Chapter 6 )
The Role of Sleep in Emotional Processing <

Daniela Tempesta, Valentina Socci, Luigi De Gennaro, and Michele Ferrara

Abstract In this chapter, we have reviewed an extensive literature supporting the
critical role of sleep for several aspects of emotional processing and regulation.

In the first part, we discussed the main behavioral and psychophysiological
studies that examined how sleep influences the processes of encoding and consol-
idation of emotional memory. In addition, we examined how sleep modulates
emotion regulation, emotional reactivity, and empathy. Further, we discussed the
implication of sleep in fear conditioning memory, threat generalization, and extinc-
tion memory. In the second part, we discussed evidence specifically suggesting the
implication of REM sleep in the consolidation of emotional memory and in the
modulation of emotional reactivity. In particular, we will focus on the specific
physiological REM features that contributed to suggest its critical involvement in
emotional processing. In the third part, we overviewed the functional neuroimaging
studies on the brain mechanisms that underlie the relations between sleep and
emotions. Finally, we focused on the most important psychiatric disorders that
express abnormalities of sleep and emotional alterations, briefly reviewing our
knowledge about the relationships between sleep disturbances and mood in major
depression, anxiety disorders, and post-traumatic stress disorder.

We showed that sleep helps in the formation of emotional memories at every
stage of this process. On the contrary, sleep loss induces deficit in encoding of
emotional information, leading to a disruptive interference with emotional memory
consolidation. The reviewed literatures clearly suggest that sleep loss significantly
influences emotional reactivity. Whether sleep acts to protect, potentiate, or
de-potentiate emotional reactivity is, however, still debatable. Future studies will
have to elucidate, at the behavioral level, the specific direction of the sleep-
dependent emotional modulation. Sleep seems to be crucial also for our ability to
correctly process emotional information that allows us to understand the others’
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feelings and to be empathic with them, as well as for our ability to encode and
consolidate fear conditioning and extinction learning. As far as the role of REM
sleep is concerned, it seems to be crucial for the consolidation of emotional memory,
while its specific contribution on next-day emotional reactivity is less clear. In fact,
REM sleep could act to potentiate or, conversely, de-potentiate the emotional charge
associated to a memory along with its consolidation. This topic could be also
relevant for its implications in clinical settings. Indeed, further explaining how
sleep influences the next-day emotional brain functioning will be crucial to open a
new perspective for the understanding and treatment of affective or anxiety distur-
bances in patients with disturbed sleep.

Keywords Emotional memory - Emotional reactivity - Empathy - Fear
conditioning - REM sleep - Sleep deprivation

6.1 Introduction

In the modern Western societies, sleep is often considered a period of wasted time
that might be better devoted to more productive activities. However, we spend on
average about one-third of our lives asleep. Sleep is a universal need of all higher life
forms including humans, the absence of which has serious cognitive and physiolog-
ical consequences.

Research over the past years has shown the key function of sleep in several
human abilities that mainly involve the frontal cortex, such as executive functions
and working memory (Jones and Harrison 2001; Durmer and Dinges 2005), and the
limbic areas, such as emotional processing (Payne and Kensinger 2011). However,
even though the crucial role of sleep in the consolidation and integration memory
processes is nowadays largely acknowledged, an unequivocal hypothesis about the
specific role of sleep in affective and emotional processing is still lacking. Never-
theless, a number of recent evidence evaluating the effects of sleep loss on emotional
reactivity (e.g., Zohar et al. 2005; Yoo et al. 2007; Tempesta et al. 2010) and
emotional memory (e.g., Sterpenich et al. 2007, 2009; Tempesta et al. 2014, 2015,
2016) showed behavioral and functional alterations imposed by sleep loss.

The goal of this chapter is to provide a synthesis of these recent findings in
humans, analyzing in detail the role of sleep in the different components of emo-
tional processing. In the first section, the relations between sleep and emotions will
be discussed. Particularly, we describe the main behavioral and psychophysiological
studies that investigated the influence of sleep in the emotional memory encoding
and consolidation processes. Thereafter, we have discussed how sleep modulates
emotions. We have particularly reviewed relevant evidence regarding the role of
sleep in emotional reactivity and in more complex emotional processes, such as
those involved in empathy. Furthermore, we have specifically discussed the role of
REM sleep in emotional memory consolidation and emotional reactivity, analyzing
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the specific physiological features of REM that contributed to suggest its critical
implication in emotional processing. In the third section, we have further discussed
the relations between sleep and emotions by overviewing the functional neuroimag-
ing studies on the brain mechanisms that underlie these processes. It can be
observed, particularly during REM sleep, the activation of brain areas specifically
involved in human emotional processing. It provides new insights into the protective
role of sleep in human emotional homeostasis and emotional regulation. Finally, we
turn our attention to the most important psychiatric disorders that express
co-occurring sleep disorders and emotional alteration, briefly reviewing our knowl-
edge about the relationships between sleep disturbances and mood in major depres-
sion, anxiety disorders, and post-traumatic stress disorder.

6.2 The Relations Between Sleep and Emotions: Behavioral
and Psychophysiological Studies

Sleep is traditionally defined as a reversible behavioral state of perceptual disen-
gagement from and unresponsiveness to the environment. Sleep comprises two
separate states which largely differ on the basis of a constellation of physiologic
parameters. These two states, rapid eye movement (REM) and non-rapid eye
movement (NREM), exist in virtually all mammals, and they are as distinct from
one another, as well as each one is from wakefulness.

The normal human adult enters sleep through NREM sleep. REM sleep does not
usually occur until subject experience on an average 80 min or longer episodes of
NREM sleep. Thereafter, NREM and REM sleep alternate through the night, with
about a 90-min cycle. Both sufficient sleep continuity and sleep duration are pre-
requisites for recuperation and may be considered as a “restart” at many neurophys-
iological levels (Kahn et al. 2013).

It has been claimed that the ideal amount of sleep in healthy young adults is
around 8 h per night (Ferrara and De Gennaro 2001). Deficits in daytime perfor-
mance due to sleep loss are experienced universally. The first published experimen-
tal study about the effect of total sleep deprivation on cognition in humans dates back
to 1896 and found that memory was significantly deteriorated after 90 h of contin-
uous wakefulness (Patrick and Gilbert 1896). Since that time, hundreds of more
detailed and systematic studies have been conducted. Most of this work has been
conducted on normal, healthy individuals in the context of total sleep deprivation
paradigms.

To date, it has been demonstrated that sleep deprivation significantly affects
human functioning (Pilcher and Huffcutt 1996; Boonstra et al. 2007), negatively
influencing levels of alertness and cognitive performance (Harrison and Horne 2000;
Thomas et al. 2000; Wesensten 2006; Couyoumdjian et al. 2010; Killgore 2010).

In the last two decades sleep deprivation method has widely been used to
investigate the relationship between sleep and learning/memory consolidation (see
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Gais and Born 2004; Walker 2008). In such studies, participants typically learn a
task prior to a good night sleep or a night of sleep deprivation. All participants are
tested following one or two nights of recovery sleep to minimize any residual effects
of acute sleep loss. Research in this area has been extremely fecund and has
improved our understanding of how sleep loss can affect memory consolidation
processes (Drummond et al. 2006; Sterpenich et al. 2009; Goulart et al. 2014).
Within this framework, how sleep is beneficial for the consolidation of declarative
and procedural memories has been demonstrated convincingly (Smith 2001; Walker
and Stickgold 2004; Backhaus and Junghanns 2006; Marshall and Born 2007;
Tucker and Fishbein 2009).

An extensive literature in the last years has provided evidence that sleep likewise
supports emotional memory consolidation (Wagner et al. 2006; Hu et al. 2006;
Cairney et al. 2015; Tempesta et al. 2015; Genzel et al. 2015), while sleep depriva-
tion negatively affects it (Atienza and Cantero 2008; van der Helm et al. 2011;
Morgenthaler et al. 2014; Tempesta et al. 2014, 2016). Empirical evidence suggests
that the emotional strength of the material learned can modulate memory processing.
In fact, emotional information is often remembered more accurately and persistently
than nonemotional information (Kensinger 2004). Therefore, emotional load inten-
sifies the subjective sense of remembering, enhancing our memory.

Here we will show that sleep supports the consolidation also of this particular
type of memory. In particular, the following paragraphs propose a review of the
body of research on the impact of sleep and sleep loss on emotional memory
processing, emotional reactivity (e.g., Zohar et al. 2005; Tempesta et al. 2010),
empathy (e.g., Guadagni et al. 2014, 2016), and fear conditioning (e.g., Milad and
Quirk 2012).

6.2.1 Sleep and Emotional Memory Processing

Memory appears to develop over time into three distinct processes: memory
encoding, memory consolidation, and finally memory retrieval. The “encoding”
process refers to the uptake of information to be stored into a representation. The
“consolidation” process refers to a post-encoding process in which the newly
encoded representation, which is initially fragile and prone to decay, is transformed
into a more stable and longer-lasting representation. Finally, the “recall” refers to the
reactivation of the stored memory to enable the execution of an adaptive response in
appropriate environmental contexts (Westermann et al. 2015).

Over the past decade, substantial evidence has been provided supporting the role
of sleep in memory processing. This process is now referred to as “sleep-dependent
memory processing.” In the following sections, we describe how sleep is specifically
implicated in all stages of the processing of emotional traces.
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6.2.1.1 Emotional Memory Encoding

Most of the studies that investigated the relationship between sleep and human
memory examined the influence of sleep on post-training consolidation, more than
on the initial encoding stage. However, it has been likewise demonstrated that sleep
deprivation negatively affects the ability to encode episodic information (Drum-
mond et al. 2000; Walker and van der Helm 2009; Kaida et al. 2015).

As far as emotional memory is specifically concerned, the role of sleep on
encoding of emotional information has only recently received attention. Only two
studies till date (Kaida et al. 2015; Tempesta et al. 2016) have examined the impact
of pre-training sleep or sleep loss on emotional memory formation.

Kaida and coworkers (2015) compared the effects of total sleep deprivation and
of selective REM sleep deprivation on the subsequent encoding of neutral and
emotional pictures. Encoding capabilities were examined, after each experimental
night, by administering a picture recognition test right after encoding. A total sleep
deprivation alters the ability to encode emotional pictures, but not the selective REM
sleep deprivation, suggesting an essential role of NREM rather than REM sleep in
encoding the emotional memory processes (see Sect. 6.3 below for a detailed
evaluation of the relations between REM sleep and emotional memory). These
results also suggest a proactive role of sleep deprivation in affecting emotional
memory encoding.

In a recent study, we investigated the impact of sleep deprivation on emotional
memory encoding of both contextual and non-contextual material (Tempesta et al.
2016). Contextual memory involves the retrieval of precise details associated with a
test item, whereas non-contextual memory involves retrieval of a simple fact that an
item has been encountered previously and nothing much can be recalled about its
prior occurrence (Wixted et al. 2010). Subjects were sleep deprived for one night or
allowed to sleep normally prior to an emotional memory encoding session in which
six clips of films of emotionally negative, positive, and neutral valence were
presented. In addition, after two nights of recovery sleep, all subjects performed a
recall session, in which the non-contextual emotional memory was assessed by a
recognition task, while the contextual emotional memory was evaluated by a
temporal order task. The results suggest that sleep deprivation significantly impairs
the encoding of both contextual and non-contextual aspects of memory, and it
caused a significantly weak retention 2 days later. Interestingly, the sleep-deprived
subjects were able to recognize the negative non-contextual events, suggesting that
the encoding of negative stimuli is more “resistant” to the disruptive effects of sleep
deprivation (Tempesta et al. 2016). The latter finding is in line with an established
literature that demonstrates that memory processing can be modulated by the
emotional strength of the material learned (see McGaugh 2004; Phelps 2004). In
fact, memories with negative emotion are encoded strongly and persist longer than
neutral memories.
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In summary, the above reviewed studies indicate that sleep plays an essential role
for the emotional memory encoding; on the other hand, lack of sleep leads to a
disruptive interference with emotional memory consolidation and to the ensuing
decay of instable memory traces.

6.2.1.2 Emotional Memory Consolidation

A growing body of research supports the role of sleep in memory consolidation (for a
review, Born and Wilhelm 2012). An equally high number of studies suggest that
sleep plays a selective and crucial role also in the consolidation of emotional
memories (e.g., Holland and Lewis 2007).

The emotion may strongly modulate consolidation. The neutral memories are
gradually lost over time (McGaugh 2000; Frankland and Bontempi 2005), but emo-
tional memories are subjected to such loss to a lesser extent (LaBar and Cabeza 2006).
Converging evidence indicates that sleep-based consolidation processes are crucial for
the long-term maintenance of emotional information (Diekelmann et al. 2009).

In a series of behavioral studies, Wagner and colleagues have reported that the
post-learning sleep has a positive influence on the retention of emotional memory
contents (Wagner et al. 2001, 2006). In the first study, subjects learned neutral or
emotional texts immediately before a 3-h period of wakefulness or sleep, allowed
during the first or the second half of the night (Wagner et al. 2001). It was found that
sleep selectively favors the retention of previously learned emotional texts relative to
neutral texts. In the following study, it was demonstrated that this emotional memory
enhancement persists for several years (Wagner et al. 2006). The participants were
the same of the previous study (Wagner et al. 2001), recontacted after 4 years for a
long-term memory assessment by means of a forced-choice recognition test. Results
demonstrated that brief periods of sleep immediately following learning had led to
the preservation of emotional memories over several years. However, similar mem-
ory enhancement for neutral texts was not observed. This indicates that emotional
memory formation, relative to the neutral one, benefits more from the long-lasting
effect of sleep after learning.

Hu and colleagues (2006) examined the impact of 12 h of sleep or wakefulness on
memory for negative arousing and neutral pictures, using a recognition memory task
that requires to discriminate between the original pictures and novel pictures by
responding “remember,” “know,” or “new.” In this paradigm, a list of pictures was
shown to the subjects initially, and subsequently they were asked to judge test
stimuli as the original or novel pictures by using the three abovementioned
responses. The response “remember” indicated that the recognition of the picture
was associated with retrieval of specific contextual details during encoding. The
response “know” was associated with the feeling of familiarity or the definite feeling
of having encoded the item, but without being able to retrieve any further specific
details. The response “new” was given when the participant thought that the item had
not been presented during encoding. It was observed that one night of sleep
selectively improved memory accuracy for negative arousing pictures compared to
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an equivalent period of daytime wakefulness, but only for “know” judgments
(Hu et al. 2006). Moreover, the participants became more conservative when making
“remember” judgments, especially for emotionally arousing pictures, across a night
of sleep compared to a period of wakefulness. These findings suggest that the sleep
selectively facilitates the consolidation of emotional memory, as indicated by the
preferential overnight enhancement of both recognition accuracy and emotional bias
(Hu et al. 2006).

In agreement with these results, Baran et al. (2012) performed a recognition
memory task during two sessions separated either by 12 h of daytime wake or
12 h including overnight sleep and confirmed that recognition memory was better
following sleep compared with a wake period of the same length. Moreover, the
accuracy was higher following sleep relative to wake for both negative and neutral
pictures (Baran et al. 2012).

Interestingly, Payne and colleagues observed that even a short nap in the after-
noon sufficiently triggers preferential memory consolidation for emotional informa-
tion associated with complex scenes (Payne et al. 2015). Along the same vein, the
recent work of Cellini and colleagues indicated that a daytime nap facilitates both the
consolidation and the post-sleep encoding of declarative memories, but regardless of
their valence (Cellini et al. 2016).

In the last few years, some studies using the sleep deprivation paradigm have
provided further evidence in support of the sleep-dependent emotional memory
consolidation (Atienza and Cantero 2008; Tempesta et al. 2015). In the first of
these studies, the participants were sleep deprived the night immediately following
the exposure to emotional and nonemotional images, whereas the control group slept
at home (Atienza and Cantero 2008). Memory was tested 1 week later with a
recognition task. Sleep deprivation resulted in behavioral impairment at retrieval
of both emotional and neutral images. Moreover, the subjective experience of
remembering the specific details associated with test images was selectively
impaired by the loss of sleep, whereas the subjective experience of just knowing
that an item was previously encountered, even though nothing specific about its prior
occurrence can be recalled, remained unaffected. These findings can be interpreted
as a demonstration that sleep deprivation interferes with conscious contextual
retrieving of old events in general, but not with non-contextual retrieving of stored
information.

In a recent study from our group, sleep-deprived subjects were compared to
subjects with poor sleep quality and with a normally sleeping control group, to test
the hypothesis that sleep loss is associated with a lower recall of emotional stimuli
(Tempesta et al. 2015). Twenty-four hours after the encoding session, all subjects
were requested a yes/no memory judgment of the target pictures previously encoded
(“old pictures”), intermingled with nontarget pictures (‘“new pictures”). We showed
that individuals having poor sleep can preserve sleep-dependent consolidation of
emotional information and demonstrate the same post-sleep performance accuracy
as good sleepers. On the other hand, one night of sleep deprivation results in a
reduced ability to recall emotional information successfully. These findings are



132 D. Tempesta et al.

consistent with previous research revealing the positive effects of sleep on emotional
memory consolidation (Wagner et al. 2001, 2006; Hu et al. 2006; Baran et al. 2012).

Altogether, these studies indicate that a period of (even brief) sleep is needed for
the consolidation of emotional memory and that sleep quality does not significantly
influence this relation. Thus, the sleeping brain seems to provide ideal conditions for
emotional memory consolidation.

6.2.2 Sleep and Emotional Reactivity

Individuals differ remarkably in their emotional reactivity, that is, the quality and
intensity of response to affectively evocative stimuli (Wheeler et al. 1993). Emo-
tional reactivity can be measured along two dimensions: arousal (ranging from calm
to excitement) and valence (ranging from positive to negative, with neutral often
considered an intermediate value) (Lang et al. 1993; Labar and Cabeza 2000).

The International Affective Picture System (IAPS) is a validated set of visual
stimuli widely used in experimental studies for evaluating emotional reactivity
(Lang et al. 1998). In these studies, the subjects are typically asked to subjectively
report the valence and arousal of their emotional reactions to affective pictures.
These two dimensions in emotional perception have been found to correlate with
facial muscle activity, skin conductance, heart rate, and startle response (Lang et al.
1998), suggesting a consistent pattern in adults’ verbal, behavioral, and physiolog-
ical responses to the affective pictures contained in the IAPS (Bradley et al. 1990,
2001; Lang et al. 1993, 1998).

In these studies, the subjects were asked to subjectively report the valence and
arousal of their emotional reactions to affective pictures. These two dimensions in
emotional perception have been found to correlate with facial muscle activity, skin
conductance, heart rate, and startle response (Lang et al. 1998).

It is widely known that sleep modulates emotion regulation. In this respect, sleep
loss causes mood changes and increases subjective itritability and affective volatility
(Horne 1985; Rosen et al. 2006). For example, Dinges and colleagues (1997) have
reported that with 5 h of sleep depriving per night, individuals develop a progressive
increase in emotional disturbance across a 1-week period on the basis of subjective
mood scales (Dinges et al. 1997). Accordingly, a meta-analysis of the effects of sleep
deprivation has demonstrated that mood is more affected than cognitive or motor
performance with sleep loss (Pilcher and Huffcutt 1996).

While the effects of sleep loss on mood are largely documented, the explicit
impact of sleep deprivation on subjective reactivity to emotional stimuli has been
less taken into account (Wagner et al. 2002; Zohar et al. 2005; Franzen et al. 2009;
Lara-Carrasco et al. 2009; Tempesta et al. 2010; Baran et al. 2012; Groch et al. 2013;
Cunningham et al. 2014). Moreover, these studies reported discordant results.

Baran et al. (2012) investigated how nocturnal sleep, compared to a period of
daytime wakefulness, modulates subjective ratings of valence and arousal to nega-
tive pictures. They demonstrated an attenuation of negative ratings after 12 h of
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daytime wakefulness, whereas a relative maintenance of the initial negative ratings
was associated with a period of 12 h including sleep. That is, a picture that was
initially deemed highly negative was rated as substantially less negative following
12 h awake, but only mildly less negative following sleep. These differential changes
of emotional reactivity across periods of waking vs. sleep were interpreted as related
to a habituation effect, therefore suggesting that sleep would facilitate habituation
(Baran et al. 2012). Likewise, Groch et al. (2013) suggested that sleep does not
modify the emotional reactivity associated with emotional stimuli. Indeed, they
observed that valence and arousal ratings of emotional pictures were not affected
by REM-rich or SWS-rich sleep.

Interestingly, in this study the analyses of ERPs revealed increased positivity in
response to negative pictures in the frontal late positive potential (300-500 ms
poststimulus onset), confirming the notion that subjective and objective parameters
may not converge in experimental paradigms dealing with emotional responses
(Groch et al. 2013).

At variance with the previous studies, reporting minor or no changes in emotional
reactivity after a night of sleep, Wagner et al. (2002) suggested that sleep increases
this reactivity. They assessed the emotional reactions by a nonverbal rating proce-
dure along the two emotional dimensions of valence (positive vs. negative) and
arousal (low vs. high). Two groups of healthy men were tested across 3-h periods of
early and late nocturnal sleep or corresponding intervals filled with wakefulness.
After the 3-h intervals, subjects rated new pictures mixed together with pictures
already presented before. Subjective ratings of the negative valence following sleep
resulted more negative for pictures viewed before sleep compared to new, unfamiliar
pictures. This study, hence, demonstrates that sleep can mediate emotional reactivity
and also highlights that this reactivity to an aversive event is differentially affected,
depending on whether it is novel or familiar (Wagner et al. 2002). Similarly, Lara-
Carrasco et al. (2009) showed that REM sleep deprivation alters emotional evalua-
tion, in particular reducing reactivity to the negative valence of stimuli. From this,
the authors argue that REM sleep enhances aversive reactivity to negative pictures.
Altogether, the last two studies suggest that sleep may protect or even potentiate
emotional reactivity.

In disagreement, Cunningham and colleagues (2014) have observed a general
de-potentiating effect of sleep. They have shown a decrease of visceral reactivity to
both negative and neutral objects following sleep. Interestingly, it has been observed
that the arousal responses to negative scenes at encoding increased significantly
(as measured by heart rate deceleration and skin conductance responses), which
positively correlated with subsequent memory for the negative objects of scenes, but
only for the subjects that had slept. This indicates that larger psychophysiological
reactions to negative pictures at the time of encoding may “tag” the preferential
consolidation of these images during subsequent sleep.

Other studies turned their attention to the effects of sleep loss on our responses to
emotional stimuli. We all know that inadequate sleep potentiates the negative
reactions to adverse experiences; at the same time it reduces the positive reactions
to pleasant events. In this respect, Zohar et al. (2005) suggested that these effects on
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emotional reactivity can have implication for real-word settings. In their study, they
investigated the effects of sleep disruption on emotional reactivity to daytime work
events in medical residents. Emotional reactivity was measured using the
experience-sampling methodology. For 3 consecutive days, residents received
three phone calls at random times during their working day. The residents were
reminded through these calls to fill out brief questionnaires concerning change of
circumstances over the previous 15 min and to rate their emotional response to these
circumstances, as well as fatigue. It was found that sleep loss augmented negative
emotional consequences in response to disruptive daytime events and has blunted
the positive benefit underlying rewarding or goal-enhancing activities (Zohar et al.
2005).

We have also found a similar role of sleep debt as a potentiating factor of
emotional reactivity (Tempesta et al. 2010). We investigated in healthy subjects
the effects of one night of sleep deprivation, compared to those of one night of
undisturbed sleep at home, on subjective ratings of the emotional valence and
arousal of pleasant, neutral, and unpleasant pictures. Results showed that sleep-
deprived subjects evaluate the neutral pictures in a more negative way compared to
the subjects that slept at home. At the same time, both groups evaluate similarly the
negative pictures, suggesting that sleep loss does not alter the assessment of negative
stimuli. Similarly, there were no significant differences between groups in the
valence ratings for pleasant pictures. Such a more negative valence rating of neutral
pictures after sleep deprivation indicates that sleep subtly affects emotional evalua-
tions. Indeed, sleep-deprived subjects did not change their judgment of explicitly
positive and negative stimuli. Moreover, we found that the emotional labeling of
neutral stimuli biased toward negative responses was not mediated by the increase of
negative mood that typically accompanies sleep loss, indicating that sleep per se is
involved in regulating emotional evaluations (Tempesta et al. 2010).

Emotional reactivity under the condition of sleep deprivation has been also
measured by pupillography (Franzen et al. 2009). Although sleep deprivation did
not significantly impact on subjective ratings, sleep-deprived subjects showed larger
pupillary responses during the interstimulus interval following neutral trials com-
pared to non-sleep-deprived subjects. This finding further suggests that sleep loss
increases reactivity to the emotionally unloaded stimuli, in line with the results by
Tempesta and coworkers (2010).

Therefore, the influence of sleep (and of its specific stages) on emotional reac-
tivity remains not yet fully established (see below Sect. 6.3 for a detailed analysis of
the studies on REM sleep), given the contradictory results of the few available
studies reviewed in this section (Wagner et al. 2002; Lara-Carrasco et al. 2009;
Baran et al. 2012; Groch et al. 2013; Cunningham et al. 2014). The discrepancies can
be attributed to several methodological factors, including different sleep protocols.
In this respect, some studies have shortened total sleep time (Wagner et al. 2002;
Lara-Carrasco et al. 2009; Groch et al. 2013), while others allowed a whole night of
undisturbed sleep (Baran et al. 2012; Cunningham et al. 2014). Moreover, it should
be noted that the paradigm of Wagner et al. (2002) and Groch et al. (2013) relies on
the differential distribution of the critical sleep stages, SWS and REM sleep, across
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the early and late halves of the night. The elicitation of different emotional responses
could also be because of differences in the tasks. In fact, Cunningham et al. (2014)
have created different scenes containing emotional or neutral objects, whereas in all
the other studies, the pictures have been taken from the International Affective
Picture System. Thus, the different stimuli that can differently impact emotional
reactivity, resulting in a confounding factor, cannot be ruled out. It should also be
noted that many of the above results are based on subjective ratings that may be
biased toward what participants think they should be feeling, more than what they
actually experience (Cunningham et al. 2014). A coherence of subjective ratings and
objective measures (behavioral or psychophysiological) is not guaranteed when
emotional responses are taken into account (e.g., Franzen et al. 2009; Baran et al.
2012; Groch et al. 2013).

On the other hand, literature on the total sleep deprivation converges in support of
the hypothesis that sleep loss significantly influences affective appraisal (Zohar et al.
2005; Franzen et al. 2009; Tempesta et al. 2010). Sleep loss indeed seems to cause a
negative bias in the categorization of emotionally unloaded stimuli (i.e., neutral
pictures) or in an increased emotional (subjective and autonomic) reaction to these
stimuli.

Two different hypotheses have been proposed to explain the specific functions of
sleep in the modulation of emotional processing. The hypothesis put forward by
Walker (2009) and Walker and van der Helm (2009), currently dominating the field,
suggests that when emotional memories are consolidated over sleep, the negative
emotional tone is simultaneously attenuated. On the other hand, Wagner speculates
that, as sleep enhances consolidation of the emotional memory, its emotional valence
will also be maintained (Wagner et al. 2006). Both hypotheses will be examined in
more detail in Sect. 6.3.

6.2.3 Sleep and Empathy

One of the major functions of our brain is to enable us to interact successfully in
social groups. The ability to understand and share another person’s mental state in
terms of emotions, feelings, and thoughts has a key role for successful interactions
(Shamay-Tsoory 2011). This capacity is referred to as “empathy.” For example, if a
person views a sad person and consequently feels sad, that subject is experiencing
empathy.

It has been suggested that empathy includes two dimensions (Decety and Meyer
2008; Singer 2006): the cognitive component, also known as “theory of mind,”
consisting of the ability to understand and explain the mental states of others
(Gallese 2007; Shamay-Tsoory 2011), and the emotional component, referring to
the individuals’ own experience of the others’ actual or inferred emotional state
(Davis et al. 1994; Dziobek et al. 2011). In addition to this bidimensional categori-
zation of empathy, Dziobek and collaborators (2008) proposed a double dissociation
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within the emotional empathy dimension: the explicit emotional empathy (rating of
empathic concern) and the implicit emotional empathy (arousal ratings as a proxy for
empathic concern).

Several previously revised studies provide clear evidence that sleep deprivation is
detrimental to mood (Dinges et al. 1997) and emotional processing (Zohar et al.
2005; Tempesta et al. 2010; Baran et al. 2012), leading to an increase of the
propensity of the individuals to assess the emotions more negatively (Tempesta
et al. 2010) and to an amplification of the sympathetic responses (e.g., pupillary
dilation) triggered by negative stimuli (Franzen et al. 2009). In addition, by measur-
ing in healthy adults the intensity of facial expressiveness after one night of total
sleep deprivation, Minkel et al. (2011) showed that sleep-deprived subjects resulted
less emotionally expressive in response to both positive and negative emotional
video clips (Minkel et al. 2012). Another study investigating the impact of sleep
deprivation on the ability to recognize the intensity of human facial emotions
observed that sleep deprivation selectively impairs the accurate judgment of angry
and happy human facial emotions (van der Helm et al. 2010). These results are
important because the recognition of facial expressions serves as an objective
indicator of emotional functioning, also playing a critical role in communicating
private emotional states, regulating social interactions, and even influencing subjec-
tive and physiological components of emotion (Levenson et al. 1990). Interestingly,
sleep-deprived people are rated as less healthy and less attractive compared with
when they are well rested, suggesting that humans are sensitive to sleep-related facial
cues (Axelsson et al. 2010).

Therefore, sleep loss may have significant negative effects also on more complex
emotional processes, such as those involved in empathy. To date, very few studies
have investigated the relationship between sleep and empathy. Killgore and
coworkers were the first to assess the effects of 55 h of sleep deprivation on
perceived emotional intelligence of normal volunteers using the Emotional Quotient
(EQ) inventory (Killgore et al. 2008). This self-report inventory measures self-
perceived emotional intelligence and the underlying factors that contribute to emo-
tionally intelligent behavior, which are at the basis of empathy. Relative to baseline,
sleep deprivation was associated with lower total EQ scores, indicating a decreased
global emotional intelligence. Analysis of the subscale scores showed that this
decline in perceived emotional intelligence involved significant decreases on intra-
personal functioning (reduced self-regard, assertiveness, sense of independence, and
self-actualization), interpersonal functioning (reduced empathy toward others and
quality of interpersonal relationships), and stress management skills (reduced
impulse control and difficulty with delay of gratification).

More recently, Guadagni and colleagues specifically evaluated the effects of sleep
deprivation (Guadagni et al. 2014) and sleep quality (Guadagni et al. 2016) on
empathic ability. In the first work they assessed if one night of sleep deprivation,
compared to one night of sleep spent at home or a period of diurnal wakefulness,
results in a reduced emotional empathic response (Guadagni et al. 2014). Emotional
empathy was evaluated by a computerized test measuring direct (i.e., explicit
evaluation of empathic concern) and indirect (i.e., the observer’s reported
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physiological arousal) emotional empathy. Sleep-deprived participants were emo-
tionally less empathetic compared to those who had slept, as well as than those
retested during the same day, without differences between direct and indirect
components of emotional empathy. These results suggest for the first time that a
night of sleep loss impairs the ability to share the emotional state of others (Guadagni
et al. 2014). In addition, the same group investigated the potential direct relationship
between naturally occurring variations in sleep quality and empathic responses of the
individuals (Guadagni et al. 2016). In a group of undergraduate students, objective
(actigraphy) and subjective (questionnaires and self-reports) sleep measures were
collected, to characterize individuals’ sleep quality. Participants were then asked to
solve a computerized emotional empathy task that provides both direct and indirect
emotional empathy measures. The results showed that subjective sleep quality best
predicted participants’ empathic sensitivity to negative images while they explicitly
evaluated the emotions of others. In addition, subjective sleep quality resulted to be
the best predictor of participants’ arousal state in response to negative images, which
is an implicit manifestation of their empathic experience. In both cases, lower
subjective sleep quality was associated with lower empathic sensitivity to negative
stimuli. Finally, it was found that sleep duration best predicted average empathic
responses to stimuli of all valences, with shorter sleep durations associated with
lower average empathic responses. Therefore, this study points to a significant
relationship between the individuals’ quality of sleep and their ability to share the
emotions experienced by others (Guadagni et al. 2016). These results are in agree-
ment with studies that showed that poor sleep quality is associated with the reduc-
tions in several social and emotive abilities, for instance, the optimism and
sociability (Haack and Mullington 2005), and also with lesser emotional intelligence
and altered constructive thinking (Killgore et al. 2008). In line with this, the recent
study of Brand et al. (2016) explored, in a sample of adolescents, the association
between subjective insomnia, emotional competence, and empathy. They observed
that higher scores for insomnia correlated with lower scores for some aspects of
emotional ability and empathy.

Although few in number, the above described studies are in strict agreement in
showing that sleep loss, as well as sleep disturbances or a reduced sleep quality, has
clearly negative effects on our ability to correctly process emotional information, to
understand the feelings of others, and to be empathic with them.

Altogether, these results may have important clinical and operational implica-
tions. Sleep disruption has been shown to impair daytime functioning in several
psychiatric disorders such as autism spectrum disorders. In keeping with the evi-
dence that sleep plays a fundamental role in supporting social cognition skills, sleep
disturbances may contribute to social cognition disability characterizing children
with autism spectrum disorders. Therefore, if this relation between sleep and social
behavior is confirmed, interventions to improve sleep in these children may have
potential benefits on their social behaviors, with a consequent positive impact on
quality of life for the entire family. The operational implications of the same results
regard all the professions requiring social interactions and empathic abilities coupled
with schedules that curtail sleep.
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6.2.4 Sleep, Fear Conditioning, and Threat Generalization

A growing body of literature suggests that sleep plays an essential role also in the
acquisition and long-term retention of negative memories such as fear. In the last
years, fear conditioning paradigms provided important insights into how fears are
learned and extinguished in mammals, thus becoming an important model of fear-
related disorders (Milad and Quirk 2012).

In classical paradigms, fear conditioning is obtained by repeatedly pairing a
neutral stimulus (e.g., a tone) with a coinciding aversive event (e.g., electric
shock), resulting in a fear reaction. Initially the neutral stimulus (unconditioned
stimulus, US) does not elicit any emotional reaction, but after this association is
formed, the presentation of the neutral stimulus alone (now the conditioned stimulus,
CS) become sufficient to evoke a conditioned fear response associated to the
anticipation of impending aversive US. As measures of fear response intensity,
fear condition paradigms classically include physiological (skin conductance, startle
eye-blink electromyography) or behavioral (e.g., freezing) recordings. The CS-US
association can also be subjected to extinction, a process that comprises the repeated
presentation of the conditioned stimulus (the tone), but now in the absence of the
coinciding unconditioned stimulus (the shock), leading to a gradual dissipation of
the conditioned fear response (Milad et al. 2006). However, also after extinction, fear
responses to the extinguished stimulus can spontaneously reappear with the passage
of time (spontaneous recovery), in a new context (renewal) or can be reinstated by
repeated spontaneous shock administration (reinstatement), thus suggesting the
persistence of the original fear memory trace. According to this, learning that a
previously dangerous stimulus no longer signals threat is not merely the erasure of
the old fear association, but rather the new acquisition of a coexisting extinction
memory mediated by inhibitory mechanisms (Phelps 2004). Fear responses can also
be modified by unsafe (e.g., the test environment itself) or safe (e.g., a novel, safe
environment) contextual cues, triggering fear reaction or promoting inhibition of the
fear response. Moreover, fear learning can be subsequently generalized to other
stimuli similar, but not identical to the original specific conditioned stimulus (Lissek
et al. 2008).

In the animal model, the crucial role of limbic structures as the amygdala and the
hippocampus in standard fear conditioning is now well established. In particular,
activity in basal and lateral nuclei of the amygdala has been implicated in fear CS-IU
association learning, while the central nucleus of the amygdala is involved in the
expression of fear via projections to hypothalamic and brainstem nuclei, which are
implicated in the expression of autonomic fear-related responses such as glucocor-
ticoid release, heart rate, blood pressure, and respiratory alterations (Maren 2001;
Sotres-Bayon et al. 2006). The hippocampus is crucially involved in detecting and
processing contextual relevant information during fear learning; moreover, due to its
projections to central amygdala, the hippocampus is also associated with fear
expression. Amygdala-hippocampus interplay thus modulates fear response,
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enhancing or weakening fear response based on the presence of safe or threatening
information cues (Phelps and LeDoux 2005; Fanselow and Dong 2010).

Similarly, two different and mutually opposed networks have been proposed to
regulate fear conditioning and fear extinction in humans (Graham and Milad 2011;
Milad and Quirk 2012; Milad and Rauch 2012). Specifically, the association of
US-CS during conditioning appears to involve basolateral amygdala, whereas
extinction learning and recall are known to additionally require the contribution of
vmPFC, which exerts an inhibitory modulation on the centromedial nucleus of the
amygdala (Milad and Quirk 2002, 2012; Milad et al. 2007; Pitman et al. 2012).
Therefore, the activation of the extinction network would inhibit the expression of
fear by top-down vmPFC modulation of the amygdala. The human amygdala is
involved in affective labeling of stimuli and interacts continuously with the hippo-
campus in processing emotional aspects of episodic memory (Phelps 2004). The
hippocampus plays, in fact, a crucial role in the acquisition of an integrated repre-
sentation of events and appears implicated in the processing of contextual cues
associated to fear learning. In this respect, the hippocampal contribution should
consist of successful context recognition for triggering top-down vmPFC inhibition
of the amygdala (Pitman et al. 2012).

In the animal model, robust relations between sleep and fear memory have been
reported. As an example, total sleep deprivation preceding (Ruskin et al. 2004) or
following (Graves et al. 2003; Kumar and Jha 2012) fear conditioning paradigm
negatively affects the consolidation of fear memory in the rat. Similarly, in humans a
night of sleep has been shown to promote a strengthening of neural, physiological,
and behavioral conditioned fear response, paralleled by the activation of basolateral
amygdala, compared to sleep deprivation (Menz et al. 2013). In this study, partic-
ipants performed a fear conditioning paradigm in which they learned to associate
different visual stimuli presented in a conditioning context (a picture of a living
room) to the administration of a mild electrical shock. Immediately after condition-
ing, one of these stimuli was presented in association of a new extinction context
(a picture of a new context) without shock administration and therefore
extinguished. The conditioning phase was followed by one night of regular sleep
or a night of total sleep deprivation. During the retest phase, performed after a
subsequent recovery night for both groups, individual responses to the administra-
tion of previously learned stimuli were tested using explicit memory test of shock
expectancy, skin conductance, and functional magnetic resonance imaging (fMRI).
Results showed that recall of the previously learned fear was better after the sleep
condition compared to sleep deprivation, as reflected in memory performance as well
as autonomous skin conductance responses and paralleled by higher activation of the
basolateral amygdala. Of particular interest, the amount of time spent in REM sleep
was found to be positively correlated with the magnitude of beneficial sleep-
dependent consolidation, thus suggesting that sleep, and particularly REM sleep,
has a key role in the consolidation of fear conditioning. The authors concluded that
sleep preserved fear-related memory, resulting in a better next-day discrimination of
fear-related cues (Menz et al. 2013). More recently, the same authors investigated the
differential impact of early-night SWS-rich sleep and late-night REM-rich sleep on
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the consolidation of conditioned fear and extinction memory (Menz et al. 2016). To
this purpose, participants were assigned to four groups subjected to different sleep
manipulations. Some participants performed a classical conditioning paradigm with
immediate extinction in the evening before they were allowed to sleep for half a
night (early sleep group) or had to stay awake until morning (early wake group).
Other participants performed both conditioning and extinction after having slept in
the first half of the night and were subsequently allowed to go back to sleep (late
sleep group) or required to stay awake until morning (late wake group). After a
recovery night for all groups, participants underwent the recall session, in which
individual responses were assessed using explicit memory test, skin conductance,
and fMRI. Results showed that fear memory performance (discrimination between
dangerous and safety stimuli) decreased similarly in the early sleep and early wake
groups, therefore irrespective of the presence of sleep. Coherently, no behavioral or
physiological measures in the early SWS-rich sleep group were indicative of suc-
cessful fear recall. Conversely, participants who slept in the late REM-rich part of the
night showed a better discrimination of fear, at both behavioral and physiological
level, in comparison to the late wake group; indeed, participants who stayed awake
in the late part of the night showed decreased differentiation between dangerous and
safety cues at behavioral as well as autonomic level, thus indicating worse fear
memory. Moreover, participants in the REM-rich sleep manipulation showed also
better extinction recall performance, while there was no behavioral and autonomic
evidence of extinction memory improvements after SWS-rich early sleep. Impor-
tantly, in comparison to late REM-rich sleep, subjects who stayed awake in the
second part of the night showed a return of fear at both behavioral and autonomic
level (indicated by a better discrimination between the previously extinguished and
neutral stimuli), paralleled by stronger activations in vmPFC and amygdala. These
results indicate that fear and extinction memory performance is not affected by
SWS-rich sleep, while beneficiates from REM-rich sleep; on the other hand, lack
of REM sleep impairs extinction memory consolidation and promotes a return of
fear after extinction. Therefore, the authors suggested that sleep, and particularly
REM sleep, could be causal to successful consolidation of dangerous and safety
stimuli and contributes independently to effective extinction memory consolidation
(Menz et al. 2016).

In fact, sleep has already been suggested to facilitate fear extinction, which is a
subsequent new learning of fear inhibition, mediated by top-down PFC inhibition of
the amygdala. In the first fear conditioning/extinction study evaluating the role of
sleep on extinction memory in humans, Pace-Schott and coworkers (2009)
established a fear conditioning by pairing two different color stimuli to the adminis-
tration of an electric shock, but, immediately after, one of these two associations was
extinguished. Extinction recall was subsequently performed, for the sleep group, after
a 12-h interval containing a period of nocturnal sleep or after 12 h of continuous
wakefulness, for the wake group. Because skin conductance response to the previ-
ously extinguished stimulus did not significantly differ between sleep and wake
group, this study failed to provide evidence in support of a beneficial role of sleep
in the extinction consolidation. However, unlike the wake group, after a night of
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normal sleep, participants showed reduced response to the unextinguished stimulus,
thus suggesting a role of intervening sleep in the process of generalization of the
extinguished memory (Pace-Schott et al. 2009). Subsequent similar protocols from
the same group further confirmed a possible link between sleep, retention, and
generalization of extinguished memory showing that, after a period of sleep, memory
of extinction learning can generalize from an association previously extinguished to
another similar but not extinguished association (Pace-Schott et al. 2013, 2014).

In this regard, increasing number of evidence indicates that, among other sleep
stages, REM sleep may specifically exert a beneficial role in the processing of
extinction memories. The amount of REM sleep obtained following fear extinction
was shown to predict a decrease in autonomic arousal based on skin conductance
measure (Spoormaker et al. 2010). Accordingly, Spoormarker et al. (2012) aimed at
investigating the specific contribution of REM sleep in emotional processing. In this
study, participants underwent a fear conditioning/extinction paradigm before
sleeping in the laboratory and were then assigned to an experimental or a control
group. Participants in the experimental group were subjected to REM sleep depri-
vation, while the control group received an equal amount of awakenings from
NREM sleep stages. Results showed that REM sleep deprivation, in comparison to
control multiple NREM awakenings, specifically impaired the consolidation of
extinction memory. In addition, an intervening REM period also seems to promote
optimal reengagement of ventromedial PFC (vmPFC) involvement during subse-
quent fear recall, thus ultimately facilitating successful fear extinction (Spoormaker
et al. 2012). Spoormaker et al. (2014) have reported that REM sleep amount after
fear conditioning negatively correlated with fear responses to the CS the day after.
Interestingly, neuroimaging studies in humans showed that the “fear network” areas
including the amygdala, vmPFC, insula, thalamus, and dorsal anterior cingulate
exhibited increased activation both in fear conditioning/extinction learning and in
REM sleep (see also Sect. 6.4). In summary, this evidence strongly supports a
specific implication of REM sleep in emotional processing, and in particular in the
mechanisms of fear consolidation and extinction, in animals as well as in humans
(Dang-Vu et al. 2010). However, a beneficial role of NREM slow-wave sleep in the
consolidation of emotional fear learning has been also proposed (Hauner et al. 2013;
He et al. 2015).

Collectively, studies of fear learning in humans have alternatively linked sleep to
the consolidation of both fear conditioning and fear extinction memory, with mixed
results. However, it should be noted that, while in the animal model fear condition-
ing protocol is a standard, well-established procedure and rapidly induces intense
fear responses, considerable methodological differences in human fear conditioning
studies (e.g., the type of experimental stimuli, CS-US contingency, immediate
versus delay extinction procedure, sleep versus sleep deprivation/wake) could partly
underlie the conflicting results among studies.

From a phylogenetic perspective, learning both what to fear and what not to fear
are equally important. Despite its fundamental self-preserving nature, the dysfunc-
tional, abnormal persistence of fear conditioning learning could have a role in the
pathogenesis and maintenance of anxiety disorders such as post-traumatic stress
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disorder (PTSD) or specific phobia. Dysfunctional fear expression in anxiety disor-
der may indeed result from abnormally strong fear response (Orr et al. 2000; Lissek
et al. 2005; Armfield 2006; Mineka and Oehlberg 2008) or alterations of the
inhibitory system that normally modulates fear expression (Milad et al. 2006; Craske
et al. 2008; Hofmann 2008) (see paragraph 4).

The majority of fear conditioning protocols in humans have indeed focused on the
mechanism of extinction learning, due to the relevant clinical implication for
exposure therapy in the behavioral treatment of anxiety disorders such as specific
phobia, which largely benefit from the formation and subsequent generalization of
therapeutic extinction memories (McNally 2007; Craske et al. 2008). In this context,
the link between sleep and fear extinction memory has been recently explored also in
clinical populations, like spider-fearing women (Pace-Schott et al. 2012; Kleim et al.
2014), showing that, compared to wakefulness, an intervening period of sleep after
simulated exposure therapy improved extinction retention and generalization. These
preliminary results suggest that post-theraphy sleep may have the potential to
enhance the efficacy of the treatment, possibly preventing sensitization to threat
and fear generalization (Pace-Schott et al. 2012).

Coherently, sleep disturbances should increase threat perception and promote
threat generalization. Contrary to this assumption, Kuriyama et al. (2010) have
reported that sleep loss instead resulted in less generalization of negative ratings
from an aversive stimulus to a non-aversive stimulus, compared to time spent awake.
More recently, Goldstein-Piekarski et al. (2015) investigated the impact of sleep and
sleep deprivation on the discrimination of complex social emotion in humans,
evaluating both the central and peripheral response to threatening stimuli. To this
purpose, participants performed a face recognition task in the fMRI scanner in the
morning, after a night of sleep and after a night of total sleep deprivation. During the
face recognition task, subjects were asked to classify a set of facial stimuli from not
threatening to increasingly threatening. Results showed that the sleep-deprived
participants significantly categorized more stimuli as threatening, relative to the
rested condition, suggesting that sleep loss could impose a negative bias on the
behavioral discrimination of emotional stimuli by enhancing the subjects’ tendency
to judge affiliative stimuli as threatening. Furthermore, sleep deprivation was asso-
ciated to alterations in both the functional central and autonomous peripheral (heart
rate) activity related to emotional discrimination. Therefore, these results are sug-
gestive of a crucial implication of sleep for an appropriate next-day discrimination of
emotional stimuli; conversely, sleep loss could increase threat perception and pro-
mote threat generalization in emotional processing. Moreover, results suggest a link
between central and peripheral emotional discrimination and the electrophysiology
of REM sleep, specifically, the amount of EEG gamma activity during REM sleep in
the rested condition (Goldstein-Piekarski et al. 2015).

On the whole, animal and human studies indicate that sleep (particularly REM
sleep) is involved in the consolidation of fear memory as well as of fear extinction;
yet, the specific direction of sleep-mediated modulation of fear remains to be further
clarified. Nevertheless, current evidence collectively suggests an important implica-
tion of sleep in emotional memory processing and emotional homeostasis (Walker
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and van der Helm 2009). Implicit to the meaning of successful memory consolida-
tion is the crucial ability to next-day discriminate fear and safety relevant informa-
tion. In this context, sleep may ultimately have the role to promote the adaptive
expression of relevant emotions, mediating our ability to discriminate emotional
experiences, supporting adequate recognition of salient stimuli, thus the most appro-
priate response to the environment.

6.3 REM Sleep and Emotions

Since its discovery by Aserinsky and Kleitman in 1953, rapid eye movement (REM)
sleep has been closely linked to human emotion. The finding of this unique,
paradoxical wake-like sleep stage that is typically associated to reports of emotion-
ally intense, vivid dreams (for a review see Cipolli et al. 2016) has intuitively
suggested an intimate association between REM sleep and the emotional domain.
Many years of systematic sleep research have investigated the nature of this associ-
ation, attempting to correlate specific REM features with emotional processing
(Walker 2009). Taken as a whole, there are ample evidence now which suggest
that the association between REM sleep and emotion is not a phenomenological
coincidence but is probably substantial. Here we discuss the role of this unique sleep
stage in the offline consolidation of emotional memory and in the modulation of
emotional reactivity, with particular regard to the specific physiological REM
features that lead to suggest crucial implications with emotional processing.

REM sleep typically emerge approximately 90 min after falling asleep and pre-
dominates in the second part of the night, toward the morning. REM sleep remark-
ably differs from other sleep stages collectively known as NREM sleep. While
NREM is characterized by high-amplitude, low-frequency electroencephalographic
EEG activity, reflecting a progressively higher degree of synchronization across
large neuronal populations, EEG activity during REM sleep is characterized by the
presence of low-voltage, mixed frequencies that resemble the activity of quiet
wakefulness. Besides rapid eye movements, the hallmark of REM sleep, this stage
is characterized by the presence of muscular atonia (Jouvet and Michel 1959) and
high-amplitude spiky potentials which propagate from the pontine tegmentum to the
lateral geniculate nuclei of the thalamus and the occipital cortex, the so-called ponto-
geniculo-occipital (PGO) waves (Jeannerod et al. 1965; Nelson et al. 1983), identi-
fied also in humans (Lim et al. 2007). Interestingly, in rodents PGO waves have been
linked with emotional memory consolidation (Datta et al. 2004, 2008). REM sleep is
also characterized by a predominant theta rhythm, which has been implicated in the
integration of information across neocortical networks (Buzsdki 2002).

The beginning of a REM period is accompanied by dramatic alterations in
functional brain activity (for more details see Sect. 6.4), with brain areas implicated
in memory functions during wake strongly reactivated during this state (Maquet
et al. 2000). Such crucial changes are paralleled by significant alterations in brain
neurochemistry. In fact, both crucial similarities and differences between the
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neuromodulatory state characteristics of REM and wakefulness have been suggested
as indicative of a causal role of REM sleep in emotional memory consolidation.
Compared to wakefulness, acetylcholine levels in REM sleep are similar or higher.
High cholinergic levels could promote synaptic consolidation by supporting
plasticity-related activity (Teber et al. 2004) and long-term potentiation (Lopes
Aguiar et al. 2008). Conversely, REM sleep is characterized by low noradrenaline
levels. In fact, the activity of noradrenergic locus coeruleus neurons increases an
animal’s ability to pay attention to stimuli in the environment and is strictly related to
vigilance performance (Aston-Jones et al. 1994). It has been suggested that during
REM sleep, memories within the neocortex are subjected to the plasticity-related
cholinergic activity but remain free from arousal-related noradrenergic interference,
thus recombining and potentially integrating into existing memory networks
(Walker and Stickgold 2010). As proposed, memory reactivation that occurred
during REM sleep could promote the integration of recently learned representations
into stored superordinate representations (Sterpenich et al. 2014).

Human amygdala and its interplay with the hippocampus has a key role in
emotional regulation and in the formation of emotional memories (Strange and
Dolan 2006). Stress hormones like cortisol and norepinephrine, released in response
to emotional events (Sapolsky et al. 2000), in turn lead to increased activation of the
amygdala. Given the strong connection between the amygdala and the hippocampus,
amygdala activation by hormones is thought to increase in turn hippocampal activ-
ity, thus promoting memory consolidation, particularly for events with emotional
valence (McGaugh 2004). Importantly, REM sleep is also associated to a significant
increase in cortisol level (Payne and Nadel 2004). In this context, memory consol-
idation for emotional events may receive an additional contribution from changes in
glucocorticoids balance occurring during REM sleep periods.

Converging evidence suggests a role for REM sleep in the offline consolidation of
human emotional experiences. First studies on the role of REM sleep in emotional
processing used a split-night paradigm (Yaroush et al. 1971). In this procedure, after
a learning session, subjects are typically allowed to sleep only in the first 3-h
SWS-rich part of the night, thus deprived of late nocturnal sleep, or, conversely,
only in the second 3-h part of the night, in which REM predominates, thus deprived
of early sleep. In this way, this paradigm is assumed to allow a dissociation of the
effects of SWS and REM sleep. In the first split-night study on the role of REM sleep
in emotional memory (Wagner et al. 2001), retention of emotional and neutral text
was compared over periods of wake, early and late sleep. It has been shown a
memory improvement for arousing negative stimuli compared to neutral ones after a
late-night REM-rich sleep. Conversely, such beneficial effect on emotional memory
retention was not observed after a corresponding wake retention interval or after
early-night SWS-rich sleep; the authors therefore concluded that REM sleep can
selectively facilitate the consolidation of emotional stimuli (Wagner et al. 2001).
Similarly, Groch et al. (2013) investigated the role of early and late sleep on
emotional memory retention of emotional or neutral pictures. They reported that
compared to early SWS-rich sleep, late-night REM-rich sleep enhanced the retention
of negative arousing pictures relative to neutral pictures. More recently, the same
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authors confirmed that only late REM-rich sleep enhances the retention of negative
relative to neutral stimuli (Groch et al. 2015). However, it was also found that early
SWS-rich sleep enhances the retention of the contextual details of the neutral
pictures, thus suggesting a differential role of SWS and REM sleep in the consoli-
dation of emotional and neutral stimuli.

Split-night paradigms have demonstrated a better recall of emotional stimuli,
compared to neutral stimuli, when the recall session was explicitly performed after a
post-learning period containing REM-rich nocturnal sleep. It should, however, be
considered that the split-night paradigm, although thought to be less disruptive for
the normal sleep architecture in comparison to the selective REM deprivation
procedure — which, to a higher extent than SWS deprivation, may include stressful
awakenings — is not free from limitations. As an example, testing sessions are
typically performed at different time of the day, leading to circadian confounds.
Moreover, in the first or second half of the night, a relative predominance of a certain
sleep stage on others does not implicate the exclusive presence of this stage, so that,
in principle, the split-night design does not allow to selectively refer a specific sleep
stage to the observed effect.

The relations between emotional memory and sleep structure have been assessed
also by using the napping paradigm. In one of these studies, Nishida et al. (2009)
aimed at evaluating the influence of a short nap and a corresponding control wake
interval on emotional memory retention. Compared to wake, a nap augmented the
consolidation of emotional, but not neutral stimuli. Moreover, it was observed a
positive correlation between emotional memory retention and the amount of post-
learning REM sleep during the nap. Further, a recent nap study (Gilson et al. 2016)
showed that REM density positively correlated with recall performance of sad
material in comparison to neutral material. Coherently, Payne et al. (2012) showed
a correlation between REM sleep quantity during a nocturnal sleep episode and
correct recognition of previously learned emotional stimuli but not with the neutral
stimuli. Given the lack of similar correlations for any other sleep stage, results are
suggestive of a selective implication of REM sleep in memory processing of
emotional stimuli (see also par. 1.4 for a discussion on the contribution of REM
sleep to fear memory consolidation and extinction).

In the same direction, a selective sleep stage deprivation paradigm has recently
been used to examine the role of SWS and REM sleep in the consolidation and
affective evaluation of emotional memories (Wiesner et al. 2015). Here, participants
evaluated and learned a set of neutral and negative pictures during the encoding
session. Recall session was then performed after a 9-h interval in which participants
were subjected to selective SWS or REM sleep deprivation, also including a control
wake group who performed the recall after 9 h of wakefulness. Result revealed
improvements in the consolidation of the emotional stimuli compared to the neutral
ones only in the group that underwent SWS deprivation and conversely had a normal
amount of REM sleep.

In accordance with the above results, REM sleep has been proposed as necessary
for emotional memory processing. Given the REM sleep-mediated emotional mem-
ory enhancement, some authors argued that also the associated emotional charge will
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be consolidated along with the memory (Wagner et al. 2002). On the contrary, REM
sleep deprivation should inhibit sleep-dependent neural reactivation, which is con-
sidered to be essential for memory consolidation processes, thus impairing the long-
term retention of a memory and of its emotional tone (Wagner et al. 2006). As per
such assumption, and considering the facilitatory role of sleep in emotional memory
consolidation, the use of sleep deprivation as a potential therapeutic tool to prevent
long-term retention of traumatic events has been also suggested (Wagner et al. 2006).

Although results suggest that during REM sleep an active consolidation process
of emotional experiences takes place, nevertheless the direction and specificity of the
effects of REM sleep in emotional memory processing is still debatable. In fact,
alternative to the previous hypothesis, the “sleep to remember, sleep to forget” model
(Walker and van der Helm 2009) argues that the unique neurobiological state of
REM sleep could act to de-potentiate, rather than strengthen, the emotional charge of
a memory. In particular, the reprocessing of emotional memories would be
supported by the reactivation during REM sleep of specific brain areas implicated
in memory function in wake, such as the amygdala and the hippocampus (see Sect.
6.3 of this chapter). Further suggestive of a causal role of sleep in memory
processing, theta oscillations, which dominates REM stage, are supposed to be
implicated in the consolidation and integration of different aspects of memory
representations (Buzsaki 2002). In this respect, recall of dreaming experience is
associated to higher theta oscillations only upon awakening from REM sleep
(Marzano et al. 2011; Scarpelli et al. 2015). Crucially, unlike emotional memory
formation during wakefulness, these memory-relevant processes occur in a brain
state characterized by dramatically reduced aminergic, particularly noradrenergic,
neurochemical concentration. Thus, within this unique scenario, the activation of the
amygdala-hippocampal network is proposed to facilitate the long-term retention of
the informational, salient elements of an emotional experience (“sleep to remem-
ber”). Contextually, the suppressed adrenergic activity during REM sleep, which in
wake is associated to arousal, is supposed to separate from the emotional memory
the visceral, autonomic charge originally associated to emotional experiences and
gradually dissipate it (“sleep to forget”). In this way, according to the authors, REM
sleep could be viewed as an “overnight therapy” which adaptively protects the
salient aspects of a memory, obliterating at the same time the associated emotional
tone (Goldstein and Walker 2014).

In this respect, although a negative correlation between REM sleep and subse-
quent attenuation of negative emotional response to affective stimuli has been
reported (Baran et al. 2012), there are also evidence suggesting a sleep-dependent
decrease in both subjective emotional arousal and autonomic response to negative
stimuli compared to a comparable wake interval in humans. Therefore, these results
support the “sleep to forget” part of the hypothesis. In this direction, van der Helm
et al. investigated the role of sleep, with particular regard to REM sleep, on
emotional processing (van der Helm et al. 2011). Participants performed 2 repeated
fMRI tests in which they were asked to view 150 affective pictures and rate the
subjective emotional intensity associated to each picture. The second fMRI session
was performed after a 12-h interval of wake or after an equal interval containing a
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night of sleep. Results indicated an overnight decrease in amygdala responsiveness
at retest paralleled by a corresponding behavioral decrease in emotional reactivity to
the emotional stimuli. Emotional intense ratings indeed significantly decreased in the
sleep group, with a progressive increase in neutral subjective ratings. Interestingly,
this study also provided insight into a link between REM sleep physiology and
emotional processing, showing a relation between decreased reactivity at both
cerebral and behavioral level and the extent of reduced EEG gamma activity during
REM sleep, which is considered a marker of reduced central adrenergic activity
(Maloney et al. 1997; Cape and Jones 1998).

Moreover, according to this theory and opposite to the Wagner and colleagues’
hypothesis (Wagner et al. 2006), sleep deprivation should block the beneficial
overnight emotional depotentiation. Neuroimaging (see the next section) and behav-
ioral studies seem to support to this prediction. In fact, sleep loss is associated to a
reduced functional connectivity between the amygdala and the vmPFC and therefore
a lack of top-down limbic control by the PFC, resulting in an amplified limbic
activity in response to negative emotional stimuli (Yoo et al. 2007). The hyper-
limbic activation observed after sleep deprivation could also affect the assessment of
emotional stimuli, leading to an increased negative evaluation of these stimuli (Yoo
et al. 2007) or even to an increased tendency to judge neutral stimuli as more
negative (Tempesta et al. 2010). Moreover, such amplified reactivity of the amyg-
dala after sleep loss in response to negative pictures could also explain the specific
resistance of unpleasant stimuli to the detrimental effect of sleep loss on memory, as
assessed by a recognition memory task (Tempesta et al. 2016). Thus, according to
the implications of the theory, REM sleep may represent a preventive therapeutic
measure for emotional brain homeostasis, preparing the organism for next-day
emotional functioning, priming brain areas to appropriately react to emotional
experiences, and thus ultimately promoting an adaptively accurate discrimination
of the emotional stimuli (Goldstein and Walker 2014).

However, it should be noted that the available findings on the specific involve-
ment of REM sleep in offline emotional memory consolidation or emotional reac-
tivity are in part contradictory. In fact, in other selective REM deprivation
paradigms, a specific beneficial role of REM sleep in emotional memory processing
was not observed (Morgenthaler et al. 2014; Kaida et al. 2015). Furthermore, in a
recent daytime nap study, it has been shown that a brief sleep period improves
memory consolidation of both emotional and neutral material, regardless of the
presence of REM sleep (Cellini et al. 2016). As far as emotional reactivity is
concerned, the above reported study by Baran and colleagues (2012) showed that
a longer time in REM sleep is related to a protection — more than a depotentiation —
of emotional reactivity. As suggested by the authors, although the reduction of
emotional reactivity to new stimuli would positively contribute to mental health, in
an evolutionary perspective, the preservation of salience might have been of great
advantage to survival. Indeed, by maintaining the negative tone together with the
strengthened memory trace, the individual will not only remember the emotional
event but also the degree of threat associated with it (Baran et al. 2012). Further, in
the study of Groch and coworkers (2013), the improvement of emotional memory
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dependent on REM sleep was not accompanied by a next-day significant decrease in
subjective emotional ratings indicative of a beneficial role of REM on emotional
reactivity. Therefore, the lack of significant decreases in emotional evaluation after
both early SWS-rich and late REM-rich sleep suggests a protective role of sleep per
se also on the affective tone associated to emotional memories, which is obtained
along with their sleep-dependent processing and consolidation. Moreover, as a
further contribution to the assumption that REM sleep may strengthen the emotional
charge of a memory, Lara-Carrasco and colleagues (2009) observed after partial
REM sleep deprivation, an increased emotional adaptation to negative stimuli with a
corresponding decrease in subjective arousal ratings for those stimuli, in comparison
to subjects that underwent undisturbed nocturnal sleep and therefore had more REM
sleep. Therefore, as suggested in this study, REM sleep could even enhance emo-
tional reactivity to negative stimuli.

In conclusion, the large overlapping between the neuroanatomophysiology of
REM sleep and emotional processing continues to appear not coincidental to many
researchers. On the whole, increasing results observed with different experimental
paradigms suggest a critical implication of REM sleep in overnight emotional
modulation, although the direction of this effect is not established. Indeed, there
are now two opposite theories regarding the specific modulation by REM sleep of
the salience associated to memory traces, something that ultimately makes our
episodic memories, emotional memories. According to these different assumptions,
REM sleep could therefore facilitate the retention of the emotional memory charge
(Wagner et al. 2006) or, conversely, de-potentiate the visceral tone associated to a
memory (Walker and van der Helm 2009) with some evidence existing in support or
against both models, showing enhanced (Wagner et al. 2002; Lara-Carrasco et al.
2009; Baran et al. 2012) or diminished (van der Helm et al. 2011) REM-related
emotional reactivity, as well as no effect specifically associated to REM sleep (Groch
et al. 2013; Wiesner et al. 2015). When trying to account for such discrepancies, it
should be considered that the remarkable variety of the experimental paradigms,
each one with specific limitations, often makes difficult a direct comparison of the
results, so that such methodological differences may have a substantial role in the
interpretation of the contrasting results. Further, a potential limitation in studies on
sleep and emotions lies in the experimental task used, which typically involve the
administration of stimuli (such as emotional pictures) that may be not sufficient to
elicit strong emotional reactions. This could be even more relevant considering the
clinical implications of both models for the processing of traumatic experiences,
which are — at least quantitatively — different from standardized negative emotional
stimuli and far from being elicited by the experimental administration of emotionally
arousing pictures. Further studies are required in order to better elucidate the sleep
and emotions relationship, including more ecological experimental tasks and limit-
ing other possible multiple confounding factors.
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6.4 Sleep and Emotions: Insights into the Brain
Mechanisms by Neuroimaging Studies

The introduction of neuroimaging techniques, particularly positron emission tomog-
raphy (PET) and functional magnetic resonance imaging (fMRI), marked the begin-
ning of a new era in the neurosciences. Such techniques, by detecting increases in
regional cerebral blood flow or blood-oxygen level-dependent (BOLD) signal as
markers of neuronal activity, allowed to explore functional brain processes in the
intact human brain and shed light into the functional neuroanatomy of a variety of
processes, including human emotion. Examining emotion-related activity in human
brain, neuroimaging allows to identify brain areas specifically associated to emo-
tional states, obtaining therefore a direct measure of emotions at their source.
Importantly, neuroimaging insights into the neural correlates of emotional
processing have corroborated and substantiated behavioral results as well prior
investigations based on animal and brain lesion model.

Functional neuroimaging techniques have contributed to identify several brain
areas involved in human emotional processing. Essential, in this human emotional
network, is the hippocampal-amygdala-medial prefrontal cortex network. Amygdala
has a key role in emotional processing. The influence of emotional arousal on
memory specifically involves the activation of the amygdala. Indeed, during emo-
tional arousing events, the crucial interaction between stress hormones and amyg-
dala represents an endogenous memory-modulating system which regulates memory
storage processes in other emotional relevant brain regions. The amygdala has been
implicated in emotional responsiveness to aversive stimuli also in humans (for a
review, Cahill and McGaugh 1998). The activation of this structure is indeed closely
linked to emotional intensity of the stimulus and has been shown to correlate with
subjective emotional arousal (Phan et al. 2003) and autonomic arousal skin conduc-
tance response (Williams et al. 2001). Importantly, amygdala activation also results
in behavioral changes, as both PET and fMRI studies showed that amygdala activity
induced by emotional stimuli at encoding highly correlates with memory at subse-
quent recall, suggesting a clear implication of the amygdala in modulating hippo-
campal memory consolidation (for a review, Phelps 2004). Indeed, converging
evidence support the idea that amygdala activation has a crucial role also in
promoting subsequent memory consolidation processes, modulating striatal, pre-
frontal, and particularly hippocampal activity, which is critically implicated in
memory storage (for a review, McGaugh 2004). In this emotional network, the
medial prefrontal cortex (mPFC) has been shown to have a crucial role in emotional
processing; importantly, mPFC, via strong inhibitory top-down projections, is pro-
posed to exert a modulatory impact on amygdala activation, thus resulting in
contextually appropriated emotional responses (Davidson 2002; Sotres-Bayon
et al. 2004).
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In recent years, the introduction of neuroimaging techniques in sleep research is
progressively providing important insights into a possible implication of human
sleep in memory processing and emotional reactivity. PET studies showed a whole-
brain metabolism decline from waking to NREM sleep, while global brain metab-
olism levels are comparable between REM sleep and wakefulness (Maquet et al.
2000; Nofzinger et al. 2002). Importantly, neuroimaging studies revealed that brain
areas involved in emotional memory processing during wakefulness are strongly
reactivated during sleep (Nir and Tononi 2010). In fact, the earlier PET studies
showed specific neuronal network activity throughout REM sleep within the amyg-
dala, entorhinal cortex, and anterior cingulate (Hong et al. 1995; Maquet et al. 1996;
Braun et al. 1997, 1998; Nofzinger et al. 1997; Buchsbaum et al. 2001; Peigneux
et al. 2001). The higher activation during REM sleep of emotion-related cerebral
areas has been confirmed by the few available fMRI studies (Miyauchi et al. 2009;
Dang-Vu et al. 2010). Moreover, transient co-activation of the amygdala, hippo-
campus, and cingulate has been reported by an EEG-fMRI co-registration study
(Wehrle et al. 2007), suggesting that REM sleep could have a fundamental implica-
tion in emotional memory reprocessing.

Importantly, Yoo and coworkers (2007), using fMRI, aimed at investigating the
impact of sleep and sleep loss on the emotional memory network. In this study,
participants were subjected to a night of normal sleep or total sleep deprivation prior
to an fMRI scanning session in which emotional pictures ranging from neutral to
increasingly negative were administered. In response to increasingly negative emo-
tional stimuli, participants that were sleep-deprived exhibited a significantly greater
amygdala activation compared to the sleep group. Moreover, sleep-deprived subjects
also showed an increase in the volumetric extent of the amygdala activation in
response to negative stimuli. Interestingly, an altered pattern of functional connec-
tivity was also reported. Specifically, sleep deprivation was associated to a loss of
functional connectivity between amygdala and mPFC, along with an increased
connectivity between amygdala and autonomic-activating brainstem areas. Con-
versely, after a night of sleep, a significant stronger amygdala-mPFC functional
connectivity was observed (Yoo et al. 2007). Therefore, these results indicate that a
night of sleep deprivation is associated to an amplified limbic response to negative
stimuli. This activity pattern suggests a failure of top-down prefrontal control over
emotional areas.

Moreover, the effects of sleep restriction on emotional reactivity to emotional
faces showing happy, fearful, and neutral expression have also been investigated
(Motomura et al. 2013). In this study, participants underwent a sleep restriction
paradigm in which time in bed was limited to 4 h a day for a period of 5 days, or
conversely they were allowed to regularly sleep at home. Sleep restriction was
associated to a greater amygdala activation for negative stimuli, along with a reduced
amygdala-anterior cingulate cortex connectivity. This result again suggests a detri-
mental role of sleep loss on emotional regulation. However, sleep loss could not be
exclusively associated with enhanced reactivity to negative stimuli (Yoo et al. 2007;
Franzen et al. 2009), but rather to a more generic lability in emotional regulation.
Indeed, Gujar and coworkers observed, after a night of total sleep deprivation, higher
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activity in mesolimbic regions in response to pleasure-evoking stimuli with a
reduced connectivity in medial- and orbitofrontal areas (Gujar et al. 2011).

Therefore, sleep deprivation could promote a generalized affective imbalance
leading to an amplified reactivity across different affective valence, including neg-
ative as well pleasant experiences. In summary, these evidences confirm the impor-
tance of sleep for brain emotional homeostasis, in order to preserve an effective
functional PFC-limbic connectivity and thus to restore an appropriate next-day
emotional reactivity (Yoo et al. 2007; Walker 2009).

In order to assess a specific implication of REM sleep in emotional processing,
Rosales-Lagarde and colleagues (2012) evaluated the effect of selective REM sleep
deprivation on emotional responses to threat-related visual stimuli. To this purpose,
subjects underwent fMRI scan twice, after a baseline night and after one night of
either selective REM sleep deprivation or a control night in which participants were
subjected to an equal amount of NREM sleep interruptions. During the emotional
reactivity task, participants viewed threating or not threating pictures, and they were
asked to imagine themselves as a part of the scene and rapidly react to the situation
by choosing to defending themselves or not. Emotional reactivity, behaviorally
assessed as the number of defensive choices against threatening scenes, resulted
enhanced after selective REM deprivation but not after comparable NREM inter-
ruptions, relative to the baseline night. Moreover, at the neural level, results showed
an overall decrease of activation in areas involved in emotional processing, partic-
ularly occipital and temporal areas and ventrolateral prefrontal cortex in the control
NREM group, while the activity in these areas was similar or higher compared to
baseline in the REM deprivation group. This result seems to indicate that lack of
REM sleep leads to enhanced emotional next-day reactivity to threats, supporting,
therefore, the role of this sleep stage in emotional homeostasis (Walker and van der
Helm 2009). Indeed, fMRI studies indicated that sleep affects emotional memory
network, leading to post-sleep increased activity in amygdala and ventromedial PFC
(vmPFC) and to strengthened connectivity between the amygdala and both vimPFC
and hippocampus during successful retrieval of negative objects (Payne and
Kensinger 2011). This result could be relevant not only for adequate emotional
reactivity but also for emotional memories encoding and consolidation processes.

In fact, converging evidence suggest that sleep could also have a direct implica-
tion in all stages of emotional memory formation. In this regard, the impact of sleep
loss on the neural dynamics associated with emotional memory encoding and
consolidation can be successfully elucidated using sleep deprivation paradigms
that include event-related fMRI acquisition in conjunction with behavioral measures.
In a behavioral-fMRI study, Sterpenich et al. (2007) examined the impact of sleep
and sleep deprivation on emotional memory consolidation. Participants were
subjected to a first fMRI scanning session in which they encoded a set of neutral
or emotional pictorial stimuli. In the first post-encoding night, subjects were allowed
to regularly sleep at home, or, conversely, they were sleep deprived. A second fMRI
scanning session was performed 3 days later for both groups, during the recall
session. During recall, participants made recognition memory judgments about
previously learned pictures and new pictures. Behavioral results here showed that



152 D. Tempesta et al.

recollection of neutral or positive stimuli, but not negative stimuli, was significantly
deteriorated after sleep deprivation. At the neural level, compared to neutral items,
recollection of emotional stimuli was associated with increased responses in the
hippocampus and several cortical areas, including the mPFC, in subjects that were
allowed to sleep the first night post-encoding session, relative to sleep-deprived
participants. Furthermore, regarding the recollection of negative stimuli, while the
sleep group elicited a consistent hippocampo-neocortical activity pattern, an alter-
nate amygdalo-neocortical network was recruited after sleep deprivation, compared
to the sleep group. The authors suggest that such activity pattern in sleep-deprived
subjects could represent an adaptive strategy to keep track of salient, potentially
dangerous environmental features, despite the detrimental effects of sleep depriva-
tion on cognition (Sterpenich et al. 2007). In a subsequent fMRI study, the same
authors (Sterpenich et al. 2009) assessed the impact of sleep in the first post-
encoding night on the recall of remote emotional memory. Participants were there-
fore scanned during a delayed second retest session, performed 6 months later, in
which they were asked to make a recognition memory judgment about formerly
learned pictures mixed with additional new ones. At the behavioral level, results
showed that recollection rate decreases over time, but the emotional items remained
still better remembered than the neutral ones, 3 days as well 6 months later. Although
no significant behavioral differences in the recall session between the two groups
were observed, after 6 months the recollection elicited significantly higher responses
in subjects that were allowed to sleep, compared to the sleep-deprived ones, in the
vmPFC and precuneus, as in the amygdala and occipital cortex. A stronger connec-
tivity was also found between the vmPFC and precuneus, amygdala and occipital
cortex, as well as amygdala and vmPFC (Sterpenich et al. 2009). Thus, sleep during
the first post-encoding night can exert a significant impact on the long-term consol-
idation of memories at the system level. These evidences suggest that the offline
processing of emotional memory during the first night is linked to a progressive
consolidation process, resulting in strengthening of connections among those areas
that are subsequently recruited during memory recall.

Nevertheless, the fact that the same brain areas involved in fear learning and
emotional processing during wake are selectively reactivated during REM sleep
(e.g., Nir and Tononi 2010) encourages to explore more directly the functional
implications of this neuro-anatomo-physiological overlapping. In a recent study,
Sterpenich et al. (2014) aimed at investigating the role of specific memory
reactivation during REM sleep on subsequent memory performance and brain
activations. In this study, participants underwent fMRI scanning both at encoding
session, in which they rated emotional negative and neutral face stimuli, and at recall
session, when they underwent a recognition task. During the encoding, two distinct
auditory cues were associated to the administration of emotional or neutral faces.
During the subsequent post-encoding night, the same auditory cues previously
associated to the stimuli were again delivered during periods of phasic REM or
during stage 2 NREM, while some participants were administered two new sounds,
during phasic REM sleep, or slept undisturbed. Results indicated that the adminis-
tration of auditory cues during REM periods in post-encoding night is capable of
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inducing significant changes in brain activations and next-day memory performance.
Specifically, the association between visual and auditory features of a memory was
effectively strengthened by subsequent memory reactivations experimentally
induced by the presentation of cues during REM sleep, as suggested by enhanced
activity in the areas recruited during encoding. Notably, at the behavioral level, the
administration of auditory cues during REM sleep, in comparison to cues delivered
during NREM and unstimulated sleep, resulted in both correct and incorrect recol-
lection enhancement, at memory retest. In other words, cues delivered during REM
sleep selectively enhanced subsequent correct face recognition, but also false rec-
ognition, when participants were asked to make recognition judgments at retrieval.
As argued by Sterpenich and coworkers, therefore, memory reactivation during
REM could enhance brain responses at retrieval, indicating a process of integration
of new memories within cortical circuits. Moreover, behavioral evidence indicates
that REM sleep promotes a process of feature extraction of a memory and the
subsequent association with other semantically related representations, leading to
an identification bias of new faces as previously learned. Therefore, REM sleep
could have an important role for the progressive integration of new episodic mem-
ories into existing representation stored in cortical networks (Sterpenich et al. 2014).

In conclusion, although at an initial stage, the introduction of functional neuro-
imaging techniques in the study of the relations between sleep and emotions is
progressively contributing to disclose a protective role of sleep on human emotional
homeostasis and emotional regulation. Further, sleep seems to be critically involved
also in the ability to form and retain emotional episodic memory. Finally, some
evidence suggests that particularly REM sleep, a period characterized by a high
activity in brain regions involved in emotional memory processing, could be impli-
cated in the processing of emotional information.

6.5 Sleep and Emotions in Psychiatric Disorders

The importance of understanding the links between sleep and emotion is apparent in
light of the robust scientific evidence demonstrating associations between sleep and
affective or anxiety disorders (Dahl and Harvey 2007; Baglioni et al. 2010; Gregory
and Sadeh 2012). It’s not a coincidence if, in the Diagnostic and Statistical Manual
of Mental Disorders-V (DSM-V) and in the International Classification of Diseases
(ICD-10), disturbed sleep is a key symptom of many psychiatric disorders. For
example, poor sleep is a pervasive problem for patients suffering from depression
or post-traumatic stress disorder (PTSD). Epidemiological studies demonstrated that
sleep disturbances such as insomnia are found in up to 80% of the individuals with
major depressive disorder (Selvi et al. 2010), and the rate rises to nearly 90% when
an anxiety disorder is present concomitantly (Ohayon et al. 2000).

Insomnia is one of the most prevalent sleep disorders and has a significant impact
on individual’s health. This disorder is characterized by difficulties initiating or
maintaining sleep or non-restorative sleep, accompanied by significant daytime
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impairments (Feige et al. 2013). Several studies found a relationship between poor
sleep quality in insomnia and emotional functioning. For example, it has been
recently shown that insomnia affects the subjective ratings of emotional stimuli
(Kyle et al. 2014). Moreover, functional neuroimaging studies reported that subjects
with insomnia show an increased amygdala activation to insomnia-related stimuli
compared to healthy subjects (Baglioni et al. 2014). In line with these data, it has
been also observed in participants reporting poor sleep a significant association
between amygdala reactivity and levels of depression and perceived stress (Prather
et al. 2013).

These data suggest that sleep quality is an important behavioral modulator of the
neural correlates of mood and emotional processing, underscoring the bidirectional
relationship between poor sleep quality and affective or anxiety disorders. Therefore,
as much mood and anxiety disturbances may be attributable to the emotional
instability due to sleep loss, as poor sleep quality may be attributable to the mood
and anxiety disturbances.

6.5.1 Major Depressive Disorder (MMD)

Major depressive disorder (MDD) is the most prevalent mood disorder, character-
ized by a prolonged dysphoric mood state usually accompanied by debilitating
emotional, behavioral, cognitive, and physical symptoms. One of the most consistent
symptoms associated with major depressive disorder is sleep disturbance (Peeters
et al. 2006; Peterson and Benca 2008; Baglioni et al. 2011). Whereas about 80% of
the patients complains of insomnia, 15-35% suffers from hypersomnia (Hawkins
et al. 1985; Armitage 2000).

Typical symptoms of patients with MDD are difficulty getting to sleep, frequent
awakenings during the night, early morning awakening, or nonrestorative sleep.
Polysomnographic studies in adult depression confirm a clear pattern of altered
sleep, characterized by a shortened REM latency, a prolongation of the first REM
period, an increased number of eye movements (REM density) during REM sleep,
and an attenuation of slow-wave sleep, particularly early in the night (Pillai et al.
2011; Baglioni et al. 2016). These data clearly indicate that sleep and depression are
closely intertwined.

Such a strict relation is also supported by a bulk of data on the effects of sleep loss
on mood. The negative consequences of lower quantities of sleep on mood have
been repeatedly observed (Pilcher and Huffcutt 1996; De Valck and Cluydts 2001;
Dahl and Lewin 2002; Oginska and Pokorski 2006). For example, De Valck and
Cluydts (2001), comparing in young adults the depressed mood the day after 4.5 h or
7.5 h of sleep, observed that the subjects who slept less reported higher depressed
mood compared with the group who slept longer. Accordingly, a meta-analysis
indicated that partial and total sleep deprivation exert their largest effects on
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mood, more than on performance (Pilcher and Huffcutt 1996). These findings
demonstrate that a poor night’s sleep have profoundly negative effects on
depressed mood.

Several studies have identified alterations in functional brain activity during sleep
in subjects with mood disorders in comorbidity with sleep disturbances (Germain
et al. 2004; Nofzinger et al. 2004). During NREM sleep, the typical decrease of
metabolic activity in the frontal, temporal, and parietal cortex compared with waking
levels is smaller in depressed compared to healthy subjects (Ho et al. 1996; Peterson
and Benca 2008; Nofzinger et al. 2004). Instead, during REM sleep an activation in
the anterior paralimbic structures relative to waking was observed both in healthy
and in depressed subjects, even if the spatial extent of this activation was greater in
depressed patients (Nofzinger et al. 2004). In addition, during REM sleep patients
showed a greater activation in prefrontal areas. These evidence suggest that the
accentuated activation of paralimbic and prefrontal circuits during REM sleep could
reflect the emotional dysregulation typical of depression disorder (Davidson et al.
2002; Tsuno et al. 2005). In these subjects an analogous dysregulation in the
activation of the amygdala has been shown to affect the assessment of emotional,
especially negative, visual stimuli (Jaworska et al. 2015). Moreover, in MDD
patients a non-specific amygdala reactivity has been shown that does not discrimi-
nate between negative, neutral, and positive images (Ritchey et al. 2011).

Similarly, in patients with insomnia disorder compared to healthy good sleepers,
heightened amygdala responses to insomnia-related pictures eliciting negative emo-
tions have been observed (Baglioni et al. 2014). Such amygdala hyper-activation in
response to negative emotional stimuli resulted to negatively correlate with total
sleep time, sleep efficiency, slow-wave sleep, and REM sleep, further supporting a
key role of sleep for emotional balance (Baglioni et al. 2014).

While the association between sleep disturbances and depression seems well
clarified, the debate about the cause and effect relationship is still open. Even though
insomnia can be an independent diagnostic entity, it has been pointed out that often
this disturbance precedes the onset of mental disturbances such as major depression
(Livingston et al. 1993; Weissman et al. 1997; Breslau et al. 1997; Chang et al. 1997,
Riemann and Voderholzer 2003; Baglioni et al. 2010, 2011). In fact, several
longitudinal studies have shown that sleep disturbances act as risk factors for
depression (e.g., Eaton et al. 1995; Cole and Dendukuri 2003; Taylor et al. 2003;
Buysse et al. 2008). Non-depressed people with insomnia have a twofold risk to
develop depression, compared to people with no sleep difficulties (Baglioni et al.
2011). Coherently, it has been found that from 17% to 50% of subjects with
insomnia, symptoms lasting 2 weeks or longer showed the development of a
major depressive episode in a later interview (Buysse et al. 2008).

Whether sleep disorders trigger depression symptoms, their treatment could be
important because it might influence the onset of depression. However, insomnia
does not always precede depression. Other longitudinal studies have indeed found
evidence for depression as a risk factor for developing insomnia (e.g., Jansson and
Linton 2006; Morphy et al. 2007).
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In conclusion, even if there is ample evidence about the reciprocal relationships
between sleep disturbances and depression, the direction of this relation is still a
matter of debate. However, the fact that emotion regulation is altered in insomnia
subjects could explain why insomnia leads to depression (Koffel and Watson 2009;
Baglioni et al. 2010). An altered pattern of brain activation during sleep (such as the
increased activation of paralimbic and prefrontal circuits during REM sleep) may
lead to alterations in emotional reactivity and then to greater likelihood of develop-
ing depression.

6.5.2 Anxiety Disorders

Anxiety disorders constitute the most frequent mental disorder in the general pop-
ulation yet often go undiagnosed. The overall lifetime prevalence of anxiety disor-
ders is 24.9% (Bruce et al. 2005). Most anxiety disorders have a strong relationship
with sleep problems (Ramsawh et al. 2009). Among anxiety disorders, the general-
ized anxiety disorder and social phobia had the strongest relationships with global
sleep quality. Similarly, in a study on the prevalence of sleep-related problems in
youth with anxiety disorders, one or more sleep-related problem was reported in
88% of the participants (Alfano et al. 2007).

Subjective complaints of difficulty falling asleep and frequent night-time awak-
ening are the most common complaints in people with anxiety disorders. Objective
polysomnographic data demonstrated a disrupted sleep continuity with significant
reduction of total sleep time and sleep efficiency. In addition, sleep latency was
prolonged, while NREM sleep amount was reduced (Benca et al. 1992;
Papadimitriou and Linkowski 2005).

The clinical picture for sleep changes in anxiety disorders is similarly to that
described for depression. Insomnia, frequently associated with the anxiety disorders,
may precede or follow the onset of a comorbid anxiety disorder (Ohayon and Roth
2003; Johnson et al. 2006; Jansson-Frojmark and Lindblom 2008).

While there is less evidence compared to depression for the relationship between
sleep disturbance and anxiety, some studies have found that chronic insomnia
predict the first onset of anxiety disorders (Jansson-Frojmark and Lindblom 2008;
Jackson et al. 2014). Ohayon and Roth (2003) showed that anxiety disorder appears
before insomnia in 43% of cases, but in 18% of cases insomnia appears before the
anxiety disorder.

Anxiety may also be a risk factor for future insomnia (e.g., Ohayon and Roth
2003; Jansson and Linton 2006; Morphy et al. 2007). In fact, it has been observed
that high anxiety increased the risk of developing insomnia by more than three times
(Jansson and Linton 2006).

Anxious individuals seem to show emotional hyper-reactivity, manifested as
relatively intense and frequent negative emotional responses to perceived threat.
Consequently, since anxious individuals provide exaggerated negative emotional
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response to threatening scenes, they experience frequent and intense negative emo-
tions (Carthy et al. 2010).

Emotion dysregulation is thought to be a core feature of anxiety disorders (e.g.,
Mennin et al. 2007). In fact these patients have an exaggerated negative emotional
reactivity (Goldin et al. 2009; Mennin et al. 2005), an impaired facial emotion
recognition (Melfsen and Florin 2002), and react with a higher increase of heart
rate to threatening stimuli or situations, compared with non-anxious controls (e.g.,
Beidel et al. 1985).

Additionally, trait anxiety is associated with reduced prefrontal-amygdala con-
nectivity involved in emotional modulation (see Greening and Mitchell 2015).
Interestingly, this lack of prefrontal-amygdala functional connectivity has been
found also after sleep loss (Yoo et al. 2007). This evidence, emphasizing the
importance of the interactions between these brain structures in modulating anxiety,
may also suggest an additional role of sleep in emotional modulation. However, to
date no studies have investigated the presence of prefrontal-amygdala connectivity
also in anxiety disorders with sleep disturbances. This could represent an important
direction for further research.

6.5.3 Post-traumatic Stress Disorder (PTSD)

PTSD is another major psychiatric disorder with poor sleep being one of its principal
symptoms (see Germain 2013). In fact, in the 5th edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-V; APA 2013), sleep disorders are
included among the criteria for PTSD. These include re-experiences of traumatic
symptoms (nightmares, criteria B) as well as alterations in arousal and reactivity
(sleep disturbance, criteria E).

We have recently found that the exposure to a traumatic disaster was related to a
significant deterioration of sleep quality and an increased occurrence of disturbing
nocturnal behaviors, even 2 years after the event (Tempesta et al. 2013). Indeed,
sleep disturbances were the prevalent symptoms among persons who survived the
1995 Hanshin earthquake in Japan (Kato et al. 1996) and among survivors of the
Holocaust (Kuch and Cox 1992).

The most commonly reported complaints of PTSD patients are difficulties in
falling asleep, regular awakenings (with difficulties in falling back to sleep), reduced
sleep duration, restless sleep, fatigue, and, above all, anguished nightmares and
anxiety dreams. The 44-90% of combat veterans with PTSD reported some sleep
disturbances (Mellman et al. 1995; Neylan et al. 1998), and 52—-87% reported having
persistent nightmares (Inman et al. 1990). The nightmares are the most constant
evidence in the majority of studies that have investigated sleep in PTSD patients
(Lichstein and Morin 2000; Ohayon and Shapiro 2000), so that they are considered a
core symptom of PTSD (Spoormaker and Montgomery 2008).

Meta-analytic review (Kobayashi et al. 2007) of 20 polysomnographic studies
comparing sleep in people with and without PTSD showed that PTSD patients had
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more stage 1 sleep, less slow-wave sleep, and greater REM density compared to
people without PTSD. Conversely, reduction or fragmentation of REM sleep has
been observed in the acute aftermath of trauma exposure and in symptomatic
populations within several years of the onset of PTSD (Mellman et al. 2002; Redline
et al. 2004; Habukawa et al. 2007).

According to the Walker and van der Helm model (2009), REM sleep could play
an important role in PTSD development. In fact, REM sleep would be important not
only for the persistence, in memory, of the emotional experience, but also for the
depotentiation of the affective tone associated with the experience (Walker and van
der Helm 2009). Therefore, when during the night after the traumatic event, sleep is
disrupted, the process of separating the affective tone from the emotional experience
cannot be accomplished; consequently, the subjects continue to display hyperarousal
reactions to associated trauma cues (Harvey et al. 2003; Pole 2007) (for a more
detailed explanation of the model, see Sect. 6.4).

Conversely, on the basis of the evidence that REM sleep following learning
supports emotional memory consolidation (Wagner et al. 2001), Wagner and col-
leagues (20006; for more details, see Sect. 6.4) argue that after traumatic events, REM
sleep may contribute to the development of haunting emotional memories, which
can resist forgetting over long time periods and, in extreme cases, eventually
manifest themselves in PTSD. From this perspective, these authors suggest the use
of sleep deprivation in the immediate aftermath of traumatic events as a possible
therapeutic measure to prevent a long-term persistence of these events in memory or
at least to partly counteract the development of PTSD (Wagner et al. 2006).

In summary, REM sleep has been suggested to be crucial for the traumatic
memory retention; however, regarding the affective tone associated to a traumatic
memory, according to different views, REM sleep could promote its strengthening
(Wagner et al. 2006) or, conversely, could dissipate (Walker and van der Helm 2009)
its emotional charge.

Over the past several years, structural neuroimaging studies provided evidence
that PTSD patients exhibit structural abnormalities in brain regions that are involved
in stress regulation and fear responses, such as the amygdala, anterior cingulate
cortex, and ventromedial prefrontal cortex (Shin et al. 2004; Driessen et al. 2004).
Functional neuroimaging studies have also reported an increased activation of limbic
structures, such as the insula and amygdala, during emotional tasks in PTSD
individuals compared to healthy subjects (e.g., Mazza et al. 2013). Other studies
have also demonstrated that patients with PTSD show reduced neural activity in the
medial prefrontal cortex (mPFC) and increased activity in the amygdala during
exposure to negative stimuli (Liberzon et al. 1999; Shin et al. 2004; Ganzel et al.
2008). In a study investigating the effective connectivity between the specific brain
areas activated during emotional processing of negative stimuli, we observed that the
higher reactivity to negative emotional stimuli in limbic brain regions is paralleled
by a modification of the fronto-limbic functional connectivity in PTSD subjects
(Mazza et al. 2013). Such dysfunction, which leads to a reduced cortical control of
limbic areas that, in turn, result hyperactivated, may be the substrate of the peculiar
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emotional symptoms of PTSD. Among these symptoms, individuals with PTSD
experience feelings of detachment from others, disinterest in once pleasurable
activities, and a restricted range of emotions, a class of problems referred to as
emotional numbing. This may lead to a reduction of emotional ability and affective
inclination for others and, generally, to a decrease of social interactions (Litz and
Gray 2002).

Moreover, there is evidence that PTSD patients have difficulty to experience
intimacy and tenderness and feel at times emotional disconnected from other people
(Porto et al. 2009). We have reported that PTSD is characterized by impairments in
emotional empathy, accompanied by a reduced neural activity in the left insula and
the left inferior frontal gyrus (Mazza et al. 2015). Interestingly, the functional
connectivity of the cortical areas involved in empathic behavior is also altered in
PTSD. In these patients, increased activity in limbic regions such as the insula and
the amygdala modulates activity in the frontal cortex while performing an emotional
empathy task, suggesting a lack of cortical top-down control of the frontal cortex on
the limbic system (Pino et al. 2016).

Both the behavioral results and the altered functional patterns of activation in
empathy-related brain structures may be associated with the reduced sleep quality in
PTSD patients. In fact, sleep loss and sleep disturbances may alter the functional
connectivity of the neural networks that are critical for emotional empathy,
explaining the emotional and social difficulties experienced by individuals suffering
from PTSD. Future neuroimaging studies in larger samples of PTSD subjects should
shed light on this important issue.

Therefore, taken together, these evidence support the notion that sleep distur-
bances play a significant role in emotional processing in PTSD, suggesting the
importance of preventive strategies to improve sleep quality in the aftermath of a
stressful/traumatic event. Along this line of reasoning, treating sleep disturbances
with a specific cognitive-behavioral therapy immediately after the trauma exposure
may reduce the development of PTSD.

6.6 Conclusions

In the last two decades, a growing number of experimental investigations have
focused on the relationship between sleep and emotional processing. In the present
chapter, we have reviewed several studies supporting the notion that sleep is critical
for several aspects of emotional regulation. It has been demonstrated that sleep
affects the formation of emotional memories throughout all the stages of this
process. In fact, as sleep loss deteriorates the encoding of emotional information, it
leads to a disruptive interference with emotional memory consolidation.

The relationship between sleep and emotional memory processing is less clear in
people with poor sleep quality. Indeed, we showed a preserved sleep-dependent
consolidation of emotional information in poor sleepers, but a more negative
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affective tone to memories. In this regard, converging evidence indicates that sleep
loss significantly affects emotional reactivity. However, whether sleep acts to pro-
tect, potentiate, or de-potentiate emotional reactivity is still a matter of debate. Future
studies will have to clarify, at the behavioral level, the specific direction of the sleep-
dependent emotional modulation.

Moreover, sleep has been shown to have a key role both in complex emotional
processes, such as those involved in empathy, and in more basic emotions such as
fear. In this respect, sleep seems to be crucial for our ability to correctly process
emotional information that allows us to understand the others’ feelings and to be
empathic with them, as well as for our ability to form and retain fear conditioning
and extinction learning.

Notably, several studies have found REM sleep as the specific sleep stage
responsible for an optimal emotional processing. In fact, the functional and neuro-
chemical changes that characterize this sleep stage show a strong convergence with
the brain mechanisms and substratum of emotional memory formation as well as
appraisal during wakefulness. Although there is a general consensus on the role of
REM sleep in the consolidation of emotional memory, to date the specific contribu-
tion of REM sleep on next-day emotional reactivity is less clear. In fact, REM sleep
could act to potentiate or, conversely, de-potentiate the emotional charge associated
to a memory along with its consolidation. This topic could be also relevant for its
implications in clinical settings. Indeed, further expanding our knowledge on the
relation between sleep and next-day emotional brain functioning will be crucial to
open a new perspective for the understanding and treatment of affective or anxiety
disturbances.
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