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Abstract
Prostaglandin E2 (PGE2) has been described to exert beneficial and detrimental effects in various
neurologic disorders. These conflicting roles of PGE2 could be attributed to its diverse receptor
subtypes, EP1-EP4. At present, the precise role of EP1 in intracerebral hemorrhage (ICH) is
unknown. Therefore, to elucidate its possible role in ICH, intrastriatal injection of collagenase was
given in randomized groups of adult male wildtype (WT) and EP1 receptor knockout (EP1−/−)
C57BL/6 mice. Functional outcomes including neurologic deficits, rotarod performance, open
field activity, and adhesive removal performance were evaluated at 24, 48 and 72 h post ICH.
Lesion volume, cell survival, and death, were assessed using Cresyl Violet, and Fluoro-Jade
staining, respectively. Microglial activation and phagocytosis were estimated using Iba1
immunoreactivity and fluorescently-labeled microspheres. Following 72 h post ICH, EP1−/− mice
showed deteriorated outcomes compared to the WT control mice. These outcomes were
demonstrated by elevated neurological deficits, exacerbated lesion volume, and significantly
worsened sensorimotor functions. Fluoro-Jade staining showed significantly increased numbers of
degenerating neurons and reduced neuronal survival in EP1−/− compared to WT mice. To assess
in-vivo phagocytosis, the number of microspheres phagocytosed by Iba1-positive cells was
145.4±15.4% greater in WT compared to EP1−/−mice. These data demonstrate that EP1 deletion
exacerbates neuro-behavioral impairments following ICH, potentially by slowing down/impairing
microglial phagocytosis. A better understanding of this EP1 mechanism could lead to improved
intervention strategies for hemorrhagic stroke.
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Introduction
Spontaneous intracerebral hemorrhage (ICH) is the deadliest and most debilitating form of
stroke with a first year mortality rate as high as 50% to 60% (Qureshi et al. 2001; Ribo and
Grotta 2006; Go et al. 2013). ICH forms a parenchymal hematoma that triggers mechanical
and irreversible primary brain damage and is characterized by shearing and damage of the
blood vessel, neurons, axons and blood brain barrier (Aronowski and Zhao 2011; Keep et al.
2012). Within hours to days after hemorrhage, extravasated blood and its components are
released, causing secondary brain injury. These events trigger inflammation, excitotoxicity,
oxidative stress, and cell death, which subsequently lead to severe functional deficits (Wang
and Doré 2007b). Contrary to primary damage, secondary damage is preventable and
treatable with intervention at the appropriate time after insult (Wang and Doré 2007b;
Aronowski and Zhao 2011; Keep et al. 2012). Microglia becomes activated within minutes
after injury to offset secondary damage (Xue and Del Bigio 2000; Aronowski and Hall
2005). These resident immune cells migrate to the lesion site, where they engulf blood
products and damaged/dead tissue to promote repair within the brain parenchyma (Giulian et
al. 1989; Zhao et al. 2007; Smirkin et al. 2010). Removal of tissue debris facilitates
endogenous repair, in part, by upregulating neurotrophic factors (Tang et al. 2010; James et
al. 2010; Yang et al. 2008) and potentially by inhibiting pro-inflammatory cytokine
signaling (Huynh et al. 2002; Hoffmann et al. 2005). Thus, these observations support the in
vivo clearance of degenerating tissue as a therapeutic target for ICH.

Prostaglandin E2 plays an important role in the initiation and maintenance of both normal
and pathological responses to brain injury (Ahmad et al. 2008; Doré et al. 2003; Phillis et al.
2006; Ahmad et al. 2013). PGE2 is formed from arachidonic acid by cyclooxygenase and
PGE2 synthase enzymes, and binds to the heteromeric G-protein coupled receptors E-
prostanoid (EP) 1, 2, 3 and 4. Since EP receptors have differential effects on intracellular
calcium levels, phosphotidylinositol turnover and cyclic adenosine monophosphate (cAMP)
production, a better understanding of prostaglandin pathways may uncover additional
therapeutic strategies.

Previous reports from our lab and others showed that EP1 deletion prevents neurotoxicity in
both excitotoxic and focal ischemic models (Ahmad et al. 2006; Kawano et al. 2006).
Additionally, pharmacological inhibition of EP1 improves anatomical and functional
outcomes in excitotoxicity, oxygen glucose deprivation, and ischemic stroke models
(Ahmad et al. 2006; Ahmad et al. 2008; Zhou et al. 2008). Moreover, genetic deletion of
EP1 significantly improved CBF at reperfusion and increased neuronal survival after
transient focal ischemia in mice (Saleem et al. 2007). EP1 activation leads to PLC-
dependent Ca2+ release and PKC activity, which have also been shown to mediate
microglial phagocytosis (Hebert et al. 1990; Funk et al. 1993; Abe et al. 2013; Watabe et al.
1993). Several studies have implicated COX/prostaglandin signaling in the pathologic
progression of ischemic stroke (Doré et al. 2003; Choi et al. 2006). However, to the best of
our knowledge, the role of EP1 in ICH remains unknown.

Based upon these observations, the present study was conducted to determine the neuro-
behavioral outcomes in wildtype (WT) and EP1 receptor knockout (EP1−/−) mice subjected
to collagenase-induced ICH, and to investigate whether microglial activation mediates these
effects. For these purposes, WT and EP1−/− mice were subjected to ICH for subsequent
examination of anatomical and neuro-behavioral outcomes at selected time points after ICH
injury.
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Materials and Methods
Mice

All procedures were approved by the Institutional Animal Care and Use Committee at the
University of Florida. Adult male WT and EP1−/− C57BL/6 mice of 11–13 weeks old (24–
28 g) were bred and maintained in our animal facilities. The EP1−/− mice grow normally and
have no gross abnormalities in behavior and brain macroscopic vasculature anatomy indices
when compared to WT mice (Saleem et al. 2007). Mice were given food, water ad libitum
and housed under controlled reverse light cycle conditions (23±2°C; 12 h light/dark cycle).

Collagenase-induced ICH model
Age- and weight-matched male mice were anesthetized with isoflurane (3% initial, 1% to
1.5% maintenance) and immobilized on a stereotaxic frame. A small incision was made at
overlying skin over the skull and a single unilateral intrastriatal injection of collagenase VII-
S [0.04 Units (U) in 0.2 μl saline, Sigma] was given at the following stereotactic coordinates
relative to bregma: 0.5 mm anterior, 2.4 mm lateral, 3.2 mm from dura in WT and EP1−/−

mice. (Wang et al. 2006; Clark et al. 1998). Rectal temperature was monitored and
maintained at 37.0°C±0.5°C throughout the surgical and recovery periods. Mice were
allowed to survive up to 72 h after ICH injury.

Functional assessments
Various functional outcomes were tested in WT and EP1−/− mice following ICH by an
experimenter blinded to the experimental cohorts. Wherever necessary each group received
pre-training for three consecutive days before surgery followed by neuro-behavioral testing
at 24, 48 and 72 h after ICH injury. All the neuro-behavioral and functional tasks were done
at the same time of the day and in between each task 30–45 m of rest was given to mice.

Neurological deficit scoring—It was assessed 72 h post hemorrhagic injury using the
24-point scale (Clark et al. 1998). The tests included body symmetry, gait, climbing, circling
behavior, front limb symmetry, and compulsory circling. Each test was graded from 0 to 4,
establishing a maximum deficit score of 24.

Open field locomotor activity—Automated MED Associates (St. Albans, VT) open
field activity monitor was used with video tracking interface system. This test is a sensitive
method of measuring both gross and fine locomotor activity and values are given as
ambulatory and stereotypic counts. The activities were assessed 24 h before the induction of
hemorrhage and 24, 48, and 72 h post ICH. Briefly, mice were individually housed in four
transparent acrylic cages and their simultaneous activities were recorded over a 30-m test
period. The results are expressed as total ambulatory and stereotypic counts for each mouse
for test period.

Adhesive removal test—This test is an indicator of the somatosensory dysfunction
following ICH in mice (Komotar et al. 2007; Schallert et al. 2000). Briefly, mice were
trained for this test for three successive days before ICH. The mouse is removed from the
home cage and small circular adhesive tape (Teeny Tough Spots-USA Scientific; Ocala, FL)
with a diameter of 4.7 mm is placed on the distal radial region of the left or right forelimb
paw. The time (in seconds) taken to contact and remove the sticky tape for each forelimb is
recorded. Maximum time allowed to remove the tape was set at 120 s.

Rotarod test—Rotarod Rotamex 5 machine and software (Columbus, OH) were used to
measure the mice equilibrium and motor deficits following brain injury (Dunham and Miya

Singh et al. Page 3

Neurotox Res. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1957; Jones and Roberts 1968). Briefly, mice were trained and tested on accelerating speed
rotarod; starting speed was kept at 5 rpm and its maximum accelerating speed was 50 rpm.
All mice were pre-trained repeatedly for three days before surgery and at 24, 48, 72 h post-
surgery. The total run time was collected automatically by Rotamex computer software.

Histology and immunohistochemistry
Following 24 or 72 h after ICH mice were deeply anesthetized and transcardially perfused
with phosphate-buffered saline (PBS, pH 7.4) followed by fixation with 4%
paraformaldehyde. The brains were quickly harvested and processed for histology and
immunohistochemistry using Leica CM 1850 cryostat. The mounted sections were stained
with Cresyl Violet to estimate the lesion volume (Ahmad et al. 2006). Fluoro-Jade B (Histo-
Chem, Inc. Jefferson, AR) was used as a neuronal degeneration marker (Schmued and
Hopkins 2000; Wasserman and Schlichter 2007) and semi-quantitative analysis was
performed. For fluorescent immunohistochemistry, free-floating sections were rinsed in PBS
containing 0.1% Triton X-100 (PBST) and incubated for 1 h at room temperature in 5% goat
serum (Sigma, St. Louis, MO) to block nonspecific binding. All primary antibodies were
diluted in PBST and applied overnight at 4°C. After being rinsed in PBST the sections were
incubated for 2 h with the secondary antibody, which was conjugated with Alexa-488, Cy2,
or Cy3 (1:1000; Jackson Labs). After being rinsed again all sections were mounted in DAPI
Hardest Reagent (Vector Labs.) under a glass coverslip. Antibody concentrations used for
immunohistochemistry were: rabbit anti-Iba1 (1:1000; Wako), and rat anti-Ter119 (1:500;
Santa Cruz). To further assess the location of EP1 receptor, double immunofluorescence was
carried out with primary rabbit anti-EP1 polyclonal antibody (1:500; Cayman) in
combination with rat anti-CD11b (1:1000; Serotec), mouse anti-NeuN (1:250; Chemicon),
or rat anti-GFAP (1:200; Zymed). After being rinsed in PBST the sections were incubated
for 2 h with the appropriate secondary antibody. To use as negative controls, additional
sections were incubated without the primary antibodies. Stained sections were examined
with a Nikon TE2000-E Eclipse fluorescence microscope (Nikon Instruments Inc.). The
images were captured and analyzed by SPOT advanced image software (Diagnostic
Instruments Inc.). To quantify the numbers of positive cells, four images from the region of
interest from each section were randomly acquired.

β-galactosidase activity
To measure β-galactosidase activity, free-floating sections were rinsed in PBS containing
0.1% Triton X-100 (PBST) and stained with a solution of 5 mg/mL X-gal, 2 mM MgCl2, 50
mM K3Fe(CN)6, and 50 mM K4Fe(CN)6 in PBS overnight at 37°C. Sections were
counterstained with nuclear fast red (Simmer et al. 2009).

In vivo phagocytosis assay
The in vivo phagocytosis assay was adapted from an established protocol (Koizumi et al.
2007). Briefly, two hours after the induction of the intracerebral bleeding, 1 μl of
fluorescently-labeled microspheres (red, 1 μm diameter, 0.025%, Sigma) were injected into
the same site. Free-floating sections of 12 μm containing the microsphere-injected sites were
thoroughly washed in PBST (by shaking 10 times for 10 m each) to remove the nonspecific
binding of the microspheres and were stained with rabbit polyclonal anti-Iba1 antibody
(green) to visualize microglia. The microspheres in the four regions of interest were counted
and the average was used as an index of in vivo phagocytosis. Three sections covering the
entire hematoma were analyzed per animal and four animals were used in each group for
analysis of in vivo phagocytosis.
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Statistics
The statistical comparisons were made by one- and two-way (in multiple groups) ANOVA,
followed by Bonferroni post hoc analysis. The differences between two groups were
determined by an unpaired two-tailed Student’s t test, except for neurologic deficit scores,
which were calculated by the non-parametric Mann Whitney test. Data are expressed as
mean±SD. GraphPad Prism 5 software was used for statistical analysis. In all comparisons, a
P value less than 0.05 was considered to be significant.

Results
Mortality

Initially, 0.05 U of collagenase was used to induce ICH and we found that the mortality rate
in WT was 30%; however, EP1−/− mice had a significantly higher mortality rate of 90%. In
subsequent experiments, 0.04 U yielded approximately 10% mortality rate in WT and 30%
in EP1−/− mice, and was able to produce reproducible lesions and functional deficits in both
genotypes. The experimental model resulted in a non-significant reduction in body weight in
both groups.

EP1 receptor deletion deteriorates functional and neurological outcomes after ICH
To assess the role of EP1 on neuro-behavioral and functional outcomes after ICH, WT and
EP1−/− mice were subjected to hemorrhagic injury and tested before and 24, 48 and 72 h
after ICH for neurological deficit scores, locomotor activity in open field, adhesive removal
task, and accelerating rotarod performance. Behavioral testing was performed by an
experimenter blinded to the genotypes.

Neurological Deficit Score—At 72 h after ICH, EP1−/− mice showed significantly
higher deficits compared to WT mice (6.7±1.3 vs. 12.0±2.4; P<0.0001; n=6; Fig. 1A).

Accelerating rotarod performance task—During training, both genotypes exhibited
improved performance for three consecutive days with no significant differences. At 24 h
after ICH, both genotypes showed significant reductions in time on rotarod compared with
pre-surgery times (WT: 90.5±18.8 vs. 20.0±25.5 s; EP1−/−: 100.5±25.5 vs. 15.4±25.1 s;
P<0.001). At 72 h after ICH, WT mice showed significant improvements compared to
EP1−/− mice (54.7±18.7 vs. 16.6±10.5; P<0.05; n=6; Fig. 1B).

Adhesive removal test—During training, both WT and EP1−/− mice removed the tape
from both forepaws in approximately 10–15 s by day 3 compared to day 1 (Left forepaw:
WT: 11.0±4.5 vs. 48.5±8.4 s; EP1−/−: 12.5±3.1 vs. 54.6±9.3 s and Right forepaw: WT:
6.2±1.7 vs. 29.0±5.2 s; EP1−/−: 7.2±1.8 vs. 28.5±9.3 s; Fig. 1C, D). At 24 h post-ICH, WT
and EP1−/− mice showed significant impairments in removal times, as most mice were
unable to remove the tape within the allotted 120 s. Further, both WT and EP1−/− mice
showed improved somatosensory function by 72 h post-ICH (Left forepaw: WT: 51.6±10.5
s, EP1−/−: 87.6±6.0 s; Right forepaw: WT: 19.3±4.9 s; EP1−/−: 68.0±18.2 s). However, WT
mice recovered faster compared to EP1−/− mice (P<0.05). Interestingly, our findings suggest
that both WT and EP1−/− mice spend less time removing adhesive tape from their right
forepaws (WT: 6.2±1.7 s; EP1−/−: 7.2±1.8 s) compared to their left forepaws (WT: 11.6±4.5
s; EP1−/−: 12.5±3.1 s; Fig. 1C and D), and recovery is faster with the right forepaw
compared to the left forepaw.

Open field test—Stereotypic movements significantly declined at 24 h after ICH in WT
(1220.9±186.6 vs. 1748.9±287.2 counts) and EP1−/− mice (760.5±176.2 vs. 1706.7±415.7
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counts). Upon comparison, EP1−/− exhibited poor performance compared to WT mice
(760.5±176.2 vs. 1220.9±186.6 counts; P<0.05; n=6). At 72 h post-ICH, stereotypic
movements improved in both groups and were restored to baseline levels in WT. However,
EP1−/− had significantly fewer movements as compared to WT (1119.7±381.9 vs.
1836.9±203.0 counts; Fig. 1E). Similarly, ambulatory distance was significantly reduced in
WT (1048.3±299.7 vs. 458.1±277.8 counts) and EP1−/− mice (1128.0±222.7 vs.
398.8±332.9 counts) at 24 h after ICH, and WT mice performed better than EP1−/−

(1357.7±263.1 vs. 708.6±353.8 counts; P<0.05; n=6; Fig. 1F) at 72 h post-ICH.

EP1 receptor deletion aggravates brain injury
Intracerebral collagenase injection produces consistent intrastriatal hematoma, as evident
from Cresyl Violet staining (Fig. 2A). Quantification showed that lesion volume was 52.8%
smaller in WT compared to EP1−/− mice (7.5±4.3 vs. 14.2±2.6 mm3, P<0.01; n=6) at 72 h
post-ICH.

EP1 receptor deletion exacerbates neuronal cell death
To assess secondary injury following ICH, brain sections were stained with Fluoro-Jade B, a
marker of degenerating neurons. Quantification of the peri-hematoma region showed more
degenerating neurons in EP1−/− (110.5±17.4 cells/field; n=4) compared to WT mice
(68.7±9.7 cells/field; P<0.02; n=4; Fig. 2B). No Fluoro-Jade B staining was observed in the
contralateral hemisphere or sham group, but in some instances it was observed along the
needle track. In CV stained sections, surviving neurons were also quantified around the
hematoma region. EP1−/− mice showed significant reductions in surviving neurons relative
to WT mice at 72 h post-ICH (P<0.001; n=4; Fig 2C).

EP1 receptor is expressed in activated microglia
To determine the cellular location of EP1 receptors, X-gal staining was performed in
conjunction with double immunofluorescence for distinct cell surface markers. X-gal
staining showed that β-galactosidase was mainly expressed in the peri-hematoma region in
EP1−/− mice at 72 h, whereas WT mice showed weak signal (Fig. 3A). Furthermore, EP1
receptor immunoreactivity was associated with activated microglia (Fig. 3B), while we were
unable to detect co-immunoreactivity of EP1 receptor with neurons or astrocytes.

EP1 receptor contributes to microglial activation
Microglia present in the peri-hematoma regions following IHC exhibited round amoeboid
phenotypes, cell bodies more than 10 μm in diameter and short, thick processes, consistent
with the activated, phagocytic state (Ito et al. 2001). Cells were labeled with the microglia/
macrophage cell surface marker Iba1 and the activation profile was evaluated based upon
these criteria. The number of activated microglia was markedly increased in WT mice from
24 to 72 h after ICH, whereas cell numbers in EP1−/− markedly decreased during the same
time frame. Quantification analysis further shows that the numbers of activated microglia in
WT mice increased significantly to 61.3 ± 4.3% at 24 h and to 344.9 ± 24.4% at 72 h as
compared with EP1−/− after ICH (P<0.001 for 24 and 72 h; n=4; Fig. 3C).

Phagocytosis is down regulated by EP1 receptor deletion
Immunopositive remnants of red blood cells were engulfed by activated microglia in the
peri-lesion regions (Fig. 4A). To quantify microglial phagocytosis in vivo, fluorescently-
labeled microspheres were injected into the lesion site after ICH. Microsphere incorporation
into microglia was confirmed with Iba1 immunofluorescence. Activated, Iba1-positive cells
displaying short, thick processes accumulated in peri-hematoma regions and appeared to
colocalize with microsphere-derived fluorescent signal (Fig. 4B). Quantification showed that
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significantly fewer microspheres were incorporated into Iba1-positive cells in EP1−/− mice
relative to WT mice at 72 h post-ICH (P<0.001; n=4; Fig. 4C). Interestingly, injection of
microspheres after ICH caused mortality in EP1−/− mice.

Discussion
The present study showed that PGE2 EP1 receptor deletion augments collagenase-induced
ICH injury in mice, causing severe neurological and functional deficits. EP1−/− mice showed
more pronounced neurodegeneration after ICH compared to WT. Data also demonstrated
EP1 expression by Iba1-positive immune cells and an apparent EP1 requirement for these
cells to incorporate microspheres. Taken together, these findings show for the first time that
EP1 deletion exacerbates ICH injury and slows hematoma resolution, potentially by
inhibiting microglial phagocytosis. Thus, selective EP1 modulation has therapeutic potential
in preventing/minimizing ICH injury.

Several experimental models are used to recapitulate ICH injury, each with strengths and
limitations (MacLellan et al. 2008). We used intrastriatal injection of collagenase type VII S.
Exogenous collagenase application reproduces spontaneous and stable hemorrhage and re-
bleeding over time by causing multiple ruptures in blood vessels, resulting in hematoma
expansion and edema (Wu et al. 2006; MacLellan et al. 2008). Previous reports showed
substantial hematoma volume following intrastriatal collagenase injection (Chen et al. 2011;
Gu et al. 2009), and in vitro data showed that typical collagenase concentrations used for
ICH do not cause direct neuronal cell death or inflammation (Chu et al. 2004; Matsushita et
al. 2000). In the present study, a drastic increase in mortality of EP1−/− mice after injection
of 0.05 U collagenase led us to decrease the dose to 0.04 U, thus reducing EP1−/− mortality
while producing stable and reproducible hematomas in both genotypes. Importantly, EP1−/−

mice consistently exhibited greater hemorrhagic injury compared to WT, suggesting a
protective role for EP1.

Clinical studies have shown that hemorrhage volume is an early indicator of neurological
and functional outcomes (Davis and Donnan 2006; Broderick et al. 1999). Here, we used
four different neuro-behavioral tests with high sensitivity for detecting deficits after ICH.
Our lab and others have used neurological deficit scoring successfully in ICH injury (Clark
et al. 1998; Shah et al. 2011). The present study demonstrated impaired outcomes in EP1−/−

mice relative to WT that were also extended to more complex sensorimotor functions.
Behavioral pretesting showed significant improvements throughout the training period
irrespective of genotype, indicating that EP1 deletion does not impair learning and memory
retention. However, WT mice performed significantly better than EP1−/− from 24 h to 72 h
post-ICH, reflecting differences due to ICH. Additionally, we measured hemoglobin content
within injured tissue to clarify whether EP1 deletion affects the original bleeding volume
induced by collagenase. No significant differences were detected between WT and EP1−/−.
Previous findings suggested that the breakdown/lysis of red blood cells contributes to
secondary injury (Wang et al. 2007; Keep et al. 2012; Aronowski and Zhao 2011). These
lysed RBCs release free heme, hemoglobin, and iron within or around the hematoma,
contributing to irreversible neuronal damage and death (Zhao et al. 2007; MacLellan et al.
2008; Keep et al. 2005; Regan and Panter 1993; Wang et al. 2007). Indeed, intracerebral
infusion of collagenase causes rapid cell death in mice, which is in accord with other
findings in mice, rats and pigs (Wasserman and Schlichter 2007; Gu et al. 2009; Wang and
Doré 2007a). Here, tissue damage mainly occurred proximal to the hematoma, and the
increased cell death/reduced neuronal survival observed in EP1−/− suggests a potential role
for EP1 in regulating toxicity associated with lysed RBC byproducts.
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Genetic deletion and/or pharmacological blockade of EP1 receptor attenuates brain injury
and improves neurological outcomes in NMDA-induced excitotoxicity and ischemic models
(Ahmad et al. 2008; Ahmad et al. 2006; Saleem et al. 2007; Abe et al. 2009). In apparent
contrast with those findings, we found that EP1 deletion exacerbates brain injury and
deteriorates functional outcomes following ICH. This shows a dynamic role of EP1
activation that may depend upon specific neural sequelae, and the present study implicates
microglial activation in mediating responses unique to ICH. The beneficial or detrimental
effects of microglial activation remain controversial (Nguyen and Benveniste 2002; Zhao et
al. 2009; Keep et al. 2005). For example, attenuation of brain microglial activation has been
shown to confer protection in various models of neurodegeneration (Yrjanheikki et al. 1999;
Tikka and Koistinaho 2001), whereas growing evidence suggests a protective role for
activated microglia in CNS pathologies, including brain hemorrhage (Giulian et al. 1989;
Zhao et al. 2007). Interestingly, we found EP1 receptors were present around the hematoma
and appeared to co-localize with the microglial marker Iba1. Moreover, WT mice displayed
increased microglial activation compared to EP1−/−. Because microglia play reparative roles
within the CNS, particularly concerning phagocytosis following tissue damage, it is
conceivable that genetic or pharmacologic inhibition of microglial function might delay
recovery.

To determine whether impaired phagocytic capacity might account for exacerbated injury in
EP1−/−, we used fluorescent microsphere beads (Koizumi et al. 2007). Data showed a
significantly higher number of Iba1-positive cells that incorporated microsphere beads in
WT mice compared with EP1−/−, suggesting a role in phagocytosis and clearance of cellular
debris. If phagocytosis accounts for ICH protection, this raises important implications for
potential treatment strategies. Although a role for EP1 in mediating this effect is
provocative, more studies are needed to confirm these results. Since the precise signaling
pathways are unknown, several other possibilities exist, including phagocytic microglial
receptors metabotropic P2Y6 receptor and TREM2 receptor which have been reported
recently (Koizumi et al. 2007; Takahashi et al. 2005). Based on initial findings, we speculate
that microglial TREM2-mediated phagocytosis would play an essential function for brain
homeostasis (Takahashi et al. 2007). Activation of the P2Y6 receptor or TREM2 signaling
in microglia triggers phagocytosis through the pathway(s) mediated by PLC-linked Ca2+ and
PKC. EP1 activation also leads to a PLC-dependent Ca2+ release and PKC activity (Funk et
al. 1993; Hebert et al. 1990; Watabe et al. 1993). It has been also suggested that of the PGE2
receptors, EP1 and EP3 are involved in PGE2-mediated cell migration (Carlson et al. 2009;
Cimino et al. 2008), suggesting that EP1 may facilitate the migratory response of microglia
after brain injury.

Conclusions
In conclusion, we found that genetic deletion of EP1 augments hemorrhagic brain injury,
with significant deterioration in functional and neurological deficits. This enhanced brain
injury leads to more cell death and reduced cell survival in the EP1−/− mice compared to
their respective WT controls. Moreover, these data suggest that EP1 is expressed by
microglia and EP1 deletion dampens microglial activity and phagocytosis. Altogether, our
findings reinforce the unique role of EP1 in ICH, suggest a mechanism through microglial
phagocytosis, and support EP1 targeting as a novel pharmacological approach to improve
hemorrhagic stroke outcomes.
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Fig 1.
EP1 deletion deteriorates neurological and functional outcome following collagenase-
induced intracerebral hemorrhage (ICH) in mice. (A) Neurological deficit scoring showed
that EP1−/− have significantly higher functional disability compared to wildtype (WT) mice
at 72 h of ICH (P<0.0001). (B) Rotarod pre-training of WT and EP1−/− mice showed
significant improvement of motor coordination on the accelerating rotarod with time (72 h
vs. 24 h; P<0. 001). We did not find any significant difference between the two genotypes at
any stage of pre-training. ICH injury leads to significant deficit in motor coordination
following 24 h post hemorrhagic injury (P<0.001) for both genotypes. However, WT mice
showed significant improvement in motor coordination on rotarod performance task
compared to EP1−/− mice at 72 h post ICH (P<0.05). (C & D) Adhesive removal pre-
training of WT and EP1−/− mice significantly shortened the time to remove tapes from both
forepaws (72 vs. 24 h; P<0.001). No significant difference was found in both genotypes
during any time of pre-training. ICH induces significant impairments in the ability to
remove adhesive tape from their forepaws following 24 h of injury (P<0.001). WT mice
recovered faster compared to EP1−/− mice and took significantly less time to remove tapes
from both forepaws 72 h after ICH injury (P<0.001). (E & F) Open field activity did not
show any significant difference in WT and EP1−/− mice before ICH. ICH injury induced
significant impairment in both stereotypic (E) and ambulatory (F) activities (P<0.001).
Following 72 h ICH injury, WT mice showed significant improvement in both kinds of
activities compared to EP1−/− mice (P<0.05). Values are expressed as mean ± S.D of n=6
animals.
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Fig 2.
Deletion of EP1 receptor increases brain injury volume, cell death, and reduced cell
survival. (A) Representative photomicrograph showing brain sections from EP1−/− and WT
mice subjected to ICH injury. Quantification showed significantly larger brain injury
volume in EP1−/− compared to WT mice at 72 h after ICH injury (P<0.01; n=6). (B) Fluoro-
Jade B staining photomicrograph and quantification showed a significant increase in
degenerating neurons in EP1−/− compared to WT mice following 72 h ICH (P<0.02; n = 4).
(C) Representative image and quantitative analysis of the surviving neurons with Cresyl
Violet staining showed significantly more surviving neurons in the peri-hematoma region of
WT compared to the EP1−/− mice at 72 h post ICH (P<0.001; n=4). Values are expressed as
mean ± S.D.
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Fig 3.
Expression of EP1 receptor and cellular localization of microglia after induction of ICH. (A)
X-gal staining showed significantly higher β-galactosidase activity in microglia-like cells in
the peri-hematoma areas of EP1−/− mice at 72 h, whereas WT mice had weak β-
galactosidase activity. Inset shows β-galactosidase-positive cells at lower magnification. (B)
Double immunofluorescence staining for immune-reactive EP1 receptor (green) and CD11b
(cell marker for microglia/macrophages; red), which were visualized by Cy3-conjugated
secondary antibodies. Arrows point to areas of co-localization in brain section obtained at 72
h after ICH (n=4). (C) Effect of EP1 receptor deletion on microglial activation after induced
intracerebral hematoma. The distribution and morphology of microglia (Iba1-positive) are
shown in coronal sections collected at 24 and 72 h from WT (1, 2) and EP1−/− (3, 4) mice,
respectively. Activated microglia (with large cell bodies and thick, short processes) were
mainly observed in the peri-hematoma region in both groups and the quantification showed
that the EP1−/− mice had significantly fewer activated microglia than the WT mice at 24 and
72 h (P<0.001; n=4). Moreover, the number of activated microglia increased markedly in
WT mice from 24 to 72 h, however there was no significant change observed in microglia in
EP1−/− mice, at 24 and 72 h post ICH injury (n=4). Values are expressed as mean ± S.D.
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Fig 4.
Effect of EP1 receptor deletion on microglial phagocytosis after induced intracerebral
hematoma. (A) Representative pictures of red blood cells (red, anti-Ter119) phagocytosed
by microglia (green, anti-Iba1) in the peri-hematoma regions in vivo. Cell nuclei are shown
by DAPI-staining (blue). (B) Images of fluorescent microspheres (red) attached to or taken
up by microglia (green, anti-Iba1) in vivo. Arrows point to areas of co-localization. (C)
Quantitative analysis of phagocytosis in vivo. EP1−/− mice had significantly fewer
colocalized fluorescent microspheres with microglia than the WT mice 72 h (P<0.001; n=4).
Values are expressed as mean ± S.D.
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