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Abstract

Bone marrow mononuclear cell (BMMNC) transplantation is a promising therapy for brain 

ischemia. However, BMMNCs are few in number, and a limited time window is available during 

which they can penetrate the blood–brain barrier (BBB) and migrate to the brain. We investigated 

whether vascular endothelial growth factor (VEGF) can facilitate BMMNC migration into the 

ischemic brain and enhance their therapeutic effect in a rat model of chronic cerebral 

hypoperfusion. First, we assessed the impact of VEGF on the BBB of rats that had undergone 

permanent bilateral occlusion of the common carotid arteries (2VO). Then, we transplanted 

BMMNCs into 2VO rats pretreated with intracerebroventricular VEGF or vehicle. We examined 

cognitive function with the Morris water maze test, BMMNC migration by immunofluorescence 

analysis, and cytokine levels in the peripheral blood by enzyme-linked immunosorbent assay 

(ELISA). Angiogenesis and neural degeneration were evaluated by staining tissue with Ki67/lectin 

or Fluoro-Jade B. We found that at a dose of 0.2 μg/rat, VEGF significantly increased BBB 

permeability without causing brain edema in 2VO rats. VEGF+BMMNC-treated rats had more 

BMMNC migration in the ischemic brain, better learning and memory, greater proliferation of 

vessels, and fewer degenerating neurons than did BMMNC-treated rats. Pretreatment with VEGF 

receptor inhibitor SU5416 significantly decreased BMMNC migration and abolished the 

therapeutic effect of BMMNC transplantation. We conclude that preconditioning with an 

appropriate dose of VEGF can enhance the therapeutic efficacy of BMMNC transplantation in 

2VO rats, possibly by facilitating BMMNC migration into the ischemic brain.

Correspondence to: Jianping Wang; Jian Wang.

Jianping Wang wjpwfy666@126.com. Jian Wang jwang79@jhmi.edu. 

Compliance with Ethical Standards
Conflict of Interest The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Mol Neurobiol. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Mol Neurobiol. 2016 November ; 53(9): 6057–6068. doi:10.1007/s12035-015-9512-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Bone marrow mononuclear cells; Blood brain barrier; Cell transplantation; Chronic cerebral 
hypoperfusion; VEGF

Introduction

The Chinese population is aging rapidly. It is estimated that by 2050, the elderly will 

account for 30.4 % of the total population in China [1]. This aging will be accompanied by 

an increased incidence of chronic disease such as vascular dementia (VD), which is 

associated with disability, institutionalization, and mortality among elderly individuals. Jia 

and colleagues [2] recently reported a prevalence rate of 1.5 % for VD among the elderly in 

China, significantly higher than the 1.1 % reported in 1997 [3]. Chronic cerebral 

hypoperfusion is a main contributor to the cognitive deficiency seen in patients with VD [4]. 

Although VD is a common type of dementia, no specific pharmacologic agents have been 

approved for its treatment or prevention [5].

Cellular therapy is an emerging investigational approach for cerebral ischemia. Among 

many cell types, bone marrow mononuclear cells (BMMNCs) are particularly attractive for 

acute ischemic stroke treatment because they are composed of different kinds of stem cells, 

can be rapidly isolated without cultivation, and can be used in autologous applications [6]. 

Several research groups have shown that BMMNC transplantation can significantly improve 

neurologic outcome from ischemic stroke in animal models by cell differentiation [7, 8], 

secretion of trophic factors [9], and possible immunomodulation [10]. Some phase I/II 

clinical trials also have shown that BMMNC transplantation can improve clinical outcomes 

of patients with middle cerebral artery occlusion (MCAO) [11–14]. In fact, several 

independent groups have reported that BMMNC transplantation significantly reduces 

ischemia-induced impairment and increases vascular density and blood flow in both acute 

and chronic ischemic disorders, such as cardiovascular disease [15], peripheral arterial 

disease [16], and diabetic foot [17]. However, little research has examined the effects and 

possible mechanisms of BMMNC transplantation in chronic cerebral hypoperfusion.

Bilateral carotid artery occlusion (two-vessel occlusion (2VO)) is a classic and commonly 

used animal model of chronic cerebral hypoperfusion that mimics the pathologic condition 

of clinical VD [18]. We showed previously that transplantation of BMMNCs can promote 

therapeutic angiogenesis via upregulation of the vascular endothelial growth factor (VEGF)-

VEGF receptor 2 (VEGFR2) signaling pathway in 2VO rats. This finding suggests that 

VEGF upregulation in the ischemic brain may be a key mechanism by which BMMNC 

transplantation provides a therapeutic effect [19]. Miki and colleagues [20] found that VEGF 

gene-transferred bone marrow mesenchymal stem cells (MSCs), which are in BMMNCs, 

improved neurologic deficits and reduced infarction volume in rats that underwent MCAO, 

compared with those in rats that received non-transferred bone marrow MSCs. Chang and 

colleagues [21] indicated that the VEGF secreted by human umbilical cord blood-derived 

MSCs is the main mechanism by which those cells protect against neonatal hyperoxic lung 

injury. Horie and colleagues [22] reported that the VEGF secreted from transplanted human 
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central nervous system cells grown as neurospheres affects post-stroke recovery, 

inflammation, and vascular repair in rats with permanent MCAO. Thus, VEGF seems to 

have a critical role in the benefits provided by stem cell therapy in ischemic diseases.

The therapeutic efficacy of VEGF is associated with its angiogenic and neuroprotective 

effects [23]. Zechariah and colleagues [24] found that mice that were pretreated with 

intracerebroventricular (icv) VEGF (0.02 μg/day) daily for 21 days before 90-min MCAO 

had enhanced post-ischemic blood–brain barrier (BBB) integrity and increased cerebral 

blood flow in the ischemic brain areas, highlighting the critical role of VEGF in cerebral 

ischemia. However, treatment of cerebral ischemia with VEGF may also have severe side 

effects. Many studies have documented that VEGF may actually increase BBB permeability 

and induce brain edema in cerebral ischemia, especially in the acute injury phase [23, 25].

The BBB restricts molecules larger than 500 Da from reaching the central nervous system, 

making it a barrier to many neurologic therapies, including cell transplantation [26]. BBB 

leakage, however, may also make it easier for BMMNCs to enter the ischemic brain. 

Previous studies have shown that BMMNCs could not penetrate the healthy rat brain, but 

were able to migrate into the infarct area after MCAO [7, 9]. We hypothesized that 

supplying exogenous VEGF would facilitate the migration of BMMNCs into the chronically 

ischemic brain of 2VO rats, thus enhancing their therapeutic efficacy.

Materials and Methods

Animals and Ethics Statement

We purchased 372 adult male Sprague–Dawley (SD) rats from the Animal Experimental 

Center of Zhengzhou University and 30 adult male transgenic SD rats with enhanced green 

fluorescent p rotein (eGFP) from the Xingming Biotechnology Company (Shanghai, China). 

All rats were 11–12 weeks old (260–300 g) at arrival, were housed in plastic cages (5 per 

cage) with free access to food and water, and were maintained on a 12-h light/dark cycle at a 

constant temperature of 22±1 °C. All animal procedures were conducted in accordance with 

the Guidelines on the Care and Use of Animals for Scientific Purposes (National Advisory 

Committee for Laboratory Animal Research) and approved by the Animal Care and Use 

Committee of Zhengzhou University. All efforts were made to minimize the number of 

animals used and their suffering.

Chronic Cerebral Hypoperfusion Model

Rats were subjected to a previously reported chronic cerebral hypoperfusion model in which 

bilateral common carotid arteries (CCAs) are permanently occluded [19]. Briefly, we 

anesthetized rats with 10 % chloral hydrate (400 mg/kg) by intraperitoneal injection and 

made a midline incision in the ventral side of the neck to expose the CCAs. We gently 

separated the arteries from their sheaths and adjacent vagus nerves, and then permanently 

occluded them with 5–0 silk suture. The neck wound was sutured closed. We defined 

successful 2VO as an approximately 70 % decrease in central blood flow as measured by 

laser-Doppler flowmetry [27]. Sham-operated controls underwent the same surgical 

procedures but without carotid artery ligation.
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Preparation of BMMNCs

Fresh BMMNCs were collected from femurs and tibias of the transgenic SD rats with eGFP 

(n = 30) and purified with Percoll gradient centrifugation as previously reported [28]. The 

rats were anesthetized with an overdose of chloral hydrate and then sacrificed. Bilateral 

femurs and tibias were aseptically dissected and cut at both ends. Bone marrow was 

extruded with serum-free Dulbecco’s modified Eagle’s medium (DMEM/F12, Hyclone, 

Logan, UT). The extracted bone marrow was subjected to density gradient centrifugation 

(160×g, 25 min) in 1.083 g/mL Histopaque 1083 (Sigma-Aldrich, St. Louis, MO). The 

mononuclear cell layer was recovered from the gradient interface and washed three times 

through suspension in DMEM/F12 followed by 5-min centrifugation. We verified the 

concentration of the cells in a Neubauer counting chamber and determined the number of 

viable cells with trypan blue exclusion.

Treatment and Groups

We first examined the side effects of administering an icv injection of 0.2 μg recombinant rat 

VEGF (rrVEGF; MultiSciences Biotech, Hangzhou, China) to 2VO rats. The dose of 

rrVEGF was chosen based on a previous study, which showed that at a dose of 0.2–0.6 μg 

kg−1 day−1 (0.05 μg–0.15 μg/rat), VEGF continuously infused via the icv route was well 

tolerated and did not induce edema, leakage, or an immune response in the brains of SD rats 

[29]. In this procedure, rats were randomly assigned to three groups: shamoperated rats 

treated with 2 μL phosphate-buffered saline (PBS) via icv injection (sham, n=40), 2VO rats 

treated with 2 μL PBS via icv injection (vehicle, n=43), and 2VO rats treated with 0.2 μg 

rrVEGF (diluted in 2 μL PBS) via icv injection (VEGF, n=46).

In the next procedure, we observed the therapeutic efficacy of a combination of VEGF and 

BMMNCs in 2VO rats. Rats were randomly assigned to six groups: sham-operated rats 

treated with 2 μL PBS via icv injection (sham+vehicle, n= 37), sham-operated rats treated 

with 2 μL PBS via icv injection and BMMNC transplantation via the tail vein (sham+ 

BMMNC, n=36), 2VO rats treated with 2 μL PBS via icv injection and 300 μL DMEM via 

the tail vein (2VO+vehicle, n=42), 2VO rats treated with 2 μL PBS via icv injection and 

BMMNC transplantation via the tail vein (2VO+BMMNC, n=44), 2VO rats treated with 0.2 

μg rrVEGF via icv injection and BMMNC transplantation via the tail vein (2VO+VEGF+ 

BMMNC, n=43), and 2VO rats treated with 4 nM SU5416 (VEGFR inhibitor, diluted in 2 

μL PBS) via icv injection and BMMNC transplantation via the tail vein (2VO+SU5416+ 

BMMNC, n=41). The 4-nM SU5416 dose is widely used to research the role of VEGF in the 

brains of rats [30]. All groups, except for vehicle-treated groups, received 3×106 BMMNCs 

diluted in 300 μL of DMEM via tail vein infusion 6 h after icv injection. The cell dose was 

chosen because we [19] and Yang et al. [31] have shown that systemic treatment with 1×107 

cells/kg effectively promotes recovery in a rat ischemic stroke model. The mortality of each 

group was recorded. Body weights were measured weekly through day 28 after BMMNC 

transplantation and expressed as percent change as follows: (body weight at each time point

−body weight before surgery)/body weight before surgery×100 %.
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Intracerebroventricular Delivery of VEGF and SU5416

Using a 5-μL Hamilton microinjection syringe (Shanghai Difa Instrument Company, 

Shanghai, China), we injected rrVEGF or SU5416 (2 μL) into the left lateral ventricle of SD 

rats according to the method described by Chang et al. [32] with modifications based on the 

rat brain map. The location of each injection was 0.8 mm posterior and 1.5 mm lateral, 

relative to the bregma, and 3.5 mm below the brain surface. The duration of each injection 

was 30 min. Each rat received VEGF, SU5416, or PBS via icv delivery on day 7 after the 

2VO procedure. This time point was chosen because the cerebral blood flow most resembles 

that of humans with VD beginning at 4 days after acute occlusion [33].

Western Blot Analysis of ZO-1 and Claudin-5

We killed six rats per group (sham, vehicle, and VEGF) at 6 and 24 h after VEGF injection 

(Fig. 1a) to measure striatal levels of ZO-1 and claudin-5 protein by Western blot analysis. 

Briefly, rats were deeply anesthetized and decapitated. The left striatum of brain was quickly 

dissected out, homogenized, and centrifuged (12,000×g, 5 min). Supernatants were collected 

for separation of proteins by 12 % sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis. After separation, the proteins were transferred onto polyvinylidene fluoride 

membranes (Millipore). Membranes were blocked with 5 % nonfat milk for 1 h at 4°C and 

then incubated with one of the following primary antibodies: goat anti-ZO-1 (1:200, Santa 

Cruz Biotechnology, Dallas, TX), goat anti-claudin-5 (1:200, Santa Cruz Biotechnology), or 

rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:2000, Hangzhou 

Goodhere Biotechnology, Zhejiang, China). After three washes, membranes were incubated 

with appropriate horse-radish peroxidase (HRP)-conjugated secondary antibodies. All 

protein bands were visualized by enhanced chemiluminescence detection kit (Beyotime 

Institute of Biotechnology, Beijing, China) and quantified by Gel Analysis V 2.02 software 

(Clinx Science Instruments, Beijing, China).

Brain Water Content

We measured the brain water content to examine the effects of rrVEGF on cerebral edema. 

Six rats per group (sham, vehicle, and VEGF) were killed at 6 and 24 h after the icv 

injection. Their brains were rapidly removed, and the hemispheres were divided, weighed, 

and dried at 95 °C for 48 h to obtain the dry weight. The brain water content was calculated 

as follows: (wet weight−dry weight)/wet weight×100 % [34].

Morris Water Maze

Ten rats from each group (sham+vehicle, sham+BMMNC, 2VO + vehicle, 2VO + BMMNC, 

2VO + VEGF + BMMNC, 2VO+SU5416+BMMNC) were tested for spatial memory in the 

Morris water maze on day 28 as previously described [19]. We used an SLY-WMS Water 

Maze automatic control recorder (Beijing Sunny Instruments Co. Ltd, Beijing, China), 

which consisted of a black circular pool (150 cm in diameter, 50 cm high) filled with water 

(23–24 °C, 28 cm in depth). An escape platform 12 cm in diameter was fixed in the middle 

of the northeast quadrant and placed 2 cm below the surface of the water. In the reference 

memory protocol, rats received five training sessions (1 session/day) that each consisted of 

three trials 15 min apart. Each rat was placed in the pool and released facing the side wall at 
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one of three randomly chosen starting positions; none of which were repeated. The rat was 

allowed to swim until it found the hidden platform. We would guide the rat to the platform 

and let it stay for 10 s if it did not succeed within 120 s, and record its escape latency as 120 

s. The mean escape latency and swimming speed of daily trials were recorded. On the sixth 

day, we performed a probe trial that consisted of one 2-min trial with the platform removed. 

The mean time that each rat spent swimming in the northeast quadrant was recorded [35].

Histologic Analysis

BBB Integrity—Six rats from the three groups (sham, vehicle, and VEGF) were used to 

detect the effects of VEGF on BBB integrity in 2VO rats. Six hours after the icv injection, 

rats were deeply anesthetized with an overdose of 10 % chloral hydrate and transcardially 

perfused with 0.01 mol/L PBS followed by 4 % paraformaldehyde in 0.01 mol/L PBS (pH 

7.4). The brain of each rat was removed, post-fixed in 4 % paraformaldehyde overnight at 

4 °C, stored in 30 % sucrose 0.01 mol−1 L−1 PBS until it sank, and then cut into 25 μm 

sections by cryoultramicrotomy (CM1100, Leica Biosystems, Germany). The sections were 

incubated with PBS containing 0.25 % Triton X-100 (PBST) for 10 min, washed in PBS 

three times for 5 min each, and then incubated with 1 % bovine serum albumin in PBST for 

30 min. After 1 h of incubation in fluorescein lycopersicon esculentum (tomato) lectin 

(1:1000, Vector Laboratories, Burlingame, CA), goat anti-ZO-1 antibody (1:200, Santa Cruz 

Biotechnology), or goat anti-albumin antibody (1:100, Santa Cruz Biotechnology) at room 

temperature [19], the sections were washed three times in PBS for 5 min, and then incubated 

with secondary antibody (CL555-donkey anti-goat, 1:200, Santa Cruz Biotechnology) for 1 

h at room temperature. Finally, all sections were washed three times with PBS for 5 min in 

the dark, and then mounted on a coverslip with a drop of mounting medium (Santa Cruz 

Biotechnology). We also assessed BBB permeability with Evans Blue staining [36]. Six 

hours after icv injection, six rats each from the sham, vehicle, and VEGF groups were 

randomly chosen and injected with 2 % Evans Blue (in normal saline, 4 mL/kg of body 

weight) via the tail vein. Thirty minutes later, all rats were deeply anesthetized with an 

overdose of 10 % chloral hydrate and then transcardially perfused with 0.01 mol/L PBS. The 

Evans Blue stain in the left brain hemisphere was measured by spectrophotometer at 610 nm 

and quantified according to a standard curve as previously reported [36]. The results are 

presented as micrograms of Evans Blue per gram of tissue.

BMMNC Migration—We killed eight rats per group from the six groups (sham+ vehicle, 

sham +BMMNC, 2VO +vehicle, 2VO +BMMNC, 2VO+VEGF+BMMNC, 2VO

+SU5416+BMMNC) to assess BMMNC migration on day 1 after BMMNC transplantation. 

The brains and left lower lungs of each rat were cut into 25 μm sections and incubated with 

anti-eGFP antibody (1:1000, Abcam, Cambridge, MA, USA) via the methods described 

above. All sections were mounted on coverslips with a drop of mounting medium containing 

1.5 μg/mL 4′,6-diamidino-2-phenylindole (DAPI; Santa Cruz Biotechnology).

Angiogenesis—Eight rats from each of the six groups were also killed for angiogenesis 

analysis on day 14 after BMMNC transplantation. We obtained 25-μm coronal sections as 

described above and stained them with a mixture of fluorescein lycopersicon esculentum 
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(tomato) lectin (1:1000; Vector Laboratories) and anti-Ki67 (1:200, Santa Cruz 

Biotechnology), as previously described [37].

Neural Degeneration—Brain sections used for angiogenesis were also used to assess 

neural degeneration. We stained the 25 μm coronal sections with Fluoro-Jade B (FJB) 

according to standard protocol [38].

All of the stained sections were mounted and observed under a fluorescence microscope 

(ZEISS ScopeA1, ZEISS, Germany). We counted eGFP-positive cells and ZO-1/lectin- and 

Ki-67/lectin-positive vessels in the striatum under needle trauma (a lectin-positive vessel 

separated from adjacent vessels was counted as one vessel. The number of these vessels was 

added to the number of vascular branch points to yield the total number of vessels). FJB-

positive neurons in the ipsilateral cortex were analyzed by an investigator blinded to animal 

group.

ELISA Analysis—Eight rats from each of the six groups were used to detect changes in 

cytokine level in the peripheral blood. We measured the concentrations of interleukin 

(IL)-1β, tumor necrosis factor-α (TNF-α), and IL-10 in plasma in triplicate using the 

appropriate enzyme-linked immunosorbent assay (ELISA) kits (Boster, Wuhan, China) 

according to the manufacturer’s protocols.

Statistical Analysis—Statistical analysis was carried out with SPSS version 13.0. Results 

are expressed as mean±SD. We used Fisher’s exact test to examine differences in mortality 

among the groups and one-way analysis of variance (ANOVA) followed by the least 

significant difference (LSD) test to analyze histologic and ELISA differences. Repeated 

measures ANOVA followed by the LSD test was used to determine changes in reference 

memory protocol performance and differences in body weight between groups. p<0.05 was 

considered statistically significant.

Results

Effect of icv VEGF Injection on BBB Integrity

Nineteen of 129 rats died during icv injection. The mortality of each group was 4/40 (10 %) 

in the sham group, 7/43 (16.3 %) in the vehicle group, and 10/46 (21.7 %) in the VEGF 

group. Neither mortality rate nor body weight was significantly different between the two 

2VO groups (Fig. 1b, p > 0.05). Compared with the sham group, rats that underwent 2VO 

had lower ZO-1 (n=6, p<0.05; Fig. 1c, d) and claudin-5 protein levels (n=6, p<0.05; Fig. 1c, 

e), fewer ZO-1-positive vessels (n=6, p<0.05; Fig. 2a–d), more albumin staining (n=6, 

p<0.05; Fig. 2a–c, e), and higher levels of Evans Blue staining (n=6, p<0.05; Fig. 2f, g) in 

the brain. Rats injected with VEGF had lower levels of ZO-1 and cluadin-5 (Fig. 1c–e), 

fewer ZO-1-positive vessels (Fig. 2c, d), more albumin staining (Fig. 2a–c, e), and higher 

levels of Evans Blue staining (Fig. 2f, g) than did 2VO rats treated with vehicle. No 

significant difference in brain water content was present among the three groups (n=6, 

p<0.05; Fig. 1f).
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Cognitive Function

The mortality of each group was 3/37 (8.1 %) in the sham+ vehicle group, 2/36 (5.6 %) in 

the sham+BMMNC group, 8/42 (19 %) in the 2VO+vehicle group, 10/44 (22.7 %) in the 

2VO+BMMNC group, 9/43 (20.9 %) in the 2VO+VEGF+ BMMNC group, and 7/41 

(17.1 %) in the 2VO+SU5416+ BMMNC group. Mortality rates did not differ significantly 

among the 2VO groups. Rats in the four 2VO groups exhibited significant cognitive 

impairment in the Morris water maze test compared with that of sham groups (n =10, p < 

0.05; Fig. 3a–c). The LSD test showed that rats that received BMMNC transplantation had 

better performance than those in the vehicle group. Latency to find the platform was shorter 

in the 2VO + VEGF + BMMNC group than in the 2VO + BMMNC and 2VO 

+SU5416+BMMNC groups (Fig. 3b). Pretreatment with SU5416 reversed the improvement 

seen with BMMNC transplantation, such that no differences were observed between the 

2VO+SU5416+BMMNC and 2VO+ vehicle group. Swimming speeds did not differ among 

the six groups (n=10, p>0.05; Fig. 3d). One-way ANOVA showed that in the probe trial, rats 

in the 2VO group spent less time in the target zone than did rats in the sham group (n=10, 

p<0.05; Fig. 3c). A follow-up LSD test revealed that rats in the 2VO+ VEGF+BMMNC 

group spent more time in the target zone (52.1±5.5 s) than did the other three 2VO groups 

(2VO+ vehicle, 31.6 ± 4.7 s; 2VO + BMMNC, 42.5 ± 4.8 s; 2VO + SU5416 + BMMNC, 

36.6 ± 6.3 s; p < 0.05). The 2VO + BMMNC group also spent more time in the target zone 

than either the 2VO + vehicle group or the 2VO + SU5416 + BMMNC group.

BMMNC Migration to the Brain

Analysis by ANOVA followed by the LSD test revealed that the number of GFP-positive 

cells was significantly higher in the 2VO + VEGF + BMMNC group than in the 2VO + 

BMMNC group (2VO+VEGF+BMMNC: 292±34; 2VO+ BMMNC: 199 ± 31, n =8, p < 

0.05) and was higher in the 2VO + BMMNC group than in the 2VO + SU5416 + BMMNC 

group (133±28; n=8, p<0.05 vs. 2VO+BMMNC group; Figs. 4 and 6a). No GFP-positive 

cells were observed in the sham+vehicle or 2VO+vehicle groups.

BMMNC Migration to the Lung

One-way ANOVA analysis showed that the number of GFP-positive cells in lung did not 

differ among the four groups that received BMMNC transplantation (n=8; p>0.05; Figs. 5 

and 6b). No GFP-positive cells were found in the control groups that received vehicle.

Cytokines in the Peripheral Blood

One-way ANOVA revealed that the sham+BMMNC group had significantly lower levels of 

IL-1β and TNF-α and higher levels of IL-10 in peripheral blood than did the sham+vehicle 

group. The 2VO+vehicle group had the highest levels of IL-1β and TNF-α and the lowest 

level of IL-10 among the four 2VO groups. However, no differences were found among the 

2VO + BMMNC, 2VO + VEGF + BMMNC, and 2VO + SU5416+BMMNC groups (n=8; 

p>0.05; Fig. 6c–e).
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Angiogenesis

Rats that underwent the 2VO procedure had more Ki67-positive vessels in the striatum 

under needle trauma than did rats in the two sham groups (n=8; F=48; p<0.05). 2VO+ 

VEGF+BMMNC rats had more Ki67-positive vessels than did the other three 2VO groups 

(26.7±6.7; p<0.05 vs. other three 2VO groups (Fig. 7a, c). 2VO rats that received BMMNC 

transplantation had more Ki67-positive vessels than did the 2VO + vehicle group (2VO + 

BMMNC, 14.5 ± 2.4; 2VO+vehicle, 10.3±3.7; p<0.05), but showed no difference compared 

with the 2VO+SU5416+BMMNC group (11.7±2.1; p>0.05 vs. 2VO+BMMNC group).

Neuroprotective Effect

Quantification showed that the 2VO procedure significantly increased the number of FJB-

positive cells in the ipsilateral cortex (n=8; F=138; p<0.05). ANOVA followed by the LSD 

test revealed that the 2VO+VEGF+BMMNC group had the fewest FJB-positive cells of all 

the 2VO groups (31.9±11.8; p<0.05 vs. other three 2VO groups (Fig. 7b, d). 2VO rats that 

received BMMNC transplantation had fewer FJB-positive cells than did 2VO rats that 

received vehicle (2VO + BMMNC, 51.2±6.3; 2VO+vehicle, 81.8.3±9.1; p<0.05), but also 

showed no differences compared with the 2VO + SU5416 +BMMNC group (73.2 ± 11.6; p 
>0.05 vs. 2VO+ BMMNC group).

Discussion

Our study provides the novel finding that preconditioning with VEGF can improve the 

therapeutic effects of BMMNC transplantation in a rat model of chronic cerebral 

hypoperfusion, most likely by enhancing migration of BMMNCs into the brain. Intravenous 

transplantation of BMMNCs has been shown to reduce neurologic impairments in rodent 

models of ischemic stroke [9] and in patients with acute ischemic stroke [11]. We chose to 

use the intravenous route for transplantation because it is easier to perform than icv or intra-

arterial injection, it saves time, and it is more applicable for clinical use. However, the 

underlying mechanism of action for intravenous transplantation of BMMNCs in ischemic 

diseases is unclear. Some investigators have shown that transplanted cells, such as MSCs 

[39], neural stem cells [40], endothelial progenitor cells [41], and BMMNCs [7, 19, 28], are 

able to migrate to the ischemic lesion, remain viable, and function effectively via paracrine 

effects or cell differentiation. However, others have reported that, after intravenous delivery, 

most BMMNCs are initially trapped in the lungs or liver [14, 42]. Because only 4–5 % of 

the injected BMMNCs can pass through the pulmonary system, only a small percentage 

reach the ischemic lesion [42]. Prockop and colleagues [43] also showed that the 

biodistribution of MSCs, which are an important component of BMMNCs, was complete 

within 5 min. They concluded that the effects of MSC transplantation on myocardial 

infarction in mice arise from the anti-inflammatory protein TSG-6 being secreted by 

activated MSCs trapped in the lungs, rather than from cell migration to the ischemic heart 

tissue. Saviz et al. [12] also showed that intravenous BMMNC transplantation significantly 

altered the profile of inflammatory cytokines in the peripheral blood, suggesting that 

BMMNCs trapped in the lung or other organs may play a vital role in immune regulation in 

the MCAO rat model [44]. Therefore, the extent to which BMMNC migration to the brain 

contributes to the therapeutic effect in brain ischemia remains unclear.
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As described above, the use of BMMNCs is limited by their small number and the short 

period of time during which they are able to penetrate the BBB [26]. Our research and that 

of others has shown that a permeable BBB is essential for BMMNC biodistribution into the 

ischemic brain [7, 12, 19]. In this study, we administered rrVEGF by icv injection to 

permeabilize the BBB 6 h before BMMNC transplantation. We found that at a dose of 0.2 

μg/rat, rrVEGF significantly reduced the levels of tight junction proteins ZO-1 and claudin-5 

in the ischemic brain of 2VO rats. Quantification of Evans Blue staining, albumin staining, 

and water content also indicated that rrVEGF increased BBB permeability without causing 

brain edema. Notably, we found that more BMMNCs had migrated to the brain of 2VO rats 

that were preconditioned with VEGF than in those that were preconditioned with vehicle. 

However, the lung BMMNC migration and peripheral blood cytokine levels did not differ 

significantly between the 2VO+BMMNC and 2VO+VEGF+BMMNC groups, suggesting 

that icv injection of VEGF may have no influence on the biodistribution or immune 

regulatory effect of BMMNCs outside the ischemic brain. An important finding was that rats 

that received VEGF and BMMNC transplantation showed better cognitive functions, greater 

angiogenesis, and less neuronal apoptosis in the ischemic brain than did rats that received 

BMMNC transplantation only. These results indicate that increased brain BMMNC 

migration may enhance the therapeutic effects of BMMNC transplantation in the rat global 

ischemia model.

To exclude the effect of VEGF on the ischemic brain, we used SU5416 to further confirm 

our hypothesis. SU5416 is a specific inhibitor of VEGFR2, which mediates most of the 

downstream angiogenic and neuroprotective effects of VEGF [45]. We found that 

preconditioning with SU5416 significantly reduced the migration of BMMNCs to the brain 

but had no effect on lung BMMNC migration or peripheral blood cytokine levels. SU5416 

also abolished the therapeutic effects of VEGF+BMMNC therapy on cognitive function, 

angiogenesis, and neuroprotection. The biodistribution of BMMNCs after intravenous 

transplantation is complete in a very short time. Our data indicate that facilitating the 

migration of more BMMNCs to the ischemic lesion in a limited time can improve the 

efficiency of BMMNC therapy for brain ischemia, suggesting a novel way to improve the 

efficiency of cell therapies for various brain diseases.

In conclusion, our study suggests that preconditioning with VEGF enhances the therapeutic 

effects of BMMNC transplantation in a rat model of chronic cerebral hypoperfusion by 

facilitating the migration of BMMNCs to the chronic ischemic brain.
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Fig. 1. 
VEGF decreases the levels of ZO-1 and claudin-5 in the ischemic brain but does not affect 

body weight changes or brain water content. a Schematic representation of experimental 

design for c–f. 7D 7 days after 2VO procedure. b Changes in rat body weight over 4 weeks 

(n=6/group). No significant difference was found between the two 2VO groups. p>0.05. c 
Western blot analysis of ZO-1 and claudin-5 at 6 and 24 h after VEGF injection. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. d, e 
Quantification of band densities showed that ZO-1 and claudin-5 expression levels were 

significantly decreased in the VEGF-treated group. *p<0.05 compared with vehicle. n=8/

group. f No difference was found in the brain water content among the three groups at 6 or 

24 h after icv injection. p>0.05, n=8/group. Values are mean±SD
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Fig. 2. 
VEGF increases blood–brain barrier permeability. a–c Immunofluorescence staining of 

ZO-1-positive vessels and albumin (ALB) in the striatum 6 h after VEGF injection. Images 

are shown at ×200 magnification. Scale bar=50 μm. d–e Quantification showed that VEGF-

treated 2VO rats had fewer ZO-1-positive (red) vessels (green; d) and higher albumin 

staining (e) than did sham and vehicle-treated groups. *p<0.05 vs. vehicle group; #p<0.05 

vs. sham group; n=8/group. f Representative rat brains from each group 30 min after Evans 

Blue administration. g Quantification showed that VEGF significantly increased the amount 

of extravasated Evans Blue dye compared with that in the other two groups. *p<0.05 vs. 

vehicle; #p<0.05 versus sham. n=8/group. Values are mean±SD
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Fig. 3. 
VEGF enhances the effect of BMMNC transplantation on learning and memory at day 28 

after treatment. a Schematic representation of experimental design for a–c. 7D 7 days after 

2VO procedure. b Time latency to find the platform in the Morris water maze (MWM) test. 

The performance of 2VO rats was worse than that of the sham groups. 2VO rats treated with 

BMMNCs (cell) exhibited decreased latency to find the platform compared with the vehicle-

treated group. This therapeutic effect was enhanced by VEGF but abolished by 

SU5416. #p<0.05 vs. other two sham groups; *p<0.05 vs. 2VO + BMMNC group. c 
Quantification showed that the 2VO + BMMNC group spent more time in the target zone 

during the probe trial than the vehicle group, but less time than the 2VO + VEGF + 

BMMNC group. No time difference was found between the 2VO + vehicle and 2VO + 

SU5416 + BMMNC groups. *p <0.05 vs. 2VO+ vehicle group; †p < 0.05 vs. 2VO + 

BMMNC group. n = 10/group. d Swimming speed did not differ among the six groups 

during the five sessions
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Fig. 4. 
VEGF facilitates BMMNC migration to the brain. a–f Immunofluorescence staining of 

GFP-positive BMMNCs in the striatum on day 1 after administration of BMMNCs or 

vehicle. Images are shown at ×200 magnification. Scale bar=50 μm. n=8/group
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Fig. 5. 
VEGF had no effect on the biodistribution of BMMNCs to the lung. a–f 
Immunofluorescence staining of GFP-positive BMMNCs in the lung on day 1 after 

administration of BMMNCs or vehicle. Images are shown at ×200 magnification. Scale 
bar=50 μm. n=8/group
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Fig. 6. 
VEGF facilitates BMMNC migration to the brain without altering IL-1, IL-10, or TNF-α in 

peripheral blood. a Quantification of GFP-positive cells in the brain on day 1 after BMMNC 

transplantation showed that VEGF significantly increased BMMNC migration to brain. 

Preconditioning with SU5416 significantly decreased the migration of BMMNCs. †p<0.05 

vs. 2VO+BMMNC; n=8/group. b All rats that received BMMNC transplantation had similar 

numbers of GFP-positive BMMNCs in the lungs. p>0.05 vs. 2VO+BMMNC, n=8/group. c 
In the 2VO groups, BMMNC administration significantly increased IL-10 level in peripheral 

blood compared with that in the vehicle-treated group. IL-10 level in peripheral blood did 

not differ significantly among the 2VO groups that received BMMNCs. *p < 0.05 vs. 2VO + 

vehicle, n =8/group. d, e In the 2VO groups, BMMNC administration significantly 

decreased IL-1β (d) and TNF-α (e) levels in peripheral blood compared with levels in the 

vehicle-treated group. IL-1β and TNF-α levels in peripheral blood did not differ among the 

2VO groups that received BMMNCs. *p<0.05 vs. 2VO+vehicle, n=8/group. Values are 

mean±SD
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Fig. 7. 
VEGF enhances the angiogenic and neuroprotective effects of BMMNC transplantation. a 
Immunofluorescence staining of proliferative (Ki67-positive, red) vessels (green) in the 

striatum on day 14 after administration of BMMNCs. b Fluoro-Jade B (FJB, green) staining 

of degenerating neurons in the cortex on day 14 after administration of BMMNCs. The 

yellow arrowheads indicate FJB-positive cells. c Quantification showed that 2VO groups had 

significantly more Ki67-positive vessels than did the sham groups. In addition, the number 

of Ki67-positive vessels was significantly greater in the 2VO +BMMNC group than in the 

2VO+ vehicle group. This angiogenic effect was accelerated by VEGF but abolished by 

SU5416. *p<0.05 vs. 2VO+vehicle; †p<0.05 vs. 2VO+BMMNC. n=8/group. d 
Quantification showed that 2VO groups had significantly more FJB-positive cells than did 

the sham groups. In the 2VO groups, BMMNC administration significantly reduced the 

number of FJB-positive cells; this effect was enhanced by preconditioning with VEGF. No 

difference was observed between the 2VO+ SU5416 +BMMNC group and the 2VO+vehicle 

group. *p<0.05 vs. 2VO+vehicle; †p<0.05 vs. 2VO+ BMMNC. n=8/group. Values are mean

±SD
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