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Abstract

Hospitalized patients can develop cognitive function decline, the mechanisms of which remain
largely to be determined. Sleep disturbance often occurs in hospitalized patients, and
neuroinflammation can induce learning and memory impairment. We therefore set out to
determine whether sleep disturbance can induce neuroinflammation and impairment of learning
and memory in rodents. Five to 6-month-old wild-type C57BL/6J male mice were used in the
studies. The mice were placed in rocking cages for 24 hours, and two rolling balls were present in
each cage. The mice were tested for learning and memory function using the Fear Conditioning
Test one and 7 days post-sleep disturbance. Neuroinflammation in the mouse brain tissues was
also determined. Of the Fear Conditioning studies at one day and 7 days after sleep disturbance,
twenty-four hours sleep disturbance decreased freezing time in the context test, which assesses
hippocampus-dependent learning and memory; but not the tone test, which assesses hippocampus-
independent learning and memory. Sleep disturbance increased pro-inflammatory cytokine IL-6
levels and induced microglia activation in the mouse hippocampus, but not the cortex. These
results suggest that sleep disturbance induces neuroinflammation in the mouse hippocampus, and
impairs hippocampus-dependent learning and memory in mice. Pending further studies, these
findings suggest that sleep disturbance-induced neuroinflammation and impairment of learning
and memory may contribute to the development of cognitive function decline in hospitalized
patients.
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Introduction

Given the increase in the aging population of the U.S. and around the world, it is predicted
that cognitive disorder will be one of the most demanding healthcare problems for both
patients and their providers, consuming a growing fraction of healthcare resources.

A recent study by Ehlenbach et al. has shown that people who have acute care and critical
illness hospitalization can experience cognitive function decline as compared to people who
have no hospitalization (Ehlenbach et al., 2010). The underlying mechanisms by which
hospitalization is associated with cognitive function decline remain largely to be determined.

Sleep disturbance is one of the common factors associated with hospitalized patients (Aurell
and Elmqvist, 1985; Friese et al., 2007; Hardin, 2009). In particular, sleep disturbance often
occurs in patients in a critical care unit [(Feeley and Gardner, 2006), reviewed in (Tembo
and Parker, 2009)]. Many studies have shown that sleep plays an important role in learning
and memory function [(Aleisa et al., 2011; Drummond and Brown, 2001; Graves et al.,
2003; Guan et al., 2004; Xu et al., 2010; Zhao et al., 2010), reviewed in (Maquet, 2001;
Stickgold et al., 2001)]. In order to further study the role of sleep disturbance in cognitive
function decline, we have established a new sleep disturbance model in mice and have
assessed the effects of sleep disturbance on learning and memory function in mice.

Neuroinflammation, which includes microglia activation and increases in the levels of pro-
inflammatory cytokines in the brain, may lead to cognitive function decline (Kalman et al.,
2006; Ramlawi et al., 2006a; Ramlawi et al., 2006b; Rudolph et al., 2008; Wilson et al.,
2002). Pro-inflammatory cytokines can be released by the microglia during its activation,
fueling neuroinflammation and leading to cognitive function decline (Perry, 2004; Teeling
and Perry, 2009; van Gool et al., 2010). Specifically, IL-6 has been shown to be associated
with cognitive dysfunction (Patanella et al., 2010) and mild cognitive impairment (MCI) in
medical (Schuitemaker et al., 2009) and surgical patients (Hudetz et al., 2010). Thus, we
also determined the effects of sleep disturbance on neuroinflammation to test a hypothesis
that sleep disturbance can induce both neuroinflammation and impairment of learning and
memory in mice.

Materials and Methods

Sleep disturbance in mice

The animal protocol was approved by the Standing Committee on Animals at Massachusetts
General Hospital and Beth Israel Deaconess Medical Center, Boston, Massachusetts. Wild
type C57BL/6J male mice (five - 6 month-old, The Jackson Laboratory, Bar Harbor, ME)
were randomly assigned to a sleep disturbance group or control group. The mice were
individually housed in a controlled environment (20-22°C; 12 hour light: dark on a reversed
light cycle) for two weeks prior to the sleep disturbance studies. Mice in the sleep
disturbance group were placed in cages on moving rockers (rocking cages). Three mice were
put in one rocking cage, and two rolling balls were put inside each cage. The balls were
made by soft-rubber, each 5 centimeters in diameter. These balls moved with the movement
of the rocker. Thus, both the rocking cages and rolling balls inside the cages were used to
disturb the mouse sleep cycle. The mice were under this sleep disturbance condition with a
rocking cage and rolling balls for 24 hours, 12 hours each in the light-dark cycle. This
condition created a clinically relevant sleep disturbance animal model, because patients in
the hospital and critical care units often experience sleep disturbance for up to 24 hours.
Mice had free access to food and water during the sleep disturbance period. The mice were
returned to the home cage (quiet, non-rocking cages and no rolling balls) to rest for 24 hours
before the behavioral tests and brain tissue harvest. The 24 hour rest period before the
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behavioral testing was incorporated to prevent the mice from becoming too tired to perform
the learning and memory tests. We used 12 — 15 mice in either the control group or sleep
disturbance group in the behavioral studies. For the biochemistry studies, four to six mice
were used in the control group or sleep disturbance group. The mice in the control group for
both the behavioral and biochemistry studies had the same environment and condition as the
mice in the treatment group - 12 hour light: dark on a reversed light cycle and free access to
food and water, only without the sleep disturbance by the rocking cages and rolling balls.

Sleep Recordings

Surgery—The mice were implanted with biotelemetry units (TL11M-F20EET, Data
Sciences International, St. Paul, MN) for the chronic recording of sleep-wake. Briefly, the
biotelemetry units were placed intraperitoneally, and the leads from the transmitter were
routed subcutaneously to the skull. Two tiny holes (one in the frontal bone and another one
on the parietal bone) were drilled and two EEG leads from the transmitters were secured in
such a way that these leads were touching the dura mater. Two EMG leads were secured on
to the neck muscles and skin was sutured. After a 14 d recovery period following surgery
and a day of habituation to the recording setup, the telemetric recording of EEG/EMG from
these animals was performed for 48 h: 24 hours with non-sleep disturbance (baseline) and
24 hours with sleep disturbance.

Analysis—EEG/EMG data signals from each mouse were divided into 4 second epochs
and visually scored as wake, non-rapid eye movement (NREM) sleep, or REM sleep. For
staging, NREM sleep was identified by a preponderance of high-amplitude, low-frequency
(<4 Hz) EEG activity and relatively low and unchanging EMG activity, whereas
wakefulness was characterized by a preponderance of low-amplitude, fast EEG activity and
highly variable muscle tone on EMG. REM sleep was identified by very low EMG activity
and a low-amplitude monotonous EEG containing a predominance of theta range (4-7 Hz)
EEG activity. When two states (for example, NREM sleep and wake) occurred withina 4 s
epoch, the epoch was scored for the state that predominated (Lu et al., 2002). The
percentage of time spent in wake, NREM sleep, and REM sleep, and frequency and the
episode durations of each stage were calculated.

Fear conditioning test (FCT)

The FCT is a behavioral procedure designed to assess associative learning and memory.
First demonstrated by Ivan Pavlov in 1927 (Pavlov, 1927/1960), the FCT is among the most
commonly used behavioral tests to detect learning and memory impairment induced by
anesthesia alone (Saab et al., 2010; Zhang et al., 2012) and anesthesia with surgery
(Terrando et al., 2010). We performed the FCT studies using the methods described in our
previous studies (Zhang et al., 2012) and other studies (Saab et al., 2010; Terrando et al.,
2010). Specifically, the mice were exposed for training in the FCT (Stoelting Co., Wood
Dale, IL) 24 hours after the end of the sleep disturbance. Each mouse was allowed to
explore the chamber for 180 seconds before presentation of a 2-Hz pulsating tone (80 dB,
1,500 Hz) that persisted for 60 seconds. The tone was followed immediately by a mild foot
shock (0.8 mA for 0.5 seconds). Context (no tone period) and tone (tone period) learning
and memory were probed 24 hours after the training in sequence. The same group of mice
was tested in the context test first, then in tone test one hour later. For the context test, each
mouse (from either the control group or sleep disturbance group) was allowed to stay in the
chamber for 180 seconds, followed by another 180-second period without a tone, and finally
30 seconds for recovery. For the tone test, each mouse (from either the control group or
sleep disturbance group) was allowed to stay in the chamber for 180 seconds, followed by
another 180-second period with a tone, and finally 30 seconds for recovery. Learning and
memory were assessed by measuring the amount of time the mouse demonstrated “freezing
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behavior”, defined as a completely immobile posture except for respiratory efforts, during
the test period (the second 180-second period), which was analyzed by Any-Maze
(Stoelting). The first 180-second period allowed mice to adjust for the environment before
the counting of freezing time in the second 180-second period. A different group of mice
was used for the second context and tone tests performed at 7 days post-sleep disturbance.
“Freezing behavior” was analyzed by Any-Maze (Stoelting).

Brain tissue harvest and protein level quantification

Different groups of mice in both the control condition and sleep disturbance were used for
biochemistry studies. One or 7 days after the end of the sleep disturbance, the mice were
killed by decapitation (for Western blot analysis) or transcardial perfusion under anesthesia
(for immunohistochemistry studies). Separate groups of mice were used for the Western blot
analysis and the immunohistochemistry studies. For the Western blot analysis, the harvested
brain tissues were homogenized on ice using immunoprecipitation buffer (10 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40) plus protease inhibitors (1 pg/ml
aprotinin, 1 wg/ml leupeptin, 1 pg/ml pepstatin A). The lysates were collected, centrifuged
at 12,000 rpm for 10 minutes, and quantified for total proteins with BCA protein assay kit
(Pierce, Iselin, NJ).

Western blot analysis

IL-6 antibody (1:1,000 dilution, Abcam, Cambridge, MA) was used to recognize IL-6 (24
kDa). Western blot quantification was performed as described by Xie et al. (Xie et al.,
2008). Briefly, signal intensity was analyzed using a Bio-Rad (Hercules, CA) image
program (Quantity One). We quantified the Western blots in two steps, first using p-Actin
levels to normalize (e.g., determine the ratio of IL-6 to B-Actin amount) protein levels and
control for loading differences in the total protein amount. Second, we presented protein
level changes in mice undergoing sleep disturbance as a percentage of those in the control
group. 100% of protein level changes refer to control levels for the purpose of comparison to
experimental conditions.

Immunohistochemistry

Statistics

Mice were anesthetized with isoflurane briefly (1.4% isoflurane for five minutes) and
perfused transcardially with heparinized saline followed by 4% paraformaldehyde in 0.1M
phosphate buffer at pH 7.4. The anesthesia with 1.4% isoflurane for five minutes in mice
provided adequate anesthesia for the perfusion procedure without causing significant
changes in blood pressure and blood gas according to our previous studies (Xie et al., 2008).
Mouse brain tissues were removed and kept at 4 degrees C in paraformaldehyde. Five um
frozen sections from the mouse brain hemispheres were used for the immunohistochemistry
staining. The sections were incubated with Iba-1 antibody (ab5076, 1:100, Abcam) and
secondary antibody (Alexa 568, 1:500, Invitrogen, Carlsbad, CA). Finally, the sections were
analyzed in mounting medium under a 20 X objective lens confocal microscope and photos
of the sections were taken. An investigator who was blind to the experimental design
counted the number of Iba-1 positive cells using Image J Version 1.38 (National Institutes of
Health, Bethesda, MD).

Data were expressed as mean + standard deviation (SD). The number of samples varied
from 4 to 15, and the samples were normally distributed (tested by normality test, data not
shown). A two-tailed ftest was used to compare the differences in freezing time, 1L-6 levels,
and numbers of Ibal positive cells between the sleep disturbance and control groups. A two-
tailed 7test was also used to compare the differences in time of wake, non-REM (NREM)
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sleep, or REM sleep between 24 hours non-sleep disturbance period and 24 hours sleep
disturbance period of each mouse. P values less than 0.05 (*) and 0.01 (**) were considered
statistically significant.

Results

Sleep disturbance induces hippocampus-dependent, but not hippocampus-independent,
learning and memory impairment in mice

A recent study has shown that acute disease and critical illness hospitalization are associated
with cognitive function decline (Ehlenbach et al., 2010). Sleep disturbance often occurs with
hospitalization (Aurell and Elmqvist, 1985; Friese et al., 2007; Hardin, 2009), and we
therefore assessed the effects of sleep disturbance on learning and memory function, as well
as neuroinflammation.

First, we asked whether our newly developed sleep disturbance model in mice indeed
reduced the amount of sleep time in mice. Four mice were implanted with EEG/EMG
telemetry units to record the extent of sleep loss over 24 hrs. During the 24 hours sleep
disturbance period, the mice were awake 22.26 + 0.46 hours, a significant increase (** P =
0.000004, Figure 1a) as compared to the 24 hours non-sleep disturbance period (12.72 +
0.49 hours awake). Non-REM sleep was severely impaired, in terms of both the number of
bouts (68.5 + 6.89 sleep disturbance versus 109.5 + 7.77 non-sleep disturbance, (** P =
0.001), and average bout duration (77.5 + 18.82 seconds sleep disturbance versus 324.5 +
22.28 second non-sleep disturbance, ** P = 0.001), leading to a far lower total NREM sleep
time over the 24 hours of sleep disturbance (1.65 + 0.42 hours) compared with the control
baseline (24 hours non-sleep disturbance period) (9.71 + 0.48 hours) (Figure 1b, ** P =
0.001). Meanwhile, REM sleep was completely absent in one mouse and almost nonexistent
in the other three mice during the 24 hours sleep disturbance period. The total number of
REM bouts was reduced to 4.25 + 1.49 during the 24 hours sleep disturbance period as
compared to 51.00 + 5.80 during the 24 hours non-sleep disturbance period, and mean bout
duration was also cut short (58.50 + 24.10 seconds sleep disturbance versus 113.25 + 14.36
seconds non-sleep disturbance), resulting in only 0.09 + 0.05 hours of REM sleep during the
24 hours sleep disturbance period as compared to 1.56 + 0.15 hours of REM sleep during the
24 hours non-sleep disturbance period (Figure 1c, ** P = 0.003). These data suggest that the
newly developed sleep disturbance model can indeed reduce the amount of sleep time in
mice.

Next, we determined the effects of sleep disturbance on the function of learning and memory
in the Fear Conditioning Test (FCT). The FCT studies showed that 24 hours of sleep
disturbance (Figure 2a, black bar) led to decreases in the freezing time in the context test of
the FCT as compared to the control condition (Figure 2a, white bar) one day post-sleep
disturbance: 19.7 versus 7.7, * P = 0.037. Next, we found that 24 hours of sleep disturbance
did not decrease the freezing time in the tone test of the FCT as compared to the control
condition one day post-sleep disturbance: white bar versus black bar, P = 0.818, N.S. (Figure
2b). 24 hours of sleep disturbance (Figure 2c, black bar) also decreased the freezing time in
the context test of the FCT as compared to the control condition (Figure 2c, white bar) 7
days post-sleep disturbance: 26.4 versus 8.1, * P = 0.047. Finally, we found that 24 hours
sleep disturbance did not significantly change the freezing time in the tone test of the FCT as
compared to the control condition 7 days post-sleep disturbance: white bar versus black bar,
P =0.204, N.S. (Figure 2d). These results suggest that sleep disturbance may impair learning
and memory function in mice. Moreover, sleep disturbance may selectively impair
hippocampus-dependent learning and memory function.
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Sleep disturbance increases pro-inflammatory cytokine levels in the mouse hippocampus,
but not the mouse cortex

Given that sleep disturbance can impair learning and memory and that pro-inflammatory
cytokines, including IL-6, are associated with learning and memory impairment, we asked
whether sleep disturbance can increase the levels of IL-6 in mouse brain tissues.
Immunoblotting of 1L-6 showed that 24 hour sleep disturbance increased IL-6 levels in the
mouse hippocampus as compared to the control condition one and 7 days post-sleep
disturbance (Figure 3a). There was no significant difference in p-Actin levels between the
control condition and sleep disturbance mice (Figure 3a). Quantification of the Western blot,
based on the ratio of IL-6 to B-Actin, illustrated that the sleep disturbance increased I1L-6
levels in the mouse hippocampus as compared to the control condition at one (177% versus
100%, * P = 0.04) and 7 days (195% versus 100%, * P = 0.03) post-sleep disturbance
(Figure 3b). Finally, we found that 24 hours sleep disturbance did not increase levels of 1L-6
in the mouse cortex as compared to the control condition one and 7 days post-sleep
disturbance (Figure 4). Taken together, these results suggest that sleep disturbance may
increase pro-inflammatory cytokine levels in mouse brain tissues. Moreover, sleep
disturbance can specifically increase pro-inflammatory cytokine levels in the mouse
hippocampus but not in the mouse cortex, which is consistent with the behavioral changes
that sleep disturbance selectively impairs hippocampus-dependent learning and memory
function.

Sleep disturbance induces microglia activation in the mouse hippocampus, but not the
mouse cortex

Neuroinflammation, including microglia activation, may induce learning and memory
impairment (Cibelli et al., 2010; Terrando et al., 2010; Wan et al., 2007; Wan et al., 2010).
We therefore set out to determine whether sleep disturbance can induce microglia activation
in mice. Immunohistochemistry staining with Iba-1 (Figure 5a) was used to determine the
effects of sleep disturbance on microglia activation in the mouse hippocampus. Row 1 is an
image of DAPI staining, row 2 is Iba-1 staining, and row 3 is a merged staining image. The
immunohistochemistry staining with Iba-1 showed that 24 hours of sleep disturbance
induced microglia activation as evidenced by the increased number of Iba-1 positive cells in
the mouse hippocampus CA1 area as compared to the control condition (column 1) at one
day (column 2) and 7 days (column 3) post-sleep disturbance (Figure 5a). Quantification of
the staining images showed that 24 hours of sleep disturbance increased the number of Iba-1
positive cells in the mouse hippocampus CAL area as compared to the control condition at
one day (1.83 fold versus 1 fold, ** P = 0.01) and 7 days (1.77 fold versus 1 fold, * P =
0.02) post-sleep disturbance (Figure 5b).

Next, we determined the effects of sleep disturbance on microglia activation in the mouse
hippocampus CA3 area. Immunohistochemistry staining with Iba-1 (Figure 5c) showed that
24 hours of sleep disturbance induced microglia activation as evidenced by the increased
number of Iba-1 positive cells in the mouse hippocampus CA3 area as compared to the
control condition (column 1) one day (column 2) and 7 days (column 3) post-sleep
disturbance (Figure 5c). Quantification of the immunohistochemistry staining images
illustrated that 24 hours of sleep disturbance increased the number of Iba-1 positive cells in
the mouse hippocampus CA3 area as compared to the control condition one day (1.68 fold
versus 1 fold, ** P = 0.001) and 7 days (1.49 fold versus 1 fold, ** P = 0.001) post-sleep
disturbance (Figure 5d).

Finally, immunohistochemistry staining with Iba-1 showed that 24 hours of sleep
disturbance did not induce microglia activation in the mouse cortex as compared to the
control condition one and 7 days post-sleep disturbance (Figure 6). Taken together, these
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results suggest that sleep disturbance can induce microglia activation in mouse brain tissues.
Moreover, these findings suggest that sleep disturbance can specifically induce microglia
activation in the mouse hippocampus but not the mouse cortex, which is consistent with the
findings that sleep disturbance selectively increases pro-inflammatory cytokine levels in the
hippocampus and impairs hippocampus-dependent learning and memory function.
Collectively, these findings suggest that sleep disturbance can induce neuroinflammation in
the hippocampus and impair hippocampus-dependent learning and memory, and moreover
that sleep disturbance may induce neither neuroinflammation in the cortex nor
hippocampus-independent learning and memory impairment (Figure 7).

Discussion

Patients in the hospital, and especially the critical care unit, often experience sleep
disturbance [(Feeley and Gardner, 2006), reviewed in (Tembo and Parker, 2009)] and
develop cognitive function decline [reviewed in (Gordon et al., 2004)]. We therefore
established a sleep disturbance model with mice to assess the effects of sleep disturbance on
mouse learning and memory. We used rocking cages and rolling balls inside these cages to
set up an animal model of sleep disturbance in mice. The mice may have a mixture of sleep
and sleep deprivation during the disturbance period, but this sleep disturbance setting
resembles clinical conditions in which patients usually have the combination of sleep and
sleep deprivation.

First, we found that 24 hours of sleep disturbance reduced the amount of sleep time (both
REM and NREM sleep) in mice (Figure 1). The, we were able to show that the sleep
disturbance decreased the freezing time in the context test, but not tone test, of the FCT.
Although none of the animal behavior studies can be directly applied to human learning and
memory, the FCT is among the most commonly used behavioral tests to detect learning and
memory impairment induced by anesthesia (Saab et al., 2010; Satomoto et al., 2009; Zhang
etal., 2012) and surgery (Cibelli et al., 2010; Terrando et al., 2010). The context and tone
test of the FCT can be used to assess hippocampus-dependent and hippocampus-independent
learning and memory, respectively (Anagnostaras et al., 1999; Kim and Fanselow, 1992;
Kitamura et al., 2009; Wiltgen et al., 2010). Therefore, the findings that sleep disturbance
reduces freezing time in the context, but not tone, test of the FCT suggest that sleep
disturbance may selectively induce hippocampus-dependent learning and memory
impairment.

Other behavior tasks and procedures, including the Radial Maze (Etchamendy et al., 2003)
and specific paradigms of contextual fear conditioning (Calandreau et al., 2006), have been
suggested as traditional learning tasks known to be critically dependent on hippocampus
integrity. We will either develop these tasks in our own laboratory or seek collaborations to
use these tasks in our future studies to further investigate whether sleep disturbance can
specifically impair hippocampus-dependent learning and memory.

The findings in our studies that sleep disturbance impaired learning and memory in mice are
supported by the results from another study that sleep deprivation impaired memory
consolidation (Graves et al., 2003). In this study, Graves et al. showed that sleep deprivation
from 0-5 h after training for contextual and cued fear conditioning induced memory
consolidation impairment for contextual fear conditioning (Graves et al., 2003). The studies
by Graves et al., however, did not investigate the mechanisms underlying the sleep-
deprivation induced learning and memory impairment, whereas the finding from our studies
suggested for the first time that the sleep disturbance-induced neuroinflammation could be
responsible for the learning and memory impairment associated with sleep disturbance,
pending on further studies. In addition, the studies by Graves et al. used a traditional method
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(hand touch on animals) to cause sleep deprivation in mice, whereas we developed a hew
method of sleep disturbance in mice, rocking cages with rolling balls, in the current studies.

Consistent with the results that the sleep disturbance induced hippocampus-dependent, but
not hippocampus-independent, learning and memory impairment, we were able to show that
the sleep disturbance increased levels of pro-inflammatory cytokines (IL-6) and induced
microglia activation in the mouse hippocampus, but not in the mouse cortex.
Neuroinflammation may induce learning and memory impairment in animals (Cibelli et al.,
2010; Nguyen et al., 1998; O’Connor et al., 2003; Terrando et al., 2010; Wan et al., 2007;
Wan et al., 2010). Microglia activation is pivotal for the mediation of these behavioral
abnormalities (van Gool et al., 2010). Pro-inflammatory cytokines induce microglia
activation in discrete brain regions, leading to the production of the same pro-inflammatory
cytokines (Buttini and Boddeke, 1995; Maier et al., 1998; Quan et al., 1998; Rivest, 2003).
These pro-inflammatory cytokines can induce neurobehavioral deficits (Barrientos et al.,
2006; Liu et al., 2007; Schmidt et al., 2006; Sparkman et al., 2006; Sparkman et al., 2005;
Wan et al., 2007; Weaver et al., 2002; Yirmiya et al., 2002). Findings from the current
studies that sleep disturbance increases IL-6 levels and induces microglia activation in the
hippocampus, but not in the cortex, suggest that sleep disturbance may selectively impair
hippocampus-dependent learning and memory through neuroinflammation in the
hippocampus.

The mechanisms by which sleep disturbance selectively induces neuroinflammation in the
hippocampus remain to be determined. Other studies have shown that high-cholesterol diets
can induce neuroinflammation in the hippocampus, but not in the cortex (Xue et al., 2007),
and that Paraquat, a herbicide which can cause neurotoxicty, can induce different brain
region expression of pro-inflammatory cytokines and neuroinflammation in the
hippocampus (Mitra et al., 2011). These findings, together with the data from our current
study, suggest that the hippocampus could be more susceptible to inflammation insult. We
therefore postulate that the hippocampus blood brain barrier is more permeable, which
allows easier entrance of blood pro-inflammatory cytokines to the hippocampus. Future
studies to test this hypothesis are warranted.

It has been reported that sleep deprivation can impair learning and memory by decreasing
extracellular signal regulated kinase phosphorylation in the hippocampus (Guan et al., 2004)
and by activating cAMP-response element binding protein phosphorylation in the
hippocampus (Zhao et al., 2010). Future studies should include the assessment of the
potential association of neuroinflammation in the hippocampus and phosphorylation of
kinase and cAMP-response element binding protein to further demonstrate the underlying
mechanisms by which sleep disturbance impairs learning and memory. These studies should
also include determining whether sleep disturbance-induced hippocampus inflammation can
impair learning and memory function by negatively affecting synapse function in the
hippocampus.

The studies have several limitations. First, we did not assess whether sleep disturbance can
induce a long term cognitive function decline, e.g., 60 days post-sleep disturbance.
However, even short-term cognitive function decline can still negatively affect the
functioning of patients after leaving the hospital, such as taking medications, providing self-
care, and so forth, which could ultimately cause other adverse health outcomes (Leung and
Sands, 2009). Second, we only assessed the effects of sleep disturbance on inflammation in
the hippocampus and cortex. Future studies should determine whether sleep disturbance
could also induce inflammation in other brain regions, e.g., the amygdala. Nevertheless, the
current findings suggest that sleep disturbance can induce hippocampus inflammation and
hippocampus-dependent learning and memory impairment (Figure 7).
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In conclusion, we have established an animal model of sleep disturbance in mice and have
found that 24 hours of sleep disturbance increases pro-inflammatory cytokines IL-6 levels in
the mouse hippocampus, but not in the mouse cortex. Sleep disturbance also induces
microglia activation in the mouse hippocampus, but not in the mouse cortex. Finally, sleep
disturbance impairs hippocampus-dependent learning and memory. These findings would
promote more studies to further determine the role of sleep disturbance in cognitive function
decline in hospitalized patients, especially those in critical care units. These studies may
include investigation of the underlying mechanism by which sleep disturbance induces
neuroinflammation, and whether anti-inflammatory treatments, e.g., non-steroidal anti-
inflammatory drugs, may attenuate the sleep disturbance-induced neuroinflammation and
impairment of learning and memory in animals, and sleep disturbance-associated cognitive
function decline in humans.
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Figure 1.

a. Mice during the 24 hours sleep disturbance period have more awake time than mice
during the 24 hours non-sleep disturbance period. 6. Mice during the 24 hours sleep
disturbance period have less NREM time than mice during the 24 hours non-sleep
disturbance period. ¢. Mice during the 24 hours sleep disturbance period have less REM
time than mice during the 24 hours non-sleep disturbance period.
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Figure 2. Sleep disturbanceimpairslearning and memory in mice

a. Twenty-four hours of sleep disturbance decreases freezing time in the context test of the
Fear Conditioning Test (FCT) as compared to the control condition one day post-sleep
disturbance. 6. Twenty-four hours of sleep disturbance does not decrease freezing time in
the tone test of the FCT as compared to the control condition one day post-sleep disturbance.
¢. Twenty-four hours of sleep disturbance decreases freezing time in the context test of the
FCT as compared to the control condition 7 days post-sleep disturbance. . Twenty-four
hours of sleep disturbance does not decrease freezing time in the tone test of the FCT as
compared to the control condition 7 days post-sleep disturbance. N = 15.
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Figure 3. Sleep disturbanceincreases IL-6 levelsin the mouse hippocampus

a. Twenty-four hours of sleep disturbance increases IL-6 levels in the mouse hippocampus
in Western blot analysis as compared to the control condition one and 7 days post-sleep
disturbance. There is no significant difference in the amounts of p-Actin in the mouse
hippocampus following sleep disturbance or the control condition. 6. Quantification of the
Western blot shows that the sleep disturbance increases IL-6 levels in the mouse
hippocampus as compared to the control condition one and 7 days post-sleep disturbance. N
=6.
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Figure4. Sleep disturbance does not increase I L-6 levelsin the mouse cortex

a. Twenty-four hours of sleep disturbance does not increase IL-6 levels in the mouse cortex
in Western blot analysis as compared to the control condition one and 7 days post-sleep
disturbance. There is no significant difference in the amounts of B-Actin in the mouse cortex
following the sleep disturbance or control condition. 6. Quantification of the Western blot
shows that the sleep disturbance does not increase IL-6 levels in the mouse cortex as
compared to the control condition one and 7 days post-sleep disturbance. N = 6.
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Figure 5. Sleep disturbance induces microglia activation in the mouse hippocampus

a. Twenty-four hours of sleep disturbance increases the number of Iba-1 positive cells in the
mouse hippocampus (CAL) in immunohistochemistry staining as compared to the control
condition one and 7 days post-sleep disturbance. 4. Quantification of the
immunohistochemistry staining shows that the sleep disturbance increases the number of
Iba-1 positive cells in the mouse hippocampus (CA1) as compared to the control condition
one and 7 days post-sleep disturbance. ¢. Twenty-four hours of sleep disturbance increases
the number of Iba-1 positive cells in the mouse hippocampus (CA3) in
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immunohistochemistry staining as compared to the control condition one and 7 days post-
sleep disturbance. d. Quantification of the immunohistochemistry staining shows that the
sleep disturbance increases the number of Iba-1 positive cells in the mouse hippocampus
(CAZ3) as compared to the control condition one and 7 days post-sleep disturbance. N = 6.
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Figure 6. Sleep disturbance does not induce microglia activation in the mouse cor tex

a. Twenty-four hours of sleep disturbance does not increase the number of Iba-1 positive
cells in the mouse cortex in immunohistochemistry staining as compared to the control
condition one and 7 days post-sleep disturbance. 4. Quantification of the
immunohistochemistry staining shows that the sleep disturbance does not increase the
number of Iba-1 positive cells in the mouse cortex as compared to the control condition one
and 7 days post-sleep disturbance. N = 6.
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Figure 7. Hypothesized model of sleep disturbance on learning and memory

Sleep disturbance induces neuroinflammation in the mouse hippocampus, but not other brain
regions, e.g., cortex, and hippocampus-dependent, but not hippocampus-independent,
learning and memory impairment in mice.

Neurobiol Dis. Author manuscript; available in PMC 2013 December 01.



