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A B S T R A C T

Toll-like receptor 2 (TLR2) recognizes cell wall components from Gram-positive bacteria. Until now, however,
little has been known about the significance of brain TLR2 in controlling inflammation and thermoregulatory
responses during systemic Gram-positive bacterial infection. In the present study, the TLR2 immunoreactivity
was seen to be prominent in the microglia/macrophages of the circumventricular organs (CVOs) of the mouse
brain. The intraperitoneal injection of Pam3CSK4, a TLR2 agonist, induced nuclear factor-κ B activation in the
microglia/macrophages of the CVOs. The injection of Pam3CSK4 also produced the expression of Fos at astro-
cytes and neurons in the CVOs and the regions neighboring the CVOs. The Pam3CSK4 injection induced fever
and sickness responses. Pretreatment with lipopolysaccharide, a TLR4 agonist, augmented the Pam3CSK4-in-
duced fever together with the increased TLR2 immunoreactivity. These results indicate that the TLR2 in mi-
croglia/macrophages of the CVOs are possibly associated with initiating and transmitting inflammatory re-
sponses in the brain.

1. Introduction

Toll-like receptors (TLRs) have been shown to play a critical role in
the induction of innate and inflammatory responses when bacteria and
viruses invade the bodies of humans and rodents (Akira et al., 2001;
Gay et al., 2014). TLRs are a receptor that recognizes pathogen-asso-
ciated molecular patterns (PAMPs), which play crucial roles in early
innate recognition and host inflammatory responses against invading
disease-causing microbes (Akira et al., 2001). Among the TLR family
members, TLR2 recognizes a variety of TLR2 ligands from all microbial
phyla, including viruses, fungi, bacteria, and parasites (Zahringer et al.,
2008; Oliveira-Nascimento et al., 2012). This diversity depends on
TLR2 having a vast array of ligands, including lipoproteins, lipoteichoic
acid, proteins, polysaccharides, and peptidoglycans (Schwandner et al.,
1999; Oliveira-Nascimento et al., 2012), and TLR2 having the ability to
form functional heterodimers with two other types of TLRs and a large
number of non-TLR molecules (Zahringer et al., 2008; Oliveira-
Nascimento et al., 2012). The most well-characterized TLR2 ligands
thus far are lipoproteins, which are ubiquitous to all bacteria and which
are highly expressed in the outer membrane of Gram-positive bacteria
(Nguyen and Gotz, 2016), while triacyl and diacyl lipoproteins are re-
cognized by TLR2/TLR1 and TLR2/TLR6, respectively (Beutler et al.,
2006; Botos et al., 2011).

TLR2 heterodimers generally initiate a MyD88-dependent in-
tracellular signaling pathway so that nuclear factor-κ B (NF-κB) trans-
locates into the nucleus to modulate gene transcription and consequent
inflammatory cytokine production (Kawai and Akira, 2010). The cas-
cade also activates serine/threonine-specific protein kinases, which
influence both the transcription and mRNA stability of inflammatory
genes (Kawai and Akira, 2010). The systemic injection of TLR2/6
agonist results in fever and increases the tumor necrosis factor-α (TNF-
α) and interleukin-6 (IL-6) levels in the plasma, but these responses are
entirely blunted in TLR2-knockout (KO) mice (Welsch et al., 2012).

The blood-brain barrier (BBB) is a highly specialized brain en-
dothelial structure that separates the circulating blood from the brain to
maintain a constant homeostatic environment in the brain parenchyma
(Zlokovic, 2011). The circumventricular organs (CVOs) are character-
ized by highly permeable fenestrated capillaries unlike those in the rest
of the brain (Morita and Miyata, 2012; Morita et al., 2016). These
consist of the organum vasculosum of the lamina terminalis (OVLT),
subfornical organ (SFO), median eminence (ME) and area postrema
(AP) (Sisó et al., 2010; Miyata, 2015). The CVOs function as the blood-
brain interface for communicating between the brain parenchyma cells
and peripheral organs via blood circulation to initiate the earlier in-
flammatory response (Roth et al., 2004; Sisó et al., 2010; Miyata,
2015). Our previous studies revealed that the TLR4 or
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lipopolysaccharide (LPS) receptor was highly expressed in the CVOs of
the mouse brain NF-κB (Quan et al., 1997; Chakravarty and
Herkenham, 2005; Muneoka et al., 2019). Astrocytes in the CVOs are
known to have neural stem cell-like properties (Furube et al., 2015). In
comparison to other regions of the brain, circulating LPS/cytokines
cause the faster transcriptional activation of genes encoding a wide
variety of proinflammatory molecules in the CVOs; including nuclear
factor-κ B (NF-κB; Quan et al., 1997; Chakravarty and Herkenham,
2005; Muneoka et al., 2019) and the signal transducer and activator of
transcription factor 3 (STAT3; Rummel et al., 2004, 2005; Nakano
et al., 2015; Yoshida et al., 2016). The systemic injection of LPS pre-
ferentially increases the tumor necrosis factor (TNF)-α, interleukin (IL)-
1β, and IL-6 levels in the CVOs (Breder et al., 1994; Vallieres and
Rivest, 1997; Chakravarty and Herkenham, 2005). The TLR4 in the
astrocytes and tanycytes of the CVOs has also been shown to act as a
central regulator for preventing the overshoot of fever during LPS-in-
duced inflammatory conditions and for maintaining a proper body
temperature during normal conditions (Muneoka et al., 2019). Thus,
evidence is accumulating to support that the TLR4 in the CVOs has a
crucial function in initiating and controlling the inflammatory re-
sponses after systemic LPS stimulation.

Gram-positive bacteria are common causes of nosocomial blood-
stream infection, and the prevalence of infections caused by antibiotic-
resistant gram-positive bacteria is increasing (Rice, 2006). The activa-
tion of TLR2 in immune cells by lipoproteins is a significant factor in
Gram-positive sepsis (Takeuchi et al., 2000; Hashimoto et al., 2006).
The systemic injection of macrophage-activating lipopeptide-2 of My-
coplasma fermentans induces the activation of STAT3 in a subpopulation
of parenchyma cells in the CVOs (Knorr et al., 2008). The in-
tracerebroventricular (i.c.v.) injection of Pam3CSK4, a TLR2 ligand, has
been shown to lead to sickness responses, including anorexia,

hypoactivity, and fever through the hypothalamic arcuate nucleus (Jin
et al., 2016). A robust and temporal elevation of the TLR2 mRNA ex-
pression occurs in the CVOs after the systemic injection of LPS, al-
though the injection of lipoteichoic acid peptidoglycans, a TLR2 ago-
nist, or the combination of both substances does not alter the TLR2
mRNA expression (Laflamme and Rivest, 2001; Rivest, 2003, 2009),
indicating the occurrence of crosstalk between TLR4 and TLR2. The
involvement of the TLR2 in the brain in inflammatory signaling and
responses appears to have little functional significance, despite the
importance of TLR2 in various infection processes.

In the present study, we therefore aimed to investigate the TLR2-
dependent activation of microglia/macrophages and following glial-
neuronal circuits to control the inflammatory response in the adult
mouse brain. First, the stronger TLR2 immunoreactivity was observed
in the microglia/macrophages of the CVOs in comparison to other brain
regions under basal/unstimulated conditions. Second, the in-
traperitoneal injection of Pam3CSK4, a TLR2 ligand, caused the acti-
vation of NF-κB in the microglia/macrophages of the CVOs. Third,
Pam3CSK4 induced the expression of Fos in the astrocytes of the CVOs
and neurons in the inflammation-regulating brain regions. Finally, the
pretreatment with LPS, a TLR4 agonist, significantly increased the ex-
pression levels of TLR2 in the CVOs and augmented the Pam3CSK4-
induced fever. Thus, the present study indicates that the TLR2 in the
microglia/macrophages of the CVOs probably plays a role in initiating
and controlling fever and the sickness responses induced by Gram-po-
sitive bacteria.

Fig. 1. The expression of TLR2 of the microglia/
macrophages in the CVOs of the mouse brain under
basal/unstimulated conditions. a–d, a′–d′, a″–d″:
Triple-labeling immunohistochemistry images
showing the TLR2 immunoreactivity of the Iba1+

microglia (open arrows) and macrophages (arrow-
heads) and laminin+ perivascular space in the CVOs.
Microglia were localized at parenchyma or outside
the capillary, whereas macrophages were present in
the perivascular space. e-h: Double-labeling im-
munohistochemistry revealed that visible TLR2 im-
munoreactivity (solid arrows) was not observed in
the GFAP+ astrocytes in the CVOs. Scale
bars= 50 μm. 3 V, 3rd ventricle; D3V, dorsal 3rd
ventricle.
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2. Material and methods

2.1. Animals

Male ICR mice (70–105 days old; Japan SLC Inc., Hamamatsu,
Japan) were housed in a colony room (24 ± 0.5 °C) with a 12-h light/
dark cycle; light on at 7:00 and light off at 19:00 and given ad libitum
access to commercial chow and tap water. All experiments were per-
formed according to the guidelines laid down by the NIH and Proper
Conduct of Animal Experiments Science Council of Japan. An anti-
biotic, enrofloxacin (Baytril, Bayer Yakuhin Ltd., Tokyo, Japan), was
added to the drinking water (170mg/l) of the mice for several days
after surgery to protect them from infection. The protocols of all ex-
periments were approved by the animal care and use committee of the
Kyoto Institute of Technology.

2.2. Injection of drugs

Pam3CSK4 (MW 1510.2) and synthetic triacylated lipopeptide were
purchased from Tocris Bioscience (Catalog No. 4633, Bristol, UK) and
Merck (M9511, Sigma-Aldrich Japan, Tokyo, Japan), respectively. The
Pam3CSK4 was dissolved in distilled deionized pathogen-free water at
the concentration of 0.8 mg/ml and stored at −80 °C until use. For the
immunohistochemistry of NF-κB and Fos, animals were sacrificed 2 h
after single intraperitoneal injection of 1mg/kg Pam3CSK4 (200 μl,
0.8 mg/ml) or distilled deionized water (DDW). For LPS pretreatment,
mice received a single intraperitoneal injection (100 μl) of LPS (100 μg/
kg; Sigma-Aldrich, 055: type B5) 24 h before a single intraperitoneal
injection of Pam3CSK4 (1mg/kg; 0.8mg/ml) or DDW. The dose
(100 μg/kg) of LPS is shown to induce fever and sickness responses in
our previous studies (Furube et al., 2018; Muneoka et al., 2019). The

Fig. 2. Activation of NF-κB in the microglia/macro-
phages in the CVOs of mice following the single
systemic injection of Pam3CSK4, a TLR2 agonist.
Mice received an intraperitoneal injection of
Pam3CSK4 (1mg/kg) and were sacrificed for NF-κB
immunohistochemistry 2 h after the injection. a–d,
a′–d′: NF-κB nuclear translocation was rarely ob-
served in control mice. e–h, e′–h′: The nuclear
translocation of NF-κB was seen in both the Iba1+

microglia (arrows) and macrophages (arrowheads)
of Pam3CSK4-injected mice (upper panels in e′–h′).
A three-dimensional image analysis demonstrated
the presence of NF-κB-immunoreactive nuclei in
CD11b+ microglia and macrophages (lower panels
in e′–h′). Scale bars= 50 (a), 10 (bottom in e′) μm. i:
A quantitative analysis showed that the number of
NF-κB+ microglia/macrophages was significantly
increased after the Pam3CSK4 injection. Data
(n=4) are expressed as the mean (± s.e.m.). *:
P < 0.05, **: P < 0.01, ***: P < 0.001 between
the control and Pam3CSK4 mice (unpaired Student's
t-test).
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dose (1mg/kg) of Pam3CSK4 is shown to evoke a cytokine response
similar to 1mg/kg of LPS (Mersmann et al., 2010).

2.3. Immunohistochemistry

After deep anesthesia with isoflurane, mice were intracardially
perfused with phosphate-buffered saline (PBS; pH 7.4) containing 0.1%
trisodium citrate dihydrate by 4% paraformaldehyde in 0.1M phos-
phate buffer (PB; pH 7.4). Fixed brains were cryoprotected by 30%
sucrose in PBS (pH 7.4) and frozen quickly in Tissue-Tek OCT com-
pound (Sakura Finetechnical, Tokyo, Japan). Sections were obtained by
a coronal cut on a cryostat (Leica, Wetzlar, Germany) at a thickness of
30 μm. For immunofluorescence labeling, a standard technique applied
to free-floating sections, as described in our previous study (Furube
et al., 2018). In brief, the sections were washed with PBS and treated
with 25mM glycine in PBS for 20min to quench the remaining alde-
hyde moiety. 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: mouse
monoclonal antibody against HuC/D (clone 16A11, Molecular Probes,
ThermoFischer Scientific Japan; dilution 1:400); goat polyclonal anti-
body against SOX2 (sc-17,320, Santa Cruz Biotechnology, Sant Cruz,
CA; dilution 1:2000 or Cat. No. AF 2018, R&D Systems, Minneapolis,

MN; dilution 1:2000); rabbit polyclonal antibody against Fos (Cat. No.
sc-52, Santa Cruz Biotechnology; dilution 1:3000), NF-κB p65 (Cat. No.
sc-372, Santa Cruz Biotechnology; dilution 1:1000), and Iba1 (Cat. No.
019–19,741, FUJIFILMWako Chemicals, Tokyo, Japan; dilution 1:800);
rat monoclonal antibody against TLR2 (clone T2.5, eBioscience, Ther-
moFischer Scientific Japan, Tokyo, Japan, dilution 1:1000) and CD11b
(clone 5C6, BioRad, ThermoFischer Scientific Japan; dilution
1:10,000); and guinea pig polyclonal antibody against glial fibrillary
acidic protein (GFAP; H29–1127; dilution 1:400, Muneoka et al., 2019)
and laminin (the antigen was laminin-111 from Engellbreth-Holm-
Swarm murine sarcoma basement membrane: IM-2011; dilution 1:200,
Imamura et al., 2010). After several washes with PBST, they were
further incubated with an Alexa 405-, 488- or 594-conjugated sec-
ondary goat antibody (Jackson ImmunoResearch, West Grove, PA, di-
lution 1:400). When the mouse primary antibody was used, Alexa 594-
conjugated goat F(ab)2 against mouse IgG (Jackson ImmunoResearch;
dilution 1:100) was used to avoid the binding of endogenous Fc re-
ceptors. For the confocal microscopic observations, coverslips were
sealed with Vectashield (Vector Labs, Burlingame, CA) and observa-
tions were performed using a laser-scanning confocal microscope
(Olympus FV 10i, Tokyo, Japan).

Fig. 3. The systemic injection of Pam3CSK4 (a TLR2
agonist) induces fever and reduces the locomotor
activity of mice. The abdominal core temperature
and locomotor activity were measured by the G2 E-
mitter telemetry system after the intraperitoneal in-
jection of Pam3CSK4 (1mg/kg) in the ambient
temperature at 24 ± 0.5 °C. Mice of both control
and Pam3CSK4-stimulated groups initially showed
stress-induced fever during/after the injection pro-
cedure. a: The intraperitoneal injection of Pam3CSK4
induced marked continuous fever. Mice initially ex-
hibited a stress-induced increase in body tempera-
ture during/after the injection procedure. The green
line indicates the period in which the body tem-
perature differed between the control and
Pam3CSK4-injected mice. b: Pam3CSK4-injected
mice showed decreased locomotor activity in com-
parison to control mice. Data (n=10) are expressed
as the mean (± s.e.m.). *: P < 0.05 between the
control and Pam3CSK4 mice (unpaired Student's t-
test). (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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2.4. Measurement of body temperature

The measurement of body temperature and locomotor activity was
performed according to the methods of our previous studies (Yoshida
et al., 2016; Muneoka et al., 2019). Mice were anesthetized with iso-
flurane and underwent the implantation of a G2 E-mitter telemetry
system implant (Star Life Science Co., Oakmont, PA) via a midline la-
parotomy. The implanted system, which was sutured to the dorsolateral
abdominal wall, was kept for at least one week. Mice received an in-
traperitoneal injection of Pam3CSK4 (200 μl, 1 mg/kg) or DDW be-
tween 09.00 and 09.30. The measurement of the abdominal tempera-
ture and locomotor activity was performed using the G2 E-mitter
telemetry system implant at 5-min intervals and plotted at 10-min in-
tervals from 12 h before to 12 h after the injection of Pam3CSK4 or
distilled deionized water. Mice received an intraperitoneal injection
(200 μl) of Pam3CSK4 (1mg/kg) or distilled deionized water on the
fourth day. For LPS pretreatment, the animals received an in-
traperitoneal injection of LPS (100 μg/kg) 24 h before Pam3CSK4 sti-
mulation. Data were acquired and fed to a computer using the Vital
View software program (Vital View series 4000, Star Life Science Co).
The fever index (°C x h) was calculated as the area under the tem-
perature curve based on the mean temperature during a period of 2 h
before the intraperitoneal injection.

2.5. Confocal and statistical analysis

For quantitative analysis, we selected at least five sections per an-
imal from the OVLT and seven sections per animal from the other brain
regions according to the mouse brain atlas (Paxinos and Franklin,
2001). Confocal images were obtained under the same pinhole size,
brightness, and contrast settings. We saved images (1024× 1024
pixels) as TIF files using the Olympus Fluoview Ver. 4.2a viewer and
arranged them using the Photoshop CC software program (Adobe
Creative Cloud, San Jose, CA). In the case of NF-κB and Fos, we set the
threshold of contrast setting of the confocal microscope to detect the
preferentially strong signal in the nucleus. The numbers of Fos- and NF-
κB+ nuclei in the Iba-1-labeled microglia/macrophages, SOX2-labeled
astrocytes, and HuC/D-labeled neurons were counted using WinRoof,
an image analysis system (Mitani Corporation, Fukui, Japan). The re-
lative TLR2 immunoreactivity was calculated by obtaining the per-
centage of TLR2-immunoreactive area in Iba1+ microglial and macro-
phagal one. The areas of TLR2-immunoreactive microglia/macrophages
and Iba-1-immunoreactive microglia/macrophages were measured
using WinRoof (Mitani Corporation). In all of the image analyses, the
threshold intensity of which was set to include measurement profiles by
visual inspections and was kept constant and the experimenter was
blinded to the treatments of the mice.

3. Results

3.1. High expression of TLR2 in the microglia and macrophages of the CVOs

To examine the localization of TLR2-immunoreactive cells in the
brain, we performed triple-labeling immunohistochemistry to detect
TLR2, Iba1 (microglial/macrophagal marker), and a laminin (a vascular
basement membrane marker) in unstimulated mice. Microglia are dis-
tinguished from macrophages by their localization since microglia are
present on the parenchyma, outside the capillaries, while macrophages
are localized in the perivascular space surrounded by a laminin+

basement membrane. TLR2-immunoreactive cells were seen in the
OVLT (Fig. 1a), SFO (Fig. 1b), ME (Fig. 1c) and AP (Fig. 1d). Double
(Fig. 1a′–d′) and triple (Fig. 1a″–d″) labeling clearly showed the high
expression of TLR2 on Iba-1+ perivascular macrophages and par-
enchyma microglia in the CVOs. On the other hand, double-labeling
immunohistochemistry with GFAP (an astrocyte marker) showed that
there was no expression of TLR2 on the GFAP+ astrocytes in the OVLT

Fig. 4. The systemic injection of Pam3CSK4 causes sickness responses in mice.
Mice received an intraperitoneal injection of Pam3CSK4 (1mg/kg) and vehicle
or DDW (control). The fever index and cumulative locomotor activity were
calculated during daytime (10:30–19:00), and the food and water intake and
change in body weight were measured for 24 h after the injection. a: The fever
index of Pam3CSK4-injected mice was significantly higher in comparison to the
control mice. b-d: The cumulative locomotor (b), food (c) and water intake (d)
and change in body weight (e) were significantly reduced in Pam3CSK4-treated
mice. Data (n= 10) are expressed as the mean (± s.e.m.). ***: P < 0.001
between the control and Pam3CSK4 mice (unpaired Student's t-test).
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(Fig. 1e), SFO (Fig. 1f), ME (Fig. 1g) or AP (Fig. 1h) of the CVOs. GFAP
is distributed uniformly over cytoplasm of astrocytes and therefore
convenient to visualize the whole astrocytic morphology. These results
indicate that TLR2 is highly expressed on the microglia/macrophages of
the CVOs in the adult mouse brain.

3.2. Systemic Pam3CSK4 stimulation induces NF-κB activation of the
microglia/macrophages in the CVOs

Our previous studies have shown that the nuclear translocation of
NF-κB is useful for evaluating NF-κB activation in the brain (Muneoka
et al., 2019). We first examined NF-κB activation using an antibody
against the NF-κB p65 subunit by immunohistochemistry. There was
almost no NF-κB nuclear accumulation or activation in control mice
(Fig. 2a–d, a′–d′), while the intraperitoneal injection of Pam3CSK4 (a
TLR2 agonist) caused the strong activation of NF-κB in the OVLT
(Fig. 2e), SFO (Fig. 2f), ME (Fig. 2g) and AP (Fig. 2h) of the CVOs at a
dose of 1mg/kg. Triple-labeling immunohistochemistry with a micro-
glial marker CD11b and laminin revealed that the NF-κB+ nuclei were
present in CD11b+ microglia/macrophages in the CVOs after
Pam3CSK4 stimulation (Fig. 2e′–h′), which was confirmed by 3D con-
focal images (Fig. 2a′–d′). A quantitative analysis revealed an increased
number of NF-κB+ cells in the microglia/macrophages of the OVLT
(microglia 98.2 ± 14.1; macrophages 103.6 ± 21.4), SFO (microglia
48.3 ± 11.0), ME (microglia 172.7 ± 27.5; macrophages
30.4 ± 7.7) and AP (microglia 112.9 ± 20.3; macrophages
27.2 ± 4.5) of the CVOs after the systemic injection of Pam3CSK4
(Fig. 2i). Thus, these results indicate that NF-κB activation was induced

in the microglia/macrophages of the CVO by the systemic injection of
Pam3CSK4.

3.3. The Pam3CSK4-induced fever and sickness responses

Since the systemic injection of Pam3CSK4 induces inflammation
that mimics Gram-positive bacterial infection, we examined whether or
not the systemic injection of Pam3CSK4 changes the body temperature
and induces sickness responses. Mice were allowed to move freely and
had ad libitum access to food and water during the measurement of their
body temperature and locomotive activity (Fig. 3). Initially, the mice
showed stress-induced fever after the injection of both Pam3CSK4 and
DDW, or control vehicle (Fig. 3a). Pam3CSK4-injected mice showed
significant fever two hours after the injection. From 3 h after the in-
jection, the locomotive activity of the Pam3CSK4-injected mice was
significantly lower than that of the control mice (Fig. 3b).

To understand the Pam3CSK4-induced sickness responses, we
showed the cumulative values of fever, locomotor activity, and other
factors (Fig. 4). The Pam3CSK4-injected mice showed a 3-fold increase
in fever index (9.2 ± 0.7) in comparison to control animals
(3.0 ± 1.1) (Fig. 4a). The cumulative locomotor activity decreased
from 509.13 ± 42.8 in the control mice to 298.92 ± 12.5 in the
Pam3CSK4-injected mice (Fig. 4b). The systemic injection of Pam3CSK4
also significantly reduced the food (Fig. 4c) and water (Fig. 4d) intake
from 5.32 ± 0.2 to 2.78 ± 0.2 g and from 5.92 ± 0.3 to
1.78 ± 0.3ml, respectively. The body weight of Pam3CSK4-injected
mice (−0.54 ± 0.2 g) was also significantly lower in comparison to
the control mice (+2.77 ± 0.2 g). Taken together, these results

Fig. 5. The effect of the systemic injection of
Pam3CSK4 on the Fos expression in the mouse CVOs.
Mice received an intraperitoneal injection of
Pam3CSK4 (1mg/kg) or control vehicle. At 2 h after
the injection they were sacrificed for Fos im-
munohistochemistry. a–d, e–h: Representative
images showing that the Fos+ cells in the CVOs of
Pam3CSK4-treated mice (e–h) were increased in
comparison to the control mice (a-d). a′–d′, e′–h′:
Triple-labeling immunohistochemistry revealed that
Fos+ nuclei were often seen in the SOX2+ astro-
cytes, but not in the HuC/D+ neurons of Pam3CSK4-
injected mice (upper panels in e′–h′), while almost
no colocalization was observed in the control mice
(a′–d′). A three-dimensional image analysis demon-
strated the presence of NF-κB-immunoreactive nuclei
in CD11b+microglia and macrophages (lower pa-
nels in e′–h′). Scale bars= 50 (a), 10 (bottom in e′)
μm. 3 V, 3rd ventricle; D3V, dorsal 3rd ventricle.
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indicate that systemic injection of the TLR2 agonist Pam3CSK4 causes
fever and sickness responses.

3.4. Systemic Pam3CSK4 stimulation induces the expression of Fos in the
CVOs and the neighboring brain regions

To examine the brain regions that are activated by the systemic
injection of Pam3CSK4, we employed Fos immunohistochemistry to
detect activated cells in the brain (Figs. 5 and 6). Control mice showed
small numbers of Fos+ cells in the sex determining region Y-box 2
(Sox2)+ astrocytes and HuC/D+ neurons in the OVLT (Fig. 5a, a′), SFO
(Fig. 5b, b′), ME (Fig. 5c, c′) and AP (Fig. 5d, d′). SOX2 is localized in
the nucleus of astrocytes and therefore convenient to examine Fos+

nucleus in astrocytes. Many Fos+ cells were observed in the CVOs
(Fig. 5e–h) after the injection of Pam3CSK4. They were often

colocalized with Sox2+ astrocytes, which was confirmed by 3D con-
focal images, but not with HuC/D neurons (Fig. 5e′–h′). Unlike the
CVOs, Fos+ nuclei were more frequently seen in the HuC/D+ neurons
of the preoptic area (POA) (Fig. 6a, d), anterior hypothalamic area
(AH), paraventricular nucleus (PVN), reuniens thalamic nucleus (Re),
zona incerta (ZI) (Fig. 6b, e, f, g, h) and AP/Sol (Fig. 6c, i) in com-
parison to the control mice (Fig. S1). Using these data, the numbers of
Fos+ cells in the CVOs and inflammation-associated brain regions of the
adult mouse brain were quantified (Fig. 6j). The systemic injection of
Pam3CSK4 significantly increased the numbers of Fos+ astrocytes in
the OVLT (465.7 ± 47.8 cells/mm2), SFO (197.3 ± 19.4), ME
(176.2 ± 12.5) and AP (172.6 ± 20.7), whereas the numbers of Fos+

nuclei were only significantly higher in the neurons of the POA, AH, ZI,
PVN, Re and Sol (Fig. 6i). These findings indicate that the Pam3CSK-
induced expression of Fos is increased in the astrocytes of the CVOs and

Fig. 6. The effect of the systemic injection of
Pam3CSK4 on the Fos expression in the neighboring
brain regions and the quantitative analysis of the
Fos+ cell density in the mouse brain. Mice received
an intraperitoneal injection of Pam3CSK4 (1mg/kg)
or control vehicle. At 2 h after the injection they
were sacrificed for Fos immunohistochemistry. a–c:
Representative images showing that Fos+ nuclei
were observed in the POA, AH, PVN, Re, ZI and Sol
of Pam3CSK4-treated mice. d-i: Triple-labeling im-
munohistochemistry revealed Fos+ nuclei in the
HuC/D+ neurons rather than the SOX2+ astrocytes
in the Pam3CSK4-treated mice. Scale bars= 50 μm.
3 V, 3rd ventricle. j: The quantitative analysis
showed that the number of Fos+ astrocytes was
significantly increased in the CVOs, while the
number of Fos+ neurons was significantly elevated
in the neighboring brain regions. Data (n=4) are
expressed as the mean (± s.e.m.). *: P < 0.05, **:
P < 0.01, ***: P < 0.001 between the control and
Pam3CSK4 mice (unpaired Student's t-test).
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in the neurons of the brain regions involved in inflammation.

3.5. LPS pretreatment augmented the TLR2-dependent fever and sickness
responses

A robust and temporal elevation of the TLR2 mRNA expression
occurs in the CVOs and their neighboring brain regions after the sys-
temic injection of LPS (Laflamme et al., 2001, 2003; Rivest, 2009). We
examined whether or not the systemic LPS injection increases the TLR2
protein expression in the CVOs at a dose of 100 μg/kg and whether this
LPS pretreatment changes the TLR2-dependent fever and sickness re-
sponses. The TLR2 immunoreactivity of the Iba1+ microglia/macro-
phages in the OVLT, SFO and ME in LPS-injected mice (Fig. 7e-g, e′–g′)
was significantly higher than that in control mice (Fig. a–c, a′–c′).
However, the LPS-stimulated increase in TLR2 immunoreactivity was
not clear in the AP (Fig. 7d, d′, h, h′). Based on these data, the relative
fluorescent intensity of TLR2 immunoreactivity was quantified (Fig. 7i).
The systemic injection of LPS significantly increased the fluorescence
intensity of TLR2 immunoreactivity in both the microglia and macro-
phages of the OVLT (microglia 9.1 ± 1.3; macrophages 14.2 ± 1.7),
SFO (microglia 41.9 ± 2.2; macrophages 34.8 ± 4.5) and ME (mi-
croglia 20.9 ± 2.0; macrophages 15.9 ± 1.8), but not in the AP

(microglia 11.3 ± 6.0; macrophages 12.9 ± 5.3) in comparison to the
control mice (OVLT: microglia 2.9 ± 1.1, macrophages 6.2 ± 0.6;
SFO: microglia 7.5 ± 0.9; macrophages 14.9 ± 4.8; ME: microglia
9.2 ± 2.8; macrophages 8.4 ± 1.3; AP: microglia 5.2 ± 0.6; macro-
phages 13.9 ± 1.6).

Next, we investigated whether or not pretreatment with a systemic
injection of LPS changes the Pam3CSK4-induced fever and sickness
responses (Figs. 8 and 9). The time schedule of the treatment of LPS and
Pam3CSK4 is depicted in Fig. 8a. Mice were pretreated with the in-
traperitoneal injection of LPS (100 μg/kg) or saline and then kept for
24 h with ad libitum access to food and water. Mice received an in-
traperitoneal injection of Pam3CSK4 or DDW at 24 h after the injection
of LPS, and their body temperature, locomotor activity, food and water
intake, and body weight were measured. The Pam3CSK4-induced fever
in LPS-pretreated mice (LPS+Pam) was significantly higher in com-
parison to that in the saline-pretreated mice (Saline+Pam) (Fig. 8b).
Vehicle DDW caused no significant fever in mice with or without LPS
pretreatment.

The systemic injection of Pam3CSK4 significantly increased the
fever index in LPS- (LPS-Pam; 15.0 ± 0.9 oCxh) and saline-pretreated
(Saline-Pam; 7.5 ± 1.0) mice in comparison to the saline-DDW control
mice (2.3 ± 0.9) (Fig. 9a). However, the fever index of Pam3CSK4-

Fig. 7. The systemic injection of LPS increases the
TLR2 immunoreactivity of the microglia/macro-
phages of the CVOs. Mice received an intraperitoneal
injection LPS (100 μg/kg) or vehicle saline. At 24 h
after the injection they were sacrificed for im-
munohistochemistry. a–h, a–h′: The confocal setting
of Alexa488 was adjusted so that the fluorescence
intensity of TLR2 immunoreactivity was low in the
CVOs of the control mice (a–d, a′–d′). In LPS-treated
mice, the fluorescence intensity of the TLR2 im-
munoreactivity was high, even under an identical
confocal setting (e–h, e′–h′). Scale bar= 50 μm. i: A
quantitative analysis revealed that the fluorescence
intensity of TLR2 immunoreactivity was significantly
increased by LPS treatment in the microglia/macro-
phages in the CVOs. Data (n=4) are expressed as
the mean (± s.e.m.). *: P < 0.05, **: P < 0.01,
***: P < 0.001 between the control and Pam3CSK4
mice (unpaired Student's t-test).
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stimulated fever in the LPS-pretreated mice (LPS-Pam) was markedly
higher than that of the saline-pretreated mice (Saline-Pam). The cu-
mulative locomotor activity in the Pam3CSK4-stimulated animals with
(LPS+ Pam; 1697.1 ± 248.5) and without (Saline+Pam;
1688.6 ± 146.7) was reduced in comparison to the control mice
(Saline+DDW; 3237.6 ± 267.1) (Fig. 9b, Fig. S2). The food (Fig. 9c)
and water intake (Fig. 9d) in the Pam3CSK4-stimulated mice with
(LPS+ Pam) and without (Saline+Pam) LPS pretreatment were also
decreased in comparison to the control (Saline+DDW). LPS-treated
mice showed a marked reduction in body weight in comparison to
saline-treated control mice during the 24 h after the first injection of
LPS (Fig. 9e). Pam3CSK4 stimulation significantly reduced the body
weight of mice during the 24 h after the second injection of Pam3CSK4,
regardless of whether they had received LPS pretreatment (Fig. 9f). The
cumulative body weight loss in the Pam3CSK4-stimulated mice with
LPS pretreatment was significantly higher than that in those without
LPS pretreatment (Fig. 9g). Overall, these data indicate that LPS pre-
treatment augmented the Pam3CSK4-stimulated fever and body weight
loss together with the increased expression of TLR2 in the CVOs.

4. Discussion

TLR2 is the well-known pattern receptor that recognizes a variety of
PAMPs from all microbial phyla, including viruses, fungi, bacteria, and
parasites and plays crucial roles in the inflammatory and thermogenic
response. Until now, however, little has been known about the TLR2-
dependent brain pathways that cause inflammatory responses. In the

present study, we found that TLR2 was highly expressed in the par-
enchyma microglia and non-parenchyma macrophages in the CVOs and
that the systemic injection of the TLR2 agonist Pam3CSK4 induced NF-
κB activation in these two types of brain immune cells. Pam3CSK4 also
induced the expression of Fos in the astrocytes of the CVOs and neurons
in the inflammation-associated brain regions. Pretreatment with LPS (a
TLR4 agonist) augmented the protein expression of TLR2 in the CVOs
and the TLR2-dependent fever and sickness responses. These results
indicate that the peripheral injection of TLR2 PAMPs stimulates TLR2
on microglia/macrophages in the CVOs and its information relay to the
astrocyte-neuronal circuits to regulate inflammatory responses.
Moreover, the TLR2-dependent fever and sickness responses are largely
augmented by TLR4.

Previously, in situ hybridization histochemistry showed the high
expression of TLR2 mRNA in the SFO, ME, choroid plexus (Laflamme
et al., 2003), and AP (Chakravarty and Herkenham, 2005). Moreover,
the TLR2 mRNA-expressing cells in the ME are reported to be positive
for microglial/macrophagal marker Iba1 (Laflamme et al., 2001, 2003).
In the present study, immunohistochemistry further revealed that TLR2
immunoreactivity in all regions of the CVOs was markedly higher in
comparison to other brain regions. Moreover, triple-labeling im-
munohistochemistry also demonstrated that the TLR2 im-
munoreactivity was found in both the perivascular macrophages and
parenchyma microglia of the CVOs. The perivascular structure of the
CVO is largely different from that of the general brain, since a broad
perivascular space is present between the endothelial inner basement
membrane and the parenchymal outer basement membrane (Miyata,

Fig. 8. LPS pretreatment augments the Pam3CSK4-
induced fever. a; Schematic representation showing
time schedule of first injection of LPS or saline and
2nd injection of Pam3CSK4 or DDW; At 24 h after the
intraperitoneal injection of 100 μg/kg LPS, mice re-
ceived an intraperitoneal injection of either
Pam3CSK4 (LPS+Pam) or vehicle DDW
(LPS+DDW). At 24 h after the intraperitoneal in-
jection of saline, animals also received the in-
traperitoneal injection of Pam3CSK4 (1mg/kg;
Saline+Pam) or vehicle DDW (Saline+DDW). b:
The abdominal core temperature was measured
using a G2 E-mitter telemetry system in the ambient
temperature at 24 ± 0.5 °C. Mice initially showed
stress-induced fever during/after the injection pro-
cedure except LPS+Pam group. The intraperitoneal
injection of Pam3CSK4 induced significantly more
extreme fever in the LPS-pretreated mice
(LPS+ Pam) in comparison to the saline-treated
mice (Saline+Pam). Data (Saline+DDW, n=12;
Saline+Pam, n=8; LPS+DDW, n=8; LPS+Pam,
n= 8) are expressed as the mean (± s.e.m.). Green
and red lines indicate the period for *P < 0.05,
**P < 0.01, ***P < 0.001 among groups (ANOVA
with Tukey post hoc test). (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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2015, 2017). Perivascular macrophages are very similar to microglia in
their expression of marker proteins, such as Iba1, CD11b, and CX3CR1,
and are involved in immune surveillance (Lopez-Atalaya et al., 2018).
Thus, we clearly demonstrated that TLR2 is highly expressed in all re-
gions of the CVOs and that its cellular phenotype includes both mi-
croglia and macrophages.

In the present study, we found that the intraperitoneal injection of
the TLR2 agonist Pam3CSK4 caused NF-κB activation in both the mi-
croglia and macrophages of the CVOs. This result was in line with the
finding that TLR2 is mainly expressed by the microglia and macro-
phages. The intraperitoneal injection of macrophage-activating lipo-
peptide-2 from Mycoplasma fermentans induces STAT3 activation in
unidentified cells in the CVOs and induces fever (Knorr et al., 2008;
Welsch et al., 2012). Since the activation of NF-κB signaling has been
shown to be induced in brain endothelial cells by IL-1β (Ching et al.,
2007), it cannot be denied that the NF-κB activation of microglia/
macrophages is induced by Pam3CSK4-induced IL-1β in the circulation.
However, the present study revealed that the systemic injection of
Pam3CSK4 did not cause prominent NF-κB activation in the neurons
and astrocytes of the CVOs, although IL-1 receptor accessory protein is
expressed by the neurons and astrocytes of the SFO (Wei et al., 2015).

High-molecular-weight (HMW) molecules (MW 10,000 to 100,000)
cannot reach the parenchyma of the CVOs, but they pass the inner
basement membrane to accumulate in the perivascular space of the
CVOs (Morita and Miyata, 2012; Miyata, 2015, 2017). The perivascular
macrophages in the AP can phagocytize blood-derived HMW molecules
in the perivascular space (Morita and Miyata, 2012; Miyata, 2015,
2017). In contrast to HMW molecules, low-molecular-weight (LMW)
molecules (MW<5000) freely pass both the basement membranes to
reach the parenchyma (Morita and Miyata, 2012; Miyata, 2015, 2017).
TLR2 agonists include a variety of substances; LMW-type agonists such
as the lipoteichoic acid (MW 1032) and Pam3CSK4 (MW 1509), and
mycoplasma macrophage-activating lipopeptide 2 (MW 2135) and
HMW-type agonists such as Zymosan (large variable polysaccharides)
and LP44 (MW 44,000). In a previous study, the i.c.v. infusion of
Pam3CSK induced significant fever and sickness responses in wild-type
mice, but not in TLR2 knockout mice (Jin et al., 2016). The present
study showed that the intraperitoneal injection of Pam3CSK caused
similar fever and sickness responses to those caused by the i.c.v. infu-
sion of Pam3CSK4. Moreover, the present study showed that NF-κB
activation in microglia was prominently significant in the OVLT com-
pared with other CVOs. This result suggests that the OVLT is more

Fig. 9. LPS pretreatment augments the Pam3CSK4-induced fever and sickness responses. a: The fever index was significantly higher in Pam3CSK4-stimulated mice
with (LPS+ Pam) and without (Saline+Pam) LPS pretreatment compared with the DDW-injected control (Saline+DDW). The fever index of Pam3CSK4-stimulated
fever was significantly greater in LPS-pretreated mice (LPS+Pam) than that of the saline-pretreated animals (Saline+Pam). b: The cumulative locomotor activity of
the Pam3CSK4-stimulated mice (Saline+Pam, LPS+Pam) was significantly lower than that of the non-stimulated control mice (Saline+DDW). c,d: The food and
water intake of the Pam-stimulated mice (Saline+Pam and LPS+Pam) were significantly lower in comparison to the non-stimulated control mice (Saline+DDW).
e,f, g: The body weight of mice showed a large decrease during the period from 0 to 24 h after the first injection of LPS (e). The second injection of Pam3CSK4
significantly decreased the body weight of mice with or without LPS pretreatment (f). The cumulative body weight loss of the LPS-pretreated and Pam3CSK4-
stimulated (LPS+Pam) mice was significantly greater than that of the saline-pretreated and Pam3CSK4-stimulated mice (Saline+Pam). The period depicted in each
panel indicates the time after the first injection of LPS or saline. Data (Saline+DDW, n= 12; Saline+Pam, n= 8; LPS+DDW, n= 8; LPS+Pam, n= 8) are
expressed as the mean (± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 among groups (ANOVA with Tukey post hoc test).
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important to sense and transmit the information of peripheral infection
of TLR2 pathogens, because the OVLT is intimately associated with
generation of fever (Nakamori et al., 1993; Simm et al., 2016). In our
previous study, TLR4 was expressed by the astrocytes, and the systemic
injection of LPS caused NF-κB activation in the astrocytes of the CVOs
(Nakano et al., 2015; Muneoka et al., 2019). LPS has been shown to be
detected in parenchyma of the CVOs, suggesting that LPS can pass fe-
nestrated capillaries and reach the parenchymal TLR4 on the astrocytes
of the CVOs (Vargas-Caraveo et al., 2017). These results suggest that
circulating LMW TLR2 PAMPs can bind directly to TLR2 on microglia/
macrophages and that HMW ones can directly stimulate TLR2 on
macrophages to activate NF-κB in the CVOs to initiate inflammatory
responses. Thus, the CVOs are the brain regions that initiate both the
TLR2- and TLR4-dependent inflammatory responses during the early
phase of the inflammatory response, whereas their competent cellular
phenotype or signaling pathway is different.

The present study showed that the intraperitoneal injection of
Pam3CSK4 induced the expression of Fos in the astrocytes of the CVOs.
Fos is one of the immediate-early genes, which are powerful tools for
identifying activated cells (Chandra and Lobo, 2017). Microglia-astro-
cyte interactions are required for LPS to induce the the mRNA expres-
sion of pro-inflammatory cytokines in the astrocytes, and microglia-
derived TNF-α is a critical secondary messenger for the activation of
astrocytes (Chen et al., 2012). Astrocytes can respond to inflammatory
mediators and cytokines, including IL-1β and TNF-α to upregulate the
expression of various cytokines (Carpentier et al., 2005). In our pre-
vious studies, STAT3 signaling in astrocytic NSCs has been shown to be
important for controlling the inflammatory response of the brain
(Yoshida et al., 2016; Muneoka et al., 2019). Moreover, the present
study showed that the systemic injection of Pam3CSK significantly
elevated the neuronal Fos expression in neighboring hypothalamic re-
gions, such as the MPA, MnPO, ZI, and AH in the hypothalamus. These
regions are known to be the main inflammatory brain center driving the
sympathetic nerve activity to generate fever (Lazarus et al., 2007;
Contreras et al., 2016; Eskilsson et al., 2017). Hypothalamic nuclei such
as those in the MPA, MnPO, and AH, have been shown to be the main
inflammatory center that drives the sympathetic nerve activity and
controls fever production (Lazarus et al., 2007; Contreras et al., 2016;
Eskilsson et al., 2017). The electrical stimulation of the actual band in
the ZI changes the baseline temperature of brown fat tissue (Kelly and
Bielajew, 1996) possibly through the activation of the locus coeruleus,
raphe complex, parabrachial area, and medial districts of the pons to
the medullary reticular formation (Shammah-Lagnado et al., 1985). A
previous study showed that the induction of TLR2 activation by i.c.v.
injection of Pam3CSK4 triggered hypothalamic inflammation and the
activation of the arcuate nucleus microglia (Jin et al., 2016). Thus, it is
possible that brain inflammatory responses are first initiated by TLR2-
dependent NF-κB signaling in the macrophages and microglia of the
CVOs, and that this information is transmitted to the astrocytes and
neurons of the CVOs and neighboring brain regions.

In the present study, we found that LPS pretreatment augmented the
expression of TLR2 in the microglia/macrophages of the CVOs. This
result was in line with the results of previous studies that showed that
LPS pretreatment significantly increased the expression of TLR2 mRNA
in the SFO and chloride plexus (Laflamme et al., 2001, 2003; Rivest,
2009). Circulating LPS has limited access to the brain parenchyma due
to the BBB, but it can bind to the parenchymal cells in the CVOs
(Vargas-Caraveo et al., 2017). In our previous study, TLR4 was shown
to be highly expressed in the astrocytes and tanycytes of the CVOs
(Nakano et al., 2015; Muneoka et al., 2019). Both intraperitoneal and
i.c.v. injections of LPS cause STAT3 activation in the astrocytes and
tanycytes of the CVOs (Nakano et al., 2015; Yoshida et al., 2016) and
the intraperitoneal injection of LPS induces NF-κB activation (Quan
et al., 1997; Chakravarty and Herkenham, 2005; Muneoka et al., 2019)
and the expression of Fos (Muneoka et al., 2019) in these glial cells.
TLR4 also activates the microglia, which changes their shape from

stellate to amoeboid (Lee et al., 2010) and induces a growing and
temporal proliferation (Furube et al., 2018). Furthermore, in the pre-
sent study, the systemic injection of Pam3CSK augmented the fever and
sickness responses by LPS pretreatment. Repeated LPS injections over
short-term intervals result in attenuated fever, which is called en-
dotoxin tolerance (Beeson, 1947). Animals with acquired tolerance to
LPS exhibit less apparent responses to nonlethal LPS doses and survived
lethal LPS doses (Freudenberg et al., 1998). In humans, cancer patients
with polymicrobial bloodstream infection have higher mortality rates in
comparison to those with monomicrobial bloodstream infection (Royo-
Cebrecos et al., 2017). Thus, the phenotypes of TLR2- and TLR4-ex-
pressing cells are different in the CVOs, but they interact with each
other in a coordinated manner and stimulation of both TLRs causes
severe fever and inflammatory responses.
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