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Prostaglandin D2 (PGD) is synthesized by hematopoietic PGD synthase (HPGDS) or lipocalin-type PGDS (L-PGDS), depending on the
organ in which it is produced, and binds specifically to either DP1 or DP2 receptors. We investigated the role of PGD2 in the pathogenesis
of hypoxic-ischemic encephalopathy (HIE) in neonatal mice at postnatal day 7. In wild-type mice, hypoxia-ischemia increased PGD2

production in the brain up to 90-fold compared with the level in sham-operated brains at 10 min after cessation of hypoxia. Whereas the
size of the infarct was not changed in L-PGDS or DP2 knock-out mouse brains compared with that in the wild-type HIE brains, it was
significantly increased in HPGDS–L-PGDS double knock-out or DP1 knock-out mice. The PGD2 level in L-PGDS, HPGDS, and HPGDS–L-
PGDS knock-out mice at 10 min of reoxygenation was 46, 7, and 1%, respectively, of that in the wild-type ones, indicating the infarct size
to be in inverse relation to the amount of PGD2 production. DP1 receptors were exclusively expressed in endothelial cells after 1 h of
reoxygenation, and cerebral blood flow decreased more rapidly after the onset of hypoxia and did not return to the baseline level after
reoxygenation in HPGDS–L-PGDS knock-out mice. Endothelial cells were severely damaged in HPGDS–L-PGDS and DP1 knock-out mice after
1 h of reoxygenation. In the human neonatal HIE brain, HPGDS-positive microglia were increased in number. In conclusion, it is probable that
PGD2 protected the neonatal brain from hypoxic-ischemic injury mainly via DP1 receptors by preventing endothelial cell degeneration.
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Introduction
Neonatal hypoxic-ischemic encephalopathy (HIE) resulting
from perinatal cerebral hypoxia-ischemia (HI) is one of the lead-
ing causes of acute mortality and chronic disability in infants and
children (Vannucci and Hagberg, 2004; Miller et al., 2005). The
incidence of systemic asphyxia is 2�4/1,000 full-term infants
(Vannucci and Vannucci, 2005), �10% of which cases are diag-

nosed as HIE (American College of Obstetricians and Gynecolo-
gists and American Academy of Pediatrics, 2003). The majority of
infants with HIE die or exhibit permanent neuropsychological
handicaps (Vannucci and Vannucci, 2005). Toward an under-
standing of the mechanism involved in neonatal HIE, a number
of studies using a rat model for HIE (i.e., 7-d-old rats subjected to
carotid ligation combined with hypoxia) were conducted previ-
ously (Rice et al., 1981; Vannucci et al., 1999). Because the brain
of the 7-d-old rat is developmentally similar to that of the human
fetus or newborn infant at the third trimester, this rat model
(Grow and Barks, 2002) and similar mouse models (Sheldon et
al., 1998) well represent human neonatal HIE. In the rat model,
cerebral blood flow (CBF) in the hemisphere ipsilateral to the
carotid ligation decreased during hypoxia, but was restored im-
mediately after the cessation of the hypoxic insult (Grow and
Barks, 2002). Investigations using these rodent models revealed
that proinflammatory molecules including cytokines (Hedtjarn
et al., 2005a,b) and prostaglandin (PG) (Nogawa et al., 1997;
Manabe et al., 2004), along with activated microglia/macro-
phages (Kim et al., 2003; Hedtjarn et al., 2004), are involved in the
pathogenesis of HIE. It is known that PGs are upregulated in the
ischemic brain (Nogawa et al., 1997) and that inhibition of their
production is neuroprotective (Nogawa et al., 1997; Nakayama et
al., 1998; Manabe et al., 2004).
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Prostaglandin D2 (PGD2) is a well known inflammatory me-
diator in peripheral tissues (Matsuoka et al., 2000; Honda et al.,
2003; Kabashima and Narumiya, 2003), invoking airway inflam-
mation (Matsuoka et al., 2000; Shiraishi et al., 2005), inhibiting
platelet aggregation (Yun et al., 1991), and causing peripheral
vasodilatation (Soter et al., 1983; Alving et al., 1991). PGD2 is
synthesized by hematopoietic PGD synthase (HPGDS) and
lipocalin-type PGDS (L-PGDS) (Urade and Hayaishi, 2000) and
exerts its actions by binding to specific receptors, DP1 or DP2

(Kabashima and Narumiya, 2003; Nagata and Hirai, 2003). In the
normal CNS, L-PGDS is expressed in oligodendroglia (Urade
and Hayaishi, 2000), and HPGDS in microglia (Mohri et al.,
2003). We found previously that both L-PGDS (Taniike et al.,
2002) and HPGDS (Mohri et al., 2006) were upregulated together
with specific elevation of PGD2 in the brains of twitcher mice, a
model of chronic neuroinflammation. Suppression of HPGDS-
PGD2-DP1 signaling resulted in the clinicopathological improve-
ment in twitcher (Mohri et al., 2006).

In this study, we investigated the pathophysiological role of
PGD2 in neonatal HIE by using wild-type HIE-model mice and
those deficient in one PGDS or both or in DP receptors. Our
results show that PGD2 alleviated microangiopathy and func-
tioned as a protective molecule in neonatal HIE.

Materials and Methods
Animals and Surgical Procedure. HPGDS knock-out (H-KO) (Mohri et
al., 2006), L-PGDS knock-out (L-KO) (Eguchi et al., 1999), and DP1

knock-out (DP1-KO) (Matsuoka et al., 2000) mice were generated by
standard gene targeting technology with embryonic stem cells derived
from the 129 strain of mouse. H-KO, L-KO, and DP1-KO mice were
backcrossed to the inbred C57BL/6J strain 15 times. DP2 knock-out mice
(DP2-KO) (Satoh et al., 2006), which were on a BALB/cAJcl background,
were kindly donated by Dr. Hirai (BML, Saitama, Japan) and Prof. Na-
kamura (Tokyo Medical and Dental University, Tokyo, Japan). Double
knock-out mice for HPGDS and L-PGDS (HL-KO) were established by
cross-mating H-KO and L-KO several times; HL-KO mice, confirmed by
genome analysis, were selected for mating (Qu et al., 2006). Wild-type
C57BL/6J and BALB/cAJcl were purchased from SLC (Shizuoka, Japan)
and CLEA Japan (Tokyo, Japan), respectively. We checked the cerebro-
vascular anatomy of these mouse lines by the perfusion of dye and con-
firmed no developmental alterations in these genotypes (data not
shown). These genetically manipulated mice showed no clinical signs
and lived a normal life span.

All animal experiments conformed to the Japanese Law for the Pro-
tection of Experimental Animals and followed the protocols approved by
the Institutional Animal Care and Use Committee at the Osaka Bio-
science Institute, where the animal experiments were conducted. The
mouse model for neonatal HIE was produced by following the method of
Sheldon et al. (1998). Briefly, litters of postnatal day 7 (P7) pups were
anesthetized with halothane and the left common carotid artery was
permanently ligated. Thereafter, the pups were returned to their dam for
a 1�2 h recuperation period and then placed in a hypoxic chamber
maintained at 37°C through which humidified 8% oxygen and balanced
nitrogen flowed. After the pups had remained in the hypoxic environ-
ment for 30 min, they were returned to their dam until they were killed.
In this model, CBF in the hemisphere ipsilateral to the carotid ligation
did not decrease by the ligation alone because of the contralateral supply
of blood via the circle of Willis, but it did decrease during hypoxia and
was restored immediately after the cessation of the hypoxic insult, which
we refer to as reoxygenation hereafter (Grow and Barks, 2002).

Quantification of PGs. Ten min after reoxygenation had begun, HIE
mice, together with those mice that had undergone a sham operation,
were quickly decapitated and the amounts of PGs in their fresh-frozen

brains were determined by enzyme immunoassays, as described previ-
ously (Ram et al., 1997).

Quantification of mRNA. Quantitative PCR analysis of the contents of
mRNAs for HPGDS, DP1, and glyceraldehyde 3-phosphate dehydroge-
nase (G3PDH) was performed with a LightCycler amplification and de-
tection system (Roche Diagnostics, Indianapolis, IN), as described be-
low. The animals were perfused with saline before the RNA isolation of
RNA from their brain. Total RNA was extracted from mouse cerebrum
by the guanidinium thiocyanate-phenol-chloroform method using ISO-
GEN (Nippon Gene, Tokyo, Japan). Two micrograms of total RNA was
reverse transcribed into single-stranded cDNA for 30 min in a reaction
mixture at 50°C containing 20 U of RNase inhibitor, 1� RNA PCR
buffer, 1 mM dNTP mixture, 2.5 mM random primer, and 5 U avian
myeloblastosis virus reverse transcriptase (Takara Biomedicals, Kyoto,
Japan). The sequence-specific primers used were as follow: HPGDS for-
ward primer, 5�-GAATAGAACAAGCTGACTGGC-3�; HPGDS reverse
primer, 5�-AGCCAAATCTGTGTTTTTGG-3�; DP1 forward primer,
5�-TTTGGGAAGTTCGTGCAGTACT-3�; DP1 reverse primer, 5�-TG-
GCCTTCTTCAACAGCGT-3�; F4/80 forward primer, 5�-CGCTGCTG-
GTTGAATACAGAGA-3�; F4/80 reverse primer, 5�-GTCCAGGCAAG-
GAGGACAGA-3�; G3PDH forward primer, 5�-TGAACGGGAAGC-
TCACTGG-3�; and G3PDH reverse primer, 5�-TCCACCACCCTG-
TTGCT-3�. The constructs used to create a standard curve were made by
cloning each amplified fragment into the HindIII site of a pGEM vector
(Promega, Madison, WI). In each PCR experiment, the number of copies
was estimated by referring to the standard curve prepared by using a
dilution series of each fragment. The PCR mixture contained Taq poly-
merase, 1� LightCycler DNA master SYBR Green (Roche Diagnostics)
reaction buffer, 3 mM MgCl2, and 12.5 pmol of each primer. After PCR
had been performed with 40 cycles of denaturation (95°C for 1 s), an-
nealing (57°C for 5 s), and enzymatic chain extension (72°C for 10 s), the
products for HPGDS, DP1, and G3PDH were detected at 81, 80, and 87°C,
respectively. All PCR products were visualized under UV light after elec-
trophoresis in an agarose gel containing ethidium bromide.

Immunocytochemistry. Under deep halothane anesthesia, the mice
were perfused via the heart with physiological saline for 5 min, followed
by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4,
for 5 min. The brains were removed and postfixed in the same fixative
overnight. Coronal sections of the brain were routinely processed into
paraffin blocks. Several mice were perfused with physiological saline only
and processed for frozen sections. Rabbit anti-mouse and anti-human
HPGDS antibodies (Kanaoka et al., 2000) and guinea pig anti-mouse
DP1 antibody (Mizoguchi et al., 2001) were raised in Osaka Bioscience
Institute (Osaka, Japan). The other primary antibodies used in this study
were as follows: anti-cow glial fibrillary acidic protein (GFAP) antibody
(1:1000; DAKO, Glostrup, Denmark), monoclonal mouse anti-human
von Willebrand factor (vWF) antibody (clone F8/86, 1:500; DAKO), and
anti-human CD68 antibody (1:100; DAKO). Biotinylated Ricinus
communis-agglutinin-1 (RCA-1), a marker for both microglia and endo-
thelial cells (Mannoji et al., 1986), was purchased from Vector Labora-
tories (Burlingame, CA; 50 �g/ml).

HPGDS immunostaining was performed as described previously
(Mohri et al., 2003). Rabbit anti-mouse HPGDS antibody was applied
followed by biotinylated anti-rabbit IgG and avidin-biotin complex
(ABC) from an ABC elite kit (Vector Laboratories). The immunoreac-
tivity was visualized by using diaminobendizine hydrochloride (Dotite,
Kumamoto, Japan) as the chromogen. The procedures for double label-
ing were described previously (Mohri et al., 2003). In the case of double
labeling for HPGDS and biotinylated RCA-1, the paraffin-embedded
sections were sequentially incubated with Texas Red-conjugated strepta-
vidin (MP Biomedicals, Irvine, CA) and Alexa 488-conjugated anti-
rabbit IgG (Invitrogen, Carlsbad, CA). In the case of DP1 and vWF dou-
ble immunofluorescence, frozen sections were incubated with
biotinylated anti-guinea pig IgG (Vector Laboratories) and Alexa 488-
conjugated streptavidin (MP Biomedicals), followed by Cy3-labeled
anti-mouse-IgG (Millipore, Temecula, CA). DP1 and GFAP double im-
munostaining was done in the same way as described above except that
DP1 was labeled with Texas Red-conjugated streptavidin and vWF, with
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Alexa 488-conjugated anti-mouse IgG. The fluorescence was examined
with a BX51 fluorescence microscope (Olympus, Tokyo, Japan).

Morphometric analysis of the infarct area. At least 10 HIE model mice of
each type (i.e., wild-type; either C57BL/6 or BALB/c) and H-KO, L-KO,
HL-KO, DP1-KO, and DP2-KO at 24 h and 7 d after reoxygenation had
begun were used in this study. Paraffin-embedded coronal sections (10
�m thickness) were cut at the level of the optic chiasm and infundibu-
lum, identical to the bregma �1.8�2.0 mm level of the adult mouse
brain (Paxinos and Franklin, 2001) and were stained with hematoxylin
and eosin (HE). The area of necrotic pallid lesions devoid of normal
layered structures in the cerebral cortex and the basal ganglia on HE-
stained sections was analyzed by investigators in a blind manner regard-
ing the genotype (M. Taniike and H. Okabe-Arahori) using Macscope
software (Mitani, Tokyo, Japan). The percentage of infarct area was cal-
culated as the value of the ipsilateral (left) infarct area divided by the area
of the contralateral (right) cerebral subdivisions (Cheng et al., 1997; Han
and Holtzman, 2000). In the analysis of brains 7 d after reoxygenation,
when brain damage had reached maturation, we calculated the infarct
area plus lost area of the affected hemisphere.

Cerebral blood flow analysis. CBF was analyzed by using a laser-
Doppler flow meter (model TBF-LN1; Unique Medical, Tokyo, Japan)
(Kitagawa et al., 2002). CBF, flow velocity, and flow volume were mea-
sured by a laser probe having a polyacrylamide sheath with an inner
diameter of 0.8 mm attached with dental cement to the intact skull 3 mm
posterior and 3 mm lateral to bregma. Body temperature was simulta-
neously monitored with a rectal thermometer. After confirming the sta-
ble flow wave of the ipsilateral hemisphere for at least 15 min, we sub-
jected mice to hypoxia and then monitored the CBF until at least 15–20
min after the start of reoxygenation. By use of the software Unique Ac-
quisition (Unique medical), the values of the above parameters were
collected every 0.1 s. After any extraordinarily high value (�20 ml/min)
caused by artifacts resulting from body movement of the mice had been
omitted, the collected data were averaged every 1 min. The cerebral blood
volume (CBV) was calculated as an integral of CBF.

Anatomical examination of cerebrovasculature. Adult female wild-type,
HL-KO, and DP1 KO (16 –20 weeks old; n � 3) were deeply anesthetized
before they were perfused with saline followed by India ink. Their brains
were then carefully removed, positioned with the ventral side up, and
photographed with a Nikon (Tokyo, Japan) D-200.

Electron microscopical analysis. Cerebral hemispheres were coronally
sectioned and fixed with 3% glutaraldehyde and 1% paraformaldehyde
in 0.1 M PB, pH 7.2, followed by postfixation with 1% osmium tetrahy-
droxide, and routinely processed into Epon blocks. After observation of
1-�m-thick semithin sections stained with Toluidine blue, areas for
preparation of additional ultrathin sections were selected, cut, stained
with uranyl acetate and lead citrate, and examined with an H-7650 elec-
tron microscope (Hitachi High-Technologies, Tokyo, Japan) at 80 kV.

Evaluation of brain edema by tissue water content. Water content of the
brain hemisphere was measured to evaluate the extent of brain edema.
HIE mice were killed by deep anesthesia and their cerebrums were re-
moved and cut into hemispheres at 24 h after reoxygenation. Immedi-
ately thereafter, the wet weight was measured, and then the cerebral
hemispheres were frozen at �30°C and kept frozen until they could be
freeze-dried for 12 h. After the freeze-drying, the dry weight of each
sample was measured. The water content in each hemisphere was calcu-
lated as %H2O � (wet weight � dry weight)/wet weight (Toung et al.,
2002; Thiagarajah et al., 2005).

Human tissue source. Paraffin sections of formalin-fixed human infant
brains were obtained from Osaka Medical Center and the Research In-
stitute for Maternal and Child Health (Osaka, Japan). Autopsy had been
performed with written informed consent from the parents during the
period of 1988�2001. Twelve brains from infants who had died from
HIE and eight from infants who had died because of non-neurological
causes, such as stillbirth or cardiovascular disease without any apparent
brain lesions, were examined. This study was approved by the institu-
tional review boards of Osaka University Graduate School of Medicine,
Osaka Medical Center, and Research Institute for Maternal and Child
Health.

Statistical analysis. Statistical comparisons were made by using Stu-
dent’s t test. Values of p � 0.05 were considered to be significant.

Results
Neuropathological characterization of model mice for HIE
Temporospatial progression of neuropathological changes was
investigated at 10 min, 1 h, and 24 h after the hypoxic-ischemic
insult, focusing on activation of microglia and astrocytes. No
apparent neuropathological findings were observed on HE-
stained sections at 10 min after reoxygenation had begun (Fig.
1A). Both RCA-1-positive microglia (Fig. 1G, arrow) and GFAP-
positive astrocytes (Fig. 1M, arrow) possessed a morphology in-
dicating rest or inactivation. Long, patent, and intact blood ves-
sels having RCA-1-positive endothelial cells were also observed
(Fig. 1G, arrowhead). Focal edema in the deep cortical layers
(III–VI) was recognized in the ipsilateral hemisphere at 1 h after
the insult (Fig. 1B, area delimited by the rectangle). One hour
after the hypoxic insult, RCA-1-positive microglia increased in
number (Fig. 1E) and changed their morphology to that of mod-
erately activated microglia with swollen cytoplasm and short pro-
cesses (Fig. 1H, arrow). Some RCA-1-positive blood vessels had
contracted and their lumen had become narrower (Fig. 1H, ar-
rowhead). GFAP-positive astrocytes still morphologically ap-
peared slender and inactive at 1 h after reoxygenation (Fig. 1N,
arrows). At 24 h of reoxygenation, a massive infarct was apparent
with HE staining (Fig. 1C, asterisk). RCA-1-positive microglia
(Fig. 1F) and GFAP-positive astrocytes (Fig. 1L) were increased
in number in the hemisphere ipsilateral to the carotid ligation.
Many amoeboid or activated microglia (Fig. 1 I, arrow) were ob-
served within the infarct lesions, and some of them had ingested
dead cells. Hypertrophic or activated astrocytes (Fig. 1O, arrows)
were also recognized at the rim of the infarct (Fig. 1L, wedged
between the dotted lines). By 24 h of reoxygenation, almost all
RCA-1-positive blood vessels had disappeared from the infarct
(Fig. 1F, asterisk).

PGD2 level was increased up to 90-fold together with
upregulation of HPGDS and DP1 in HIE mouse brains
We quantified the level of three major PGs (i.e., PGD2, PGE2, and
PGF2�) in the brain at 10 min after the start of reoxygenation. The
level of PGD2 was increased up to 90-fold compared with that for
the sham-operated brain. PGE2 was increased sixfold, and PGF2�,
45-fold (Fig. 2A). mRNA levels of HPGDS and DP1 in the ipsi-
lateral hemispheres relative to those in the contralateral ones
were unchanged at 1 h, but they increased up to 11-fold and
threefold, respectively, at 24 h and then decreased at 48 h of
reoxygenation (Fig. 2B).

Figure 3A shows the results of immunocytochemical analysis
of HPGDS and DP1 in HIE mouse brains at 1 h of reoxygenation.
HPGDS-positive cells reminiscent of microglia were present in
both hemispheres as early as 1 h (Fig. 3A, left inset). DP1-positive
cells were moderately increased in number in the ipsilateral
hemisphere at 1 h after reoxygenation had begun (Fig. 3A).
HPGDS-positive cells expressed RCA-1 at both 1 and 24 h (Fig.
3B, top), indicating that they were activated microglia, as re-
ported previously (Mohri et al., 2003). In the brain parenchyma,
DP1 was exclusively expressed in vWF-positive endothelial cells
(Fig. 3B, bottom), at 1 h of reoxygenation. At 24 h after reoxy-
genation had commenced, DP1 was localized in GFAP-positive
astrocytes (data not shown) as well as in vWF-positive endothe-
lial cells (Fig. 3B, bottom)
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Lack of PGD2-DP1 signaling augments
HI lesion
We made HIE models by preparing mice
deficient in PGDSs or DP receptors to in-
vestigate the pathophysiological role of
the PGD2 increase in HIE. Representative
HE-stained sections of HIE mouse brains
at 24 h after reoxygenation in each geno-
type are shown in Figure 4A. The areas of
infarct are clearly recognizable in this low-
magnification view. Whereas the infarct
area tended to be restricted to a part of the
cerebral cortex in the wild-type HIE mice,
it had expanded to almost the entire cortex
and basal ganglia in the HL-KO HIE mice.
Morphometric analysis was then per-
formed, and the results are shown in Fig-
ure 4B. When compared with that for the
wild-type HIE model, the infarct area in
HL-KO mice was significantly enlarged,
exceeding 50% of the cerebral cortex and
20% of the basal ganglia. The areas of in-
farct were enlarged less dramatically, but
still significantly in DP1-KO and moder-
ately in H-KO HIE mice, whereas this was
not the case in L-KO mice. DP2-KO HIE
mice on a BALB/c background showed a
slightly reduced size of infarct compared
with wild-type BALB/c mice.

In addition, we evaluated the tissue loss
in both wild-type and HL-KO mouse
brain at 7 d after reoxygenation, when the
brain damage had reached maturation.
The edematous infarct had developed into
tissue loss and atrophy. As shown in Fig-
ure 4, C and D, the cerebral tissue loss was
significantly larger in HL-KO than in
wild-type mice at 7 d after the hypoxic-
ischemic insult, parallel to the evaluation
at 24 h of reoxygenation. When PGD2 pro-
duction in the brain at 10 min after reoxy-
genation was compared in the HIE mice
on different genetic backgrounds, the
highest was in the wild-type, and the pro-
duction was reduced to 45.7 � 0.7, 6.7 �
0.2, and 1.2 � 0.0% of the wild-type value
in L-KO, H-KO, and HL-KO mice, respectively (Fig. 5). These
results indicate that HPGDS widely contributed to PGD2 produc-
tion and that the aggravation of neuropathology in HIE mice
negatively correlated with PGD2 production. In view of our find-
ing that DP2-KO mice did not show any aggravation of infarct, we
confirmed that HPGDS-PGD2-DP1 signaling was the major
pathway in the PGD2-mediated protection of the HIE brain.

Cerebral blood flow was decreased in HL- and DP1-KO HIE
mice during hypoxia and failed to recover after reoxygenation
in HL-KO HIE
Because DP1 expression was exclusively localized in blood vessels
1 h after reoxygenation had begun, we focused our investigation
on the effect of PGD2 signaling on CBF during and after the
hypoxia (Fig. 6). In wild-type mice, CBF gradually decreased dur-
ing the hypoxic period, dropping to 60% of the baseline level (the
average at 5 min before exposure to hypoxia) at 20 min of hypoxia

and slowly recovered up to �80% of the baseline level within
15�20 min after reoxygenation had been started (Fig. 6, open
circles). However, CBF dropped to 60% of the baseline level as
soon as 10 min after the start of hypoxia in HL- and DP1-KO HIE
(Fig. 6, triangles and closed diamonds, respectively). CBV during
hypoxia showed a 39.1 and 43.2% decrease in HL- and DP1-KO
mice, respectively, whereas only a 29.6% CBV reduction was ob-
served in the wild-type mice (data not shown). Moreover, CBF
did not recover in the HL-KO mouse brains as it did in the wild-
type ones. In HL-KO brains, the CBF level showed a transient
increase during a few minutes after the start of reoxygenation,
although its level decreased again to the lowest level seen during
the hypoxia (Fig. 6, triangles). This low level of CBF lasted for �1
h after reoxygenation had begun in some of the HL-KO HIE
animals (data not shown). However, DP1-KO HIE mice
promptly recovered their normal CBF, reaching a higher level of
CBF than that in the wild-type mice post hypoxia (Fig. 6, closed

Figure 1. Neuropathology of the somatosensory cortex of a mouse model for HIE. A–C, HE stain. D–I, RCA-1 stain. J–O, GFAP
immunostaining. Examination was done at 10 min (A, D, G, J, M ), 1 h (B, E, H, K, N ), and 24 h (C, F, I, L, O) after the start of
reoxygenation. Arrowheads and arrows in G–I indicate RCA-1-positive blood vessels and microglia, respectively. Arrows in M–O
indicate GFAP-positive astrocytes. Areas delimited by the rectangles in B and E indicate an edematous lesion in layers III–VI. The
dotted lines in C, F, and L indicate the boundaries between infarct (asterisks) and apparently intact area. Scale bars: A–F, J–L, 200
�m; G–I, M–O, 5 �m.
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diamonds). We confirmed that there was no alteration of cere-
brovascular anatomy among these three genotypes (data not
shown).

These data suggest that CBF during the hypoxic period was
reduced in HL-KO and DP1-KO mice more severely than in wild-
type ones and failed to recover during the reoxygenation period
in the HL-KO animals.

Absence of PGD2-DP1 signaling enhanced vascular
endothelial cell degeneration and brain edema
As stated previously, RCA-1-positive blood vessels were already
contracted at 1 h after the start of reoxygenation (Fig. 1E,H) and
disappeared in the center of the infarct by 24 h in the wild-type
HIE mice (Fig. 1F, I). We next investigated the early vascular
pathology in detail. Figure 7A shows RCA-1 staining in a deep
layer of the somatosensory cortex 1 h after reoxygenation had
begun. In wild-type HIE mice, most blood vessels in the contralateral
hemisphere showed smooth vascular walls, patent lumens, and in-
tact nuclei (Fig. 7Aa,Ab), whereas some blood vessels had degener-
ated in the ipsilateral hemisphere (Fig. 7Ac,Ad). On the contrary, in
the HL-KO HIE brains many degenerating blood vessels were rec-
ognized in the infarct area, with the endothelial cells showing
shrunken cytoplasm and nuclear chromatin condensation, and of-
ten the vessels seemed to have disappeared (Fig. 7Ae,Af). In DP1-KO
HIE, the vascular lumen had not narrowed and the number of ves-
sels had not been reduced (Fig. 7Ag,Ah); however, the blood vessels
were coiled, and the endothelial cells showed a darkened cytoplasm
and condensed nuclear chromatin (Fig. 7Ah, inset).

By electron microscopic analysis, whereas perivascular edema
was only partial, with a relatively intact basal lamina, in the wild-
type HIE brain (Fig. 7Ba), a detached basal lamina (Fig. 7Bb,
arrowheads) or degenerating endothelial cells (Fig. 7Bc, asterisk)

with massive perivascular edema were fre-
quently observed in the HL-KO mouse
brain. In addition, we observed hyper-
lobulated nuclei with chromatin condensa-
tion and small spherical mitochondria with
ambiguous cristae in HL-KO brains (Fig.
7Bd). These changes are compatible with the
apoptotic process (Karbowski et al., 2004).
In DP1-KO HIE mice, electron micrographs
of vascular endothelial cells showed vacuo-
lation of the cytoplasm, marked thickening
of the vascular wall (Fig. 7Be), and newly
formed branching blood vessels (Fig. 7Bf).

To evaluate the brain edema conse-
quent to vascular injury (Fagan et al.,
2004), we calculated the water content of
the cerebral hemisphere as percent H2O in
the cerebral hemispheres at 24 h after the
start of reoxygenation. The water content
in both hemispheres in wild-type, DP1-
KO, and HL-KO HIE mice is given in Fig-
ure 8. It was increased significantly in the
ipsilateral hemisphere in DP1-KO and
HL-KO HIE, rising to 114.6 � 13.6 and
125.9 � 10.5%, respectively, of that in the
contralateral hemisphere, whereas it was
only increased to 100.7 � 2.6% in the
wild-type HIE. From these lines of evi-
dence, we conclude that acute endothelial
degeneration and subsequent perivascular
edema in the absence of PGD2-DP1 signal-
ing may account for failure to maintain a

normal CBF and may have contributed to additional infarction-
augmenting ischemia.

HPGDS- immunopositive cells were also abundant in human
HIE brain
To clarify the relevancy of our findings in this mouse model to the
human disease, we investigated whether HPGDS was upregulated

Figure 3. A, Immunocytochemical analysis of HPGDS and DP1 in the somatosensory cortex of HIE mouse brains. Insets show a
high-magnification view of immunoreactive cells. The arrow and arrowheads indicate DP1-positive cells in parenchyma and
meninges, respectively. B, Double fluorescence in ipsilateral hemisphere at 1 and 24 h after reoxygenation. Top, Double immu-
nofluorescence for HPGDS and RCA-1; bottom, double immunofluorescence for DP1 and vWF; arrows and arrowheads indicate
doubly and singly immunopositive cells, respectively. Scale bars: A, 100 �m; insets, 5 �m; B, 5 �m. cc, Corpus callosum.

Figure 2. Temporal change in levels of PGD2 and PGD2-related molecules in the cerebral
cortex of HIE mouse brains. A, Quantification of PGs in the whole brain at 10 min after the start
of reoxygenation. Shaded boxes and black boxes indicate wild-type HIE mouse (WT HI) and
wild-type sham controls (WT sham), respectively (n � 5). B, Expressional changes in mRNA for
HPGDS and DP1 relative to those in G3PDH mRNA. The ordinate shows the ipsilateral/contralat-
eral ratio (n � 4). Dotted lines indicate the level at which mRNA in the ipsilateral hemisphere
equaled that in the contralateral hemisphere. The increases in mRNA expression of HPGDS and
DP1 were not statistically significant. Error bars indicate mean � SE. *p � 0.05; #p � 0.01, as
indicated by the brackets.
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in human HIE brains. Figure 9A shows
representative pictures of brain specimens
from two HIE infants (Aa, Ab, Ae, Af) and
a non-HIE control (Ac, Ad) immuno-
stained for HPGDS. The two infants, who
died from HIE a few days after birth were
born at 40 weeks (Fig. 9Aa,Ab) and 37
weeks (Fig. 9Ae,Af) of gestation, respec-
tively. The non-HIE control brain speci-
men was obtained from an infant who had
died at 39 weeks of gestation. HPGDS-
positive cells were much more abundant
in the HIE brains (Fig. 9Aa,Ab) than in the
control one (Fig. 9Ac,Ad). The specificity
of HPGDS antibody was checked by omit-
ting the first antibody (Fig. 9Ag). HPGDS
immunoreactive cells were increased in
number in HIE brains, especially in the
cerebral cortex and hippocampus, which
are the sites of predilection for the diffuse
neuronal necrosis seen in neonatal HIE
(Volpe, 2000). HPGDS-positive cells were
either activated microglia or foamy mac-
rophages as judged from their morpho-
logical characteristics (Fig. 9A). Double
immunostaining confirmed that these
HPGDS-positive cells in the human HIE
brains were CD68-positive microglia/
macrophages (Fig. 9B). These findings
from human HIE samples were compati-
ble with the results of our immunochemi-
cal study on HIE mouse brains.

Discussion
PGD2 , via DP1 , protects neonatal
brain from HI injury in a
dose-dependent manner
PGD2 production was remarkably and
specifically enhanced in HIE mouse brains
at 10 min after the start of reoxygenation.
It was remarkably inhibited in HL-KO and
was partially suppressed in H-KO HIE
(Fig. 5). The infarct area was the largest in
HL-KO and DP1-KO, followed by H-KO
HIE, at 24 h after the hypoxic-ischemic
insult (Fig. 4A,B), and the infarct size
showed an inverse relation to PGD2 production. The cerebral
tissue loss at 7 d after the hypoxic-ischemic insult was also signif-
icantly larger in HL-KO than in the wild-type animals. These
results indicate that PGD2 exerted its crucial protective role via
DP1 in a dose-dependent manner. In addition, HPGDS-
immunoreactive microglia increased in number in human neo-
natal HIE brains as in the mouse HIE brain (Fig. 9). Unfortu-
nately, we could not perform DP1 staining on human brains;
however, the similar distributional pattern of HPGDS-positive
cells suggests that PGD2 also acts as a protective factor in the
human brain.

Liang et al. (2005) reported that DP1 was present in neurons in
brain-slice cultures and in cultures of neurons isolated from
mouse brains and that PGD2 directly protected neurons from
apoptosis. In the present study, we detected in vivo DP1 immu-
noreactivity in endothelial cells (Fig. 3B), suggesting that a differ-
ent mechanism is involved in our neonatal HIE model.

Figure 5. Quantification of PGD2 in the brains of wild-type sham, wild-type, H-KO (H-KO HI),
L-KO (L-KO HI), and HL-KO HIE (HL-KO HI) mice at 10 min after the start of reoxygenation (n �
5). Error bars represent the mean � SE. *p � 0.05, #p � 0.01, as indicated by the brackets.

Figure 4. Morphometric comparison of the infarct area in different KO HIE mouse brains. A, C, Low-magnification view of
HE-stained coronal sections of the HIE models at 24 h (A) and 7 d (C) after start of reoxygenation. Scale bars, 1 mm. B, D,
Morphometric analysis of the infarct area in HIE brains at 24 h (B) and 7 d (D) after start of reoxygenation (n � 12). The results for
wild-type C57BL/6 and BALB/c mice are shown separately. The differences between the HL-KO and the DP1-KO were not statisti-
cally significant. WT, Wild-type. Error bars indicate mean � SE. *p � 0.05; #p � 0.01.
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Pathophysiology of PGD2-mediated brain protection in
neonatal HIE
The role of PGD2 seems to be important in the extremely early
phase, because PGD2 production had already increased to an
extraordinarily high level as soon as 10 min after reoxygenation
had been initiated (Fig. 2A). This abrupt increase in the PGD2

level may be achieved by HPGDS in microglia in the brain paren-
chyma; however, some PGD2 may have been produced by
HPGDS in blood cells (Urade et al., 1990; Mahmud et al., 1997;
Tanaka et al., 2000). Because decapitation and freezing the head
should be done almost at the same time to avoid an artificial
increase in PG levels, no time was allowed for washing out the

blood with saline. However, PGD2, whether it came from inside
the blood vessels or brain parenchyma, could have acted on DP1

expressed on endothelial cells.
Because DP1 was exclusively expressed

on endothelial cells at 1 h after the start of
reoxygenation, it is reasonable that PGD2

exerted its action on endothelial cells, pos-
sibly by modulating the CBF. The stan-
dard method for quantification of blood
flow is the [ 14C]-iodoantipyrine method,
but we chose to use the laser-Doppler
flowmeter, which has been widely ac-
cepted in recent years (Aden et al., 2003;
Ten et al., 2005; Gustavsson et al., 2007),
because we had to assess the temporal
change in blood flow in real time. HL-KO
and DP1-KO mice showed a steep reduc-
tion in CBF during hypoxia and that CBF
recovery post hypoxia was not achieved in
the HL-KO mice (Fig. 6). The early endo-
thelial cell damage was observed at 1 h af-
ter reoxygenation in the HL-KO and
DP1-KO mouse brains. In the former,
electron micrographs showed that endo-
thelial cells were at the beginning of the
apoptotic process and gave evidence of ex-
tensive perivascular edema (Fig. 7Bb–Bd).
Mitochondria in these cells were small and
spherical rather than the normal long oval
shape. As a consequence of the early endo-
thelial cell damage (Fig. 7), brain edema at
24 h of reoxygenation was greatly en-
hanced in the HL-KO and DP1-KO HIE
animals (Fig. 8). Because up to now there
has been no research on DP1 signaling in
endothelial cells, the underlying molecu-

lar mechanism of PGD2-DP1-mediated endothelial cell protec-
tion needs to be elucidated; however, we speculate that PGD2

protects endothelial cells by increasing the intracellular cAMP
level (Schildberg et al., 2005) through DP1, a Gs-coupled recep-
tor. The intracellular cAMP acts via protein kinase A, which
phosphorylates phospholamban (PLB), an intrinsic inhibitor of
sarko/endoplasmic calcium ATPase (SERCA) at the endoplasmic
reticulum (ER) (Sutliff et al., 1999). Hyperphosphorylation of
PLB, however, relieves the inhibition of SERCA. Accordingly, an
increased level of cAMP restores the action of calcium ATPase,
which in turn stabilizes the Ca 2	 levels in the ER and thus pre-

Figure 7. A, Representative pictures of RCA-1-stained HIE mouse brains from wild-type (contralateral and ipsilateral hemi-
spheres, a, b and c, d, respectively), HL-KO (ipsilateral hemisphere, e, f ), and DP1-KO HIE (ipsilateral hemisphere, g, h) mice 1 h
after reoxygenation had begun. cc, Corpus callosum. B, Electron micrographs of small blood vessels in the ipsilateral hemisphere
at 1 h after reoxygenation. a, Wild type; b–d, HL-KO; e, f, DP1-KO mice. Arrowheads in b indicate the basal lamina; the asterisk in
c indicates a degenerating endothelial cell; the inset in d indicates the morphology of mitochondria. Scale bars: A, 50 �m; insets,
10 �m; B, 5 �m; insets, 0.5 �m.

Figure 6. CBF analysis of neonatal HIE mice continuously monitored before, during, and
after the start of reoxygenation. The averaged CBF during 5 min before hypoxia was defined as
100%. Symbols are defined in the graph. The time point 0 indicates the start of hypoxia, and the
black bar at the bottom shows the duration of it. Values are indicated as the mean � SE; *p �
0.05 wild-type versus DP1-KO; †p � 0.05 wild-type versus HL-KO.

Figure 8. Water content was determined at 24 h after the start of reoxygenation and calcu-
lated as (wet weight � dry weight)/wet weight (n � 6). Error bars indicate the mean � SE.
*p � 0.05, #p � 0.01, as indicated by the brackets.
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vents apoptosis of the cells (Schildberg et
al., 2005). Assuming that PGD2-mediated
cytoprotection is caused by DP1 signaling,
the question arises as to why the neuropa-
thology and CBF recovery in the DP1-KO
HIE mice was milder than those in HL-KO
HIE. One possible clue to answering this
question is the facilitation of the start of
vascular repair in DP1-KO HIE. Although
the blood vessels showed thickened vessel
walls and vacuolation of endothelial cell
cytoplasm in DP1-KO HIE brains, their
lumens were not as narrow as those in
HL-KO vessels, and vascular sprouting
was often observed in DP1-KO HIE brains
(Fig. 7Bf) (Yoshida et al., 1989). These
unique features in vascular morphology
imply the earlier start of vascular repair in
DP1-KO HIE mice. We examined vascular
endothelial growth factor (VEGF), a well
established angiogenetic factor, in wild-
type, DP1-KO, and HL-KO mouse brains
(Ferrara et al., 2003). At 1 and 24 h after
reoxygenation had begun, VEGF expres-
sional pattern and its immunoreactivity
were similar among the three genotypes
mentioned above (data not shown). How-
ever, the RCA-1 staining revealed that the
number of activated microglia increased at 1 h of reoxygenation
in DP1-KO mice, but not in wild-type or HL-KO mice. In addi-
tion, the mRNA level of F4/80, a marker of activated microglia,
was significantly greater in the DP1-KO than in the wild-type
brain and slightly, although not significantly higher than that in
the HL-KO HIE brain (data not shown). Because perivascular
microglia were reported to increase in number in stroke (Hess et
al., 2004) and to enhance vascular reconstruction after oxidative
damage (Ritter et al., 2006), the more numerous microglia may
have facilitated repair of the vascular components in the DP1-KO
mice.

We also addressed the possibility that DP2 was induced in
DP1-KO mice to compensate for the lack of the DP1 signal. We
found that the level of DP2 mRNA was slightly, but not signifi-
cantly greater in the DP1-KO than in the wild-type brain (data
not shown). However, we suppose that a compensation mecha-
nism by DP2 would not explain the discrepancy in the neuropa-
thology for the following reasons: DP1 is a Gs-coupled receptor,
and its signal increases the level of intracellular cyclic AMP,
whereas DP2 is Gi-coupled, and stimulation of it decreases this
level. In addition, Liang et al. (2005) documented in an in vitro
study that DP1 receptor signaling was neuroprotective and that
by the DP2 receptor it was neurotoxic. Because these two recep-
tors were reported to have opposite functions, it is unlikely that
DP2 would have compensated for the lack of DP1.

Another explanation for the pathophysiological difference
between DP1-KO and HL-KO mice is the possible presence of
a PGD2 signaling pathway not mediated via PGD2 receptors in
DP1-KO HIE brains or, otherwise, there may be PGD2 recep-
tors other than DP1 or DP2. Last, it may be possible that the
extraordinarily high level of PGD2 may bind to other PG re-
ceptors that have low affinity for PGD2 (Narumiya and
FitzGerald, 2001). These speculations need to be elucidated in
the near future.

Clinical significance of PGD2-mediated cerebrovascular
protection in neonatal HIE
Our findings that lack of PGD2-DP1 signaling enhanced endothe-
lial degeneration (Fig. 1H, 7A,B), brain edema (Fig. 8), and se-
vere pathology are consistent with a previous report that attrib-
uted severe HI injury to disrupted autoregulation of the CBF
(Volpe, 2000). Volpe (2000) described that the decreased CBF
seen in severely asphyxiated infants would cause impaired auto-
regulation of CBF. In another aspect, Riddle and Back (2006)
attributed severe white-matter injury not only to the effect of
decreased blood flow, but also to the immaturity of oligoden-
doglia lining the lesions (Riddle et al., 2006). Although our model
differed from their model in that the major lesions were in the
gray matter in our case and not in the white matter as in theirs, we
cannot exclude the possibility of other determinants of the sever-
ity of tissue loss, aside from CBF, especially a difference in the
maturation of the brain cells. However, our data showed that the
extent of the brain lesion well correlated with the duration of the
decreased CBF.

Therefore, in the clinical setting, every effort should be made
to shorten the ischemic period and maintain CBF adequately in
such infants. Furthermore, a proper targeting approach for vas-
cular protection after HI injury is an important issue for the
development of an effective neuroprotective strategy (Fagan et
al., 2004). In this regard, our findings offer a new insight into the
role of PGD2 in the cerebrovascular protection after HI brain
injury. In conclusion, PGD2-DP1 signaling is probably one of the
key components that attenuate cerebrovascular disruption and
the subsequent brain damage in HIE model mice. Our future
investigation includes developing a strategy for the effective de-
livery of DP1 agonists to the endothelial cells in the ischemic
brain, which may possibly lead to a promising treatment for hu-
man neonatal HIE.

Figure 9. A, HPGDS immunocytochemistry in autopsied brains from human neonates with HIE (a, b, e, f ) and a control
human neonate (c, d). GM, Gray matter; WM, white matter. Arrowhead(s) in a and f and the arrow in e and f indicate HPGDS-
immunopositive cells. Insets, Magnified views of the HPGDS-positive cells indicated by arrows. Scale bars: a–d, 50 �m; insets, e,
f, 5 �m. g, Negative staining for HPGDS in a section adjacent to that of f. B, Double immunofluorescence of HPGDS and CD68, the
latter being a microglial marker, in an HIE brain. Scale bars: 5 �m.
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