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Stress and sleep are related to each other in a bidirectional way. If on one hand poor
or inadequate sleep exacerbates emotional, behavioral, and stress-related responses, on
the other hand acute stress induces sleep rebound, most likely as a way to cope with
the adverse stimuli. Chronic, as opposed to acute, stress impairs sleep and has been
claimed to be one of the triggering factors of emotional-related sleep disorders, such as
insomnia, depressive- and anxiety-disorders. These outcomes are dependent on individual
psychobiological characteristics, conferring even more complexity to the stress-sleep rela-
tionship. Its neurobiology has only recently begun to be explored, through animal models,
which are also valuable for the development of potential therapeutic agents and preven-
tive actions. This review seeks to present data on the effects of stress on sleep and the
different approaches used to study this relationship as well as possible neurobiological
underpinnings and mechanisms involved. The results of numerous studies in humans and
animals indicate that increased sleep, especially the rapid eye movement phase, following
a stressful situation is an important adaptive behavior for recovery. However, this endoge-
nous advantage appears to be impaired in human beings and rodent strains that exhibit

high levels of anxiety and anxiety-like behavior.
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INTRODUCTION

The impact of stress on sleep has been recognized for millennia
since Hippocrates stated that sleep loss is a signal of pain and suf-
fering that may lead to mental disorders, whereas excessive diurnal
somnolence indicates the existence of disease. He also emphasized
the importance of sleep as a medicine for physical and psycho-
logical stress (Vgontzas et al., 2000). However, there are more
subtleties to this relation than previously thought. For instance,
the nature and length of the stressor, and, most importantly, the
individual capacity to cope with stressful situations determine the
sleep outcome. Moreover, not only stress alters the sleep pattern
but also inadequate sleep influences the activity of stress response
systems, i.e., whether one is sleep-deprived or not, determines
the ability to respond to stressors (Spiegel et al., 1999; Suchecki
et al., 2002). This bidirectional association can, thus, represent
a vicious circle with detrimental consequences to physical and
mental health.

The bidirectional influence between stress and sleep can be
attested by evidence showing that, on the one hand, daily stress-
ful events reduce sleep time and trigger insomnia (Beary et al.,
1984), although that effect also depends on individual features
(Morin et al., 2003). On the other hand, insomnia (Vgontzas
etal, 1998, 2001) and sleep apnea patients (Carneiro et al., 2008),
who are chronically sleep-deprived, exhibit dysregulation of the
hypothalamic—pituitary—adrenal (HPA) axis and the sympathetic
nervous system, the main physiological stress response systems
(Joels and Baram, 2009). Chronic psychosocial stressors represent
powerful sleep disrupting stimuli as can be seen in studies with

divorcees (Cartwright and Wood, 1991), with people who expe-
rience lack of social support in the work environment (Gadinger
et al., 2009; Nomura et al., 2009), with children and adolescents
exposed to traumatic events (Charuvastra and Cloitre, 2009) and
in burnout patients (Armon et al., 2008). Interestingly, women
who suffer from chronic burnout and report being more anxious
and having more problems to sleep also exhibit lower prolactin
levels (Grossi et al., 2003), a hormone that, later in this review, will
be discussed as a sleep-inducing factor under stressful situations.
It is noteworthy that sleep disorders and dysregulation of the
systems involved in stress response are hallmarks of many psychi-
atric disorders, such as depression, generalized anxiety, and post-
traumatic stress disorder (PTSD; Papadimitriou and Linkowski,
2005). In major depression, hypercortisolemia, reduced time of
delta sleep and of rapid eye movement sleep (REMS) latency, and
increased percentage of REMS and sleep fragmentation are usu-
ally reported (for review, see Holsboer-Trachsler and Seifritz, 20005
Shaffery et al., 2003; Armitage, 2007). Although there is some con-
troversy as to whether PTSD patients display impaired sleep (Klein
et al., 2002), several studies do report increased time waking after
sleep onset (Raboni et al., 2006; Habukawa et al., 2007), more stage
1 of non-REM sleep (NREMS; Kobayashi et al., 2007), more tran-
sitions from REMS to stage 1 and to waking (Breslau et al., 2004;
Habukawa et al., 2007), indicating more sleep fragmentation, as
part of the characteristic hyperarousal, and increased sympathetic
activity observed in these patients (Woodward et al., 2000).
Recently it has become more evident that sleep, and specially
REMS, play a fundamental role on the emotional and mental
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recovery from adverse situations. It has been proposed that one
of the functions of REMS is to weaken undesirable and per-
sistent memories, by a reverse learning, or remodeling, process
(Crick and Mitchison, 1983), a process that, supposedly, could
help individuals to cope with aversive and stressful situations.
Indeed, victims of motor vehicle accidents who slept longer and
more consolidated episodes of REMS in the aftermath period
following the traumatic event did not develop PTSD (Mellman
et al., 2002, 2007; Mellman and Hipolito, 2006). Moreover, the
individuals who did not develop PTSD displayed more relative
beta frequency during REMS, interpreted by the authors to be
an indication of high cognitive activation during this sleep phase
as this frequency is negatively correlated with the occurrence
of nightmares and with symptoms of PTSD (Mellman et al,
2007). From the neurophysiological point of view, REMS rep-
resents a period of noradrenergic quiescence (Pace-Schott and
Hobson, 2002), suggesting that this phase of sleep is an ideal
period for reframing negative experiences and restoring favor-
able emotional reactivity (Walker and van der Helm, 2009). This
was demonstrated in a study carried out with healthy volunteers
who exhibited reduced amygdala and behavioral reactivity to emo-
tionally loaded pictures after one night of sleep, as opposed to
volunteers kept awake during the day. These findings were corre-
lated with diminished gamma EEG activity during REMS (van
der Helm et al., 2011), a marker of adrenergic activity (Cape
and Jones, 1998; Hajos et al., 2003; Walling et al., 2011). Based
on these data REMS can be viewed as a period involving the
reduction of emotional salience associated with prior waking (van
der Helm et al., 2011). This is exactly what Gujar et al. (2011)
observed in individuals who had REMS periods during a 90-min
nap and displayed less reaction to fearful facial expressions and
more positive reactions to happy faces. Further evidence that sleep
protects the organism against stress-induced psychiatric disor-
ders stems from epidemiological studies indicating that insomnia
and difficulty to sleep during stressful periods are risk factors for
depression (Breslau et al., 1996; Chang et al., 1997; Riemann et al.,
2001).

Animal studies are essential to disclose the mechanisms
involved in this protective effect of REMS on emotionality and
how differences in anxiety-like and coping behaviors, and their
neurobiological underpinnings, determine the sleep response of
animals to numerous stressful situations. In the present review,
we will briefly describe the main physiological systems respon-
sible for the adaptive response to acute stress and will describe
the importance of considering the nature of the stressors and
the individual characteristics of the subjects on the physiologi-
cal and sleep outcomes as a way to determine how stress-induced
REMS rebound may protect the subject against development of
psychiatric disorders.

SYSTEMS INVOLVED IN STRESS RESPONSE

Stress, as much as sleep, is a global phenomenon that involves the
entire central nervous system (CNS), with numerous neurotrans-
mitter systems playing a role in their regulation. On the one hand,
noradrenaline (NA), acetylcholine (ACh), and serotonin (5-HT)
stimulate, whereas gamma aminobutyric acid (GABA) inhibits
the activity of the paraventricular nucleus of the hypothalamus

(PVN), where neurons that synthesize corticotrophin releasing
hormone (CRH) are located. On the other hand, these neuro-
transmitters operate in an orchestrated manner to regulate sleep,
so much so that NA induces waking and GABA, sleep; admin-
istration of ACh into specific brain regions in the pons induces
REM sleep and 5-HT is involved in the regulation of delta sleep
(Pace-Schott and Hobson, 2002).

The stress response entails two main systems, the locus
coeruleus/medulla adrenal and the HPA axis, although other hor-
mones are important for the optimal stress response, as is the
case of Prolactin (PRL), Oxytocin, and Vasopressin (AVP). When
facing either a physical or psychological threatening stimulus, the
organism responds by activating these two systems, which major
function is to promote behavioral and metabolic adaptations to
the situation so as to guarantee survival. These systems are briefly
described below (for review, see Sapolsky et al., 2000; Morilak et al.,
2005; Gunnar and Quevedo, 2007).

LOCUS COERULEUS/ADRENAL MEDULLA

The locus coeruleus—adrenal medulla is also known as the
sympathetic-adrenomedullary system and, together with the
parasympathetic system, is part of the autonomic nervous sys-
tem. The activation of preganglionic sympathetic neurons located
in the intermediolateral cell column of the thoracolumbar spinal
cord. These neurons exit the spinal cord via the ventral root to
form cholinergic synapses on the chromaffin cells of the adrenal
medulla. When these cells are stimulated, adrenaline (80%) and
NA (20%) secretion ensues and these catecholamines affect organs
and tissues by binding to specific alpha and beta adrenergic
receptors. The net result of activation of these receptors involves
vasodilatation of muscle and vasoconstriction of skin blood ves-
sels, increased blood pressure and heart rate, increased oxygen and
glucose supply to skeletal muscles and brain, so as to assure the best
conditions for the fight or flight reaction (Ulrich-Lai and Herman,
2009).

Although neither Adrenaline nor NA cross the blood-brain
barrier, activation of the locus coeruleus parallels the peripheral
actions of these catecholamines (Svensson, 1987) and vigilance,
arousal and increased attention to the source of the stressful
stimulus is ensured. In addition, this system also stimulates the
neuroendocrine limb of the stress response, represented by the
HPA axis (Morilak et al., 2005).

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS

The PVN convey information from ascending pathways originat-
ing in the brainstem and midbrain, more specifically from the
nucleus of the solitary tract, locus coeruleus, and raphe nucleus,
and from descending pathways originating in the limbic system
(hippocampus and amygdala) and prefrontal cortex, which signal,
respectively, physical and psychological threats to homeostasis.
Stimulation of the PVN triggers a cascade of neuroendocrine
events, which involves the release of CRH — the major stimulator
of the synthesis and release of adrenocorticotropin (ACTH) from
the anterior pituitary and arginine vasopressin (AVP) — known
to increase the CRH signal at the corticotropes. ACTH reaches
the adrenal cortex and induces the synthesis and secretion of glu-
cocorticoids (GC) — cortisol in human beings and primates and
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corticosterone (CORT) in rodents. GC regulate the activity of the
HPA axis by means of a feedback signal at the prefrontal cortex,
hippocampus, hypothalamus, and pituitary by binding to the low
affinity glucocorticoid receptor (GR or type II), widely distributed
throughout the body (Figure 1). These receptors mediate the sup-
pressive effects of GC, including immunosuppression, increased
waking (suppression of sleep), and the negative feedback regula-
tory function (suppression of HPA axis activity). In addition to
these receptors, high affinity mineralocorticoid receptors (MR or
type I) mediate basal and permissive effects of GC, including the
induction of digestive enzymes, stimulation of fibrinogen produc-
tion (in case of tissue injury), regulation of memory consolidation
and regulation of REMS. Binding of GC to their cytoplasmic recep-
torsleads to changes in gene transcription explaining the long time
lag for initiation of their effects.

EFFECTS OF STRESS HORMONES ON SLEEP

Exogenous administration of the hormones of HPA axis induces
waking, as should be expected to happen under stressful or threat-
ening situations. Classically, the release of these hormones under
stressful situations is to increase stimulus directed-attention and
to promote metabolic changes required to provide energy for
appropriate “fight or flight” response.
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FIGURE 1 | Schematic representation of the hypothalamic-
pituitary—adrenal (HPA) axis and main effects of corticotropin releasing
hormone (CRH) and glucocorticoids (GC). Filled arrows represent
stimulatory effects, whereas dotted arrows represent inhibition. The main
sites of GC negative feedback are the prefrontal cortex, hippocampus,

hypothalamus, and pituitary.

The evidence indicates that CRH is one of the main humoral
mediators of waking and intracerebroventricularly (i.c.v.) infu-
sion reduces slow wave sleep in rats, and induces a typical waking
EEG pattern (Ehlers et al., 1986). Even in REMS-deprived rats that
display greater homeostatic pressure to engage REMS rebound,
CRH administration impairs this compensatory phenomenon
(Machado et al., 2010). Blockade of CRH receptors, on the con-
trary, induces NREMS, an effect that is likely mediated, at least
in part, by interleukin-1 (IL-1), because administration of CRH
antagonist increases mRNA for IL-1a and IL-1p (Chang and Opp,
1998). An additional evidence of the waking-promoting effect of
this neuropeptide comes from a study with Lewis rats, which are
deficient in CRH production and that display less waking time
and more NREMS during the active phase than the stress hyperre-
sponsive Fisher rats (Opp, 1997). ACTH, in turn, increases waking
by reducing REMS both during the light and dark periods of the
circadian rhythm (Chastrette et al., 1990).

CORT influence on sleep is more of a regulatory fashion. On
the one hand, adrenalectomy, i.e., removal of the adrenal gland
and hence of the CORT source, results in shorter sleep episodes,
less NREMS and more waking during the resting phase in the
rat, with an opposite pattern during the active phase. Replace-
ment with basal levels of CORT (approximately 5 jg/dl), restores
normal sleep pattern, whereas higher doses (resulting in twice
as much plasma levels) inhibits NREMS (Bradbury et al., 1998)
and increases waking time (Vazquez-Palacios et al., 2001). Addi-
son’s Disease patients (who are characterized by adrenal insuf-
ficiency) also display impairment of sleep continuity, increased
REMS latency and reduced percentage of REMS, problems that
can be normalized by hydrocortisone replacement at bed time
(Garcia-Borreguero et al., 2000). Conversely, Cushing’s syndrome
patients (who present very high levels of plasma cortisol) exhibit
sleep fragmentation, reduced REMS latency and augmented REM
density in the first episode (Shipley et al., 1992a,b). Additional evi-
dence is given by a study with control and REM sleep-deprived rats
submitted to different regimens of stress; the group that exhibit
intermediate plasma levels of CORT was the same that displayed
the greater REMS rebound, whereas the groups that secreted the
lowest or the highest levels also showed the smallest rebound
(Machado et al., 2008). Therefore, it appears as though a narrow
range of GC concentrations is necessary to maintain normal sleep
pattern. This effect is likely mediated by the balance of MR and GR
occupation that results from the distinct affinity of these receptors
for CORT. Maximum performance on a number of function, such
as memory, sleep, activity of the immune system, is obtained by GC
concentrations capable to saturate MR and occupy approximately
50% of GR; very low or very high GC concentrations impair the
performance of these functions, in an inverted U-shape (de Kloet
et al., 1991, 1999; De Kloet et al., 1998; Marinesco et al., 1999;
Lupien et al., 2007; Machado et al., 2008).

Possible mechanistic explanation for the suppressive effects of
GC on sleep involves the modulatory effect of these hormones on
GABA, receptors located in the thalamus. Muscimol binding to
GABA, receptors is greatly diminished by adrenalectomy and can
be restored by corticosterone (that binds both MR and GR), but
not by dexamethasone (that binds only GR). Therefore, absence
of GC or exclusive stimulation of GR reduces muscimol affinity
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for GABA, receptors (Majewska et al., 1985). GABAergic inhi-
bition of the thalamocortical pathway, especially in the reticular
nucleus of the thalamus, is one of the main factors of NREM gen-
eration resulting in electroencephalogram synchronized activity,
including spikes and slow wave activity during NREM sleep (Ste-
riade et al., 1993; von Krosigk et al., 1993; McCormick and Bal,
1997; Huntsman et al., 1999). Therefore, impairment of GABAer-
gic action (by high levels of GC, for instance) could hinder the
generation and maintenance of NREMS.

PECULIARITIES OF STRESS-INDUCED SLEEP CHANGES

THE LENGTH OF THE STRESSOR

Initial studies on the relationship between stress and sleep were
prompted by the fact that REMS deprivation induced by the
flower pot method, while being stressful and causing activation the
HPA axis, induces REMS rebound. Moreover, ACTH derivatives —
desacetyl-a-MSH and corticotropin-like intermediate lobe pep-
tide (CLIP) induce, respectively, NREMS and REMS rebound after
exogenous administration (Chastrette et al., 1990). The authors
then questioned whether other types of stressful situations would
also lead to sleep rebound and demonstrated that indeed, expo-
sure to a 2-h period of immobilization stressor before the active
phase increases REMS time (Rampin et al., 1991). There is a clear
time course for this phenomenon to be manifested and for a few
hours after the stressor exposure, sleep is inhibited by the obvi-
ous mechanisms discussed above (activation of the HPA axis and
of LC/adrenal medulla). This inhibition appears to be quite inde-
pendent of the length of the stressor (Marinesco et al., 1999; Tiba
etal., 2004), suggesting a lack of habituation. Following this initial
inhibitory period, there is an increase in the time spent sleeping,
with the highest levels being reached during the dark part of the
light—dark cycle, possibly due to the lowest expression of baseline
sleep during this period (Koehl et al., 2002; Tiba et al., 2003, 2004,
2008; Dewasmes et al., 2004; Machado et al., 2008).

The length of stressor exposure is also an important variable
that determines the magnitude of sleep rebound, inasmuch as 1 h
of immobilization stress leads to a large increase in REMS (63%
above baseline sleep) and a moderate increase of NREMS (16%
above baseline; Cespuglio et al., 1995), whereas 2 h of immobiliza-
tion results in 32% increase in REMS and no change in NREMS
(Rampin et al., 1991). By extending the period of stressor expo-
sure to 4 h, the expression of sleep rebound is prevented, and the
increase in REMS or in NREMS is no longer observed (Mari-
nesco etal., 1999). One possible mediator of this wake-promoting
effect of stress seems to be CORT, given the progressive increase of
plasma levels of this hormone from 1 to 4 h of stressor exposure.
These findings also indicate that inhibition of NREMS by stress is
alinear inverse function (the more intense the stressor, reflected by
CORT levels, the less NREMS rebound is obtained), whereas stress
modulation of REMS follows an inverted U-shape curve, with very
low or very high levels producing a smaller expression of REMS
rebound, and intermediate levels inducing a high expression
(Figure 2). Interestingly, in adrenalectomized rats, i.e., removal of
adrenal glands, and consequently, of the source of corticosterone
production, REMS rebound is impaired. Administration of dex-
amethasone, a synthetic glucocorticoid that binds GR, also inhibits
immobilization-induced REMS rebound (Marinesco et al., 1999),

120

100

\ Inverted U shape
80 | .
\ =NREM sleep
mREM sleep

60

40

20

Percentage of sleep rebound

30 60 120 240

Negative relationship

Length of immobilization stress (min)

-20 ¢

FIGURE 2 | Schematic representation the effects of stress on NREMS
and REMS rebound. The longer the stress period the higher the
corticosterone (CORT) secretion and as a consequence, there is a gradual
inhibition of NREMS rebound. REMS, however, is regulated by optimum
levels of CORT, so either very low or very high levels (induced by very short
or very long periods of stress) result in meager rebound. Data is adapted
from Marinesco et al. (1999).

evidencing once again, the inverted U-shape curve effect of stress
on sleep.

THE NATURE OF THE STRESSOR

It would, however, be naive to believe that all kinds of stressors
would lead to similar outcomes. Different stressors recruit distinct
brain areas and neurotransmitter systems, as has been shown by
Pécak and Palkovits (2001) by c-fos activation. Thus, the com-
parative study of sleep changes induced by 1h of physical (cold
stress), psychological (restraint stress), or mixed (2 mA inescapable
footshocks) stimuli showed that these stressors result in increased
NREMS, REMS, and waking times, respectively (Palma et al,
2000). For instance, several studies show that footshock, a fairly
intense stressor, retards the onset of REMS and prolongs the
wake time following its application, sometimes even preventing
the expression of sleep rebound during the night time (Palma
et al., 2000; Vazquez-Palacios and Velazquez-Moctezuma, 2000
Tang et al., 2007). However, previous manual restraint of the rat, a
routine laboratory procedure, prevents the impairment of REMS
rebound in the light period following the stressor (Tang et al,,
2007).

There are specific aspects regarding footshock that determines
the sleep outcome. Rodents can learn to associate a neutral stim-
ulus (sound, light, context) with an aversive stimulus, such a
footshock. After this association, the light, the sound, or the con-
text are no longer neutral and the animal reacts to them, almost as
if it were exposed to the footshock. Single or multiple sound-shock
pairings lead to shorter periods of NREMS and REMS although
these reductions are more evident on the day following multi-
ple pairings. Even 27 days after the training, presentation of tone
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results in reduction of REMS, indicating that the strength of the
pairing has a long-lasting effect on sleep (Sanford et al., 2003a).

Recently Sanford’s group showed that by giving mice the oppor-
tunity to control the footshock in a paradigm of fear conditioning
the sleep pattern is modified. In this study mice were trained to
avoid a shock by moving to a safe compartment of a shuttle-box
(escapable shock — ES); when they did so, their action also termi-
nated the shock of the yoked group submitted to inescapable shock
(IS). Sleep recordings were performed after two training sessions
and after context re-exposure (without delivery of footshock) and
in all three occasions, ES mice exhibited REMS rebound, whereas
IS mice displayed less REMS. Interestingly, both groups displayed
similar amount of freezing behavior and, presumably, learning,
when exposed to the aversive context (Sanford et al., 2010), indi-
cating that REMS rebound is a likely consequence of predictable,
controlled stressful situations. The group also demonstrated that
these shock regimens result in differential activation (production
of Fos) of selected brain regions involved with stress response and
wake regulation. Both ES and IS induce Fos in the PVN (indicat-
ing augmented stress response), but the magnitude is greater in IS
than ES mice. Interestingly, Fos immunoreactivity is greater in the
LC, dorsal raphe nucleus (DRN), laterodorsal tegmental nucleus
(LDT) and amygdala of IS than ES and control mice (Liu et al,,
2009a), indicating that, to a certain extent, stress controllability
lessens the activation of structures that are involved with stress
and arousal.

In rats, fear conditioning has also been employed to study the
neurobiology of the relationship between associative fear learn-
ing and sleep (Jha et al., 2005; Pawlyk et al., 2005, 2008; Tang
et al., 2005b; Wellman et al., 2008; Liu et al., 2009a). This para-
digm has proven particularly useful as a model of PTSD-induced
sleep impairment because, not only the footshock can induce sleep
changes, but also reminders of the aversive situation. With this idea
in mind, Jha et al. (2005) evaluated the sleep pattern of rats trained
in tone-shock fear conditioning and reported that rats re-exposed
only to the tones display a clear reduction of REMS percentage
compared to their respective baseline sleep. Similar results are
observed when rats are re-exposed to the aversive context, e.g., they
display less REMS during the light period. However, if re-exposure
to the aversive context (by virtue of pairing it to the footshocks)
is sufficiently long to allow extinction of the conditioned fear,
the time spent in REMS is restored to baseline levels (Wellman
et al., 2008). In addition, when rats sleep in an aversive environ-
ment, they take longer to initiate NREMS and REMS and exhibit
reduced percentage of REMS; however, when allowed to sleep in
a neutral environment, these rats exhibit rebound of NREMS and
REMS indicating that discrimination between neutral and aversive
contexts influences sleep (Pawlyk et al., 2005).

In human beings, the most potent stressors are those of a
social nature, including social hierarchy, family and/or work-
related problems, inter-personal relationships. One example of
social stressor in rodents is the social defeat paradigm, in which an
intruder is attacked almost immediately upon being introduced in
the resident’s cage (Koolhaas et al., 1997). Physiological changes
seen in the defeated animal include increased catecholamine, cor-
ticosterone, prolactin and testosterone levels, increased heart rate,
blood pressure, and body temperature (Bohus et al., 1987). The

consequences of social defeat on sleep include increased slow wave
activity (SWA) during NREMS, reflecting the augmented sleep
intensity. Based on this result, it has been proposed that the func-
tion of SWA is to restore the inner balance following a traumatic
event (Meerlo et al., 1997, 2001a; Kinn et al., 2008). Predation also
results in changes in macro- and microstructure of sleep with an
initial reduction of SWA, followed by an increase approximately
90 min after the stimulus. Regarding REMS the reduction takes
place for the first 3h that follows the encounter and increases
thereafter reaching statistical significance in the last 3 h of sleep
recording — from 15:00 to 18:00 h (Lesku et al., 2008). Predictably,
under the stressful situation of being chased or threatened of being
chased by a predator, REMS is reduced because this phase of sleep
is characterized by elevated arousal threshold, when compared to
NREM sleep (Dillon and Webb, 1965; Van Twyver and Garrett,
1972; Piallat and Gottesmann, 1995; Lima et al., 2005) and loss
of muscle tone obligating the animal to lay down (Tobler, 1992),
likely increasing vulnerability to predation. In this respect the same
authors also reported that mammals living in riskier areas or those
at the lower end of the food chain spend less time in REMS than
carnivores living in secure areas (Lesku et al., 20006). It is worth
mentioning that in human beings the waking threshold is similar
between tonic REM sleep stage 2 NREM sleep; however the highest
behavioral arousal threshold occurs during phasic REM sleep and
stage 4 sleep (Price and Kremen, 1980; Ermis et al., 2010). In rats,
tonic and phasic components of REM sleep are present, although
not as clearly as in humans (Sanchez-Lopez and Escudero, 2011).

INDIVIDUAL CHARACTERISTICS INFLUENCE THE RESPONSE TO STRESS
The modulatory role that genetic background and previous stress
history exert on the sleep responses to stress is quite remark-
able. Such characteristics are so determinant that even after REMS
deprivation that always results in a compensatory phenomenon,
REMS rebound is greater in young volunteers characterized by
being more extroverted, optimistic, and having more friends, than
in those with opposite personality features (Nakazawa etal., 1975).
Even in young children, poor sleep quality seems to be related to
negative emotionality and higher cortisol levels (Scher et al., 2010).
Therefore, it is only natural to suspect that the sleep response to
stress also depends on how the subject faces and interprets stressful
stimuli. In this section we will describe the studies that explored
the environmental and genetic influences on stress-induced sleep
rebound. The gene-environment diathesis hypothesis has perme-
ated numerous studies on the impact of stress on behavior, both in
humans and in animal models. According to this hypothesis, the
resulting resilience or vulnerability to stress-induced disorders are
the consequence of the interplay between the genetic background
and the environmental influence during specific time-windows,
including infancy and adolescence. Adversity during these peri-
ods may result in augmented vulnerability, whereas social support
throughout life leads to resilience (Plotsky et al., 1998).

GENETIC INFLUENCES

The genetic background is one of the most important determining
variables of behavioral expression, so much so that the same stimu-
lus may result in different outcomes, depending on how the animal
reacts to it. For instance, Fisher rats, in addition to being stress
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hyperresponsive are also more anxious in the open-field test than
Wistar and Sprague-Dawley rats. This strain also exhibits less base-
line NREMS and REMS and in response to a 30-min exposure to an
open-field, Fisher rats exhibit increased REMS in the light period,
whereas this rebound occurs in Wistar rats in the dark period
(Tangetal.,2005a). In the training of contextual fear conditioning,
Fisher rats are also more reactive than Wistar, presenting greater
fear response to both training (in the presence of footshock) and
re-exposure to the context (in the absence of the noxious stimu-
lus), but no impairment in REMS rebound (Tang et al., 2005b).
Although surprising, these results may be explained by the fact that
Fisher rats secrete more corticosterone and prolactin in response
to stressful stimuli (Sarrieau et al., 1998), and stress-induced pro-
lactin secretion is closely related to REMS (Bodosi et al., 2000).
This possibility will be discussed in greater detail in the section
devoted to the mechanisms of stress-induced sleep rebound.

In mice, the level of anxiety-like behavior and reactivity to stress
predicts the sleep outcome in response to exposure to noxious and
non-noxious stimuli. Shock delivery in fear conditioning proto-
cols produces a more intense reduction of REMS in the “anxious”
BALB/cJ (BALB) mice, compared to the less “anxious” C57BL/6]
(C57). When exposed to either sound or context that had been
paired to the shock, the latter shows REMS rebound, whereas BALB
mice do not (Sanford et al., 2003b,c). A similar pattern of sleep
reaction follows non-noxious manipulations, such as exposure to
an open-field (Tang et al., 2004) or restraint stress (Meerlo et al.,
2001b): C57BL/6] mice display the characteristic REMS rebound,
whereas BALB/c]J strain displays sleep impairment. These data are
in line with human studies that indicate that anxious individu-
als have difficulty to conciliate sleep after a stressful day or highly
emotional situation (Morin et al., 2003; Drake et al., 2004).

The Wistar-Kyoto rat strain, originated from Wistar rats, was
initially used as a normotensive control for the spontaneously
hypertensive strain. Later, it was shown that these animals also
exhibited physiological, behavioral, and hormonal alterations
compatible with symptoms of depression (Will et al., 2003),
including stress hyperresponsiveness (Redei et al., 1994), increased
stress-induced ulcer formation and shortened latency to acquire
an immobility posture in the forced swimming test (Pare and
Redei, 1993). Regarding the sleep architecture, these rats show
sleep pattern that emulate those typically displayed by depres-
sive patients, e.g., reduced latency to REMS, increased REMS
percentage and increased sleep fragmentation (Dugovic et al,
2000). When re-exposed to a tone that was paired with footshocks,
Wistar-Kyoto rats exhibit more freezing behavior and bouts of
sequential REMS (less than 3-min inter-REM intervals) than Wis-
tar rats (Dasilva et al., 2011), whereas Sprague-Dawley rats exhibit
increased single REMS bouts (more than 3-min inter-REM inter-
val; Madan et al., 2008). This means that in Wistar-Kyoto rats
REMS rebound induced by stressful situations is fragmented,
whilst that of Sprague-Dawley rats is consolidated. Such a pat-
tern of REMS has been attributed to protect automobile accident
victims from developing PTSD (Mellman et al., 2002).

EARLY LIFE STRESS
Epidemiological studies show that adversity during infancy and/or
adolescence represent a risk factor for psychiatric disorders in

humans, including anxiety, depression, and schizophrenia (Agid
et al., 1999). In rats, disruptions of mother—infant relationship,
a form of early life stress, also precipitate psychopathologic-like
behaviors in adulthood, such as increased preference for ethanol
intake (Huot et al., 2001), increased novelty-induced fear (Caldji
et al., 2000), increased anxiety-like behavior (Faturi et al., 2010;
Barbosa Neto et al., 2012) and hyper-responsiveness of the HPA
axis to stress (Plotsky and Meaney, 1993). Given the waking-
promoting effect of CRH (Chang and Opp, 2001) and CORT
(Vazquez-Palacios et al., 2001) and the fact that anxious indi-
viduals are at greater risk of developing chronic insomnia after
a stressful situation (Waters et al., 1993; Morin et al., 2003; Larsson
et al., 2008), we hypothesized that early life stress would impair
the REMS rebound induced by acute stress. The paradigm used to
disrupt mother—infant relationship was long maternal separation
that consists of removing the litter from the home-cage for 3 h/day,
for the first 2 weeks of life. To our surprise, we found that male rats
submitted to long maternal separation during infancy displayed
more baseline REMS in the light period than control rats, with-
out changes in the amount of NREMS or in REMS latency (Tiba
etal., 2004). The female offspring of both groups exhibited stress-
induced sleep rebound in the dark period, but females submitted
to maternal separation exhibited the largest REMS rebound (Tiba
et al., 2008). A possible explanation for these findings is the fact
that Wistar mothers are very attentive to their pups’ needs and
compensate the offspring demands upon reunion (Pryce et al,
2001; Tiba et al., 2004).

MECHANISMS AND MEDIATORS OF STRESS-INDUCED
SLEEP CHANGES

The first hypothesis put forward to explain the mechanisms of
how acute stressors induce sleep rebound involves the serotoner-
gic system, based on a classical study showing that blockade of
serotonin synthesis or lesions of the Raphe nuclei induce insom-
nia (Jouvet and Renault, 1966). Indeed several subsequent studies
confirmed that dysregulation of the serotonergic system hinders
the capacity of the animal to cope with stress, e.g., impairment of
REMS rebound, as reported for 5-HT14 (Boutrel et al., 2002; Popa
et al., 2006) and 5-HT1g knockout mice (Boutrel et al., 1999) and
rats treated with para-chlorophenylalanine, a serotonin synthesis
inhibitor (Sinha, 2006). A recent study shows that in wild-type
mice, the short-term effects of restraint stress (up to 2 h) encom-
pass inhibition of REMS, increased release of serotonin in the
hypothalamus and increased pre-pro-orexin immunoreactivity in
the lateral hypothalamic area. Following this initial REMS inhibi-
tion (subsequent 8 h), there is a major REMS rebound in wild-type,
but not in mutant mice lacking the serotonin transporter that
fails to engage in the compensatory phenomenon (Rachalski et al.,
2009).

Classical studies show that serotonin is differentially released,
depending on the phase of the light—dark cycle so that during wak-
ing, serotonin is released from the axon, whereas during sleep, it
is released from the dendrites (Cespuglio et al., 1992). The axonal
release prepares the brain to sleep, due to increased and cumu-
lative synthesis of hypnogenic substances in the arcuate nucleus
and pre-optic area (Jouvet, 1999), initiating a cascade of genomic
events (Garcia de Yebenes et al., 1994; Churruca et al., 2008). In the
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arcuate nucleus, serotonin induces the synthesis of corticotropin-
like intermediate lobe peptide (CLIP or ACTHjg 39), a pro-
opiomelanocortin (POMC) derivative (Cespuglio et al., 1992),
claimed to be a major mediator of stress-induced sleep rebound,
due to its well-known REMS inducing properties (Wetzel et al.,
1994, 1997, 2003; Cespuglio et al., 1995; Bonnet et al., 1997).
Thus, increased serotonin transmission induces POMC mRNA in
the arcuate nucleus, which, in turn, is cleaved originating several
derivatives, including ACTH, a-melanocyte stimulating hormone
(a-MSH) and CLIP (Figure 3; Cespuglio et al., 1995; Bonnet et al.,
1997). Although ACTH is a well-known waking promoter, o-MSH
and CLIP induce sleep (Wetzel et al., 1994). CLIP content and
its phosphorylated form (ph-CLIP) increase in the dorsal Raphe
nucleus immediately after immobilization stress, whereas such an
increase in the arcuate nucleus takes place 4 h after the end of the
stress, when REMS rebound reaches its maximum (Bonnet et al.,
1997). Importantly, in adrenalectomized rats, 1 h of immobiliza-
tion stress leads to a delayed and smaller REMS rebound than
in intact rats and, in both cases, the sleep rebound is preceded
by increased production of ph-CLIP in the dorsal Raphe nucleus
(Bonnet et al.,2000). These data indicate that corticosterone seems
to be important for the full expression of REMS rebound follow-
ing stress. In fact, the expected increase of ph-CLIP in the arcuate
nucleus is absent in adrenalectomized rats, which might explain
the smaller REMS rebound seen under this condition (Bonnet
et al.,, 2000). Finally, exogenous administration of CLIP or its
N-terminal fragments ACTHj0_4 and ACTH;g 54 induces a sig-
nificant increase of REMS, by increasing episode length (Wetzel
etal., 1994, 1997).

Interestingly, serotonin is a major stimulator of PRL secre-
tion (Balsa et al., 1998); PRL, in turn, increases the activity of

Imobilization stress

FIGURE 3 | The serotonergic hypothesis of acute stress-induced sleep
rebound. According to this hypothesis, stress induces the release of
serotonin, which is metabolized to 5-hydroxyindole substances that
stimulates the cleavage of pro-opiomelanocortin, originating
adrenocorticotropic hormone (ACTH), alpha-melanocyte stimulating
hormone (a-MSH) and B-endorphin. ACTH is metabolized originating
corticotropin-like intermediate lobe peptide (CLIP), which is a major inducer
of REMS.

cholinergic neurons in the mesopontine tegmental area (Taka-
hashi et al., 2000), involved in the induction of REMS. Numerous
studies indicate that PRL is involved with induction of REMS. For
instance, in the absence of stressful stimuli, hyperprolactinemic
rats spend more time in REMS during the light period (Obal et al.,
1997), whereas administration of PRL anti-serum reduces REMS,
without effecting NREMS (Obal et al., 1992). Subcutaneous (s.c.),
i.c.v. administration (Roky etal., 1993) or intra-dorsolateral hypo-
thalamus infusion (Roky et al., 1994) of PRL during the dark phase
of the light—dark cycle inhibits REMS, whereas the opposite is seen
when s.c. administration takes place during the light phase. More-
over, PRL deficient mice and rats display less REMS than normal
animals, which is reversed by PRL replacement (Obal et al., 2005).

Prolactin seems to be a protective factor against harmful effects
of stress, as indicated by a recent study showing that it protects hip-
pocampal neurons from chronic stress-induced neuronal death,
facilitating neurogenesis in the dentate gyrus (Torner et al., 2009).
The stress-protective feature could also be, at least partly, attrib-
uted to its REMS regulatory role (Roky et al., 1995), since total
sleep and REMS deprivation induced by various methods impairs
hippocampal neurogenesis (Guzman-Marin et al., 2008; Meerlo
et al., 2009; Sportiche et al., 2010), with controversial findings on
the participation of corticosterone on this effect (Mirescu et al.,
2006; Mueller et al., 2008). PRL involvement in stress-induced
REMS rebound is attested by several findings, such that both ether
and restraint stress induce PRL secretions, which is followed by
increased REMS (Bodosi et al., 2000; Meerlo et al., 2001b). More-
over, the comparative hormonal response and REMS rebound of
C57 and BALB mice to restraint stress strengthens PRL regula-
tory role on stress-induced REMS, because in response to restraint
stress both mice strains secrete similar levels of corticosterone;
however, only C57 mice exhibit augmented PRL secretion and
REMS rebound (Meerlo et al., 2001b). A recent evidence of the
importance of PRL on REMS induction after stress stems from a
study in which REMS-deprived rats, exposed to a high intensity
stressor, displayed very long REMS episodes during the recovery
period, concomitant to high plasma levels of PRL, in the presence
of intermediate corticosterone levels (Machado et al., 2008). The
precise mechanism for such an effect still needs full clarification,
but PRL infusion in the DRN results in delayed and long REMS
sleep episodes, of about 5-6 min (unpublished data). A proposed
mechanism put forward by our group to explain this result involves
a probable stimulant effect of PRL on 5-HT release from the DRN,
which in turn, leads to activation of other REMS inducing factors,
such as hypothalamic hypnogenic peptides (Figure 4).

Although a major role for the amygdala on regulation of REMS
and stress-induced sleep has also been proposed, this does not
appear to be a locus for PRL-induced REMS, since infusion in
the central nucleus of the amygdala (CNA) reduces NREMS and
increases waking (Sanford et al., 1998). Trains of electrical pulses
in the CNA inhibit the activity of LC (Bouret et al., 2003), prob-
ably by means of CRH projections that synapse on the peri-LC
(Van Bockstaele et al., 1998). The peri-LC contains GABAergic
neurons that inhibit the LC and, as a consequence of their stim-
ulation, result in the onset of REMS (Luppi et al., 2006). The
involvement of this circuit in stress-induced REMS was confirmed
in a series of studies employing infusion of GABAergic agonist,
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FIGURE 4 | Working model of the prolactinergic hypothesis of
stress-induced REMS rebound. Stressors (including REMS
deprivation) increase serotonin release from the Raphe nuclei (1),
which, in turn, could stimulate the release of PRL from the lateral
hypothalamic area — LHA (2). Descending PRL projections from the
LHA to the Raphe nuclei would close the self-stimulatory circuit,
producing a further release of serotonin. In parallel, serotonergic

‘ Pontine Nuclei

projection to the arcuate nucleus — Arc (3) stimulates POMC cleavage
resulting in production and secretion of CLIP in this region. Descending
projections from the Arc to the Raphe nuclei would lead to
accumulation of CLIP in this area, inhibiting serotonin secretion, thus
releasing the cholinergic activity in pontine nuclei (4), leading to REMS.
PRL would also produce excitation of pontine cholinergic neurons,
contributing to the expression of REMS rebound.

muscimol, or antagonist, bicuculline, into the CNA. Muscimol
temporarily inactivates the CNA, leading to reduction of REMS,
whereas bicuculline increases this phase of sleep (Sanford et al.,
2002). In response to IS, bicuculline reverses the expected sup-
pression of REMS, whereas muscimol maintains this impairment.
In agreement with the behavioral outcomes, Fos staining in LC is
increased after IS and partially reversed by infusion of bicuculline
in rats exposed to IS. Moreover, a negative correlation between Fos
in LC and REMS was observed (Liu et al., 2009b).

FINAL REMARKS

Stress-induced sleep rebound is an adaptive strategy that repre-
sents a major evolutionary acquisition, and inability to engage in it
may have disastrous consequences. A good example of the impor-
tance of REMS rebound after a stressful situation is attested by
the sleep assessment of individuals who experienced a traumatic
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