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Abstract

CDA47 is a cell surface glycoprotein that helps mediate neutrophil transmigration across blood
vessels. The present study was performed to determine whether absence of the CD47 gene
decreases focal ischemic brain damage. Mice were subjected to 90 minutes middle cerebral artery
occlusion. CD47 knockout mice were compared against matching wildtype mice. CD47
expression was checked by Western blotting. Infarct volume and ischemic brain swelling were
quantified with cresyl violet—stained brain sections at 24 and 72 hours after ischemia. The tight
junction protein claudin-5 was detected by imunohistochemistry. Two surrogate markers of
neuroinflammation, brain levels of matrix metalloproteinase-9 (MMP-9) and infiltration of
neutrophils, were assessed by immunohistochemistry. Western blots confirmed that CD47 was
absent in knockout brains. Ischemia did not appear to upregulate total brain levels of CD47 in WT
mice. In CD47 knockout mice, infarct volumes were reduced at 24 and 72 hours after ischemia,
and hemispheric swelling was decreased at 72 hours. Loss of claudin-5 was observed in ischemic
WT brain. This effect was ameliorated in CD47 knockout brains. Extravasation of neutrophils into
the brain parenchyma was significantly reduced in CD47 knockout mice compared to wildtype
mice. MMP-9 appeared to be upregulated in microvessels within ischemic brain. MMP-9 levels
were markedly lower in CD47 knockout brains compared to wildtype brains. We conclude that
CDA47 is broadly involved in neuroinflammation, and this integrin-associated-protein plays a role
in promoting MMP-9 upregulaton, neutrophil extravasation, brain swelling and progression of
acute ischemic brain injury.

INTRODUCTION

CDA7 or integrin associated protein is an Ig super family transmembrane glycoprotein that is
widely expressed in most cells and tissues. Originally, CD47 was identified in association
with the a3 integrin. CD47 can interact with thrombopondin-1 (TSP-1) (Sipes, et al.,
1999), and has a part in B3 integrin-mediated actions. CD47 plays an important
immunoregulatory role in neutrophil transmigration responding to inflammatory stimulation
(Parkos, et al., 1996), as demonstrated in CD47-deficient mice that appear to have a defect
in phagocyte activation (Lindberg, et al., 1996). In vitro studies indicate that CDA47 regulates
some adhesion-dependent cell functions, and is involved in neutrophil migration across
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peripheral endothelial cells and monocyte migration across epithelial cells (Cooper, et al.,
1995, Liu, et al., 2001, Rosseau, et al., 2000).

Cerebral ischemic injury is associated with the induction of a series of inflammatory events,
including the infiltraction of circulating immune cells (neutrophils and monocytes) and
activation of resident cells (Muir, et al., 2007). Of the various types of leukocytes,
neutrophils (the major subtype of polymorphonuclear leukocytes) are among the first to
infiltrate ischemic brain. Extravasated polymorphonuclear leukocytes release reactive
oxygen species and lipid peroxidation products, and promote blood-brain barrier disruption,
vascular plugging, edema, and development of infarction (Barone and Feuerstein, 1999,
Hernandez, et al., 1987, Zhang, et al., 1994). There may also be positive feedback because in
vitro studies suggest that CD47 signaling on endothelium may further amplify the
expression of adhesion molecules (Narizhneva, et al., 2005). These experimental
observations led us to hypothesize that CD47 might be a potential anti-inflammatory target
for stroke therapy. In this study, we examined the effect of CD47 gene knockout on the
progression of inflammation and infarction in a mouse model of focal cerebral ischemia.

MATERIALS AND METHODS

Mouse Focal Cerebral Ischemia

All experiments were performed following an institutionally approved protocol in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. CD47 gene knock-out (CD47 KO) mice were generated as previously described,
and compared against matching C57BL/6 wildtypes (Oldenborg, et al., 2000). Male mice
around 12 weeks old were subjected to transient focal cerebral ischemia by intraluminal
middle cerebral artery blockade with a 7.0 silicon-coated nylon suture. Anesthesia was
induced with 1% isoflurane in a mixture of 70% nitrous oxide and 30% oxygen delivered by
face mask. Rectal temperature was maintained at 37 + 0.5 °C. Systemic parameters
including pH and blood gases were all within normal range and there were no differences
between wildtype and KO mice. Regional cerebral blood flow was monitored by laser
Doppler flowmetry. Probes were placed at the center (from bregma: 3.5 mm lateral, 1.5 mm
caudal) and periphery (from bregma: 1.5 mm lateral, 1.5 mm caudal) of the ischemic
territory (Shimizu-Sasamata, et al., 1998). After 90 minutes of focal ischemia, CBF was
restored by withdrawal of the nylon suture. Blood gases were monitored during the ischemic
occlusion.

Calculation of Brain Infarction and Swelling

Brains were removed at 24 or 72 hours after reperfusion. With 24 hours brain samples, 1
mm coronal slices were made from front of brain to brainstem, and 2,3,5-
triphenyltetrazolium chloride (TTC) (Sigma Chemical Co., St.Louis, MO) staining was
performed to demonstrate the presence of infarction. With 72 hours brain samples, fourteen
serial 12 pm-thick coronal sections from each brain were cut at 500 wm intervals beginning
at 1 mm from the frontal pole using a cryostat. Each slice was stained with cresyl violet. The
infarction areas were measured with the computer-assisted image analysis software ImageJ
(NIH). Brain swelling was calculated as = [(ipsilateral hemisphere’s volume/contralateral
hemisphere’s volume)-1] x100 (Strbian, et al., 2006). True infarction volumes were
corrected by the swelling factor (Takano, et al., 1997).

Immunohistochemistry

Brains were were perfused with PBS (pH 7.4) and quickly frozen in liquid nitrogen. Coronal
sections at the caudate level were cut on a cryostat at —20°C to 12pum thickness, and
collected on glass slides. Staining was performed for neutrophils (NIMP-R14, Cell
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Sciences), MMP-9 (antibody generously donated by Robert Senior, Washington University
St Louis) (Betsuyaku, et al., 2000) with CD31 (BD Pharmingen) endothelial labeling, and
claudin-5 (Zymed) with CD31 labeling. Sections were fixed by 4% paraformaldehyde (PFA)
or ethanol, and rinsed three times in PBS (pH 7.4). After blocking with 3% normal goat
serum, sections were then incubated at 4°C overnight in a PBS solution containing the
primary antibodies in PBS, 0.3% TritonX, 3% bovine serum albumin. The sections were
washed and incubated for 1 hour with secondary antibodies with fluorescence conjugations.
Subsequently, the slides were covered with VECTASHIELD mounting medium with 4, 6'-
diamidino-2-phenylindole (DAPI) (H-1200; Vector Laboratories). Signals were examined
using an Olympus microscope (BX51; Olympus) equipped with FITC and rhodamine filter
set. The density of staining was analyzed by using NIH ImageJ software from representative
staining sections, and the measurement was repeated 3 times in each brain. All images were
collected from microscope image system under the same conditions, and the positive pixel
area was calculated after setting threshold range from 50 to 255(Lee, et al., 2006). These
imaging processes were automatically completed by batch processing with macro script
programming.

Immunoblotting

Whole-cell protein extraction was performed on samples from sham controls and ischemic
brain after 6 and 8 hours of focal ischemia. Brain tissues were homogenized in 10X vol of
cold protein extraction buffer (complete tablet; Roche Molecular Biochemicals, Mannheim,
Germany), centrifuged at 10,0009 for 20 mins at 4°C, and the supernatant was used for
analysis. After adding the 2X volume of sample buffer (Invitrogen) to the supernatant, equal
amounts were loaded per lane. The primary antibody was a 1:1000 dilution of goat
polyclonal antibody against CD47 (AF1866, R&D Systems). Western blots were performed
with horseradish peroxidase (HRP)-conjugated anti-goat 1gG (Sigma) using a
chemiluminescence Western blotting detection system kit (ECLTM-RPN 2106, Amersham
Pharmacia Biotech, Uppsala, Sweden).

Statistical Analysis

RESULTS

Data were expressed as mean + s.d.. Statistical analysis was performed using ANOVA and
Student’s t-test. Differences with P<0.05 were considered statistically significant.

Immunoblotting of brain homogenates revealed CD47 as a band at approximately 50 kDa.
CD47 was confirmed to be absent in the CD47 knockout mouse brain samples (Fig. 1).
Clear bands were observed in all wildtype mice brain samples, but no significant difference
in CDA47 expression could be detected between ischemic versus control wildtype mice, even
by 24 hours post-ischemia.

There were no significant differences in systemic physiologic parameters in the two groups
of wildtype and knockout mice (Table 1).After arterial occlusion, regional cerebral perfusion
in the center and periphery of the ischemic territory rapidly dropped to approximately 10%
and 45% of pre-ischemic baselines, respectively (Fig. 2). Reperfusion induced a return to
almost normal blood flow levels in both center and periphery. This occurred uniformly in all
mice and there were no differences between wildtype and CD47 knockout blood flow
response (Fig. 2).

At 24 hours after arterial occlusion and reperfusion, ischemic brain swelling began to occur
in all mice. The degree of swelling was not significantly different in CD47 knockouts (13.6
+ 7.1 %) compared with wildtype mice (17.5 + 3.2 %, Fig. 3A-B). However, hemispheric
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swelling continued to develop in the wildtype group, and by 72 hrs, swelling had
significantly worsened to 38.6 £+ 7.5 %. In contrast, no progression was detected in the CD47
knockouts, and the degree of hemispheric swelling was significantly lower than wildtypes at
72 hrs (13.8 + 11.7 %, *p<0.01, Fig. 3A-B).

Because of the profound hemispheric swelling, infarct sizes were recalculated to normalize
for ipsilateral versus contralateral volume ratios. With this normalization procedure, infarct
volumes were found to be significantly reduced by CD47 gene knockout at both 24 hrs and
72 hrs (108.2 + 14.5 mm?3 in wildtype vs. 77.7 = 29.7 mm3 in knockouts at 24 hrs, P<0.05;
110.7 + 14.5 mm3 in wildtype vs. 135.4 = 9.8 mm? in knockouts, *p<0.05; Fig. 3C).

Brain swelling is typically associated with blood-brain barrier disruption and edema. So
claudin-5 was assessed as a representative tight junction protein. In normal wildtype and
knockout contralateral brain tissue, claudin-5 signals appeared to co-localize with CD31-
positive microvessels, as expected (Fig. 4). At 72 hrs after ischemia, claudin-5 levels in peri-
infarct cortical regions were decreased, but the degree of claudin-5 reduction appeared larger
in wildtype brains compared to CD47 knockout brains (Fig 4).

A great number of neutrophils were observed in the ischemic territory in wildtype brains at
72 hours post-ischemia (Fig. 5A). Neutrophil infiltration was significantly decreased in
knockout mice compared to wildtype mice (Fig. 5A-B). Corresponding to areas of
neutrophil infiltration, MMP-9 appeared to be upregulated as well. Co-localization with
CD31 suggested that MMP-9 was mainly elevated in microvessels of ischemic brain areas
(Fig. 6A). Quantitative densitometry demonstrated that MMP-9 levels were significantly
reduced in CD47 knockout versus wildtype brains at 72 hrs post-ischemia (Fig. 6B).

DISCUSSION

The current study suggests that CD47 may play an important role in the pathophysiology of
focal cerebral ischemia. We observed that genetic knockout of CD47 (i) reduced infarction
at both 24 and 72 hrs post-stroke, (ii) prevented the progression of hemispheric swelling and
edema from 24 to 72 hrs, (iii) ameliorated the loss of the tight junction protein claudin-5,
(iv) decreased the infiltration of neutrophils into ischemic brain, and (v) downregulated the
overall inflammatory MMP-9 response in damaged parenchyma.

CDA47 is a widely expressed molecule in brain tissue, with cellular localization including
endothelial cells, macrophages and neurons (de Vries, et al., 2002, Reinhold, et al., 1995).
Systemically, CD47 is known to contribute to the transmigration of various blood cells
across endothelial and epithelial cells during inflammation (Cooper, et al., 1995, Liu, et al.,
2001, Rosseau, et al., 2000). More recently, it has been suggested that similar phenomena
may also take place in brain, with CD47 mediating monocyte movements across cerebral
endothelial layers (de Vries, et al., 2002). In the context of stroke, infiltration of
inflammatory blood cells is expected to worsen brain injury. Our finding that the deletion of
CDA47 reduced ischemic brain injury was consistent with this general principle. What was a
bit surprising however, was that we were unable to detect any upregulation of CD47 after
ischemic onset. Previous studies have similarly reported that CD47 expression on brain
endothelial cells was not significantly increased upon treatment of the cells with
proinflammatory cytokines (Cooper, et al., 1995, de Vries, et al., 2002). Taken together,
these observations indicate that constitutive expression of CD47 in brain in vivo may act in
concert with other factors after ischemic stimulation to mediate injury in stroke.

Emigration of neutrophils, monocytes and other cells from the blood into the CNS is a key
event in the development of neuroinflammatory lesions. Experimental studies in animal
models of focal ischemic stroke showed that inhibiting the accumulation of neutrophils
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decreased brain injury (Jean, et al., 1998, Kochanek and Hallenbeck, 1992, Matsuo, et al.,
1994, Mori, et al., 1992). Consistent with a previous report (Maier, et al., 2004), neutrophil
infiltration in our model appeared to be easily detected by 72 hours after ischemia. In our
CDA47 knockouts, reduction of neutrophils appeared to coincide with the downregulation of
MMP-9 signals in neurovascular locations. Neutrophils, as a source of both reactive oxygen
species and MMP-9, infiltrate damaged tissue after ischemia and contribute to delayed
secondary tissue damage (Maier, et al., 2004). MMP-9, as a key inflammatory mediator in
stroke, further breaks down the blood-brain barrier and exacerbates inflammatory processes
(Kochanek and Hallenbeck, 1992, Matsuo, et al., 1994). Matrix metalloproteinases (MMPSs)
disrupt the blood-brain barrier during ischemia-reperfusion by degrading tight junction
proteins (Yang, et al., 2007), and the neurovascular protease activity is increased by
neutrophil-derived matrix metalloproteinase-9 (McColl, et al., 2008). In the present study,
enhanced preservation of the tight junction protein claudin-5 in CD47 knockout mice may
also contribute to the prevention of brain edema (Jin, et al., 2008) and neutrophil influx
(Gurney, et al., 2006). These integrated cellular events may explain the amelioration of brain
swelling and infarction. Taken together, these results suggest that blocking CD47 signaling
may provide a potential target for broadly attenuating inflammation and the progression of
ischemic injury after stroke.

Nevertheless, there are several caveats that warrant further study. First, we were unable to
detect cell types involved in CD47 signaling. All the antibodies we tested failed in yielding
reliable immunostaining (data not shown). Therefore, we cannot be sure how CD47 might
differentially function in endothelial cells, glia and neurons during stroke. We have recently
shown that CD47 can trigger neuronal death via caspase-dependent and caspase-independent
oxidative stress mechanisms (Xing, et al., 2008). Hence it is conceivable that in addition to
the neurovascular inflammation discussed thus far, blocking CD47 can also prevent direct
neuronal death. A second issue relates to the ability of CD47 stimulate platelet aggregation
(Dorahy, et al., 1997, Isenberg, et al., 2008, Kato, et al., 2005). Is it possible that CD47
activation worsens blood flow in penumbral areas? Although we did not detect any
perfusion changes in our model, it must be noted that the laser doppler method used here
provide only single point measurements. More rigorous autoradiographic or in vivo imaging
data will be needed to determine whether blocking CD47 can also rescue brain by improving
flow. A third concern relates to quantitative relationships between our various neurovascular
endpoints. We observed amelioration of claudin-5 degradation, reduction of neutrophils and
downregulation of MMP-9. But we were unable to quantify the spatial correlation between
these events at the microvascular scale. Future studies using in vivo optical imaging may
help in this regard. Finally, our study, though suggestive, leads to more questions of
causality and translational potential for stroke. Although we showed that CD47 gene
knockout reduced various parameters of ischemic brain injury, we cannot be sure what
mechanisms are truly involved. It is likely that multiple actions may occur, i.e. blocking
CDA47 may improve blood flow, decrease neurovascular inflammation, decrease neuronal
death, ameliorate edema and brain swelling, and reduce tissue infarction. But how can we
design compounds to block CD47? What about the time-course? And what is the
corresponding therapeutic window for tackling CD47 as a target? Our current study only
provides in vivo proof of concept.

In conclusion, we showed that genetic deletion of CD47 reduces extravasation of neutrophils
and MMP-9 expression, thereby decreasing infarct volume and ischemic swelling in a
mouse model of focal cerebral ischemia. Interference with CD47 pathway may offer a novel
approach to reduce inflammatory injury in stroke. Further studies are warranted to explore
CDA47 as a potential target for stroke therapy.
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Figurel.
Western blot for CD47 in wildtype (WT) and CD47 knockout (KO) mouse brain tissue

homogenates at 24 hours after ischemia. No clear difference in CD47 expression was
detected between ischemic animals and control animals. No band was detected in CD47

knockout brains. N=3 per lane.
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Regional cerebral blood flow (rCBF) in the center of the ischemic focus (probe 1) and
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peripheral zones (probe 2) of the ischemic distribution. Ischemia led to the expected drops in
rCBF. Reperfusion restored rCBF levels close to 100% baselines. There were no significant
differences between wildtype (WT) and CD47 knockout (KO) mice.
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Brain infarction and swelling after 90 minutes of transient focal cerebral ischemia. (A)
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Representative sections of wildtype (WT) and CD47 knockout (KO) brains measured at 24
and 72 hours. (B) Progression of hemispheric swelling occurred from 24 to 72 hrs in WT

brains, but not CD47 KO brains. (C) Ischemic infarction volumes were significantly

decreased in CD47 KO compared to WT brains. N=8 per group and N=5 per group for 24 hr

and 72 hr measurements respectively, *p<0.05.
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Claudin-5

Figure 4.

Double immunostaining for CD31 (red) and claudin-5 (green) at 72 hrs after ischemia.
Claudin-5 staining was colocalized with the endothelial maker CD31. Claudin-5 signals
were decreased in ischemic (peri-infarct) cortex compared to matching areas in contralateral
brain. Loss of claudin-5 signals appeared to be ameliorated in CD47 knockout mice
compared to wildtype mice, in spite of the fact that cell densities (DAPI, blue) and
microvessel numbers (CD31, red) appeared similar. Con: contralateral, ipsi: ipsilateral.
Scale bar: 50 pm.
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Figure5.

Neutrophil infiltration at 72 hrs after ischemia. (A) Representative sections showing
immunoreactivity for neutrophils within the ischemic area in WT and CD47 KO brains.
Scale bar: 100 wm. (B) Quantitative data showing a significant reduction of neutrophils in
CD47 KO compared to WT brains, *p<0.05.
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Figure®6.

MMP-9 expression at 72 hrs after ischemia. (A) Representative photomicrographs showing
immunoreactivity for MMP-9 within the ischemic area in WT and CD47 KO brains. MMP-9
appeared co-localized with the endothelial marker CD31. Scale bar: 50 pm. (B) Quantitative
data showing a significant reduction of MMP-9 immunostaining image density in CD47 KO
compared to WT brains, *p<0.05.
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Table 1

Physiological Parameters

pO, pCO, pH BP

WT 1144+222 376+53 73+01 925+29
CD47KO 107.8+429 37.1+47 74+01 992%73

(mean £ SD)
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