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Abstract
Prostaglandin D2 is the most abundant prostaglandin in the brain. It has long been described as a
modulator of the neuroinflammatory process, but little is known regarding the role of its Gαs-coupled
receptor, DP1. Therefore, in this study, the effect of the DP1 receptor on the outcome of cerebral
ischemia in wildtype (WT) and DP1 knockout (DP1−/−) C57Bl/6 mice was investigated. Ischemia-
reperfusion injury was produced by a 90-min occlusion of the right middle cerebral artery followed
by a 4-day reperfusion. Infarct size was 49.0 ± 11.0% larger in DP1−/− mice (n = 11; P < 0.01) than
in WT mice (n = 9 per group). However, no differences were detected in the relative cerebral blood
flow (CBF) or any of the physiological parameters measured (n = 5 per group) or in the large blood
vessel anatomy (n = 3 per group). To further address whether the DP1 protective role in the brain
could be extended to neurons, mouse primary corticostriatal neuronal cultures were exposed to the
DP1-selective agonist, BW245C, which provided dose-dependent protection against excitotoxicity
induced by glutamate. Protection was significant at a dose as low as 0.05 μm. The results indicate
that the DP1 receptor is neuroprotective in both in vivo and in vitro paradigms. Development of drugs
to stimulate the DP1 receptor in brain could provide a new therapeutic strategy against cerebral
ischemia and potentially other neurological conditions.
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Introduction
An important feature of the pathophysiological response to ischemic brain injury is the
inflammatory cascade triggered in the occluded blood vessels and brain parenchyma.
Therefore, an anti-inflammatory strategy may be useful for treating acute stroke, a leading
cause of death and disability worldwide for which acute therapeutic management is limited to
thrombolysis (Chamorro & Hallenbeck, 2006). Inflammation is at least in part regulated by a
family of lipid mediators known as prostaglandins (PGs; Bazan, 2005). PGs are generated
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through the rate-limiting enzyme cyclooxygenase (COX), which converts arachidonic acid to
PGH2. PGH2 is subsequently modified into different prostanoids, including PGE2, PGD2,
PGF2α, PGI2, and thromboxane A2. These prostanoids exert their actions via a family of G-
protein-coupled receptors; EP (1−4), DP (1−2), FP, IP, and TP, respectively. Each of these
receptors differs in its effects on cyclic AMP (cAMP) and/or phosphoinositol turnover and
intracellular Ca2+ mobilization.

PGD2 is the most abundant PG in brain (Abdel-Halim et al., 1977; Narumiya et al., 1982). It
is synthesized in many organs and has been implicated as a signalling molecule in the mediation
or regulation of various biological processes, including platelet aggregation, broncho-
constriction, allergic diseases, sleep and wakefulness, seizures, and hypoxia (Masuda et al.,
1986; Akarsu et al., 1998; Matsuoka et al., 2000; Monneret et al., 2003; Chen & Bazan,
2005). Two distinct PGD2 synthases (PGDS), the haematopoetic PGDS and the lipocalin
PGDS, mediate the last regulatory steps in the biosynthetic pathway of PGD2 production
(Urade & Eguchi, 2002; Aritake et al., 2006). PGD2 interacts mainly with two G-protein-
coupled receptors; the DP1 receptor stimulates adenylyl cyclase through Gαs, whereas DP2
[initially called chemoattractant receptor T helper type 2 (CRTH2)] inhibits adenylyl cyclase
through Gαi and increases intracellular Ca2+ (Malki et al., 2005; Spik et al., 2005). Our earlier
studies revealed that the EP2 and EP4 receptors, which enhance cAMP levels, are protective
in various toxicity models (Echeverria et al., 2005; Ahmad et al., 2006b), whereas the EP1
receptor, which leads to an increase in intracellular Ca2+, promotes neurotoxicity (Ahmad et
al., 2006a).

We hypothesized that the DP1 receptor would be protective in preclinical models of toxicity.
Therefore, we investigated the role of the DP1 receptor in transient focal ischemia using
wildtype (WT) and DP1 knockout (DP1−/−) mice. To document the protective role of DP1 in
neurons, we tested the effect of the DP1-selective agonist, BW245C, on survival of cultured
primary neurons following glutamate-induced toxicity. This study provides evidence to help
clarify the conflicting results regarding the actions of PGs in the brain.

Materials and methods
Animals

This study was performed in accordance with the NIH guidelines for the use of experimental
animals; protocols were approved by the Johns Hopkins Animal Care and Use Committee.
C57BL/6 WT and DP1−/− mice were bred in our facility and genotyped by PCR of genomic
DNA extracted from tail tissue. Primer pairs were DP1/DP2, which produced a WT band at
370 bp, and DP2/Neo2, which produced a mutant band at 340 bp. Primer sequences were DP1,
TCGGTCTTTTATGTGCTCGTG; DP2, GGATCATCTGGATGAAACACC; and Neo2,
CCCGTGATATTGCTGAAGAGC. PCR conditions included an initial denaturation at 94 °C
for 5 min, followed by 35 cycles of 94 °C for 1 min, 62 °C for 1 min, and 72 °C for 40 s, and
a final cycle of 72 °C for 5 min.

Transient ischemia protocol
Transient focal cerebral ischemia was induced by middle cerebral artery (MCA) occlusion
(MCAO) with an intraluminal filament technique as described (Ahmad et al., 2006b). Briefly,
adult male mice (20−28 g) were placed under halothane anaesthesia. Body temperature was
maintained at 37.0 ± 0.5 °C. Relative cerebral blood flow (CBF) was monitored by laser-
Doppler flowmetry (Moor instruments, Devon, England) over the parietal cortex supplied by
the MCA. Occlusion of the MCA was accomplished with a 7−0 Ethilon nylon monofilament
(Ethicon, Somerville, NJ) coated with flexible silicone and confirmed by a decrease in CBF.
During the 90-min occlusion, anaesthesia was discontinued, and the animals were transferred
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to a humidity and temperature-controlled chamber. Then the mice were again anaesthetized,
and the filament was withdrawn. The mice were returned to the chamber for approximately 2
h before being returned to their cages.

Assessment of neurological score
Neurological function was measured in each mouse at day 4 after reperfusion according to the
following graded scoring system, as described previously (Li et al., 2004); 0, no deficit; 1,
forelimb weakness and torso turning to the ipsilateral side when held by tail; 2, circling to
affected side; 3, unable to bear weight on affected side; and 4, no spontaneous locomotor
activity or barrel rolling.

Quantification of infarct volume
After 4 days of reperfusion, the mice were anaesthetized deeply with halothane, and the brains
were harvested and sliced coronally into five 2-mm-thick sections, which were incubated with
1% 2,3,5-triphenyl-tetrazolium chloride (TTC) in saline for 30 min at 37 °C. The area of brain
infarct, identified by the lack of TTC staining, was measured on the rostral and caudal surfaces
of each slice and numerically integrated across the thickness of the slice to obtain an estimate
of infarct volume (Sigma Scan Pro, Systat, Port Richmond, CA). Volumes from all five slices
were summed to calculate total infarct volume over the entire hemisphere, expressed as a
percentage of the volume of the contralateral hemisphere. Infarct volume was corrected for
swelling by comparing the volumes in the ipsilateral and contralateral hemispheres. The
corrected volume of the infarcted hemisphere was calculated as corrected volume of infarcted
hemisphere = volume of contralateral hemisphere – (volume of ipsilateral hemisphere – volume
of infarct) (Doré et al., 2003).

Measurement of body temperature, blood gases, and mean arterial blood pressure
Body temperature was determined with a rectal probe in a separate cohort of animals (n = 5)
at baseline and at 15-min intervals for 90 min of ischemia and 60 min of reperfusion. The
femoral artery was cannulated for measurement of arterial blood gases and mean arterial blood
pressure (MABP), which were measured at the same time points.

Cerebral vessel diameter
To compare the gross cerebral vessel anatomy in WT and DP1−/− mice, three naïve mice of
each genotype were anaesthetized deeply and perfused via the heart left ventricle with saline
followed by black latex. Then their brains were harvested with the circle of Willis intact. The
brains were placed in 10% formalin for 24 h before examination with Metavue software (Meta
Imaging Series Software, Downing-town, PA).

Primary neuronal cultures
All materials used for cell culture were obtained from Invitrogen (Carlsbad, CA), unless
otherwise stated. Corticostriatal neuronal cells were isolated from E17 embryos of timed
pregnant mice. Cortical neurons were plated at a density of 0.5 × 106 cells per well in B27
supplemented, HEPES-buffered, high glucose Neurobasal medium, as described previously
(Doré et al., 1999). Cells were incubated at 37 °C in a 95% air and 5% CO2 humidified
atmosphere until the day of experiment. Half of the initial medium was removed at day 4 and
replaced with fresh medium. After 14 days in culture, neurons were incubated in fresh medium
with or without BW245C (Cayman Chemical Co, Ann Arbor, MI) or vehicle and 30 μm
glutamate (Sigma, St Louis, MO). All experiments were conducted in the B27 minus anti-
oxidant supplemented Neurobasal medium. Cell survival was measured with the MTT
colourimetric assay (Zhuang et al., 2003). Experiments were repeated with at least three
separate batches of cultures.
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Statistical analysis
Data are expressed as means ± SEM. Multiple comparisons were analysed by the anova and
Tukey's test, with significance set at P < 0.05.

Results
Comparison of anatomical and physiological parameters in WT and DP1−/− mice

In terms of the large blood-vessel anatomy in the brains, no significant difference between WT
and DP1−/− mice was detected (Fig. 1). Considering the potential effect of DP1 on the
vasculature, we monitored physiological parameters at baseline, during MCAO ischemia, and
1 h after reperfusion in a cohort of five mice. The pH, PaCO2, PaO2, and mean arterial blood
pressure (MABP) were not significantly different between WT and DP1−/− mice at baseline
(Table 1, Fig. 2A), and remained unchanged during the course of MCAO and reperfusion. Core
body temperature was also similar in the WT and DP1−/− mice and remained unchanged during
the course of the experiment (Fig. 2B).

Laser-Doppler flowmetry showed that relative CBF in WT and DP1−/− mice decreased by a
similar value to 16.4 ± 1.2% and 14.9 ± 2.5% of baseline, respectively, during MCAO (Fig.
2C). Furthermore, the relative CBF was not significantly different between the two mouse
genotypes at any time during ischemia or 1 h of reperfusion.

Effect of DP1 receptor deletion on neurological score and ischemic brain injury
In a cohort of mice separate from those used to measure physiological parameters, we examined
whether the DP1 receptor is protective in the focal ischemia model by comparing neurological
scores and infarct volumes of WT (n = 9) and DP1−/− (n = 11) mice (Fig. 3). The per cent
corrected infarct volume was 49.0 ± 11.0% (P< 0.01) larger in DP1−/− than in WT mice. In
addition, the neurological scores were significantly higher in the DP1−/− mice than in the WT
mice (P < 0.01).

Neuroprotective effect of DP1 agonist, BW245C, against glutamate toxicity
To determine whether DP1 receptor activity contributes to protection against excitotoxic insult
in neurons, primary neuronal cultures were exposed to glutamate (30 μm) and the DP1 agonist,
BW245C. BW245C was chosen mainly because it has no detectable affinity to DP2, as
determined in mouse, rat, guinea pig, and human (Shichijo et al., 2003; Liu et al., 2005).
Glutamate decreased the viability of neuronal cell cultures by approximately 50%. BW245C
significantly reduced the toxic effect of glutamate in a dose-dependent manner (Fig. 4), with
0.05−5.0 μm having a significant protective effect.

Discussion
This study was designed to investigate whether the PGD2 DP1 receptor has a protective role
in focal cerebral ischemia. We found that genetic deletion of the mouse DP1 receptor increased
the size of the MCAO-induced infarct. In parallel, MCAO caused significantly greater
dysfunction in DP1−/− mice than in WT mice. Moreover, treatment of primary corticostriatal
neuronal cultures with a highly selective DP1 agonist, BW245C, significantly and dose-
dependently enhanced neuronal survival in the presence of glutamate, illustrating that DP1
protects neurons specifically. These data suggest that DP1 plays a role in decreasing brain
injury in a paradigm of transient cerebral ischemia, and that its activation can reduce neuronal
death in vitro.

PGD2 is the most abundant prostaglandin in the brain (Abdel-Halim et al., 1977) and has been
shown to increase following ischemia (Kempski et al., 1987). It is well recognized to have

Saleem et al. Page 4

Eur J Neurosci. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



roles in inflammation and other cell functions (Flower et al., 1976). Previously published
studies have suggested that the PGD2 receptor DP1 is expressed in leptomeninges, choroid
plexus, and eye tissues (Oida et al., 1997; Wright et al., 1999; Mizoguchi et al., 2001). DP1
expression has also been observed in grey matter in hippocampus, brainstem, thalamus, and
cerebral cortex (Liang et al., 2005), the latter being one of the main brain regions affected after
transient focal cerebral ischemia. Because recent reports have presented conflicting results
regarding the therapeutic potential of prostaglandins and cyclooxygenase (COX) inhibitors in
preclinical and clinical models, it is now essential to understand the roles of the respective PG
receptors that mediate most of the downstream effects.

Prostanoid receptors IP, DP1, EP2, and EP4 are coupled to Gαs, whereas receptors EP3 and
DP2 couple to Gαi. As a working hypothesis, we have proposed that the prostanoid receptors
that bind to Gαs, which activates adenylyl cyclase to increase intracellular cAMP, are
neuroprotective (Boie et al., 1995). In inflammatory cells, cAMP accumulation is generally
associated with inhibition of effector cell function. Our previous in vitro and in vivo work
indicated that EP2 and EP4 receptors protect neurons against oxidative stress and cell death
following exposure to β–amyloid 1−42 fragment, excitotoxicity, and ischemic stroke (Ahmad
et al., 2005; Echeverria et al., 2005; Ahmad et al., 2006b). A previous study also supported
this concept that stimulation of the DP1 receptor in neurons derived from E18 rat hippocampus
increased neuronal survival at least partially because of an enhancement in cAMP levels (Liang
et al., 2005). PGD2 binds mainly to the DP1 and DP2 receptors, which have opposing effects
on cAMP production (Crider et al., 1999; Sharif et al., 2000; Liang et al., 2005). Our current
findings present the first evidence that DP1 can be protective in mouse ischemic neuronal
injury.

It has been suggested that the plasticity of the posterior communicating artery impacts the
development of ischemia after bilateral common carotid artery occlusion or posterior cerebral
artery occlusion (Kitagawa et al., 1998). Therefore, to verify that there were no differences in
large vessel anatomy that might cause a disparity in stroke outcome between the two groups,
we measured the large vessel diameters in DP1−/− and WT mice. No clear detectable differences
were observed. It also has been reported that the primary injury that occurs at the time of the
traumatic or cerebrovascular event prevents secondary injury by controlling the abnormal
physiology encountered after brain injury (Littlejohns & Bader, 2005). In our study, precise
maintenance of physiological parameters, particularly blood pressure and blood gases, was
used to assure the similarity of ischemic insult in the two genotypic groups of mice.

PGD2 has been suggested to regulate hypothermia (Ueno et al., 1982) under various
physiological and pathological conditions. In fact, several reports have suggested that
hypothermia plays a protective role in ischemic brain injury (Prandini et al., 2005; Taniguchi
et al., 2005). With our experimental protocol, we observed no differences in body temperature
between WT and DP1−/− mice at baseline. Nonetheless, to ensure that potential changes in
temperature did not affect the stroke outcome, we maintained the body temperature with a
temperature-controlled chamber after surgery. Thus, every effort was made to ensure that
induced insults were similar between the wildtype and knockout mice.

It is known that induction of prostanoids by inflammation can affect the CBF (Iadecola et al.,
2001). Furthermore, cerebral microcirculation can be modified by prostanoid activation of
coagulation/fibrinolysis processes, vascular reactivity, permeability of endothelial cells,
leucocyte adhesion, transmigration into the inflamed tissue, and modulation of local immune
cell function (Kontos et al., 1981). Koch et al. (2005) reported that DP receptor agonists affect
systemic and regional haemodynamics in rats, and Whittle et al. (1983) found BW245C to
have anti-thrombotic activities. The BW compounds interact with both the FP and DP
receptors, but because they have a greater affinity for the DP receptors, the latter association
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is more likely to occur (Liang et al., 2005). Spatz et al. (1994) reported that exogenous
PGD2 dose-dependently enhanced the production of PGF2α, thromboxane B2, and PGE2, which
can act variously as vasoconstrictors and/or vasodilators. However, in our study, we found no
gross differences between DP1−/− and WT mice in regard to CBF, blood pressure, or blood
gases during ischemia or up to 1 h of reperfusion. Further work would be required to examine
possible subtle blood flow changes in the various brain blood vessels and capillaries.

Glutamate exicitotoxicity is also associated with oxidative stress in neurodegenerative
disorders (Coyle & Puttfarcken, 1993). In cerebral ischemic injury, glutamate accumulates in
the extracellular fluid (Dirnagl et al., 1999) and causes excessive activation of NMDA and
non-NMDA receptors. This overactivation of the receptors results in accumulation of
intracellular sodium, calcium, and fluid, which leads to oedema formation. To confirm further
the protective effect of DP receptors in neurons, and to confirm whether the potent damaging
effect of DP1 receptor deletion in this study was caused by a cascade of excitotoxic events, we
investigated the effect of BW245C on glutamate-induced toxicity in mouse primary neuronal
cultures. In the presence of glutamate, BW245C significantly protected neuronal cells. In our
preliminary work, the commercially available receptor antagonist, BWA868C, did not have a
significant effect on glutamate toxicity outcome in mouse corticostriatal neuronal cells at DIV
14 (data not shown); alternative selective G-protein-coupled receptor drugs should be
developed and tested before reaching a conclusion. However, all together, the results indicate
that DP1 most likely does contribute to the prevention of excitotoxicity cascades in neurons.

Our data provide evidence that the DP1 receptor has a protective effect in cerebral ischemic
brain injury and in cultured neurons. Additional investigation with drugs that can either
stimulate or antagonize the DP1 receptors is now required to explore the mechanisms of action.
Such drugs could lead the way toward the design of new therapeutic avenues for the treatment
of acute stroke and possibly other neurodegenerative conditions.
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Fig. 1.
Genetic deletion of the DP1 receptor did not affect cerebral vasculature. Macroscopic analysis
of cerebral arterial vasculature revealed no differences between DP1−/− and WT mice.
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Fig. 2.
DP1 receptor deletion did not affect physiological parameters. (A) Mean arterial blood pressure
(MABP), (B) core body temperature, and (C) relative cerebral blood flow (CBF) were recorded
at baseline, at induction of ischemia, and at 15-min intervals during ischemia and 1 h of
reperfusion. Change in CBF was recorded as a per cent of baseline.

Saleem et al. Page 10

Eur J Neurosci. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Genetic deletion of the DP1 receptor enhanced ischemic brain injury and neurological
dysfunction after transient ischemia. (A) Photographs of infarcted brain slices from WT and
DP1−/− mice. (B) Per cent corrected hemispheric infarct volume was significantly larger in
DP1−/− mice than in WT mice after 90 min of ischemia and 4 days of reperfusion (*P < 0.01
vs. WT). (C) Neurological scores were assessed 4 days after ischemia. Scores were significantly
higher in DP1−/− mice than in WT mice, indicating greater neurological dysfunction (*P < 0.01
vs. WT).
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Fig. 4.
The DP1-selective agonist, BW245C, provides neuroprotection against glutamate-induced
toxicity. Cultured mouse corticostriatal neurons were treated with BW245C (0, 0.05, 0.5, and
5 μm) in the presence or absence of 30 μm glutamate for 24 h before being assessed for cell
viability. Experiments were repeated three times with similar results. *P < 0.05 and **P < 0.01
compared with the group treated with glutamate alone.
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