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Abstract

Both experimental studies and surgical clinical trials suggest that hematoma clearance has is a 

therapeutic target in intracerebral hemorrhage (ICH). We have investigated effects of CD47, a 

‘don’t eat me’ signal expressed on erythrocytes, on hematoma resolution after ICH in young mice. 

This study expands those findings by examining the effects on a CD47 blocking antibody in aged 

rats. First, male Fischer 344 rats (18 months old) received an intracaudate injection of 50μL 

autologous whole blood or saline. Hematoma features of magnetic resonance imaging (MRI) and 

neurological deficits were evaluated within 3 days. Second, rats had an intracaudate co-injection of 

50μL autologous blood with either CD47 blocking antibody or IgG. MRI was used to quantify 

hematoma/iron volume, hemolysis, brain swelling and atrophy at different time points, behavioral 

tests to assess neurological deficits and immunohistochemistry to assess brain injury and 

neuroinflammation. The CD47 blocking antibody significantly promoted hematoma clearance, 

attenuated brain swelling, hemolysis and neuronal loss and increased the number of phagocytic 

macrophages in and around hematoma 3 days after ICH. Moreover, CD47 blockade reduced 

neuronal loss, brain atrophy and neurobehavioral deficits at day 28. These results indicate that a 

CD47 blocking antibody can accelerate hematoma clearance and alleviate short- and long-term 

brain injury after ICH in aged rats and that it might be a therapeutic strategy for ICH.

Keywords

CD47 blocking antibody; cerebral hemorrhage; macrophage activation; aged rats

Introduction

Hematoma size is the strongest predictor of patient outcome after intracerebral hemorrhage 

(ICH)1. Hematoma size will impact both the initial mass effect and the release of potentially 

neurotoxic factors from red blood cells (RBCs)2. Hence, hematoma reduction represents a 
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key target in ICH treatment3. However, surgical hematoma evacuation failed to improve 

functional outcomes in ICH patients probably because of insufficient hematoma removal4. 

An alternative or complementary approach is to accelerate endogenous mechanisms 

involved in hematoma clearance3. Thus, stimulating phagocytosis via microglia/macrophage 

(M/MΦ) activation with peroxisome proliferator-activated receptor-γ agonists accelerates 

hematoma clearance in murine ICH models2, 5, 6.

CD47, a glycoprotein, is expressed on RBC membranes and acts as a “don’t eat me” signal. 

Low CD47 levels are present on senescent RBCs and are associated with increased 

macrophage clearance7. Our previous studies showed that erythrophagocytosis in the 

hematoma was related to reduced clot CD47 levels in a piglet ICH model8, and that CD47 

gene deletion9 or use of a blocking CD47 antibody10 augmented hematoma clearance in 

mouse ICH models and this was associated with less brain swelling, neuronal death and 

neurological deficits. However, there are significant differences in immune responses 

between mice and rats11, 12. For example, the resting/stimulated expression of microglial 

markers (Iba1, CD11b, CD68) differs between the species11. Moreover, those species show 

distinct and even opposite changes in the expression of M1 or M2 markers when primary 

microglia are stimulated by the same pro- or anti-inflammatory mediators11. Therefore, 

evidence from mice may not be generalizable to rats and other species.

Age is an independent factor affecting ICH prognosis and ICH is mostly a disease of the 

elderly. Evidence suggests that aging exerts vital effects on RBCs and phagocytic cells. 

Thus, in old animals and humans, RBCs have a shorter lifespan13, 14 and aging was reported 

to reduce the phagocytic capacity of M/MΦ in vitro15, 16. Therefore, the effect of CD47 on 

hematoma clearance should be examined in aged animals for better translational research.

The aim of the present study was, therefore, to examine the effect of a CD47 blocking 

antibody on hematoma resolution in aged rats. It also examined whether that antibody 

improved short- and long-term brain injury and neurological deficits in those animals.

Material and Methods

Animals and ICH

The protocols for the animal use were approved by the University of Michigan Institutional 

Animal Care and Use Committee. The study complies with the ARRIVE guidelines for 

reporting in vivo experiments. Randomization was carried out using odd/even numbers. A 

total of 81 male aged Fischer 344 rats (age: 18 months; weight: 390–470 grams; NIH) were 

used in the study. To create the ICH model, rats were anesthetized with pentobarbital (40 

mg/kg; i.p.) and positioned in a stereotactic frame (Kopf Instruments, Tujunga, CA). Body 

temperature was kept at 37°C using a feedback-controlled heating pad. After a midline scalp 

incision, a 1 mm diameter cranial burr hole was drilled on the right coronal suture 3.5mm 

lateral to the midline. A 26-gauge needle was inserted into the right caudate (coordinates: 

0.2 mm anterior, 5.5 mm ventral and 3.5 mm lateral to the bregma) and autologous whole 

blood (50μl) obtained from right femoral artery, or equal amount of saline was injected at a 

rate of 10μl/min using a microinfusion pump (Harvard Apparatus Inc.). The needle was then 

removed, the burr hole filled with bone wax and the skin sutured.
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Experimental groups

There were three parts to this study. In the first part, rats had an intracaudate injection of 

50μl blood (n=7) or saline (n=6). MRI scanning and neurobehavioral evaluation were 

performed at days 1 and 3 after ICH. Rats were euthanized at 3 days after surgery. In the 

second part, rats received an intracaudate injection of 50μl blood mixed with either anti-

CD47 antibody (n=18) or IgG (n=17). Specifically, 3μl (0.3ug) anti-CD47 antibody or IgG 

was mixed gently in 300μl blood. All rats underwent MRI scanning and behavioral testing at 

day 1 and 3. Brains were harvested for histology at day 3. In the third part, rats had an 

intracaudate injection of 50μl blood with anti-CD47 antibody (n=17) or IgG (n=16). All rats 

had MRI and behavioral tests at days 1, 3, 7 and 28. Rats were euthanized for brain 

histology at days 28.

Nine rats died during surgery with 1 in the ICH, 3 in the ICH+anti-CD47 antibody and 5 in 

the ICH+IgG groups. One rat in the ICH+anti-CD47 antibody group was excluded due to 

cerebral infection. Eight rats were excluded due to small hematoma size (< 5μl) on T2* 

imaging at day 1 (4 in the ICH+anti-CD47 antibody and 4 in the ICH+IgG group). Three 

rats were excluded for occurrence of acute hydrocephalus evaluated on T2 imaging at day 3 

(2 in the ICH+anti-CD47 antibody and 1 in the ICH+IgG group).

Hydrocephalus development after ICH may be related to ventricular extension of 

hemorrhage. Ventricular extension of hemorrhage also resulted in small hematomas. Since 

we used ipsilateral ventricular compression at day 3 to estimate brain swelling and ipsilateral 

ventricular dilation at day 28 to estimate brain atrophy, animals with hydrocephalus were 

excluded in this experiment.

MRI measurements

Rats underwent MRI in a 9.4-Tesla MR scanner at different time-point following ICH. 

During scanning, rats were anesthetized with a 2% isoflurane and air mixture. The imaging 

protocol included a T2 fast spin-echo and T2* gradient echo sequences with the following 

parameters: repetition time (TR) = 4000ms and effective echo time (TE) = 60ms for T2 

imaging, TR = 250ms and TE = 5ms for T2* imaging. Other parameters included field of 

view (FOV) = 35 × 35 mm, matrix = 256 × 128 and slice thickness = 0.5mm for both T2 and 

T2* imaging.

While T2* lesion volume is a measure of hematoma size at acute stage (day 1 and day 3), it 

correlates with iron deposition at later time (day 28) when the hematoma resolves17. The 

T2* lesion was outlined on all slices and the lesion volume determined by combining the 

total areas and multiplying by section thickness (0.5 mm) using NIH Image J. The difference 

between T2* lesion volumes at day 3 and 1 divided by the lesion volume at day 1 was used 

to calculate the % reduction in hematoma volume over that time period. Similarly, the 

difference in T2* lesion volume at day 28 (a measure of brain iron deposition) and the T2* 

lesion volume at day 1 (a measure of initial hematoma volume) divided by the T2* lesion 

volume at day 1 was calculated as a measure of iron clearance from brain.

Early hemolysis was detected on T2*-weighted imaging. As previously described18, the iso- 

and hyper-intense signal area in hematoma center was outlined on every slice, and the iso/
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hyperintense signal volumes were obtained as the non-hypo-T2* lesion. The ratio of non-

hypo-T2* lesion volume to total T2* lesion volume was quantified to assess hemolysis at 

day 1 and days 3 after ICH.

The ratio of ipsilateral to contralateral ventricular size was measured to evaluate brain 

swelling (ventricular compression due to the hematoma and brain edema) at day 3 and brain 

atrophy at day 28. Therefore, only brain swelling rather than brain edema was measured in 

this study. In the ICH model with small hematomas, we didn’t find marked midline shift. 

The ratio of ipsilateral to contralateral ventricular size was measured to evaluate brain 

swelling (ventricular compression due to the hematoma and brain edema) at day 3. At day 

28, hematomas have been resolved. The enlargement of the ipsilateral ventricle after 

hematoma clearance can be used to estimate brain tissue loss after ICH. Three MRI slices on 

T2-weighted images, centered on the needle track layer, were chosen to outline the bilateral 

ventricles and each ventricle size was obtained. We used T2* images to determine hemolysis 

in the hematomas at day 1 and day 3. T2 images were only used for brain atrophy 

measurements at day 28. The difference in T2* lesion volume at day 28 (a measure of brain 

iron deposition) and the T2* lesion volume at day 1 (a measure of initial hematoma volume) 

divided by the T2* lesion volume at day 1 was calculated as a measure of iron clearance 

from brain.

Brain Histology and H&E Staining

Rats were euthanized with pentobarbital and underwent trans-cardiac perfusion with 4% 

paraformaldehyde. Brains were sectioned on a cryostat (18-μm-thick slices). Hematoxylin 

and eosin (H&E) staining was performed following a standard protocol and used to 

demarcate the hematoma.

Immunohistochemistry and Immunofluorescence Double Labeling

Immunohistochemistry staining and immunofluorescence double labeling were performed as 

previously described9, 19. The primary antibodies were mouse anti-CD68 (Abcam, ab31630, 

1:100), rabbit anti-heme oxygenase-1 (HO-1, Enzo, ADI-SPA-895-F, 1:400), rabbit anti-

ferritin (Sigma, F5012, 1:400) and rabbit anti-dopamine- and cAMP-regulated 

phosphoprotein, Mr 32 kDa (DARPP-32, CST, 2306s, 1:200). Negative controls were 

normal mouse IgG, rabbit IgG or eliminated the primary antibody. Secondary antibodies 

were horse anti-mouse (Vector laboratories inc, BA-2001, 1:400), goat anti-rabbit 

(Invitrogen, #31820, 1:400), donkey anti-mouse (Invitrogen, Alexa Fluor TM 594 IgG, 

1:500) and donkey anti-rabbit (Invitrogen, Alexa Fluor TM 488 IgG, 1:500). DARPP-32 is a 

marker of striatal neurons. Neuronal loss in the caudate was determined by DARPP-32 loss 

(contralateral - ipsilateral)/contralateral × 100%.

Enhanced Perls’ staining

Perls’ staining for iron was performed as previously described20. In brief, brain sections 

were incubated in Perls’ solution (1:1, 5% potassium ferrocyanide and 5% HCl) for 10 

minutes. After washing in distilled water, sections were immersed in 0.5% diamine 

benzidine tetrahydrochloride with nickel for another 6 minutes.
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Cell Counting

Cell counting was performed on brain coronal sections in a blinded manner. High power 

images (×40 magnification) were taken from the hematoma and perihematomal areas. Three 

slides from each brain with each slide containing three fields of interest in the hematoma or 

perihematomal areas were digitized. All measurements were repeated three times and the 

mean value used.

Behavioral tests

Corner turn and forelimb use asymmetry tests were used to assess neurological deficits as 

described previously21. For the forelimb limb-use asymmetry test, forelimb use during rat 

explorative activity in a transparent cylinder was analyzed. Behavior was quantified by 

determining the events when the non-impaired (Ipsilateral to the hematoma site) forelimb 

was used (I), he events when the impaired forelimb (Contralateral to the hematoma site) was 

used (C), and the events when “both” forelimbs were used simultaneously (B). Limb use 

asymmetry score = (I/(I+C+B)) - (C/(I+C+B)). For corner turn test, the rat was allowed to 

proceed into a corner, the angle of which was 30 degrees. To exit the corner, the rat turned 

either to the left or the right. This was repeated 10 times, and the percentage of right turns 

was calculated. All rats were tested before surgery and at different time points after surgery. 

A blinded investigator performed behavioral tests.

Statistical Analysis

All values are expressed as mean ± SD. Data were analyzed with Student’s t test and one- or 

two-way ANOVA test with a Bonferroni multiple comparisons test when needed. 

Significance levels were set at P < 0.05.

Results

Characteristics of ICH induced by intracaudate injection of 50μl autologous whole blood

Our prior studies have focused on using a 100μl injection of autologous blood into the 

caudate of the rat so we first characterized the effects of the 50μl blood injection in aged rats 

using MRI and behavioral testing. The average volume of T2* lesion was 18.7±4.6μl at day 

1, increased to 20.8±4.8μl at day 3 (Figure 1A). Hemolysis was detected and quantified on 

T2*-weighted imaging. The ratio of non-hypo-T2* lesion volume to total T2* lesion volume 

was 3.8±0.7 and 4.9±1.2 % at days 1 and day 3 (n=6; Figure 1A).

ICH led to ipsilateral ventricular compression (ipsilateral/contralateral ventricular volume 

<100%) at day 1, a measure of brain swelling due to hematoma and edema. This reduction 

in ventricle size was significantly greater (50.5±14.0 %, n=6) than in saline-injected rats 

(75.9±16.6 %, n=6, P< 0.05, Figure 1B) and it was maintained at day 3 after ICH (49.1±17.9 

%, n=6).

ICH also resulted in significant acute neurological deficits. The corner turn score was 100±0 

% (n=6) vs. 85±16 % (n=6) in saline group at day 1 (P< 0.05) and 93±8% (n=6) vs. 62±12 

% (n=6) in saline group at day 3 (P< 0.05). Similarly, the forelimb asymmetry use score was 

78±26 % (n=6) vs. 22±22 % (n=6) in saline group at day 1 (P< 0.05) and 68±26 % (n=6) vs. 
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16±14 % (n=6) in saline group at day 3 (P< 0.05, Figure 1C). Collectively, the 50μl blood 

injection model is able to produce consistent hematoma, hemolysis, brain swelling and 

neurological deficits.

CD47 blocking antibody promoted hematoma clearance

Hematoma clearance was determined from T2* lesion changes. At day 1, there was no 

significant difference in T2* lesion volume between anti-CD47 antibody and IgG co-

injected groups (19.4±6.7μl, n=25 vs. 18.8±6.7μl, n=23; P> 0.05, Figure 2A). At day 3, the 

T2* lesion continues to match the hematoma found on H&E staining (Figure 2B) and 

changes in T2* lesion volume between day 1 and 3 were assessed to examine if the CD47 

blocking antibody affected hematoma size. To normalize for differences in initial hematoma 

volume changes were calculated as day ((3 lesion volume – day 1 lesion volume)/day 1 

lesion volume)*100%. The CD47 blocking antibody significantly accelerated clearance at 

day 3 (−2.6±16.4%, n=25 vs. 13.0±14.6%, n=23 in IgG group, P< 0.01, Figure 2B).

By day 28, the T2* lesion and Perls’ staining for iron deposition delineate the same brain 

area (Figure 2C). In the CD47 blocking antibody group, the T2* lesion volume at 28 days 

was 32.5±14.5% smaller than the T2* lesion volume at day 1 (n=13). In the IgG control 

group, it was 24.7±11.3% smaller (n=12, Figure 2C). These reductions were not 

significantly different (P>0.05).

CD47 blockade alleviated brain swelling, brain atrophy and neurological deficits

Brain swelling, brain atrophy and neurological deficits develop after ICH. The ratio of 

ipsilateral to contralateral ventricular size was used to assess brain swelling or atrophy 

depending on the time point. Ventricular compression, due to hematoma volume and edema, 

was noted at day 3 and ventricular enlargement, due to brain atrophy, occurred at day 28. 

CD47 blockade significantly reduced brain swelling at day 3 (ipsilateral ventricle/

contralateral: 70.6±13.7%, n=25 vs. 48.3±17.3%, n=23 in IgG treated rats, P< 0.01, Figure 

3A) and brain atrophy at day 28 (127±28%, n=13 vs. 160±34%, n=12 in IgG treated rats, P< 

0.01, Figure 3B).

Corner turn and forelimb use asymmetry tests were performed to evaluate neurological 

deficits. No differences were observed at pretest, day 1, 3 and 7 after ICH between CD47 

blocking antibody and IgG treatment groups. However, CD47 blocking antibody 

significantly improved neurological function at day 28 as assessed by corner turn test 

(57±11 %, n=13 vs. 74±16 %, n=12 in IgG group, P< 0.05, Figure 3C) and forelimb 

asymmetry use score (28±29 %, n=13 vs. 55±16 %, n=12 in IgG group, P< 0.05, Figure 

3D).

CD47 blocking antibody alleviated early hemolysis

Our previous study found that early hemolysis in the hematoma occurs after ICH which is 

correlated with perihematomal neuronal loss18. The ratio of non-hypo-T2* lesion volume to 

total T2* lesion volume was used to quantify hemolysis at days 1 and 3. The ratio was 

significantly decreased after CD47 blocking antibody co-injection at day 1 (2.1±1.4 %, n=25 
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vs. 3.2±1.3 %, n=23 in IgG group, P< 0.01, Figure 4A) and day 3 (3.2±1.3 %, n=25 vs. 

4.3±1.5 %, n=23 in IgG group at day 3, P< 0.05, Figure 4B).

CD47 blocking antibody reduced neuronal loss

DARPP-32 is a specific marker of neurons in striatum. Anti-CD47 antibody significantly 

reduced neuronal loss at day 3 (8.6±4.0 %, n=12 vs. 13.4±5.2 %, n=11 in IgG group at day 

1, P< 0.05; Figure 5A) and day 28 (10.9±5.9 %, n=9 vs. 19.4±6.5 %, n=8 in IgG group at 

day 1, P< 0.05; Figure 5B).

CD47 blocking antibody activated phagocytic M/MΦ

Phagocytosis by activated M/MΦ is important in hematoma clearance5. CD68 is a marker of 

activated M/MΦ. At day 3, CD68 positive cells were significantly increased by the co-

injection of anti-CD47 antibody in the hematoma (342±86/mm2, n=12 vs. 245±117/mm2, 

n=11 in IgG group, P< 0.05) as well as in the perihematomal region (1021±313/mm2, n=12 

vs. 687±154/mm2, n=11 in IgG group, P< 0.01; Figure 6A).

Heme oxygenase-1 (HO-1) is a key enzyme in heme degradation22 while ferritin an iron-

storage protein in M/MΦ20 and heme and iron detoxification is important in limiting ICH-

induced brain injury22. Immunofluorescent double labeling showed that more than 85% 

CD68-positive cells were HO-1 in the hematoma core and in the perihematomal area in the 

anti-CD47 antibody group, while nearly 80% CD68 positive cells were also stained with 

ferritin in and around hematoma (Figure 6B).

Discussion

The current study found that: 1) ICH with 50μl blood intracaudate injection resulted in 

remarkable brain injury in aged rats; 2) CD47 blocking antibody promoted hematoma 

clearance at day 3 compared to controls; 3) the blocking antibody also alleviated acute brain 

swelling, hemolysis and neuronal loss as well as long-term neuronal loss, brain atrophy and 

neurological deficits; 4) it also increased the number of activated phagocytic M/MΦ in and 

around the hematoma, which may take part in erythrocyte engulfment and metabolism.

Hematoma size is a key factor determining outcomes in ICH patients1. This may relate to the 

greater initial mass effect of the hematoma and the greater reservoir of potential neurotoxic 

factors such as hemoglobin and iron22. There has, therefore, been interest in developing 

methods to reduce hematoma volume. Recently, MISTIE III, an international multicenter 

randomized clinical trial, identified an association between the extent of blood reduction and 

improved functional outcome4, supporting the concept that enhancing hematoma clearance 

may limit ICH-mediated brain injury. Our previous work indicated that loss of CD47 on 

RBCs accelerated hematoma resolution in mice9. Moreover, we recently found that an anti-

CD47 antibody, which can block CD47 on RBC, accelerated hematoma clearance and 

alleviated brain injury when co-injected with blood in mice10. In this study, we further 

validated the effect of anti-CD47 antibody in aged rats, indicating that CD47 may be a 

therapeutic target in ICH. The potential benefit of blocking CD47 was further supported by 

reduced neuronal loss, brain atrophy and neurological deficits. It should be noted there are 

marked differences in the immune system between rodents and humans. In future 
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translational studies, large animals (e.g. pigs) should be used to confirm the efficacy of 

CD47 blocking antibody in affecting hematoma clearance.

Using serial MRI to examine hematoma clearance is complicated by several factors. T2* 

imaging will detect hematoma but also iron deposition that occurs after hematoma clearance 

as noted by the comparison between our T2* images at day 3, which correspond to 

hematoma found on H&E staining, and at day 28, where they correspond to iron deposition 

found on Perls’ staining. In addition, in this study we found that in the IgG-treated group, 

the hematoma expanded slightly between day 1 and 3. Thus, our description of accelerated 

clearance in the CD47 antibody-treated group is against that background. The data at day 28 

did not show a significant difference in T2* lesions between the IgG- and CD47 antibody-

treated groups. This raises an important issue, the fate of iron after M/MΦ-mediated 

phagocytosis of the hematoma and whether accelerated phagocytosis alters that distribution 

(e.g. will all iron in the hematoma ultimately be deposited as perihematomal hemosiderin or 

does some iron leave the brain)?

The current study employed a 50μl blood injection in rats. A 50μl hematoma in rat brain 

approximates 22 ml blood in human brain when the whole brain volume of 2.7ml in rat23 

and 1200ml in human24 are taken into account. The current ICH model may mimic the small 

residual hematomas after surgical clot evacuation in patients. For example, only 58% 

surgical patients in MISTIE III achieved the prespecified surgical goal of ≤15ml residual clot 

volume4. A combination therapy with anti-CD47 antibody administration after surgical 

hematoma removal might be promising after ICH.

Hemolysis may be a vital contributor to brain injury after ICH25. We previously found that 

early hemolysis occurred in hematoma center which correlated with the severity of 

perihematomal neuronal death18, and that inhibiting hemolysis alleviated ICH-induced 

neuronal death and neurological deficits26. Further, increased hemolysis is expected in aged 

rats as a result of higher complement activation in comparison with younger rats27. In the 

present study, anti-CD47 antibody decreased hemolysis at days 1 and 3. This may be by 

promoting erythrophagocytosis before erythrolysis happens. Other mechanisms underlying 

anti-CD47 antibody-induced reduction of hemolysis remain to be explored. However, 

hematoma volume is a crucial determinant of hemolysis. Our previous study18 showed that 

the ratio of hemolysis to hematoma was 16% at day 1 and 21% at day 3 in 100μl whole 

blood injection model, which is much higher than that in the current ICH model with 

approximately 5% within 3 days. It will be interesting to examine the effect of CD47 

blocking antibodies on hemolysis in larger hematomas.

Aging has multiple effects on neurons, microglia, astrocytes, lesion size, brain atrophy, and 

neurological deficits after experimental ICH28–30. However, the effect of aging on hematoma 

resolution remains to be clarified. Hematoma clearance is influenced by the properties of 

both phagocytic cells and RBCs. During their lifespan, RBCs express less CD47 which is 

associated with the clearance of senescent erythrocytes31. On the other hand, we have found 

an increased M/MΦ response at day 3 in aged compared to young rats following ICH30. 

However, such studies have focused on the numbers of activated M/MΦ, and whether 

phagocytic function is really enhanced in aging ICH animals remains unknown. In fact, it 
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has been reported that there is an increased basal but reduced induced phagocytic and 

lysosomal activity of microglia in aged brain32.

CD68, also named ED1, predominantly locates in endosomes and lysosomes of M/MΦ. 

CD68 is generally recognized as a marker of activated M/MΦ after ICH28, 33–35. However, 

whether CD68 plays critical roles in erythrophagocytosis remains to be investigated. Iba-1 

labeled M/MΦ have been categorized into 3 phenotypes according to their morphology after 

ICH in aged rats: ramified, activated and macrophage-like28. Macrophage-like M/MΦ are 

round without obvious cell processes, functioning as phagocytes28. In our study, all CD68 

positive cells were of macrophage-like shape, suggesting that CD68 is involved in 

phagocytosis. Moreover, most CD68 positive cells co-labeled with HO-1 and ferritin, 

suggesting that those cells were involved in handling erythrocyte degradation products. In 

support a role of CD68 in phagocytosis, it has been considered as a scavenger receptor type 

D as it can bind modified low-density lipoprotein, phosphatidylserine, and apoptotic cells36.

There are several limitations in the current study: 1) the results from our smaller ICH model 

may not be generalizable to all sizes of ICH; 2) only one dose of the CD47 blocking 

antibody was tested and the optimal dose should be further determined; 3) it does not 

examine the effect of delayed treatment; 4) the effect of the CD47 blocking antibody in 

female aged rats needs to be examined in future studies; 5) only brain swelling rather than 

brain edema was measured; and 6) it is unclear whether CD47 blocking antibody will be 

cleared in the hematoma within days and whether CD47 blocking antibody should given 

multiple times to enhance hematoma resolution.

Conclusions

A CD47 blocking antibody accelerated hematoma clearance and alleviated acute and chronic 

brain injury after ICH in aged rats. This was associated with increased macrophage 

activation. CD47 may be a potential therapeutic target in ICH.
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Figure 1. 
The characteristics of ICH modeled by intracaudate injection of 50μl blood in aged rats. (A) 

Representative T2*-weighted MRI showing the hematoma volume and early hemolysis at 

day 1 and day 3 after ICH. Hemolysis is indicated by the non-hypointense area at the center 

of the hematoma. A saline-injected control is shown for comparison. (B) Brain swelling was 

evaluated by measuring ventricular compression on T2-weighted imaging. Ipsi/Contra = 

ipsilateral/contralateral ventricular volume. (C) Corner turn and forelimb use asymmetry 

were tested before and after ICH or saline injection. Values are means±SD; n=6 in each 

group, * P< 0.05 vs. other groups by one-way ANOVA; *P<0.05 and # P< 0.01 vs. saline 

group by two-way ANOVA.
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Figure 2. 
Effect of CD47 blocking antibody on hematoma resolution as assessed by T2* MRI. (A) 

Examples of T2* MRIs at day 1 after injection of blood with anti-CD47 antibody or IgG 

controls. T2* lesion volumes (hematoma volumes) were calculated for the two groups. 

Values are mean ±SD, anti-CD47 antibody (n=25) or IgG (n=23). There was no significant 

difference in hematoma volume at day 1. (B) Representative examples of T2* MRIs at day 3 

and a comparison between T2* lesions and H&E stain showing the T2* lesion corresponded 

to the hematoma at day 3. The change in T2* lesion volume (day 3 – day 1) was calculated 

and normalized by dividing by the day 1 volume. Values are mean±SD, scale bar= 1mm; # 

P< 0.01 vs. IgG group by unpaired t test; n=23 in IgG group, n=25 in anti-CD47 antibody 

group. (C) Representative examples of T2* MRIs at day 28 and a comparison between T2* 
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lesions and Perls’ staining showing T2* lesion corresponded to the area of iron deposition at 

day 28. The change in T2* lesion volume (day 28 – day 1) was calculated and normalized by 

dividing by the day 1 volume. Values are mean ±SD, scale bar= 200μm; n=12 in IgG group, 

n=13 in anti-CD47 antibody group.
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Figure 3. 
Brain swelling and atrophy, neurological deficits assessment at different time points after 

ICH in IgG and anti-CD47 treated rats. (A) Ipsilateral ventricular compression was 

measured on T2 MRIs (representative images shown) to assess brain swelling at day 3 after 

ICH. Ipsilateral ventricular volume was expressed as a % of contralateral ventricular 

volume, n=23 in IgG group, n=25 in anti-CD47 antibody group. (B) Ipsilateral ventricular 

dilation at day 28 was measured on T2 MRIs (representative images shown) to assess brain 

atrophy. Ipsilateral ventricular volume was expressed as a % of contralateral ventricular 

volume, n=12 in IgG group and n=13 in anti-CD47 antibody group. For (A) and (B) values 

are means±SD; * P< 0.05, # P< 0.01 vs. IgG group by unpaired t test. (C) Corner turn and 

(D) forelimb use asymmetry evaluation before and after blood+IgG or blood+anti-CD47 

antibody injection, n=23 in IgG group, n=25 in anti-CD47 antibody group at pretest, days 1 

and 3; n=12 in IgG group, n=13 in anti-CD47 antibody group at days 7 and 28. Values are 

means±SD; * P< 0.05 vs. IgG group by two-way ANOVA.
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Figure 4. 
Representative hemolysis in hematoma center as hyper- or iso-intense on T2* imaging at 

day 1 (A) and day 3 (B). Values are means ± SD; n=23 in IgG group, n=25 in anti-CD47 

antibody group; * P< 0.05, # P< 0.01 vs. IgG group by unpaired t test.
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Figure 5. 
Neuronal loss after ICH with and without CD47 blocking antibody treatment. (A) and (B) 

Examples of DARPP-32 staining in aged rats treated with IgG or anti-CD47 blocking 

antibody at day 3 and 28 after ICH, scale bars=1mm. Loss of DARPP-32 staining was 

quantified as (contralateral − ipsilateral) / contralateral DARPP-32-positive area. Values are 

means ± SD; n=11 in IgG group, n=12 in anti-CD47 antibody group at day 3; n=8 in IgG 

group, n=9 in anti-CD47 antibody group at day 28, * P< 0.05 vs. IgG group by unpaired t 

test.
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Figure 6. 
Effect of CD47 blocking antibody on CD68 expression in microglia/macrophages at day 3 

after ICH and co-localization of CD68 with HO-1 and ferritin. (A) Examples of CD68 

immunohistochemistry from animals treated with IgG or anti-CD47 antibody; upper scale 

bar=200 μm and lower scale bar=20 μm. Quantification of CD68 positive cells in and around 

hematoma. Values are means ± SD; n=11 in IgG group, n=12 in anti-CD47 antibody group; 

* P< 0.05, # P< 0.01 vs. IgG group by unpaired t test. (B) Immunofluorescent double 

labeling of CD68 positive cells with HO-1 and ferritin positive cells in an anti-CD47 treated 

animal, scale bar=20 μm.
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