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Abstract 

Backgrounds: To investigate the feasibility of intracoronary application of endothelial 

progenitor cells and the subsequent distribution within the rat heart.  

Methods and results: Endothelial progenitors cells (EPCs) isolated from rat bone marrow 

were identified by double positive staining with Dil-Ac-LDL and BS1-lectin. Twenty-four h 

before cell transplantation, EPCs were labeled with 5-Bromo-2’-deoxyuridine (BrdU). Cells 

(5×10
5
 in 250 µl medium) were injected into healthy rats, either as intracoronary application 

(n=11) or as intramyocardial injection (n=6). At 15 min or 3 days post transplantation, hearts 

as well as other organs (lung, liver, kidney and spleen), were collected and processed for 

subsequent BrdU immunohistochemistry. The number of BrdU positive cells per tissue area 

was counted. Compared to intramyocardial injection, intracoronary administration resulted in 

more than twice as much positive cells in the heart (P<0.05), with no local differences within 

the heart. Whereas after 15 min, EPCs were equally distributed in all examined organs (except 

for the spleen), cells that were still present after 3 days, approximately 10%, were selectively 

restricted to the heart.  

Conclusions: Our data indicate that the intracoronary application provides a promising 

technique for EPC transplantation in the rat heart.  
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Introduction  

The formation of new blood vessels in postnatal life has generally been considered to be 

mediated by the sprouting of endothelial cells from pre-existing vessels, which is referred to 

as angiogenesis[1]. Another mechanism, involving the in situ differentiation of endothelial 

progenitor cells and their subsequent organization into new vessels is regarded as 

vasculogenesis[2]. It was long believed that vasculogenesis only exists in the embryo[3,4]. 

This perception has changed since Asahara et al. succeeded in isolating circulating endothelial 

progenitor cells from peripheral blood in 1997[5]. Emerging evidence indicates that 

vasculogenesis is at least in part responsible for postnatal neovascularization. Recent studies 

have shown that bone marrow-derived endothelial progenitor cells play an important role in 

adult vasculogenesis, in response to physiological and pathological stimuli[6-8].  

The endothelial progenitor cell (EPC) can be isolated from either peripheral blood, bone 

marrow or cord blood[9-11].  The ex-vivo expanded EPC may differentiate into endothelial 

cell lineage. Therefore, EPCs are capable of neovascularization in treatment of ischemic 

tissues, a process termed therapeutic vasculogenesis[12]. The hypertrophied ischemic heart 

provides a promising target for this approach and accordingly, many studies are performed to 

explore this area in patients, as well as in animal models[13-15]. 

Although rats usually provide a suitable model for ischemic cardiovascular research, at 

present, studies on the therapeutic potential of EPC transplantation strategies are limited in 

two major ways. Firstly, the number of cells that become available for transplantation after 

culturing is pushing the limits. Secondly, as the major requirements for cell therapy induced-

vasculogenesis are sufficient cell density and homogeneous cell distribution in the target 

organ, commonly used application techniques, such as intravenous[16], transendocardial[17] 

or intramyocardial administration[18], may not meet these requirements for rat hearts.  

The present study was therefore designed to evaluate the feasibility of EPC transplantation by 

means of the modified cross-clamping technique for intracoronary administration in the rat, as 

previously described by Hajjar and co-workers[19].  

 

Materials and Methods 

Animals 

Three-month-old male Wistar or inbred Lewis rats (Harlan, Zeist, the Netherlands; average 

weight: 290-310g) were used. The study protocol was approved by the Institutional Animal 

Care and Use Committee of Groningen University. The animals were housed in groups of 2-3 

animals, at 12-h light/dark, with food and water ad libitum. All the experiments were carried 

out in accordance with the European Communities Council Directive (86/609/EEC) and 

Institutional Guidelines. 
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Mononuclear isolation from bone marrow 

Bone marrow was obtained from the long bones of rat legs by flushing with phosphate 

buffered saline (PBS). Mononuclear cells were isolated using lympholyte-rat (CEDARLANE, 

SANBIO b.v. Canada) by density gradient centrifugation. Erythrocytes were lysed by erylysis 

buffer (Apotheek, UMCG, Groningen, the Netherlands). Mononuclear cells (10
5
/well) were 

seeded on 1% gelatin pre-coated 96-well plates in 250 µl endothelial cell (EC) medium based 

on RPMI 1640 medium (Gibco, Grand land, N.Y. U.S.A) supplemented with 5 u/ml heparin, 

100 IE/ml penicillin, 100µg/ml streptomycin, 50µg/ml endothelial growth factors extracted 

from bovine brain and 20% fetal calf serum (FCS). After 24 h cells were washed with PBS to 

remove non-attached cells, and medium was refreshed. Adherent cells were cultured in EC 

medium at an atmosphere of 37
o
C, 5% CO2 with medium refreshment every second day.  

 

Optimal culture conditions of bone marrow-derived EPCs  

In order to obtain optimal culture conditions, four different coatings were investigated. 

Mononuclear cells were seeded on culture plates coated with 1% gelatin (sigma-Aldrich, 

Netherlands), 2% fibronectin (sigma-Aldrich, Netherlands), 2% collagen (sigma-Aldrich, 

Netherlands), and a fibronectin/gelatin mixture (1:1) at 4
o
C overnight (50 µl/well) 

respectively. The quality of the culture was examined using an inverted phase-contrast 

photomicroscope. The number of colonies, attached cells and cell organization were 

registered. 

  

Characterization of EPCs  

To identify the ex-vivo expanded EPCs, the adherent cells were incubated with 10 µg/ml 1,1’-

dioctadecyl-3,3,’3’-tertamethylindocarbocyanine-labeled acetylated low-density lipoprotein 

(Dil-Ac-LDL, Molecular Probes
TM

, Invitrogen, Oregon, USA) at 37
o
C for 4 h in a chamber 

slide (BD Falcon
TM

, U.S) coated with 1% gelatin, as the optimal culture condition from the 

previous experiment. After 10 min fixation with 10% formalin at room temperature, lectin 

binding was analyzed using 10µg/ml FITC-conjugated BS1- lectin (Sigma-Aldrich Chemie 

B.V. Zwijndrecht, The Netherlands). Finally, the cells were counterstained with 4’, 6-

diamidino-2-phenylindole (DAPI, Molecular Probes, Leiden, the Netherlands. Dilution: 1: 

20,000). Triple positive cells were defined as EPCs [20]. Results were evaluated using 

inverted fluoresence microscopy (Leica, Germany).  

Further characterization was performed by vascular endothelial growth factor receptor-2 

(VEGFR-2/KDR/Flk-1) staining. Briefly, primary antibodies against VEGFR-2 (Abcam Ltd., 

Cambridge, United Kingdom)
 
were used at concentrations of 2–20 µg/ml. As a negative 

control, we used the same-species, same isotype irrelevant antibody (Santa Cruz 

Biotechnology, Inc. heidelberg, Germany). Binding of primary antibody, was detected using 

1:50 dilution of stock of FITC-conjugated swine anti-rabbit IgG (Dako Netherlands B.V., 

Heverlee, Belgium). All primary and secondary antibodies were diluted in PBS plus 1% BSA. 

Fluoromount G with DAPI (Vector Laborataries, Inc. burlingame, U.S.A) was added to the 

slides after staining. 
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Preparation of ex-vivo expanded EPCs for transplantation  

For cell transplantation experiments, ex-vivo expanded EPCs were used. To discriminate the 

transplanted cells in the recipient rats using light microscopy, after 6 days of culture the EPCs 

were extensively washed by PBS and incubated with 10 mmol/ml BrdU (Sigma-Aldrich 

Chemie, Steinheim, Germany) in EC medium at 37
0
C for 24 h. EPCs were dissociated from 

the culture flasks with 0.05% trypsin-EDTA (Gibco, USA) just before transplantation. After 

centrifuged at 600g for 5 min, the cells were resuspended with RPMI-1640 medium to obtain 

a concentration of 5×10
5
 cells in 250 µl medium for cell transplantation administration.  

 

Transplantation of ex-vivo expanded EPCs into healthy rat heart  

Animal preparation 

Anesthesia was induced in a small ventilation chamber with 4-5% isofluorane in oxygen at 

0.9L/min flow rate. The animals were intubated with an endotracheal tube and ventilated with 

40% O2 and 60% N2O. Anesthesia was maintained with 2.5% isofluorane in oxygen at a flow 

rate of 0.9L/min during the operation. The heart was exposed through a left thoracotomy 

incision-0.5 cm below the forearm as described before[21].  

 

Transplantation of ex-vivo expanded EPCs in healthy rats 

The animals were randomly subjected to intracoronary (clamping), or intramyocardial 

administration of EPCs. Control animals received an injection of supernatant medium with 

the same volume. For the intracoronary transplantation, a technique based on cross clamping 

as described by Hajjar was used[22]. Briefly, a loop was placed around the ascending aorta. 

After occluding the aorta by tightening of the loop, the pulmonary artery was clamped by a 

Buldog Clamp (DE BAKEY, FB 420 R, Germany). The EPC suspension (5×10
5 

cells in 250 

µl) was directly injected into left ventricular cavity through a 29-gauge needle. The clamping 

was maintained for 10 seconds, and then released to restore normal blood flow. For 

intramyocardial injection, 5×10
5
 ex-vivo expanded EPCs were resuspended in 250 µl EC 

medium and injected at 5 points around the apex, with approximately 50 µl each.  Although 

we realize that this may not be the optimal volume and/or cell number for intramyocardial 

injection, for comparison we chose for the exact same values as we used for intracoronary 

injection. Control groups underwent the same procedures with 250 µl supernatant medium. 

Organs were collected at 15 min, as the most early time point after clamping, and 3 days after 

transplantation, to distinguish homed cells from circulating cells, and processed for further 

analysis.  

 

Immunohistochemical staining and morphometric analysis  

Hearts, as well as parts of other organs (lungs, liver, kidney, and spleen), were harvested and 

embedded in Tissue Tek OCT compounds (Zoeterwoude, The Netherlands) or paraffin 

followed by formalin fixation. For cryo-section, tissues were frozen in liquid nitrogen, and 

stored at –80
o
C. The hearts were cut into 3 transversal sections; apex, middle and base, and at 

each level 6 sections were cut with 7 µm thickness and placed on slides coated with poly-L-
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lysine (knittel GLÄSER, Germany) for immunohistochemical staining of BrdU positive cells. 

For paraffin embedding, tissues were cut into sections with 5µm thickness.  

For BrdU immunohistochemistry staining, tissue slices were post-fixed in 5% acetic acid with 

ethanol at –20
o
C for 20 min. Endogenous peroxidases were blocked with 0.5% 

phenylhydrazine, and then the sections were pre-incubated in 0.7M HCl for 30 min at 37
o
C. 

After being washed 3 times with PBS, sections were incubated with primary antibody 

(AntiBrdU-moAb, Sigma-Aldrich Chemie, Steinheim, Germany. 1:100 dilution) for 1 h at 

room temperature. After being washed 3 times in 0.01M PBS +0.1% triton X-100, the 

secondary antibody (Goat-anti-mouse-bio, Dako, UK.1:100 dilution) plus 2% normal goat 

serum were applied and incubated for 30 min. The slides were colored with 3-amino-9-

ethylcarbazole (AEC) (0.5 mg in 3.75 ml N,N-dimethylformamide [DMF] plus 70 ml acetate 

buffer PH=4.9 Sigma, St.Louis, MO). Mouse isotype IgG1 (Southern Biotechnology 

Associatess, INC. Birmingham, USA) severed as negative control. Finally, slides were 

counterstained with Mayer’s hematoxillin (1:10). Slides were embedded in glycerin gelatin. 

All sections from apex to base of the heart, as well as other organs, were examined under a 

Nikon light microscope (ECLIPSE 50i, Nikon Corporation, Japan). The number of BrdU 

positive cells was counted within each section and expressed per tissue area (magnification 

×200). Measurement software (Imagine-pro 4.5.029; Media Cybernetics, Inc. USA) was used 

to measure each section area. Data were expressed as the average number of BrdU positive 

cells per area. 

 

Statistical Analysis  

Results were presented as mean±S.E.M. Two treatment groups were compared by one-way 

ANOVA. Two-way ANOVA was performed for the multiple comparisons within the group 

followed by post hoc analysis adjusted by S-N-K correction (SPSS 10.0). P Values <.05 were 

considered as statistically significant.  

 

Results  

Identification of bone marrow derived EPC  

The cultured cells were observed everyday and the optimal culture condition was defined as 

more attached cells and colonies. We noticed that with 1 % gelatin coating bone marrow 

mononuclear cells manifest the best representation (data not show). The cobblestone and 

alignment structure of attached cells were observed as early as 3 days of culture (Figure 1A 

and B). After one week of culture, the morphology of the EPCs displays more like that of 

mature endothelial cells (Figure 1C). The attached spindle shape cells were positive for 

taking-up Dil-Ac-LDL as well as BS1-lectin staining. Co-staining with the nuclear stain 

DAPI revealed that more than ninety percent of the adherent cells are Dil-Ac-LDL (+) and 

BS-1-lectin (+) (Figure 2A and D). Additional staining revealed that more than 90 percent of 

the cultured cells are positive to VEGFR-2 (Figure 2E and F). No differences in cell 

performance were observed between the two rat strains. 
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Retrieval and distribution of EPCs in-vivo after transplantation  

Fig. 3 presents a series of photographs of BrdU positive cells before transplantation and after 

retrieval in the heart. Incubation of cultured cells with BrdU revealed that more than 70% (5 

fields randomly) of EPCs showed uptake of BrdU over a 24-hour period (Figure 3A). Ex-vivo 

expanded EPCs labeled with BrdU were transplanted into rat hearts by means of 

intracoronary administration (clamping technique) and compared with intramyocardial 

injection. Fifteen min after transplantation, most of the EPCs were located in the spleen both 

in the intracoronary administration group and in the intramyocardial group (Figure 3B). 

Compared to intramyocardial injection (Figure 3D), the EPC’s in the intracoronary group on 

average appeared at higher density throughout the heart at 15 min (Figure 3C) which was still 

present at 3 days after transplantation (Figure 3E and F). At 3 days, no positive cells as such 

could be observed in the spleen, but a brown precipiation suggests remains of BrdU 

immunopositive cells. No positive EPCs were found in the control group (medium injection 

without cells) at either time point.  

Figure 1: EPC morphology during ex-vivo expansion:  A: Bone marrow-derived EPCs are able to differentiate into 

endothelial-like cells; cobblestone-like structure. B: Alignment of EPCs was observed after 3 days of culture. C: after 7 

days of culture, some of the EPCs take part in network formation. The arrows showed tube-like structures and network 

formation. Magnification: A: × 200. B-C: × 100.  
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Figure 4 represents the actual measurements of EPC density in the different organs. Fifteen 

min after transplantation, cell density was high both in peripheral organs (lung, liver, kidney, 

and spleen) and in the heart, for either application.  However, despite application of similar 

cell number, overall EPC density in the heart was about as three times high as after 

intracoronary administration vs intramyocardial injection (Figure 4A and B); 1.80±0.20/mm
2 

vs 0.61±0.04/ mm
2
 (p=0.034).  Interestingly, three days after transplantation, BrdU positive 

cells still could be detected within the heart. Significantly more EPC were retrieved in the 

heart compared to the other organs within the clamping group and compared to intracardiac 

 

A 

 

B 

C D 

 

E 

  

F 

Figure 2: Characterization of bone marrow-derived EPC: at 7 days of culture, EPCs were incubated with Dil-Ac-LDL and 

stained with BS-1-lectin. Fluorescence microscopy illustrates that bone marrow derived EPC stain positive for Dil-Ac-

LDL (A) and BS-1-lectin (B). C: nuclear staining with DAPI. D: Overlay of Dil&lectin& DAPI. Magnification: ×400. E: 

the cultured cells are positive for VEGFR-2 staining; (F) isotype negative control (×630).  
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administration, whereas no significant differences between the heart and other organs were 

observed within the intramyocardial injection group (Figure 4C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the intracoronary group, though substantially lower than after 15 min, three days after cell 

transfusion positive cell density in the heart was on average more than twice as high as that in 

the intramyocardial group (0.20±0.03 vs 0.08±0.01/ mm
2
), and distributed more 

homogeneously throughout  the heart(Figure 5).  At all levels of the heart, except for the site 

of injection for intramyocardial injection-the apex, intracoronary administration resulted in 

A B 

C D 

F E 

Figure 3: EPC labeling and distribution: A: BrdU positive cells in culture before transplantation; with inlay: IgG1 isotype 

negative control. B: a large part of BrdU positive cells was taken up by spleen. C-D: BrdU positive EPCs could be 

retrieved in the heart, 15 min after intracoronary administration (C) and intramyocardial injection (D). Three days after 

intracoronary injection, ex-vivo expanded EPCs could still be retrieved in the heart. The arrows showed that positive EPCs 

could be detected around vascular structures (E) or adjacent to cardiomyocytes (F). Magnification: A-E: × 200. F:  ×400 
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significantly higher EPC densities than intramyocardial injection (Figure 5A-D). In the 

intramyocardial group, no significant differences were observed between the heart and other 

organs either at 15 min or at 3 days after transplantation.  

 

 

Figure 4: The distribution of BrdU-positive cells in different organs:  Distribution of BrdU-positive EPCs in various 

organs after cardial delivery; A and B: 15 min after injection; C: three days after injection.   * indicates P<0.05 vs 

intramyocardial injection; $ indicates P<0.05 vs. the other organs within intracoronary administration.  
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Discussion  

The present study evaluates the possibilities of intracoronary administration for cell 

transplantation in the rat heart. Data show that, even in the healthy rat heart, ex-vivo cultured 

rat EPC can be delivered to the heart through intracoronary administration and can remain 

there for at least 3 days. Moreover, we demonstrate that transplantation of bone marrow 

derived EPC into rat heart by the intracoronary administration achieves a more homogeneous 

distribution and higher cell density within the heart than direct intramyocardial injection. 

 

Figure 5: The distribution of BrdU-positive cells at different levels (base, middle, apex) and parts (LV, IS, RV) of the 

heart,15 min (A-B) and 3 days (C-D) after injection. * indicates P<0.05.  ** indicates: P <0.001   LV: left ventricle; IS: 

intraseptum; RV: right ventricle. 
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Intracoronary administration; benefits and limitations  

The procedure of intracoronary application in rats has originally been described by Hajjar et 

al.[23] to introduce adenovirus with specific genes into the heart. This procedure was 

successfully applied by different groups, including ours, for delivery of viral vectors[24,25]. 

Also the present study, where the technique is applied for stem cell introduction, adds to this 

success by showing a higher cell density and more homogeneous cell distribution than after 

intramyocardial injection in the present conditions. This finding should be interpreted with 

some reservation: the myocardial injection was performed at the same volumes as 

intracoronary delivery to keep cell density and number identical, but this strategy does not 

warrant optimal conditions for intramyocardial injection. As intracoronary delivery led to 

successful incorporation of the injected cells, optimization of intramyocardial delivery was 

not further pursued. The efficiency of intracoronary delivery as performed in the present study 

is demonstrated by the finding that we were able to observe cardiospecific cell-homing in the 

healthy heart 3 days after cell injection, whereas previous study failed to show homing into 

the intact heart of stem cells when injected intraveneously[26]. Since we used the potentially 

cytotoxic marker BrdU to evaluate presence of the transplanted cells, the viability and 

function of these cells would be subject of further research. Nevertheless, as we evaluated this 

technique to be suitable to be used in our rat hypertrophic and heart failure models, our results 

are promising for stem cell transplantation into the ischemic heart. 

 

In addition to the promising aspects as described above, the technique by itself may render it 

prone to some confounders. During the period of intracoronary delivery, the aortic together 

with pulmonary artery clamping may increase the perfusion pressure of the coronary 

circulation, which may impose a favorable hydrostatic compound directing EPCs more 

effectively to the heart. In addition, the extra volume causes extension of the left ventricle, 

which also may add a beneficial factor, although the latter may also occur after 

intramyocardial injection. Without resulting in measurable damage, the short ischemic period 

(10-20 seconds) during the cross-clamping might also contribute to activation of homing 

processes including attaching and migration of EPCs into the heart[27-29]. More recently, 

Asahara’s group demonstrates that ischemic preconditioning may generate a protective effect 

by homing bone marrow derived EPC as early as 1 hour post administration. The mechanism 

of ischemic preconditioning protection might be stimulation of nitric oxide synthase 

activity[30]. However, the very short ischemic period (10-20 seconds), and applied only once, 

may not be enough to induce ischemic preconditioning in our study. Moreover, the ultimate 

purpose of this technique is to used it in diseased hearts, in which preconditioning capacity is 

strongly diminished [31]. Nevertheless, we cannot completely exclude that by using this 

clamping technique in non-ischemic hearts may create a stimulus for EPC homing into the 

heart rather than with intramyocardial injection.  
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BrdU labeling for in-vivo endothelial progenitor cells’ tracking  

5-bromo-2'-deoxyuridine (BrdU) is an S phase marker which may incorporate with single 

DNA strand during the DNA replication. In the present study, we labeled EPC with BrdU for 

24 h in-vitro producing a 70 percentage labeling index. The labeled EPC could be retrieved 

successfully post administration in myocardium with clear morphology. Recently, Ma et al. 

[32] demonstrated that BrdU labeled bone marrow mesenchymal stem cells infused 4 h post-

infarction could home into infarcted hearts. The BrdU immunopositive cells could be detected 

from ½ day to 28 days post transplantation suggesting that BrdU is relatively safe and stable 

for labeling stem cells.  

 

Therapeutic application  

Cardiovascular disease is usually associated with cardiac hypertrophy coinciding with cardiac 

remodeling processes. These processes include interstitial fibrosis and vascular supply 

lagging behind myocyte growth, increasing oxygen diffusion distance, associated with 

increased sensitivity to ischemia [33]. Hence, the stimulation of vascularization based on cell 

transplantation would provide a rationale to improve cardiac function. Ischemic damage is 

indicated to mobilize endogenous EPC for tissue repair. However, some studies indicated that 

the number of circulating EPCs and their migratory activity were reduced in patients with 

cardiovascular risk factors, such as diabetes[34,35]. Therefore, transplantation of ex-vivo 

expanded EPC’s may provide a promising tool for cell-based vasculogenesis therapy.  

The unique function of endothelial progenitor cells (EPCs) render them optimal candidates for 

cell-based vascular therapies. Bone marrow derived endothelial progenitor cells have been 

isolated from peripheral blood of adult species. It has been described that both peripheral 

blood and bone marrow can be used as a source of endothelial progenitor cells, which have 

the potential to differentiate into functional endothelial cells under specific culture conditions. 

Previously reported methods of purifying and culturing EPCs have relied on magnetic bead or 

cytofluorometric selection for cells expressing CD34, VEGFR-2, or AC133[36-38]. In the 

present study, we show that EPC can be isolated from bone marrow of adult rats based on 

their adherence and requirement for endothelial cell specific growth conditions without any 

further enrichment steps. As others report[39,40], rat EPC actively take up accelyted LDL-

cholesterol and positively bind BS1 lectin. The present study does not identify the specific 

lineages of hematopoietic precursors of EPCs, due to the lack of stem cell markers such as 

CD34 and CD133 suitable for rats. Therefore, we cannot exclude the possibility that our bone 

marrow mononuclear cells contain more than one type of EPC precursor.  

 

In conclusion, this study shows that: (1) Homogeneous distribution and high density of EPCs 

in the heart can be achieved with intracoronary administration via the clamping technique. (2) 

BrdU labeling is a useful method for retrieval of the transplanted EPC. (3) Although 

immediately after administration other organs have been transplanted as well, 3 days later, 

sustained EPC homing is largely restricted to the heart. Thus, our data indicate that the 

intracoronary application provides a promising technique for transplantation of endothelial 
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progenitor cells with widespread distribution and high density into the rat heart. Whether 

these introduced and homed EPC will actually lead to vasculogenesis would be the subject to 

future investigations. Nevertheless this intracoronary application offers a promising 

possibility for studies in diseased rat hearts.  
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