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Abstract 

Adipose tissue-originated pericyte with platelet-derived growth 

factor receptor β positivity (AT-PDGFRβ+) is a multipotential 

mesodermal stem cell which is promising for a cell-based 

neurorestorative therapy. The current study of chronic ischemic rat 

model was conducted to test whether hyperosmolar mannitol 

enhances intracarotid delivery of AT-PDGFRβ+ cells and to 

investigate whether contralaterally infused AT-PDGFRβ+ cells would 

reach ischemic hemisphere and differentiate into neuronal or 

endothelial cells. The safety of the intracarotid injection of 

hyperosmolar mannitol and autologous AT-PDGFRβ+ cells was 

additionally tested for a non-ischemic normal canine model. For the 

chronic ischemic rat model, 1.4M mannitol (2mL, 0.1mL/sec) and 

2x106 human AT-PDGFRβ+ cells (n=9), or injection of 2x106 human 

AT-PDGFRβ+ cells alone (n=6) were infused in the contralateral 

carotid artery at three weeks after ischemia. AT-PDGFRβ+ cells were 

found in the non-ischemic hemisphere and the corpus callosum at 
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day 3, and in the ischemic hemisphere at day 7 under the condition 

of mannitol pretreatment. However, without mannitol pretreatment, 

only a few AT-PDGFRβ+ cells were observed in the infarct areas at 

day 7. At day 28, the surviving AT-PDGFRβ+ cells in the ischemic 

hemisphere were located mainly in the perivascular space, and were 

immunostained with endothelial barrier antigen (EBA; ~65%), alpha 

smooth muscle actin (αSMA; ~40%) or neurofilament (~20%). 

Normal canines (25kg, n=6) underwent intracarotid injection of 

hyperosmolar mannitol (20%, 50mL, 1g/kg) followed by 5x106 

autologous AT-PDGFRβ+ cells. In the original protocol (protocol 1, 

n=2), cells mixed with 2mL of normal saline were infused for 1 

minute by hand injection. In the modified protocol (protocol 2, n=4), 

cells mixed with 50mL of normal saline and 1,000 unit of heparin, 

were dripped slowly during 10 minute. During the procedure, vital 

signs of mean arterial pressure, heart rate, and O2 saturation were 

stable. On blood test, the level of leukocyte, hematocrit, calcium, 

potassium, albumin and total protein was decreased, but the other 



- III -  

blood count, electrolyte, liver and renal batteries were within 

normal range including CRP. Although all canines were free from 

neurologic deficit and showed arterial patency on serial angiogram, 

brain MRI demonstrated multiple ischemic lesions in one canine 

(protocol 1; 1 out of 2) and a single transient small ischemic lesion 

in one canine (protocol 2; 1 out of four). In canine brain sections, 

AT-PDGFRβ+ cells were detected in both ipsilateral and contralateral 

cortex, which was more frequent at ipsilateral and frontal location. 

AT-PDGFRβ+ cells were also detected within infarcted area, and their 

location was perivascular spaces (70%), outside vessels (20%), and 

within vessels (10%), regardless of infracted area or not. In 

summary, hyperosmolar mannitol enhanced the entrance of 

contralaterally infused human AT-PDGFRβ+ cells into chronic 

ischemic rat brain by transient opening of blood-brain-barrier, and 

human AT-PDGFRβ+ cells subsequently migrated across corpus 

callosum into the ischemic hemisphere and differentiated into 

neuronal or endothelial cells. The intracarotid injection of autologus 
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AT-PDGFRβ+ cells in normal canines did not develop serious adverse 

events except for silent thromboembolism. To reduce the 

thromboembolic complication, additional modification is required for 

cell pellet concentration. The intracarotid infusion of AT-PDGFRβ+ 

cells under the hyperosmolar mannitiol pretreatment is a feasible 

therapeutic approach in chronic stroke.  

 

Key words: pericyte, adipose tissue-originated platelet-derived 

growth factor receptor β-positive (AT-PDGFRβ+) cells, chronic 

ischemia, rat, canine, intracarotid injection, hyperosmolar mannitol,  

blood-brain barrier 
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I. INTRODUCTION 

Stroke remains the second leading cause of death and the leading 

cause of adult disability in industrialized countries including Korea 

(1–3). About 30%–50% of stroke survivors remain independent and 

15%–30% are severely disabled. Numerous neuroprotective 

attempts have been made to interrupt the ischemic cascades (4). 

Despite the promising results from in vitro and animal experiments, 

all clinical trials failed to demonstrate the efficacy of neuroprotective 

therapy (5). Recently the enormous potentials of stem or progenitor 

cells for cell-based neuroregeneration have been recognized (6–11). 

Several studies suggested that stem or progenitor cells harvested 

from bone marrow (6,10,12), peripheral blood (13-15), cord blood 

(16), and adipose tissue (17–20) can exhibit neuronal or glial cell 

properties, or secrete cytokines and neurotrophic factors under 

specific culture conditions. From adipose tissue, the stem or 

progenitor cells can be harvested more easily and abundantly than 
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other sources, and adipose tissue-originated stromal cell (ATSC) 

can produce pericytes or its precursor cells (21–25). 

It has been suggested that pericytes, which are originally defined 

by their morphology and close contact to endothelial cells (26–29), 

may have function as multipotent mesodermal stem cells (MSCs) 

for tissue repair (22–25). Although no single specific marker is 

available to define the pericyte phenocyte, platelet-derived growth 

factor receptor β (PDGFRβ), α-smooth muscle actin (αSMA) or 

chondroitin sulfate proteoglycan NG2 have been used to identify 

pericytes (23,24,30–33). Pericytes can differentiate into mature 

pericytes, osteoblasts, chondroblasts, fibroblasts, adipocytes, and 

smooth muscle cells (23,32,34–38). In addition, pericytes may be a 

source of MSCs with the potential of direct vasculo-neurogenesis 

(24), and can be useful for future therapeutic strategies.  

However, a cell-based therapy for acute stroke should overcome 

two major obstacles in the clinical application. First, two or three 
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weeks are required for expanding autologous stem cells isolated 

from patient’s tissue to obtain sufficient amount for infusion. During 

the elapsed time of expansion, acute stroke evolves to subacute 

stage, with losing homing signals for stem cells recruitment and 

blood-brain barrier (BBB) being closed. The BBB disruption would 

be a prerequisite for entering brain tissue at this situation. In this 

study, we hypothesized that transient BBB disruption with 

hyperosmolar mannitol would enhance stem cell delivery at 

subacute or chronic stage of stroke. Second, intracarotid 

administration has an advantage over the other route of 

administration, but arrested flow through occluded artery may not 

be effective to deliver stem cells to brain parenchyma. An arterial 

infusion through intact contralateral carotid may be more effective 

for delivery, but it is questionable whether migration of stem cells 

into ischemic hemisphere would occur. 

The current study of chronic ischemic rat model was conducted to 
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test the hypothesis that hyperosmolar mannitol improves the 

efficacy of intracarotid delivery of adipose tissue-originated pericyte 

with platelet-derived growth factor receptor β positive (AT-

PDGFRβ+) and to investigate whether AT-PDGFRβ+ cells infused 

contralaterally to ischemic hemisphere would reach cerebral 

ischemic lesions and differentiate into neuronal or endothelial cells. 

In addition, non-ischemic normal canine model was carried out to 

further test the safety of intracarotid infusion of hyperosmolar 

mannitol and autologous AT-PDGFRβ+ cells.  
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II. METHODS 

 

1. Experimental design and animal groups  

1.1. Treatment allocation of chronic ischemic rat 

Chronic ischemic rats were allocated to either an intracarotid 1.4M 

mannitol (2mL, 0.1mL/sec) pretreatment group (n=9) or a control 

group (n=6) infused with 200 μL steril phosphate buffered solution 

(PBS). Both groups received intracarotid infusion of 2x106 human 

AT-PDGFRβ+ cells.  

1.2. Normal canines 

All normal non-ischemic canines (25kg, n=6) underwent 

intracarotid injection of hyperosmolar mannitol (20%, 50cc, 1g/kg) 

followed by 5x106 autologous AT-PDGFRβ+ cells.  

 

2. Preparation of AT-PDGFRβ+ cells 

2.1. Human adipose tissue acquisition for rat 
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experiment 

Human subcutaneous adipose tissue was acquired from three 

female subjects (age: 35, 44, 50 years) who underwent an elective 

surgery. Informed consent for each patient was obtained and the 

study protocol was approved by the institutional review board of 

Seoul National University Hospital. As previously described (22), 

tissues obtained from the patients were transported to our 

laboratory in PBS containing antibiotics. Tissues were washed at 

least three times with PBS to remove blood and then digested with 

0.075% collagenase type 1 (Worthington Biochemical, Lakewood, 

NJ, USA) for 1 h at 37 °C. Mature adipocyte fractions were removed 

from stroma-vascular fractions by centrifuging at 1200×g for 10 

min. The remaining fractions were treated with red blood cell lysis 

buffer for 10 min at room temperature and then filtered through 

100-μm nylon mesh to exclude remaining erythrocyte debris, and 

then recentrifuged at 1200×g for 10min. Stroma-vascular fractions 
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were utilized for our experiment.  

 

2.2. Autologous canine adipose tissue acquisition 

for canine experiment 

Canine adipose tissues were directly obtained for individual canines. 

After removing mature adipocyte fractions and red blood cells by 

the same method of adult human adipose tissue preparation, 

stroma-vascular fractions were utilized for our experiments. Tissue 

samples were subjected to long-term culture after magnetic-

activated cell sorting (MACS) to obtain adequate number for 

transplanatation. 

 

2.3. Magnetic-activated cell sorting 

Approximately 2 x 107 cells were incubated with endothelial growth 

media (EGM-2; Clonetics, San Diego, CA, USA) for 1 h. The cells 

were then washed with PBS / 5% fetal bovine serum (FBS) and 
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resuspended in a 1/50 dilution of anti-human PE-PDGFRβ for 45 

minutes on ice. After washing, the cells were incubated with anti-PE 

microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 

minutes on ice and then separated on a Mini MACS magnetic 

column (Miltenyi Biotec, Auburn, CA, USA) according to the 

manufacturer’s recommendations.  

 

2.4. Long-term culture and proliferation of AT-

PDGFRβ+ cells 

AT-PDGFRβ+ cells sorted by MACS were plated at a density of 

1~2x104 per well on 2% gelatin (Sigma)-coated 100mm plates. 

Cells were maintained under the media condition, DMEM / F12 + 

5% FBS + N2 supplement without growth factors, which allowed the 

cells to maintain their PDGFRβ positivity in our previous study (data 

are not shown; 21). 
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3. Intracarotid injection of AT-PDGFRβ+ cells 

For the cell tracking study, AT-PDGFRβ+ cells were infected with 

Lenti-green fluorescent protein (GFP) virus (107 plaque-forming 

units/mL medium) overnight and cultured for additional 2 days 

before transplantation 

3.1. Rat model 

 At 3 weeks post-ischemia, anesthesia was reinstituted and a 

modified polyethylene catheter was inserted into the external 

carotid artery (ECA) toward the bifurcation. The silk tie was 

tightened around the catheter, and hyperosmolar mannitol solution 

was injected (1.4 M bolus in saline, 0.1 mL per sec, 2 mL). Five 

minutes later, approximately 2 x 106 AT-PDGFRβ+ cells in 200 μL of 

PBS was slowly injected over 5 minutes (n=9). A control experiment 

was conducted using an identical protocol and injecting 2 mL of 

sterile PBS followed by infusion of 2 x 106 AT-PDGFRβ+ cells in 200 

μL of PBS over 5 minutes (n=6). All animals were not treated with 
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immunosuppressants in this study.  

 

3.2. Canine model 

Since chronic ischemic rat experiments demonstrated the 

enhanced penetrance of AT-PDGFRβ+ cells with hyperosmolar 

mannitol pretreatment, all canine experiments were conducted with 

hyperosmolar mannitol pretreatment. All canines were fasted from 

the night before procedures. Using a femoral approach, carotid 

angiogram was obtained by using 5F Davis catheter (Jungsung 

medical, sungnam-si, Korea) under inhaled anesthesia. To prevent 

clot formation within catheter, continuous heparin-saline pressure 

bag was connected to 5F catheter. To open the BBB, hyperosmolar 

mannitol solution (20% mannitol, total 50cc, 1g/kg, for 1 minute) 

was infused through microcatheter positioned at internal carotid 

artery. Post-mannitol injection angiography was obtained to confirm 

arterial patency. In the original protocol (protocol 1, n=2), 
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approximately 5 x 106 autologous AT-PDGFRβ+ cells in 2mL of PBS 

was slowly injected by hand injection 5 minutes after mannitol 

pretreatment. After experiencing a thromboembolic complication, 

we modified the infusion protocol (protocol 2). In the protocol 2 

(n=4), cell solution was dissociated with hand shaking after addition 

of EDTA/Trypsin. Autologous AT-PDGFRβ+ cells were mixed with a 50 

mL of normal saline plus 1,000 unit of heparin solution, and the 

mixture were dripped slowly using pressure bag during 10 minute. 

Blood pressure, heart rate, and EKG were monitored at baseline, 1 

minute and 5 minutes after mannitol injection, and 10, 15, and 30 

minutes after cell injection. Post-PDGFRβ+ injection angiography 

was obtained to assess arterial patency.  

 

4. Brain magnetic resonance imaging for canines 

Anesthesia was adjusted to maintain immobility during MRI scan. 

Using a 3.0 Tesla scanner (Magnetom Vision, Siemens, Erlangen, 
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Germany), T1- and T2-weighted images, fluid-attenuated inversion 

recovery (FLAIR), diffusion-weighted images of sagittal, transversal, 

or dorsal planes were obtained. Infarct area was defined as 

increased intensity greater than a factor of 1.25 as compared to 

normal area. The presence of embolic infarct was examined at 1 

day and 1 week after AT-PDGFRβ+ cell injection. 

 

5. Neurobehavioral scoring for canines 

Neurobehavioral scoring was performed using a standardized 

categorical rating scale (39–41); scoring was performed for motor 

function (no deficit= 1, hemiparetic but able to walk = 2, stands 

only with assistance = 3, hemiplegic and unable to stand = 4, 

comatose or dead, not testable = 4), consciousness (normal = 1, 

mildly reduced = 2, severely reduced = 3, comatose or dead= 4), 

head turning (absent = 0, posturing and turns toward side of infarct 

= 1, unable to lift head, comatose, or dead =1), circling (absent = 
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0, present = 1, does not walk or dead= 1), and hemianopsia 

(absent = 0, present = 1, unable to test because of reduced 

consciousness or death = 1). Total neurobehavioral score ranges 

from 2 (completely normal) to 11 (most severe deficits: comatose 

or dead). Each canine was assessed prior to anesthesia, daily during 

the first week, and then weekly until euthanasia. 

 

6. Blood Sample Collection for canine  

Blood samples were taken prior to, 1 day after, and 1 week after 

intracarotid injection; A total of 5–10 mL blood was collected into 

ethylene diaminetetraacetic acid (EDTA) tubes and was sent for a 

complete blood cell count (CBC), liver and renal battery, 

coagulation study, and arterial blood gas analysis. 

 

7. Immunocytochemistry for brain tissues 

Rats were sacrificed for immunohistochemistry at 3, 7, and 28 
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days after AT-PDGFRβ+ cell transplantation. Canines were 

euthanized at 28 days after transplantation. After 24 hours of 

fixation in 4% paraformaldehyde, brains were cryoprotected with 

30% sucrose for 24 hours and then cut into 30 μm sections with a 

cryostat (Leica CM 1900; Leica, Deerfield, IL). Brain sections were 

fixed for 30 minutes at room temperature in 4% paraformaldelyde 

and then washed 3 times in PBS. To examine the phenotypic 

differentiation of transplanted cells, brain sections were stained with 

anti-GFP antibody and antibodies against different cell markers of 

neuron, pericyte, and endothelial cell. Sections were labeled with 

chicken anti-GFP (1:800, Abcam), and either anti-Nestin (1:200, 

Chemicon), anti-PDGFRβ (1:200; Abcam), anti-NG2 antibodies 

(1:100; Abcam); anti-αSMA antibodies (1:100; DAKO); anti-NF 

(1:200, Chemicon), and anti-endothelial barrier antigen (EBA) 

(1:200; Stenberger Monoclonals, Baltimore, MD, USA) antibodies. 

FITC-conjugated anti-sheep IgG (1:100; Biodesign) and Cy3-
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conjugated anti–mouse IgG antibodies (1:300; Jackson 

Immunoresearch Laboratories) were used as secondary antibodies. 

Negative controls were generated by adding the same concentration 

of primary mouse IgG (Sigma) or sheep IgG (#I5006; Sigma). 

Fluorescence signals were detected at excitation/emission 

wavelengths of 550/570nm (Cy3, red), 488/522nm (FITC, green), 

and 360/400nm (DAPI, blue). Images were then acquired on a Bio-

Rad MRC 1024 inverted confocal microscope (Bio-Rad). 

 

7. Statistical analysis 

Data of continuous variables were expressed as means ± standard 

deviations. The Pearson’s chi-square test was used to compare the 

frequency distributions of categorical variables between the study 

groups. Continuous variables were compared using Student’s t test, 

the Mann-Whitney U test, or Kruskal-Wallis test. P-value < 0.05 was 

considered statistically significant. 
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III. RESULTS 

1. Preparation of AT-PDGFRβ+ cells  

The AT-PDGRβ+ cells obtained from human and canine adipose 

tissue were analyzed by using flow cytometry. They were sorted by 

high PDGFRβ expression and lack of CD34, the latter in order to 

ascertain the absence of endothelial cells within sorted cells. The 

cells formed a monolayer of homogenous bipolar spindle-like cells 

with a whirlpool-like array within 2 weeks (Fig 1A). The light 

microscopy analysis demonstrated that these cells maintained a 

stable morphology and immunophenotype for PDGFRβ for about 25 

to 30 passages in culture without spontaneous differentiation. The 

stable proliferation of AT-PDGFRβ+ without differentiation into 

mature pericytes was achieved at condition of DMEM / F12 + 5% 

FBS + N2 supplement without growth factors (Fig 1B).  
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(A)                                  (B) 

 

 

Figure 1. Isolation and culture of PDGFRβ+ cells sorted 

from adipose tissue and flow cytometry analysis  

(A) The PDGFRβ+ cells were sorted from adipose tissue and seeded 

in culture. The cells formed a monolayer of homogenous bipolar 

spindle-like cells with a whirlpool-like array within 2 weeks. (B) Cell 

suspensions from adipose tissues were stained with PDGFRβ 

antibodies and run on a flow cytometry analysis. The majority 

(about 98%) of cell suspensions were positive for PDGFRβ by flow 

cytometry at condition of DMEM / F12 + 5% FBS + N2 supplement 

without growth factors. 
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2. Identification and trafficking of transplanted 

human AT-PDGFRβ+ cells within rat brain 

At three weeks after ischemia, the Lenti-GFP-transfected AT-

PDGFRβ+ cells were injected through the contralateral internal 

carotid artery with hyperosmolar mannitol pretreatment. After 

sacrifice of rats, brain sections were stained at day 3, day 7, day 28 

for expression of GFP. When human AT-PDGFRβ+ cells were infused 

at contralateral carotid artery, the GFP+ cells were found in the non-

ischemic hemisphere (injected side) and the corpus callosum at day 

3 (Fig 2A,B). The GFP+ cells began to be found in the ischemic 

hemisphere at day 7 (Fig 2C,D). Therefore, the GFP+ cells migrated 

into the ischemic hemisphere via corpus callosum at day 7. The 

transplanted cells showed positivity for both GFP and nestin around 

the ischemic core 7 days after injection (Fig 2D–F).  

Brain sections on day 28 were stained with antibody for GFP, EBA, 

αSMA, and NF (Fig 2G–O). The surviving GFP+ cells in the ischemic 
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brain were located mainly in the perivascular space, as indicated in 

EBA immunostaining (~65%). They expressed a pericyte marker, 

αSMA (~40%) or a neuronal marker, NF (~20%). Astroglial 

differentiation of transplanted cells was not observed at 7 or 28 

days after transplantation. 

However, in cases with contralateral injection without mannitol (Fig 

2P,Q) or with ipsilateral injection with mannitol (Fig 2R), there were 

only a few GFP+ cells in the infarct areas at day 7.  
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Figure 2. Migration and differentiation of transplanted 

AT-PDGFRβ+ cells in chronically ischemic rat brain 

The GFP+ cells were found not only in the injected non-ischemic 

hemisphere (A), but also in the corpus callosum (B) on day 3 after 

injection. The GFP+ cells migrated and distributed to a large area in 

the ischemic hemisphere on day 7 (C). Most GFP+ cells were nestin-

positive (D-F). Brain sections on day 28 were stained with antibody 

for GFP, EBA (G-I), αSMA, and NF. The majority of the GFP+ cells 

was located in the perivascular space and expressed αSMA (J-L), 
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whereas some expressed NF (M-O). (P) The Lenti-GFP-transfected 

AT-PDGFRβ+ cells are shown as green fluorescent color. (Q) In case 

of contralateral cell infusion without hyperosmolar mannitol 

pretreatment, there were only a few GFP-positive cells in the infarct 

areas at day 7. (R) In case of ipsilateral cell infusion with 

hyperosmolar mannitol pretreatment, there were only a few GFP-

positive cells in the infarct areas at day 7. Scale bar represents 30 

μm in D-O. 
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3. Safety of intracarotid injection of autologous 

AT-PDGFRβ+ cells in normal canine 

Serial common carotid angiogram of six canines after autologous 

AT-PDGFRβ+ cell injection showed arterial patency without evidence 

of thromboembolic occlusion (Table 1). At each step of the 

procedure, vital signs of mean arterial pressure, heart rate, and O2 

saturation remained stable (p>0.05; Table 2). On blood test, the 

leukocyte count, serum calcium, serum potassium, total protein and 

albumin levels were decreased after infusion as compared to 

baseline (p<0.05; Table 3), but the other blood count, electrolyte, 

liver, renal and coagulation batteries were within normal range. The 

C-reactive protein (CRP) was within normal range. On neurological 

scales, all six canines showed intact motor and consciousness (Table 

4). Abnormal movements of head turning, circling, and hemianopsia 

were not observed. Brain MRIs of 1 day and 7 days showed acute 

infarct in two canines, and the incidence of acute infarct was 50% 
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with the protocol 1 and 25% with the protocol 2 (Table 5); in 

canine#1, small areas of diffusion-restriction was found on frontal 

lobe contralateral to injected side at 1 day DWI, and on ipsilateral 

temporoparietal lobe at 1 week FLAIR (Fig 4). Canine#5 showed a 

tiny lesion at 1 day, which disappeared in the follow-up FLAIR 

images performed at day 7 (Fig 5).  

 

 

 

 

 

 

 

 

 

 



- 24 - 

 

 

Table 1. Angiographic findings of six canines after 

intracarotid injection of autologous AT-PDGFRβ+ cells  

 

Canine No. ACA MCA 

Canine No.1 No occlusion No occlusion 

Canine No.2 No occlusion No occlusion 

Canine No.3 No occlusion No occlusion 

Canine No.4 No occlusion No occlusion 

Canine No.5 No occlusion No occlusion 

Canine No.6 No occlusion No occlusion 

 

AT-PDGFRβ+=adipose tissue-originated platelet-derived growth 

factor receptor β positive cell; No.=identification number; 

ACA=anterior cerebral artery; MCA=middle cerebral artery 
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Table 2. Arterial pressure, heart rate, and SpO2 at 

baseline, immediate post-infusion, day 1, and day 7 

after AT-PDGFRβ+ cell infusion 

 

 MAP, mmHg HR, beats/min SpO2, % 

baseline 117.3±4.8 85.5±6.7 99.8±0.4 

1min manitol 120.5±2.3 85.3±6.1 99.8±0.4 

5min manitol 119.7±2.7 83.5±5.2 100±0 

10min AT-PDGFRβ+ 118.0±2.9 83.5±4.8 99.8±0.4 

15min AT-PDGFRβ+ 115.1±3.3 84.6±4.8 99.8±0.4 

30min AT-PDGFRβ+ 117.1±2.2 84.6±4.8 99.8±0.4 

P value 0.086 0.972 0.960 

 The mean value of the monitored mean arterial pressure, heart 

rate, and O2 saturation of 6 canines were compared among each 

step of the procedure by using Kruskal-Wallis test. AT-

PDGFRβ+=adipose tissue-originated platelet-derived growth factor 

receptor β positive cell; 1min or 5min manitol=1 minute or 5 

minutes after hyperosmolar mannitiol injection, respectively; 10min, 

15min, or 30min AT-PDGFRβ+=10 minutes, 15 minutes, or 30 

minutes after AT-PDGFRβ+ injection, respectively; MAP=mean 

arterial pressure (mmHg); HR=heart rate (beats/min); SpO2=O2 

saturation(%).  
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Table 3. Laboratory findings at baseline, immediate 

post-infusion, day 1, and day 7 after AT-PDGFRβ+ cell 

infusion 

 

 Baseline Post-I. Day 1 Day 7 P value 

WBC,x103 μL 10.3±1.0 8.0±1.6 9.4±0.5 9.7±0.9 0.026 

Hb, g/dL 15.6±2.0 11.7±2.5 13.8±2.0 14.2±1.6 0.051 

PLT, x103 μL 289.7±104.3 325.6±86.8 388.1±137.3 369.5±110.9 0.526 

CA, mg/dL 10.9±1.0 9.0±1.1 9.3±1.2 10.0±0.7 0.044 

P, mg/dL 6.4±0.5 6.2±0.7 5.8±0.6 5.9±0.7 0.568 

GLU, mg/dL 70.7±28.4 77.3±26.2 84.0±17.6 97.0±9.7 0.234 

BUN, mg/dL 10.7±1.7 8.7±2.0 10.7±5.1 10.7±5.2 0.797 

Creatinine, mg/dL 1.7±1.1 1.3±0.4 1.2±0.3 1.3±0.1 0.067 

Cholesterol, mg/dL 259.2±28.2 187.1±32.7 217.1±45.7 230.6±39.2 0.053 

Total protein, mg/dL 6.6±0.3 5.1±0.5 5.9±0.3 5.8±0.3 0.001 

Albumin, mg/dL 2.8±0.3 2.1±0.2 2.4±0.2 2.5±0.2 0.007 

AST, IU/L 38.5±10.5 31.2±10.4 33.6±8.2 26.5±3.1 0.191 

ALT, IU/L 32.7±17.3 18.3±11.9 15.3±8.8 15.1±9.1 0.113 

CK, IU/L 205.0±39.0 196.8±55.2 230.1±81.6 188.1±33.5 0.622 

LD, IU/L 234.0±72.5 184.3±107.3 254.6±35.4 201.5±81.2 0.446 

CRP, mg/dL 0.04±0.00 0.03±0.01 0.03±0.01 0.03±0.00 0.371* 
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Na, mmol/L 144.6±3.2 145.8±6.0 142.3±5.1 143.8±3.9 0.654 

K, mmol/L 4.9±0.2 4.5±0.5 5.0±0.3 5.2±0.2 0.020 

Cl, mmol/L 108.8±6.1 104.6±10.1 106.2±5.7 109.3±3.2 0.630 

PT, sec 6.9±0.6 6.9±0.5 6.4±0.3 6.3±0.2 0.236 

aPTT, sec 19.6±6.6 23.6±2.4 16.4±2.9 16.5±3.0 0.096 

 

AT-PDGFRβ+=adipose tissue-originated platelet-derived growth 

factor receptor β positive cell; The mean value of the blood profiles 

of 6 canines were compared among baseline, immediately after 

(post-I.), day 1, and day 7 after infusion of AT-PDGFRβ+ by using 

Kruskal-Wallis test. WBC=white blood cell; Hb=Hematocrit; 

PLT=platelet; CA=calcium; P=phosphate; GLU=glucose; BUN=blood 

urea nitrogen; AST=aspartate transaminase; ALT=alanine 

transaminase; CK=creatine kinase; LD=lactate dehydrogenase; 

CRP=C-reactive protein, *CRP levels are within normal range; 

Na=sodium; K=potassium; Cl=chloride; PT=prothrombin time; 

aPTT=activated partial thromboplastin time. 
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Table 4. Neurologic scales of six canines after day 1, 

day 7, and day 28 after AT-PDGFRβ+ cell infusion 

 

 Day 1 Day 7 Day 28 

Motor 1 1 1 

Consciousness 1 1 1 

Head turning 0 0 0 

Circling 0 0 0 

Hemianopsia 0 0 0 

 

The neurologic scales of six canines were evaluated on the day 

after AT-PDGFRβ+ cell infusion. The mean value was 2 throughout 

day 1, day 7, and day 28. AT-PDGFRβ+=adipose tissue-originated 

platelet-derived growth factor receptor β-positive cell. 
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Table 5. Magnetic resonance imaging findings of six 

canines on the day 1 and day 7 after AT-PDGFRβ+ cell 

infusion 

 

 Day 1 Day 7 Incidence, % 

Protocol #1   50 % 

Canine #1 Multifocal  Additional  

Canine #2 No infarct No infarct  

Protocol #2   25 % 

Canine #3 No infarct No infarct  

Canine #4 No infarct No infarct  

Canine #5 Single tiny Disappeared  

Canine #6 No infarct No infarct  

 

 AT-PDGFRβ+=adipose tissue-originated platelet-derived growth 

factor receptor β-positive cell. In the first protocol (n=2), 

approximately 5 x 106 autologous AT-PDGFRβ+ cells in 2mL of PBS 

was slowly injected by hand injection. In the second protocol (n=4), 

cell solution was dissociated with hand shaking after addition of 

EDTA/Trypsin. The cells were mixed with a 50 mL of normal saline 

plus 1,000 unit of heparin solution, and the mixture were dripped 

slowly using pressure bag during 10 minute. 
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Figure 3. Brain magnetic resonance imaging of canine 

#1 at the day 1 and day 7 after autologous AT-

PDGFRβ+ cell infusion 

(A-C) Coronal view of diffusion-weighted imagings at 1 day after 

adipose tissue-originated platelet-derived growth factor receptor β-

positive (AT-PDGFRβ+) cells were infused via right internal carotid 

artery. Small areas of diffusion-restriction was found at left anterior 

frontal lobe contralateral to injected side at 1 day diffusion-weighted 

imaging. (D-F) On coronal view of fluid-attenuated inversion 

recovery sequence after one week, new hyperintense lesions were 

found at right temporoparietal lobe.  
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Figure 4. Brain magnetic resonance imaging of canine 

#5 at the day 1 and day 7 after autologous AT-

PDGFRβ+ cell infusion 

(A-C) Coronal view of diffusion-weighted imagings at 1 day after 

adipose tissue-originated platelet-derived growth factor receptor β-

positive (AT-PDGFRβ+) cells were infused via right internal carotid 

artery. A small diffusion-restriction lesion (arrow) was found at right 

frontal lobe ipsilateral to injected side. (D-F) On coronal view of 

fluid-attenuated inversion recovery sequence after one week, the 

previous diffusion-restriction disappeared and no hyperintense 

lesions were found. 
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4. Histology of transplanted autologous AT-

PDGFRβ+ cells within canine brain  

The transplanted autologous AT-PDGFRβ+ cells were detected 

within canine brain (Fig 5), and the location of the AT-PDGFRβ+ cells 

was around vessel (70%), at outside vessel (20%), and within 

vessel (10%), regardless of protocol 1 and 2. However, the mean 

number of AT-PDGFRβ+ cells per mm2 at protocol 1 was higher than 

that at protocol 2 (0.75 cells per mm2 versus 0.4 cells per mm2, 

p<0.001). The AT-PDGFRβ+ cells were found at both ipsilateral 

cortex and contralateral cortex (Fig 6), but the amount was greater 

in the ipsilateral hemisphere (1.25 cells per mm2 in the ipsilateral 

frontal lobe versus 0.8 cells per mm2 in the contralateral frontal 

lobe). The AT-PDGFRβ+ cells were found most frequently in the 

frontal lobe followed by parietal lobe, temporal lobe, occipital lobe, 

and brainstem/thalamus in the ipsilateral hemisphere. The 

distribution pattern was similar in the contralateral hemisphere. 
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Even within the infracted area (Fig 7), autologous AT-PDGFRβ+ cells 

were detected, and the cell fraction of location was same between 

intact and infarcted brain. 
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Figure 5. Detection of transplanted autologous AT-

PDGFRβ+ cells within canine brain  

From the section of canine brain (A; cortical layer is shown inside 

rectangle), the cortex (B) was examined by H&E stain (C) and GFP 

stain (D). Regardless of protocol 1 and 2, GFP stain shows that the 

AT-PDGFRβ+ cells are found at perivascular area (F, 70%), outside 

vessel (E, 20%), and within vessel (G; 10%). The mean number of 

AT-PDGFRβ+ cells per mm2 was greater with protocol 1 than with 

protocol 2 (0.75 cells per mm2 versus 0.4 cells per mm2, p<0.001).  
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Figure 6. Geographic distribution of engrafted 

autologous AT-PDGFRβ+ cells within canine brain  

GFP stain of ipsilateral cortex (A, x100; B, x200), and contralateral 

cortex (C, x200) showed green engrafted AT-PDGFRβ+ cells. The 

number of cells per mm2 was 1.25 in the ipsilateral frontal lobe and 

0.8 in the contralateral frontal lobe. The AT-PDGFRβ+ cells were 

found most frequently in the frontal lobe followed by parietal lobe, 

temporal lobe, occipital lobe, and brainstem/thalamus in both 

ipsilateral and contralateral hemisphere.  
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Figure 7. Detection of transplanted autologous AT-

PDGFRβ+ cells within infracted canine brain  

 The infarct area of canine brain (A) showed obscuration of cortex 

(B, magnified view from rectangular portion of A). (C) H&E stain 

revealed shrunken neurons and cavitation in the ischemic cortex. 

On GFP stain of infarct area, the AT-PDGFRβ+ cells were found at 

outside vessel (D, 20%), around vessel (E, x100; F, x200; 70%), 

and within vessel (G; 10%). (H) The cell fraction of location was 

same between intact and infarct brain. 
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IV. DISCUSSION 

This is the first study of demonstrating the AT-PDGFRβ+ cells 

engraft for chronic stroke model and testing the safety of 

intracarotid infusion of autologous AT-PDGFRβ+ cells. Pericytes have 

been recognized to have multipotent stem or progenitor cell-like 

activities in vitro (22–25), but isolation and expansion of pericytes 

from ATSC for cell delivery and in vivo differentiation within brain 

tissue have not been presented so far. In this study, the stable 

preparation of highly pure human AT-PDGFRβ+ cells for chronic 

ischemic rat brain or autologous canine AT-PDGFRβ+ cells for normal 

canine brain was successful within three weeks from adipose tissue 

acquisition, and their optimal medium condition was clarified, which 

showed an obvious feasibility of autologous AT-PDGFRβ+ cell 

preparation toward clinical applications. 

Rat and canine brain sections on day 28 showed that the surviving 

GFP+ cells were located mainly in the perivascular space and/or 
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express αSMA, indicating their pericytic characteristics (23,24,30–

33). In the ischemic rat brain, they differentiated mainly into 

endothelial cell, and some differentiated neuron, which also 

suggests potential of direct vascular regeneration or vasculo-

neurogenesis (24). On the other hand, no astroglial differentiation 

of AT-PDGFRβ+ cells was observed in the ischemic rat brain, which 

was different from basilar artery infusion of human umbilical cord 

blood-derived MSC (41). It might be a favorable condition of 

neuroregeneration in that functional reorganization would 

preferentially occur, but further investigation is necessary.  

However, without mannitol preloading, a few AT-PDGFRβ+ cells 

were found in the chronic ischemic rat brain after contralateral 

intracarotid injection. It is postulated that acute stroke already 

evolved to subacute stage, with losing homing signals for stem cells 

recruitment or BBB closure during two or three weeks required for 

autologous AT-PDGFRβ+ preparation. The current study 
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demonstrated that hyperosmolar mannitol facilitated the entrance of 

AT-PDGFRβ+ cells into chronic ischemic rat brain. AT-PDGFRβ+ cells 

were detected in the brain tissue of chronic ischemic rat only after 

hyperosmolar mannitol pretreatment. Of various BBB disruption 

methods of mannitol pretreatment, hyperventilation, hypothermia, 

hypotension, and hypoperfusion (42–47), we selected mannitol 

pretreatment because of the easy establishment of standard 

protocol. Mannitol is a sugar alcohol which has been used to 

decrease cerebral edema or intracranial pressure (48,49), and this 

osmotic agent is known to open BBB by temporarily shrinking the 

tightly coupled endothelial cells (50), and to dilatate small vessel or 

capillary with improving its flow (51). The dosage of mannitol and 

the timing of the following AT-PDGFRβ+ cell injection used in the 

current study were inferred from literature of cerebral enzyme and 

cell delivery (42,45).  

The intracarotid route for AT-PDGFRβ+ delivery is an attractive 
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approach (41), because cells could be delivered directly to the 

vascular territory of the affected tissue with maximizing the 

effectiveness of given dosage particularly in case of autologous 

transplantation. Intravenous injection is a simple approach, but a 

higher dose of stem cells would be required for clinical application 

(52). Local intracerebral injection is invasive and may accompany 

adjacent tissue damage, and multiple sessions across craniotomy 

may not be clinically tolerated (53). 

However, arrested flow through occluded carotid artery do not 

deliver AT-PDGFRβ+ cells to brain parenchyma despite hyperosmolar 

mannitol preloading as shown in the current study. An arterial 

infusion into patent contralateral carotid or basilar artery would be 

more permissive to enter into brain tissue, but it was still 

questionable whether the migration of stem cells into ischemic 

hemisphere would actually occur even at three weeks after stroke. 

The current study demonstrated that the human AT-PDGFRβ+ cells 
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administered into the contralateral carotid artery migrate from non-

ischemic hemisphere to ischemic hemisphere via corpus callosum. 

Our findings are in accord with a prior study of basilar artery 

injection of umbilical cord-derived stromal cells after 1 day of acute 

middle cerebral artery occlusion (41). The migration of transplanted 

cells to contralateral ischemic hemisphere suggests that 

chemoattractive action of rat ischemic region persists until three 

weeks after stroke and AT-PDGFRβ+ cells respond with expression of 

chemokine receptor. Since the current study did not measure the 

serum or tissue levels of chemoattractant such as SDF-1 and the 

expression of chemokine receptors such as CXCR4 has not been 

identified in AT-PDGFRβ+ cells (54–57), the detailed mechanism of 

AT-PDGFRβ+ cell migration would be of interest as topics of future 

investigations.  

Endovascular interventional techniques are essential for 

intracarotid delivery of AT-PDGFRβ+ cells and applicable to animal 
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models larger than rodents. The canine has similar sized carotid 

artery to human, and the endovascular interventional techniques in 

canine model is well-established (58–63). A total of six normal 

canines of this study were evaluated by catheter angiography, vital 

signs, blood tests, neurohavioral score, and brain MRI to assess the 

safety of intracarotid injection of AT-PDGFRβ+ cells. Canine stroke 

model is beyond the scope of this study, which was not conducted in 

this safety testing of autologous AT-PDGFRβ+ cells. The vital signs 

were stable before and after hyperosmolar mannitiol and AT-

PDGFRβ+ cell injection, and the laboratory tests did not show a 

clinically significant adverse reaction. Particularly, the CRP, the 

inflammatory surrogate marker was within normal range, indicating 

that the autologous AT-PDGFRβ+ cell infusion was not associated 

with a significant inflammatory or immunologic reaction. Although 

catheter angiography confirmed arterial patency in all canines, 

acute infarct on brain MRI was noticed in one of two canine in the 
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protocol 1 using concentrated cell pellet (multiple, incidence of 

50%) and in one of four canines in the protocol 2 using diluted cell 

pellet (single tiny, incidence of 25%). On the other hand, the 

engrafted cell number was greater with the protocol 1 than with the 

protocol 2. Although the MRI-defined infarctions in this study were 

clinically silent and increasing engrafted cells would be preferred for 

a greater therapeutic effect, the thromboembolic risk of the higher 

cell pellet concentration should not be overlooked. Further protocol 

modification for an optimal balancing of the thromboembolic risk 

and increasing engrafted cells is necessary for human application.  

The current study has several limitations. In the chronic ischemic 

rat model, we found that the AT-PDGFRβ+ cells were migrated to 

ischemic area, but their clinical efficacy was not assessed. Because 

of the difficulty in quantitatively measuring the magnitude of BBB 

breakdown, an optimal dosage of pretreatment mannitol was not 

determined. In addition, an optimal amount of the AT-PDGFRβ+ cells 
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was not also determined as we tested a single dosage. Given the 

small number of engrafted cells in the chronic ischemic rat model, 

the dosage escalation study needs to be performed. 
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V. Conclusion 

In summary, the pretreatment of hyperosmolar mannitol enhanced 

the delivery of human AT-PDGFRβ+ cells into chronic ischemic rat 

brain by transiently opening BBB. The contralaterally infused human 

AT-PDGFRβ+ cells migrated via corpus callosum into the chronic 

ischemic rat brain and differentiated into neuronal or endothelial 

cells. The intracarotid injection of autologus AT-PDGFRβ+ cells in the 

normal non-ischemic canines was not associated with significant 

adverse reactions except a silent thromboembolism. To overcome 

this complication, further improvement in cell pellet preparation is 

required. In conclusion, the intracarotid infusion of AT-PDGFRβ+ 

cells under the hyperosmolar mannitiol pretreatment can be a 

useful cell-based neurorestorative therapy in the chronic stage of 

stroke.  
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 개 에  지 직 래  타수 체 양  

포  경동맥 주   연 : 고  만니  주  도  

액-뇌 벽 해  후 포 달   

 

 

문  

 

지 직 래 질 포에  리 , 래  타수 체  

가진 주 포 (AT-PDGFRβ+ 포)  다가  엽 포 , 

 한 포  신경재생치료가 다. 본 연  만 뇌  

도한  에  AT-PDGFRβ+ 포  경동맥  주 할 , 고  

만니 에 해 포 달   진 지, 또한 측 경동맥  

주  AT-PDGFRβ+ 포가 뇌경색 에 도달하여 신경원 포 또  

내피 포  하 지 알아보고  하 다. 또한 상 개에  고  

만니 과 가 AT-PDGFRβ+ 포  안  하고  하 다. 에  

만 뇌  도   3주후에, 1.4M 만니  (2mL, 0.1mL/sec)과 

2x106개  간 AT-PDGFRβ+ 포  측 경동맥  주 하  
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만니 사  (n=9)과 2mL 균 PBS  2x106개  간 AT-

PDGFRβ+ 포  주 하   (n=6)  하 다. 

만니 사 에  AT-PDGFRβ+ 포  주  3 째 비경색  뇌량에 , 

주  7 째 경색 에  견 었다. 그러나 만니  처치없  측 

경동맥  주 한 경우 7 째 뇌경색 에  찰  AT-

PDGFRβ+ 포  거  없었다. 28 째 AT-PDGFRβ+ 포  뇌경색  

주  공간에 주  치하  EBA (~65%), αSMA (~40%) 또  

NF (~20%)  염색 었다. 상 개 (25kg, n=6)에  고  만니  

(20%, 50mL, 1g/kg)과 5x106개  가 AT-PDGFRβ+ 포  경동맥  

통해 주 하 다. 첫 째 프 콜 (n=2)에 , 포  2mL  생리식염수에 

합하여 1 동안  주 하 다. 째 프 콜 (n=4)에 , 50mL 

생리식염수, 1,000 단  헤 린, 포 액   합액  10  

동안 천천  하 다. 각각  시술단계에  평균동맥압, 맥 수, 

산 포 도  변  없었다. 액검사에   개수, 색  수치, 칼슘, 

칼 , 알 민  단 질 수치가 치에 비해 시술후 감 하 나 다  

 개수, 해질, 간  콩  지수, 염 지수  상 다. 6마리 개 
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에  신경학  결  없고 연  에  동맥  개  

보 나, 뇌 공 상에   여러 개  (프 콜 1; 2마리  

한마리) 또  고 시  단  (프 콜 2; 4마리  한마리) 병변  

찰 었다. 개  뇌 편에  동측과 측  피질 에  AT-

PDGFRβ+ 포가 견 었 , 특  동측  엽에  빈 하게 

견 었다. 뇌경색 에 도 AT-PDGFRβ+ 포가 견 었 , 뇌경색 

 여 에 무 하게 주 공간 (70%), 쪽 (20%), 그리고 

안쪽 (10%)에  찰 었다. 약하 , 고  만니   

만 뇌  에  액-뇌 벽  시  열어  측 

경동맥에  주  간 AT-PDGFRβ+ 포가 액-뇌 벽 내  들어갈수 

게 하 , 뇌량  건  허  주하고 신경원 포나 내피 포  

할 수 도  한다. 상 개에  가 AT-PDGFRβ+ 포  경동맥 

주  무 상 색  에  한  없지만,   

극복하  해  포 액  도  심하게 변 할 것  천 다. 

결  고  만니  처치후 AT-PDGFRβ+ 포  경동맥 주  

만 뇌  포  신경재생치료에  한 치료 략   수 다.  
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