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Abstract
Acidic and basic fibroblast growth factors (FGF-1/FGF-2) promote angiogenesis in cancer.
Angiogenesis is integral to cardiac repair following myocardial infarction (MI). The potential
regulation of FGF-1/FGF-2 in cardiac angiogenesis postMI remains unexplored. Herein, we
examined the temporal and spatial expression of FGF-1/FGF-2 and FGF receptors (FGFR) in the
infarcted rat heart at day 1, 3, 7, and 14 postMI. FGF-1/-2 gene and protein expression, cells
expressing FGF-1/-2 and FGFR expression were examined by quantitative in situ hybridization,
RT-PCR; western blot, immunohistochemistry and quantitative in vitro autoradiography.
Compared to the normal heart, we found that in the border zone and infarcted myocardium 1)
FGF-1 gene expression was increased in the first week postMI and returned to control levels at
week 2; FGF-1 protein levels were, however, largely reduced at day 1, then elevated at day 3
peaked at day 7 and declined at day 14; and cells expressing FGF-1 were primarily inflammatory
cells; 2) FGF-2 gene expression was significantly elevated from day 1 to day 14; the increase in
FGF-2 protein level was most evident at day 7 and cells expressing FGF-2 were primarily
endothelial cells; 3) FGFR expression started to increase at day 3 and remained elevated
thereafter; and 4) FGF-1/FGF-2 and FGFR expression remained unchanged in the noninfarcted
myocardium. Thus, FGF-1/FGF-2 and FGFR expression is enhanced in the infarcted myocardium
in the early stage after MI, which is spatially and temporally coincident with angiogenesis,
suggesting that FGF-1/FGF-2 are involved in regulating cardiac angiogenesis and repair.
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INTRODUCTION
Angiogenesis is the formation of new capillary blood vessels from existent microvessels. It
plays a critical role in various biological processes such as wound healing, embryological
development, the menstrual cycle, and inflammation and the pathogenesis of various
diseases such as cancer, diabetic retinopathy, and rheumatoid arthritis. Promoting
angiogenesis can aid in accelerating various physiological processes requiring increased
vascularization such as the healing of wounds, fractures, and burns, and the treatment of
inflammatory diseases, ischemia, peripheral vascular disease, and myocardial infarction
(MI). Conversely, inhibition of angiogenesis can aid in the treatment of diseases such as
cancer, diabetic retinopathy, and rheumatoid arthritis, where increased vascularization
contributes to their progression.

The sequence of events that lead to the sprouting of new vessels is fairly well documented.
Initially, a degradation of basement membrane associated with an increase in vessel
permeability and proteolysis of the surrounding extracellular matrix leads, upon action of
angiogenic factors, to initiate endothelial cell migration and proliferation. As endothelial
cells proliferate and assemble, they receive instructions to mature the newly formed sprouts
and form a lumen.

The family of Fibroblast growth factors (FGFs) is multifunctional proteins with a wide
variety of effects. FGFs are key players in the processes of proliferation and differentiation
of wide variety of cells and tissues. FGFs are critical during normal development of both
vertebrates and invertebrates and any irregularities in their function leads to a range of
developmental defects. FGFs have been reported to promote angiogenesis in pathological
conditions, such as cancer. In the FGF family, acidic FGF (FGF-1) and basic FGF (FGF-2)
are considered most important in stimulating endothelial cell proliferation and the physical
organization of endothelial cells into tube-like structures, thus promoting angiogenesis in
cancer. FGF exerts its biologic effect through interaction with cell surface FGF receptors
(FGFR). The mammalian FGFR family has four members, FGFR-1, FGFR-2, FGFR-3, and
FGFR-4. FGF-1 and FGF-2 are ligands of all different FGFR.

Myocardial infarction (MI) has emerged as a major health problem during the past two
decades. Following MI, cardiac repair occurring at the site of myocyte loss preserves
structural integrity and is essential to the heart’s recovery. Angiogenesis is central to cardiac
repair and numerous studies have demonstrated that stimulation of angiogenesis is beneficial
to both the ischemic and the infarcted heart. In a previous study, we have shown that
following MI, angiogenesis begins at the border zone and then extends into the infarcted
myocardium). Microvascular density in the infarcted myocardium peaks at day 7 postMI and
subsequently declines, indicating that angiogenesis is most active in the early stages of
cardiac repair and then gradually becomes quiescent when cardiac repair is completed. Local
factors regulating the angiogenic process in the infarcted heart are not well understood, and
the involvement of FGFs in cardiac angiogenesis is unknown. The current study is
undertaken to investigate the involvement of FGF-1/FGF-2 in cardiac angiogenesis
following MI. Using molecular and cellular approaches and imaging techniques, we
explored the temporal and spatial expression of cardiac FGF-1/FGF-2 and FGFR following
experimental MI in rats.
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METHODS
Animal Model

The study was approved by University of Tennessee Health Science Center Animal Care
and Use Committee. Left ventricular anterior transmural MI was created in 8-week-old male
Sprague-Dawley rats (Harlan, Indianapolis, IN) via permanent ligation of left coronary
artery. Animals were anesthetized with 1.5% isoflurane, intubated and ventilated with a
rodent respirator. The heart was exposed via a left thoractomy and the left anterior
descending artery was ligated with a 6-0 silk suture. The chest was then closed and lungs
reinflated using positive end-expiratory pressure. Only hearts with large free wall infarction
(40–45% of left ventricle) were used in the study. Unoperated age and sex matched rats
served as controls (n = 8). Sham-operated rats were not used as controls, since sham-
operation causes pericardial injury/angiogenesis, thus affects data interpretation. Rats with
MI were sacrificed at postoperative days 1, 3, 7 and 14 (n = 8 survived rats for each time
point). Hearts were removed and kept frozen at −80 °C until use.

Quantitative In Situ Hybridization
The localization and density of cardiac FGF-1 mRNA was analyzed by quantitative in situ
hybridization. Briefly, coronal cryostat sections (16μm) were fixed in 4% formaldehyde for
10 min (min) and incubated in 0.25% acetic anhydride in 0.1M TE-HCL for 10 min.
Sections were then hybridized (overnight at 56°C) with a random primed 35S-UTP-labeled
FGF-1 RNA probe. Sections were washed, dried, and subsequently exposed to Kodak
Biomax X-ray film. Exposure time was based on signal intensity. Quantification of mRNA
optical density was performed using a computer image analyzing system (NIH Image, 1.60).

RT-PCR
Total RNA was extracted from cardiac tissue using Trizol Reagent (Invitrogen, Carlsbad,
CA). The RNA was treated with DNase by using TURBO DNA-free kit (Ambion, Austin,
TX), and purified with RNeasy Mini Kit (Qiagen Inc. USA, Valencia, CA). The purification,
concentration and integrity of the RNA were examined with NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE), and Angilent Bioanalyzer (Angilent Technologies,
Foster City, CA), respectively. cDNA was prepared from total RNA using a High Capacity
cDNA reverse transcriptase kit (Applied Biosystems Foster City, CA). The gene-specific
probes and primer sets for FGF-2 were deduced using Universal ProbeLibrary Assay Design
software (https://www.roche-applied-science.com). FGF-2 mRNA levels were detected and
analyzed on an LightCycler 480 System (Roche, Indianapolis, IN) under the following
cycling conditions: 1 cycle at 95°C for 5 min and then 45 cycles at 95°C for 10 seconds,
60°C for 30 seconds, and 72°C for 10 seconds. The PCR mix contained 0.2μl of 10μM
primers, 0.1μl of 10μM Universal library probe, 5μl of LC 480 master mix (2X), 2μl of
template cDNA and RNase-free water to 10μl. TATA box-binding protein has been selected
as endogenous quantity control. Fold change were used to compare the different between
groups.

Western Blotting
FGF-1 and FGF-2 protein levels were measured by western blot. Briefly, the normal,
noninfarcted left myocardium (septum), border zone and infarcted myocardium were
dissected and homogenized. The supernatant was collected and separated by 10% SDS-
PAGE. After electrophoresis, samples were transferred to PVDF membranes and incubated
with antibody against FGF-1 or FGF-2 (Santa Cruz Biotechnology, Santa Cruz, CA). Blots
were subsequently incubated with peroxidase-conjugated secondary antibody (Sigma, St.
Louis, MO). After washing, the blots were developed with the enhanced chemiluminescence
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method. The amount of protein detected was assessed by means of quantitative densitometry
analysis with a computer image analyzing system.

Immunohistochemistry
Cells expressing FGF-1 and FGF-2 were detected by immunohistochemical labeling.
Cryostat coronal sections (6μm) were air-dried, fixed in 10% buffered formalin for 10 min,
and washed in phosphate-buffered saline (PBS). Endogenous peroxidase activity was
blocked by immersion of the sections in 0.3% H2O2 for 10 min at room temperature.
Sections were blocked with 5% goat serum in PBS. Tissues were incubated with primary
antibodies against FGF-1 or FGF-2 for 1 hr at room temperature. Sections were then
incubated with peroxidase conjugated secondary antibody for 1 hr at room temperature,
washed in PBS for 10 min, and incubated with 0.5 mg/ml diaminobenzidine
tetrahydrochloride 2-hydrate + H2O2 for 1 min. Negative control sections were incubated
with secondary antibody alone. Sections were then dehydrated, mounted, and viewed by
light microscopy.

Quantitative In Vitro Autoradiography
The localization and density of FGFR were detected by quantitative in vitro
autoradiography. Cryostat 16μm coronal sections of heart were preincubated for 15 min in
PBS buffer containing 0.2% bovine serum albumin, then incubated for 1 hr in a fresh
volume of the same buffer containing 0.2μCi/mL 125I-FGF-2 (PerkinElmer, Waltham, MA).
Nonspecific binding was measured in the presence of 1μM unlabeled FGF-2. After
incubation, sections were washed, dried and exposed to Kodak NMB-6 film. Quantification
of FGFR binding density was performed using a computer image analysis system. FGFR
binding is expressed as optical density.

Statistical Analysis
Statistical analysis of data obtained from in situ hybridization, RT-PCR, western blot and in
vitro autoradiography was performed using analysis of variance. Values are expressed as
mean±SEM with P<0.05 considered significant. Multiple group comparisons among
controls and each group were made by Scheffe’s F-test.

RESULTS
Cardiac FGF-1 Expression

Localization and Density of Cardiac FGF-1 Gene Expression—Using quantitative
in situ hybridization, which provides the localization and density of targeted mRNA (Figure
1), we found that FGF-1 mRNA was present in the normal heart with a relatively low
density (panel A). Following MI, FGF-1 mRNA in the border zone was significantly
increased at day 1 (panel B) compared to controls, remained elevated till day 7 (panel C),
and then returned to controls levels at day 14 (panel D). FGF-1 mRNA levels in the
infarcted myocardium were significantly reduced at day 1 (panel B), increased at days 3 and
7 (panel C) and then declined to control levels at day 14. FGF-1 mRNA in the noninfarcted
myocardium remained not significantly unchanged. Quantitative FGF-1 mRNA density in
the border zone and infarcted myocardium is shown in panel E and F, respectively.

Cardiac FGF-1 Protein Levels—Western blot analysis was performed to quantitate the
FGF-1 protein levels in the normal myocardium and various regions of the infarcted heart
including border zone, infarcted and noninfarcted myocardium at the different time points
postMI (Figure 2). FGF-1 was normally present in the rat heart. Following MI, FGF-1
protein levels at the border zone (panel A) and infarcted myocardium (panel B) were
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significantly reduced at day 1, elevated at day 3, peaked at day 7, then declined, but still
remained significantly higher than in controls at day 14. FGF-1 protein levels remained
unchanged in the noninfarcted myocardium at all time points (not shown).

Cells Expressing Cardiac FGF-1—By immunohistochemistry, we observed positive
FGF-1 staining in the normal heart, where cells expressing FGF-1 were primarily interstitial
cells (Figure 3, panel A, brown spots), while in the infarcted heart, strong staining was
observed at the border zone (Figure 3, panel B) and infarcted myocardium (not shown) at
day 7, where cells expressing FGF-1 were primarily inflammatory cells and fibroblast-like
cells.

Cardiac FGF-2 Expression
Cardiac FGF-2 Gene Expression—As detected by RT-PCR (Figure 4), compared to
controls, FGF-2 mRNA was significantly increased in both border zone (panel A) and
infarcted myocardium (panel B) from day 1 to day 14 postMI, but the increase was greatest
at day 1.

Cardiac FGF-2 Protein Levels—FGF-2 contains two isoforms with high and low
molecular weight (22kD and 18kD). As detected by western blot (Figure 5) and compared to
controls, high molecular weight FGF-2 at the border zone (panel A) was slightly, but not
significantly reduced at day 1, significantly increased at day 3, peaked at day 7 and declined
to normal levels at day 14. However, in the infarcted myocardium, it was decreased at days
1 and 3 and increased only at day 7 (panel B). The expression of low molecular weight
FGF-2 showed similar pattern in the border zone and infarcted myocardium (not shown).
However, FGF-2 protein levels remained unchanged in the non infarcted myocardium (not
shown).

Cells Expressing Cardiac FGF-2—Immunohistochemical staining revealed that FGF-2
was homogeneously distributed in the normal rat heart (Figure 6, panel A, brown), while in
the infarcted heart, FGF-2 expression was increased at day 7 postMI and cells expressing
FGF-2 were primarily en-dothelial cells in the newly formed vessels at the border zone
(Figure 6, panel B) and infarcted myocardium (not shown).

The Localization and Density of Cardiac FGFR
The temporal and spatial changes of FGFR in the infarcted heart were detected by
quantitative in vitro autoradiography (Figure 7). In the normal heart, we observed low
density of FGFR in the left and right ventricles (panel A), and the blood vessels expressed
higher density of FGFR (panel A, arrows). Following MI, FGFR binding density was
unchanged in the infarcted myocardium at day 1 (panel B), significantly increased at the site
of MI at day 3 (panel C) and remained elevated at day 7 (Panel D) and 14 (panel E). FGFR
binding density was unchanged in the noninfarcted myocardium compared to controls.

DISSCUSSION
To determine whether FGF-1/FGF-2 are involved in cardiac angiogenesis after infarction,
we investigated the spatial and temporal response of cardiac FGF-1/FGF-2 and FGFR
postMI in the current study.

Firstly, we examined the FGF-1 expression in the infarcted heart and its relation to
angiogenesis. Angiogenesis is initiated at the border zone between infarcted and
noninfarcted myocardium and then extends into the infarcted myocardium. It is most evident
in the first week postMI. We observed rapid increase in FGF-1 gene expression at the border
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zone, starting as early as day 1 postMI. The early rise of FGF-1 expression suggests that
FGF-1 is involved in initiating angiogenesis in response to cardiac injury. FGF-1 gene and
protein expression remained elevated in the border zone for a week before declining to the
normal level. FGF-1 expression in the infarcted myocardium, however, was significantly
reduced at day 1. This is likely due to the degradation of preexisting FGF-1 in the necrotic
myocardium. Elevated FGF-1 gene and protein expression in the infarcted myocardium
peaked at day 7 and then declined. The pattern of FGF-1 expression is coincident with
angiogenesis in the infarcted myocardium, suggesting the involvement of FGF-1 in cardiac
new vessel formation. It has been reported that when delivered to the myocardium in dogs
with compromised coronary, FGF-1 causes vascular smooth muscle cell hyperplasia in areas
of ischemic injury, also supporting the regulatory role of FGF-1 in cardiac angiogenesis.

Our immunohistochemical study has further revealed that inflammatory and fibroblast-like
cells are the primary cells responsible for the elevated FGF-1 expression in the infarcted
heart. In addition to FGF-1, these cells release other proangiogenic growth factors, such as
vascular endothelial growth factor and transforming growth factor-beta in the repairing
tissue, playing key roles in angiogenesis during tissue repair.

The involvement of FGF-1 in angiogenesis has been explored in other pathological
conditions. Sustained angiogenesis is considered to be one of central hallmarks of cancer
and FGF-1 serves as the predominant regulator of the pathological angiogenic process. It has
been shown that FGF-1 is most closely linked to cancer progression in various organs. The
anti-FGF signaling system has been considered an attractive therapeutic target for cancers.

Secondly, we quantitated the cardiac temporal and spatial FGF-2 expression in response to
MI. Following MI, FGF-2 mRNA started to increase at the border zone and in the infarcted
myocardium at day 1 and remained elevated over the course of 14 days, while the increased
in FGF-2 protein was most evident at day 7. Immunohistochemistry revealed that vascular
endothelial cells were the major cells expressing FGF-2. Thus, like FGF-1, elevated FGF-2
expression is coincident with the angiogenic response in the infarcted myocardium,
suggesting that FGF-2 also plays a role in cardiac angiogenesis following MI. Many studies
have shown that intracardiac or systemic delivery of FGF-2 to animals with MI increases
vascular density in the infarcted myocardium. It has been also reported that deletion of
FGF-2 in mice decreased endothelial proliferation in the infarcted heart. These data further
demonstrated the importance of FGF-2 in cardiac angiogenesis postMI.

Thirdly, we mapped the localization and density of FGFR in the normal heart and the
temporal changes of cardiac FGFR following MI. FGF-1/-2 stimulates cellular responses by
binding to FGFR on the cell surface, causing them to become activated through
transphosphorylation. Using 125I-FGF-2 as a ligand, we observed a low FGFR binding
density in the normal rat heart, and blood vessels expressed the highest density of FGFR. A
high density of FGFR in the blood vessels suggests that FGFs regulate vascular endothelial
proliferation in the normal heart. Following MI, FGFR binding density was greatly
increased in the infarcted myocardium in the early stage of MI and colocalized with elevated
local FGF-1/-2. These observations imply that FGF-1/-2 play a role in cardiac angiogenesis/
repair in an autocrine/paracrine manner.

Several factors have been reported to induce the expression of FGFs in the repairing tissue.
Hypoxia is found to stimulate the expression of FGF-1 and FGF-2 as well as FGFR in the
brain after injury. In addition, nitric oxide is shown to contribute to angiogenesis through
activation of FGF-2 production. In the infarcted heart, inducible nitric oxide synthase, a
major source of nitric oxide in the repairing tissue, is largely increased in the early stage of
MI, which is colocalized with the enhanced FGF expression. Furthermore, FGF-2
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expression can be mediated by increases in superoxide levels via NADPH oxidase
activation. Our previous study has shown increased NADPH oxidase in the infarcted
myocardium, particular in the early stage of MI, which is coincident with cardiac FGF
expression.

In summary, this is the first exploring the spatial and temporal expression of FGF-1/-2
(mRNA and protein) and FGFR in the infarcted rat heart. FGF-1/-2 and FGFR expression
were significantly increased at the border zone and infarcted myocardium in the early stages
of MI, which is coincident with angiogenesis. These data suggest that FGF-1/-2 plays a role
in cardiac angiogenic response following acute MI in an autocrine and paracrine manner.
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Figure 1.
Temporal and spatial FGF-1 gene expression in the infarcted heart: FGF-1 mRNA was
normally present in both left and right ventricles (LV, RV) (panel A). Following MI,
increased FGF-1 mRNA levels were seen at the border zone at day 1 (panel B), followed by
appearance in the infarcted myocardium at day 3 (panel C) and 7, and declined to control
levels at day 14 (panel D). FGF-1 mRNA levels remained unchanged in the noninfarcted
septum (S). Panels E and F show quantitative FGF-1 mRNA levels in the border zone (BZ)
and infarcted myocardium at different time points postMI. *p<0.05 vs controls; †p<0.05 vs
previous time point.
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Figure 2.
Temporal expression of cardiac FGF-1 postMI: Following MI, FGF-1 protein levels at the
border zone (panel A) and infarcted myocardium (panel B) were significantly reduced at day
1, elevated at day 3, peaked at day 7, then declined, but still remained significantly higher
than in controls at day 14.
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Figure 3.
Cells expressing FGF-1 in the normal and infarcted heart: Immunohistochemistry shows
positive staining in the interstitial cells of the normal heart (panel A). Following MI, strong
staining was seen in the border zone at day 7, where cells expressing FGF-1 were primarily
inflammatory cells and fibroblast-like cells (panel B, brown). Panel C: negative control;
Noninf: noninfarcted myocardium; X200
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Figure 4.
Quantitative FGF-2 gene expression in the border zone (panel A) and infarcted myocardium
(panel B).
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Figure 5.
Temporal expression of cardiac FGF-2 postMI. Compared to controls, FGF-2 at the border
zone (panel A) was slightly reduced at day 1, significantly increased at day 3, peaked at day
7 and declined to normal levels at day 14, while in the infarcted myocardium, it was
decreased at days 1 and 3 and increased only at day 7 (panel B).
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Figure 6.
Cells expressing FGF-2 in the normal and infarcted heart: Positive FGF-2 staining was
primarily distributed in myocytes of the normal heart (panel A). Following MI, strong
staining was seen at the border zone at day 7, where cells expressing FGF-2 were primarily
newly-formed microvessels (panel B, brown and arrows). Panel C: negative control. X400
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Figure 7.
Temporal and spatial expression of cardiac FGFR postMI: As detected by quantitative in
vitro autoradiography, low levels of FGFR were present in the normal myocardium (panel
A), while blood vessels contained higher levels of FGFR (arrows). Following MI, FGFR
levels remained unchanged in the infarcted myocardium at day 1 (panel B), increased at day
3 (panel C), reached a peak at day 7 (panel D), and declined, but remained higher than
controls at day 14 (panel E). FGFR level remained unchanged in the noninfarcted septum.
Panel F shows quantitative FGFR levels in the infarcted myocardium at different time points
postMI.
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