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Abstract. The purpose of this study was to compare the results 
of delivering low doses of growth factor iteratively (20 µg 
x5) via a reservoir system with results obtained following a 
single administration of 100 µg of growth factor. The delivery 
systems using gelatin microspheres (GMS) facilitate the 
controlled release of drugs. The controlled release of growth 
factors at specific sites is essential for vascular regeneration. 
An ischemic hind‑limb model was established in nine rabbits. 
A reservoir system was implanted in each rabbit. GMS impreg-
nated with basic fibroblast growth factor (bFGF) through an 
indwelling 2-Fr catheter was infused in the reservoir system. 
The rabbits were divided into three equal groups: group 1 
received 20 µg iteratively (x5) via the reservoir, a single dose of 
100 µg growth factor was administered to group 2 and group 3 
was the saline control. The therapeutic effects were evaluated 
by measuring the thigh temperature, blood pressure and blood 
flow. An immunohistological analysis was also performed for 
CD31. No significant difference was observed between pre- 
and post-treatment (4 weeks following bFGF infusion) in the 
thigh temperature, blood pressure and blood flow results from 
each group. Pathological analysis revealed that the number 
of regenerated vessels was significantly higher in the group 
treated iteratively with low-dose bFGF.

Introduction

Vascular regenerative therapy improves the flow of blood to 
ischemic tissues by inducing neovascularization in patients 
with vascular occlusive diseases (1-8). Therapeutic methods 

include the direct delivery of vascular growth factors including 
vascular endothelial growth factor, basic fibroblast growth 
factor (bFGF) and hepatocyte growth factor, the delivery of 
genes into host cells for the on-site production of vascular 
growth factors and the direct delivery of somatic stem cells 
capable of generating new vessels (9-13). The arterial infusion 
of vascular growth factors may be used to treat patients with 
vascular occlusive diseases in the future.

Hosaka et al (7) reported that in a rabbit hind‑limb ischemia 
model, functional collateral vessels were developed upon the 
intra-arterial infusion of gelatin microspheres (GMS) bearing 
bFGF. The arterially infused, GMS-attached bFGF was 
released slowly and stimulated neovascularization. Vascular 
regeneration following a single high dose of bFGF has also 
been demonstrated in rabbit limb ischemia models (6,14). We 
attempted to induce vascular regeneration by the iterative 
delivery of bFGF using an indwelling reservoir catheter (15). 
We hypothesized that, in addition to the sustained release of 
low-dose bFGF from GMS, the subsequent iterative infusion 
of free-form bFGF exerts a synergistic effect by maintaining 
high blood concentrations of bFGF at the target site, thereby 
extending the exposure time. In an effort to develop an 
easy-to-use test for application in a clinical setting, we used 
a small-diameter indwelling reservoir catheter to confirm 
improved vascular regeneration.

Materials and methods

Animals. The study protocol was approved by the Animal 
Experimentation Committee of Shiga University of Medical 
Science. All experiments were performed according to the 
Animal Care Guidelines of Shiga University of Medical 
Science. A total of nine healthy female Japanese white rabbits 
weighing between 2.5 and 3.5 kg were purchased from Japan 
SLC Inc. (Shizuoka, Japan).

Rabbit model of hind‑limb ischemia. The chronic hind‑limb 
ischemia model was created using our previously reported 
method (15). The rabbits were anesthetized with intramuscular 
injections of a mixture of ketamine hydrochloride (25 mg/kg, 
Ketalar 50; Sankyo Yell Yakuhin Co. Ltd., Tokyo, Japan) and 
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medetomidine hydrochloride (0.1 mg/kg, Domitor, Meiji Seika 
Co. Ltd., Tokyo, Japan). The left femoral artery was resected 
from the inguinal ligament to the popliteal fossa and bifurca-
tion of the saphenous artery. The rabbits were then maintained 
for 21 days on a normal diet.

Preparation of GMS and bFGF impregnation. The GMS 
were of optimal specification as determined in previous 
studies (7,15,16); they were 30 µm in diameter and degraded 
within 2 weeks. Human recombinant bFGF (group 1, 20 µg; 
group 2, 100 µg; Kaken Pharmaceutical Co. Ltd., Tokyo, Japan) 
in 30 µl phosphate-buffered saline (PBS) was added to 3 mg 
of the GMS at 4˚C for 24 h to obtain bFGF-impregnated GMS.

Reservoir implantation. At 21 days following femoral artery 
resection the rabbits were anesthetized as described above and 
a heparin-coated standard indwelling catheter (Toyobo Co. 
Ltd., Osaka, Japan) was inserted using the left internal carotid 
artery approach. The catheter was smaller than in our previous 
study (2 vs. 4-Fr) (15). Prior to insertion, we placed a 2-mm 
side hole 1.5 cm from the tip of the catheter. The catheter tip 
was inserted into the deep femoral artery so that the side hole 
was located at the branching of the internal iliac artery. The 
port used in our earlier study (Clinical Supply Co., Ltd. Gifu, 
Japan) and the indwelling 2-Fr catheter were implanted into 
the subcutaneous space of the nape of the neck.

Drug infusion protocols. The nine rabbits were divided into 
three equal groups. The animals in group 1 received 20 µg 
bFGF‑impregnated GMS and then an additional 20  µg 
bFGF via the reservoir daily for four consecutive days (total 
100 µg), a single dose of 100 µg bFGF-impregnated GMS was 
administered to group 2 and group 3 was the saline control. 
The bFGF‑impregnated GMS was mixed with 2 ml of saline 
and infused over the course of approximately 3 min via the 
reservoir port. In the three groups, the catheter was then 
heparinized with 3 ml of saline containing 20 units of heparin. 
In order to maintain its patency, the catheter was heparinized 
once daily during the treatment period. The administration of 
the drug via the port was possible without anesthesia.

Evaluation of collateral vessel development. Collateral vessel 
development was evaluated by recording the thigh tempera-

ture (thermography), blood pressure and blood flow, and by 
pathological analysis. Evaluation procedures were carried out 
prior to treatment and 4 weeks after the first or only GMS 
administration. The rabbits were anesthetized as described 
above prior to the evaluation procedures.

Thermographs (Neo Thermo TVS-700, Nippon Avionics, 
Tokyo, Japan) were obtained at the surface of the lower 
abdomen and bilateral thighs. The resolution was approxi-
mately 0.08˚C and the total number of pixels per view was 
320x240. The region of interest (ROI) was set at 15x15 pixels 
on the inner side of the bilateral thighs to calculate the average 
and left-to-right ratios.

To measure the blood pressure at the popliteal artery 
we used an ultrasonic Doppler flow detector (ES-1000SPII, 
Hadeco Inc., Kanagawa, Japan). The left-to-right ratio was 
determined with a sphygmomanometer with a pediatric cuff.

The blood flow was recorded using the same Doppler flow 
detector and the left-to-right ratio was calculated.

Pathological analysis. The rabbits were sacrificed with 
overdose injections of pentobarbital (Nembutal, Dainippon 
Sumitomo Pharma Co., Ltd. Tokyo, Japan) at 4 weeks following 
treatment. Histological specimens were prepared from the 
inner side of the left hind‑limb of each rabbit. Hematoxylin 
and eosin staining was performed to assess the general 
morphology. Regenerated vessels were localized by immu-
nohistochemical staining with monoclonal CD31 antibody as 
the primary antibody against endothelial cells. Cross‑sections 
of the semi-membranous muscle of the thigh were inspected 
at x100 magnification. The average number of CD31-positive 
cells per view was counted in three consecutive views.

Statistical analysis. The temperature, blood pressure and blood 
flow data were analyzed using the Student's t-test. Pathological 
data were subjected to one-way ANOVA and the Tukey test. 
P<0.05 was considered to indicate a statistically significant 
result. Analyses were performed with SPSS software version 
11.0 (SPSS, Inc., Chicago, IL, USA).

Results

Temperature, blood pressure, blood flow and CD31-positive 
vessels. As listed in Table I, among the three groups there was 

Table I. Evaluation of collateral vessel development.

		  Group 1			   Group 2			   Group 3
	 --------------------------------------------------------------------	 -------------------------------------------------------------------	 -------------------------------------------------------------------
(Lt/Rt)	 Pre-treatment	 4 weeks	 P-value	 Pre-treatment	 4 weeks	 P-value	 Pre-treatment	 4 weeks	 P-value
		  following			   following			   following

Surface	 0.99 (0.01)	 0.98 (0.03)	 0.57	 1.01 (0.04)	 1.01 (0.02)	 0.88	 1.01 (0.02)	 1.04 (0.04)	 0.30
temperature
Blood	 0.54 (0.15)	 0.60 (0.10)	 0.59	 0.80 (0.85)	 0.92 (0.26)	 0.83	 1.05 (0.22)	 1.06 (0.32)	 0.96
pressure
Blood flow	 0.63 (0.29)	 0.74 (0.07)	 0.58	 1.18 (0.81)	 1.18 (0.39)	 1.00	 0.73 (0.26)	 1.10 (0.78)	 0.49 

There are no significant differences among the three groups with respect to any of the findings. Lt, left; Rt, right. SD is indicated in parentheses.
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no significant difference between the baseline values and the 
readings obtained at 4 weeks post-treatment with respect to the 
left-to-right ratios of the temperature (group 1, P=0.57; group 2, 
P=0.88; group 3, P=0.30), blood pressure (group 1, P=0.59; 
group 2, P=0.83; group 3, P=0.96) or blood flow (group 1, 
P=0.58; group 2, P=1.00; group 3, P=0.49; Table I). However, 
pathological study of CD31-positive vessels demonstrated that 
the number of positive vessels was significantly higher in group 
1 than the other groups (P<0.05; Table II, Fig. 1).

Discussion

We present pathological evidence that the iterative delivery 
of low-dose bFGF (20  µg x5) via an implanted reservoir 
induced vascular regeneration more effectively than a single 
administration of 100 µg. However, the evaluation methods 
used in this experimental study cannot be applied in a clinical 
setting. In efforts to make regenerative medicine relevant to 
interventional radiology (IR), we modified the methods of 
Hosaka et al (7) and Seko et al (15) to obtain more favorable 
regenerative results using a reservoir system for the delivery 
of drugs.

We introduced a 4-Fr indwelling catheter in our previous 
study to investigate vascular regeneration (15) and failed to 
observe vascular changes on angiographs and in the body 
surface temperature, blood pressure and blood flow. In the 
present study we provide pathological evidence that iterative 
drug administration using a reservoir effectively induced 
vascular regeneration. In our previous study, angiographic 
findings, the body surface temperature, blood pressure and 
blood flow were less favorable 2 weeks after placement of 
the reservoir. In accordance with the hypothesis that the 4-Fr 
catheter was too big, we used a 2-Fr indwelling catheter in the 
current study.

No significant differences were observed in physical find-
ings, including the body surface temperature, blood pressure 
and blood flow, among the three rabbit groups. By contrast, 
pathological study revealed that the number of CD31-positive 
cells was significantly higher in rabbits treated by the itera-
tive delivery of low-dose bFGF via the 2-Fr catheter than it 
was when iterative drug delivery was via the 4-Fr catheter 
(435.5 vessels/mm2 vs. 159.6/mm2) (15). We suggest that this 
difference was due to replacing the larger with the smaller 
diameter catheter. However, the number of vessels regenerated 
by the single administration of bFGF was not affected by the 
size of the catheter; 208.9/mm2 with the 4-Fr and 163.4/mm2 
with the 2-Fr catheter. Thus, from a pathological viewpoint, 
iterative or fractionated administration using a small diameter 
catheter was more effective.

Certain institutions are already practicing vascular 
regeneration therapy and the outcome is believed to be best 
determined by assessing the degree of symptom improve-
ment (2,17,18) by, for example, perfusion study using CT or 
MRI, contrast‑enhanced ultrasonography or optical CT. We 
did not include angiographic findings in our efficacy evalua-

Table II. Average number of CD31-positive cells in the left semimembranous muscle 4 weeks after treatment.

	 Group 1	 Group 2	 Group 3

CD31-positive cells/mm2	 540.32a,b (82.51)	 205.69a (68.89)	 44.36 (26.37)

Group 1, iterative infusions of basic fibroblast growth factor (20 µg x5); group 2, single infusion of 100 µg basic fibroblast growth factor; 
aP<0.05 versus group 3 (control); bP<0.05 versus group 2. SD is indicated in parentheses.

Figure 1. Immunohistochemical staining for CD31 of the left semimembra-
nosus muscle 4 weeks after the administration of GMS. (A) Group 1 showed 
more regenerative vessels than (B) group 2 and (C) group 3. Bar, 100 µm. 

  A

  B

  C
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tion as our earlier study suggested that their quantification was 
affected by the ROI used and thus there were variations in the 
ratios of vascular regeneration.

Several previous studies have reported on how bFGF bonds 
to GMS and is slowly released from GMS (19-22). We obtained 
bFGF impregnated-GMS through the same method described 
in these previous studies.

There are concerns that bFGF released slowly from GMS 
may occlude vessels in the ischemic lower limb, resulting in 
symptom exacerbation. To address this issue, Hosaka et al (7) 
studied the effects of the delivery of 3 mg of GMS of varying 
sizes on the status of the lower rabbit limb. They concluded 
that GMS 29 µm in diameter efficiently stimulated vascular 
regeneration without aggravating pre-existing ischemia. Based 
on their findings, we used 3 mg of 30-µm diameter GMS.

We placed the reservoir catheters so that the infused bFGF 
was distributed slowly from the internal iliac artery to the lower 
limb. An IR list would make it possible to pinpoint the cath-
eter placement on vessels requiring regeneration by analyzing 
vascular images (23,24). Our study on regenerative medicine 
may yield benefits for patients with vascular diseases.

In conclusion, our evaluation of drug delivery methods 
aimed at inducing neovascularization revealed that the iterative 
low-dose (20 µg x5) delivery via an indwelling 2-Fr catheter 
was more effective than the administration of a single (100 µg) 
dose. Physical parameters, i.e. blood pressure, blood flow 
and temperature, were not affected by either of the delivery 
methods investigated.
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