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INTRODUCTION 
 

Ischemic stroke is a leading cause of death and disability 

in the United States [1]. Post-stroke inflammation 

contributes to blood brain barrier (BBB) breakdown via 

the up-regulation of inflammatory chemokines, cytokines, 

adhesion molecules and matrix metalloproteinases 

(MMPs), facilitating entry of peripheral leukocytes into 

the brain [2–4]. Leukocyte trafficking into the brain after 

stroke contributes to secondary injury via several 

mechanisms,  including  the  release  of  pro-inflammatory  

 

cytokines [5, 6]. The post-stroke inflammatory response is 

triggered immediately after injury, primarily by microglia 

[7], but peaks as late as 72 hours after injury, making it an 

attractive therapeutic target [8, 9]. 

 

Many cells in the injured brain, including neurons, 

endothelial cells, platelets, astrocytes, neutrophils and 

monocytes/macrophages, secrete MMP-9 [3, 10, 11]. 

Secreted MMP-9 degrades extracellular matrix proteins, 

increasing BBB permeability and hemorrhagic trans-

formation in the brain after ischemic stroke [4, 12]. 
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ABSTRACT 
 

Background: Ischemic stroke is a devastating disease, often resulting in death or permanent neurological 
deficits. EMMPRIN/CD147 is a plasma membrane protein that induces the production of matrix 
metalloproteinases (MMPs), which contribute to secondary damage after stroke by disrupting the blood brain 
barrier (BBB) and facilitating peripheral leukocyte infiltration into the brain.  
Results: CD147 surface expression increased significantly after stroke on infiltrating leukocytes, astrocytes and 
endothelial cells, but not on resident microglia. Inhibition of CD147 reduced MMP levels, decreased ischemic 
damage, and improved functional, cognitive and histological outcomes after experimental ischemic stroke in 
both young and aged mice. In stroke patients, high levels of serum CD147 24 hours after stroke predicted poor 
functional outcome at 12 months.  Brain CD147 levels were correlated with MMP-9 and secondary hemorrhage 
in post-mortem samples from stroke patients.   
Conclusions: Acute inhibition of CD147 decreases levels of MMP-9, limits tissue loss, and improve long-term 
cognitive outcomes following experimental stroke in aged mice. High serum CD147 correlate with poor 
outcomes in stroke patients. This study identifies CD147 as a novel, clinically relevant target in ischemic stroke. 
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Extracellular matrix metalloproteinase inducer 

(EMMPRIN/CD147) is a cell surface glycoprotein that 

induces the production of MMPs, including MMP-9 [13]. 

Due to its ability to induce MMP activity, CD147 

promotes leukocyte extravasation through blood vessels 

[14, 15]. Previous studies have shown that CD147 is up-

regulated after myocardial infarction and in chronic 

inflammatory conditions, including atherosclerosis and 

multiple sclerosis [16]. Following transient middle cereb-

ral artery occlusion (MCAO), micro vessel expression of 

CD147 as well as MMP-9 activity is increased [17]. 

 

Both clinically and experimentally, increased plasma 

levels of MMP-9 correlate with a higher risk of 

hemorrhagic transformation [18, 19], and poor outcomes 

[20, 21]. Thus, MMP-9 inhibition is thought to be a 

potential target for stroke therapy. Several different 

treatment approaches have been attempted, yet due to the 

lack of MMP inhibitor specificity, no MMP-9 blocking 

treatments have been developed [4]. Inhibition of CD147 

using a selective blocking antibody may be an effective 

alternative approach to limiting MMP activity after 

ischemic stroke. A recent study reported that inhibition of 

CD147 improves short-term stroke outcomes (72 hours) 

in young animals via the suppression of inflammation 

and endothelial dysfunction [17]. However, if acute 

inhibition of CD147 is beneficial or detrimental to long-

term stroke outcomes is unknown. Furthermore, as more 

than 80% of strokes occur in individuals over the age 

 of 65, [22] and hemorrhagic transformation is more 

severe with advanced age, the effects of CD147 

inhibition in aged animals requires evaluation.  

 

We hypothesized that inhibition of CD147 would 

decrease levels of MMP-9, reduce histological damage, 

and enhance long-term functional and cognitive outcomes 

in aged animals, which have a greater risk of post-stroke 

hemorrhagic transformation. In addition, we evaluated the 

clinical relevance of CD147 as a potential therapeutic 

target. Serum CD147 levels in patients 24 hours after 

acute ischemic stroke were measured and correlated to 

functional outcomes (Modified Rankin score) one year 

post-stroke. CD147 expression was also examined in 

post-mortem brain tissue from stroke patients and age-

matched controls.  

 

RESULTS 
 

CD147 co-localizes with astrocytes and endothelial cells 

 

Consistent with previous reports, CD147 increased in 

the peri-infarct region (area shown in Figure 1A) by 

immunohistochemistry (IHC) [16]. Co-localization of 

CD147 with glial fibrillary acidic protein (GFAP)-

positive astrocytes was seen in stroke mice but not in 

sham mice at 72h (Pearson’s correlation coefficient 

<0.0001, sham (SH) 0.14±0.02 vs. stroke (ST) 

0.73±0.03, n=6, Figure 1B). This increase in CD147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. GFAP positive astrocytes co-localize with CD147. (A) Representative image of cresyl violet stained brain slice showing peri-

infarct regions where imaging was performed. (B) Representative 20x IHC images of sham and stroke brain slices. CD147 co-localizes with 
GFAP positive astrocytes in the peri-infarct region. Pearson’s correlation coefficient <0.0001, SH 0.14±0.02 vs. ST 0.73±0.03, n=6. 
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expression was observed specifically in astrocytes 

within the penumbra. CD147 also co-localized with 

cerebral endothelial cells after stroke, as visualized by 

lectin staining (Pearson’s correlation coefficient <0.0001, 

SH 0.29±0.01 vs. ST 0.74±0.03, n=3 and 5 respectively, 

Figure 2). Our current findings confirm previous reports 

of co-localization of CD147 both with endothelial cells 

and GFAP in permanent focal ischemia [16].  

 

Brain-infiltrating monocytes up-regulate CD147 

expression 

 

To quantitatively assess CD147 expression, flow 

cytometry of brain tissue was performed using the 

gating strategy depicted in Figure 3A. Peripheral 

myeloid cells, including infiltrating Ly6Chi monocytes, 

Ly6Clo monocytes, and Ly6G+ neutrophils were found 

to increase significantly in the brain following ischemic 

stroke in a manner that was inversely proportional to 

microglia number (Figure 3B), in agreement with 

previous work by our laboratory and others [7]. 

 

At 72 hours after injury, CD147 surface expression was 

significantly increased in peripheral monocyte 

populations found in the ischemic brain when compared 

to sham brain or their circulating counterparts (Figure 

3C, 3D). Importantly, Ly6Clo monocytes within the 

stroke brain expressed CD147 at a significantly higher 

level than activated resident microglia at 72 hours after 

stroke (Figure 3C, p=0.001, n=6). CD147 expression 

was found on nearly 60% of brain-infiltrating Ly6Clo 

monocytes, compared to just 10% of the monocytes 

circulating in the blood after stroke, whereas Ly6G+ 

neutrophils showed relatively little expression in brain 

or blood (Figure 3C, 3D and 3E). Interestingly, despite 

the lack of CD147 up-regulation on resident microglia, 

there was a significant increase in the target of CD147, 

MMP-9, in microglia from stroke mice compared to 

sham (p=0.001, n=7, Figure 3F). Ly6G+ neutrophils 

demonstrated the highest production level of MMP-9 in 

the ischemic brain at this time point, as seen in other 

studies [23, 24].  

 

A CD147 blocking antibody reduced MMP-9 levels 

and improved histological outcomes 72 hours after 

stroke 

 

As previous reports have shown an increase in CD147 

expression and MMP-9 activity in the ischemic brain, 

we utilized a CD147 blocking antibody in an attempt  

to reduce levels of MMP-9. Tail vein administration of 

CD147 blocking antibody, following the dosing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Lectin positive endothelial cells co-localize with CD147. (A) Representative 20x IHC images of sham and stroke brain slices 

indicating CD147 co-localizes with lectin positive endothelial cells. Pearson’s correlation coefficient <0.0001, SH 0.29±0.01 vs. ST 0.748±0.03, 
n=3 and 5 respectively. (B) 63x high magnification image of lectin with co-localization with CD 147 in stroke brain. 
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timeline depicted in Figure 4A, reduced protein 

expression of MMP-9 when measured 72 hours after 

stroke (IgG control 0.925±0.008 vs. CD147 antibody 

0.723±0.04 relative to actin, p<0.01, n=4, Figure 4B and 

quantified Figure 4C). 

 

CD147 blocking antibody administration reduced 72-

hour infarct volumes in the cortex (IgG 60.56±7.81 vs. 

CD147 Ab 32.23±6.0, p<0.05), striatum (IgG 59. 

38±9.4 vs. CD147 Ab 21.14±10.3, p<0.05) and 

hemisphere (IgG 56.26±7.6 vs. CD147 Ab 29.04±8.0, n 

=4, p<0.05) of stroke animals compared to those that 

received IgG control, consistent with prior studies [17]. 

Representative TTC images are shown in Figure 4D, 

quantified data are shown in Figure 4E.  

CD147 blocking antibody improves histological and 

cognitive outcomes in young and aged mice following 

MCAO 

 

To determine the long-term implications of acutely 

blocking CD147, we studied histological and behavioral 

outcomes over a 14-day period following ischemic 

stroke. CD147 blockade reduced the volume of tissue 

atrophy compared to IgG treated stroke mice (IgG 

22.23±2.25 vs. CD147 Ab 11.43±3.38%, p<0.05, 

n=9/grp, Figure 5A). Representative cresyl violet (CV) 

images of CD147 and IgG treated mice are shown  

in Figure 5B. Antibody treated mice also displayed 

lower neurological deficit scores (NDS) 72-hour post 

stroke compared to vehicle treated strokes (p=0.05, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. CD147 is expressed on brain infiltrating monocytes. (A) Representative dot plot of sham and stroke (72hr) brain shows 

microglia and infiltrating myeloid cells. Representative dot plot of 72hr stroke brain,  gated on myeloid cells, shows Ly6Chi monocytes, Ly6Clo 
monocytes, and Ly6G neutrophils. (B) Absolute cell counts at 72hr in stroke brain (and sham microglia). (C) Quantified % CD147 positive cells 
in brain. Representative histogram showing expression of CD147 on microglia (sham and stroke; gray= microglia-specific FMO). 
Representative histogram showing expression of CD147 on brain-infiltrating myeloid cells after stroke. (D) Quantified CD147+ cell counts from 
brain, n=6. (E) Quantified %CD147 positive blood cells. Representative histogram showing expression of CD147 on blood cells after stroke. (F) 
Quantified expression level of MMP-9 on brain-infiltrating myeloid cells (and sham microglia). Representative histogram showing expression 
of MMP-9 on brain-infiltrating myeloid cells (and sham microglia). 

 



 

www.aging-us.com 5125 AGING 

generalized linear mixed model with Bonferroni 

correction, Figure 5C). A main effect of antibody 

treatment was observed on the corner test (p<0.05, 2-

way ANOVA, Figure 5D) with treated stroke mice 

displaying decreased sensory-motor impairment. Spatial 

memory and learning tested on the Barnes maze was 

preserved in stroke mice who received anti-CD147 

antibody compared to isotype control treated mice, as 

evidenced by a shorter time to find the escape hole on 

day 14 (p=0.03, HR=0.309, Cox model with Tukey’s 

multiple comparisons test, Figure 5E). No difference 

was noted between sham groups. 

 

Since greater than 80% of strokes occur in individuals 

over the age of 65, and the elderly have both a higher 

in-hospital mortality and poorer functional outcomes 

after an ischemic event [22], it is critical to investigate 

the therapeutic potential of CD147 inhibition in an aged 

animal model. 20-month-old male mice underwent 60-

minute MCAO (n=7) or sham (n=5) surgery and flow 

cytometry was performed at 72 hours post-stroke to 

quantify relative protein expression of CD147 and 

MMP-9. The gating strategy used is depicted in Figure 

6A. Following ischemic stroke, Ly6G+ neutrophils were 

found to increase significantly in the brain (p<0.05, 

Figure 6B). 

 

Surface expression of CD147 was significantly 

increased in peripheral monocyte populations found in 

the ischemic brain when compared to sham brain or 

their circulating counterparts in blood (Figure 6C). 

Ly6Clo monocytes within the ischemic brain expressed 

CD147 at a significantly higher level than resident 

microglia (p<0.01, Figure 6C). CD147 expression was 

found on approximately 15% of brain-infiltrating 

Ly6Clo monocytes (Figure 6C) compared to 60% 

observed in young stroke mice (Figure 3C). 

Interestingly, in the aged brain we did not observe an 

increase in MMP-9 expression in resident microglia 

(Figure 6F). However, Ly6G+ neutrophils demonstrated 

the highest production level of MMP-9 in the ischemic 

brain at 72 hours (vs. stroke microglia p<0.01, vs. 

Ly6Chi p<0.001, vs. Ly6Clo p<0.05, Figure 6F).  

 

Anti-CD147 antibody administration reduced brain 

tissue atrophy (IgG 24.8±7.17 vs. CD147 Ab 8.78±2.86, 

p<0.05, n=7/grp Figure 7A) at 14 days, representative 

cresyl violet images shown in Figure 7B. Anti-CD147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Matrix metalloproteinase-9 (MMP-9) protein concentrations and infarct volumes decrease following anti-CD147 
antibody administration. (A) Timeline depicting the dosing strategy of CD147. (B) Representative western blots of MMP-9 protein 

concentrations in 72-hour post stroke mice following IgG control or anti-CD147 antibody administration, quantified in (C) p<0.01, n=4, * 
indicates statistical significance. (D) Representative TTC images of 72 hour post stroke brain slices of IgG control or ant-CD147 antibody. Red 
color details healthy brain tissue while white is indicative of infarcted tissue. (E) Quantification of percent infarct volume of cortex, striatum 
or total hemisphere relative to contralateral regions, p<0.05 for each region, n=4. 
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treated mice also had lower NDS at 72 hours and at day 

14 after stroke compared to vehicle treated stroke mice 

(p=0.01 and p<0.005 respectively, generalized linear 

mixed model with Bonferroni correction, Figure 7C). 

Aged stroke mice receiving anti-CD147 also had 

improved performance in learning and spatial memory 

in the Barnes maze compared to mice receiving control 

IgG (p=0.01, Figure 7D).  

 

As CD147 is an inducer of MMPs, we examined the 

levels of active MMP-9 in the ischemic brain. CD147 

blockade reduced the levels of active MMP-9 compared 

to vehicle at 72 hours following ischemia (IgG 

59400±9693 vs. anti-CD147 31348±3722 pg/ml, 

p=<0.05, n=5,6 respectively, Figure 7E). Furthermore, 

upon sacrifice we observed a number of aged animals 

had evidence of cerebral hemorrhage. Therefore we 

performed a hemoglobin assay on brain lysates of stroke 

animals treated with blocking antibody or vehicle. 

CD147 blockade reduced hemoglobin concentrations in 

the brain at 72 hours following ischemia (IgG 

1.644±0.17 vs. anti-CD147 1.014±0.108 mg/dL, 

p<0.05, n=5,6 respectively, Figure 7F).  

 

Serum CD147 is an independent predictor of poor 

outcomes in human stroke patients 

 

Given our findings in mice, we then examined CD147 

in human stroke patients to determine if CD147 levels 

correlated with functional outcome after stroke. ELISA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Histological and Cognitive outcomes are improved following anti-CD147 antibody administration. (A) Quantification 

of percent atrophy of brain slices 14 days following MCAO, p<0.05, n=9. (B) Representative cresyl violet images of IgG or anti-CD147 antibody 
administered slices, region of interest highlighted by red oval. (C) Neurological deficit scores were obtained at four time points over 14 days 
beginning with one-hour post onset of MCAO. Day 3 post MCAO anti-CD147 administered mice displayed improved NDS, p<0.05. By day 14 
NDS were the same between both groups. (D) Corner testing revealed an effect of antibody treatment across two time points; day 3 and day 
14, p<0.05. (E) Barnes maze testing highlighted improvement in spatial learning and memory in antibody treated mice compared to IgG 
control on day 14, p=0.03.  
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was performed on human serum samples obtained at 24 

hours after the onset of ischemic stroke and compared 

to controls. Serum CD147 concentrations were 

significantly higher in stroke patients (6367±2610 

pg/ml) compared to control patients (4625±1369 pg/ml, 

p<0.0001) 24 hours after symptom onset (Figure 8A). 

Most importantly, higher serum concentrations of 

CD147 at 24 hours post-stroke was a significant 

independent predictor of poor outcomes at 12 months 

after stroke, even after multivariate adjustment for 

potential confounding factors, including initial stroke 

severity (Table 1). In the logistic regression, higher 

levels of CD147 at 24 hours after stroke was 

significantly and independently associated with greater 

likelihood of a negative outcome 12 months after stroke 

as measured by a Modified Rankin scale (mRS) ≥2 (on 

a six point scale with 0 representing no residual deficits, 

to 6 representing death). Higher levels of CD147 were 

also predictive of outcome on a composite measure 

defined by death or worse functional outcomes 

measured by a Modified Barthel Index of ≤ 14 (a scale 

that ranges from 0-20, with 20 being normal and 0 

being death) at 12 months. Patient demographic data is 

shown in Supplementary Table 1.  

 

Lastly, we performed IHC analysis of post-mortem 

brain sections from human stroke patients to determine 

the cellular location of CD147 as well as levels of both 

CD147 and MMP-9 in brain tissue. Overall expression 

of CD147 and the percentage of astrocytes with CD147 

expression was increased in stroke tissue compared to 

controls (% CD147 expression 20.72±1.80 vs stroke 

47.00±4.27, p<0.001 % astrocyte CD147 protein 

expression control 10.22±1.07 vs. stroke 61.11±5.66, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. CD147 expression in the aged brain. (A) Representative dot plot of aged sham and stroke (72hr) brain; shows microglia and 

infiltrating myeloid cells. Representative dot plot of 72hr stroke brain; gated on myeloid cells, shows Ly6Chi monocytes, Ly6Clo monocytes, 
and Ly6G neutrophils. (B) Quantified counts at 72hr in stroke brain and sham microglia. (C) Quantified % CD147 positive cells in brain. (D) 
Absolute counts of CD147+ cells in brain, n=6. (E) Quantified %CD147 positive cells from blood. (F) Quantified expression level of MMP-9 on 
brain-infiltrating myeloid cells (and sham microglia).  
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p<0.001, n=17/grp. Figure 8B and 8C). Patient 

demographics and characteristics are shown in Table 2. 

Signal intensity of CD147 and MMP both correlated 

with hemorrhage size (Tables 3 and 4).  

 

DISCUSSION 
 

This study demonstrates several important new 

findings. First, CD147 expression increases on 

infiltrating monocytes, and co-localizes with astrocytes 

and endothelial cells at 72 hours after stroke; secondly, 

MMP-9 activity is increased in microglia at 72 hours 

after stroke without concurrent up-regulation of CD147 

expression; thirdly, CD147 blockade decreases 

expression and activity of MMP-9; fourthly, inhibition 

of CD147 is neuroprotective in both young and aged 

mice and reduced hemorrhagic transformation in aged 

mice. Lastly, we found that serum concentrations of 

CD147 are higher in stroke patients with poor 12-month 

outcomes, independent of age, initial stroke severity and 

other co-morbidities. CD147 expression increased in 

human brain after stroke, which was associated with 

increased astrocytic CD147 expression, MMP-9 

expression, and hemorrhage.  

 

CD147 is an upstream mediator of MMP-9 activity and 

has been linked to an increased inflammatory response 

and enhanced leukocyte recruitment in models of 

experimental autoimmune encephalomyelitis, where 

inhibition of CD147 blocks leukocyte entry and reduces 

disease severity [15]. Consistent with the known pattern 

of peak peripheral leukocyte infiltration after ischemic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. CD147 blocking antibody reduced infarct volume and improved cognitive outcomes in aged male mice. (A) CD147 

blocking antibody administration reduced the amount of atrophy witnessed in the aged brain following stroke compared to IgG control at day 
14. (B) Representative cresyl violet stained brain slices. (C) Neurological deficit scores showed improvement at day 3 and day 14 following 
stroke. (D) Cognitive impairment, as measured by escape time on the Barnes Maze, was prevented in stroke mice that received CD147 
blocking antibody. (E) Levels of pro-MMP-9 were reduced in stroke mice receiving blocking antibody. (F) Brain hemoglobin, a reflection of 
blood brain barrier breakdown and hemorrhagic transformation was decreased in blocking antibody treated mice.  
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stroke at 72 hours, the present study showed that CD147 

is expressed on astrocytes, endothelial cells and 

monocytes in the brain at 72 hours after stroke, and may 

contribute to secondary histological damage via 

augmented MMP-9 activity, exacerbated BBB damage, 

and enhanced infiltration of peripheral leukocytes. 

Administration of a CD147 blocking antibody reduced 

infarct volumes when measured during the acute phase 

of stroke, consistent with previous findings [17], while 

diminishing hemispheric atrophy during the later phase 

of stroke recovery. Coinciding with reduced atrophy, 

young mice receiving antibody treatment exhibited 

improved neurological outcomes and functional activity 

over the course of the study. Spatial learning and 

memory in these mice was comparable to sham animals 

when measured on the Barnes maze test.  

 

MMP-9 levels are strongly associated with BBB 

dysfunction in both animal and clinical studies [12, 25]. 

Previous studies have also shown that plasma levels of 

MMP-9 are higher with age (>60 years) and this may 

contribute to higher mortality and worse functional 

outcomes seen in older individuals [26]. Coinciding 

with these clinical findings, our lab has shown that 

following focal ischemia aged mice have worse 

functional outcomes than young animals despite having 

similar or smaller infarcts [27]. Aged mice receiving 

CD147 blocking antibody showed a reduction in 

hemispheric atrophy at 14 days following ischemia. 

Corresponding with this data, antibody-treated aged 

mice also demonstrated improved neurological 

outcomes as well as preserved spatial learning and 

memory when tested on the Barnes maze. This suggests 

that inhibition of CD147 may improve functional and 

cognitive outcomes in elderly populations.  

 

This work also shows that the downstream target of 

CD147, namely MMP-9, was affected by antibody 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. CD147 is expressed on human astrocytes and levels of CD147 correlate with poor outcomes. (A) Serum levels of 

human CD147 24 hours post stroke. (B) Representative immunohistochemical staining patterns of CD147 in human brain tissues from age-
matched control and ischemic stroke subjects (Top, scale bar = 50 μm). Immunofluorescence (IF) staining in human brain tissues (Bottom, 
scale bar = 100 μm). Simple IF with DAPI (blue), CD147 (green), and GFAP (red). Double IF with CD147 (green) and GFAP (red). (C) 
Quantification of levels of CD147 and GFAP expressing CD147 in human brain tissue.  
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Table 1. CD147 is an independent predictor of poor outcomes 12 months after stroke. 

Poor Functional Outcome Measure 
Univariatea  Multivariateb  

P Value P Value 

Modified Rankin  

.111 .343 Score ≥ 2 

3 months 

Modified Rankin  

.002 .022 Score ≥ 2  

12 months 

Modified Barthel  

.076 .184 Index ≤ 14 or Death  

3 months 

Modified Barthel  

.004 .013 Index ≤ 14 or Death  

12 months 

aMann-Whitney U-test 
bLogistic regression analysis, controlling for age, initial stroke severity as | measured by NIH stroke scale, white blood cell 
counts, intra-arterial therapy, medications (anti-cholesterol medications, anti-hypertensive medications) and common 
comorbidities (heart disease, atrial fibrillation, diabetes, arthritis). 
 

Table 2. Demographic and characteristics of human post mortem cases. 

Characteristics Control N=17 Stroke N=17 P value 

Age (year) 71.7 ± 15.7 74.3 ± 13.9 0.61a 

Male, n (%) 10 (58.8) 7 (41.2) 0.31b 

Hemorrhage 0.0 (0.0 - 0.0) 22.2 (5.6 - 61.1) <0.001b 

MMP-9 level 3.3 (2.22 - 5.4) 19.1 (5.1 - 24.3) 0.002b 

CD147 level 17.2 (15.2 - 27.6) 47.2 (32.2 - 61.7) <0.001b 

MMP-9, Matrix metallopeptidase 9 
aIndependent t-test, mean ± standard deviation were reported 
bMann-Whitney U-test, median (interquartile range) were reported 
 

Table 3. Correlation between different variables in all human post mortem cases. 

Parameters Age Hemorrhage MMP-9 CD147 

Age 1 
   

Hemorrhage 0.452** 1 
  

MMP-9 0.44** 0.827** 1 
 

CD147 0.264 0.786** 0.744** 1 

MMP-9, Matrix metallopeptidase 9 
N=34. Spearman's correlation. ** p<0.01 
 

therapy. Tissue levels of active MMP-9 and hemoglobin 

were both decreased in the ischemic brains of mice that 

received anti-CD147 suggesting that the integrity of the 

BBB is pivotal in regulating secondary injury due to 

leukocyte migration and subsequent hemorrhagic 

transformation, variables that predispose to poorer 

outcomes following stroke [28–32].  

 

Previous studies have shown that CD147 concentrations 

are elevated in serum of patients with chronic 
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Table 4. Correlation between different variables in the human post mortem cases of acute and sub-acute infarct 
ages. 

Parameters Age Hemorrhage MMP9 CD147 

Age 1 
   

Hemorrhage 0.556* 1 
  

MMP-9 0.620** 0.853** 1 
 

CD147 0.461 0.488* 0.386 1 

MMP-9, Matrix metallopeptidase 9 
N=17. Spearman's correlation. * p<0.05; ** p<0.01 
 

inflammatory conditions [33, 34]. Our study suggests 

that patients with high serum levels of CD147 at 24 

hours after stroke have poorer outcomes even out to 12 

months after stroke. Although the risk was small, the 

fact that this was found in a relatively small cohort of 

patients at chronic follow up suggests that this is an 

important signaling pathway and that CD147 levels 

could be developed into a valuable biomarker of 

recovery. Future studies using larger cohorts, as well as 

investigation of CD147 levels in patients with 

hemorrhagic transformation and intracerebral 

hemorrhage are needed. One limitation is that stroke 

size/volume data was not available for this human 

cohort, as these were brain slices from a brain bank 

without linked MRI imaging. The chronic role of 

CD147 in stroke recovery, as well as blood brain barrier 

dysfunction at 12 months after injury, and potential 

efficacy in female animals will provide additional 

insights into the function of CD147 in stroke.  

 

Currently, the treatment of ischemic stroke is limited to 

tissue plasminogen activator (tPA), which must be 

administered within 4.5 hours of symptom onset, or 

mechanical thrombectomy. Thrombectomy is beneficial 

up to 24 hours following onset of stroke symptoms, but 

unfortunately, it is only available at a minority of 

medical centers. [35] Here, we administered two doses 

of CD147 blocking antibody, the first at reperfusion (60 

minutes after the onset of ischemia), and again 24 hours 

later, mimicking thrombectomy eligible candidates. We 

observed both a reduction in cerebral atrophy 14 days 

later and an improvement in cognitive outcomes. 

Importantly, improvements were also seen in a 

translationally relevant model, aged animals. As the 

levels of CD147 remain elevated in stroke patients at 24 

hours, and levels of CD147 correlate with poorer 

outcomes, the translational relevance of delaying the 

initial dose must be further explored.  

 

Microglia play a significant role in secondary 

inflammation after ischemic stroke [7]. Microglial 

expression and activation of MMP-9 is up-regulated 

via Toll-like receptor 2 signaling [36, 37]. Much 

evidence supports the function of neutrophils as a 

critical source of MMP-9 in the microenvironment in 

tumor models [38] and perhaps more so in stroke. Our 

study showed that 72 hours after injury both microglia 

and neutrophils increased expression of MMP-9, yet 

neither expressed CD147. This suggests that both 

microglia and neutrophils contribute to MMP-

mediated BBB breakdown, potentially facilitating the 

recruitment of peripheral monocytes to the site of 

injury likely through astrocyte-mediated up-regulation 

of CD147. A recent study has shown that while 

microglia play a role in the initial inflammatory 

response after stroke, at 72 hours microglia are 

decreased in number, as they are also vulnerable to 

ischemic injury [7]. An astrocyte-specific CD147 

knockout mouse would further clarify the events 

leading to microglial up-regulation of MMP-9, BBB 

permeability and leukocyte extravasation. There was 

also a dramatic increase of CD147 on infiltrating 

monocytes and it is possible that up-regulation of 

CD147 in these cells is the primary inducer of MMP-9 

activity in microglia. Both soluble and membrane 

bound forms CD147 has been shown to induce MMPs. 

Like other Ig containing molecules, CD147 has been 

shown display homotypical interactions, although this 

does not rule out distinct receptors for CD147 [39] 

Integrins α3β1 and α6β1 have been shown to co-

localize with CD147 and play important roles in cell 

adhesion, chemotaxis and MMP induction [40–42] 

This may provide insight into a signaling mechanism 

between the up regulation of CD147 on infiltrating 

monocytes and the increase of MMP-9 on microglia 

and neutrophils. Additionally, cyclophilin binding of 

CD147 plays an important role in chemotaxis, when 

this interaction was disrupted with an anti-CD147 

antibody, decreased levels of cytokines and immune 

cells were observed therefore greatly decreasing lung 

inflammation and pathology in asthma [43]. When 

administered within 24 hours of the onset of ischemia 

a CD147 blocking antibody reduced the number of 

brain infiltrating neutrophils, macrophages and both 

CD4 and CD8 T-cells [17]. These data taken 

collectively with ours suggest a peripheral role of the 
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blocking antibody but does not rule out the possibility 

of crossing a permeable blood brain barrier and 

exerting a central effect. It will be interesting to 

understand to what effect, if any, delayed 

administration of anti-CD147 antibody will have on 

stroke outcomes. 

 

Monocytes have been shown to exacerbate injury in 

several brain injury models [15, 44, 45]. Ly6Clo 

monocytes, “patrolling” monocytes [46], found in the 

brain at 72 hours after stroke had a 40-fold increase in 

CD147 expression compared to circulating blood 

monocytes. CD147 expression on Ly6Chi inflammatory 

monocytes was much lower in the ischemic brain 

compared to LyC6lo expression, suggesting CD147 

plays a role in monocyte recruitment resulting in 

phenotype switching. The increase in CD147 expression 

on infiltration peripheral monocytes suggests that 

changes in CD147 expression occur quickly and could 

propagate a positive feedback loop, increasing micro-

glial MMP-9 activity and allowing further leukocyte 

entry. Blocking CD147 reduced damage and whether 

this is due to reductions in monocyte entry, 

neutralization of neutrophil-derived MMP-9 activity, or 

a primary effect on CNS resident cells will require 

further investigation. 

 

CONCLUSION 
 

CD147 is a major regulator of the BBB after stroke, 

facilitating MMP-9 mediated BBB breakdown and 

recruitment of peripheral leukocytes into the CNS. 

Brain infiltrating monocytes up-regulate CD147, while 

resident microglia show increased MMP-9 activity but 

no up-regulation of CD147 acutely following 

ischemia. This suggests that the rise in microglial 

MMP expression is a result of the higher CD147 on 

astrocytes and infiltrating monocytes. In humans, 

increased serum CD147 in stroke patients predicted 

poor long-term outcome. Most importantly, blocking 

CD147 leads to significantly reduced histological 

damage while improving functional and cognitive 

outcomes in both young and aged mice. Long-term 

effects of CD147 inhibition on chronic re-modeling 

after stroke is needed, but these studies suggest that 

CD147 may be a therapeutic target for stroke.  

 

MATERIALS AND METHODS 
 

Animals 

 

Male C57BL/6 mice 6-8wks of age were obtained from 

Charles River (Wilmington, MA, USA), and male 

C57BL/6 mice 20 months of age were obtained from 

the National Institute on Aging and allowed to 

acclimate for a minimum of four weeks before use. All 

mice were housed in a temperature- and humidity-

controlled vivarium, 5 per cage (11”L, 6”W, 6”H) with 

a 12-hour light/dark schedule with ad libitum access to 

food and water. All animal experimental work was 

approved by the Institutional Animal Care and Use 

Committee (IACUC) at University of Connecticut 

Health Center and at the University of Texas Health 

Science Center at Houston, and was performed in 

accordance with National Institutes of Health 

guidelines.  

 

Five different cohorts of mice were used in this study; 

young mice were used unless otherwise specified. The 

first cohort of mice was used for immunohistochemistry 

and seven mice (n=4 stroke; n=3 sham) were sacrificed 

at 72 hours. The second cohort used was for flow 

cytometry and intracellular staining and ten mice 

(n=5/group) were used. The third cohort, fourteen mice 

(n=7/group), was used to examine the effects of 

blocking CD147 activity using a function-blocking 

antibody. 72-hour time-point studies had a mortality 

rate of 15%. The fourth cohort, 36 mice (n=9/group), 

was used to examine the long-term outcomes of 

blocking CD147 in young male mice. The fifth cohort, 

36 mice (n=9/group), was used to examine the long-

term effects of blocking CD147 in aged male mice. All 

experimental numbers were determined by power 

analysis (G power) to utilize the lowest number of mice, 

mice were assigned randomly into treatment groups 

using a computer based model (SPSS) and all assays 

and behavioral tests were performed by a blinded 

investigator. 

 

Middle cerebral artery occlusion model 

 

Focal transient cerebral ischemia was induced by 60 

minutes of reversible unilateral middle cerebral artery 

occlusion (MCAO) under isoflurane anesthesia 

followed by reperfusion as described previously [47–

49]. Sham animals underwent the same procedure but 

the suture was not advanced into the MCA. During 

surgery and ischemia, rectal temperature was 

monitored with a Monotherm system (V WR 

LabShop, Batavia, IL, USA) and maintained at 

approximately 37 °C. Cerebral blood flow reduction 

of >80% of baseline after suture insertion was 

confirmed in all stroke animals by Laser Doppler 

Flowmetry (Moor Instruments).  

 

Protein extraction 

 

Ipsilateral hemispheres were lysed in cold 2x RIPA 

buffer (Cell Signaling) using Dounce homogenizers. 

The lysate was spun at 800g for 10 minutes at 4˚C and 

sonicated for 10 seconds three times as described in Li 

[48]. Aliquots were taken for western analysis.  
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Western analysis 

 

30 µg of protein taken from whole cell lysate samples 

were run on 12% TGX Criterion gels and transferred 

to a polyvinylidene diflouride membrane. All blots 

were blocked with 5% bovine serum albumin (BSA, 

Sigma-Aldrich) and incubated overnight with rabbit 

anti MMP-9 (Abcam, 1:1000) and mouse anti-actin 

(Sigma-Aldrich 1:5000) in TBS with 4% BSA and 

0.1% TWEEN. Secondary antibodies (anti-rabbit IgG 

1:5000 for MMP-9, anti-mouse 1:10,000 for actin) 

(GE Healthcare UK Limited) were diluted, and ECL 

detection kit (Amersham Biosciences) was used for 

signal detection. Densitometry was performed using 

ImageJ (NIH) as previously described in Li [48].  

 

Histology 

 

Mice were anesthetized with 0.1mL/10g body weight 

dose of avertin (Sigma) dissolved in 2-Methyl-2-

Butanol and then transcardially perfused using ice-cold 

sodium phosphate-buffered saline (PBS) followed by 

4% paraformaldehyde. Brains were extracted and post-

fixed for 24h in paraformaldehyde and then transferred 

to a 30% sucrose solution and sectioned. These 

sections were stored in antifreeze at -20°C slide-

mounted and used for immunohistochemistry or 

stained with cresyl violet for infarct analysis as 

described in Venna [49].  

 

Immunohistochemistry 

 

Thirty-micron sections were slide mounted and incubated 

in Normal Goat Serum (Sigma) with 0.15% TritonX in 

PBS as previously described [50]. Sections were 

incubated overnight with rat anti-CD147 (1:200, 

ABDserotec), and then incubated for 60 minutes with 

anti-host antibody conjugated with a fluorophore 

(1:1000), DAPI nuclear stain solution (1:1000; 

Invitrogen), and GFAP primary conjugated antibody 

(1:200, Invitrogen) as previously described in [51]. 

Images were then taken using an inverted light Zeiss-

Axiovert fluorescence microscope [51]. Quantification 

was performed in pre-specified regions of the ipsilateral 

cortical region (approximately 3 mm laterally and 2 mm 

ventrally from midsagittal line) by a blinded investigator. 

Pearson’s correlation coefficient was determined using 

Image J software. Regions of interest were drawn around 

cells. Values range from 0 to 1 (0 - no co-localization; 1 - 

all pixels co-localize). A two-tailed student’s t-test was 

used to determine significance.  

 

Flow cytometry 

 

Mice were perfused with 60 mL of cold, sterile PBS and 

stroke-side brain hemispheres were placed in complete 

RPMI 1640 (Lonza) medium and mechanically and 

enzymatically digested in collagenase/dispase (1 

mg/mL) and DNAse (10mg/mL; both Roche 

Diagnostics) for 1hr at 37ºC. The cell suspension was 

filtered through a 70µm filter. Leukocytes were 

harvested from the interphase of a 70%/30% Percoll 

gradient. Blood was collected by cardiac puncture with 

a heparinized syringe. Red blood cells were lysed 

following three consecutive 8-minute incubations with 

tris ammonium chloride (StemCell Technologies) on 

ice. Brain and blood cells were washed and blocked 

with mouse Fc Block (93) prior to staining with primary 

antibody-conjugated flourophores: CD45-eF450 (30-

F11), CD11b-APCeF780 (M1/70), Ly6G-FITC (1A8), 

Ly6C-PerCPCy5.5 (HK1.4), CD3e-APC (145-2C11), 

and CD147-PE (RL-73). All antibodies were purchased 

from eBioscience. For live/dead discrimination, a 

fixable viability dye, carboxylic acid succinimidyl ester 

(CASE-AF350, Invitrogen), was diluted at 1:300 from a 

working stock of 0.3mg/mL. Cells were briefly fixed in 

2% paraformaldehyde (PFA). Data were acquired on a 

LSRII using FACsDiva 6.0 (BD Biosciences) and 

analyzed using FlowJo (Treestar Inc.). Fluorescence 

minus one (FMO) controls were used to determine the 

positivity of each antibody. 

 

For intracellular cytokine staining, an in vivo brefeldin 

A (BFA) protocol was followed. Briefly, 10mL/kg of 

BFA (Sigma, 0.5mg/mL in DMSO) was intraperitoneal 

injected. Ten hours later, animals were sacrificed  

and tissue was harvested as noted above. Prior to 

staining, 1 μl of GolgiPlug containing BFA (BD 

Biosciences) was added to 800 μl complete RPMI and 

cells were incubated for 2h at 37C (5% CO2). 

Afterward, cells were re-suspended in Fc Block, stained 

for surface antigens and washed in 100 μl of fixation/ 

permeabilization solution (BD Biosciences) for 20 

minutes. Leukocytes were then washed twice in 300µl 

permeabilization/wash buffer (BD Biosciences) and 

resuspended in an intracellular antibody cocktail 

containing MMP-9-PE (S51-82; StressMarq 

Biosciences, Inc.) and subsequently fixed (N=4 SH and 

6 ST) [7]. 

 

CD147-blocking antibody 

 

Anti-CD147 (eBioscience) or rat-IgG control (100 μL 

of antibody at a 0.1mg/ml dilution) in ultra-pure water 

was administered by tail-vein injection. Treatments 

were given at reperfusion with an additional dose 24 

hours after stroke. Mice were assessed for NDS and 

then sacrificed at 72 hours for 2,3,5-triphenyl-

tetrazolium chloride (TTC) staining as described in Li 

[48]. Separate cohorts of young and aged mice were 

used for 14-day survival studies following the same 

dosing protocol. Animals were randomly assigned to 
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treatment groups, all histological and behavioral 

analyses were performed by a blinded observer.  

 

2,3,5-triphenyltetrazolium chloride (TTC) staining 

 

Brains from antibody and vehicle treated mice were 

extracted after euthanasia and cut into five 2-mm 

coronal sections, and stained with 1.5% 2,3,5-

triphenyltetrazolium chloride (TTC) as in Venna [49]. 

Infarct volumes were analyzed by an investigator 

blinded to treatment group using Sigma Scan Pro (San 

Jose, CA, USA) as in Venna [49]. 

 

Neurological deficit score (NDS) 

 

Mice were given a neurological deficit score (NDS) as 

described in [51]. Neurological deficits were scored 

using the following rubric on a scale from 0-5: 0 = no 

deficit, 1 = forelimb weakness and torso turning to 

ipsilateral side when held by the tail, 2 = circling to 

affected side; 3 = unable to bear weight on affected side 

and circling immediately when placed on a bench, 4 = 

no spontaneous locomotor activity or barrel rolling, and 

5 = dead. All studies were performed blinded to 

treatment. 

 

Corner test 

 

This test detects integrated sensory-motor function as it 

involves stimulation of vibrissae sensory) and rearing 

(motor). Testing was carried out as described in Li et al. 

[52], briefly, a mouse is encouraged to enter a 30-

degree corner created by two cardboard pieces. Once in 

the corner, the boards stimulate both sides of the 

vibrissae, the mouse then rears forward and up, turning 

to face the open end. Twenty trials are performed and 

the percentage of right turns is calculated. 
 

Barnes maze 

 

Barnes maze was conducted on an elevated circular 

platform (92 cm diameter) with 20 evenly spaced holes 

(5 cm diameter). A randomly chosen hole was 

designated as the escape hole, which allowed the 

animal to escape the platform into a dark rectangular 

box below. During training trials, mice learn the 

location of the escape hole by spatial clues positioned 

around the platform. All training trials and the test trial 

were performed in a dark room with the platform lit by 

bright white light. Animals received 3 training trials 

followed by a test trial 4 hours later on day 14-post 

ischemia. During the first training trial, the mouse was 

placed into the center of the arena and then guided to 

the escape hole by a clear cylindrical chamber, which 

it was allowed to explore for 1 minute. During the 

second and third trials the animal was again placed 

into the center of the platform and allowed to freely 

explore the arena for 5 minutes. At the end of each 

trial if the animal did not find the escape hole it was 

guided to it using the same clear chamber. The arena 

was cleaned between trials. The testing period 

consisted of one five-minute trial. The trial was 

terminated when the animal entered the escape hole or 

at the end of 5 minute period. Any animal that did not 

find the escape hole once during any training trial was 

excluded. A camera was mounted above the maze to 

monitor performance through a video tracking system 

(Noldus EthoVision XT). All testing was performed 

blinded to treatment group. 

 

Human studies 

 

Samples were collected at a certified JCO 

Comprehensive Stroke Center. Blood draws occurred 

at 24 +/- 6 hours after the onset of ischemic stroke and 

blood was allowed to clot at room temperature before 

centrifugation and removal of the serum layer. 

Ischemic stroke patients selected for this study were 

identified as having acute-onset, focal neurological 

deficits with positive evidence of cerebral infarction 

by CT or MRI. Patients with autoimmune disease and 

active cancer were excluded. The primary outcome 

measure was poor functional outcome as measured by 

a Modified Rankin scale (mRS) ≥ 2 (on a six point 

scale with 0 representing no residual deficits, to 6 

representing death) and by a composite measure of 

negative outcome defined by Modified Barthel Index 

(MBI) of ≤ 14 (a scale that ranges from 0-20, with 20 

being normal) or death at 3 and 12 months. The mRS 

is used to measure overall disability and independent, 

while MBI measures physical disability and the 

performance of activities of daily living. Univariate 

analysis between CD147 levels at 24 hours and poor 

composite outcome was conducted by Mann-Whitney 

U Test. In order to determine whether CD147 level 

was an independent predictor of poor outcome, a 

multivariate analysis was constructed to control for 

potential confounding factors including age, initial 

stroke severity as measured by NIH stroke scale, white 

blood cell counts, intra-arterial therapy, medications 

(anti-cholesterol medications, anti-hypertensive medi-

cations) and common comorbidities (heart disease, 

atrial fibrillation, diabetes, arthritis). For patient 

demographics, see Supplementary Table 1. For these 

studies, the criterion of statistical significance was set 

at 0.05. All analysis was performed using SPSS 

(Statistical Package for the Social Science) v21.  
 

Immunohistochemistry analyses for human brain 

sections were performed as described previously [53]. 

Anti-MMP-9, SMC-396D, 1:250 and anti-CD147, LS-

B12190, 1:100 as primary antibodies and anti-mouse-
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alkaline phosphatase (AP) as secondary antibody were 

used to examine the total 34 brain samples. 

Subsequently, the primary antibodies (anti-CD147, LS-

B12190, 1:100 and anti-GFAP, ab53554, 1:1000) and 

secondary antibodies (anti-rabbit 488 and anti-goat 594, 

1:100) were used to perform double labeling immuno-

fluorescence analyses. The images were collected using 

a Leica confocal microscope (Leica, Heerbrugg, 

Switzerland). All slides were analyzed using ImageJ 

(Colocalization colormap plugin) [54] by an 

investigator blinded to case demographics and stroke 

condition. Fluorescence expression of the CD147 and 

GFAP signals measured in co-localizing and not co-

localizing ROIs, selected on the color maps above. Data 

are expressed as mean values ± SEM; n=34 ROIs for 

each condition on images obtained from three 

independent experiments. Statistical significance is 

calculated using Mann-Whitney U-test; **P<0.001. 

 

ELISA 

 

Human serum samples were run as per the 

manufacturer’s instructions on Human anti-CD147 

ELISA (R&D Systems).  

 

Statistical analysis 

 

Statistics are presented as means ± SEM for all 

experiments. Statistics were performed using GraphPad 

Prism. A student t-test was performed when comparing 

two groups and ANOVA with repeated measures for 

groups with multiple comparisons with post-hoc 

correction. A Mann-Whitney U test was used for the 

ordinal NDS. A probability value of p < 0.05 was 

considered statistically significant. Cox regression 

model was used to compare the time to find the exit in 

the Barnes maze test among different groups, adjusted 

for multiple testing by Tukey's method. Generalized 

linear mixed model was used to model the repeatedly 

measured ordinal variable NDS on the time and groups 

with multinomial distribution and cumlogit link 

function. Group comparisons were also performed at 

each time point, adjusted for multiple testing by 

Bonferroni correction. 

 

For human samples, univariate analyses were done to 

explore CD147 levels in groups defined by patient and 

disease related characteristics including: sex, age, and 

comorbidities. Groups were also defined by outcomes, 

such as mortality, NIH stroke scale at discharge, and 

functional outcomes at 12 months post stroke using the 

Barthel and Modified Rankin scales. Comparisons were 

run based on using Wilcoxon Ranked Sum Test or 

Kruskal-Wallis (when more than two groups were 

defined) tests within using SPSSv21. Following these 

analyses, a multivariate approach using logistic 

regression was used to predict each of the outcome 

measures with CD147 level as the key predictor of 

interest and all factors associated with CD147 level (or 

the outcomes) as covariates. 
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surgery; AIS: Acute ischemic stroke; ICH: Hemorrhagic 

stroke. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

FUNDING 
 

This work was supported by R21 NSO82906 and RO1 

NS094543 (LDM) and TL1TR000369 (AP). The 

authors have no relevant disclosures. 

 

REFERENCES 
 
1. Talwalkar A, Uddin S. Trends in emergency department 

visits for ischemic stroke and transient ischemic attack: 
United States, 2001-2011. NCHS Data Brief. 2015; 1–8. 
PMID:25932894 

2. Sandoval KE, Witt KA. Blood-brain barrier tight junction 
permeability and ischemic stroke. Neurobiol Dis. 2008; 
32:200–19.  

 https://doi.org/10.1016/j.nbd.2008.08.005 
PMID:18790057 

3. del Zoppo GJ. The neurovascular unit, matrix 
proteases, and innate inflammation. Ann N Y Acad Sci. 
2010; 1207:46–49.  

 https://doi.org/10.1111/j.1749-6632.2010.05760.x 
PMID:20955425 

4. Chaturvedi M, Kaczmarek L. Mmp-9 inhibition: a 
therapeutic strategy in ischemic stroke. Mol Neurobiol. 
2014; 49:563–73.  

 https://doi.org/10.1007/s12035-013-8538-z 
PMID:24026771 

5. Donnan GA. New therapies, large databases, and Vale 
Jack P. Whisnant. Int J Stroke. 2015; 10:789.  

 https://doi.org/10.1111/ijs.12588 PMID:26202708 

6. Muir KW, Tyrrell P, Sattar N, Warburton E. 
Inflammation and ischaemic stroke. Curr Opin Neurol. 
2007; 20:334–42.  

 https://doi.org/10.1097/WCO.0b013e32813ba151 
PMID:17495630 

https://www.ncbi.nlm.nih.gov/pubmed/25932894
https://doi.org/10.1016/j.nbd.2008.08.005
https://www.ncbi.nlm.nih.gov/pubmed/18790057
https://doi.org/10.1111/j.1749-6632.2010.05760.x
https://www.ncbi.nlm.nih.gov/pubmed/20955425
https://doi.org/10.1007/s12035-013-8538-z
https://www.ncbi.nlm.nih.gov/pubmed/24026771
https://doi.org/10.1111/ijs.12588
https://www.ncbi.nlm.nih.gov/pubmed/26202708
https://doi.org/10.1097/WCO.0b013e32813ba151
https://www.ncbi.nlm.nih.gov/pubmed/17495630


 

www.aging-us.com 5136 AGING 

7. Ritzel RM, Patel AR, Grenier JM, Crapser J, Verma R, 
Jellison ER, McCullough LD. Functional differences 
between microglia and monocytes after ischemic 
stroke. J Neuroinflammation. 2015; 12:106.  

 https://doi.org/10.1186/s12974-015-0329-1 
PMID:26022493 

8. Nilupul Perera M, Ma HK, Arakawa S, Howells DW, 
Markus R, Rowe CC, Donnan GA. Inflammation 
following stroke. J Clin Neurosci. 2006; 13:1–8.  

 https://doi.org/10.1016/j.jocn.2005.07.005 
PMID:16410192 

9. Emsley HC, Smith CJ, Gavin CM, Georgiou RF, Vail A, 
Barberan EM, Hallenbeck JM, del Zoppo GJ, Rothwell 
NJ, Tyrrell PJ, Hopkins SJ. An early and sustained 
peripheral inflammatory response in acute ischaemic 
stroke: relationships with infection and atherosclerosis. 
J Neuroimmunol. 2003; 139:93–101.  

 https://doi.org/10.1016/S0165-5728(03)00134-6 
PMID:12799026 

10. Morancho A, Rosell A, García-Bonilla L, Montaner J. 
Metalloproteinase and stroke infarct size: role for anti-
inflammatory treatment? Ann N Y Acad Sci. 2010; 
1207:123–33.  

 https://doi.org/10.1111/j.1749-6632.2010.05734.x 
PMID:20955435 

11. Seizer P, Ochmann C, Schönberger T, Zach S, Rose M, 
Borst O, Klingel K, Kandolf R, MacDonald HR, Nowak 
RA, Engelhardt S, Lang F, Gawaz M, May AE. Disrupting 
the EMMPRIN (CD147)-cyclophilin A interaction 
reduces infarct size and preserves systolic function 
after myocardial ischemia and reperfusion. Arterioscler 
Thromb Vasc Biol. 2011; 31:1377–86.  

 https://doi.org/10.1161/ATVBAHA.111.225771 
PMID:21441138 

12. Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz 
MA, Fini ME, Lo EH. Effects of matrix 
metalloproteinase-9 gene knock-out on the proteolysis 
of blood-brain barrier and white matter components 
after cerebral ischemia. J Neurosci. 2001; 21:7724–32.  

 https://doi.org/10.1523/JNEUROSCI.21-19-07724.2001 
PMID:11567062 

13. Biswas C, Zhang Y, DeCastro R, Guo H, Nakamura T, 
Kataoka H, Nabeshima K. The human tumor cell-derived 
collagenase stimulatory factor (renamed EMMPRIN) is a 
member of the immunoglobulin superfamily. Cancer 
Res. 1995; 55:434–39. PMID:7812975 

14. Schulz C, von Brühl ML, Barocke V, Cullen P, Mayer K, 
Okrojek R, Steinhart A, Ahmad Z, Kremmer E, 
Nieswandt B, Frampton J, Massberg S, Schmidt R. 
EMMPRIN (CD147/basigin) mediates platelet-
monocyte interactions in vivo and augments monocyte 
recruitment to the vascular wall. J Thromb Haemost. 
2011; 9:1007–19.  

 https://doi.org/10.1111/j.1538-7836.2011.04235.x 
PMID:21320284 

15. Agrawal SM, Yong VW. The many faces of EMMPRIN - 
roles in neuroinflammation. Biochim Biophys Acta. 
2011; 1812:213–19.  

 https://doi.org/10.1016/j.bbadis.2010.07.018 
PMID:20674741 

16. Zhu W, Khachi S, Hao Q, Shen F, Young WL, Yang GY, 
Chen Y. Upregulation of EMMPRIN after permanent 
focal cerebral ischemia. Neurochem Int. 2008; 
52:1086–91.  

 https://doi.org/10.1016/j.neuint.2007.11.005 
PMID:18164515 

17. Jin R, Xiao AY, Chen R, Granger DN, Li G. Inhibition of 
CD147 (cluster of differentiation 147) ameliorates 
acute ischemic stroke in mice by reducing 
thromboinflammation. Stroke. 2017; 48:3356–65.  

 https://doi.org/10.1161/STROKEAHA.117.018839 
PMID:29114092 

18. Sumii T, Lo EH. Involvement of matrix 
metalloproteinase in thrombolysis-associated 
hemorrhagic transformation after embolic focal 
ischemia in rats. Stroke. 2002; 33:831–36.  

 https://doi.org/10.1161/hs0302.104542 
PMID:11872911 

19. Castellanos M, Leira R, Serena J, Pumar JM, Lizasoain I, 
Castillo J, Dávalos A. Plasma metalloproteinase-9 
concentration predicts hemorrhagic transformation in 
acute ischemic stroke. Stroke. 2003; 34:40–46.  

 https://doi.org/10.1161/01.STR.0000046764.57344.31 
PMID:12511748 

20. Montaner J, Alvarez-Sabín J, Molina C, Anglés A, 
Abilleira S, Arenillas J, González MA, Monasterio J. 
Matrix metalloproteinase expression after human 
cardioembolic stroke: temporal profile and relation to 
neurological impairment. Stroke. 2001; 32:1759–66.  

 https://doi.org/10.1161/01.STR.32.8.1759 
PMID:11486102 

21. Ramos-Fernandez M, Bellolio MF, Stead LG. Matrix 
metalloproteinase-9 as a marker for acute ischemic 
stroke: a systematic review. J Stroke Cerebrovasc Dis. 
2011; 20:47–54.  

 https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.1
0.008 PMID:21044610 

22. Ovbiagele B, Goldstein LB, Higashida RT, Howard VJ, 
Johnston SC, Khavjou OA, Lackland DT, Lichtman JH, 
Mohl S, Sacco RL, Saver JL, Trogdon JG, and American 
Heart Association Advocacy Coordinating Committee 
and Stroke Council. Forecasting the future of stroke in 
the United States: a policy statement from the 
American Heart Association and American Stroke 
Association. Stroke. 2013; 44:2361–75.  

https://doi.org/10.1186/s12974-015-0329-1
https://www.ncbi.nlm.nih.gov/pubmed/26022493
https://doi.org/10.1016/j.jocn.2005.07.005
https://www.ncbi.nlm.nih.gov/pubmed/16410192
https://doi.org/10.1016/S0165-5728%2803%2900134-6
https://www.ncbi.nlm.nih.gov/pubmed/12799026
https://doi.org/10.1111/j.1749-6632.2010.05734.x
https://www.ncbi.nlm.nih.gov/pubmed/20955435
https://doi.org/10.1161/ATVBAHA.111.225771
https://www.ncbi.nlm.nih.gov/pubmed/21441138
https://doi.org/10.1523/JNEUROSCI.21-19-07724.2001
https://www.ncbi.nlm.nih.gov/pubmed/11567062
https://www.ncbi.nlm.nih.gov/pubmed/7812975
https://doi.org/10.1111/j.1538-7836.2011.04235.x
https://www.ncbi.nlm.nih.gov/pubmed/21320284
https://doi.org/10.1016/j.bbadis.2010.07.018
https://www.ncbi.nlm.nih.gov/pubmed/20674741
https://doi.org/10.1016/j.neuint.2007.11.005
https://www.ncbi.nlm.nih.gov/pubmed/18164515
https://doi.org/10.1161/STROKEAHA.117.018839
https://www.ncbi.nlm.nih.gov/pubmed/29114092
https://doi.org/10.1161/hs0302.104542
https://www.ncbi.nlm.nih.gov/pubmed/11872911
https://doi.org/10.1161/01.STR.0000046764.57344.31
https://www.ncbi.nlm.nih.gov/pubmed/12511748
https://doi.org/10.1161/01.STR.32.8.1759
https://www.ncbi.nlm.nih.gov/pubmed/11486102
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.10.008
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.10.008
https://www.ncbi.nlm.nih.gov/pubmed/21044610


 

www.aging-us.com 5137 AGING 

 https://doi.org/10.1161/STR.0b013e31829734f2 
PMID:23697546 

23. Justicia C, Panés J, Solé S, Cervera A, Deulofeu R, 
Chamorro A, Planas AM. Neutrophil infiltration increases 
matrix metalloproteinase-9 in the ischemic brain after 
occlusion/reperfusion of the middle cerebral artery in 
rats. J Cereb Blood Flow Metab. 2003; 23:1430–40.  

 https://doi.org/10.1097/01.WCB.0000090680.07515.C8 
PMID:14663338 

24. Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone 
FC. Matrix metalloproteinase expression increases 
after cerebral focal ischemia in rats: inhibition of 
matrix metalloproteinase-9 reduces infarct size. Stroke. 
1998; 29:1020–30.  

 https://doi.org/10.1161/01.STR.29.5.1020 
PMID:9596253 

25. Barr TL, Latour LL, Lee KY, Schaewe TJ, Luby M, Chang 
GS, El-Zammar Z, Alam S, Hallenbeck JM, Kidwell CS, 
Warach S. Blood-brain barrier disruption in humans is 
independently associated with increased matrix 
metalloproteinase-9. Stroke. 2010; 41:e123–28.  

 https://doi.org/10.1161/STROKEAHA.109.570515 
PMID:20035078 

26. Li WX, Dai SX, Wang Q, Guo YC, Hong Y, Zheng JJ, Liu 
JQ, Liu D, Li GH, Huang JF. Integrated analysis of 
ischemic stroke datasets revealed sex and age 
difference in anti-stroke targets. PeerJ. 2016; 4:e2470.  

 https://doi.org/10.7717/peerj.2470 PMID:27672514 

27. Liu F, Yuan R, Benashski SE, McCullough LD. Changes in 
experimental stroke outcome across the life span. J 
Cereb Blood Flow Metab. 2009; 29:792–802.  

 https://doi.org/10.1038/jcbfm.2009.5 PMID:19223913 

28. Fiorelli M, Bastianello S, von Kummer R, del Zoppo GJ, 
Larrue V, Lesaffre E, Ringleb AP, Lorenzano S, Manelfe 
C, Bozzao L. Hemorrhagic transformation within 36 
hours of a cerebral infarct: relationships with early 
clinical deterioration and 3-month outcome in the 
European Cooperative Acute Stroke Study I (ECASS I) 
cohort. Stroke. 1999; 30:2280–84.  

 https://doi.org/10.1161/01.STR.30.11.2280 
PMID:10548658 

29. Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, 
Nakagawa R, Takada I, Iwaki T, Okada Y, Iida M, Cua DJ, 
Iwakura Y, Yoshimura A. Pivotal role of cerebral 
interleukin-17-producing gammadeltaT cells in the 
delayed phase of ischemic brain injury. Nat Med. 2009; 
15:946–50.  

 https://doi.org/10.1038/nm.1999 PMID:19648929 

30. Chauhan A, Al Mamun A, Spiegel G, Harris N, Zhu L, 
McCullough LD. Splenectomy protects aged mice from 
injury after experimental stroke. Neurobiol Aging. 
2018; 61:102–11.  

 https://doi.org/10.1016/j.neurobiolaging.2017.09.022 
PMID:29059593 

31. Rosell A, Cuadrado E, Ortega-Aznar A, Hernández-
Guillamon M, Lo EH, Montaner J. MMP-9-positive 
neutrophil infiltration is associated to blood-brain 
barrier breakdown and basal lamina type IV collagen 
degradation during hemorrhagic transformation after 
human ischemic stroke. Stroke. 2008; 39:1121–26.  

 https://doi.org/10.1161/STROKEAHA.107.500868 
PMID:18323498 

32. Garcia-Bonilla L, Racchumi G, Murphy M, Anrather J, 
Iadecola C. Endothelial CD36 contributes to 
postischemic brain injury by promoting neutrophil 
activation via CSF3. J Neurosci. 2015; 35:14783–93.  

 https://doi.org/10.1523/JNEUROSCI.2980-15.2015 
PMID:26538649 

33. Wang C, Jin R, Zhu X, Yan J, Li G. Function of CD147 in 
atherosclerosis and atherothrombosis. J Cardiovasc 
Transl Res. 2015; 8:59–66.  

 https://doi.org/10.1007/s12265-015-9608-6 
PMID:25604960 

34. Yoon YW, Kwon HM, Hwang KC, Choi EY, Hong BK, Kim 
D, Kim HS, Cho SH, Song KS, Sangiorgi G. Upstream 
regulation of matrix metalloproteinase by EMMPRIN; 
extracellular matrix metalloproteinase inducer in 
advanced atherosclerotic plaque. Atherosclerosis. 
2005; 180:37–44.  

 https://doi.org/10.1016/j.atherosclerosis.2004.11.021 
PMID:15823273 

35. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik 
RF, Bhuva P, Yavagal DR, Ribo M, Cognard C, Hanel RA, 
Sila CA, Hassan AE, Millan M, et al, and DAWN Trial 
Investigators. Thrombectomy 6 to 24 hours after 
stroke with a mismatch between deficit and infarct. N 
Engl J Med. 2018; 378:11–21.  

 https://doi.org/10.1056/NEJMoa1706442 
PMID:29129157 

36. Rosenberg GA. Matrix metalloproteinases in multiple 
sclerosis: is it time for a treatment trial? Ann Neurol. 
2001; 50:431–33.  

 https://doi.org/10.1002/ana.1236 PMID:11601493 

37. Hu F, Ku MC, Markovic D, Dzaye O, Lehnardt S, 
Synowitz M, Wolf SA, Kettenmann H. Glioma-
associated microglial MMP9 expression is upregulated 
by TLR2 signaling and sensitive to minocycline. Int J 
Cancer. 2014; 135:2569–78.  

 https://doi.org/10.1002/ijc.28908 PMID:24752463 

38. Deryugina EI, Zajac E, Juncker-Jensen A, Kupriyanova 
TA, Welter L, Quigley JP. Tissue-infiltrating neutrophils 
constitute the major in vivo source of angiogenesis-
inducing MMP-9 in the tumor microenvironment. 
Neoplasia. 2014; 16:771–88.  

https://doi.org/10.1161/STR.0b013e31829734f2
https://www.ncbi.nlm.nih.gov/pubmed/23697546
https://doi.org/10.1097/01.WCB.0000090680.07515.C8
https://www.ncbi.nlm.nih.gov/pubmed/14663338
https://doi.org/10.1161/01.STR.29.5.1020
https://www.ncbi.nlm.nih.gov/pubmed/9596253
https://doi.org/10.1161/STROKEAHA.109.570515
https://www.ncbi.nlm.nih.gov/pubmed/20035078
https://doi.org/10.7717/peerj.2470
https://www.ncbi.nlm.nih.gov/pubmed/27672514
https://doi.org/10.1038/jcbfm.2009.5
https://www.ncbi.nlm.nih.gov/pubmed/19223913
https://doi.org/10.1161/01.STR.30.11.2280
https://www.ncbi.nlm.nih.gov/pubmed/10548658
https://doi.org/10.1038/nm.1999
https://www.ncbi.nlm.nih.gov/pubmed/19648929
https://doi.org/10.1016/j.neurobiolaging.2017.09.022
https://www.ncbi.nlm.nih.gov/pubmed/29059593
https://doi.org/10.1161/STROKEAHA.107.500868
https://www.ncbi.nlm.nih.gov/pubmed/18323498
https://doi.org/10.1523/JNEUROSCI.2980-15.2015
https://www.ncbi.nlm.nih.gov/pubmed/26538649
https://doi.org/10.1007/s12265-015-9608-6
https://www.ncbi.nlm.nih.gov/pubmed/25604960
https://doi.org/10.1016/j.atherosclerosis.2004.11.021
https://www.ncbi.nlm.nih.gov/pubmed/15823273
https://doi.org/10.1056/NEJMoa1706442
https://www.ncbi.nlm.nih.gov/pubmed/29129157
https://doi.org/10.1002/ana.1236
https://www.ncbi.nlm.nih.gov/pubmed/11601493
https://doi.org/10.1002/ijc.28908
https://www.ncbi.nlm.nih.gov/pubmed/24752463


 

www.aging-us.com 5138 AGING 

 https://doi.org/10.1016/j.neo.2014.08.013 
PMID:25379015 

39. Sun J, Hemler ME. Regulation of MMP-1 and MMP-2 
production through CD147/extracellular matrix 
metalloproteinase inducer interactions. Cancer Res. 
2001; 61:2276–81. 

 PMID:11280798 

40. Berditchevski F, Chang S, Bodorova J, Hemler ME. 
Generation of monoclonal antibodies to integrin-
associated proteins. Evidence that alpha3beta1 
complexes with EMMPRIN/basigin/OX47/M6. J Biol 
Chem. 1997; 272:29174–80.  

 https://doi.org/10.1074/jbc.272.46.29174 
PMID:9360995 

41. Engbring JA, Kleinman HK. The basement membrane 
matrix in malignancy. J Pathol. 2003; 200:465–70.  

 https://doi.org/10.1002/path.1396 PMID:12845613 

42. Morini M, Mottolese M, Ferrari N, Ghiorzo F, Buglioni 
S, Mortarini R, Noonan DM, Natali PG, Albini A. The 
alpha 3 beta 1 integrin is associated with mammary 
carcinoma cell metastasis, invasion, and gelatinase B 
(MMP-9) activity. Int J Cancer. 2000; 87:336–42.  

 https://doi.org/10.1002/1097-
0215(20000801)87:3<336::AID-IJC5>3.0.CO;2-3 
PMID:10897037 

43. Gwinn WM, Damsker JM, Falahati R, Okwumabua I, 
Kelly-Welch A, Keegan AD, Vanpouille C, Lee JJ, Dent 
LA, Leitenberg D, Bukrinsky MI, Constant SL. Novel 
approach to inhibit asthma-mediated lung 
inflammation using anti-CD147 intervention. J 
Immunol. 2006; 177:4870–79.  

 https://doi.org/10.4049/jimmunol.177.7.4870 
PMID:16982929 

44. Shlosberg D, Benifla M, Kaufer D, Friedman A. Blood-
brain barrier breakdown as a therapeutic target in 
traumatic brain injury. Nat Rev Neurol. 2010; 6:393–
403.  

 https://doi.org/10.1038/nrneurol.2010.74 
PMID:20551947 

45. Hammond MD, Taylor RA, Mullen MT, Ai Y, Aguila HL, 
Mack M, Kasner SE, McCullough LD, Sansing LH. CCR2+ 
Ly6C(hi) inflammatory monocyte recruitment 
exacerbates acute disability following intracerebral 
hemorrhage. J Neurosci. 2014; 34:3901–09.  

 https://doi.org/10.1523/JNEUROSCI.4070-13.2014 
PMID:24623768 

46. Quintar AA, Hedrick CC, Ley K. Monocyte phenotypes: 
when local education counts. J Exp Med. 2015; 
212:432.  

 https://doi.org/10.1084/jem.2124insight1 
PMID:25847970 

47. Longa EZ, Weinstein PR, Carlson S, Cummins R. 
Reversible middle cerebral artery occlusion without 
craniectomy in rats. Stroke. 1989; 20:84–91.  

 https://doi.org/10.1161/01.STR.20.1.84 PMID:2643202 

48. Li J, Benashski SE, Venna VR, McCullough LD. Effects of 
metformin in experimental stroke. Stroke. 2010; 
41:2645–52.  

 https://doi.org/10.1161/STROKEAHA.110.589697 
PMID:20847317 

49. Venna VR, Weston G, Benashski SE, Tarabishy S, Liu F, 
Li J, Conti LH, McCullough LD. NF-κB contributes to the 
detrimental effects of social isolation after 
experimental stroke. Acta Neuropathol. 2012; 
124:425–38.  

 https://doi.org/10.1007/s00401-012-0990-8 
PMID:22562356 

50. Doran SJ, Trammel C, Benashaski SE, Venna VR, 
McCullough LD. Ultrasonic vocalization changes and 
FOXP2 expression after experimental stroke. Behav 
Brain Res. 2015; 283:154–61.  

 https://doi.org/10.1016/j.bbr.2015.01.035 
PMID:25644653 

51. O’Keefe LM, Doran SJ, Mwilambwe-Tshilobo L, Conti 
LH, Venna VR, McCullough LD. Social isolation after 
stroke leads to depressive-like behavior and decreased 
BDNF levels in mice. Behav Brain Res. 2014; 260:162–
70.  

 https://doi.org/10.1016/j.bbr.2013.10.047 
PMID:24211537 

52. Li X, Blizzard KK, Zeng Z, DeVries AC, Hurn PD, 
McCullough LD. Chronic behavioral testing after focal 
ischemia in the mouse: functional recovery and the 
effects of gender. Exp Neurol. 2004; 187:94–104.  

 https://doi.org/10.1016/j.expneurol.2004.01.004 
PMID:15081592 

53. Ritzel RM, Lai YJ, Crapser JD, Patel AR, Schrecengost A, 
Grenier JM, Mancini NS, Patrizz A, Jellison ER, Morales-
Scheihing D, Venna VR, Kofler JK, Liu F, et al. Aging 
alters the immunological response to ischemic stroke. 
Acta Neuropathol. 2018; 136:89–110.  

 https://doi.org/10.1007/s00401-018-1859-2 
PMID:29752550 

54. Jaskolski F, Mulle C, Manzoni OJ. An automated 
method to quantify and visualize colocalized 
fluorescent signals. J Neurosci Methods. 2005; 
146:42–49.  

 https://doi.org/10.1016/j.jneumeth.2005.01.012 
PMID:15935219 

 

  

https://doi.org/10.1016/j.neo.2014.08.013
https://www.ncbi.nlm.nih.gov/pubmed/25379015
https://www.ncbi.nlm.nih.gov/pubmed/11280798
https://doi.org/10.1074/jbc.272.46.29174
https://www.ncbi.nlm.nih.gov/pubmed/9360995
https://doi.org/10.1002/path.1396
https://www.ncbi.nlm.nih.gov/pubmed/12845613
https://doi.org/10.1002/1097-0215%2820000801%2987:3%3C336::AID-IJC5%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0215%2820000801%2987:3%3C336::AID-IJC5%3E3.0.CO;2-3
https://www.ncbi.nlm.nih.gov/pubmed/10897037
https://doi.org/10.4049/jimmunol.177.7.4870
https://www.ncbi.nlm.nih.gov/pubmed/16982929
https://doi.org/10.1038/nrneurol.2010.74
https://www.ncbi.nlm.nih.gov/pubmed/20551947
https://doi.org/10.1523/JNEUROSCI.4070-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/24623768
https://doi.org/10.1084/jem.2124insight1
https://www.ncbi.nlm.nih.gov/pubmed/25847970
https://doi.org/10.1161/01.STR.20.1.84
https://www.ncbi.nlm.nih.gov/pubmed/2643202
https://doi.org/10.1161/STROKEAHA.110.589697
https://www.ncbi.nlm.nih.gov/pubmed/20847317
https://doi.org/10.1007/s00401-012-0990-8
https://www.ncbi.nlm.nih.gov/pubmed/22562356
https://doi.org/10.1016/j.bbr.2015.01.035
https://www.ncbi.nlm.nih.gov/pubmed/25644653
https://doi.org/10.1016/j.bbr.2013.10.047
https://www.ncbi.nlm.nih.gov/pubmed/24211537
https://doi.org/10.1016/j.expneurol.2004.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15081592
https://doi.org/10.1007/s00401-018-1859-2
https://www.ncbi.nlm.nih.gov/pubmed/29752550
https://doi.org/10.1016/j.jneumeth.2005.01.012
https://www.ncbi.nlm.nih.gov/pubmed/15935219


 

www.aging-us.com 5139 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Table 

 

Supplementary Table 1. Demographics and comorbidities  
of human post mortem stroke cases. 

Variable Measure 

Age (yrs) 67 (58.7-80.2) 

Gender (male) 74 (58.9%) 

Heart Disease 42 (33.1%) 

Arial Fibrillation 30 (23.1%) 

Diabetes Mellitus 45 (34.6%) 

High Cholesterol 91 (70.0%) 

Hypertension 104 (80.0%) 

Smoking 26 (20%) 

Arthritis 13 (10%) 

Subtype: 
 

Large vessel 9 (17.65%) 

Cardioembolic 17 (33.33%) 

Small vessel 19 (37.25%) 

Stroke Severity (NIHSS) 
 

Mild: ≤4 70 (53.8%) 

Moderate: ≥5 ≤12 30 (23.1%) 

Severe: ≥13 30 (23.1%) 

 


