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Abstract

We previously identified brown adipose tissue (BAT) as a source of sleep-inducing signals.
Pharmacological activation of BAT enhances sleep while sleep loss leads to increased BAT
thermogenesis. Recovery sleep after sleep loss is diminished in mice that lack uncoupling
protein 1 (UCP-1), and also in wild-type (WT) mice after sensory denervation of the BAT.
Systemic inflammation greatly affects metabolism and the function of adipose tissue, and
also induces characteristic sleep responses. We hypothesized that sleep responses to
acute inflammation are mediated by BAT-derived signals. To test this, we determined the
effects of systemic inflammation on sleep and body temperature in UCP-1 knockout (KO)
and WT mice. Intraperitoneal injections of lipopolysaccharide, tumor necrosis factor-q, inter-
leukin-1 beta and clodronate containing liposomes were used to induce systemic inflamma-
tion. In WT animals, non-rapid-eye movement sleep (NREMS) was elevated in all four
inflammatory models. All NREMS responses were completely abolished in UCP-1 KO ani-
mals. Systemic inflammation elicited an initial hypothermia followed by fever in WT mice.
The hypothermic phase, but not the fever, was abolished in UCP-1 KO mice. The only rec-
ognized function of UCP-1 is to promote thermogenesis in brown adipocytes. Present
results indicate that the presence of UCP-1 is necessary for increased NREMS but does not
contribute to the development of fever in systemic inflammation.

Introduction

There are complex interactions among metabolism, inflammation and sleep. Inflammation
and changes in metabolic status modulate sleep while sleep and sleep loss affect metabolism
and the outcome of infections [1-4]. Inflammation brings about characteristic metabolic
responses while pathological changes in metabolic status, such as in obesity, are often accom-
panied by systemic inflammation [5-7]. Shared central regulatory circuits and peripheral
signaling and effector mechanisms are likely to underpin the tight connection among inflam-
mation, metabolism and sleep.
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Brown adipose tissue (BAT) plays a central role in regulating metabolism and generating
metabolic signals that modulate sleep. It is a key effector organ in maintaining metabolic
homeostasis by adjusting energy expenditure, glucose disposal and adaptive heat production
[8]. The thermogenic property of BAT is conferred by the tissue-specific presence of uncoupl-
ing protein 1 (UCP-1) in the mitochondria of brown adipocytes [9]. Proinflammatory cyto-
kines activate the thermogenic machinery in BAT [10-13] but the extent to which increased
BAT thermogenesis contributes to fever in systemic inflammation is unclear. In recent studies
we demonstrated that signals arising from activated BAT play an important role in sleep regu-
lation, and pharmacological activation of BAT greatly enhances sleep [14,15]. Sleep depriva-
tion induces increased BAT thermogenesis which, in turn, is permissive for subsequent
recovery sleep [14]. The sleep-inducing signals from activated BAT are independent of
changes in body temperature and likely reach the central nervous system by capsaicin-sensitive
BAT afferents [14].

Systemic inflammations are accompanied by fever, loss of appetite, decreased activity, social
withdrawal and increased sleep, collectively known as sickness syndrome [16,17]. Bacterial or
viral infections, administration of bacterial cell wall components or viral double-stranded
RNA enhance non-rapid-eye movement sleep (NREMS) (reviewed in [2]). Proinflammatory
cytokines, such as tumor necrosis factor alpha-o (TNFo) and interleukin-1 beta (IL-1p) are
likely key mediators of this response by acting on peripheral target sites [2]. Since proinflam-
matory cytokines activate BAT and activated BAT is a source of somnogenic signals, we
hypothesized that BAT contributes to enhanced sleep during systemic inflammation.

To induce acute, systemic inflammation we used intraperitoneal (i.p.) injections of either
TNFa, IL-1B, bacterial lipopolysaccharide (LPS) or clodronate containing liposomes (CCL).
LPS, or endotoxin, is a heat-stable, biologically active component of the outer membrane of
Gram-negative bacteria and a highly proinflammatory molecule. Peripheral administration
of LPS induces a wide range of biological effects such as fever, anorexia, increased NREMS
and decreased rapid-eye movement sleep (REMS) in rats and mice [18-22]. These effects of
LPS are mainly due to the induction of TNFo, IL-1f and other proinflammatory mediators
[23].

Peripheral administration of CCL has been widely used for macrophage depletion. Macro-
phages phagocytose and digest CCL; free clodronate accumulates intracellularly and induces
the disintegration of the cells with the concomitant release of cytokines and other bioactive
proinflammatory substances [24,25]. The acute effects of CCL administration are very similar
to those of LPS and proinflammatory cytokines, which include increases in NREMS and body
temperature, with a simultaneous decrease in REMS and electroencephalographic slow-wave
activity (EEG SWA) [26].

To test the hypothesis that thermogenic activation of BAT is a mediator of sleep responses
to systemic inflammation, we investigated the effects of proinflammatory stimuli on sleep and
body temperature in UCP-1 deficient mice. We report here that sleep responses, but not fever,
are completely abolished in UCP-1 deficient mice in four models of acute, systemic inflamma-
tion indicating that BAT thermogenesis is a key signal for increased sleep but does not contrib-
ute to the development of fever.

Materials and methods
Animals

All animal husbandry and experimental procedures were carried out in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and
approved by the Institutional Animal Care and Use Committee (IACUC) of the Washington
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State University (protocol number 4762). All animal work was conducted in accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Male, 4-5 months old C57BL/6 and congenic UCP-1 knockout
(KO) mice were used in the experiments. Breeding pairs of the UCP-1 KO animals were
obtained from Dr. Leslie P. Kozak of Pennington Research Institute (Baton Rouge, LA). Breed-
ing pairs of C57BL/6 mice were purchased from the Jackson Laboratory. Both genotypes were
further bred at Washington State University under identical environmental conditions. Each
mouse used in the experiments was genotyped (Transnetyx, Cordova, TN).

Surgery

All surgical procedures were performed with the mice under ketamine-xylazine anesthesia (87
and 13 mg/kg, respectively) and all efforts were made to minimize suffering. For sleep-wake
activity recordings, the animals were implanted with three cortical EEG electrodes, placed over
the frontal and parietal cortices, and two nuchal electromyographic (EMG) electrodes. The
EEG and EMG electrodes were anchored to the skull with dental cement. Telemetry transmit-
ters were implanted intraperitoneally for body temperature and motor activity recordings. All
mice were allowed to recover from surgery for at least 10 days before any experimental manip-
ulation started and handled daily to adapt them to the experimental procedures. Mice were
housed individually in sound-attenuated environmental chambers on a 12-h light/12-h dark
cycle (lights on at 4 am) and 30 + 1 C ambient temperature. Regular rodent chow (Harlan Tek-
lad, Product No. 8460) and water were available ad libitum throughout the experiments. The
body weight of the wild type (WT) and UCP-1 KO mice at the time of the experiment was
28.2+0.6 gand 27.5 + 0.6 g, respectively.

Sleep-wake activity recordings and analyses

The mice were tethered to commutators, which were further routed to Grass Model 15 Neuro-
data amplifier system (Grass Instrument Division of Astro-Med, Inc., West Warwick, RI). The
amplified EEG and EMG signals were digitized at 256 Hz and recorded by computer. The
high-pass and low-pass filters for EEG signals were 0.5 and 30.0 Hz, respectively. The EMG
signals were filtered with low and high cut-off frequencies at 100 and 10,000 Hz, respectively.
The outputs from the 12A5 amplifiers were fed into an analog-to-digital converter and col-
lected by computer using SleepWave software (Biosoft Studio, Hersey, PA). Sleep-wake states
were scored visually off-line in 10-s segments. The vigilance states were defined as NREMS,
REMS and wakefulness according to standard criteria as described previously [22]. Time spent
in wakefulness, NREMS and REMS was calculated in 2-, 6- and 12-h blocks. EEG power data
from each artifact free 10-s segment were subjected to off-line spectral analysis by fast Fourier
transformation. EEG power data in the range of 0.5 to 4.0 Hz during NREMS were used to
compute EEG SWA. EEG SWA data were normalized for each animal by using the average
EEG SWA across 24 h on the baseline day as 100. The results were further averaged in 2-h
bins.

Telemetry recordings

Core body temperature and locomotor activity were recorded by MiniMitter telemetry system
(Starr Life Sciences Corp.) using VitalView software. Temperature and activity values were col-
lected every 1 and 10 min, respectively, throughout the experiment and were averaged over
2-h time blocks.
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Experimental procedures

Experiment 1: The effects of TNFo. on sleep-wake activity, body temperature and metabolic
parameters in WT and UCP-1 KO mice.

WT and UCP-1 KO mice (n = 7 for both genotype) received i.p. injections of saline on
the baseline day and TNFo (GenScript, Piscataway, NJ) on the test days 10-15 min before
the onset of the dark period. The two doses of TNFa were of 0.3 and 1 pg/mouse. All the
mice were injected with both doses of TNFo with 6 days between the TNFa injection days.
Sleep-wake activity and body temperature were recorded for 24 h after saline and TNFo.
injections.

In a separate group of mice (n = 6 for WT and n = 8 for UCP-1 KO mice) oxygen consump-
tion (VO,, ml/kg/h) and carbon dioxide production (VCO,, ml/kg/h) were measured with
indirect calorimetry (Oxymax System, Columbus Instruments, Columbus, OH). Twenty-four-
hour food intake (g/kg/h) was also recorded. All three measurements were taken every 10 min
and the data were collapsed into 24-h bins. Respiratory exchange ratio (RER; VCO,/VO,) was
calculated. The animals were habituated to the calorimetry cages for three days before the
experiments. On the fourth day mice were injected with saline i.p. (baseline), on the fifth day
they received 1 pg TNFa (test day).

Experiment 2: The effects of IL-1B on sleep-wake activity and body temperature in WT
and UCP-1 KO mice.

WT (n = 6) and UCP-1 KO mice (n = 7) received i.p. injections of saline on the baseline
day and 0.4 pg/mouse IL-1B (GenScript, Piscataway, NJ) on the test day 10-15 min before the
onset of the dark period. Sleep-wake activity and body temperature were recorded for 24 h
after saline and IL-1p injections.

Experiment 3: The effects of LPS on sleep-wake activity and body temperature in WT and
UCP-1 KO mice.

WT and UCP-1 KO mice (n = 7 for both genotype) received i.p. injections of saline on the
baseline day and 100 pg/kg LPS (Sigma-Aldrich, E. coli O111:B4) on the test day 10-15 min
before the onset of the dark period. Sleep-wake activity and body temperature were recorded
for 24 h after saline and LPS injections.

Experiment 4: The effects of CCL on sleep-wake activity and body temperature in WT and
UCP-1 KO mice.

On the baseline day (day 1), all mice (n = 7 for both WT and UCP-1 KO mice) were
injected i.p. with saline. On the next day, all mice received CCL i.p. (1.2 mg/mouse in 0.2 ml
volume, FormuMax Scientific, Inc, Palo Alto, CA). Injections were performed 5-10 min before
the onset of the dark phase. Recordings started immediately after saline and CCL the injections
for 24 h.

Statistics

Time spent in wakefulness, NREMS and REMS, as well as, EEG SWA, body temperature and
motor activity were calculated in 2, 6- and 12-hour blocks; 3-way mixed ANOVA was per-
formed separately for each treatment across 24 h on 2-h data blocks (independent measure:
genotype, repeated measures: time and treatment). When ANOVA indicated significant
effects, Student-Newman-Keuls test was used as the post hoc test for all experiments. Daily
food intake, VO, and RER were analyzed by using two-way mixed ANOVA (independent
measure: genotype, repeated measure: treatment). Changes in these parameters within the
same animal groups were analyzed by paired t-test; differences between groups were analyzed
by Student’s t-test. An o-level of P < 0.05 was considered to be significant.
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Fig 1. The effects of tumor necrosis factor-o (TNFa), interleukin 1p (IL-1p), lipopolysaccharide (LPS) and clodronate-containing liposomes
(CCL) on non-rapid-eye movement sleep (NREMS) and rapid-eye movement sleep (REMS) in wild-type (WT) and uncoupling protein 1 knockout
(UCP-1 KO) mice. Grey bars: WT mice; red bars: UCP-1 KO mice. Data are expressed as difference from baseline during the first 12 h after the
treatments. * significant difference from baseline within the same genotype (paired t-test, p < 0.05); # significant difference between genotypes
(Student’s t-test, p < 0.05); error bars: SE.

https://doi.org/10.1371/journal.pone.0197409.g001

Results
The effects of systemic inflammation on NREMS

Systemic injection of TNFo, IL-1B, LPS and CCL all greatly increased time spent in NREMS in
WT mice (Fig 1, S1-S5 Figs, Tables 1-6). The effects were confined to the first 12 h after treat-
ments, i.e., the dark (active) phase of the day. The low dose of TNFa led to an increase of ~1 h
while LPS increased NREMS for ~3.5 h over the 12-h dark period. NREMS increases were due
to the increased number of NREMS episodes after each treatment (Fig 2). The average dura-
tion of the individual NREMS epochs was not affected by any of the inflammatory stimuli.
The robust NREMS-promoting effects of systemic inflammation observed in WT animals
were completely abolished in UCP-1 KO mice (Fig 1, S1-S5 Figs, Tables 1-5). In response to
the treatments, UCP-1 KO mice generated increased number of sleep episodes similarly to
WTs, but the average duration of the individual NREMS epochs was significantly shorter

Table 1. Non-rapid-eye movement sleep (NREMS), rapid-eye movement sleep (REMS), body temperature, motor activity and electroencephalographic slow-wave
activity (SWA) after 0.3 ug TNFo administration: Statistical results.

0.3 ug TNFa
NREMS REMS Temperature Activity SWA
df F P df F P df F p df F p df F P
Genotype | 1,12 22,9 | <0.001 | 1,12 1.5 | ns. 1,12 264 | <0.001 | 1,12 20.3 | <0.001 | 1,12 0.1 | n.s.
Treatment | 1,12 0.9 | ns. 1,12 43 0.058 | 1,12 0.8 | n.s. 1,12 2.9 | ns. 1,12 1.5 | ns.
Treatment x Genotype | 1,12 6.7 | <0.05 1,12 0.9 | ns. 1,12 0.0 | ns. 1,12 0.9 | ns. 1,12 0.1 | ns.
Treatment x Time | 11,132 3.5 | <0.001 |11,132 14 | ns. 11,132 3.5 | <0.001 |11,132 6.2 | <0.001 |11,132 2.5 | <0.01
Treatment x Time x Genotype | 11,132 3.5 | <0.001 |11,132 | 0.8 |n.s. 11,132 1.8 | n.s. 11,132 1.3 | ns. 11,132 | 0.9 |n.s.

https://doi.org/10.1371/journal.pone.0197409.t001
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Table 2. Non-rapid-eye movement sleep (NREMS), rapid-eye movement sleep (REMS), body temperature, motor activity and electroencephalographic slow-wave
activity (SWA) after 1 ug TNFa administration: Statistical results.

1 ug TNFo
NREMS REMS Temperature Activity SWA
df F P df F P df F P df F P df F P
Genotype | 1,12 25.3 | <0.001 |1,12 1.2 | ns. 1,12 7.7 | <0.05 1,12 16.3 | <0.01 1,12 0.7 | n.s.
Treatment | 1,12 1.7 | n.s. 1,12 0.1 | ns. 1,12 4.5 | 0.055 1,12 24.5 | <0.001 | 1,12 8.1 | <0.05
Treatment x Genotype | 1,12 12.8 | <0.01 1,12 2.0 | ns. 1,12 7.9 | <0.05 1,12 4.0 | n.s. 1,12 0.7 | n.s.
Treatment x Time | 11,132 50 | <0.001 |11,132 | 7.7 | <0.001 | 11,132 | 13.4 | <0.001 | 11,132 | 12.6 | <0.001 | 11,132 | 9.7 | <0.001

Treatment x Time x Genotype | 11,132 49 | <0.001 |11,132 | 1.6 |ns. 11,132 1.8 | n.s. 11,132 3.0 | <0.01 11,132 | 0.9 |ns.

https:/doi.org/10.1371/journal.pone.0197409.t002

Table 3. Non-rapid-eye movement sleep (NREMS), rapid-eye movement sleep (REMS), body temperature, motor activity and electroencephalographic slow-wave
activity (SWA) after CCL administration: Statistical results.

Clodronate Containing Liposomes

NREMS REMS Temperature Activity SWA
df F P df F P df F p df F P df F P
Genotype | 1,12 32.2 | <0.001 | 1,12 3.1 |ns. 1,12 5.5 | <0.05 1,12 4.7 10.051 1,12 0.6 | n.s.
Treatment | 1,12 1.1 | ns. 1,12 3.8 | ns. 1,12 27.0 | <0.001 | 1,12 72.6 | <0.001 | 1,12 0.9 | ns.
Treatment x Genotype | 1,12 5.0 | <0.05 1,12 0.5 | n.s. 1,12 0.4 | ns. 1,12 3.2 | ns. 1,12 0.6 | n.s.
Treatment x Time | 11,132 2.8 | <0.01 11,132 | 4.0 | <0.001 |11,132 4.9 | <0.001 | 11,132 9.0 | <0.001 |11,132 | 5.1 | <0.001
Treatment x Time x Genotype | 11,132 3.3 | <0.001 |11,132 1.3 | ns. 11,132 1.0 | n.s. 11,132 1.5 | n.s. 11,132 1.2 | ns.

https://doi.org/10.1371/journal.pone.0197409.t003

Table 4. Non-rapid-eye movement sleep (NREMS), rapid-eye movement sleep (REMS), body temperature, motor activity and electroencephalographic slow-wave
activity (SWA) after LPS administration: Statistical results.

LPS
NREMS REMS Temperature Activity SWA
df F P df F P df F p df F P df F P
Genotype | 1,12 22,9 | <0.001 | 1,12 3.6 | ns. 1,12 0.8 | ns. 1,12 21.3 | <0.001 | 1,12 1.3 | ns.
Treatment | 1,12 25.6 | <0.001 | 1,12 6.8 | <0.05 1,12 2.7 | ns. 1,12 97.9 | <0.001 | 1,12 10.3 | <0.01
Treatment x Genotype | 1,12 12.3 | <0.001 | 1,12 1.6 | n.s. 1,12 0.5 | n.s. 1,12 8.2 | <0.05 |1,12 1.3 | ns.
Treatment x Time | 11,132 9.7 | <0.001 |11,132 | 3.6 | <0.001 |11,132 | 6.0 | <0.001 |11,132 | 17.0 | <0.001 | 11,132 4.3 | <0.001

Treatment x Time x Genotype | 11,132 6.0 | <0.001 | 11,132 | 1.0 | n.s. 11,132 | 2.6 | <0.01 11,132 2.7 | <0.01 |11,132 3.4 | ns.

https://doi.org/10.1371/journal.pone.0197409.t004

Table 5. Non-rapid-eye movement sleep (NREMS), rapid-eye movement sleep (REMS), body temperature, motor activity and electroencephalographic slow-wave
activity (SWA) after IL-1B administration: Statistical results.

IL-1p
NREMS REMS Temperature Activity SWA
df F P df F P df F P df F P df F P
Genotype | 1,11 52.1 | <0.001 | 1,11 0.7 | n.s. 1,11 3.9 | ns. 1,11 1.0 | ns. 1,11 4.4 | ns.

Treatment | 1,11 0.8 | n.s. 1,11 4.8 | 0.051 1,11 7.6 | <0.05 | 1,11 227 |<0.001 |1,11 44.2 | <0.001

Treatment x Genotype | 1,11 7.0 | <0.05 1,11 2.3 | ns. 1,11 2.3 | ns. 1,11 1.8 n.s. 1,11 4.4 |0.059
Treatment x Time | 11,121 | 10.2 | <0.001 | 11,121 | 44 | <0.001 | 11,121 | 8.9 | <0.001 |11,121 |21.5 | <0.001 | 11,121 | 32.8 | <0.001
Treatment x Time x Genotype | 11,121 1.6 | n.s. 11,121 | 0.8 | ns. 11,121 | 1.4 | ns. 11,121 |15 |ns. 11,121 3.5 | <0.001

n.s.: not significant

https://doi.org/10.1371/journal.pone.0197409.t005
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Table 6. Feeding, oxygen uptake (VO,) and respiratory exchange ratio (RER) in response to 1 ug/mouse TNFa: Statistical results.

Feeding VO, RER
df F p df F p df F p
Genotype | 1,11 2.2 n.s. 1,12 0.0 n.s. 1,12 33 n.s.
Treatment | 1,11 254.7 <0.001 1,12 103.8 <0.001 1,12 65.9 <0.001
Treatment x Genotype | 1,11 11.2 <0.01 1,12 1.8 n.s. 1,12 1.0 n.s.
Treatment x Time | 11,11 62.6 <0.001 1,12 96.1 <0.001 1,12 48.6 <0.001
Treatment x Time x Genotype | 11,11 3.4 n.s. 1,12 0.1 n.s. 1,12 1.0 n.s.

https://doi.org/10.1371/journal.pone.0197409.t006

(Fig 2). As the net outcome of the two opposing factors, total time spent in NREMS remained
unchanged.

EEG SWA was suppressed by LPS, IL-1B, and the higher dose of TNFa. for 2-10 h after the
treatments (S2-S5 Figs). These effects were significantly enhanced in UCP-1 KO mice com-
pared to controls (Tables 1-5).

The effects of systemic inflammation on REMS

Time spent in REMS was slightly, but significantly, reduced after IL-1B, LPS and CCL injec-
tions in WT mice (Fig 1, S1-S5 Figs, Tables 1-5). Similarly to NREMS, decreases in REMS
were due to the significantly fewer number of REMS episodes; the average length of REMS
epochs was not affected (Fig 2). The effects of IL-1B, LPS and CCL on REMS were not abol-
ished in UCP-1 KO animals. In fact, UCP-1 KO mice showed a significantly enhanced REMS
suppression after IL-13 and LPS treatments, as compared to controls.

The effects of systemic inflammation on body temperature

TNFa, IL-1f and LPS induced biphasic changes in the body temperature of WT animals (Fig
3, S1-S5 Figs, Tables 1-5). An initial hypothermic phase that lasted for 2-10 h was followed by

1 ug TNFa IL-1B Lipopolysaccharide Clodronate

Episode Episode Episode Episode Episode Episode Episode Episode
Duration (sec) Number Duration (sec) Number Duration (sec)  Number Duration (sec)  Number

WT: KO WT:. KO WT: KO WT: KO WT : KO WT : KO WT : KO WT : KO

400 4 : 140 : 400 4 : 140 : 400 - i 140 4 : 400 4 : 140 - :
: : NREMS
Dok
REMS

Fig 2. The effects of TNFa, IL-1B, LPS and CCL on the average number and duration of NREMS and REMS episodes in WT and
UCP-1 KO mice during the first 12 h after the treatments. White bars: baseline day; blue bars: test day; * significant difference
from baseline (paired t-test, p < 0.05); error bar: SE.

https://doi.org/10.1371/journal.pone.0197409.9002
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Fig 3. The effects of TNFa, IL-1, LPS and CCL on body temperature in WT and UCP-1 KO mice. Data are expressed as change of average body
temperature during the first 6 h and during hours 13-24 after treatments. See legends to Fig 1 for details.

https://doi.org/10.1371/journal.pone.0197409.g003

hyperthermia which remained throughout most of the second 12-h period after the treatment
(i.e., during the light phase). In response to CCL, there was a clear tendency towards the hypo-
thermic phase, but the change was not significant. The subsequent febrile response was similar
to those observed following the other treatments.

Body temperature responses of the UCP-1 KO animals were strikingly different from those
of the WTs. The initial hypothermia after TNFa, IL-1 and LPS treatments was completely
abolished, while the following hyperthermic phase was not affected.

The effects of systemic inflammation on motor activity

TNFa, IL-1B, LPS and CCL suppressed spontaneous activity mice (S1-S5 Figs, Tables 1-5).
There were no significant differences in the responses of WT and KO animals.

The effects of TNFa on energy expenditure, respiratory exchange ratio
(RER) and feeding

Systemic injection of 1 ug TNFo suppressed VO,, RER and feeding in both WT and UCP-1
KO mice (Fig 4, S6 Fig, Table 6). Feeding suppression was slightly, but significantly, attenuated
in the UCP-1 KO animals.

Discussion

The major finding of the present study is that systemic inflammation-associated NREMS
increases, but not fever, are abolished in UCP-1 KO mice. In WT mice, TNFq, IL-1f, LPS and
CCL elicited robust and broadly similar effects on sleep and body temperature. In all four
models, NREMS increased in WT mice as reported before [19,27-29]. These responses were
completely abolished in UCP-1 KO animals. Since the only recognized function of UCP-1 is to
promote thermogenesis by uncoupling ATP formation from mitochondrial respiration in
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Fig 4. The effects of 1 ug TNFa on NREMS, REMS, slow-wave activity of the electroencephalogram (SWA) body temperature, oxygen uptake
(VO,), respiratory exchange ratio (RER) and food intake in WT and UCP-1 KO mice. Data are expressed as change from baseline in the first 12 h
after treatments. See legends to Fig 1 for details.

https://doi.org/10.1371/journal.pone.0197409.9004

brown adipocytes, the findings suggest that intact BAT thermogenic mechanisms are indis-
pensable for the somnogenic responses to systemic inflammatory stimuli.

The most pronounced phenotypic feature of UCP-1 KO mice is the decreased tolerance to
acute cold exposure due to impaired non-shivering thermogenesis [30,31]. UCP-1 KO mice
are not obese, feeding is not increased at conventional laboratory temperatures (22-24°C)
[30-33], but they become obese when kept at thermoneutral ambient temperature [34]. UCP-
1 KO mice have normal VO2 [15,30,32], but the VO2-stimulating effects of B3-AR activation
is decreased [15,30,35,36]. BAT mass is increased due to increased deposition of triglycerides
[30,35] and mitochondria from UCP-1-ablated mice exhibit a low respiratory rate, i.e.,
decreased thermogenesis [33]. Baseline plasma glucose, free fatty acid and insulin levels are
normal in UCP-1 KO mice, and they show similar responses to norepinephrine and insulin
challenge as the WT controls [35]. Leptin expression in UCP-1 KO mice is not different of the
WT animals’ [30], but the lipolytic, feeding-suppressive and energy expenditure increasing
activities of exogenously administered leptin are impaired [37-39].

In all four inflammation models, NREMS increases were accompanied by suppressed
REMS and biphasic temperature responses as reported previously [22,28,29,40]. Neither
REMS decrease nor the hyperthermic phase of the body temperature response was attenuated
in UCP-1 KO mice. We conclude that NREMS increase during inflammation is not a conse-
quence of febrile responses and that NREMS and REMS responses are generated by mecha-
nisms that are at least partially independent. Further, our data indicate that the effects of
inflammation on sleep and motor activity can be dissociated. Motor activity was suppressed in
both genotypes, whereas NREMS was increased only in the WT animals. This suggests that
UCP-1 KO mice spent significant time in quiet (immobile) wakefulness after the inflammatory
challenges. This also underlies the notion that motor activity is not a reliable measure of sleep-
wake activity in mice and possibly in other species.
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The amount of sleep in mice is the function of the number of sleep episodes and their aver-
age duration. Episode number reflects the ability of the organism to initiate sleep, while the
duration of the episodes is considered as a measure of the ability to maintain sleep once it is
triggered. Inflammatory stimuli in WT mice affected the incidence of sleep episodes, i.e., the
number of occurrences of NREMS and REMS epochs. Time spent in NREMS was increased
due to the increased number of NREMS epochs, while REMS was suppressed due to a decrease
in the epoch number. The episode durations for the two sleep stages were unaltered. This is in
line with prior findings on the sleep architecture after systemic LPS and TNFo treatments in
mice [41]. In UCP-1 KO mice, NREMS episode numbers were still elevated in response to
inflammatory stimuli, but the animals were unable to maintain sleep to the same extent as the
WTs. This suggests that signals arising from BAT are needed for the maintenance and not for
initiation of NREMS during inflammation. Inflammation suppressed the incidence, but not
the average duration, of REMS episodes. This effect was still present in UCP-1 KO mice
indicating that the maintenance of REMS is efficient, even during the course of systemic
inflammation.

EEG SWA under normal conditions is regarded as a measure of sleep intensity. It can
change because sleep need changes, e.g., after sleep deprivation, but it can also change inde-
pendently of sleep pressure (reviewed in [42]). Our results are consistent with previous obser-
vations that in mice TNFa, LPS and IL-1 suppress EEG SWA [28,41]. In other species, e.g.,
rabbits and rats, EEG SWA is increased in response to proinflammatory cytokines [43,44].
This demonstrates that changes in SWA are species-specific and EEG SWA responses are not
generalizable attributes of systemic inflammation. EEG SWA responses in UCP-1 KO animals
were accentuated suggesting that UCP-1-dependent thermogenesis is important not only for
increased NREMS during systemic inflammation but also modulates the EEG manifestation
that accompanies increased sleep.

Systemic administration of TNFa, IL-1f and LPS activates various markers of BAT thermo-
genic activity. For example, systemic injection of TNFa stimulates sympathetic outflow to
BAT and enhances thermogenic activity as assessed by mitochondrial cGMP-binding [10],
stimulates fatty acid synthesis in brown adipocytes [45] and stimulates UCP-1 mRNA expres-
sion in BAT [13]. Intracerebroventricular injection of TNFa also stimulates mitochondrial
GDP-binding [46,47] and UCP-1 mRNA expression [48] in brown fat. Similarly, systemic or
icv administration of IL-1f stimulates GDP-binding in brown adipocytes [11,47], enhances
BAT blood flow [11] and enhances cold-induced sympathetic outflow to BAT [49]. Systemic
administration of LPS elicits increases in BAT temperature [50-52], stimulates GDP-binding
[12] and increases UCP-1 mRNA expression in BAT [53].

Proinflammatory stimuli may act on peripheral and/or central target sites to stimulate
BAT. One possibility is that proinflammatory cytokines act directly on brown adipocytes to
stimulate their thermogenic activity. The findings that cytokines have a general suppressive
effect on cultured brown adipocytes [54-56] seem to refute this possibility, although only
limited conclusions can be drawn regarding the direct in vivo effects of bolus injections of
proinflammatory agents from studies when brown adipocytes were incubated with high con-
centrations of cytokines for an extended period of time in vitro. Another possibility is that
proinflammatory stimuli activate vagus afferents to trigger a reflex that leads to BAT activa-
tion. Prior findings that subdiaphragmal vagotomy also attenuates sleep responses induced by
systemically administered IL-1B, TNFo and LPS are in line with this possibility [18,21,43,57].
This mechanism assumes that activation of sensory vagus neurons in fact leads to BAT ther-
mogenesis. Several [58-61], but not all [62], studies support the role of vagus afferents in stim-
ulating BAT activity. A third possibility is that proinflammatory signals activate BAT via
indirect non-neuronal peripheral mechanisms. TNFq, IL-1f and LPS stimulate lipolysis
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resulting in high levels of circulating free fatty acids (reviewed in [63]). Fatty acids are potent
activators of UCP-1 and BAT thermogenesis [9]. Finally, in addition to acting on peripheral
targets, circulating cytokines may gain direct access to central circuits that are involved in the
regulation of BAT activity. Centrally acting IL-1p or TNFo. stimulates BAT activity in rats
[11,46,48].

Activation of UCP-1-dependent processes in BAT is not necessarily manifested in signifi-
cant increases in body temperature. Our findings that TNFa, IL-1B, LPS and CCL administra-
tion elicited a prompt hypothermic response simultaneously with the UCP-1-dependent
NREMS increases support this notion. Previously we described that sensory innervation of the
BAT is responsible, at least in part, for the UCP-1-dependent sleep responses [14]. It is possible
that proinflammatory stimuli are sufficient to stimulate BAT thermogenesis to the extent that
thermosensitive afferents become activated, but it is insufficient to elicit robust BAT thermo-
genesis that may lead to an overall increase in core body temperature.

The phenomenon that proinflammatory stimuli produce biphasic temperature responses
in mice, an initial drop in body temperature followed by hyperthermia, is well documented
[26,40,64]. Our observation that it is the initial hypothermic phase of the effects of proinflam-
matory stimuli that are abolished in UCP-1 KO animals is intriguing. There are several possi-
ble mechanisms that could explain this finding. One possibility is that UCP-1 KO animals
develop a compensatory mechanism for non-shivering thermogenesis through other types of
uncoupling proteins. For example, UCP-3 is expressed predominantly in skeletal muscle [65],
and it appears to be sufficiently thermogenic under certain conditions [66,67]. Possibly, UCP-
1-independent activation of this, or a similar, mechanism could mask the initial hypothermic
phase.

BAT heat production is a graded response, and if the thermogenic activity of BAT is robust
enough, it will be manifested as increased core body temperature. It is also possible that vari-
ous stimuli, including inflammatory signals, activate BAT thermogenesis sufficiently to
increase local BAT temperature, but it is not sufficient to affect core body temperature. A sub-
tle increase in BAT temperature may activate local thermoreceptors, which, in turn, may trig-
ger a negative thermoregulatory feedback leading to an initial drop in body temperature.
Several lines of evidence support this possibility. One, there is evidence that various processes
linked to inflammation are under the control of inhibitory neural reflex mechanisms [68]. In
fact, it has been demonstrated that the hypothermic phase after pro-inflammatory challenges
is a regulated decrease in body temperature [69-71]. Two, temperature-sensing transient
receptor potential vanilloid 4 (TRPV4) channels are expressed in BAT [72,73]. TRPV4 channel
activation occurs in a physiological temperature range, thus could potentially detect subtle
changes in BAT temperature [74]. In line with the presence of thermoreceptors in BAT, it has
been shown that a population of BAT afferents is temperature sensitive [75]. Three, data sug-
gest that sensory nerve fibers in interscapular BAT participate in a feedback loop to prevent
overheating of the tissue caused by local thermogenesis [14,75], and sensory feedback from
BAT plays a role in thermoregulation [76]. It is possible that proinflammatory signals stimulate
UCP-1-dependent thermogenesis in BAT, which, in turn, activates thermo-sensitive afferents.
The activation of the reflex may result in the recruitment of thermolytic mechanisms and the
suppression of thermogenesis. This process could potentially lead to hypothermia in WT mice.
In the absence of UCP-1, the reflex is not activated and thus the initial hypothermic response
is abolished.

BAT afferents not only play a potential role in thermoregulation, but they are also key play-
ers in BAT activation-induced sleep responses. In previous studies we found that sleep loss
induced increased expression of UCP-1 mRNA in BAT, and recovery sleep responses to sleep
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loss were significantly attenuated in UCP-1 KO mice. The same phenotype was reproduced in
WT mice with the sensory denervation of BAT [14]. This indicates that both UCP-1 and the
intact afferentation arising from BAT are necessary for recovery responses after sleep loss. We
speculate that local, UCP-1-dependent production of metabolites or thermic signals activate
BAT afferents, and the somnogenic signals are carried by ascending spinal pathways to sleep-
regulatory centers in the brain.

The mechanism of fever that accompanies inflammation is subject of debate. Early studies
showed increased BAT temperature in response to endotoxin administration and the general
conclusion was that BAT plays a role in the development of fever [50,51,77]. Subsequent stud-
ies confirmed that proinflammatory stimuli may activate BAT as measured by GDP-binding
and UCP-1 expression [10-13], but the extent to which this activation is in fact a significant
factor in the development of fever has not been clearly established. In our study, the delayed
hyperthermic responses to IL-1B, TNFa, LPS and CCL, which develop ~12 h after the treat-
ments, remained unchanged in UCP-1 KO mice. This indicates that the response, which is
generally considered fever, is independent of BAT thermogenesis. This is consistent with prior
observations that UCP-1-dependent thermogenesis is dispensable for IL-1- and LPS-induced
fever [67,78]. The finding that VO, was not elevated during the second 12 h after TNFo.
administration suggests that the increased body temperature during this period is not due to
increased heat production, but to the suppression of heat-loss mechanisms and elevated heat
conservation.

Metabolism, inflammation and sleep are intricately connected. Metabolic and proinflam-
matory signals affect the amount and quality of sleep; sleep or the lack thereof has profound
effects on whole body metabolism [79]. With the emergence of BAT as a significant player in
the regulation of metabolism in adult humans (reviewed in [80]), the role of BAT at the inter-
section of sleep and metabolic regulation gained renewed significance [14,15]. In the present
study we demonstrated that a broad range of inflammatory stimuli facilitate NREMS and elicit
biphasic temperature responses in WT mice. The sleep increase and the hypothermic phase of
the thermoregulatory response were abolished in UCP-1 KO animals. The finding that func-
tional UCP-1 is key to sleep responses associated with systemic inflammation, but dispensable
for febrile responses may open new perspective in the treatment of inflammation-related
pathologies.
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