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Abstract
Purpose—Post-myocardial infarction heart failure is a major health concern with limited
therapy. Molecular revascularisation utilising granulocyte-macrophage colony stimulating
factor(GMCSF) mediated endothelial progenitor cell(EPC) upregulation and stromal cell derived
factor-1α(SDF) mediated myocardial EPC chemokinesis, may prevent myocardial loss and
adverse remodeling. Vasculogenesis, viability, and haemodynamic improvements following
therapy were investigated.

Procedures—Lewis rats(n=91) underwent LAD ligation and received either intramyocardial
SDF and subcutaneous GMCSF or saline injections at the time of infarction. Molecular and
haemodynamic assessments were performed at pre-determined time points following ligation.

Findings—SDF/GMCSF therapy upregulated EPC density as shown by flow cytometry
(0.12±0.02 vs. 0.06±0.01% circulating lymphocytes,p=0.005), 48 hours following infarction. A
marked increase in perfusion was evident 8 weeks after therapy, utilising confocal angiography
(5.02 ± 1.7×10−2 vs. 2.03±0.7×10−2µm3blood/µm3 myocardial tissue, p=0.00004). Planimetric
analysis demonstrated preservation of wall thickness (0.98 ± 0.09 vs. 0.67 ± 0.06 mm, p=0.003)
and ventricular diameter (7.81±0.99 vs. 9.41±1.1mm, p=0.03). Improved haemodynamic function
was evidenced by echocardiography and PV analysis (ejection fraction: 56.4±18.1 vs.
25.3±15.6%, p=0.001; preload adjusted maximal power: 6.6±2.6 vs. 2.7±1.4m Watts/µl2, p=0.01).

Conclusion—Neovasculogenic therapy with GMCSF mediated EPC upregulation and SDF
mediated EPC chemokinesis maybe an effective therapy for infarct modulation and preservation of
myocardial function following acute myocardial infarction.
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INTRODUCTION
Acute ischaemia resulting from an acute MI greatly compromises myocardial function and
begins a cycle of deleterious and irreversible myocardial remodeling. Present medical and
surgical therapies provide limited efficacy in preventing progression of myocardial
infarction to heart failure. Notably, complete revascularisation with either PCI or CABG is
only possible in 63–80% of patients with ischaemic heart disease1. This warrants a search
for novel molecular therapeutic modalities to treat acute post-infarct myocardial remodeling,
regulate infarct modulation, and maximize salvage of viable myocardium immediately
following MI, before the onset of irreversible myocardial damage.

Our group and others have demonstrated a reversal of ischaemia induced myocardial
deterioration with enhanced perfusion.2–4 Endothelial progenitor cells (EPC) may provide a
molecular means of enhancing myocardial microvascular perfusion in patients without
traditional revascularisation options.5–10 Numerous studies have demonstrated EPC
recruitment, migration, and vasculogenesis mediated by chemokines.7, 9, 11, 12 Stromal cell
derived factor-1α (SDF) is a highly specific chemokine that interacts with the CXCR4
receptor on EPCs to induce migration and vasculogenesis.7, 13–17

Experimentally, SDF administration to ischemic hind limbs with the administration of an
expanded population of EPCs resulted in recruitment of EPCs and therapeutic
vasculogenesis.18 However, without the benefit of an expanded EPC pool, auto-amputation
of the ischaemic limb resulted. Similarly, in a model of chronic, long-standing heart failure,
as opposed to acute myocardial infarction, we have demonstrated therapeutic angiogenesis
with granulocyte-macrophage colony stimulating factor (GMCSF) mediated expansion of
the bone marrow-derived EPC population and SDF-mediated myocardial EPC
chemokinesis.3, 19 Administration of isolated SDF or GMCSF did not provide a therapeutic
benefit when compared to saline control alone. Isolated GMCSF therapy induced global
bone marrow-derived EPC upregulation, but lacked a local chemotactic signal for EPC
targeting to the ischaemic myocardium. While isolated SDF therapy provides the local
chemotactic signal for EPCs, it lacks the ability to upregulate circulating EPC density.20

Therefore, for efficacious vasculogenesis a combination of EPC upregulation and SDF-
mediated EPC chemokinesis is required.

Global upregulation of the bone marrow derived EPC population with GMCSF and local
myocardial progenitor cell chemokinesis with SDF administration may provide a therapeutic
means to enhance vasculogenesis and perfusion acutely, within the ischaemic myocardium.
Though the benefits of vasculogenic therapy have been demonstrated in a model of
established, chronic ischaemic cardiomyopathy, we believe that vasculogenic therapy
acutely at the time of myocardial infarction will maximize myocardial salvage and
preservation of myocardial function. We sought to study the regional molecular and global
myocardial alterations that result from this neovasculogenic treatment immediately
following acute myocardial infarction. If effective, this therapy can be straightforwardly and
safely be translated to patients that present either immediately or within a few hours of acute
myocardial infarction.

MATERIALS AND METHODS
Animal Care and Biosafety

Male adult, Lewis rats (250–300grams) were obtained from Charles River Laboratories
(Boston, MA). Food and water were provided ad libitum. This investigation conforms to the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996). This study conforms to institutional
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ethical review and has been approved by the University of Pennsylvania Institutional
Animal Care and Use Committee. All measurements were performed by investigators
blinded to animal treatment.

Induction of Heart Failure
Male Lewis rats were anesthetised with intraperitoneal ketamine (50mg/kg) and xylazine
(5mg/kg), endotracheally intubated with a 14-gauge angiocatheter and mechanically
ventilated (Hallowell EMC) with 0.5% isoflurane maintenance anesthesia. A left 4th

interspace thoracotomy was performed and the left anterior descending (LAD) coronary
artery was ligated with a 7-0 prolene suture at the level of the left atrial appendage. This
induced a consistent and reproducible anterolateral infarction of 35–40% of the left
ventricle.21–25 Following LAD ligation the animals (n=91) were randomised to either saline
control or therapy with SDF/GMCSF. The saline group received 200µl saline
subcutaneously (sq) intraoperatively and on post-operative day 1 and a total of 250µl saline
into 5 predetermined, evenly spaced, peri-infarct regions via direct intramyocardial injection
with a 30gauge needle. The regions were chosen as the borderline tissue of visible
myocardial ischaemia. The treatment group received 40µg/kg liquid sargamostim (GMCSF,
Bayer Pharmaceuticals) subcutaneously, diluted in saline for a total volume of 200µl
intraoperatively and on post-operative day 1. In addition, the treatment group received 3µg/
kg recombinant human stromal cell derived factor-1α (R&D Systems, Minneapolis, MN),
diluted in saline, via direct intramyocardial injection into the 5 predetermined peri-infarct
regions. The thoracotomy was closed in 3 layers and the animals were allowed to recover.
Subsets of animals were utilised for various physiologic and molecular assays over a range
of time points.

Echocardiographic Assessment of Hemodynamic Function
Eight weeks following LAD ligation, when the Lewis rat is known to be in ischaemic heart
failure, haemodynamic function was assessed and the hearts were explanted for molecular
biologic analysis. Closed chest myocardial function was assessed utilizing echocardiography
(Phillips Sonos 5500 revD system with an S12 probe at 12MHz and a 3cm depth of
penetration). ECG electrodes were placed on both front limbs and the right hind limb. Wall
motion score index (WMSI) was analysed utilising the American Society of
Echocardiography regional wall motion grading scale (1=normal, 2=hypokinetic,
3=akinetic, 4=dyskinetic, 5=aneurysmal), whereby six regions were scored at the basal and
mid-papillary level utilising parasternal short axis views. The apex was scored with
parasternal long-axis visualisation. The WMSI was determined by the average of the 13
segments. Ventricular measurements were performed according to the American Society for
Echocardiography leading-edge method. M-mode was used to define left ventricular lateral
wall diameters.26, 27

Invasive Haemodynamic Analysis
Following echocardiographic analysis, a midline sternotomy was performed and a 2.5mm
ascending aortic flow probe (Transonic Systems) was placed for Doppler analysis of cardiac
output. A 2Fr pressure-volume catheter (Millar Instruments) was inserted into the left
ventricle via the apex for analysis of left ventricular function. Multiple haemodynamic
parameters were measured (heart rate, end-systolic volume, pressure, end-systolic pressure,
end-diastolic pressure, ejection fraction, cardiac output, stroke work, dp/dt, power,
contractility), recorded, and quantified with Chart v4.1.2 software (AD Instruments) and the
ARIA 1 Pressure-Volume Analysis software (Millar Instruments). In addition to steady-state
haemodynamic parameters, contractility was determined from pressure-volume relationships
obtained by reducing pre-load via occlusion of the inferior vena cava. Volume
measurements were calibrated by two-point linear interpolation with fixed volume cuvettes
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of heparinized rat blood and parallel conductance was excluded with the hypertonic saline
injection technique. Following haemodynamic analysis, the hearts underwent perfusion of
tomato lectin. Subsequently, the hearts were explanted for molecular biologic analysis. The
hearts were distended at a fixed pressure and snap frozen in liquid nitrogen.

Quantitation of Myocardial Perfusion
Eight weeks following LAD ligation, 200µg of fluorescein labeled Lycopersicon esculentum
(tomato) lectin (Vector Laboratories) was injected into the supra-diaphragmatic inferior
vena cava and allowed to circulate for 10 minutes. Tomato lectin binds to the surface N-
acetylglucosamine oligomers of endothelial cells lining perfused vessels.28 Direct contact of
lectin with endothelial cells is requisite for lectin labeling, therefore only perfused vessels
will be labeled.

Following lectin perfusion, the hearts were explanted and snap frozen in liquid nitrogen.
One-hundred and twenty sequential images were obtained through 100 µm thick myocardial
sections at the level of the papillary muscle utilising scanning laser confocal microscopy (z-
series, 25× air magnification, Zeiss LSM-510 Meta Confocal Microscope). Three-
dimensional reconstructions of the image stacks were created utilizing Volocity Software v.
3.61 (Improvision). Pixels delineating labeled vasculature and total tissue sections were
quantified, allowing determination of total perfusion per mass of myocardial tissue.
Measurements were made in 2 peri-infarct and remote myocardial regions for each sample.
Peri-infarct myocardium was defined as one microscopic field lateral to the edge of the scar
(no myocardium present).25 Myocardium was examined on both sides of the myocardial
scar by blinded investigators to ensure comparable assessment between therapy and control
groups.

Quantification of Myocardial Neovasculogenesis
Myocardial vascular density was determined by labeling the ischaemic myocardial regions
for CD31, 8 weeks following LAD ligation. Sections were treated with mouse anti-rat CD31
antibody (BD Biosciences) and goat anti-mouse FITC secondary antibody (Abcam).
Immunocytochemical vascular density analysis was performed in a group-blinded manner in
four fields per specimen and averaged for each heart (20×, Leica DM5000B microscope,
Leica Application Suite v2.2.0). In order to confirm previous findings that a combination of
GMCSF mediated EPC upregulation and SDF chemokinesis is required for therapeutic
vasculogenesis, SDF only and GMCSF only groups were also investigated.

Myocardial Viability Analysis
Myocardial viability was assessed using a combination of apoptosis and myofilament
density analysis on animals 8 weeks following LAD ligation. Apoptotic fraction was
determined utilising a TUNEL assay (CardioTACS In Situ Apoptosis Detection System;
Trevigen). After fixation in 3.7% formaldehyde, 10µm frozen sections were permeabilised
with cytonin for 45 minutes. Apoptotic, nuclei were labeled with TdT and viable nuclei were
counterstained. Total and apoptotic nuclei were counted in 5 separate peri-infarct and remote
myocardial regions. Apoptotic fraction was determined as apoptotic nuclei/total nuclei per
40× high power field ×100. Positive control with fragmentation of DNA with nuclease was
performed to validate the assay.

Myocardial sections were counterstained with haematoxylin and eosin to delineate
myofilament structure. Myofilament density (total cardiomyocytes/hpf) was determined in 5
separate peri-infarct borderzone regions in a 40× high power microscopic field, as a measure
of myocardial density. Myofilament size was determined in 10 adjacent myofilaments in

Atluri et al. Page 4

Heart Lung Circ. Author manuscript; available in PMC 2011 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



each field. In order to ensure similarity in baseline structure, myofilament size and density
analysis was performed in 5 separate remote, non-infarct myocardial regions.

Assessment of Ventricular Geometry
To determine preservation of ventricular geometry, 10µm myocardial sections, at the level
of the papillary muscles, underwent Masson’s Trichrome staining. Peri-infarct borderzone
wall thickness, left ventricular diameter, left ventricular chamber circumference and scar
fraction, was evaluated on animals 8 weeks following LAD ligation, using digital
planimetric software (Scion Image v.4.0.3.2). Peri-infarct borderzone wall thickness was
measured on each side of the zone of fibrosis and averaged. Left ventricular diameter was
measured in the greatest transverse diameter. Scar fraction was defined as scar length/left
ventricular circumference ×100.

Assessment of Circulating Endothelial Progenitor Cell Density
To quantify endothelial progenitor cell upregulation with SDF/GMCSF neovasculogenic
therapy, flow cytometry of peripheral blood was utilised. Animals underwent mid-LAD
ligation and were randomised to treatment with either subcutaneous GMCSF and
intramyocardial SDF or saline control injections. Forty-eight hours following LAD ligation
the animals were sacrificed and circulating blood was obtained from the ascending aorta.
Rat circulating progenitor cells were obtained from the mononuclear cell (MNC) fraction of
blood. MNC were separated from peripheral blood collected into sodium-heparin
Vacutainer™ tubes (BD Biosciences) via centrifugation (350xg; 25 min; 4 °C) through
Histopaque 1077 (Sigma Aldrich). Red blood cells were lysed with 1X ammonium chloride
solution (BD Biosciences). Cells were then counted and treated with 5%(v/v) mouse serum
in modified Hank’s Balanced Salt Solution supplemented with 2% (v/v) Fetal Bovine Serum
(FACS buffer) so as to block non specific binding.

Test samples were incubated for 30 minutes on ice with biotin-conjugated mouse anti-rat
VEGFR2 antibody (Novus Biologicals), phycoerythrin-conjugated (PE) mouse anti-rat cKit
(Abcam), and Alexa 647-conjugated mouse anti-rat CD45 antibodies (Serotec). After
washing with cold FACS buffer, cells were incubated on ice for 15 minutes with fluorescein
(FITC)-conjugated streptavidin (BD Biosciences). A portion of the MNC fraction was used
for “Fluorescence Minus One” (FMO) and compensation staining [FITC-conjugated mouse
anti-rat CD4 antibody (Serotec), PE-conjugated mouse anti-rat CD4 antibody (BD
Boiosciences), or Alexa 647-conjugated mouse anti-rat CD4 antibody (Serotec)]. FMO’s
were used to identify negative populations. Compensation controls were created using cells
labeled with. Cell viability was assessed utilising 7AAD (BD Biosciences) labeling. EPCs
were defined as CD45dimVEGFR2+cKit+ mononuclear cells. All cell samples were analysed
using a Becton Dickinson FACSCalibur flow cytometer. Data analysis was performed using
Flow Jo 8.8.3 (Tree Star Inc.). 29–33

Statistical Analysis
Quantitative data are expressed as means ± standard error of the mean (SEM). Statistical
significance was evaluated using the unpaired Student’s t test for comparison between two
means. For comparison between more than two means statistical analyses were performed
using one way analysis of variance and Tukey-Kramer HSD to test for differences among
means. A p-value of less than 0.05 was considered statistically significant.

Atluri et al. Page 5

Heart Lung Circ. Author manuscript; available in PMC 2011 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
SDF/GMCSF Therapy Upregulated EPC Density

Lymphocyte density analysis of circulating blood 48 hours post-LAD ligation demonstrates
a statistically significant increase in total circulating lymphocyte count with SDF/GMCSF
therapy (7.9±1.5 vs. 3.7±0.6 million lymphocytes/cc, n=7, p=0.006). This increase in
circulating lymphocyte population, of which EPCs are a subset, is likely due to GMCSF
administration. The increase in lymphocyte density validates our conceptual treatment
paradigm in which the EPC population is increased by GMCSF, providing more cells for
SDF-mediated myocardial EPC targeting.

Flow cytometric analysis demonstrates a statistically significant increase in
CD45dimVEGFR2+cKit+ determined circulating endothelial precursor cell concentration
with SDF/GMCSF therapy when compared to saline control (0.12±0.02 vs. 0.06±0.01%
circulating lymphocytes, n=6, p=0.005), Figure 1. Therefore, it appears that SDF/GMCSF
therapy upregulates circulating endothelial precursor cells by nearly 100 percent.

Bone Marrow Endothelial Precursor Cell Upregulation is Required for Therapeutic SDF
Mediated Chemokinesis and Vasculogenesis

Immunocytochemical analysis did not demonstrate a significant increase in vasculature with
either isolated GMCSF or isolated SDF therapy when compared to saline control. But,
combination therapy with GMCSF and SDF resulted in a marked increase in vasculature
(28.8±1.6 vessels/hpf, n=5) within the treated myocardium; resulting in a statistically
significant increase in myocardial vasculature when compared to saline control (18.1±0.9
vessels/hpf, n=5), GMCSF only (19.1±1.2 vessels/hpf, n=5), and SDF only (21.1±1.3
vessels/hpf, n=5) groups. This data confirms previous findings by our group and others that
bone marrow derived EPC upregulation with GMCSF in addition to targeted myocardial
chemokinesis with SDF are required for therapeutic angiogenesis. Sole therapy with isolated
GMCSF or SDF does not provide an adequate stimulus for therapeutic vasculogenesis.

Acute Neovasculogenic Therapy Enhanced Myocardial Perfusion
Three-dimensional, confocal microscopy allowed imaging of myocardial sections perfused
with tomato lectin. Analysis of remote myocardial vasculature did not reveal a difference in
myocardial perfusion (11.6±6.0 vs. 12.9±2.1 µm3 blood/µm3 myocardial tissue, n=7, p=NS),
thereby serving as an internal control to validate the assay and demonstrate similar baseline
morphology between the two experimental groups. Qualitative analysis revealed a visually
apparent increase in borderzone myocardial perfusion with SDF/GMCSF therapy, Figure 2.
The neovasculature demonstrated a branching pattern characteristic of functional blood
vessels. Three-dimensional quantitative analysis of myocardial peri-infarct perfusion
demonstrated a nearly 2.5 fold increase in myocardial perfusion with SDF/GMCSF
treatment (5.02±1.7×10−2 vs. 2.03±0.7×10−2 µm3blood/µm3myocardial tissue, n=7,
p=0.00004).

Acute Neovasculogenic Therapy Decreased Apoptosis and Enhanced Myocardial Viability
TUNEL labeling demonstrated a statistically significant decrease in peri-infarct borderzone
apoptotic fraction with neovasculogenic SDF/GMCSF therapy as compared to saline control
(2.78±0.43 vs. 4.40±0.42 %, n=6, p=0.001). There was no difference in remote myocardial
apoptotic fraction between the 2 groups, validating the assay and denoting comparable
baseline myocardial viability (1.07±0.40 vs. 0.84±0.10%, n=6, p=NS).

Borderzone myofilament density analysis revealed a statistically significant increase in
cardiomyocyte density with SDF/GMCSF therapy when compared to saline control
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(27.0±2.6 vs. 13.7±1.3 myofilaments/hpf, n=6, p=0.00003). Both the decrease in apoptotic
fraction and increase in myofilament density correspond to the enhanced myocardial
perfusion that was demonstrated in the treatment group. Analysis of remote, intact
myocardial density demonstrated similar myofilament structure and density, thereby
validating the assay as an internal control (48.3±0.9 vs. 48.4±1.1 myofilaments/hpf, n=6,
p=NS), Figure 3.

SDF/GMCSF Therapy Preserved Ventricular Geometry
There is a statistically significant increase in peri-infarct ventricular wall thickness in the
SDF/GMCSF treatment group when compared to saline control, Table 1. Quantitative
analysis denotes a greater preservation of ventricular geometry with therapy as noted by
diminished ventricular diameter, limited ventricular circumference, and smaller scar
fraction, Figure 4. It should be noted that a scar fraction of 40.2%, 8 weeks post-LAD
ligation, in the control group corroborates previous findings by other investigators.22

Neovasculogenic Therapy Augments Global Myocardial Haemodynamic Function
Echocardiographic analysis performed 8 weeks following LAD ligation demonstrated a
statistically significant improvement in haemodynamic function with SDF/GMCSF therapy
as demonstrated by left ventricular end-systolic volume, ejection fraction, and fractional
shortening, Table 2. Parasternal short axis images at the level of the papillary muscle
demonstrated a significantly higher ejection fraction and confirmed preservation of
ventricular geometry, Figure 5. M-mode images demonstrated a statistically significant
preservation of left ventricular lateral wall thickness with SDF/GMCSF treatment. Therapy
with SDF/GMCSF resulted in preservation of myocardial contractility as denoted by
improvements in wall motion score index (1.2±0.1 vs. 1.8±0.3, n=7, p=0.001). There was no
difference in right ventricular volumes.

In vivo, invasive haemodynamic analysis utilising an intra-ventricular pressure-volume
catheter and ascending aortic flow probe demonstrated a significant increase in global
haemodynamic function with SDF/GMCSF administration. There was a statistically
significant increase in maximum pressure, dP/dt, ejection fraction, cardiac output, maximal
power, preload adjusted maximal power, and contractility, Figure 6. Though not statistically
significant, there was a large difference in end-systolic volume that approached significance.
In addition to improvements in systolic haemodynamic parameters, there was a significant
improvement in min dP/dt, denoting improved diastolic relaxation in the SDF/GMCSF
group. Pressure-volume loops from each group are demonstrated, Figure 6. Variability was
noted in measured volumes between the pressure-volume loops and echocardiography. Since
echocardiographic data was collected on closed chest-animals, we believe this to be a more
physiologically accurate assessment.

DISCUSSION
Therapeutic post-myocardial infarction upregulation and targeting of endothelial precursor
cells, as outlined in this study, demonstrates efficacy in preserving ventricular structure and
function, and preventing the onset of ischemic heart failure. Therapy resulted in enhanced
progenitor cell density, vasculogenesis, and perfusion. Augmenting myocardial perfusion
increased myocardial viability and preservation; ultimately translating into increased
function.

Myocardial ischaemia induces altered cardiomyocyte metabolism, apoptosis, and
mitochondrial damage resulting in inefficient cardiac function.34, 35 A reduction in perfusion
diminishes myocardial function proportional to the degree of ischaemia.36 Ultimately, a
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deleterious cycle of cell slippage, progressive ventricular dilatation, and depressed
myocardial function ensues, resulting in ischaemic heart failure. Restoration of myocardial
perfusion attenuates cellular ischaemia, restores cellular energetics, and prevents adverse
remodeling, thereby preventing the progression to heart failure.

In this study, we have noticed benefits associated with improvements in myocardial
perfusion. Enhanced perfusion correlated with enhanced cardiomyocyte integrity,
preservation of efficient myocardial geometry, and enhanced myocardial function. Benefits
associated with enhanced perfusion have also been demonstrated in human clinical trials
utilising exogenous administration of cultured EPCs.2, 37–41 A major limitation of these
delivery systems is the requisite cell isolation, exogenous cell replication, limited cell
engraftment, and delivery of viable cells with potential infectious complications. The
inherent advantage of the proposed neovasculogenic strategy is the utilisation of a pre-
existing endogenous reparative process. GMCSF is routinely utilised to enhance lymphocyte
populations in the bone marrow transplant population, and as such has proven clinically both
beneficial and safe. SDF is a recombinant protein that does not rely on adenoviral replication
or the delivery of infectious matter. As demonstrated in this manuscript, sole therapy with
SDF or GMCSF did not demonstrate a significant difference in CD31 determined
vasculogenesis, thereby implying the need for combination therapy as utilised in this
therapeutic model.

Abbott and colleagues have demonstrated a statistically significant upregulation of
myocardial SDF levels as early as 48 hours following myocardial infarction in a murine
model.20 Upregulation of, the endogenous chemokine, SDF plays a pivotal role in mediating
myocardial neovasculogenesis to attenuate ischaemia. Yet, the significant loss of contractile
mass, ventricular dilatation and loss of myocardial function following MI implies that the
unenhanced, native reparative process is not sufficient to reverse myocardial injury.

Several studies have demonstrated a positive correlation between the presence of coronary
artery disease/cardiovascular events and reduced circulating populations of endothelial
progenitor cells.42–44 Moreover, EPCs from patients with coronary artery disease appear to
have impaired reactivity to SDF as well as decreased CXCR4-mediated down stream
signaling.45 Additionally, there is a significant reduction in colony forming and
vasculogenic capacity of haematopoetic progenitors in the setting of chronic illness or
chronic ischaemic heart disease.15, 46, 47 These findings provide evidence for reduced
endogenous neovasculogenic capabilities in patients with preexistent cardiovascular disease.
As previously discussed, upregulation of the circulating EPC population may be required to
provide a significant population of EPCs available for SDF chemokinesis and
vasculogenesis. Intramyocardial SDF administration likely enhances chemokine
concentration to supratherapeutic levels. This strategy may enhance myocardial EPC
targeting and upregulate CXCR4-mediated vasculogenic activity, thereby providing
therapeutic vasculogenesis and myocardial preservation.

Early neovasculogenic intervention prior to the loss of significant myocardial mass, as
utilised in this study, demonstrates a dramatic preservation of myocardial geometry and
function as compared to intervention following the onset of congestive heart failure. Acute
neovasculogenic intervention appears to minimise infarct formation and progression.
Therefore, we advocate early neovasculogenic intervention prior to the onset of heart failure.

The therapeutic strategy utilized in this study can be translated to patients suffering from an
acute myocardial infarction. At the time of presentation either percutaneous or minimally
invasive, thoracoscopic techniques can be utilised for intramyocardial administration of
SDF. This therapy can be utilised either in combination with PCI or CABG, or as sole-
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therapy. Further studies to determine efficacy and safety are necessary before this therapy
can be translated to clinical utilisation. Though clinically utilized GMCSF dosages can be
utilised in humans, further pharmacokinetic studies in humans will have to be performed in
order to determine optimal SDF dosing.

In conclusion, it appears that neovasculogenic therapy with GMCSF-mediated EPC
upregulation and SDF-mediated EPC chemokinesis may be an effective therapy for infarct
modulation and preservation of myocardial function following acute myocardial infarction.

CONCLUSION
This novel neovasculogenic therapy with SDF/GMCSF is an effective therapy for progenitor
cell mediated myocardial vasculogenesis with enhanced myocardial viability and subsequent
preservation of myocardial function, in a pre-clinical model of acute myocardial infarction.
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Figure 1.
Representative flow cytometric plots of circulating blood 48 hours following acute LAD
ligation. (A + B) Pseudo-color plots delineating the desired viable (7AAD−) lymphocyte
population selected utilising side and forward scatter. (C + D) Lineage negative, CD45dim

lymphocytes. (E) EPC density in a representative saline control animal, as determined by co-
labeling for VEGFR2 and cKit (CD45dim). (F) EPC density in a representative SDF/GMCSF
control animal, as determined by co-labeling for VEGFR2 and cKit (CD45dim).
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Figure 2.
Three dimensional microvascular lectin angiogram demonstrating enhanced myocardial
perfusion following neovasculogenic therapy. Representative microvascular angiograms
from remote, non-ischaemic and peri-infarct borderzone myocardium of saline control and
SDF/GMCSF treated groups. (25× magnification)
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Figure 3.
1) Representative haematoxylin and eosin stained images of myofilament density within the
remote (A=Saline Control, B=SDF/GMCSF) and borderzone myocardium (C=Saline
Control, D=SDF/GMCSF). 2) Myofilament density within the remote and borderzone
myocardium. (40× magnification).
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Figure 4.
Representative cross-sectional Masson’s Trichrome stained sections of (A) saline control
and (B) SDF/GMCSF treated myocardial specimens. Small arrows indicate regions of
myocardial peri-infarct borderzone measurements. Large arrows indicate ventricular
diameter. Collagen of scar is stained blue and viable myocardium is stained red.
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Figure 5.
Representative end-diastolic, parasternal, short axis echocardiographic views at the level of
the papillary muscle of the left ventricle, 8 weeks following LAD ligation, demonstrating
significant dilatation and lateral wall thinning of the control hearts when compared to the
SDF/GMCSF group (A= Saline Control, B= SDF/GMCSF). M-mode echocardiographic
images delineating left ventricular dilatation and lateral wall thinning (C= Saline Control,
D=SDF/GMCSF).
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Figure 6.
Pressure-volume loops from (A) saline control and (B) SDF/GMCSF treated hearts 8 weeks
following LAD ligation. Pressure-volume loops were obtained with an intra-venticular left
ventricular pressure-volume catheter during occlusion of the inferior vena cava. Slope of
contractility is represented in red.
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Table 1

Digital Left Ventricular Planimetric Measurements 8 weeks Post-Left Anterior Descending Coronary Artery
Ligation.

Saline Control
(n=7)

SDF/GMCSF
(n=7)

p=

Peri-Infarct Wall thickness (mm) 0.67±0.06 0.98±0.09 0.003

Ventricular Diameter (mm) 9.41±1.1 7.81±0.99 0.03

Ventricular Circumference (mm) 28.10±3.47 24.56±1.74 0.05

Scar Fraction (%) 40.2±9.1 19.7±9.7 0.01
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Table 2

Echocardiographic Parameters 8 weeks following LAD Ligation.

Saline Control
(n=7)

SDF/GMCSF
(n=7)

p=

Heart Rate (bpm) 225±25 212±20 NS

Right Ventricular End-Diastolic Diameter (mm) 1.61±0.18 1.67±0.39 NS

Left Ventricular End-Diastolic Diameter (mm) 7.23±1.02 5.34±0.61 0.005

Left Ventricular End-Systolic Diameter (mm) 6.61±1.48 3.88±1.24 0.016

Fractional Shortening (%) 12.1±6.9 35.6±12.2 0.02

Ejection Fraction (%) 25.3±15.6 56.4±18.1 0.001

Left Ventricular End-Systolic Volume (µl) 350±190 110±80 0.01

Left Venticular Lateral Wall Thickness, End-Systole (mm) 2.26±0.42 3.98±0.28 0.00001

Left Ventricular Lateral Wall Thickness, End-Diastole (mm) 2.05±0.38 2.84±0.36 0.01
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Table 3

Invasive Haemodynamic Parameters 8 weeks following LAD Ligation

Saline Control
(n=9)

SDF/GMCSF
(n=8)

p=

Heart Rate (bpm) 197±19 195±33 0.91

End-Systolic Volume (µl) 219±89 118±57 0.07

Maximum Pressure (mmHg) 64±13 84±6 0.001

Minimum Pressure (mmHg) 6.3±4.1 0.3±0.1 0.003

End-Systolic Pressure (mmHg) 62±13 76±7 0.01

End-Diastolic Pressure (mmHg) 9.1±4.1 3.2±0.8 0.005

Ejection Fraction (%) 25.3±9.5 53.7±10.0 0.0008

Cardiac Output (µl/min) [Determined by flow probe] 22.5±3.0 32.1±3.3 0.001

Stroke Work (mmHg*µl) 2219±748 6821±1280 0.00003

dP/dt Max (mmHg/sec) 2156±677 3939±463 0.00002

dP/dt Min (mmHg/sec) −1829±679 −4042±1123 0.0009

Pressure at dVdt Max (mmHg) 11.1±4.5 1.7±1.5 0.0009

Pressure at dP/dt Max (mmHg) 39.8±10.5 52.0±6.7 0.02

Maximal Power (mWatts) 13.4±5.1 24.0±6.7 0.01

Preload Adjusted Maximal Power (mWatts/µl2) 2.7±1.4 6.6±2.6 0.01

Slope of Contractility (mmHg/µl) 0.63±0.19 1.59±0.73 0.02
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