
Contents lists available at ScienceDirect

Journal of Neuroimmunology

journal homepage: www.elsevier.com/locate/jneuroim

TLR4 in circumventricular neural stem cells is a negative regulator for
thermogenic pathways in the mouse brain

Shiori Muneokaa, Saki Murayamaa, Yousuke Nakanoa,c, Seiji Miyataa,b,⁎

a Department of Applied Biology, Japan
b The Center for Advanced Insect Research Promotion (CAIRP), Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan
c Department of Anatomy and Brain Science, Kansai Medical University, Hirakata, Japan

A R T I C L E I N F O

Keywords:
Inflammation
Circumventricular organs
Fever
NF-κB
Fos

A B S T R A C T

Toll-like receptor 4 (TLR4) recognizes bacteria-derived lipopolysaccharide (LPS). In the present study, we found
that intraperitoneal LPS activated nuclear factor-κ B (NF-κB) in TLR4-expressing neural stem cells (NSCs) in the
circumventricular brain regions of mice. Intracerebroventricular preadministration of low-dose TLR4 inhibitors
significantly augmented hyperthermia together with the inhibition of NF-κB activation in circumventricular
NSCs of LPS-inflamed animals. Moreover, intracerebroventricular administration of high-dose TLR4 inhibitors
induced hyperthermia and Fos activation in circumventricular NSCs and hypothalamic neurons. These results
suggest that TLR4 on circumventricular NSCs functions as a central regulator for thermogenesis under inflamed
and normal conditions.

1. Introduction

Recognition of infection is the first and most important process re-
quired to initiate proper physiological responses to fight infection. The
recognition of pathogens is mediated by several classes of receptors
collectively referred to as pattern-recognition receptors, of which Toll-
like receptors (TLRs) are the most widely studied (McCusker and Kelley,
2013; Gay et al., 2014). The reaction to lipopolysaccharide (LPS) de-
rived from Gram-negative bacteria, which triggers severe inflammation
by activating TLR4, is the best-characterized experimental in-
flammatory system of bacterial infection. Administration of LPS leads to
acute biological activity, including changes in body temperature, au-
tonomic responses, anorexia, adipsia, modifications of sleep patterns,
and decreases in locomotor activity (Roth et al., 2004; Rivest, 2003).
Systemic low-dose LPS activates TLR4 to trigger inflammatory re-
sponses and hyperthermia, which allows host animals to respond to
invading pathogens, whereas excessive LPS leads to the development of
sepsis and hypothermia (Ramachandran, 2014).

LPS is able to bind with CD14 only in the presence of LPS-binding

protein, and the complex of LPS-proteins is then able to interact with
TLR4. The activation of TLR4 leads to a series of signaling cascades that
result in the activation of two distinct signaling pathways: nuclear
factor-κB (NF-κB) and activator protein-1 (Takeda and Akira, 2004;
Rivest, 2003). The trimer consisting of a NF-κB dimer and monomeric
inhibitor of κB (IκBα) is present in the cytosol in an inactivated state,
whereas the NF-κB dimer is translocated into the nucleus after dis-
sociation of IκBα (Perkins, 2007), and thereafter binds to the NF-κB
motif of DNA to transcribe proinflammatory genes such as tumor ne-
crosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 (Brasier, 2010).
Activator protein-1 is also known to control the expression of numerous
cytokines (Adcock, 1997). The cytokines IL-1β and IL-6 activate cy-
clooxygenase-2 (COX-2) via the production of prostaglandin E2 (PGE2)
to induce inflammatory and thermoregulatory responses (Conti et al.,
2004). The selective loss of the neuronal PGE2 receptor in the preoptic
area (POA) prevents PGE2- and LPS-induced hyperthermia (Lazarus
et al., 2007). Selective gene deletion of PGE2-synthesizing enzymes in
brain endothelial cells attenuates hyperthermia (Wilhelms et al., 2014).
Hyperthermic response is dependent on PGE2 synthesis by endothelial
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cells in the hypothalamus, but it is independent of global PGE2 synth-
esis in the brain (Eskilsson et al., 2017).

The circumventricular organs (CVOs) are specialized brain regions
that lack the normal blood-brain barrier (BBB) (Morita and Miyata,
2012) and initiate the early phase of brain neuroinflammatory re-
sponses. The expression of Tlr4 mRNA is extremely high in the CVOs,
including the organum vasculosum of the lamina terminalis (OVLT),
subfornical organ (SFO), and area postrema (AP) (Laflamme and Rivest,
2001; Chakravarty and Herkenham, 2005). Moreover, our recent study
revealed that TLR4 protein is expressed by neural stem cells (NSCs) in
the CVOs of adult mouse (Nakano et al., 2015). NSCs were reported in
the CVOs (Furube et al., 2015) and dorsal part of the Arc (Robins et al.,
2013). Circulating LPS and/or cytokines cause faster transcriptional
activation of genes encoding a wide variety of proinflammatory mole-
cules in the CVOs compared with in other brain regions (Quan et al.,
1997; Rummel et al., 2004, 2005, 2006; Sisó et al., 2010). In-
traperitoneal and intracerebroventricular (i.c.v.) administration of LPS
activates inflammatory signaling for nuclear translocation of the signal
transducer and activator of transcription factor 3 (STAT3) in NSCs of
CVOs (Rummel et al., 2004, 2005, 2006; Nakano et al., 2015; Yoshida
et al., 2016). Furthermore, i.c.v. LPS increases TNF-α, IL-1β, and IL-6
levels in the mouse brain, and induces sickness behaviors, including
reduced locomotor activity, social exploration, food intake (Park et al.,

2011), and hyperthermia (Al-Saffar et al., 2013). Thus, TLR4 is highly
expressed in the CVOs, but the functional significance of TLR4 in these
regions for inflammatory signaling and thermoregulatory responses
remains controversial, and direct in vivo studies are lacking.

Therefore, in this study, we examined the role of brain TLR4 in
controlling signaling pathways and body temperature during LPS-in-
duced inflammation and normal conditions using adult mice. First, we
found that TLR4 was strongly expressed by astrocyte/tanycyte-like
NSCs in the CVOs, Arc, and central canal (CC). Second, intraperitoneal
administration of LPS induced NF-κB activation in astrocyte/tanycyte-
like NSCs in the CVOs and dorsal part of the Arc, but caused NF-κB
activation in only a few microglia. Intraperitoneal administration of
LPS also activated NF-κB in endothelial cells throughout the brain.
Third, the intracerebroventricular (i.c.v.) preadministration of low-dose
TLR4 antagonists augmented LPS-induced hyperthermia, as well as
inhibited NF-κB activation in astrocyte/tanycyte-like NSCs in the CVOs
and dorsal part of the Arc. Lastly, i.c.v. high-dose TLR4 antagonists
induced Fos expression not only in astrocyte/tanycyte-like NSCs in the
CVOs and dorsal part of the Arc in normal mice, but also in neurons in
thermoregulatory brain regions. Thus, the present study suggests that
TLR4 on astrocyte/tanycyte-like NSCs in the CVOs and Arc acts as a
central regulator to prevent excessive hyperthermia via NF-κB and Fos
signaling during LPS-induced inflammatory conditions, in addition to

Fig. 1. High expression of TLR4 in astrocyte/tany-
cyte- like NSCs in the CVOs and Arc of adult mouse
brains. a-d: Low magnification views showing many
TLR4-expressing cells (arrows) in the CVOs such as
the OVLT, SFO, ME, and AP (a-d). They were also
observed in the dorsal (open arrowheads) and lateral
parts (filled arrowheads) in the Arc (c), the com-
missural part of the Sol (open arrowheads), and CC
(filled arrowheads) (d). e-h, e′-h′: Double-labeling
immunohistochemistry revealed TLR4 expression in
GFAP+ astrocyte-like NSCs (arrows) in the OVLT (e,
e′), SFO (f, f′), and AP (h, h′), and in GFAP+ astro-
cytes in the ME (g, g′). i-o: TLR4 was highly ex-
pressed in vimentin+ tanycyte-like NSCs (arrow-
heads) in the OVLT, SFO, ME, dorsal and lateral parts
of the Arc, AP, and CC. 3 V, 3rd ventricle; ArcD,
dorsal part of the Arc; ArcL, lateral part of the Arc.
Scale bars= 50 μm.
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maintaining a proper body temperature during normal conditions.

2. Methods

2.1. Animals

Adult male ICR mice (70–105 days old; Japan SLC Inc., Hamamatsu,
Japan) were housed in a colony room under a 12-h light/dark cycle,
and given ad libitum access to commercial chow and tap water. All
experiments were performed in accordance with the guidelines of the
NIH and Proper Conduct of Animal Experiments Science Council of
Japan. The experimental protocol was approved by the Animal Ethics
Experimental Committee of the Kyoto Institute of Technology.

2.2. Administration of LPS and TLR4 inhibitors

LPS from the photosynthetic bacterium Rhodobacter sphaeroides
(LPS-RS ultrapure; Catalog # tlrl-prslps, molecular weight (MW)
2296.31) was purchased from InvivoGen (San Diego, CA). Viral in-
hibitor peptide of TLR4 (VIPER: KYSFKLILAEYRRRRRRRRR, purity
99.6%, MW 2780.31) was synthesized by GenScript (Piscataway, NJ).
Stock solutions of LPS (1mg/ml; Sigma-Aldrich, 055: type B5), LPS-RS
ultrapure (2mg/ml), and VIPER (10mg/ml) were dissolved in pyrogen-
free physiological saline (Otsuka Pharmaceutical Co. LTD.), stored at
−80 °C, and diluted with pyrogen-free physiological saline prior to use.
For i.c.v. administration, a stainless steel cannula (25-gauge) was im-
planted in each mouse under anesthesia with isoflurane with the tip laid
in the lateral cerebral ventricle (0.3 mm anteroposterior and 1.0 mm
lateral to the bregma, and 2.5 mm dorsoventral below the skull) using a
standard stereotaxic technique (Paxinos and Franklin, 2001). Freely
moving mice received i.c.v. administration (3 μl, 0.5 μl/min) of LPS-RS
ultrapure (2mg/ml, 200 μg/kg; 10mg/ml, 1 mg/kg), VIPER (3mg/ml,
300 μg/kg; 10 mg/ml, 1 mg/kg), or pyrogen-free physiological saline
using a Model EP-1000E administration pump (Melquest, Toyama,
Japan). For Fos immunohistochemistry, animals were sacrificed 2 h
after administration of LPS-RS ultrapure or VIPER. For systemic LPS

stimulation, mice received a single intraperitoneal dose of LPS in
pyrogen-free physiological saline (5 μg/ml, 0.3ml; 50 μg/kg) with or
without the i.c.v. preadministration of TLR4 inhibitors, and were fixed
for immunohistochemistry 2 h after LPS stimulation.

2.3. Immunohistochemistry

After deep anesthesia with isoflurane, mice were perfused in-
tracardially with PBS (pH 7.4) containing 5 U/ml heparin followed by
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4).
Fixed brains were cryoprotected using 30% sucrose in phosphate-buf-
fered saline (PBS; pH 7.4) and frozen quickly in Tissue-Tek OCT com-
pound (Sakura Finetechnical, Tokyo, Japan). Sections were obtained in
a coronal cut by cryostat (Leica, Wetzlar, Germany) at a thickness of
30 μm. For immunofluorescence staining, the standard technique de-
scribed in our previous study was performed on free-floating sections
(Furube et al., 2015, 2018). In brief, sections were washed with PBS and
treated with 25mM glycine in PBS for 20min to quench the remaining
fixative aldehyde. Sections were preincubated with 5% normal goat
serum (NGS) in PBS containing 0.3% Triton X-100 (PBST) at 4 °C for
24 h and then incubated with the primary antibody in PBST containing
1% NGS at 4 °C for 72 h. The following primary antibodies were used:
guinea pig polyclonal antibody against laminin (the antigen was la-
minin-111 from Engellbreth-Holm-Swarm murine sarcoma basement
membrane: IM-2011; dilution 1:200, Imamura et al., 2010) and glial
fibrillar acidic protein (GFAP; YN-GFAP2012-Pig; dilution 1:400,
Nakano et al., 2015); goat polyclonal antibody against sex determining
region Y-box 2 (SOX2; sc-17,320, SantaCruz; dilution 1:2000); rabbit
polyclonal antibody against Fos (sc-52, Santa Cruz; dilution 1:3000),
nuclear factor-κ B 65 (NF-κB p65; sc-372, Santa Cruz; dilution 1:1000),
TLR4 (SPC-200, StressMarq, dilution 1:200), and ionized calcium
binding adapter molecule 1 (Iba1; 019-19741, WAKO; dilution 1:800);
rat monoclonal antibody against CD11b (5C6, BIO-RAD, dilution
1:10,000) and plasmalemmal vesicle-1 (PV-1; MECA32, HSHB; dilution
1:20); chicken polyclonal antibody against vimentin (AB5733, Che-
micon; dilution 1:12,000). After several washes with PBST, they were

Fig. 2. Activation of NF-κB in astrocyte/tanycyte-
like NSCs and astrocytes/tanycytes in the CVOs and
dorsal part of the Arc in the adult mouse brain by
systemic LPS stimulation. Mice received 50 μg/kg of
LPS intraperitoneally and were sacrificed for NF-κB
immunohistochemistry 2 h after the LPS stimulation.
a-h: The nuclear translocation or activation of NF-κB
was often observed in the CVOs and dorsal part of
the Arc 2 h after systemic LPS stimulation, whereas
NF-κB+ nuclei were rarely seen in saline-treated
controls. i-l: Double-labeling immunohistochemistry
showing NF-κB+ nuclei in SOX2+ astrocyte-like
NSCs in the OVLT, SFO, and AP, and in SOX2+ as-
trocytes in the ME (open arrows). NF-κB+ nuclei
were also found in SOX2+ tanycytes-like NSCs in the
OVLT, SFO, and ME, and in SOX2+ tanycytes in the
AP (filled arrows). Three-dimensional image analysis
demonstrated NF-κB+ nuclei in SOX2+ astrocyte-
like NSCs (bottom panels in i-l). There was a sig-
nificant number of NF-κB+ SOX2-negative cells
(open arrowheads) in the CVOs and Arc of LPS-
treated animals. 3 V, 3rd ventricle; ArcD, dorsal part
of the Arc. Scale bars= 10 (bottom panel in i), 50 (a
and upper panel in i) μm.
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further incubated with an Alexa 405-, 488-, or 594-conjugated sec-
ondary goat antibody (Jackson ImmunoResearch, dilution 1:400). To
confirm the specificity of the TLR4 antibody, TLR4 (SPC-200, Stress-
Marq) was preincubated with a synthetic immunogen peptide corre-
sponding to amino acids 420–435 of human TLR4 (GLEQLEHLDFQH-
SNLK, GenScript). For nuclear staining, sections were incubated with
4′,6-diamidino-2-phenylindole dihydrochloride solution (DAPI;

Dojindo, Kumamoto, Japan; dilution 1:1000).
For visualization of endothelial cells, we transcardially perfused

fluorescein isothiocyanate isomer-I (FITC; catalog # F007, Dojindo,
Kumamoto, Japan; MW 389.38) according to our previously reported
method (Miyata and Morita, 2011; Miyata, 2015; Miyata, 2017).
Briefly, after anesthesia with isoflurane, mice received the following
transcardiac perfusions; first, oxygenated PBS (pH 7.0) containing 5 U/

Fig. 3. Activation of NF-κB in microglia in the CVOs and neighboring regions in adult mouse brains by systemic LPS stimulation. Mice received 50 μg/kg of LPS
intraperitoneally and were sacrificed for NF-κB immunohistochemistry 2 h after LPS stimulation. a-c, g-i: Nuclear translocation or activation of NF-κB was rarely seen
in microglia in saline-treated control animals. d-f, j-l: NF-κB+ nuclei were observed in a few CD11b+ microglia (open arrowheads). ArcD, dorsal part of the Arc. ArcL,
lateral part of the Arc. Scale bars= 10 (bottom panel in d and j), 50 (a and g) μm.
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ml of heparin and 10mM glucose for 1min; second, FITC (0.1mg/ml)
in oxygenated PBS (pH 7.0) for 5min; third, oxygenated PBS (pH 7.0)
for 1min; finally, 4% PFA in 0.1 M PB (pH 8.0) for 10min at 4 °C. After
the transcadiac perfusion of the fixative, brains were dissected, post-
fixed in 4% PFA in 0.1 M PB (pH 8.0) at 4 °C overnight, and then placed
in 30% sucrose in PBS (pH 8.0) at 4 °C for 24 h. The preparation of
frozen sections and immunohistochemical procedure were performed as
described above.

2.4. Confocal observation and quantification

For confocal microscopic observations, coverslips were sealed with
Vectashield (Vector Labs, Burlingame, CA) and observed using a laser-
scanning confocal microscope (LSM-510, Carl Zeiss or TCS SP2 Leica).
We selected at least 5 sections per animal from the OVLT and 7 sections
per animal from the other brain regions according to the mouse brain
atlas (Paxinos and Franklin, 2001). For quantitative analysis, confocal
images were obtained under the same pinhole size, brightness, and
contrast settings. In the case of NF-κB, we set the threshold for contrast

Fig. 4. Quantitative analysis demonstrating activa-
tion of NF-κB in astrocytes/astrocyte-like NSCs, ta-
nycytes/tanycyte-like NSCs, and microglia in the
CVOs and their neighboring regions in adult mouse
brains by systemic LPS stimulation. Mice received
50 μg/kg of LPS intraperitoneally and were sacrificed
for NF-κB immunohistochemistry 2 h after LPS sti-
mulation. The number of NF-κB+ nuclei in SOX2+

astrocytes/tanycyte-like NSCs, tanycytes/tanycyte-
like NSCs, and microglia was increased in the CVOs
and neighboring brain regions following systemic
LPS stimulation. ArcD, dorsal part of the Arc; ArcL,
lateral part of the Arc; SolC, commissural part of the
Sol. Data (n= 4) were expressed as the mean
(± s.e.m.). **: P < 0.01, ***: P < 0.001 between
the saline control and LPS by the unpaired Student's
t-test.

Fig. 5. NF-κB activation in endothelial cells in the
adult mouse brain by systemic LPS stimulation. Mice
received 50 μg/kg of LPS intraperitoneally and were
then sacrificed for NF-κB immunohistochemistry 2 h
later. a-h: NF-κB+ nuclei (arrowheads) were often
observed in PV-1+ endothelial cells in the CVOs after
systemic LPS stimulation (e-h), whereas they were
rarely seen in saline-treated controls (a-d). Three-
dimensional image analysis demonstrated NF-κB+

nuclei in endothelial cells (bottom panels in e-h). i-t:
NF-κB+ nuclei (arrowheads) were often observed in
FITC-incorporated endothelial cells in the medial
preoptic area, ventral hippocampal commissure,
dentate gyrus, cerebral cortex, dorsal part of the Arc,
and Sol after LPS stimulation. vhc, ventral hippo-
campal commissure; DG, dentate gyrus; Cx, cerebral
cortex; ArcD, dorsal part of the Arc; ArcL, lateral part
of the Arc. Scale bars= 10 (bottom panel in e and o),
50 (a, i) μm.
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on confocal microscopy to preferentially detect strong signals in the
nucleus. We saved images (1024× 1024 pixels) as TIFF files using the
Zeiss LSM image browser or TCS SP2 AOBS, and arranged them using
Photoshop CC (Adobe, San Jose, CA). On quantitative analyses, the
total area of each brain region was measured using WinRoof, an image
analyzing system (Mitani Corporation, Fukui, Japan). The numbers of
Fos- and NF-κB-positive nuclei in SOX2-labeled astrocytes and epen-
dymal cells, and PV-1-positive or FITC-incorporated endothelial cells
were counted using WinRoof, for which the threshold intensity was set
to include measurement profiles by visual inspection and held constant.
The experimenter was blinded to the treatment group for analysis of all
images. Differences were assessed using a significance level of
P < 0.05 with the unpaired Student's t-test or ANOVA with Tukey post-
hoc test.

2.5. Measurement of body temperature

Mice were anesthetized with chloral hydrate and a transponder (G2
E-mitter) that recorded core body temperature was implanted in-
traperitoneally two weeks after implantation of a stainless canula. They
were then housed at an ambient temperature of 25 °C under a 12-h
light/dark cycle (lights on at 7:00 A.M.) and monitored for at least
1 week after the implantation of the telemeter. LPS and TLR4 antago-
nists were administered between 11.00 h and 12.00 h. Mice received
50 μg/kg of LPS intraperitoneally 30min after the i.c.v. administration
of LPS-RS ultrapure (200 μg/kg), VIPER (300 μg/kg), or pyrogen-free

saline, and were then sacrificed for NF-κB immunohistochemistry 2 h
later. In some experiments, mice received the i.c.v. LPS-RS ultrapure
(200 μg/kg or 1mg/kg), VIPER (300 μg/kg or 1mg/kg), or pyrogen-
free saline, and were fixed for the immunohistochemistry 2 h later.
Abdominal temperature was measured by biotelemetry at 5-min inter-
vals, and plotted in 10-min intervals over a period of 2 h before and 6 h
after the treatment. Data were acquired and evaluated using Vital View
software (VitalView series 4000). The fever index (°C×hr) was cal-
culated as the area under the temperature curve based on the mean
temperature during a period of 2 h before the intraperitoneal admin-
istration.

3. Results

3.1. Expression of TLR4 in circumventricular NSCs

On low magnification, TLR4 expression was prominent in the CVOs:
OVLT (Fig. 1a), SFO (Fig. 1b), ME (Fig. 1c), and AP (Fig. 1d). No spe-
cific fluorescent signal was detected when the primary antibody was
preincubated with a synthetic immunogen peptide corresponding to
amino acids 420–435 of TLR4 (Supplementary Fig. 1). TLR4-expressing
cells were also noted in the dorsal and lateral parts of the Arc (Fig. 1c),
commissural part of the solitary nucleus (Sol), and CC (Fig. 1d). GFAP-
expressing cells in the OVLT, SFO, and AP expressed the NSC marker
nestin and exhibited proliferative activity, consistent with our previous
finding that GFAP-expressing cells are astrocyte-like NSCs (Furube

Fig. 6. Quantitative analysis showing NF-κB activation in
endothelial cells in the adult mouse brain by systemic LPS
stimulation. Mice received 50 μg/kg of LPS intraperitoneally
and were then sacrificed for NF-κB immunohistochemistry 2 h
later. a: Quantitative analysis demonstrated that the density
of NF-κB+ endothelial cells in all examined brain regions was
significantly increased by systemic LPS stimulation. The
density of NF-κB+ endothelial cells in saline-treated controls
was lower in the CVOs than that in other brain regions. b: The
percentage of NF-κB+ endothelial cells was also significantly
increased in most examined brain regions by systemic LPS
stimulation. vhc, ventral hippocampal commissure; DG, den-
tate gyrus; Cx, cerebral cortex; ArcD, dorsal part of the Arc;
ArcL, lateral part of the Arc; VMH, ventromedial hypotha-
lamus. Data (n= 4) were expressed as the mean (± s.e.m.).
*: P < 0.05, **: P < 0.01, ***: P < 0.001 between the
saline control and LPS by the unpaired Student's t-test.
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et al., 2015). High magnification of double-labeled im-
munohistochemistry revealed TLR4 expression on cellular bodies and
processes of GFAP+ astrocyte-like NSCs in the OVLT (Fig. 1e, e′), SFO
(Fig. 1f, f′), and AP (Fig. 1h, h′), and on those of GFAP+ astrocytes in
the ME (Fig. 1g, g′). Tanycytes in the CVOs and Arc are specialized
ependymal cells located on the ventricle wall that have long cellular
processes extending deep into brain parenchyma (Rodríguez et al.,
2010; Langlet et al., 2013), and were reported to be NSCs (Lee et al.,
2012; Robins et al., 2013; Furube et al., 2015). Double-labeled im-
munohistochemistry demonstrated LR4 expression on cellular bodies
and processes of vimentin+ tanycyte-like NSCs in the OVLT (Fig. 1i, i′),
SFO (Fig. 1j, j′), ME (Fig. 1k), dorsal parts of the Arc (Fig. 1l), and CC
(Fig. 1o), and on those of vimentin+ ependymal cells in the lateral parts
of the Arc (Fig. 1m) and AP (Fig. 1n). On the other hand, TLR4

immunoreactivity was below detectable limits on endothelial cells in
the CVOs (Supplementary Fig. 2a-d) and other brain regions (Supple-
mentary Fig. 2e-l). Taken together, these results indicate that TLR4 is
highly expressed by circumventricular astrocyte/tanycyte-like NSCs.

3.2. NF-κB activation in NSCs and microglia by systemic LPS stimulation

We previously clarified the brain cells in which systemic LPS sti-
mulation activates NF-κB in adult mice. Activated NF-κB dimers are
translocated from the cytosol to the nucleus after dissociation from
IκBαmonomers (Ghosh et al., 1998; Perkins, 2007). As the p65 and p50
subunits are the most common in NF-κB dimers, nuclear translocation
of the p65 subunit is useful to evaluate activation of NF-κB (Maguire
et al., 2011). Thus, we used an antibody against the NF-κB p65 subunit

Fig. 7. Effects of the TLR4 inhibitor LPS-RS ultrapure
on NF-κB activation in astrocytes/astrocyte-like
NSCs, tanycyte/tanycyte-like NSCs, and endothelial
cells in the adult mouse brain by systemic LPS sti-
mulation. Mice received 50 μg/kg of LPS in-
traperitoneally 30min after i.c.v. administration of
the TLR4 inhibitor LPS-RS ultrapure (200 μg/kg),
and were then sacrificed for NF-κB im-
munohistochemistry 2 h after LPS stimulation. a-h:
NF-κB+ nuclei were frequently observed in SOX2+

astrocyte/astrocyte-like NSCs and tanycytes/tany-
cyte-like NSCs in the CVOs and dorsal part of the Arc
of LPS-treated animals (a-d), but i.c.v. pre-
administration of LPS-RS ultrapure greatly decreased
the number of NF-κB+ nuclei in SOX2+ cells in these
regions (e-h). i-p: The i.c.v. preadministration of LPS-
RS ultrapure did not alter the number of NF-κB+

nuclei (arrowheads) in PV-1+ endothelial cells in the
CVOs. q-x: The i.c.v. preadministration of LPS-RS
ultrapure did not alter the number of NF-κB+ nuclei
in FITC-incorporated endothelial cells. ArcD, dorsal
part of the Arc; Cx, cerebral cortex; DG, dentate
gyrus. Scale bars= 10 (i, q), 50 (a) μm.
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to assess activation of NF-κB by immunohistochemistry. On low mag-
nification, intraperitoneal administration of 50 μg/kg of LPS induced
nuclear translocation and activation of NF-κB in the OVLT (Fig. 2e),
SFO (Fig. 2f), ME, Arc (Fig. 2g), and AP (Fig. 2h), but NF-κB activation
was absent in saline-treated control mice (Fig. 2a-d). Double-labeled
immunohistochemistry revealed NF-κB+ nuclei in SOX2+ astrocyte-like
NSCs in the OVLT (Fig. 2i), SFO (Fig. 2j), AP (Fig. 2l), and dorsal part of
the Arc (Supplementary Fig. 3a-a″) and in SOX2+ astrocytes in the ME
(Fig. 2k), but not in SOX2+ astrocytes in the commissural part of the Sol
(Supplementary Fig. 3b-b″) or lateral part of the Arc (Supplementary
Fig. 3c-c″). Three- dimensional remodeling of confocal images con-
firmed the presence of NF-κB+ nuclei within SOX2+ astrocyte-like
NSCs in the OVLT, SFO, and AP, and within SOX2+ astrocytes in the ME
(Fig. 2i-l). NF-κB activation was also observed in SOX2+ tanycyte-like
NSCs in the OVLT (Fig. 2i), SFO (Fig. 2j), ME (Fig. 2k), dorsal part of the
Arc (Supplementary Fig. 3a-a″), and in SOX2+ ependymal cells in the
AP (Fig. 2l), but not in the CC (Supplementary Fig. 3b-b″) or lateral part
of the Arc (Supplementary Fig. 3c-c″). Double-labeling im-
munohistochemistry with a microglia marker demonstrated NF-κB+

nuclei in a few CD11b+ microglia in the CVOs and their neighboring
brain regions (Fig. 3).

On quantitative analysis, the number of NF-κB+ SOX2+ astrocyte-

like NSCs in the CVOs and dorsal part of the Arc was significantly in-
creased by systemic LPS stimulation (Fig. 4). The number of NF-κB+

SOX2+ tanycyte-like NSCs in the CVOs and dorsal part of the Arc was
also significantly increased by systemic LPS stimulation. In contrast,
systemic LPS stimulation did not significantly increase the number of
NF-κB+ SOX2+ astrocytes or tanycytes in the lateral part of the Arc and
commissural part of the Sol, or that of SOX2+ tanycyte-like NSCs in the
CC. Collectively, these results indicate that systemic LPS induces NF-κB
activation in astrocyte/tanycyte-like NSCs in the CVOs and dorsal part
of the Arc.

3.3. NF-κB signaling in endothelial cells by systemic LPS stimulation

We next examined whether NF-κB activation occurs in endothelial
cells in the brain after systemic LPS stimulation because NF-κB+ nuclei
were also observed in SOX2-negative cells in LPS-treated animals
(Fig. 2i-l and Supplementary Fig. 3a″-c″). IL-1β was reported to induce
NF-κB activation and PGE2 synthesis in brain endothelial cells as well
as elicit hyperthermia (Ching et al., 2007; Eskilsson et al., 2014). In-
traperitoneal administration of 50 μg/kg of LPS increased the number of
NF-κB+ endothelial cells in the OVLT (Fig. 5e), SFO (Fig. 5f), ME
(Fig. 5g), and AP (Fig. 5h) on double-labeling immunohistochemistry

Fig. 8. Quantitative analysis of the effects of i.c.v. preadministration of
the TLR4 inhibitor LPS-RS ultrapure on NF-κB activation in astrocytes/
astrocyte-like NSCs, tanycyte/tanycyte-like NSCs, and endothelial cells
in adult mice. Mice received 50 μg/kg of LPS intraperitoneally 30min
after the i.c.v. administration of the TLR4 inhibitor LPS-RS ultrapure
(200 μg/kg), and were then sacrificed for NF-κB immunohistochemistry
2 h after LPS stimulation. a: The i.c.v. preadministration of LPS-RS ul-
trapure significantly decreased the number of NF-κB+ astrocytes/as-
trocyte-like NSCs and tanycyte/tanycyte-like NSCs in the CVOs and
dorsal part of the Arc. b: The i.c.v. preadministration of LPS-RS ultra-
pure did not significantly alter the number of NF-κB+ endothelial cells
in the CVOs or other brain regions, except in the dentate gyrus and
dorsal part of the Arc. ArcD, dorsal part of the Arc. Data (n= 4) were
expressed as the mean (± s.e.m.). ***: P < 0.001 between the
saline+ saline and saline+ LPS, ###: P < 0.001 between
saline+ LPS and LPS-RS ultrapure+ LPS by ANOVA with Tukey's post
hoc test.

S. Muneoka et al. Journal of Neuroimmunology 331 (2019) 58–73

65



with the endothelial cell marker PV-1, whereas NF-κB+ endothelial
cells were rarely seen in saline-treated control mice (Fig. 5a-d). In our
previous study, endothelial cells were able to incorporate FITC into
their nuclei (Miyata and Morita, 2011). Moreover, systemic LPS also
increased the number of NF-κB+ nuclei in FITC-incorporated en-
dothelial cells in other brain regions, such as the medial preoptic area
(MPA), ventromedial hippocampal commissure (vhc), dentate gyrus,
cerebral cortex, the dorsal part of the Arc, and Sol (Fig. 5o-t), compared
with in saline-treated controls (Fig. 5i-n). Three-dimensional re-
modeling of confocal images confirmed the presence of NF-κB+ nuclei
within endothelial cells (Fig. 5e-h, 5o-t).

By quantitative analysis, the number of NF-κB+ endothelial cells
was found to be significantly increased in the OVLT, SFO, ME, and AP
by the intraperitoneal administration of 50 μg/kg of LPS (Fig. 6a). In
other brains regions, the number of NF-κB+ endothelial cells was also
significantly increased. The density of NF-κB+ endothelial cells was
relatively lower in the CVOs (< 35 cells/mm2) compared with that in
other brain regions (> 50 cells/mm2) of saline-treated control animals
(Fig. 6a). Therefore, the percent increase of NF-κB+ endothelial cells
was higher in the CVOs than that in other brain regions (Fig. 6b).

3.4. Effects of a low-dose TLR4 inhibitor, LPS-RS ultrapure, on NF-κB
activation by LPS-induced inflammation

We next investigated whether TLR4 is responsible for LPS-induced
NF-κB activation in astrocyte/tanycyte-like NSCs in the CVOs. We used
a specific TLR4 inhibitor, LPS-RS ultrapure, which is known to bind
with myeloid differentiation factor 2, thereby inhibiting the interaction
of TLR4 with LPS or endogenous TLR4 ligands (Coats et al., 2005). The
i.c.v. preadministration of LPS-RS ultrapure at a dose of 200 μg/kg

greatly attenuated NF-κB activation in SOX2+ astrocyte/tanycyte-like
NSCs and astrocytes/tanycytes in the CVOs (Fig. 7e-h) compared with
that by saline-LPS treatment (Fig. 7a-d). However, the i.c.v. pre-
administration of LPS-RS ultrapure had no effect on LPS-induced NF-κB
activation in endothelial cells in the CVOs (Fig. 7i-p) or other brain
regions (Fig. 7q-x).

The quantitative analysis demonstrated that pretreatment with LPS-
RS ultrapure significantly attenuated the LPS-induced increase in NF-
κB+ nuclei in SOX2+ astrocyte/tanycyte-like NSCs or astrocytes/ta-
nycytes in the CVOs and dorsal part of the Arc (Fig. 8a). However,
pretreatment with LPS-RS ultrapure did not significantly affect the LPS-
induced increase in the number of NF-κB+ nuclei in endothelial cells of
LPS-stimulated mice compared with that in saline-LPS-treated mice
(Fig. 8b). There was one exception in which LPS-RS ultrapure promoted
the LPS-induced increase in the number of NF-κB+ nuclei in endothelial
cells in the dentate gyrus and dorsal part of Arc. Pretreatment with LPS-
RS ultrapure did not significantly alter the LPS-induced increase in the
number of NF-κB+ nuclei in microglia in LPS-stimulated mice com-
pared with that in saline control mice (Fig. 9). These results suggest that
LPS-induced NF-κB activation in astrocyte/tanycyte-like NSCs in the
CVOs and dorsal part of the Arc is mediated via TLR4.

3.5. A low dose of TLR4 inhibitors augments LPS-induced hyperthermia by
activating Fos in the CVOs and Arc

Hyperthermia is a hallmark of bacterial infection and an important
host defense response. Therefore, we investigated whether TLR4 in the
brain regulates body temperature under inflammatory conditions. We
used two specific TLR4 inhibitors, LPS-RS ultrapure and VIPER. VIPER
contains a cell-penetrating delivery sequence and inhibits TLR4

Fig. 9. Effects of the i.c.v. preadministration of LPS-
RS ultrapure on the number of NF-κB+ nuclei in
microglia in the adult mouse brain. Mice received
50 μg/kg of LPS intraperitoneally 30min after i.c.v.
administration of the TLR4 inhibitor LPS-RS ultra-
pure (200 μg/kg), and were then sacrificed for NF-κB
immunohistochemistry 2 h after LPS stimulation. a-j:
The i.c.v. preadministration of LPS-RS ultrapure did
not decrease the number of NF-κB+ nuclei in CD11b-
positive microglia. Scale bars= 50 μm. k: The i.c.v.
preadministration of LPS-RS ultrapure did not sig-
nificantly alter the number of NF-κB+ microglia in
the OVLT, SFO, ME, or AP, but it significantly in-
creased the number of NF-κB+ microglia in the
dorsal and lateral part of the Arc. ArcD, dorsal part of
the Arc; ArcL, lateral part of the Arc. Data (n= 4)
were expressed as the mean (± s.e.m.). *: P < 0.05
between the saline+ LPS and LPS-RS ultrapure +
LPS by the unpaired Student's t-test.
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signaling by interacting with intracellular TLR4 adaptor proteins
(Lysakova-Devine et al., 2010). We measured the core body tempera-
ture in response to pharmacological treatments in mice fitted with a G2
E-mitter, which allows for free movement, and access to water and
food. All mice initially exhibited stress-induced transient hyperthermia
on handling during/after the administration procedure regardless of
whether LPS or saline was given (Fig. 10a and Supplemantary Table 1).
Intraperitoneal administration of 50 μg/kg of LPS increased body tem-
peratures at 145–290 and 305–395min, with a peak (0.99 ± 0.18 °C)
at 175min. The i.c.v. administration of either 200 μg/kg of LPS-RS ul-
trapure or 300 μg/kg of VIPER was performed 30min before the in-
traperitoneal administration of 50 μg/kg of LPS. The i.c.v. pre-
administration of 200 μg/kg of LPS-RS ultrapure significantly promoted
LPS-induced hyperthermia at 95–200, 225–345, and 355–420min, with
a peak (1.90 ± 0.27 °C) at 420min. Similarly, the i.c.v. pre-
administration of 300 μg/kg of VIPER significantly increased LPS-in-
duced hyperthermia at 90–110, 120–250, 260, 285–340, and
360–380min, with a peak (1.86 ± 0.28 °C) at 365min. Although ad-
ministration of 200 μg/kg of LPS-RS ultrapure or 300 μg/kg of VIPER
alone did not significantly change the body temperature, in-
traperitoneal administration of 50 μg/kg of LPS significantly increased
the fever index compared with in the saline-saline-treated control
(Fig. 10b). Taken together, these results indicate that low-dose TLR4
inhibitors promote LPS-induced hyperthermia without induction of
hyperthermia by the inhibitor itself.

To clarify if the TLR4 inhibitors LPS-RS ultrapure and VIPER acted
on TLR4-expressing astrocyte/tanycyte-like NSCs in the CVOs, we
performed Fos immunohistochemistry using the animals that received

i.c.v. administration of the TLR4 inhibitor. On low magnification, Fos+

nuclei were seen in the OVLT (Fig. 11a), SFO (Fig. 11b), and ME
(Fig. 11c), but not in the AP (Fig. 11d). Double-labeling im-
munohistochemistry demonstrated that the i.c.v. administration of
200 μg/kg of LPS-RS ultrapure increased the number of Fos+ nuclei in
SOX2+ astrocyte/tanycyte-like NSCs, and astrocytes/tanycytes in the
OVLT (Fig. 11i), SFO (Fig. 11j), ME (Fig. 11k), CC (Fig. 11m), and Arc
(Fig. 11l,n), but not in the AP (Supplementary Fig. 4a, b), whereas Fos+

nuclei were rarely observed in saline-treated control mice (Fig. 11e-h).
On quantitative analysis, pretreatment with LPS-RS ultrapure sig-
nificantly reduced the number of Fos+ nuclei in SOX2+ astrocyte/ta-
nycyte-like NSCs in the CVOs and Arc (Fig. 11o). Similarly, the i.c.v.
administration of 300 μg/kg of VIPER increased the number of Fos+

nuclei in SOX2+ astrocyte/tanycyte-like NSCs, and astrocytes/tany-
cytes in the OVLT, SFO, ME, Arc, and CC, but not in the AP (Fig. 12 and
Supplementary Fig. 4a, c). These results suggest that i.c.v. administra-
tion of low-dose TLR4 inhibitors induces Fos activation in astrocyte/
tanycyte-like NSCs mainly in the CVOs and in astrocytes in thermo-
regulation-associated hypothalamic regions.

3.6. High doses of TLR4 inhibitors cause hyperthermia and Fos activation in
normal animals

We then investigated whether TLR4 functions as a negative reg-
ulator for brain thermogenic pathways in normal animals. As the i.c.v.
administration of 200 μg/kg of LPS-RS ultrapure or 300 μg/kg of VIPER
did not siginificantly affect the body temeperature (Fig. 10), high doses
of TLR4 inhibitors, such as 1mg/kg of LPS-RS ultrapure or 1mg/kg of

Fig. 10. Effects of the i.c.v. preadministration of low-dose TLR4 in-
hibitors, LPS-RS ultrapure and VIPER, on abdominal core temperatures
under normal and LPS-induced inflammatory conditions. Mice received
50 μg/kg of LPS intraperitoneally 30min after i.c.v. administration of a
TLR4 inhibitor, LPS-RS ultrapure (200 μg/kg) or VIPER (300 μg/kg),
and body temperature was measured with a G2 E-mitter transponder
that was implanted intraperitoneally. a: Mice in all experimental
groups initially exhibited a stress-induced increase in mean body
temperature during/after the administration procedure. The in-
traperitoneal administration of LPS at 50 μg/kg significantly increased
the mean body temperature. LPS-induced hyperthermia was aug-
mented when 200 μg/kg of LPS-RS ultrapure was infused into the brain
ventricle 30min before the intraperitoneal administration of 50 μg/kg
of LPS. The i.c.v. preadministration of 300 μg/kg of VIPER also pro-
moted LPS-induced hyperthermia. Neither 200 μg/kg of LPS-RS ultra-
pure nor 300 μg/kg of VIPER directly affected the mean body tem-
perature. The yellow line indicates the measured period for the fever
index. b: The fever index of saline-LPS-treated animals was significantly
higher than that of saline-saline-treated controls. The i.c.v. pre-
administration of the TLR4 inhibitors significantly increased the fever
index in mice with LPS-induced hyperthermia compared with that in
saline-LPS-treated mice, but these inhibitors did not significantly alter
the fever index. *: P < 0.05 between two groups by unpaired Student's
t-test (a) and *: P < 0.05, ***: P < 0.001 vs Saline+ saline, #:
P < 0.05 vs Saline+ LPS by ANOVA with Tukey's post hoc test (b).
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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VIPER, were given. Mice initially exhibited stress-induced transient
hyperthermia by handling during/after i.c.v. administration regardless
of whether a TLR4 inhibitor or saline was injected (Fig. 13a and Sup-
plementary Table 2). The i.c.v. administration of 1mg/kg of LPS-RS
ultrapure significantly increased hyperthermia at 40–80 and
100–420min, with a peak (1.59 ± 0.27 °C) at 225min. Similarly, the
i.c.v. administration of 1mg/kg of VIPER significantly increased hy-
perthermia at 60 and 125–420min, with a peak (2.05 ± 0.22 °C) at
405min. Furthermore, i.c.v. administration of both 1mg/kg of LPS-RS
ultrapure and 1mg/kg of VIPER significantly increased the fever index
compared with that in the saline-injected controls (Fig. 13b).

To clarify the TLR4-associated thermogenic pathway in the brain,
we examined TLR4 inhibitor-dependent activation of brain glial and
neuronal cells by Fos immunohistochemistry. With high-dose LPS-RS
ultrapure (1mg/kg), Fos+ nuclei were observed in SOX2+ astrocyte/
tanycyte-like NSCs in the OVLT (Fig. 14a, e) and SFO (Fig. 14d, h), and
in SOX2+ astrocytes in the ME (Fig. 14l, q). Although there were few
Fos+ nuclei in HuC/D+ neurons in the OVLT and SFO (Fig. 14e′, h′),
some were observed in HuC/D+ neurons in the ME (Fig. 14q). Almost
no Fos+ nuclei were found in the AP, as was observed with low-dose
LPS-RS ultrapure (data not shown). In addition to the CVOs, the ad-
ministration of high-dose LPS-RS ultrapure induced Fos activation in
both SOX2+ astrocytes and HuC/D+ neurons in the MPA (Fig. 14c, g,

g′), paraventricular nucleus (PVN; Fig. 14j, n, n′), and arcuate nucleus
(Arc; Fig. 14l, p). In the median preoptic nucleus (MnPO; Fig. 14b, f, f′),
zona incerta (ZI; Fig. 14i, m, m′), and anterior hypothalamic area (AH;
Fig. 14k, o, o′), however, Fos+ nuclei were mainly observed in HuC/D+

neurons rather than in SOX2+ astrocytes. Animals that received i.c.v.
high-dose (1mg/kg) VIPER were similar (Fig. 15).

4. Discussion

It is well-known that TLR4 plays an important role in inflammatory
responses and hyperthermia, particularly in the initial peripheral in-
teraction between the infection of Gram-negative bacteria and macro-
phages/dendritic cells. However, data regarding the role of brain TLR4
in inflammatory responses is limited. The present study suggests that
TLR4 in astrocyte/tanycyte-like NSCs in the circumventricular brain
regions acts as a central controller to prevent excessive hyperthermia in
LPS-induced inflammatory conditions, in addition to maintaining a
proper body temperature under normal conditions. Furthermore, we
found that TLR4 in the CVOs functions opposite peripheral TLR4, un-
derlying the unique features of the CVOs and astrocyte- and tanycyte-
like NSCs within.

Previous in situ hybridization studies reported that Tlr4 mRNA was
highly expressed in the CVOs (Laflamme and Rivest, 2001; Chakravarty

Fig. 11. Effects of i.c.v. administration of a low-dose
TLR4 inhibitor, LPS-RS ultrapure, on Fos expression
in the CVOs and neighboring brain regions in normal
adult mice. Mice received i.c.v. administration of
200 μg/kg of LPS-RS ultrapure and were sacrificed
for Fos immunohistochemistry 2 h later. a-h: Many
Fos+ nuclei (arrows) were observed in the CVOs and
neighboring brain regions, except in the AP, in LPS-
RS ultrapure -infused animals, but almost no Fos+

nuclei were found in the saline-treated controls. i-n:
On high magnification, Fos+ nuclei were frequently
observed in SOX2+ astrocytes/astrocyte-like NSCs
(arrows) and tanycyte/tanycyte-like NSCs (arrow-
heads) in the CVOs and neighboring brain regions,
whereas they were rare in CD11b+ microglia (i-n).
Scale bars= 10 (bottom panel in i) and 50 (a and e)
μm. o: Based on the quantitative analysis, i.c.v. ad-
ministration of LPS-RS ultrapure significantly in-
creased the number of Fos+ astrocytes/astrocyte-like
NSCs and tanycyte/tanycyte-like NSCs but not mi-
croglia in the CVOs, Arc, and Sol. ArcD, dorsal part
of the Arc; ArcL, lateral part of the Arc. Data (n= 4)
were expressed as the mean (± s.e.m.). *: P < 0.05,
**: P < 0.01, ***: P < 0.001 between the saline
control and LPS-RS ultrapure by the unpaired
Student's t-test.
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and Herkenham, 2005). Moreover, our previous immunohistochemical
study demonstrated that TLR4 was expressed in astrocyte-like NSCs in
the OVLT, SFO, and AP (Nakano et al., 2015). Moreover, a previous
report found a marked increase in IκBα mRNA expression in CVOs in
LPS-inflamed animals (Quan et al., 1997; Chakravarty and Herkenham,
2005). The present study further revealed that TLR4 was strongly ex-
pressed in tanycyte-like NSCs in the CVOs, Arc, and CC, and peripheral
administration of LPS significantly induced NF-κB activation in these
cells. LPS is a hydrophilic molecule, and is therefore unable to pass
through the relatively impermeable BBB to directly activate relevant
thermoregulatory parenchyma cells in the brain. It was recently pro-
posed that LPS is incorporated into brain parenchyma via a lipoprotein-
mediated transport mechanism in the CVOs (Vargas-Caraveo et al.,
2017). Taken together, these results demonstrate that TLR4 is expressed
in astrocyte/tanycyte-like NSCs in the CVOs and Arc, and systemic LPS
stimulation induces NF-κB signaling in astrocyte/tanycyte-like NSCs
instead of in microglia in the circumventricular brain regions.

The early phase of LPS-induced hyperthermia (< 2 h after LPS sti-
mulation) was previously reported to be triggered by TLR4 signaling in
hematopoietic cells (Romanovsky et al., 2006; Steiner et al., 2006). In
contrast, the late phase of LPS-induced hyperthermia (2–6 h after LPS
stimulation) may depend on TLR4-dependent activation of central and
peripheral hematopoietic cells, and nonhematopoietic cells, such as
endothelial cells, microglia, and astrocytes, in the brain (Romanovsky
et al., 2006; Steiner et al., 2006). The systemic administration of low-
dose LPS (50–100 μg/kg) induces hyperthermia, whereas that of high-
dose LPS (> 1mg/kg) causes hypothermia (Oka et al., 2003). In the
present study, pretreatment with low-dose TLR4 inhibitors increased
the magnitude of the late phase of LPS-induced hyperthermia and
sustained its duration along with attenuation of NF-kB signaling in
circumventricular astrocyte/tanycyte-like NSCs. Peripheral TLR4 is es-
sential for LPS-induced hyperthermia (Steiner et al., 2006). The in-
travenous administration of E5564, an analog of LPS-RS, almost com-
pletely inhibited LPS-induced production of blood cytokines in vivo and

Fig. 12. Effects of the i.c.v. administration of a low-dose TLR4 inhibitor, VIPER, on Fos expression in the CVOs and neighboring brain regions in normal adult mice.
Mice received i.c.v. administration of 300 μg/kg of VIPER and were sacrificed for Fos immunohistochemistry 2 h later. a-c: Many Fos+ nuclei (arrows) were observed
in the CVOs and Arc of VIPER-infused animals. d-i: On high magnification, Fos+ nuclei were frequently observed in SOX2+ astrocytes/astrocyte-like NSCs (arrows)
and tanycyte/tanycyte-like NSCs (arrowheads) in the CVOs and Arc. ArcD, dorsal part of the Arc; ArcL, lateral part of the Arc. Scale bars= 50 μm.
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in vitro, as well as reduced LPS-induced mortality (Mullarkey et al.,
2003). The i.c.v. administration of LPS at a dose of 0.2–2 μg/kg induced
hyperthermia, possibly via the activation of endothelial cells (Al-Saffar
et al., 2013; Cao et al., 1999). It was suggested that brain uptake of
circulating LPS was so minimal that most effects of peripherally ad-
ministered LPS are likely mediated by TLR4 located outside the BBB
(Banks and Robinson, 2010; Murray et al., 2011). Substances less than
MW 3000 have high vascular permeability in the CVOs, whereas those
greater than MW 10,000 are impermeable, suggesting the MW size limit
to be<10,000 (Morita and Miyata, 2012; Morita et al., 2016). Al-
though LPS is heterogeneous and tends to form aggregates of varying
sizes, negating the meaning of MW, it is estimated to be in the range of
1–4 million or greater (Jann et al., 1975). Recently, however, it was
reported that LPS was detected in parenchyma in the CVOs (Vargas-
Caraveo et al., 2017). Thus, LPS may diffuse into parenchyma and di-
rectly stimulate TLR4 in the CVOs, leading to the notable difference in
function of brain TLR4 from peripheral TLR4.

Alternative mechanisms for TLR4 activation in the CVOs include the
participation of endogenous TLR4 ligands because many proteins have
been identified as endogenous TLR4 ligands (Yu et al., 2014). High-
mobility group box 1 was reported to be released in response to LPS or
IFN-α stimulation without necrotic cell death (Lu et al., 2014). In the
present study, the i.c.v. administration of low-dose TLR4 antagonists
significantly induced Fos expression specifically in astrocyte/tanycyte-
like NSCs in the OVLT, SFO, and Arc, and in astrocytes in the ME. The
administration of low-dose TLR4 antagonists induced Fos expression in
TLR4-expressing cells in these regions, and Fos expression was rare in
neurons. Moreover, the present study demonstrated that high-dose
TLR4 antagonists significantly elevate body temperature and induce
neuronal Fos expression in thermoregulation-associated hypothalamic
regions, such as the MPA and MnPO, in normal animals. The MPA,

MnPO, and AH in the hypothalamus are known as the main thermo-
regulatory centers that drive sympathetic nerve activity to control heat
production (Lazarus et al., 2007; Nakamura, 2011; Contreras et al.,
2016; Eskilsson et al., 2017). Stimulation of the Arc neurons increased
sympathetic nerve activity and thermogenesis of brown adipose tissue
via activation of neurons in the hypothalamic PVN and dorsomedial
nuclei (Chitravanshi et al., 2016). The ZI receives input from hy-
pothalamic nuclei, the locus coeruleus, raphe complex, parabrachial
area, and medial districts of the pontomedullary reticular formation
(Shammah-Lagnado et al., 1985). The ZI is also known to function in
thermoregulation because direct stimulation of the ZI alters the baseline
temperature of brown fat tissue (Kelly and Bielajew, 1996.). Thus, it is
possible that TLR4 on astrocyte/tanycyte-like NSCs in circumven-
tricular brain regions is continuously activated in order to control
thermogenic pathways of the brain to suppress excessive hyperthermia
during LPS-induced inflammation, in addition to maintaining the body
temperature under normal conditions.

In the present study, LPS-induced activation of NF-kB signaling was
observed in endothelial cells in all examined brain regions. On the other
hand, intraperitoneal administration of LPS induced NF-κB activation in
only a few microglia in the CVOs. Moreover, pretreatment with the
TLR4 antagonist augmented LPS-induced hyperthermia without af-
fecting NF-kB activation in endothelial cells. Although no visible TLR4
immunoreactivity in endothelial cells was detected on im-
munohistochemistry, in situ hybridization study revealed the expres-
sion of Tlr4 mRNA in endothelial cells (Chakravarty and Herkenham,
2005). In the present study, i.c.v. preadministration of low-dose TLR4
antagonists attenuated NF-kB activation in astrocyte/tanycyte-like
NSCs in circumventricular brain regions, but did not affect NF-kB ac-
tivation in endothelial cells. As antagonists in the ventricular CSF may
have limited access to endothelial cells, the proinflammatory cytokines

Fig. 13. Effects of i.c.v. administration of high-dose TLR4 inhibitors,
LPS-RS ultrapure and VIPER, on abdominal core temperatures under
normal conditions. Mice received i.c.v. administration of a TLR4 in-
hibitor, LPS-RS ultrapure (1mg/kg) or VIPER (1mg/kg), and body
temperature was measured with a G2 E-mitter transponder that was
implanted intraperitoneally. a: Animals in all experimental groups in-
itially exhibited stress-induced elevation of body temperature during/
after the administration procedure. The i.c.v. administration of LPS-RS
ultrapure induced marked continuous hyperthermia. The i.c.v. ad-
ministration VIPER also markedly increased the mean body tempera-
ture. The yellow line indicates the period of the measured fever index.
b: The i.c.v. administration of both LPS-RS ultrapure and VIPER sig-
nificantly increased the fever index compared with that in saline-
treated control mice. *P < 0.05 between two groups by the unpaired
Student's t-test (a) and ***: P < 0.001 vs Saline by ANOVA with Tukey
post hoc test (b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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TNF-α and IL-1βmay be able to activate NF-κB and regulate target gene
transcription (Hayden and Ghosh, 2004; Lawrence, 2009). Systemic
LPS induced strong and rapid expression of IκBα mRNA in endothelial
cells lining the BBB in large and small blood vessels (Quan et al., 1997;
Laflamme et al., 1999). Furthermore, selective deletion of COX-2 in
brain endothelial cells attenuates hyperthermia (Wilhelms et al., 2014;
Nilsson et al., 2016). Recently, LPS-induced hyperthermia was reported
to strongly correlate with PGE2-synthesizing capacity in hypothalamic
endothelial cells, but not with the overall PGE2 production in the brain
(Eskilsson et al., 2017), suggesting that local release of PGE2 to target
hypothalamic neurons is critical for the hyperthermia-generating re-
sponse. Taken together, these results indicate that cell signaling in
endothelial cells in the brain is important for hyperthermia, possibly
due to direct action of circulating LPS and/or cytokines.

In our previous study, we found that transient receptor potential
vanilloid 1 (TRPV1) was highly expressed in astrocyte/tanycyte-like
NSCs in the CVOs (Mannari et al., 2013). Moreover, activation of
TRPV1 resulted in increased expression of Fos and STAT3 in astrocyte/
tanycyte-like NSCs in the CVOs, as well as hypothermia (Mannari et al.,
2013; Yoshida et al., 2016). Therefore, Fos expression in astrocyte/ta-
nycyte-like NSCs in the CVOs may be closely associated with thermo-
regulatory responses in the brain. The OVLT located at the anterior wall
of the third ventricle was identified as a site of IL-1ß and TNF-α

production in response to peripheral administration of LPS (Quan et al.,
1997). As the OVLT is located close to the surrounding POA, diffusion
of pyrogenic mediators to the thermosensitive structures may be pos-
sible. Moreover, i.c.v. administration of recombinant TNF-α and IL-6
was reported to cause hyperthermia (Dinarello, 2004). IL-6 is produced
and released within the brain in response to peripheral administration
of LPS and has central pyrogenic activity (Chai et al., 1999). The
binding of IL-6 to the IL-6 receptor stimulates gp130-associated JAK
kinases, which leads to the activation of STAT3 (Heinrich et al., 2003).
Collectively, the present study suggests that TLR4, Fos, and STAT3
signaling in astrocyte/tanycyte-like NSCs of the CVOs functions as an
antipyretic regulator to prevent excessive hyperthermia during LPS-
induced inflammation.
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Fig. 14. Effects of i.c.v. administration of a high-
dose TLR4 inhibitor, LPS-RS ultrapure, on Fos ex-
pression in normal adult mice. Mice received i.c.v.
administration of 1mg/kg of LPS-RS ultrapure and
were sacrificed for Fos immunohistochemistry 2 h
later. a-d, i-l: On low magnification, many Fos+

nuclei were observed in the MnPO, MPA, ZI, PVN,
AH, and Arc, similarly the CVOs such as the OVLT,
SFO, and ME. e-h, e′-h′, m-q, m′-o′: In the CVOs and
dorsal part of the Arc, many Fos+ nuclei were ob-
served in SOX2+ astrocyte/tanycyte-like NSCs (ar-
rowheads) in the OVLT (e), SFO (h), and Arc (p), and
in SOX2+ astrocytes in the ME (q) and dorsal part of
the Arc (p). Fos+ nuclei were not found in HuC/D+

neurons (arrows) in the OVLT (e′) or SFO (h′), but
they were detected in the Arc (p) and ME (q). In
other brain regions, Fos+ nuclei were frequently
observed in SOX2+ astrocytes (arrowheads) and
HuC/D+ neurons (arrows) in the MnPO (f, f′), MPA
(g, g′), and PVN (n, n′). On the other hand, Fos+

nuclei were more frequent in HuC/D+ neurons (ar-
rows) than in SOX2+ astrocytes (arrowheads) in the
ZI (m, m′) and AH (o, o′). Scale bars= 50 μm.
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