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ABSTRACT
Prostaglandin D2 (PGD2) is a potent inflammatory mediator,
which is implicated in both the initiation and resolution of
inflammation in peripheral non-neural tissues. Its role in the
central nervous system has not been fully elucidated. Spinal
cord injury (SCI) is associated with an acute inflammatory
response, which contributes to secondary tissue damage that
worsens functional loss. We show here, with the use of hema-
topoietic prostaglandin D synthase (HPGDS) deficient mice
and a HPGDS selective inhibitor (HQL-79), that PGD2 plays
a detrimental role after SCI. We also show that HPGDS is
expressed in macrophages in the injured mouse spinal cord
and contributes to the increase in PGD2 in the contused
spinal cord. HPGDS2/2 mice also show reduced secondary
tissue damage and reduced expression of the proinflamma-
tory chemokine CXCL10 as well as an increase in IL-6 and
TGFb-1 expression in the injured spinal cord. This was
accompanied by a reduction in the expression of the micro-
glia/macrophage activation marker Mac-2 and an increase in
the antioxidant metallothionein III. Importantly, HPGDS
deficient mice exhibit significantly better locomotor recovery
after spinal cord contusion injury than wild-type (Wt) mice.
In addition, systemically administered HPGDS inhibitor
(HQL-79) also enhanced locomotor recovery after SCI in Wt
mice. These data suggest that PGD2 generated via HPGDS
has detrimental effects after SCI and that blocking the activ-
ity of this enzyme can be beneficial. VVC 2011 Wiley-Liss, Inc.

INTRODUCTION

Prostaglandin D2 (PGD2) is a potent inflammatory
mediator produced by two synthases, hematopoietic
prostaglandin D synthase (HPGDS), and lipocalin-type
prostaglandin D synthase (L-PGDS). Arachidonic acid
associated with membrane phospholipids is cleaved by
phospholipase A2 and converted to a prostanoid precur-
sor by the cycloxygenases-1/2 (COX-1/2). The prostanoid
precursor, prostaglandin H2, can then be converted by
HPGDS or L-PGDS to PGD2. In the central nervous sys-
tem (CNS), L-PGDS is expressed by oligodendrocytes,

meningeal cells, and the choroid plexus (Beuckmann
et al., 2000; Urade et al., 1993). In contrast, HPGDS is
expressed by certain immune cells of hematopoietic ori-
gin (Lewis et al., 1982; Mohri et al., 2003; Ujihara et al.,
1988; Urade et al., 1989, 1990). PGD2 can induce the
production of IL-2, IL-4, IL-5, and IL-13 in Th2 cells
(Tanaka et al., 2004) and act as a chemoattractant for
Th2 cells, eosinophils, and basophils (Hirai et al., 2001),
which has led to studies on the role of PGD2 and
HPGDS in allergic immune responses (Kostenis and
Ulven, 2006). Various studies have demonstrated that
PGD2 can also promote the resolution of inflammation
(Angeli et al., 2004; Matsuoka et al., 2000; Rajakariar
et al., 2007; Spik et al., 2005). As PGD2 can act through
a variety of mechanisms, its role as either a pro or anti-
inflammatory mediator remains to be fully elucidated.
PGD2 is very abundant in the cerebrospinal fluid, likely
derived from the choroid plexus and meninges; and in
the normal CNS plays a role in the regulation of the
sleep-wake cycle (Hayaishi and Urade, 2002). Recent
studies suggest that PGD2 generated via HPGDS plays
a role in CNS inflammatory responses. HPGDS is
expressed in activated microglia surrounding senile
plaques in Alzheimer’s brains (Mohri et al., 2007) and is
detrimental in the mouse model of human globoid cell
leukodystrophy (Mohri et al., 2006). PGD2 also mediates
neuronal damage in vitro via microglia (Bate et al.,
2006). However, PGD2 may also be beneficial in models
of CNS ischemia (Liu et al., 2009; Saleem et al., 2007;
Taniguchi et al., 2007).

Inflammation after spinal cord injury (SCI) contrib-
utes to secondary tissue damage and functional loss
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(Donnelly and Popovich, 2008; Dumont et al., 2001;
Kwon et al., 2004). Inhibition of COX-2, the enzyme
immediately upstream of HPGDS, results in some
improvement in functional recovery, reduced lesion size,
and an increase in viable tissue in mild forms of SCI
(Faden et al., 1988; Hains et al., 2001; Lopez-Vales
et al., 2006; O’Banion et al., 2002; Resnick et al., 1998).
As COX enzymes give rise to both pro- and anti-inflam-
matory mediators, maximal therapeutic benefits would
be expected to arise from targeting only the proinflam-
matory mediators generated downstream of COX. We
therefore assessed the potential role of PGD2 produced by
HPGDS in inflammation-induced secondary damage trig-
gered after spinal cord contusion injury in mice. We show
here that PGD2 produced from HPGDS after SCI is proin-
flammatory and contributes to secondary damage and
greater locomotor deficits and may be a possible target for
therapeutic intervention for the treatment of acute SCI.

MATERIALS AND METHODS
Spinal Cord Contusion Injury

The HPGDS2/2 and HPGDS1/1 mice (littermate con-
trols) on a C57BL/6 background were generated as previ-
ously described (Mohri et al., 2006). Adult female mice
(18–22 g body weight) were anesthetized with ketamine/
xylazine/acepromazine (50/5/1 mg/kg). A partial laminec-
tomy was done at the 11th thoracic level to expose the
spinal cord, and a contusion injury was performed as
described previously (Ghasemlou et al., 2005). Briefly,
adjacent vertebrae to the laminectomy were immobilized
with modified serrated Adson forceps (Fine Science Tools)
and the spinal cord contused with the Infinite Horizons
spinal cord impactor (Precision Scientific Instrumenta-
tion). Moderate type of contusion injuries were made as
we have described before (Ghasemlou et al., 2005) with
displacements of the spinal cord tissue at the time of
impact ranging between 400 and 600 lm (n 5 6 for each
group). Because of the difficulty in obtaining sufficient
numbers of knockout mice born at the same time, these
experiments were done in two separate small groups and
the data pooled. Locomotor analysis was performed using
the Basso Mouse Scale (BMS) (Basso et al., 2006), which
is a nine-point scale that was designed for evaluating loco-
motor control after contusion injuries in mice. For this
analysis, mice were scored by two observers trained at
the Basso laboratory at Ohio State University and the
consensus score taken. The BMS scoring as well as the
subsequent histological analysis were all performed blind.
C57BL/6 mice (Charles River Canada) showed no differen-
ces in locomotor recovery after SCI when compared to
HPGDS1/1 littermate controls.

In another set of experiments, female C57BL/6 mice
(18–22 g body weight) were treated daily with subcuta-
neous injections with 4-benzhydryloxy-(1) {3-(1H-tetra-
zol-5-yl)-propyl}piperidine (HQL-79; Cayman Chemicals),
a selective small molecule inhibitor of HPGDS (Aritake
et al., 2006). Five mice were used in each group but one
from the HQL-79 group died a few days after surgery

(n 5 4 HQL-79 and n 5 5 for vehicle controls). HQL-79
was suspended in 0.5% methylcellulose and the treat-
ments started 1 h after SCI for 28 days at a dose of 50
mg/kg body weight. This dose and subcutaneous route of
administration was previously reported to be effective
in a model of CNS demyelination (Mohri et al., 2006).
Control mice were treated similarly with vehicle. HQL-
79 has also been shown to have protective effects in
transient cerebral ischemia (Liu et al., 2009).

All procedures were approved by the McGill Univer-
sity Animal Care Committee and followed the guidelines
of the Canadian Council on Animal Care.

Reverse Transcriptase Polymerase Chain Reaction

Spinal cord contusion injuries were made in adult
C57BL/6 mice as described above. A 4 mm length of
spinal cord centered on the lesion was collected on days
1, 3, 7, 14, 21, and 28 after injury (n 5 3 for each time
point). This tissue was homogenized in QIAzol reagent
(Qiagen) and total RNA extracted using the RNeasy
Lipid Mini Tissue Kit (Qiagen). The RNA concentrations
were determined by spectrophotometry, and 1 lg of RNA
was converted to cDNA using the Omniscript RT Kit
(Qiagen) according to the manufacturer’s protocol. Semi-
quantitative PCR was performed using HSTaq Master
Mix (Qiagen). Primers and conditions for HPGDS and
L-PGDS were the same as that used in a previous publi-
cation (Mohri et al., 2006). PCR products were separated
on a 2% agarose gel, visualized by ethidium bromide
staining, and densitometric analysis carried out using
ImageQuant 5.0 (Molecular Dynamics). Each time point
was compared to na€ıve uninjured spinal cord and nor-
malized to peptidylprolyl isomerase A (PPIA).

Quantitative Real-Time PCR

Contused spinal cord tissue from HPGDS2/2 and wild
type (Wt) controls were collected as stated above on days
1, 3, 14, and 28 after injury (n 5 3 for each time point).
Total RNA was extracted in a similar manner as for
RT-PCR. Following this, 0.5 lg of RNA was converted to
cDNA using the Stratascript RT set (Stratagene) accord-
ing to the manufacturers’ protocol. Quantitative real-
time PCRs were performed using the Brilliant SYBR
Green QPCR Master Mix and MX4000 (Stratagene).
Gene-specific primers were designed using PrimerQuest
(Integrated DNA Technology). The sequence-specific pri-
mers used were as follows:

� TGF b1 forward, 50-TGGAGCTGGTGAAACGGAAG-30;
� TGF b1 reverse, 50-ACAGGATCTGGCCACGGAT-30;
� Mac-2 forward, 50-TGTGTGCCTTAGGAGTGGGAAA

CT-30;
� Mac-2 reverse, 50-AGAACACTTGCCTAGCAGTCACGA-30;
� Metallothionein III forward, 50-TGTGAGAAGTGTG-

CAAGGACTGT-30

� Metallothionein III reverse, 50-TTTACATAGGCTGTGT
GGGAGGG-30
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� TNF-a forward, 50-AGACCCTCACACTCAGATCATC
TTC-30

� TNF-a reverse, 50-CCTCCACTTGGTGGTTTGCT-30

� IL-1b forward, 50-GCTTCAGGCAGGCAGTATCACT-30

� IL-1b reverse, 50-CACGGGAAAGACACAGGTAGCT-30

� Glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
forward, 50-TCAACAGCAACTCCCACTCTTCCA-30;

� GAPDH reverse, 50-ACCCTGTTGCTGTAGCCGTATT-
CA-30.

Annealing temperature was 60�C for all primer sets.
Each time point was compared to uninjured controls and
normalized to GAPDH.

Immunofluorescence, Immunohistochemical,
and Histological Staining

Under deep anesthesia (ketamine/xylazine/aceproma-
zine [50/5/1 mg/kg]), mice were perfused transcardially
with 0.1 M phosphate buffer (PB) followed by 4% para-
formaldehyde in 0.1 M PB. A 1 cm length of spinal cord
centered on the lesion was removed and postfixed in the
same fixative and processed for cryostat sectioning
(12 lm). Tissue sections were incubated with 1% bovine
serum albumin and 0.1% Triton-x-100 in PBS to block
nonspecific binding. Sections were subsequently washed
and incubated overnight at 4�C with the following pri-
mary antibodies: rabbit anti-HPGDS (1:500; Cayman
Chemical) or rabbit anti-L-PGDS (1:2,000; Cayman
Chemical). Differential cell types were identified with
the following antibodies: rat Mac-1 antibody (1:200;
Serotec, for macrophages/microglia), rat Mac-2 antibody
(1:2; supernatant from Mac-2 producing hybridoma), rat
anti-CD3 (1:100; BD Bioscience, for T cells), rat anti-
B220 (1:100; BD Bioscience, for B cells), mouse anti-
APC (1:50; Calbiochem, for oligodendrocytes), mouse
anti-NeuN (1:50; Chemicon, for neurons), and rabbit
anti-GFAP (1:500, Dako, for astrocytes). Serotonergic
innervation was assessed using rabbit anti 5-HT
(1:5,000; Sigma Aldrich). Tissue sections were subse-
quently washed and incubated for 1 h at room tempera-
ture with the following secondary antibodies: Alexa
Fluor 488 goat anti-rabbit IgG (1:400 for GFAP staining,
1:600 for all other incubations; Invitrogen) and either
Alexa Fluor 594 donkey anti-rat IgG (1:200 for Mac-1,
T cell, and B cell staining, 1:600 for all other incuba-
tions; Invitrogen) or rhodamine conjugated goat anti-
mouse IgG (1:500; Jackson ImmunoResearch). Myelin
was visualized by staining with Luxol Fast Blue (LFB;
Fisher) as described previously (Ghasemlou et al., 2005).
For neuronal counts, tissue sections were stained with
cresyl violet (Sigma-Aldrich) for 10 min at room temper-
ature followed by dehydration through ascending alco-
hols and Hemo-De (Thermo Fisher Scientific).

Quantification of Histological Results

Histological quantification was performed from spinal
cord cross-sections obtained from mice 28 days after

SCI. All images were captured with a QImaging Retiga
1300C camera and viewed using a Zeiss Axioskop2 Plus
microscope and quantification done using BioQuant
Nova Prime image analysis system (BioQuant Image
Analysis Corp.). Tissue sparing was calculated by man-
ually outlining the GFAP stained area in cross-sections.
Myelin sparing was assessed by calculating the LFB-
stained area in the dorsal column. Neuronal survival
was assessed by counting neuronal profiles in the ven-
tral horn below the level of the central canal in tissue
sections stained with cresyl violet. Serotonergic innerva-
tion was quantified by calculating the area occupied by
serotonergic axons in a fixed area of the ventral horn
at a distance of 1,000 lm caudal to the lesion site. All
analysis was carried out blind.

Cytokine Protein Expression

Contusion injuries were done in adult HPGDS2/2 and
Wt mice (n 5 4) and a 4 mm length of spinal cord cen-
tered on the lesion collected at 12 h after surgery and
snap-frozen. The tissue was homogenized in Tissue
Extraction Reagent I (Invitrogen), and protein concen-
tration was determined using the DC Protein Assay
(Bio-Rad). Samples were concentrated using MicroCon
centrifugation filters (Millipore) and the protein con-
centration re-determined. All samples were diluted to
3.7 lg/lL to ensure equal amounts of protein. The
protein levels of 20 cytokines and chemokines (FGF,
GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-
10, IL-12p40/p70, IL-13, IL-17, IP-10, CXCL1/KC, CCL2/
MCP-1, MIG, CCL3/MIP-1a, TNF-a, and VEGF) were
then analyzed using the BioSource Mouse Cytokine
20-PlexMultiplex Bead Immunoassay (Invitrogen) on a
Luminex-100LS system (Luminex Corp.) as per manufac-
turers’ protocol. Results were analyzed using Beadview
multiplex data analysis software (UpState Biotechnology).

PGD2 Enzyme Immunoassay

Contusion injuries were done in HPGDS2/2 and Wt
mice (n 5 4) and 4 mm length of spinal cord centered on
the lesion collected on 1, 5, and 14 days after injury and
snap-frozen. Total lipids were extracted using a modified
Bligh and Dyer method (Bonin et al. 2004) and prosta-
glandin D2 (PGD2) levels analyzed using a PGD2 Enzyme
Immunoassay (EIA) Kit (Cayman Chemical) as per
manufacturer’s protocol with the following modifications:
to control for extraction efficiency, tissue was spiked with
a synthetic internal standard [187.5 ng C13:0 lysophos-
phatidylcholine (LPC)] added at the time of lipid extrac-
tion. Concentrations of C13:0 LPC were determined by
high-performance liquid chromatography electrospray
ionization mass spectrometry (LC-ESI-MS). Variation in
extraction efficiency between samples was less than 2%.
For PGD2 quantification, samples were analyzed in tripli-
cate and concentrations assessed in comparison with a
standard curve at three different dilutions to ensure a
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linear response. Assays were conducted in replicate for a
total of 18 measurements per time point averaged to give
one data point per animal (n 5 4/condition/time point).
Data are expressed as pg/milligram of tissue wet weight
at time of extraction.

Statistical Analyses

The data are shown as mean 6 SEM. The RT-PCR
was analyzed by one-way ANOVA with post hoc Dun-
nett’s test. The EIA data were analyzed by two-way
ANOVA with post hoc Bonferroni test. The BMS data
and histological assessments were performed by using
two-way repeated measures ANOVA with post hoc
Tukey’s test for multiple comparisons. Differences were
considered significant at P < 0.05.

RESULTS
HPGDS Is Upregulated in Microglia/Macrophages

After SCI

We first assessed the changes in expression and local-
ization of the two PGD2 synthases [L-PGDS and hema-
topoietic prostaglandin D synthase (HPGDS)] in the
uninjured and injured spinal cord of adult C57BL/6 mice
at several time-points after contusion injury. HPGDS
mRNA levels begin to show an increase at 3 days and
are significantly increased between seven and eightfold
at 7 and 14 days after SCI and decrease at later times
(Fig. 1A). In contrast, the mRNA levels of L-PGDS did
not change after SCI (Fig. 1A). Double immunofluores-
cence labeling showed that HPGDS is expressed in
Mac11 cells (Fig. 1B–G), a marker that is highly
expressed by activated microglia and macrophages of
hematogenous origin. Activated microglia/macrophages
have been shown to reach their peak numbers at 7 days
after contusion injury (Sroga et al., 2003). Double immu-
nofluorescence labeling of L-PGDS in na€ıve and injured
spinal cord showed L-PGDS was localized to oligoden-
drocytes as previously reported (Urade et al., 1985a,
1985b) with no discernible differences in staining before
and after SCI (data not shown).

HPGDS Is Responsible for the Increase in PGD2

After SCI

We next examined the changes in the levels of prosta-
glandin D2 (PGD2) after SCI and, in particular, assessed
the contribution of hematopoietic prostaglandin D syn-
thase (HPGDS) to the increase in PGD2 after SCI. This
was done by quantifying PGD2 in spinal cord tissue at
1, 5, and 14 days after injury in Wt and HPGDS2/2

mice using a competitive EIA approach (n 5 4 for each
group). Comparisons of the differences in the PGD2 lev-
els in Wt and HPGDS2/2 mice would also reveal the
relative contributions of HPGDS and L-PGDS to PGD2

production. The EIA results showed a striking 3-fold

increase in PGD2 levels at 14 days after contusion injury
(Fig. 2A). Interestingly, this increase in PGD2 was com-
pletely abrogated in the HPGDS2/2 mice. These results
therefore suggest that the increase in PGD2 in the
injured spinal cord is produced via HPGDS and not
L-PGDS. It is possible that the assay is not sensitive
enough to detect small changes in PGD2 that is likely to
occur earlier than day 14 after injury, as PGD2 is very
labile. This may account for why changes in locomotor
recovery and cytokine expression are detected at earlier
time points (see below).

HPGDS Mediated Production of PGD2

After SCI Is Detrimental

The experiments described earlier indicate that the
increased level of PGD2 in the spinal cord after contu-
sion injury is mainly attributable to hematopoietic pros-
taglandin D synthase (HPGDS), which is expressed by
microglia/macrophages located in the lesion epicenter. To
determine what role PGD2 plays after SCI, spinal cord
contusion injuries were done in HPGDS1/1 and
HPGDS2/2 mice, and locomotor recovery assessed using
the BMS analysis. Significant improvement in locomotor
control was observed in HPGDS2/2 mice when com-
pared to Wt controls, starting from 5 days after injury
and continuing until day 28. The HPGDS2/2 mice
reached an average maximal BMS score of 4.5, which indi-
cates stepping with both hind limbs, while HPGDS1/1

mice reached an average score of three, which indicates
that the mice can only place their hind limb paws in the
correct placement, with or without the ability to bear
weight (Fig. 2B). The significant improvement seen in the
HPGDS2/2 indicates a detrimental role for PGD2 after
SCI. These results were further confirmed in Wt mice
treated with a selective inhibitor of HPGDS (HQL-79)
after SCI (Fig. 2C). C57BL/6 mice that were given daily
subcutaneous injections of HQL-79 starting 1 h after SCI
for 28 days showed a significant improvement in locomotor
recovery as judged by the BMS analysis when compared
to the vehicle treated controls. The earliest time point at
which statistically significant differences in locomotor con-
trol were observed between HQL-79 and vehicle-treated
mice occurred at day 10 after SCI. This improvement is
5 days later than that seen in HPGDS2/2 mice. This dif-
ference between HQL-79 and HPGDS2/2 mice may have
to do with the concentration and frequency of the inhibitor
used. Additional experiments will need to be done to opti-
mize the conditions of the inhibitor treatment. Similar to
the HPGDS2/2 mice, Wt mice given HQL-79 reached an
average score of 5 by 28 days after injury, which indicates
frequent stepping with both hind limbs. Wt mice given
vehicle performed similar to HPGDS1/1 mice and were
only able to place both hind limbs but unable to step fre-
quently by day 28. These additional experiments with the
HPGDS inhibitor confirmed that PGD2 produced via
HPGDS after SCI is detrimental.
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Secondary Tissue Damage After SCI Is
Reduced in HPGDS2/2 Mice

Because HPGDS2/2 mice showed improved locomotor
recovery, we next examined whether the lack of HPGDS
also had an impact on secondary tissue damage. To
assess this, the extent of myelin loss after SCI was exam-
ined by staining cross sections of the spinal cord with
LFB. HPGDS2/2 mice showed significantly greater spar-
ing of myelin when compared to Wt mice (Fig. 3A,B).
HPGDS2/2 mice showed greater myelin sparing at the
epicenter and at distances of up to 1 mm rostral and
caudal to the injury (Fig. 3C). Images of spinal cord cross
sections stained for GFAP at different distances from the

lesion epicenter are shown in Supporting Information
Fig. 1 and display the extent of the moderate injury.
Mice treated with the HPGDS inhibitor also showed
greater myelin sparing at some regions of the injured spi-
nal cord with a trend to an increase in other regions (see
Supp. Info. Fig. 2). We also assessed the number of sur-
viving neurons in the ventral gray matter of the spinal
cord at varying distances from the epicenter of the lesion.
HPGDS2/2 mice had significantly more neurons caudal
to the epicenter when compared to HPGDS1/1 mice (Fig.
3D–F). Serotonergic axons that descend from the raphe
nuclei in the brainstem and innervate the ventral horn
are required for locomotor control. We therefore assessed
the serotonergic innervation in the ventral gray matter

Fig. 1. HPGDS expression is increased after spinal cord contusion
injury. The mRNA expression levels of the two PGD2 synthases (HPGDS
and L-PGDS) in the spinal cord were analyzed at several time points after
contusion injury. A: Quantification of relative mRNA fold increases over
levels in uninjured spinal cord tissue; values normalized to PPIA. HPGDS
expression peaks at 7 and 14 days after injury and remains high for up to
28 days. L-PGDS mRNA levels do not change after SCI. B: Low magnifi-
cation image of a spinal cord cross-section stained for GFAP at 7 days
postinjury to show the lesion architecture. This section is at a distance
of 100 lm caudal to the lesion epicenter. Nuclei are labeled with DAPI.

C–H: Double immunofluorescence labeling of HPGDS and Mac-1, 7 days
after SCI of a section adjacent to that shown in B. C–E: Low magnifica-
tion image of the entire cross-section of the spinal cord showing labeling
for HPGDS (C), Mac-1 (D), and the merged image showing HPGDS,
Mac-1, and nuclear staining with DAPI (E). F–H: Higher magnification of
the area outlined in the dashed line in panel C, showing HPGDS labeling
(F), Mac-1 (G), and merged image showing HPGDS, Mac-1, and DAPI
staining (H). Note that HPGDS is expressed in Mac-11 macrophages/
microglia (arrows). Scale bars: E 5 500 lm, H 5 50 lm (inset 5 20 lm). n
5 3 for all analyses. Values represent mean 6 SEM; *P < 0.05.

607EXPRESSION AND ROLE OF HEMATOPOIETIC PGD SYNTHASE

GLIA



1,000-lm caudal to the epicenter at 28 days after SCI.
The HPGDS2/2 mice had a greater than twofold
increase in sparing of serotonergic innervation of the
ventral horn when compared to the injured Wt controls
(Fig. 3G–I). Interestingly, the extent of macrophage/
microglial infiltration into the injury site based on Mac-1
staining appears to be similar in Wt and HPGDS2/2

mice 28 days after SCI (Fig. 4A–C). This suggests that
the metabolic products of HPGDS are likely to contribute
to secondary damage not via mediating the infiltration of
macrophages into the injured cord but likely by modulat-
ing the responses of macrophages/microglia or other
neighboring cell types.

The cross sections of the spinal cord taken 28 days after
contusion were also examined for changes in T-cell and
B-cell infiltration. T cells were only detected at the epicen-
ter of the lesion. Their numbers in the HPGDS2/2 mice
were increased when compared to Wt mice, although the
total numbers of these cells appear to be very small
(WT 5 3.3 6 1.9; KO 5 24 6 3.2; P < 0.01, n 5 3). Their
significance, if any, to the pathology remains unclear. The

numbers of B cells were not significantly different between
the groups (WT 5 646 44.3; KO5 406 19.6, n5 3).

Differences in Chemokine/Cytokine Expression in
the Injured Spinal Cord in HPGDS2/2 Mice

As PGD2 is a potent inflammatory mediator in the
periphery, we examined the expression of several inflam-
matory chemokines and cytokines after SCI. As chemo-
kine and cytokine levels in the spinal cord are increased
early after injury (Bartholdi and Schwab, 1997; Pineau
and Lacroix, 2007; Yang et al., 2004), we assessed
changes in chemokine/cytokine levels in the spinal cord
12 h after SCI in Wt and hematopoietic prostaglandin
D synthase (HPGDS)2/2 mice using a Cytokine 20-Plex
Multiplex Bead Immunoassay. At this time, both Wt and
HPGDS2/2 mice showed a marked increase in CXCL1/
KC, CCL2/MCP-1, CCL3/MIP-1a, CXCL10/IP-10, IL-1a,
IL-5, and IL-6, when compared to uninjured spinal cord
in which these cytokines were not detected (Fig. 5A,B).

Fig. 2. Increased PGD2 after contusion injury is synthesized by
HPGDS and is detrimental after SCI. A: The level of PGD2 in spinal
cord tissue from uninjured and contused spinal cord at 1, 5, and 14
days after SCI from wild type (Wt) and HPGDS2/2 mice were analyzed
by EIA. In Wt mice, PGD2 levels begin to rise at 5 days postinjury and
is significantly greater than HPGDS2/2 mice at 14 days after injury
(n 5 4 per group; ANOVA, post hoc Bonferroni). This increase is
completely abrogated in the HPGDS2/2 mice. B: HPGDS2/2 mice show
significant improvement in locomotor recovery after SCI when com-

pared to Wt controls assessed using the BMS analysis. Improvement in
locomotor control is seen beginning on day 5 after SCI and sustained
for the entire 28-day period (n 5 6 for both HPGDS2/2 and Wt). C: Wt
C57BL/6 mice treated daily with the HPGDS inhibitor, HQL-79, start-
ing 1 h after SCI show significant improvement in locomotor recovery
when compared to vehicle-treated controls. The improvement in locomo-
tor scores seen in HQL-79 treated mice is similar to that seen with
HPGDS2/2 mice [n 5 4 (HQL-79); n 5 5 (vehicle)]. Values are repre-
sented as mean 6 SEM; *P < 0.05, **P < 0.01.
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Of these, HPGDS2/2 showed a significant decrease in
CLCL10 and a significant increase in IL-6 when com-
pared to Wt mice. Interferon-g was not detected in any
of the groups. Unexpectedly, neither TNF-a nor IL-1b
levels were detected in either genotype after injury,
which was likely due to technical problems as both these

cytokines have been reported to be expressed at this
time point after SCI (Pineau and Lacroix, 2007). We
therefore carried out quantitative real-time-PCR analysis
of the mRNA levels of IL-1b, TNF-a, and TGF-b1 in the
uninjured spinal cord and at 1 and 14 days after injury.
The later time point was chosen as some cytokines have

Fig. 3. HPGDS2/2 mice have reduced secondary damage after SCI.
A, B: Micrographs showing LFB staining of the dorsal white matter in
wild-type (Wt) and HPGDS2/2 mice at 28 days after SCI, taken from a
distance of 627-lm rostral to the epicenter of the lesion. Note that there
is greater sparing of myelin in the dorsal columns in the HPGDS2/2

mice (B) when compared to the Wt mice (A). C: Graph showing that
there is significantly greater myelin sparing at all distances 1 mm
rostral and caudal to the lesion epicenter. Micrographs of cresyl violet-
stained sections of the ventral horn of the spinal cord Wt (D) and
HPGDS2/2 (E) mice taken from � 1,000 lm caudal to epicenter. Note

the greater sparing of neurons in the HPGDS2/2 mouse (E). F: Graph
showing that there is significantly greater sparing of neurons in the
ventral horn of HPGDS2/2 mice when compared to Wt controls caudal
to the lesion epicenter at 28 days after SCI. G, H: Micrographs of 5-HT
staining of the ventral gray matter of Wt (G) and HPGDS2/2 (H) mice
1,000 lm caudal to lesion epicenter 28 days after SCI. I: Graph shows
that there is significantly greater sparing of 5-HT fibers in the ventral
horn of HPGDS2/2 mice when compared to Wt controls 28 days after
SCI. n 5 3; values represent means 6 SEM; *P < 0.05. Scale bars: B 5
200 lm and E and H 5 50 lm.
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also been reported to have a second peak at 2 weeks
after SCI (Pineau and Lacroix, 2007). The mRNA levels
of IL-1b showed a � 30-fold increase at 14 days after
SCI, but no differences were seen between the genotypes
(Fig. 6A). TNF-a mRNA showed an early increase at 1
day (20-fold) and a more substantial increase (� 80-fold)
at 14 days after SCI (Fig. 6B). However, there was no
difference in these levels between HPGDS2/2 and
HPGDS1/1 mice (Fig. 6B). TGF-b1 mRNA showed � sev-
enfold increase in Wt mice at 1 day and a 19-fold increase
at 14 days postinjury (Fig. 6C). Although there was no

difference in TGF-b1 mRNA levels between Wt and
HPGDS2/2 at 1 day after SCI, the expression level was
almost twofold greater in HPGDS2/2 mice at 14 days
(Fig 6C). As these cytokines and chemokines can influence
the infiltration and activation of peripheral immune cells,
we assessed by quantitative real-time-PCR the mRNA
expression of Mac-2, a galectin expressed by activated
macrophages and microglia (Liu et al., 1995; Rotshenker,
2009). There was a significant decrease in Mac-2 expres-
sion in HPGDS2/2 that was statistically significant at 14
days after SCI (Fig. 7A). Collectively, these data suggest
that PGD2 produced via HPGDS after SCI may mediate
inflammatory responses in the spinal cord. As IL-6 mRNA
levels were significantly higher in the injured spinal cord
in HPGDS2/2, we assessed the expression of metallothio-
nein I, II, and III, which are potent anti-oxidants that can
be regulated by IL-6 (West et al., 2008). Metallothionein
III mRNA was found to be significantly higher in the
injured spinal cord of HPGDS2/2 mice early after injury
when compared to Wt mice (Fig. 7B). No differences
between genotypes were found in the expression of metal-
lothionein I and II (data not shown).

DISCUSSION

A number of factors have been shown to be implicated
in triggering the inflammatory response after SCI that
contributes to secondary damage and functional loss
(Donnelly and Popovich, 2008; Kwon et al., 2004).
Despite the considerable work done in this area of SCI,
the potential role of prostaglandins in modulating the
inflammatory response after SCI has not been examined
thus far. We have examined the expression and role of
PGD2 in spinal cord contusion injury. We show that (i)
expression of only one of the two synthetic enzymes that
produce PGD2, namely, HPGDS but not L-PGDS is
increased after SCI; (ii) the expression of HPGDS in SCI
is largely confined to microglia/macrophages at the
lesion site; (iii) mice lacking HPGDS show improved
locomotor recovery when compared to Wt mice; (iv)

Fig. 4. A: Graph showing the percentage of the dorsal column area
labeled with Mac-1 in cross sections of the spinal cord at 28 days after
contusion injury. Measurements were made from sections taken at
different regions rostral and caudal to the lesion epicenter (0). No
differences were seen between HPGDS2/2 and wild-type (Wt) mice. B,
C: Micrographs showing similar areas from the epicenter of the lesion
taken from Wt (B) and HPGDS2/2 (C) mice. Note the similarity in the
staining. Scale bar in C 5 50 lm.

Fig. 5. Changes in chemokines and cytokines in the spinal cord af-
ter SCI. The protein levels of several chemokines (A) and cytokines (B)
were analyzed at 12 h after SCI in wild type (Wt) and HPGDS2/2 mice.
A: The level of CXCL10 protein was significantly reduced in HPGDS2/2

mice when compared to Wt controls. Although the levels of other che-
mokines were elevated after SCI, there were no differences between the

two genotypes. B: The level of IL-6 protein was significantly increased
in the spinal cord of HPGDS2/2 mice when compared to Wt controls.
Values represent means 6 SEM; *P < 0.05; n 5 4 for each group. Pro-
tein levels were assayed using the BioSource Mouse Cytokine 20-Plex
Multiplex Bead Immunoassay.
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improved locomotor recovery is also seen in Wt mice
treated with a small molecule inhibitor of HPGDS
(HQL-79); (v) HPGDS2/2 mice show reduced secondary
damage in the spinal cord after SCI as reflected in
increased sparing of myelin, neurons, and serotonergic
innervation of the ventral horn; (vi) HPGDS2/2 mice

also show reduced expression of CXCL10 and an
increase in IL-6 and TGF-b1 after SCI; (vii) HPGDS2/2

mice also showed increased expression of metallothio-
nein (MT)-III, which has antioxidant activity; (viii) the
macrophage/microglial activation marker Mac-2 is also
reduced after SCI in HPGDS2/2 mice. These data sug-

Fig. 6. The mRNA expression by quantitative real-time-PCR analy-
sis of IL-1b (A), TNF-a (B), and TGF-b1 (C) was examined in uninjured
spinal cord and spinal cord tissue at 1 and 14 days after SCI. Note that
although there is a delayed increase in IL-1b (A) and TNF-a (B) in both

strains of mice at 14 days, there are no differences between the two
genotypes. C: In contrast, there was a significant increase in the
expression of TGF-b1 in HPGDS2/2 mice at 14 days post-SCI. Values
represent means 6 SEM; *P < 0.05; n 5 3 for each group.

Fig. 7. A: The mRNA level of Mac-2 (a galectin expressed on
activated microglia/macrophages) is significantly decreased at 14 days
after SCI in HPGDS2/2 mice when compared to wild-type (Wt) mice,
suggesting a reduction in macrophage/microglial activation. B: There is

increased mRNA expression of the free radical scavenger and potent
antioxidant, metallothionin-III, in HPGDS2/2 mice when compared
to Wt controls. Values represent means 6 SEM; *P < 0.05; n 5 3 for
each group.

611EXPRESSION AND ROLE OF HEMATOPOIETIC PGD SYNTHASE

GLIA



gest that PGD2 produced by macrophages after SCI has
detrimental effects, which can be blocked by treatment
with a small molecule HPGDS inhibitor.

The reduction of secondary damage and the locomotor
improvement after SCI in HPGDS2/2 mice indicates a
potential role for PGD2 in the proinflammatory response
following SCI. In support of this, we observed a signifi-
cant decrease in the expression of the macrophage
marker Mac-2 in the HPGDS2/2 mice after SCI. PGD2

has previously been shown to mediate microglial activa-
tion in the twitcher mouse mutant (Mohri et al., 2006), a
model of human Krabbes disease. In those experiments,
the double twitcher/HPGDS2/2 mice showed reduced
microglial activation and signs of reduced inflammation
in the CNS as well as a reduction in iNOS expression
(Mohri et al., 2006). Although we found a reduction in
the macrophage activation marker Mac-2, we did not see
differences in iNOS mRNA expression on days 1, 3, or
14 after SCI in HPGDS2/2 and Wt mice (data not
shown). Furthermore, the twitcher/HPGDS2/2 mice
showed no differences in the level of IL-6, in contrast to
the increase we have seen in HPGDS2/2 mice early af-
ter SCI. Although both models highlight PGD2 as a
proinflammatory mediator in the CNS, the mechanisms
of action appear to be different in these two models. In
addition to the changes in Mac-2, the expression of the
chemokine CXCL10 was also significantly reduced in the
HPGDS2/2 mice after spinal cord contusion injury. De-
spite the reduction in this cytokine, T cells, which were
found only at the epicenter of the lesion, appeared to be
increased in the HPGDS2/2 mice, although the total
number of these cells remained very low. The reason for
this is not clear at present. However, other studies have
shown that CXCL10 can mediate effects independent of
its T-cell chemoattractant properties. For instance, the
inhibition of CXCL10 using a function-blocking antibody
in a dorsal spinal cord hemisection lesioning model in
rats was found not only to reduce macrophage numbers
but also increase angiogenesis (Glaser et al., 2004) and
neuroprotection (Glaser et al., 2006). The decrease in
CXCL10 in HPGDS2/2 seen in our work may therefore
mediate beneficial effects on angiogenesis after SCI.

Interestingly, IL-6 and TGF-b1 were significantly
increased in HPGDS2/2 mice after SCI. Some studies
have suggested that IL-6 has proinflammatory effects
after SCI (Okada et al., 2004), while a number of other
studies indicate that it may have anti-inflammatory
and/or protective effects after SCI, for example, IL-6
plays an important role in peripheral nerve regeneration
and is required for regenerating dorsal column axons
(Cafferty et al., 2004) as well as promoting axonal regen-
eration in the presence of myelin inhibitors in SCI (Cao
et al., 2006; Hannila and Filbin, 2008). Increased levels
of IL-6 have also been found after spinal cord contusion
injury in transgenic mice lacking active NF-jB (Bram-
billa et al., 2005), as well as in Wt mice injected with
15d-PGJ2, a metabolite of PGD2 (Kerr et al., 2008) in
which secondary damage was reduced and accompanied
by improvement in locomotor recovery. IL-6 has also
been found to be neuroprotective when administered to

rodents, which are exposed to excitotoxic insults or is-
chemia (Allan and Rothwell, 2001). IL-6 has also been
linked to the expression of MT, free radical scavengers,
and antioxidant proteins (West et al., 2008). We found
increased expression of MT-III in HPGDS2/2 mice after
SCI, which could also contribute to reducing secondary
damage. The increase in IL-6 found in the HPGDS2/2

mice may therefore have a positive impact on tissue pro-
tection after spinal cord contusion injury and could
potentially impact either indirectly or directly on the
increased serotonergic innervation after SCI in the
HPGDS2/2 mice. We also found that TGF-b1 expression
was increased significantly in HPGDS2/2 when com-
pared to Wt mice at 14 days after SCI. TGF-b1 is a plei-
otropic cytokine, which is expressed in the injured spinal
cord (McTigue et al., 2000). We did not find differences
in expression of GFAP or laminin by qRT-PCR or chon-
droitin sulfate proteoglycan by immunostaining in the
injured spinal cord of HPGDS2/2 and Wt mice (data
not shown). However, this cytokine exhibits a variety of
anti-inflammatory properties (Lefer et al., 1990; Perrella
et al., 1994) that could contribute to the reduction in
secondary damage seen after SCI.

Our laboratory has previously reported that daily
injections of low doses of 15d-PGJ2, a dehydration prod-
uct of PGD2, has beneficial effects after SCI, while
higher doses are detrimental (Kerr et al., 2008). Similar
beneficial and detrimental effects of 15d-PGJ2 were also
seen in experimental autoimmune encephalomyelitis
(Diab et al., 2002). In the present study, we show that
reducing PGD2 produced by HPGDS in hematogenous
macrophages in HPGDS2/2 mice after SCI results in
beneficial effects in terms of histopathology and locomo-
tor recovery. In these HPGDS2/2 mice, the unaffected
L-PGDS may produce low basal levels of PGD2 that can
get nonenzymatically converted to the lower protective
concentrations of 15d-PGD2 that would add to the bene-
ficial effects seen. Our results also suggest that PGD2

produced via HPGDS in macrophages either directly or
indirectly mediate inflammatory responses that contrib-
ute to secondary tissue damage after SCI. Future work
needs to focus on delineating the downstream receptor
mechanisms, as well as other possible beneficial mecha-
nisms, which might result from blocking HPGDS. As the
inhibition of PGD2 using the small molecule inhibitor
(HQL-79) was also effective in improving locomotor func-
tion after SCI, HPGDS could be a target for therapeutic
intervention in the treatment of acute SCI.
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