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Abstract

Stress-induced alterations in sleep have been linked to the development of
post-traumatic stress disorder (PTSD), and sleep complaints and disturbances
in arousal are continuing symptoms in patients. PTSD-related changes in sleep
have not been fully characterized but appear to involve persistent disturbances in
both rapid eye movement (REM) and non-REM (NREM). Intense conditioned
fear training, which may model PTSD in rodents, can produce reductions in
REM without recovery as well as significant alterations in NREM that may vary
with mouse and rat strains. These variants of conditioned fear paradigms and
strain differences have not been fully exploited, but they appear to hold promise
for modeling responses to stress that may provide insight into the role sleep
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plays in the neurobiology of PTSD. The amygdala and corticotropin-releasing
hormone (CRH) play significant roles in regulating the stress response and have
been implicated in PTSD. Recent work suggests that the amygdala and CRH
may also play roles in regulating stress-induced changes in arousal and sleep.
This chapter reviews the effects of stress on sleep with a specific emphasis on
factors that may be important in modeling PTSD.

Key Words: Amygdala, conditioned fear, non-rapid eye movement sleep,
rapid eye movement sleep, sleep, stress.

INTRODUCTION

Stress can have a significant, long-lasting negative impact on health (7), and
severe stress has been linked to the genesis of post-traumatic stress disorder
(PTSD) and other anxiety and mood disorders. However, stressors are com-
monly encountered in daily life without producing permanent or pathological
changes. Even the traumatic life events that can give rise to PTSD do so in only
a percentage of the population (2,3), whereas the majority may cope with simi-
lar situations with only transitory effects. The difference between successful and
unsuccessful coping with stress and whether it has transitory or lasting effects
can vary with characteristics of the stressful event, including its duration, inten-
sity (4), predictability (5), and controllability (6). The effects also may involve
individual differences in resilience and vulnerability to stressful events (7).

Stress-related conditioning processes are thought to play significant roles
in the development of anxiety disorders (8,9) and thus provide a significant
pathway by which traumatic events can produce lasting changes in behavior.
Specifically, fear conditioning is thought to play a significant role in the devel-
opment of PTSD (10,11). However, it is important to note that conditioned fear
also can underlie adaptive behavior that typically is extinguished when the fear-
inducing situation is removed. Fear “extinction” is considered a type of new
learning that inhibits subsequent fear without erasing the original memory for
fear conditioning (/2). It is the failure of extinction that has been linked to per-
sisting symptoms of PTSD (73).

Stress also has an impact on sleep, and traumatic life events virtually always
produce at least temporary sleep disturbances that may include insomnia or sub-
jective sleep problems (/4). The persistence of sleep disturbances after a traumatic
event may be predictive of future development of emotional and physical disor-
ders (14). Sleep disturbances are also a core feature of PTSD, and insomnia is
the most common grievance (/5). PTSD also is characterized by disturbed REM,
hypervigilance to unfamiliar stimuli, and stereotypical anxiety dreams (/6,17).
These factors suggest that disturbed sleep may be involved in the development of
PTSD as well as being one of its persisting symptoms, and that determining how
the sleep and arousal system are impacted by stressful events could lead to new
avenues for understanding and treating stress-related disorders, including PTSD.

Our work over the last several years has focused on examining the effects
of stress on sleep using a variety of stress paradigms but primarily aimed at
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understanding the effects of stress-related learning and stressful memories on
sleep using variations of conditioned fear and other stress-motivated paradigms.
We have also examined the role of the amygdala, a region strongly implicated
in the regulation of stress and in PTSD, in regulating spontaneous and stress-
induced alterations in arousal and sleep. In this chapter, we provide a general
overview of the relationship between stress and sleep and its regulation by the
amygdala, with a primary focus on our work and that of others examining the
effects of fear conditioning on sleep. However, the relationship between stress
and sleep as they relate to PTSD and other stress-related disorders is a sig-
nificantly understudied problem, and current work, including our own, has a
number of weaknesses in adequately modeling the effects of stress on sleep as it
relates to the development of stress-related disorders. These are also discussed.

SLEEP DISTURBANCES IN POST-TRAUMATIC
STRESS DISORDER

The nature of the sleep disturbance in patients with PTSD has been reviewed
(16,17), and we only briefly address the topic here. Much of the work on sleep
disturbances in PTSD has focused on REM, and some early polysomnographic
studies reported a heightened tendency to enter and remain in REM in patients
with PTSD. Among these studies, Greenberg, Pearlman, and Gampel (/8)
reported shortened REM latency (time from sleep onset to the first REM period)
and increased REM density (number of rapid eye movements/total REM time)
in Vietnam veterans with “war neurosis,” and van der Kolk, Blitz, Burr, Sherry,
and Hartmann reported increased REM percentage (total REM time/total sleep
time) in a group of elderly ex-prisoners of war with PTSD (79). Other early
studies reported reduced REM in PTSD (e.g., 20).

Ross et al. (21,22) found abnormalities in the internal structure of REM
rather than in the amount of REM in patients with combat-related PTSD. Tonic
REM measures, indications of physiological processes that occur continuously
throughout an REM period, showed internight variability and did not reliably
discriminate PTSD patients from normal control subjects. However, measures
of REM phasic events, exemplified by REM density, were elevated in PTSD
compared to control subjects on the adaptation night and on two subsequent
recording nights. Other researchers (e.g., 23,24) have observed increased REM
density in PTSD patients; however, increased REM density was also found in
patients with both PTSD and major depression and with depression alone com-
pared to healthy controls.

Mellman et al. (25,26) have made the point that studies conducted months,
years, or even decades after the traumatic event may be influenced by factors
not related to the development of PTSD, and few studies have examined sleep
in the initial stages of PTSD. One early polysomnographic study (20) of three
patients hospitalized for “acute combat fatigue” reported that sleep was reduced in
duration and consisted primarily of stage 2 sleep with an absence of stage 4 sleep.
REM episodes were described as “rare and short.” The electromyograph (EMG)
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was reported as usually high, with numerous body movements and bursts of
tachycardia occurring during the night. However, even this study was poten-
tially influenced by other factors as the patients had experienced chronic partial
sleep deprivation before they experienced a breakdown prior to the sleep studies
being conducted (20).

Mellman and his colleagues (25,26) conducted more extensive polysom-
nographic studies within a month of the traumatic experience. These studies
generally found a more fragmented pattern of REM characterized by shorter
average duration REM episodes before shifting stage or awakening in PTSD
patients compared to patients without PTSD and a nontraumatized comparison
group. There was also a greater number of REM sleep episodes in the PTSD
patients than in patients who experienced trauma without developing PTSD.
These findings led Mellman et al. to speculate that intact REM may perform an
adaptive function in aiding in the processing of the memory for trauma. We also
have suggested that REM may play an adaptive function in recovery from stress
in our work with animals (27).

The findings of changes in NREM in PTSD have also been emphasized. Spe-
cifically, both visually scored delta sleep and electroencephalographic (EEG)
delta amplitude are reduced in patients with PTSD (reviewed in /6). Neylan,
Otte, Yehuda, and Marmar (/6) suggested that the changes in NREM and delta
may involve persistent increases in corticotropin-releasing hormone (CRH)
activity coupled with either enhanced negative feedback or downregulated CRH
receptors. Taken together, the studies on sleep in PTSD patients suggest that
that it will be important to determine alterations in REM and NREM as well as
microarchitectural changes in each state to fully understand the changes in sleep
that occur after traumatic stress.

EFFECTS OF STRESS ON SLEEP IN ANIMALS

Animal experiments have repeatedly demonstrated that stressful experiences
during wakefulness can have a significant impact on subsequent sleep. Sleep has
been recorded after a great number of stressors, including avoidable foot shock
(28), restraint (29,30), water maze (31), exposure to novel objects (32), open field
(33,34), ether exposure (35), cage change (33,34), and social stress (36). This
work provides descriptive data of the effects of a variety of stressors on sleep and
demonstrates that the extent of the changes in arousal and sleep varies with the
type and intensity of stressor that is used. Exposure to these stressors typically
induces a stress-induced period of arousal (37) followed by subsequent rebound
sleep (increases in REM or NREM) that occur at various latencies after the stres-
sor is removed. REM appears to be particularly susceptible to the effects of stress,
and an initial decrease in REM is observed in response to all stressors (presented
in the light-on sleep period) of which we are aware.

While there are many unanswered questions regarding the relationship
between sleep and the development of PTSD in humans, the rebound REM or
NREM found after various stressors is not consistent with the decreased REM
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and decreased delta sleep reported in PTSD patients after the initial traumatic
stressor is no longer experienced. The rebound sleep also occurs in response to
relatively mild stressors that animals may experience repeatedly, thus suggesting
that this sleep response to a stressor is not indicative of developing pathology.
An example of a repeated mild stressor is the routine cage changes that experi-
mental animals experience as part of normal husbandry and that produce sig-
nificant alterations in their sleeping and living environments. The stress induced
by cage change may be related to fear and novelty (38), a view supported by
behavioral and physiological observations, including increased rearing and
grooming, increased exploratory behavior, and increased heart rate and blood
pressure in rats after a cage change (38). These responses are consistent with
recurring cage changes in animals on weekly change schedules, suggesting that
the animals do not habituate over time (38).

Another example of a mild stressor is open-field exposure, which is thought
to produce anxiety and an opportunity for exploration. Sleep after exposure to
an open field also is characterized by an initial decrease followed by an increase
in REM (33). We showed that the increases in REM are positively correlated to
the amount of exploration in the open field in mice (33), which we have sug-
gested may reflect an adaptive process of small rodents as they cope with poten-
tial challenges posed by a new environment (33). Thus, poststress increases in
REM and sleep, in general, may play a positive functional role in responses to
stressors that are experienced during wakefulness.

STRESS, SLEEP, AND THE DEVELOPMENT OF PTSD

The preceding discussion reveals some of the more significant problems in
studying the effects of stress on sleep in animals with respect to modeling the
development of PTSD. That is, there is a paucity of data describing the immedi-
ate and short-term effects of traumatic stress on sleep in humans, and the rela-
tionship of sleep disturbances to the development of PTSD is not fully known.
It is also not known whether the initial stress-induced alterations in sleep are
the same as those that occur in later stages of PTSD or how they may be modi-
fied over time by subsequent life experiences. In addition, work in animals has
generally focused on acute stress manipulations and their immediate effects on
sleep. Potential longer-term changes in sleep and their relationship to behaviors
indicative of PTSD have received much less attention. These factors suggest
that refinement is needed in the way that stress and sleep are studied if success-
ful models are to be developed.

Stressors may be defined as stimuli that disrupt homeostasis (39), whereas
the stress response is an attempt by the organism to restore homeostasis (37). In
areview, Yehuda and LeDoux (2) emphasized that understanding the neurobiol-
ogy of PTSD will require examining “atypical” responses to stress as well as
determining individual differences in pre- and post-traumatic risk factors related
to the genesis of PTSD and to the failure to restore physiological homeostasis.
Obvious corollaries of these requirements are the need to understand normal
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responses to stressors as well as how the stress response may normally vary
among individuals in order to identify those that are atypical.

We have suggested that the subsequent increases in sleep after many stressors
may reflect restoration of homeostasis as the stress response follows its normal
course (27). If this hypothesis is true, identifying either stressful situations or
individual responses to those situations characterized by lack of recovery REM
and abnormal changes in NREM compared to those reported after many stres-
sors may reflect the failure of the stress response to restore homeostasis and
may thus be a factor in the development of pathology. This also would be con-
sistent with findings of decreased REM (20,25,26) and abnormalities in NREM
(16) in PTSD patients.

Genetic differences are an important factor in the development of stress-
related pathology as approximately 20-30% of individuals who experience
traumatic events may develop PTSD, whereas others do not appear to suffer
significant long-lasting effects (3,40). A few attempts to develop animal models
that better represent individual differences in clinical populations have included
selecting low and high responders to stressors in outbred rat strains (3,417).
Examining individual differences has not often been considered in animal stud-
ies of stress and sleep or of sleep in general (42). An approach we have taken is
to compare inbred strains, which are genetically identical within strain but that
vary genetically and phenotypically across strain, to identify animals that vary
in level of responsiveness to conditioned fear and other stressors. Our work in
mice and rats has demonstrated that strains that exhibited greater anxiety-like
behaviors in response to challenges in wakefulness exhibited correspondingly
greater and longer duration alterations in sleep after training with inescapable
shock and after fearful cues (43) and contexts (44). In general, more “anx-
ious” mouse strains also showed greater decreases in sleep in situations with
unlearned responses, including after exposure to an open field (33), after cage
change, and after novel objects placed in the home cage (32). These findings
led us to suggest that mouse strains that have greater emotional responses when
faced with various types of environmental challenges also have greater reduc-
tions in subsequent sleep (32,33).

The following section describes work examining the effects of conditioned
fear on sleep and some variants of the paradigm that show promise for produc-
ing alterations in sleep that differ from those seen with many of the stressors
that have been examined.

CONDITIONED FEAR AND ALTERATIONS IN SLEEP

The conditioned fear paradigm is a classical conditioning procedure in which
an association is formed between an explicit neutral stimulus (generally a light
or auditory stimulus) or situational context and an aversive stimulus (usually foot
shock). In typical experiments, the light or auditory stimulus serves as an initially
emotionally neutral conditioned stimulus (CS) and the foot shock as an aversive
unconditioned stimulus (US). Through pairing of the CS and US, an association
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is made, resulting in the previously neutral CS having fear-inducing qualities
similar to those of the US and producing similar physiologic outcomes. Stud-
ies on conditioned fear have typically measured immediate responses to fearful
cues or contexts or their effects on modifying responses to other stimuli. Thus,
responses such as behavioral freezing (absence of all movement except respira-
tion) (e.g., 45) and fear-potentiated startle amplitude are well established, as
are the effects on a variety of physiological signals indicative of fear (reviewed
in 46). The resemblance of the behavioral effects of fear conditioning to the
symptoms of anxiety and other affective disorders has led to fear conditioning
being an important model for examining how stressful and fearful memories
can have an impact on behavior, and it is of particular interest as a factor in the
development of anxiety disorders, including PTSD (17,6)

The effects of fear conditioning on sleep have received attention only in the
last few years. A few studies have examined the relationship between condi-
tioned fear and sleep, with the goal of understanding the potential role of sleep
in fear memory consolidation. These studies have typically used training proce-
dures with single, or at most a few, tone-shock or context-shock pairings as this
type of paradigm may be more conducive to studies of memory consolidation
(47). For example, with a single-shock presentation procedure, Graves, Heller,
Pack, and Abel (47) found that total sleep deprivation performed by a gentle
handling procedure impaired memory consolidation for contextual fear when
sleep was deprived from O to 5 h after training but had no effect when sleep was
deprived from 5 to 10 h after training. Cued fear was not altered by sleep dep-
rivation in either time window. More recently, Hellman and Abel (48) found
that NREM was increased by approximately 1 h over the 24 h after training in
fear-conditioned mice compared to those exposed to conditioning stimuli with-
out shock or to an immediate shock treatment that did not produce conditioned
fear. In addition, mice experiencing conditioning stimuli alone had more delta
power during NREM, whereas those receiving fear conditioning had less
theta power during REM. An important point made by Hellman and Abel is
that even a single trial of conditioned fear can produce alterations in sleep and
EEG spectra that can persist for up to 24 h, whereas the behavioral effects (e.g.,
freezing) are much more transitory.

The studies described above suggested that sleep plays a role in the con-
solidation of fear memory. As conditioned fear typically extinguishes when the
fear-inducing situation is removed, it is unlikely that brief, stressful experiences
will produce the lasting changes necessary for the development of persisting
changes in behavior. Indeed, the studies described above used training proce-
dures with mild or brief foot shock stress and induced fear responses that typi-
cally are readily extinguishable with reexposure to the CS without reoccurrence
of the US. By comparison, our own work is aimed at modeling and understand-
ing how stress-related learning and memories can lead to persistent changes in
behavior that are resistant to extinction and the potential role that stress-induced
alterations in sleep play in those changes. As such, we have used training pro-
cedures with multiple-shock presentations and are beginning to examine the
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role of other stress parameters such as shock intensity and controllability in
the persisting effects of stress. Thus, a distinction should be made between the
procedures used in studies examining the relationship between sleep and fear
memory consolidation and the procedures of studies aimed at understanding
the lasting effects of traumatic stressors for which the memories are resistant
to extinction.

The models we use have similarities to learned helplessness in that mice
or rats are placed in a situation in which they repeatedly receive inescapable
foot shock and cannot learn an adaptive response. In learned helplessness, rats
exposed to inescapable foot shock later fail to learn an escape response in a situ-
ation for which their actions could let them avoid foot shock (reviewed in 49).
These rats also may respond more anxiously in behavioral anxiety tests, and
they may have greater responses to drugs of abuse. The training portion of the
paradigm we use is essentially identical to training in learned helplessness with
the difference that we usually do not test for performance on other tests. Instead,
the animal is “reminded” of the shock situation in a manner similar to testing
in cued or contextual fear; most importantly, we record the EEG and EMG as
well as other physiological indicators across conditions. This gives a continual
readout of changes in the animal’s behavioral state after experiencing the stres-
sor. This continual readout in the form of sleep and wake states and EEG spectra
provides indicators of the longer-term effects of stress that may reflect the suc-
cessful or unsuccessful resolution of the stress response and could ultimately
provide predictors for changes in sleep involved in the development of PTSD.

Adrien, Dugovic, and Martin (50) provided the first report, of which we are
aware, that examined the effects of learned helplessness training on sleep. In their
study, rats were presented with 60 inescapable foot shocks of relatively high inten-
sity (0.8 mA) and duration (15 s) over the course of 1 h. Compared to handling
control rats that experienced the shock chamber without receiving foot shock, rats
trained with inescapable shock showed greater REM latency, and during the first 3
h after training, shock-trained rats also showed reduced REM and increased light
NREM compared to the control group and their own baseline sleep. Afterward,
REM returned to control amounts, but no REM rebound was observed in record-
ings that night or the following day. Light NREM also was enhanced over the dark
period recordings. This suggests that this paradigm results in significant differ-
ences in poststress sleep compared to most stressors described in the literature.

Our work with multitrial shock training procedures also has found signifi-
cant posttraining alterations in sleep architecture in mice (43,44) and rats (27),
although to date we have typically used less-intense shock of shorter duration.
The most important outcome of this work has been the demonstration that
cues and contexts associated with the foot shock can produce changes in sleep
that are directionally similar to those produced when foot shock is presented.
Thus, fear-conditioned stimuli (reminders of the shock) can produce significant
changes in sleep similar to those when the foot shock stressor was presented
just as they can produce the more immediate signs of fear that have been amply
demonstrated.
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In mice, multiple-shock training trials in both cued (43) and contextual (44)
fear produced significant reductions in REM that can occur without recovery,
and similar reductions without recovery can be seen with subsequent presenta-
tion of the fearful cue and fearful context. Hourly plots of NREM and REM
amounts demonstrating this effect for cued fear in BALB/cJ mice are provided
in (Fig. 1) Across studies, changes in NREM have been more variable, with
some strains showing increases and some showing overall decreases compared
to handling controls. Unfortunately, the EEG spectra across studies and strains
have not been fully characterized, although there is some evidence that delta
amplitude may vary as well, and we have found that NREM delta was rela-
tively less in mice that showed greater reductions in REM (5/). By comparison,
NREM delta has been reported to be increased in rats after social stress (36) and
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Fig. 1. Non-rapid eye movement (NREM) and rapid eye movement (REM) sleep in
BALB/c] mice (n = 8) plotted hourly after shock training (left panels) and after the
presentation of an auditory fearful cue (right panels) compared to baseline. For train-
ing, the mice received 15 tone-shock pairings (90-dB, 4.0-kHz, 5-s tone; 0.2-mA shock
presented during the last 0.5 s). Testing with the fearful cue alone occurred 5 full days
after shock training, and it was presented to the mice as they were otherwise undisturbed
in their home cages. Note that 10 h of light period sleep were presented for the shock
training day and 8 h of light period sleep were presented for the cue day due to a time
difference between training and testing. Horizontal bar on the X-axis indicates the dark
period. Base baseline, ST shock training, CUE fearful cue. Values are mean hourly total
+ SEM, *p < .05 compared to baseline. (Adapted from Ref. 53)
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after stress induced by a simulated predator (52). The decrease in delta sleep in
patients with PTSD (reviewed in /6) suggests that it is important to determine
stress-induced alterations in NREM as well as those in REM to understand the
role sleep may play in the long-term effects of a traumatic event.

The amount of training may also be an important factor as there appears to
be a graded response in poststress sleep with greater or lesser numbers of pair-
ings. For example, we found that the initial presentation of fearful cues after 4
days of training produced an 85% and a 55% reduction in REM and NREM,
respectively, in the hour immediately after presentation (43). By comparison,
the presentation of a fearful cue after a single day of training produced a 34%
and a 19% reduction in REM and NREM, respectively, in the hour immedi-
ately after presentation (53). In contrast, REM and NREM mice trained with a
single cue-shock pairing did not significantly differ from baseline levels after
presentation of the cue. These differences also suggest variations in the relative
strength of the association that was made between the cue and the shock across
different amounts of training.

We have not fully replicated Adrien et al.’s (50) findings in rats; however, we
have found reduced REM without rebound after multitrial training with a mild
shock and reexposure to the fearful context (see Fig. 2), although there were dif-
ferences among rat strains that may be related to differences in emotional reactivity
as well as to differences in the stress axis (27). We have also found reductions in
NREM after shock training and fearful contexts in some strains and not in others.
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10- REM

Minutes
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1234567 891011121314151617181920 1234567 891011121314151617 181920
Hour

Fig. 2. Non-rapid eye movement (NREM) (left panel) and rapid eye movement (REM)
(right panel) in Wistar rats (n = 8) plotted hourly after a handling and nonfearful, con-
text control condition (Ctrl), after shock training (ST), and after reexposure to the shock
training context without shock (context). For training, the rats were presented with 20
foot shocks (0.2 mA, 0.5-s duration) at 1.0-min intervals over the course of 20 min on
two separate days (day 2 of training is plotted). For testing, they were placed back into
the shock context for an equivalent period without receiving shock. Horizontal bar on
the X-axis indicates the dark period. Values are mean + SEM. S and C above the Ctrl line
indicate significant differences compared for ST and Context, respectively. (Adapted
from Ref. 27)
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Unfortunately, no one has conducted a full study of EEG spectra across rat strains
and with different types of shock paradigms. Thus, while NREM amounts can
be variable across studies, it remains to be seen whether there are differences in
light and deep NREM or changes in EEG spectra in specific types of training
paradigms that covary with the persistence of fearful behaviors.

Morrison, Ross, and their colleagues (/1,54,55) have focused primarily on
the changes in REM that occur within the first 4 h after relatively mild fear
training and subsequent presentation of fearful cues or contexts. These studies
have also examined the recordings for the relative occurrence of sequential
(<3 min between) and single (>3 min between) REM episodes based on find-
ings that stressors like thermal load (56) and immobilization stress (30) have
differential effects on sequential and single-REM episodes. In a study of cued
fear, these authors (/1) reported that the decrease in REM after presentation of
the fearful cue was due to fewer single-REM episodes, whereas rats trained with
an unpaired cue showed an increase in REM characterized by an increase in the
number of sequential REM episodes. In a more recent study (55), they reported
reduced sequential REM and increased single-REM episodes after presenting
fear-inducing cues on day 14 after shock training. They also found signifi-
cantly increased myoclonic twitches during REM, an important finding because
increased phasic muscle activity during REM has been reported in veterans with
PTSD (21,24). These studies indicate that determining simple changes in REM
amounts will not be sufficient to fully understand the effects of stressors. It also
remains to be determined how these conditioned changes in REM compare to
those induced by other stressors.

Learning is often associated with increases in REM (57), and one might have
predicted increased REM following fear conditioning. Rats (57) and mice (58)
do exhibit increased REM (and rats also have more clusters of ponto-geniculo-
occipital (PGO) waves, a signature characteristic of REM (57)) at various laten-
cies after shock avoidance training in a shuttlebox. In the avoidance paradigm,
animals are signaled of imminent shock and can learn to jump to safety without
shock ever being delivered. The increases in REM have typically been viewed
in the context of learning and interpreted as indicating a role for REM in mem-
ory consolidation. However, performance in this paradigm is motivated by foot
shock and could involve significant stress.

While the reason for the difference between the two training procedures is
unknown, the clearest difference is that shuttlebox training allows the animal
to learn to avoid shock, whereas in fear conditioning the foot shock is ines-
capable. The fact that animals can learn to avoid shock in shuttlebox training
implies that the animals have some control over the situation. By comparison,
in fear conditioning, the animal has no control over whether it receives shock,
although its occurrence may be predictable. Thus, there are significant differ-
ences in sleep after uncontrollable shock compared to after controllable shock,
suggesting that understanding these differences may provide clues regarding
the role poststress sleep may play in deterring or promoting the development of
stress-related pathology. Intensity (4), predictability (5), and controllability (6)
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are important factors in the influence of stressors on behavior and physiology,
and stressor intensity (4) and lack of controllability (6) have been suggested to
be factors in the development of PTSD.

While the research on conditioned fear and sleep is not yet conclusive, work
to date suggests that variations of this paradigm may provide models that have
significant parallels to sleep in the development of PTSD as well as in the per-
sisting alterations in sleep and arousal and may provide models that lead to better
understanding of the underlying neurobiology. This work is also consistent with
the suggestion of Yehuda and LeDoux (2) that understanding the neurobiology
of PTSD will require identifying and characterizing atypical responses to stressors.
This will likely require determining the relevant stressor qualities as well as
determining individual differences in stress-induced changes in sleep that
predict long-term changes in behavior in either inbred or outbred animals.

FEAR EXTINCTION AND SLEEP

Conditioned fear responses produced by fearful cues and contexts can typically
be blocked through extended presentations of either type of stimuli without the reoc-
currence of foot shock. This fear extinction is considered a type of new learning
that inhibits subsequent fear without erasing the original memory for fear condition-
ing (12). The failure of extinction is thought to be a significant factor in persisting
fear responses and anxiety (/3), and extinction based therapy is used to treat PTSD
patients (59). However, even though sleep disturbances are a significant complaint in
PTSD, and several studies have demonstrated the effects of conditioned fear on sleep
in animals, the relationship of fear extinction to subsequent sleep is not yet known.

Silvestri (60) trained rats for cued fear conditioning with light-shock pairings
followed by 6 h of REM deprivation produced by the inverted flowerpot method.
On extinction trials when the light alone was presented, compared to controls,
REM-deprived rats showed greater overall freezing and less decrease in freez-
ing across presentations of the light. The groups did not differ in freezing on
a second session when the light alone was presented. No significant difference
was found between REM-deprived and control rats in extinction to contextual
fear. By comparison, Fu et al. (67) trained rats using an auditory cue to signal
shock and found that 6 h of REM deprivation immediately after training did not
alter extinction learning compared to control rats; however, REM-deprived rats
did show greater spontaneous recovery of freezing on a second day with pres-
entation of the fearful cue alone. REM deprivation performed from 7 to 12 h
after shock training had no significant effects. There are a number of procedural
differences in the studies that may be linked to relative differences in results in
these two studies. However, both studies found effects for extinction of cued
fear, and neither found that REM deprivation significantly altered contextual
fear extinction learning or spontaneous recovery of freezing on a second day of
testing (60,61). A limitation of these studies is that they were conducted without
recording sleep and thus do not provide information regarding the relationship
between electrophysiologically determined sleep and extinction.
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We completed the first study that we are aware of to determine whether fear
extinction is followed by different patterns of sleep compared to those after
continued fear (62). We trained two groups of rats in contextual fear using a foot
shock stressor and then reexposed both groups to the fearful context alone. One
group was removed from the context before extinction occurred, and the other
was allowed to remain in the fearful context until behavioral signs of fear (freez-
ing) had completely subsided. This allowed comparison of sleep in rats with
extinguished fear behavior to that in rats that continued to show fear. We also
examined both groups for similarities and differences in freezing during shock
training and on reexposure to the context. Figure 3 demonstrates increased sleep
(both NREM and REM) following extinction to levels indicative of normal
sleep, whereas rats that continued to show freezing in the fearful context exhib-
ited reductions in REM similar to those previously reported (/1,27). All rats
experienced the same stressor; afterward, all were returned to the safety of their
home cages. Animals that experienced identical handling and time in the con-
text compared to the rats that exhibited continued fear or extinguished fear but
never received shock sleep did not show significant differences in sleep. Thus,
rats that were allowed to extinguish fear in the shock context showed different
sleep than those that continued to show fear in the shock chamber, even though
all were returned to the safety of their home cage. These data complement find-
ings demonstrating fear-conditioned alterations in sleep and further suggest that
poststress sleep is an important reflection of how the fear was processed. While
this issue has not been examined in humans, these data also suggest that expo-
sure therapy in PTSD patients may not only decrease their behavioral symptoms
but also could play a role in alleviating their sleep disturbances as well (62).

ROLE OF THE AMYGDALA IN MODULATING
THE EFFECTS OF STRESS ON SLEEP

The role of the amygdala in identifying aversive stimuli, mediating condi-
tioned fear responses, and storing fearful memories has long been recognized
(46,63). The amygdala also is a critical region for mediating the effects of stress,
and it has been implicated in the psychopathology of PTSD (64). Several lines
of research demonstrate that the amygdala plays a significant role in regulating
sleep and arousal, and it is likely to play a role in regulating changes in arousal
induced by stress.

The majority of research on the role of the amygdala in regulating sleep has
been focused on its influence on REM; however, a number of studies indicated
that the amygdala may be able to influence all sleep-wakefulness states. Evidence
also indicates that inhibition of the central nucleus of the amygdala (CNA) sup-
presses REM, and that activation of CNA can promote REM in some situations.
Functional inactivation of CNA with microinjections of the y-aminobutyric acid
A (GABA,) agonist muscimol produces a relatively selective decrease in REM,
whereas blocking GABA-ergic inhibition with the GABA, antagonist bicuc-
ulline enhances REM. Functional lesions of the CNA by tetrodotoxin (TTX),
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Fig. 3. Comparison of non-rapid eye movement (NREM) and rapid eye movement
(REM) sleep recorded in Wistar rats after exposure to a fearful context without fear
extinction (fop panels) as indicated by continued freezing and with fear extinction (bot-
tom panels) as indicated by cessation of freezing. NREM and REM sleep are plotted in
two 4-h blocks (BI and B2) and the entire 8-h light period (LIGHT). BL baseline sleep,
ST shock training, FR (n = 7) 30-min context reexposure that did not produce extinc-
tion, EXT (n = 7) 60-min context reexposure that did produce extinction, R retest of
both with a second fearful context exposure. For training, the rats were presented with
20 foot shocks (0.8 mA, 0.5-s duration) at 1.0-min intervals on a single day. Values are
mean + SEM. Differences relative to BL: +, p <.05; differences relative to ST: *, p < .05.
(Adapted from Ref. 62)

which inactivates both cell bodies and fibers of passage, also decrease REM and
reduce arousal (65). The decrease in REM can occur without recovery (see
Fig. 4), a finding also seen with training with inescapable shock and fearful
cues and contexts. In addition, putative inhibition of CNA by microinjections
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Fig. 4. Non-rapid eye movement (NREM) (left panel) and rapid eye movement (REM)
(right panel) sleep in Wistar rats (n = 9) plotted hourly after microinjection of saline
(SAL: 0.2 pL) and tetrodotoxin (77X; 5.0 ng/0.2 uL) bilaterally into the central nucleus
of the amygdala. Horizontal bar under X-axis indicates dark period. Error bars indicate
SEM. *, p < .05 differences between SAL and TTX. (Adapted from Ref. 65)

of serotonin terminate ongoing REM episodes (66), and electrical stimulation
of the serotonergic dorsal raphé nucleus inhibits REM-on neurons in CNA (11).
By comparison, electrical stimulation of CNA promotes REM in rats (67). In
cats, microinjections of vasoactive intestinal peptide (68) and the cholinergic
agonist carbachol (68) into CNA and basal amygdaloid nuclei can increase
REM and related phenomena, although acetylcholine appears to play a role in
reducing REM in rats (69).

Some of the effect of TTX may involve blocking fibers from the basal amy-
gdala (BA) that pass through CNA to the bed nucleus of the stria terminalis
(63). TTX inactivation of CNA, including fibers of passage, prior to dark onset
shortened sleep latency, increased NREM time, decreased REM time, and
decreased activity in rats (70). The effects of TTX inactivation on dark period
sleep amounts are shown in Fig. 5. The involvement of BA also is suggested by
reports that bilateral electrolytic and chemical lesions of the basolateral amy-
gdala (BLA) increase NREM and total sleep time in rats (7/) and that bilateral
chemical lesions of the amygdala produce more consolidated sleep in chair-
restrained Rhesus monkeys (72). In contrast, electrical and chemical stimula-
tion of the BLA increased low-voltage, high-frequency activity in the cortical
EEG and decreased NREM and total sleep time, respectively (7). An early
study reported that electrical stimulation of the dorsal and ventral regions of
BLA desynchronized and synchronized the EEG, respectively (73).

The human PTSD literature generally considers the amygdala as a single
structure whose activation is important in PTSD symptoms. Indeed, neuroimag-
ing studies have reported increased activation in the amygdala of PTSD patients
in response to threat stimuli compared to nontrauma controls and trauma-
exposed people who did not develop PTSD (reviewed in 74). However activation
of the amygdala has also been found in association with REM in humans (e.g., 75).
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Fig. 5. Dark period non-rapid eye movement (NREM) (left panel) and rapid eye move-
ment (REM) (right panel) sleep in Wistar rats (n = 8) plotted in 2-h intervals after micro-
injections of saline (SAL: 0.2 uL) and two volumes of tetrodotoxin (77XL: 2.5 ng/0.1
uL; TTXH: 5.0 ng/0.2 pL) to the central nucleus of the amygdala. Error bars indicate
SEM. L and H indicate significant differences for TTXL and TTXH, respectively, com-
pared to SAL (Tukey test, p < .05). (Adapted from Ref. 70)

This suggests a refinement is needed regarding how the amygdala is viewed in
regulating arousal state. This may be found in animal work that indicates that
regions of the amygdala may be differentially involved in modulating different
sleep states. For example, consistent with microinjection data, training with
inescapable shock produced increased Fos activation in several regions of the
amygdala (e.g., medial amygdala, cortical amygdala, BA, lateral amygdala, and
amygdalostriatal transition region), but not in CNA (76), where muscimol and
TTX microinjections decreased REM. This suggests that the probable role of
the amygdala in influencing poststress sleep may involve differential activation
and inactivation in various nuclei, and that multiple regions of the amygdala can
be activated at the same time that REM is reduced.

CRH, STRESS, AND ALTERATIONS IN SLEEP

CRH has a major role in mediating central nervous system as well behavio-
ral, autonomic, and physiological responses to stressors (77). It thus has been of
significant interest as a factor in anxiety and mood disorders. Elevated levels of
CRH have been found in the cerebrospinal fluid (78) and plasma (79) of PTSD
patients, and elevated CRH has been hypothesized to play a role in the reduced
delta sleep found in patients with PTSD (/6).

Also, CRH has been implicated in stress-induced alterations in sleep, partic-
ularly in the control of REM (80). For example, administration of CRH antago-
nists have been reported to eliminate REM rebound after immobilization stress
(80) and to decrease REM rebound after sleep deprivation (29). In the absence
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of stressors, CRH may contribute to the regulation of spontaneous waking (81),
as evidenced by findings that the intracerebroventricular administration of CRH
increases wakefulness in rats (82). The enhancement of wakefulness by CRH
may occur at dosages too low to stimulate the hypothalamic-pituitary-adrenal
(HPA) axis or produce behavioral effects (83). These findings indicate that
CRH may produce changes in arousal and sleep in otherwise undisturbed con-
ditions.

Opp and his colleagues have conducted an extensive series of studies exam-
ining the role of CRH in modulating arousal. These studies demonstrated that
rat strains differing in the synthesis and secretion of CRH and in basal plasma
concentrations of corticosterone show significant differences in amounts of
sleep (83). Specifically, Lewis strain rats have a deficiency in the synthesis and
secretion of hypothalamic CRH. These rats exhibit less wakefulness and more
NREM than genetically related inbred Fischer 344 rats, outbred Spague-Dawley
rats (33,83), or Wistar strain rats (33). Opp’s laboratory also found that rats
recorded in their home cages under well-habituated conditions, and without the
presence of stressors, showed selective increases in wakefulness and decreases
in NREM but no significant changes in REM after the intracerebroventricu-
lar administration of CRH (84). In addition, in rats in nonstressful conditions,
the intracerebroventricular administration of CRH enhanced wakefulness when
given at the beginning of either the light or the dark period, whereas intracer-
ebroventricular administration of the nonspecific CRH antagonists astressin and
oHelCRH (a-helical CRH, , ) reduced wakefulness and increased NREM only
when administered in the dark period (84).

We examined the effects of CRH and astressin on wakefulness and sleep
using two mouse strains with differential responsiveness to stress to determine
whether CRH might also differentially affect undisturbed sleep and activity
(85). Less-reactive C57BL/6J and high-reactive BALB/cJ mice were implanted
with transmitters for determining sleep via telemetry and with guide cannulae
for delivering drug into the lateral ventricles. In C57BL/6J mice, REM was sig-
nificantly decreased after microinjections of 0.2 g CRH and 0.4 ug CRH, and
NREM and total sleep were decreased after microinjection of 0.4 ug CRH. Ast-
ressin did not significantly change wakefulness or sleep. In BALB/cJ mice, 0.4
g CRH increased wakefulness and decreased NREM, REM, and total sleep.
Astressin decreased active wakefulness and significantly increased REM at the
low and high dosages. These strain differences in the effects of CRH and ast-
ressin may be linked to the relative responsiveness of C57BL/6J and BALB/c]
mice to stressors and to underlying differences in the CRH system.

The amygdala is a critical region for the central effects of CRH, and it appears
to mediate a number of its anxiogenic effects, as evidenced by intra-amygdala
microinjections of CRH agonists and antagonists (reviewed in 63). There has
been very little work with respect to the effects on sleep of local application of
CRH compounds into the brain; however, microinjections of 1.0-ng dosage of
CRH into CNA of rats decreased average amount of REM over 4 h postinjec-
tion (/7). Ongoing work in our lab conducted in rats also suggests that the
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CRH system in the amygdala can influence fear-induced alterations in sleep.
For instance, microinjections of the relatively specific CRH receptor 1 antago-
nist antalarmin into CNA of rats attenuated reductions in REM and NREM that
occur after exposure to a fearful context (86). While preliminary, these data indi-
cate that the amygdala could be an important site for the influence of CRH on
arousal and sleep in stressful conditions, and that it could be involved in potential
effects on sleep produced by enhanced central CRH in PTSD patients. Recent
in vitro work has implicated CRH in the modulation of excitatory glutamatergic
synaptic transmission in CNA, with CRH, and CRH, receptors apparently play-
ing inhibitory and facilitatory roles, respectively (87), a finding consistent with
studies demonstrating that inactivation of CNA decreases REM.

SUMMARY

Stress-induced alterations in sleep have been linked to the development of
PTSD in humans, and sleep complaints and disturbances in arousal are con-
tinuing symptoms in patients. Stress-induced changes in sleep related to PTSD
have not been fully characterized but appear to involve persisting changes in
both REM and NREM. A number of animal models of stress are characterized
by initial decreases in sleep followed by recovery sleep, which may indicate a
restoration of homeostasis and successful resolution of the stress response. By
comparison, intense conditioned fear training can produce reductions in REM
without recovery as well as significant alterations in NREM that may vary with
mouse and rat strains. These variants of conditioned fear paradigms and strain
differences have not been fully exploited, but they appear to hold promise for
modeling responses to stress that may provide insight into the role sleep plays
in the neurobiology of PTSD. The amygdala and CRH have been implicated
in PTSD and play significant roles in regulating the stress response that most
likely includes regulating stress-induced changes in arousal and sleep. Deter-
mining normal and atypical responses to stress, including poststress sleep, may
lead to the development of significantly improved models for examining how
stress produces long-term alterations in behavior.
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