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Toll-Like Receptor 4 Is a Regulator of Monocyte and Electroencephalographic

Responses to Sleep Loss
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Study Objectives: Sleep loss triggers changes in inflammatory signaling pathways in the brain and periphery. The mechanisms that underlie
these changes are ill-defined. The Toll-like receptor 4 (TLR4) activates inflammatory signaling cascades in response to endogenous and pathogen-
associated ligands known to be elevated in association with sleep loss. TLR4 is therefore a possible mediator of some of the inflammation-related
effects of sleep loss. Here we describe the baseline electroencephalographic sleep phenotype and the biochemical and electroencephalographic
responses to sleep loss in TLR4-deficient mice.

Design, Measurements and Results: TLR4-deficient mice and wild type controls were subjected to electroencephalographic and electromyo-
graphic recordings during spontaneous sleep/wake cycles and during and after sleep restriction sessions of 3, 6, and 24-h duration, during which
sleep was disrupted by an automated sleep restriction system. Relative to wild type control mice, TLR4-deficient mice exhibited an increase in the
duration of the primary daily waking bout occurring at dark onset in a light/dark cycle. The amount of time spent in non-rapid eye movement sleep by
TLR4-deficient mice was reduced in proportion to increased wakefulness in the hours immediately after dark onset. Subsequent to sleep restriction,
EEG measures of increased sleep drive were attenuated in TLR4-deficient mice relative to wild-type mice. TLR4 was enriched 10-fold in brain cells
positive for the cell surface marker CD11b (cells of the monocyte lineage) relative to CD11b-negative cells in wild type mouse brains. To assess
whether this population was affected selectively by TLR4 knockout, flow cytometry was used to count F4/80- and CD45-positive cells in the brains
of sleep deprived and time of day control mice. While wild-type mice exhibited a significant reduction in the number of CD11b-positive cells in the
brain after 24-h sleep restriction, TLR4-deficient mice did not.

Conclusion: These data demonstrate that innate immune signaling pathways active in the monocyte lineage, including presumably microglia,

detect and mediate in part the cerebral reaction to sleep loss.
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INTRODUCTION

Insufficient sleep has been statistically linked to disease
states characterized by inflammation. Sleep deprivation (SDEP)
modifies the synthesis of cytokine regulators of inflammation,
among them tumor necrosis factor a (TNF) and interleukin-1§
(IL-1B) in the brain' and TNF, IL-1 B, and interleukin-6 (IL-6)
in the periphery.? It is thus likely that at least some health effects
of SDEP are mediated by pro-inflammatory cytokines. In addi-
tion to influencing disease states, these cytokines act within the
brain to promote sleep.** Yet, the cellular signaling mechanisms
that trigger changes in pro-inflammatory cytokine levels during
SDEP remain to be determined.

Cerebral microglia, the innate immune cells of the brain, are
a significant source of cytokines and other sleep regulatory mol-
ecules, such as nitric oxide and prostaglandins.’ Multiple lines
of evidence indicate a role for these cells in detecting and react-
ing to neurochemical changes that occur in response to SDEP.
Minocycline, a compound known to attenuate the reactivity of
microglia to cerebral insults, attenuates the EEG response to
SDEP! and spontaneous wakefulness® in mice and attenuates
sleep related slow wave activity in humans.” SDEP reduces
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the level of expression of the microglial cell-surface marker
CD11b at the mRNA level in the brain.! Microglia are enriched
for purinergic receptors,®® which respond to sleep substances
adenosine'’ and ATP."! Given this evidence that microglia sense
and react to the changes in the neurochemical environment that
occur with sleep loss, studies on the signaling pathways that
mediate this reaction are warranted.

TLR4 is one of a family of receptors that recognize patho-
gen-associated ligands or “danger-associated” endogenous
ligands (molecules indicative of cellular stress, death or in-
jury'?). Converging lines of evidence provide a compelling
rationale for studies designed to assess the role of TLR4 as
a mediator of cellular pro-inflammatory responses to SDEP.
SDEP elevates cerebral levels of heat shock proteins'*'s
which are thought to activate TLR4,'*'7 although this notion
remains controversial.'®!” TLR4 activation induces the syn-
thesis and release of pro-inflammatory cytokines from innate
immune cells.?® Pro-inflammatory cytokines amplify microg-
lial activation through paracrine signaling.?!' We reasoned that
activation of TLR4 might underlie some of the biochemical
and EEG changes that occur in association with spontane-
ous sleep or sleep loss. Accordingly, we tested the hypothesis
that genetic inactivation of the t/r4 gene would alter sleep/
wake states under baseline conditions or after sleep restric-
tion. Additionally, as a follow-up to our previous observation
that ¢d11b mRNA is downregulated by SDEP, we used flow
cytometry to test the hypothesis that monocyte cell counts
in the brain are reduced in number due to TLR4 activation
during 24-h sleep restriction. Our results indicate that TLR4
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mediates, in part, both EEG and biochemical changes in as-
sociation with sleep loss.

MATERIALS AND METHODS

Animals and Surgery

Male TLR4-deficient (TLR4 KO; JAX strain name M,B6.
B10ScN-TIr4 strain # 7227) and wild-type (WT; JAX strain
name C57BL/6; strain # 664) mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) at age 6 weeks.
They were kept on a 12:12 LD cycle with a temperature set
point of 24.5°C and given ad libitum food and water through-
out experimentation. All animal experimentation was ap-
proved by the Institutional Animal Care and Use Committee
of Washington State University and adhered to the National
Research Council Guide for the Care and Use of Laboratory
Animals.”> Mice were surgically implanted under isoflurane
anesthesia (5% induction, 1-3% maintenance) with a head-
mount (Pinnacle Technologies part # 8201, Lawrence KS,
USA) composed of a plastic 6-pin connector glued to a print-
ed circuit board (PCB). Three electroencephalographic (EEG)
electrodes and 2 electromyographic (EMG) electrodes were
affixed to the headmount. Stainless steel screws (length 0.1
inches; Pinnacle Technologies part # 8209) were fastened to
the skull through 4 holes in the PCB. These screws served
as electroencephalographic (EEG) leads. The opening in the
PCB through which each screw passed was ringed with tin/
lead solder, which then conducted to the 6-pin connector at the
top of the headmount. Conductivity between EEG screws and
the PCB was assured by application of silver-filled electrically
conductive epoxy (Resinlab SEC1233, Ellsworth Adhesives)
to the screw at the time of insertion. The 2 frontal screws were
placed 1.5 mm lateral to the midline and 1 mm anterior to
bregma. The left frontal screw served as an internal ground.
The 2 parietal screws were placed 1.5 mm lateral to the mid-
line and approximately 2 mm anterior to lambda. Parietal
electrode locations relative to skull landmarks were approxi-
mate, as the placement of screw holes on the headmount was
not adjustable. Two channels of EEG data were collected, one
conveying the potential between the 2 parietal leads (channel
1), and the other the potential between the left parietal and
right frontal leads (channel 2). Channel 2 was used for state
classification. The 2 EMG electrodes consisted of stainless
steel wires, 1.5 cm in length, attached to the circuit board on
one end and terminating in a bolus of epoxy (roughly 1 mm di-
ameter) at the other end. Insulating material was absent from
approximately 2 mm of stainless steel immediately next to the
bolus of epoxy; this exposed stainless steel served as the lead
and was embedded in the neck musculature. The headmount
was glued to the skull with high-viscosity cyanoacrylate
(Fisher Scientific, part # NC9482241) and sealed with Ortho-
Jet self-curing acrylic resin (Lang Dental manufacturing Co.).
The incision on the head and neck was closed with Ethilon 5-0
nylon monofilament non-absorbable suture (Ethicon, NJ). The
female contacts on the connector remained uncovered by the
composite and skin. Animals were monitored closely follow-
ing surgery until they were ambulatory. Buprenorphine was
administered as an analgesic (0.05 mg/kg SC) at the end of
surgery and on 3 subsequent days.
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Recording Apparatus

After > 10 days of recovery from surgery, mice were adapted
to an EEG/EMG data collection system (Pinnacle Technologies
part # 8200-SL). The headmount was attached via a 6-pin con-
nector to a preamplifier (Pinnacle Technologies part # 8201).
The pre-amplifier amplified the EEG and EMG signals 100-
fold and high-pass filtered the signal (EEG at 0.5 Hz; EMG at
10 Hz). The preamplifier fed into six 15-cm wires, one for each
EEG and EMG lead and one ground wire, which terminated in
a male 6-pin connector. This connector was attached to a com-
mutator (Pinnacle Technologies part # 8204), which conveyed
potentials to a PC for data collection.

EEG Data Collection and Analysis

Mice were housed in a cylindrical acrylic plastic cage with
a vertically oriented axis. The horizontal diameter of the cyl-
inder was 25 cm, and the height of the cylinder was 20 cm.
A metal bar 22 cm in length (used for automated sleep re-
striction) was attached to a post at the center of the base of
the cage throughout experimentation. The bar was buried in
bedding when not actively rotating (i.e., during baseline and
post-sleep restriction recordings). EEG and EMG (digitization
rate, 400 Hz) were collected with Pinnacle PAL-8200 software
and processed for state classification and spectral analysis with
Neuroscore 2.01 software (Data Sciences Inc, St Paul, MN).
Digitized EEG from channel 2 (bandpass, 1-30 Hz) and inte-
grated EMG (highpass, 10Hz) were processed in 10-s epochs,
each of which was classified as wake, rapid eye movement
sleep (REMS), or non-REMS (NREMS) by individuals expert
in rodent sleep-state classification.

EEG data were subjected to power spectral analysis by an
algorithm embedded in the Dataquest software. The algorithm
performed Fourier transform-based power spectral measure-
ments on 2-s intervals of EEG data. This analysis was repeated
with a 50% overlap window across the entirety of each 10-s
epoch. The resulting values were averaged to yield one final
power value for the entire 10-s epoch. NREMS delta power
(EEG power in the 0.5-4 Hz range) was calculated for each
NREMS epoch and averaged over all NREMS epochs within
each time interval subjected to analysis. To assess acute sleep
restriction-induced changes in NREMS delta power, average
NREMS delta power was calculated from the first 180 epochs
of sleep subsequent to termination of each sleep restriction ses-
sion and the analogous time of day on the baseline day.

Experiment 1: Effects of TLR4 KO on Baseline Sleep and the
Compensatory Response to Sleep Restriction

Mice were first subjected to a 24-h adaptation period in the
sleep recording environment beginning at the onset of the daily
light phase and then to a 5-day recording session. They were
subjected to a 24-h baseline measurement of EEG and EMG
signals. They were then subjected to a 3-h sleep restriction ses-
sion followed by 18 h of recovery and a 6-h sleep restriction
session followed by 24 h of recovery. They were next subjected
to a 24-h sleep restriction session followed by 24 h of recovery.
All sleep restriction sessions terminated 8§ h into the daily light
phase. Sleep restriction was enforced by an automated sleep
detection and intervention system. EEG and EMG were con-
tinuously monitored by software (Pinnacle Technologies part #
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8229-M) that measured EEG delta power and integrated EMG
on an instantaneous per-epoch (i.e., every 10 s) basis. When
the EEG delta power exceeded a threshold value indicative of
NREMS onset, and simultaneously the integrated EMG de-
clined below a threshold value indicative of NREMS onset, the
metal bar in the base of the cage began to rotate at 0.1 Hz, caus-
ing the animal to awaken at a frequency of 0.2 Hz. The thresh-
olds triggering rotation were set by the experimenter based on
the EEG delta power and integrated EMG values observed dur-
ing baseline EEG/EMG recordings. Rotation continued until
EEG delta power decreased, and integrated EMG increased,
to values associated with wakefulness in baseline conditions.
EEG and EMG data collected subsequent to sleep restriction
sessions and during the analogous phase of the baseline day
were subjected to analysis over a 6-h interval. For the purpose
of calculating mean bout duration for sleep states in this 6-h
interval, bout onset was defined by 3 consecutive epochs scored
as a single state, and bout offset was defined by 2 consecutive
epochs scored as any other state. These criteria were used to
prevent brief state transitions, such as brief awakenings from
sleep (< 10 s), from affecting average bout duration. When a
bout was initiated in, but extended beyond, the end of the 6-h
interval, the duration of that bout was measured and included in
the calculation of average bout duration.

Experiment 2: Immunoaffinity Segregation of CD11b-positive and
CD11b-negative Cell Pools for Assessment of Gene Expression

One week after completion of experiment 1, mice within each
genotype group were divided into 2 groups for a terminal experi-
ment. The sleep restriction group of mice (n=6 TLR4 KO,n=6
WT) were subjected to 24-h sleep restriction with the automated
sleep restriction system and euthanized immediately at the end of
sleep restriction, 8 h into the light phase of the LD12:12 cycle.
Time of day (TOD) control mice (n =5 TLR4 KO, n =5 WT)
were allowed to sleep spontaneously in their home cages and eu-
thanized 8 h into the light phase of the LD12:12 cycle. Mice were
killed by carbon dioxide asphyxiation followed by cervical dislo-
cation. Brains were rinsed in Hanks Balanced Salt Solution and
dissociated tryptically and mechanically at 37°C (gentleMACS
Dissociator; Miltenyi Biotec, Inc., Auburn, CA). Dissociated
brain preps were pulse centrifuged to concentrate cells and
passed through a 70 pm filter. They were again pulse centrifuged,
resuspended, and incubated with anti-myelin immunoglobulin-
conjugated magnetic microbeads (myelin removal kit; Miltenyi
Biotec, Inc., Auburn, CA) to remove myelin. Resulting cell sus-
pensions were pelleted and resuspended in PBS.

A portion of the dissociated brain cell suspension was used on
the day of euthanasia for the flow cytometry measurements per-
formed in Experiment 3 (see below). The remainder was subject-
ed to immunoaffinity-based sorting and gene expression assays.
Anti-CD11b immunoglobulin-conjugated magnetic microbeads
were used to isolate microglia and related cells of the monocyte
lineage from other cerebral cell types, based on the expression
of the cell-surface CD11b antigen in this lineage.”> Myelin-de-
pleted dissociated brain suspensions were incubated with anti-
CD11b immunoglobulin-conjugated microbeads and segregated
into CD11b-positive and CD11b-negative cell pools by magnetic
separation, using manufacturer protocols (Miltenyi Biotec, Inc.,
Auburn, CA). Cell numbers in the CD11b-positive and CD11b-
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negative cell pools were counted by visual hemacytometry. This
procedure yields approximately 1.2-1.5 x 107 cells per dissoci-
ated brain in our experience, approximately 5% of which (6-8 x
10° cells) are CD11b-positive. This percentage is equivalent to
the estimated percentage of brain cells that are microglia.*

Total RNA was isolated from CD11b-negative and CD11b-
positive cell pools from sleep restriction and TOD mice using
Trizol (Invitrogen, Carlsbad, CA, USA). cDNA synthesis was
performed with the SuperScript First Strand Synthesis System
(Invitrogen, Carlsbad, CA, USA). The resulting cDNA was
stored in nuclease free water at —20°C. For real-time RT-PCR,
each target cDNA of interest and a reference cDNA (/8S) were
simultaneously amplified in 8-well strip tubes (Bio-Rad, Her-
cules, CA, USA) on an MJ Research PTC200 Peltier Real Time
Thermal Cycler coupled to a Bio-Rad Chromo4 continuous flu-
orescence detector. Tagman primer/probe sets were purchased
from Applied Biosystems: cdl1b (Mm00434455 ml),c-fos
(Mm00487425 ml), interleukin-1f (il-1f; MmO00434228
ml), interleukin-6 (il-6; Mm00446190 m1), neuropeptide Y
(npy; MmO00445771 ml) purinergic receptor 2yl12 (p2yi2;
Mm00446026 ml), peripheral  benzodiazepine  recep-
tor (pbr; MmO00437828 ml), tumor necrosis factor-a (tnf;
Mm00443258 ml), and 18S rRNA (4319413E). Levels of the
internal control transcript, /8S rRNA (VIC fluorophore), were
measured simultaneously with each target transcript (FAM flu-
orophore). Real-time reaction products were subjected to nor-
malization by the comparative CT method, also referred to as
the 22T method. A threshold fluorescence value (CT) was
chosen by visual inspection of FAM and VIC fluorescence satu-
ration curves for all reactions in a given assay run. This thresh-
old was placed at a value that optimized the dynamic range
of values across all samples. Fold-change of target transcript
relative to /8S control was measured by the following formula:
fold-change (i.e., 224°T) = (average per-sample CT for target
gene in experimental group minus mean CT for 18S in experi-
mental group)/(mean of all per-sample CT values for target
gene in control group minus mean of all per-sample CT values
for 18S in control group). CD11b-negative cell pools from TOD
mice were used as the control group.

Experiment 3: Flow Cytometric Measurement of F4/80 and CD45
Immunopositivity

Myelin-depleted, dissociated brain tissues from sleep restric-
tion and TOD control mice were incubated with fluorescein
isothiocyanate (FITC)-conjugated anti-CD45.1 (eBiosciences,
#11-0453-81) and PE (phycoerythrin)-conjugated anti-F4/80
(eBiosciences, #12-4801-80) antibodies. F4/80 is a marker
enriched in the monocyte lineage, and CD45 discriminates
between resident cells of the monocyte lineage and recently
infiltrated cells.?® Antibodies were diluted 1:100 in flow cyto-
metric buffer (phosphate-buffered saline with 5% fetal bovine
serum). Cells were incubated with antibodies for 1 h at 4°C.
Cells were washed and resuspended in antibody-free flow cy-
tometric buffer. Flow cytometric measurement of fluorescence
emission was performed on a total of 10,000 cells per dissociat-
ed brain by a Beckman/Coulter Epics XL-MCL flow cytometer
with Expo 32 software (Brea, CA). Data were analyzed using
FCS Express (DeNovo Software, Los Angeles, CA). In order
to count the number of cells positive for a given antigen, it is
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Figure 1—Sleep states during 24-h baseline recordings. Wild-type (gray)
and TLR4 KO (white) mice were allowed to sleep spontaneously in an
LD12:12 cycle. White and black bars at the top of each panel indicate the
timing of the light/dark cycle. (A) NREMS, (B) REMS, and (C) wakefulness
are reported as a percentage of each 3-h bin. The inset in panel B shows
average percent of time spent in REMS across the entire 24-h recording
session, the only sleep state variable for which a significant main effect of
genotype was found. *P < 0.05 vs. wild-type, Student .

necessary to establish threshold values, or gates, for each fluo-
rescently tagged immunoglobulin. The gates used for counting
cells as F4/80-positive or negative, and CD45-high and low
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were established based on previously published measurements
of these parameters?’ in dissociated brains. We established gates
that yielded counts of F4/80-positive/CD45-high values in the
wild-type TOD control mice equivalent to those published pre-
viously.?”” The application of these gates to all other groups thus
provided a measure of relative changes in expression of these
cell surface markers in other groups relative to wild-type TOD
control mice, if not an absolute measure of cell counts.

Statistics

Statistics were performed with Statistica 9.0 software (Stat-
soft, Inc., Tulsa, OK). Reported measures of variability are
standard error of the mean.

RESULTS

TLR4 KO Alters Sleep Timing Under Baseline Conditions

Under baseline conditions, daily rhythms of time spent asleep
and awake were intact in animals of both genotypes (Figure 1).
Repeated measures ANOVA, with genotype as grouping factor
and time of day as repeating factor yielded significant effects
of time of day on percentage of each 3-h bin spent in NREMS
(F, 40 = 64.85P < 0.001), REMS (F, ,/ = 52.00,P < 0.001),
and wake (F, ,,=70.91,P <0.001). None of these TOD effects
was modulated by genotype (F < 1.06, P > 0.392). There was,
however, a significant main effect of genotype on REMS as a
percentage of time over the entire 24-h baseline (¥, = 4.82,
P =0.040). The percentage of time spent in REMS was signifi-
cantly reduced by 12% over the entire 24-h baseline (5.0% in
the KO vs. 5.7% in the wild-type; Figure 1B, inset) as a conse-
quence of TLR4-deficiency.

The surge of wakefulness initiated at dark onset under base-
line conditions was of greater magnitude in TLR4 KO mice
than wild-type controls by 3 measures. The time spent in wake-
fulness during the first 3 h after dark onset was significantly
greater by 13% in TLR4 KO mice relative to wild-type mice
(Figure 2A). The latency to consolidated sleep was 3-fold great-
er in TLR4 KO mice than in wild-type mice (Figure 2B). The
latency to accumulation of 1 h of sleep was significantly greater
by approximately 25% in TLR4 KO relative to wild-type mice
(Figure 2C). The significant increase in wakefulness caused by
TLR4-deficiency came at the expense of NREMS, not REMS:
there was a significant effect of genotype on NREMS as a per-
centage of time during the 3-h interval beginning at dark on-
set. Wild-type mice exhibited a 2-fold increase in time spent in
NREMS relative to TLR4 KO mice in this 3-h bin (P =0.0172,
Student #; data not shown). ANOVA also yielded a significant
effect of genotype (£ ,, = 9.19, P = 0.007) on the number of
NREMS bouts; TLR4 had fewer NREMS bouts per h (5.6
NREMS bouts per h) than WT mice (7.2 NREMS bouts per h).

Consolidation of both wakefulness and NREMS during base-
line sleep was unaffected by TLR4-deficiency (data not shown).
Bout duration, averaged in 3-h bins across the light/dark cycle
of NREMS and wake did not differ between genotypes. The
reduction in time spent in REMS in TLR4 KO mice relative to
wild-type was paralleled by a change in the frequency of occur-
rence of REMS episodes. ANOVA performed for the average
number of REMS bouts per h across 3-h bins during baseline
yielded a significant effect of genotype (£, = 5.50,P =0.029).

1,20
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Figure 2—Measures of the primary waking bout beginning at the onset
of dark in baseline conditions. (A) Amount of time spent awake during
the first 3 h of the dark phase of the LD12:12 cycle; (B) latency to the
onset of consolidated sleep (i.e., 1 consecutive minute of sleep); and (C)
latency to one accumulated hour of sleep are shown for wild-type (gray)
and TLR4 KO (white) mice allowed to sleep spontaneously in an LD12:12
cycle. *sP < 0.05 vs. wild-type, Student .

The number of bouts per hour was less in TLR4 KO mice (2.1
+0.1) than wild-type mice (2.3 +0.1). REMS bout duration was
equivalent in TLR4 KO (0.92 + 0.04 min) and wild-type (0.99 +
0.04 min) mice. Thus, a reduction in the frequency, but not the
duration, of REMS bouts explains the reduction of total time
spent in REMS observed in TLR4 KO mice.

TLR4 KO Effect Opposes that of Sleep Restriction on Sleep States

Both short-term (3-h or 6-h) and long-term (24-h) sleep re-
striction reduced, but did not abolish, the occurrence of sleep
(Figure 3). At the beginning of sleep restriction, animals spent
nearly 100% of time awake. However, sleep attempts became
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Figure 3—Effect of automated sleep restriction procedure on sleep
states. (A): EEG (upper) and EMG (lower) traces from a wild-type
mouse subjected to sleep restriction. The left trace contains 1-min of
continuously recorded potentials. The first 30 sec was classified as wake
and the remainder as sleep attempts. The right trace contains EEG/EMG
data from a 10-sec epoch of NREMS (NR) from the same animal at a
later time. (B-D): Sleep states in wild type (gray symbols) and TLR4 KO
(white symbols) mice during 3, 6, and 24-h sleep restriction. Data from
the 3 sleep restriction sessions are separated by vertical dashed lines.
Time spent in sleep attempts (B), NREMS (C), and REMS (D) are plotted
as a percentage of each h. Time spent in darkness (h 5-16 of 24-h sleep
restriction only) is indicated by the black bars at the top of each graph
in B-D. (E-G): Percent of time spent in sleep attempts (E), NREMS (F),
and REMS (G) averaged across the entirety of the 3, 6, and 24-h sleep
restriction sessions.

more frequent with increasing time spent in sleep restriction.
Sleep attempts were episodes of high-amplitude EEG and low
EMG activity alternating with low-amplitude EEG and high
EMG activity at intervals of < 10 sec. These awakenings oc-
curred at 0.2 Hz (once every 5 sec) due to the awakening effect
of the rotating bar in the base of the cage (Figure 3A). ANOVA
on data from the 24-h sleep restriction indicated a significant
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Table 1—Effects of sleep restriction on state consolidation and NREMS EEG delta power
Wake Bout Duration (Minutes) Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype' Sleep Restriction?
Wild Type 1312 1312 14+2 8+1 F=5.61,P=0.028 F=4.75P=0.005
TLR4 KO 17+2 161 19+2 12+2
Number of Wake Bouts Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 2642 31+4 32+3 303 F=4.98,P=0.041 N.S.
TLR4 KO 22+ 1 232 26+2 27+3
REMS Bout Duration (Minutes) Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 1.1+01 14+0.1 15+0.1 1.7+0.1 F=6.52,P=0.019 F=9.42,P<0.001
TLR4 KO 1.1+01 12+0.1 1.3+011 15+0.17
Number of REMS Bouts Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 17 +1 181 212 22+3 F=457,P=0.045 F=10.89, P <0.001
TLR4 KO 15+1 161 16+3 20+3
NREMS Bout Duration (Minutes) Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 27+0.2 25+0.2 21+01 26+0.2 N.S. F=5.07,P=0.003
TLR4 KO 28+0.2 29+0.2 22+02"  25+0.1
Number of NREMS Bouts Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 51+5 56 £ 5 59+3 43 +3 F=11.47,P=0.003 F=442,P=0.007
TLR4 KO 39+3 43+ 2* 44 + 3* 39+2
NREMS EEG Delta Power (uV3Hz) Main Effects
Genotype 0-h SR 3-h SR 6-h SR 24-h SR Genotype Sleep Restriction
Wild Type 240 + 47 424 + 98 454 +108 378+ 104 N.S. F=411,P=0.010
TLR4 KO 374 +93 689+190 593+106 622 + 1441
'main effect of genotype; degrees of freedom = 1,20. 2main effect of sleep restriction (SR); degrees of freedom = 3,60. *significantly different from wild
type, same sleep restriction condition, Student ¢ with Bonferroni correction. Tsignificantly different from 0 h sleep restriction within genotype, Student ¢ with
Bonferroni correction.

effect of time on the percentage of epochs scored as sleep at-
tempts (F,; ,,, = 5.77, P < 0.001); the occurrence of sleep at-
tempts was more frequent over time spent in sleep restriction
(Figure 3B). Despite the nearly continuous somatosensory
stimulation provided by the automated sleep system (0.2 Hz;
once with each half-rotation of the bar), episodes of NREMS
(Figure 3C), and rarely REMS (Figure 3D), occurred during
sleep restriction. Thus, while sleep was grossly disrupted dur-
ing sleep restriction, deprivation was not complete. The amount
of time spent in sleep attempts, NREMS, and REMS during
sleep restriction were unaffected by genotype (Figure 3E-G).
Sleep restriction had significant effects on a number of sleep
parameters collected in the 6-h interval immediately subsequent
to termination of sleep restriction (Table 1). Percent of time
spent in NREMS (Figure 4A), REMS (Figure 4B), and wake
(Figure 4C) all exhibited main effects of sleep restriction (F. 360
>3.38, P<0.023). Time spent in NREMS and REMS increased
after sleep restriction, whereas time spent awake decreased.
The numbers of bouts of both NREMS and REMS, the duration
of REMS bouts, and NREMS EEG delta power were elevated
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after sleep restriction relative to baseline (Table 1). Wake bout
duration was significantly affected by sleep restriction and was
reduced by 38% in wild-type mice and 29% in TLR4 KO mice
after 24-h sleep restriction relative to baseline (albeit not signif-
icantly with Bonferroni correction; Table 1). With the exception
of NREMS EEG delta power and NREMS bout duration, all
of the variables significantly affected by sleep restriction were
affected in the opposite direction in TLR4 KO mice relative to
wild-type mice. For instance, while the percent of time spent in
REMS was significantly increased by approximately 2-fold af-
ter 24-h sleep restriction relative to baseline in wild-type mice,
TLR4 KO mice exhibited 28% less REMS than wild-type mice
on average across all sleep restriction durations (Figure 4B).

TLR4 KO Attenuates the Reduction in Monocyte Cell Counts
Induced by 24-h Sleep Restriction

TLR4 KO mice and wild type controls were euthanized either
immediately after 24-h sleep restriction or as time of day con-
trols. Flow cytometry on dissociated brains indicated that 3.3%
+ 0.5% of cells in TLR4 KO mice and 4.1% =+ 0.5% of cells
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in wild-type mice were F4/80-positive under baseline condi-

tions. F4/80-positive cells were further divided into CD45-high
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Figure 4—Effects of 3, 6, or 24-h sleep restriction on sleep state timing.
(A) NREMS, (B) REMS, and (C) wake as a percentage of time during the
6-h interval immediately subsequent to termination of sleep restriction.
Duration ‘0" refers to data from the analogous interval in the baseline
recording session. ANOVAs on all 3 variables yielded significant effects
of sleep restriction (F = 3.38, P < 0.023). *P < 0.05 vs. same genotype,
baseline control, Student t with Bonferroni correction. *P < 0.05, ANOVA
main effect of genotype (F = 6.64, P < 0.018).

and CD45-low cell groups (Figure 5) to distinguish infiltrating
monocytes (CD45-high cells) and resident microglia (CD45-
low cells*) for statistical analyses. In the CD45-low popula-
tion, ANOVA with treatment (sleep restriction vs. spontaneous
sleep) and genotype (TLR4 KO vs. wild-type) as grouping
factors yielded no significant main effects or interactions (all
P > 0.20; Figure 5C). In the CD45-high population, ANOVA

yielded a significant main effect of treatment (F, .

= 6.09,

P =0.024). Sleep restriction caused a reduction in the percent-
age of brain cells classified as F4/80-positive, CD45-high. The

A A

c CD45-Low

Figure 5—Effects of 24-h sleep restriction on flow cytometric measures of

fluorochrome conjugated anti-F4/80 and anti-CD45 immunoglobulins.
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monocyte cell surface antigens. Dissociated brains were incubated with

The fluorochrome conjugated to the F4/80 antibody fluoresces at 580
nM (labeled “FL2 log” in A and B panels). The fluorochrome conjugated
to the CD45 antibody fluoresces at 520 nM (labeled “FL1 log” in Aand B
panels). (A, B) Flow cytometric data from dissociated brains of individual
wild-type mice (A = baseline control; A' = 24-h sleep restriction) and TLR4
KO (B = baseline control; B' = 24-h sleep restriction) are shown. Gates
2, 3, and 4 divide F4/80 positive cells into CD45-low, medium and high
classes of cells, respectively. (C, D) Group mean F4/80 positive cell
counts in the CD45-low (C) and CD45-high (D) classes. *P < 0.05 vs.
same genotype, vs. baseline control, Student ¢ with Bonferroni correction.
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Table 2—Target gene enrichment in CD11b-positive vs. CD11b-negative cell pools from mouse brain
Target Gene C. 18S C,
Target Gene
Mean £ SEM ANOVA Mean + SEM ANOVA Fold Difference
Target Gene CD11b £ CD11b- (df = 1.42) CD11b CD11b- (df = 1.42) (Positive/Negative)

CD11b 211+03 322+04 F=3271,P<0.001 132+0.2 12903 NS 2622.41

c-fos 206+0.3 23805 F=321,P<0.001 145+0.2 142+£0.3 NS 11.18

IL-1b 23503 30815 F=222,P<0.001 14.1+£0.2 13.9+0.3 NS 633.00

IL-6 27903 33905 F=924,P<0.001 144 +£0.2 142+0.3 NS 52.56

NpY 35.6+0.3 28905 F=1349,P<0.001 143+0.2 14.0£0.3 NS 0.01

p2v12 20.0+0.3 30105 F=3328,P<0.001 141+£0.2 13.9+0.3 NS 1286.78

Pbr 30.1£0.2 29+£03 F=8.17,P=0.007 14.0+0.2 13.8+0.3 NS 0.56

Tir4* 26.3 £0.5* 293+05* F=15.6P<0.001 145+ 0.3 14.0 £ 0.4* NS* 9.47

TNFa 23.3+0.2 32506 F=1834,P<0.001 142+0.2 140+0.3 NS 696.22
Values less than one indicate enrichment in CD11b-negative cell pools relative to CD11b-positive cell pools. *Data are from wild type brains only. All other
transcripts were assays in both genotypes.

reduction in the number of F4/80-positive, CD45-high cells due
to sleep restriction was statistically significant in wild-type mice
(36% reduction) but not in the KO (26% reduction; Figure 5D).

TLR4 Knockout Does Not Attenuate Effects of 24-h Sleep
Restriction on Gene Expression in the Brain

We used an antibody-based segregation procedure, followed
by real-time reverse transcriptase-polymerase chain reaction
(RT-PCR), to measure the enrichment of transcripts in CD11b-
positive vs. negative brain cell populations, and to assess the
effects of TLR4-deficiency and 24-h sleep restriction on these
transcripts. cd11b expression at the mRNA level was enriched
by well over 2000-fold in CDI1l1b-positive cells relative to
CD11b negative cells, irrespective of genotype and sleep re-
striction condition (Table 2). This high level of enrichment veri-
fies the stringency of CD11b antibody-based isolation of the
CDl11b-positive population. Transcripts t/r4 (measured only in
wild-type cell pools), c-fos and p2y12 were enriched in CD11b-
positive cells (Table 2) but unaffected by 24-h sleep restriction
or genotype (data not shown). npy and pbr transcripts were
enriched in CD11b-negative cells (Table 2) but unaffected by
treatment or genotype. Transcripts encoding 3 cytokines known
to regulate sleep, il-1f, il-6 and tnf, were highly enriched in
CDl1b-positive cells relative to CD11b-negative cells (Table
2). 1I-6 was affected by 24-h sleep restriction in CD11b nega-
tive cells only (Figure 6B). Despite relative expression lev-
els less than 50% of wild-type in CD11b-negative cells from
TLR4-deficient mice, genotype did not have a significant ef-
fect on il-6 expression in CD11b-negative cells (F = 3.88,
P =0.065). 7I-1p was the only transcript to be significantly af-
fected by genotype. Levels were significantly lower in CD11b-
negative cells from TLR4 KO mice relative to CD11b-negative
cells from wild-type mice (Figure 6D). Additionally,//- 1/ levels
were attenuated by 24-h sleep restriction in the CD11b-negative
cell pool irrespective of genotype; genotype x sleep restric-
tion interaction was not significant (Figure 6D). 7nf was unaf-
fected by genotype within either cell pool. 7nf was suppressed
by 24-h sleep restriction in both cell pools (Figure 6E, F) ir-
respective of genotype.
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DISCUSSION

We have shown that TLR4-deficiency causes subtle modifi-
cations in the timing of sleep and wakefulness in mice. We have
additionally shown that CD45-high monocytes in the brain, a
population in which TLR4 is enriched by 10-fold relative to
other cell types, decrease in number as a consequence of 24-h
sleep restriction, and that this effect of sleep restriction is atten-
uated in the absence of TLR4.When TLR4 senses the presence
of the bacterial cell wall component lipopolysaccharide or en-
dogenous ligands (see below), it initiates an intracellular signal-
ing cascade, which then increases release of pro-inflammatory
cytokines (TNF, IL-6, and IL-1B) and other pro-inflammatory
agents, such as nitric oxide, cyclooxygenase, prostaglandin E2,
and adenosine triphosphate,'? all of which regulate the timing of
sleep/wake cycles. The current data document the importance
of TLR4 and the intracellular signaling pathways that it acti-
vates in the regulation of sleep.

Under baseline conditions, the NREMS/wake distribution
was modulated by TLR4 genotype only at the onset of dark,
the time at which the primary daily waking bout occurs. This
bout of wakefulness was larger in TLR4 KO mice than in wild-
type mice. Additionally, the decrease in wakefulness, relative to
baseline, that occurred in wild type mice after sleep restriction
was attenuated in TLR4 KO mice. Sleep restriction sessions
ended 8 hours into the light phase of the LD cycle and post-
sleep restriction data were collected during the last 4 h of the
light phase and the first 2 hours of the dark phase. The balance
of sleep and wake at this time of day reflects the antagonistic in-
teractions of a circadian waking signal and a homeostatic sleep
drive.” Either of these factors might be modulated by TLR4-
deficiency; the data presented here do not discriminate between
the two. However, we favor the hypothesis that the homeostatic
sleep drive, rather than the circadian clock, is modulated by
genotype. There is considerable evidence that cell types and
molecular components of innate immune signaling pathways
participate in homeostatic sleep regulation (see introduction),
and scant evidence that they are necessary for circadian clock
output signaling. The sleep phenotype of TLR4 KO mice at the
EEG level was modest: over the entire 24-h baseline period,
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possibility that innate im-
mune effector pathways
are necessary for regulation of cytokine expression by sleep/
wake changes. Like TLR4, TLR2 detects both bacterial ligands
(lipoteichoic acid, peptidoglycan'?) and endogenous ligands as-
sociated with cellular damage and stress (the heat shock protein
HSP60*). TLR2 also activates an intracellular signaling cas-
cade similar to the one activated by TLR4'%. The EEG changes
that occurred in TLR4 KO mice in reaction to sleep restriction
may have been mediated in part by TLR2 signaling.

The significant reduction in F4/80-positive, CD45-high
monocyte counts that occurred in wild type mice in response
to sleep restriction was absent in TLR4-deficient mice. Since
the number of F4/80-positive, CD45-high monocyte counts de-
creased (nonsignificantly) in TLR4-deficient mice, we predict
that a larger sample size would reveal a significant, but blunted,
decrease in TLR4-deficient animals. Therefore, the reduction
in F4/80-positive, CD45-high monocyte counts, like the EEG
response to sleep restriction, is probably driven by redun-
dant innate immune pathways including stimulation of more
than one TLR.

Some effects of short-term sleep restriction (3- or 6-h dura-
tion) were not detected after 24-h sleep restriction in this study.
At the biochemical level, the reduction in cd/1b expression and
simultaneous increase in c-fos expression, which we observed
elsewhere after 3-h sleep restriction,' were not seen in mice eu-
thanized after 24-h sleep restriction relative to TOD controls in
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the current study. The failure of 24-h sleep restriction to modify
these transcripts is likely a consequence of the failure of the au-
tomated sleep restriction system to maintain wakefulness over
the entirety of the sleep restriction session. During the last 8
hours of the 24-h sleep restriction, mice spent a significant por-
tion of the time in either NREMS or sleep attempts (46% in
wild-type, 47% in TLR4 KO mice; Figure 3). Thus, although
NREMS was fragmented, it occurred for much of the time. By
contrast, animals spent virtually no time in REMS during this
8-h period (1.7% in wild type, 1.4% in TLR4 KO mice) as well
as the preceding 16 hours of sleep restriction, and sustained a
high REMS drive as a consequence. The differential efficacy
of 24-h sleep restriction in suppressing REMS is apparent in
the EEG data collected after 24-h sleep restriction. The stron-
gest effect of 24-h sleep restriction at the EEG level was in
REM sleep parameters (Table 1); in wild-type mice, REMS
bout duration increased by more than 50% and the amount of
time spent in REMS more than doubled. NREMS parameters,
by contrast, were more robustly affected by short-term sleep
restriction (3-h or 6-h sleep restriction, Table 1). The response
of mice to 24-h sleep restriction resembles that of rats subjected
to 4-days of sleep restriction (“sleep deprivation” per the au-
thors of that study) by the automated disk-over-water method,*
during which a significant amount of NREMS occurs. Sub-
sequent to 4-day SDEP, rats exhibit very robust increases in
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REMS and little to no recovery of high-amplitude NREMS. It
is likely that the mice in the current study and the rats studied
by Rechtschaffen et al.*' were able to discharge NREMS need
through NREMS episodes and/or “sleep attempts” during sleep
restriction. To the extent that the biochemical changes we ob-
served after 24-h sleep restriction reflect changes in sleep need,
they are likely to reflect increased REMS need rather than in-
creased NREMS need.

The flow cytometric data, together with the previous ob-
servation that cd//b mRNA is reduced by short-term SDEP,
support the contention that sleep loss reduces monocyte infil-
tration into the brain. These measures are admittedly indirect
measures. The CD45-high, F4/80 positive cell count in particu-
lar, while thought to reflect newly infiltrated monocytes® in the
non-diseased brain, is sensitive to the threshold for inclusion
chosen by the investigator and may reflect either the total num-
ber of cells present, or the density of the cell surface antigen on
individual cells (either of which would be evidence of an effect
of sleep loss on monocyte function).

The real time PCR data presented here demonstrate that TLR4
and the cytokines IL-1P, IL-6, and TNF were all enriched in
CD11b-positive, presumed microglial® cells of the brain paren-
chyma. Since IL-13,* IL-6,* TNF,** and, as shown here, TLR4,
are all regulators of sleep, their enrichment in CD11b-positive
cells alone is reason to think that cells of the monocyte lineage
regulate sleep. However, the EEG and biochemical phenotypes
of TLR4-deficient mice are not necessarily due to deficits in mi-
croglial function. Our data demonstrate a ten-fold enrichment
for TLR4 mRNA in the CD11b-positive cell pool of the brain,
but TLR4 immunoreactivity is nonetheless detectable on neu-
rons, including enteric sensory neurons that feed into the vagus
nerve.*® The time of day at which a sleep phenotype is apparent
in TLR4 KO mice is also the time of day at which animals be-
gin to feed intensively (i.e., dark onset).*® Therefore, given that
the vagus nerve mediates effects of gut contents on sleep/wake
cycles at the EEG level,” the sleep phenotype that we observed
in baseline and after sleep restriction may be due, in part, to
TLR4-deficiency in vagal or other afferents to the CNS.

The current report adds to a body of literature linking immu-
nity in general, and innate immune cells and signaling systems
in particular, to sleep regulation. This relationship appears to be
widespread in a phylogenetic sense. In Drosophila, knockout
of the innate immune transcriptional regulatory protein NFxB-
Relish (an ortholog of the mammalian TLR4 target, NF-«kB)
modifies the effects of immune challenge on sleep.*®** In ze-
brafish embryos, a large scale screen found that immunomodu-
latory molecules had profound effects on behaviorally-defined
sleep.* Many details of the relationship between innate immune
functions and sleep remain to be understood. But the fact that
monocytes, unlike neurons, are amenable to genetic manipula-
tions and transplantation,*'*? renders this a promising route for
therapeutic applications in the area of sleep disorders.

Future Directions

TLR4 is one of more than ten mammalian Toll-like recep-
tors, all of which serve as important components of innate
immunity by detecting and initiating responses to pathogen-
or danger-associated molecular patterns.”® In interpreting the
modest sleep phenotype of TLR4 KO mice, it is worth con-
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sidering the mutually supportive roles of these receptors in
detecting and reacting to pathogens.* Interactions among the
receptors may play an analogous role in sleep regulation. An
assessment of sleep/wake regulation in TLR2/4 doubly-defi-
cient mice, or mice deficient for Myd88, a protein necessary
for the intracellular signaling cascade triggered by all cell-
surface TLRs,?® might reveal a more robust sleep phenotype.
And whether TLR-mediated changes in sleep and wakeful-
ness are in reaction to changes in gut bacterial load*® (possibly
conveyed by vagal afferents to the brainstem)*’ or endogenous
“danger-associated” ligands in the brain remains to be ad-
dressed. Whether the effects of TLR4-deficiency on sleep are
mediated by changes in the inflammatory responses of brain
monocytes remains uncertain; cytokine mRNAs are regulated
by TLR4 activation, but they were not upregulated by 24-h
sleep restriction in wild-type or TLR4 animals. This observa-
tion and the failure of NREMS EEG variables to be robustly
affected by 24-h sleep restriction are likely indications that
NREMS need did not increase during 24-h sleep restriction.
Total sleep deprivation, even if it can only be achieved over
a shorter term, may reveal more information about the depen-
dence of biochemical changes induced by sleep loss on TLR4
signaling. Experimental measurement of the discrete contribu-
tions of the circadian clock and sleep homeostat to the sleep
phenotype of TLR4 KO mice (possibly with a forced desyn-
chrony protocol*) will also be informative in identifying the
root cause of the sleep phenotype observed here.

A question unrelated to the function of TLR4 in sleep regula-
tion is whether the effect of sleep loss on CD11b mRNA' and
monocyte cell counts (shown here) are caused by a reduced rate
of monocyte infiltration into the brain or changes in the bio-
chemical profiles of resident monocyte-derived cells. Resident
microglia in the adult brain are likely to be derived from brain
parenchymal progenitors that are present from early develop-
ment, rather than from continuously infiltrating monocytes.* In
the non-diseased adult brain, infiltration of monocytes derived
from bone marrow progenitors is an infrequent occurrence.*>*
A direct measure of monocyte infiltration, such as monitor-
ing the rate of infiltration of bone marrow-derived, genetically
tagged cells,* will be necessary to determine which population
or populations of cerebral monocytes are affected by sleep loss.
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