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INTRODUCTION
Tumor necrosis factor-α (TNF-α) is linked to human sleep 

regulation.1-4 In humans, for instance, TNF-α and TNF receptor 
1 (TNFR1) levels in plasma are enhanced after sleep depriva-
tion and before sleep onset, when sleep propensity is high.3,5,6 
Further, elevated circulating TNF-α levels are characteristic of 
multiple pathologies, including sleep apnea and insomnia, that 
have associated sleepiness or sleep disturbances.1,2,7,8 Moreover, 
diseases that affect peripheral inflammation and circulating 
TNF-α levels, including colorectal cancer and type 2 diabe-
tes,9,10 are also associated with disturbed sleep.11,12 However, the 
impact of systemic inflammatory substances on brain TNF-α 
expression and associated sleep-linked changes in humans 
remains unknown.

The animal literature indicates that not only peripheral 
but also brain TNF-α are important for sleep regulation.13 
In animals, prolonged wakefulness enhances brain TNF-α 
mRNA expression and protein levels.14-18 In rats, brain TNF-α 
bioactivity is greatest during times when sleep propensity is 
greatest.18,19 In rats, rabbits, and mice, central nervous sys-
tem (CNS) administration of TNF-α enhances non-rapid eye 
movement sleep (NREMS) duration. In contrast, spontaneous 
NREMS duration is attenuated in mice lacking one or both 
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TNF receptors.20,21 The TNF receptors are also important for 
the direction and magnitude of NREMS electroencephalogram 
(EEG) delta power responses to infectious challenge.21 EEG 
delta power (~0.5-4 Hz frequency range) is often used as an 
indicator of sleep intensity.22

NREMS EEG delta power is enhanced in rabbits after either 
intravenous or intracerebroventricular TNF-α administration.23 
However, in rats after microinjection of TNF-α into the preop-
tic area, NREMS EEG delta power is not affected, suggesting 
species-specific or route of administration-dependent sleep re-
sponses.24 Some differences in sleep responses to TNF-α also 
exist between mice and rats. For example, rats have enhanced 
NREMS EEG delta power responses to peripheral injections of 
TNF-α, while mice have attenuated NREMS EEG delta power 
responses to TNF-α.20,25

Lipopolysaccharide (LPS), a Gram-negative bacteria cell 
wall component, promotes NREMS and brain TNF-α mRNA 
and protein levels.26-31 Systemic LPS induces systemic and cen-
tral TNF-α and IL1-β expressions, and these molecules could 
subsequently act directly within the CNS or on vagal cytokine 
receptors to affect sleep and brain cytokine expression.32-34

The rat literature indicates that subdiaphragmatic vagoto-
my prevents or attenuates NREMS responses after peripheral 
TNF-α, interleukin-1 beta (IL-1β), or LPS injections.25,27,28,36 
Vagotomy is more effective at attenuating sleep responses to 
lower concentrations of TNF-α, IL-1β, or LPS in rats. The va-
gus is also involved in TNF-α-mediated hyperalgesia and brain 
expression of IL-1β mRNA after peripheral injections of IL-
1β, LPS, or bacterial DNA (CpG-DNA).37-40 In rats, vagotomy 
also prevents peripheral body irradiation induced brain en-
hancements of IL-1β and TNF-α protein levels.41 However, the 
effects of vagotomy on peripherally applied TNF-α on brain 
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TNF-α expression are unknown. Further, the effect vagotomy 
has on sleep in mice has not been examined.

Herein, we report that vagal afferents modulate brain TNF-α 
mRNA expression after systemic TNF-α. We also report that 
vagotomy attenuates NREMS duration after systemic injections 
of TNF or LPS in mice, although these affects are somewhat 
different than those previously reported in rats.

METHODS

Animals and Surgery
Thirty-two male C57BL/6J mice bred in our facilities (< 5 

generations) that were originally purchased from Jackson Lab-
oratories, (Bar Harbor, ME) were used for all experiments. The 
mice were between 12 and 17 weeks of age at the time experi-
ments were performed. Mice were randomly assigned to exper-
imental groups used for polysomnographic assessment of sleep 
or for molecular analyses. Mice were individually housed and 
maintained on a 12:12 h light: dark cycle (light onset, time = 0) 
at a thermoneutral temperature (29 ± 1°C). Mice were provided 
food and water ad libitum. All experimental protocols were ap-
proved by the Washington State University Animal Care and 
Use Committee and were in compliance with National Insti-
tutes of Health guidelines.

Surgeries: Vagotomy
All mice were given a liquid diet (PMI Micro-Stabilized Ro-

dent Liquid Diet LD 101, Test Diet; Richmond, IN) at least 24 
h before surgery. The liquid diet was used to minimize diges-
tion complications following the surgeries due to lack of vagal 
efferent stimulation of the pyloric valve after vagotomy. Mice 
were maintained on the liquid diet for 72 h post-operation and 
then returned to solid food thereafter. Mice were anesthetized 
with intraperitoneal (IP) ketamine-xylazine (87 and 13 mg/kg, 
respectively). The abdomen was shaved and sterilized, and a 
2-cm incision was made through the epidermal tissue and the 
peritoneum. The stomach and esophagus were exposed, and the 
ventral and dorsal branches of the vagus nerve were identified 
using a microscope. Bilateral incisions (~1 mm length) were 
made, and nerve sections on each branch were extracted. The 
esophagus was then lowered back into the peritoneal cavity 
while still leaving most of the stomach exposed, making the 
pylorus available. A small (~1 mm) incision was made parallel 
to the pylorus, puncturing the pyloric sphincter (pyloroplasty). 
The pylorus, peritoneum, and epidural tissue were then sutured. 
Antibiotic ointment was applied to incision area. Vagotomized 
mice had their vagal afferents severed; sham-operated mice 
only received the pyloroplasty and served as controls.

Vagotomy Verification: Cholecystokinin Test
Vagotomy verification occurred ≥ 10 days after surgical pro-

cedures were performed. The cholecystokinin (CCK) test of sa-
tiety was used to verify surgical success. The satiety effect of 
CCK is blocked by vagotomy42; therefore, the food intake of the 
sham mice decreased, while the successfully vagotomized mice 
did not alter their food intake. Mice were deprived of food 20 h 
prior to CCK (0.25 μg/0.2 mL saline per mouse) injection, and 
food intake during the subsequent 2 h was measured. Only mice 
that had approximately 20% enhanced food intake compared to 

sham mice (indicating the vagotomy surgery was successful) 
were used. A minimum of 3 days was allowed for the mice to 
recover after the test.

Surgeries: Polysomnography
Vagotomized and sham-operated mice used for polysomno-

graphic analyses were also provided with EEG electrodes over 
the right and left parietal cortices, a ground electrode over the 
cerebellum, and an electromyogram (EMG) electrode in the 
nuchal muscles under ketamine-xylazine (87 and 13 mg/kg, 
respectively) anesthesia as previously described.15 Electrodes 
were fixed to the skull with dental cement and wires from the 
electrodes led to a commutator. The animals were tethered to 
amplifiers and data collected to disc using SleepSign (Kissei 
Comtec Co., LTD, Japan). The EEG/EMG recordings from 
mice took place in sound-attenuated environmental chambers. 
After surgeries, mice were allowed ≥ 7 days to recover and were 
then connected to the commutators for 2 days of acclimation.

Experimental Protocols

Experiment 1: Sleep responses to TNF-α
After acclimation, vagotomized and sham-operated mice re-

ceived an IP injection of saline (0.2 mL/mouse) at dark onset, 
and the EEG and EMG were recorded for the next 24 hours. 
Thereafter, vagotomized and sham-operated mice received an 
injection of recombinant murine TNF-α (R & D Systems, Inc, 
Minneapolis, MN, USA) at 1 of 3 different concentrations (3 
µg/0.2 mL saline/mouse (N = 16), 1 µg/0.2 mL saline/mouse 
(N = 14), or 0.5 µg/0.2 mL saline/mouse (N = 14), and EEG/
EMG were recorded for the next 24 hours. Mice receiving 3 
µg TNF-α did not receive any subsequent injections of TNF-α. 
Mice receiving1 µg TNF-α were given saline IP 2 days post-
injection, followed by the 0.5 µg TNF-α dose 24 h later. The 
concentrations of TNF-α used were based on studies conducted 
in our laboratory that elicit sleep responses in mice.20

Experiment 2: Sleep responses to LPS
Two days after recovery from TNF-α injections, mice re-

ceived an IP injection of saline (0.2 mL/mouse) at dark onset, 
and EEG/EMG were recorded for 24 hours. After the saline 
recording period, mice received an injection of LPS (0111:B4, 
Sigma-Aldrich, St. Louis, MO, USA) at 1 of 3 doses (1 µg 
LPS/0.2 mL saline/mouse [N = 18], 0.1 µg LPS/0.2 mL sa-
line/mouse [N = 14], or 0.05 µg LPS/0.2 mL saline/mouse 
[N = 12]), and EEG/EMG were recorded for 24 hours. Mice 
receiving the 1 µg LPS dose did not receive any other dose of 
LPS. Mice can develop tolerance to repeated LPS injections,43 
although these tolerance effects diminish after 5 days,44 and 
sleep responses to LPS are not affected after 10 days from the 
initial injection.45

Sleep Recording and Analyses
Analog EEG (filtered below 0.1 Hz and above 40 Hz) and 

EMG amplified signals were converted to digital signals (128 
Hz sampling rate) and recorded. Sleep analyses were con-
ducted using Sleep Sign Software (Kissei Comtec Co., Ltd, 
Japan). NREMS, REMS, and waking vigilance states were 
determined manually off-line in 10-sec epochs as previously 
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described.15 NREMS was identified by high-amplitude EEG 
signals and low EMG activity. Regular low-amplitude EEG 
and minimal EMG activity characterized REMS. Wake pe-
riods were recognized by low-amplitude fast EEG and high 
EMG activity. Vigilance state durations were calculated in 2-h 
time blocks. Vigilance state episode durations and frequen-
cies were calculated in 12-h light and dark time blocks. Fast 
Fourier transformations of EEG signals (µV2) were calculated 
for each NREMS epoch and mean delta (0.5-4 Hz) slow wave 
activity (also called NREMS EEG slow wave activity [SWA]) 
as previously described.15 Differences in NREMS EEG SWA 
after TNF-α and LPS injections from that observed after 
saline injections were determined for each vagotomized and 
sham-operated mouse and analyzed as previously described.27 
NREMS EEG power in 0.5 Hz frequency bins within the 
power range of 0.5-20 Hz across time was determined during 
the 12-h light and dark periods after saline injections as previ-
ously described.15 Additionally, the total power from the sum 
of each 0.5 Hz frequency bin across the 0.5-20 Hz power range 
after saline injections was used to normalize each individual 
frequency bin for NREMS EEG power after TNF-α and LPS 
injections for each individual mouse as previously described.15 
NREMS EEG power was determined for the first 12 h post- 3 
µg TNF and 1 µg LPS injections.

Experiment 3: mRNA expression in response to TNF-α
Mice from the vagotomized (N = 8) and sham (N = 8) groups 

received IP injections of saline (0.2 mL saline/mouse), which 
served as controls, or carrier-free recombinant murine TNF-α 
(R & D Systems, Inc; 3 µg TNF-α/0.2mL saline/mouse or 1 µg 
TNF-α/0.2 mL saline/mouse). Two h after the injections, the 
mice were sacrificed.

Experiment 4: mRNA expression in response to LPS
Mice from the vagotomized (N = 8) and sham (N = 8) 

groups received IP injections of LPS (0111:B4, Sigma-Aldrich; 
1 µg LPS/0.2 mL saline/mouse or 0.01 µg LPS/0.2 mL saline/
mouse) at dark onset. The mice that received saline injections 
in Experiment 3 also served as controls for mice in Experiment 
4 that received LPS.

Tissue Collection and mRNA Analyses
The mice were decapitated and their liver and brains 

were removed and dissected. The hypothalamus, somato-
sensory cortices, nucleus tractus solitarius (NTS), and liver 
were then flash frozen in liquid nitrogen and stored at -80ºC. 
Real-time polymerase chain reaction (RT-PCR) was used 
to analyze IL-1β and TNF-α mRNA levels. The primers 
used for these experiments were as follows: IL-1β [forward: 
(5′-3′) CAACCAACACGTGATATTCTCCATG; reverse: 
(5′-3′) GATCCACACTCTCCAGCTGCA]; TNF-α forward: 
(5′-3′) GGGACAGTGACCTGGACTGT; reverse: (5′-3′) 
GCTCCAGTGAATTCGGAAAG]. Briefly, the tissue was ho-
mogenized, RNA was extracted with Trizol reagent, and cDNA 
was made and analyzed for IL-1β and TNF-α mRNAs, as previ-
ously described.15 The comparison of the expression of mRNAs 
was made with cyclophilin A using the delta threshold cycle 
(Ct) value method.46

Statistics
Two-way and three-way ANOVAs were used to analyze 

NREMS and REMS durations, episode frequencies and dura-
tions, NREMS EEG SWA, NREMS EEG power spectra, and 
mRNAs (Table 1). Post hoc comparisons were made with inde-
pendent or paired t-tests when appropriate. P < 0.05 was con-
sidered to be significant.

RESULTS

Sleep in Vagotomy and Sham-Operated Mice
Spontaneous NREMS and REMS durations after saline 

injections were similar in vagotomized and sham-operated 
mice (Figure 1). Both groups exhibited the typical murine di-
urnal variations in NREMS over time (time: F1,86 = 150.896, 
P < 0.001) and REMS (time: F1,86 = 165.563, P < 0.001), with 
greater durations of sleep occurring during the daylight hours. 
No significant differences in NREMS or REMS duration were 
found between the 2 surgical groups. Further, no significant 
differences in NREMS or REMS episode durations or episode 
frequencies were found between these groups (Supplemental 
Tables S1 and S2).

Table 1—ANOVAs used for data analyses

Comparisons ANOVA Used Independent Factor Repeated Factor
NREMS, REMS, and NREMS EEG 
SWA after saline injections

2-way ANOVA across 
24 h on 2 h blocks

Treatment Time

NREMS and REMS episode durations 
and frequencies after saline injections

2-way ANOVA across 
light and dark periods

Treatment Time

NREMS, REMS, and NREMS EEG 
SWA after TNF or LPS injections

3-way ANOVA
across 2 h blocks

Treatment, dose Time

NREMS and REMS episode durations 
and frequencies

3-way ANOVA across 
light and dark periods

Treatment, dose Time

NREMS EEG power spectrum (i.e., 
saline vs. LPS)

3-way ANOVA Treatment, frequency Injection

mRNAs 3-way ANOVA Treatment, injection (i.e., saline, TNF, 
or LPS), brain region

NA
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Spontaneous NREMS EEG SWA after saline injections was 
also similar between vagotomized and sham-operated mice 
(Figure 1). The characteristic murine diurnal variations in 
NREMS EEG SWA occurred over time in both groups, with 
greater values found during the dark period than the light period 
(time: F1,86 = 37.152, P < 0.001). No significant differences in 
NREMS EEG SWA between the surgical groups were found. 
NREMS EEG spectral power was greater during the dark pe-
riod vs. the light period after saline injections for both vagoto-
mized and sham-operated groups (light vs. dark × frequency: 

F39,3440 = 42.037, P < 0.001; data not shown). Vagotomized mice 
had slightly greater NREMS EEG power in the 0.5-20 Hz range 
that was largely attributed to an enhancement in the 2.0-2.5 Hz 
bin range during both dark and light period compared with that 
of sham-operated mice (treatment × frequency: F39,3440 = 2.171, 
P < 0.001).

Sleep Responses to TNF-α
TNF-α enhanced NREMS duration dose-dependently in both 

vagotomized and sham-operated mice (dose: F3,124 = 15.506, 
P < 0.001; Figure 2). Further, higher doses of TNF-α induced 
more prolonged effects in both treatment groups (time × dose: 
F3,124 = 8.510, P < 0.001). However, after TNF-α treatment, 
duration of NREMS was less in vagotomized mice than that 
occurring in TNF-α treated sham-operated mice (treatment: 
F1,124 = 17.144, P < 0.001). These differential effects were dose 
dependent, and the TNF-α-enhanced NREMS persisted for 
a shorter period of time in the vagotomized mice compared 
to the sham-operated mice (time × dose: F3,124) = 4.157, 
P = 0.008; time × treatment: F1,124 = 6.471, P = 0.012). For in-
stance, after the 1 µg TNF-α dose, post hoc analysis indicated 
that in vagotomized mice changes in NREMS duration during 
the first 12 h post-injection were not significant (16.5 ± 24.0 
min), whereas in sham-operated mice NREMS responses were 
robust (99.9 ± 18.8 min; t (12) = 2.736, P = 0.018) (Figure 3). 
In contrast, after the lower TNF-α dose, NREMS was not 
significantly enhanced in either surgical treatment group 
(Figure 2). No differences in REMS duration were found after 
any TNF-α dose compared to saline for either vagotomized or 
sham-operated mice (Figures 2, 3).	

The 3 µg dose of TNF-α attenuated NREMS EEG SWA over 
the first 12-h period post-injection (dark period) compared to 
values obtained after saline injections in both vagotomy and sh-
am-operated groups (F1,14 = 24.905, P < 0.001; Figure 2). How-
ever, these responses were not different between vagotomized 
and sham-operated groups. Further, no differences in NREMS 
EEG SWA were found after 1 µg or 0.5 µg TNF-α injection, 
nor were any differences in NREMS EEG SWA found between 
vagotomy and sham-operated groups after these doses.

NREMS EEG spectral power (0.5-20 Hz) was attenuated 
during the first 12 h after 3-µg TNF-α injections compared to 
saline injections in both vagotomy and sham-operated groups 
(F1,560 = 66.130, P < 0.001; Figure 4). This TNF-α-induced 
reduction in NREMS EEG spectral power occurred within 
both the delta power range and higher frequencies (injection 
× frequency: F39,560 = 4.596, P < 0.001; injection × treatment: 
F1,560 = 10.862, P = 0.001; injection × frequency × treatment: 
F39,560 = 2.117, P < 0.001), although these effects within the delta 
power range were greater in vagotomized mice than those of 
sham-operated mice. No significant differences in NREMS EEG 
spectral power were found after 1 µg or 0.5 µg TNF-α injections 
compared to those after saline injections (data not shown).

Sleep Responses to LPS
LPS dose-dependently enhanced NREMS duration (dose: 

F3,124 = 37.050, P < 0.001; Figure 5). In vagotomized mice 
the NREMS duration responses to LPS were less than those 
of sham-operated mice (treatment: F1,124 = 20.437, P < 0.001). 
For example, after the 0.1 µg LPS dose, vagotomized mice had 

Figure 1—NREMS and REMS durations and NREMS EEG SWA after 
ip saline injections. Vagotomized and sham-operated mice exhibited 
enhanced NREMS and REMS durations during the light periods 
compared to dark periods. NREMS EEG SWA was enhanced during 
the dark period compared to the light period. However, there were no 
significant differences in these variables between vagotomized and 
sham-operated groups. Significance was set at P < 0.05. White circles = 
sham-operated group; dark circles = vagotomy group.
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reduced NREMS duration (26.0 ± 22.1 min) compared to sham-
operated mice (179.6 ± 19.6 min) over the first 12 h post-injec-
tion (t (12) = 5.321, P < 0.001; Figure 6). Further, 2- and 3-way 
interactions between the treatment, time, and dose were found, 
indicating higher doses of LPS enhanced NREMS duration for 
longer periods of time and these effects were attenuated in va-
gotomized mice compared to sham-operated mice (time × group 
× dose: F3,124 = 3.483, P = 0.018; time × dose: F3,124 = 13.427, 
P < 0.001: treatment × dose: F3,124 = 10.228, P < 0.001; time × 
treatment: F1,124 = 10.710, P = 0.001; Figure 5).

LPS dose-dependently attenuated the duration of REMS during 
the light period post-injection (F3,124 = 4.068, P = 0.009; Figure 5), 
although post hoc analysis did not reveal any significant differ-
ences in REMS duration for any of the doses of LPS compared 
to saline injections. No significant differences in REMS duration 
were found between vagotomized and sham-operated mice.

LPS also dose-dependently reduced NREMS EEG SWA dur-
ing the first 12 h post-injection (dose: F3,124 = 7.190, P < 0.001; 
Figure 5). For example, the 1 µg dose of LPS attenuated 
NREMS EEG SWA over the first 12 h post-injection compared 

Figure 2—Changes in NREMS (A) and REMS (B) duration and NREMS EEG SWA (C) during dark periods and light periods after TNF-α injections from 
those after saline injections. NREMS duration was significantly enhanced during the dark period after 3 µg and 1 µg doses of TNF-α; vagotomy attenuated 
these responses. NREMS EEG SWA was reduced only after 3 µg and dose of TNF-α and this measurement did not differ between vagotomy and sham-
operated groups. (*) = significant difference between saline and TNF-α injections. (+) = significant difference between vagotomy and sham-operated groups. 
Significance was set at P < 0.05. Black bars = sham-operated group; gray bars = vagotomy group.
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to saline injections in both sham-operated and vagotomized 
mice (time × injection: F1,16 = 22.488, P < 0.001). There were 
no differences in NREMS EEG SWA after the other LPS doses 
or between the surgical treatment groups.

The 1 µg dose of LPS attenuated 
NREMS EEG spectral power (0.5-
20 Hz range) during the first 12 h 
post-injections compared to saline 
injections (dose: F1,640 = 187.081, 
P < 0.001; Figure 7). Vagotomized 
mice exhibited greater attenuations 
in NREMS EEG spectral power than 
sham-operated mice and this effect 
differed between groups within the 
delta power range (dose × frequency: 
F39,640 = 10.384, P < 0.001; treatment 
× dose: F1,640 = 6.845, P = 0.009; treat-
ment × frequency × dose: F39,640 = 1.851, 
P = 0.002). NREMS EEG spectral 
power after 0.1 and 0.05 µg doses of 
LPS were similar to the values after sa-
line injections (data not shown).

Gene Expression Responses to TNF-α 
and LPS

Figure 8 shows fold changes in 
IL-1β and TNF-α mRNA expression 
after the 1 µg TNF dose, and Figure 
9 shows these values after the 0.1 µg 
LPS dose. Figures 9 and 10 corre-
spond with Figures 3 and 6 in that the 
effects of those middle doses of TNF-α 
and LPS are shown. The 1 µg dose 
of TNF-α enhanced TNF-α mRNA 
expression in the somatosensory 
cortex, hypothalamus, NTS, and 
liver of both sham-operated mice and 
vagotomized mice (F1,99 = 420.742, 
P < 0.001). However, TNF-α mRNA 
levels were enhanced significantly 
less in the vagotomized mice in the 
somatosensory cortex, hypothalamus 
and NTS compared to sham-operated 
mice (treatment: F1,99 = 9.155, 
P = 0.003). In contrast, TNF-α -induced 
TNF-α mRNA expression was similar 
in the liver whether the mice were 
vagotomized or sham-operated. The 
1-µg dose of TNF-α also enhanced IL-
1β mRNA expression in the somato-
sensory cortex, hypothalamus, NTS, 
and liver (F1,101 = 777.464, P < 0.001). 
Vagotomy significantly reduced the 
TNF-α-induced enhancements of 
IL-1β mRNA levels in the somato-
sensory cortex and hypothalamus 
(injection × treatment: F1,101 = 5.662, 
P = 0.019; injection × treatment × re-
gion: F3,101 = 3.819, P = 0.012). The 

3-µg dose of TNF-α also enhanced TNF-α mRNA and IL-1 β 
mRNA expressions in all areas of brain and the liver (data not 
shown). However, the differences between the surgical treat-
ment groups were not significant except in the NTS, where the 

Figure 3—NREMS and REMS duration after the 1 µg dose of TNF-α given at 12:00 h. The 1 µg dose of 
TNF-α significantly enhanced NREMS duration in sham-operated but not vagotomized mice (A). However, 
vagotomized mice had significantly attenuated NREMS duration responses compared to sham-operated 
mice. REMS durations were similar to those after saline injections and did not differ between treatment 
groups (B). (*) = significant difference in the change in NREMS duration for 2-h time bins between 
vagotomized and sham-operated mice after TNF-α injections compared to saline injections. Significance 
was set at P < 0.05. White circles = post-saline responses; dark circles = post-TNF-α responses.

Figure 4—NREMS EEG power spectrum after 3 µg TNF-α and saline injections. Peripheral injections of 
TNF-α attenuated NREMS EEG power within the delta power range and also at higher frequencies during 
the first 12 h post-TNF-α injection compared to saline. Vagotomized mice exhibited greater reductions in 
the delta power range than sham-operated mice. (*) indicates differences in NREMS EEG spectral power 
for each individual time bin for sham-operated and vagotomy groups. Significance was set at P < 0.05. 
White circles = post-saline responses; dark circles = post-TNF-α responses.
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up-regulation in IL1β mRNA was significantly less in the va-
gotomized mice compared to the sham-operated controls.

Both the 0.1 µg LPS dose and the 1 µg LPS dose (data not 
shown) up-regulated TNF-α and IL1β mRNA expressions 
in every tissue examined (TNFα mRNA: F1,99 = 213.359, 
P < 0.001; IL1β mRNA F1,99 = 71.095). However, there were 
no significant differences in mRNA expressions between va-
gotomized and sham-operated mice with the exception of IL1β 
mRNA expression in the NTS. TNF-α and IL-1β mRNA ex-

pression significantly increased in the NTS after either 0.1 µg 
or 1 µg doses of LPS but the vagotomy inhibited these mRNAs 
in the NTS only after the 1 µg LPS dose when compared to 
sham-operated controls.

DISCUSSION
To our knowledge the present findings are the first to show 

that systemic TNF-α-induced sleep responses are dependent, 
in part, upon vagal afferents in mice. Our murine findings are 

Figure 5—Changes in NREMS (A) and REMS (B) duration and NREMS EEG SWA (C) during dark periods and light periods after LPS injections from those 
after saline injections. NREMS duration was significantly enhanced during the dark period after 1 µg and 0.1 µg doses of LPS. Vagotomy attenuated these 
responses. NREMS EEG SWA was reduced only after the 1 µg dose of LPS. However, NREMS EEG SWA responses to LPS were similar between treatment 
groups. (*) = significant difference between saline and LPS injections. (+) = significant difference between vagotomy and sham-operated groups. Significance 
was set at P < 0.05. Black bars = sham-operated group; gray bars = vagotomy group.
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consistent with similar findings obtained using vagotomized 
rats given various peripheral inflammatory stimuli including 
IL-1β, TNF-α, LPS, and highly palatable diets.25,27,28,36,47 Fur-

ther, in rats, systemic TNF-α and LPS 
induce brain production of TNF-α and 
IL-1β mRNAs.39,48 Herein, we extend 
these results by showing that the capac-
ity of systemic TNF-α to induce central 
TNF-α and IL-1β mRNAs is mediated, 
in part, by vagal afferents in mice. 
Collectively these data suggest pro-
inflammatory substances can stimulate 
vagal afferents to affect brain cytokine 
responses and NREMS responses—
this mechanism is likely involved in a 
variety of pathologies characterized by 
altered systemic cytokine levels and 
sleepiness.

Spontaneous sleep in vagotomized 
mice was similar to the sleep in con-
trol mice with the exception of small 
increases in EEG delta power during 
NREMS occurring after vagotomy. 
Similar increases in NREMS EEG 
SWA occur in vagotomized rats.27 It is 
difficult to speculate about the less ro-
bust differences in NREMS EEG SWA 
occurring in mice compared to those 
reported in rats since the exact mecha-
nisms governing SWA remain unidenti-
fied. However, spontaneous NREMS, 
REMS, and NREMS EEG SWA in 
vagotomized rats is also reported to be 
similar to sham-operated rats.36 Not-
withstanding, the current results sug-
gest a role for vagal afferents in the 
regulation of this sleep phenotype al-
though the effects seem small.

Our results are consistent with the 
prior observations from cats and hu-
mans showing that stimulation of vagal 
afferents affect sleep.49-52 Regardless of 
the physiological roles of vagal affer-
ents in the regulation of NREMS EEG 
SWA, current results clearly indicate 
that vagal afferents can mediate sys-
temic inflammatory signals effects on 
sleep although there are distinct dif-
ferences between rats and mice. Thus, 
vagotomized rats respond to systemic 
TNF-α with enhanced EEG SWA 
during NREMS and suppressed EEG 
power in higher frequency bands.25 In 
contrast, vagotomized mice responded 
to systemic TNF-α with decreased EEG 
delta power during NREMS. Further, 
in rats systemic LPS increases EEG 
SWA during NREMS, and this effect 
is blocked by vagotomy.28 In contrast, 

in mice LPS reduces EEG SWA during NREMS, and this ef-
fect is not altered by vagotomy. The mechanisms responsible 
for EEG SWA during NREMS remain controversial but likely 

Figure 6—NREMS and REMS duration after the 0.1 µg dose of LPS given at 12:00 h. LPS (0.1 µg) 
significantly enhanced NREMS duration in sham-operated but not vagotomized mice (A). REMS duration 
were similar to those after saline and did not differ between treatment groups (B). (*) = significant 
difference in the change in NREMS duration for 2-h time bins between vagotomized and sham-operated 
mice after LPS injections compared to saline injections. Significance was set at P < 0.05. White circles = 
post-saline responses; dark circles = post-LPS responses.

Figure 7—NREMS EEG power spectrum after 1 µg LPS and saline injections. Peripheral injections of 
LPS attenuated NREMS EEG power over most of the 0.5-20 Hz frequency ranges during the first 12 h 
post-LPS injection compared to saline. This effect was greater in vagotomized mice than sham-operated 
mice. (*) indicated differences in NREMS EEG spectral power for each individual time bin for sham-
operated and vagotomy groups. Significance was set at P < 0.05. White circles = post-saline responses; 
dark circles = post- LPS responses.
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are linked to cerebral blood flow as well as synchronization of 
up and down states occurring in cortical pyramidal neurons53-55; 
why either would be different in mice compared to rats in re-
sponse to systemic TNF-α or LPS is not clear. Regardless, the 
sleep responses of mice and rats to TNF-α or LPS are in other 
ways similar with both species showing large vagal afferent-
dependent increases in duration of NREMS and very little 
effect on REMS in response to systemic inflammatory stimuli.

The enhanced levels of TNF-α and IL-1β mRNAs in the brain 
after systemic TNF-α or LPS reported herein confirm earlier 
work done in rats or mice.34,39,48,56,57 The current results extend 
those observations by showing increases in these cytokine 

mRNAs in specific areas of brain, including the somatosensory 
cortex, hypothalamus and the NTS, and that these increases can 
be induced in mice by either systemic TNF-α or LPS. Systemic 
administration of both of these inflammatory molecules also 
enhanced liver mRNA levels of these cytokines, although the 
vagotomy had no effect on liver TNF-α or IL-1β mRNA expres-
sions, suggesting that the subdiaphragmatic vagal afferents do 
not affect peripheral inflammation.

The effects of vagotomy on TNF-α- or LPS-induced brain 
TNF-α or IL-1β mRNA expressions were, however, distinct. 
The attenuated expressions of IL-1β and TNF-α mRNAs 
occurring in various brain regions in vagotomized mice after 

Figure 8—mRNA expression after saline and IP 1 µg TNF-α injections. TNF-α mRNA expression was enhanced in all tissues assayed. Vagotomy attenuated 
the brain TNF-α mRNA expression but not in the liver in the periphery. IL-1β mRNA expression was enhanced after TNF-α injections in all the tissues assayed 
but vagotomy only inhibited IL-1β mRNA expression in the Sctx and HT. (*) = significant difference between saline controls and 1 µg TNF-α injections. (+) = 
significant difference between sham-operated and vagotomy groups. Significance was set at P < 0.05.

Figure 9—mRNA expression after saline and ip 0.1 µg LPS injections. TNF-α and IL-1β mRNA expressions were enhanced in all tissues assayed. There 
were no significant differences in mRNAs between surgical treatment groups. (*) = significant difference between saline controls and 0.1 µg LPS injections. 
Significance was set at P < 0.05.
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systemic TNF-α did not occur after systemic LPS. Regardless, 
the attenuation of systemic TNF-α-induced hypothalamic and 
NTS cytokine mRNAs in vagotomized mice is similar to the at-
tenuation of systemic IL-1β-enhanced hypothalamic and brain 
stem, which contains the NTS, IL-1β mRNA levels observed 
in vagotomized rats.38 These data collectively suggest that, via 
the NTS, cytokine receptors on vagal afferents signal the brain 
expression of cytokines in areas of brain involved in the acute 
phase responses, including NREMS responses.58 This conclu-
sion is reinforced by the observations that systemic inflamma-
tory signal induction of liver pro-inflammatory cytokines is not 
altered by vagotomy.38 The differences in brain cytokine ex-
pressions between vagotomy and control mice were likely due 
to differential expression of glial and neuronal expressions of 
IL-1β and TNF-α mRNAs59,60 and not due to changes in expres-
sion in blood cells trapped in the brain during tissue preparation 
because liver cytokine expressions were similar in the liver. 
The liver was prepared as the brain was. However, the potential 
influence of blood cytokines levels limits the interpretation of 
these findings.

After lower doses of TNF-α, vagotomy is effective at 
attenuating both NREMS responses and TNF-α-induced 
brain cytokine expressions. However, after the higher doses 
of TNF-α, vagotomy fails to block these responses. The per-
sistence of sleep responses in vagotomized mice after higher 
TNF-α doses is consistent with prior data obtained from rats.25 
Further, after low doses of LPS, NREMS responses are attenu-
ated by vagotomy but not after higher LPS doses; these data are 
also consistent with prior reports.27,28 These data suggest that 
TNF-α and LPS access the brain by mechanisms in addition 
to stimulation of vagal afferents. For instance, high doses of 
TNF-α or LPS increase the permeability of the blood brain 
barrier.61,62 Further, lipid soluble and low molecular weight 
substances are more likely to cross the blood brain barrier.64 
Thus, substances such as LPS, being lipid soluble, likely more 
easily pass through the blood brain barrier. Indeed, higher lev-
els of peripherally injected LPS cross the blood brain barrier 
in mice.35 In addition, these substances may access the brain 
via leaky areas of the blood-brain-barrier nucleus including 
the NTS, subfornical organ, and organum vasculosum of the 
lamina terminalis.63,65 Nevertheless, projections exist from the 
brainstem/NTS to sleep regulatory areas including the somato-
sensory cortex and hypothalamus and these projections likely 
are involved in the systemic TNF-α-induced changes in TNF-α 
mRNA expression in these brain areas.

Many diseases involving peripheral inflammation are associ-
ated with up-regulation of pro-inflammatory cytokines includ-
ing TNF-α.66 Such changes are characteristic of pathologies 
such as chronic fatigue syndrome, insomnia, and obstructive 
sleep apnea.67-69 Further, other diseases associated with en-
hanced pro-inflammatory cytokines, such as autoimmune de-
ficiency syndrome, cancer, myocardial infarct, and alcoholism 
are also associated with disrupted sleep.70 For these diseases, 
therapies are being studied that involve targeting the cytokines 
by administering cytokine inhibitors.71 For example, systemic 
administration of etanercept, a TNF soluble receptor, to sleep 
apneic patients alleviates the fatigue and sleepiness associated 
with sleep apnea.72 We conclude that the vagal afferents have an 
important role in stimulating brain cytokines induced by TNF-α 

and LPS. Further, we report that the vagal afferents have a cru-
cial role in low grade peripheral inflammation altering brain 
cytokines to induce sleep. 
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SUPPLEMENTAL MATERIAL

Table S1—NREMS episode frequencies and durations after saline, TNF-α, or LPS injections (mean ± SE)

Treatment
NREMS episode frequency 

(dark period)
NREMS episode duration 

(dark period)
NREMS episode frequency 

(light period)
NREMS episode duration 

(light period)
Saline

Sham-operated 99.68 ± 3.82 2.33 ± 0.07 174.09 ± 4.29 2.47 ± 0.08
Vagotomy 94.32 ± 3.79 2.47 ± 0.09 174.61 ± 4.83 2.43 ± 0.09

TNF-α (3 µg)
Sham-operated 157.25 ± 11.07* 2.54 ± 0.30 156.38 ± 12.02 2.88 ± 0.22
Vagotomy 159.25 ± 11.92* 2.09 ± 0.07 161.75 ± 11.14 2.46 ± 0.17

TNF-α (1 µg)
Sham-operated 114.00 ± 18.16 2.63 ± 0.16 171.00 ± 15.81 2.46 ± 0.28
Vagotomy 96.71 ± 9.36 2.50 ± 0.24 203.42 ± 13.88* 2.10 ± 0.15

TNF-α (0.5 µg)
Sham-operated 115.86 ± 7.84 2.21 ± 0.11 174.14 ± 11.93 2.46 ± 0.24
Vagotomy 81.43 ± 10.22 2.82 ± 0.35 166.42 ± 10.06 2.54 ± 0.18

LPS (1 µg)
Sham-operated 174.67 ± 21.11* 2.69 ± 0.30 181.00 ± 10.44 2.57 ± 0.19
Vagotomy 131.91 ± 5.30* 2.10 ± 0.31 174.27 ± 3.60 2.23 ± 0.22

LPS (0.1 µg)
Sham-operated 123.43 ± 6.48* 3.12 ± 0.22* 176.86 ± 9.27 2.36 ± 0.15
Vagotomy 95.14 ± 9.87 2.46 ± 0.21 177.86 ± 15.23 2.60 ± 0.30

LPS (0.05 µg)
Sham-operated 143.17 ± 15.37* 2.12 ± 0.15 204.33 ± 12.33* 2.07 ± 0.22
Vagotomy 100.50 ± 9.57 3.01 ± 0.34 167.00 ± 20.37 2.94 ± 0.63

*Significant difference from saline injections for each treatment group independently. Significance was set at P < 0.05.

Table S2—REMS episode frequencies and durations after saline, TNF-α, or LPS injections (mean ± SE)

Treatment
REMS episode frequency 

(dark period)
REMS episode duration 

(dark period)
REMS episode frequency 

(light period)
REMS episode duration 

(light period)
Saline

Sham-operated 24.50 ± 1.84 0.74 ± 0.04 79.43 ± 4.29 0.90 ± 0.03
Vagotomy 23.18 ± 1.28 0.76 ± 0.03 74.84 ± 2.68 0.85 ± 0.02

TNF-α (3 µg)
Sham-operated 25.75 ± 5.24 0.81 ± 0.09 59.12 ± 6.50 0.93 ± 0.08
Vagotomy 30.75 ± 3.81* 0.78 ± 0.04 63.25 ± 4.89 0.97 ± 0.03*

TNF-α (1 µg)
Sham-operated 30.00 ± 6.35 0.72 ± 0.06 72.71 ± 8.89 0.87 ± 0.03
Vagotomy 24.57 ± 1.89 0.82 ± 0.05 73.71 ± 6.24 0.85 ± 0.04

TNF-α (0.5 µg)
Sham-operated 27.14 ± 5.01 0.89 ± 0.09 80.71 ± 9.24 0.86 ± 0.05
Vagotomy 24.57 ± 2.86 0.72 ± 0.06 78.57 ± 6.66 0.88 ± 0.03

LPS (1 µg)
Sham-operated 24.56 ± 3.58 0.83 ± 0.06 50.67 ± 4.38* 1.03 ± 0.08
Vagotomy 24.44 ± 4.31 0.82 ± 0.09 53.22 ± 4.14* 1.01 ± 0.07*

LPS (0.1 µg)
Sham-operated 32.14 ± 5.18 0.75 ± 0.03 90.86 ± 6.46 0.90 ± 0.03
Vagotomy 28.29 ± 1.97 0.71 ± 0.05 79.00 ± 7.55 0.88 ± 0.03

LPS (0.05 µg)
Sham-operated 34.83 ± 6.68 0.68 ± 0.05 82.50 ± 8.39 0.84 ± 0.06
Vagotomy 30.00 ± 3.19 0.79 ± 0.09 85.33 ± 10.87 0.81 ± 0.02

*Significant difference from saline injections for each treatment group independently. Significance was set at P < 0.05.


