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Neural Circuitry of Stress-Induced Insomnia in Rats
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Sleep architecture is often disturbed after a stressful event; nevertheless, little is known about the brain circuitry responsible for the sleep
perturbations induced by stress. We exposed rats to a psychological stressor (cage exchange) that initially causes an acute stress response,
butseveral hours later generates a pattern of sleep disturbances similar to that observed in stress-induced insomnia in humans: increased
sleep latency, decreased non-REM (nREM) and REM sleep, increased fragmentation, and high-frequency EEG activity during nREM
sleep. We examined the pattern of Fos expression to identify the brain circuitry activated, and found increased Fos in the cerebral cortex,
limbic system, and parts of the arousal and autonomic systems. Surprisingly, there was simultaneous activation of the sleep-promoting
areas, most likely driven by ongoing circadian and homeostatic pressure. The activity in the cerebral cortex and arousal system while
sleeping generates a novel intermediate state characterized by EEG high-frequency activity, distinctive of waking, during nREM sleep.
Inactivation of discrete limbic and arousal regions allowed the recovery of specific sleep components and altered the Fos pattern,
suggesting a hierarchical organization of limbic areas that in turn activate the arousal system and subsequently the cerebral cortex,
generating the high-frequency activity. This high-frequency activity during nREM was eliminated in the stressed rats after inactivating
parts of the arousal system. These results suggest that shutting down the residual activity of the limbic-arousal system might be a better

approach to treat stress-induced insomnia, rather than potentiation of the sleep system, which remains fully active.
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Introduction
Stress has a significant impact on sleep—wake behavior in all an-
imals. The immediate effect of exposure to a stressor is increased
wakefulness and arousal, as an adaptive response to ensure sur-
vival by fully reacting to a potentially harmful stimulus. Never-
theless, the effects of stress on sleep in experimental studies vary
significantly depending on the stress paradigm, when it is applied
(dark or light phase), duration (acute vs chronic), strains of rats
or mice, and the individual vulnerability to stress (high- or low-
responding animals). For a detailed review of models of stress-
induced sleep disturbances in rodents, see Pawlyk et al. (2008).
Some human disorders associated with stress or dysregulation
of the stress system, such as anxiety and major depression (Ar-
borelius et al., 1999), also cause secondary sleep perturbations. In
other cases, the stress-induced sleep perturbation is a primary
component of the pathological condition, as in posttraumatic
stress disorder (PTSD) (Ross et al., 1989) or primary insomnia
(not caused by psychiatric or medical conditions, pain, or sub-
stance abuse) (Nowell et al., 1997; Vgontzas and Kales, 1999).
Primary insomnia, which is often precipitated by stressful life
events in predisposed individuals, occurs in 25% of all chronic
insomnia patients (Roth and Roehrs, 2003), whereas occasional
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or transient insomnia associated with stress is extremely com-
mon in the adult population, estimates ranging from 25-35%
(Sarrais and de Castro-Manglano, 2007) to 80% (Pagel and
Parnes, 2001).

Although the sleep perturbations induced by stress have del-
eterious effects on health, little is known about the neural cir-
cuitry underlying it. A key problem in generating an animal
model of stress-induced insomnia is that most ongoing acute
stressors produce continual wakefulness (sleep deprivation),
with a pattern of neuronal activity characteristic of the waking
circuitry. After cessation of the stressor, there is usually a sleep
rebound in response to the previous sleep deprivation, and the
pattern of brain activity is the typical sleeping pattern. Neither
pattern adequately models the sleep perturbations seen in human
stress-induced insomnia, in which the typical stressor is a self-
sustaining psychological state rather than a continued external
intervention. We have developed a rat model using a species-
specific psychological stressor that causes an initial acute stress
response, as indicated by “freezing” behavior and increased neu-
ronal activation (Fos) of the medial parvicellular paraventricular
hypothalamic nucleus (mpPVH). However, several hours later,
when these indicators of acute stress have waned, we observed a
pattern of sleep disturbances similar to that reported during
stress-induced insomnia in humans. We then examined the Fos
expression in the brain to identify the circuitry activated during
this period. In addition, we inhibited discrete regions of the cir-
cuitry (cell-specific lesions or pharmacological inhibition) to an-
alyze the recovery of specific sleep parameters and the changes in
Fos expression. These data suggest the existence of a hierarchical
network of neuronal groups responsible for the sleep distur-
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bances observed in our rats. This model might be considered an
initial step toward a better understanding of brain activation dur-
ing stress-induced insomnia, and might provide insights into the
neural circuitry involved in insomnia in humans.

Materials and Methods

Rats. Adult male Sprague Dawley rats (n = 79; weight = 275-325 g) from
Harlan were housed individually under a 12 h light/dark cycle (lights on
at 7:00 A.M.) at 22°C, with ad libitum access to food and water. All
procedures conformed to the regulations detailed in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committees of Beth
Israel Deaconess Medical Center and Harvard Medical School.

Surgery (implants and lesions). Rats (n = 59) were anesthetized with
intraperitoneal chloral hydrate (350 mg/kg). The skull was exposed, and
four screw electrodes were implanted (two on each side). Two EMG
electrodes were placed into the nuchal muscles. All electrodes were con-
nected to a pedestal socket, which was fixed to the skull with dental
cement. After 2 weeks of recovery, rats were connected to the recording
apparatus during 3 d for habituation. To study the role of discrete brain
regions on the pattern of sleep disturbances induced by stress, we placed
cell-specific lesions in 24 rats before EEG/EMG implants. Rats were mi-
croinjected bilaterally with 10% ibotenic acid in the infralimbic cortex
(IFC) [n = 8; 25 nl on anteroposterior (AP), +2.5 mm; dorsoventral
(DV), —4.5 mm; right-left (RL), +0.6, —0.6 mm] or in both the central
nucleus of the amygdala (CeA) and the bed nucleus of the stria terminalis
(BST) (n=8;15nlon AP, —2.6 mm; DV, —6.8 mm; RL, +4.1, —4.1 mm
for the CeA; 10 nl on AP, —0.3 mm; DV, —6.0 mm; RL, +1.5, —1.5 mm
for the BST). We lesioned both the CeA and BST in the same animals
because these two nuclei are tightly reciprocally interconnected, contain
the same neurotransmitters, have similar functions, target similar brain
regions, and receive analogous afferent innervation (Moga et al., 1989;
Alheid et al., 1998; Dong et al., 2001); thus it is thought that they repre-
sent a single structure, the extended amygdala, which over the course of
evolution became split into two groups at either end of the stria termi-
nalis (Moga et al., 1989). In preliminary experiments, we found that only
lesions that eliminated Fos expression at both sites, CeA and BST, were
effective in restoring sleep. The locus ceruleus (LC) was lesioned by in-
jecting 8 ul of 6% 6-OH-dopamine in the fourth ventricle (AP, —7.6
mm; DV, —4.5 mm; RL, 0.0 mm). All coordinates are from the rat brain
atlas by Paxinos and Watson (1998). After lesions, rats were implanted
for EEG/EMG as described above.

To determine the extent of neuronal loss, we counted Nissl-stained
neurons with identifiable nuclei in two sections separated by 175 um,
bilaterally, in control rats and in rats with lesions in the IFC and CeA—
BST. Nissl-stained neurons were counted in a 416 X 416 wm box placed
at the lower tip of the forceps minor and dorsal to the dorsal peduncular
cortex to count neurons in the IFC. For the CeA, the box was centered in
the middle of the nucleus. Neurons in the BST were counted by placing
the box between the upper edge of the anterior commissure and the
ventral surface of the lateral ventricle. The extent of neuronal loss in the
LC was determined by counting the remaining noradrenergic neurons in
the whole extent of the nucleus in a 1:5 set of sections labeled with mouse
anti-dopamine $-hydroxylase (1:10,000). In each case, we only counted
neurons that had a clear nucleus. We measured the nuclear diameters in
asample of 25 neurons from each group and corrected the cell counts for
nuclear size by using the Abercrombie correction factor.

Stress-induced sleep perturbations. After recording baseline EEG/EMG
for 48 h, rats (n = 16) were placed at 10:00 A.M. into a dirty cage previ-
ously occupied by another male rat for 1 week (cage exchange). Rats were
left undisturbed in the dirty cage until they were killed at 3:30 P.M.
Control rats (n = 9) were placed in a clean cage at the same time to
synchronize the ultradian cycles of both groups. To examine the brain
circuitry involved in stress-induced acute insomnia, we killed the rats at
3:30 P.M., ~90 min after the onset of this sleep-disturbed period (5.5 h
after cage exchange). We chose this time because animals show sleep
fragmentation and decreased sleep beginning ~4 h after cage exchange,
and 90 min is the optimal time to detect Fos expression associated with a
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specific stimulus. In addition to the clean cage controls, four additional
groups were included: four rats were left to sleep undisturbed and killed
at 6:50 P.M., at a time of the day when they had spontaneously been
awake ~50% of the time during the preceding 90 min. A group of five
rats was transferred to a dirty cage at 10:00 A.M. and killed 90 min after
cage exchange to examine the pattern of Fos corresponding to the initial
stress response. Two rats were transferred to a clean cage at 10:00 A.M.
and killed 90 min after for comparison with the previous group. An
additional group of four rats was killed at 9:00 P.M., when the animals
were spontaneously awake (peak of activity).

After recording baseline EEG/EMG for 48 h, rats with brain lesions in
the IFC, CeA-BST, or LC were also placed in dirty cages at 10:00 A.M.
and killed at 3:30 P.M., similar to cage exchange rats. Neurons in the
tuberomammillary nucleus (TMN) are resistant to ibotenic acid; there-
fore, to study the role of the TMN on stress-induced sleep perturbations,
we injected immepip (10 mg/kg, i.p.), an H3 agonist that binds to inhib-
itory autoreceptors in the TMN (Jansen et al., 1998), immediately before
cage exchange in six rats implanted with EEG/EMG. The rest of the
procedure was similar to that performed for the other groups.

Sleep analysis. The EEG/EMG signals were amplified using a Grass
polygraph and digitized using the ICELUS program (G Systems). The
EEG filtering settings were 0.3 and 100 Hz for low and high cutoff, re-
spectively, with the presence of a 60 Hz notch filter. Wake-sleep states
were scored manually in 12 s epochs based on the digitized EEG/EMG.
Wakefulness was identified by the presence of desynchronized EEG and
high EMG activity. Non-REM (nREM) sleep was identified by the pres-
ence of a high-amplitude slow-wave EEG and low levels of EMG activity
relative to waking. REM sleep was characterized by the presence of reg-
ular theta activity coupled with very low EMG tone compared with
nREM sleep. For all experimental groups, the percentage of time spent in
wake, nREM, and REM sleep and the number of bouts in each state were
determined for each hour during baseline (BL) and experimental day
(ExpDay) from 7:00 A.M. to 3:30 P.M. The sleep latency was calculated as
the number of minutes from cage exchange to the first nREM bout.

To determine whether the lesions might alter the normal sleep—wake
cycle, we analyzed 24 h of wake—sleep behavior 2 d before the cage ex-
change in lesioned rats from each group and compared with the baseline
of nonlesioned rats (clean cage and cage exchange groups) at the same
period.

Selected recordings from the BL and the ExpDay for clean cage, cage
exchange, LC lesion, and immepip treatment groups were imported into
SleepSign software (Kissei Comtec). The interval from 2:00 to 3:30 P.M.
in the BL and ExpDay was manually scored again using 4 s epochs. To
assess the possibility of microfragmentation during stress-induced acute
insomnia, the number and mean duration of microbouts (wake, nREM,
and REM) were calculated for both groups in the ExpDay. In addition,
the EEG power spectrum during nREM sleep was obtained for the inter-
val 2:00 to 3:30 P.M. in the BL and ExpDay, and the power ratio between
the ExpDay and BL (ExpDay/BL X 100) was calculated for all frequencies
at 0.25 Hz intervals in clean cage, cage exchange, LC lesions, and im-
mepip treatment groups. The band spectrum used was that defined by
Maloney et al. (1997) for rats: delta = 1.5—4; theta = 4.25—8.75; sigma =
9-14; beta = 14.25-30; and gamma = 30.25-58 Hz.

Temperature analysis. To assess whether the rats showed stress-
induced hyperthermia during the cage exchange protocol, we analyzed
the changes in temperature during the experimental day (from 7:00 A.M.
to 4:00 P.M.) in nine rats implanted intraperitoneally with transmitters
for temperature measurement (DSI System). Five rats were placed at
10:00 A.M. into dirty cages, whereas four rats were placed into clean
cages. Baseline temperature was recorded previously during 24 h.

Immunohistochemistry. Rats were deeply anesthetized with chloral hy-
drate (500 mg/kg) and perfused transcardially with 100 ml of saline fol-
lowed by 400 ml of 10% neutral phosphate-buffered formalin. Brains
were removed and postfixed for 3 h in formalin and then transferred to
20% sucrose overnight. Brains were sectioned on a freezing microtome at
35 wm into five series. Sections were washed several times in 0.1 M PBS,
pH 7.4, for 1 h, then incubated in 0.3% hydrogen peroxide in PBS con-
taining 0.3% Triton X-100 (PBT), and washed again in PBS for 30 min.
Sections were incubated in the primary antiserum in PBT for 24 h at
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room temperature. Sections were rinsed in PBS and incubated in biotin-
ylated secondary antibody in PBT for 1 h, rinsed three times in PBS, and
incubated in avidin—biotin complex (Elite ABC; Vector Laboratories) for
1 h. After three rinses, sections were incubated in 1% diaminobenzidine
(DAB), 0.05% nickel ammonium sulfate, and 0.05% cobalt chloride, and
reacted with 0.01% hydrogen peroxide to obtain a black nuclear precip-
itate for Fos detection, or incubated in DAB with hydrogen peroxide to
determine the neuronal phenotype (brown stained cytoplasm). Sections
were washed, mounted on gelatin-coated glass slides, dehydrated in
graded alcohols, cleared in xylene, and coverslipped.

To detect and quantify Fos expression, a 1:5 series of sections was
incubated in primary antiserum against Fos (1:25,000). To detect Fos in
specific neuronal populations, additional sets of sections were reacted
first for Fos (black nuclei), as explained above, followed by incubation in
primary antisera containing one of the following antibodies: rabbit anti-
orexin (1:5000), mouse anti-tryptophan hydroxylase (1:3000), rabbit
anti-tyrosine hydroxylase (1:20,000), goat anti-choline acetyltransferase
(1:1000), rabbit anti-corticotropin-releasing hormone (CRH; 1:2000),
rabbit anti-arginine vasopressin (1:10,000), rabbit anti-Leu-enkephalin
(1:2000), and rabbit anti-neurotensin (1:5000).

Characterization of primary antibodies. The rabbit polyclonal Fos anti-
body (Ab5; Oncogene Science) was generated using a synthetic peptide
corresponding to the amino acids 4-17 of the human c-Fos protein as
immunogen. The specificity of this antiserum was established in previous
control studies in rat brain sections (Gaus et al., 2002). The immunogen
used to generate the rabbit polyclonal orexin antibody (ab6214, lot
#22008; Novus Biologicals) was a synthetic peptide that corresponds to
the 14-33 aa of the bovine orexin A protein residue, conjugated to key-
hole limpet hemocyanin with glutaraldehyde. The specificity of this an-
tiserum has been demonstrated by the lack of labeling in brain sections
from orexin knock-out mice. The tryptophan hydroxylase antibody
(T0678, lot #092K4836; Sigma) is a mouse monoclonal (clone WH-3)
antibody, and a recombinant rabbit tryptophan hydroxylase was used as
immunogen. This antiserum reacts specifically with tryptophan hydrox-
ylase (55 kDa) in immunoblotting assays (manufacturer’s technical in-
formation) and stains a pattern of neuronal morphology and distribu-
tion identical to previous reports (Datiche et al.,, 1995). The rabbit
polyclonal tyrosine hydroxylase (AB152, lot #22101229; Millipore Bio-
science Research Reagents) was generated using SDS-denatured tyrosine
hydroxylase from rat pheochromocytoma. By Western blot, this anti-
serum selectively labels a single band at ~62 kDa corresponding to ty-
rosine hydroxylase (manufacturer’s technical information) and stains a
pattern of neuronal morphology and distribution identical to previous
reports (Takada, 1990). The affinity-purified goat polyclonal choline
acetyltransferase antibody (AB144P, lot #0508007596; Millipore Bio-
science Research Reagents) was generated by using the human placental
enzyme as immunogen. It produces a 68 —70 kDa band in immunoblot-
ting assays (manufacturer’s technical information) and stains a pattern of
cellular morphology and distribution identical to previous reports (Arm-
strong et al, 1983). The rabbit polyclonal anti-CRH (T-4037, lot
#970177-1; Peninsula) was generated using the synthetic peptide as im-
munogen. Radioimmunoassay shows cross-reaction only with human
and rat CRH, not with related peptides (manufacturer’s technical infor-
mation). The rabbit polyclonal anti-neurotensin (NB 600-775, lot
#170804) was generated using a synthetic peptide corresponding to the
amino acid sequence QLYENLPRRPYIL. The specific immunostaining
was abolished by preincubation with neurotensin (manufacturer’s tech-
nical information). The rabbit monoclonal anti-arginine vasopressin
(20069, lot #704156; Incstar) was generated using the peptide conjugated
to bovine thyroglobulin with 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide. The staining was completely eliminated by pretreatment of
the diluted antibody with arginine vasopressin, but preadsorption with
oxytocin had no effect on immunolabeling (manufacturer’s technical
information). The mouse monoclonal anti-dopamine B-hydroxylase
(MAB308, lot #23090206; Millipore Bioscience Research Reagents) was
generated using purified bovine dopamine S-hydroxylase as immuno-
gen. This antibody labels neurons located in the classic noradrenergic
groups extensively characterized in previous studies with other antibod-
ies. The rabbit polyclonal anti-Leu-enkephalin was obtained from Dr.
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R.J. Miller (lot #1037, 1990). This antiserum was raised against synthetic
Leu-enkephalin and stains a pattern of cellular morphology and distri-
bution identical with previous reports (Hughes et al., 1977).

Fos analysis. For each experimental condition, we examined Fos im-
munoreactivity throughout the entire brain. For the ease of the reader in
comparing the different conditions, we described Fos expression in the
three main experimental groups (clean cage, cage exchange, and rats that
were awake 50% of the time), using ranks assigned to each region de-
pending on the level of Fos expression: 0 (none), 1 (scarce), 2 (low), 3
(moderate), and 4 (high). The rank average per area was calculated for
each experimental group, and symbols were assigned as follows: 0 (0),
from0.1to1(+),from1.1to2 (++), from2.1to3 (+++), and from
3.1to 4 (++++). These symbols were used in Table 1. To simplify the
comparison with the brains of rats with lesions or pharmacological ma-
nipulation, we described in the text the differences between those brains
and the brains of cage exchange animals or clean cage controls. We also
included a few photomicrographs from rats killed at 9:00 P.M., when
they were spontaneously awake, to illustrate the main differences and
similarities in the pattern of Fos expression with respect to the other
groups, but we did not quantify the number of Fos-positive neurons in
these rats.

In addition to these qualitative results, in all experimental groups Fos-
immunoreactive neurons were quantified in brain regions involved in
the sleep—wake circuitry, as well as in stress-sensitive areas that are part of
cognitive and emotional pathways (limbic system). Fos-positive neurons
were counted bilaterally at 10X in predetermined rectangular boxes of
different size depending on the area of interest: for IFC, a 1040 X 1040
pum box placed medial to the forceps minor (bregma, 3.24 mm); for
median preoptic nucleus (MnPO), a 624 X 728 um box centered on the
upper edge of the third ventricle (208 um ventral, 520 um dorsal;
bregma, 0.12 mm); for ventrolateral preoptic nucleus (VLPO), a 728 X
624 um box placed onto the ventral brain surface containing a smaller
box for VLPO core (VLPOg; 312 X 312 wm) in the lower lateral corner,
and the rest of the box was considered extended VLPO (VLPOex;
bregma, —0.36 mm); for BST, a 416 X 832 um box was placed ventral to
the lateral ventricle and dorsal to the anterior commissure (bregma,
—0.12 mm); CeA was centered in a 520 X 520 wm box (bregma, —2.76
mm). Fos in the TMN and the LC was counted at 25X with the help of a
grid but without a counting box because of the clear location of the
neuronal clusters along the brain surface in the case of the TMN (bregma,
—3.96 mm) or along the fourth ventricle in the case of the LC (bregma,
—9.84 mm). All bregma coordinates are from the rat brain atlas by Paxi-
nos and Watson (1998). The average number of Fos-positive neurons in
two to three sections (spaced 175 wm apart) was obtained for each area in
all experimental groups. The numbers of Fos-positive neurons in the I[FC
shown in Figures 4 and 13 correspond to the total Fos counts in IFC
divided by 2 because this brain region occupies a bigger area than the rest
of regions quantified; therefore, the bars in these figures represent the
number of Fos counts in a 520 X 1040 wm area. It was not necessary to
use a correction factor for the Fos counts because the diameter of Fos-
positive nuclei in each region did not differ among groups; thus the Fos
counts represent relative numbers of profiles, not absolute numbers of
cells.

To assess the neuronal activity of the parvicellular subdivisions of the
PVH as an indicator of the ongoing stress response, we counted Fos-
positive neurons in cage exchange and clean cage rats killed 90 min after
being transferred or killed at 3:30 P.M. (four groups). Fos-positive neu-
rons were counted bilaterally at 10X in a single section of the following:
the anterior parvicellular PVH (apPVH) ina 624 X 624 um box (bregma,
—1.40 mm); the rostral part of the medial parvicellular PVH (rostral
mpPVH) ina 1040 X 1040 um box (bregma, —1.80 mm); and the caudal
part of the medial parvicellular PVH (caudal mpPVH) in a 1040 X 1040
um box (bregma, —2.12 mm). All boxes were centered over the PVH
with the medial edge along the lateral wall of the third ventricle.

Statistical analysis. The percentages of wake, nREM, and REM sleep in
controls and cage exchange rats from 7:00 A.M. to 3:30 P.M. were ana-
lyzed with repeated-measures ANOVA ( p < 0.05), followed by a post hoc
unpaired t test ( p < 0.05) for each time point. The number of bouts for
each state was analyzed from 11:00 A.M. to 3:30 P.M. using the same
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tests. The number of bouts and mean duration
of bouts for each state in the interval 2:00 to 3:30
P.M. (4 s epoch analysis) were analyzed using
unpaired ¢ tests ( p < 0.05). The power spec-
trum ratio (ExpDay/BL X 100) was analyzed by
comparing the average of all values (0.25 Hz
intervals) for each frequency band using un-
paired ttests ( p < 0.05). The sleep latencies, the
number of bouts, and the percentages of wake,
nREM, and REM sleep in control, cage ex-
change, and treated rats (lesions or immepip
injection) were analyzed with one-way ANOVA
(p <0.05), followed by Fisher’s PLSD as a post
hoc test (p < 0.05) for the first, second, fifth,
and sixth hours. The percentages at each time
point in control, cage exchange, and treated
rats, shown in Figure 12, were analyzed with
repeated-measures ANOVA followed by Fish-
er’s PLSD ( p < 0.05). The baseline sleep pa-
rameters (dark and light cycles) of controls
were compared with the rest of groups (cage
exchange, lesions, and immepip injections) us-
ing repeated-measures ANOVA ( p < 0.05).

The numbers of Fos-positive neurons in con-
trol versus cage exchange rats were analyzed us-
ing unpaired ¢ tests ( p < 0.05) for each brain
region. Comparisons among controls, cage ex-
change rats, and rats that were awake 50% of the
time were done using one-way ANOVA fol-
lowed by Fisher’s PLSD as a post hoc test ( p <
0.05). The same tests were used to compare
controls, cage exchange rats, and treated rats
(lesions or immepip treatment before cage ex-
change) and to compare Fos expression in the
parvicellular subdivisions of the PVH in con-
trols and cage exchange rats killed 90 min and
5.5 h after being transferred to a cage.

Results

Cage exchange as a model for stress-
induced sleep disturbances

We chose cage exchange as a simple rodent
model of sleep disturbances induced by a
psychological stressor because we wanted
to use a species-specific stimulus based on
social context so we would not have to ap-
ply a continual, physical stressor. All rats
had been habituated to changes into clean
cages every few days at 10:00 A.M. for the
previous 2—3 weeks. In the cage exchange
paradigm, male rats were transferred at
10:00 A.M. (peak of sleep) either to a clean
cage (controls) or to a dirty cage previ-
ously occupied by another male rat for 1
week (cage exchange). The odor of an-
other ratis not a stressor per se because our
rats are housed in adjacent cages and are
continually exposed to each other’s odors.
What makes this stimulus a psychological
stressor is the social setting of being ines-
capably surrounded by the territory that
has been marked by another male rat. In
their natural habitats, rats are very territo-
rial, and exposure to the olfactory and vi-
sual cues of a competitor, even in the com-
petitor’s absence, induces a social and

(ano et al. @ Stress-Induced Insomnia

Table 1. Fos expression in brain regions from the three experimental groups (regions included in Figure 4 are

excluded here)
Area (lean cage (Cage exchange 50% wake—sleep
Anterior olfactory nucleus + 44+ 4+
Orbital cortex 0 4+ 4
Prelimbic cortex + ++++ ++
Cingulate cortex 0 ++++ 4+
Primary motor cortex 0 + 44+ NI
Secondary motor cortex 0 ++++ +
Somatosensory cortex 0 F+4+ 4+
Piriform cortex + 4+ Fr4+
Dorsal endopiriform nucleus + ++++ I
Agranular insular cortex 0 + 4+
Retrosplenial cortex 0 +H++ 4+
Diagonal band 0 + 0
Lateral septum (dorsal) 0 + ++
Lateral septum (intermediate) 0 +++ 4+
Lateral septum (ventral) + F4+++ I
Caudate putamen (dorsal) 0 ++ 0
Medial preoptic area + + +
Lateral preoptic area + ++ +
Anterodorsal preoptic area ++ +++ +++
Parastrial nucleus +++ +++ 44+
Suprachiasmatic nucleus +4++4+ + 4+ NI
Supraoptic nucleus + + F
Basal forebrain
Medial septum 0 + 0
Diagonal band (horizontal limb) 0 0 0
Diagonal band (vertical limb) 0 0 0
Ventral pallidum 0 0 0
Magnocellular preoptic area 0 0 0
Substantia innominata 0 0 0
Magnocellular basal nucleus 0 0 0
Paraventricular hypothalamic nucleus
Anterior parvicellular 0 + 4+
Dorsal parvicellular 0 0 44
Ventromedial parvicellular 0 0 +++
Medial parvicellular (rostral) 0 ++ EEII
Medial parvicellular (caudal) + +++ I
Magnocellular 0 0 g
Retrochiasmatic area + ++ ++++
Subparaventricular zone + 44+ ++++ 44t
Zona incerta +++ ++++ 4+
Arcuate nucleus + +++ ++++
Lateral hypothalamus/perifornical area ++ +++ +++
Dorsomedial hypothalamus (dorsal) ++ ++++ NI
Dorsomedial hypothalamus (ventral) + ++ 44+
Dorsal hypothalamic area +++ +++ ++++
Ventromedial hypothalamus 0 0 0
Thalamus
Paraventricular thalamic nucleus (anterior) ++ + 4+ 4+
Central medial thalamic nucleus + ++ +4++
Anteroventral thalamic nucleus 0 ++ +++
Rhomboid thalamic nucleus + ++ +
Paraventricular thalamic nucleus (posterior) ++ +++ +++
Parafascicular thalamic nucleus ++ +++ ++
Hippocampus
Dentate gyrus + + 4+ NI
CA1-CA3 fields 0 44 n
Medial amygdala (dorsal + ventral) 0 +++ +
Premammillary nucleus (dorsal + ventral) 0 +++ +
Pretectal nucleus +4+++ ++++ ++
Supramammillary nucleus +++ ++++ ++
Intergeniculate leaf ++++ ++++ +++
Supefficial gray of superior colliculus + 0 ++++
Edinger-Westphal nucleus ++ ++++ ++
Ventral tegmental area (nondopaminergic) 0 ++ 0
Ventral tegmental area (dopaminergic) 0 + 0

(Table continues.)




(Cano et al.  Stress-Induced Insomnia

J. Neurosci., October 1,2008 - 28(40):10167-10184 « 10171

Table 1. Continued the cage exchange paradigm, Fos expres-
Area Clean cage Cage exchange 50% wake-sleep ~ sion was increased mainly in the caudal
tof th PVH (b —2.12
Rostral linear nucleus of the raphe (dopaminergic) + ++++ + par‘ otthe mp ( regma,. mm),
) 2 which contains CRH-secreting neurons
Caudal linear nucleus of the raphe (dopaminergic) 0 ++++ 0 dal volved i .
Interfascicular + interpeduncular nuclei 0 ++ 0 and also neurons imvolved in autonomic
Dorsal raphe (serotoninergic) 0 + 0 control. Thus, in rats killed 90 min after
Dorsal raphe (nonserotoninergic) 0 ++ ++ cage change, Fos expression in the caudal
Periaqueductal gray mpPVH was higher in cage exchange rats
Lateral + ++ +++ than in clean cage controls (352.3 = 9.2 vs
Dorsal T+t T+ +++ 2225 * 8.5; p = 0.0319) (Fig. 1B-D),
Ventral (dopaminergic) 0 + 0 whereas in the rostral mpPVH, Fos expres-
xentra: (non;iopammerglc) I+ ii+ i"’ + sion was similar in both groups (130.5 *
entrolatera —_ 29.5 for controls vs 175.3 % 30.14 for cage
Pedunculopontine tegmental nucleus (noncholinergic) ++ ++++ ++ o .
- exchange rats; p = 0.5911) (Fig. 1B) and
Laterodorsal tegmental nucleus (noncholinergic) ++ ++++ ++ . )
Lateral parabrachial nucleus T4 S Ta lower than in the caudal parF. In' addition,
Dorsal tegmental nucleus 0 0 F 4+ there was some Fos expression in the ap-
Reticulotegmental nucleus +++ ++++ +++ PVH in both groups (66.0 = 3.0 in con-
A7 group + ++ ++ trols, 71.33 = 7.6 in cage exchange rats).
A5 group + +++ ++ However, 5-6 h after cage exchange, these
Barrington's nucleus + +++ ++ initial indices of an acute stress response
Nucleus 0 ' + R + had disappeared in the clean cage controls
Caudal raphe (raphe pallidus + raphe magnus) ++ ++ +++ and diminished in the cage exchange rats.
Subcoeruleus nucleus (dorsal + ventral) ++ ++ +++ T .
A emperature returned to normal levels in
Pontine reticular nucleus (caudal) 0 + +++ both . althoush it d slichtl
Gigantocellular reticular + intermediate reticular nuclei 0 + ++++ 10 groups; atthousg }11 appearec sig o 4
Lateral paragigantocellular nuclei +++ ++ +++ e.evated In cage exchange rats (0.2°C
Dorsal paragigantocellular nucleus 0 + +++ higher thap controls'), this dlfference was
Parvicellular reticular nucleus ++ +++ ++++ not statistically significant (Fig. 1A). Fos
Medial vestibular nucleus ++++ ++ +++ expression in the mpPVH (rostral and
Cuneate + external cuneate nuclei ++ +++ +++ caudal) was minimal in clean cage controls
Rostroventrolateral medulla +++ +++ +++ (Figs. 1B,E) and was substantially de-
G3 group ) . T T T creased in cage exchange rats compared
Euc:eus 0; t:e 50:!“” tract (medlall) | -:)_ i+ i+ N with rats killed 90 min after cage exchange
ucleus ofthe softarytract (ventrolateral) (193.9 + 22.2at 5.5 h vs 352.3 + 9.2 at 90
Dorsal motor nucleus of the vagus 0 0 ++ .. -
min in the caudal mpPVH; p = 0.007)
Area postrema ++ ++ + . hel o th
Caudoventrolateral medulla NRNENE 4+ T4 (Fig. 1 B). Nevertheless, Fos in the mpPVH
Medullary reticular nucleus (dorsal) +++ 0 ++++ was highly variable in cage excha.nge rats
Medullary reticular nucleus (ventral) 0 0 ++ (killed 5.5 h after exposure) (Fig. 1H),

The pattern of Fos in rats that are spontaneously awake 50% of the time differs from that observed in cage exchange rats. In general, the cortex showed less
Fos than in cage exchange rats, with the exception of the agranular insular and primary motor cortices. Conversely, all divisions of the PVH (parvicellular and
magnocellular) and the supraoptic nucleus showed higher levels of Fos than in cage exchange rats, which may be due to circadian influences because this
group of rats was killed at 6:50 P.M., right before the onset of the active period at 7:00 P.M. The retrochiasmatic area, arcuate nucleus, and the ventral part of
the dorsomedial hypothalamus also showed more Fos in rats awake 50% of the time. The pattern of Fos in the periaqueductal gray differs between the two
groups; cage exchange rats show more Fos in the ventrolateral division, whereas rats awake 50% of the time had more Fos in the dorsal and lateral divisions.
The superficial gray matter of the superior colliculus and the dorsal tegmental nucleus were highly activated exclusively in rats awake 50% of the time but
neither in cage exchange nor in controls. In general, the brainstem was slightly more active in rats that were awake 50% of the time than in cage exchange
rats. Ranks were scored as follows: 0 (none), + (scarce), + -+ (low), ++ + (moderate), and + + + + (high) levels of Fos expression.

psychological species-specific stress response (Oka et al., 2001).
Although this model is not entirely analogous to all subtypes of
stress-induced insomnia in humans, which usually occurs under
heterogeneous conditions, it is sufficiently similar as to be a rea-
sonable starting point for analyzing how stress affects sleep cir-
cuitry in the brain.

The initial handling and the novelty of being transferred to a
new cage caused an increase in body temperature of 0.95 *
0.14°C in the clean cage controls and of 1.29 = 0.09°C in the cage
exchange rats (Fig. 1 A). This initial stress response was accom-
panied by increased expression of Fos protein, a transcription
factor widely used as a marker of neuronal activity, in the mp-
PVH, which contains neurons that secrete CRH into the median
eminence and initiate the classical adrenocortical stress response.
The majority of stressors induce Fos expression in the rostral part
of the mpPVH at the level of the magnocellular subdivision that
contains vasopressin neurons (bregma, —1.80 mm); however, in

consistent with previous studies reporting
marked interindividual differences in
stress responses among rats (i.e., low and
high  responders)  (Sarkisova  and
Kolomeitseva, 1993; Bouyer et al., 1998).
However, cage exchange rats remained hy-
peraroused 5-6 h after initial stress, with
diminished and fragmented sleep, and
with a specific pattern of Fos activity. This
model permitted us to study the long-term effects of psycholog-
ical stress on the brain circuitry involved in sleep regulation be-
cause the animals had adapted to the initial stress and their sleep
disturbances were maintained by the ongoing cognitive response
to a social situation.

After being placed in new cages (clean or dirty), all rats in both
groups were awake for most of the next hour, although control
rats had a shorter latency to fall asleep than cage exchange rats
(31.8 = 3.4 vs 58.7 £ 7.4 min; p = 0.0086). After this first hour,
control rats slept normally for the rest of the light period. In
contrast, cage exchange rats showed increased wakefulness dur-
ing the second hour after cage exchange (45.9 = 5.9% compared
with 22.5 = 3.6% in clean cage controls; p = 0.011) (Fig. 2A), as
well as decreased nREM (47.7 = 5.2% vs 62.3 * 4.9%; p = 0.079)
(Fig. 2C) and REM (6.4 == 1.4% vs 15.2 * 2.2%; p = 0.0019) sleep
(Fig. 2 E). During the third and fourth hours after cage exchange,
rats transferred to dirty cages had normal amounts of nREM
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sleep and wake, presumably because of the
circadian drive and the increased homeo-
static pressure caused by the sleep loss in
the first 2 h. Nevertheless, in this period
REM sleep was decreased and there was an
increased number of wake bouts (in-
creased fragmentation; from 12.9 = 1.1
bouts in controls to 17.3 = 0.8 in cage ex-
change rats during the third and fourth
hours after cage exchange; p = 0.0054)
(Fig. 2 B). During the fifth and sixth hours
after cage exchange, the rats in dirty cages
showed increased wakefulness (46 * 3.4%
vs 22.9 = 2.1% in controls; p = 0.0076)
(Fig. 2A), and decreased nREM (43.4 =
3.3% vs 58.2 £ 2.0%; p = 0.0378) (Fig. 2C)
and REM sleep (10.7 = 5.9% vs 18.8 *
2.2%; p = 0.0423) (Fig. 2E). The experi-
mental model and the temporal sequence
of sleep disturbances are summarized in
Figure 3. It is important to point out that
cage exchange rats were not fully awake
during this late insomnia period; they slept
25% less than controls, but they did sleep,
similar to what happens in transient in-
somnia induced by stress and anxiety in
humans (Bonnet and Webb, 1976; Tous-
saint et al., 1997).

Fos expression discloses coactivation of
sleep and arousal systems during stress-
induced sleep disturbances

To study the brain areas activated during
stress-induced insomnia, we killed the rats
90 min after the onset of the late period of
insomnia (5.5 h after cage exchange) and
processed the brains for the presence of
Fos. In general, the brains of cage exchange
rats showed more extensive Fos expression
than controls, which had Fos levels similar
to sleeping animals in previous studies
from our laboratory setting (Estabrooke et
al., 2001; Ko et al., 2003). In cage exchange
rats, Fos expression was elevated in several
components of the arousal system, specif-
ically the TMN and the LC (Figs. 4, 5).
Other components of the arousal system
that are usually active during wakefulness,
such as the noncholinergic neurons in the
basal forebrain, the dopaminergic neurons
in the ventral periaqueductal gray matter,
and the orexin neurons in the lateral hypo-
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Figure1. A, Stress-induced hyperthermia peaks at 10:30 A.M. i rats transferred to a clean cage (0.95 == 0.14°C) ora dirty cage
(1.29 = 0.09°C) at 10:00 A.M. and returns to basal levels after 1 h. During the sleep disturbance period, temperature is slightly
higher in cage exchange (Cage Exch) rats (0.2°C), but not significantly different from controls. For the sake of clarity, error bars
have been omitted in this graph that plots temperature every 5 min, but none of the time points is statistically different between
the two groups. B—H, Fos counts in several parvicellular subdivisions of the PVH are higher in rats killed 90 min after cage exchange
(Cage Exc; D) thaninrats killed 5.5 h after cage exchange (F, H) and rats killed 90 min after being transferred to a clean cage (Clean
(g; €), which have similar numbers of Fos counts. Clean cage controls killed after 5.5 h (E) showed little Fos immunoreactivity.
Photomicrographs show Fos expression in all these experimental groups at the level of the caudal mpPVH (bregma, —2.12 mm)
as shown in the template (G) modified from Figure 26 of the rat brain atlas by Paxinos and Watson (1998) with permission from
Elsevier. Ratskilled 5.5 h after cage exchange showed high variability in Fos expression, ranging from rats with little Fos expression
(F) to animals with extensive Fos (H). In B, data for each parvicellular subdivision were analyzed with one-way ANOVA followed
by Fisher's PLSD (horizontal bars at top indicate significant differences, p << 0.05). All values are the mean == SEM. Scale bar, 100
m. 3V, Third ventricle.

tegmental nucleus (PPT), generally do not show Fos expression

thalamus (LH), did not show Fos immunoreactivity (Table 1).
However, there was Fos expression in the majority of orexin neu-
rons in the group of rats killed 90 min after cage exchange (Fig. 6),
when the animals had been mainly awake, in agreement with
previous studies reporting that orexin neurons are activated by
stress (Ida et al., 2000; Kuru et al., 2000; Sakamoto et al., 2004;
Winsky-Sommerer et al., 2004) and during wakefulness (Che-
mellietal., 1999; Lee et al., 2005; Mileykovskiy et al., 2005). Other
arousal neuronal groups, such as the serotoninergic raphe neu-
rons, and the cholinergic neurons in the basal forebrain and in
the laterodorsal tegmental nucleus (LDT) and pedunculopontine

during wakefulness, and also did not express Fos during this sleep
disturbance period (Table 1).

Fos expression was also increased in the limbic system in cage
exchange rats (Figs. 4, 7). Although there was a generalized in-
crease in Fos expression throughout the cerebral cortex, it was
especially intense in the IFC, which has an important role in
attention, reward, and modulation of stress responses (Sullivan
and Gratton, 2002; Dalley et al., 2004), as well as in the cingulate
cortex; in the lateral septum and the hippocampus; and in the
CeA and the lateral division (dorsal and posterior subnuclei) of
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reciprocally inhibit each other under nor-
mal conditions (sleep or wake), and there-
fore when one system is fully active the
other should be inhibited (McGinty and
Szymusiak, 2000; Saper et al., 2001). How-
ever, the time resolution of Fos protein ex-
pression is on the order of 1-2 h; therefore,
our results could reflect alternate rather
than simultaneous activation of the wake
and sleep systems during this late sleep dis-

N
o

turbance period because these cage ex-
change rats slept ~50% of the time. To
determine whether this was the case, we
examined the pattern of Fos expression in
the brains of rats killed at 6:50 P.M. (a time
of the day when they had naturally slept
undisturbed 50% of the previous 90 min).
Fos counts in the three sleep-promoting
areas in these rats were ~40% lower than
those in cage exchange rats, even though

both groups had slept ~50% of the previ-
ous 90 min (98.7 = 5.1 Fos-positive cells in
the naturally sleeping rats vs 161.6 = 11.9
in the MnPO in cage exchange rats; p =
0.0356; 34.1 * 2.7 vs 53.3 = 2.3 in the
VLPOg; p = 0.0008; and 73.3 £ 5.1 vs
126.9 = 8.3 in the VLPOex; p = 0.0036);
indeed, the Fos expression in these brain
areas in cage exchange rats was similar to
clean cage control rats that slept 75-80%
of the time (Figs. 4, 5). These results dem-
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Figure2.  Species-specific stress causes initial and late sleep disturbances (acute insomnia). 4, €, Rats that are placed in a cage

previously occupied by another male rat (cage exchange) sleep significantly less during the first and second hours (initial stress
response) and during the fifth and sixth hours (stress-induced acute insomnia) after cage exchange. E, There is loss of REM sleep
across the entire period. B, D, F, The number of nREM bouts is not different (D) between controls and stressed rats, but there are
fewer transitions from nREM to REM sleep (F), and more to wakefulness (B), indicating a period of sleep fragmentation. The x-axis
is marked in hours before or after the cage exchange. Data were analyzed by repeated-measures ANOVA, followed by unpaired ¢
tests for comparisons at each time point. *p << 0.05; **’p between 0.05 and 0.09. All values are the mean = SEM.

the BST, two areas involved in fear, anxiety, and emotional pro-
cessing (Davis and Shi, 1999; Phelps and LeDoux, 2005). The
pattern of Fos expression in the parvicellular subdivisions of the
PVH has been described in the previous section (see Table 1).
Regions involved in central autonomic control also had increased
Fos during the sleep-disturbed period, including nonorexin neu-
rons in the LH, the dorsomedial hypothalamic nucleus (DMH),
the ventrolateral periaqueductal gray matter (VIPAG), the lateral
parabrachial nucleus, the A7 and A5 noradrenergic groups, and
the ventrolateral medulla (Table 1). Elevation of sympathetic ac-
tivity is typically observed during stress-induced insomnia in hu-
mans (Vgontzas et al., 1998; Richardson and Roth, 2001), al-
though we did not measure it in our rats.

Unexpectedly, despite the poor quality of sleep (lower per-
centage of time spent sleeping and increased fragmentation) dur-
ing this period, we found extensive Fos expression in each of the
forebrain sleep-promoting areas, including the VLPOc, VLPOex,
and MnPO. Each of these groups showed at least as many Fos-
positive neurons as sleeping controls or even more in the case of
the VLPOex (Figs. 4, 5).

The simultaneous activation of the sleep and arousal systems
observed in cage exchange rats during the period of sleep distur-
bances is surprising because it is believed that the two systems

onstrate that the high level of Fos expres-
sion in the sleep-promoting system during
the period of sleep disturbances induced
by stress is not simply a reflection of the
fact that the rats spent 50% of their time
asleep.

In contrast, the levels of Fos expression
in the cortex of rats that spontaneously
slept 50% of the time were intermediate
between the clean cage controls (almost no Fos) and the cage
exchange rats [which had Fos levels similar to those of rats killed
at 9:00 P.M. that had been spontaneously awake (Fig. 5)]. With
respect to the limbic system, Fos expression in the IFC and CeA of
rats that slept 50% of the time was much less than in cage ex-
change rats (153.2 £ 13.1 vs 305.1 * 22.2 for IFC; p = 0.0027;
73.7 = 3.6 vs 147.1 = 11.9 for CeA; p = 0.0064) and similar to
clean cage controls (118.4 = 25.6 for IFC; 75.1 = 9.7 for CeA),
whereas the level of Fos in the BST (91.1 = 5.2) was intermediate
between controls (60.1 = 7.9) and stressed rats (124.1 * 9.9) (Fig.
4). These results suggest that activation of the limbic system is a
specific component of the circuitry involved in the stress-induced
sleep perturbation and not caused by the fact that the rats were
awake 50% of the time. With respect to the arousal system, the LC
did not show Fos in animals that had been spontaneously awake
50% of the time, but the Fos expression in the TMN was similar to
cage exchange rats (Figs. 4, 5). Thus, Fos expression in the LC
seems to be specific for stress-induced insomnia (and in fact was
even higher than in waking controls at 9:00 P.M.), whereas Fos in
the TMN seems to reflect the degree of wakefulness in any con-
dition. In general, Fos expression in rats that had spontaneously
been awake 50% of the time was intermediate between waking
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rats and sleeping controls, and quite dif-
ferent from cage exchange rats, which also
slept 50% of the time (Table 1).

It is important to mention that some of
the differences in Fos expression between
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Acute insomnia
| ]

rats that had spontaneously been awake
50% of the time and cage exchange rats or
controls could be caused by circadian in-
fluences because these groups were killed
at different zeitgeber times (6:50 P.M. is
ZT 11:50, and 3:30 P.M. is ZT 8:30, respec-
tively). Indeed, some brain regions such as
the PVH (parvicellular and magnocellular
subdivisions) and the supraoptic nucleus
have higher Fos expression in rats that
have been awake 50% of the time than in
cage exchange rats, which may reflect the
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In summary, the pattern of Fos activa-
tion observed during the late period of
sleep disturbances induced by stress sug-
gests that this period is a distinct behav-
ioral state, which differs from both sleep
and wakefulness (Fig. 5). There is Fos ex-
pression in the LC, which usually has few if
any Fos-immunoreactive neurons during
undisturbed wakefulness or sleep, and in
the sleep-promoting areas, which nor-
mally show similar levels of Fos activity
only after persistent sleep. Moreover, the
Fos pattern was different from that ini-
tially elicited by acute stress, because Fos
activity was substantially decreased in the
pvPVH and eliminated in orexin neurons
at 5.5 h after cage exchange. Therefore, the unique pattern of Fos
expression during stress-induced sleep disturbances in rats ap-
pears to reflect the ongoing cognitive and emotional responses
caused by psychological stress, which outlast the initial acute
stress response.

Figure3.

Physiological evidence for simultaneous activation of sleep
and arousal circuitry during stress-induced sleep
disturbances

We hypothesized that the unique pattern of simultaneous Fos
expression in both sleep and arousal systems in our cage exchange
rats might be caused by frequent and brief transitions between
states (microbouts). We therefore reanalyzed the sleep record-
ings during the late period of sleep disturbances (2:00 to 3:30
P.M.) using 4 s epochs to determine whether we missed such fast
transitions when data were originally analyzed using 12 s epochs.
We found that the number of wake and nREM microbouts was
not significantly increased in cage exchange rats with respect to
controls, although the number of REM microbouts was de-
creased (10.2 = 1.4 vs 5.4 = 0.6 bouts; p = 0.0013) (Fig. 8A), as
was overall REM sleep in the cage exchange animals. These results
suggest that the pattern of Fos observed in cage exchange rats is
not caused by frequent and brief transitions between sleep and
wakefulness. Nevertheless, cage exchange rats showed a trend to
have longer wake bouts (32.1 £ 6.0 vs 60.6 = 9.7 s; p = 0.051) and
shorter nREM bouts (138.0 = 12.0 vs 114.0 = 7.6 s; p = 0.088)
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Rats typically sleep mainly during the light cycle, from 7:00 A.M. to 7:00 P.M. At 10:00 A.M. (peak of sleep), we place
amale rat in a dirty cage that has been previously occupied by another male rat for 1 week, which induces a generalized stress
response (fight or flight). Control rats are placed in clean cages. Stressed rats are mostly awake during the first 2 h after cage
exchange compared with controls. The next 2 h, stressed rats sleep more or less normally as a result of the homeostatic and
circadian drives. Thisis followed by a 2 h period of sleep disturbances in stressed rats in which they sleep ~20% less than controls.
REM sleep is decreased along the whole period after cage exchange. This period of stress-induced acute insomnia 4 — 6 h after cage
exchange (from 2:00 to 4:00 P.M.) is consistently observed in all rats. To assess what brain areas are activated, rats were killed at
3:30 P.M., 90 min after the beginning of this late period of sleep disturbances (optimal time for detection of Fos evoked by a
specific stimulus). wk, Wake.

during this period (Fig. 8 B), which accounts for the difference in
percentage of wake and nREM sleep with respect to controls.

The other possibility to explain the observed pattern of Fos
expression is that indeed both sleep and arousal systems are acti-
vated at the same time. We analyzed the EEG power spectrum (4
s epochs) during the late period of sleep disturbances and found
that cage exchange rats have increased high-frequency EEG ac-
tivity in the gamma band (30.5-58 Hz; p < 0.0001) during nREM
sleep (Fig. 8C,D), but, in contrast, had no differences in delta
power with respect to controls. High-frequency EEG activity,
which is characteristic of wakefulness, is associated with cortical
activation, and cage exchange rats also showed high levels of Fos
in the cortex, similar to spontaneously awake rats, even though
they were sleeping 50% of the time. This cortical activation dur-
ing nREM sleep may be caused by the LC and TMN, because these
nuclei provide dense innervation to the cortex and are Fos posi-
tive during this stress-induced insomnia period. These results
suggest that both sleep-promoting areas and part of the arousal
system are most likely simultaneously activated during the period
of stress-induced sleep disturbances.

It is important to mention that in our rats, the high-frequency
activity during nREM sleep occurs in the gamma range, whereas
in humans with insomnia, similar high-frequency activity is
mainly observed in the beta range and to a lesser extent in the
gamma range (Perlis et al., 2001a). However, Maloney et al.
(1997) have reported that in rats, gamma activity, not beta, re-
flects behavioral and cortical arousal associated with attentive-
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Figure4. Previous exposure to a stressor (cage exchange 5— 6 h before) induces Fos expres-
sion in neurons in both sleep-promoting areas (MnPO, VLPOc, and VLPOex) and arousal sys-
tems, including the limbic system (IFC, BST, and CeA) and wake-promoting areas (TMN and LC).
Fos expression was substantially lower in the clean cage controls (which were sleeping normally
atthistime) inall regions except in the sleep-promoting areas, MnPO and VLPOc, in which it was
comparable to stressed animals. Rats with amounts of spontaneously occurring sleep (awake
509% of the time during the previous 90 min) similar to the amounts of sleep in stressed rats in
hours 5and 6 had lower Fos counts than stressed animals in all regions exceptin the TMN, where
Fos counts are thought to mirror recent waking behavior. In a first analysis, we compared
controls and stressed rats, using an unpaired ¢ test for each area, to determine whether there
were differences in Fos expression as aresult of the treatment (®for comparisons between these
two groups, p << 0.05). In a second analysis, we compared the three groups (controls, stressed
rats, and rats spontaneously awake 50% of the time), using a one-way ANOVA followed by
Fisher's PLSD, to determine whether the differences we observed in the first analysis were
attributable to the fact that stressed rats were awake 50% of the time (*for pair comparisons
among the three groups, p << 0.05). All values are the mean == SEM.

ness, sensory perception, and focused arousal. Therefore, the
gamma activity during nREM sleep found in cage exchange rats
might be analogous to the beta/gamma activity observed in hu-
mans experiencing insomnia.

Inactivation of selected brain regions has differential effects
on sleep and Fos expression during stress-induced sleep
disturbances

To study the role of selected brain areas that showed elevated Fos
expression during stress-induced insomnia, we inactivated spe-
cific components of the limbic system (IFC and CeA-BST), using
ibotenic acid lesions, or the arousal system, using 6-OH-
dopamine lesions (to inactivate the LC) or intraperitoneal injec-
tions of immepip, and then analyzed the patterns of sleep and Fos
expression. Immepip is an H3 receptor agonist that inhibits his-
taminergic neurons by binding to somatodendritic H3 autore-
ceptors in the TMN (Jansen et al., 1998), and that may also bind
to presynaptic H3 receptors on TMN and possibly LC axon ter-
minals (Schlicker et al., 1994; Brown et al., 2001).

Injections of cell-specific toxins almost never completely de-
stroy the target site and almost always have some overlap into
adjacent areas. Our lesions were reasonably selective and specific
to the structure aimed, although in some cases they extended into
part of adjacent regions. Two rats with CeA/BST lesions were
removed from the study because the lesion aimed at the CeA was
small and out of the target. The placement of representative le-
sions is shown in the photomicrographs of Nissl-stained sections
(Fig. 9), whereas the extent of all bilateral lesions is shown in
supplemental Figures 1 and 2, A and B (available at www.
jneurosci.org as supplemental material). The average percentage
of remaining neurons after lesions with respect to controls, as-
sessed in Nissl-stained sections, was 0.2 *= 0.05% for the IFC,
13.6 = 1.7% for the BST, and 10.3 = 2.2% for the CeA. There
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were 21.2 = 5.7 remaining noradrenergic neurons per set of sec-
tions labeled for dopamine 3-hydroxylase in rats with LC lesions.
We were unable to count the total number of LC neurons in
control rats because they are tightly clustered in the relatively
thick sections that we used, but based on an estimated of 3285
neurons in the LC of the adult albino rat from a previous study
(Swanson, 1976), this number represents ~2.6 = 0.7% of the
neurons remaining after LC lesions. The lesions with 6-OH-
dopamine were specific to the LC, because other noradrenergic
groups in the brainstem were intact.

To analyze whether there were interindividual variations in
the physiological responses in relation to the extent of the lesion
was difficult because the range of percentage of remaining neu-
rons after lesions in the IFC or the LC was very narrow (from 0.05
to 0.31% and from 1.3 to 5.3%, respectively). In the case of the
CeA/BST lesions, the ranges were larger (11.1-20.1% remaining
neurons in BST lesions and 5.9-18.1% in CeA lesions), but the
combination of two lesions with different extent in the same
animal complicates this kind of analysis. Nevertheless, we per-
formed a regression analysis for the percentage of remaining neu-
rons versus percentage of state (wake, nREM, and REM) in the
sleep-disturbed period (2:00 to 3:30 P.M.) for CeA lesions and
BST lesions independently (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). We found that in
all cases, the points were clustered and the R? values were very
low, suggesting that the small differences in the extent of the
lesions were not enough to produce a profound variation in the
physiological responses.

We chose these structures from the many that showed Fos
activation (Table 1) based on their hypothesized role in arousal
and stress, and their known anatomical interconnections. Al-
though other brain structures undoubtedly are involved in this
circuitry, the importance of the areas we selected was demon-
strated by our observations that inactivating them had distinctive
effects on different aspects of the disturbed sleep. The results of
these studies are organized according to the sleep component
analyzed, instead of by lesions, and in chronological order as
follows.

Sleep baseline

There were no differences between lesioned (IFC, CeA-BST, or
LC) and nonlesioned (control and cage exchange) rats in the total
amount of baseline nREM, REM, and wake, during the dark and
light phases (supplemental Figs. 4, 5, available at www.
jneurosci.org as supplemental material). Our data agreed with
previous reports that LC lesions did not change sleep in baseline
conditions (Lu et al., 2006; Blanco-Centurion et al., 2007). The
average number of nREM, REM, and wake bouts per hour was
not significantly different in the dark period. The only significant
difference we found was that the average number of REM bouts
per hour in the light period was higher in rats with CeA-BST
lesions than in control and cage exchange rats (one-way ANOVA,
p = 0.0021; followed by Fisher’s PLSD for pair comparisons, p =
0.0058 for controls and p = 0.002 for cage exchange rats), al-
though this difference was not very pronounced (4.83 = 0.42
REM bouts per hour for CeA-BST-lesioned rats vs 3.67 = 0.22
and 3.40 * 0.16 for controls and cage exchange rats, respec-
tively). The distribution of percentage of each state (nREM, REM,
and wake) by hour along the dark and light periods was analyzed
in rats with IFC lesions or CeA-BST lesions and compared with
controls and cage exchange rats using a repeated-measures
ANOVA (p < 0.05); we did not find any significant difference
between the lesioned groups and the other two groups ( p be-
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Figure 5.
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Insomnia (Cage Exc)

Spontaneously awake 50%

Fos activation in the brain during stress-induced insomnia differs from both wake and sleep states. The somatosensory cortex (Ctx; A-D), VLPO (E-H), LC (I-L), and TMN (M—P) are

shown in all three states, as well as in rats that have spontaneously naturally slept 50% of the previous 90 min period. Note that cage exchange (Cage Exc) rats show activation of the cortex and TMN
that is equivalent to wakefulness, and even higher activation of the LC, but paradoxical simultaneous activation of the VLPO, similar to that observed in sleeping rats. Scale bar, 200 m. 4V, Fourth

ventricle; (g, cage.

tween 0.2270 and 0.5728) (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). These results sug-
gest that in general the lesioned areas are not essential for main-
taining the normal amount of sleep—wakefulness, although the
observations below indicate that they are recruited by the stress
response to generate the sleep perturbations observed after cage
exchange. Although the amount of REM sleep was not altered,
the CeA and BST seem to play a role in the regulation of the
number of REM bouts in the light period, which is in agreement
with the well established notion that emotions (i.e., the limbic
system) can modulate REM sleep.

Sleep latency

Unlesioned cage exchange rats took almost twice as long to fall
asleep compared with controls in clean cages (58.7 * 7.5 vs
31.7 = 3.4 min; p = 0.0037) (Fig. 10A). The sleep latency in rats
with IFC lesions after cage exchange (63.6 = 8.6 min) did not
differ from unlesioned cage exchange rats, whereas CeA—-BST
lesions decreased sleep latency to the levels of controls (40.5 = 4.7
min; p = 0.3850). Rats with LC lesions or immepip treatment
before cage exchange showed a 10 min decrease in sleep latency
with respect to unlesioned cage exchange rats (48.5 * 8.4 and
48 * 1.6 min, respectively), but this difference was not statisti-
cally significant. These results suggest that the activation of the
CeA-BST is required to cause the difficulty in falling asleep after
cage exchange, but there may also be participation of the LC and
TMN, which receive projections from the CeA-BST.

Sleep during the first 2 h after cage exchange

The first hour after cage exchange corresponds to the initial stress
response, and as expected, all groups transferred to dirty cages
had increased wakefulness (Fig. 10 B) and decreased nREM sleep
(Fig. 10C) compared with controls in clean cages. REM levels
were minimal in all groups, including controls, during this first
hour (Fig. 10D). During the second hour, clean cage controls
showed normal sleep for that time of the day, and only the cage
exchange rats with CeA—BST lesions fell asleep similarly, whereas
the other groups had increased wake and decreased nREM com-
pared with controls (Fig. 10B,C). Rats with LC lesions had a
trend toward recovery of nREM (not statistically significant) in
this period, but REM was decreased in all groups during this
second hour (Fig. 10 D). These results suggest that all experimen-
tal groups were responsive to the initial stress associated with cage
exchange, because all showed sleep disturbances during the first
hour after exposure. Difficulties with falling asleep during the
second hour seem to be mainly mediated by the CeA-BST, but
may to a lesser extent be influenced by the LC.

Sleep fragmentation during the third and fourth hours after

cage exchange

The number of wake bouts and nREM bouts during the period
when cage exchange rats showed sleep fragmentation (third and
fourth hours after cage exchange) was decreased to control levels
after IFC lesions, LC lesions, and immepip treatment, whereas
CeA-BST lesions had no effect (Fig. 11). The number of REM
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Figure6. A-(, Fosactivation (black nuclei) in orexin neurons (brown staining) in the lateral
hypothalamus—perifornical area during sleep (A), stress-induced acute insomnia (B), and ini-
tially after cage exchange (mainly wakefulness) (€). Note that the orexin neurons are normally
active during wakefulness but not during normal or disturbed sleep. Scale bar, 200 m. f,
Fornix.

bouts was low in unlesioned cage exchange rats and immepip-
treated rats, but it was similar to controls in cage exchange rats
with IFC or LC lesions. The number of REM bouts was increased
in CeA-BST-lesioned rats compared with controls, which might
account for the recovery of the amount of REM sleep observed in
this experimental group. Nevertheless, CeA—BST-lesioned rats
also showed an increased average number of REM bouts per hour
in the baseline during the light phase, which suggests that this
increase might be a consequence of the lesion rather than a stress-
induced sleep change. These results suggest that the sleep frag-
mentation induced by stress seems to be caused by activation of
the IFC and the arousal system (LC and TMN), and not the
CeA-BST.

Late period of sleep disturbances (fifth and sixth hours after

cage exchange)

During this period, all treatments restored more or less the nor-
mal amounts of wake and nREM sleep, so they were similar to
controls (Fig. 10B,C), but REM sleep was fully restored only in
rats with CeA—BST lesions and, to a lesser extent, with IFC lesions
(Fig. 10 D). These results suggest that all brain regions lesioned or
inhibited seem to contribute to the nREM and wake perturba-
tions induced by stress, suggesting high redundancy in the cir-
cuitry, whereas REM sleep disruption depends mainly on the
activity of the CeA—BST and perhaps also the IFC. The percent-
ages of wake, nREM, and REM at each time point (by hour) for all
treatments are provided in Figure 12.
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Figure 7. The high levels of Fos expression in the IFC, BST, and CeA demonstrate that por-
tions of the limbic system are strongly activated during stress-induced insomnia (4—6 h after
cage exchange; 4, , E) but not during normal sleep (clean cage controls at the same time; B, D,
F). Scale bars: A (for A, B), E (for E, F), 200 wm; C (for C, D), 100 rum. ac, Anterior commissure;
opt, optic tract.

To summarize, difficulties falling asleep after cage exchange
seem to be mainly mediated by the CeA-BST, and to a lesser
extent by the arousal system (LC and TMN), whereas sleep frag-
mentation seems to be caused by activation of the IFC and the LC
and TMN, but not the CeA—BST. All these brain regions seem to
contribute to the nREM and wake perturbations induced by
stress, whereas REM sleep disruption depends mainly on the ac-
tivity of the CeA-BST.

Alterations of Fos expression in selected brain structures
We examined the Fos expression qualitatively throughout the
brain in each of the lesion groups. In addition, we quantified the
effects of the brain lesions and immepip treatment on Fos expres-
sion in a subset of sleep-promoting areas, limbic regions, and the
arousal system (Table 2) 5.5 h after cage exchange. Total Fos
counts for each area in all treatments are provided in Figure 13.
In general, Fos expression in the brains of rats with IFC lesions
killed 5.5 h after cage exchange were more similar to those from
unlesioned cage exchange rats than to controls. Nevertheless,
there were several differences. Expression of Fos in the cerebral
cortex was generally intermediate between that of controls and
cage exchange animals, with the exception of piriform and en-
dopiriform cortices that showed high Fos signal, whereas Fos
expression in the preoptic area, thalamus, and medial amygdala
was similar to that observed in cage exchange rats. There was
more Fos signal in the lateral septum, premammillary nucleus,
hippocampus, DMH, vIPAG, and PPT (noncholinergic neurons)
than in controls. Fos expression in the rest of the pons and brain-
stem was similar to controls. The most striking difference was
that in the areas in which Fos expression was quantified (Fig. 13),
with the sole exception of the CeA/BST, there was reduction of
Fos to levels similar to that seen in control animals. In contrast,
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Fos expression in the CeA/BST remained
at levels similar to unlesioned cage ex-
change rats.

The entire brains of rats with LC lesions
showed less Fos expression than those
from IFC-lesioned rats and cage exchange
rats; indeed, they resembled control more
than cage exchange rats. There was almost
no Fos expression in the cortex, with the
exception of small numbers of Fos-
immunoreactive neurons in the cingulate
and motor areas. The paraventricular tha-
lamic nucleus was the only thalamic area
that showed some Fos. There were high
levels of Fos expression in the preoptic
area, whereas lower Fos expression was
observed in the hippocampus, medial
amygdala, LH, DMH, and LDT (noncho-
linergic neurons). Conversely, there was
high Fos expression in the vIPAG and PPT.
In general, the brainstem showed less Fos
than in controls and unlesioned cage ex-
change rats. In areas in which Fos expres-
sion was quantified (Fig. 13), LC-lesioned
rats showed decreased Fos expression in
the CeA and BST, similar to control levels,
whereas Fos in the IFC and TMN was de-
creased but not to the levels seen in clean
cage controls.

Brains from rats treated with immepip
showed scattered Fos-positive neurons in
the cortex, similar to controls and LC-
lesioned rats, but the thalamus had as high
Fos expression as unlesioned cage ex-
change rats. There was more Fos expres-
sion in the preoptic area (especially in the
parastrial nucleus) and the hypothalamus
in general than in the rest of the groups.
The hippocampus and premammillary
and supramammillary nuclei had little
Fos, whereas the dorsal periaqueductal
gray matter and vIPAG, PPT, and LDT
showed high levels of expression. Fos in
the brainstem was similar to controls and
unlesioned cage exchange rats. Fos counts
in selected areas (Fig. 13) shows that im-
mepip treatment before cage exchange had
no effect on Fos expression in the VLPOex,
CeA, or BST; however, it decreased Fos to
low levels in the IFC and LC, and totally
abolished Fos expression in the TMN.

The brains of rats with CeA-BST le-
sions in general showed relatively low lev-
els of Fos expression, similar to control an-
imals. This was particularly true in the cell
groups that were quantified (Fig. 13), in
which levels of Fos expression were indis-
tinguishable from control rats, as if the rats
had not been exposed to cage exchange.

On the other hand, scattered Fos-positive neurons were observed
in the cingulate cortex in the brains of rats with CeA—-BST lesions,
and larger numbers of Fos immunoreactive neurons were seen in
the piriform and dorsal endopiriform cortices, the medial amyg-
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Figure 8.  Microarchitecture of sleep during stress-induced insomnia (5— 6 h after cage exchange). A, When sleep was scored
in4sepochs, only the number of REM bouts changed compared with scoring in 12 s epochs. B, There was a trend ( p between 0.05
and 0.08) to longer wake bouts and shorter nREM bouts in stressed rats, which accounts for the difference in percentage of wake
and nREM sleep with respect to controls. These results ruled out rapid switching between wake and sleep states as the cause of
simultaneous Fos expression in wake and sleep structures during stress-induced sleep disturbances. ¢, D, On the other hand, the
ratio of the EEG power spectra during nREM sleep between the experimental day and the baseline showed an increase in
high-frequency activity during the sleep-disturbed period from ~45 to 58 Hz, within the gamma band, which is usually associ-
ated with waking cortical activity in rats. Each point represents the average for each frequency at 0.25 Hzintervals (n = 9and n =
16, for controls and stressed rats, respectively). In D, the average power for each frequency band (delta = 1.5-4 Hz; theta =
4.25-8.75 Hz; sigma = 9-14 Hz; beta = 14.25-30 Hz; and gamma = 30.25-58 Hz) from controls and stressed rats were
compared using unpaired t tests ( p << 0.05). *p << 0.05 between treatments at each time point; *p values of 0.05 and 0.08 for
mean duration of wake bouts and nREM bouts, respectively, in B. All values are the mean = SEM.
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Figure9. Theextent of the lesions in the IFC, CeA, and BST are noted by arrowheads in Nissl-stained sections. The extent of the
LClesions was assessed by counting the remaining noradrenergic neurons in sections labeled for dopamine- 3-hydroxylase (in the
photomicrograph of the LC, there are 3 remaining immunoreactive neurons). Scale bar, 200 m.

dala, the paraventricular and rhomboid thalamic nuclei, and the
hippocampus, as well as some hypothalamic nuclei, such as the
zona incerta, LH, and dorsal hypothalamic area. In the pons and
medulla, the VIPAG and LDT, as well as the medullary raphe
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immepip treatment suggest a hierarchical
relationship in the circuitry activated dur-
ing stress-induced sleep disturbances (Fig.
14). In this model, the CeA and BST would
be farthest upstream, activating the IFC
and other components of the arousal sys-
tem, including the LC, TMN, and non-
orexin cells in the LH, because lesions of
the CeA-BST eliminated nearly all the
sleep disturbances induced by stress as well
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Figure 10. 4, Sleep latency in stressed rats is almost double than in controls. CeA—BST lesions restore sleep latency similar to
control levels, whereas IFClesions have no effect. LC lesions and immepip treatment before cage exchange decrease sleep latency
~10 min with respect to stressed rats, but this difference is not statistically significant. B, €, During the first hour after cage
exchange, which corresponds to the primary stress response, almost all groups have increased wake (B) and decreased nREM (C)
compared with clean cage controls. D, REM levels are minimal in all groups, including controls. During the second hour, controls
and CeA—BST-lesioned rats fall asleep similarly (€), whereas the other groups have increased wake (B) and decreased nREM (€)
compared with controls. REM is decreased in all groups during this second hour. During the acute insomnia period (fifth and sixth
hours after cage exchange), all treatments restore more or less the normal amounts of wake (B) and nREM (C), as in controls, but
REM sleep is only recovered after CeA—BST lesions and to a lesser extent after IFClesions (D). Percentages of wake, nREM, and REM
at each time point for all treatments are provided in Figure 12. Data were analyzed by one-way ANOVA followed by Fisher's PLSD.
*Significantly different from controls; *significantly different from cage exchange (Cage Exch) group. **p < 0.05; #*)p be-

tween 0.05 and 0.09. All values are the mean = SEM.
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Figure11.  Number of bouts (wake, nREM, and REM) during the fragmentation period (third
and fourth hours after cage exchange). The sleep fragmentation induced by stress seems to be
caused by activation of the IFCand the arousal system (LC and TMN), but not the limbic system
(CeA—BST). The results were analyzed using one-way ANOVA followed by Fisher's PLSD [each
treatment compared with clean cage and cage exchange (Cage Exch) rats; for the sake of clarity,
comparisons between treatments are notincluded]. *Significantly different from controls; *sig-
nificantly different from cage exchange group. **p << 0.05; *)p = 0.08. All values are the
mean = SEM.

wake

nuclei, showed high Fos expression. The pattern of Fos in the
remainder of the brainstem was similar to controls.

In summary, the changes in Fos expression in the selected
brain areas after cage exchange in rats with specific lesions or

as the excessive Fos expression in the
brain. The exception would be the sleep
fragmentation seen in the third and fourth
hours after cage exchange, which is pre-
sumably mediated mainly by the IFC, be-
cause IFC, but not CeA-BST, lesions elim-
inated sleep fragmentation, although IFC
lesions could not abolish Fos in the CeA—
BST. The LC was apparently needed to
maintain full Fos activation of the CeA—
BST, and contributed to activation of the
IFC and TMN as well. H3 receptor activa-
tion by immepip, which inhibits the firing
and expression of Fos by TMN neurons,
mainly reduced Fos expression in the IFC
and LC, suggesting that the TMN probably
does not contribute to the activation of the
CeA-BST.

Although Fos expression identifies
neuronal groups that show increased ac-
tivity associated with a particular stimulus,
some neuronal groups that play an impor-
tant role may not express Fos, whereas
others that express Fos may be activated by
the stimulus but not contribute to the on-
going physiological activity that is being
assessed (in this case, sleep and wakefulness). It is therefore nec-
essary to demonstrate the role of the activated circuitry by ma-
nipulating it and examining the effect on the behavioral or phys-
iological output. We tried to do that by inactivating selected brain
regions based on their increased Fos activity after cage exchange
and on the fact that they were part of the circuitry that controls
sleep—wakefulness or the circuitry involved in emotional stress
responses. Nevertheless, the lesioned areas are not the only com-
ponents of the brain circuitry responsible for the sleep distur-
bances induced by stress, which should be much more complex,
as indicated by the number of regions that showed changes in Fos
expression (Table 1). Considering that it is technically not feasi-
ble to lesion all these areas simultaneously, the proposed circuitry
based on the results of the selected lesions should be viewed as an
oversimplified and preliminary description, which begins to de-
fine relevant brain regions involved in the generation of the ob-
served sleep disturbances.

Chemical phenotypes of neurons in the arousal and limbic

systems activated during stress-induced sleep disturbances

All neurons expressing Fos in the LC after cage exchange were
noradrenergic (i.e., tyrosine hydroxylase immunoreactive). Fos-
positive neurons in the ventrolateral TMN cluster were most
likely histaminergic, because nearly all neurons in this cell group
are histaminergic, and their Fos expression was totally inhibited
by immepip, which specifically acts on H3 inhibitory autorecep-
tors on histaminergic neurons. The vast majority of neurons that
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express Fos in the LH were not orexin im-

munoreactive, but their chemical pheno-

type is unknown. We also tried to charac- 10
terize Fos-positive neurons in the CeA and
BST after cage exchange, and found that
small numbers of them were immunore-
active for CRH, enkephalin, or neuroten- i
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rons in the TMN, CRH-, enkephalin-, and
neurotensin-immunoreactive neurons in
the CeA-BST are candidates for partici-
pating in the sleep disturbances induced
by stress.

Figure 12.  Percentages of wake, nREM and REM sleep at each time point for all treatments. These data are complementary to
Figure 10. Comparisons were done with repeated-measures ANOVA followed by planned comparisons using Fisher's PLSD [each
treatment compared with controls and cage exchange (Cage Exch)]. * Significantly different from controls; ®significantly differ-
entfrom cage exchange group. *®p < 0.05; " @p between 0.05 and 0.09. Comparisons between controls and cage exchange
rats are not included in these graphs (shown in Fig. 2). The x-axis is marked in hours before or after the cage exchange. All values
are the mean = SEM. les, Lesion.

High-frequency activity during nREM

sleep in stress-induced sleep perturbations is associated with
activation of the arousal system

We hypothesized that the high-frequency EEG activity observed
in cage exchange rats during nREM sleep in the stress-induced
insomnia period might be caused by activation of the arousal
system because high-frequency activity is associated with cortical
activation, and the cortex, which shows extensive Fos expression
in these rats, receives dense projections from the LC and TMN
that are also active. Moreover, inhibiting the LC and TMN with
lesions or immepip treatment (respectively) substantially de-
creased Fos expression in the cortex, suggesting that these two
nuclei might play an important role in cortical activation during
stress-induced sleep disturbances. To test this hypothesis, we an-
alyzed the EEG power spectrum during the stress-induced in-
somnia period in LC-lesioned rats and in rats treated with im-
mepip, and compared this with the spectra of controls and cage
exchange rats. LC lesions abolished the high-frequency activity
observed during this period in the unlesioned cage exchange rats,
and the power spectrum in the gamma band was similar to con-
trol rats (Fig. 15A). In addition, power in the theta and sigma
bands was increased after LC lesions, but we do not know the
functional implications of these changes during nREM sleep be-
cause these frequencies were not altered in unlesioned cage ex-
change rats. Immepip treatment decreased the high-frequency
power (gamma band) to levels even lower than controls, and
dramatically increased the delta power but had no effect on theta

activity (Fig. 15B). This increase in delta power is not surprising
because it has been previously reported after treatment with an-
tihistaminergic sleep-inducing drugs (Lin et al., 1988; Tokunaga
et al., 2007). In addition to inhibiting TMN neurons, immepip
most likely inhibited histamine and norepinephrine release in the
cortex by binding to H3 presynaptic receptors in TMN and LC
axon terminals as these receptors also mediate presynaptic inhi-
bition (Schlicker et al., 1994; Brown et al., 2001). This additional
effect may explain the remarkable decrease in high-frequency
power caused by immepip treatment. In agreement with this hy-
pothesis, it has been reported that the LC has a high H3 receptor
mRNA expression but a very low binding of selective radioligands
(Pillot etal., 2002), suggesting that presynaptic rather than soma-
todendritic H3 heteroreceptors mediate the inhibition of norepi-
nephrine release (Schlicker et al., 1994).

These results strongly suggest that the residual activity of the
LC and the TMN during nREM sleep in cage exchange rats is
important in mediating the high-frequency activity observed in
the stress-induced insomnia period.

Discussion

We describe here a rat model of sleep perturbations induced by
exposure to a species-specific psychological stressor (cage ex-
change) during the sleep phase. This experimental paradigm pro-
duces an initial period of acute stress with the classical indicators
of autonomic and HPA axis activation. Although the animals
remain in the dirty cages, these indicators are substantially atten-
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Table 2. Different treatments (specific lesions and immepip injection) have different effects on Fos expression in sleep-promoting areas, limbic regions, and arousal system

several hours after cage exchange exposure

Sleep-promoting areas Limbic system Arousal system

Treatment MnPO VLPOC VLPOex IFC BST CeA TMN LC
Wake 0 0 0 T 1 1 T 0
Clean cage T 1 1 T 1 1 0 0
Cage Bxc 1 T T T T T T T
IFClesion 1 1 1 1 1 0 0
CeA-BST lesion 1 1 1 1 0 0
LClesion T T T T 1 1 1

Immepip [ [ T 1 [ [ 0 1

IFClesions generate a pattern of Fos similar to clean cage controls with the exception of the CeA and BST, which still remain activated. CeA—BST lesions totally restore Fos expression to control levels as if the rats were not exposed to stress.
LClesions do not restore Fos in the VLPOex, but do itin the CeA and BST, whereas Fos in the IFCand TMN is decreased to moderate and low levels, respectively. Inmepip treatment has no effect on Fos expression in the VLPOex, CeA, and BST
after cage exchange; however, it decreases Fos expression in the IFCand LCand totally abolishes it in the TMN. These results suggest the existence of a hierarchical circuitry underlying stress-induced acute insomnia, shown n Figure 14. (Total
Fos counts for each area in all treatments are provided in Fig. 13.) Levels of Fos expression were as follows: 0, none; 1, low; T 1, moderate; T 1 1, high. Exc, Exchange.

Fos counts
Fos counts

sleep and wakefulness. We analyzed the ef-
fects of lesions or pharmacological inhibi-
tion of selected arousal and limbic regions
to determine their involvement in the
stress-induced sleep disturbances and to
delineate a tentative neuroanatomic cir-
cuitry that might underlie it.

In our model, the CeA and BST appear
to play a key role, because only lesions of
these structures can restore both nREM
and REM sleep. We hypothesize that the
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(*p << 0.05). All values are the mean == SEM. Exch, Exchange.

uated 4—6 h after initial exposure, when the rats show a pattern of
sleep loss and fragmentation resembling that observed in humans
with acute insomnia after a stressful situation. In humans, the
sleep impairment can be mediated by an internal psychological
response when the external stressful stimulus is no longer
present. To mimic this, we place the rats in a situation in which
the psychological stress is generated by the social context in which
they find themselves, as the olfactory cues are not novel. Under
these conditions, we distinguish the late sleep disturbance period,
in which rats sleep 25-30% less than controls, from the initial
acute stress phase that induces not only robust activation of the
PVH and orexin neurons but also sustained wakefulness (sleep
deprivation, not insomnia). We therefore chose to study this late
insomnia period, because it resembles the sleep disturbances in-
duced by stress in humans and can be distinguished from the
acute stress response.

The specific time frame of the late sleep disturbance period
permitted us to examine the Fos expression in the brain to deter-
mine the neural circuitry activated. We found a unique pattern
that includes coactivation of specific cortical, limbic, and arousal
structures, and also the sleep-promoting circuitry. The high levels
of cortical activity during nREM sleep were associated with high-
frequency EEG activity, which is characteristic of wakefulness,
generating an intermediate state that differs from both normal

Total Fos counts in sleep-promoting areas, limbic regions, and arousal system for each treatment. These data are
complementary to Table 2. Comparisons were done using one-way ANOVA followed by Fisher's PLSD for each planned comparison

cal), which in turn receive extensive input
from the accessory olfactory system that
relays information concerned with phero-
mones in rodents and is very important in
social interactions (Lehman and Winans,
1982).

The CeA and BST both provide inputs
to structures important in autonomic
arousal (Saper, 2005) and to distal den-
drites of LC neurons (Van Bockstaele et al., 1999) and probably of
TMN neurons (Ericson et al., 1991). These latter nuclei might be
partly responsible for decreasing nREM sleep in our model, as
their inactivation restored it, but not for decreasing REM sleep.
Although the LC is thought to decrease REM sleep under normal
or stressful conditions (Liu et al., 2003), LC lesions were not
sufficient to restore REM sleep after cage exchange. Only CeA—
BST lesions restored REM sleep, suggesting that the limbic system
modulates REM sleep not only via LC activation but also through
other regions that receive direct projections from the CeA-BST
(Dong et al., 2001). The cortical activation in our model is most
likely caused by the LC and TMN because inhibition of these
areas substantially diminishes cortical Fos expression and elimi-
nates the high-frequency activity during nREM sleep (Fig. 15).
The cortical activation may generate cognitive inputs that feed
back on the limbic and arousal systems, perpetuating the situa-
tion by keeping them engaged.

The activation of sleep-promoting areas during stress-
induced insomnia is surprising. The MnPO activation is in agree-
ment with the increased Fos observed in this nucleus during ac-
cumulation of sleep pressure (Gvilia et al., 2006). However,
previous models of sleep—wake control have proposed that the
reciprocal inhibitory innervation between the VLPO, whose neu-
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Figure 14.  Simplified putative circuitry involved in stress-induced acute insomnia based on
the results (sleep and Fos) of specific lesions and immepip treatment before stress exposure and
on anatomical connections described in previous literature. The olfactory signals of a competing
male rat are conveyed to the CeA—BST via the accessory olfactory bulb (AOB) and the medial
amygdala (MeA). The CeA—BST, which projects densely to the lateral hypothalamus—periforni-
cal area (LH-PeF), activates mainly nonorexin (non-Orx) neurons in this area. In addition, the LC
and the TMN receive moderate and dense projections from the CeA—BST and the LH—PeF,
respectively, which most likely causes the activation of these arousal regions during stress-
induced insomnia. The cortex, which receives dense projections from the arousal system and the
LH—PeF, becomes highly activated; this high cortical activity is associated with gamma activity
during nREM in the insomnia period. The reciprocal inhibition between the VLPO (VLPOc and
VLPOex) and the arousal system (LCand TMN) would ordinarily prevent coactivation. However,
homeostatic and circadian sleep pressure keep the VLPO activated, whereas stress activates the
arousal system, resulting in the unique pattern of Fos activation and EEG power spectrum seen
during this acute insomnia period.

<«— VLPOc

Cortex--*..» EEGgamma

rons are activated during sleep, and the arousal system provides
the conditions for a flip-flop switch, which imparts the property
of rapid and complete transitions between sleep and wakefulness
(McGinty and Szymusiak, 2000; Saper et al., 2001). We hypoth-
esize that during insomnia the VLPO is fully activated as a result
of both homeostatic and circadian pressure, but it is unable to
turn off the arousal system because that is being excited intensely
by the limbic system. Simultaneously, the arousal system cannot
turn off the VLPO because of the strong excitatory homeostatic
and circadian inputs. This results in a unique state in which the
sleep circuitry shows Fos activation like that in a sleeping rat, but
the Fos expression in the cortex and arousal system is similar to
an awake rat (Fig. 5). An analogous process in insomniacs might
explain the “sleep state misperception” reported in patients
tested in sleep laboratories, who insist that they have been awake
most of the night while the EEG shows mainly periods of nREM
sleep.

The circuitry identified here differs from that engaged in an-
other proposed model, in which animals are allowed to sleep in
an environment where they previously have received electrical
shocks (Pawlyk et al., 2005). This model, which mainly decreases
REM sleep in the first 2 h, engages fear circuitry in the basal and
lateral amygdala, LC, and dorsal raphe nucleus (Liu et al., 2003),
but not in the TMN and CeA. Thus, different stressors may acti-
vate distinct neuronal circuitries and generate different patterns
of sleep disturbances. It has been proposed that this fear
conditioning-based model may reproduce PTSD, whereas we de-
signed our model to mimic what might be experienced by hu-
mans during acute stress-induced insomnia.

Other models of insomnia involving lesions of the VLPO (Lu
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Figure15. Theincreased high-frequency activity within the last portion of the gamma band

(45-58 Hz) during nREM sleep observed in stressed rats during the acute insomnia period
seems to be caused by activation of the LC and the TMN. A, LC lesions abolished this high-
frequency activity, and the power spectrum of the gamma band was similar to clean cage
controls. LClesions also increased theta (4.5— 8.5 Hz) and sigma (9 —14 Hz) power. B, Inmepip
treatment, which inhibits the TMN, decreased the power along the whole gamma band (30 -58
Hz) to lower levels than controls, and also increased delta power. In A and B, each point repre-
sents the average of the ratio of power spectra during nREM sleep between the experimental
day and the baseline for each frequency at 0.25 Hz intervals (n = 9 for controls; n = 16 for cage
exchange; n = 8 for LC lesions; n = 6 forimmepip treatment). Exc, Exchange. C, The averages
for each frequency band (delta = 1.5-4 Hz; theta = 4.25-8.75 Hz; sigma = 9-14 Hz;
beta = 14.25-30 Hz; and gamma = 30.25-58 Hz) from controls, cage exchange, LC-lesioned
rats, and immepip-treated rats were compared using one-way ANOVA followed by Fisher’s
PLSD for pair comparisons (*significantly different with respect to clean cage controls, p << 0.05;
“significantly different with respect to cage exchange rats, p << 0.05). CExc, Cage exchange.

et al., 2000) or the midbrain dopaminergic neurons (Gerash-
chenko et al., 2006) may replicate conditions seen in neurodegen-
erative disorders but not those in stress-induced insomnia. Sim-
ilarly, pharmacological models of insomnia, such as treatment
with para-chloro-phenylalanine (Borbély et al., 1981) or caffeine
(Paterson et al., 2007), do not mimic the sleep patterns observed
in stress-induced insomnia. Other behavioral models of insom-
nia, such as having the rats sleeping on a grid over water (Shi-
nomiya et al., 2003), essentially provide a continuous external
stressor that generates partial sleep deprivation rather than in-
somnia induced by internally generated psychological stress.
Hence, our model seems to reproduce conditions that are more
comparable to stress-induced insomnia in humans.

Similar to humans who have experienced a stressful day
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(Vgontzas and Kales, 1999), cage exchange rats have difficulty
initiating sleep (increased sleep latency). Eventually, rats fall
asleep because of the sleep pressure, as insomniacs do, but have
difficulty maintaining sleep (increased wake, decreased nREM,
and increased fragmentation). However, the most striking simi-
larity between our rats and insomniacs is that both have simulta-
neously high levels of delta power (Perlis et al., 2001a,b) and
high-frequency EEG activity during nREM sleep, a sign of con-
tinued cortical activation despite EEG slow wave activity (Freed-
man, 1986; Merica and Gaillard, 1992; Lamarche and Ogilvie,
1997; Merica et al.,, 1998; Perlis et al., 2001a). Because high-
frequency activity is associated with enhanced sensory and cog-
nitive processing, it has been proposed that the inability to disen-
gage cognitive processes during nREM sleep may blur the
distinction between sleep and wakefulness, causing sleep state
misperception, which is correlated with increased high-
frequency activity (Perlis et al., 2001b).

The pattern of Fos in our rats is also similar to the results of
positron emission tomographic (PET) studies in primary insom-
niacs (Nofzinger et al., 2004). Compared with controls, insomni-
acs showed a smaller decline in glucose metabolism during the
transition from wake to sleep in the arousal system, hypothala-
mus, cingulate and insular cortices, amygdala, hippocampus, and
medial prefrontal cortex, demonstrating a failure of these areas to
decline in activity during insomnia. The similarity of these find-
ings with the regions showing increased Fos expression in our rats
is remarkable because in both cases there is anomalous residual
activation of the arousal and limbic systems during sleep. The
preoptic sleep-promoting areas are too small to be distinguished
in PET studies, but presumably they are active in insomniacs
based on their relatively normal levels of EEG delta power.

Our results fit well with the conceptual models of primary
insomnia as a disorder of hyperarousal (both physiologic and
cognitive) (Morin, 1993; Bonnet and Arand, 1997; Perlis et al.,
1997; Richardson and Roth, 2001; Nofzinger et al., 2004) or a
disorder of sleep engagement caused by the inability to inhibit
wakefulness rather than the inability to sleep (Espie, 2002).
Moreover, our results provide a structural basis for the neuronal
transition probability model, which proposes that in primary in-
somnia a failure in the coordination of neuronal groups in differ-
ent activity modes could result in an intermediate state in which
the dominant mode is sleep but with wake-related neuronal
groups still active (Merica and Fortune, 1997; Perlis et al., 2001b).

Besides its limitations, the cage exchange model provides sub-
stantial behavioral and electrophysiological similarities with
stress-induced insomnia in humans and suggests that the target
for a more specific pharmacological treatment of insomnia might
not be the sleep circuitry, which is fully active, but the arousal
system or the upstream limbic system.
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