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Central CRTH2, a Second Prostaglandin D2 Receptor,
Mediates Emotional Impairment in the Lipopolysaccharide
and Tumor-Induced Sickness Behavior Model
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Chemoattractant receptor-homologous molecule expressed on T helper type 2 cells (CRTH2) is a second prostaglandin D2 receptor
involved in mediating the allergic response; however, its central function is not yet known. Here, we demonstrate that central CRTH2
mediates emotional impairment. Lipopolysaccharide (LPS)-induced decreases in social interaction and novel exploratory behavior were
observed in wild-type (CRTH2 �/�) mice but not CRTH2-deficient (CRTH2 �/�) mice, but both genotypes showed hypolocomotion and
anorexia following LPS injection. Tumor (colon 26) inoculation, a more pathologically relevant model, induced decreases in social
interaction and novel exploratory behavior in CRTH2 �/�, but not CRTH2 �/� mice. In addition, the CRTH2 antagonists including
clinically available ramatroban reversed impaired social interaction and novel exploratory behavior after either LPS or tumor inoculation
in CRTH2 �/� mice. Finally, LPS-induced c-Fos expression in the hypothalamic paraventricular nucleus (PVN) and central amygdala
(CeA) was selectively abolished in CRTH2 �/� mice. These results show that CRTH2 participates in LPS-induced emotional changes and
activation in the PVN and CeA. Our study provides the first evidence that central CRTH2 regulates specific emotional behaviors, and that
CRTH2 antagonism has potential as a therapeutic target for behavioral symptoms associated with tumors and infectious diseases.
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Introduction
Chemoattractant receptor-homologous molecule expressed on T
helper type 2 cells (CRTH2), also known as GPR44, was initially
identified as a G-protein-coupled receptor expressed on human

Th2 cells (Abe et al., 1999; Marchese et al., 1999; Nagata et al.,
1999). CRTH2 is a receptor for prostaglandin D2 (PGD2; Hirai et
al., 2001), and is found in Th2 cells, basophils, eosinophils, and
monocytes. CRTH2 plays a pro-inflammatory role, and its acti-
vation causes leukocyte chemotaxis, which can lead to asthma
development and atopic dermatitis (Spik et al., 2005; Satoh et al.,
2006). The D prostanoid receptor (DP), a classical PGD2 recep-
tor, also plays both pro-inflammatory and anti-inflammatory
roles in asthma and leukocyte chemotaxis (Matsuoka et al., 2000;
Angeli et al., 2004; Spik et al., 2005; Kostenis and Ulven, 2006).

In the CNS, PGD2-DP signaling inhibits prostaglandin E2

(PGE2)-induced allodynia, regulates the sleep–wake cycle, pro-
tects neurons against glutamate-induced toxicity, and increases
food intake (Minami et al., 1996; Mizoguchi et al., 2001; Liang et
al., 2005; Ohinata et al., 2008). In contrast, the role of CRTH2 in
the CNS is virtually unknown. Recently, we observed altered ex-
pression of PGD synthase in the suprachiasmatic nucleus of pi-
tuitary adenylate cyclase-activating polypeptide-deficient mice
(N.S., H. Hashimoto, A.B., unpublished observation), with im-
pairments in circadian rhythm entrainment (Kawaguchi et al.,
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2010) and other behaviors (Hashimoto et al., 2001, 2009; Tanaka
et al., 2006; Hattori et al., 2012). Moreover, we found that 15-
deoxy�[12, 14] prostaglandin J2 (15d-PGJ2), enhances nerve
growth factor (NGF)-induced neurite outgrowth in vitro,
through activation of CRTH2 and its downstream target p38
MAPK (Hatanaka et al., 2010).

Infectious and autoimmune diseases, diabetes, and tumors
result in systemic inflammation, evoking a number of responses
including fatigue, fever, anorexia, depression, and apathy, which
are collectively known as sickness behavior (Kronfol and Remick,
2000; Johnson et al., 2005; Dantzer et al., 2008). In rodents, lipo-
polysaccharide (LPS) or interleukin (IL)-1�-injected animals
serve as models of sickness behavior (Yirmiya, 1996; Bluthé et al.,
2000; Frenois et al., 2007; Haba et al., 2012). The cyclooxygenase
(COX) and prostaglandin (PG) pathways are responsible for the
behavioral changes observed in animal models of sickness behav-
ior (Fishkin and Winslow, 1997; Naoi et al., 2006; Pecchi et al.,
2008; Teeling et al., 2010; de Paiva et al., 2010).

The neural basis of LPS-induced sickness behavior has been
investigated. LPS-induced activation in brain regions, including
the nucleus of the solitary tract (NTS) and central amygdala
(CeA), is associated with a decrease in social behavior (Konsman
et al., 2000; Marvel et al., 2004). Two major pathways mediate this
effect, namely the vagus nerve-dependent and humoral path-
ways. In the latter pathway, LPS (and IL-1�) upregulates COX-2
and PG production in brain endothelial and perivascular cells,
resulting in activation of neighboring neurons (Schiltz and Saw-
chenko, 2002; Serrats et al., 2010).

In this study, we investigated CRTH2 involvement in LPS-
induced sickness behavior and its consequent underlying neuro-
anatomical basis. In addition, we examined the role of CRTH2 in
tumor inoculation-induced behavioral changes.

Materials and Methods
Animals and reagents. All animal care and handling procedures were
performed according to the Guiding Principles for the Care and Use
of Laboratory Animals, approved by the Japanese Pharmacological
Society and the Animal Care and Use Committee of Graduate School
of Pharmaceutical Sciences, Osaka University. Generation of
CRTH2-deficient (CRTH2 �/�) mice by gene targeting has been re-
ported previously (Satoh et al., 2006). Male 7-week-old BALB/c
(BALB/cCrSlc) mice were purchased from Shimizu Laboratory Sup-
plies. Conspecific male wild-type (CRTH2 �/�) and CRTH2 �/� mice
were obtained from intercrossing CRTH2 heterozygous mice. Mice
were kept on a 12 h light/dark cycle (light on from 8:00 A.M. to 8:00
P.M.), at a controlled room temperature. Each mouse (8 –12 weeks
old) was housed individually for 1 d before performing experiments.
Pelleted food (CMF; Oriental Yeast) and water were available ad
libitum.

LPS (Escherichia coli serotype 0127:B8; Sigma-Aldrich) was dissolved
in sterile saline before use. Ramatroban, an orally bioavailable small
molecule antagonist of CRTH2, was provided from Bayer Yakuhin
and Nippon Shinyaku. Ramatroban was resuspended in 0.5% (w/v)
carboxymethylcellulose for intraperitoneal injections, or dissolved in
artificial CSF containing 0.1% (v/v) dimethylsulfoxide (DMSO; Sigma-
Aldrich) for intracerebroventricular injections. A CRTH2-selective an-
tagonist, CAY10471, and a DP-selective antagonist, BWA868C, were
obtained from Cayman Chemical, and dissolved in artificial CSF con-
taining 0.1% (v/v) DMSO before use. The nonselective COX inhibitor,
indomethacin (Wako Pure Chemical Industries), was dissolved in saline.
A COX-1-selective inhibitor, SC-560, and a COX-2-selective inhibitor,
NS-398 (Cayman Chemical), were dissolved in saline containing 20%
(v/v) DMSO.

Behavioral analysis. Initial behavioral and physical screening were per-
formed using SHIRPA (SmithKline Beecham; Harwell, Imperial College,
Royal London Hospital, phenotype assessment; Rogers et al., 1997; Kato

et al., 2010). Other behavioral analyses were performed as described
previously (Haba et al., 2012). Briefly, locomotor activity was measured
for 30 min immediately after each mouse was placed in an observation
cage (28 cm length � 20 cm width � 12 cm height), using a digital
counter system with an infrared sensor (Supermex; Muromachi
Kikai). Food intake was measured by subtracting the weight of any
uneaten pellets (which remained on the cage lid and fell into the cage)
from the premeasured weight of pellets. In social interaction and
object exploration tests, each mouse was placed in the observation
cage and allowed 15 min habituation under dim light (40 lux). After
habituation, a juvenile (4-week-old) male BALB/c mouse (Shimizu
Laboratory Supplies) or a novel object (a wooden ball; diameter 5 cm)
was placed in the center of the cage, and the behavior of the mouse was
recorded for 5 min. Duration of social interaction (sniffing, licking,
or following the juvenile) or object exploratory behavior (sniffing or
licking the wooden ball), were measured from recordings by a trained
and blinded observer.

Intracerebroventricular injections. CRTH2 �/� mice were anesthetized
with sodium pentobarbital (50 mg/kg, i.p.), and placed in a stereotaxic
instrument (Narishige). A G-4 cannula (Eicom) was implanted, – 0.4
mm posterior, 1.0 mm lateral, and 2.3 mm ventral from the bregma.
After cannula implantation, each mouse was given 1 mg/kg buprenor-
phine (Sigma-Aldrich) to relieve the pain, and housed individually for at
least 1 week before performing experiments. Drugs were injected in 2 �l
volumes, at an infusion rate of 1 �l/min, using a microinjection pump
(KD Scientific). The day after behavioral experiments, each mouse was
intracerebroventricularly injected with 3 �l of 1% (w/v) Evans blue so-
lution (Sigma-Aldrich), and a coronal section of the brain made. The
intracerebroventricular injection was judged successful if the third ven-
tricle was stained by Evans blue.

Semiquantitative reverse-transcription PCR. The brains were rapidly
removed, and the amygdala and hypothalamus dissected from coro-
nal brain slices (between – 0.94 and 1.94 mm from the bregma)
on an ice-cold glass plate. Total RNA was extracted by the guanidine
thiocyanate method as described previously (Chomczynski and Sac-
chi, 1987). Total RNA (1 �g) was reverse transcribed using MMLV
reverse transcriptase (Invitrogen). Real-time semiquantitative reverse-
transcription PCR was performed using GoTaq qPCR Master Mix
(Promega), according to the manufacturer’s instructions, with prim-
ers specific for mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 5�-GTG TTC CCT ACC CCC AAT GTG-3� and 5�-TAC
CAG GAA ATG AGC TTG AC-3�), mouse COX-1 (5�-TGT TCA GCT
TCT GGC CCA ACA GCT-3� and 5�-AGC GCA TCA ACA CGG ACG
CCT GTT-3�), mouse COX-2 (5�-GGG TTG CTG GGG GAA GAA
ATG TG-3� and 5�-GGT GGC TGT TTT GGT AGG CTG TG-3�),
lipocalin-type prostaglandin D synthase (L-PGDS, 5�-TCA ACA AGA
CAA GTT CCT GG-3� and 5�-TGA ATT TCT CCT TCA GCT CG-3�),
and hematopoietic prostaglandin D synthase (H-PGDS; 5�-GAA TAG
AAC AAG CTG ACT GGC-3� and 5�-AGC CAA ATC TGT GTT TTT
GG-3�). Reactions were cycled 40 times with denaturation at 95°C for
20 s, annealing for 20 s at 57°C (H-PGDS), 62°C (COX-1), or 65°C
(GAPDH, COX-2, and L-PGDS), and extension at 72°C for 20 s. All
PCR products were sequenced to confirm their identity.

Immunohistochemistry. Mice were intraperitoneally injected with
LPS and placed back into their home cages. At 2 h, 6 h, 12 h, or 24 h
after injection, mice were deeply anesthetized with 50 mg/kg sodium
pentobarbital, and perfused transcardially with saline and 4% (w/v)
paraformaldehyde in PBS. Whole brains were dissected and postfixed
in the same fixative overnight at 4°C. The brains were then cryopro-
tected in 20% (w/v) sucrose in PBS for 48 h at 4°C. For c-Fos staining,
coronal brain sections (20 �m), containing the bed nucleus of stria
terminalis (BNST; �0.26 mm from the bregma), hypothalamic para-
ventricular nucleus (PVN; approximately – 0.94 mm from the
bregma), CeA (approximately –1.06 mm from the bregma), and NTS
(approximately –7.20 mm from the bregma) were prepared and pro-
cessed for immunohistochemistry with the rabbit anti-c-Fos poly-
clonal primary antibody (sc-52; Santa Cruz Biotechnology; 1:2000)
and biotin-labeled anti-rabbit IgG secondary antibody (Vector Lab-
oratories; 1:2000) as described previously (Haba et al., 2012). As
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shown in Figure 6A, images of the corresponding brain regions were
photographed using light microscopy (50� magnification), and
c-Fos-positive cells in a 1 mm � 1 mm area in 3–5 slices from each
animal were manually counted by experienced observers blinded to
the treatment and averaged. In our previous study we confirmed that
this method is highly reproducible and quantitative (Haba et al.,
2012). For COX-2 staining, and subsequent identification of COX-2-
expressing cell types, rabbit anti-COX-2 polyclonal antibody (sc-
1747; Santa Cruz Biotechnology; 1:1000), rat anti-CD31 monoclonal
antibody (sc-18916; Santa Cruz Biotechnology; 1:100), mouse anti-
NeuN monoclonal antibody (MAB377; Millipore Bioscience Research
Reagents; 1:500), mouse anti-glial fibrillary acidic protein (GFAP)
monoclonal antibody (MAB360; Millipore Bioscience Research Re-
agents; 1:500), and rat anti-CD11b monoclonal antibody (550282; BD
PharMingen; 1:500) were used followed by Alexa 594-conjugated anti-
rabbit IgG (A-21207; Invitrogen; 1:500), Alexa 488-conjugated anti-rat
IgG (A-21206; Invitrogen; 1:500), or Alexa 488-conjugated anti-mouse
IgG (A-212021; Invitrogen; 1:500), and 4�, 6-diamino-2-phenylindole
(DAPI; D3571; Invitrogen; 1:2000). For dual staining of COX-2 and
c-Fos, rabbit anti-COX-2 antibody (1:2000) and goat anti-c-Fos anti-
body (sc-52-G; Santa Cruz Biotechnology; 1:1000) were used followed by
Alexa 594-conjugated anti-rabbit IgG (1:500), Alexa 488-conjugated
anti-goat IgG (A-11055; Invitrogen; 1:500), and DAPI (1:2000).

Tumor inoculation. The murine colon 26 adenocarcinoma cell line
was kindly supplied by Drs. Shinsaku Nakagawa and Naoki Okada
from the Graduate School of Pharmaceutical Sciences, Osaka Univer-
sity. Colon 26 cells were maintained in RPMI-1640 medium (Wako
Pure Chemicals) containing 10% (v/v) fetal bovine serum (FBS;
Nichirei Bioscience) in a humidified atmosphere with 5% (v/v) CO2

at 37°C. Subconfluent cells were treated with 0.25% (w/v) trypsin and
1 mM EDTA, and suspended at a concentration of 1 � 10 7 cells/ml in
RPMI-1640 medium containing 10% (v/v) FBS. Cell suspension (1 �

10 6 cells/0.1 ml) or cell-free medium was inoculated subcutaneously
into the abdomen.

Statistical analysis
Statistical evaluation was performed using StatView (SAS Institute).
Significant differences were determined by Mann–Whitney U tests, or
two-way or three-way ANOVA with intervention (genotype or pre-
treatment with antagonists or inhibitors), challenge (LPS injection or
tumor inoculation), and time as factors. Subsequently, data were
analyzed using a post hoc Tukey–Kramer test when a significant main
effect or interaction was observed. The threshold for statistical signif-
icance was defined as p � 0.05.

Results
Physical characterization and behavioral profiles of
CRTH2 �/� mice
Physical malfunctions in sensory ability and motor function
influence performance scores in behavioral tests. As the phys-
ical and behavioral profiles of CRTH2 �/� mice have not yet
been evaluated, we used the standardized SHIRPA screening
program (Rogers et al., 1997) to characterize the mice. In the
primary SHIRPA screening, there were no differences in ap-
pearance, motor and sensory functions, anxiety levels, or ag-
gression between CRTH2 �/� and CRTH2 �/� mice (Table 1).
In the secondary screening, there were no genotype differences
in locomotor activity in an open-field or circadian rhythm
(Fig. 1). These results suggest that CRTH2 �/� mice have no
physical dysfunction, and their behavioral profiles are compa-
rable to CRTH2 �/� mice under normal conditions.

Table 1. SHIRPA primary screening in CRTH2 �/� and CRTH2 �/� mice

Paradigm Examination CRTH2 �/� CRTH2 �/� p value

Appearance Body weight (g) 27.4 	 0.7 26.4 	 0.7 0.207
Body position 3.67 	 0.2 4.00 	 0.0 0.083
Respiration rate 1.92 	 0.1 1.91 	 0.1 0.950
Heart rate 0.50 	 0.2 0.45 	 0.2 0.831
Tremor 0.10 	 0.1 0.00 	 0.0 0.338
Palpebral closure 0.00 	 0.0 0.00 	 0.0 N.D.
Piloerection 0.00 	 0.0 0.00 	 0.0 N.D.
Skin color 1.00 	 0.0 1.00 	 0.0 N.D.
Lacrimation 0.10 	 0.1 0.00 	 0.0 0.361
Salivation 0.67 	 0.1 0.60 	 0.2 0.827

Motor functions Spontaneous activity 1.50 	 0.3 2.00 	 0.3 0.196
Transfer arousal 2.50 	 0.4 3.09 	 0.3 0.205
Gait 0.00 	 0.2 0.00 	 0.0 0.166
Pelvic elevation 1.58 	 0.2 1.91 	 0.1 0.158
Tail elevation 0.92 	 0.2 0.82 	 0.1 1.000
Trunk curl 0.00 	 0.0 0.00 	 0.0 N.D.
Limb grasping 0.00 	 0.0 0.00 	 0.0 N.D.
Grip strength 2.33 	 0.1 2.18 	 0.2 0.555
Righting reflex 0.00 	 0.0 0.00 	 0.0 N.D.
Contact righting reflex 0.83 	 0.1 0.91 	 0.1 0.658
Negative geotaxis 0.25 	 0.1 0.10 	 0.1 0.325

Sensory functions Touch escape 2.25 	 0.3 2.18 	 0.2 0.642
Positional passivity 0.33 	 0.1 0.18 	 0.1 0.419
Visual placing 2.08 	 0.1 1.82 	 0.2 0.166
Pinna reflex 0.42 	 0.1 0.36 	 0.2 0.799
Corneal reflex 0.83 	 0.1 1.00 	 0.0 0.166
Toe pinch 2.83 	 0.1 2.73 	 0.2 0.852

Anxiety level Fear 0.00 	 0.0 0.00 	 0.0 N.D.
Urination 0.29 	 0.2 0.45 	 0.2 0.643
Defecation 5.17 	 1.1 5.91 	 0.9 0.709
Vocalization 0.00 	 0.0 0.10 	 0.1 0.296

Aggression Provoked biting 0.10 	 0.1 0.27 	 0.1 0.242

Data are expressed as the mean 	 SEM (n 
 11–12). p values were calculated using the Mann-Whitney U test. N.D., not detected.
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CRTH2 is involved in LPS-induced decreases in social and
object exploratory behavior
In CRTH2�/� mice, we first examined the effects of LPS (5 �g)
on social interaction, object exploration, locomotor activity, and
food intake (Fig. 2A,E, I,M) at each appropriate time point
(Haba et al., 2012). Two-way ANOVA revealed significant main
effects of LPS on all these four measures (F(1,28) 
 11.5, p 

0.0021 for object exploration, p � 0.0001 for the others) and
genotype on social interaction (F(1,30) 
 7.37, p 
 0.011) and
object exploration (F(1,28) 
 9.49, p 
 0.0046), as well as signifi-
cant interactions between LPS and genotype for social interaction
(F(1,30) 
 7.25, p 
 0.012) and object exploration (F(1,28) 
 4.76,
p 
 0.038). Post hoc Tukey–Kramer multiple-comparison test
revealed that LPS did not change social interaction and object
exploratory behavior in CRTH2�/� mice (Fig. 2A,E; p � 0.05),
although LPS significantly decreased them in CRTH2�/� mice (p �
0.01). LPS decreased locomotor activity and food intake similarly
in CRTH2�/� and CRTH2�/� mice (Fig. 2I,M; p � 0.01 in both
genotypes). Systemic administration of ramatroban, a clinically
available CRTH2 antagonist, in CRTH2�/� mice produced the
same effects as seen in CRTH2 deficiency (Fig. 2B,F, J,N). Two-
way ANOVA revealed significant main effects of LPS on all the
four measures (F(1,24) 
 18.1, p 
 0.0003 for social interaction;
F(1,32) 
 5.57, p 
 0.025 for object exploration; F(1,25) 
 85.9, p �
0.0001 for locomotor activity; and F(1,32) 
 222, p � 0.0001 for
food intake) and ramatroban on social interaction (F(1,24) 
 13.7,
p 
 0.0011) and object exploration (F(1,32) 
 18.4, p 
 0.0002), as
well as significant interactions between LPS and ramatroban for
social interaction (F(1,24) 
 11.9, p 
 0.0021) and object explo-
ration (F(1,32) 
 16.5, p 
 0.0003). The post hoc test revealed that
ramatroban completely blocked LPS-induced decreases in social
and object exploratory behavior (Fig. 2B,F; p � 0.01), although
ramatroban had no significant effect on LPS-induced decreases
in locomotor activity and food intake (Fig. 2 J,N; p � 0.05).

CRTH2 antagonists injected
intracerebroventricularly reverse LPS-
induced decreases in social and object
exploratory behavior
To examine whether brain-expressed
CRTH2 is involved in LPS-induced de-
creases in social and object exploratory
behavior, we injected the CRTH2-
selective antagonist CAY10471 intracere-
broventricularly to CRTH2�/� mice (Fig.
2C,G,K,O). Two-way ANOVA revealed
significant main effects of LPS in all of the
four measures (F(1,27) 
 4.41, p 
 0.045
for social interaction, p � 0.01 for the oth-
ers) and CAY10471 on object exploration
(F(1,22) 
 6.52, p 
 0.018), as well as a
significant interaction between LPS and
CAY10471 on object exploration (F(1,22)


 10.4, p 
 0.0039). The post hoc test re-
vealed that CAY10471 blocked LPS-
induced decreases in social interaction
(Fig. 2C; p � 0.05) and object exploratory
behavior (Fig. 2G; p � 0.01). In contrast,
BWA868C, a DP-selective antagonist, had
no effect on LPS-induced decreases in so-
cial and object exploratory behavior (Fig.
2D,H). Two-way ANOVA revealed no
significant main effect of BWA868C on
social interaction (F(1,28) 
 0.363, p 

0.55) or object exploration (F(1,14) 
 2.39,

p 
 0.14). Both CAY10471 and BWA868C had no effect on LPS-
induced decreases in locomotor activity and food intake (Fig.
2K,L,O,P).

COX-2 mediates LPS-induced decreases in object
exploratory behavior
LPS-induced sickness behavior involves the COX–PG pathway
(Fishkin and Winslow, 1997; Naoi et al., 2006; Teeling et al., 2010;
de Paiva et al., 2010). However, it is not known if this pathway is
involved in LPS-induced decreases in object exploratory behav-
ior. Therefore, we examined mRNA expression of COX-1,
COX-2, L-PGDS, and H-PGDS in brain regions known to regu-
late emotional behaviors (Konsman et al., 2000; Marvel et al.,
2004; Frenois et al., 2007) in CRTH2�/� and CRTH2�/� mice
that received either saline or LPS (5 �g). Only COX-2 was up-
regulated after LPS injection in the amygdala and hypothalamus
in both CRTH2�/� and CRTH2�/� mice (Fig. 3).

As COX-2 in brain endothelial cells plays a key role in hu-
moral regulation of the brain (Schiltz and Sawchenko, 2002; Ser-
rats et al., 2010), we examined cellular localization of COX-2 in
the NTS, BNST, PVN, and CeA, brain regions in which LPS-
impaired social behavior is mediated (Konsman et al., 2000; Mar-
vel et al., 2004). LPS induced COX-2 expression in the NTS,
BNST, and most prominently the CeA, 2 h after LPS injection (Fig.
4A). Double immunostaining of COX-2 and cell-specific markers
showed COX-2 was localized in CD31-positive endothelial cells in
the NTS, BNST, and CeA (Fig. 4B, arrowheads). In addition, COX-2
was localized in NeuN-positive neurons in the CeA; however, there
were no COX-2-positive neurons in the NTS and BNST (Fig. 4C).
COX-2 immunoreactivity was not observed in GFAP-positive astro-
cytes and CD11b-positive microglia (data not shown).

To determine the behavioral consequences of COX-2 inhibi-
tion, we examined the effect of COX inhibitors on LPS-induced

Figure 1. SHIRPA secondary screening in CRTH2 �/� mice. A, Distance traveled in open-field test. Bar graph shows total
distance traveled during 60 min (n 
 9 –10). B, Rearing counts in open-field test. Bar graph shows total counts of rearing during
60 min (n 
9 –10). C–E, Circadian changes in locomotor activity (C; n 
8), food intake (D; n 
12), and water intake (E; n 
12).
White and black horizontal bars indicate day and night, respectively (C). Open symbols and columns, CRTH2 �/� mice; closed
symbols and columns, CRTH2 �/� mice. Data are expressed as means 	 SEM; *p � 0.05, **p � 0.01 versus day time by two-way
ANOVA followed by Tukey–Kramer test.
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behavioral changes (Fig. 5). Pretreatment
with indomethacin, a COX-1 and COX-2
nonselective inhibitor, completely re-
versed LPS-induced decreases in object
exploration (Fig. 5A). In addition, NS-
398, a COX-2-selective inhibitor, but not
SC-560, a COX-1-selective inhibitor,
completely reversed LPS-induced de-
creases in object exploration (Fig. 5B,C).
In NS-398-treated mice, LPS-induced de-
creases in social interaction were not ob-
served; however, this effect was not
statistically significant when compared
with vehicle and LPS-treated mice (Fig.
5F). NS-398 had no effect on LPS-
induced decreases in locomotor activity
and food intake (Fig. 5D,E).

These results suggest that LPS-induced
decreases at least in object exploration are
dependent on the COX-2–PGD2–CRTH2
signaling pathway.

CRTH2 is selectively involved in LPS-
induced neural activation of the PVN
and CeA
In the sickness behavior model, stimu-
lation of the vagus nerve terminal is
known to transfer peripheral inflamma-
tory signals to the NTS, which extends
to various brain nuclei. Thus, we next
examined the involvement of CRTH2 in
activation of brain nuclei that are asso-
ciated with sickness behavior (Konsman
et al., 2000; Marvel et al., 2004). In ac-
cordance with our previous observation
(Haba et al., 2012), the number of
c-Fos-positive cells markedly increased
in the NTS, BNST, PVN, and CeA,
within 6 h after LPS injection in
CRTH2 �/� mice (Fig. 6; Table 2).
Twenty-four hours after LPS injection,
the number of c-Fos-positive cells in the
NTS, BNST, and PVN returned to basal
levels; however, higher levels remained
in the CeA (Table 2; Haba et al., 2012).
Therefore, the present study examined the number of c-Fos-
positive cells in the NTS, BNST, PVN, and CeA in CRTH2 �/�

mice (Fig. 6). Three-way ANOVA revealed significant main
effects of LPS and time ( p � 0.005), as well as a significant
interaction between LPS and time ( p � 0.01) in all the nuclei
in CRTH2 �/� and CRTH2 �/� mice. In the PVN and CeA,
there was a significant main effect of genotype (F(1,32) 
 56.5,
p � 0.0001 for the PVN; F(1,32) 
 34.2, p � 0.0001 for the CeA)
and a significant interaction between LPS and genotype (F(1,32)


 49.7, p � 0.0001 for the PVN; F(1,32) 
 26.5, p � 0.0001 for
the CeA). The Tukey–Kramer multiple-comparison test re-
vealed that the number of c-Fos-positive cells was significantly
decreased in the PVN (p � 0.01 at 2 and 6 h) and CeA (p � 0.01
at 6 h, p � 0.05 at 12 h) in CRTH2�/� mice compared with
CRTH2�/� mice. No significant difference in the number of
c-Fos-positive cells was seen in the NTS and BNST between LPS-
injected CRTH2�/� and CRTH2�/� mice (Fig. 6B; p � 0.05 at

all times examined). Furthermore, in CRTH2 �/� mice, the
LPS-induced increase in the number of c-Fos-positive cells in
the PVN and CeA was attenuated by ramatroban (Table 2). At
6 h after LPS injection, there were significant main effects of
LPS in all four nuclei (F(1,16) 
 50.1, p � 0.00001 for the NTS;
F(1,16) 
 57.5, p � 0.00001 for the BNST; F(1,16) 
 35.0, p �
0.00001 for the PVN; and F(1,16) 
 5.47, p 
 0.033 for the CeA)
and genotype in the CeA (F(1,16) 
 22.0, p 
 0.0002), as well as
a significant interaction between LPS and ramatroban in the
PVN and CeA (F(1,16) 
 6.97, p 
 0.018 for the PVN; F(1,16) 

7.73, p 
 0.013 for the CeA). In contrast, at 24 h after LPS
injection, significant main effects of LPS and genotype as well
as a significant interaction between them were revealed only in
the CeA (LPS, F(1,16) 
 4.58, p 
 0.048; genotype, F(1,16) 
 8.14, p 

0.012; LPS � genotype, F(1,16) 
 5.08, p 
 0.039). These results
suggest that CRTH2 selectively mediates LPS-induced activation of
the PVN and CeA.

Figure 2. CRTH2 deficiency and the CRTH2 antagonists reverse LPS-induced decreases in social and object exploratory behavior.
Five micrograms of LPS (closed columns) or saline (open columns) were intraperitoneally injected into CRTH2 �/� (�/�) and
CRTH2 �/� (�/�) mice (A, E, I, M; n 
 6 –13), and CRTH2 �/� mice were pretreated intraperitoneally for 1 h with 30 mg/kg
ramatroban (Ram; B, F, J, N ) and pretreated intracerebroventricularly for 30 min with 1 nmol CAY10471 (CAY; C, G, K, O; n 
 5–9)
or 1 nmol BWA868C (BWA; D, H, L, P; n 
 4 –9). After LPS injection, the duration engaged in social interaction (A–D) and object
exploratory behavior (E–H ) at 10 h, locomotor activity at 2 h (I–L), and food intake for 24 h (M–P) were measured. Veh, vehicle.
Data are expressed as the mean 	 SEM; *p � 0.05, **p � 0.01 by two-way ANOVA followed by Tukey—Kramer test.
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CRTH2 participates in tumor-induced decreases in social and
object exploratory behavior
Sickness behavior is observed with tumors (Kronfol and Re-
mick, 2000). Therefore, to gain additional pathological insight

into the role of CRTH2, we determined
whether CRTH2 deficiency or antago-
nism can improve tumor-induced be-
havioral deficits (Fig. 7). Inoculation of
murine colon 26 adenocarcinoma cells
into CRTH2 �/� mice impaired object
exploratory behavior and social interac-
tion, but not locomotor activity and
food intake (Fig. 7B–D). Interestingly,
although the tumor grew similarly in
CRTH2 �/� and CRTH2 �/� mice, im-
pairments in object exploratory behav-
ior and social interaction were not
observed in CRTH2 �/� mice (Fig.
7 A, D,E). Three-way ANOVA revealed
significant main effects of tumor ( p �
0.0001) and time ( p � 0.001), a signifi-
cant interaction between them for tu-
mor diameter and object exploration, as
well as a significant main effect of geno-
type ( p � 0.0001) and significant inter-
actions among genotype, tumor, and
day for object exploration (tumor � ge-
notype, F(1,54) 
 36.3, p � 0.0001; geno-
type � day, F(3,54) 
 5.41, p 
 0.0025;
tumor � genotype � day, F(3,54) 
 6.09,
p 
 0.0012; Fig. 7A–D). For social inter-
action, two-way ANOVA revealed no
significant effect of tumor (F(1,20) 

2.48, p 
 0.13), but a significant main
effect of genotype (F(1,20) 
 8.11, p 

0.010) and a significant interaction be-
tween tumor and genotype (F(1,20) 

13.8, p 
 0.0014; Fig. 7E). In addition,
tumor-impaired social interaction and
object exploratory behavior in CRTH2�/�

mice were completely reversed by a single
injection of ramatroban, even when the
tumor was enlarged (Fig. 7F,G). Two-way
ANOVA revealed significant main effects
(p � 0.05) for all factors and significant
interactions (p � 0.05) except for geno-
type effect in object exploration (F(1,12) 

1.09, p 
 0.31). Intraperitoneal injection
of the specific CRTH2 antagonist CAY10471
(30 mg/kg) also blocked tumor-impaired
social interaction (Fig. 7H; tumor, F(1,44) 

1.56, p 
 0.21; CAY10471, F(1,44) 

3.04, p 
 0.088; tumor � CAY10471,
F(1,44) 
 8.38, p 
 0.0059, two-way
ANOVA), which further strengthens the
crucial and selective role of CRTH2 in
tumor-induced sickness behaviors.

Discussion
In this study, we sought to determine the
role of CRTH2 in the brain, and conse-
quently have identified a number of novel
findings. (1) CRTH2 deficiency in mice
completely reverses LPS-impaired social in-

teraction and object exploration behaviors, although it has no effect
on physical and behavioral performance under normal conditions.
(2) This behavioral effect can also be obtained by systemic (intraperi-

Figure 3. LPS selectively induces expression of COX-2 mRNA. mRNA levels of COX-1, COX-2, L-PGDS, and H-PGDS were deter-
mined in the amygdala (A; n 
 3) and hypothalamus (B; n 
 3) in CRTH2 �/� (�/�) and CRTH2 �/� (�/�) mice, 2 h after
intraperitoneal injection of 5 �g LPS (closed columns) or saline (open columns). Data are expressed as the mean 	 SEM; *p �
0.05, **p � 0.01 by two-way ANOVA followed by Tukey—Kramer test.

Figure 4. Cellular localization of COX-2 in the NTS, BNST, PVN, and CeA after LPS injection. A, Fluorescent microscopy for COX-2
(red; arrowheads) and DAPI (blue) in the NTS, BNST, PVN, and CeA, 2 h after 5 �g LPS or saline injection in CRTH2 �/� mice. B, C,
Fluorescent microscopy for COX-2 (red), the endothelial marker CD31 (green; B), the neuronal marker NeuN (green; C), and DAPI
(blue) in the NTS, BNST, and CeA, 2 h after 5 �g LPS injection. Arrowheads indicate colocalization of COX-2 with CD31 or NeuN. Scale
bars: 50 �m.
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toneal) injection of the CRTH2 antagonist,
ramatroban, as well as by intracerebroven-
tricular injection of CAY10471, a more se-
lective CRTH2 antagonist. In addition, we
show that (3) in LPS-injected mice, COX-2
is selectively upregulated in several brain re-
gions including the amygdala and hypothal-
amus; (4) COX-2 inhibitors, but not a
COX-1-selective inhibitor, reverse LPS-
impaired object exploration behavior se-
lectively; and (5) LPS-induced c-Fos
expression in the PVN and CeA is mark-
edly decreased in CRTH2�/� mice and
CRTH2�/� mice that received ramatroban.
Finally, we also show that (6) inoculation of
tumor (colon 26) cells impairs social inter-
action and object exploration behaviors, (7)
which can be completely reversed by
CRTH2 inhibition. These results suggest
that under the conditions modeled by LPS
injection or tumor inoculation, CRTH2 ac-
tivation by PGs produced by COX-2 is cru-
cial for the specific activation of brain
regions, including the PVN and CeA, and
for the selective impairments in emotional
aspects of sickness behavior, such as social
interaction and object exploration behav-
iors. The results also suggest that CRTH2
antagonism has potential as a therapeutic
target for behavioral symptoms resulting
from infectious diseases and tumors.

Recently, we demonstrated that social
and object exploration behavior is a core
phenotype in LPS-induced sickness in
terms of the duration of the LPS action.
LPS-induced hypolocomotion is amelio-
rated within 10 h, but social interaction
and novel object exploratory behavior re-
main decreased for at least 24 h after LPS
injection (Haba et al., 2012). These results
suggest that LPS affects exploratory be-
havior, which is likely independent from
spontaneous locomotor behaviors (Haba
et al., 2012). In the present study, we show
that tumor cell inoculation impairs social
interaction and novel object exploratory
behavior, but not locomotor activity or
food intake. CRTH2 deficiency and
CRTH2 antagonism are able to reverse the
behavioral impairments induced by LPS
or tumor growth. These results suggest
that social interaction and novel object ex-
ploratory behavior are distinct emotional
aspects of sickness behavior, critically me-
diated by the COX2–PG–CRTH2 path-
way, and are therefore treatable by
CRTH2 inhibition. In NS-398-treated
mice, LPS-induced decreases in social in-
teraction were not observed; however, this
effect was not statistically significant when compared with vehicle
and LPS-treated mice (Fig. 5F). Our previous study showed that
decreased object exploration behavior is seen at a dose as low as
0.3 �g of LPS while LPS-impaired social interaction required

higher doses (1 �g LPS), suggesting LPS most prominently affects
object exploratory behaviors (Haba et al., 2012). This may ex-
plain the relatively weak effect of NS-398 to reverse LPS-induced
decreases in social interaction.

Figure 5. Inhibitors of COX-2, but not COX-1, selectively reverse LPS-induced decreases in object exploratory behavior. A–C,
CRTH2 �/� mice were intraperitoneally injected with vehicle (Veh) or 10 mg/kg indomethacin (Indo; A; n 
 6 –7), 10 mg/kg SC-560 (B;
n
5– 6),or5mg/kgNS-398(C;n
7– 8),1hbeforeintraperitoneal injectionof5�gLPS(closedcolumns)orsaline(opencolumns).Ten
hours after LPS injection, object exploratory behavior was examined. D–F, One hour before intraperitoneal injection of 5 �g LPS (closed
columns) or saline (open columns), CRTH2 �/�mice were intraperitoneally injected with Veh or NS-398, and their locomotor activity at 2 h
(D), food intake for 24 h (E), and duration engaged in social interaction at 10 h (F ) after LPS injection were measured in the same animals
(n 
 12). Data are expressed as the mean 	 SEM; *p � 0.05, **p � 0.01 by two-way ANOVA followed by Tukey—Kramer test.

Figure 6. LPS-induced c-Fos expression is attenuated in the PVN and CeA in CRTH2 �/� mice. A, Representative photomicrographs
showing c-Fos labeling in the NTS, BNST, PVN, and CeA of CRTH2 �/� (left and middle, lower and higher magnification images, respec-
tively) and CRTH2 �/� mice (right, higher magnification images), 6 h after LPS injection. Scale bars: 100 �m. B, The number of c-Fos-
positive cells in the NTS, BNST, PVN, and CeA of CRTH2 �/� (triangles) and CRTH2 �/� (circles) mice intraperitoneally injected with 5 �g
LPS (closed symbols) or saline (open symbols). Data are expressed as the mean	SEM (n
3); *p�0.05, **p�0.01 versus saline, #p�
0.05, ##p � 0.01 versus CRTH2 �/� mice by three-way ANOVA followed by Tukey–Kramer test.
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There is considerable evidence indicating that PGs are in-
volved in LPS-induced sickness behavior (Fishkin and Winslow,
1997; Naoi et al., 2006; Teeling et al., 2010; de Paiva et al., 2010;
Saper et al., 2012). In particular, PGE2-E prostanoid receptor
(EP) signaling is involved in LPS-induced anorexia and release of
adrenocorticotropic hormone (Matsuoka et al., 2003; Elander et
al., 2007). In addition, PGE2-EP1 signaling is critical for suscep-
tibility to repeated social defeat stress in mice through attenua-
tion of the mesocortical dopaminergic pathway (Tanaka et al.,

2012). Because PGD2 is known to act as a
major sleep-promoting factor through
the D prostanoid receptor DP1 (Urade
and Hayaishi, 2011), PGD2 is believed to
mediate sleepiness, a major aspect of the
sickness syndrome; however, no function
has previously been attributed to CRTH2
in the brain (Saper et al., 2012). Future
studies should address if some of the be-
havioral changes observed in the present
study could be influenced by PGD2-
mediated sleepiness. Together with our
present results, it appears that the PGE2

receptor (EP) and PGD2 receptors (DP1
and CRTH2) have specific neural circuits
that are ascribed to distinct aspects of the
sickness syndrome.

In the present study, we show that
CRTH2 is involved in LPS-induced tran-
sient activation of the PVN, and more sus-
tained activation of the CeA. Although the
PVN is involved in the control of food in-
take (Parker and Bloom, 2012), the reduced
c-Fos expression in PVN neurons in LPS-
injected CRTH2�/� mice was not associ-
ated with differences in food intake. This
may be because a rather strong inhibition of
food intake by LPS might mask the differ-
ence in PVN activation. On the other hand,
both the PVN and CeA are known to be
crucial for the stress response, anxiety-like
behavior, and cue-dependent fear condi-
tioning (Herman and Cullinan, 1997; Le-
Doux, 2000; Tye et al., 2011). Therefore, it is
possible that CRTH2 controls these emo-
tional functions and is consequently criti-
cally involved in LPS-impaired social and
object exploratory behavior. Future studies
addressing the effects of local injection of the
CRTH2 antagonists as well as studies using
mice with ectopic deficiency of CRTH2 will
greatly help to precisely understand the ac-

tions of CRTH2 in specific brain functions.
Recently, we reported that CRTH2 potentiates NGF-induced

neurite outgrowth in PC12 cells, by enhancement of p38 MAPK
phosphorylation (Hatanaka et al., 2010). In particular, a CRTH2-
selective agonist, 13, 14-dihydro-15-keto PGD2 (DK-PGD2), ac-
tivated p38 MAPK for 24 h in PC12 cells. p38 MAPK has been
implicated in the induction of LPS-induced sickness behavior
through serotonin transporter activation in mice (Zhu et al.,

Figure 7. CRTH2 deficiency and the CRTH2 antagonists reverse tumor (colon 26)-induced decreases in social behavior.
CRTH2 �/� and CRTH2 �/� mice were subcutaneously injected with 1 � 10 6 colon 26 cells or cell-free medium. A–E, Tumor
diameter (A), locomotor activity (B), food intake (C), duration engaged in object exploratory behavior (D), and social interaction (E)
were determined at the indicated days (E, at day 7) after the inoculation. F–H, At day 7, 30 min after CRTH2 �/� mice were
intraperitoneally injected with vehicle (Veh), 30 mg/kg ramatroban (Ram; F and G) or 30 mg/kg CAY10471 (CAY; H ), the duration
engaged in object exploratory behavior (F ) and social interaction (G, H ) was analyzed. Data are expressed as the mean 	 SEM
(A–E, n 
 4 – 8; F, G, n 
 4 –5; H, n 
 8 –9). *p � 0.05, **p � 0.01 versus control, ##p � 0.01 versus CRTH2 �/� mice by
three-way (A–D) or two-way (E–H ) ANOVA followed by Tukey—Kramer test.

Table 2. Effect of ramatroban on LPS-induced c-Fos expression in the brain

Time Region Saline � vehicle LPS � vehicle Saline � ramatroban LPS � ramatroban

6 h NTS 3.8 	 1.1 36.1 	 5.9** 3.1 	 1.4 26.3 	 4.9**
BNST 6.3 	 2.1 22.5 	 3.8** 3.2 	 0.9 29.6 	 3.4**
PVN 9.8 	 2.8 79.8 	 14** 14.3 	 3.6 41.1 	 6.7**,#

CeA 2.4 	 0.9 13.9 	 2.3** 3.1 	 1.3 6.0 	 1.5 #

24 h NTS 11.3 	 2.8 6.9 	 2.5 10.9 	 2.7 7.4 	 2.9
BNST 11.4 	 2.8 12.6 	 4.0 8.2 	 2.3 11.8 	 3.7
PVN 16.7 	 4.2 12.1 	 4.1 12.2 	 3.4 10.3 	 2.2
CeA 7.5 	 2.4 20.3 	 4.8* 5.8 	 1.6 5.5 	 1.6 #

CRTH2 �/� mice were intraperitoneally injected with vehicle or ramatroban (30 mg/kg), 1 h before saline or LPS (5 �g) injection. The number of c-Fos-positive cells in the NTS, BNST, PVN, and CeA, 6 and 24 h after the last injection are shown.
Data are expressed as the mean 	 SEM (n 
 5). *p � 0.05, **p � 0.01 versus saline, #p � 0.05 versus vehicle, by two-way ANOVA followed by Tukey–Kramer test.
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2010). A similar signaling mechanism may underlie CRTH2-
dependent behavioral regulation, and this possibility warrants
further investigation.

The observation that CRTH2 deficiency and CRTH2 antago-
nism normalized tumor cell inoculation-induced decreases in
social and object exploratory behavior provides further evidence
that CRTH2 is implicated in emotional aspects of sickness behav-
ior, and implicates tumor cell inoculated mice as a new animal
model to reflect psychiatric changes in tumor patients. It has been
reported that depression, social withdrawal, loss of interest, and
cognitive difficulties are accompanying symptoms in tumor pa-
tients (Kronfol and Remick, 2000; Dantzer et al., 2008). The in-
volvement of CRTH2 in various psychiatric disturbances found
in tumor patients, as well as in psychiatric disorders such as de-
pression and schizophrenia, needs to be addressed in future stud-
ies to determine the role of CRTH2 as a possible therapeutic
target.
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