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Abstract
Transient global cerebral ischemia causes delayed neuronal death in the hippocampal CA1 region.
It also induces an up regulation of cyclooxygenase 2 (COX-2), which generates several
metabolites of arachidonic acid, known as prostanoids, including Prostaglandin I2 (PGI2). The
present study investigated whether the PGI2 IP receptor plays an important role in brain injury
after global cerebral ischemia in aged mice. Adult young (2–3 months) and aged (12–15 months)
male C57Bl/6 wild-type (WT) or IP receptor knockout (IP KO) mice underwent a 12 min bilateral
common carotid artery occlusion (BCCAO) or a sham surgery. Behavior tests (neurologic deficit
and T-maze) were performed 3 and 7 days after BCCAO. After seven days of reperfusion, the
numbers of cells positive for markers of neurons, astrocytes, microglia, myeloperoxidase (MPO)
and phosphorylated CREB (p-CREB) were evaluated immunohistochemically. Interestingly, in
young and aged IP KO ischemic mice, there was a significant increase (p < 0.01) in cognitive
deficit, hippocampal CA1 pyramidal neuron death, microglia and MPO activation, while p-CREB
was reduced as compared to their corresponding WT controls. These data suggest that following
ischemia, IP receptor deletion contributes to memory and cognitive deficits regulated by the
CREB pathway and that treatment with IP receptor agonists could be a useful target to prevent
harmful consequences.
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1. Introduction
Transient global cerebral ischemia, arising in humans, can be an aftermath of cardiac arrest
or severe systemic hypotension. It leads to major neuropsychological dysfunctions,
including learning and memory disabilities especially in aged populations [1,2]. Researchers
have struggled to discover an effective therapeutic approach because the pathophysiologic
mechanism of forebrain ischemia/reperfusion injury is very complex, especially in the aged
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population [3]. For instance, one needs to take into account intracellular calcium (Ca2+)
overload, the toxic effects of excitatory amino acids, an aberrant increase in oxygen free
radicals, the activation of inflammatory factors and death gene regulation [4].

Recent reports suggest that both cyclooxygenase (COX)-1 and -2 play a crucial role in
inflammation, but they have different functions [5]. COX-2 is highly inducible by
inflammatory stimuli and increases the production of five prostanoids: prostaglandin PGE2,
(PG) D2, PGF2α, PGI2, and thromboxane A2 [6]. These prostanoids mediate their effects
mainly through G-protein-coupled receptors, i.e., EP (1–4), DP (1–2), FP, IP and TP. Each
of these receptors differs in their respective actions on cyclic AMP (cAMP), phosphatidyl
inositol turnover, and intracellular Ca2+ mobilization that can lead to either protective or
harmful effects [7].

Prostaglandin I2 (PGI2) is derived from sequential metabolism of arachidonic acid (AA) via
cycloxygenase and prostaglandin I2 (PGI2) synthetase (PGIS), and acts mainly on the
membrane-bound IP receptors [8]. It is an endogenous vasodilator and inhibitor of leukocyte
adhesion and platelet aggregation [9]. PGI2 analogs have been reported to protect against
ischemic stroke damage in gerbils and patients [10,11]. The PGI2 IP receptor has been
reported to decrease traumatic brain injury and focal cerebral ischemia [12,13]. It has been
reported that prostacyclin suppresses cardiac fibrosis by inducing phosphorylation of CREB
[14], which is also involved in short- and long-term learning and memory [15,16].

In this study, we investigated the role of the IP receptor by measuring neurologic and
cognitive deficits as well as neuronal death in young and aged WT and IP KO mice
subjected to the BCCAO stroke model. In addition, we determined the degree of microglia
activation and leukocyte infiltration as measured by MPO levels. We also quantified the
phosphorylation of CREB, which interacts with the transcription co-activator CREB-binding
protein to initiate the transcription and translation of CREB target genes, which are required
for synaptic plasticity, learning and memory.

2. Results
2.1. No Change in Cerebral Blood Flow after Global Cerebral Ischemia in Young and Aged
WT and IP KO Mice

A 12-min period of global ischemia induced a significant decrease in regional cerebral blood
flow (rCBF) as measured by a laser Doppler flowmeter in young and aged C57Bl/6 WT
(9.6% ± 0.6%; 9.0% ± 1.0% from baseline) and IP KO mice (8.8% ± 1.3%; 8.0% ± 1.0%
from baseline) compared to corresponding sham-operated controls. There were no
significant differences in the rCBF between the groups. The core body temperature was
maintained between 37.0 and 37.5 °C in all mice.

2.2. Cognitive Deficiency and Motor Dysfunction Induced by Global Cerebral Ischemia
Were Enhanced in Young and Aged IP KO Mice

T-maze testing for spontaneous alternation demonstrated a significantly higher number of no
alternations in the young (p < 0.05) and aged (p < 0.01) IP KO ischemia mice at day 3
compared to age-matched WT ischemia mice. By day 7, there were statistically significant
differences in the young (p < 0.05) and aged IP KO (p < 0.01) ischemia groups as compared
to age-matched ischemic WT controls (see Figure 1).

For the field walking score at day 3, young IP KO mice (2.50 ± 0.22) showed no
significance in uncoordinated spontaneous movement of groups of muscles as compared to
young C57Bl/6 WT ischemic mice (2.67 ± 0.33). The mice in both groups showed
movement of two or all three major joints in the hind limbs and active support and
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uncoordinated gait or short bouts of coordinated gait. On the other hand, aged IP KO mice
(1.75 ± 0.25) showed more poorly coordinated movement (p < 0.01) as compared to the
corresponding wild-type aged mice (2.40 ± 0.22), which showed uncoordinated spontaneous
movement of groups of muscles. At day 7, the aged IP KO mice (1.75 ± 0.25) showed a
more uncoordinated locomotor activity score (p < 0.01) compared to aged WT ischemic
mice (2.40 ± 0.24) as shown in Figure 2.

2.3. Genetic Deletion of IP Receptor Enhanced Hippocampal CA1 Neuronal Cell Loss in
Young and Aged IP KO Mice

We then wished to correlate the behavioral phenotype with ischemic brain pathology, so we
assessed delayed hippocampus neuronal damage following global ischemia. After seven
days of recovery, the number of viable neurons in the hippocampus CA1 region was not
significantly different among the sham groups of the various genotypes. However, the CA1
neuronal loss was much greater in the young and aged IP KO mice (p < 0.01) than in the
control ischemic WT mice (Figure 3); no statistical differences were noted among young
and aged WT and IP KO groups in GFAP (astrocyte marker) (Figure 4).

2.4. Genetic Deletion of IP Receptor Exacerbated Microglia Activation and Neutrophil
Infiltration in Young and Aged IP KO Mice

Despite the lack of astroglial activation, microglial reactivity (Iba1-positive cells), and
infiltrating neutrophils, measured as the level of MPO, in the hippocampal CA1 region after
12 min of global ischemia and seven days of reperfusion, was significantly elevated (p <
0.01) in young and aged IP KO ischemic mice compared to WT ischemic counterparts (p <
0.01) (Figures 5 and 6). These results indicate that IP receptor deletion exacerbates
ischemia-induced neuronal damage resulting in activation of microglia and neutrophil
infiltration in this mouse global ischemia model.

2.5. PGI2 IP Receptor Regulates CREB Phosphorylation after Global Cerebral Ischemia
In young and aged IP KO mice, the levels of phosphorylated CREB were significantly
decreased (p < 0.01) as compared to the WT ischemic mice (Figure 7). However, there was
no p-CREB immunostaining observed between young and aged WT and IP KO sham mice.

3. Discussion
The present study demonstrates the importance of PGI2 IP receptor in transient forebrain
ischemia, especially in an aged population. Here, we showed that young and aged mice with
a genetic deletion of the IP receptor have marked hippocampal injuries and memory
impairments as evaluated by immunohistochemistry, and by the open field and T-maze tests
as compared to their WT ischemic controls. This study correlates well with prior reports that
suggest that PGI2 generated through COX-2 activity may play an ameliorative role in focal
and global cerebral ischemia [10,13], and reduce motor disturbances and pathological
damage following spinal cord and hypoxic injury in both adult and aged mice [17,18]. We
now show that, some of these behavioral impairments and neuronal cell loss may be
associated with the increase in the number of activated microglia and the reduction in CREB
phosphorylation after genetic deletion of the IP receptor as compared to their corresponding
WT ischemic mice.

Several reports claim that global cerebral ischemia, arising as a sequel of cardiac arrest or
cardiac surgery in humans or induced experimentally in animals, leads to spatial cognitive
impairments and hippocampal damage, especially in the CA1 region [19,20]. In the present
study, we observed that young and aged IP KO mice with transient global ischemia by
BCCAO exhibit serious motor and memory impairment, as determined by open field and T-

Shakil and Saleem Page 3

Brain Sci. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



maze tests, compared to WT ischemic mice. These results suggest that genetic deletion of
the IP receptor exacerbates the memory dysfunction caused by BCCAO in young and aged
mice by enhancing neuronal cell loss.

Increasing numbers of reports suggest that inflammation has been implicated as an
important cause of the neuronal damage induced by ischemic conditions [21]. Microglia, a
macrophage precursor in the brain, acts as a detector of inflammation and pathologic
changes in the central nervous system. They rapidly become activated after brain ischemia
or trauma [22]. It has also been reported that, although reperfusion following ischemia
restores cerebral blood flow, it can lead to secondary brain damage from an influx of
neutrophils and to increases in oxidative stress, brain edema, and hemorrhage [23]. In
addition, myeloperoxidase (MPO), a key inflammatory enzyme secreted by activated
neutrophils and macrophages/microglia, can generate highly reactive oxygen species to
cause additional damage in brain ischemia [24]. Moreover, recent studies suggested that
microglia activation suppresses the hippocampal-dependent spatial working memory in aged
mice [21,25]. We found a significant increase in cognitive dysfunction and microglia
activation and neutrophil infiltration after 12 min of ischemia and seven days of reperfusion
in young and aged IP KO mice as compared to the WT ischemic mice.

It is well known that use of COX-2 inhibitors worsens heart disease and stroke [26].
Therefore, it is important to define the COX-2 mediated downstream pathways mediated
through G-protein coupled receptors, such as the PGI2 IP receptor. Intervention in these
pathways could prove beneficial against cognitive impairments and neuronal cell loss in
aged populations [27]. It has been reported that activated IP receptors signal mainly through
Gαs activation of adenylyl cyclase and mediates its neuro protective functions, mainly
through the cAMP/protein kinase A signaling pathway [13]. Moreover, phosphorylation of
CREB (p-CREB), the activated form of CREB, regulates many aspects of neuronal function,
including short- and long-term memory formation [28–30]. Therefore, the activation of
cAMP/PKA/CREB signaling pathway in the hippocampus should play an important role in
spatial memory formation [31–33]. Future work will be required to investigate and fully
appreciate the complexity of the intracellular pathways that lead to brain protection from
memory-related phenomena via cAMP/PKA/CREB at the hippocampus, although we have
not yet studied signal mechanism. Phillips et al. [34] found induced expression of p-CREB
in vulnerable hippocampal neurons after global cerebral ischemia. In this study, we observed
increased expression of p-CREB in CA1 hippocampal neurons in young and aged WT
ischemic mice. However, genetic deletion of the IP receptor in young and aged mice
significantly decreased the number of p-CREB positive cells. Taken together, our findings
suggest that transient global cerebral ischemia mediates CREB phosphorylation and genetic
deletion of PGI2 IP receptor decreases pCREB, which act as a molecular marker of memory
processing in the hippocampus for cognitive function [14,35,36].

4. Experimental Section
4.1. Experimental Animals

This study was performed in accordance with the NIH guidelines for the use of experimental
animals. All protocols were approved by the Sanford-Burnham Medical Research Institute
Animal Care and Use Committee. Young (2–3 months) and aged (12–15 months) WT and
IP receptor knock out (IP KO) C57BL/6 mice were maintained in our barrier facility and
genotyped by polymerase chain reaction as described earlier [37].
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4.2. Experimental Groups
The mice were randomized and sample size was calculated before the start of the
experiment. The mice were divided into eight groups: Sham, young and aged, WT and IP
KO; ischemia, young and aged, WT and IP KO (n = 6–8). The investigators were blinded for
surgeries and evaluations for functional and histological outcomes.

4.3. Induction of Global Cerebral Ischemia: BCCAO
To induce ischemia, mice were anesthetized with 5% isoflurane and intubated with a small-
animal respirator (Harvard, type 845, Harvard Inc., Holliston, MA, USA). A midline
incision was made, and then the bilateral common carotid arteries were carefully isolated
and occluded by artery clips. After 12 min, the clips were removed to restore cerebral blood
flow and the incision was closed. The body temperature was maintained at 37 °C throughout
the procedure and recovery with a heating pad. Sham animals received the same surgical
procedure except that the carotid arteries were not occluded [38].

4.4. T-Maze Spontaneous Alternation
T-maze spontaneous alternation was determined in mice by using a previous method with
modifications [39]. Mice were placed on the base of a T maze and were given the choice to
explore either the right or left arm of the maze for ten consecutive trials. A choice was
assumed to be made when the mouse stepped with all four paws into an arm. At that
moment, the gate to that arm was closed and the animal was allowed to explore the arm for 5
s.

4.5. Open Field Test
Mouse motoric behavior testing was performed using an open field scoring system, which
measures each mouse’s gross locomotor ability inside a plastic tray (8 × 11 × 3 inches)
according to a modified Tarlov scale. Locomotor activity scores of mice ranged from 0
(flaccid or spastic paralyis) to 5 (normal walking) as previously described [40].

4.6. Immunohistochemistry and Quantification
Seven days after ischemia, paraffin-embedded sections were de waxed and rehydrated.
Antigen retrieval was achieved by microwaving sections in citric acid (pH 6) for 5 min.
Endogenous peroxidase activity was quenched with exposure to 10% hydrogen peroxide for
30 min. Sections were blocked for 1 h in 4% normal goat serum before being exposed to
primary antibody overnight at 4 °C. Anitbodies used were: NeuN (Millipore chemicon,
Billerica, MA, USA), specific for neurons or GFAP (Abcam, Cambridge, UK), specific for
astrocytes, Iba 1 (Wako Chemicals USA, Richmond, VA, USA), specific for microglia/
macrophages and MPO (Dako North America Inc., Carpinteria, CA, USA), specific for
neutrophils, anti-phosphorylated-CREB (Ser 133) (Cell signaling, Danvers, MA, USA),
specific for pCREB. Following overnight incubation at 4 °C, sections were incubated in
appropriate secondary antibody (Vector Laboratories, Burlingame, CA, USA) for 1 h at
room temperature. Staining was visualized with the ABC-DAB system (Vector
Laboratories, Burlingame, CA, USA). The number of positively immunostained cells in the
whole hippocampal CA1 subfield of each section was quantified using the Aperio Scan
Scope CS system (Aperio Technologies, Vista, CA, USA). The acquired digital images
representing whole tissue sections were analyzed by applying the Spectrum Analysis
algorithm package and Image Scope analysis software (version 9; Aperio Technologies) to
quantify IHC and histochemical staining.
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4.7. Statistical Analysis
We used GraphPad PRISM for all statistical tests. We performed a two way ANOVA for
behavior tests and cell counts between the young and aged WT and IP KO experimental
groups followed by Fisher’s Protected Least Significant Difference (PLSD) post hoc
analysis. An alpha level of 0.05 was used to reject the null hypothesis. Data are presented as
mean ± standard error of the mean (s.e.m.), and a p value < 0.05 was considered statistically
significant.

5. Conclusions
In summary, this is the first report suggesting that the genetic deletion of the IP receptor
exacerbates cognitive and neuronal damage caused by BCCAO in the mouse. Moreover, we
found that activated microglia and MPO levels were higher in young and aged ischemic IP
KO mice than in WT ischemic controls. Furthermore, we found that p-CREB was decreased
in young and aged IP KO mice as compared to their corresponding controls. These results
suggest that genetic deletion of the IP receptor exacerbates inflammation due to ischemia,
leading to increased neuronal damage accompanied by decreasing expression of p-CREB,
which results in the enhancement of memory impairments induced by BCCAO, especially in
aged mice.
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Figure 1.
Number of “no alternations” in the T-maze spontaneous alternation test (10 trials) after 12
min global ischemia and 3-day or 7-day reperfusion. “No alternations” was assessed in both
young and aged ischemic IP receptor knock out (IP KO) mice compared to their ischemic
wild-type (WT) controls (* p < 0.05, § p < 0.05, # p < 0.05 and n.s. = no significance). Data
represent mean ± s.e.m. n = 6–8 per group.
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Figure 2.
Effect of PGI2 IP receptor on locomotor activity after 12 min global ischemia and 3-day or
7-day reperfusion. Locomotor activity was assessed by a 5-point scale. Both young and aged
ischemic IP KO mice were compared to their ischemic WT controls (§ p < 0.05, + p <0.05,
n.s. = no significant). Data represent mean ± s.e.m. n = 6–8 per group.
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Figure 3.
NeuN staining in young and aged WT and IP KO sham and ischemic mice after 12 min
global cerebral ischemic insult. (A) Representative images of brain sections show NeuN
immunostaining in young and aged WT and IP KO sham and ischemic mice. (B)
Quantification of NeuN-positive cells in the hippocampal CA1 subfield on day 7 after
ischemia, comparing ischemic IP KO groups with their sham and ischemic controls (n = 3
per group). * p < 0.05, ×× p < 0.01, ## p < 0.01, ††p < 0.01 for Ischemia vs. Sham; + p <
0.05, § p < 0.05 for Ischemia IP KO vs. Ischemia WT.

Shakil and Saleem Page 11

Brain Sci. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Astrocyte reactivity in young and aged WT and IP KO sham and ischemic mice after 12-min
global cerebral ischemic insult. (A) Representative images of brain sections show astrocyte
immunostaining. (B) Quantification of GFAP-positive cells in the hippocampal CA1
subfield on day 7 after ischemia (n = 3 per group). n.s. = no significance.
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Figure 5.
Microglia reactivity in young and aged WT and IP KO sham and ischemic mice after 12 min
global cerebral ischemic insult. (A) Representative images of brain sections show microglia
immunostaining. (B) Quantification of Iba-1-positive cells in the hippocampal CA1 subfield
on day 7 after ischemia. (n = 3 per group). * p < 0.05, ## p < 0.01, ×× p < 0.01, ††p < 0.01 for
Ischemia vs. Sham; + p < 0.05, § p < 0.05 for Ischemia IP KO vs. Ischemia WT.
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Figure 6.
Myeloperoxidase activity in young and aged WT and IP KO ischemic mice after 12 min
global cerebral ischemic insult. (A) Representative images of brain sections show MPO
immunostaining. (B) Quantification of MPO positive cells in the hippocampal CA1 subfield
on day 7 after ischemia. (n = 3 per group). * p < 0.05, ## p < 0.01, ×× p < 0.01, ††p < 0.01 for
Ischemia vs. Sham; + p < 0.05, § p < 0.05 for Ischemia IP KO vs. Ischemia WT.
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Figure 7.
The phosphorylation of CREB in young and aged WT and IP KO mice after 12 min global
cerebral ischemic insult. (A) Representative images of brain sections show p-CREB
immunostaining. (B) Quantification of p-CREB positive cells in the hippocampal CA1
subfield on day 7 after ischemia. (n = 3 per group). * p < 0.05, ## p < 0.01 for IP KO vs.
WT.
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