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Abstract

Background—Sleep disruption is a frequent occurrence in modern society. Whereas many
studies have focused on the consequences of total sleep deprivation, few have investigated the
condition of sleep disruption.

New Method—We disrupted sleep of mice during the light period for 9 consecutive days using
an intermittently-rotating disc.

Results—Electroencephalogram (EEG) data demonstrated that non-rapid eye movement
(NREM) sleep was severely fragmented and REM sleep was essentially abolished during the 12 h
light period. During the dark period, when sleep was not disrupted, neither NREM sleep nor REM
sleep times differed from control values. Analysis of the EEG revealed a trend for increased power
in the peak frequency of the NREM EEG spectra during the dark period. The fragmentation
protocol was not overly stressful as body weights and water consumption remained unchanged,
and plasma corticosterone did not differ between mice subjected to 3 or 9 days of sleep disruption
and home cage controls. However, mice subjected to 9 days of sleep disruption by this method
responded to lipopolysaccharide with an exacerbated febrile response.

Comparison with existing methods—Existing methods to disrupt sleep of laboratory rodents
often subject the animal to excessive locomotion, vibration, or sudden movements. This method
does not suffer from any of these confounds.

Conclusions—This study demonstrates that prolonged sleep disruption of mice exacerbates
febrile responses to lipopolysaccharide. This device provides a method to determine mechanisms
by which chronic insufficient sleep contributes to the etiology of many pathologies, particularly
those with an inflammatory component.
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1.0 Introduction

Sleep loss is a common problem in our modern society. Data suggest that sleep loss
contributes to the development of many health problems, including, but not limited to, mood
disorders (Breslau, Roth et al., 1996;Ford and Kamerow, 1989;Neckelmann, Mykletun et al.,
2007), metabolic diseases (Chaput, Brunet et al., 2006;Horne, 2011;Van Cauter E. and
Knutson, 2008), immune dysfunction (Imeri and Opp, 2009;1rwin, 2002;0pp and Toth,
2003) and increased risk of cancer (Blask, 2009). Although the negative consequences of
total sleep deprivation have been clearly demonstrated in humans and rodents (Borbely and
Neuhaus, 1979;Carskadon, 2004;Downey and Bonnet, 1987;Everson, 1995;Everson,
Bergmann et al., 1989;Knutson, Spiegel et al., 2007;Rechtschaffen, Gilliland et al.,
1983;Soldatos and Paparrigopoulos, 2005), it has only recently become apparent that
chronic sleep disruption or fragmentation is a common problem that can have an impact on
recovery from illness (Irwin, 2002;Zager, Andersen et al., 2007), alertness (Rosekind, 2005)
and cognitive abilities (Cohen and Albers, 1991;Stepanski, 2002).

There are many causes of sleep disruption, including but not limited to social behavior (Cain
and Gradisar, 2010), shift work (Akerstedt, 1998) and medical conditions such as
obstructive sleep apnea (Bandla and Gozal, 2000;Svanborg and Guilleminault, 1996),
chronic pain (Moldofsky, 2001) and narcolepsy (Tafti, Rondouin et al., 1992;Zorick, Roehrs
et al., 1986). Sleep disruption is characterized by brief arousals that occur throughout the
night, often without reducing the total amount of time spent asleep (Bonnet and Arand,
2003). Sleep disruption results in decreased sleep efficiency, increased daytime sleepiness
and cognitive impairment (Stepanski, 2002). For these and other reasons, recent efforts have
been directed towards determining the negative consequences of chronic sleep disruption or
fragmentation rather than total sleep deprivation, and several methods have been developed
to mechanically disrupt sleep of rodents for prolonged periods (Ramesh, Kaushal et al.,
2009;Sinton, Kovakkattu et al., 2009).

As briefly mentioned, a relationship between sleep and immune function exists and pro-
inflammatory cytokines have been implicated in sleep regulation (Imeri and Opp,
2009;1rwin, 2002;0pp and Toth, 2003). Interestingly, the previously mentioned pathologies
linked to disturbed sleep, including metabolic diseases, immune disorders and increased
cancer risk, are also characterized by inflammation (Chung, Lee et al., 2011;Guess, Burch et
al., 2009;Jun and Polotsky, 2009;Palma, Tiba et al., 2007). We report results obtained using
an instrumentation platform that disrupts sleep of mice for prolonged periods. Such a
method provides the means to determine mechanisms by which prolonged sleep
fragmentation negatively impacts immune function, possibly via inflammation. In this study,
we determined the impact of chronic sleep fragmentation during the light phase on
subsequent nighttime behavior and on the febrile response to an immune challenge
consisting of intraperitoneal administration of lipopolysaccharide (LPS).
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2.0 Methods

2.1 Animals

Adult male C57BL/6J mice (~25 g at time of use; Jackson Laboratories, Bar Harbor, ME)
were group housed until surgery and/or the beginning of the sleep fragmentation protocol.
Mice that served as home cage controls were then placed individually in standard
shoeboxes, and experimental mice were housed individually in sleep fragmentation devices.
All mice were housed under a 12:12 light:dark cycle at 29+1°C with food and water
provided ad libitum. Water consumption and body weights were measured daily 2 h after
light onset. All procedures involving the use of animals were approved by the University of
Washington IACUC in accordance with the US Department of Agriculture Animal Welfare
Act and the National Institutes of Health policy on Humane Care and the Use of Laboratory
Animals.

2.2 Sleep Fragmentation Device

The device consists of a cylindrical Plexiglas® chamber divided into two separate
compartments (Figure 1). The floor of the chamber is a disc that is programmed to rotate at
specific intervals and durations as selected by the investigator (see later). The timing and
direction of disc rotation is randomized to prevent behavioral adaptation by a rodent to disc
movements. The disc rotates more than 180 degrees to ensure the mouse must move to avoid
the center divider.

2.3 Experiment 1: Effects of daytime sleep fragmentation on nighttime sleep, EEG power
spectra, body weight and water consumption, and plasma corticosterone

This experiment consisted of two separate manipulations. Mice used to determine the impact
of daytime sleep fragmentation on nighttime behavior, EEG spectra, and body weights and
water consumption were used in a longitudinal protocol in which they served as their own
controls. This part of the study was longitudinal in that data obtained during the habituation
day (see later) were used as device control data for subsequent analysis and compared to
data obtained during sleep fragmentation from the same mouse. A separate group of mice
was used to determine effects on plasma corticosterone. This portion of the protocol was
cross sectional, and animals were sacrificed at selected time points as detailed later.

Surgical procedures, recording protocol, and sleep-wake determination—
Battery-operated biotelemetric transmitters [model # ETA-F10, Data Sciences International
(DSI), St. Paul, MN] were surgically implanted in the peritoneal cavity under isoflurane
anesthesia as previously described (Morrow and Opp, 2005a;0Olivadoti, Weinberg et al.,
2011). Briefly, insulated leads from the transmitter were passed subcutaneously to the skull,
where they were attached to two small stainless steel screws implanted over the frontal and
parietal brain cortices that served as electroencephalographic (EEG) recording electrodes.
These telemetric devices also measure core body temperature, which was collected for each
mouse throughout the duration of the protocol. Drinking water containing ibuprofen
(0.2mg/mL) was provided 24 h before through 48 h after surgery. Mice were placed in a
warm chamber until ambulatory, and allowed to recover for 21 days prior to the start of the
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experiment. Buprenorphine (0.01-0.05 mg/kg) was administered once at the time of surgery
and one day following surgical procedures.

Transmitter signals were captured by a DSI receiver (RPC-1) located underneath each
animal’s cage. Signals were sent to a DSI analog converter (ART Analog-8 CM). Cage
activity, in home cages and on turntables, was detected using an infrared sensor housed in an
observation unit that also contained a camera (BioBserve, GmbH, Bonn, Germany). All
signals from the mice (EEG, body temperature, cage activity) were stored as binary files
until later processing.

Undisturbed baseline recordings were obtained for 48 h while each animal was in its home
cage. Mice were then placed in the sleep fragmentation device for two days of undisturbed
recordings, followed by one day of habituation to the movement of the device (device
control: DC). To habituate the mouse to the physical rotation of the disc, the disc was
rotated with direction randomized for 8 sec once every 30 min for the 12 h light period.
Following habituation to the device, the sleep fragmentation protocol began. Sleep
fragmentation (SF) in this protocol consisted of an 8 second disc rotation once every 30 sec,
on average, during the 12h light period for 9 consecutive days. Animals were allowed to
freely behave during the intervening dark periods.

Arousal states were determined as previously described (Morrow and Opp, 2005b;Olivadoti,
Weinberg et al., 2011), and classified as non-rapid eye movement (NREM) sleep, rapid eye
movement (REM) sleep or wakefulness (WAKE). Because the SF protocol used a disc
rotation lasting 8 sec, arousal state determinations were made using a 4 sec epoch length.
Avrtifact-free EEG epochs were subjected to fast Fourier transformation (FFT) to yield power
spectra between 0.5 and 20 Hz in 0.5-Hz frequency bins. These artifact-free FFT spectra
were matched to NREM, REM and WAKE epochs to obtain state-specific power spectra
(Baracchi and Opp, 2008). Power in the delta (0.5 — 4.0 Hz) and theta (6.0 — 9.0) frequency
bands within each hour was determined by averaging power density values from each epoch
scored as NREMS, REMS or WAKE.

Body weights, water consumption and plasma corticosterone concentrations
—To determine the impact of sleep fragmentation on generalized stress responses, body
weights, water consumption and plasma corticosterone concentrations were determined from
a total of 60 uninstrumented mice. Samples were analyzed from mice maintained in five
different conditions: home cage control (n=12), device control (n=12), after 1 day of SF
(n=12), after 3 days of SF (n=12), and after 9 days of SF (n=12). For all mice, blood was
obtained via terminal orbital bleed, centrifuged (for 20 minutes at 4°C; 2,000 x g) and
plasma collected. Plasma samples were stored at —80°C until assayed. Corticosterone
concentrations from plasma samples were determined using an EIA kit (Enzo Life Sciences,
Catalog # ADI-900-097, Farmingdale, NY) according to manufacturer guidelines.

2.4 Experiment 2: Impact of 9 days of sleep fragmentation on responses to an immune

challenge

2.4.1 Surgical procedures and recording protocol—Battery-operated dataloggers
(Mini SubCue Dataloggers, SubCue Dataloggers, Alberta, Canada) were surgically
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implanted into the peritoneal cavity. These devices record only core body temperature. After
surgery, mice were placed in a warmed cage until ambulatory. Drinking water containing
ibuprofen (0.2mg/mL) was provided 24 hours before through 48 hours after surgery. Mice
were allowed to recover 10 — 14 days before the start of the experiments.

Mice were randomized into one of three conditions: home cage controls (n=8), device
controls (n=6) or 9 days SF (n=6). Home cage control mice were housed in standard
shoeboxes, and device control animals were housed in the disruption devices for the same
duration, but the disc did not rotate. All animals were injected with 0.4 mg/kg
lipopolysaccharide (LPS; Escherichia coli serotype 0111:B4, Sigma-Aldrich, St. Louis,
MO) dissolved in 0.2 mL pyrogen-free saline (PFS, vehicle). Injections were given at light
onset of the day immediately following the last day of the protocol, i.e., 10 days after the
start of the protocol. As such, for the SF group, there was one intervening 12 h dark period
during which the mice were able to freely behave. Body temperatures were continuously
recorded for 96 h following the LPS injection. To control for the effects of the injection per
se on body temperature, after the 96 h period all mice were injected with 0.2 mL vehicle,
and body temperature recorded for an additional 24 h.

2.5 Statistical Analyses

Where appropriate, repeated measures ANOVA was used to determine the impact of
manipulation on measures of interest (body temperature, NREM sleep, REM sleep and daily
changes in body weights and water intake). Post hoc evaluation was performed using
Tukey’s HSD test. All statistical values listed in the results section for repeated measures
ANOVA reflect significant differences in time x group interaction effects, unless otherwise
noted.

For EEG spectral analyses, paired T-tests were used to determine if the peak frequency for a
given manipulation and behavioral state (0.5 — 4 Hz, NREM) differed between device
control and SF conditions. For NREM delta power during the dark period, we require that
each mouse spend at least a total of 5 min in NREM sleep before EEG spectral values for
that animal are included for that hour in subsequent analysis. We use this criterion to reduce
a potential for a relatively few epochs to exert a disproportionate effect on outcome
measures for EEG spectral analyses. Based on this criterion, some hours during the dark
period did not contain enough NREM sleep for analysis, and thus NREM delta power could
not be analyzed using repeated measures because data were lacking for some animals. For
this reason, one-way ANOVA was performed using the average NREM delta power across
the 12h dark period.

Plasma corticosterone values were analyzed across conditions using a one-way ANOVA
with Tukey’s HSD multiple comparisons.
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3.0 Results

3.1 Experiment 1: Effects of daytime sleep fragmentation on nighttime sleep, power
spectra, body weight and water consumption, and plasma corticosterone

Body weights and water intake—No significant differences in daily body weight
change or daily water intake were detected among mice in the home cage control, device
control or SF groups across the 9 days of the sleep fragmentation protocol (Figure 2). Based
on visual inspection, we divided the body weight data into tertiles based on 3-day blocks.
During Day 1 — Day 3, there was a non-significant trend for attenuated weight gain in mice
subjected to SF as compared to home cage control mice [repeated measures ANOVA
between subjects effect: F(1,2)= 2.844, p=0.086]. There was no trend for differences in body
weight among groups from Day 4 — Day 9 of the protocol.

Plasma Corticosterone—Plasma corticosterone differed among samples obtained from
mice in this experiment [F(4,55)=3.479, p=0.013); Figure 3]. Post-hoc comparisons revealed
that relative to samples from home cage control mice, plasma corticosterone was elevated in
samples obtained from device control mice and in samples from mice subjected to SF for 1
day. Plasma corticosterone concentrations in samples from mice subjected to 3 or 9 days of
SF did not differ significantly from samples obtained from home cage control mice, and
corticosterone concentrations did not differ among samples from the device control mice or
mice subjected to SF for 1, 3 or 9 days.

Sleep-wake behavior, EEG spectra, and body temperature—Analyses of sleep-
wake behavior revealed a differential impact of SF on NREM and REM sleep (Figure 4;
Table 1). There was a non-significant trend for a reduction in NREM sleep during the light
periods across this protocol [F(3,20)=2.638, p=0.078]. Post-hoc analyses indicated that
relative to values obtained during the device control day, there was a trend for NREM sleep
to be reduced on the first day of SF (Day 1) that nearly achieved statistical significance
(p=0.054). NREM sleep time during the dark periods, when there was no disc rotation, did
not differ across protocol days [F(3,20)=1.196, p=0.337]. There was a non-significant trend
for a reduction in total 24 h NREM sleep time across the recording days of this protocol
[F(3,20)=2.505, p=0.088].

In contrast to NREM sleep, REM sleep was significantly reduced by this SF protocol
(Figure 4; Table 1). REM sleep was essentially abolished during the light periods of the SF
protocol, and was significantly reduced when compared to the device control condition
[F(3,20)=36.168, p=0.000]. Post-hoc comparisons indicate that relative to device control
values, REM sleep was significantly reduced during each of the SF days analyzed. During
the dark periods, when there was no disc rotation, time spent in REM sleep did not differ
from device control values [F(3,20)=0.685, p=0.572]. However, total 24 h REM sleep time
was reduced during each of the SF days relative to device control values [F(3,20)=6.393,
p=0.003].

We did not analyze EEG spectra during the light period because the SF protocol results in
very short NREM sleep bouts. As a consequence, the build-up in delta power that normally
occurs through the progression of a single NREM sleep bout (Franken, Chollet et al.,
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2001;Franken, Tobler et al., 1991) is artificially truncated by the programmed disruption.
During the intervening dark periods, when no sleep disruption occurred, spectral analyses of
power in the peak frequency of the delta frequency band (0.5 — 4.0 Hz) revealed a trend to
increase during the 9 day protocol, but this effect did not reach statistical significance
(Figure 5 Panels A — C: Paired T-test: DC vs. Day 1 SF: t=—2.108, p=0.089; DC vs. Day 3
SF: t=-2.361, p=0.065; DC vs. Day 9 SF: t=—2.465, p=0.057). During the 9 days of the
protocol, NREM delta power during the 12 h dark period significantly increased on day 1 of
SF and there is a tendency for an increase during day 3 and day 9 of SF compared to DC
(Figure 5 Panels D — F: Paired T-test: DC vs. Day 1 SF: t=2.697, p<0.05; DC vs. Day 3 SF:
t=—-2.341, p=0.066; DC vs. Day 9 SF: t=-2.524, p=0.053).

Sleep fragmentation did not significantly impact core body temperatures of mice (Figure 4).
One-way ANOVA of average body temperatures during the 12 h light periods, 12 hour dark
periods, or across 24 h periods did not reveal any differences among the four conditions
(Device Control, SF Days 1, 3 and 9). Activity-dependent changes in body temperature are
apparent during some time points, such as the light period of SF Day 9. However, these
deviations in body temperature were not of sufficient magnitude or duration so as to result in
a statistically significant alteration in body temperatures during the SF protocol.

3.2 Experiment 2: Impact of 9 days of sleep fragmentation on responses to an immune

challenge

Intraperitoneal injection of LPS induced a febrile response in all mice, irrespective of group
condition (Figure 6). Data were analyzed and are presented as difference scores: core body
temperature values for each mouse obtained after injection of vehicle (PFS) were subtracted
from the body temperature values obtained from the same mouse during the initial 24 h after
injection of LPS. During the 12-hour light period after injections, there was a significant
difference between groups [F(22,165)=1.961, p=0.009], as SF mice displayed a greater
increase in body temperature after LPS challenge as compared to device and home cage
control groups.

4.0 Discussion

This study demonstrates that the device and protocol used are effective in disrupting sleep of
mice in a manner that is apparently not physiologically stressful as determined by
corticosterone concentrations. Fragmenting daytime sleep of mice using this device and
protocol has little impact on subsequent nighttime sleep-wake behavior, which is an
unexpected observation. Many studies demonstrate that one 6 h period of total sleep
deprivation during the light period results in significant increases in the amount of time mice
spend in NREM and REM sleep during the subsequent dark period (Baracchi and Opp,
2008;Franken, Malafosse et al., 1999;Huber, Deboer et al., 2000;Morrow and Opp, 2005b).
The amount of time spent in NREM sleep is only modestly impacted during the light period
when the disc is rotating in this protocol. As such, NREM sleep is minimally reduced, which
may explain the lack of a NREM sleep rebound during the intervening undisturbed dark
periods. It is possible that sleep pressure increases during the course of this protocol, as
suggested by a trend for increased EEG NREM delta power during the dark periods.

J Neurosci Methods. Author manuscript; available in PMC 2014 April 21.
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However, as with time spent in NREM sleep, the change in EEG NREM delta power during
periods of spontaneous behavior is not of the magnitude typically observed after a period of
total sleep deprivation (Easton, Meerlo et al., 2004;Huber, Deboer et al., 2000;McKenna,
Tartar et al., 2007;Morrow and Opp, 2005b;Opp and Krueger, 1994a).

In contrast to the minimal impact on NREM sleep, this protocol essentially eliminates REM
sleep during light periods. REM sleep during disc rotations is abolished, likely due to the
fact that the inter-rotation interval is too short to allow mice to enter this sleep stage.
Although daytime REM sleep is eliminated, there is no nighttime REM sleep rebound and
total REM sleep amounts across the 24 h period remains less than during undisturbed
baseline periods. Furthermore, there are no changes in the theta frequency band of the EEG
spectra (data not shown), such as would indicate an increase in REM sleep pressure.
Whether longer periods of daytime sleep fragmentation by this method would result in
rebounds of NREM and/or REM sleep during subsequent dark periods remains to be
determined.

The duration of time freely behaving mice spend in sleep stages during the dark period is not
altered dramatically, but other facets of sleep are impacted by this protocol. Power in the
delta frequency band (0.5 — 4.0 Hz) during NREM sleep is generally accepted as an index of
sleep depth or sleep pressure (Benington and Heller, 1994;Brunner, Dijk et al.,
1993;Chemelli, Willie et al., 1999;Franken, Dijk et al., 1991;Machado, Hipolide et al.,
2004). However, the duration of NREM sleep and the mechanisms responsible for
manifestation of the cortical EEG are regulated independently, and there are conditions
under which these two parameters are dissociated [reviewed in (Davis, Clinton et al., 2011)].
Although the trend for increases in NREM spectral power across the 9 days of sleep
fragmentation in this protocol did not achieve statistical significance, these data suggest that
sleep pressure accumulates, in spite of the fact that differences in time spent in NREM sleep
does not statistically differ between manipulations.

Although REM sleep is reduced, and spectral properties of the EEG may be altered, sleep
fragmentation by this device and protocol does not alter body weight or food intake.
Changes in body weight of rodents during conditions of reduced sleep opportunity have
previously been reported. However, previous studies either used long periods of total sleep
deprivation [e.g., (Bergmann, Kushida et al., 1989)], severe sleep restriction for up to 20 h
per day [e.g.,(Barf, Meerlo et al., 2010)] or selective REM sleep deprivation [e.g., (Hipolide,
Suchecki et al., 2006;Koban, Sita et al., 2008)]. In addition, the methods commonly used to
deprive rodents of sleep [gentle handling (Franken, Dijk et al., 1991;Franken, Tobler et al.,
1993;Morrow and Opp, 2005b), disk-over-water (Bergmann, Kushida et al., 1989), a
continuously rotating drum (Barf, Meerlo et al., 2010), inverted flower pot (Hipolide,
Suchecki et al., 2006;Koban, Sita et al., 2008)], are designed to eliminate all sleep or to
selectively reduce REM sleep. Although mice are deprived of REM sleep during the light
period, sleep disruption by the protocol used in this study does not affect total sleep time
during the subsequent dark period. Furthermore, after the first day on the device, 24 h total
sleep time is not reduced. The general lack of reduction in total sleep time may explain the
lack of impact on body weight and water intake.
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This protocol does not appear to be overly stressful based on the lack of an effect on
nighttime sleep, body weights, water consumption and body temperature. This conclusion is
strengthened by data demonstrating that plasma corticosterone is only modestly altered by
sleep fragmentation using this technique. There is an initial increase in plasma
corticosterone the first day mice are placed on the device, and during the first day of disc
rotation. These effects may be explained by the fact the mice are in a novel environment,
which is known to elevate corticosterone in mice (Hennessy, 1991). However, after 3 and 9
days of sleep fragmentation, plasma corticosterone does not statistically differ from values
obtained from mice housed in their home cages.

Finally, our new data demonstrate that sleep fragmentation alters responses to immune
challenge, even if the protocol does not dramatically alter sleep-wake behavior. We (Opp
and Krueger, 1994a;0pp and Krueger, 1994b) and others (Everson, 1993;Everson,
2005;Everson and Toth, 2000;Toth, 1995;Zager, Andersen et al., 2007) have demonstrated
adverse effects of sleep loss on immune function of rodents. Studies also demonstrate that
sleep loss impairs immune function in human volunteers [reviewed (Born, Lange et al.,
1997;Marshall and Born, 2002;0pp, Born et al., 2007)]. In this study, mice challenged with
LPS after 9 days of sleep fragmentation respond with a fever of greater magnitude than
control mice. The fever recorded after LPS in this study do not differ among groups with
respect to timing or duration as reported previously (Morrow and Opp, 2005a), but the
increased magnitude of the peak temperature response suggests that prolonged sleep
fragmentation by this method exacerbates some aspects of responses to immune challenge.
The increase in the magnitude of the peak febrile response is also of interest because the
LPS challenge was administered 12 h after the end of sleep fragmentation. This observation
suggests that the impact of sleep fragmentation by this device and protocol are not
ameliorated by a short period (12 h) of undisturbed sleep opportunity. How long such an
effect of sleep fragmentation on immune challenge may last is not known, and requires
additional investigation. At present, mechanisms by which prolonged sleep fragmentation
contributes to altered responsiveness to immune challenge are not well understood. The
device and protocol of sleep fragmentation reported in this study allows us to begin to
determine the neuroanatomic and biochemical substrates that link sleep fragmentation to
immune status under conditions when amounts of sleep per se do not differ substantially
from normal.

We consider several strengths of using this approach to fragment sleep of mice. Within the
context of public health, many medical conditions and societal constraints result in sleep
disruption without large decrements in total sleep time. For example, sleep disorders such as
sleep apnea (Svanborg and Guilleminault, 1996), narcolepsy (van den Hoed, Kraemer et al.,
1981), and restless legs syndrome (Montplaisir, Boucher et al., 1998), generally do not result
in reductions in total sleep time. These medical conditions are characterized by
inflammation (Kornum, Kawashima et al., 2011;Shamsuzzaman, Gersh et al.,
2003;Weinstock, Walters et al., 2012), which may be induced by sleep fragmentation per se
(Bryant, Trinder et al., 2004;Krueger, Obal et al., 2001;Mullington, Haack et al., 2009;0pp
and Toth, 2003). Additionally, shift work (Akerstedt, 1998), caregiving (Happe and Berger,
2002;McCurry, Logsdon et al., 2007) or the care of a newborn (Hunter, Rychnovsky et al.,
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2009) disrupt sleep but rarely result in total sleep deprivation. These demands are often
associated with fragmented NREM sleep, as well as a significant loss of REM sleep
(McKenna, Tartar et al., 2007;Stepanski, 2002). Studies demonstrate that sleep restriction of
human volunteers for periods as short as four hours induces inflammation (Irwin, Wang et
al., 2006). Although additional studies are required, the observation that short periods of
sleep restriction induce inflammation in humans provides a public health context within
which future research efforts should be directed.

While the protocol we used in this study lasted 9 days, the software controlling the disc
allows the investigator complete freedom to program the timing and duration of disc
rotation. For example, the duration of the sleep fragmentation protocol could be shortened or
lengthened, or the intensity of the fragmentation could be made more or less severe by
changing the duration and frequency of disc rotations. The device and protocol have been
designed to disrupt sleep of mice in an unpredictable fashion. Randomization of rotation
direction and inter-rotation interval prevent behavioral anticipation and adaptation of the
mice to sleep fragmentation. As such, the device and protocol potentially remain effective in
disrupting sleep for a protocol of any length. Because the disc rotates only slightly more
than 180 degrees and then stops, there is no confound of locomotor activity. Observations
with a video monitoring system reveal that mice awaken and move when the disc rotation
starts. When the disc is not rotating and mice are awake, they engage in general cage
activity, such as grooming, eating and drinking. Therefore, it is not necessary to include an
additional control manipulation to account for locomotor activity, such as necessary when a
treadmill or a continuously rotating disc or drum is used to deprive an animal of total sleep
(Barf, Meerlo et al., 2010;Leenaars, Dematteis et al., 2011;McKenna, Tartar et al., 2007). In
addition to the software features that control the disc rotation schedule, the motor and drive
system are extremely quiet, and the stepper motor provides a very smooth disc rotation.
After the first few rotations during habituation, there is no “startle response”, as would be
indicated by the mouse “flinching” when the disc rotation starts or stops. The quiet and
smooth nature of this device eliminates the potential confounds associated with methods that
use laboratory shakers to physically vibrate mice or sweeper bars that jostle mice (Ramesh,
Kaushal et al., 2009;Sinton, Kovakkattu et al., 2009).

Few, if any published studies of which we are aware include disruption of rodent sleep for
prolonged periods. Therefore, it is difficult to assess other methods with respect to the
impact of perceived stress in response to the sleep fragmentation method itself. Similarly,
few studies using mechanical means to disrupt sleep of mice report the impact of the method
on spectral properties of the EEG (Ramesh, Kaushal et al., 2009;Sinton, Kovakkattu et al.,
2009). The device we use houses two mice simultaneously, and as such animals are not
isolated during the fragmentation protocol. This approach also doubles the number of
animals that can be manipulated within the same apparatus and footprint. Finally, although a
telemetry system may be incorporated, as in this study, animals may also be implanted with
cranial headpieces because the enclosure accommodates tethers to connect the mouse to a
recording system.

As with all methods and protocols to disturb or deprive laboratory animals of sleep, there are
some limitations to this approach. This system was designed only to disrupt sleep, and it is
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effective in doing so. No capabilities have been incorporated that would allow feedback
from the animal to the system such that a mouse could be deprived of a specific stage of
sleep, as in the classic rat studies of Rechtschaffen (Rechtschaffen and Bergmann,
1995;Rechtschaffen, Gilliland et al., 1983). We do not consider this a limitation due to the
nature of our studies, although other investigators may desire this capability. There is an
advantage to housing two mice on the same physical apparatus in terms of animal density
and elimination of social isolation. However, because the floor space is shared by two
animals, it is not possible to determine food intake by an individual animal. During sleep
fragmentation mice often “play” with their food, and there is food waste, which gets mixed
between mice when the disc rotates. It is conceivable that a liquid diet could be used to
allow assessment of caloric intake by each individual animal, but we have not yet used this
approach.

In summary, the device and protocol used are effective in fragmenting sleep of mice. This
initial study demonstrates biologic responses of mice to sleep fragmentation that validate
this approach as a method by which sleep can be reliably disrupted for prolonged periods.
This system is capable of mimicking in rodents the sleep disruption or fragmentation that
occurs in many human conditions. Because the disc rotations are unpredictable, this system
provides a means to conduct continuous long-term experiments without behavioral
adaptation by the subjects, despite potentially increased sleep pressure. This initial study
demonstrates that sleep disruption of mice exacerbates febrile responses to LPS, an
observation that provides impetus for future experiments aimed at furthering our
understanding of mechanisms by which chronic insufficient sleep contributes to
inflammatory disease.
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Figure 1. The sleep disruption device and protocol are effective
Each sleep disruption device houses two mice and provides ad libitum access to food and water. Hypnograms depict consecutive

10s epochs from one hour in the same mouse when the disc was not rotating (top panel) and during sleep fragmentation (SF)
when the disc was rotating (SF Day 9, bottom panel). Both hypnograms are from the fifth hour after light onset. Red lines depict
core body temperature. The disruption of sleep is readily apparent. WAKE, wakefulness; NREM, non-rapid eye movement
sleep; REM, rapid eye movement sleep.
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Figure 2. Daily changes in body weight and water intake are not altered by sleep fragmentation
Body weights and water consumption were recorded from groups of mice housed for 9 days as home cage controls (HCC; open

circles, n=8) or device controls (DC; gray triangles, n=6). A separate group of mice was subjected to 9 days of sleep
fragmentation (SF; black squares, n=6) mice. Values are the mean + SEM. No statistically significant differences were revealed
among groups.

J Neurosci Methods. Author manuscript; available in PMC 2014 April 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ringgold et al. Page 19

400

0 *
£ *
> 300 -
=
)
S
o -
5 200
e
7))
o
O
T 100
O
@)

0

HCC DC 1d SF 3d SF 9d SF

Figure 3. Sleep fragmentation only modestly elevates plasma corticosterone
Plasma corticosterone concentrations were determined by ELISA from samples collected from home cage control mice (HCC,

open bar), device control mice (DC, open bar), or mice subjected to sleep fragmentation for 1, 3 or 9 days (SF, filled bars).
Separate groups of mice (n=12/group) were used for each condition. *=p<0.05 vs. home cage control.
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= Body temperature of mice is not altered during the sleep disruption protocol (top panels). There is a tendency for non-rapid eye
movements (NREM) sleep to be reduced during the light period fragmentation on day 1 that did not achieve statistical
significance (middle panels). Rapid eye movements (REM) sleep is essentially abolished by sleep fragmentation on this device
and protocol (bottom panel). Depicted are the mean = SEM values obtained from n=6 mice during the device control day (DC),
and from the same mice after 1, 3, and 9 days of sleep fragmentation (SF). Control values were obtained from mice housed in
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Figure 5. Sleep pressure may accumulate during prolonged sleep fragmentation even if sleep time is not altered
(Panels A — C) Spectral analyses conducted on artifact-free electroencephalogram epochs of non-rapid eye movements (NREM)

sleep during the 12-h dark period, when there is no disc rotation, suggest accumulating sleep pressure. The magnitude of the
peak spectral power in the delta frequency band (0.5 — 4.0 Hz) tends to increase across days of sleep fragmentation (SF). (Panels
D — F) Hourly averages for NREM delta power after the first day of sleep fragmentation were significantly greater as compared
to values from the same animals when housed as device controls (DC), without disc rotation. Values are means + SEM for n=6
mice.
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Figure 6. Sleep fragmentation exacerbates febrile responses to immune challenge
Body temperature responses (°C) of mice to lipopolysaccharide (LPS) administration differ when housed as home cage controls

(HCC; open circles, n=7), device controls (DC; grey triangles, n=5) or subject to sleep fragmentation (SF; filled squares, n=6)
mice. All mice were injected with LPS on day 10 of the protocol (see text), and recordings continued for 96 h. The same mice
were then injected with vehicle (pyrogen-free saline) to control for the potentially confounding effects of the injection procedure
itself. As such, each mouse served as its own control. Difference scores (A) were calculated by subtracting values obtained after
vehicle injection from those obtained after LPS administration. Mice in the SF group were subjected to disc rotation during the
light period for a total of 9 consecutive days, whereas mice in the DC group were housed on non-rotating disks and HCC mice
remained in their home cages for the same amount of time. Values are the means + SEM. *=p<0.05 among groups.
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Distribution of NREM and REM sleep of mice during control conditions and nine days of sleep fragmentation

Device
Day 1
Day 3
Day 9

Device
Day 1
Day 3

Day 9

Device
Day 1
Day 3

Day 9

Light Period

42.1+23

32.1+21%
354 +£20
36.6+22

6.8+0.6
0.6+0.1""
05+0.1""

0.7+0.1""

Dark Period ~ Total 24h
NREM Sleep

245+25 333+18

226+24 27316

260+25 30.7+1.7
28.1%2.2 324+15

REM Sleep

33+05 50+04
3905 23+03"
44+06 24403
4606 27+03*

Total Sleep (NREM + REM)

48927
32.7+21%"
35.8+2.0""

*

37.3+2.1"

271.7+29 38.3+22

26528  296+18"
304+30  331:18

32.7+2.6 35.0+17

Values are mean + SEM percentage of recording time during the 12 h light and dark periods and the total 24 h period spent in non-rapid eye
movement (NREM) sleep, rapid eye movement (REM) sleep, and total sleep (NREM + REM). Recordings were obtained from mice (n=6) housed
in the sleep fragmentation device without disk rotation (Device Control) and from the same mice when subjected to disc rotation during the light

period for 9 days (Day 1, 3, 9). Data were analyzed using a one-way ANOVA and Tukey’s HSD post hoc multiple comparisons.

Differences from Device control values: # p = 0.054;

*

*

p <0.05;

*
p<0.01.
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