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Abstract
Age-associated dysregulation of sleep can be worsened by Alzheimer’s disease (AD). AD and
sleep restriction both impair cognition, yet it is unknown if mild chronic sleep restriction modifies
the proteopathic processes involved in AD. The goal of this work was to test the hypothesis that
sleep restriction worsens memory impairments, and amyloid β-peptide (Aβ) and pTau
accumulations in the brain in a mouse model of AD, with a focus on a role for circulating
glucocorticoids (GC). Male 3xTgAD mice were subjected to sleep restriction (SR) for 6 hrs/day
for 6 weeks using the modified multiple platform technique, and behavioral (Morris water maze,
fear conditioning, open field) and biochemical (immunoblot) outcomes were compared to mice
undergoing daily cage transfers (large cage control; LCC) as well as control mice that remained in
their home cage (control; CTL). At one week, both LCC and SR mice displayed significant
elevations in plasma corticosterone compared to CTL (p<0.002). By four weeks, SR mice
displayed a two-fold increase in circulating corticosterone levels compared to CTL. Behavioral
data indicated deficits in contextual and cued memory in SR mice that were not present for LCC
or CTL (p<0.04). Both Aβ and pTau levels increased in the cortex of SR mice compared to CTL
and LCC; however these changes were not noted in the hippocampus. Significant positive
correlations between cortical Aβ and pTau levels and circulating corticosterone indicate a potential
role for GCs in mediating behavioral and biochemical changes observed after sleep restriction in a
mouse model of AD.
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Introduction
Disruptions to daily sleep cycles are common in modern society. Long-term insufficient
sleep has adverse effects on overall health and neurological function including deficits in
attention, impairments in cognition and depression (Banks and Dinges, 2007). Aging causes
an increase in sleep fragmentation and restriction that can be compounded in
neurodegenerative disorders such as Alzheimer’s disease (AD). Further, both aging and AD
are associated with decreases in cognitive function. Yet it remains to be seen how age- and
disease-related decreases in sleep affect the progression of AD including both cognitive and
pathological outcomes.

Recent data show that neurodegenerative diseases are often associated with sleep
disturbances beyond what is observed in normal aging. Sleep fragmentation, which can
include frequent awakenings and an increase in daytime napping, is the most common sleep
disturbance reported in AD patients with an incidence of roughly 30–50% (Vitiello et al.,
1990). In addition to these disturbances, the latency to the first episode of REM sleep
(REML) is shorter in AD patients (Bliwise et al., 1989). Several studies show disruptions of
circadian rhythmicity in AD including an increase in ‘sundowning’, changes in activity
patterns, and fluctuations in normal circadian changes in body temperature (van Someren et
al., 1996; Volicer et al., 2001). At least one study showed a genetic predisposition to sleep
disturbances in AD patients who carried a mutation in the monoamine oxidase A gene, a
gene shown to play a role in maintaining circadian rhythms (Craig et al., 2006). However,
despite the large number of clinical studies that outline sleep disturbance in AD patients, it is
not known how sleep disturbances affect the progression of the disease.

Both clinical and experimental studies show that loss of sleep, even for only for a few hours,
causes memory impairments. Using a fear conditioning paradigm in mice, Graves et al.,
showed that just 5 hours of sleep deprivation after the training session resulted in
impairments in consolidation of contextual memory (Graves et al., 2003). A similarly short
(6 hour) period of sleep restriction in mice also caused impairments in object recognition
(Palchykova et al., 2006). In one study, repeated daily sleep restriction during the Morris
water maze training period resulted in increases in circulating corticosterone levels and
impaired learning (Hairston et al., 2005). A wide range of data demonstrate deficits in
learning, memory, attention, emotional reactivity and decision making in human subjects
after sleep loss (Turner et al., 2007; Chee and Chuah, 2008; Goel et al., 2009; McCoy and
Strecker, 2011) yet the majority of this work utilized 1 or 2 days of total deprivation in lieu
of chronic partial restriction in total sleep time which is more relevant to the most common
sleep disturbances in humans. Two different controlled clinical studies showed that
successive nights of sleep restriction resulted in impaired memory and mood implying that,
over time, long-term mild sleep restriction can have a cumulative adverse effect on cognitive
function (Dinges et al., 1997; Van Dongen et al., 2003).

The goal of this study was to test the hypothesis that long-term mild sleep restriction
worsens the progression of AD using the 3xTgAD mouse model (Oddo et al., 2003). Mice
(3xTgAD) were subjected to daily mild sleep restriction for 6 hours per day for 6 weeks
using the MMP technique (Machado et al., 2004). The MMP technique was chosen for the
current study due to its proven ability to eliminate paradoxical sleep (PS) and reduce slow
wave (SWS) sleep by ~31% (Machado et al., 2004). Further, the platform method is shown
to increase circulating corticosterone levels suggesting that this form of sleep restriction can
be considered a stressor in mice (Palma et al., 2007). Briefly, group-housed mice were
placed in a cage containing three circular platforms and water filled the cage to 1 cm below
the upper surface of the platforms enabling the mice to move around the cage by jumping
from one platform to another. When they reached the paradoxical phase of sleep and the
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onset of muscle atonia, they fell into the water and were awoken (‘sleep restriction group’;
SR). A second set of mice termed ‘large cage control’ (LCC), were moved into cages
identical to the sleep restriction cages described above but with bedding instead of water and
returned to their home cage at the end of the 6 hour test period. A third control group
remained in their cages for the duration of the study (CTL). Circulating corticosterone
levels, memory, anxiety and the accumulation of Aβ and phosphorylated-tau in the cortex
and hippocampus were all quantified and compared.

Results
Plasma corticosterone concentrations

One week after beginning a course of 6 hours of sleep restriction per day, both LCC and SR
mice displayed significant elevations of plasma corticosterone levels compared to non-
stressed controls (CTL) (Fig 1; p<0.002). This represented a four-fold increase over normal
circulating corticosterone levels. By four weeks after the start of the six week sleep
restriction period, sleep restricted mice displayed a two-fold increase in circulating
corticosterone levels compared to CTL. The LCC group also displayed an increase in
circulating corticosterone levels compared to CTL at 4 weeks after the start of the 6 week
sleep restriction period; this increase was significant (p=0.04). At 4 weeks after the start of
the sleep restriction period there were no statistical differences in circulating corticosterone
levels between the SR and CTL groups or between the SR and LCC groups. Further,
circulating corticosterone levels were not statistically different in the SR and LCC groups at
either 1 or 4 weeks.

Morris water maze
Mice were tested in the Morris water maze (MWM) prior to the beginning of the sleep
restriction (pre-SR) and again at the end of the 6 week sleep restriction period (post-SR
CTL, post-SR LCC, post-SR SR; Fig 2). Prior to the sleep restriction period, mice displayed
a decrease in latency required to reach the target platform over time (Fig 1A). During both
the 4 and 24 hour probe tests, mice spent a significantly greater amount of time in the target
quadrant compared to the other three quadrants (p<0.005). After the SR period, none of the
groups spent a significantly greater amount of time in the target quadrant compared to the
other three quadrants (Fig 2C and 2D). No significant differences in swim speed were
measured between groups (Fig 2B).

Fear conditioning
Mice were only tested in the fear conditioning paradigm once, at the end of the 6 week sleep
restriction period. During the training session mice were exposed to tone-shock pairings and
demonstrated an increase in percent time spent freezing between tone 1 and tone 2 and
between tone 2 and tone 3 (Fig 3A). No significant differences were observed between the
three groups during the training session. After 24 hours, mice were first tested in a
contextual paradigm by placing mice in the apparatus for 5 minutes without any tone or
shock. Mice that underwent sleep restriction (post-SR SR) displayed a significantly (p<0.04)
lower percent time freezing over the 5 minute period compared to both LCC and CTL (post-
SR CTL and post-SR LCC) (Fig 3B). After 3 hours, mice were tested in a cued paradigm in
which they were placed in a novel context and exposed to a tone. After exposure to the tone,
mice that underwent sleep restriction (post-SR SR) displayed a significantly (p=0.03) lower
percentage of time freezing compared to CTL (Fig 3C).
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Anxiety
Open field testing was completed at the end of the 6 week study period as a measure of
anxiety and movement. Mice were placed in an open field and the time spent in the center
zone and periphery was recorded as well as the distance traveled in these two zones (Fig. 4).
No significant differences between groups were observed in either time spent in zone 1 or
distance traveled in zone 1.

Aβ and pTau accumulation
Cortical expression of Aβ increased slightly in LCC mice compared to CTL. However, a
non-significant rise of ~80% in the amount of cortical Aβ oligomers was observed in SR
compared to CTL (p=.22) (Fig 5A and 5C). Levels of phosphorylated Tau (pTau) in the
cortex increased almost two-fold in SR compared to CTL and by a smaller amount in LCC
compared to CTL (Fig 5A and 5C). Changes in both Aβ and pTau in the cortex in SR mice
compared to CTL and LCC were non-significant (p>0.22). Levels of Aβ oligomers and pTau
were not significantly changed in the hippocampus in either LCC or SR compared to CTL
(p>0.44) or in SR compared to LCC (p>0.53) (Fig. 5B and D).

The LCC condition, which might be considered a stressful environment, resulted in
significant changes or trends worsening of behavioral symptoms and Aβ and pTau
pathologies in the cerebral cortex. We therefore asked whether plasma corticosterone levels,
an indicator of stress, were correlated with cognitive performance and/or Aβ and pTau
levels. A significant (p=0.045) negative correlation was observed between circulating
corticosterone and the percent time spent in the target quadrant during the 24 hour probe test
(Fig 6E). Levels of both Aβ and pTau in the cerebral cortex were positively, significantly
(p<0.028; R2=0.49 Aβ; R2=0.35 pTau) correlated with circulating corticosterone levels
measured 1 week after the start of the sleep restriction period. In the hippocampus, Aβ, but
not pTau, was significantly correlated with circulating glucocorticoids (GC) (p=0.032;
R2=0.2577). At 4 weeks after the start of the sleep restriction period, no significant
correlations were observed between circulating corticosterone and Aβ or pTau in either the
hippocampus (p>.34) or cortex (p>.08).

Discussion
Despite the prevalence of sleep disturbances in AD and the known effects of loss of sleep on
cognition, no study to date has elucidated both behavioral and biochemical alterations in AD
following chronic mild sleep restriction. Our data indicate a worsening of memory loss, and
an accentuation of the accumulation of pTau and Aβ in the cerebral cortex in a mouse model
of AD after 6 weeks of mild sleep restriction. In addition, we found significant positive
correlations between plasma corticosterone levels and pTau and Aβ pathologies, suggesting
a role for hyperactivation of the brain – hypothalamus – pituitary – adrenal neuroendocrine
stress response in the acceleration of the aberrant molecular cascades underlying AD.

Elevated levels of circulating corticosterone were present 1 week after the start of the sleep
restriction period and persisted up to 4 weeks. Studies of chronic stressors often utilize 21
day paradigms due to the ability of mice to acclimate to a stressor. Data presented here show
a continued elevation of circulating corticosterone levels at 4 weeks after the start of the
sleep restriction period, potentially indicating an inability of 3xTgAD mice to acclimate to
the mild stressor. Interestingly, in addition to the SR mice, corticosterone levels were
elevated in mice in the LCC group implying that daily transfer from one cage to another and
back is sufficient to cause a sustained level of stress in 3xTgAD mice. In studies utilizing a
MMP method of sleep restriction, this type of control as well as a large platform control, are
generally utilized and result in only modest increases in circulating corticosterone and sleep
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loss (Suchecki and Tufik, 2000; Machado et al., 2004). However, the latter studies utilized
wild-type mice that display normal HPA axis function. In contrast 3xTgAD mice have been
shown to display an elevation of basal circulating corticosterone levels, and sensitivity to
chronic mild stressors that is not present in wild-type controls (Rothman et al., 2012). It is
therefore likely that, in addition to an inability to acclimate to social stress, 3xTgAD mice
also display an inability to adapt to daily transfer to and from novel cages.

The current study employed two measures of cognition, MWM and fear conditioning, the
latter of which suggested a worsening of memory in SR mice compared to mice in the CTL
and LCC groups. Coupled with anxiety testing results which did not indicate any alterations
in anxiety or exploration between groups, fear conditioning data indicate that mild sleep
restriction results in a worsening of both contextual and cued memory in SR 3xTgAD mice.
Several possible explanations exist for the lack of a detectable effect of SR on performance
in the MWM. First, although all experimental groups were unsuccessful during the probe
tests, latency to find the platform did decrease over time for the post-SR CTL group from
days 1–5 potentially indicating an ability of this group to learn. Second, the MWM involves
exposure to water which mice often find stressful as demonstrated by studies that show a
rise in circulating corticosterone after training in the MWM (Huang et al., 2012). Because
the SR protocol utilized the MMP method, SR mice were exposed to water daily over the
course of 6 weeks potentially introducing adaptation or sensitization to water exposure
(Machado et al., 2004). It is possible that water exposure of the SR group introduced a
confounding effect in the MWM test. Additionally, it is noteworthy that although there were
no differences between groups in the MWM tests after the SR period, CTL mice displayed
successful reference memory prior to the SR period, as indicated by a significantly greater
amount of time spent in the target quadrant during the probe test, compared to an
unsuccessful probe test after the 6 week period. This could indicate that 3xTgAD mice
experienced a worsening of disease symptoms due to aging during the study period.
Whereas sleep restriction did not worsen spatial memory in this mouse model at the age
studied in the current study, it might affect the performance of younger or older 3xTgAD
mice. Finally, circulating corticosterone levels displayed a negative correlative relationship
with at least one behavioral outcomes from the Morris water maze, time spent in the target
quadrant during the probe test (Fig 6E), suggesting that GC levels may be directly related to
cognitive performance.

Our biochemical analyses show that SR exacerbates the accumulation of Aβ and pTau in the
cerebral cortex, but not the hippocampus. This is consistent with the only other study to
quantify Aβ deposition after sleep restriction, which demonstrated an increase in
accumulation of Aβ in the cortex after 21 days of SR in a mouse model of AD (Kang et al.,
2009). In the 3xTgAD model of AD, Aβ and pTau pathologies appear first in the cortex
followed by the hippocampus (Oddo et al., 2003). It is therefore likely that a longer course
of SR would also worsen hippocampal pathology in this model. Further, correlations
indicate a significant relationship between circulating corticosterone and Aβ and pTau levels
in the cortex, but only Aβ in the hippocampus. Adrenalectomy in adult rats altered spatial
distribution of APP expression and treatment with dexamethasone caused an increase in
APP expression; these studies imply that GCs participate in the regulation of APP levels
(Islam et al., 1998; Budas et al., 1999). Further, recent work using middle-aged rats
demonstrated that both stress and GC can drive APP metabolism toward amyloidogenesis as
demonstrated by an increase in APP mRNA and the levels of beta-secretase 1 (BACE) as
well as an increase in the C99 fragment produced when BACE cleaves APP (Catania et al.,
2009). Additional literature indicates the presence of a GC response element (GRE) in the
promoter region of both the APP and BACE genes (Lahiri, 2004; Sambamurti et al., 2004).
Our data showing a positive correlation between Aβ and corticoserone levels are therefore
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consistent with a role for corticosterone in mediating the adverse effects of SR on cognitive
deficits and AD-like neuropathological changes.

It should be noted that the current study does not differentiate the effects of sleep restriction
from the effects of stress and/or an increase in circulating GCs. Slow wave sleep (SWS),
particularly the normal hippocampal activity that occurs during SWS, is required for
learning and episodic memory. It is possible that a decrease in brain metabolism due to a
loss of SWS causes increases in Aβ and ptau after sleep deprivation. However, a recent
study showed that both stress and GC can drive APP metabolism toward amyloidogenesis
and that a history of hypersecretion of GC, as result of chronic stress, biases APP processing
toward the amyloidogenic pathway (Catania et al., 2009). Those results, taken with the
current study, strongly suggest that stress can play a key role in the accumulation of Aβ in
the brain and, potentially, in the progression of AD.

The goal of the current work was to test the hypothesis that, as an adverse stressor, mild
sleep restriction worsens the proteopathic processes (Aβ and pTau accumulation in the
brain) and cognitive cognitive deficits in a mouse model of AD. While, our data do support
this hypothesis, there are several important questions that remain to be answered. For
example, do wild-type mice not destined to develop Aβ and pTau pathologies, nevertheless
exhibit cognitive impairment similar to that of 3xTgAD mice when subjected to chronic SR?
If and how does age/disease stage influence the magnitude of the impact of SR on cognitive
performance and proteopathic changes in the brain? However, despite these the questions
that remain, this study provides the first evidence that chronic mild sleep restriction may
worsen the progression of AD and furthers knowledge of how environmental factors affect
neurodegeneration and how modulation of GCs may mediate disease processes.

Materials and Methods
Mice

Animal care and experimental procedures followed National Institutes of Health guidelines
and were approved by the National Institute on Aging Animal Care and Use Committee.
Fourteen month-old male triple transgenic AD (3xTgAD) mice (n=29) harboring
PS1M146V, APPSwe, and tauP301L transgenes (Oddo et al., 2003) that had been
backcrossed to C57BL/6 mice for seven generations were group housed (4–5 per cage) and
maintained under a 12 hr light and dark cycle.

Chronic mild sleep restriction
Male 3xTgAD Mice (n=10) were subjected to daily mild sleep restriction for 6 hours per day
for 6 weeks using the MMP technique (Machado et al., 2004). Group-housed mice were
placed in a cage containing three circular platforms 3 cm in diameter and 2.5 cm in height.
Water filled the cage to 1 cm below the upper surface of the platforms enabling the mice to
move around the cage by jumping from one platform to another. When they reached the
paradoxical phase of sleep and the onset of muscle atonia, they fell into the water and were
awoken (SR). A second set of mice (n=10), termed ‘large cage control’ (LCC), were moved
into cages identical to the sleep restriction cages described above but with bedding instead
of water and returned to their home cage at the end of the 6 hour test period. A third control
group (n=9) remained in their cages for the duration of the study (CTL).

Plasma corticosterone measurement
Blood samples were drawn at the end of the 6 hour sleep restriction period at 1 week and 4
weeks after the beginning of the 6 week sleep restriction paradigm. Blood was gathered
using a retro-orbital bleeding technique, using a heparinized micro-hematocrit capillary tube
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(Fisher Scientific; Pittsburgh, PA). Blood samples were then centrifuged at 12,500 rpm for
12 minutes at 4° and plasma supernatant was removed and stored at −80°. Plasma
corticosterone concentrations were quantified using an RIA kit (MP Biomedicals; Solon,
OH) according to manufacturer’s instructions.

Open field
At the end of the 6-week sleep deprivation period mice were tested for anxiety behavior
using an open field testing paradigm (MEDOFA-MS system; Med Associates). Briefly, mice
were placed in the center of an open field, and exploration was assessed for 15 min. Cages
were routinely cleaned with ethanol following each session. The dimensions of the arena
were 40 cm × 40 cm, of which the peripheral 10 cm were considered as the residual zone
and the central 20 cm2 were considered as zone 1.

Morris water maze
Mice were tested using a MWM paradigm prior to the beginning of the sleep restriction
period and again after the 6 week period according to previously described techniques
(Vorhees and Williams, 2006). Briefly, animals received 8 days of acquisition training,
consisting of four trials per day, with an intertrial interval of approximately 10 min. Each
trial lasted until the animal found the platform, or for a maximum of 60 s; animals that failed
to find the platform within 60 s were guided there by the experimenter. On each trial mice
were placed into the pool, facing the wall, with start locations varied pseudorandomly. One
day after the last acquisition training session, animals were tested in a single 60 s probe trial
without the platform. Only mice that spent less than fifty percent of their time floating
(defined as moving at a speed of less than 2.0 cm/s) or engaging in thigmotaxis (defined as
remaining within 4.0 cm of the perimeter of the pool) were used for behavioral analysis.
Data were acquired and analyzed using the Anymaze software system (Stoelting; Wood
Dale, IL).

Fear conditioning
Mice were tested in a fear conditioning paradigm once at the end of the six-week sleep
restriction period according to previously established techniques (Okun et al., 2010). Due to
the stressful nature of the test, it was not performed prior to the beginning of the 6-week
sleep restriction period. Briefly, during the training session, mice were placed in a
contextual conditioning chamber (model MEDVFC-NIR-M; Med Associates) and allowed
to explore the chamber for 2 min. At the end of 2 min, mice were subjected to three sessions
of an audio tone (5 kHz, 70 dB, 30 s), followed immediately by a 0.5-mA, 2-s foot shock
from the metal grid floor. Thirty seconds separated each session. Time spent freezing during
pre-tone, tone 1, tone 2 and tone 3 periods were recorded. On the following day, in the
contextual fear session, mice were returned to the conditioning chamber for 5 min without
undergoing any tone or shock exposure. The percentage of time freezing during each minute
was recorded and used as an index of contextual memory. Three hours after the contextual
condition test, mice were returned to the chamber for a cued conditioning test. Plexiglass
inserts were used to create a novel environment and mice were allowed to explore the
chamber for 5 min. Following this acclimation period, five audio tones were sounded for 30
s each. The percentage of time freezing before and after the audio tones was recorded and
used as an index of cued memory. Cages were routinely cleaned with ethanol between tests.

Tissue collection and immunoblot analysis
Within one week of behavior testing, all mice were deeply anesthetized and decapitated for
tissue harvest. The brain was exposed and separated into right and left hemispheres. The left
hippocampus and cortex were dissected, immediately frozen on dry ice and stored at −80°
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for western blot analysis of Aβ, phosphorylated tau (pTau) and total Tau. A subset of
samples were analyzed by immunoblotting for Aβ and pTau to quantify AD pathology in the
hippocampus. Hippocampi (n=4 CTL, n=5 LCC, n=5 SR) and cortex (n=4 CTL, n=4 LCC,
n=4 SR) were homogenized in RIPA buffer with protease inhibitor on ice. Protein
concentrations were determined using a Bradford assay. Immunoblots were performed using
50 μg of total protein extract separated on 6–12% SDS-PAGE gels and then transferred
electrophoretically to polyvinylidene difluoride (PVDF) (for p-Tau and total Tau) or
nitrocellulose (for Aβ and actin) membranes. Membranes were blocked with 5% milk in
TBS-t, washed in TBS-t and incubated overnight at 4° in a primary antibody (1:1000). The
primary antibodies were: Aβ, 6E10 (Santa Cruz Biotechnology; Santa Cruz, CA); PHF-Tau,
AT180 (Pierce Endogen; Rockford, IL); total Tau, T46 (Invitrogen; Carlsbad, CA); or actin
(Sigma-Aldrich; St. Louis, MO). Membranes were then incubated in a secondary antibody
solution for 30 minutes (1:5000, horseradish peroxidase-conjugated anti-mouse IgG) for 30
minutes. The optical density of immunoreactive bands was detected and quantified by
chemiluminescence using the ECL system (Amersham).

Statistical analysis
Blood plasma corticosterone results were analyzed using a one-way ANOVA with post-hoc
Bonferroni to test for differences between groups (control, large cage control, sleep
restriction) at the one week and four week time points separately. MWM data (latency to
reach platform, swim speed) were analyzed using a one-way ANOVA to test for differences
between groups on each training day. Additionally, a repeated measures ANOVA was used
to test for an effect of time on these parameters. Quantification of western blot band
intensity was normalized by either actin (for Aβ) or total Tau (for pTau) and these values
were tested for correlation with blood plasma corticosterone concentrations using western
blot results for the hippocampus and cortex separately. Circulating plasma corticosterone
data was also tested for correlation with the percent time spent in the target quadrant at the
24 hour Morris water maze probe test. For all tests significance was defined as p<0.05.

Conclusions
The current work tested the hypothesis that mild sleep restriction worsens the pathological
processes (Aβ and pTau accumulation in the brain) and cognitive deficits in a mouse model
of AD. Results show that sleep restriction increases circulating corticosterone levels.
Behavioral data demonstrate deficits in contextual and cued memory in SR mice that were
not present for controls. Further, both Aβ and pTau levels increased in the cortex of sleep
restricted AD mice compared to controls and a significant positive correlation was measured
between cortical Aβ and pTau levels and circulating corticosterone, potentially indicating a
role for GCs in mediating behavioral and biochemical changes observed after sleep
restriction in a mouse model of AD. This study provides the first evidence that chronic mild
sleep restriction may worsen the progression of AD and furthers knowledge of how
environmental factors affect neurodegeneration and how modulation of GCs may mediate
disease processes.
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Abbreviations

AD Alzheimer’s disease

MWM Morris water maze

Aβ amyloid beta

pTau phosphorylated tau

GC glucocorticoid

MMP modified multiple platform

SR sleep restriction

LCC large cage control

CTL control
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Highlights

• Sleep restriction causes an increase in circulating corticosterone in 3xTg mice.

• Sleep restriction causes deficits in contextual and cued memory in 3xTg mice.

• Aβ and pTau levels increased in the cortex of sleep restricted 3xTg mice.

• Aβ and pTau and circulating corticosterone are significantly positively
correlated.
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Figure 1.
Blood plasma corticosterone in control (CTL), large cage control (LCC) and sleep restriction
(SR) mice at 1 and 4 weeks after the start of the 6-week sleep restriction period.
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Figure 2.
Morris water maze results for all mice prior to sleep restriction (pre-SR) and after the 6
week sleep restriction period for control (post-SR CTL), large cage control (post-SR LCC)
and sleep restricted mice (post-SR SR). The latency time to reach the hidden platform
decreased over time for mice tested prior to the sleep restriction period (A). Mean swim
speed was not significantly different between groups (B). At both the 4 and 24 hour probe
test (C&D), mice tested prior to the sleep restriction period spent a significantly greater
amount of time in the target quadrant (p<0.005) whereas after the 6 week sleep restriction
period no groups, including control, displayed significant preference for the target quadrant,
indicating a lack of short term memory retention.
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Figure 3.
Fear conditioning testing results for all mice after the 6 week sleep restriction period for
control (post-SR CTL), large cage control (post-SR LCC) and sleep restricted mice (post-SR
SR). On day 1, mice were exposed to tone-shock pairings (A). On day 2, mice were first
tested in a contextual paradigm (B) followed by a cued paradigm (C).
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Figure 4.
After the 6 week sleep restriction period, no differences in the time spent in zone 1 (A) or
the distance traveled in zone 1 (B) are observed between groups, implying that there are no
differences in anxiety between the three groups (CTL, LCC, SR).

Rothman et al. Page 16

Brain Res. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Western blot results from the cortex (A) and hippocampus (B) showing increases in
expression of Aβ and ptau in large cage controls compared to control with a further increase
in sleep restricted mice. Quantification of western blot results indicate that cortical Aβ
expression increases in LCC and SR compared to CTL whereas ptau expression increases in
SR (C). Hippocampal expression levels are largely unchanged between groups (D).

Rothman et al. Page 17

Brain Res. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Correlations between circulating glucocorticoids and hippocampal and cortical expression of
Aβ and ptau. Cortical expression of both Aβ and ptau are positively, significantly (p<0.028)
correlated with circulating glucocorticoids measured 1 week after the start of the sleep
restriction period (A–B). In the hippocampus, Aβ, but not ptau, is significantly correlated
with circulating glucocorticoids (p=0.032; C–D). Circulating corticosterone was negatively
and significantly (p=0.045) correlated with the percent time spent in the target quadrant
during the 24 hour probe test (E).
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