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Abstract

Background: There is accumulating evidence that anxiety impairs sleep. However, due to high sleep variability in anxiety
disorders, it has been difficult to state particular changes in sleep parameters caused by anxiety. Sleep profiling in an animal
model with extremely high vs. low levels of trait anxiety might serve to further define sleep patterns associated with this
psychopathology.

Methodology/Principal Findings: Sleep-wake behavior in mouse lines with high (HAB), low (LAB) and normal (NAB) anxiety-
related behaviors was monitored for 24 h during baseline and recovery after 6 h sleep deprivation (SD). The amounts of
each vigilance state, sleep architecture, and EEG spectral variations were compared between the mouse lines. In comparison
to NAB mice, HAB mice slept more and exhibited consistently increased delta power during non-rapid eye movement
(NREM) sleep. Their sleep patterns were characterized by heavy fragmentation, reduced maintenance of wakefulness, and
frequent intrusions of rapid eye movement (REM) sleep. In contrast, LAB mice showed a robust sleep-wake rhythm with
remarkably prolonged sleep latency and a long, persistent period of wakefulness. In addition, the accumulation of delta
power after SD was impaired in the LAB line, as compared to HAB mice.

Conclusions/Significance: Sleep-wake patterns were significantly different between HAB and LAB mice, indicating that the
genetic predisposition to extremes in trait anxiety leaves a biological scar on sleep quality. The enhanced sleep demand
observed in HAB mice, with a strong drive toward REM sleep, may resemble a unique phenotype reflecting not only
elevated anxiety but also a depression-like attribute.
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Introduction although most studies of animal models of anxiety failed to reveal
specific sleep disturbances [16,17].

In this study, we used CD1 mice to generate an animal model
with bidirectional extremes in trait anxiety. After >30 generations
‘ . of selective inbreeding, mice were categorized as those showing
st.ress—related ‘mental disorders includes symptoms tha.t reflect high (HAB) or low (LAB) anxiety-related behavior on the elevated-
disturbances in s.leep. Long sleep latency, early aw.ak‘enmg, and plus maze (EPM) [18]. With selection pressure exerted on extreme
sleep fragmcnt'atlon are cxamplcs.of sleep Charactcrlstlcs. that are anxiety phenotypes, the inbreeding protocol produced relatively
strqngly as?ocmted. with dep%‘essmn [2-5]. However,. 1 many homogeneous populations with enriched genetic loci relevant for
patlents' W,lth anxicty, a high degree of COmOI‘bthty W?th the corresponding endophenotype [19]. Although bred for innate
dep-ressmn is found [6,7], and the sléep problems associated with hyper-anxiety, HAB mice are also characterized by enhanced fear
anx1f:ty have never .been clearly elucidated. expression [18,20]. Interestingly, several neuroendocrine, neuro-

Given the ~considerable overlap —of symptoms and  causes nal, and genetic impairments [21-26] found in rats and mice

betwyeen anxiety and c_lepress1on, 'there. Is growing interest in exhibiting high anxiety resemble those seen in psychiatric patients
finding reliable diagnostic markers in patients. In this respect, the . - . .
with a high degree of both anxiety and depression. In contrast,

poteptlal of experimental .non—human models _Could b_e. of selective inbreeding for low levels of anxiety (LAB) resulted in a
considerable help to recognize and evaluate the discrete clinical . . . . .

p £ vari h hologies. Tn £ h lorati h behavioral phenotype that is associated with reduced risk
eatures of various psychopathologies. In fact, the exploration o assessment and active coping style [18,27].

sleep profiles in animal models that share relevant endophenotypes The HAB/LAB mouse model, showing opposite anxicty-related

of affective disorders was shown to be useful for studying a variety .. . .
o © and depression-like phenotypes, thus provides an opportunity for
of symptoms of human pathophysiologies. Altered sleep-wake . e . .
identifying sleep traits for the purposes of further refining the

atterns resembling those observed in depressed patients have . . . . .
P g P pal - diagnosis of these disorders. These mice were subjected to a full
been demonstrated in several rodent models of depression [8-15],

The prevalence of affective disorders increases in a global scale
and has negatively contributed to serious health and social
problems in recent years [1]. The psychopathology of these
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array of analyses of their electroencephalographic (EEG) traces
relative to findings in inbred controls showing normal anxiety-
related behavior (NAB). Here, we report that EEG activities differ
significantly between the different lines, with distinct sleep
phenotypes being found between HAB and LAB mice that have
previously not been reported for mouse models of depression and/
or anxiety.

Methods

Experimental animals

Adult male CD1 mice weighing 25-30 g selectively inbred for
high (HAB), normal (NAB) and low (LAB) anxiety-related behavior
were used in our study. The mouse lines derived from the CD1 strain
were inbred for extremes in trait anxiety according to their anxiety-
related behavior on the elevated plus maze (EPM), with HAB mice
spending <12%, NAB mice spending 30-40%, and LAB mice
spending >60% on the open arms of the EPM. Passive stress coping
in the forced swim and tail suspension tests, indicative of depression-
like behavior, was found similarly in HAB and NAB lines and
significantly lower in LABs [18]. Initially, all animals were group-
housed in the breeding facility of the Max Planck Institute of
Psychiatry, Munich, Germany. Later, prior to surgery, the animals
were moved to a sound-attenuated recording chamber and housed
individually in Plexiglas cages (25 cmx25 cmx35 cm). During
recovery from surgery and throughout the experiments, the housing
environment was kept at a constant temperature of 24*+1°C on a
12 h light-dark cycle (lights on at 7:00 a.m.). The animals had ad
libitum access to water and food. All animal experiments performed
in the present study were conducted according to the guidance of the
European Community Council Directive, and the protocol was
approved by the local commission for the Care and Use of
Laboratory Animals of the Government of Upper Bavaria,
Germany (Az. 55.2-1-54-2531-47-06).

Surgery

Under inhalation narcosis with an isoflurane/oxygen mixture
(Isofluran, DeltaSelect, Dreieich, Germany), the mice were fixed
with a stereotaxic apparatus and chronically implanted with
electroencephalographic (EEG) and electromyographic (EMG)
electrodes for polysomnographic recordings. The implant consist-
ed of four gold wires (0.25-0.30 mm diameter) for EEG recordings
that were placed through the skull epidurally over the frontal and
parietal cortices (coordinates, A 1.5 mm and 3 mm, L. =1.7 mm
each), and two additional gold wires were inserted into the cervical
portion of the trapezoid muscles for EMG recordings. All
electrodes were soldered to a micro-socket affixed to the skull
with dental acrylic resin. Before and after the surgical operation,
the animals received atropine sulphate (0.05 mg/kg, Atropine,
Braun Melsungen, Melsungen, Germany) subcutaneously to
stabilize circulation and meloxicam (0.5 mg/kg, Metacam, Braun
Melsungen, Melsungen, Germany) as a post-operative analgesic.
After surgery, the mice spent ca. two weeks for recovery in the
environment mentioned above.

Recording schedule under baseline conditions and after
sleep deprivation

To monitor 24 h spontaneous sleep-wake patterns, polygraphic
recordings were initiated nearly 2 weeks after the animals had
received the surgical operation. The EEG recordings were
performed for 24 h, beginning at 7:00 a.m., i.e., at the onset of
the light period. The first day served as a baseline. On the
following day, all mice were sleep-deprived by gentle handling for
six consecutive hours starting at light onset (from 7:00 a.m. to
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01:00 p.m.). The gentle handling procedure included the
introduction of new objects into the cages to keep the animals
awake [28,29]. Any direct contact with individual animals was
avoided. At the end of the deprivation period, the animals were left
to sleep freely, and recording continued for the next 18 h.

Sleep recording setups and data analysis

The lead wires of the EEG and EMG electrodes were connected
to an electric swivel through a flexible tether. The weights of the
swivel and the tether were counterbalanced via a mechanical device
to near zero; thus, the mice could move almost without restriction
and were easily acclimated prior to the initiation of recording. EEG
and EMG signals were amplified (10,000 x), and both filtered EEGs
(0.5-29 Hz, 48 dB/octave) and non-filtered EMGs that had
undergone root mean square rectification were digitized by a
high-speed analog-to-digital converter at a sampling rate of 64 Hz.
The signals were then processed by a PC equipped with a LabVIEW
program (National Instruments, Austin, TX) especially designed for
sleep EEG/EMG analysis (SEA, Cologne, Germany). Polygraphic
data were stored on a computer and later processed offline with the
LabVIEW-based acquisition program, in which a Fast Fourier
Transform (FFT) algorithm served for power spectrum analysis of
particular EEG frequency contents, i.e., EEG power density within
the delta (0.5-5 Hz), theta (6-9 Hz), sigma (10-15 Hz), and beta
(16-23 Hz)bands. Epochs containing artifacts were eliminated from
power spectral analysis. With the aid of the adapted FFT algorithm
[30], spectral analysis was performed to provide semi-automatic
classification of the particular vigilance states as wakefulness, rapid
eye movement (REM) and non-REM (NREM) sleep that were
defined in 4-s epochs. The defined vigilance states were further
confirmed visually and corrected, if necessary. The EEG power
density of NREM sleep specific spectra (0.5-5 Hz) was normalized
by the total power averaged from all epochs that were scored as
NREM sleep throughout the 24 h period across all frequency bins
from 0.5 to 29 Hz, as described elsewhere [31,32]. Sleep architec-
ture was also analyzed with the aid of a LabVIEW-based
classification program to determine whether line differences would
preferentially affect either the entry of sleep episodes or their
durations when calculated separately for 12 h intervals during the
light and dark period, as described in our recent report [33]. Sleep
fragmentation was determined by the number of transitions from
one vigilance state to another in the corresponding 12 h light and
dark period. Furthermore, the average latency to NREM or REM
sleep was defined as the time from either the onset of the light period
or the beginning of the recovery period following sleep deprivation
to the appearance of the first solid NREM or REM sleep episode
lasting at least 15 epochs with an allowance of 6 interrupted 4-s
epochs.

Statistics

All statistical calculations and analyses were performed using
GraphPad Prism (Version 5.04, GraphPad, San Diego, CA). All
results are expressed as the means = SEM. Two-hour averaged
time-course changes in the amount of each vigilance state and in
delta power between lines were analyzed by two-way ANOVA
with factors ‘line’ and ‘interval’. To compare ‘line’ effects on 12 h
averaged amounts of vigilance states, delta power during NREM
sleep, numbers and durations of sleep/wake bouts, latencies to
NREM and REM sleep, numbers of transitions, and EEG power
of individual frequency bands in the corresponding light or dark
periods, a one-way ANOVA with a factor ‘line’ was used. The
light-dark (LD) differences in sleep and wake amounts were
analyzed by two-way ANOVA with factors ‘line’ and ‘LD interval’
for each vigilance state. The direct comparison between the lines

July 2012 | Volume 7 | Issue 7 | e40625



of 12 h light versus dark dynamics in circadian amplitudes was
performed by one-way ANOVA with the factor ‘line’ followed by
Tukey’s test. To compare effects of sleep deprivation between
lines, changes in the amount of vigilance states and EEG delta
power after sleep deprivation were subtracted from those during
baseline recordings in 6 h intervals and evaluated by two-way
ANOVA with factors ‘line” and ‘interval’. A two-tailed f-test was
used to determine the differences in 24 h sleep-wake patterns and
delta power during baseline and recovery after sleep deprivation
for each line. If the F values reached statistical significance,
Bonferroni’s adjustment was further applied for post-hoc analysis. P
values <<0.05 were considered statistically significant.

Results

Distribution of sleep and wakefulness is modified by
anxiety levels

All three mouse lines exhibited circadian changes in sleep-wake
activity (P<0.001, light versus dark; Figure 1A). Although each line
confined the majority of sleep and wakefulness to the light and
dark periods, respectively, the amplitude of the light versus dark
difference in the amount of each vigilance state was attenuated in
HAB relative to NAB and LAB mice (P<<0.05, see legend to
Figure 1).

NAB mice exhibited a clear diurnal rhythm with 76.8%£1.53%
of the time spent awake during the dark (active) period (Figure 1B).
Similarly to NAB mice, LAB mice showed a nocturnal preference
for wakefulness during the dark period (Figure 1A). During the first
hours of the light period, however, LAB mice exhibited increased
waking activity (32.7% more than NAB, 31.5% more than HAB;
P<0.05 each; Figure 1A). The prolonged awakenings at the start
of the light period found in LAB mice contributed to the
significant increase in the amount of wakefulness during the 12 h
light period (11.4% more than NAB, 8.7% more than HAB;
P<0.05 each; Figure 1B).

The amount of wakefulness in HAB mice was similar to that of
NAB mice during the light period but was decreased during the
dark period when compared with the two other lines (13.5% less
than NAB, 20.8% less than LAB; P<<0.001 each; Figure 1B).

NAB mice spent 56.8%1.5% of the light period in NREM sleep,
and a considerable amount of NREM sleep also occurred during
the dark period (20.6*1.4%, Figure 1B). LAB mice exhibited
significantly reduced NREM sleep in the light period in contrast to
NAB and HAB mice (10.9% less than NAB, 7.4% less than HAB;
P<0.05 each; Figure 1B). During the light period, HAB mice
spent time in NREM sleep similar to that observed in NAB mice.
Throughout the dark period, however, a significant increase in
NREM sleep was apparent in HAB mice (11.1% more than NAB,
P<0.05; 18.0% more than LAB, P<<0.001; Figure 1B).

The distribution of REM sleep in both NAB and LAB mice
similarly varied across the 24 h day with less time spent in REM
sleep during the dark period (Figure 1A and B). However, in HAB
mice, the diurnal rhythm of REM sleep was less prominent
(Figure 1A). During the light period, HAB mice showed a
significantly increased level of REM sleep when compared to that
of LAB mice (1.3% more, P<0.05; Figure 1B). Significant
increases in REM sleep in HAB mice remained even through
the dark period (2.1% more than NAB, 2.8% more than LAB,
P<0.001 each; Figure 1B).

In all lines, the EEG delta power during NREM sleep
progressively decreased throughout the course of the 12 h light
period and increased toward the end of the dark period
(Figure 1A). However, the decline in delta power in LAB mice
was delayed in the light period (Figure 1A). Twelve hour means of
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delta power calculated in LAB mice during the light and dark
period did not significantly differ from those of NAB mice
(Figure 1B). Compared to those in NAB and LAB mice, constantly
elevated levels of EEG delta power were detected in HAB mice
throughout the 12 h light and dark periods (Figure 1A), and the
averaged 12 h values in HAB mice were significantly different
from those in NAB mice during the light period (15.4% more than
NAB, P<0.05; Figure 1B) and from those in NAB and LAB mice
during the dark period (22.5% more than NAB, P<0.001; 18.0%
more than LAB, P<<0.05; Figure 1B).

Sleep architecture is significantly affected by different
traits of anxiety

As shown in the representative hypnograms (Figure 2A), NAB
mice demonstrated a diurnal rhythmicity consisting of consolidat-
ed periods of sleep and wakefulness and a robust entrainment to
the light-dark cycle. In contrast, marked differences in the
structure, amount, and distribution of sleep and wakefulness were
observed in LAB and HAB mice (Figure 2B and C).

At the beginning of the light period, LAB mice remained nearly
continuously awake for the first 1 to 2 hours, thereby delaying the
occurrence of the typical sleeping phase (Figure 2A). In fact, over
the 12 h light period, LAB mice had longer bouts of wakefulness
compared with the other two mouse lines (0.83 min/bout longer
than NAB, 0.96 min/bout more than HAB; P<0.05 each;
Figure 2C, left). Extremely long bouts of wakefulness were also
evident in LAB mice during the dark period (3.0 min/bout longer
than NAB, P<0.05; 7.5 min/bout longer than HAB, P<<0.001;
Figure 2C, right). The number of awakenings and the number or
duration of NREM and REM sleep bouts did not differ across the
24 h day between LAB and NAB mice (Figure 2B and C).

Across a 24 h day, HAB mice exhibited more frequent
transitions between the states of sleep and arousal than the other
mouse lines (Figure 2A). During the light period, HAB mice
exhibited numerous but significantly shorter NREM and REM
sleep bouts and an unchanged number and length of waking bouts
when compared with NAB mice (number of bouts: NREM sleep:
62.1 bouts/12 h more, REM sleep: 43.2 bouts/12 h more;
duration of bouts: NREM sleep: 0.65 min/bout less, REM sleep:
0.35 min/bout less; P<0.05 each; Figure 2B and C, left). Further,
significantly more bouts were counted for each vigilance state in
HAB than in LAB mice (wake: 59.0 bouts/12 h more, NREM
sleep: 82.6 bouts/12 h more, REM sleep: 39.9 bouts/12 h more,
P<0.05 each; Figure 2B, left). The transitions from NREM sleep
to wake and from wake to NREM sleep during the light period
were significantly more frequent in HAB than in LAB mice
(P<<0.05, Figure 2D, left). During the dark period, HAB mice did
not show a clear nocturnal preference for wakefulness when
compared with the more consolidated periods of activity observed
in NAB and LAB mice (Figure 2A). In contrast to the other lines,
HAB mice exhibited numerous bouts of wakefulness with
extremely frequent entries to NREM and REM sleep episodes
(P<0.05 or P<0.001, Figure 2B and D, right). A significant
reduction in the length of waking bouts was observed in HAB mice
(85.0 bouts/12 h less than NAB, P<0.05; 102.7 bouts/12 h less
than LAB, P<0.001; Figure 2C, right). Compared with NAB
mice, episodes of NREM and REM sleep were significantly
shorter in HAB mice during the dark period (NREM sleep:
0.77 min/bout shorter, REM sleep: 0.59 min/bout shorter;
P<0.05 each; Figure 2C, right). Moreover, these alterations
detected in HAB mice during the dark period were accompanied
by significant increases in all state transitions when compared with
the other mouse lines (P<0.05 or P<<0.001; Figure 2D, right).
Especially, intrusions of short REM sleep episodes were found

July 2012 | Volume 7 | Issue 7 | e40625



Sleep and Trait Anxiety

A B sk
1004 -o- NAB 1007 @Em NAB o
e LAB
Ly -8~ HAB i
*
2 o g
£ 2
= 404 =
20
c 1 T L 1
100- 1001
80 80 *
= = *
£ 6o | £ g0 | | .
w (2]
= ! = s
& 404 & 40
z —
20- 20
0N
v T L] T 1
12+ 12-
9 94 *
g g | "
2 81 2 & |¢‘
w w
14 o
34 34

*%k

o |

=]
(=]
1

normal. power
of SWA during NREMS
&
1

»n
o
1

normal. EEG delta power
during NREMS
g 8

(=]
1

o

Time (h) 12h Light 12h Dark

Figure 1. Sleep-wake distribution in the mouse model of trait anxiety. (A) Time-course changes in sleep-wake patterns and EEG delta power
during NREM sleep of NAB (n=7), LAB (n=10) and HAB (n=10) mice under baseline conditions. Data points represent 2 h means = SEM of time
spent in wake, NREM sleep (NREMS) and REM sleep (REMS). The delta power during NREM sleep is represented as the mean value = SEM of
normalized EEG power densities in the frequency range of 0.5-4.0 Hz restricted to NREM sleep. Two-way analysis of variance (ANOVA) revealed
significant effects of ‘line’ and ‘time’ for all vigilance states and delta power (P<<0.001) and their interaction for all vigilance states across 24 h (wake,
P<<0.001; NREMS, P<<0.001; REMS, P<<0.05). (B) Percentage of time spent in wake, NREM and REM sleep and the normalized EEG power of delta band
during the 12 h light and dark period. Values are the 12 h means * SEM. *P<<0.05, **P<<0.001, assessed by one-way ANOVA with the factor ‘line’
followed by Bonferroni’s test. The light-dark (LD) differences were analyzed as well. Two-way ANOVA revealed significant effects of ‘line’ and ‘LD
interval’ for all vigilance states (P<<0.001) and their interaction for all vigilance states (P<0.05). The direct comparisons between lines of the 12 h LD
dynamics in circadian amplitudes were performed by one-way ANOVA with the factor ‘line’ followed by Tukey's test (wake, NREMS, P<<0.001; REMS,
P<0.05).

doi:10.1371/journal.pone.0040625.9001

frequently within NREM sleep across 24 h (P<<0.05, Figure 2D).  Trait anxiety alters the dynamics of EEG activity during

Therefore, HAB mice showed very instable state changes that sleep

were characterized as sleep fragmentation. During wakefulness, NAB and LAB mice exhibited a higher
EEG power in the broad frequency band than HAB mice
(Figure 3A, top). These differences were significant either in a
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doi:10.1371/journal.pone.0040625.9g003

lower frequency range (compared to NAB: 0.75-2.25 Hz, to LAB:
1.75-2.5 Hz; P<<0.05 each; Figure 3A) or in a range of higher

frequency band (0.5-5 Hz, Figure 3A, middle). Such an increase
in power around the delta frequency during NREM sleep was

frequencies (compared to NAB: 6—-8.75 Hz, to LAB: 5.75-6.5 Hz;
P<0.05 each; Figure 3A).

In general, a spectral distribution of EEG power during NREM
sleep is characterized by high values, particularly in the delta

@ PLoS ONE | www.plosone.org

more apparent in HAB mice, which reached significance in the
range of 0.75-3.25 Hz when compared with NAB mice and 2.5
5.5 Hz when compared with LAB mice (P<0.05, Figure 3A). In
LAB mice, an increase of EEG power during NREM sleep was
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found in the range of higher frequencies (16-17.5 Hz, P<0.05;
Figure 3A).

During REM sleep, power densities in the theta activity (6—
9 Hz) were characteristically increased in all three mouse lines.
When compared with NAB mice, significant increases in REM
sleep-specific power densities also occurred in LAB mice in the
frequency ranges of 1-3.75 Hz and 5.5-6.75 Hz and in HAB mice
in the two separate frequency ranges of 1-2.75 Hz and 5.25—
8.5 Hz (P<<0.05, Figure 3A). Moreover, the peak density within
the theta range was significantly shifted toward slower frequencies
in both LAB and HAB mice (Figure 3A, bottom insertion).
Compared with NAB mice, the oscillations within the theta-peak
frequency during REM sleep were 0.8 Hz and 0.9 Hz slower in
LAB and HAB mice, respectively (P<<0.05, Figure 3A).

Significant differences in the EEG power spectra were also
evident between NAB, LAB and HAB mice across the particular
frequency bands (Figure 3B).

During the light period, a significant decrease in the power of
theta activity was observed in LAB and HAB mice during
wakefulness (P<<0.05, Figure 3B, top left). The power of a lower
frequency range, e.g., the delta band, in HAB mice and a higher
frequency range, e.g., the beta band, in LAB mice were
significantly increased in NREM sleep during the light period
(P<0.001 and P<0.05, respectively; Figure 3B, middle left).
Compared with NAB mice, a remarkable enhancement of the
power in the delta band was observed in LAB and HAB mice
during REM sleep (P<<0.05, Figure 3B, bottom left).

During the dark period, a reduction of EEG power in the theta
and sigma bands during wakefulness was characteristically seen for
LAB and HAB mice compared with NAB mice (P<<0.05,
Figure 3B, right). In HAB mice, the power across all four
frequency bands was significantly elevated during NREM and
REM sleep (P<<0.05 or P<0.001, Figure 3B, right).

Homeostatic responses to sleep deprivation (SD) are
diverse in different traits of anxiety

To uncover how sleep homeostasis is controlled in the model of
anxiety, mice were sleep-deprived for 6 h, and the rebound in
sleep behavior was examined. Following SD, the increase of
NREM sleep in the first 6 h interval (ZT 7-12) during the
recovery period was significantly greater in LAB mice than in
NAB mice (P<0.05, Figure 4B, left).

As illustrated in Figure 4A, there was an apparent enhancement
of REM sleep above baseline values in HAB mice following SD,
but significant increases in REM sleep were detected only between
ZT 17-19 (P<0.05). When the differences were calculated for the
second 6 h interval during the recovery period following SD,
REM sleep enhancement in HAB mice was larger when compared
with NAB mice (P<<0.05, Figure 4B).

In NAB and HAB mice, there was a significant increase in EEG
delta power during NREM sleep during the first 2 h of the
recovery period following 6 h of forced wakefulness (£<<0.03,
Figure 4A). In contrast, the increase in EEG power density in the
delta frequency range was very modest in LAB mice and did not
reach significance compared with the corresponding baseline. The
magnitude of increased delta power during the first 6 h interval
was significantly higher in NAB and HAB than in LAB mice
(P<0.05, Figure 4B, right). Following SD, the EEG power of the
delta band decreased progressively in all lines (Figure 4B). The
reduction of the power in the last 6 h of the recovery period was
extreme in both LAB and HAB mice when compared with NAB
mice, but the comparison was significant only between LAB and
NAB mice (P<0.05, Figure 4B).
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Latency from wake to sleep is greatly affected by
different traits of anxiety

The latencies to NREM and REM sleep from the start of the
light period varied between the mouse lines (Table 1). Inter-line
comparisons showed that LAB mice had an extremely prolonged
latency to NREM sleep when compared with HAB mice. During
baseline conditions, latency to REM sleep was significantly longer
in LAB when compared with NAB and HAB mice.

Compared with baseline, 6 h of SD dramatically shortened the
latencies to NREM and REM sleep in NAB and LAB mice. When
calculated from the start of the recovery period (ZT 6), SD
significantly reduced the latency to REM sleep in NAB mice
compared to what was observed during baseline conditions from
the start of sleep in the beginning of the light period. The latencies
for both NREM and REM sleep were extremely reduced in LAB
mice after SD when compared to baseline recordings; however,
sleep latencies were not significantly altered by SD in HAB mice.

Discussion

The present study examined the impact of trait anxiety on sleep-
wake regulation. Specifically, sleep was differentially structured in
mice with high (HAB) or low (LAB) levels of inborn anxiety-related
behavior. HAB mice spent a greater part of their active (dark)
phase asleep and had difficulty in maintaining long wake episodes.
Strikingly, increased sleep in the dark period was accompanied by
more frequent episodes of REM sleep. Moreover, HAB mice
exhibited remarkably unstable ultradian cycles of sleep and an
overall increase in delta activity during NREM sleep. In contrast,
LAB mice showed longer sleep latencies, a significant increase in
beta activity during NREM sleep and extensive episodes of
wakefulness resulting in a reduction of the total amount of sleep.

The resting period of HAB mice was highly fragmented. Sleep
fragmentation is a notable correlate of many affective disorders,
including depression [34-36] and post-traumatic stress disorder
[37,38]. The prevalence of insomnia ranges from 70% to 90% in
patients with anxiety disorders [39]. Patients with generalized
anxiety disorder (GAD) frequently report difficulties in staying
asleep, restlessness, and non-refreshing sleep [40,41]. Many studies
have also reported sleep disruption, associated with increased
arousal at nighttime, as a feature of anxiety [42—44]|. However, it
was shown that, although GAD is characterized by physiological
states of hyperarousal, objective findings on the polysomnogram
often cannot be distinguished from those of healthy volunteers
without sleep problems [45-48]. We expected to find numerous
short arousals in HAB mice that could explain impaired sleep
continuity during the light period but, surprisingly, the number of
awakenings was not significantly increased. Rather, we found
extremely short and frequent episodes of NREM and REM sleep
to be responsible for the less stable pattern of sleep observed in
HAB mice. Due to rapid shifts from NREM sleep to REM sleep
and vice versa, HAB mice displayed a disturbed distribution of sleep
stages and therefore an altered continuity of sleep. In general, it is
difficult to ascertain cause-effect relationships between anxiety
disorders and sleep complaints in patients. The present study
demonstrates, for the first time, that the diminished capacity to
sustain ultradian cycles of NREM and REM sleep, combined with
an unconsolidated distribution of vigilance states, are sleep features
that accompany elevated levels of inborn anxiety.

In contrast to hypersomniac patterns with wake-drive deficits in
HAB mice, LAB mice showed longer sleep latencies and extensive
wake episodes that resemble human insomnia. At the beginning of
the resting period, LAB mice seemed incapable of down-regulating
their arousal level. Moreover, they displayed marked increases in
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doi:10.1371/journal.pone.0040625.g004

cortical beta activity during NREM sleep. Such malfunction of
wake regulation resembles patients with primary insomnia
accompanied by hyperarousal, circadian dysrhythmia and in-
creased EEG activity across high frequency bands [49]. It remains
to be shown to which extent LAB mice might represent a model
for primary insomnia.

During the dark period, HAB mice spent remarkably more time
in NREM and REM sleep. As a result, they showed decreased
wakefulness at a time when mice, as nocturnal animals, would
normally be spending more time awake. Hypersomnia (increased
daytime sleepiness) has been described in subjects with increased
anxiety [50-55]. According to the International Classification of
Sleep Disorders, idiopathic (primary) hypersomnia is associated
with excessive sleepiness, consisting of prolonged sleep episodes of

@ PLoS ONE | www.plosone.org

NREM sleep [56]. Interestingly, the length of NREM and REM
bouts in HAB mice was longer during the dark period than during
the light period. In addition to this very unique phenomenon, a
large proportion of sleep episodes seemed to pass prematurely
from NREM to REM sleep. Furthermore, changes from wake to
sleep states and vice versa were also frequently observed in HAB
mice. Although anxiety disorders are reportedly linked to excessive
daytime sleepiness [57,58], it is difficult to evaluate whether this
applies to HAB mice or whether their capacity of maintaining
wakefulness is impaired.

We speculate that the inability of HAB mice to sustain persistent
wakefulness and also to disinhibit frequent REM sleep intrusions
may be a consequence of altered control of arousal-related brain
regions. It is well documented that the dorsomedial-perifornical
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Table 1. Latency to NREM and REM sleep during baseline
conditions and after sleep deprivation in mouse models of
anxiety.

During baseline After SD

Line N  NREMS REMS NREMS REMS
NAB 7 256+100 46.7+104° 9.0+3.1 17.5+43"
LAB 10 80.2+20.9° 108.6*19.1* ¢  33+05 93*14 €
HAB 10 123*7.7° 179+64° 10.5+25 22.0%3.1°
One-way

ANOVA

P-value 0.0067 0.0002 0.0498 00124

Values are the means in min = SEM. The letters indicate a significant between-
line difference (P<<0.05) within the individual parameter (a: from NAB mice, b:
from LAB mice, c: from HAB mice), assessed by one-way ANOVA with the factor
‘line” followed by Bonferroni’s test. Statistical differences in values after sleep
deprivation relative to the corresponding baseline values within each line,
analyzed by t-test (* P<<0.05, ** P<<0.001). NREMS, non-REM sleep; REMS, REM
sleep; SD, sleep deprivation.

doi:10.1371/journal.pone.0040625.t001

hypothalamus, which is enriched in neurons expressing hypocretin
(also known as orexin), plays a crucial role in arousal and REM
sleep inhibition [59-62]. Given the fact that the hypocretin system
1s also implicated in the development of anxiety disorders and
depression [63,64], examining hypocretinergic transmission in
HAB mice would be an interesting point for future studies.

Another characteristic of the altered sleep parameters in HAB
mice was a dramatic increase in EEG delta power during the entire
light-dark cycle. Similar to HAB mice, increased EEG delta power
during NREM sleep is found in patients with sleep-maintenance
insomnia [65], manifested as sleep fragmentation and non-
restorative sleep [66]. Delta power during NREM sleep reflects a
need or a pressure for NREM sleep [67-69], suggesting that the
enhanced sleep requirement in HAB mice may be the result of
altered sleep regulation caused by high anxiety. Changes in EEG
delta power during NREM sleep reflect sleep homeostasis and
restorative functions of sleep [70-72]. In both humans and rodents,
long period of wakefulness is followed by higher-than-normal EEG
delta power at the beginning of NREM sleep, and thereafter the
power gradually declines over the course of sleep [67,73-76]. Given
the disturbed sleep and waking patterns in HAB mice, we expected
that the amplitude of delta oscillations during NREM sleep would be
affected. Sleep continuity is important to restore the benefit of sleep
[77-79]. Therefore, HAB mice were never able to fully restore their
need to sleep. Consequently, the increased demand for sleep in HAB
mice must have resulted from their inability to maintain the full
(comprehensive) length of NREM sleep, thereby preventing a
decline in sleep pressure.

In contrast to HAB mice, homeostatic responses, e.g., after SD,
were rarely displayed by LAB mice. SD causes a short-lasting
intensification of sleep, as indicated by the enhanced EEG delta
power during NREM sleep. However, it is well documented that
the duration of the prior wake period directly influences
succeeding sleep bouts, especially with the sleep rebound
[67,73,75,80]. We speculate that a prolonged waking episode in
the beginning of the resting period in LAB mice did not efficiently
allow sleep pressure to accumulate and thereby these phenomena
interfered with a process of homeostatic sleep control.

HAB mice showed diminished nocturnal activity, ie., a
flattened 24 h pattern of sleep-wake cycles; on the other hand,
LAB mice tended to show a delay in the timing of sleep. This
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indicates that the amount, timing, and robustness of sleep-wake
cycles are dysregulated in mice with different genetic predisposi-
tions to anxiety-related behavior. The majority of the diurnal
aspects of behavior and physiology is coordinated by clock genes in
the suprachiasmatic nucleus (SCN), which harbors the master
circadian clock [81,82]. Depending on the circadian phase, the
circadian clock may actively promote sleep or wakefulness [83,84].
A large body of literature indicates a significant link between the
functioning of clock genes and behavioral changes that are directly
related to affective disorders [85-92]. Recently, a human
association study revealed that genes contributing to circadian
rhythms might also play a role in the genetic predisposition to
anxiety disorders [93]. Further, we recently found that the SCN
protein levels of PER2, a reliable tissue clock marker [94], are
lower in HAB than LAB mice (unpublished data), indicating that
inborn differences in anxiety-related behavior may affect the
intradiem oscillations of clock genes, leading to disrupted rhythmic
day-night variations in the sleep-wake cycle.

There have been reports on altered sleep-wake modulation in
other animal models of depression that were generated similarly by
selective breeding within the CD1 mouse strain in order to
investigate different aspects of psychopathology. For example,
mice selected from long duration immobility in the tail suspension
test (I'ST), that indicates high spontancous helplessness (HL), are
characterized by lighter slow wave sleep, increased REM sleep,
and sleep fragmentation [14,15]. Another example, the highly
stress reactive (HR) mice based upon hypothalamic-pituitary-
adrenal axis hyperreactivity in response to restrain stress, displays
reduced sleep efficacy and increased REM sleep [8,13]. However,
while sharing common features in their sleep phenotype, these
models showed some discrepancies in their behavioral traits.
Compared to increased anxiety-related behavior of the HAB line,
no differences in trait anxiety were revealed in HR mice [93].
While HL was reported to exhibit enhanced depression-like
behavior in response to the TST and forced swimming [14],
neither HAB nor HR animals clearly showed this passive coping
style when compared with their corresponding controls [18,95].
The behavioral differences across CD1 models thus indicate that
selection for a particular trait resulted in changes in several sleep
readouts, likely via different mechanisms underlying anxiety- and/
or depression-related indices, with HAB mice being predominant-
ly driven by trait anxiety.

Based on evidence of a strong genetic influence on sleep
architecture [96] and well-described sleep disruptions associated
with mood disorders [97-99], it was previously suggested that both
awake and sleep EEG can serve as biomarkers of these psychiatric
diseases [100-103]. The aim of this study was to define specific
sleep characteristics that might help to distinguish a subpopulation
of anxiety patients and thus allow for more specific determination
of a psychopathological entity. Although primarily bred for
extremes in trait anxiety, HAB and LAB mice also differ in
passive vs. active stress coping, the former being indicative of
depression-like behavior [18]. This animal model thus simulates
the complex human phenotype of hyper-anxiety and comorbid
depression. Increased EEG delta activity, unstable NREM sleep,
and enhanced affinity to REM sleep are the most reliable EEG
measures specific to HAB mice, which represent a mixture derived
from both elements of anxiety and depression. Similarly, the
increased drive towards REM sleep, i.e., REM sleep disinhibition,
is a frequently observed sleep characteristic in depression [104].
Indeed, those increased REM sleep and fragmented sleep patterns
were similarly characterized not only in the aforementioned mouse
models but also in validated rat models of depression [9-12]. Most
of these models, however, do not share altered EEG spectra.
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Further, it is important to note that sleep-wake abnormalities in
HAB mice occurred throughout the day cycle including the active
period. Increased delta activity throughout 24 h was also robust
and unique, which has never been reported in any other rodent
model. Thus, sleep phenotyping has the potential to crucially
complement the behavioral repertoire to better distinguish
between anxiety- and depression-related components, and sup-
ports valid models for translational studies.

In summary, we demonstrate that the divergence of trait anxiety
in HAB vs. LAB mice severely modifies the structure, dynamics,
and homeostasis of sleep-wake behavior. LAB mice exhibited
delayed sleeping periods and altered control of sleep-loss related
homeostasis. Sleep abnormalities found in HAB mice included
persistently high sleep pressure and sleep fragmentation due to the
rapid progression from NREM to REM sleep states. Moreover, an
increased prevalence of REM sleep and significant reductions in
the length of wakefulness were characteristics of HAB mice during
the active period. In view of the profound sleep phenotypes of
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