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Abstract

The effect of basic fibroblast growth factor (bFGF) administra-
tion on regional myocardial function and blood flow in chroni-
cally ischemic hearts was studied in 26 pigs instrumented with
proximal circumflex coronary artery (LCX) ameroid constric-
tors. In 13 animals bFGF was administered extraluminally to
the proximal left anterior descending (LAD) and LCX arteries
with heparin-alginate beads and 13 other animal served as

controls. bFGF-treated pigs showed a fourfold reduction in left
ventricular infarct size compared to untreated controls (infarct
size: 12+0.4% vs. 5.1+13% of LV mass, mean±SEM, P
< 0.05). Percent fractional shortening (% FS) in the LCX area

at rest was reduced compared with the LAD region in both
bFGF and control pigs. However, there was better recovery in
the LCX area after rapid pacing in bFGF-treated pigs (%
FSLCX/% FSLAD, 22.9_73% -+ 30.5±8.5%, P < 0.05 vs. prepac-

ing) than in controls (16.0±7.8% -- 143+7.0%, P = NS). Fur-

thermore, LV end-diastolic pressure rise with rapid pacing was

less in bFGF-treated than control pigs (pre-pacing; pacing; post-
pacing, 10±1; 17±3; 11±1* mmHgvs 10±1; 24±4; 15±1
mmivg, *P < 0.05 vs. control). Coronary blood flow in the LCX
territory (normalized for LAD flow) was also better during
pacing in bFGF-treated pigs than in controls. Thus, periadventi-
tial administration of bFGF in a gradual coronary occlusion
model in pigs results in improvement of coronary flow and
reduction in infarct size in the compromised territory as well
as in prevention of pacing-induced hemodynamic deterioration.
(J. Clm Invest 1994. 94:623-630.) Key words: basic fibroblast
growth factor - regional myocardial function * chronic ischemia
* coronary artery disease * angiogenesis

Introduction

Basic-fibroblast growth factor (bFGF)' is an intensely mito-
genic (1-3) as well as angiogenic (2, 4-6) single-chain 16-kD
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peptide widely distributed in blood vessels (3, 7), cardiac tissues
(8, 9) and other organs. Recently, Yanagisawa-Miwa et al. (8)
reported that intracoronary administration of bFGF during an
acute myocardial infarction in dog model, resulted in reduction
in the infarct size and an increase in the number of capillaries
and arterioles in the treated territory. However, the canine coro-
nary circulation has a well developed native collateral circula-
tion capable of preventing infarctions after gradual coronary
occlusion without any additional interventions (10). In contrast,
human and porcine coronary circulations have a sparse collat-
eral network (11) which may respond differently to bFGF-in-
duced angiogenesis. With these considerations in mind we un-
dertook this study in order to test the effectiveness of bFGF in
preventing myocardial infarction and physiologic deterioration
in a porcine model of gradual coronary occlusion model.

We used the ameroid constrictor technique described by
Roth et al. (12) to produce gradual (2-4 wk) occlusion of the
proximal circumflex coronary artery (LCX) in pigs. This method
allows for the development of a chronically ischemic region of
the left ventricular myocardium that does not possess a preex-
isting collateral blood supply (13-15). Using this technique,
O'Konski et al. (16) demonstrated that after 3-4 wk of gradual
coronary artery occlusion, pigs develop a significant increase in
coronary collateral blood flow to the compromised area reaching
almost same level as the flow in the normal area at rest. How-
ever, the territory supplied by the ameroid-constricted artery is
clearly ischemic during exercise or pharmacological vasodila-
tion (17). The nature of this limitation remains unclear and it
has been variously ascribed to new collaterals possessing less
smooth muscle than normal arterioles (12), having impaired
function (18) or simply to an insufficient number of collaterals
forming in the ischemic territory. In a previous study we have
demonstrated in a similar model that bFGF administration re-
stores endothelial function in the ameroid-compromised terri-
tory (19). In this investigation we set out to determine whether
bFGF treatment also improves regional left ventricular function
in chronically ischemic myocardium. To this end, we used peri-
adventitial delivery of bFGFusing heparin-alginate polymer (2,
20, 21). This method allows reliable and sustained delivery
with first-order kinetics over 4-6 wk (21). Furthermore, recent
studies using this approach demonstrated local arterial deposi-
tion with little systemic loss (20).

Methods

Production of collateral vessels. 28 Yorkshire pigs of either sex
weighing 10-20 kg were anesthetized with intramuscular ketamine (10
mg/kg) and halothane inhalation anesthesia. By sterile technique, a left
thoracotomy was performed through the fourth intercostal space during
mechanical ventilation. The pericardium was opened, and an ameroid
constrictor of either 2.77 or 3.0 mminternal diameter was placed around
the proximal circumflex coronary artery. In the basic FGF group (n
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= 13), basic fibroblast growth factor was administered extraluminally
to both the proximal left anterior descending and circumflex arteries by
applying 4 or 5 calcium alginate capsules encapsulating heparin-sepha-
rose beads containing bFGF (1 ug bFGF per bead, total dose 4-5
Mg/animal) secured with a small amount of hemostatic surgical gauze
(Surgicel®; Johnson & Johnson, New Brunswick, NJ). In the control
group (n = 13), an ameroid constrictor was placed around the proximal
circumflex artery without any heparin-alginate beads (n = 7) or with
heparin-alginate beads not containing bFGF (n = 6). Before ameroid
placement, regional blood flow was measured by the colored microsph-
ere technique (22), as described below. In all animals, the thoracotomy
was closed and antibiotics (Cefazolin; Marsham, Cherry Hill, NC) were
injected intramuscularly. Thereafter, the pigs were allowed to recover
for 5 d and then were transferred to a farm until they were required by
the second part of the study. Experiments were performed 5-8 wk after
ameroid constrictor placement because preliminary study by coronary
angiography showed complete occlusion of the circumflex coronary
artery after 5 wk in nearly all animals.

Preparation of basic-FGF containing heparin-alginate beads. Cal-
cium alginate beads provide a stable platform for bFGF because of
enhanced retention of activity and storage time, and served as a means
for the controlled release of bFGF to the vessels in vivo. As described
previously (2, 21) heparin-sepharose beads (Pharmacia LKB, Piscata-
way, NJ) were sterilized under ultraviolet light for 30 min and then
mixed with filter-sterilized sodium alginate (1.2%, wt/vol; Sigma Chem-
ical Co., St. Louis, MO). The mixed slurry was dropped through a
needle into a beaker containing a hardened solution of CaCl2 (1.5% wt/
vol). Beads were formed instantaneously. Uniformly crosslinked capsule
envelopes were obtained by incubating the capsules in the CaCl2 solution
for 5 min under gentle mixing, and then for 10 min without mixing.
The beads were washed three times with sterile water and stored in
0.9% NaCl/l mMCaCl2 at 4°C. Each capsule in its hydrated state con-
tained 0.05 mg heparin-sepharose, 0.18 mg of alginate, and 11 mg of
water. For heparin-alginate capsule loading with bFGF, eight capsules
were incubated in 0.9% NaCIl/ mMCaCl2/0.05% gelatin with 10 Ig of
b-FGF (recombinant human bFGF 147 amino acids; R&D Systems,
Inc., Minneapolis, MN), for 16 h under gentle agitation at 4°C. Previous
studies (20, 21) have shown that under these conditions, 80% of bFGF
in solution is absorbed into heparin-alginate capsules. Thus, 8 Mg of
bFGF is absorbed into 8 capsules, resulting in incorporation of 1 Mg
bFGF/capsule.

Experimental preparation. On the day of the study, the pigs were
anesthetized with intramuscular ketamine (10 mg/kg) and then with
intravenous a-chloralose and urethane (3.2 g a-chloralose and 20 g
urethane in 100 ml normal saline; 60 ml initially and 10-15 ml every
45-60 min as needed), intubated and mechanically ventilated. Two-
dimensional transthoracic echocardiography was performed to evaluate
left ventricular global function. A median sternotomy was performed
using an oscillating saw. Adhesions were divided sharply with the use
of scissors and electrocautery. Pacing electrodes were secured to the
left atrial appendage. An 8F high-fidelity catheter-tip micromanometer
(Millar Instruments, Houston, TX) was inserted into the left ventricular
cavity via the left ventricular apex. To assess regional wall motion, two
pairs of ultrasonic crystals were implanted in the subendocardium paral-
lel to the short axis of the left ventricle (Fig. 1). One pair was placed
in the distribution of the left anterior descending artery (normal), and
another pair was placed in the distribution of the left circumflex artery
(either collateral dependent area or infarct area). Both pairs were on the
same trans-axial plane of the left ventricle. After recording left ventricu-
lar pressure and segment length in both normal and collateral-dependent
regions (Honeywell-Electronics for Medicine Research Recorder, Den-
ver, CO), rapid atrial pacing (1.8 times resting heart rate) was performed
for 4 min. Hemodynamic and functional parameters were recorded be-
fore, during, and after pacing. Regional myocardial blood flow measure-
ments using the colored microsphere technique (details below) were
performed before and during pacing. Percent fractional shortening was
calculated as (EDSL-ESSL)/EDSL x 100, where EDSLis end-diastolic
segment length and ESSL is end-systolic segment length.

Subsequently, the heart was excised and after the myocardium was

Figure 1. Animal preparation used in the present study. An ameroid
constrictor was placed on the proximal LCX. bFGF was administered
extraluminally to the proximal and distal LCX (2-3 capsules) and the
proximal LAD (2 capsules) using heparin-alginate polymer. After 5-
8 wk of recovery, LV pressure was measured with a micromanometer
inserted through the left ventricular apex. Pairs of ultrasonic crystals
were implanted in the area perfused by the LAD and the area perfused
by the LCX.

sampled for regional myocardial blood flow measurement the remaining
myocardium was fixed by immersion in phosphate-buffered 10%Forma-
lin, pH 7.4. The area of the ameroid constrictor was examined visually,
and circumflex coronary artery occlusion was confirmed. All animals
received humane care in compliance with the Beth Israel Hospital Com-
mittee on Animal Research and the American Physiological Society.

Tissue analysis. After fixation for at least 2 d, the left ventricle was
sectioned into 6-8 transverse slices (- 1 cm thickness). Each slice was
weighed, its apical surface was traced and the infarct area was deter-
mined visually by the scar. The volumes of the infarction were summed
and divided by the volume of the left ventricle to yield the percent
volume of the left ventricle which showed infarction. Anterior and
posterior wall thickness were determined in multiple transverse sections
by measuring endocardial to epicardial distances. Care was taken to
determine myocardial wall thickness in the same plane and location in
all specimens.

Transthoracic echocardiography. 5-8 wk after the ameroid place-
ment, 2D transthoracic echocardiography was performed immediately
after pigs were anesthetized with the animal in the left decubitous or
spine position using an HP 1000 (Hewlett Packard Medical Systems,
Andover, MA) equipped with 2.5 MHz phased array transducer. Re-
cording were made at the mid-papillary muscle level and stored on VHS
tape for later analysis. 2D recordings were analyzed utilizing an off-
line computer analysis system (Cardiology Workstation; GTI Freeland
Medical Division, Louisville, CO). Diastolic measurements (anterior,
posterior wall thickness, end-diastolic dimension, end-diastolic area)
were made coincide with the QRScomplex on the ECG, while systolic
measurements (end-systolic dimension, end-systolic area) were made at
the point of minimum LV area. The mean of three consecutive beats
was used for all measurements in each animal.

Myocardial blood flow measurement. Weused the colored micro-
sphere technique to quantify myocardial blood flow (22). In this tech-
nique, polystyrene spheres (15+0.1 [SD] Mmin diameter) dyed with
different colors are used in place of conventional radioactive micro-
spheres. Flow can be quantified by analyzing the dye content using
spectrophotometric methods (22). Weused three sets of colored micro-
spheres in each animal, one before the placement of the constrictor, one
after maturation of the ischemic area (baseline) and one during pacing
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LAD

Figure 2. Coronary angiography per-
formed 5 wk after the placement of the
ameroid constrictor with basic FGFtreat-
ment. LAD and LCX were visualized
with lopamidol. Total occlusion of the
proximal LCX by the ameroid constric-
tor and faint collateral vessels from the
branches of the LAD are observed.

after maturation of the ischemic area. Since we have worked with an
open-chest model, Dye-Trak colored microspheres (Triton Technology
Inc., San Diego, CA) were injected directly into the left atrium. Refer-
ence blood samples were withdrawn using a syringe pump at a constant
rate of 4 ml/min through the femoral artery. The number of microspheres
injected were typically 3 million (before placement of constrictor) and
6 million (after maturation of the ischemic area). The latter number of
microspheres was increased due to animals almost doubling (10-20 kg
to 25-30 kg) its size during the 5-8-wk interval from the first study.
After excision of the heart, the left ventricle was dissected free and a
trans-axial slice of - 1 cm thick was cut. From this slice, eight radial
samples were made which were further dissected into epi-, mid-, and
subendocardial samples. The tissue samples and the reference blood
samples were digested with potassium hydroxide and microspheres were
reclaimed using a vacuum filter. The dyes from the microspheres were
extracted using dimethyl-formamide. The dye sample was analyzed in
a spectrophotometer (HP 8452 A; Hewlett Packard, Palo Alto, CA).
Complete details of the methodology and analysis are available in refer-
ence 22. From the optical density (OD) measurements, the myocardial
flow (expressed in ml min-' g-') was calculated using the following
expression:

Blood flow (tissue sample X)

= [Withdrawal rate (ml min-')/weight (tissue sample X) (g)]

X [OD(tissue sample X)/OD(reference blood sample)].

Data analysis. Data are reported as mean±SEM. A two-tailed paired
t test was used for comparison of variables. A P value of less than 0.05
was considered significant.

Results
26 of 28 animals survived the ameroid constrictor placement
and heparin-alginate or sham beads implantation. Survival rate

was the same for both bFGF treated and control groups (13/14
in bFGF treated vs. 13/14 in controls). Both deaths were sudden
and occurred within the first 24 h after surgery. There were no
infectious complications associated with placement of bFGF
capsules. Of 13 control animals, 6 were implanted with heparin-
alginate capsules without bFGF and 7 were without any cap-
sules. There was no difference in any parameter measured
(infarct size, wall thickness, coronary flow, or left ventricular
function) between the two control groups and both groups are
combined for purposes of data presentation. Pigs were studied
5 to 8 weeks (mean, 6.5 wk) after initial surgery. The mean
time to study was 6.4±0.3 weeks in control and 6.5+0.2 weeks
in bFGF-treated animals.

Coronary angiography performed in four animals 5 wk after
ameroid constrictor placement demonstrated complete occlu-
sion in three animals (Fig. 2) with one pig showing a subtotal
occlusion. The remaining 22 pigs were studied at least 6 wk after
ameroid constrictor implantation and visual inspection during
repeat surgical procedure demonstrated complete occlusion in
all animals.

Morphologic analysis. 5 wk after implantation of ameroid
constrictors, myocardial infarction was absent in 2 of 13
(15.4%) control and in 4 of 13 (30.8%) bFGF-treated animals.
There was a trend toward smaller number of transmural infarcts
in bFGF group (6 of 13 vs. 9 of 13) that did not reach statistical
significance. However, bFGF-treated pigs showed a fourfold
reduction in the total infarction mass when compared to the
untreated controls (1.2±0.4% vs. 5.1+1.3% of LV mass, P
< 0.05). The total LV mass was larger in bFGF-treated pigs
than in control animals (92.5+4.4 cm3 vs. 74.0±3.5 cm3, P
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Table L Morphometric Data

Time to Type of LV mass/
Animal No. study infarction Infarct size LV mass body weight

wk %LV mass cm3

Non-bFGF
(control)
1 5 N NA NA NA
2 8 T NA NA NA
3 5 T NA NA NA
4 7 T NA NA NA
5 5 T NA NA NA
6 6 T 8.63 83.6 3.07
7 6 N 0 86.7 2.65
8 8 T 4.9 75.5 1.89
9 6 S 2.9 70.4 2.28

10 6 T 11.3 54.4 1.9
11 7 T 7.2 69.7 2.44
12 7 S 2.0 72.4 2.34
13 7 T 4.0 79.0 3.05

6.4±0.3 5.1±1.3 74.0±3.5 2.45±0.16
bFGF-treated

1 6 T NA NA NA
2 7 S NA NA NA
3 5 S NA NA NA
4 6 S 3.3 80.6 2.61
5 6 N 0 97.5 3.41
6 7 N 0 106.5 2.73
7 6 T 0.8 72.9 2.2
8 7 N 0 107.5 3.16
9 7 T .4 68.5 2.25

10 6 T 1.4 90.8 2.7
11 6 T 2.3 103.8 2.97
12 8 T 3.5 94.0 1.95
13 8 N 0 102.7 2.29

6.5±0.2 1.2±0.4* 92.5±4.4* 2.63±0.15

Averaged LV infarct size in non-bFGF pigs and in bFGF pigs. N, no
infarction; T, transmural infarction; S. subendocardial infarction; NA,
not available. Values given as mean±SE. Values are compared with
each other group by unpaired t test. * P < 0.05, t P < 0.01.

< 0.01) (Table I). This increase in the total LV mass in bFGF-
treated animals was accompanied by a significant increase in
the thickness of posterior wall (8.1±0.4 mmvs. 6.4±0.5 mm
in controls, P < 0.05) and a trend toward increased thickness
of anterior wall (9.1±0.4 mmvs. 7.8±0.6 mmin controls, P
- 0.08).

Myocardial blood flow. Myocardial blood flow was deter-
mined using colored microsphere immediately prior to arneroid
constrictor placement and both at rest and during rapid pacing
after maturation of the ischemic area (5-8 wk later, see Table
II). Six consecutive control animals (Nos. 8-13, Table I) and
seven consecutive bFGF-treated animals (Nos. 7-13, Table I)
were used for coronary flow studies. Coronary blood flow before
constrictor placement was comparable in both LAD and LCX
areas in both groups (LCX flow/LAD flow; 0.83±0.11 vs.
0.94±0.06, controls vs. bFGF-treated, P = NS) suggesting that
LCX-perfused territory was equal in both sets of animals. Re-
gional myocardial blood flow at rest determined after maturation
of ischemic zone, did not show any difference between non
bFGF-treated and bFGF-treated pigs in both LAD and the LCX
areas. Rapid pacing resulted in the expected decline in coronary
resistance in both LAD and LCX territories in both sets of
animals. However, while myocardial blood flow in the LCX
territory (normalized for the LAD flow) decreased during rapid
pacing in control animals, bFGF-treated pigs demonstrated sig-
nificant preservation of LCX territory perfusion (Table II).
Thus, bFGF administration resulted in significant improvement
in perfusion in the chronically ischemic myocardium during
rapid pacing.

Left ventricular hemodynamics. To determine the effect of
bFGF administration on the myocardial function of chronically
ischemic animals, we analyzed left ventricular hemodynamics
and segment length fractional shortening before, during, imme-
diately, and 5 min after pacing in bFGF-treated as well as con-
trol animals. Three pigs in each group were excluded from the
study because hemodynamically unstable fast spontaneous heart
rate induced during animal preparation. Therefore, hemody-
namic data were available from 10 animals in each group (Ta-
ble III).

Percent fractional shortening (% FS) in the LCXarea (amer-
oid region) at rest was reduced compared with the LAD region
in both non-bFGF (3.7±1.9% vs. 19.1 ± 1.8%) and bFGF-treated
pigs (4.7±1.6% vs. 19.8±1.3%). The position of the measure-
ment of fractional shortening in the LAD area and the LCX

Table II. Coronary Blood Flow in bFGF-treated and Control Animals

FIOWLAD FlowLCX FloWLcx/F0oLAD RLA, RLCX

Non-bFGF (control)
Pre-ameroid NA NA 0.83±0.11 NA NA
Prepacing 1.43±0.26 1.26±0.12 0.96±0.11 1.63±0.38 1.60±0.22
Pacing 1.96±0.23 1.53±0.23 0.80±0.09* 0.93±0.21 1.16±0.23

Basic FGF-Treated
Pre-ameroid NA NA 0.94±0.06 NA NA
Prepacing 1.36±0.27 1.23±0.20 1.00±0.15 1.45±0.38 1.41±0.26
Pacing 1.37±0.21 1.19±0.15 0.90±0.07 0.96±0.18 1.02±0.07

Values are mean±SE; Flow,,D, myocardial flow in the left anterior descending region (ml -min-'- g-'); Flow~cx, myocardial flow in the circumflex
region (ml min-' *g-'); RLAD, coronary resistance in the left anterior descending region (mmHg/ml min'); RLCX, coronary resistance in the circumflex
region (mmHg/ml -min-'); Pre-ameroid, data before ameroid implantation; * P < 0.05 compared with prepacing, paired t test.
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Table IlI. Left Ventricular Hemodynamics in bFGF-treated and Control Animals

HR LVP LVEDP %FSLAD %FS,,, Ratio

Non-bFGF (controls) (n = 10)
Pre-pacing 105±8 102±8 10±1 19.1±1.8 3.7±1.91 0.16±0.08
Pacing 200±11* 93±9* 24±4* 7.1±1.6k 0.5±0.3 0.06±0.04
Post-pacing 125±8 123±11 15±1* 19.4±1.3 2.8±1.4 0.14±0.07
5 min 116±8 110±9 10±1 19.1±1.8 3.7±1.8 0.18±0.08

Basic FGF-treated (n = 10)
Pre-pacing 114±7 116±5 10±1 19.8±1.3 4.7±1.61 0.23±0.07
Pacing 205±9* 78±8t 17±3* 4.3±1.51 1.1±0.6 0.11±0.08
Post-pacing 136±9 119±8 11i1i 19.8±1.0 6.0±1.7 0.31±0.09*
5 min 111±6 118±6 9±1 18.7±1.1 4.6±1.6 0.24±0.08

Values are mean±SE. LCX, circumflex region; LAD, left anterior descending region; HR, heart rate; LVP, left ventricular systolic pressure; LVEDP,
left ventricular end-diastolic pressure; %FS, percent fractional shortening; Ratio, %FSLcx/%FSL,-D. * P < 0.05, t P < 0.01 compared with prepacing;
§ P < 0.05 compared with non-FGF group; 1 P < 0.05 compared with %FSLAD.

area was fixed on the same trans-axial plane midway between
the mitral valve and cardiac apex; therefore, some hearts with
large infarctions showed systolic bulging in the examined area.
In such cases, we incorporated these data as 0%fractional short-
ening. During rapid cardiac pacing, percent fractional shorten-
ing fell equally in both LAD and LCX areas in both non-bFGF
and bFGF-treated groups. However, while %FS in the LCX
territory fell 7.4-fold in the control group, in bFGF treated
animals the %FSdeclined only 4.3-fold. Furthermore, there was
better recovery in the LCX area after rapid pacing in bFGF-
treated than in non-bFGF pigs (6.0±1.7% vs. 2.8±1.4%, P
< 0.05). This is shown more clearly if we normalize the percent
fractional shortening in the LCX area (% FSLCX) by that in the
LAD area (% FSLAD) as the ratio %FSLcx/% FSLAD (Table III).
Also, during pacing the normalized percent fractional shorten-
ing in the LCX area tended to be better in bFGF pig (Ta-
ble III).

LV end-diastolic pressure prior to pacing was equal in both
groups. Rapid pacing induced significant LVEDP rise in both
groups (Table III). However, while LVEDPremained elevated
in the control animals after pacing termination, it promptly re-
turned to normal in bFGF-treated animals. These results show
that bFGF administration is able to partially reverse hemody-
namic deterioration in the ameroid-compromised territory dur-
ing pacing, suggesting that bFGF-induced improvement in rela-
tive coronary circulation in the LCX territory is of sufficient
magnitude to result in functional improvement in the compro-
mised region of the myocardium.

Transthoracic echocardiography. Echocardiographic analy-
sis showed no significant difference in calculated global LV
ejection fraction (45±4% vs. 48±4%, control (n = 6) vs. bFGF
(n = 7), P = NS) or fractional shortening (0.20±0.02 vs.
0.27±0.03, control vs. bFGF, P = NS), and confirmed increase
in anterior wall thickness noted during pathological examination
in bFGF-treated pigs (0.81±0.04 cm vs. 0.64±0.05 cm, bFGF
vs. controls, P < 0.05) compared to controls and showed a
trend toward higher posterior wall thickness (0.56±0.08 cm vs.
0.48±0.03 cm, bFGF vs. controls, P = NS).

Discussion

Fibroblast growth factors are pleiotropic molecules capable of
stimulating growth of variety of cell types. They are mitogenic

and chemotactic for endothelial cells and stimulate endothelial
cell production of plasminogen activator protease and collagen-
ase capable of digesting extracellular matrix (23). The FGFs
are also mitogenic for smooth muscle (24) as well as a number
of other cells (25). Basic FGF is present in sarcoplasma of
embryonic cardiac myocytes from the earliest stages of avian
heart development (26) and bFGF protein is detectable in both
atrial and ventricular adult myocardium as well as in intramyo-
cardial vessels (27). In the developing chicken heart, bFGF
expression is limited to the cytoplasm of myocytes: no expres-
sion is noted in endothelial or vascular smooth muscle cells.
The growth factor potential for stimulating angiogenesis is sug-
gested by the observation that its receptor is expressed in pro-
liferating endothelial and smooth muscle cells after arterial in-
jury (28).

Basic FGF can induce neovascularization in vitro in three
dimensional collagen matrix gels (29) as well as in vivo systems
such as corneal implants (30) and skin wounds (31). It is in-
volved in a number of disease processes including neovasculari-
zation, oncogenesis, and vascular restenosis (32-35), and it
may also have endocrine, neurotropic, or vasomotor effects (32).
Due to its unique properties, bFGF can be stored in basement
membrane and then released by administration of heparin or
enzymatic matrix degradation (36-38). Basic FGF-stimulated
angiogenesis is said to require an ischemic milieu (39, 40),
suggesting that the growth factor may be interacting with a
variety of other mitogens to achieve this effect and that ischemic
conditions may result in upregulation of FGF receptor expres-
sion. In particular, transforming growth factor (TGF) beta (41),
interferon alpha and IL-2 (42) as well as platelet derived growth
factor (PDGF) (43) are known to affect bFGF angiogenic prop-
erties. The interplay between bFGF and TGF-,/ is thought to
be important in proteolysis (41) and bFGF is known to increase
the PDGF-a receptor messenger RNAlevels, thereby potentiat-
ing PDGFeffect on smooth muscle cell proliferation (43). Angi-
ogenesis induced by interferon alpha and IL-2 is also thought
to be mediated by bFGF (42).

In vivo administration of bFGF leads to angiogenesis that
has been demonstrated in a number of models (30, 39, 40, 44),
and the growth factor's in vivo angiogenic potential is thought
to be closely coupled with its mitogenic potential (intimal hyper-
plasia) (2). There is little direct information, however, regarding
the role that FGFs play in myocardial angiogenesis. A recent
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report (8) suggests that bFGF injection administered at the time
of abrupt coronary artery closure limits infarct size. However,
the observed effect may have been more likely due to hemody-
namic consequences of an infusion of a large dose of bFGF
(known to produce substantial hypotension (45) then its angio-
genic properties. We undertook the present study in order to
assess bFGF capacity to alleviate chronic myocardial ischemia
by stimulating angiogenesis.

Wechose to use a periadventitial rather than intracoronary
delivery of bFGF because of the ability of polymeric controlled
release devices to deliver bFGF to the extravascular space with-
out transendothelial transport and because of the reported block
of bFGF effects by functional endothelium (2). On the other
hand, intravascular administration appears much less efficient.
Thus, intravenously injected bFGF has a half-life of < 3 min
in circulation (20, 46) and the growth factor's deposition within
arterial wall is almost 40 times less than what is seen with
periadventitial delivery (20). Even continuous bFGF infusion
did not increase [3H]thymidine incorporation in endothelial or
smooth muscle cells in rats (46). Furthermore, a recent study
using direct coronary infusion of bFGF in a dog ameroid con-
strictor model failed to show increased angiogenesis associated
with growth factor delivery (47). Incorporation of bFGF within
the alginate beads allows for prolonged release with first-order
release kinetics (2), with retention of 90.2+3.6% of the biologi-
cal activity of the released growth factor. It is estimated that
during the linear portion of the release curve the implanted
capsule releases - 34 ng/d to the arterial wall over the course
of the 14 d (2). Furthermore, the segment of the artery proximal
to the bFGF-releasing microsphere had half as much growth
factor as was deposited within the distal segment. Basic FGF
pools around an artery after release from the controlled delivery
device. Arterial capillaries and vasa vasorum may absorb the
growth factor, but the marked dilutional effect of a large volume
of rapidly flowing blood seen with intravascular administration,
is absent. Capillary uptake and other phenomena may in fact
expedite transport of the growth factor throughout the wall and
to distant vascular sites. Such a mode of bFGF device may also
be applicable to clinical settings. Basic FGF-containing capsules
are easily attached to tissue, and are held safely for a long time
with minimal tissue damage. Although an open-chest operation
is needed for placement of this delivery system, nongraftable
myocardial areas at risk might be treated in this way during
coronary artery bypass graft surgery.

Using a heparin-alginate bead periadventitial delivery sys-
tem, we found that bFGF administration resulted in fourfold
reduction in myocardial infarction mass. Although there was
no significant change in distribution of transmural vs. non-
transmural infarcts, the reduction in total infarct mass suggests
that bFGF improved perfusion of the infarct border zone. To
confirm the significance of these changes in myocardial infarct
size, we analyzed changes in regional coronary flow as well as
hemodynamics in bFGF-treated and controls animals. Wefound
that under baseline conditions there was little difference in LCX
coronary flow between both groups. However, regional myocar-
dial blood flow in the LCX territory compared with the blood
flow in the LAD territory decreased during rapid pacing in
control but not bFGF-treated pigs, thus suggesting better collat-
eral reserve in the bFGF-treated animals. This observation is
similar to that of White et al. (14) who showed using an ameroid
constrictor model that a deficiency in collateral circulation was
unmasked by adenosine administration. In a previous study us-
ing the same ameroid constrictor model (19), we demonstrated

that bFGFadministration restores receptor-mediated endothelial
function in the chronically ischemic region. This improvement
in endothelial function may in part explain the improved coro-
nary reserve seen in bFGF-treated animals.

It is conceivable, although highly unlikely, that baseline
differences in the amount of collateral flow between the group
produced the observed differences in the LCX flow and infarct
size seen in the study. Wedid not detect any differences in the
baseline flow in the LCX territory at the time of ameroid place-
ment or at the time of follow up study (see Table II). Indeed,
the differences in coronary flow between the groups were ob-
served only during rapid pacing suggesting that collateral re-
cruitment in bFGF-treated animals was responsible for the ob-
served effect.

It is interesting to note that bFGF-treated pigs while demon-
strating a significant drop in coronary resistance during rapid
pacing, did not show an increase in the total (LCX + LAD)
coronary flow. This observation is probably due to a relatively
larger drop in arterial pressures seen during pacing in bFGF-
treated animals than in controls with a lower systemic pressure
limiting increase in coronary flow and not a specific effect of
bFGFon the coronary vessels. The observed decline in coronary
resistance noted in both control and bFGF groups (see Table
II), expected with pacing further demonstrates appropriate re-
sponse of coronary vasculature in both animal groups.

We next analyzed the effect of bFGF administration on
global and regional myocardial function. Wefound no signifi-
cant differences in baseline hemodynamic parameters (heart
rate, blood pressure, LVEDP, regional fractional shortening,
and ejection fraction) between both groups at rest, despite the
differences in the infarct size. One possible explanation is that
the LAD area (nonischemic area) may adequately compensate
for the dysfunction of the LCX area (ischemic area). During
rapid cardiac pacing, both groups of animals showed increases
in LVEDP, a fall in systemic blood pressure, and a decline in
fractional shortening in both LAD and LCX territories. How-
ever, the LVEDPrise in bFGF group was less than in controls
(7 vs. 14 mmHg). At the same time, bFGF-treated animals
showed significantly better preservation of fractional shortening
in the LCX territory during pacing as well as better post-pacing
recovery than controls. These hemodynamic observations, taken
together with coronary flow findings, suggest that bFGF admin-
istration used in this study resulted in functionally significant
improvement in collateral myocardial circulation to the chroni-
cally ischemic zone.

It is also interesting to note that bFGF administration re-
sulted in the increased thickness of both LV anterior and poste-
rior walls demonstrated morphologically as well as echocardio-
graphically. While there was some disagreement between the
techniques (primarily due to echocardiographic imprecisions in
measurement of posterior wall thickness), there was an overall
correlation between both sets of data (r2 = 0.49, P = 0.02, data
not shown). The increase in ventricular wall thickness further
correlated with increased LV mass seen in bFGF-treated ani-
mals (92.5+4.4 cm3 vs. 74.0+3.5 cm3, bFGF vs. controls, P
< 0.01). However, there was no difference in body weights
between the two groups of animals (see Table I) suggesting that
increase in left ventricular mass was due to specific cardiac
events and not to the difference in animal size. A number of
process could result in increased wall thickness, and, conse-

quently, left ventricular mass. Basic FGF has been shown to
induce proliferation of a number of cell types in porcine myocar-
dium. Thus, thymidine labeling experiments performed on pigs
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after ameroid constrictor placement, demonstrate highest incor-
poration 3 wk after implantation (time that corresponds to ap-
proximately 3 d after vessel occlusion) with above background
tritium labeling present for up to 8 wk after ameroid implanta-
tion. Endothelial cells have the most frequently labeled nuclei
followed by adventitial fibroblasts and smooth muscle cells (48).
Alternatively, increased matrix production associated with neo-
vascularization could also potentially accounted for the in-
creased wall thickness and LV mass. Finally, accumulation of
blood in newly formed vessels could have led to myocardial
engorgement similar to an erectile effect seen in left ventricular
hypertrophy (49), resulting in increased wall thickness and heart
weight. The exploration of these possibilities will require further
investigations.

Limitations of the study. In the present investigation we
analyzed the effect of periadventitial delivery of bFGF initiated
simultaneously with the implantation of an ameroid constrictor,
on myocardial function in pigs. Although we found a number
of beneficial effects of treatment, a number of issues remain to
be addressed. While it seems likely that beneficial effect of
bFGF administration results from increased angiogenesis as
demonstrated by increased coronary flow and reduced infarct
size, it is conceivable, although unlikely, that the observed dif-
ferences resulted from delayed closure of ameroid constrictor
in bFGF-treated animals due to local vasadilatory effects of
bFGF as well as its ability to induce nitric oxide release. It
should be noted however, that concentrations of bFGFnecessary
for these effects are several order of magnitude larger than those
used in the present study (19). Furthermore, it is possible that
baseline differences in the degree of preexisting collateral circu-
lation between the two groups of animals resulted in the effects
seen in the bFGF group. Although we did not systematically
measure baseline collateral flow in all animals, we did not detect
any substantial degree of collateral circulation in several animal
studied, a result in accord with the notion that normal porcine
hearts possess little collateral circulation (48).

It is not clear what is the optimal dose of bFGF or the length
or route of administration. Furthermore, bFGF may not be the
best growth factor in these settings and other mitogens such as
acidic FGF (50), vascular endothelial growth factor (51), or
TGF-,/ (41), to name just a few, might be preferred (52). Alter-
natively, a combination of several growth factors may provide
optimal benefit. It is also important to note that in the usual
clinical setting, one is faced with myocardium that is already
ischemic. The present study doesn't address the effectiveness
of bFGF under such conditions. Finally, intracoronary delivery
of an effective angiogenic factor would be preferable to periad-
ventitial administration in that it would allow application by
the catheter-based technology and therefore not require open-
chest surgery. These and other issues are the subject of current
investigations.
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