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Introduction

Already in 1989, Ross et al. proposed that sleep disturbances,
and in particular REM sleep disturbances, are the hallmark
of post-traumatic stress disorder (PTSD) [1]. A quarter of a
century later, evidence from clinical studies, experimental
human studies, and animal models is converging that sleep
disturbances may represent more than secondary PTSD
symptoms and may be the hallmark of “a heightened vulner-
ability to maladaptive stress responses” [2]. Clinical data are
unequivocal and show a high incidence of a wide range of
subjective sleep disruptions in PTSD patients [3, 4], from
repetitive nightmares to insomnia [5] and also more “physi-
ological” sleep disorders as sleep apnea and periodic limb
movements [6]. Objective sleep disturbances have been less
pronounced, but disentanglement of confounding factors
such as comorbid depression and substance abuse, as well as
gender and age, has revealed small-to-moderate effects with
increased density of rapid eye movement (REM) sleep and
reduced slow-wave sleep (SWS) [7]. However, high preva-
lence does not tell us anything about the causality of such
sleep disturbances regarding the development or mainte-
nance of PTSD, and longitudinal studies are relatively rare.
Mellman et al. has shown that REM sleep fragmentation in
the month after a motor vehicle accident predicted PTSD
severity weeks later [8] and reports that insomnia is a fre-
quent residual symptom after effective PTSD treatment [9]
and that specific treatment for nightmares alleviates PTSD
symptom severity [10] suggests that sleep disturbances may
indeed play a critical role in the development of PTSD. To
explore the possible mechanisms and neural circuitry, this
chapter will focus on the proposed role of heightened arousal.
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Arousal and the Locus Coeruleus
Noradrenalin System

The Research Domain Criteria (RDoC) project of the National
Institute of Mental Health (NIMH) provides a framework for
the study of psychiatric disorders, which comprises five
domains containing multiple constructs. These currently
include positive and negative valence systems, cognitive sys-
tems, systems for social processes, and arousal/regulatory
systems. The latter domain includes sleep and circadian
rhythms, with arousal being a related but separate construct:
it is naturally related to sleep and wakefulness as arousal dif-
fers throughout the circadian rhythm, yet there are also rele-
vant arousal shifts within wakefulness, which are defined as
“a continuum of sensitivity of the organism to stimuli, both
external and internal” within the RDoC framework.

The inclusion of stimuli into this definition of arousal
highlights that the construct extends mere vigilance and
incorporates context- and task-related information process-
ing. This is highly relevant since there is now a large body of
work supporting the notion that the noradrenergic system,
with the locus coeruleus (LC) in the brainstem as the main
output center projecting throughout cortical and subcortical
regions, does more than just regulating arousal and is in fact
a critical system for optimal task performance and neural
gain [11]. This is best illustrated by the inverted U shape
associated with increased tonic activity of the LC as shown
in Fig. 19.1. Low tonic LC activity results in inattentive, non-
alert behavior, whereas high tonic LC activity results in
reduced attention through increased orienting behavior, dis-
tractibility, and scanning of the environment. Optimal per-
formance is achieved at intermediate levels of tonic LC
activity, with phasic LC activity in response to relevant stim-
uli preceding the required motor responses [11].

Increased central noradrenergic concentrations have been
observed in PTSD patients in wakefulness [13], as well as in
24-h urinary measures in larger samples [14]. If this is related
to increased tonic LC output, PTSD patients should show
impaired performance in tasks probing for attention and/or
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Fig. 19.1 Inverted U shape describing the relationship between tonic
LC activity and task performance, showing optimal performance at
intermediate levels of tonic LC activity, allowing phasic LC activity in
response to cued targets requiring a motor response (From Aston-Jones
et al. [12], reproduced with kind permission from Elsevier)

general information processing speed. This is indeed the
case: a recent meta-analysis on 4108 PTSD patients, trauma-
exposed controls, and healthy controls has revealed a Cohen’s
d of around —0.5 for attention and working memory tasks
and a Cohen’s d of around —0.6 for information processing
speed (both reduced in PTSD patients) [15]. Moreover,
another meta-analysis on the P3 response as measured with
EEG in PTSD revealed that the P3a to trauma-related dis-
tractor stimuli was higher in PTSD patients [16]. One study
has provided evidence that the (frontal) P3 to irrelevant dis-
tractor stimuli is also increased with PTSD, which would
indicate higher distractibility and tonic LC activity as in
Fig. 19.1, and that this was related to both hyperarousal and
re-experiencing symptom clusters [17].

The LC-Noradrenalin System and Sleep

Another important role for the LC-noradrenalin system is
related to the transitioning of stages within sleep: noradren-
ergic output of the LC is highest in wakefulness and lower in
non-REM sleep and reaches its nadir in REM sleep [18].
REM sleep discontinues the moment noradrenergic LC cells
(and serotonergic cells in the dorsal raphe nucleus) start fir-
ing [19], reason why the LC is also referred to as a REM off
switch. It is also worth noting that firing of just 10% of neu-
rons in LC suffices to maintain normal cortical function [20].
This suggests that also minor increases in noradrenalin levels
during REM sleep, which may not even be detectable periph-
erally, could already have an effect on REM sleep and poten-
tially, the SWS-REM cycles seen throughout the night.

A Dblunted circadian rhythm of 3-methoxy-4-
hydroxyphenylglycol (MHPG) [21], the central metabolite
of noradrenalin, has also been reported in PTSD. Regarding
sleep, although nightmares and insomnia are frequently
reported symptoms in PTSD [6], polysomnographic studies
on PTSD (a combination of EEG, electromyography, and
electrooculography) have been rather inconclusive up until
recently. Inconsistencies in the data were largely resolved by
a meta-analysis that controlled for confounding factors that
affect sleep (gender, age, comorbid depression, and sub-
stance abuse) and demonstrated that the amount of slow-
wave sleep (SWS) amount is reduced, whereas light sleep
stage 1 and REM density are increased in PTSD [7]. Note,
however, that effects are modest at best. The question is
whether increased REM density is due to an increased num-
ber of phasic REM bursts or disrupted fragments of tonic
REM sleep; but having shorter and more frequent REM sleep
periods within 2 weeks after a motor vehicle accident has
been reported to be a significant predictor of PTSD symp-
tomatology months later [8]. Finally, also in line with a role
for the LC-noradrenalin system in dysregulating (REM)
sleep in PTSD is the relative success of the noradrenergic
alphal-antagonist prazosin. When administered before sleep,
prazosin seems to have positive effects on total and REM
sleep length (and nightmare amelioration) [22], although
these effects have not yet been observed with polysomno-
graphic recordings [23].

Furthermore, increased noradrenergic output may in par-
allel affect SWS. Using microinjections in cholinergic nuclei
in the basal forebrain in rodents, Cape and Jones were able to
show that noradrenalin microinjections, compared to seroto-
nergic and Ringer’s microinjections, decreased both SWS
and REM percentages (both time and transitions into this
stage) while increasing wakefulness [24]. Noradrenalin
caused an increase in gamma and a reduction in delta activity
in the EEG, with electromyography (EMG) being similarly
affected by both serotonin and noradrenalin [24].

In a comprehensive review on the role of noradrenalin in
sleep mentation, Gottesmann [25] proposed that it is the near
absence of noradrenalin in the forebrain, specifically the
nucleus accumbens, that gives rise to the maximal dopamine
release taking place in REM sleep [26], which could explain
increased levels of hallucinatory mental activity typical for
REM sleep. A speculation worth mentioning is that increased
noradrenergic levels in this region and adjacent subcortical
structures such as amygdala and hypothalamus may result in
increased physiological arousal and trigger emotional mem-
ory traces. However, the role of noradrenalin heavily depends
on receptor subtypes (e.g., postsynaptic a1 or B, or presynap-
tic — inhibitory — a2 receptor function). See Berridge et al.
[18] and Broese et al. [27] for reviews on noradrenergic
modulation of arousal and sleep.
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A Role for Cortisol in the Relationship
Between Arousal and the LC System?

Closely linked to both sleep regulation and PTSD symptom-
atology is the hypothalamus-pituitary-adrenal gland (HPA)
axis that orchestrates the stress response and releases gluco-
corticoids into the bloodstream that provide negative feed-
back to the hippocampus. Corticotropin-releasing hormone
(CRH) is released by the hypothalamus and causes an
increase in adrenocorticotropic hormone (ACTH) in the pitu-
itary, which in turn release glucocorticoids from the adrenal
gland. Peripheral cortisol is at its trough during early sleep,
slowly rises during the progression of the night, peaks in a
cortisol-awakening response, and declines during the day. It
is of note that cortisol levels are highest in the second half of
the night [28] that is richest in REM sleep.

Reduced nocturnal cortisol levels have been observed in
PTSD, albeit not consistently [6]. However, there is also evi-
dence from animal models [29] and from a study in motor
vehicle victims [30] that blunted cortisol responses after
trauma exposure are a risk factor for PTSD. It has been pro-
posed that, in case of reduced cortisol responses to acute
stress, the noradrenergic system consequently becomes
hyperactive as a homeostatic consequence, increasing the
probability of PTSD development [31]. Closer to the central
processes regulated by CRH is ACTH, and increased ACTH
levels during the night and the awakening response were
observed in PTSD and, importantly, correlated to sleep frag-
mentation and reduced SWS activity [32]. Interestingly, dif-
ferent ACTH/cortisol ratios have been shown in PTSD
throughout the circadian cycle [32]. Such variability adds to
the complex process of disentangling the multiple modula-
tions of cortisol and reconciling the opposing findings; a
meta-analysis on this topic seems warranted. In the mean-
time, continuous blood sampling during sleep in PTSD [32]
appears helpful for extracting more information on ACTH
and catecholamines, which might provide more unambigu-
ous effects.

Disrupted Sleep and Disrupted Emotional
Memory Consolidation/Homeostasis

The next question is then if the disruption of REM sleep
impairs the consolidation of certain memories, given the role
of non-REM sleep in declarative memory consolidation [33],
and/or emotional homeostasis [34]. Both animal and human
models have started to experimentally test this notion by
employing analogous models that probe for core disrupted
processes in PTSD, i.e., fear conditioning and extinction.
Fear extinction is an associative learning process central
to PTSD [35, 36]. In an experimental setting, this is modeled

by pairing neutral stimuli with an aversive event (fear condi-
tioning). Subsequently presenting these stimuli alone elicits
a fear response that normally extinguishes over time (fear
extinction). Extinction learning and consolidation is impaired
in PTSD patients [37-39]. As a result, fear conditioning and
extinction has been a robust model for scientific advance-
ment on neurocognitive mechanisms underlying PTSD in
both preclinical and clinical studies, leading authoritative
reviews to conclude that this is one of the most successful
models for translating data from animal models to human
subjects and psychiatric patients (see review by Milad et al.
[40]). Moreover, using functional magnetic resonance imag-
ing (fMRI), limbic and paralimbic regions such as the amyg-
dala, hippocampus, dorsal anterior cingulate cortex (dACC),
and ventromedial prefrontal cortex (vmPFC) have been
repeatedly demonstrated to subserve fear extinction in
healthy individuals (for a systematic review, see Sehlmeyer
et al. [41]). Critically, these regions show abnormal fMRI
activity in PTSD patients during symptom provocation [42]
and during extinction and recall of extinction [38]. The
dACC (excitatory influence over amygdala) and the more
ventrally located vmPFC (inhibitory influence over amyg-
dala) activity ratio during fear conditioning and extinction,
as well as recall of extinction, has been identified in an exten-
sive review on biological studies of PTSD as a promising
functional imaging marker of PTSD [43].

There is a large body of preclinical data showing that the
amygdala, hippocampus, and medial prefrontal cortex
(mPFC) interact through (intracranially recorded) theta
oscillations during fear conditioning and extinction [35].
Research in humans has shown abnormal event-related
potentials during fear conditioning and extinction in PTSD
patients with surface EEG [39], and excess of frontal midline
oscillations (in vmPFC) in the theta range (4-8 Hz) during
affectively loaded stimuli has recently been proposed as a
novel marker of PTSD [44]. One unanswered question is
whether hippocampal theta in rodents translates to hippo-
campal theta in humans — or to hippocampal rhythmic slow
activity in the 1.5-3 Hz range as shown by Bodizs et al. [45]
with intracranial foramen ovale electrodes in epilepsy
patients.

Recent work has shown that sleep benefits memory con-
solidation [33] and that REM sleep may play an essential
role in emotional memory consolidation [34]. Critically, ani-
mal studies and studies on human subjects have demon-
strated that specific REM deprivation impairs fear extinction
consolidation [46, 47], see Fig. 19.2. Moreover, theta coher-
ence in REM sleep predicted subsequent fear expression at
recall of conditioning in rodents [48], whereas pontine wave
quality in REM sleep in rodents was highly correlated with
subsequent extinction memory recall [49]. This makes REM
sleep, characterized by theta oscillations and pontine waves
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Fig.19.2 Relevance of REM sleep deprivation for fear extinction con-
solidation. (a) In rats, REM sleep deprivation (RSD) immediately after
extinction learning (0—6 h, red arrow) impaired extinction consolida-
tion manifest in increased freezing to light stimuli that acted as the
extinguished stimulus. This was not seen in the control group (C), and
REM sleep deprivation later after extinction learning (6—12 h, orange
arrow, different groups) did not have the same effects (From Fu et al.
[46], reproduced with kind permission from Elsevier). (b) A whole
night of REM sleep deprivation (blue arrows) in young human subjects

(or the human equivalents), relevant for plasticity [50], an
important brain state for PTSD.

Quantitative EEG and Neuroimaging in PTSD
Patients

The reduction in delta sleep and increase in REM density
(and the tendency for REM fragmentation) in PTSD patients
are in accord with heightened arousal during sleep; however
quantitative EEG findings have not been unequivocal in this
regard. High-frequency beta (16-30 Hz) and gamma
(>40 Hz) can be taken as indices of central arousal [51], but
the handful studies conducted on this topic have shown con-
flicting results, varying from increased to decreased beta and
increased to decreased delta (for a review, see [2]).
Quantitative EEG may not be optimal to evaluate group dif-
ferences due to either an increased amount of artifacts (e.g.,

Extinction Trial Block Recall Trial Block

specifically affected the consolidation of the extinguished stimulus in
the REM sleep deprivation (REMD) group, but not of the safety stimu-
lus (or the unextinguished stimulus — not depicted). Note that the trials
per task were a priori binned into blocks to reduce analysis flexibility
and that a group X time interaction over all blocks had a trend for sig-
nificance in this small pilot study, suggesting rather large effect sizes
(From Spoormaker et al. [47], reproduced with kind permission from
John Wiley and Sons)

different EMG tone in PTSD) or to the fact that differences
may be more subcortically pronounced. Moreover, arousals
may not constitute a single entity with a well-defined neural
pathway; intracranial work in epileptic patients has shown
that the neural correlates of arousals widely differ dependent
on sleep stage and whether they were spontaneous or noci-
ceptive induced [52]. The thalamus showed more stereotypi-
cal responses, but these were related to different patterns of
cortical arousals [52].

Other neuroimaging approaches may also be helpful to
characterize sleep and understand the neurobiology of REM
disruptions in sleep in PTSD patients. In a pilot study
employing positron-emission tomography, Ebdlahad et al.
observed widespread activity increases in REM sleep in
PTSD patients compared to depressed patients, among oth-
ers, in thalamus, limbic, and paralimbic circuitry [53]. In
wakefulness, depressed patients showed increased metabo-
lism in several subcortical and (para)limbic regions.
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Interestingly, the dorsal anterior cingulate was increased dur-
ing both wakefulness and REM sleep in PTSD compared to
depressed patients [53]. In a small proof-of-concept study,
we showed that EEG/fMRI data of subjects falling asleep
were also feasible to acquire PTSD patients (N = 6 in both
the PTSD group and in the trauma-exposed control group),
with extra care to be taken for EEG data quality given a
seemingly high number of arousals and EMG events in both
groups (Vermetten, van Liempt et al. unpublished data).

Conclusion

Objective readouts are converging that in PTSD, both sleep
and wakefulness are characterized by heightened arousal.
Sleep characteristics of PTSD are reduced SWS and
increased stage 1 sleep and REM density, whereas reduced
attention, increased distractibility, and reduced information
processing speed may well reflect heightened arousal during
wakefulness. Animal and human models of PTSD employ-
ing fear extinction have revealed that REM sleep causally
affects the ability to consolidate extinction, suggesting that
disturbed sleep through increased arousal may play a causal
role in the development or maintenance of PTSD. Future
work should focus on advanced neuroimaging methodology
to more closely examine the effects of noradrenalin and
imbalances in subcortical circuitry on sleep and arousal in
PTSD.
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