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Abstract
Insulin-like growth factor-1 (IGF-1) has been found to exert favorable effects on angiogenesis in
prior animal studies. This study explored the long-term effect of IGF-1 on angiogenesis using
microSPECT-CT in infarcted rat hearts after delivering human IGF-1 gene by adeno-associated virus
(AAV). Myocardial infarction (MI) was induced in Sprague-Dawley rats by ligation of the proximal
anterior coronary artery and a total of 1011 AAV-CMV-LacZ (control) or IGF-1 vectors were injected
around the peri-infarct area. IGF-1 expression by AAV stably transduced heart muscle for up to 16
weeks post-MI and immunohistochemistry revealed a remarkable increase in capillary density.
A 99mTc-labeled RGD peptide (NC100692, GE Healthcare) was used to assess temporal and regional
αv integrin activation. Rats were injected with NC100692 followed by 201Tl chloride and in vivo
microSPECT-CT imaging was performed. After imaging, hearts were excised and cut for quantitative
gamma-well counting (GWC). NC100692 retention was significantly increased in hypoperfused
regions of both LacZ and IGF-1 rats at 4 and 16 weeks post-MI. Significantly higher activation of
αv integrin was observed in IGF-1 rats at 4 weeks post treatment compared with control group,
although the activation was lower in the IGF-1 group at 16 weeks.

Local IGF-1 gene delivery by AAV can render a sustained transduction and improve cardiac function
post-MI. IGF-1 expression contributes to enhanced αv integrin activation which is linked to
angiogenesis. MicroSPECT-CT imaging with 99mTc-NC100692 and quantitative GWC successfully
assessed differences in αv integrin activation between IGF-1 treated and control animals post-MI.
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1. Introduction
Insulin-like growth factor-1 (IGF-1) is a 7.6 kDa polypeptide growth factor, which is expressed
by many cells and tissues during embryonic and postnatal development and in adult animals
[1–3]. IGF-1 influences various biological processes through binding to a membrane–anchored
receptor (IGF-1R), although at higher concentrations, IGF-1 can also activate the insulin
receptor [2]. In addition, in vivo, IGF-1 action is modulated by a family of IGF-binding proteins
present in the circulation [3]. IGF-1, secreted from the liver in response to growth hormone
(GH), promotes postnatal growth in bone, muscle, fat, and other tissues [1–3]. Human and
murine IGF-1 deficiency causes severe intrauterine and postnatal growth retardation, perinatal
lethality, delayed development in a variety of organs [1], indicating that IGF-1 is a key regulator
of cell development. It has recently been reported that overexpression of IGF-1 attenuates
myocyte necrosis and apoptosis after infarction in transgenic mouse model [4] and rescues
cardiac myocytes from apoptosis in dilated cardiomyopathy [5]. It has also been reported that
overexpression of IGF-1 improves cardiomyocyte senescence in transgenic mouse model [6]
and reduces cardiomyocyte atrophy induced by ischemia [7]. Accordingly, IGF-1 has been
regarded as a pleiotropic growth factor affecting myocyte proliferation and regeneration in
heart development and injury.

Recent reports have further indicated that IGF-1 has a strong effect on angiogenesis [8–10],
which represents the formation of neovasculature from the endothelium of preexisting vessels.
It has been reported that IGF-1 can induce angiogenesis in skeletal muscle and brain tissue
[9,10]. Su et al. demonstrated that IGF-1 potently induced endothelial cell migration in a
matrigel assay and capillary formation in organ ring culture assay [8], which are known as
important components of the angiogenic response. As systemic IGF-1 peptide administration
induces unfavorable side effects such as edema and tachycardia [11], Rabinovsky et al.
performed local injection of expression plasmids containing the IGF-1 gene into the skeletal
muscle following femoral artery ligation in mice and demonstrated that IGF-1 treatment evoked
angiogenesis and increased blood flow in the skeletal muscle. Therefore, it is plausible that
local IGF-1 expression would protect cardiomyocytes from ischemia through induction of
angiogenesis under conditions of ischemic injury.

Recombinant adeno-associated virus (AAV) is currently recognized as an effective gene
transfer vector for heart diseases [12–14]. The physical stability of AAV makes these vectors
advantageous for in vivo use, and transgene expression can persist long-term in a wide range
of tissues including heart and skeletal muscle [15–17]. Recently, we reported that AAV
markedly transduced cardiomyocytes in an infarcted rat heart and the transgene expression was
observed up to 22 weeks [18].

Traditionally, the angiogenic response has been examined by evaluation of the physiological
changes associated with the process. More recently, a number of investigators have
demonstrated the feasibility of non-invasive evaluation of angiogenesis using image-based
approaches targeted at cell surface receptors. We previously demonstrated the potential of
single photon emission computed tomographic (SPECT) imaging with radiolabeled tracers
targeted at αv integrins and X-ray computed tomography (CT) for evaluation of spatial and
temporal changes in peripheral [19] and in myocardial angiogenesis in mice [20], rats, and
dogs post MI [21,22].
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To date there have been no reports showing the effect or mechanism of long term IGF-1
expression on angiogenesis post-MI. In this study, we examined the IGF-1 effect on
angiogenesis with both biochemical assay and microSPECT-CT imaging using 99mTc-labeled
peptide (NC100692, GE Healthcare) targeted at αv integrins [23], known to be activated during
angiogenic process. Here we show that AAV mediated long-term stable expression of human
IGF-1 in rat heart post-MI, and overexpression of IGF-1 significantly improved cardiac
function and enhanced angiogenesis in the early stage after infarction.

2. Materials and methods
2.1 AAV vector production

To produce an AAV-CMV-IGF-1 construct, human IGF-1 cDNA, as defined in NCBI-
X00173, was amplified by a standard polymerase chain reaction (PCR) method using IGF-1
specific PCR primers as shown below, using a human gene clone (clone ID: 984882, Catalog#
97002RG, Invitrogen™ life technologies).

5'primer: 5'-CCGAATTCTTCAGAAGCAATGGGA-3'

3'primer: 5'-CGGGATCCGTCTTCCTACATCCTG-3'

(Underlines show original IGF-1 cDNA sequence)

After the fragment of sequence was confirmed, the cDNA of IGF-1 was inserted into a type 2
pAAV-CMV vector plasmid [17]. AAV vectors were produced as described [18]. Finally, the
particle titer was determined by dot blot analysis and the AAV vectors with a particle titer of
1×1012/ml were prepared.

2.2 Animal studies
All procedures were performed with approval of the Institutional Animal Care and Use
Committees at Caritas St. Elizabeth and Yale University. Six to eight weeks male Sprague-
Dawley rats (Jackson Laboratory, Bar Harbor, Maine) were used. They were anesthetized with
an intraperitoneal injection of ketamine (40–90mg/kg) and xylazine (5–10mg/kg) and the
respiration was controlled using an animal ventilator for a thoracotomy incision. Myocardial
infarction was induced by ligating the proximal left anterior descending coronary artery with
6-0 prolene suture. Following induction of MI, under direct visualization AAV-lacZ control
or AAV-IGF-1 vector (20µl containing 2×1010 particles) was directly injected using a 30-gauge
needle to 5 sites (total 1×1011 particles) of the myocardium around the infarcted area [18].

2.3 IGF-1 ELISA assay
Periodically blood samples were taken from the tail vein of anesthetized rats, for the
measurement of plasma human IGF-1 levels using a human IGF-1 ELISA assay kit
(Quantikine).

2.4 RT-PCR for mRNA expression and viral genome detection by regular PCR
Total RNA samples were prepared from cultured H9C2 cells and rat heart tissues with RNA-
Stat (Tel-Test, #CS-111). Samples were subjected for real- time (RT)-PCR for quantification
of mRNA expression using specific probe (Table 1) as described before [18]. Total DNA was
extracted from tissues using Puregene DNA Isolation Kit, and then a 286-bp fragment of the
AAV genome was amplified using sense primer of ITR region and antisense primer of CMV
promoter [24].

Angiogenesis is stimulated by a large number of soluble angiogenic factors that regulate
endothelial migration, proliferation, and survival [25]. Two of the most well studied factors,
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vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), have
emerged as critical regulators of the angiogenic process [26,27]. In addition, eNOS is shown
as a downstream target for VEGF-induced angiogenesis, which involves activation by Akt
[28] [29]. The mRNA expression of all of these critical angiogenic factors was assessed in
myocardial tissue from rats in both treatment groups euthanized at 4 and 16 weeks post-MI,
using established quantitative RT-PCR techniques.

2.5 Echocardiography
Transthoracic echocardiography (Sonos5500, PHILIPS) was performed day 5, 4 weeks and 16
weeks post-MI. Left ventricular (LV) diastolic dimension (LVDd) and systolic dimension
(LVDs) and fractional shortening (FS) were measured at the mid-papillary muscle level [30,
31]. All measurements were examined by an expert researcher (J. D.) who was blinded to
treatment.

2.6 Angiogenesis assay
Sixteen weeks post-MI, the samples were fixed with 4% PFA and were stained for rat-specific
endothelial cell marker isolectin B4 (Vector Laboratories) using alkaline phosphatase for
visualizing avidin. Capillary density was evaluated morphometrically by histological
examination of five randomly selected fields (×200) of tissue sections of peri-infarct LV
myocardium. Capillaries were recognized as tubular structures positive for isolectin B4[18].

2.7 Dual-radiotracer microSPECT-CT imaging
A subset of animals was sent to Yale University School of Medicine for molecular targeted
microSPECT-CT imaging of angiogenesis at 4 and 16 weeks post MI. Rats were anesthetized
with 1–3% isofluorane, and the left jugular vein was isolated for placement of a polyethylene
catheter (PE-50, Beckton-Dickinson) to facilitate injection of radiotracers. All animals (AAV-
IGF-1, n=10: and AAV-lacZ, n=9) were injected intravenously with 6.42±0.46mCi of 99mTc-
labeled chelate-peptide conjugate containing an RGD (Arg-Gly-Asp) motif (99mTc-
NC100692) targeted at αv integrin at 4 weeks (n=8) and 16 weeks (n=11) post-MI. Imaging
was performed using hybrid small animal microSPECT-CT scanner (X-SPECT,
GammaMedica-Ideas, Northridge, CA) equipped with 1-mm pinhole collimators. Animals
were placed on the animal bed, and 75 minutes after radiotracer injection microSPECT imaging
(32 projections, 60 sec/projection per head) with a 20% energy window centered at 140 keV
was performed. This was followed by intravenous injection of 201Tl chloride (0.81±0.06mCi)
and repeated microSPECT imaging with a 15% energy window centered at 78 keV was
performed. This was followed by a high-resolution anatomical microCT imaging (512
projections, 50kVp/600µA energy) during continuous infusion of an iodinated X-ray contrast
(Omnipaque, GE Healthcare) at a constant rate (0.6 mL/min) using a computer-controlled
syringe pump. After the last imaging session, animals were euthanized with intravenous
injection of potassium chloride.

2.8 Gamma-well counting
Rats were euthanized immediately after in vivo microSPECT-CT imaging, the hearts were
quickly excised, and cleaned with ice-cold saline solution. The excised hearts were filled with
dental molding material (alginate impression material, Quala Dental Products) to facilitate
uniform cutting into 2-mm thick slices. The slices were photographed and cut into 8 transmural
segments and weighed for GWC.

Tissue 201Tl, and 99mTc activity was measured with gamma-well counter (Cobra Packard)
using appropriate energy windows (half-max width of corresponding photopeaks of 78keV
and 140keV for 201Tl and 99mTc, respectively). Raw counts were corrected for spill-up/spill-
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down, background, decay, and weight. Corrected counts were converted to mCi/g by use of a
previously determined counter efficiency. Based on gross pathological appearance and location
myocardial segments were segregated into one of three categories: infarct, border, or remote.
Activity in each myocardial segment was calculated as percentage of injected dose per weight
(%ID/g). For this calculation, the tissue activity was corrected for decay to the time of
radiotracer injection.

2.9 Statistical Analysis
The means and standard errors (SE) were determined for replicate samples. For GWC analysis,
the mean and SE of samples have been calculated and expressed in %ID/g. Unpaired Student’s
t-test was performed to calculate the statistical significance between the means of two groups
and between infarct, border and remote in GWC analysis.

3. Results
3.1 AAV-mediated IGF-1 expression in cardiac cells and tissues

We initially overexpressed the AAV-IGF-1 vector containing human IGF-1 gene in cultured
rat H9C2 cells. H9C2 cells were infected with 1000 particles per cell of AAV-IGF-1, and
mRNA expression of human IGF-1 was examined by RT-PCR. IGF-1 was strongly expressed
in a time dependent manner through the AAV vector system (Fig.1A). To evaluate whether
the exogenous IGF-1 expression affects the infected cells, we analyzed Akt, an important
effector on angiogenesis [32], after infection of control AAV-lacZ vector, AAV-IGF-1 vector
or AAV-GH vector [18]. Both AAV-IGF-1 and AAV-GH upregulated gene expression of Akt1
by 5.7-fold and 2.4-fold in H9C2 cells, respectively (Fig.1B). These results suggest that AAV
can mediate IGF-1 expression.

To examine the in vivo induction of IGF-1 expression by AAV in an infarcted heart, we
employed an established rat model of MI[18]. A total of 1×1011 AAV-lacZ or AAV-IGF-1
vectors were delivered by direct injection to five different portions of the peri-infarct area as
previously described [18]. The concentration of human IGF-1 in serum of rats was measured
by hIGF-1-ELISA. Although there were no elevations of hIGF-1 in the AAV-lacZ control
group, circulating hIGF-1 levels were significantly increased at both 4 weeks and 16 weeks
after injection of AAV-IGF-1 (Fig.1C). These results suggest that the AAV-IGF-1 vector
significantly transduced expression of IGF-1 in the heart.

To verify gene transfer following AAV injection, total DNA was isolated from the heart, and
the presence of AAV genomes was analyzed by regular PCR. Agarose gel electrophoresis
demonstrated the 286-bp band related to AAV genome sequence, which shows an inverted
terminal repeat (ITR) in AAV-lacZ- or in AAV-IGF-1-infected tissues, although PBS-injected
heart did not demonstrate this band (Fig.1D).

3.2 Overexpression of IGF-1 improves cardiac function and reduces post-MI LV remodeling
We tested the physiological effects of AAV-mediated expression of IGF-1 on cardiac
dysfunction post-MI. Transthoracic echocardiography demonstrated that at baseline (5 days
after infarction), left ventricular diastolic dimension (LVDd), left ventricular systolic
dimension (LVDs) and fractional shortening (FS) were similar between the AAV-lacZ control
group and the AAV-IGF-1 group (Fig.2). Four weeks post-MI, there were significant
differences in LVDd and LVDs between the two groups. Both groups demonstrated significant
LV remodeling by 16 weeks post-MI, with significant increases in LVDd and LVDs. However,
LVDd and LVDs were significantly (P<0.01) lower in the AAV-IGF-1 group (1.09±0.04 and
0.87±0.04cm) compared to the AAV-lacZ group (1.33±0.05 and 1.15±0.04cm), suggesting
less LV remodeling. Average FS at 16 weeks post-MI in the AAV-IGF-1 group (20.4±1.6%)

Dobrucki et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was significantly higher compared to the control group (13.4±1.3%) (Fig.2). These findings
indicate that induction of IGF-1 expression by AAV-IGF-1 preserves cardiac function post-
MI.

3.3 Angiogenesis induced by overexpression of IGF-1
We examined the relative induction of angiogenesis quantitatively between lacZ group and
IGF-1 group at 4 weeks and 16 weeks post-MI. Immunohistochemical analysis revealed that
capillary density of the heart in AAV-IGF-1 group (4 weeks: 162.9±10.1; 16 weeks: 209.9
±11.6) was significantly higher than lacZ control group (4 weeks: 96.9±6.04, p <0.01; 16
weeks: 121.5±6.9, P<0.01) post-MI (Fig.3A through 3C).

To confirm expression of mRNA for a number of angiogenesis-associated factors, we
performed quantitative RT-PCR at 4 and 16 weeks post-MI. Human IGF-1 gene expression
was stably upregulated both at 4 and 16 weeks (Fig.4). eNOS mRNA expression was
augmented in the IGF-1 group 4 weeks post-MI, although this initial activation was markedly
reduced at 16 weeks post-MI (Fig.4). Although overexpression of IGF-1 was associated with
an increased gene expression of Akt, VEGF and bFGF at 4 weeks post-MI, the mRNA
expression of these critical angiogenic factors was reduced in the IGF-1 treated group relative
to the control group at 16 weeks post-MI (Fig.4).

3.4 Dual-radiotracer microSPECT-CT imaging
Dual-isotope microSPECT imaging was performed after injection of 99mTc-NC100692,
and 201Tl, and was followed by microCT imaging after the administration of an intravascular
X-ray contrast agent (Omnipaque) to better define both the right and left ventricular
myocardium. Representative short and long axes images are shown in a rat subjected to AAV-
IGF-1 therapy at 4 weeks post-MI (Fig.5A). Administration of CT contrast improved definition
of myocardial edges and demonstrated wall thinning and expansion of the infarct territory along
with LV enlargement. 201Tl behaves physiologically as a potassium analog, and when injected
intravenously accumulates rapidly within the cells of many organs including heart. The initial
uptake of 201Tl within the heart reflects regional myocardial perfusion while retention of the
radiotracer reflects integrity of sodium-potassium ATPase pump activity, and therefore also
proved an index of myocardial viability. Reduction of regional myocardial uptake of 201Tl
results in a cold spot on the myocardial image. 201Tl microSPECT images reproducibly
demonstrated an anterolateral perfusion defect, while 99mTc-NC100692 microSPECT imaging
demonstrated a focal uptake of the targeted radiotracer within the infarct (defined by perfusion
defect), as well as in the chest wall at the site of the thoracotomy. This relationship between
the two radiotracers was best seen in the fused contrast microCT (grayscale) and microSPECT
images (red: 99mTc-NC100692; and green: 201Tl). The use of microCT contrast images greatly
enhanced our ability to reconstruct and reorient the registered microSPECT images without
the reference 201Tl images, which in several animals were of suboptimal quality. The
microSPECT-CT images consistently demonstrated uptake of 99mTc-NC100692 within the
site of the 201Tl perfusion defect, confirming localization of principal αv integrin activation to
the MI region.

3.5 Gamma-Well Counting
The significant increase in 99mTc-NC100692 retention within the infarct territory that was
observed with microSPECT-CT imaging was confirmed by GWC of myocardial tissue
sections. GWC permitted quantification of absolute myocardial 99mTc-NC100692 retention
expressed as %ID/g in relationship to myocardial perfusion. Increased myocardial retention
of 99mTc-NC100692 was seen in anteriolateral wall in the area of decreased 201Tl retention.
Representative myocardial radiotracer count profiles are shown in Fig.5B.
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The GWC results from AAV-IGF-1-treated and control AAV-lacZ rats at 4 and 16 weeks post-
MI are summarized in Fig.6. All myocardial segments were segregated into infarct, border,
and remote regions. In all post-MI animals there was a significant increase of 99mTc-NC100692
retention in infarct territory compared to remote non-ischemic regions. At 4 weeks post-MI,
AAV-IGF-1 treated rats demonstrated significant increase in 99mTc-NC100692 uptake in all
myocardial regions as compared to AAV-lacZ rats (Fig.6A) suggesting global activation of
αv integrins. At 16 weeks post-MI, the myocardial 99mTc-NC100692 retention within infarct
regions was ~31% lower in AAV-IGF-1 rats compared to AAV-lacZ control rats (Fig.6B). A
similar trend was observed in the other non-infarcted myocardial regions.

4. Discussion
In this study, we demonstrated that local delivery of IGF-1 gene by recombinant AAV in the
setting of acute MI resulted in sustained IGF-1 expression, increased angiogenesis, reduced
LV-remodeling and improved cardiac function. The effect of AAV-IGF-1 treatment on
angiogenesis was examined using an established rat model of MI with both in vitro biochemical
assays for a number of angiogenic factors, and in vivo microSPECT-CT imaging using
a 99mTc-labeled peptide targeted at αv integrins, known to be activated during the angiogenic
process [23].

We recently reported that growth hormone (GH) expression by AAV significantly improved
cardiac function and induced angiogenesis post-MI using the same rat model [18]. Both AAV-
IGF-1 and AAV-GH vectors significantly induced gene expression of Akt in the rat, however,
the IGF-1 vector has been shown to induce Akt more than the GH vector (Fig.1B). Other
investigators demonstrated that IGF-1 is also a potent effector of GH [33]. Chao et al. reported
that overexpression of human IGF-1 gene by adenovirus in the rat model of MI resulted in a
reduction of the infarct size 24-hours post-MI [34]. Adenovirus-mediated gene transfer can
result in high levels of transduction, however, the transduction can only be preserved
temporarily due to absence of integration to chromosome in the host cells and induction of
severe immunoreaction. Accordingly, we used AAV-IGF-1 vector for the present study and
observed stable expression of IGF-1 up to 16 weeks post-infection without detection of
inflammation in the samples (Fig.1C). Regarding the therapeutic value of the AAV-IGF-1
vector post-MI, we did demonstrate an improvement of cardiac function and reduced LV
remodeling with sustained induction of IGF-1 (Fig.2), therefore our findings strongly support
the results of the previous experiments [34].

In the current study, we demonstrated an increase in capillary number in the hearts following
AAV-IGF-1 treatment that was greater than the AAV-lacZ treated rats at 4 and 16 weeks post-
MI, indicating that IGF-1 expression can significantly enhance angiogenesis in infarcted hearts
(Fig.3A through 3C). However, there was no significant change in the capillary number
between 10 and 16 weeks in the AAV-lacZ treated rats (data not shown). This suggests that
AAV-mediated IGF-1 expression induces angiogenesis in the early stage after injection and
may not augment the capillary number during the later phases of post-MI remodeling.

Akt, eNOS, VEGF and bFGF gene expression have been reported as important proangiogenic
factors [26,27,32,35]. In our study the mRNA expression of these angiogenic factors was much
greater after AAV-IGF-1 vector infection compared to control (Fig.4), indicating that these
factors may play an important role in IGF-1-induced capillary formation. At 16 weeks after
infection, the gene expression of Akt, VEGF and bFGF was prominently downregulated under
the condition of sustained IGF-1 overexpression, relative to the control group. Previously, we
reported GH-induced angiogenesis through upregulation of VEGF and bFGF [18]. This earlier
study also demonstrated increased VEGF and bFGF gene expression over control rats at 4
weeks post-MI but not at a later time point [18]. Taken together, these results suggest that both
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GH and IGF-1 expression have a limited capacity to enhance angiogenesis in the later stages
post-MI. It is also plausible that the increase in capillary density is driven by the degree of
ischemia, and plateaus when sufficient perfusion is restored.

We employed targeted molecular imaging using a radiolabeled tracer targeted at the αv
integrins. This targeted imaging approach has recently emerged as a new non-invasive method
for assessment of the angiogenic process in vivo [20,22,36,37]. In particular, the αv integrins
belong to the transient cell surface markers which may be used to differentiate angiogenic
vessels from mature capillaries. In previously published studies we have demonstrated
that 99mTc-labeled NC100692 containing the RGD motif preferentially binds to activated αv
integrins including the αvβ3 integrin (vitronectin receptor), a well-recognized biomarker of
angiogenesis [20,37]. In this study we used 99mTc-NC100692 to assess temporal and spatial
changes in myocardial angiogenesis between control (AAV-lacZ) and AAV-IGF-1 treated rats
post-MI. In the current study, 99mTc-NC100692 was selectively retained in the infarcted
myocardial regions with reduced 201Tl perfusion (Fig.5) suggesting ongoing ischemia-
stimulated angiogenesis. Using hybrid microSPECT-CT imaging we were able to define focal
myocardial retention of the αv integrin targeted radiotracer from retention within chest wall at
the thoracotomy site (Fig.5A) reflective of the angiogenesis associated with wound healing.
The image-based analysis was validated with quantitative analysis of 99mTc-NC100692
activity within myocardium using gamma-well counting of myocardial sections. The
myocardial sections were segregated into infarct, border, and remote regions based on gross
pathological appearance and location (Fig.5B).

In our previous imaging studies in evaluation of naturally occuring ischemia-induced
myocardial angiogenesis, we have demonstrated that significant retention of a radiolabeled
marker of angiogenesis targeted at the αv integrin within the infarct was observed as early as
a few hours post LAD ligation [21] and was detected as late as 2 weeks post-MI [22]. These
earlier studies employed a radiolabeled peptidomimetic targeted at the αv integrin, while the
current study employs a radiolabeled cyclic RGD peptide. In the current study involving
therapeutic angiogenesis, there was over a two-fold increase in relative myocardial 99mTc-
NC100692 retention in infarcted tissue in both AAV-IGF-1 treated and control rats at 4 and
16 weeks post-MI compared with remote non-infarcted regions (Fig.6A). At 4 weeks post-MI,
we observed a significant increase in 99mTc-NC100692 in AAV-IGF-1 rats in infarct, border,
and remote sections compared to AAV-lacZ control rats (Fig.6A). These changes were similar
to those observed in mRNA expression of other biochemical markers (Akt, eNOS, VEGF, and
bFGF) reflective of the angiogenic process. Interestingly, there was a significant increase
in 99mTc-NC100692 retention in all myocardial regions, suggesting a global effect of AAV-
IGF-1 treatment on early αv integrin activation within the myocardium. In contrast, AAV-
IGF-1 rats at 16 weeks post-MI demonstrated a significant reduction in 99mTc-NC100692
retention in all regions compared to AAV-lacZ rats. The AAV-IGF-1 treated rats demonstrated
a greater than 30% decrease in absolute 99mTc-NC100692 retention within the infarct region,
which was paralleled by decreases in other non-infarcted myocardial segments (Fig.6B). This
reduction of αv integrin activation at 16 weeks post-MI matched the observed decrease in
mRNA expression of Akt, VEGF, and bFGF. This suggests primarily an acute effect of AAV-
IGF-1 on stimulation of the angiogenic process post-MI. Although the IGF-1 serum
concentration, capillary density, and eNOS mRNA expression were elevated at the later time
point, the angiogenic process appears to have been “shut-off” in AAV-IGF-1 group at 16 weeks
post-MI. The absolute 99mTc-NC100692 retention within the infarct of the AAV-IGF-1 group
at 16 weeks returned to the level observed in remote regions at 4 weeks post-MI.

In conclusion, we have demonstrated that intramyocardial delivery of AAV-IGF-1 in the peri-
infarct area during acute MI resulted in sustained IGF-1 expression, and promoted successful
myocardial angiogenesis in the early phase of post-MI repair as evidenced by
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immunohistochemistry, biochemical markers of angiogenesis and molecular microSPECT-CT
imaging using radiolabeled tracer targeted at αv integrins. AAV-IGF-1 treatment was also
successful in inhibiting late post-MI myocardial remodeling and maintaining cardiac function
as assessed by serial echocardiography.

This study demonstrates that the targeted imaging of ischemia-induced angiogenesis provides
a novel approach for the assessment of therapeutic angiogenesis in combination with
measurements of biochemical markers of neovascularization. The proposed combined
imaging-biomarker approach may provide a new strategy in clinical trials to evaluate genetic
or stem cell therapies directed at stimulating angiogenesis in patients with ischemic heart
disease.
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Fig. 1.
(A) IGF-1 gene expression induced with AAV in cultured cells. After infection of AAV-CMV-
IGF-1 into rat H9C2 cells under the indicated time course, total RNA from cells was extracted
and analysed by quantitative real time (RT)-PCR using human IGF-1 primers.
(B) Rat Akt1 gene expression. AAV-CMV-lacZ, AAV-CMV-IGF-1 or AAV-CMV-GH was
infected into H9C2 cells, and 7 days after infection, each mRNA was examined by RT-PCR
using rat Akt1 primers. (n=4) *P<0.05 vs. AAV-lacZ.
(C) Long term expression of AAV-CMV-IGF-1. After ligation of coronary artery, total
1×1011 AAV vectors were injected into myocardium. The serum concentration of human IGF-1
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in AAV-infected rats was measured by ELISA. White columns show the AAV-lacZ group and
black columns show the AAV-IGF-1 group.
(D) PCR amplification of rAAV genome from infected hearts 16 weeks after infection. The
primers were designed for a 286-bp fragment from ITR region to CMV promoter. Lane 1, non-
rAAV-infected heart; Lane 2, AAV-lacZ infected heart; Lane 3, AAV-IGF-1 infected heart.
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Fig. 2.
Serial changes in transthoracic echocardiographic parameters from baseline (day 5) to 4 and
16 weeks post-MI and vector therapy. Dotted lines indicate rats treated with rAAV-IGF-1
vectors: solid lines; control lacZ group. (n=8 in both groups) *P<0.01, vs. control lacZ group.

Dobrucki et al. Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
(A) and (B) immunohistochemistry using an anti-isolectin B4 at 16 weeks post-MI. (C)
Capillary density in rats receiving AAV-lacZ or AAV-IGF. (n=8) *P<0.01 vs. control lacZ.
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Fig. 4.
IGF-1 promotes mRNA expression of angiogenic factors in AAV-infected hearts. mRNA level
of human IGF-1, rat Akt1, rat eNOS, rat VEGF-A, and rat bFGF was assessed by quantitative
RT- PCR and expressed as ratio of each factor normalized with GAPDH. (n=6) *P<0.01 vs.
lacZ group, **P<0.05 vs. 4 weeks
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Fig. 5.
(A) In vivo microSPECT-CT images of 201Tl perfusion (top row, green) and 99mTc-NC100692
(middle row, red) in IGF-1 rat at 4 weeks post-MI were reconstructed in short and horizontal
and vertical long axes and fused (bottom row) with a reference contrast CT image (grayscale).
All post-MI rats had an anterolateral 201Tl perfusion defect (yellow solid arrows) and focal
uptake of 99mTc-NC100692 in defect area. The contrast agent permitted better definition of
myocardium allowing differentiation of focal myocardial uptake of targeted radiotracer from
uptake within chest wall at the thoracotomy site (dashed yellow arrows).
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(B) Representative circumferential count profile of middle myocardial section of IGF-1 rat at
4 weeks post-MI. Count profiles for both 99mTc-NC100692 (solid circles) and 201Tl perfusion
(open circles) are demonstrated.
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Fig. 6.
Absolute retention of 99mTc-NC100692 (%ID/g) within myocardium was determined by
GWC.
(A) 99mTc-NC100692 retention in IGF-1 (n=5) and lacZ-control (n=3) rats at 4 weeks post-
MI. There was a significant increase in retention of 99mTc-NC100692 within infarct territory
of all animals compared to remote segments. This increase in 99mTc-NC100692 was
significantly higher in IGF-1 animals than in lacZ-controls. This trend was true for all
myocardial territories.
(B) 99mTc-NC100692 retention at 16 weeks post-MI was significantly reduced in IGF-1
animals (n=5) compared to lacZ rats (n=6). The trend for increased 99mTc-NC100692 retention
in IGF-1 treated rats was also observed in border and remote regions.
*P<0.05 vs. lacZ, †P<0.05 vs. remote

Dobrucki et al. Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Dobrucki et al. Page 21

Table 1

Oligonucleotide primers used for gene expression analysis by real-time PCR

Gene Primer Sequences

(5’-3’)

Human IGF-1 Fwd CCATGTCCTCCTCGCATCTC

Rev CGTGGCAGAGCTGGTGAAG

Probe FAM-ACCTGGCGCTGTGCCTGCTCA-BHQ

Rat Akt1 Fwd ACGACCGCCTCTGCTTTG

Rev ACACGCGCTCACGAGACA

Probe FAM-CCAATGGAGGCGAGCTCTTCTTCCA-BHQ

GAPDH Fwd AATGTATCCGTTGTGGATCTGACA

Rev CCTGCTTCACCACCTTCTTGA

Probe FAM-CCGCCTGGAGAAACCTGCCAAGTATG-BHQ

VEGF, bFGF and eNOS primers are shown in [Ref. 18].
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