between the amygdala and the medial prefrontal
cortex (mPFC) was also decreased in response to increas-
ingly aversive pictures (Yoo et al. 2007). Decreased func-
tional connectivity with the mPFC, a region known to exert
inhibitory control on amygdala (Davidson 2002), suggests
that the deregulation of emotion observed after a sleep
deprivation (Yoo et al. 2007), or even after a short-term
restricted sleep period (Motomura et al. 2013), is related
to a degraded top-down inhibitory control. Increased auto-
nomic reactivity observed under the conditions of sleep
deprivation, as reflected by larger pupillary responses to

negative pictures, also supports this disinhibition hypoth-
esis (Franzen et al. 2009).

Responses to stimuli with positive valence are less con-
sistent across studies, only partially validating the disinhi-
bition theory. Indeed, Gujar et al. (2011a) found increased
activity throughout mesolimbic reward brain networks in
response to pleasant stimuli after sleep deprivation, asso-
ciated with a higher connectivity in early primary visual
processing regions and extended limbic areas, and a sig-
nificant loss of functional connectivity in medial frontal
and orbitofrontal regions. However, happy facial expres-
sions did not significantly alter amygdala activity after a
5-day sleep restriction (5 h of sleep per night; Motomura
et al. 2013). Moreover, whereas one night of sleep depriva-
tion led to an overestimation of positive emotional stimuli,
correlated with activity in mesolimbic regions (Gujar et al.
2011a), Zohar et al. (2005) found that goal-enhancing
experiences were less positively perceived by medical resi-
dents in lack of sleep. Discrepancies between these stud-
ies may be due to different amounts of sleep deprivation
(Motomura et al. 2013). Indeed, sleep debt might alter the
processing of negative emotional stimuli, but not positive
ones, whereas total sleep deprivation would exacerbate
emotional reactivity for aversive stimuli but also, by its
antidepressant effect (Gillin et al. 2001), amplifies reactiv-
ity throughout limbic regions in response to positive emo-
tional stimuli.

Nonetheless, recent studies cast doubt on the disinhibi-
tion theory by showing a dampening of emotional reac-
tions for negative and positive stimuli after sleep depri-
vation, rather than an exacerbation of affective reactivity.
Among these studies, Minkel et al. (2010) reported less
facial expressiveness, especially in response to positive
film clips, in sleep-deprived participants than in rested par-
ticipants. In line with these results, Schwarz et al. (2013)
observed a deceleration of volitional facial reactions to
emotional clips but no alteration in affective inhibitory con-
trol after one night of restricted sleep. In this study, par-
ticipants were asked to respond with either compatible or
incompatible facial muscles to emotional clips. Following
the disinhibition hypothesis, slower facial reactions should
mainly be observed in response to incompatible stimuli
due to an additional effort to prevent the compatible reac-
tion caused by a degraded top-down inhibition in partially
sleep-deprived participants. Since slowed facial reactions
were observed for both compatible and incompatible stim-
uli, the authors concluded to a general slowing down due to
a dampening effect on the behavioral response, rather than
a disinhibition of the top-down emotional control after one
night of restricted sleep.

The sleep stage that is affected by sleep deprivation also
determines emotional and cerebral reactivity to emotional
stimuli. Rosales-Lagarde et al. (2012) scanned participants
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twice during a visual emotional reactivity task, before
(baseline condition) and then 24 h after one night of either
selective REM sleep deprivation or NREM sleep interrup-
tions. In agreement with the disinhibition theory, emotional
reactivity was increased as compared to baseline, but only
in the REM sleep-deprived group. Also, functional MRI
disclosed increased activity in regions involved in emo-
tional processing in the REM sleep-deprived group during
the second test period (relative to the baseline), whereas
cerebral activity was similar before and after an experi-
mental night with NREM sleep interruptions. These results
suggest that REM sleep may contribute to reset emotional
brain reactivity to cope with next day’s disruptive events.
However, evidence suggests that REM sleep is not the
sole stage involved in emotional regulation. For instance,
5-year-old children exhibiting a higher rate of NREM S2
spindles were found more likely to exhibit current and
future positive emotional and behavioral functioning
(Mikoteit et al. 2013).

Finally, others reported that it is not only affective reac-
tivity in response to emotional stimuli that is affected by
sleep debt, but also accuracy in facial emotional expression
judgment. Indeed, the ability to recognize moderately angry
and happy facial expressions was significantly reduced
in women after a total sleep deprivation, and a trend was
observed in men (van der Helm et al. 2010). These deficits
in recognition of salient affective social cues disappeared
following one night of recovery sleep. Similarly, Pallesen
et al. (2004) reported a reduction in speed and accuracy for
the recognition of facial emotions after total sleep depriva-
tion for one night. Moreover, sleep-deprived participants
reported feeling themselves less able to understand their
own emotions and these of others (Killgore et al. 2008).

In all of the aforementioned studies, the link between
sleep and emotional regulation was investigated using emo-
tional task-relevant targets. Fewer studies have investigated
the sensitivity to emotional distractors after sleep depriva-
tion. Chuah et al. (2010) administered a delayed-response
working memory task in which the to-be learned neutral
faces were followed by one out of three types of distractors:
negative emotional, neutral and scrambled patterns. Partici-
pants were then asked to indicate whether the probe face
was presented earlier. Despite similar behavioral working
memory patterns between sleep and sleep-deprived partici-
pants, analysis of fMRI data showed that higher distraction
by emotional pictures after 24 h of sleep deprivation was
associated with increased amygdala activation and reduced
functional connectivity between the amygdala and prefron-
tal regions.

Altogether, these studies indicate that alterations in sleep
patterns may impact the functional neurophysiological
mechanisms underlying the regulation of our emotions.
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Emotion modulates sleep-dependent memory consolidation
processes and their neurophysiological substrates

Besides a potential impact of sleep on the perception of
emotional daytime events and emotional reactivity in
response to these events, as discussed above, post-training
sleep is also known to play a beneficial role for memory
consolidation (for a review see, e.g., Peigneux and Smith
2010). Among the different memory subsystems, several
studies support the assumption that emotional declara-
tive memory also benefits from sleep (Holland and Lewis
2007). For instance, the retrieval of emotional items, as
compared to neutral ones, is enhanced when the retention
interval contains a sleep episode (Hu et al. 2006; Payne
et al. 2008). A beneficial effect on the consolidation of
emotional memory can still be found 4 years later (Wag-
ner et al. 2006). Conversely, sleep deprivation on the post-
learning night impairs recognition performance for positive
and neutral pictures when a recognition test is adminis-
tered 72 h (Sterpenich et al. 2007) or 1 week (Atienza and
Cantero 2008) after the encoding session. However, aver-
sive pictures might be less sensitive to sleep deprivation
(Atienza and Cantero 2008) or preferentially consolidated
during the recovery nights (Sterpenich et al. 2007). Indeed,
neuroimaging data disclosed greater hippocampus and
mPFC activity during correct recognition of emotional (vs.
neutral) pictures in rested as compared to sleep-deprived
participants (Sterpenich et al. 2007). Moreover, activity
in the amygdalo—cortical network was higher in sleep-
deprived participants during correct recognition of nega-
tive pictures. It was surmised that activation of this alterna-
tive network would allow sleep-deprived subjects to reach
similar performance levels than subjects allowed to sleep
(Sterpenich et al. 2007). In a follow-up study, Sterpenich
et al. (2009) retested their participants 6 months after the
initial encoding session. Although behavioral performance
was similar between the two groups, distinct patterns of
neuronal activity were evidenced. Sleep-deprived subjects
exhibited reduced activity in the ventromedial prefrontal
cortex (VMPFC), the amygdala and the occipital cortex,
suggesting that sleep impacts on neuronal networks under-
lying the retrieval of emotional memories even 6 months
after encoding.

The sleep stage(s) specifically underlying the consoli-
dation of emotional memories remains a matter of debate.
Several studies suggest a key role for REM sleep in the
processing of emotional memories. For instance, the recall
of emotional but not neutral texts was enhanced after a 3-h
period of late sleep (vs. early sleep), i.e., the period richer
in REM sleep (Wagner et al. 2001, 2005). Similarly, a bet-
ter recall performance was observed for emotional memo-
ries after a nap than a wake interval. This beneficial effect
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correlated with the percentage of REM sleep in the nap as
well as with right-dominant prefrontal theta power during
REM sleep (Nishida et al. 2009). Also, recall performance
for threatening items (e.g., a snake’s picture) was both
altered after REM sleep deprivation (Grieser et al. 1972)
and enhanced after a late sleep episode rich in REM sleep
(Wagner et al. 2001, 2005).

It has been argued that the neuroanatomical, neurophysi-
ological and neurochemical features of REM sleep make
it the ideal site to process emotional information (van der
Helm and Walker 2009). Several animal studies also sug-
gested a crucial role of REM sleep in emotional memory
consolidation (see, e.g., Graves et al. 2003; Hennevin et al.
1995). In humans, from a neuroanatomical standpoint, the
amygdala and hippocampus are two regions well known to
play a pivotal role in the consolidation of emotional mem-
ories (Cahill et al. 1996; Phelps and LeDoux 2005; for a
review see McGaugh 2004). These regions are also part of
the most active brain regions during REM sleep (Hennevin
et al. 1995; Maquet et al. 1996). During the encoding phase,
the emotional features of the stimulus trigger the hormonal
and brain processes involved in the regulation of memory
consolidation, releasing stress hormones (cortisol, norepi-
nephrine) that in turn increase the activation of the amyg-
dala. Activation in the amygdala promotes memory consol-
idation by modulating striatal, prefrontal and hippocampal
activity (for a review, see McGaugh 2004), the latter region
playing a pivotal role for the consolidation of declarative
memories (for a review see Moscovitch and Nadel 1998).
Hippocampus modulation by amygdala activity, through
direct and indirect projections (see Petrovich et al. 2001,
for a review), has been observed during the encoding (Kil-
patrick and Cahill 2003), retrieval (McGaugh 2004) and
consolidation (Strange and Dolan 2004) stages. From a
neurophysiological standpoint, theta waves featured in
REM sleep are thought to be involved in the strengthening
of the distributed features of specific events across related
but different anatomical networks (Buzsaki 2002; Jones
and Wilson 2005), and particularly in the strengthening of
emotional items (Nishida et al. 2009; Popa et al. 2010; for
a review see Pare et al. 2002). On the neurochemical side,
REM sleep is featured by increased acetylcholine levels
(Marrosu et al. 1995), a neurotransmitter involved in the
modulation of emotional memory consolidation (Introini-
Collison et al. 1996; McGaugh 2004). Similarly, increased
cortisol levels are observed during late night sleep episodes
rich in REM sleep, cortisol being a stress hormone that
modulates emotional memory via the amygdala—hippocam-
pus interactions (Payne and Nadel 2004). Considering the
wide body of evidence supporting the hypothesis that sleep
promotes memory consolidation processes and the specific
neuroanatomical, neurophysiological and neurotransmitter
features of REM sleep, it is tempting to surmise that the

consolidation of emotional memories would also benefit
from REM sleep.

However, other studies have evidenced a role of NREM
sleep rather than REM sleep in the consolidation of emo-
tional memories. In a study, participants learned a set of
emotional pictures and then received zolpidem (ZOL),
sodium oxybate (SO) or a placebo before a daytime nap
in a within-subject design (Kaestner et al. 2013). ZOL is
known to increase sleep spindle density (Brunner et al.
1991; Feinberg et al. 2000), hippocampal sharp wave rip-
ples (Koniaris et al. 2011) and REM sleep latency and/or
to reduce the amount of REM sleep (Brunner et al. 1991;
Feinberg et al. 2000). Conversely, SO is known to reduce
sleep spindle density and increase the percentage of SWS
(Walsh et al. 2010). Post-nap recognition performance was
enhanced both for negative and for high-arousal stimuli
when ZOL was administrated before the nap compared
with placebo, whereas memory for negative and high-
arousal stimuli was unchanged after a nap with SO. Taken
together, these results indicate that pharmacologically
increased sleep spindle density eventually led to a memory
bias toward negative and highly arousing stimuli, suggest-
ing that sleep spindles may also facilitate emotional mem-
ory consolidation.

Is sleep stripping associated emotions from experience?

The studies reported in the prior section suggest that emo-
tional events are preferentially consolidated over sleep.
However, it is less clear whether the emotional tone (in
other words, the context) associated with this event is simi-
larly consolidated and benefits the retrieval of the stored
memory trace. The sleep to forget and sleep to remember
(SFSR) hypothesis (van der Helm and Walker 2009) sur-
mises that REM sleep actually supports an unbinding pro-
cess between the target memory and its emotional tagging.
According to these authors, emotional experiences associ-
ated with hippocampal activity are strengthened in terms
of a core memory, whereas the emotional charge coating
these experiences, associated with the activity of the lim-
bic network, is progressively weakened over sleep. Sup-
porting their hypothesis, amygdala activity during expo-
sure to emotional pictures is reduced when participants
are re-exposed to the same pictures after a night of sleep,
but not after a similar interval spent awake (van der Helm
et al. 2011). Moreover, the same study found that partici-
pants’ arousal ratings for emotional pictures decreased at
the second exposition after sleep, but increased in the wake
condition. Also, there was a sharper decline of amygdala
activity during picture re-exposition in participants exhib-
iting reduced gamma EEG activity during REM sleep,
reduced gamma EEG being indicative of low adrenergic
activity (Maloney et al. 1997). At the neurochemical level,
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increased concentrations of aminergic neurotransmit-
ters and amygdala activation during wakefulness promote
the encoding of emotional memories and their affective
context. During subsequent REM sleep, the dramatic rise
of cholinergic activity associated with theta oscillations
participates in the reactivation of the learned informa-
tion, eventually strengthening emotional memories (Jones
and Wilson 2005). By contrast, the concurrent decrease
in aminergic activity may simultaneously lead to a depo-
tentiation of the emotional tone initially associated with
the learned stimulus. Based on these elements, the SFSR
model (van der Helm and Walker 2009) surmises that the
specific neurochemical imbalance dominating REM sleep
participates in the strengthening of recent memories while
removing their learning-related affective blanket.

Studies having investigated a possibly sleep-dependent
evolution of the affective tag of memories had divergent
outcomes. In one study (Baran et al. 2012), participants
had to rate the valence and arousal of emotionally posi-
tive or negative pictures. After a 12-h interval filled with
either nocturnal sleep or daytime wakefulness, participants
were administered a recognition task and had to rate again
the valence and arousal of each picture. Recognition per-
formance was better after sleep than after wake, suggest-
ing a beneficial role of sleep in the long-term consolida-
tion of emotional memories. Contrary to the predictions of
the SFSR model, however, valence and arousal ratings for
emotional pictures presented before and after sleep were
similar, whereas the pictures were rated more positive than
after the first exposition after a wake interval, suggesting
that sleep consolidates memories while preserving their
emotional blanket. Similarly, Wagner et al. (2002) did not
find decreased arousal or valence ratings for emotional pic-
tures after versus before late, REM-rich sleep. However,
it can be argued that rating valence and arousal for stim-
uli before sleep (or wakefulness) may have biased ratings
at the second presentation of the same stimuli. To address
this criticism, Groch et al. (2013) asked participants to
rate valence and arousal for the learned pictures during
the recognition test only, after an episode of early (SWS-
dominant) or late (REM-dominant) sleep. Late but not
early sleep enhanced recognition of emotional pictures as
compared to neutral ones, again suggesting that REM sleep
supports the consolidation of emotional memories. How-
ever, emotional reactivity, valence and arousal ratings did
not differ between early and late sleep conditions, which
might contradict the SFSR hypothesis of a “cathartic” role
of REM sleep while being in agreement with the results of
the Baran et al. (2012) study. Alternatively, one could argue
that REM sleep episodes during early sleep have modulated
emotional reactivity, valence and arousal additional param-
eters to the same extent than during late sleep. Neuroim-
aging studies also disclosed increased amygdala activity
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during the recognition of aversive pictures after a night of
sleep (Payne and Kensinger 2011; Sterpenich et al. 2009).
In another study, negative pictures were better recognized
than neutral ones after late than early sleep, better perfor-
mance being associated with an increased late positive ERP
over the frontal cortex 300-500 ms after stimulus onset
(Groch et al. 2013), an electrophysiological effect gener-
ally interpreted as an index of memory accuracy (Yu and
Rugg 2010). On the other hand, valence and arousal were
rated similarly after early or late sleep. Taken together,
these results are in favor of the hypothesis that REM sleep
facilitates memory consolidation of emotional events while
preserving their emotional blanket. In another setting, emo-
tional reactivity in an emotional face recognition task was
tested after a 90-min nap or a wake interval (Gujar et al.
2011b). In the wake condition, participants rated angry and
fearful faces as reflecting more intensely fear and anger
than after the first exposure to the same stimuli. This trend
was reversed in the nap condition but only if the nap con-
tained REM sleep. Indeed, participants then presented a
dampened emotional reactivity for fearful and angry faces,
but also greater affective reactivity for happy expressions.
Hence, this study suggests that REM sleep would initiate a
depotentiation of negative reactivity in response to fearful
and angry faces, in agreement with the van der Helm and
Walker (2009) finding of a sleep-dependent reduced amyg-
dala activity for familiar negative pictures during a second
exposition to a set of emotional pictures.

Finally, three studies gave support to the hypothesis of
a sleep-dependent unbinding process but contrarily to the
SFSR model suggested that this decoupling takes place
during SWS rather than REM sleep. In one study, extended
REM sleep deprivation eventually led to a greater adap-
tation to previously seen negative pictures (as measured
by arousal ratings) than limited REM sleep deprivation
(Lara Carrasco et al. 2009). It was also found that habitu-
ation to previously seen negative pictures (i.e., the reduc-
tion in behavioral and physiological responses during re-
exposure to the pictures comparing to the initial exposure)
was increased after a nap, more than after a similar wake
interval (Pace-Schott et al. 2011). Furthermore, partici-
pants getting REM sleep during their nap exhibited a lower
arousal habituation (as measured by the skin conductance
response), and SWS occurrence was positively correlated
with habituation of the frowning response (as recorded
using EMG on the corrugator supercilii). Still, subjective
ratings on pictures did not differ between the wake and
nap groups, suggesting a lack of sleep-dependent subjec-
tive habituation. Altogether, the results of this study sug-
gest that sleep would play a role in emotional regulation by
promoting habituation at the level of somatic responses but
not at the subjective level, which may explain why studies
based on self-reported emotional reactivity have failed to
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disclose sleep-dependent unbinding effects (Baran et al.
2012; Groch et al. 2013; Gujar et al. 2011b). Finally, a
third study reported a higher SWS proportion, the flatten-
ing of the normal increase in REM density and a correla-
tion between increased SWS and emotional attenuation
over sleep after viewing a stressful film (Talamini et al.
2013). Furthermore, emotional attenuation correlated with
the baseline amount of SWS during early sleep, suggesting
a trait-like emotional attenuation phenomenon over sleep
in subjects presenting a higher proportion of SWS in their
sleep.

The studies discussed up to now have investigated mem-
ory consolidation processes for an intrinsically emotional
material. Therefore, they probed the emotional content of
the learned information without distinguishing the effects
associated with the affective state (or background) sur-
rounding the items from the effects associated with the core
to-be-learned material itself (Lewis and Critchley 2003).
However, sleep may selectively enhance specific compo-
nents of memories. In the Payne et al. (2008) study, par-
ticipants were shown a set of pictures depicting neutral or
negative objects on a neutral background and then slept or
stayed awake before being administered separate recogni-
tion tests on the studied objects and backgrounds. Results
indicated a strengthening of negative objects at the expense
of their background after sleep, whereas recognition was
similarly impaired for objects and backgrounds in the wake
condition. In another study, neutral or negative context pic-
tures were associated with a neutral foreground object. At
delayed recall, participants decided whether a foreground
object presented alone was previously coupled with a nega-
tive or neutral encoding context, or not remembered (Lewis
et al. 2011). Results disclosed a sleep-dependent enhance-
ment of context memory recognition, to the same extent for
emotional and neutral backgrounds. The authors surmised
that the reported emotion-specific enhancement in memory
consolidation after sleep (Hu et al. 2006; Nishida et al.
2009; Payne and Kensinger 2011; Payne et al. 2008; Ster-
penich et al. 2007, 2009; Wagner et al. 2005, 2006) may
actually be restricted to the memory of the emotional pic-
ture in itself, or of embedded details, but does not extend
to the associative link between an emotional context and a
neutral stimulus.

Along the same lines, our group investigated sleep-
dependent memory consolidation processes for emotion-
ally neutral items learned in a specific mood state (Deliens
et al. 2013a, b). To do so, we used a contextual interfer-
ence paradigm aimed at testing mood-state-dependent
memory (MDM) effects (Bartlett and Santrock 1979;
Kenealy 1997), i.e., decreased memory performance for a
neutral item learned in a specific mood state but recalled in
another mood state, as compared to learning and recall in
the same mood state. In a first study (Deliens et al. 2013a),

participants learned a list of word pairs after a mood (sad
vs. happy) induction procedure and then slept at home or
stayed awake during the post-learning night. After two
recovery nights, they were induced in the same mood as
learning and had to recall 50 % of the learned word pairs,
and then were induced after a break in the opposite mood
and had to recall the remaining 50 % of learned word pairs.
Results disclosed an MDM effect in the post-training wake
but not in the sleep condition, supporting the SFSR hypoth-
esis (van der Helm and Walker 2009) of a demodulation
between memories and their “affective blanket” during
post-learning sleep, eventually protecting memories against
emotional retroactive interference. As discussed above, the
SFSR model posits that the decoupling between the core
information and its emotional context takes place during
REM sleep. Against this hypothesis, however, we found
preserved MDM effects after both early (SWS-dominant)
and late (REM-dominant) sleep episodes (Deliens et al.
2013b). Surmising that the unbinding process may require
several NREM-REM cycles to achieve, we subsequently
tested for MDM effects after 12 h either spent awake dur-
ing daytime or including one night of sleep (Deliens and
Peigneux 2013). Results again disclosed preserved MDM
effects in both the sleep and wake conditions, suggesting
that the unbinding process initiated during the first post-
learning night might need several nights to achieve as
suggested by MDM suppression after 3 days when sleep
was allowed on the first post-learning night (Deliens et al.
2013a). Whether REM sleep plays a role in the process still
remains to be demonstrated. Notwithstanding, an emotional
unbinding process spanning over several nights of sleep
might explain why other studies failed to observe an over-
night decrease in self-reported emotional reactivity when
tested after one night of sleep only (e.g., Baran et al. 2012;
Wagner et al. 2002; Groch et al. 2013), actually reflecting
an unfinished emotional unbinding process.

Finally, it was suggested that sleep might also favor the
retention and generalization of extinction learning after
exposure therapy (Pace-Schott et al. 2012). In a fear con-
ditioning paradigm, two-colored lights were coupled with
mild electric shocks. Then, the fear response was extin-
guished to one of the lights only by repeatedly presenting
the light without the previously associated shocks. After
a wake or sleep episode (12 h delay), fear conditioning
was assessed measuring skin conductance responses. Par-
ticipants in the sleep condition exhibited decreased fear
responses for both the extinguished and non-extinguished
stimuli, whereas dampened fear responses were found for
the extinguished stimulus only in the wake condition, sug-
gesting a generalization of fear extinction over sleep. Addi-
tionally, subjective and physiological responses to pho-
bic stimuli were better retained and generalized when the
extinction was conducted in the evening, closer to the usual

@ Springer



1410

Exp Brain Res (2014) 232:1403-1414

bedtime, than in the morning (Pace-Schott et al. 2012).
Additionally, it was shown that unreinforced re-exposure
to a fear-conditioned context during SWS enhances fear
extinction (Hauner et al. 2013). In this study, two face pic-
tures were coupled with mild electric shocks in the pres-
ence of two distinct background odorants. During the sub-
sequent night, only one odorant context was re-presented
during SWS, aimed at reactivating the paired face picture in
the absence of electric shocks. At post-sleep retrieval, stim-
ulus-specific fear extinction was associated with decreased
hippocampal activity and a reorganization of amygdala
patterns. Hence, these results suggest that sleep allows
a selective extinction of targeted memories by a mere
re-presentation of the odorant context without the associ-
ated feared stimulus itself.

Sleep and dreaming

Evidence accumulated so far suggests that NREM and
REM sleep are appropriate environments to process and/
or reprocess emotional information. Emotion processing
during sleep may also be reflected in the production of
dreams. More than a century ago, Freud (1990) proposed
that emotions are processed during dreams, whose latent
contents would express unconscious desires (Freud 1990).
In the neuroscience domain, dreaming is currently defined
as a mental activity occurring during sleep (Schredl and
Wittmann 2005) that can be recollected at wake. Dreaming
can therefore be construed as a hallucinogenic experience
subtended by the specific neurobiological patterns featuring
sleep states. Looking at the patent content of dreams, only
a limited percentage of dreams appear to feature emotions,
whereas half of them contain perceptual elements and about
two-third are linked to reasoning aspects. While the precise
implication of sleep stages in the content of dream is still
controversial, the sleep mentation likely reflects the under-
lying physiological brain state. Indeed, dreams associated
with emotional contents are more often recollected after
REM than after NREM sleep, whereas reasoning aspects
are more preponderant after NREM than after REM sleep,
perceptual features being equally distributed (Strauch and
Meier 1996). Besides a REM sleep-related dominance for
emotion in dreams (see also, e.g., Smith et al. 2004; McNa-
mara et al. 2005), NREM dreams have been shown to fea-
ture more emotional content at the end than at the begin-
ning of the night (Wamsley et al. 2007). Higher emotional
expression during late sleep may stem from a combination
of decreased homeostatic sleep pressure and high circadian
propensity to sleep (Schmidt et al. 2007) and/or from the
fact that light NREM (S2) alternating with consolidated
REM sleep episodes characterizes late sleep. Considering
the emotional tonality of dreams, negative emotions such as
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aggressive behaviors have been found more prevalent dur-
ing REM sleep dreams, suggesting dissimilarities between
sleep states in the emotional valence of dream contents
(McNamara et al. 2005).

At the neurobiological level, REM sleep is associated
with decreased activity in the inferior parietal, dorsolateral
prefrontal and orbitofrontal cortex, the posterior cingulate
gyrus and the precuneus (Maquet et al. 1996; Schwartz
and Maquet 2002). By contrast, there is increased activity
in brain regions that may contribute to the experience of
dreaming during REM sleep, including the hippocampus,
the limbic and paralimbic structures, the mPFC, the basal
forebrain, the pedunculopontine tegmental nuclei and ante-
rior cingulate cortex (Maquet et al. 1996; Nofzinger et al.
1997). In this respect, specific amygdala activity might
subtend the experience of intense emotions such as fear
and anxiety (Smith et al. 2004), whereas cortical deactiva-
tions (Schwartz and Maquet 2002; Schwartz 2004) and the
temporal dissociation of EEG activity between executive
and perceptual regions (Corsi-Cabrera et al. 2003) would
account for disorientation and illogical thinking phenom-
ena often found in dreams. While REM sleep is commonly
considered as the equivalent of dreaming, recent findings
suggest that the cholinergic brain stem mechanisms that
control REM sleep interact with a second, dopaminergic,
forebrain mechanism, which is the final path leading to the
dreaming experience per se (for a review see Solms 2000).

Emotional (re)processing of negative events during
dreams is also at the heart of the threat simulation theory
(Revonsuo 2000). This theory suggests that dreaming
acts as a defense mechanism, which repeatedly simulates
threatening events, leading to the rehearsal of the cognitive
mechanisms subtending the efficient threat perception and
avoidance. This model fits well with the idea that dreaming
is associated with fear conditioning (especially avoidance
behaviors) and that fearful elements are often embedded in
dreams. Likewise, Levin and Nielsen (2009) proposed that
the neurophysiological and neurobiological states char-
acterizing REM sleep favor essential cognitive processes
occurring during dreams. These processes would facili-
tate fear-memory extinction via the activation of memory
elements, their subsequent recombination and finally the
expression of the associated emotions, allowing a down-
regulation of negative and arousing emotions.

Nonetheless, neuroimaging studies have also high-
lighted markedly increased activation in reward networks
during REM sleep including the ventral tegmental area and
nucleus accumbens (Solms 2000), potentially reflecting
the reprocessing of memories of high emotional or moti-
vational relevance. According to the Reward Activation
Model (Perogamvros and Schwartz 2012), the mesolimbic
dopaminergic (ML-DA) system—involved in reward and
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emotion processing—is also active during sleep, suggesting
its participation both in memory consolidation processes
and in the generation of dreams. Accordingly, the admin-
istration of dopaminergic agents enhances the appearance
of vivid dreams (Balon 1996; Pinter et al. 1999), whereas
dopaminergic antagonists reduce nightmares and vivid
dreams in the post-traumatic stress disorder syndrome
(David et al. 2006; Lambert 2006). In support of this
model, approach behaviors during dreams have been found
three times more frequent than avoidance behaviors (Mal-
colm-Smith et al. 2012), against the hypothesis that dream
mechanisms are specialized in the simulation of the threat-
ening events (Revonsuo 2000) and that dreams are mostly
involved in fear conditioning processes.

As a whole, available evidence suggests that specific
brain activity and neurobiological patterns subtend emo-
tional regulation and memory processing during sleep and
dreaming.

Conclusions

In the present review, we have provided evidence support-
ing a strong link between sleep and the processing of emo-
tions in various ways. Stressful and emotional experiences
in general seem to induce changes in the sleep architecture
under both experimental and ecological conditions. Indi-
vidual features such as coping strategies and personal-
ity traits might also modulate the way sleep is impacted
by emotional experiences. Conversely, sleep alterations
might trigger emotional disturbances possibly favoring the
emergence of psychiatric pathologies such as anxiety and
depression disorders. Additionally, sleep appears beneficial
for the consolidation of emotional memories, above consol-
idation levels for neutral memories, suggesting that emo-
tions modulate the off-line cerebral activity patterns sub-
tending memory consolidation processes. However, these
sleep-dependent consolidation processes would not apply
to the whole emotional experience. Indeed, available data
suggest that sleep contributes to unbind the core, to-be-
learned memories from their emotional background con-
text. Hence, by strengthening core memories and weaken-
ing their affective tone, sleep would eventually contribute
to habituation processes and to reduce aversive reactions
to stressful stimuli, participating in the regulation of emo-
tions. Future studies should investigate further the interac-
tions between sleep and emotion and especially understand
causal and bidirectional links between sleep alterations and
emotional disturbances.
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