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Modulation of mammalian circadian rhythms by tumor necrosis
factor-a

Natalia Paladino, Malena L. Mul Fedele, José M. Duhart, Luciano Marpegan, and
Diego A. Golombek

Laboratorio de Cronobiologı́a, Universidad Nacional de Quilmes, Buenos Aires, Argentina

Systemic low doses of the endotoxin lipopolysaccharide (LPS, 100 mg/kg) administered during the early night induce
phase-delays of locomotor activity rhythms in mice. Our aim was to evaluate the role of tumor necrosis factor
(Tnf)-alpha and its receptor 1/p55 (Tnfr1) in the modulation of LPS-induced circadian effects on the suprachiasmatic
nucleus (SCN). We observed that Tnfr1-defective mice (Tnfr1 KO), although exhibiting similar circadian behavior
and light response to that of control mice, did not show LPS-induced phase-delays of locomotor activity rhythms, nor
LPS-induced cFos and Per2 expression in the SCN and Per1 expression in the paraventricular hypothalamic nucleus
(PVN) as compared to wild-type (WT) mice. We also analyzed Tnfr1 expression in the SCN of WT mice, peaking during
the early night, when LPS has a circadian effect. Peripheral inoculation of LPS induced an increase in cytokine/
chemokine levels (Tnf, Il-6 and Ccl2) in the SCN and in the PVN. In conclusion, in this study, we show that LPS-induced
circadian responses are mediated by Tnf. Our results also suggest that this cytokine stimulates the SCN after LPS
peripheral inoculation; and the time-related effect of LPS (i.e. phase shifts elicited only at early night) might depend
on the increased levels of Tnfr1 expression. We also confirmed that LPS modulates clock gene expression in the SCN
and PVN in WT but not in Tnfr1 KO mice.
Highlights: We demonstrate a fundamental role for Tnf and its receptor in circadian modulation by immune stimuli at
the level of the SCN biological clock.
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INTRODUCTION

Daily environmental changes have imposed a selective

pressure for life on earth, driving the development of a

circadian clock mechanism for the generation and

entrainment of rhythms in physiological and behavioral

variables (e.g. body temperature, hormonal secretion,

sleep, locomotor activity, etc.). In mammals, the master

clock resides in the hypothalamic suprachiasmatic

nucleus (SCN), and the principal signal that adjusts its

activity is the light–dark (LD) cycle (Golombek &

Rosenstein, 2010).

Although there is substantial information regarding

the circadian modulation of many immunological vari-

ables (reviewed in Coogan & Wyse, 2008; Leone et al.,

2007; Scheiermann et al., 2013), little is known about the

possible effect of immune factors on the circadian

system itself. In addition, key immune mechanisms

might be intrinsically rhythmic, as recently suggested

for spleen, lymph nodes and peritoneal macrophages

(Bollinger et al., 2011; Keller et al., 2009).

On the other hand, it is well known that the

introduction of Gram-negative bacteria into the body

causes the liberation of toxic, soluble products of the

bacterial cell wall, such as lipopolysaccharide (LPS).

Peripheral administration of LPS exerts profound effects

on the sleep–wake cycle (one of the most evident

circadian rhythms) and may produce fever and a

characteristic sickness behavior observed during inflam-

matory diseases, including changes in sleep patterns

(Kluger, 1991; Krueger et al., 1998). In addition, it is now

well established that LPS induces autonomic, endocrine

and behavioral responses that are controlled by the

brain (Linthorst & Reul, 1998; Matsunaga et al., 2000).

In order to investigate the modulatory mechanisms

operated by the immune components on the circadian

clock, we focused our experiments on the effect of low-

dose LPS inoculation as a model of mild immune

activation. Systemic low doses of LPS administered

at circadian time (CT) 15 (where CT12 corresponds

to activity onset in constant darkness) produce a
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photic-like phase delay of the locomotor activity

rhythm in mice, but it has no significant effect

when injected at other CTs (Marpegan et al., 2005).

Intracerebroventricular (icv) injections of interleukin

(Il)-1b or tumor necrosis factor-a (Tnf-a), which are

strongly stimulated by LPS, also induce phase-delays at

CT15. Moreover, the Tnf-soluble receptor, but not the Il-

1 receptor antagonist (Il-1rn), inhibits the LPS circadian

effect, suggesting that this endotoxin may act on the

clock by inducing the release of cytokines, which finally

act on the SCN (Leone et al., 2012). The induction of

cFos in the SCN and the paraventricular hypothalamic

nucleus (PVN) (a relay station of the output circadian

pathway originating in the SCN) was previously reported

after LPS or cytokine administration (Marpegan et al.,

2005; Paladino et al., 2010; Sadki et al., 2007). While

the complete pathway involved in the circadian LPS

responses is unknown, the immune-related transcrip-

tion factor Nfkb1 (NF-kB) and the LPS receptor Tlr4

seem to be involved in this circadian effect (Marpegan

et al., 2005, 2004; Paladino et al., 2010).

As Tnf seems to be involved in the LPS circadian

effect on the locomotor activity rhythm, we have

characterized the circadian behavior and LPS-induced

circadian response in Tnf receptor-deficient (Tnfr1 KO)

mice (Pfeffer et al., 1993), and we evaluated the expres-

sion of this cytokine and its receptor in the SCN.

Our work, together with previously reported results,

strongly suggests an important role of the Tnf/Tnfr1

pathway in the LPS-induced circadian effect, acting on

the SCN.

MATERIALS AND METHODS

Animals
Adult (2-month old) C57bl/6J wild-type (WT) and Tnfr1

(p55-Tnfrsf1a) KO male mice (Mus musculus) were

raised in our colony. The Tnfr1 KO mice (originally

from The Jackson Laboratory – B6.129-Tnfrsf1atm1Mak/J

– raised in a C57bl/6J background) were kindly provided

by Dr. Silvia Di Genaro (San Luis National University,

Argentina). The neomycin cassette present in KO mice

in the position 535 of the coding sequence of Tnfr1 was

detected by polymerase chain reaction (PCR) as

described by The Jackson Laboratory (data not shown).

Mice were housed under a 12:12-h LD photoperiod

(with lights on at 8 AM and lights off at 8 PM) with food

and water ad libitum. Mice were transferred to constant

darkness (DD) conditions in single cages 20 days prior

to the treatments. All animal experiments were carried

out in accordance with international ethical standards

for the care and use of laboratory animals (Portaluppi

et al., 2010).

Behavioral analysis
Mice were housed in individual cages equipped with

running wheels, and their locomotor activity circadian

rhythm was recorded with a system designed in our

laboratory. Wheel revolutions were monitored by mag-

netic microswitches activated by the wheel and col-

lected every 5 min. Time is expressed as zeitgeber time

(ZT), with ZT12 defined as the time of lights off

in LD conditions, or CT, with CT12 defined as the

moment of locomotor activity onset in DD conditions.

Manipulations in DD were performed under dim red

light (51 lux).

Mice maintained in DD were exposed to a 10-min

white light pulse of 100 lux at CT15 or CT22, or injected

with 100 mg/kg of LPS (Escherichia coli serotype 0111:B4

Sigma-Aldrich, St. Louis, MO) or saline solution (vehicle,

VEH) in a volume of 100–150 ml (depending on the

mouse weight) by intraperitoneal (ip) route at CT15 or

ZT15. Abrupt 6-h advances in the LD schedule were

achieved by advancing the time of lights-on and

shortening of the dark phase. Conversely, abrupt 6-h

delays in the LD schedule were achieved by delaying the

time of lights-on and lengthening the dark phase.

All circadian parameters were calculated using the El

Temps (version 1.219, University of Barcelona) or the

ClockLab software (version 2.61, Actimetrics, Wilmette,

IL). In DD conditions, free-running activity periods (�)

were determined by Chi-square periodograms. For

activity pattern analysis, individual waveforms were

performed using 15 consecutive days in LD or DD

condition. Duration of the subjective night (a) was

calculated measuring the time length covered by the

portion of the curve on top of the activity mean of each

individual waveform (using the corresponding �).

Conversely, � (duration of the subjective day) was

calculated as the time length covered by the portion of

the curve under the activity mean. The percentage of

total activity occurring during light or dark in LD and a
or � in DD conditions was calculated as the percentage

of the area under the curve of the waveform analysis

occurring within the corresponding interval.

Phase shifts were calculated using the 10 previous

days and the 10 days after the stimuli (excluding the two

cycles immediately after stimulation), and the activity

onset was used as a phase marker. Phase shifts were

calculated as the difference between the two projected

activity onsets. Resynchronization to the new LD cycle,

after the 6-hour shifts, was considered fully accom-

plished when activity onset took place at the new time of

lights off ± 15 minutes and reported as the number of

days required to resynchronize for each animal. For

delays, the resynchronization time was also analyzed

taking into account the offset of the activity pattern.

Tissue cytokine detection
Two hours after LPS or VEH ip inoculation at ZT3 or

ZT15, mice were sacrificed by cervical dislocation,

brains were removed and SCN and PVN regions were

carefully dissected under magnifying glass observation.

Proteins were homogenized in 0.01 M phosphate buffer

saline (PBS) containing a protease inhibitor cocktail

(P8340; Sigma-Aldrich), incubated for 15 min at 4 �C and
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centrifuged at 12 000 rpm for 15 min. Supernatants were

collected and protein concentration was measured

using the Qubit� kit (Invitrogen, Carlsbad, CA).

Concentration of the cytokines Tnf, Il-6, Il-12p70,

Interferon-gamma (Ifng), Il-10 and the chemokine Ccl2

were determined using the cytometric bead array mouse

inflammation kit (Becton Dickinson Company, San Jose,

CA) according to the manufacturer’s protocol.

RNA extraction and real-time PCR
Tissues corresponding to SCN regions were carefully

dissected, as described above, from mice under 12:12 LD

conditions at ZT3, ZT7, ZT11, ZT15, ZT19 and ZT23.

Total RNA was isolated using 100 ml of TRIzol reagent

(Life Technologies, Carlsbad, CA) according to the

manufacturer’s instructions. Fifteen microliters of RNA

solutions were quantified using a NanoDrop1000 equip-

ment (Thermo Scientific, Waltham, MA). cDNA was

synthesized from 200 ng of total RNA using oligo(dT)

primers and the SuperScript� First-Strand Synthesis

System (Invitrogen) according to the manufacturer’s

protocol. Gene amplification was performed on a real-

time PCR instrument Step One Plus (Applied

Biosystems, Carlsbad, CA), using 20 ml of final reaction

volume containing the following: 1ml of cDNA as

template, 1� of the Power SYBR Green PCR Master

Mix (Applied Biosystems) and the primers Tnfr1-F (50-

ACC AAG TGC CAC AAA GGA AC-30) and Tnfr1-R

(50-ATT CTG GGA AGC CGT AAA GG-30) or Gapdh-R

(50-TGC ACC ACC AAC TGC TTA G-30) and Gapdh-F (50-

GGA TGC AGG GAT GAT GTT C-30) (GenBiotech, Ciudad

Autónoma de Buenos Aires, Argentina) in a final con-

centration of 400 nM. The cDNA template was amplified

in duplicate, with the following conditions: 95 �C for 10

minutes, followed by 40 cycles of 95 �C for 15 seconds

and 60 �C for 1 minute. Then the melting curve was

obtained between 60 and 95 �C. Relative gene expression

was analyzed using the 2–DDCt method, with values from

samples collected at ZT3 used for calibration proced-

ures, while Gapdh gene was used as reference.

Immunohistochemistry and immunofluorescence
For Per1 and Per2 detection, mice were deeply anaes-

thetized with an ip cocktail containing ketamine

(150 mg/kg) and xylazine (10 mg/kg) after LPS or VEH

treatment and perfused intracardially with 4% parafor-

maldehyde in PBS. For cFos detection, mice were

sacrificed by cervical dislocation. Brains were removed

carefully, post-fixed overnight, cryoprotected in 30%

sucrose in PBS for 24 h and 20–30 mm thick coronal

sections were cut with a freezing cryostat and collected

in PBS.

For cFos and Per1, free-floating SCN and PVN-

containing sections (10 sections/mouse) were blocked

with 5% non-fat milk in PBS containing 0.4% Triton X-

100 and incubated with primary antisera raised in rabbit

against cFos [Santa Cruz Biotechnology (Dallas, TX),

1:4000 (Joshi & Pratico, 2013)] or Per1 [Affinity

BioReagents (Waltham, MA), 1:600 (Chilov et al., 2001)]

diluted in the same solution, for 48 h at 4 �C. Sections

were then treated using the avidin–biotin method with a

Vectastain Elite Universal kit containing a biotin-con-

jugated secondary antibody, avidin and biotin-conju-

gated horseradish peroxidase (Vector Laboratories,

Burlingame, CA) and Vector-VIP peroxidase substrate

(SK-4600).

For Per2 immunofluorescence, brain sections were

washed in 0.1 M phosphate buffer (PB) 0.03% Triton

X-100 (PBT0.03), next in PB 0.3% Triton X-100 (PBT0.3)

and again in PBT0.03. Slices were blocked with 10%

non-fat milk in PBT0.03 for 1 h and incubated with

primary antisera raised in rabbit against Per2 [Alpha

Diagnostics (San Antonio, TX), 1:2000 (Field et al., 2000)]

diluted in the same solution, for 72 h at 4 �C. Sections

were washed and incubated for 1 h at 37 �C with a FITC-

conjugated secondary antibody in PBT0.03 (Vector

Laboratories; 1:200). Slices were washed and mounted

with DAPI-containing medium (Vectashield�, Vector

Laboratories).

Cell counting was performed with the ImageJ 1.29

software (NIH) in hypothalamic sections as previously

described (Marpegan et al., 2005). Each SCN region was

divided in core and shell subregions (as shown in

Figure 4C, depicting a solid line surrounding the whole

SCN and a dotted line surrounding the core SCN

region). Relative expression was calculated dividing the

positive cells number of each sample by the average of

VEH-inoculated samples of each experiment.

In situ hybridization
Mice were sacrificed by cervical dislocation and brains

were rapidly removed and frozen in 2-methylbutane

cooled to –35 �C with dry ice for 5 minutes, and 15 mm

thick coronal sections through the SCN were cut on a

cryostat, mounted onto slides and stored at –80 �C. At

the time of assay, slides were warmed to room tem-

perature and fixed with 4% paraformaldehyde in 0.1 M

PB (pH 7.4) for 5 min; rinsed in 2� sodium chloride/

sodium citrate (SSC) for 2 min; acetylated in 0.1 M

triethanolamine hydrochloride, 0.15 M NaCl (pH 8.0)

and 0.25% acetic anhydride for 10 min; rinsed quickly in

2� SSC; dehydrated in a series of ethanol solutions and

delipidated in chloroform for 5 min. After rinsing in

ethanol and drying at room temperature, sections were

incubated in prehybridization buffer (50% 4� SSC, 50%

deionized formamide) for 1 hour at 37 �C before incu-

bation with 0.5–1� of 106 cpm/ml 35 S-labeled anti-

sense riboprobe in hybridization buffer (20% deionized

formamide, 4% dextran sulfate, 0.4% Denhardt’s, 0.02%

yeast tRNA, 0.2% sheared salmon sperm DNA and 4%

SSC 20�) overnight at 55 �C. Slides were cooled at room

temperature and coverslips removed by rinsing twice in

1� SSC for 10 min, followed by treatment with 50%

formamide/2� SSC for 5 min at 52 �C. Slides were rinsed

twice in 2� SSC for 5 min each and then incubated in

RNAse buffer (0.5 M NaCl, 1 mM Tris pH 8.0, 1 mM
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EDTA pH 8.0, 0.1 mg/ml RNAse A) for 30 min at 37 �C.

Slides were washed twice in 2� SSC for 5 min each and

incubated in 50% formamide/50% 2� SSC for 5 min at

52 �C; dehydrated in an ethanol series in 0.1� SSC; and

washed quickly in distilled water, followed by 70%

ethanol and air dried. Slides were exposed to X-ray film

(Kodak BIOMAX MR) for 7 days. All solutions up to this

point were prepared with RNAse-free distilled water.

Optical density (OD) of the autoradiographic hybridiza-

tion signal was measured using the ImageJ 1.29 sofware

(NIH). The average OD for each mouse SCN was derived

from at least three sections at the middle region of the

nucleus.

Statistical analysis
Data are presented as mean ± SEM. Differences between

two groups were analyzed by unpaired Student’s t test or

the non-parametric Mann–Whitney test (for data groups

with a non-Gaussian distribution). The difference

between more than two groups was analyzed by one-

or two-way analysis of variance (ANOVA) or the

non-parametric ANOVA Kruskal–Wallis test. Post-hoc

pairwise comparisons were performed by means of a

Bonferroni test. p Values of 0.05 or less were considered

to be statistically significant. For each experiment,

important statistical data are presented in the text

and complete statistical parameters are shown in the

figure legends.

RESULTS

Circadian response to LPS in Tnfr1 KO mice
We have previously reported a Tnf-dependent circadian

effect of peripheral LPS inoculation in mice (Leone

et al., 2012). In this study, we analyzed this phenomenon

in Tnfr1 KO mice. LPS administration (100 mg/kg, ip)

at CT15 induced a significant phase-delay in WT mice

(Figure 1; LPS: –0.32 ± 0.09 h, VEH: –0.06 ± 0.05 h, ANOVA:

p50.05). This phase delay was completely absent in

Tnfr1 KO mice (LPS: –0.01 ± 0.04 h, VEH: �0.03 ± 0.04 h;

p¼ 0.005). This result confirms the central role of the Tnf

pathway in the LPS circadian effect.

Circadian features in Tnfr KO mice
We also analyzed the circadian features of the Tnfr1 KO

mice in comparison with WT mice. We observed a

slightly longer free-running period in KO mice in

comparison with WT animals (Student’s t test p50.01;

Figure 2A and Table 1). The Tnfr1 KO mice exhibited a

circadian period of 23.87 ± 0.04 hours, as compared to

WT mice with a period of 23.62 ± 0.07 hours. The activity

pattern in LD and DD conditions was analyzed with the

individual waveforms, and the similarities between WT

and KO strains of mice are shown in the average

waveforms in Figure 2(B and C). The length of the

subjective night (a), the percentage of a on the corres-

ponding period (%a/�) and the relation between a and �

(length of subjective day) under DD conditions were

similar in both mice strains. In addition, the activity

counts and the percentage of nocturnal activity were

similar between KO and WT mice both in LD and DD

conditions (data not shown). We also analyzed the light

response in Tnfr1 KO in comparison with WT mice. The

phase delay induced by light pulses applied at CT15, and

phase advances at CT22 were similar in both strains of

mice. Furthermore, the number of days required to

resynchronize to a new LD schedule after a 6 hours

delay or advance in the lights on (experimental jet-lag)

was similar between KO and WT mice (Table 1).

Tnf and Tnfr1 presence in the SCN
To further characterize the role of Tnf in the circadian

response to immune activation, we analyzed cytokine

levels in SCN and PVN brain regions after peripheral LPS

FIGURE 1. LPS-induced phase-delay at CT15 in DD conditions. (A) Mean ± SEM of phase delay after LPS (100mg/kg, ip) or VEH injection at

CT15 in DD condition in WT and Tnfr1 KO mice. (B) Representative actograms. Two-way ANOVA interaction factor: p50.05, strain factor:

p50.005, post-hoc comparisons: *p50.05 WT LPS vs all resting groups. WT LPS: n¼ 11, WT VEH: n¼ 11, KO LPS: n¼ 7 and KO VEH: n¼ 15.

Arrows indicate the inoculation day.
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inoculation in WT mice. We found increased levels

of the cytokines Tnf (ANOVA, p50.001) and Il-6

(p¼ 0.0001) and the chemokine Ccl2 (p50.001),

2 hours after LPS ip inoculation in comparison with

VEH administration in WT mice, both at ZT3 and at

ZT15 in SCN (Figure 3A–C) and PVN (data not shown)

regions. The cytokines Il-12p70, Ifng and Il-10 were

undetectable in both tissues at both times analyzed

(data not shown).

As we did not find a time-dependent effect in Tnf

levels in the SCN after LPS inoculation, we hypothesized

that the restricted time window for the circadian effect

of this immune stimulation could depend on the

circadian expression of Tnfr1. Indeed, Tnfr1 mRNA

levels (assessed by real-time PCR) were higher during

the night (Figure 3D), peaking at ZT15 (ANOVA,

p50.01). This result suggests that the phase dependency

for the LPS-induced circadian effect may be determined

by Tnfr1 circadian expression in the SCN.

Molecular activation of SCN and PVN cells after LPS
inoculation
Our next aim was to evaluate the neuronal activation

of SCN and PVN brain regions in Tnfr1 KO mice in

response to peripheral LPS inoculation. First, we

characterized the LPS-induced cFos expression, an

early neuronal activation marker, in control animals,

at different time intervals (15, 30, 60, 90 minutes and

4 hours) following LPS inoculation. We observed an

increase in the number of cFos-positive cells in the core

region of the SCN 30 minutes after LPS stimulation

(Figure 4A and C; ANOVA; p50.01) and in the shell

region 90 minutes after such stimulation (Figure 4B and

D; ANOVA; p50.005). Moreover, no difference was

observed in cFos expression after an LPS stimulation

at ZT3 (data not shown), indicating a time-specific

response.

Next, we analyzed the LPS-induced cFos expression

in Tnfr1 KO mice. No differences were found in core and

shell SCN regions of KO mice after LPS or VEH

inoculation, both at 30 and 90 minutes after ZT15

stimulation (Figure 4).

In the PVN region, we found an increased number

of cFos-positive cells 90 minutes after LPS inoculation

at ZT15 in WT mice (Figure 5; ANOVA p50.001).

Moreover, this increase was maintained 4 hours after

LPS stimulation (data not shown). When we analyzed

cFos expression in the PVN of Tnfr1 KO mice 30 and 90

minutes post inoculation, we did not find any significant

difference between LPS and VEH injection.

In addition, expression levels for some components

of the circadian clock pathway (Per1, Per2 and Bmal1)

were analyzed in brain sections of control and mutant

animals (Figures 6 and 7). No difference was found in

Per1 expression in the SCN 90 minutes after LPS or VEH

inoculation in WT and KO animals (Figure 6). However,

we observed a significant increase of Per1 expression in

the PVN region of WT mice, but not in KO mice, after

LPS inoculation (Figure 6). As expected, light pulses

FIGURE 2. Activity patterns of WT and Tnfr1 KO mice. (A) Representative actograms of wheel running activity of WT and Tnfr1 KO mice, in

LD and DD conditions. Average waveform of WT and Tnfr1 KO mice in LD (B) and DD (C) conditions. WT: n¼ 11 and KO: n¼ 15.

TABLE 1. Free-running period and light-response of Tnfr1 KO

mice.

Tnfr1 KO

(n¼ 11)

WT

(n¼ 10) p

� (hours)a 23.87 ± 0.04 23.62 ± 0.07 50.01

Light-pulse (100 lux)b

CT15 (hours) –1.6 ± 0.19 –1.9 ± 0.15 ns

CT22 (hours) 0.36 ± 0.08 0.49 ± 0.11 ns

Jet Lag (6 hours)c

Advance (days) 10.3 ± 0.8 8.6 ± 0.7 ns

Delay (days) 4.7 ± 0.2 3.6 ± 0.5 ns

Data are expressed as mean ± SEM. p Values correspond to

Student’s t test.
aFree running period (�) in DD conditions.
bPhase delay at CT15 or phase advance at CT22 induced by a white

light pulse (100 lux, 10 minutes).
cTime required to resynchronize after a 6-h advance or delay of the

LD cycle (jet lag).
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increased Per1 mRNA expression in the SCN. Per1

mRNA expression went back to control levels 180

minutes post-light pulses administration at ZT15 (data

not shown). In addition, we also performed in situ

hybridization to detect Bmal1 mRNA after LPS or VEH

treatment, and we observed a similar OD signal in all

groups (data not shown).

We also observed a higher number of Per2-positive

cells in core and shell SCN regions in LPS-stimulated

WT mice, 150 minutes after inoculation (Figure 7,

Student’s test: Core p50.05; Shell p50.05). On the

contrary, LPS had no effect on Per2 expression in Tnfr1

KO mice.

DISCUSSION

LPS effects on the circadian system
Systemic low doses of LPS delivered at CT15 induce a

photic-like phase delay of locomotor activity rhythms in

mice (Marpegan et al., 2005). In previous reports, we

suggested that LPS may act on the clock by inducing

the release of the cytokines Il-1 b and Tnf, which finally

act on the SCN (Leone et al., 2006). We recently found

that icv delivery of Tnf or Il-1 b induced phase delays on

wheel-running activity rhythms. Furthermore, the icv

administration of soluble Tnf receptor (but not an Il-1

antagonist) prior to LPS stimulation inhibited phase

delays (Leone et al., 2012), confirming the central role of

Tnf in the LPS-circadian effect. In order to further

characterize this immune-circadian interaction, we

analyzed the participation of the Tnf receptor in the

LPS-induced phase delay model. In this study,

we have studied the circadian behavior and LPS-

induced circadian response of Tnfr1 KO mice. We

found a Tnfr1-dependent LPS circadian response, both

at the behavioral and molecular levels. Interestingly,

we observed similar LPS-induced cytokine levels in

SCN and PVN brain regions at ZT3 and ZT15, together

with an increased level of Tnfr1 at ZT15 in SCN. These

facts suggest a central role of Tnfr1 circadian expression

in the SCN related to the time-dependent LPS effect on

biological rhythms.

The phase-shift of locomotor activity rhythms

observed after LPS inoculation provides evidence of

the response of the circadian system to an immune

challenge. Indeed, phase-shifts can be considered as a

reliable read-out of the circadian system, because they

reflect changes in clock-controlled output variables,

and are necessary for the adequate entrainment to the

environment. As we used relatively low doses of the

FIGURE 3. LPS-induced cytokines and Tnfr1 levels in the SCN. Mean ± SEM of pg/mg of protein of Tnf (A), Ccl2 (B) and Il-6 (C) in SCN, 2

hours after LPS (100mg/kg) or VEH ip inoculation at ZT15 and ZT3 of WT mice, determined by flow cytometry. Two-way ANOVA post-hoc

comparisons: **p50.01, ***p50.001 LPS vs VEH inoculated mice; n¼ 3 (SCN of five mice were pooled for each determination). (D)

Mean ± SEM of relative mRNA levels of Tnfr1 in SCN at different ZTs of WT mice detected by real-time PCR. One-way ANOVA post-hoc

comparisons: *p50.05 ZT15 vs ZT3 and ZT11; n¼ 4 per time point.
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FIGURE 4. LPS-induced cFos expression in the SCN. Immunohistochemistry of cFos in the SCN of mice challenged with LPS (100 mg/kg, ip)

or VEH at ZT15. Mean ± SEM of relative number of cFos-positive cells in the core (A) and the shell (B) SCN regions in WT and Tnfr1 KO mice

at different time interval post LPS/VEH inoculation. (C and D) Representative pictures of WT and KO mice 30 and 90 minutes after LPS/

VEH inoculation. Kruskall–Wallis test: Core 30 minutes; p50.01; Shell 90 minutes: p50.005, post-hoc comparisons: *p50.05 WT LPS vs all

resting groups at the corresponding time. n¼ 5–7 per group for 30 minutes and n¼ 7–10 per group for 90 minutes. Scale bar¼ 100 mm. Solid

line surrounding the whole SCN and dotted line surrounding the core SCN region. 3 V: third ventricle and OC: optic chiasm.

FIGURE 5. LPS-induced cFos expression in the PVN. Mean ± SEM of relative number of cFos-positive cells in the PVN region of WT and

Tnfr1 KO mice challenged with LPS (100mg/kg, ip) or VEH at ZT15 at 30 and 90 minutes post injection (A) and representative pictures (B).

(A) 90 minutes: two-way ANOVA post-hoc comparison: *p50.05 WT LPS vs WT VEH and KO VEH; n¼ 5–9 per group. Scale bar¼ 100mm.

3 V: third ventricle.
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endotoxin, this might reflect the modulatory effect of an

increased activity of immune effectors on the circadian

system. By increasing the release of pro-inflammatory

cytokines, LPS might activate a signaling mechanism to

the circadian system, and therefore adjust the phase of

different clock-controlled variables. In this sense, the

endotoxin might be considered a zeitgeber that modu-

lates humoral mechanisms that feedback into the clock.

A related mechanism could be activated in response to

infections or non-infectious inflammatory diseases, with

FIGURE 6. LPS-induced Per1 expression in the SCN and the PVN. (A) Mean ± SEM of relative number of Per1-positive cells in the SCN and

the PVN region detected by immunohistochemistry, and (B) representative pictures of WT mice challenged with LPS (100mg/kg, ip) or VEH

at ZT15, 90 minutes post inoculation. (C) Mean ± SEM of optical density of Per1 mRNA signal in the SCN and the PVN regions and (D)

representative pictures, detected by in situ hybridization in WT mice 90 minutes after LPS/VEH inoculation or 400 lux (10 minutes) of

fluorescent white light pulse. (A and B) PVN: Kruskal–Wallis test: p¼ 0.01; post-hoc comparison: *p50.05 WT LPS vs WT VEH, KO LPS and

KO VEH; n¼ 4–6 animals per group. (C and D) SCN: One-way ANOVA: p50.01; post-hoc comparison: **p50.01 WT VEH vs WT light pulse;

*p50.05 WT LPS vs WT Light Pulse. PVN: one-way ANOVA: p¼ 0.02; post-hoc comparison: *p50.05 WT VEH vs WT LPS and WT light pulse;

n¼3 animals per group. Scale bar¼ 100 mm. 3 V: third ventricle, OC: optic chiasm.

FIGURE 7. LPS-induced Per2 expression in the SCN. (A) Mean ± SEM of relative number of Per2-positive cells in the SCN detected by

immunofluorescence and (B) representative pictures, of WT and Tnfr1 KO mice challenged with LPS (100 mg/kg, ip) or VEH at ZT15, 150

minutes post inoculation. Student’s t test: WT core: p50.05; WT shell: p50.05. WT: n¼ 6, KO: n¼ 4. Scale bar¼ 100 mm. 3 V: third ventricle

and OC: optic chiasm.
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the important difference of the chronic stimulation of

the immune system. Indeed, increased levels of pro-

inflammatory cytokines may affect the circadian system

and modify clock-controlled variables. However, the

chronic effect of these molecules on the clock could

differ from an acute phase modification.

As previously reported, peripheral LPS inoculation

induces a phase-response curve similar to the one

observed for the light pulses, inducing phase-delays

in the early subjective night, in particular at CT15

(Marpegan et al., 2005). We recently reported similar

plasma levels of Il-1 a, Il-1 b, Il-6 and Tnf after low doses

of LPS inoculation at ZT3 and ZT15 (Leone et al., 2012).

Moreover, in this study, we observed similarly increased

levels of the cytokines Tnf and Il-6 and the chemokine

Ccl2 in the SCN after peripheral LPS inoculation both

at ZT3 and at ZT15.

Interestingly, we found a rhythmic expression of

Tnfr1 in SCN, showing an acute peak at ZT15. Our

results lead us to propose that the time-dependent effect

of LPS or Tnf on the circadian system could be due, at

least in part, to the rhythmic expression of this cytokine

receptor in the SCN. Similarly, Beynon & Coogan (2010)

recently reported a rhythmic expression of Il-1 receptor

(Il-1 r) in mice SCN. However, the Il-1 r expression

showed increased levels only during the late night.

On the other hand, there are data suggesting that the

immune-related transcription factor Nfkb1 is implicated

in this response, and its presence and activity in the SCN

have been demonstrated for both light and LPS-induced

phase shifts (Marpegan et al., 2005, 2004). It is known

that Tnf and Il-1 b activate this transcription factor,

which induces the expression of Il-6 and Ccl2

(Harada et al., 2011; Kroon et al., 2013; Poon et al.,

2013). In addition, Il-6 (which also induces Ccl2 expres-

sion) synthesis is regulated through the activation

of others transcription factors such as Cebpb (CAAT/

enhancer-binding protein beta) and Jun (activator pro-

tein 1) (Mogensen, 2013; Waldner et al., 2012). We have

reported previously that astrocytes may mediate input

signals to mouse SCN coming from the immune system

via Nfkb1 signaling (Leone et al., 2006). Indeed, we

recently observed that SCN astrocytes secrete the cyto-

kines Il-6, Tnf and Ccl2, after Tnf in vitro stimulation

(Duhart et al., 2013), suggesting that glial cells might

represent an interface between the immune and the

circadian systems.

Taken together, these data suggest that immune

signals might stimulate the SCN independently of the

time of day; however, circadian expression of the Tnfr1

might be responsible for the circadian changes in

immune-induced phase shifts in the SCN.

LPS-related pathways within the central nervous
system
The mechanism by which peripheral administration of

LPS affects the central nervous system (CNS) remains

controversial. It has been shown that a dose of 50 mg/kg

of LPS can modify core-body temperature and induce

sickness behavior in mice (including a decrease in

locomotor activity, anhedonia and anorexia), 2–4 hours

after stimulation when applied during the early day

(Dogan et al., 2000; Lacosta et al., 1999; Teeling et al.,

2007). In addition, the change in locomotor activity was

observed 2 hours after the ip inoculation of the

cytokines Il-1 b, Il-6 and Tnf (Skelly et al., 2013).

LPS (100 mg/kg) is not able to cross the blood–brain

barrier (BBB) in rats but it can bind to specific receptors

in the cerebral vascular endothelium, inducing proin-

flammatory responses (Singh & Jiang, 2004). Cerebral

expression of Tlr4 has been demonstrated in rat

circumventricular organs and in some parenchymal

structures, especially within the regions lining the

cerebroventricular systems, including the PVN of the

hypothalamus (Laflamme & Rivest, 2001). Moreover,

cytokines induced peripherally by LPS may also enter

the brain through the organum vasculosum laminae

terminalis where the BBB is leaky due to the presence

of a fenestrated endothelium (Romanovsky et al., 2003)

or may act through neural terminals of peripheral tissue,

e.g. those of the vagus nerve (Maier et al., 1998; Simons

et al., 1998). In this study, we report increased levels of

Il-6, Tnf and Ccl2 both in SCN and PVN brain regions

after peripheral LPS inoculation. It has been suggested

that the chemokine Ccl2 can weaken the BBB and allow

other macromolecules to cross into the brain (Yao &

Tsirka, 2014). Furthermore, the LPS-induced activation

of Il-1 b and Tnf in the brain cortex and hippocampus is

dependent on Ccl2 expression, while the inflammatory

peripheral response is exaggerated when this chemokine

is absent (Thompson et al., 2008).

cFos induction in the PVN after LPS peripheral

inoculation has been explored widely (Bienkowski &

Rinaman, 2008; Garcia-Bueno et al., 2009; Singru et al.,

2008). These nuclei have been described as an output

relay station for the SCN (Kalsbeek et al., 2010), and its

stimulation affects clock-controlled rhythms such as

pineal melatonin secretion (Isobe & Nishino, 2004). We

found an increase in cFos expression in this brain region

90 minutes and 4 hours after LPS inoculation at ZT15.

The increase of Per1 positive cells number in this brain

region at ZT15 (this study) and at ZT22 (Takahashi et al.,

2001) suggest that the PVN responds to immune stimu-

lation regardless of time-of-day. In addition, nonphotic

circadian phase shifting stimuli have been found to

induce Per1 expression in the PVN but not in the SCN

(Meza et al., 2008). On the other hand, cFos and Per1

induction in the PVN after LPS stimulation is dependent

on the presence of the Tnfr1. The role of LPS-induced

clock genes in the PVN for circadian entrainment

remains to be examined in more detail.

Circadian responses in Tnfr KO mice
We also analyzed the circadian behavior of Tnfr1 KO

mice. Under DD conditions, circadian rhythms assume

free-running periods that are close to 24 hours. While
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the free-running period in BALB/c mice is close to

23 hours (Shimomura et al., 2001), in C57bl/6 and

C57bl/10 mice, it ranges between 23.3 and 23.9 hours

(Schwartz & Zimmerman, 1990). In line with this report,

we found a free-running period of 23.62 ± 0.07 in the

C57bl/6 J control mice. The free-running period of Tnfr1

KO mice resulted slightly, but significantly, longer than

in WT mice. Although the ability to resynchronize to a 6-

hour shift in the LD cycle (both in delayed or advanced

schedules) was similar in mutant and control animals,

we observed a tendency of a decreased phase-shift after

a light-pulse and a longer resynchronization time to

a new LD schedule in KO mice, which could be related

to the longer free-running period observed in these

mutants.

On the other hand, we also analyzed LPS-induced

cFos, Per1 and Per2 expression in the SCN of Tnfr1 KO

mice. We found no activation for these markers,

suggesting that the Tnfr1 is necessary for LPS-induced

molecular changes in the circadian clock.

Immune-circadian interaction: from the clock to the
body
A role for cytokines in the regulation of the molecular

circadian clock has been suggested in several studies.

Cavadini et al. (2007) have shown that treatment with

Tnf downregulates the expression of E-box-driven clock

genes in cultured fibroblasts. Furthermore, the inter-

action of Tnf with Tnfr1, but not Tnfrsf1b (Tnfr2), leads

to fast downregulation of gene expression of Dbp and

upregulation of negative regulators of the molecular

clock, Per1 and Per2, Cryptochrome 1, and Differentiated

embryo chondrocytes 1 (Petrzilka et al., 2009).

Regarding Per2, we recently reported that Tnf applied

to SCN astrocytes cultures from Per2luc knock-in

mice altered both the phase and amplitude of Per2

expression rhythms, in a phase-dependent manner

(Duhart et al., 2013).

As for the effects of endotoxin on the brain, it has

been reported that peripheral LPS injections (50 mg/kg)

at ZT22 caused a rapid induction of Per1, but not Per2,

mRNA levels in the mouse PVN without any change of

whole SCN and liver mRNA levels (Takahashi et al.,

2001). Higher doses of LPS (1 mg/kg) injected at ZT01

suppressed the Per2 and Dbp mRNA levels in SCN and

liver tissue in rats (Okada et al., 2008). Sadki et al. (2007)

examined the effect of Tnf/Ifng icv microinjection on

cFos expression in the SCN and reported an interaction

between cytokine treatment and cFos expression in core

and shell regions of the SCN. In this study, we evaluated

the LPS-induced cFos expression in core and shell

SCN brain regions from 15 minutes to 4 hours post

injection. In control animals, we observed an increase

in the number of cFos-positive cells in the core SCN

30 minutes after LPS and in the shell SCN 90 minutes

after stimulation at ZT15. This sequential core-shell

activation suggests a photic-like response to LPS inocu-

lation. Moreover, we did not observe any difference in

cFos expression in the SCN 90 minutes after ZT3

stimulation, indicating a time-specific response. In

addition, we analyzed Per1 and Per2 expression in

brain sections after LPS inoculation at ZT15 and

we found an increase of Per2-, but not Per1-, positive

cells in core and shell SCN regions. For Per1 expression,

different time-intervals after LPS inoculation should be

analyzed to confirm this result. The difference with

previous reports (Okada et al., 2008; Takahashi et al.,

2001) in SCN Per2 expression may be related to LPS

inoculation time (ZT15 vs. ZT22 or ZT01).

Long-term modulation of Per2, but not of Per1,

expression was observed in the SCN of post-septic

animals (O’Callaghan et al., 2012). Moreover, Per2-

deficent mice were relatively insensitive to such inocu-

lation (Liu et al., 2006). In addition, the inoculation of

lethal doses of LPS induces an increased mortality rate

at ZT11, in comparison with ZT19 (Halberg et al., 1960;

Marpegan et al., 2009). Similarly, Tnf peripheral injec-

tion also induced an increased mortality rate at ZT6-10

(Hrushesky et al., 1994). As Per2 levels at ZT11 are higher

than at ZT19, these results suggest an important role of

this clock protein in LPS-induced septic shock.

The Per2 modulation in different peripheral tissues

after immune stimulation remains controversial and

seems to depend on the specific tissue and the time of

inoculation (Westfall et al., 2013). Moreover, the circa-

dian rhythms of both clock and immune-related mol-

ecules depend on the specific immune cell-type (Silver

et al., 2012a,b). It is possible that central Per2 modula-

tion participates in the temporal signaling to the

periphery. Additional work regarding the peripheral

impact of this central clock modulation should be

performed. Again, it is important to highlight that the

low-dose LPS model is a simplified approach to under-

stand the effect of mild immune stimulation on circa-

dian rhythmicity, but is quite different to a pathological

situation where the immune system is chronically

stimulated. As for the latter, sickness behavior symp-

toms, including fatigue, mood alterations, depression,

sleep disturbances, loss of appetite and cognitive dys-

function, are prevalent in many systemic inflammatory

diseases. The cytokines Tnf, ll-1 b and Il-6 have been

postulated as mediators of this communication pathway

in the CNS. Many of these symptoms are regulated by

the circadian clock; for example, the increase in body

temperature and the sleep modulation after Il-1 or Il-6

injection in mice differ depending on the time of

administration (Morrow & Opp, 2005; Opp & Toth,

1998; Opp et al., 1991). Chronic inflammation, such as

the one observed in animal arthritis models, induce

changes in locomotor activity and endocrine rhythms

(Laste et al., 2013; Sarlis et al., 1992). In autoimmune

diseases, such as rheumatoid arthritis, multiple sclerosis

or systemic lupus erythematosus, patients exhibit sleep

disturbances and changes in melatonin, cortisol, cyto-

kines and clock gene rhythms (Kouri et al., 2013;

Lin et al., 2013). Chronic kidney disease patients often
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exhibit a deregulated circadian blood pressure rhythm,

such as nocturnal non-dipping profile (Farmer et al.,

1997), sleep–wake disruption and a decrease in the

amplitude of the melatonin rhythm (Koch et al., 2010).

On the other hand, Trypanosoma brucei brucei-infected

rats showed a significant decline in the amplitude,

regularity and ‘‘robustness’’ of sleep–wake pattern and

body temperature rhythms (Lundkvist et al., 2010;

Seke Etet et al., 2012). Indeed, more research is needed

to completely understand the immune–circadian inter-

action during the chronic inflammation in different

diseases.

In summary, our results show that Tnf and its

receptor Tnfr1 represent the main pathway through

which LPS modifies the setting of the circadian clock.

This pathway may be an important feedback mechan-

ism by which the immune system signals the circadian

system under both physiological and pathological

conditions.
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