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Original Research

Effects of Sleep Fragmentation on Sleep and
Markers of Inflammation in Mice

Rita A Trammell,' Steve Verhulst,> and Linda A Toth*>*

Many people in our society experience curtailment and disruption of sleep due to work responsibilities, care-giving, or life style
choice. Delineating the health effect of acute and chronic disruptions in sleep is essential to raising awareness of and creating
interventions to manage these prevalent concerns. To provide a platform for studying the health impact and underlying pathophysi-
ologic mechanisms associated with inadequate sleep, we developed and characterized an approach to creating chronic disruption
of sleep in laboratory mice. We used this method to evaluate how 3 durations of sleep fragmentation (SF) affect sleep recuperation
and blood and lung analyte concentrations in male C57BL/6] mice. Mice housed in environmentally controlled chambers were
exposed to automated SF for periods of 6, 12, or 24 h or for 12 h daily during the light (somnolent) phase for 4 sequential days.
Sleep time, slow-wave amplitude, or bout lengths were significantly higher when uninterrupted sleep was permitted after each
of the 3 SF durations. However, mice did not recover all of the lost slow-wave sleep during the subsequent 12- to 24-h period and
maintained a net loss of sleep. Light-phase SF was associated with significant changes in serum and lung levels of some inflam-
matory substances, but these changes were not consistent or sustained. The data indicate that acute light-phase SF can result in a
sustained sleep debt in mice and may disrupt the inflammatory steady-state in serum and lung.

Abbreviations: DWA, § wave amplitude; DE, disk environment; E, time of euthanasia; G-CSF, granulocyte colony-stimulating factor;
HC, home cage; HPA, hypothalamic—pituitary-adrenal; IP10, interferon-y-induced protein 10 (CXCL10); KC, keratinocyte-derived
chemokine (CXCL1); LCN2, lipocalin 2; MCP1, monocyte chemotactic protein 1 (CCL2); M-CSE, macrophage colony-stimulating fac-
tor; MIP1a, macrophage inflammatory protein; NREMS, non-rapid-eye-movement sleep; REMS, rapid-eye-movement sleep; SF, sleep

fragmentation; SMET, simple main-effects test; SWS, slow-wave sleep; tPAIl, total plasminogen activator inhibitor 1.

Many people in our society experience frequent curtailment
and disruption of sleep due to work responsibilities, care-giving,
or life style choice.* In 1960, most Americans reported sleeping for
8.0 to 8.9 h per night, whereas in more recent surveys, many peo-
ple report less than 5 h of sleep per night, with a mode of around
7 h.%45 Evidence is accumulating to show that many common
disease conditions develop in association with disrupted sleep.”
For example, abundant evidence indicates that disturbed or in-
adequate sleep is associated with increased risk for obesity, glu-
cose intolerance, and type 2 diabetes (reviewed in reference 1). In
addition, many individuals who suffer from acute and chronic
disease conditions experience illness-related disruption of sleep.”
For example, as many as 75% of asthmatic persons are awakened
by symptoms at least once a week, with about 40% experiencing
symptoms on a nightly basis.® In general, epidemiologic studies
have shown that relatively long (8 h or longer) and short (less
than 7 h) durations of nightly sleep are associated with greater
risk of mortality from all causes.>!*12%766

Societal and individual efforts to control sleep loss general-
ly are based on recognition of the negative effects of sleep loss
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and sleepiness on performance and health. However, attempts
to manage these problems may be offset by a personal desire to
limit sleep time or the need to extend waking hours. Management
of sleep duration is complicated further in that people often sub-
jectively underestimate their sleepiness in comparison with ob-
jective measures of sleepiness, alertness, and performance 3467
In addition, circadian disruption, interrupted sleep, and delayed
sleep may lead to different risks or adverse effects. For example,
chronic shift work, which disrupts both sleep and circadian coor-
dination, may increase the risk of weight gain or type 2 diabetes
to a greater degree than do sleep interruptions or delays that do
not disrupt diurnal synchronization.*>? Delineating the health
effects of acute and chronic disruptions in sleep is essential to
raising awareness of and creating interventions to manage these
prevalent concerns.

The well-known homeostatic and circadian modulation of sleep
and sleep propensity create potentially competing consequences
with regard to reactions to loss of sleep during normal diurnal pe-
riods of sleep. In that situation, homeostatic drives to recover lost
sleep may be countered by circadian drives that promote waking.
Depending on the balance of these factors, the individual could
either fully or partially recover the lost sleep or develop and
maintain a sleep debt. These considerations led us to compare
the effect of 3 durations of sleep fragmentation (SF) in laboratory
mice: the initial 6 h of the light (somnolent) phase, mimicking a
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delay in the normal circadian onset of the somnolent phase; the
entire duration of the light (somnolent) phase, mimicking some
aspects of shift work; and an entire 24-h day (mimicking an “all-
nighter”). The approach we use to cause SF has previously been
reported to produce significant sleep disruption without con-
comitant increases in serum glucocorticoids or reductions in body
weight.® Our data document both the effects of varying durations
of acute SF on subsequent recuperative sleep and the influence of
exposure to SF on lung and serum markers of inflammation.

Materials and Methods

Experimental animals. Male C57BL/6] mice were purchased
from the Jackson Laboratory (Bar Harbor, ME) at 6 wk of age.
Prior to experimental use, mice were housed in groups of 5 in
an environmentally controlled chamber that was maintained un-
der a 12:12-h light:dark cycle, a temperature of 25 °C, and rela-
tive humidity of 40% to 60%. Food (LabDiet 5001, PMI Nutrition
International, St Louis, MO) and tap water were always avail-
able ad libitum. Cages were solid-bottom and open-top and con-
tained woodchip bedding (Beta Chip, Northeastern Products,
Warrensburg, NY). Mice were maintained by using conventional
husbandry practices, with cages changed weekly. All mice were
housed individually after assignment to a study group. All proce-
dures involving animals were approved in advance by the Labo-
ratory Animal Care and Use Committee of the Southern Illinois
University School of Medicine (protocol number 168-07-007). The
animal facility at Southern Illinois University School of Medicine
has maintained full AAALAC accreditation since 1982. All mice
were free of known infections with common rodent microbial
and parasitic agents, as monitored by using monthly testing of
sentinel mice housed in the same room.

Surgery. Mice were surgically implanted with electrodes to per-
mit monitoring of the EEG and EMG. Anesthesia was induced by
subcutaneous injection of a mixture of ketamine (50 mg/kg) and
xylazine (50 mg/kg) and was supplemented with additional an-
esthetic during surgery when needed. All surgery was conducted
by using standard aseptic techniques. EEG electrodes consisted of
4 insulated stainless steel wires (Plastics One, Roanoke, VA) that
were positioned visually parallel to and under the skull in bilat-
eral frontal (approximately 1 mm anterior to bregma and 2 mm to
the left and right of midline) and parietotemporal (approximately
3 to 4 mm posterior to bregma and 2 mm to the left and right of
midline) positions. All electrodes were inserted into a pedestal
that was secured to the skull with dental acrylic. One of the elec-
trodes was made continuous with cable shielding and served as
a ground; this electrode was not used for data acquisition. Two
of the other 3 electrodes were referenced against each other in
the combination that provided the best visual differentiation of 3
vigilance states (wakefulness, slow-wave sleep [SWS], and rapid-
eye-movement sleep [REMS]) when signals were displayed on a
polygraph. EMG electrodes (Plastics One) were placed subcuta-
neously overlying nuchal muscles of the left and right sides of the
body and were referenced against each other.

After surgery, mice were housed in individual cages in a sound
shielded chamber under a 12:12-h light:dark cycle at 25 £ 1 °C.
Ibuprofen (1 mg/mL) was added to the drinking water from 1
d before through 4 d after surgery, to provide analgesia.® Other
husbandry and housing conditions were the same as those de-
scribed previously, with the exception that individually housed
mice received a small weigh boat as an enrichment device. A
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minimum of 2 wk was permitted for recovery from surgery prior
to the start of data collection.

Sleep fragmentation. For induction of SF, mice were placed on
a disk that rotates slowly in a random direction for 8 s of every
30-s interval; food and water were available (Figure 1). The disk
diameter was 15 in., and the wall height was 10 in. A perforated
fitted cover was placed over this cylinder to prevent the mice
from escaping. The disk rotated at a speed of 20 to 25 s per full
rotation. Disk rotation was not associated with noise audible to
humans. Additional details of construction are available on re-
quest (see also reference 62). Bedding was not used in the device
to minimize the likelihood of interference with disk rotation and
potential entrapment of the mice.

The 8-s period of rotation occurred at a random time within each
30-s interval during exposure to SF. An 8-s period of disk rotation
was chosen because at the speed used, 8 s allowed the disk to rotate
180°, thus ensuring that the mouse would contact the wall dur-
ing each rotational period. Mice that are asleep when rotation oc-
curs awaken when they contact the wall that bisects the cylinder.
Because the timing of disk rotation was random within the 30-s
period and because each rotation required 8 s, disk rotations in
successive 30-s intervals could be separated by as much as 44 s
and were limited by the hardware to a minimum of 3 s between
rotations. Therefore, if the disk rotated during the first 8 s of one
30-s interval and during the last 8 s of the next interval, the second
rotation followed the first by 44 s. If a rotation occurred during the
last 30 s of an interval, another rotation could not begin within the
next 3 s. During SF, mice experienced 120 8-s epochs of disc rota-
tion each hour. When mice were housed on the disk, it was cleaned
daily immediately after light onset. This cleaning took only a few
minutes and was an inherent part of the paradigm.

Each disk held 2 mice that were separated by a clear acrylic
wall that bisected the disk. Mice were assigned randomly to re-
ceive exposure to SF for 6, 12, or 24 h, respectively designated as
SF(0-6), SF(0-12) and SF(0-24), with diurnal times 0 or 24 denot-
ing the time of light onset and time 12 denoting the time of dark
onset (Figure 2). Some mice were exposed to SF(0-12) for 4 se-
quential days, designated as SF(0-12)x4. SF always began at light
onset (circadian time 0). Mice were housed on the SF disk and
connected to the tether at 48 h prior to the beginning of data col-
lection. During this adaptation period, the disk rotated for 8 s of
every 30 min to accustom the mice to this process. Data collected
on the second day of adaptation were used as baselines for each
mouse (that is, the disk environment [DE] condition). The mice
remained on the disk for the duration of the study:.

Sleep measurement. For collection of EEG and EMG data, mice
were tethered to a 6-channel electrical swivel by using a light-
weight cable (Plastics One) that permitted unrestricted move-
ment. Throughout all recording sessions, the mice could move
about freely in their cages and had continuous access to food and
water. Analog signals from the EEG electrodes were amplified
and then filtered into & (1-4 Hz) and 6 (5-8 Hz) components by
using band-pass filters (Coulbourn Electronics, LeHigh Valley,
PA). Filtered data were stored after analog-to-digital conversion
(Cambridge Electronic Design, Cambridge, UK) as average val-
ues for each 10-s interval of the recording period. EMG analog
signals were processed similarly, without filtering.

Sleep data were scored by assigning a specific vigilance state
(SWS, REMS, or waking) to each 10-s epoch of the recording pe-
riod by using a computer-assisted scoring method and custom
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Figure 1. Apparatus for producing sleep fragmentation in mice. (A) A
clear wall separates the 2 mice housed in the sleep fragmentation ap-
paratus. (B) Here a mouse is housed on the unit and is tethered for sleep
recording. Receivers positioned under the disk can be used for concur-
rent measurement of core temperature and locomotor activity. Food and
water are available ad libitum.

software (Quality Software, Springfield, IL). For each mouse,
EEG and EMG tracings were initially examined visually to set
threshold values for § wave amplitude (DWA) that occurred in
association with SWS, EMG amplitude associated with periods
of movement, and 6-to-d ratios associated with REMS. The com-
puter algorithm used these thresholds to score each animal’s
vigilance states over the entire recording period. An interval was
scored as SWS whenever the DWA exceeded the SWS thresh-
old concurrent with a low-amplitude EMG signal. REMS was
identified by low-amplitude EEG and EMG signals that occurred
together with a high 6-to-0 ratio in the EEG. At all other times,
mice were considered to be awake. Transitional epochs received
vigilance state assignments according to the average DWA and
EMG signals during the epoch. All computer-scored data were
verified visually prior to final analysis. This visual assessment
also documented that EEG-based arousal occurred in association
with disk rotation. Sleep values were summarized into 6-h time
blocks over the entire duration of the study. Parameters analyzed
were percentage time in SWS, percentage time in REMS, DWA
during SWS, the lengths of uninterrupted epochs (bouts) of SWS
and REMS, and the number of bouts of SWS and REMS.
Cytokine, chemokine, insulin and adipokine measurements.
For collection of serum and lung samples, separate groups of
mice that did not undergo surgery were exposed to SF(0-6),

Sleep fragmentation in mice

SF(0-12), or SF(0-24) . In all cases, euthanasia was performed
immediately after the period of SE. Control mice were housed
individually in a standard home cage (HC) without manipula-
tion and underwent euthanasia at the same time points as did
the SF mice. An additional group of mice (1 = 8) were exposed
to the DE (that is, placement on the disk with rotation occurring
for 8 s of every 30 min) prior to euthanasia. The durations of SF,
the time points for euthanasia (E), and the total numbers of mice
in each treatment group were as follows: HC(E6), n = 12; DE(E6),
n =8; SF(0-6)E6, n = 12; HC(E12), n = 8; DE(E12), n = 8; SF(0-12)
E12, n = 8; HC(E24), n = 8; DE(E24), n = 10; SF(0-24)E24, n = 8.
Euthanasia was performed by cardiac exsanguination under
isoflurane anesthesia. Serum and lung were collected and frozen
at —80 °C for subsequent analysis.

Cytokines, chemokines, insulin, and adipokines were mea-
sured by using multiplex bead-based assays as described by
the manufacturer (MCytoMag 70K and MadKMag 71K, Milli-
pore, Billerica, MA) and were analyzed (model 100IS, Luminex,
Austin, TX) by using BioPlex Manager 5.0 software (BioRad,
Hercules, CA). Minimal detectable concentrations (pg/mL) for
individual analytes were 10.3 for IL1a, 5.4 for IL1B, 1.0 for IL2,
1.1 for IL6, 2.0 for IL10, 0.7 for IL17, 6.7 for monocyte chemotac-
tic protein 1 (MCP1), 1.7 for granulocyte colony-stimulating fac-
tor (G-CSF), 1.1 for IFNY, 0.8 for IFNy-induced protein (IP10), 2.3
for keratinocyte-derived chemokine (KC), 7.7 for macrophage
inflammatory protein 1o, (MIP1c), 4.2 for leptin, 1.1 for resistin,
4.0 for total plasminogen activator inhibitor 1 (tPAI1), and 13.0
for insulin. For adiponectin, serum samples were measured by
using the Quantikine ELISA kit (R and D Systems, Minneapo-
lis, MN) according to the manufacturers’ instructions. Samples
were assayed in duplicate and reported in pg/mL for cytokines
and adipokines and ng/mL for adiponectin.

Statistics. Sleep data were evaluated by using repeated-mea-
sures ANOVA (general linear measures procedure) with the SAS
statistics package. Baseline and postSF values then were com-
pared at individual time points by using a simple main-effects
test (SMET).* Although comparisons were preplanned, we none-
theless assessed the results of the SMET by using a conservative P
value (that is, 0.02) to mitigate potential erroneous interpretations
that may have resulted from performing multiple comparisons.

The SPSS statistics package (version 20, IBM, New York, NY)
was used for analysis of cytokine data. Statistical evaluation of
cytokine concentrations was performed by using log-transformed
values, due to the nonnormal distribution of values.?* SF, DE,
and HC conditions were compared by using one-way ANOVA for
each duration of exposure (for example, SF(0-6)E6 compared with
HC(E6) compared with DE(E6)), with Tukey follow-up. Cytokine
concentrations that were below the assay limits of detection were
assigned the minimal detectable concentration for purposes of
statistical analysis. Descriptive statistics are expressed through-
out as mean + SEM. A P value of less than 0.05 was considered to
indicate statistically significant effects.

Results
Separate groups of mice were used for measurements of sleep
parameters and tissue analytes. The experimental design is illus-
trated in Figure 2.
Behavior. SF(0-6). In the first study, sleep was monitored in
C57BL/6] mice (n = 7) for 24 h before, during, and for 18 h after
6 h of SF that began immediately after light onset. Sleep data
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Figure 2. Experimental design. Open box, light phase of the diurnal cycle; filled box, dark phase; X, time of euthanasia of mice for collection of serum
and lung tissue; HC, home cage; DE, disk environment; SF, sleep fragmentation.

were analyzed by using repeated-measures ANOVA for treat-
ment (DE [that is, baseline] compared with SF) as a function of time
(Table 1). All sleep parameters showed significant (P < 0.05) ef-
fects of treatment or time or both, with significant interactions.
Follow-up assessment by using SMET indicated that as compared
with the baseline period, the 6-h period of SF was associated with
significant (P < 0.02) reductions in the amount of time spent in
SWS and REMS (Figures 3 A and 4 A), the length of SWS and
REMS bouts (Figures 3 D and 4 D), and the number of SWS and
REMS episodes (Figure 4 G). After the end of the SF period, mice
showed longer bouts of SWS and REMS during the remaining
6 h of the light phase (Figures 3 D and 4 D) as compared with
baseline values; no additional significant effects were detected
during the 18- h period after SF when data were analyzed over
6-h intervals (Figures 3 and 4). However, when data were evalu-
ated over shorter (2-h) intervals, as is often done in short-term
sleep loss studies, mice showed increases in some measures, as
follows, based on paired t tests : percentage time in SWS during
hours 8 to 10 (53% * 6% during baseline compared with 61% *
5% after SE, P = 0.032); DWA during SWS during hours 6 through
8 (97 £ 1% during baseline compared with 102% + 1% after SF,
P =0.003); percentage time in REMS during hours 12 through
14 (0.5% + 0.2% during baseline compared with 2.2% * 0.8% af-
ter SF, P = 0.040); REMS bout length during hours 10 through 12
(0.27 £ 0.08 min during baseline compared with 0.85 + 0.18 min
after SE, P = 0.028) and 14 to 16 h (0.54 = 0.12 min during baseline
compared with 0.99 + 0.06 min after SF, P = 0.029), number of
REMS bouts during hours 12 through 14 (1.1 + 0.6 during baseline
compared with 4.3 + 1.4 after SF, P = 0.025). Taken together, the
REMS rebound was sufficient for recovery of lost REMS within
the subsequent 18-h period, but mice did not recover lost SWS
and maintained a significant SWS debt (Figure 5).

SF(0-12)x4. In a second study, sleep was monitored in
C57BL/6] mice (n = 7) for 48 h before and throughout 4 subse-
quent sequential days on which SF occurred during the 12-h light
(somnolent) phase of the diurnal cycle but not during the dark
(active) phase. For this group of mice, data from the 2 baseline
(DE) days were averaged and are shown. All sleep parameters
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showed significant (P < 0.02) effects of treatment or time or both,
with significant interactions (Table 1). Follow-up assessment us-
ing SMET indicated that during the light-phase exposure to SF,
as compared with the baseline period, mice spent significantly
less time in SWS and REMS (Figures 3 B and 4 B) and had short-
er bouts of SWS and REMS (Figures 3 E and 4 E) and a greater
number of SWS bouts (Figure 3 H; P < 0.02 for all comparisons).
During the subsequent dark phases, mice showed only sporadic
significant changes in measures of SWS (Figure 3) but developed
significant and sustained increases in the time spent in REMS (P <
0.02; Figure 4 B). During the initial 12-h SF and recovery periods,
mice recovered lost REMS but retained a significant SWS debt
(Figure 5).

SF(0-24). Sleep was monitored in C57BL/6] mice (1 = 6) during
and for 24 h before and after exposure to SF for 24 h. Most of the
sleep parameters showed significant (P < 0.02) effects of treatment
and/or time, with some significant interactions (Table 1). Follow-
up assessment using SMET indicated that during the 24-h period
of SF, as compared with the baseline (DE) period, mice spent sig-
nificantly less time in both SWS and REMS (Figures 3 C and 4
C), showed shorter bouts of SWS and REMS (Figures 3 F and 4
O) and a greater number of SWS and REMS bouts at some time
points (Figures 3 I and 4 I; P < 0.02 for all comparisons). During
the subsequent 24-h period, mice showed significant (P < 0.02)
increases in both SWS bout length (Figure 3 F) and DWA during
SWS (Figure 3 L), indicating consolidation and increased depth
of sleep. During the day after SF, mice largely had recovered lost
REMS but retained a significant SWS debt (P < 0.02; Figure 5).

Serum cytokines, chemokines, adipokines and insulin. Insulin
and a panel of cytokines, chemokines and adipokines were mea-
sured in serum collected from mice that were euthanized either
immediately after placement on the disk with minimal rotation
(8 s every 30 min for 6, 12, or 24 h; DE) or exposure to SF (disk
rotation for 8 s of every 30 s for 6, 12, or 24 h) or at the same time
points for mice maintained under HC conditions (1 = 8 to 12 per
group).

In most samples, concentrations of IL1p, IL5, IL6, IL10, MCP1,
and MIP1a were below the limits of assay detection, and there-
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Table 1. ANOVA P values

SF(0-6),n=7 SF(0-12)x4,n =7 SF(0-24),n=6
Treatment Time Interaction Treatment Time Interaction Treatment Time Interaction

% time in SWS 0.0021 0.0001 <0.0001 0.0337 <0.0001 <0.0001 0.0098 0.0003 <0.0001
SWS bout length 0.0321 0.0001 <0.0001 0.0046 <0.0001 <0.0001 0.0443 <0.0001 <0.0001
No. of SWS bouts NS 0.0053 0.0039 0.0028 <0.0001 <0.0001 0.0044 <0.0001 <0.0001
DWA during SWS NS NS 0.0215 NS <0.0001 0.0114 NS 0.0024 NS

% time in REMS NS 0.0165 0.0020 NS <0.0001 <0.0001 NS 0.0002 <0.0001
REMS bout length NS 0.0006 0.0006 0.0466 <0.0001 <0.0001 0.0060 <0.0001 <0.0001
No. of REMS bouts NS 0.0050 0.0012 NS 0.0053 <0.0001 NS 0.0170 0.0011

NS, not significant (P > 0.05).

fore these analytes could not be assessed. Concentrations of
G-CSF, IP10, and KC were measurable within the limits of the
assay. Exposure to SF for 6 h was not associated with significant
changes in any of these 3 analytes. Mice exposed to SF(0-12) and
SF(0-24) showed significant changes in serum G-CSF and IP10,
respectively (P < 0.05, Figure 6).

SF(0-6) was associated with significantly (P < 0.05, Tukey) lower
serum leptin, as compared with HC; leptin concentrations were 66
+8,43+14 and 25+ 6 pg/mL for HC, DE, and SF mice, respectively
(n =8 per group). Resistin was significantly (P < 0.05, Tukey) higher
in mice exposed to DE as compared with HC; resistin concentra-
tions were 100 £ 6, 137 £ 13, and 110 +5 pg/mL for HC, DE, and SF,
respectively (n = 8 per group). Values for insulin, tPAI1, and adi-
ponectin were not significantly different across treatment groups

Lung cytokines and chemokines. A panel of cytokines and che-
mokines were measured in lung collected from mice that were eu-
thanized either immediately after DE or SF for 6, 12, or 24 h or at
the same time points for HC mice (1 = 8 to 12 per group; Figure 7)
. Exposure to SF for 6 or 12 h was associated with sporadic signifi-
cant (P < 0.05, Tukey) changes in several proinflammatory media-
tors, but these effects were not consistent between the 2 durations
(Figure 7). Compared with those exposed to SF for 6 or 12 h, mice
exposed to SF(0-24) showed significant changes (P < 0.05, Tukey)
in a greater number of mediators (Figure 7). Notably, exposure to
SF for 24 h was associated with significantly lower concentrations
of IL1a, IL2, IL10, IL17, G-CSEF, IFNY, and KC as compared with
values from HC or DE mice or both. MIP1a was below limit of
detection in all lung samples.

Discussion

The data presented here characterize sleep disruptions created in
mice exposed to SF for 3 different durations within a 24-h cycle: the
initial 6 h of the light (somnolent) phase (SF(0-6)); the entire dura-
tion of the light (somnolent) phase (SF(0-12)); and the entire 24-h
day (SF(0-24)). SF(0-6) causes a delay in the normal time of sleep
onset and may be relevant to extended wakefulness or difficulty
in initiating sleep in people. SF(0-12) may mimic some aspects of
human shift work, given that sleep in this model is perturbed dur-
ing the diurnal phase normally associated with sleep but can occur
freely during the normal active phase. SF(0-24) causes abnormal
arousal during an anticipated sleep period, with no opportunity for
consolidated sleep until the next anticipated sleep period.

In our system, exposure to SF(0-6) creates disturbed sleep in a
manner that is temporally analogous to that produced by the so-
called “gentle handling” method of sleep deprivation that is used

in many studies of sleep loss in rodents. However, an important
distinction is that SF does not cause complete loss of sleep. None-
theless, as in studies that used gentle handling to cause total sleep
deprivation (for example, references 5, 21, 29, 30, and 69), we found
that SF(0-6) was associated with transient increases in the propor-
tion of time spent in SWS and REMS, the number and length of
REMS bouts, and DWA during SWS during some 2-h intervals
within the 18-h period after SF as compared with the same interval
on the baseline (DE) day. Mice exposed to SF(0-6) in our study
completely recovered lost REMS during the subsequent 18-h pe-
riod in which uninterrupted sleep was permitted yet did not re-
cover lost SWS and retained a significant SWS debt at the end of the
recording period. Mice exposed to SF(0-12) or SF(0-24) also main-
tained a SWS debt after a recovery period equivalent to the period
of SF but did recover lost REMS. Furthermore, mice exposed to
SF(0-12) did not appear to recover lost SWS time during the dark
phase even after repeated exposure for up to 4 sequential days.
Therefore, our model produces a combination of SE, sleep loss, and
accrued SWS debt. In contrast to SWS, mice did appear to recover
lost REMS during the recovery period after all SF regimens.

As in our findings, the literature also contains reports of lim-
ited recovery of lost sleep in rodents. A recent study that used the
same SF apparatus as that we used here reported that exposure of
C57BL/6] mice to light-phase SF for 9 consecutive days resulted
in severe fragmentation of NREMS and almost total absence of
REMS throughout 9 sequential 12-h light phases.® During the
dark period, when ad libitum sleep was permitted, the amounts
of time spent in NREMS and REMS were not different from con-
trol values, indicating that the mice recovered little of the lost
sleep.® Analysis of the EEG revealed a trend for increased power
in the peak frequency of the NREMS EEG spectra during the dark
period, but this effect did not achieve statistical significance.
Therefore, these previous findings® are quite similar to those we
report here. However, another group produced SF in C57BL/6]
mice by applying an automated tactile stimulus every 2 min for
6 h after light onset or for 15 consecutive days during the entire
12-h light phase.®%° After the 6-h exposure, mice spent more
time in SWS and REMS during the subsequent dark period, with
no change in total SWS time over the 24-h period, and DWA was
elevated during the first 2 h after SF ended.” Mice that similarly
underwent 15 d of SF during the 12-h light phase preserved their
sleep duration, sleep state distribution, and cumulative 3 frequen-
cy power.®% Another group housed C57BL/6 mice on a rotating
disk similar to our system, with the disk programmed to produce
60 arousals per hour during an entire 24-h day, resulting in a total
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Figure 3. SWS in C57BL/6] mice before, during and after exposure to sleep fragmentation. Data are given as mean + SEM of values collected during
the preceding 6 h, with n = 7 for SF(0-6) and SF(0-12)x4 d but n = 6 for SF(0-24). Baseline values were collected on the disk environment with minimal
rotation and are repeat-plotted over the SF days to facilitate visual comparison. The dashed horizontal line indicates the mean value during the 24-h
baseline period. DWA values are normalized to the 24-h average baseline values for each mouse and are presented as percentages. Solid bars on the
x axis indicate the dark phase; cross-hatched bars indicate the period of SF (hours 0 through 6 in left panels, 0 through 12 for 4 consecutive days in mid-
dle panels, and 0 through 24 in right panels). *, P < 0.05 (paired f test).
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of 8 h of rotation daily.” In contrast, mice in our study experienced
120 arousals per hour (1 rotation every 30 s, or 120 per hour), for
a total of 16, 32, and 64 min of rotation during SF for 6, 12, or 24 h.
General effects on SWS and REMS time, bout length, and number
of bouts were similar between the studies in reference 7 and the
current study.

An automated, 2-compartment rotational device similar to the
one described here for mice has been used to produce SF in rats
and can also be used to produce total sleep deprivation by in-
creasing the duration, directional variability, and speed of disk
rotation.*#? Treadmill systems have also been used to evaluate the
effect of SF in rats.®®* Rats exposed to 24 h of treadmill-induced SF
showed a large reduction in total REMS time and shorter NREMS
episode duration but near-normal levels of total NREMS time per
24 h.* EEG measures during the recovery phase after either 6 or
24 h of SF showed increases in the average NREMS episode

duration and NREMS & power during sleep. In addition, extra-
cellular adenosine in the basal forebrain, which is postulated to
reflect sleep drive, was significantly elevated during SE#

In other studies, rats that were permitted to sleep after long-
term total sleep deprivation showed a large REMS rebound dur-
ing the first 24 h after sleep is permitted, with little or no rebound
in NREMS."7#! Similar patterns of recovery have been reported in
rats that experienced multiple cycles of restricted and ad libitum
sleep.’® Another group found that rats exposed to cycles of 3 h of
SD and 1 h of sleep opportunity continuously for 4 d showed a 60%
reduction in total sleep time over 24 h, an increase in REMS and
NREMS time during the sleep opportunities, an initial increase but
subsequent gradual attenuation in NREMS EEG 6 power within
and across days, and modest or negative compensatory sleep dur-
ing the 2-d recovery period, such that most of the lost NREMS,
REMS, and EEG & power was not recovered in that time.”® In a
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similar study, rats were subjected to 18 or 20 h of sleep depriva-
tion followed by a 6-h or 4-h sleep opportunity, respectively, for
5 consecutive days.*** In response to the first sleep deprivation
block on day 1, rats responded during the sleep opportunity with
enhanced NREMS & power and increased REMS as compared with
baseline.®** However, after the blocks of sleep deprivation on days
2 to 5, rats did not show enhanced NREMS & power during the
sleep opportunities, did not increase NREMS and REMS duration
despite accumulating a growing sleep debt on each consecutive
day, and—despite significant loss of sleep over 5 d—regained vir-
tually none of their lost sleep during a full 3-d recovery period.**

In a human study, healthy middle-aged men experienced a
night of normal sleep followed by 1 night of sleep deprivation or
5 consecutive nights with 4 h of sleep per night (repeated sleep
restriction), in either case followed by a recovery night.® Objec-
tive and subjective sleepiness increased immediately in response
to sleep restriction, and sleep latencies after the second and third
sleep restriction periods were equivalent to those observed after
sleep deprivation.® A statistical model revealed that perceived
sleepiness and performance lapses did not progressively worsen
across days of sleep restriction.”® Thus, adaptation to chronic sleep
restriction appeared to develop beyond 3 d of restriction in hu-
man males.”® These findings in rats and people thus appear to be
consistent with our current findings and those of others in mice
with regard to limited or absent resolution of sleep debt after
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cessation of a period of disrupted sleep. However, one group con-
cluded that slow-wave amplitude was homeostatically conserved
in rats during and after period of sleep loss;* This group studied
rats that were permitted to sleep only during the initial 4 h dur-
ing the light phase for 5 d. During the daily period in which sleep
was prevented, the number of short (less than 20 s) sleep bouts in-
creased, and slow-wave (1 to 6 Hz) power in the EEG was higher
during both waking and short sleep bouts, most prominently in
the occipital cortex.* During the 4-h sleep periods and the re-
covery period after the sleep restriction phase of the study, slow-
wave amplitude was higher than baseline levels, particularly in
the frontal cortex.*” Other work has generally not used a similar
approach to data analysis. Furthermore, the ability to recover lost
slow-wave amplitude may not be equivalent to recovery of sleep.
Therefore, these issues will clearly require additional study.

The timing of the cessation of sleep deprivation or SF likely
contributes to the subsequent recuperative response, given that
circadian modulation of the propensity for wakefulness may miti-
gate a homeostatic need for sleep when sleep is permitted only at
the ‘wrong’ diurnal time. Others'?'%¢¥668 previously have dem-
onstrated circadian influences on the homeostatic response to
sleep loss in a number of species, albeit not (to our knowledge)
in mice. In our study, the duration and termination of SF are con-
founded with respect to evaluation of circadian compared with
homeostatic influences, but the model nonetheless offers an
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approach to studying these interactions. Such information would
have implications for individuals who engage in chronic or ir-
regular shift work, as behavioral accommodation to the sleep loss
may take several days to develop or may never occur to a degree
sufficient to be restorative. Our mouse data suggest that sponta-
neous adaptation to misalignment of circadian cues for sleep and
the opportunity to engage in sleep does not occur in a manner
sufficient to restore lost sleep. However, in comparison with mice,
this accommodation may be accelerated in shift workers because
they can anticipate the occurrence of opportunities to sleep.

Sleep fragmentation in mice
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Our study also evaluated the effect of SF on serum concen-
trations of insulin and panels of cytokines, chemokines, and
adipokines. Inadequate sleep is increasingly being associated
with impaired glucose regulation in both people and animals
(reviewed in references 70 and 75). In addition to adipokines
produced by adipocytes, several cytokines and chemokines, in-
cluding MCP1 (CCL2) and IL6, are produced by macrophages
in adipose tissue and influence glucose homeostasis.’**** Our
study found no significant effect of acute SF for as long as 24 h
on serum concentrations of insulin, tPAI1, or adiponectin, and
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effects on leptin and resistin were transient. However, in longer
studies, other groups have reported significant changes in these
measures. For example, one study showed that mice exposed to
light-phase SF for 10 d developed impaired glucose tolerance.”
In rats, exposure to repeated long periods of disrupted sleep or
control conditions over 10 wk led to low plasma concentrations
of leptin,' and rats subjected to 20 h of SD per day for 8 d with
a daily 4-h period of unrestricted rest per day showed reduced
plasma glucose, insulin, and leptin levels.® In a crossover study of
healthy human men, a single night of SF reduced REMS but not
SWS and was associated with a shift in normal circadian patterns
of insulin concentrations.”

In our study, serum concentrations of several markers of in-
flammation (G-CSF, IP10, and KC) were likewise minimally
affected by SF for periods of as long as 24 h. In contrast, a con-
siderable number of analytes were altered in lung by exposure to
SF(0-24). A significant reduction on concentrations relative to HC
or DE conditions or both occurred for several analytes (IL1o, IL2,
IL10, IL17, G-CSEF, IENy, and KC). The development of immune
suppression after sleep disruption has previously been reported
by Others‘14—16,63/76

The induction of SF and SD in rodents often generates concern
about the creation of nonspecific stress, which is relevant to both
animal wellbeing and data interpretation. Production of sleep loss
by either gentle handling or automated methods generally elicits
only modest, if any, activation of the hypothalamic—pituitary—ad-
renal (HPA) axis in mice or rats (for example, see references 9,
19, 22, 25, 26, 51, and 67). We did not measure sympathoadrenal
or HPA axis activation in mice in our study. However, a recent
study that used the same SF apparatus and schedule as we used
here reported that mice exposed to light-phase SF for 9 consecu-
tive days had no significant increases in serum glucocorticoids
or reductions in body weight.®> Some degree of nonspecific stress
is likely to be inherent to states of sleep loss, even in people. In
both humans and rodents, sleep deprivation and restriction are
often associated with modest activation of both the autonomic
sympathoadrenal system and the HPA axis, and this activated
state could in turn influence the reactions of these systems to sub-
sequent homeostatic challenges.® Theoretically, HPA activation or
diurnal disruption could become progressively more severe as the
duration of sleep disruption continues, or, alternatively, animals
may adapt to this perturbation, such that HPA activation abates
with time. Illustrating this adaptation, one study of C57BL/6]
mice found that gentle handling of mice daily for 6 d was associ-
ated with a time-dependent elevation in serum corticosterone
concentrations,* whereas a subsequent similar study reported
no change after 6 d.”" Mild nonspecific stress and activation of
stress-responsive neuroendocrine systems may be inherent to
states of sleep loss, and this altered physiologic steady-state may
reflect, incorporate, or exacerbate, as compared with confound or
cause, both the loss of sleep and its consequences. Furthermore,
activation of the HPA axis or administration of glucocorticoids
promotes arousal and sleeplessness, and in humans, insomnia is
associated with a 24-h increase of ACTH and cortisol secretion,
consistent with hyperarousal.'®”27

The approach to SF that we have described here has some lim-
itations that merit consideration. Both the social environment
and other aspects of the environment are well known to influ-
ence both sleep and the response to sleep loss.****324 During
SF as produced by our device, the mice must be housed in the
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unusual environment of a rotating disk that allows visual and
likely olfactory but not physical contact with another mouse. This
environment could cause nonspecific efects that might influence
sleep responses, covariate measures, or both. However, all per-
turbations designed to completely or partially diminish sleep in
animals likely generate some nonspecific stimuli that are diffi-
cult to control. Gentle handling, for example, introduces novel
sensory and perhaps motor and psychologic stimuli that could
also influence sleep and various other covariate measures, and
these perturbations are not applied uniformly to all subjects, as
is the case with disk rotation. Perhaps some strategies could be
adopted to mitigate the unusual nature of the disk environment
in our device. For example, although we did not include bedding
in the device in our study, this modification is possible and would
perhaps make the environment more similar to the home cage. In
addition, mice could be group-housed on the disk. This modifica-
tion would perhaps alleviate effects due to physical isolation from
other mice, although it might preclude obtaining sleep recordings
from individual mice. Furthermore, group housing could poten-
tially result in fighting in this setting, as often occurs in standard
caging, particularly for male mice.

In summary, the current study characterizes sleep disrup-
tions and recovery in mice exposed to 3 different durations of
SF. Sleep amount, depth, and consolidation were significantly
higher during the ad-libitum sleep phase that occurred after
each of the 3 SF regimens, yet in response to SF for 12 or 24 h,
mice did not recover the lost SWS time during the subsequent
12- or 24-h period, respectively, thus accruing a SWS debt. In
contrast, mice did recover lost REMS. SF(0-24) was associated
with lower concentrations of some inflammatory mediators in
lung, whereas effects on serum analytes were minimal. There-
fore, in this model, acute SF can create a sustained sleep debt
and a modified inflammatory environment in lung. We specu-
late that these changes could contribute to greater risk of lung
disease secondary to more prolonged sleep perturbation.
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