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Role of Proinflammatory Cytokines on Lipopolysaccharide-Induced Phase
Shifts in Locomotor Activity Circadian Rhythm

M. Juliana Leone, Luciano Marpegan, José M. Duhart and Diego A. Golombek

Laboratorio de Cronobiologia, Universidad Nacional de Quilmes/CONICET, Buenos Aires, Argentina

We previously reported that early night peripheral bacterial lipopolysaccharide (LPS) injection produces phase delays in
the circadian rhythm of locomotor activity in mice. We now assess the effects of proinflammatory cytokines on circadian
physiology, including their role in LPS-induced phase shifts. First, we investigated whether differential systemic
induction of classic proinflammatory cytokines could explain the time-specific behavioral effects of peripheral LPS.
Induction levels for plasma interleukin (IL)-1q, IL-1(, IL-6, or tumor necrosis factor (TNF)-a did not differ between
animals receiving a LPS challenge in the early day or early night. We next tested the in vivo effects of central
proinflammatory cytokines on circadian physiology. We found that intracerebroventricular (i.c.v.) delivery of TNF-a or
interleukin IL-1B induced phase delays on wheel-running activity rhythms. Furthermore, we analyzed if these
cytokines mediate the LPS-induced phase shifts and found that i.c.v. administration of soluble TNF-a receptor (but
not an IL-13 antagonistic) prior to LPS stimulation inhibited the phase delays. Our work suggests that the
suprachiasmatic nucleus (SCN) responds to central proinflammatory cytokines in vivo, producing phase shifts in
locomotor activity rhythms. Moreover, we show that the LPS-induced phase delays are mediated through the action
of TNF-a at the central level, and that systemic induction of proinflammatory cytokines might be necessary, but not
sufficient, for this behavioral outcome. (Author correspondence: dgolombek@ung.edu.ar)
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INTRODUCTION

Mammalian circadian timing is controlled by a central
pacemaker located within the hypothalamic suprachias-
matic nucleus (SCN). The SCN governs the temporal
organization of a great number of physiological and
behavioral variables and can be entrained to the light-
dark (LD) cycle by means of photic stimuli (Golombek
& Rosenstein, 2010). The molecular mechanisms under-
lying the generation of circadian rhythmicity consist of a
transcriptional/translational feedback loop that includes
a number of “clock” genes (e.g., Clock, Bmall, Perl,
Per2, Per3, Cryl, Cry2, Rev-erb-a, Decl, Dec2) and
drives the expression of several clock-controlled genes
(Okamura et al., 2010).

A bidirectional communication has been described
between the immune and the circadian system (reviewed
in Coogan & Wyse, 2008). Several immune cells and cyto-
kines show daily variation in their plasma levels (Born
et al., 1997; Leone et al., 2007), and immune cells and
tissues display a functional molecular clock (Arjona &
Sarkar, 2005; Davidson et al., 2009; Hayashi et al., 2007;
Keller et al., 2009; Wang et al., 2011). The response to

an immune challenge is also time dependent, both at
the cellular and the systemic level (Halberg et al., 1960;
Hrushesky et al.,, 1994; Keller et al., 2009; Marpegan
et al.,, 2009), and circadian disruption can lead to
altered immunological response (Castanon-Cervantes
et al., 2010). On the other hand, the immune system is
also capable of affecting the circadian clock. Lipopolysac-
charide (LPS) challenge has been used as an immune
stimuli in several works as a pathologic (Halberg et al.,
1960) or physiologic model, depending on dose (Mul-
lington et al., 2000; Thomson & Sutherland, 2005). High
LPS doses have lethal (when >10 mg/kg) or sublethal
effects in mice, exhibiting a circadian response in mor-
tality and a lower amplitude in activity without significant
effects on circadian phase (Marpegan et al., 2009). In this
pathological model, core body temperature is profoundly
affected in mice, inducing hypothermia for several days.
A peripheral challenge with low-dose LPS (25 pg/kg)
induces photic-like circadian phase delays on wheel-
running activity in mice, but only when delivered at cir-
cadian time (CT) 15, and this effect is mediated by Toll-
like receptor 4 (TLR-4) and nuclear factor-xB (NF-kB)
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activity (Marpegan et al., 2005; Paladino et al., 2010). In
addition, LPS effects are mediated by proinflammatory
cytokines in several experimental models. In particular,
the effect of proinflammatory cytokines on circadian
physiology have been shown for interferon (IFN)-a
(Koyanagi & Ohdo, 2002; Ohdo et al., 2001), IFN-y
(Kwak et al., 2008; Lundkvist et al., 2002), interleukin
(IL)-6 (Motzkus et al., 2002), IL-1p (Cavadini et al.,
2007), and tumor necrosis factor (TNF)-a (Cavadini
et al., 2007; Nygard et al., 2009). The aim of the present
work was to study if proinflammatory cytokines are
involved in the LPS pathway that induces phase shifts in
the locomotor activity circadian rhythm. We report that
peripheral cytokine and chemokine induction was inde-
pendent of the time of the immune challenge, suggesting
that the peripheral response does not explain the time
differences in behavior. Intracerebroventricular (i.c.v.)
delivery of both TNF-a and IL-1p in vivo induced phase
delays in wheel-running activity at CT 15. Finally, TNF-a
was found to be necessary for the circadian behavioral
outcome of systemic endotoxin challenge, as blockade of
TNF-a (but not IL-1p) action at the central level inhibited
phase delays induced by peripheral LPS.

MATERIALS AND METHODS

Animals

Adult (3-5 mo old) C57-BL/6] male mice (Mus musculus)
were raised in our colony and housed under a 12 h light
(L):12 h dark (D) photoperiod (lights-on at 08:00 h), with
food and water access ad libitum. All animal manipula-
tions and experimental protocols performed in this work
were supervised and approved by the University Insti-
tutional Animal Care and Use Committee, in agreement
with policies and laws of the Office of Laboratory Animal
Welfare, National Institutes of Health, USA, and the
ethical standards of the journal (Portaluppi et al., 2010).

Behavioral Analysis

Animals were kept in individual cages equipped with
running wheels. Wheel revolutions were recorded by
magnetic microswitches, with the accumulated counts
collected every 5min. For LD conditions, time is
expressed as zeitgeber time (ZT), with ZT 12 defined as
the time of lights-off. For experiments in constant dark-
ness conditions (DD), mice were transferred from LD to
a constant dark environment (DD) in single cages at
least 10 d prior to the treatments, and reference time
was set by wheel-running activity-onset of each animal
(CT 12). Dim red light was used for animal manipulation
in DD conditions. Phase shifts on wheel-running activity
were calculated with El Temps software (Antoni Diez
Noguera, University of Barcelona), using activity-onset
as phase reference point. Total wheel-running activity
was measured immediately after each treatment (CT
15-24), and then it was expressed relative to the total
activity mean (in the same time interval) of the 5
previous days.

Surgery and Microinjections

Mice were surgically implanted with 26-gauge stainless
steel guide cannulae (PlasticsOne, Roanoke, VA, USA)
for i.c.v. injections. Animals were deeply anesthetized
with a 70 mg/kg ketamine and 10 mg/kg xylazine cocktail
by intraperitoneal route (i.p.). Stereotaxic surgery
allowed the implantation of a cannula aimed at the
bottom of the third ventricle in the SCN region (coordi-
nates from bregma: -.5 mm anteroposterior, —-5.0 mm
dorsoventral, .0 mm from midline). Once recovered
from the anesthesia, animals were kept in LD for 24 h
and transferred to DD conditions afterwards. i.c.v.
microinjections were performed with a 33-gauge internal
injector (PlasticsOne) connected to a microsyringe
(Hamilton, Reno, NV, USA), delivering a total volume of
1 pL at .2 pL/min.

Cytokine and Chemokine Measurements

Blood serum samples were collected at 0 and 60 min post
injection for each time point and stored at -80°C. Levels
of selected cytokines and chemokines—IFN-y, IL-1p, IL-
2, IL-4, IL-6, IL-10, TNF-a, granulocyte-macrophage
colony-stimulating factor (GM-CSF), monocyte chemo-
tactic protein 1 (JE/MCP1), IL-1a, macrophage inflam-
matory protein (MIP) 2, and regulated on activation
normal T cell expressed and secreted (RANTES)—were
measured in triplicate from each sample using the
search light proteome arrays/multiplex assay (Pierce
Protein Research Products, Rockford, IL, USA; Toedter
et al., 2008).

Treatment With LPS, Cytokines, and Cytokine Antagonists
A brief description of the experimental protocol is
presented in Figure 1.

For the cytokine/chemokine plasma-induction exper-
iment, animals (n = 3/group) received 25 pg/kg i.p. LPS
from Escherichia coli serotype 0111:B4 (Sigma-Aldrich,
St. Louis, MO, USA) at two different time points in LD
(ZT 3 and ZT 15).

To study the behavioral effects of central proinflam-
matory cytokines, wheel-running animals (n = 4/group)
received i.c.v. microinjections of either IL-1p (1 ng;
Sigma-Aldrich), TNF-a (5 ng; Peprotech, Rocky Hill, NJ,
USA), or vehicle (saline) at CT 15.

For the cytokine antagonist experiments, wheel-
running mice received i.c.v. administration of either
saline, TNF-a soluble receptor I (TNFsRI; 50 ng; Sigma-
Aldrich), or IL-1 receptor antagonist (IL-1Ra; 200 ng;
Valeant Pharmaceuticals, Mississauga, Ontario, Canada)
30 min prior to a 50 pg/kg i.p. LPS challenge at CT 15.
Animals were divided into two groups, and each mouse re-
ceived four different treatments. One group received
Saline (i.c.v.)-LPS (i.p.), TNFsRI-Saline, TNFsRI-LPS,
and Saline-Saline treatments (n=10), whereas the
other group received Saline-LPS, IL-1Ra-Saline, IL-1Ra-
LPS, and Saline-Saline treatments (n=6). In both
groups, treatments were separated by least 15 d. For the
control experiment of LPS tolerance, mice (n=3)
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FIGURE 1. Summary of experimental protocol. A set of exper-
iments to assess cytokine effects on circadian physiology was
designed, including its role in LPS-induced phase shifts. In Exper-
iment 1, the role of peripheral cytokines/chemokines in the differ-
ential effect of LPS on circadian physiology was assessed. Animals
were treated with LPS 25 ug/kg ip at two different times of day (ZT3
and ZT15) and then peripheral LPS-induced cytokines/chemo-
kines levels were measured at 0 and 60 min post-challenge. Exper-
iment 2 aimed at testing whether central proinflammatory
cytokines could be the mediators of LPS circadian effects. IL-1§
or TNF-a were administered icv to assess their ability to induce
LPS-like phase delays. Finally, Experiment 3 was designed as to
test whether central cytokines are necessary for LPS-induced
phase shifts at CT15, by injecting IL-1RA or TNFsR icv 30 min
before an LPS 50 pg/kg ip challenge.

received two 50 pg/kg i.p. LPS injections, separated by 29
d, and phase delays were calculated after each challenge.

Statistical Analysis

Differential cytokine/chemokine induction levels were
analyzed by assessing 60 min post-LPS challenge values
at ZT 3 and ZT 15, subtracting the values at time 0, and
compared by Student’s ¢ test. Variations on basal cyto-
kine/chemokines levels between the two ZTs, when
absolute values at time 0 were detectable, were compared
by Student’s ¢ test. The effects of cytokine i.c.v. delivery
were analyzed by one-way analysis of variance
(ANOVA) followed by Dunnett’s test. For the cytokine
antagonism experiments, the effects of the treatments
were analyzed by repeated-measures one-way ANOVA
followed by Tukey test. Data are presented as mean +
SEM. p values of <.05 were considered to be
statistically significant.

© Informa Healthcare USA, Inc.
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RESULTS

Peripheral Cytokine Induction After i.p. LPS Administration
Systemic low doses of LPS can alter the circadian system
(cause phase delays), only when injected at CT 15 (Mar-
pegan et al., 2005). A possible reason for the time-depen-
dent effects of this challenge on the clock could be a
differential response of the immune system to the stimu-
lus, related to a differential increase of humoral factors
depending on the time of endotoxin administration. We
analyzed the effect of a 25 pg/kg i.p. LPS injection on
the plasma levels of selected cytokines and chemokines
at two different time points, ZT 15 and ZT 3 (representing
the times, respectively, when LPS does or does not
induce circadian phase shifts). The basal levels for the
molecules analyzed were close to zero, or, in some
cases, not detectable, and no difference was found
between the two time points analyzed, with the exception
of IL-1a, which had higher basal values at ZT 15
(Figure 2). i.p. LPS injection caused strong induction of
most of the factors analyzed, at 60 min post adminis-
tration, but this induction was not dependent on the ZT
for the classic proinflammatory cytokines IL-1a, IL-1f,
TNF-q, and IL-6 (Figure 2, Table 1). Significant differ-
ences were found only for MIP1a and RANTES chemo-
kines, with a stronger induction when LPS was given at
ZT 15 than ZT 3 (Table 1).

Circadian Effects of i.c.v. Administration of Proinflammatory
Cytokines

Our finding that plasma induction of classic proinflam-
matory cytokines occurred after an endotoxin challenge
given in the early day (a time when no behavioral circa-
dian effects are produced by this treatment), suggests
that this peripheral response is not sufficient to explain
phase delays upon systemic LPS administration. There-
fore, we assessed if this circadian outcome could be
mediated by central proinflammatory factors. We first
tested if the SCN responds to classic proinflammatory
cytokines by investigating the circadian effects of an i.c.
v. administration of TNF-a, IL-1pB, or vehicle at CT 15.
Both TNF-a- and IL-1P - treated animals exhibited a
phase delay in their locomotor activity behavior (-51.75
+4.44 min and -59 +3.03 min, respectively; one-way
ANOVA, F;9)=17.95, p<.001; followed by Dunnett’s
test, versus Saline, p <.05, n = 4; Figure 3). These results
confirm the in vivo responsiveness of the mammalian
circadian system to central proinflammatory cytokines.

Role of Central Proinflammatory Cytokines in the Circadian
Response to LPS

Taking into account the phase-shifting effects of
both centrally administered TNF-a and IL-1p, these mol-
ecules appeared to be good candidates for mediating
LPS-induced phase delays. To further test this hypothesis,
we administered IL-1Ra or TNFsRIi.c.v. 30 min prior to an
i.p. LPS 50 pg/kg challenge. We found significant phase
delays for mice treated with Saline-LPS (-29.52 +6.89
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Effect of time of LPS challenge on the induction of classic proinflammatory cytokines. Shown are the plasma levels of IL-1a, IL-

1B, IL-6, and TNF-q, 0 and 60 min after a 25 pg/kgi.p. LPS challenge given either at ZT 3 or ZT 15. Basal levels differed between ZT 3 and ZT 15
only for IL-1a (two-tailed t test, #(4) = 3.012, *p < .05, n = 3). A strong induction was observed for the four cytokines, 60 min after LPS injection.
No significant differences were found between the two zeitgeber times (ZTs) in the increase of plasma levels in any of the four cytokines
(p > .05, one-tailed Student’s ¢ test; when detectable, values at time 0 were subtracted from the values at 60 min post LPS; n = 3/group).

TABLE 1 Cytokine and chemokine plasma levels measured 60 min after a 25 pg/mL i.p. LPS injection

7T 3 7T 15 Statistics

IL-1B 31.08+3.4 30.44 +4.22 t(4)=.118, p=.456
IL-2 23.91+4.21 22 +21.06 t(4) =.089, p = .467
IL-4 23.82+3.97 38.06 + 13.09 t(4) =.985, p=.190
IL-6 38 780.73 £ 4064. 72 34 039.1 + 9840 1(4) = .445, p= 340
IL-10 475.95+182.64 302.66 + 133.18 1(4)=.767, p=.243
TNF-a 310.85 £ 53.27 459.6 +190.39 1(4)=.752, p=.247
GM-CSF 86.99 +4.85 110.92 +10.44 t(4) =2.079, p=.053
JE/MCP1 19 372.9 £ 2947.04 42 392.57 £ 12 864.38 t(4)=1.744, p=.078
MIPla 209.8 +44.78 341.25+17.97 t(4) =2.724, p = .026
IL-1a 118.77 + 16.66 125.43 +49.9 t(4)=.127, p=.453
MIP2 3130.24 + 1435.87 3272.23 + 1907.06 1(4)=.059, p=.478
RANTES 116.84 +28.67 448.4 +75.51 t(4) =3.352, p = .014

When basal values were different form zero, they were subtracted from the values at 60 min. Values are
expressed as pg/mL (mean + SEM, p value for one-tailed ¢ test). IFN-y values are not included since

measurements at 60 min post LPS were undetectable.

min), but no circadian changes in animals treated with
TNFsRI-Saline (-5.89 + 3.05 min) or IL-1Ra-Saline (-6.02
+6.71 min), indicating these drugs do not affect the loco-
motor activity rhythm per se (Figure 4; repeated-measures
one-way ANOVA followed by Tukey post hoc test, p <.05
for Saline-LPS versus Saline-Saline and p>.05 for IL-
1Ra-Saline or TNFsRI-Saline versus Saline-Saline). LPS-
induced phase shifts of wheel-running activity were
strongly inhibited in mice that received TNFsRI prior to
peripheral LPS challenge. This indicates an essential role
for central TNF-a in the behavioral effects of a peripheral

immune stimulus (repeated-measures one-way ANOVA,
Fi327)=12.824, p <.0001; followed by Tukey post hoc test,
p<.001 compared with the Saline-LPS treatment;
Figure 4C and D). On the other hand, no significant differ-
ence was found between the effects of Saline-LPS and IL-
1Ra-LPS groups (repeated-measures one-way ANOVA,
F3,15) =4.984, p<.05; followed by Tukey post hoc test,
p >.05; Figure 4A and B), which suggests that central IL-
1B is not involved in peripheral LPS-triggered phase shifts.

In order to rule out tolerance to two consecutive LPS
challenges, we also performed a control experiment in
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FIGURE 3. i.c.v. cytokine delivery induces phase delays of wheel-running activity. Central (i.c.v.) TNFa or IL-1p administration induces
phase shifts in locomotor activity rhythm in mice at CT 15. (A) Representative actograms of animals treated with saline (control), TNF-a
(5ng), or IL-1p (1 ng) i.c.v. (total delivered volume was 1 pL in each case). Arrows indicates day and time of treatment. (B) Cytokine-
induced phase shifts at CT 15. Both TNF-a and IL-1f produced significant phase delays, whereas no effect was found for vehicle adminis-
tration (one-way ANOVA, F, ¢y = 17.95, p <.001; followed by Dunnett’s test, versus Saline, *p < .05; data are expressed as mean + SEM, n = 4/
group). (C) Representative histological mouse brain section showing the cannula trajectory. The image shows a coronal slice containing the
SCN. Arrows point towards the SCN beneath the third ventricle (3V) and above the optic chiasm (OC).

which animals received two LPS 50 pg/kg challenges with
29 d between both treatments (i.e., the same dose and
timing between LPS challenges as the ones used in the
previous experiment); no differences were found in the
magnitude of the circadian phase delays (two-tailed
t test, t=.97, p>.05; Figure 5).

As predicted, LPS i.p. treatment decreased locomotor
activity (Figure 6) immediately after injections at CT 15;
this effect was transient, lasting a few hours. However,
i.c.v. TNFsRI did not block this inhibition of locomotion.
In addition, we found a paradoxical reduction in loco-
motor activity in the TNFsRI-Saline group (as compared
with the Saline-Saline group). These results indicate that
the LPS effect on behavior is complex and acts through
different pathways when eliciting circadian phase shifts
(acting through TNF-a) or when inhibiting locomotion.

DISCUSSION

In the present work, we studied the effects of immune
factors on the biological clock, focusing on the role of
proinflammatory cytokines in the circadian effects of a
peripheral immune challenge. Although systemic LPS
caused an increase in the levels of all of the circulating
proinflammatory factors assessed, there was no differen-
tial induction (with the exception of MIP1a and RANTES)

© Informa Healthcare USA, Inc.

between the time of the day when the endotoxin chal-
lenge does and when it does not produce phase delays.
Next, we hypothesized that the circadian outcome of
the immune challenge could be mediated by proinflam-
matory cytokines acting in the central nervous system.
We first assessed the in vivo effects of central IL-1f and
TNF-a (with cytokines delivered by a cannula aimed at
the bottom of the third ventricle), and found that i.c.v.
delivery of these cytokines at CT 15 elicited phase
delays of wheel-running activity. Finally, we tested the
role of these cytokines on the behavioral effects of an i.
p. LPS challenge, finding that blockade of TNF-a (but
not of IL-1f) inhibits the phase delays in wheel-running
activity elicited by peripheral endotoxin administration.
These findings show the effects of a systemic immune
challenge on circadian physiology are mediated through
the action of TNF-a at the hypothalamic level.

The lack of temporal variation in peripheral induction
of proinflammatory cytokines after an LPS challenge is in
accordance with previous findings where no time-of-day
effect was found in the plasma levels of TNF-a or IL-6 in
humans treated with low-dose endotoxin (Mathias et al.,
2000). On the other hand, we have previously described
that lethal (20 mg/kg) LPS doses caused a higher increase
in plasma IL-1f and IL-6 when the challenge was given at
ZT 11 than at ZT 19, in correlation with the time of
day when mortality is higher (Marpegan et al., 2009).
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FIGURE 4. Effects of TNF-a and IL-1p i.c.v. blockade on LPS-induced phase shifts. Representative actograms of mice from the group
receiving Saline-LPS, IL1-Ra-Saline, IL1-Ra-LPS, and Saline-Saline treatments (A) or from the group receiving Saline-LPS, TNFsRI-
Saline, TNFsRI-LPS, and Saline-Saline treatments (C). The route of administration was i.c.v.-i.p., for each pair of treatments. i.c.v. injections
were given 30 min prior to the i.p. challenges (CT 14.5 and 15, respectively). Arrows indicate day and time of i.p. treatments. (B and D) Mean
+ SEM of phase delay in minutes for each group and treatments. Animals receiving Saline-LPS showed significant phase delays, in both
groups. i.c.v. delivery of TNFsRI, but not of IL-1Ra, prior to the endotoxin challenge produced inhibition of LPS-induced phase shifts.
Repeated-measures one-way ANOVA, F3,7)=12.824, p <.0001, followed by Tukey post hoc test, p <.001 for Saline-LPS versus all other
treatments for the TNFsRI group. Repeated-measures one-way ANOVA, F3 ;5)=4.984, p < .05, followed by Tukey post hoc test, p < .05 for
Saline-LPS versus IL-1Ra-Saline and Saline-Saline; n = 6 for the IL-1Ra group, and n = 10 for the TNFsRI group.

However, this extremely severe pathological model
differs greatly in the general outcomes (high mortality
index, no effects on phase or period of the locomotor
activity and temperature rhythms) with the ones
obtained with lower doses (circadian phase delays with
no effects on survival), which might explain the different
results regarding proinflammatory cytokine induction.
We also show that central TNF-a is necessary for LPS-
induced phase shifts. Peripheral endotoxin challenges
may reach the brain through direct transport across the
blood-brain barrier (BBB), with a direct effect of LPS on
the SCN or paraventricular nucleus (PVN) in the

hypothalamus. Indeed, TLR-4 expression (the most
important LPS-recognizing receptor) has been described
in the hypothalamic PVN and circumventricular organs
(Laflamme & Rivest, 1999), and LPS increases arginine-
vasopressine secretion in the rat SCN, suggesting that
cells in this tissue can recognize and respond to the endo-
toxin (Nava et al., 2000). However, the amount of LPS
reaching the brain after a low-dose administration is
unlikely to exert a neuroimmune response, and it is
generally accepted that, in models of mild peripheral
inflammation, the central effects of LPS are not mediated
by the passage of this molecule into the brain (Blatteis,
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FIGURE 5. Two successive LPS 50 pg/kg challenges (with 29 d
between treatments) induce phase shifts of similar magnitude.
(A) Wheel-running activity of a mouse treated with LPS 50 pg/kg
i.p. at CT 15 and then rechallenged with the same LPS dose 29 d
after the first stimulus (arrows indicates time of treatment). (B)
Average phase delays induced by LPS challenges (two-tailed Stu-
dent’s ¢ test, t(4) =.97, p>.05, n=3).

1992; Pan et al, 1997; Singh & Jiang, 2004). It was
reported that a 100 pg/kg LPS dose does not cross the
BBB, but is able to bind to endothelial cells and induce
an increase in proinflammatory cytokines levels and
inducible nitric oxide synthase (iNOS) activity in the rat
brain (Singh & Jiang, 2004). Systemic cytokines induced
by LPS may also enter the brain through sites outside
the BBB, such as the organum vasculosum laminae
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FIGURE 6. An LPS i.p. challenge induces a significant decrease
in wheel-running activity after treatment (CT 15-24), which
is not affected by pretreatment with TNFsRI i.c.v. (p<.05,
repeated-measures ANOVA followed by Tukey post hoc test,
**p <.001, **p < .01, *p <.05). Data are shown as mean + SEM.

terminalis (Romanovsky et al., 2003), a possibility that
remains to be addressed. Finally, a role for peripheral
neural terminals, such as the vagus nerve, cannot be
ruled out, since this pathway was shown to participate
in behavioral effects of an i.p. immune challenge, such
as TNF-a-induced non-rapid eye movement (REM)
sleep responses (Bluthe et al., 1996; Kubota et al.,
2001). Any of the previously described pathways may ulti-
mately lead to the release of cytokines in the brain. Once
induced, cytokines could initiate a signaling cascade that
might produce the phase shift in locomotor activity
rhythm. Cytokine antagonist experiments point towards
a necessary role for TNF-a acting upon the SCN (or
other periventricular hypothalamic nuclei that signal to
the SCN) for the circadian outcome of a peripheral LPS
challenge. Expression of mRNAs for both TNF receptors
I and II was described in the mouse SCN, and treatment
with TNF-a altered electrical activity of SCN neurons in a
nitric oxide-dependent pathway (Nygard et al., 2009),
indicating the master clock is responsive to this cytokine
in vitro. Moreover, TNF-a affected clock gene expression
in a murine fibroblast cell line (Cavadini et al., 2007; Pet-
rzilka et al., 2009), suggesting that central TNF-a might
induce phase shifts through a change in clock gene
expression. On the other hand, the action of central IL-
1B is less clear. We found that i.c.v. IL-1p delivery can
trigger phase shifts, but this cytokine does not seem to
be involved in LPS-induced circadian effects. In line
with this, a 5 mg/kg LPS i.p. challenge failed to induce
IL-1p expression in the mouse SCN, although it corre-
lated with an increase of IL-1R immunoreactivity
(Beynon & Coogan, 2010).
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Regarding the effects of a peripheral LPS challenge on
the circadian clock at the brain level, Takahashi et al.
(2001) found Perl mRNA induction in the PVN, but not
in the SCN, after low-dose (50 pg/kg) LPS injection at
ZT 22, and Paladino et al. (2010) using the same endotox-
in dose found similar induction of PER1 protein in the
PVN with challenge at CT 15. Higher doses (1 mg/kg) pro-
voked a transient suppression of Per2 mRNA expression in
the rat SCN (Okada et al.,, 2008), and when applied
chronically for 60 d, it altered the photic induction of
c-Fos protein in the mouse SCN (Palomba & Bentivoglio,
2008). Variations in the expression of different com-
ponents of the signaling cascade activated in the brain
upon the peripheral immune stimulus could also
provide the temporal constraints for the observed
effects of LPS. For example, suppressor cytokine signaling
(SOCS) 1 and 3, molecules involved in the negative feed-
back of intracellular cytokine signaling pathways, present
daily variations, with a minimum in the early night (Sadki
et al., 2007); moreover, a cocktail containing TNF-a and
IFN-y induced higher c-FOS induction during the night
(Sadki et al., 2007). The responses to TNF-a in the SCN
might represent changes in the induction of proinflam-
matory cytokines, increased receptor binding, decrease
in the levels of negative regulators, or a combination of
these or additional factors that could be responsible for
the time-dependent effects of peripheral LPS on the
circadian system.

Finally, when analyzing the role of central cytokines
in endotoxin responses, the possibility of LPS tolerance
should not be excluded (because of the within-subject
design of these experiments); however, we found no
changes in the phase shifting effect of two consecutive
administrations of endotoxin, suggesting that there is
no tolerance induced under our experimental con-
ditions. In addition, the fact that the effect was specifi-
cally related to TNF-a, and not IL-1, suggests that
there is no change in the response to LPS in our
experimental design.

In summary, our results reveal a necessary role for
central TNF-a in the behavioral effects of a peripheral
immune challenge, and a direct effect of both IL-1p and
TNF-a on circadian phase in vivo. These findings
suggest that these cytokines, acting in the central
nervous system, could participate in the synchronization
of the circadian system by immune molecules, either in
physiological or pathological conditions. Additional
work should be performed to describe the complete
pathways involved in the immune-circadian communi-
cation, since this bidirectional crosstalk might be impor-
tant in situations of both circadian disruption and
inflammatory pathologies.
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