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Abstract
One of the primary limitations of cell therapy for myocardial infarction is the low survival of
transplanted cells, with a loss of up to 80% of cells within 3 days of delivery. The aims of this
study were to investigate the distribution of nutrients and oxygen in infarcted myocardium and to
quantify how macromolecular transport properties might affect cell survival. Transmural
myocardial infarction was created by controlled cryoablation in pigs. At 30 days post-infarction,
oxygen and metabolite levels were measured in peripheral skeletal muscle, normal myocardium,
infarct border zone, and infarct interior. The diffusion coefficients of fluorescein or FITC-labeled
dextran (0.3–70 kD) were measured in these tissues using fluorescence recovery after
photobleaching. Vascular density was measured via endogenous alkaline phosphatase staining. To
examine the influence of these infarct conditions on cells used therapeutically in vivo, skeletal
myoblast survival and differentiation were studied in vitro under the oxygen and glucose
concentrations measured in the infarct tissue. Glucose and oxygen concentrations, as well as
vascular density were significantly reduced in infarct when compared to uninjured myocardium
and infarct borderzone, although the degree of decrease differed. The diffusivity of molecules
smaller than 40 kD was significantly higher in infarct center and border zone as compared to
uninjured heart. Skeletal myoblast differentiation and survival were decreased stepwise from
control to hypoxia, starvation, and ischemia conditions. Although oxygen, glucose, and vascular
density were significantly reduced in infarcted myocardium, the rate of macromolecular diffusion
was significantly increased, suggesting that diffusive transport may not be inhibited in infarct
tissue, and thus supply of nutrients to transplanted cells may be possible. In vitro studies
mimicking infarct conditions suggest that increasing nutrients available to transplanted cells may
significantly increase their ability to survive in infarct.
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Introduction
Although improvements in cardiovascular and surgical therapies have reduced the mortality
of acute cardiovascular events dramatically, patients who survive myocardial infarction
remain at high risk for heart failure. Over 500,000 new cases of heart failure develop in the
United States each year, with a mortality rate of 20% within one year and 85% within 12
years of diagnosis [1]. Cell transplantation has emerged as an experimental therapy for heart
failure with the potential for preventing the progression from infarction to heart failure [2].
Although cell transplantation has proven somewhat effective at improving cardiac function
clinically [3,4,5,6], the effects of these therapies are limited, potentially due to the low
retention and survival of cells in an infarct [4,7]. In fact, more than 80% of cells may die
within 3–4 days of implantation [8,9].

Limited cellular survival may be due to a number of factors, including the inflammatory
response to cells expanded in vitro, the physical strain on cells during injection, and the
ischemic milieu into which the cells are transplanted [4,7,10,11]. Preliminary studies suggest
that greater than 85% of cells survive harvest and delivery, suggesting that local factors in
the ischemic microenvironment may be a major contributor to poor survival. In support of
this, several investigators have achieved varying levels of success at improving the survival
of transplanted cells by preconditioning cells prior to transplantation [12], administering
drugs [13], utilizing gene therapy to promote vascularization [14,15], or by altering the
infarct environment via laser or gene-induced angiogenesis [16,17,18]. However, further
understanding of the infarct environment may improve survival of implanted cells. Although
some data exist on the perfusion of infarcts [19,20], and a number of studies have examined
oxygen and glucose levels during ischemia or ischemia-reperfusion injury [21] little to no
data exist regarding either the distribution or transport properties of macromolecules,
metabolites, or oxygen in mature infarct scar.

To quantify the concentration of oxygen, glucose, and lactate in chronically infarcted
myocardium and compare those values to levels found in uninjured heart tissue, we used
techniques previously established for measurements of nutrient and oxygen levels in tumor
biology [22,23,24]. Furthermore, we used fluorescence recovery after photobleaching
(FRAP) to measure the diffusion properties of molecules of increasing size (0.3–70 kD) in
infarcted and uninjured heart. After obtaining accurate measurements of diffusion properties
and the level of oxygen and nutrients in infarct, we examined how skeletal myoblasts
transplanted into environments with similar properties respond over time. We then
maintained C2C12 myoblasts in these conditions and examined cell growth, death, and
differentiation potential over two weeks.

Methods
Surgical procedure

All experiments were conducted in accordance with protocols approved by the Institutional
Animal Care and Use Committee at Duke University. Yorkshire pigs (N=10) were
premedicated with telazol (5mg/kg) and maintained on 1–5% isoflurane in room air. A left
antero-lateral thoracotomy was made in the fifth intercostal space, and the pericardium was
incised laterally to expose the distal left anterior descending (LAD) coronary artery. A 3-cm
cryoprobe (Frigitronics, Cooper Surgical, Trumbull, CT), cooled to −170°C by liquid
nitrogen, was applied to the surface of the left ventricle just proximal to the last diagonal
branch of the LAD for 4 minutes to obtain a reproducible, 80% to transmural infarct (Figure
1).
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Magnetic Resonance Imaging (MRI)
At approximately 3 weeks post infarct, contrast-enhanced MRI (ceMRI) was used to
confirm the presence of infarcted myocardium (Figure 1A), using a 1.5T scanner (Siemens,
Sonata, Erlangen, Germany) with an IR-FLASH pulse sequence [25]. Short-axis views were
obtained from 1 cm below the level of the mitral valve every 1 cm throughout the left
ventricle at 5 min after contrast administration (gadopentetate dimeglumine, 0.15 mmol/kg
bodyweight). A 14 x 28 cm flexible surface coil was used, and with an in-plane image
resolution of 1 x 1 mm and slice thickness of 5 mm.

Oxygen tension and nutrient levels in vivo
In vivo analysis of infarct scar was performed 30±3 days post injury to assure measurements
were performed on healed infarct scar in a time frame similar to that used clinically for stem
cell delivery [26].

Oxygen levels—An OxyLite E system (Oxford Optronix, Oxford, UK) was used to
measure local (3–5 mm3) oxygen concentration uninjured myocardium, infarct border zone
(defined as interior to within ~0.5 cm of the infarct edge), center infarct, and at a reference
site in peripheral skeletal muscle. Optical probes were inserted parallel to the myocardial
surface, at a depth of ~4 mm, into the myocardium, borderzone, and infarct center. After a
10 minute equilibration, oxygen concentrations were recorded once every 10 minutes for
one hour. pO2 was measured in skeletal muscle as a control.

Metabolite levels—Glucose and lactate levels in infarct, borderzone, uninjured
myocardium and peripheral skeletal muscle were examined using microdialysis under low
flow rate conditions. Microdialysis probes, with a 20 kD molecular weight cutoff (CMA
Microdialysis, Solna, Sweden) were inserted into uninjured myocardium, borderzone,
interior infarct, and peripheral skeletal muscle at ~4 mm depth. After an equilibration time
of approximately 20 minutes to allow for steady state to be reached, six sequential 10 minute
samples were taken at a saline flow rate of 2μl/min. A freely diffusible molecule, urea, was
used as a recovery marker so that the measured recovery could be used to calculate true
extracellular concentrations of the nutrients measured even if true equilibrium conditions
were not achieved in the measured tissues [27]. Corrections were made using the equation:

(Eq. 1)

where [X]tissue is the concentration of a given analyte in the tissue, [X]meas is the
concentration of analyte obtained from measurement of the microdialysate taken from that
tissue, and [Urea]blood is the concentration of urea in a sample of blood taken during
collection of the microdialysate sample.

Histology—Hearts were removed, rinsed in saline, and placed in 30% sucrose solution in
PBS that was changed twice over 48 hours prior. Frozen sections (5 μm) were made from
tissue blocks containing the infarct and stained with hematoxylin-eosin (H&E) and
Masson’s Trichrome. In a subset of hearts (n=3), additional sections were stained for
alkaline phosphatase for quantification of vascularity [28].

Fluorescence Recovery After Photobleaching (FRAP)
FRAP experiments were performed at room temperature in Dulbecco’s phosphate buffered
saline on a laser scanning confocal microscope (LSM510, Carl Zeiss, Thornwood, NY).
Fresh tissue samples were incubated at 4°C overnight in solutions containing fluorescein or
fluorescein-labeled dextrans of 3, 10, 40, and 70 kD. FRAP experiments were performed as
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previously described [29]. Briefly, photobleaching was performed at 488 nm emission using
100% laser power from a 15.0 mW argon laser. Imaging was performed using the same laser
at 1% power and an emission wavelength of 505 nm. Following an initial background
image, an area was photobleached. A series of images was then recorded to track the
recovery of fluorescence into the area. All images were acquired with a 20x objective, which
yielded a 512x512 pixel image with a resolution of 0.9 μm/pixel. Image analysis was
performed as described previously [29] using the method of Axelrod et al. [30].

In vitro Survival Studies
C2C12 mouse myoblasts (ATCC) were plated under normal growth conditions (20% oxygen
with media containing 1000mg/L glucose DMEM, 10% HS, and 0.5% gentamicin) and
grown to ~70% confluence. Plates were washed once with PBS and shifted to control,
hypoxia (0.5% oxygen), low glucose (100mg/L glucose), or simulated infarct/ischemia (low
glucose + hypoxia) conditions. Cells were differentiated in DMEM (with or without glucose
as the condition dictated) with 0.5% gentamicin.

Media were replaced daily and harvested media was examined for dead cells using a Live/
Dead kit (Invitrogen, Carlsbad, CA) and for lactate dehydrogenase (LDH) levels
(CytoTox96 Assay, Promega, Madison WI). Plates were photographed daily, and cell
confluence and myotube number per high powered field (HPF, 100X) were quantified.

Data analysis
Data were compared using ANOVA with Fisher’s post hoc test for comparisons among
groups (α=0.05).

Results
Infarct model

Myocardial infarct scars were consistently 80% of the wall depth to transmural, with
reduced cellularity and microvascular density, as determined by H&E and alkaline
phosphatase staining (Figure 1B and C). The number of alkaline phosphatase positive cells
decreased significantly from 313±38 cells/mm2 in uninjured myocardium to 27±7 cells/mm2

in borderzone and 11±1 cells/mm2 in the interior of porcine cryoinfarct at one month (mean
±SEM, p<0.05).

Oxygen and analyte measurements
Oxygen and nutrient levels were measured in myocardial infarct at 1 month using oxygen
optodes and microdialysis probes placed within the infarcted myocardium, with the location
verified in histologic sections by disruption in the midst of scar (Figure 2A). Oxygen levels
in infarct were decreased ~90% in comparison to skeletal muscle or uninjured heart (p<0.01,
Figure 2B). Glucose levels, as measured by microdialysis, were significantly reduced
(p<0.05) in infarct when compared to skeletal muscle, uninjured heart, borderzone, or
plasma (Figure 2C). Lactate levels in infarct interior were not significantly different from to
those in skeletal muscle, uninjured heart, borderzone, or plasma (Figure 2D).

Diffusion Properties
Diffusion coefficients for molecules up to 10 kD was significantly increased (p<0.05), with
a trend continuing up to 40 kD (p<0.1, Figure 3). The characteristic diffusion time (τ) of 0.3
kD molecules was approximately 40X larger in infarct than in uninjured heart. For larger
molecules (40 kD), the τ in infarct was 60X that of uninjured heart tissue.
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In Vitro Studies
Hypoxia—Under hypoxic conditions (0.5% oxygen), proliferation confluence and
differentiation capacity of myoblasts was significantly reduced. Beginning at day 5 of
differentiation, confluence of myoblasts was significantly reduced (p<0.05 vs. control,
Figure 4A); however, the number of dead cells under hypoxia was similar to control
throughout the experiment (Figure 4B). LDH secretion increased significantly from baseline
beginning at day 6 and was similar to control (Figure 4C). These results are consistent with
reduced cell growth rather than increased cell death under 0.5% oxygen. Supporting this is
the finding that myotube formation began by day 3 of differentiation, with maximal
myotube formation (41 myotubes/HPF) occurring by day 5 (p<0.05 vs. control). Myotube
number remained between 20 and 40 myotubes/HPF (~25% control), (Figure 4D)
throughout the experiment.

Low Glucose Conditions—Low glucose “starvation” conditions significantly reduced
both cell number and differentiation during the first week of the experiment (p<0.05 vs.
control), but by day 10, the remaining myoblasts had proliferated to near confluence, similar
to control cells (Figure 4A). Cell death was similar to control as well, with maximal cell
death occurring on day 1 (Figure 4B). LDH levels remained minimal throughout the
experiment under starvation conditions, with no significant changes from initial conditions
(Figure 4C). Few myotubes were formed under starvation conditions, with a single
multinucleated cell per HPF observed in some fields and none in most fields beginning on
day 5 of differentiation (p<0.01 vs. control and hypoxia, Figure 4D). Thus, although
confluence was high, and growth factors low the typical differentiation conditions
differentiation did not occur.

Simulated infarct conditions—The combination of low glucose and hypoxia,
simulating conditions seen in infarct, significantly reduced C2C12 number and myotube
formation. From day 4 of differentiation to the end of the experiment, confluence ranged
from 30–50% (Figure 4A, p<0.05 vs. control). Under ischemic conditions, myoblast death
was maximal on day 2 of differentiation and was more than two times the cell death seen
under any other condition (Figure 4B, p<0.05). Furthermore, LDH levels were 10X greater
than control, or any other condition, by day 2 of differentiation and declined thereafter, due
to reduced cell numbers (Figure 4C, p<0.05). No myotubes were visible on any plate at any
time of the experiment (p<0.01 vs. control and hypoxia) (Figure 4D).

Discussion
The findings of this study show that glucose and oxygen levels are significantly reduced in
infarcted myocardium, likely due to limited vascularity and reduced perfusion. While these
data are consistent with previous reports [31,32] based on the assumption that infarct is
hypoxic and has reduced blood flow, this study provides direct quantitative measures of
oxygen and nutrients in a mature porcine infarct as a model system for the injection of cells
for cardiac therapies [3,5,6,33,34,35].

The myocardial infarct scar is hypoxic within several hundred microns of the scar border.
Glucose levels, however, are reduced more gradually (over millimeters), with nutrient levels
in borderzone similar to those measured in uninjured myocardial tissue. The diffusion
coefficient of the infarct area and borderzone was increased in comparison to uninjured heart
tissue for molecules ranging in size up to 40 kD. Molecules in this size range include
glucose (0.18 kD), insulin (5 kD), and VEGF (42 kD). The increased diffusivity of the
infarct and borderzone are likely due to the reduced cellularity of the infarct area [36] that
allows relatively unimpeded diffusion of small molecules.
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Although the diffusion coefficients in the infarct were relatively high, the concentrations of
glucose and oxygen in this area remained low. Specifically, oxygen levels in infarct were
approximately 10% those in the uninjured heart, while glucose levels were nearly 2/3 those
in the infarct (Figure 2). The disparate magnitude of the effect of infarct on the
concentrations of these two solutes suggests that the balance between molecular transport
and cellular metabolism in this region differentially altered for different solutes. Low
oxygen levels and vascular density have been seen in other infarct models such as the rat.
For example, in a rat model of infarct using ligation of the left descending coronary artery,
Wang et al. observed a large drop in the number of vessels (~82%), consistent with the
~96% drop in the number of alkaline phosphatase stained cells in the present study [37,38].
In both models, these changes were associated with reduced oxygen levels, suggesting that
different models of cardiac infarct exhibit many of the same characteristics of tissue
damage. This combination of low vascular density with high diffusivity, however, suggests
that relatively minor increases in vascular density could increase the availability of oxygen,
nutrients, and proteins in the borderzone and infarct dramatically. Since diffusion in the
infarct scar is high, restoring vascular density similar to that seen in uninjured heart may not
be necessary in the short term to allow survival of transplanted cells. This is an important
consideration, as reestablishing vessel density in infarct similar to that in uninjured heart
may be challenging [39]. Furthermore, the fact that the heart tissue is being constantly
exposed to cyclic loading may further compound transport issues. Studies in muscle have
shown that diffusion of large, but not small molecules is inhibited by large compressive
strains [40,41]. Thus alterations in the diffusive and mechanical properties, as may occur in
an infarct, could have a significant effect on physiologic relationships that exists between
tissue strain and molecular transport.

To examine how these conditions affect cell physiology, we examined the survival,
proliferation, and differentiation of myoblasts under hypoxia, glucose starvation, and
simulated ischemia. Myoblast differentiation potential was reduced in a stepwise fashion
when shifted from control conditions to hypoxia (3-fold reduction), starvation (up to 100-
fold reduction), and ischemia (no myotube formation). In hypoxic and starvation conditions,
this loss of potential occurred despite the ability of cells to survive and reach the confluence
necessary for differentiation. Other cell types have shown varying results with oxygen and
glucose deprivation. For example, bovine aortic and pulmonary endothelial cells showed
reduced proliferation under hypoxic conditions but not under glucose starvation, even in the
presence of reduced (~3%) oxygen [42]. In the current study, myoblast growth rate was
reduced more significantly by glucose starvation than hypoxia.

In the absence of oxygen, cells produce ATP under the lactate pathway, which generates an
order of magnitude less energy than oxidative phosphorylation [43]. This suggests that if
glucose is plentiful – a much easier prospect than increasing oxygen availability in infarct –
cells could have enough ATP energy not only to survive but to differentiate under hypoxic
conditions. This approach is supported by the somewhat reduced, but still potent, ability of
C2C12 cells to form myotubes under hypoxia. However, at reduced glucose levels, cells
appear to lack the energy to initiate differentiation, which may reflect an attempt to
minimize metabolic demands. This metabolic switch from pro-differentiation to pro-survival
may allow myoblasts to survive better under stressed conditions.

In summary, this study shows that oxygen levels are reduced in infarcted myocardium to a
much greater extent than is glucose. Concomitant with scarring is a decrease in vascular
density that appears reflected in the lower concentration of nutrients and oxygen in infarct
scar; however, diffusivity within the infarct scar was significantly higher than uninjured
heart tissue. These data suggested that even mild increases in vascular density or small
decreases of metabolic demand by the injected cells could vastly improve the availability of
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small molecules, such as glucose and oxygen, throughout the infarct scar milieu. Our cell
data show that increased glucose to transplanted cells, either through increased vascular
density or perhaps through the use of injected glucose containing scaffolds, might provide
the energy necessary to significantly increase survival of transplanted cells. A further
understanding of the relationship between the supply, transport, and demand of nutrients,
oxygen, and growth factors within the infarct environment could allow maximizing the
viability of cells delivered as a therapeutic for myocardial infarction.
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Figure 1.
(A) Contrast-enhanced MRI confirming the presence of infarcted myocardium (arrow) at 3
weeks post cryoinjury. (B) Masson’s Trichrome stain of 30 day old myocardial infarct site
showing full transmural infarct. (C) Endogenous alkaline phosphatase staining, with eosin
counterstain, showing endothelial cells within uninjured myocardium, infarct borderzone,
and infarct center.
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Figure 2.
(A) Masson’s Trichrome stain of myocardial infarct showing location of microdialysis and
oxygen probes(marked by reverse perfusion (microdialysis) or injection (oxygen probe) of
0.1% Evans blue dye). (B) Oxygen concentration is significantly lower in myocardial infarct
scar than in skeletal muscle, uninjured heart, or borderzone (*p<0.05). (C) Glucose
concentration in myocardial infarct scar was significantly lower than in the borderzone,
plasma, or uninjured heart (*p<0.05). (D) Lactate concentrations measured in skeletal
muscle, uninjured heart, myocardial infarct scar, infarct borderzone, and blood plasma
varied widely in individual measurements within groups; there were no significant
differences between groups. All bars are mean + s.e.m.
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Figure 3.
Mean diffusion coefficients of 0.3 kD and 10 kD molecules were significantly increased in
infarct center and borderzone when compared to uninjured myocardium (*p<0.05, †p<0.1).
Mean calculated diffusion coefficients at 40 kD and 70 kD tended to increase in infarct
center and borderzone relative to uninjured heart, but the results are not statistically
significant. All bars are mean + s.e.m.
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Figure 4.
(A) Micrographs show varying degrees of differentiation of C2C12 myoblasts under control,
hypoxia, low glucose, or ischemia conditions.. Myotubes are evident in both control and
hypoxia groups by day 6. (B) Survival of myoblasts over time under control, hypoxia, or
low glucose was greater than under ischemia conditions. (C) Lactate dehydrogenase (LDH)
levels released into media by cells under experimental conditions (normalized to Day 0
levels). LDH levels of cells under ischemia conditions followed closely with the peak in cell
death. LDH levels in hypoxia and control conditions rose only when the cultures were
primarily composed of myotubes. (D) Count of fully differentiated myoblasts under control,
hypoxia, starvation, or ischemia conditions over 14 days. Myoblasts were evident only after
differentiation under control or ischemia conditions.

Davis et al. Page 13

J Biomech Eng. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


