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ABSTRACT
Repair of the Injured Adult Heart Involves
Resident Cardiac Stem Cell Derived New Myocytes
David Angert
Doctor of Philosophy
Temple University School of Medicine, 2011
Doctoral Advisory Committee Chair: Steven R. Houser, Ph.D.
The ability of the adult heart to generate new myocytes after injury is not
established. Our purpose was to determine if the adult heart has the capacity to generate
new myocytes after injury, and to gain insight into their source. Cardiac injury was
induced in the adult feline heart by infusing Isoproterenol (ISO) for 10 days with
minipumps and then animals were allowed to recover for 7 or 28 days. Cardiac function
was measured with echocardiography and proliferative cells were identified by nuclear
incorporation of 5-bromodeoxyuridine (BrdU; 7 day minipump infusion). BrdU was
infused for 7 days before euthanasia at Day 10 (injury), Day 17 (early recovery), and Day
38 (late recovery) and, with a separate group of animals, was infused during injury and
removed at Day 10, with animals euthanized at Day 38 for a pulse-chase experiment.
Isoproterenol caused a reduction in cardiac function with evidence of myocyte
loss from necrosis. During the injury phase there was a significant increase in the number
of proliferative cells in the atria and ventricle, including an increase in cKit+/BrdU+
proliferative cardiac precursor cells, but there was no increase in the number of BrdU+
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new myocytes (Day 10). During the first seven days of recovery (Day 17) there was a
significant reduction in cellular proliferation (total BrdU+ nuclei, including cKit+/BrdU+
proliferative cardiac precursor cells) but a significant increase in BrdU+ myocytes. There
was modest improvement in cardiac structure and function during recovery. At Day 38
(late recovery), overall cell proliferation (BrdU+ cells) was not different than control
(BrdU infused from Days 31-38); however, increased numbers of (“bright”) BrdU+
myocytes were found at Day 38 in the pulse-chase experiment, when BrdU was infused
during injury (and removed at Day 10). Some of the newly formed myocytes (from the
pulse-chase group; Day 38), derived from BrdU+ cardiac precursors appear to be
transiently proliferative (between Days 10-38) producing a population of “dimly” BrdU+
myocytes in our pulse-chase protocol (BrdU infused during injury, Days 3-10, and
removed at Day 10, with heart explant at Day 38). No significant numbers of “dimly”
BrdU+ nuclei were found in any of the hearts in which BrdU was infused for 7 days prior
to the animal being euthanized (Control, Day 10, Day 17, Day 38). These observations
are most consistent with the conclusions stated.
Our results also suggest that myocyte regeneration, as defined by BrdU+
myocytes, was more robust in the atria than the ventricle. The reasons for these
differences are not clear and deserve additional study. If true, our findings suggest that
cardiac precursors isolated and expanded from atrial tissue might be a better source of
cells for autologous cardiac cell therapy.
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In summary, our data shows that the adult heart has the ability to generate new
myocytes after injury, suggests that ISO injury activates cardiac precursor cells that can
differentiate into new myocytes during cardiac repair, but that the environment of the ISO
injured heart blunts the differentiation of cardiac precursors into functional new
myocytes. The contribution of new myocytes to improved function of the ventricle would
appear to be small, unless we have underestimated the number of these cells. This is quite
possible, and further study is warranted to incorporate the number of “dimly” BrdU+
myocytes that may have undergone a proliferative phase as a progenitor cell and/or as an
immature cardiac myocyte. Further understanding the factors that limit endogenous new
myocyte formation could significantly contribute to new therapeutic applications and
improve the quality of life, and potentially the lifespan, of patients in heart failure.
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CHAPTER 1
INTRODUCTION

Background and Significance
Until recently it had been thought that the adult heart could not generate new
myocytes. An emerging idea is that the heart has the potential to regenerate, but that
endogenous regeneration might not be capable of repairing extensive myocardial injury1,
2

. Although progress has been made, we still understand very little about the endogenous

cardiac repair process. Cardiovascular diseases that injure the heart and lead to heart
failure induce myocyte death, replacement fibrosis and ventricular remodeling3.
Stimulating endogenous cardiac stem cells with growth factors and pro-survival cocktails
to produce fully functional adult cardiac myocytes is one strategy to promote heart failure
recovery4. However, the damaged heart may not be capable of regenerating enough
viable tissue to ensure endogenous recovery, in which case cell therapy may be a
practical solution.
In 2007, according to the American Heart Association, 79,400,000 American
adults (~1 in 3) have one or more types of cardiovascular disease (CVD). The syndrome
of heart failure alone has a prevalence of over 5 million people in the U.S. Although
ischemic heart disease is the most common cause of heart failure, progressive loss of
cardiac myocytes is a feature of most causes of heart failure in humans. Current
therapeutics, including medications, faster processing times at the hospital, and surgical
interventions are aimed at preventing or decreasing the severity of myocardial infarctions
1

and preventing adverse cardiac remodeling associated with heart failure from both
ischemic and non-ischemic etiologies. The prognosis of patients with myocardial failure
remains poor, with 20% of patients dying within one year of initial diagnosis and greater
than 80% 8-year mortality. Once an MI or HF occurs, there are currently no approved
therapies that can repair or replace damaged cardiac muscle.

The Sympathetic Response and Regulation of Cardiac Function in the Normal Heart
In a healthy heart, adrenergic signaling pathways are essential for physiological
regulation of cardiac function5. The heart is regulated by the nervous system, endocrine
control, and serum control. The nervous system control consists of an autonomic nervous
system, with parasympathetic relaxation (acetylcholine), and sympathetic stimulation
(catecholamines: norepinephrine). Cardiac reflexes include chemoreceptors (in the aortic
arch and carotid sinus) that monitor changes in pO2, pCO2, and pH, and baroreceptors,
which are primarily pressoreceptors. Endocrine control of normal cardiac function
involves the adrenal medulla, which is responsible for the “flight or flight” sympathetic
response (catecholamines: epinephrine) and the thyroid gland, which produces thyroid
hormone. Serum control of the heart is important for keeping the balance of electrolytes
that are critical to the normal functioning of the heart within normal limits, which leads to
normal electrical conduction and a normal myocyte action potential (Figure 1.1).
Clinically, sodium, potassium, calcium and magnesium are watched very closely in
patients, because extreme variations in any of these can lead to the heart stopping.
2

Figure 1.1. Electrical Conduction and the Myocyte Action Potential. Image (Top):
Normal electrical conduction in the heart allows the spontaneous impulse generated by
the SA node to propagate through the atria to the AV node and then to the ventricles,
Bundle of His, and Purkinje fibers. (continued)
3

Figure 1.1 (continued). Image (Bottom): The myocyte action potential consists of 5
phases: Phase 0: Depolarization is initiated by rapid flux of sodium (Na+) into the cell,
rapidly depolarizing the cell to threshold potential. Phase 1: Initial repolarization by
transient outward K+ current. Phase 2: Slow inward Ca2+ movement through L-Type Ca2+
channels. Phase 3: Repolarization by the outward K+ current and inactivation of Ca2+
channels. Phase 4: Maintained by the Na+/K+ adenosine triphosphatase (ATPase) pump
and the Na+/Ca2+ exchanger6, 7. Image (Top): Modified from Parmet S et al. 20068. Image
(Bottom). Modified from Pinnell J et al. 20079 and Quasar 18:07 Action Potential
Ventricular Myocyte. http://en.wikipedia.org/wiki/File:Action_potential_ventr_
myocyte.gif. 200910.

When serum sodium gets too low, it interferes with depolarization and decreases
heart rate, and if low enough could potentially lead to the heart stopping. Hyponatremia is
also frequently seen in heart failure patients, and it’s association with adverse outcomes is
well established11. High serum sodium leads to increased blood pressure and changes in
the EKG pattern (P-wave flattens, QRS-complex widens, and T-wave peaks). If serum
potassium falls too low, it interferes with repolarization, decreases HR, and affects the
EKG pattern (prolonged PR interval and occasional T-wave inversions). High serum
potassium interferes with depolarization, decreases heart rate (which could stop the heart
in diastole), also leads to EKG changes (T-wave elevation and prolonged QRS complex),
and may lead to atrial paralysis12. Low serum calcium lengthens the QT interval. High
serum calcium can cause fibrillation, and if high enough, will eventually stop the heart in
systole (calcium rigor)13. Low serum magnesium levels lengthen the heart beat and slow
heart rate. High levels of magnesium can cause cardiac arrest14.

4

Serum calcium and calcium regulation in cardiac muscle cells, particularly with
respect to excitation-contraction coupling and cardiac contractile force, is critical to the
successful functioning of the heart. Electrical excitation of the surface membrane of the
cardiac myocyte leads to an action potential, which propagates as a wave of
depolarization along the surface and along the transverse tubules (T-tubules).
Depolarization of the T-tubule induces the release of calcium from the sarcoplasmic
reticulum (SR)15. The calcium released from the SR then binds to the calcium-binding
subunit of the thin filament protein (troponin), which leads to activation of cardiac
myocyte contraction (Figure 1.2)15, 16 . Cardiac muscle contraction, however, depends on
both calcium entry across the sarcolemma and calcium release from the SR. Calciumdependent signaling to cardiac myocyte ion channels and within the sarcolemma has a
significant impact on myocyte contractility and the functioning of a healthy heart (Figure
1.3)15, 16, with abnormal signaling, ion concentrations and/or ion channel densities leading
to cardiac pathology.

The Sympathetic Response and Cardiac Injury
There are three major elements of the neurohumoral response in heart failure.
These include the hemodynamic defense reaction (salt and water retention,
vasoconstriction, and cardiac stimulation via catecholamines), inflammation and the
hypertrophic response (Figure 1.4).

5

Figure 1.2. Calcium Transport and Myofilament Activation in Cardiac Myocytes.
Increased [Ca]i activates contraction by the binding of Ca to Troponin C (TnC). TnC then
binds TnI more strongly, pulling TnI off its actin-binding site. The troponin/tropomyosin
complex rolls deeper into the actin filament groove. The myosin heads then interact with
actin, forming a crossbridge, which leads to force development (cardiac myocyte
contraction). Modified from Bers, DM. Annu Rev Physiol (2008)16.

6

Figure 1.3. Calcium-Dependent Signaling to Cardiac Myocyte Ion Channels. Ca
entry induces SR Ca release via the RyR resulting in activation of contraction. SR Ca
uptake via SR Ca-ATPase (SERCA) and extrusion via Na/Ca exchange (NCX) allow
relaxation. Ca-calmodulin-dependent protein kinase (CaMKII) can phosphorylate
phospholamban (PLB), enhancing SR Ca uptake, and also the RyR, enhancing
spontaneous diastolic SR Ca release. Activation of β-ARs activates adenylate cyclase
(AC) to produce cAMP and activate PKA. PKA phosphorylates PLB and regulates SR Ca
uptake, Ica, IKs, and RyR with a net increase in Ca transient amplitude. Image (top):
Modified from Bers, DM. Annu Rev Physiol (2008)16. Image (bottom): Modified from
Kamp TJ, Hell JW. Circ Res (2000)17.
7

Figure 1.4. Heart Failure. A syndrome with increasing levels of catecholamines and cell
death leading to a condition in which the heart loses its ability to efficiently pump blood
throughout the body. Modified from Heineke J and Molkentin JD. Mol Cell Biol (2006)18.

In the short-term, these are adaptive processes, but in the long-term, they are maladaptive
responses that further reduce cardiac output and accelerate cell death. The primary
function of these processes is to maintain blood pressure and cardiac output. In the
majority of CVDs, pathological stress is chronic, requiring a continuously active
sympathetic nervous system that produces high circulating catecholamine levels for
continuation of adequate cardiac pump function and blood pressure5, 19. This
hyperadrenergic state (via catecholamines including norepinephrine and epinephrine)
leads to desensitization of the heart to inotropic β-adrenergic stimulation. Unlike exercise
or hemorrhage (rapid insult), in which the neurohumoral response is soon turned off, the
8

underlying problem in chronic heart failure is that the damaged heart progressively
worsens. In the short-term, the increased contractility, increased relaxation, and increase
heart rate all maintain cardiac output. However, in the long-term, increased cytosolic
calcium (Figure 1.5) and increased cardiac energy demand20, leads to cardiac necrosis,
apoptosis, arrhythmias, pump dysfunction and potentially sudden death21, 22. In heart
failure, where there is constant activation of sympathetic responses even at rest, the level
of circulating catecholamines correlates strongly with the severity of the syndrome23, 24.
In addition to the global effects of high circulating catecholamines, the direct toxic effects
of catecholamines on the myocardium have been known for many decades25, 26. High
levels of catecholamines are known to cause diffuse necrotic lesions in the myocardium
with accompanying inflammation and fibrous scarring and have also been shown to
induce apoptosis27-29 (Figure 1.6). We have developed a large animal (feline) model
similar to early human heart failure, based on the concept that high levels of
catecholamines are present in heart failure, induced by continuous catecholamine
infusion causing diffuse cardiac injury. This approach has been used by us30 and others25,
31-44

in small rodents and other small animal models and we have adapted this method to

produce a large animal model similar to early human heart failure to assess endogenous
regeneration, identify a cardiac stem cell source, and assess new myocyte formation. We
hope to use this model as a preclinical cell therapy testing platform.

9
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Figure 1.5. Excess Catecholamines and Fetal Gene Transcription. Image (Top):
Catecholamine binding of GPCRs stimulates influx of Ca2+ through the L-Type Ca2+
channel leading to calcium-induced calcium release from the RYR2. Ca2+ released from
the SR leads to muscle contraction and transcriptional regulation. Normal Ca2+ signaling
maintains the expression of the adult genes, whereas enhanced signaling inducing the
transcription of fetal genes, resulting in phenotypic remodeling and heart disease.
(continued)
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Figure 1.5 (continued). Excess Ca2+ leads to Ca2+-CaM activation of Calcineurin, which
can dephosphorylate NFAT. NFAT is then translocated to the nucleus where it can
stimulate transcription of hypertrophic genes. Excess Ca2+ leads to Ca2+-CaM activation
of CaMKII, which phosphorylates HDAC resulting in nuclear export. This leads to
increased nuclear transcription of hypertrophic genes and relieves HDAC-dependent
suppression of myocyte enhancing factor 2 (MEF2)-driven transcription. Image
(Bottom): One hypothesis concerning the role of Ca2+ transients in cardiac hypertrophy
is that repetitive Ca2+ transients convey information to both contraction and
transcription. Hypertrophic stimuli induce changes in the amplitude or shape (width) of
the transients, which is translated into an increase in the strength or duration of each
contraction, and is also responsible for the induction of fetal gene transcriptional
processes that result in the phenotypic, remodeling that occurs during cardiac
hypertrophy. Modified from Berridge, MJ. Bioch Soc Trans (2006)20.

Cardiac Injury, Inflammation, Remodeling and Repair
With cardiac injury, there is the initiation of the inflammatory process45. This includes
complement activation (via myocardial cell necrosis), reactive oxygen species (free
radical-mediated injury is an early event following ischemia/reperfusion), and the
cytokine cascade. This cascade involves mast cell derived TNF-α (plus IL-1β and free
radicals activate NF-κB, which translocates to the nucleus, and regulates the
inflammatory process, cell adhesion and growth control), which may be released
following cardiac damages as an ”upstream” cytokine that initiates the inflammatory
response and may give rise to one or more cytoprotective signals that prevent and/or
delay the development of cardiac myocyte apoptosis, particularly after ischemic injury46,
47

. Neutrophil infiltration is an early event in cardiac injury. It is mediated by C5a

(complement cascade), PAF (platelet activating factor) and chemokines such as IL-848.
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Figure 1.6. Excess Catecholamines and Cardiac Myocyte Death. Excess
catecholamines in HF have direct toxic effects on myocytes causing apoptosis, oncosis
and necrosis. Apoptosis is programmed cell death, which is induced by ischemia,
ischemia-reperfusion, hypoxia, oxygen-derived free radicals, alterations of intracellular
calcium homeostasis, increased mechanical stretch, inflammatory reactions, and excess
catecholamines. Oncosis is progressive cell membrane dysfunction leading to cell
swelling in response to environmental insults, such as hypoxia, ischemia, toxic chemicals
and drugs, and inflammatory processes. Excess Ca can be taken up by mitochondria, at
the expense of ATP production, but if/when suddenly released, results in hypercontracture, ATP depletion, and cell death. There is a strong correlation between the
extent of elevation of plasma catecholamine levels and reduced survival. Long-term
clinical trials of patients with heart failure have demonstrated that β-adrenergic agonists
worsen prognosis. Modified from Buja, L and Vela, D. Cardiovasc Pathol (2008)49.
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It is important to note that extravasated neutrophils may induce myocardial injury by
releasing proteases, reactive O2 intermediates, and through a Mac-1/ICAM-1 dependent
adhesive interaction with injured but viable cardiomyocytes. Mononuclear infiltration
occurs during the first few hours of reperfusion and is stimulated by the chemokine MCP1. After recruitment, monocytes differentiate into macrophages. Near the end of the
inflammatory cascade, C-reactive protein promotes phagocytosis by binding to receptors
on monocytes, macrophages, and neutrophils and by activating the classical complement
pathway. IL-10 is primarily a product of activated Th2 cells and endotoxin-stimulated
monocytes and plays a role in the transition to the healing phase. IL-10 suppresses the
inflammatory response by inhibiting the production of IL-1α, IL-1β, TNF-α, IL-6, and
IL-850.
During the inflammatory phase following cardiac injury, there may be significant
stem cell chemotaxis taking place (Figure 1.7)51. Stromal cell-Derived Factor-1 (SDF-1)
is a small cytokine belonging to the chemokine family Chemokine Ligand-12 (CXCL12).
SDF-1 chemoattracts Chemokine Ligand-4 (CXCR4), which is a seven transmembrane
protein spanning a G-protein-couple receptor, which is expressed on hematopoietic stem
cells (HSCs) and early tissue-committed stem cells (TCSCs)52-54. It is highly expressed in
injured tissues, often induced by pro-inflammatory stimuli such as TNF and IL-1, and is
also secreted by fibroblasts, setting up an SDF-1 gradient that attracts CXCR4+ stem
cells located in the bone marrow or circulating at low levels in the peripheral blood52, 55.
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Figure 1.7. Stem Cell Chemotaxis. Chemotaxis involves SDF-1, CXCR4, hepatocyte
growth factor (HGF), stem cell factor (SCF), and leukemia inhibitory factor (LIF) to
name a few. Hepatocyte growth factor is secreted by mesenchymal cells and acts as a
multi-functional cytokine on cells of mainly epithelial origin. Its ability to stimulate
mitogenesis, cell motility, and matrix invasion gives it a central role in angiogenesis,
tumorogenesis, and tissue regeneration. SCF is a growth factor important for the survival,
proliferation, and differentiation of hematopoietic stem cells and other hematopoietic
progenitor cells. Leukemia inhibitory factor (LIF), an IL-6 class cytokine, is a chemical
in cells that affects their growth and development. Other properties attributed to the
cytokine LIF include the growth promotion and cell differentiation of different types of
target cells. Removal of LIF pushes stem cells toward differentiation, but they retain their
proliferative potential (pluripotency). Therefore, LIF is used in mouse embryonic stem
cell cultures to maintain the stem cells in an undifferentiated state. Modified from Kucia,
M. et al. Biol Cell (2005)51.
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Hepatocyte growth factor (HGF) is another chemoattractant that stimulates cell
migration by expression of metalloproteinases (MMPs) that break down extra-cellular
matrix and favor cell locomotion, homing and tissue reconstitution56. It stimulates cardiac
stem cell (CSC) and bone marrow derived very small embryonic-like (VSEL) stem cell
migration to damaged myocardium57. Stem Cell Factor (SCF) and Leukemia Inhibitory
Factor (LIF) gradients in injured myocardium have also been shown to mobilize cKit+
CSCs and cells with early markers for cardiac differentiation58. These chemoattractants
may be critical for the endogenous repair of the damaged heart, and are a major area of
research regarding stimulation or upregulation of resident cardiac stem cells and
paracrine effects following cell injection59.
Repair of injured myocardium must include angiogenesis for successful results. It
is dependent on a complex interaction between the extracellular matrix, endothelial cells,
and pericytes60. Vascular Endothelial Growth Factor (VEGF) and basic Fibroblast
Growth Factor (bFGF) are rapidly induced in the ischemic myocardium and may have a
role in neovascularization61, 62. Mast cell infiltration into healing tissue increases during
the healing phase of myocardial injury48. Degranulation products63 (i.e. tryptase) induce
fibroblast proliferation, stimulate fibroblast chemotaxis, and upregulate type I collagen
production64. Inflammatory cytokines also increase fibroblast proliferation. Extracellular
matrix deposition incorporates several elements. Macrophages, mast cells and
lymphocytes create an environment of inflammatory cells capable of regulating neovessel
formation, fibroblast proliferation and EC matrix metabolism, through the production of
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cytokines and growth factors65. Myofibroblasts, interstitial non-vascular α-smooth muscle
actin positive cells, transiently appear during granulation tissue formation and become
apoptotic when the scar matures66. They provide the predominant source of collagen
mRNA during healing and are undifferentiated cells that may be capable of assuming a
variety of different roles, such as extracellular matrix metabolism65, neovessel formation
and contractile activity66. Structural matrix proteins (collagen) and “matricellular”
proteins (osteopontin, tenascin, thrombospondin and osteonectin) are transiently induced
in remodeling tissues and may function as adaptors and modulators of cell-matrix
interactions67, 68. The activation of proteases are involved in the reparative phase of
healing, and are critical for cell migration and extra-cellular matrix remodeling69.
Excess catecholamines are a major focus of our research, and are integral to the
repair and remodeling process. Excess catecholamines lead to multiple focal myocyte
necroses in addition to perivascular and interstitial myocardial fibrosis due to stimulation
of collagen synthesis and increased deposition of extracellular matrix proteins,
fibronectin and laminin70. Myocardial fibrosis leads to increased myocardial stiffness and
impaired diastolic relaxation and results from reactive and reparative fibrosis71. Reactive
fibrosis is the direct β-adrenergic receptor (β-AR) mediated stimulation of collagen
production by cardiac fibroblasts. Reparative fibrosis is a compensatory effect in
response to myocyte loss due to necrotic injury72. Fibrosis71 along with cardiomyocyte
hypertrophy, dysfunction, cell death and renewal are all part of myocardial remodeling
due to the chronic stresses of excess catecholamines in heart failure72 (Figure 1.8)73.
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Figure 1.8. Myocardial Remodeling Due to Chronic Stress. Cardiomyocyte (CMC)
adaptation, death, and renewal during myocardial remodeling due to chronic stress.
Chronic pathological stimuli, including excess catecholamines and calcium, stimulate
myocardial remodeling which leads to altered ventricular geometry, microcirculatory
changes, connective tissue proliferation, and cardiomyocyte adaptation involving the
processes and mechanisms shown. If regulated cardiomyocyte hypertrophy (A) and
renewal (D) exceed cardiomyocyte dysfunction (B) and death (C), the outcome will be
normalized wall stress and compensated cardiac function. If cardiomyocyte dysfunction
(B) and death (C) exceed cardiomyocyte hypertrophy (A) and renewal (D), the outcome
will be structural dilatation of the heart and progressive heart failure. Modified from
Buja, L and Vela, D. Cardiovasc Pathol (2008)73.
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Myocyte Proliferation in the Adult Heart
Until recently it was accepted that the adult mammalian heart was a terminally
differentiated organ without regenerative capacity. This hypothesis has been challenged
by studies in both healthy and damaged hearts74-76, however, we still know little about the
endogenous cardiac repair process. The question of myocyte turnover in the adult heart
remains controversial due to a number of technical issues that are relatively specific to
the myocardium. Adult cardiac myocytes can undergo karyokinesis without cytokinesis
(while becoming binucleated), show increases in ploidy (endoreduplication), and show
activation of cell-cycle-dependent genes (e.g. Ki67 and PCNA) during disease states
without mitosis77. In addition, only 20-30% of the nuclei in the adult mammalian heart
are from cardiac myocytes, while the remaining nuclei are from cell types that
consistently proliferate, making histological analysis significantly more complex.
However, progress has been made, and a conservative estimate approximates
DNA synthesis at 1 myocyte nucleus per 180,000 myocytes, with increased levels in the
injured heart75, 78, 79. This estimate and others, especially early on, were taken at a specific
point in time, i.e. from control tissue or injured tissue analysis. Another estimate, by
Piero Anversa has shown a mitotic index rate of 11 myocyte nuclei per 1,000,000 cells
during chronic heart failure in formalin fixed tissue sections from the human heart74, 80, 81,
and 2 cells per million showing mitotic division, adjacent to the necrotic region,
immediately after myocardial infarction81. These are consistent with similar estimates
from the work of Loren Field78. These estimates are all from histologic tissue sections,
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which is comparable to taking a snapshot in time of what the tissue is doing, but doesn’t
give an idea as to what is happening over time. Newer techniques will be needed to more
accurately assess these estimates. However, with this is mind, and if mitosis is completed
in one hour82, the human heart could generate 10% new myocytes in one year. With the
heart having this kind of regenerative potential, it follows that significant injury from an
MI should be able to heal and not progress to heart failure. However, ischemia kills not
only myocytes but also the regenerative cells, which likely limits repair. The culmination
of this process is scar formation, changes in myocyte turnover due to increased cell death
in cardiovascular disease, and the death of stem/progenitor cells within the infarct zone,
which seemingly offset any generation of new myocytes, and repair of the heart.
Interestingly, scar formation is not unique to heart tissue and is seen in tissues that are
robustly regenerative, such as skin, which raises the question, what is happening in the
injured heart that is preventing clinically significant improvement in function following
cell death.

Stem Cells as Contributors to Cardiac Myocyte Proliferation and Regeneration
In the discussion of generating new myocytes as a therapeutic strategy, whether
stimulating endogenous or injecting exogenous stem cells, the question arises as to which
cell type is capable of proliferation and regeneration. One possibility is that new myocyte
formation in the heart may occur through cytokinesis of existing cardiac myocytes, likely
the smallest mononucleated myocytes that show proliferative potential83, as is
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characteristic of embryonic and fetal development. Another possibility is that new
myocytes are formed from resident stem/progenitor cells within the heart, or from bone
marrow derived cells (Figure 1.9). Our lab and others1, 84 have been able to isolate
cardiac-derived progenitor cells from biopsies of human, rodent and feline hearts. There
are many potential cardiac progenitor cell sources, with many unanswered questions as to
the capabilities of the various cell types, markers that distinguish specific cells, and their
stemness or maturity relative to other cardiac stem/progenitor cells (Figure 1.10). It has
been shown that after isolation and in vitro expansion over several weeks, a subset of
cells derived from cultured cardiac biopsies and from blood-derived bone marrow cells,
are multipotent, with the capacity to differentiate into endothelial, smooth muscle,
fibroblasts and cardiac myocytes both in vitro and when engrafted into the hearts of
rodents85-87. Several studies in which labeled cardiac derived or bone marrow stem cells
have been injected in animal models of MI or HF have shown improvements in cardiac
function and remodeling, but relatively low rates of new cardiac myocyte formation88-90.
These low rates of cardiomyocyte formation are due to several key issues including low
levels of engraftment, high levels of cell death, and difficulty tracking and isolating cells
with membrane dyes. One recent study by Ira Cohen’s group has alleviated one of these
problems by utilizing quantum dot technology to track cells in vivo for extended periods
of time91, allowing for the possibility that these cells could later be isolated and
functional properties studied.
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Figure 1.9. Endogenous Stem Cell Repair of the Heart. Cardiomyocyte proliferation
has a role in the regeneration of the heart in some vertebrates, but the proliferative
capacity of these cells is limited in the adult mammalian heart. Progenitor cells may be
able to migrate to the heart and differentiate into cardiomyocytes or fuse with existing
cardiomyocytes, however, these findings are still controversial after half a decade of
intensive research. Resident cardiac stem cells (CSCs) with the potential to differentiate
into multiple myocardial cell types, including cardiomyocytes, have been isolated from
the myocardium. It is not completely clear what barriers prevent endogenous CSCs from
regenerating myocardium more effectively, but the hostile microenvironment likely plays
a major role. Modified from Segers FM, Lee RT. Nature (2008)92.
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Figure 1.10. Cardiac Progenitor Cell Sources. A potential fate map of cardiac
progenitor cells based on currently available data combined with data from mouse
embryonic stem cells with in vivo lineage tracing. Question marks indicate that much is
not yet known, and the time point at which, or the cell from which, the common
primordial cardiovascular progenitor cell is derived, is still unknown. Modified from
Martin-Puig, S. et al. Cell Stem Cell (2008)93.
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Although this technique shows great potential, follow-up and tracking have proven
technically difficult when injected into a catecholamine-injured heart during our own
initial preliminary studies (data not presented).

Specific Aims and Relevance of the Research
Cardiovascular disease remains the leading cause of mortality in the Western
world, with heart failure the fastest growing subclass over the past decade94, 95.
Longstanding heart failure and acute myocardial infarction are associated with a
progressive loss of cardiac myocytes that could be addressed therapeutically by treatment
that replaces those lost myocytes. There are currently numerous clinical trials underway
to test the efficacy of injecting different types of stem cells, although primarily bone
marrow cells, into the heart96-98.
Our research explores the basic nature of endogenous cardiac repair. The
questions we posed in this research were fundamental in nature. The specific aims of our
project included the following:
•

To develop a large animal model of catecholamine (Isoproterenol; ISO)-induced
diffuse cardiac injury.
o

Catecholamine-induced diffuse cardiac injury was induced by a
continuous 7-day infusion of isoproterenol. In vivo cardiac function was
assessed using 2D, M-mode and Doppler echocardiography. Explanted
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hearts were perfusion fixed and sectioned for histology to assess myocyte
loss and replacement fibrosis.
•

To determine if remodeling and cardiac repair following catecholamine-induced
diffuse cardiac injury involved new cardiac myocyte formation.
o

New cardiac myocyte formation (in the ISO-injured heart) was determined
by measuring BrdU incorporation into cardiac myocyte nuclei (either
continuous infusion for 7 days prior to euthanasia or in a Pulse-Chase
study, in which BrdU was infused during the injury phase, removed along
with ISO minipumps at Day 10, and hearts explanted at Day 38).

•

To determine if the source of new cardiac myocyte formation involved cardiac
stem/progenitor cells, and if so, whether these cells were resident cardiac
progenitor cells (cKit+/CD45-) or progenitor cells that may have entered the heart
from the bone marrow (cKit-/CD45+ or cKit+CD45+).
o

BrdU+ non-myocyte nuclei were stained for endogenous cardiac
progenitor cell markers (cKit) and bone marrow cell markers (CD45).
cKit+/BrdU+ cells, CD45+/BrdU+ cells, and the relative numbers of
cKit+/CD45-, cKit-/CD45+ and co-stained cKit+/CD45+ cells were
analyzed to determine the source and proliferative potential of these
progenitor cells and newly formed myocytes.

Our primary hypothesis was that endogenous recovery of the adult heart following
catecholamine-induced diffuse cardiac injury involved new myocyte formation. We
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chose to develop the excess catecholamine model in a larger animal model (feline),
something that had not been done, because our lab has extensive experience working with
this animal, and its heart rate and cardiac function are very similar to that of a human.
With an underlying knowledge of the regenerative potential of an injured adult heart, we
could then use this model to further study the effects of excess catecholamines on
regenerative potential, and have an established diffuse cardiomyopathy model to work
with when injecting stem cells. This exploration turned out to be quite a process, and
developing the model, and establishing baseline regenerative potential were enormous
projects in and of themselves.
The data that we gathered tells a story of potential; that the adult heart has the
capability to regenerate by forming new cardiac myocytes after injury, but at a very low
level, incapable of surmounting the massive injury of a myocardial infarction or chronic,
progressively worsening heart failure. However, the foundation is now set, and the
projects moving forward can now focus on how we can best improve the hearts
endogenous regenerative capabilities, by enhancing what’s already taking place, injecting
stem cells to further the improvement in cardiac function, or most likely a combination of
both. Although the early cardiac stem cell clinical trials may have been ahead of
themselves in regard to the basic science, it has put pressure on the fundamental
understanding of stem cell physiology, and spurred a resurgence and new energy in the
stem cell field. An understanding of cardiac stem/progenitor cell types used, the addition
of pro-survival cocktails, the genetic engineering of stem cells prior to implantation, and
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collaborating with clinicians, has greatly helped the clinical trials currently underway and
the clinical trials being planned. It is my hope that in the near future, our understanding of
stem cell physiology and rapid progress in the basic science field, can greatly contribute
to the clinical demand that is so apparent in the cardiac injury patient population. I
believe that our work contributes to that goal in a modest but productive fashion and I
hope that we are able to continue on this path moving forward.
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CHAPTER 2
STEM CELL THERAPY FOR HEART FAILURE

Opinion Statement
Heart failure is a chronic disease and a significant global public health concern.
Current medical treatment for heart failure can reduce symptoms but does little to
decrease mortality and the need for cardiac transplantation. Novel therapies are needed to
further decrease mortality and limit or eliminate the need for cardiac transplantation.
Recently, there have been a number of basic and clinical trials that suggest that enhancing
endogenous regeneration (repair) and exogenous cell therapy might be an approach to
improve the function of the failing heart. Here we review cell therapy clinical trials of
patients in chronic heart failure. The three major subgroups of cells being studied in
Phase I and beginning Phase II trials are skeletal myoblasts, bone marrow derived
mononuclear cells, and enriched subpopulations of bone marrow and cardiac stem cells.
Techniques for stimulating upregulation of endogenous bone marrow progenitor cells in
the circulating blood have raised serious safety issues and need to be carefully evaluated.
Intracoronary infusion and both trans-epicardial and trans-endocardial direct injection of
stem cells have been tested clinically and shown to be safe. Skeletal myoblast
implantation has led to improved cardiac function, but studies show formation of skeletal
muscle in the heart and a lack of electrical integration with surrounding myocardium, a
cause for concern. Bone marrow-derived mononuclear cells and enriched subpopulations
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of cardiac and bone marrow stem cells have been studied extensively in animals and in
recent clinical trials with both controversy and success. There is still much room for
improvement, but animal and human studies of enriched subpopulations of cardiac and
bone marrow stem cells have shown that these cells are safe, have significant capability
for cardiac repair and have the best chance to offer a legitimate medical therapy for
patients suffering from chronic heart failure.

Introduction to Clinical Stem Cell Trials for Chronic Heart Failure
In the discussion of generating new myocytes as a therapeutic strategy, whether
stimulating endogenous or injecting exogenous stem cells, the question arises as to which
cell type is capable of proliferation and regeneration. One possibility is that new myocyte
formation in the heart may occur through cytokinesis of existing cardiac myocytes, likely
the smallest mononucleated myocytes that show proliferative potential83, as is
characteristic of embryonic and fetal development. Another possibility is that new
myocytes are formed from resident stem/progenitor cells within the heart, or from bone
marrow derived cells. Our lab and others1, 84 have been able to isolate cardiac-derived
progenitor cells from biopsies of human, rodent, and feline hearts. It has been shown that
after isolation and in vitro expansion over several weeks, a subset of cells derived from
cultured cardiac biopsies and from bone marrow cells are multipotent, with the capacity
to differentiate into endothelial cells, smooth muscle, fibroblasts and cardiac myocytes
both in vitro and in vivo85-87. Numerous studies in which labeled cardiac derived or bone
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marrow stem cells have been injected in animal models of MI or HF have shown
improvements in cardiac function and remodeling, but relatively low rates of new cardiac
myocyte formation88-90. Our understanding of the mechanism behind the beneficial
effects of cell therapy is still limited. Paracrine effects from injected cells may stimulate
recovery by enhancing endogenous myocyte progenitor cell proliferation59 or
angiogenesis. These mechanisms are actively being studied, but the potential for
enhanced recovery with cell therapy is genuine.
Although many of the initial clinical cardiac cell therapy trials focused on patients
with acute myocardial infarction, numerous recent trials have been aimed at repairing
chronic injury present in heart failure. Early cell injection trials were done during
revascularization procedures, which was a logical time-point, because a procedure was
already being done and the tools were in the right place for cell injection. The more
recent chronic heart failure cell therapy trials took a little longer to get started, probably
because invasive procedures are necessary that may not have been done, but the demand
is great, and they are certainly justified because there are often no real therapeutic options
left for these patients. These studies have used skeletal myoblasts, bone marrow-derived
cells and enriched subpopulations of bone marrow cells. Chronic heart failure, compared
with acute injury, presents specific challenges for cell therapy. The area of injury is
significant and can be regional or global. The diversity of injury profiles presents a
significant therapeutic challenge. Cell delivery could be accomplished by intramyocardial
injection in many locations, intracoronary delivery, which might reach a larger area of
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global injury, or grafting of tissue scaffolds over large areas. Work has begun, but there is
much left to learn.

Clinical Cell Therapy for Heart Failure
Skeletal Myoblast Implantation
Myoblasts are derived from skeletal muscle satellite/progenitor cells with
regenerative capacity99 and were the first cell therapy candidates for cardiac repair. The
first successful transplant of skeletal myoblasts into the injured human heart occurred in
1994100. Initially, skeletal myoblasts seemed like an optimal choice for cell therapy due to
the ease of access from muscle biopsy and favorable mechanical properties.
Unfortunately, when skeletal myoblasts differentiate into skeletal myotubes, they lose the
ability to form gap junctions101, leading to the absence of electrical integration with the
surrounding myocardium and increased risk of ventricular arrhythmia102.
Autologous skeletal myoblasts have been injected into patients undergoing
coronary artery bypass grafting (CABG) surgery and in patients during interventional
procedures. Clinical trials are highlighted in Table 2.1103, including one randomized,
double-blind, placebo-controlled, dose-ranging European multicenter Phase II study
termed MAGIC (Myoblast Autologous Grafting in Ischemic Cardiomyopathy)104.
Numerous trials have involved cell injection with concomitant CABG and have primarily
demonstrated the feasibility of myoblast collection and implantation, while raising safety
issues.
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Table 2.1. Selected Clinical Trials of Stem Cell Therapy in Patients with Heart Failure
Study

Cell
Type

Design
(n)

Delivery
(route)

Initial EF
(Mean %)

FollowUp
(Mos)

Number
of Cells
Injected

Menasche
et al
(2003)105
Chachques
et al
(2004)106
Hagege et al
(2006)107

SKMB

Series
(10)

24 ± 1

11

8.7 x 108

SKMB

Series
(20)

28 ± 3

14

3.0 x 108

28 to 52 (P=0.03)

SKMB

Series (9)

24 ± 4

1
18-58

9.53 x 108

24 to 31 (P=0.001)
24 to 29 (NS)

Gavira et al
(2006)108

SKMB

CABG
2.5 x 108

34 to 39
36 to 55 P<0.01

SKMB

Con:34±9
Treated:
36 ± 2

12
12

Menasche
et al
(2008••)104
Smits et al
(2003)109

SKMB

NRT:
Con (14)
Treated
(11)
RCT:
Con:30
Low:33
High:34
Series (5)

TransEpicardial
with CABG
TransEpicardial
with CABG
TransEpicardial
with CABG
TransEpicardial
with CABG

Change in EF
(Mean %):
Baseline to
Treatment
24 to 32 (P<0.02)

Con: 30
Low: 25
High: 29
36 ± 11

6
6
6
3
6

Ince et al
(2004)110

SKMB

24 ± 7

12

Siminiak
et al
(2005)111
Hendrikx
et al
(2006)112

SKMB

30-51

6

4
4

Perin
et al
(2003)113

BMMC

Con: 40±6
Treated:
43 ± 10

Saline/
CABG
Treated:
6.025x107

2
2

No tx
2.55 x 107

Perin
et al (2004)
Follow-up114

BMMC

12
12

No
treatment
2.55 x 107

36 to 32
30 to 36 (P=0.029
vs Con)
37 to 34
30 to 35 (NS vs
Control)

Keuthe
et al
(2005)115
Strauer
et al
(2005•)116

BMMC

Con:36±2
Treated:
30 ± 6
Con: 37 ±
14
Treated:
30 ± 6
29 ± 8

12

2.9 x 107

29 to 34 (NS)

3
3

Assmus
et al
(2006)117

BMMC
or
CPC

Con:51±0
Treated:
52 ± 9

Control
1.5-2.2 x
107

51 to 52
52 to 60 (P=0.02
vs Control)

Con:43±3
CPC:39±0
BMMC:
41 ± 11

3
3
3

Control
2.2 x 107
2.05 x 108

43 to 42
39 to 39 (NS)
41 to 43 (P=0.001
vs Control)

BMMC

BMMC

RCT:
Con (6)
Tx (6)
Series (9)
RCT:
Con (10)
Treated
(10)
NRT:
Con (7)
Treated
(14)
NRT:
Con (9)
Treated
(11)
Series (5)
RCT:
Con (18)
Treated
(18)
CCS:
Con (23)
CPC (24)
BMMC
(28)

TransEpicardial
with CABG
TransEndocardial
with EMM
TransEndocardial
TransCoronaryVenous
TransEpicardial
with CABG
TransEndocardial
with EMM
TransEndocardial
with EMM
Intracoronary
Intracoronary

Intracoronary
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Placebo/
CABG
4 x 108
8 x 108
1.96 x 108

No tx
2.1 x 108
17-106
x 106

30 to 35
25 to 32 (NS)
29 to 33 (NS)
36 to 41 P=0.009
36 to 45 (NS)
21 to 25
24 to 32 P<0.05
30-51 to 33-52

40 to 43 (NS)
43 to 49 (NS vs
Placebo)

Table 2.1 (continued).
Study

Cell
Type

Design
(n)

Delivery
(route)

Yao et al
(2008)118

BMMC

Intracoronary

Gyongyosi
et al
(2009••)119

BMMC

Patel et al
(2005)120

CD34

Stamm et al
(2007••)121

CD133

Manginas
et al
(2007)122

CD133/
CD34

Erbs et al
(2005)123

CPC

RCT:
Con (23)
Treated
(24)
RT:
Early
(30)
Late (30)
RCT:
Con (10)
Treated
(10)
NRT:
Con (20)
Treated
(20)
NRT:
Con (12)
Treated
(12)
RCT:
Con (13)
Treated
(13)

Combined
Intracoronary
and Intramyocardial
TransEpicardial
With OPCAB
TransEpicardial
with CABG
Intracoronary

Intracoronary

Initial EF
(Mean%)

FollowUp
(Mos)

Number
of Cells
Injected

Change in EF
(Mean %):
Baseline to
Treatment

Con: 45±7
Treated:
46 ± 7
Early:
38 ± 6
Late:
38 ± 7

6
6

Saline
1.8 x 107

8-11

1.56 x 109

5-8

1.55 x 109

45 to 48
46 to 50 (NS vs
Control)
38 to 43 (P=0.019
vs Bsl)
38 to 42 (P=0.033
vs Bsl)

6
6

OPCAB
2.2 x 107

6

CABG

6

5.8 x 106

10-50

No tx

37 to 47 (P=0.03
vs Control)
34 to 30

8-14

8-16.9 x
106

27 to 30 (P=0.016
vs Bsl)

3
3

Serum
69 ± 14
x106

56 to 56
52 to 59 (P<0.01
vs Control)

Con: 31±3
Treated:
29 ± 4
Con:
38 ± 10
Treated:
37 ± 8
Con:
34 ± 9
Treated:
27 ± 7
Con:56±3
Treated:
52 ± 4

31 to 37
29 to 46 (P<0.001
vs Control)
38 to 41

Table 2.1. Selected Clinical Trials of Stem Cell Therapy in Patients with Heart
Failure. Abbreviations: EF - ejection fraction; Mos - Months; SKMB - Skeletal
myoblast; BMMC - bone marrow mononuclear cells; CPC - circulating progenitor cells
from the blood; CABG - coronary artery bypass grafting; OPCAB - off-pump coronary
artery bypass; LVAD - left-ventricular assist device; EMM - electromechanical mapping;
NRT - non-randomized trial; RT - randomized trial; RCT - randomized controlled trial;
CCS - controlled crossover study; Tx - Treatment; NS - not significant; Con - control; Bsl
- baseline

Multiple needle injections of cells in a postinfarction scar and in the border zone did not
raise safety concerns. This was an important safety result for all direct injection cell
therapy trials, regardless of cell type used. In addition, no tumor formation was found in
any of these trials. However, the primary safety concern was an increased risk of
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postoperative ventricular arrhythmias. During the early clinical trials it was made clear
that sustained ventricular arrhythmias were of serious concern105, 124, prompting the use of
implantable cardiac defibrillators (ICDs) at the time of surgery and prophylactic
amiodarone infusion. The majority of this concern came from skeletal myoblast trials, in
which skeletal myoblasts injected into the heart never integrated with the endogenous
myocardium, leading to arrhythmias in nearly all cases. It is for this reason that many cell
therapy trials now require ICDs regardless of cell type, even though most other cell types
used in clinical cell therapy trials to date (bone marrow, subpopulations of bone marrow
cells, and cardiac progenitor cells) have shown very low risk for arrhythmia.
Three of the myoblast cell injection trials with concomitant CABG are notable
because they incorporated a control group. Gavira et al.108 compared a cell injection with
concomitant CABG group with a historical group of control patients treated with CABG
only. The difference in improvement in ejection fraction (EF) between the groups was
notable, but this was not a randomized, double-blind, placebo-controlled trial. Menasche
et al.104 published on the first Phase II randomized placebo-controlled study of myoblast
transplantation regarding the MAGIC trial. This study showed that myoblast injections
with concomitant coronary surgery in patients with depressed left ventricular (LV)
function did not improve heart function as assessed by echocardiography. The
recruitment for this multicenter Phase II trial was stopped because of a lack of clinical
benefit in the cell therapy treatment groups104, 125, 126.
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There were two clinical trials that used trans-coronary injection of skeletal
myoblasts, both of which were designed to test safety and feasibility of the procedure109,
111

. They succeeded in showing the feasibility of intracoronary injection techniques, but

changes in EF were not significant. Following safety concerns during clinical trials,
animal models were used to study arrhythmia susceptibility after skeletal myoblast
transplantation. A rat infarct model was used to demonstrate that skeletal myoblast
transplantation, but not bone marrow mononuclear cell or cell injection itself, is proarrhythmogenic in vivo127. A single postmortem case study of a patient injected with
autologous skeletal myoblasts in non-reperfused scar tissue, showed skeletal myotubes
with a preserved contractile apparatus within the scar, but no integration with
surrounding viable myocardium128. As mentioned previously, this safety concern has
prompted the use of ICDs in many cell therapy clinical trials, regardless of cell type used,
even though arrhythmogenic potential is very low with these cell types. It is very difficult
to compare trials, let alone use information from one trial across the board for all trials.
It raises the issue of interpreting safety and efficacy results from cardiac cell therapy
clinical trials when techniques, cell types used, and analysis are so drastically different

Standard Procedure
Skeletal myoblasts are obtained from a biopsy specimen from the patient and
grown in cell culture. It takes two to four weeks from biopsy to process, grow and
prepare the cells for implantation. In heart failure studies, patients typically have an
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EF≤35 and cells are injected into a well-defined scar and border zone long after
myocardial infarction. The cell implantation procedure takes place by direct needle
injection during concomitant CABG or by catheter-based trans-coronary injection guided
by fluoroscopy or more advanced mapping systems. The number of injections varied
from 2 to 57 per patient depending on the guidelines set by the trial. The number of cells
injected was also highly variable ranging from 4 x 105 to 9.5 x 108. All patients received
optimal medical therapy before surgery and these treatments were maintained at followup.

Contraindications
The major exclusion criteria for most of these trials included the need for rapid
surgery, significant mitral valve regurgitation, poor echogenicity, left or biventricular
pacing therapy, or contraindication to low-dose dobutamine. Due to the long interval
between biopsy and cell implantation, skeletal myoblast implantation is ruled out for
patients in need of rapid revascularization or other urgent cardiac surgery.

Complications
Early patient trials of skeletal myoblast implantation noted increased ventricular
arrhythmias following surgery105, 124, which prompted the use of implantable
defibrillators at the time of surgery and prophylactic amiodarone infusion.
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Bone Marrow Mononuclear Cell Implantation
Experimental animal studies have shown that bone marrow-derived cells injected
into injured myocardium may contribute to regeneration and the formation of new cardiac
myocytes129, 130. Based on data from early animal studies, several clinical trials have
shown that intracoronary infusion of autologous bone-marrow derived stem cells can
improve left ventricular function after acute myocardial infarction (AMI) and standard
percutaneous coronary intervention59, 96, 131-134. The BOOST trial133 was important
because it showed that bone marrow delivery accelerated recovery following acute MI at
six months, including a statistical increase in left ventricular ejection fraction (LVEF),
but at 18 months, recovery and LVEF were not significantly different than control. The
REPAIR-AMI trial96, 134 was the first multi-center randomized double-blind placebocontrolled trial of bone marrow stem cells. It showed that patients with the greatest
impairment of LV function that received cells at least five days after MI derived the most
benefit from the procedure. At one year follow-up, intracoronary bone marrow infusion
was associated with a significant reduction in the occurrence of major adverse
cardiovascular events after acute MI.
Bone marrow-derived cell therapy trials for acute MI are numerous. In contrast,
chronic heart failure trials were initially far more limited. Several early proof-of concept
clinical trials used autologous bone marrow cells for therapeutic angiogenesis135 and to
test the feasibility of percutaneous trans-endocardial injection with electromechanical
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mapping136, 137. The results of these studies were encouraging and indicated that the
modality was safe and could be used in future randomized, controlled studies.
In recent years, larger randomized and non-randomized trials with control groups
have been undertaken, often with mixed results. Perin et al.113, 114 showed a significant
improvement after trans-endocardial injection of autologous bone marrow mononuclear
cells (BMMC) in follow-up ejection fraction at 2 months versus control and 4 months
versus baseline but not at 12 months follow-up. However, a significant improvement in
exercise capacity and ischemia by SPECT perfusion scanning was found at 6 and 12
months follow-up. In the randomized controlled clinical trial by Hendrikx et al.112, in-scar
BMMC injections were compared with saline injections during CABG. At 4 months there
was no significant difference in global LVEF between both groups, but regional LV
function in previously nonviable scar was significantly improved following BMMC
treatment. A unique study in the field by Assmus et al.117 used a controlled crossover
study to compare no cell infusion, circulating progenitor cell (CPC) infusion, or BMMC
infusion into the coronary artery supplying the most dyskinetic previously infarcted left
ventricular area. The multivariate analysis showed that regardless of the order of
crossover, intracoronary infusion of BMMCs was associated with a modest but
significant increase in global and regional LVEF after three months. In addition, the
results of the TOPCARE-CHD registry by Assmus et al.138 showed that transcoronary
transplantation of functionally competent BMMCs is associated with a decrease in
natriuretic peptide serum levels and improved survival of patients with chronic
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postinfarction heart failure. In a recent trial with mostly negative results Yao et al.118
found that intracoronary transfer of autologous BMMCs in patients with healed MI did
not lead to improvement of cardiac systolic function, infarct size or myocardial perfusion,
but did statistically improve diastolic function at six months follow-up. The MYSTAR
study119 was a prospective, randomized trial comparing early and late delivery of
combined intramyocardial and intracoronary injection of BMMCs after MI. This study
showed that combined delivery induces a modest but significant decrease in infarct size
at three months and increased left ventricular ejection fraction at three months and 9-12
months after acute MI, in both the early and late cell delivery groups. These studies show
that there is great variability among trials, and that although cardiac functional
improvement is often seen in heart failure patients following BMMC infusion, only some
measures of improvement persist at long-term follow-up.

Standard Procedure
Bone marrow (~50-300 ml) is aspirated under local anesthesia from the posterior
iliac crest or spine from several hours to the day before cell therapy. It is also possible to
collect bone marrow from the sternum during an open-chest procedure and prepare cells
within two hours for injection. Bone marrow mononuclear cells are typically isolated by
density gradient centrifugation using Ficoll, washed with phosphate buffered saline, and
resuspended in heparin-treated serum. GMP-compatible techniques are often used as
well. To ensure the presence of a certain percentage of stem cells, a small suspension is
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subjected to FACS analysis after incubation with antibodies (i.e. anti-human CD34,
CD45, CD133, etc.). BMMC transplantation via intracoronary administration uses an
over-the-wire balloon catheter. The balloon is inflated to completely block flow for up to
two minutes and often repeated several times. The number of cells injected via catheter
was highly variable ranging from 1.5 x 107 to 1.56 x 109. Trans-endocardial cell-injection
was performed by left heart catheterization with biplane LV angiography and
electromechanical mapping123 of the left ventricle. Ischemic areas defined by previous
SPECT perfusion imaging and areas with decreased mechanical activity were identified
as the sites for injection. The injection catheter tip is placed in a perpendicular position
against the endocardial surface with the needle extended into the myocardium to deliver
stem cells. Multiple injections are given within the ischemic area and at the border zone
of an infarct scar.

Contraindications
Contraindications include significant ventricular dysrhythmias, bone tissue with
abnormal radiological aspects and HIV infection. It is important to note that BMMCs
from patients with chronic ischemic cardiomyopathy have a significantly reduced
migratory and functional activity in vitro and a reduced neovascularization capacity in
vivo compared with younger, healthy controls, despite similar content of hematopoietic
stem cells139. This may have an impact on the effectiveness of autologous bone marrowderived stem cell therapy.
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Complications
Temporary occlusion of the infarct related artery, probably due to cell clot and
vasospasm, are complications that have occurred during intracoronary injection119. These
complications, which occurred in four of sixty patients, were quickly resolved with
intracoronary administration of adenosine and glyceryl trinitrate. Myocardial perforation
occurred in one of sixty patients during trans-endocardial cell injections119, requiring
surgical treatment. This issue was resolved without additional problems. In the study by
Assmus et al.117, 138 three of 135 intracoronary progenitor-cell infusion procedures led to
local dissection of the coronary artery during catheter balloon inflation; all were
successfully treated. Additionally, one patient required defibrillation from his implanted
defibrillator during induction of myocardial ischemia by transient balloon occlusion for
cell infusion. No additional major periprocedural or long-term complications were noted.

Enriched stem cell implantation
The most promising research in the area of stem cell therapy for cardiac repair
may be with enriched stem cell populations purified from cardiac muscle biopsies or
bone marrow tissue. A subpopulation of c-kit+ cardiac stem cells isolated from cardiac
muscle biopsies and first studied by Piero Anversa’s group, have shown enormous
potential in vitro and in vivo in numerous animal studies1, 140. In addition to
differentiation into functional cardiac myocytes, the Anversa group recently
demonstrated the ability of locally delivered and activated c-kit+ cardiac progenitor cells
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to generate coronary vasculature141. The first Phase I clinical trial using c-kit+ cardiac
stem cells harvested from right atrial appendages has been approved by the FDA. In
collaboration with Dr. Piero Anversa, a physician-scientist and the Director of the Center
for Regenerative Medicine at Brigham and Women's Hospital in Boston, it will take
place at University of Louisville and Jewish Hospital & St. Mary's HealthCare under the
supervision of Roberto Bolli, MD. There have been several clinical trials using enriched
stem cell populations, primarily CD34+ and CD133+ cells isolated from the bone
marrow120-122. The surface antigens CD34 and CD133 label hematopoietic stem cells. The
importance of these cell types, which contain endothelial progenitor cells, lies in their
ability to contribute to angiogenesis in the injured myocardium142, 143. CD34+ cells have
been used for intramyocardial injection in clinical trials for congestive heart failure120 and
intractable angina144. Patel et al.120 showed a significant improvement in ejection fraction
in the combined cell therapy and off-pump coronary artery bypass grafting (OPCAB)
group versus an OPCAB group alone. One of the more convincing studies in this field
was accomplished by Stamm et al.121, 145, 146. They showed a significant improvement of
LV function and perfusion at 6 months follow-up in combined cell therapy and CABG
patients versus CABG only treated patients. As with the REPAIR-AMI trial96, the
patients that improved the most were those that had the poorest preoperative LV function.
In a novel approach, Manginas et al.122, 147 utilized the potential benefits of both CD133+
and CD133-CD34+ cell populations in a clinical trial that resulted in sustained
improvement in segmental myocardial perfusion and favorable left ventricular
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remodeling, with only one treated patient in the long-term follow-up group (8-14 months)
that experienced deterioration of heart failure. These results are promising for enriched
subpopulations of bone marrow and cardiac progenitor cells.
Another potential subset of bone marrow derived cells comes from blood-derived
circulating progenitor cells (CPC). These cells are typically upregulated in the blood
stream by granulocyte colony-stimulating factor (G-CSF). Although a meta-analysis148
concluded that G-CSF alone was not beneficial for patients with AMI after reperfusion, it
has been shown to increase the number of CPCs and allow safe and efficacious
mobilization and collection from the blood149. In a controlled, cross-over study Assmus et
al.117 found that BMMCs but not CPCs led to an improvement in LV function in chronic
cardiac damage following MI. Whereas, in a randomized, placebo-controlled trial Erbs et
al.123 found a significant improvement in ejection fraction following transplantation of
CPCs after recanalization of chronic coronary artery occlusion.
It is difficult if not impossible to compare clinical trials within the stem cell
therapy field due to the incredible number of differing variables in each trial, making
decisions regarding treatment options moving forward very complicated.

Standard Procedure
With enriched stem cell products, additional steps must be taken following
harvest of cells, before the final cell product is ready for implantation. Whether isolating
cells from a cardiac muscle biopsy or from bone marrow derived cells, the procedures are
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similar. Surface markers are labeled with anti-human antibodies (c-kit, CD34, CD133,
etc.) and separated with a magnetic bead-based system (CliniMACS Miltenyl Biotec or
ISOLEX). This process often takes place over night, but faster techniques are being
developed. When isolating CPCs from the blood for cell implantation, G-CSF is often
started several days prior to collection to increase the amount of CPCs in the blood. Upon
blood collection, mononuclear cells are purified and cells can be cultured or sorted for
specific enriched cell populations.

Contraindications
There are no known contraindications for enriched stem cells other than those
described for BMMCs.

Complications
G-CSF administration may lead to an increase in angina as a result of increasing
blood viscosity, metabolic demand, or increased platelet counts as noted by Losordo et
al.144. Wilson et al.150 discuss the dangers associated with high dose G-CSF
administration (10ug/kg/day), including two clinical trials that were stopped early due to
acute occlusion of a coronary artery151 and acute MI152, leading to the death of one
patient. Following these major complications, the dose of G-CSF was lowered in clinical
trials, with a reduction in major complications reported thereafter.
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The Future of Stem Cell Therapies for Heart Failure
There are an increasing number of safety and efficacy cell therapy trials for heart
failure in the planning phase in addition to numerous trials currently enrolling patients
and performing procedures. The trials to watch closely will be the larger scale efficacy
trials with bone marrow cells and enriched cell populations. Roberto Bolli’s recently
FDA approved and novel clinical trial using cardiac progenitor cells isolated from the
patient’s own heart, will allow the field to assess differences in potential between
enriched cell populations from bone marrow and endogenous stem cells from the heart.
Specific subpopulations of stem cells may each have properties that benefit various
aspects of regenerative cardiac medicine, including new myocyte formation, angiogenesis
and inhibition of further functional impairment. Much of this research will take place in
animal models of cardiac injury, but translation to the clinic has been rapid, and will
likely continue in this manner. The cardiovascular cell therapy field has done a poor job
of instituting consistent protocols among animal and human trials. This has led to the
inability to perform meta-analyses of small-scale clinical trials and necessitated large
scale efficacy trials prior to understanding the principal mechanisms that underlie cardiac
repair. Having said this, there are very few options for end-stage heart failure patients and the
natural desire of the patient to continue living with the hope of an improved quality of life
has encouraged increasing numbers of clinical trials and should drive the field forward. In the
next decade, hopefully with safety concerns at the forefront, there will be significant
knowledge gained concurrently from both human clinical trials and basic science research in
the field of cardiovascular regenerative medicine.
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CHAPTER 3
REPAIR OF THE INJURED ADULT HEART INVOLVES THE GENERATION
OF RESIDENT CARDIAC STEM CELL DERIVED NEW MYOCYTES

Introduction
Adult cardiac myocytes are terminally differentiated and are not thought to be
capable of reentering the cell cycle and dividing153. Therefore, the adult heart has been
thought by many to be a terminally differentiated organ, with no capacity for myocyte
renewal with aging154. However, recent studies have suggested that new myocyte
formation can occur in the adult heart with normal aging74, 155 and in response to
pathological stress75, 79, 156. These new myocytes appear to be derived from a cardiac
myocyte precursor cell that is thought to reside within the myocardium1, 157.
One type of cardiac precursor cell can be identified by the surface expression of
the cKit receptor and the absence of the hematopoietic marker CD451. These
cKit+/CD45- cells have been shown1 to have cardiogenic potential, both in-vitro and invivo. There are numerous varieties of putative cardiac precursor cells87, 158, 159, but their
roles in the normal physiology of the heart, or their ability and capacity for cardiac repair
after injury is still not well known, especially in large animals and humans. This topic is
clearly of clinical relevance since human heart disease that culminates in cardiac
performance deficits is largely the result of the loss of contractile cardiocytes, such as
after a myocardial infarction3, 160.
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One reason why it has been thought that the adult heart cannot generate new
myocytes is that it does not have the capacity to regenerate a normal heart after an injury
that reduces myocyte number, such as a myocardial infarction3, 79, 160. This myocyte
deficit produces a functional defect that requires persistent activation of neurohumoral
reflex systems to maintain systemic blood pressure5, 23, 24. Often the dysfunctional state
degenerates into a syndrome called congestive heart failure, a leading cause of death in
the US. The fact that myocyte loss is fundamentally related to the induction and
progression of CHF has led to animal studies to test putative cardiac precursor cells for
their ability to improve cardiac function1, 87, 130, 161. The success of some of these studies
led to a number of early clinical trials that have had mixed efficacy103. At present the
mechanism for the modest improvement in cardiac performance shown in human cell
therapy trials is unclear. Possible mechanisms include the generation of new, fully
functional myocytes that differentiate from the injected stem cells and integrate with the
parent myocardium116, 119 and/or improved survival or performance of the myocardium
through a paracrine effect mediated by the injected cells162, 163. Another possibility is that
the injected cells activate resident progenitor cells which are then responsible for
enhanced endogenous cardiac repair4, 59, 163. However, little is known about the ability of
the adult mammalian heart to repair itself after injury.
The present study examined the idea that the adult heart of a large mammal has
the ability to repair itself after injury through the formation of new cardiac myocytes.
Injury was induced by infusion of isoproterenol (ISO) for 10 days. ISO caused diffuse
46

myocardial injury throughout the heart, allowing comparison of endogenous repair in the
atria and the ventricle. We infused BrdU at various times during injury and recovery to
identify proliferative cells (Figure 3.1). Our results show that during ISO injury ckit+/CD45- cells in the atria and ventricles proliferate but few new myocytes were
formed. During recovery from ISO, BrdU+ myocyte nuclei were observed and these
myocytes appear to have been derived from a pool of resident cardiac precursors that
were activated during the injury phase.

Materials and Methods
Isoproterenol (Catecholamine) Induced Cardiomyopathy
Isoproterenol (ISO) induced cardiomyopathy was produced in cats at 5-6 months of age.
These animals were divided into three groups and sacrificed at Day 10 (injury), Day 17
(early recovery), or Day 38 (late recovery) following ISO-filled minipump
implantation30. Cardiomyopathy was induced by a continuous infusion of L-isoproterenol
HCl dissolved in isotonic saline at a rate of 1100 µg/kg/hr from two Alzet minipumps
(model #2ML1). Minipumps were implanted subcutaneously via a small incision in the
dorsal region of the clavotrapezius and acromiotrapezius muscle, under general
anesthesia. The animals were sedated with ketamine (50 mg/kg) and acepromazine (0.1
mg/kg) IM for induction of anesthesia, and then maintained on 1-2% isoflurane (nasal
cone) in 100% oxygen throughout the procedure. The area within the incision was injected with
Bupivacaine (0.5 ml) to reduce pain, and the skin of the animals was sutured and closed with
metal staples.
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Figure 3.1. ISO Induced Injury Model Protocol. (A) Isoproterenol (ISO) was
continuously infused via an osmotic minipump for 10 days to induce cardiomyopathy.
BrdU was infused by osmotic minipump for 7 days at the times shown. A Control group
of animals (with BrdU incorporation) was euthanized at Day 0/Control/Baseline. One
group of animals was euthanized at Day 10. A third group of animals had BrdU
minipumps inserted at Day 10 and were euthanized at Day 17. A fourth group of animals
had BrdU minipumps inserted on Day 31 and were euthanized on Day 38. (B) A fifth set
of animals underwent a Pulse-Chase protocol and had ISO injury in the usual fashion,
and BrdU minipumps during the injury phase (Pulse). Both sets of minipumps were
removed at Day 10 (Pulse) and animals were euthanized at Day 38 (Chase).
5-bromo-2’-deoxyuridine (BrdU); Euthanized (EUTH).

48

Animals were given meloxicam (0.3mg/kg SC, IM) and enrofloxacin (5mg/kg IM)
following surgery. The rate of infusion from the minipump was 10 µl/hr, which delivers
1100 µg/kg/hr of isoproterenol for a period of 7 days. This dose (1100 ug/kg/hr) was
determined in a preliminary dosing study. Ten days following pump implantation the
pumps were removed. Respiratory distress (severe labored breathing) and/or pain were
monitored rigorously. If any of these aforementioned symptoms arose the animal was
treated with a diuretic for pulmonary edema and/or meloxicam for pain. During a pilot
study (data not shown) we observed several cases of pulmonary edema that were
successfully treated with one to two treatments with a diuretic, and we did not observe
any signs of pain or distress after treatment with pain medication following surgical
procedures.

Echocardiography
After thoracic shaving, ECHO measurements of atrial and ventricular chamber
dimensions and cardiac function were made. Echocardiographic (ECHO) evaluation of
cardiac structure and function was performed for baseline assessment within one week
prior to minipump insertion164. With baseline information we were able to monitor each
animal’s cardiac function following implantation of the ISO filled mini-osmotic pumps.
ECHO was performed for follow-up assessment at 7, 10, 17 and 38 days following
implantation of ISO minipumps. The animals were sedated with ketamine (50 mg/kg) and
acepromazine (0.1 mg/kg) IM. Serum was separated from blood withdrawn from the
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basilic vein by venipuncture prior to echocardiography and stored for analysis of
circulating cardiac Troponin I levels. These measurements were critical for determining
each animal’s cardiac function during injury and recovery protocols.

BrdU Labeling
5-bromo-2’-deoxyuridine (BrdU) is a thymidine analog that incorporates into
DNA upon replication and repair, making it a potential marker for dividing cells.
Osmotic minipumps (ALZET) containing the DNA labeling reagent 5’-bromo-2’deoxyuridine (BrdU) at a concentration of 50 mg/ml, dissolved in 50% de-ionized
water/50% DMSO, were implanted subcutaneously83. The use of ALZET osmotic pumps
allows a constant infusion of the marker for the length of time required to ensure
incorporation of BrdU in the slowly dividing tissue of the myocardium. The procedure
was performed one week prior to euthanasia for control and ISO treated animals. It was
also utilized in a pulse-chase manner, in a small group of animals, by implanting BrdU
minipumps during the ISO injury phase, removing all minipumps at Day 10, and then
waiting until Day 38 for euthanasia and explant of the heart, to track the fate of BrdU
labeled cells over a longer period of time. The surgical procedures used for BrdU
minipump implantation were the same as those for ISO minipump implantation.
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Heart Extraction and Perfusion Fixation
In preparation for euthanasia, animals were sedated with ketamine (50 mg/kg) and
acepromazine (0.1 mg/kg) IM and then received an intraperitoneal injection of sodium
pentobarbital 50 mg/kg. To insure that the animal was at the appropriate depth of
anesthesia, withdrawal reflex, absence of response to toe pinch, and eye reflex were
tested. A cardiectomy was then performed. A cannula was inserted into the aorta and
secured. A small saline filled balloon was inserted through the LA into the LV and filled
to and kept at a diastolic pressure of 6 mmHg. The heart was arrested in diastole with
infusion of cadmium chloride and perfusion fixed for 45 minutes with 10% buffered
formalin. The heart was then kept submerged in 10% formalin at 4°C for 48-72 hours
before tissue processing83.

Tissue Section Histochemistry
Formalin fixed hearts were divided into left and right ventricular, apex, middle,
and base components. The left and right atria were also separated. The tissue was
processed, embedded in paraffin and cut as 5 μm sections. Histochemistry included
Masson’s Trichrome stain for determination of replacement fibrosis and overall tissue
damage. Masson’s Trichrome stained slides were quantified using a microscope (Nikon)
interfaced with an analog camera and a bioquantification software system (Bioquant
Osteo II, Nashville, TN). The assessment and analysis of the data was carried out in a
blinded fashion. Prior to acquisition, the camera was white-balanced to ensure that
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uniform background color was maintained. The microscope‘s light intensity was
maintained at a constant level to ensure the background values were similar for each
acquired image. Likewise, the f-stop for the camera was maintained at a constant level for
each acquired image. Antibodies used for immunostaining: Laminin (Sigma; Catalog
#L9393-0.5ml), alpha-actin (Sigma; Catalog #A2172-0.5ml), BrdU (Roche; 5-Bromo-2´deoxy-uridine Labeling and Detection Kit I Catalog #11296736001), cKit (Dako; Catalog
#A4502), CD45 (Novus; Monoclonal Mouse Catalog #NBP1-28298; Monoclonal Rabbit
Catalog #NBP1-30145), DAPI (AbD Serotec; CAS-#28718-90-3; EC #249-186-7).
Tyramide Signal Amplification (TSATM PerkinElmer USA; TSA Plus
Tetramethylrhodamine (TMA) System Catalog #NEL742B001KT; TSA Plus Fluorescein
System Catalog #NEL741B001KT) was used to amplify the signal for cKit and CD45.

Electrophysiology, Contractions, and ISO Response
These techniques have been described in detail in previous publications30, 165-171.
Myocytes were isolated by perfusion of the heart with a Ca2+ free solution containing
collagenase. When the heart tissue softened, tissue was minced, washed in normal
physiological solutions containing 1 mM Ca2+ and kept at room temperature. Rod shaped,
quiescent myocytes were used for electrophysiological and contractile studies within 12
hours of isolation.
For contraction studies, myocytes were placed in a chamber mounted on the stage
of an inverted microscope and perfused with Tyrode’s solution at 35o C. Myocytes were
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loaded with the Ca2+ indicator fluo-4(AM), washed and then field stimulated to induce
contractions and Ca2+ transients.
L-type Ca2+ current was measured with established techniques. Myocytes were
placed in a bath mounted on the stage of an inverted microscope. Membrane current and
voltage were determined with standard single electrode voltage clamp techniques. Pipette
and bath solutions were Na free, to eliminate Na and Na/Ca2+ exchanger currents. Bath
Ca2+ was 2 mM. Membrane potential was held at -90 mV and test steps were in 10 mV
increments, up to +60 mV.

Results
Chronic ISO Infusion Causes
Depressed Systolic and Diastolic Function and Chamber Dilation
Catecholamines increase Ca2+ influx and the contractility of cardiac myocytes, but
if catecholamine exposure is persistent and excessive it can induce myocyte apoptosis
and necrosis, cardiac hypertrophy, replacement fibrosis, depressed cardiac pump function
and premature death30, 31, 172. In the present study, we developed an isoproterenol (ISO)induced cardiac injury model in the feline heart so that we could explore the role of new
myocyte formation in endogenous cardiac repair in an animal model with human type
physiological properties.
Cardiac structure and function were measured with ECHO during and after 10
days of ISO injury. BrdU incorporation into proliferating cells was also measured to
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determine if either injury or recovery from injury involved an endogenous cardiac repair
process with the generation of new cardiac myocytes. Figure 3.1 details the experimental
protocol for induction of ISO injury, the 7 day periods when BrdU containing minipumps
were inserted, and the timing of terminal studies.
Cardiac structure and function were measured with ECHO at baseline, during
injury (Day 7), at the end of the injury phase (Day 10), during early recovery (Day 17),
and during late recovery (Day 38) (Figure 3.2). ISO initially enhanced cardiac function
(not shown) but caused significant depression of left ventricular ejection fraction (EF) by
Day 7 (63.6 ± 2.8, p<0.001) and Day 10 (59.1 ± 2.1, p<0.001) compared with control
(73.3 ± 1.1), with similar changes in fractional shortening (Figures 3.2B/C). There were
also significant changes in the transmitral E/A ratio, documenting the presence of
abnormal diastolic function. These results are consistent with previous studies showing
that chronic ISO treatment leads to reduced cardiac function and cardiac hypertrophy25, 26,
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. The dose of ISO used in our study caused significant myocyte injury, as evidenced by

increases in Troponin I (a cardiac contractile protein) in the blood (Figure 3.3). Troponin
I levels peaked at 3 days and rapidly returned to control levels after removal of ISO
minipumps. The increase in circulating myocyte contractile proteins suggests that ISO
injury involves necrotic myocyte death.
ISO injury caused significant dilation of the left ventricle and atrium (Figure 3.4).
After removal of ISO containing minipumps there was only modest recovery of systolic
and diastolic function over the next four weeks (Figure 3.2). Atrial and ventricular
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chamber volumes showed some recovery toward control levels after the removal of ISO
minipumps (Figure 3.4). These results show that continuous ISO infusion for 10 days results in
depressed systolic and diastolic function, myocyte injury and chamber enlargement. Upon
removal of ISO the heart appears to have some capacity for endogenous structural and functional
repair.

ISO-Induced Cardiac Injury is Associated with Cardiac and Myocyte Hypertrophy
Control and ISO-injured hearts were studied at the end of the injury phase, Day
10, and during recovery phases at Days 17 and 38 (Figure 3.5). Hearts were weighed and
then perfusion fixed for histological analyses (see below). Gross heart weight was
normalized by tibia length (Figure 3.5A) and pre-ISO body weight (Figure 3.5B). The
heart weight to tibia length ratio was increased at Day 10 (1.52 ± 0.09), and significantly
increased at Day 17 (1.54 ± 0.07, p<0.05) and Day 38 (1.49 ± 0.05, p<0.05) compared
with age matched control hearts (1.3 ± 0.05) (Figure 3.5A). The heart weight to body
weight ratio was also significantly increased at Day 10 (5.47 ± 0.25, p<0.05), Day 17
(5.74 ± 0.34, p<0.05) and Day 38 (5.49 ± 0.28, p<0.05) compared with control hearts
(4.69 ± 0.15) (Figure 3.5B). To determine if increases in heart weight involved cardiac
myocyte hypertrophy, the cross-sectional area of left ventricular myocytes was measured.
Myocytes cut in cross-section, as determined by laminin and cardiac actin staining
(Figure 3.5C/D) were analyzed.
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Figure 3.2. Cardiac Function in the ISO Injured Heart. Echocardiography (ECHO)
was performed at Baseline, Day 7 (during injury), Day 10 (end of injury phase), Day 17
(early recovery) and Day 38 (late recovery). Representative ECHO data is shown in (A).
(B-D) Cardiac systolic and diastolic function was increasingly depressed from Baseline
through Day 10 (N=19) and showed modest improvement after removal (at Day 10) of
ISO minipumps by Day 17 (N=12) and at Day 38 (N=6). The transmitral E to A ratio was
significantly depressed, indicating diastolic stiffening of the heart at Days 7 (N=15), 10
(N=17) and 17 (N=9), with modest recovery at Day 38 (N=6). *P<0.05; **P<0.01;
***P<0.001 versus Baseline. Data are presented as mean ± SEM.
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Figure 3.3. Serum Analysis. Cardiac injury was assessed with serum analysis of blood
samples drawn from the basilic vein. Serum was analyzed for the cardiac injury
biomarker, Troponin I, by Antech Diagnostics (Morrisvillee, NC). A significant increase
in Troponin I levels was found at Day 3 and this returned to normal levels by Day 10.
Troponin I values below the detection limit were ascribed the lowest detectable value of
the assay (0.2 ng/ml) for statistical tests. Baseline and Day 3 (N=6); Day 10 (N=2); Day
17 (N=3); Day 38 (N=4). *P<0.05; **P<0.01; ***P<0.001 versus Baseline. Data are
presented as mean ± SEM.
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Figure 3.4. Left Ventricular (A/B) and Left Atrial (C/D) End-Diastolic and EndSystolic Volumes Increase after ISO Injury. ISO caused significant dilatation of the
left atrium and ventricle. Left ventricular and atrial end-systolic and diastolic volumes
increased significantly from Baseline through Day 10 (N=19) with moderate recovery at
Day 17 (N=12; LAESV, LAEDV N=11) and Day 38 (N=6). *P<0.05; **P<0.01;
***P<0.001 versus Baseline. Data are presented as mean ± SEM.
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Figure 3.5. ISO Injury Caused Cardiac and Myocyte Hypertrophy. (A/B) Cardiac
hypertrophy was present by Day 17. (D) An example of a section of normal heart is
shown. This section was stained for cardiac actin (Red), DAPI (Nucleus; Blue) and
laminin (Cell Perimeters; Green). (continued)
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Figure 3.5 (continued). Myocyte cross-sectional area was measured with ImageJ
Software (NIH). Myocytes cut in cross section, with centrally located nuclei, were chosen
for study. (C) Approximately 300 cells were analyzed from each heart. Control-Day 10
(N=7); Day 17 (N=6); Day 38 (N=6). HW/TL and HW/BW: Control (N=7); Day 10
(N=10); Day 17-Day 38 (N=6). *P<0.05; **P<0.01; ***P<0.001 versus Control. Data are
presented as mean ± SEM.

Myocyte cross-sectional area was significantly increased at Day 10 (241.0 ± 4.6 µm2,
p<0.001), Day 17 (257.6 ± 15.0 µm2, p<0.01) and Day 38 (226.5 ± 7.48 µm2, p<0.01)
compared with control heart tissue (180.2 ± 10.2 µm2). These results show that ISOinduced injury leads to myocyte hypertrophy. ECHO analysis also documented cardiac
hypertrophy after ISO injury (Figure 3.6).

Chronic ISO Exposure Induces Replacement Fibrosis
The collagen content (and overall tissue structure) of control and ISO-injured
hearts was determined in tissue sections stained with Masson’s Trichrome (Figure 3.7).
The collagen content was increased in all regions of the heart (Figure 3.7A/B: Control
and ISO-injured tissue) and there were small areas of focal injury with replacement
fibrosis173 (Figure 3.7C). The collagen staining in the left ventricle was significantly
increased at Day 10 (13.19 ± 1.74%, p<0.001), Day 17 (11.33 ± 1.59%, p<0.001) and
Day 38 (11.02 ± 0.94%, p<0.001) when compared to control tissue (3.46 ± 0.61%)
(Figure 3.8A). Similar amounts of replacement fibrosis were found for the right ventricle,
left and right atrium (Figure 3.8B-D).
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Figure 3.6. ECHO Derived Changes in Left Ventricular Wall Thickness. Wall
thickness increased following ISO-induced injury. Isoproterenol (1100 ug/kg/hr) caused
ventricular dilation but wall thickening was also observed, documenting hypertrophy.
Baseline through Day 10 (N=19); Day 17 (N=12); Day 38 (N=6). *P<0.05; **P<0.01;
***P<0.001 versus Baseline. Data are presented as mean ± SEM.
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Figure 3.7. Representative LV Tissue Sections of Control (A) and ISO Damaged
(B/C) Hearts. Cell loss, myocyte hypertrophy and replacement fibrosis can be seen in
ISO-treated heart tissue. (A) Control 60X. (B) ISO injury at 60X magnification shows
representative interweaving fibrosis173 with significant collagen formation. (C) ISO injury
at 20X magnification shows a representative focal174 area with more extensive damage,
and apparently less collagen formation (lighter blue). Collagen (Blue); cardiac tissue
(Red). The percent blue area was quantified.
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ISO Injury Causes Depressed Myocyte Contractility
Myocytes were studied at the end of the injury phase (Day 10) to determine if depressed
global cardiac function was associated with reduction in the density and ISO
responsiveness of the L-type Ca2+ current (ICa-L) and depression of myocyte contraction
and systolic Ca2+ transients. ICa-L was significantly smaller than control in myocytes from
ISO injured hearts and showed almost no response to bath application of ISO (Figure
3.9A/B and Figure 3.10). Myocyte contractions (Figure 3.9C-E ) and Ca2+ transients
(Figure 3.9F-H) were significantly smaller in myocytes from ISO-injured hearts versus
controls and these myocytes had blunted responses to applied catecholamines. These
changes in myocyte contractility and Ca2+ handling are similar to those we have found
previously in feline models of pressure overload induced cardiac dysfunction164 and in
failing human ventricular myocytes165, 175. These results show that our ISO-induced cardiac
injury model causes alterations in myocyte Ca2+ handling reminiscent of those found in other
forms of cardiac disease.

BrdU+ Myocyte Nuclei Increase in the Left Atrium,
but only after Removal of ISO Minipumps
Histological analysis of left atrial tissue was performed at the end of the injury
phase (Day 10) and during spontaneous recovery at Days 17 and 38. BrdU was infused
for 7 days before euthanasia, except in one group of animals where it was infused during
the injury phase (pulse) and then animals were euthanized at Day 38 (chase) (Figure 3.1).
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Figure 3.8. The Collagen Content of the Ventricles (A/B) and Atria (C/D) Increase
after ISO Injury. Masson’s Trichrome stained slides were used to measure changes in
collagen content of all cardiac chambers after ISO injury. The assessment and analysis of
the data was carried out in a blinded fashion. All chambers had significant increases in
collagen content after ISO injury (Day 10), with small reductions during the next few
weeks. Control-Day 10 (N=7); Day 17-Day 38 (N=6). *P<0.05; **P<0.01; ***P<0.001
versus Control. Data are presented as mean ± SEM.
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Figure 3.9. Effect of 1 µM ISO Exposure on Calcium Current and Contractions of
Control and ISO-Injured LV Myocytes. (A/B) Show the effects of 1 µM ISO on the
Ca2+ current in control (A) and ISO injured (B) myocytes. (C-H) Show the effects of 1
µM ISO on contractions of control (C/E) and ISO injured (D/E) and Ca2+ transients of
control (F/H) and ISO injured (G/H) ventricular myocytes.
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Figure 3.10. Effect of 1 µM ISO Exposure on L-Type Calcium Currents in LV
Myocytes. Exposure of LV myocytes to ISO caused an increase in the L-type Ca2+
current in control myocytes (A), but had very small effects on myocytes from ISO injured
hearts (B). Representative examples are shown.
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Day 10: End of the Injury Phase
A small percent of nonmyocyte nuclei were BrdU+ and very few myocyte nuclei
were BrdU+ in uninjured control tissues (Figure 3.11A/D/E). ISO-induced injury was
associated with significant increases in total BrdU+ nuclei at Day 10 (17.03 ± 2.74%,
p<0.001) compared with control (1.51 ± 0.37%). BrdU+ nuclei were abundant (Figure
3.11B), and almost all of these labeled cells were non-myocytes. There was no significant
increase in BrdU+ myocyte nuclei in the LA during the ISO injury phase and the percent
of BrdU+ myocyte nuclei was very low (0.0177 ± 0.0129% compared with 0.0187 ±
0.0089% in controls). These studies show that ISO injury causes an increase in the
number of proliferative non-myocytes in the left atrium, with no detectable increase in
the number of newly formed atrial myocytes, at least as defined by BrdU incorporation.

Day 17: 7 Days after Removal of ISO Minipumps
At Day 17, (BrdU infused from Day 10 to Day 17) there was a significant
decrease in the number of total BrdU+ nuclei (3.13 ± 0.75%) versus that observed at Day
10 and the total number of BrdU+ nuclei had returned to almost control levels (Figure
3.11C/D). However, there was a significant (80-fold) increase in the number of BrdU+
LA myocyte nuclei (1.53 ± 0.73%, p<0.05) and BrdU+ myocyte nuclei were easily
identified in every tissue section (Figure 3.11C). These results show that after removal of
ISO the proliferation of most non-myocytes in the left atria decreased rapidly while the number of
BrdU+ myocytes increased. This increase in BrdU+ myocytes was associated with improved
cardiac performance (see above).
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Figure 3.11. ISO Injury Increases the Number of BrdU+ Non-Myocytes During
Injury and the Number of BrdU+ Myocytes in the Atria after Injury. BrdU was
infused for 7 days before euthanasia, except in pulse-chase studies where it was infused
during injury (Pulse) and animals were euthanized at Day 38 (Chase; Labeled ‘Day 38 1st
Week’ which indicates that BrdU was infused during the 1st Week only). BrdU (Red); αActin (Green); DAPI (Blue). Few BrdU+ nuclei were observed in normal atria and most
of these were non-myocyte nuclei (A/D/E). (continued)
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Figure 3.11 (continued). ISO-induced injury caused a large increase in the number of
BrdU+ nuclei (Day 10; B) but almost all of the BrdU+ nuclei were non-myocytes (D/E).
The total number of BrdU+ nuclei decreased rapidly after removal of ISO minipumps, at
Day 17 (C/D) and Day 38 (D). The number of BrdU+ myocyte nuclei increased at Day
17 (C/E) but was back to control levels by Day 38 (E). BrdU+ non-myocytes labeled
during the injury phase (Pulse) persisted in the heart for 4 weeks (‘Day 38 1st Week’;
Chase) and the largest number of BrdU+ myocytes were found when labeling was done at
this time period (E). *P<0.05; **P<0.01; ***P<0.001 versus Control. Data are presented
as mean ± SEM.

Day 38: 28 Days after Removal of ISO Minipumps
Animals euthanized at Day 38 had BrdU minipumps inserted either during cardiac
injury or for 7 days prior to euthanasia (Figure 3.11E). ISO-injured animals that received
BrdU minipumps one week prior to euthanasia at Day 38 did not have increased numbers
of BrdU+ myocyte and non-myocyte nuclei versus controls. These results suggest that by
Day 38 any endogenous cardiac repair that does not involve non-myocyte or myocyte
proliferation had been largely completed.
In animals in which BrdU minipumps were implanted during the ISO injury phase
(pulse), the number of total BrdU+ LA nuclei (10.70 ± 2.44%, p<0.001) and BrdU+ LA
myocyte nuclei (2.045 ± 0.746%, p<0.01) at Day 38 (chase) were significantly greater
than in controls. These results show that non-myocytes that proliferated during the ISO
injury phase were still present in the heart after repair was completed. Our results with
BrdU infusion during the ISO injury phase and heart explant at Day 10 (above) showed
that only non-myocytes are proliferative at this time. Here we show that identical BrdU
infusion during injury, with all minipumps removed at Day 10 (Pulse), resulted in a
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significant increase in the number of BrdU+ atrial myocytes at Day 38 (Chase),
suggesting that these BrdU+ myocytes were derived from BrdU+ non-myocytes that were
labeled during the injury phase.

BrdU+ Myocyte Nuclei also Increase in the Left Ventricle,
but again, only after Removal of ISO Minipumps
Histological evaluation of left ventricular tissue was performed as described
above for left atrial samples (Figure 3.12).

Day 10: End of the Injury Phase
In control LV samples a small percent of the nuclei were BrdU+ and almost all of
these nuclei were in non-myocytes. BrdU+ myocyte nuclei were rarely observed in
control hearts of animals of this age (Figure 3.12C/D). As we observed in the study of
atrial tissue, ISO injury was associated with significant increases in total BrdU+ nuclei at
Day 10 (18.6 ± 2.9%, p<0.001) compared with control (2.5 ± 0.4%) LV tissue. The
increase was almost exclusively in non-myocytes. There was no detectable increase in
BrdU+ myocyte nuclei in the LV following ISO treatment (0.0066 ± 0.0034%) compared
with controls (0.0066 ± 0.0038%).

Day 17: 7 Days after Removal of ISO Minipumps
At Day 17 (BrdU infused from Day 10 to Day 17) there was a significant decrease in the
number of total BrdU+ nuclei (4.67 ± 0.63%) versus that observed at Day 10. The percent
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of BrdU+ nuclei was slightly greater than observed in control hearts. However, we found
a significant (10-fold) increase in the number of BrdU+ LV myocyte nuclei (0.08 ±
0.028%, p<0.05) (Figure 3.12A/B and Figure 3.13). However, the percent of BrdU+ LV
myocyte nuclei was more than 10-fold lower than we observed in the atria (see above).
These results show that there is no detectable new myocyte formation during the ISO
injury phase, but there is a significant increase in the number of proliferative, small, nonmyocytes during this time period. After removal of ISO the proliferation of nonmyocytes decreases toward control levels but the number of BrdU+ myocytes increase,
consistent with new myocyte formation in association with improved ventricular
performance.

Day 38: 28 Days after Removal of ISO Minipumps
ISO-injured animals that received BrdU minipumps one week prior to euthanasia
at Day 38 had the same percent of BrdU+ myocyte and non-myocyte nuclei that were
observed in control tissues (Figure 3.12C/D). These results are consistent with our
observations in the atria and show that aspects of cardiac repair after ISO injury that
involved enhanced proliferation of cells within the myocardium has returned to control
levels within weeks after injury. In animals with BrdU minipumps implanted during the
ISO injury phase and then removed, the number of total BrdU+ nuclei (9.35 ± 3.04%,
p<0.05) and BrdU+ myocyte nuclei (0.04 ± 0.01%, p<0.01) at Day 38 were significantly
greater than in controls (Figure 3.12C/D).
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Figure 3.12. ISO Injury Increases the Number of BrdU+ Non-Myocyte and Myocyte
Nuclei in the Ventricle. Experimental approaches were as described in Figure 3.11.
Representative BrdU+ myocyte and non-myocyte nuclei (at Day 38) are shown in (A-C).
(D) The number of BrdU+ nuclei was greatest during the injury phase (Day 10) and
decreased rapidly afterwards. Nuclei labeled during injury (Pulse) were still present 4
weeks later (‘Day 38 1st Week’; Chase). (E) The number of BrdU+ myocytes increased
during the first week after injury (Day 17) and returned to control levels by Day 38. BrdU
infusion during injury (Pulse), when few BrdU+ myocytes were found, resulted in the
presence of BrdU labeled myocyte nuclei at ‘Day 38 1st Week’ (Chase). *P<0.05;
**P<0.01; ***P<0.001 versus Control. Data are presented as mean ± SEM.
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A: Merged Image

B: α-Actin

C: BrdU

D: DAPI

Figure 3.13. Additional Examples of BrdU+ Myocyte and Non-Myocyte Nuclei are
shown. A merged image is shown (A), and α-Actin (Green; B), BrdU (Red; C) and DAPI
(Blue; D) are shown for the same section. Non-myocyte and myocyte nuclei are easily
identified.
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These results show that many of the BrdU labeled non-myocyte nuclei are still present
after repair of ISO-induced injury. More importantly, these data suggest that the BrdU+
myocytes found at Day 38, were derived from BrdU+ cardiac precursors that were BrdU
labeled during the injury phase. Our collective results show that the adult feline heart has
some capacity to generate new myocytes after injury. We also show that significantly
more new myocytes are found in the atria than in the ventricle after ISO-induced injury.

“Dimly” BrdU+ Myocytes in Pulse-Chase Experiments
Our pulse-chase studies show that infusion of BrdU during ISO injury labeled
non-myocytes, which appear to differentiate into new myocytes after removal of ISO
(and BrdU) at Day 10. If these newly formed myocytes are transiently proliferative, then
in these pulse-chase studies we would expect to see myocytes containing low levels
(“dimly” labeled) of BrdU, since the label would be diluted with each cell division. All
the results reported above were from analysis of “brightly” labeled cells. An analysis of
“dimly” labeled cells was performed in LV samples from three hearts from each of our
time points (BrdU Control, Day 10, Day 17, Day 38, and Day 38 pulse-chase) as well as
control tissue with no BrdU present to use as a negative control for the possibility of
“dim” background BrdU staining. No significant numbers of “dimly” BrdU+ nuclei were
found in any of the hearts in which BrdU was infused for 7 days prior to being
euthanized. Only “brightly” labeled myocytes and non-myocytes were observed.
However, a significant number (12.6 ± 6.3%) of LV myocytes had low levels of BrdU
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labeling (Figure 3.14) in the pulse-chase group. Similar results were found in the left atria
(data not shown). These results are consistent with the idea that some of the new
myocytes derived from BrdU+ non-myocyte precursor cells proliferate transiently before
exiting the cell cycle.

cKit+ and CD45+ Cells in the Heart Proliferate with Cardiac Injury
Our most provocative finding is that we detected BrdU+ myocytes in the atria and
ventricle, weeks after BrdU labeling of non-myocytes during the injury phase. The nature
and source of these proliferative cells is not clear. They could be derived from cells that
normally reside within the heart1, 59, 83, 157, or from cells that enter the heart from the blood
during injury89, 156, 158, 161. While a variety of precursor cells with the ability to form new
cardiovascular tissue have been identified1, 85, 87, we studied those cardiac progenitor cells
expressing the stem cell receptor cKit (CD117) that did not express markers of the
hematopoietic lineage (cKit+/CD45-)1. We also studied hematopoietic stem cells176 that
expressed both cKit and CD45 (leukocyte common antigen) (cKit+/CD45+)156, 177. We
analyzed cardiac tissue sections from control, injury (Day 10), early (Day 17), and late
recovery (Day 38) for cKit, CD45, and BrdU incorporation to determine if cKit+ or
CD45+ cells were proliferative during ISO injury.
In the left ventricle and the left atrium, cKit cells (Figure 3.15A) were a minor
fraction of the total cell population (Figure 3.15B/E). There was a small increase in the
percent of cKit+ cells in the LV at Day 10 but this difference failed to reach statistical
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significance (it did reach statistical significance in the LA; Figure 3.15E). In the left
ventricle there was a significant increase (6-fold) in the percent of cKit+ cells that were
BrdU+ (0.0722 ± 0.01%, p<0.001) during the ISO injury period (Day 10) compared with
control (0.0115 ± 0.0027%) (Figure 3.15D).
The percent of CD45+ cells in the heart was also very small and did not change at
any of the time periods we examined (Figure 3.17 A/B). There was a smaller (than cKit
cells) increase (2-fold) in the percent of CD45+/BrdU+ nuclei at Day 10 (0.0193 ±
0.0018%, p<0.01) compared with control (0.0081 ± 0.0018%) (Figures 3.16, 3.17E/F,
and 3.18).
To determine whether cKit+ (or CD45+) cells in the left ventricle were more
proliferative during the injury phase, we calculated the ratio of cKit+/BrdU+ to cKit+
nuclei. There was a significant increase (5-fold) in the ratio of cKit+/BrdU+ to cKit+
nuclei at Day 10 (0.369 ± 0.048, p<0.001) compared with control (0.067 ± 0.015) (Figure
3.15C). This was much larger than the increase (2-fold) in the ratio of CD45+/BrdU+ to
CD45+ nuclei at Day 10 (0.126 ± 0.014, p<0.01) compared with control (0.064 ± 0.009)
(Figure 3.17C).
The percent of cKit+/BrdU+ cells was not different than control at Days 17 and
38 (with BrdU infused 7 days before euthanasia; Figure 3.15). Similar results were
observed for CD45+ cells (Figure 3.17). These results show that while both cKit+ and
CD45+ cells in the heart are proliferative during the injury phase their absolute number
does not increase dramatically during either the injury or repair periods.
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Figure 3.14. Representative Examples of “Bright” and “Dimly” Labeled BrdU+
Myocyte and Non-Myocyte Nuclei. These are representative images from a left
ventricular section of a pulse-chase experiment, with ISO-inducing injury minipumps and
BrdU minipumps removed at Day 10 and animals euthanized at Day 38. DAPI (Blue; A);
Laminin (White; B); α-Cardiac Actin (Red; C); BrdU (Green; D); and a merged image
(E) are shown for the same section. BrdU+ non-myocyte and myocyte nuclei are easily
identified. The arrows in D and E point to one “bright” (arrow) and five “dimly”
(arrowheads) labeled BrdU+ cardiac myocyte nuclei. Histology and images by Jan
Kajstura Ph.D. and Barbara Ogorek Ph.D. from the Departments of Anesthesia and
Medicine and the Cardiovascular Division, Brigham and Women’s Hospital, Harvard
Medical School, Boston, Massachusetts.
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Figure 3.15. cKit+ Cells in the Heart Proliferate during ISO Induced Injury. (A)
Representative cKit staining of a proliferative cell is shown. (B) The percent of cKit cells
in the ventricle did not change during the time course of our study. (C) A significant
increase in the ratio of proliferative cKit cells to non-proliferative cKit cells was observed
during the injury phase. (D) cKit+BrdU+ cells are a very small percent of the cells in the
ventricle, but this percent increases during ISO injury. (E-G) Similar results were
observed in the left atrial sections. *P<0.05; **P<0.01; ***P<0.001 versus Control. Data
are presented as mean ± SEM.
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Figure 3.16. Examples of cKit and BrdU Staining. Control ventricular tissue (A) and
ISO injured ventricular tissue at Day 10 (B). (C-F) Additional examples of cKit+ cells at
Day 10. cKit (Red); BrdU (Green); DAPI (Blue).
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Figure 3.17. CD45+ Cells in the Heart Proliferate During ISO Induced Injury. (A)
The percent of cKit+ cells in the ventricle did not change during the time course of our
study. (C) A significant increase in the ratio of proliferative cKit+ cells to nonproliferative cKit+ cells was observed during the injury phase. (E) Compared to
cKit+BrdU+ nuclei, there is a much smaller increase in the percent of cKit+BrdU+ nuclei
at Day 10 compared with control. (B/D/F) Similar results were observed in the left atrial
sections. *P<0.05; **P<0.01; ***P<0.001 versus Control. Data are presented as mean ±
SEM.
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Figure 3.18. Representative Examples of CD45+ Cells in the Ventricle. Control tissue
(A-C) and ISO-injured ventricle at Day 10 (D-K). Control (A-C) and Day 10 (D-K):
CD45 (Green); BrdU (Red); Nuclei (Blue).
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In the left atrium (Figure 3.15E-G), ISO injury was associated with a significant
increase (14-fold) in the percent of cKit+/BrdU+ nuclei at Day 10 (0.0767 ± 0.0171%,
p<0.01) compared with control (0.0052 ± 0.0034%) (Figure 3.15G). The percent of
CD45+/BrdU+ left atrial nuclei was somewhat increased at Day 10 (0.022 ± 0.0065%,
NS; p<0.07) compared with control (0.0068 ± 0.0039%) (Figure 3.17F). We also
analyzed the ratio of c-kit+/BrdU+ to cKit+ nuclei in the left atrium. There was a
significant increase (10-fold) in the ratio of c-kit+/BrdU+ to cKit+ nuclei at Day 10
(0.384 ± 0.086, p<0.01) compared with control (0.038 ± 0.026) (Figure 3.15F). Similar to
the left ventricle, this was a much larger increase than that seen for the increase (3-fold)
in the ratio of CD45+/BrdU+ to CD45+ nuclei at Day 10 (0.130 ± 0.031, p<0.05)
compared with control (0.043 ± 0.024) (Figure 3.17D), indicating a more active
proliferative response by cKit+ progenitor cells following injury. These data show that
the cKit+ and CD45+ cell populations behave similarly in the atria and ventricle
following ISO injury, but the magnitude of the proliferative response was greater in the
atria.
In animals in which BrdU minipumps were implanted during the ISO injury phase
and then removed at Day 10, with hearts explanted at Day 38, the percent of
cKit+/BrdU+ left atrial nuclei (0.0426 ± 0.0063%, p<0.001) (Figure 3.15G) and the ratio
of cKit+/BrdU+ to cKit+ left atrial nuclei (0.162 ± 0.022, p<0.05) (Figure 3.15F) was
significantly greater than in controls (Figure 3.15). In comparison, ISO-exposed animals
that received BrdU minipumps one week prior to sacrifice at Day 38 did not have an
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increased percent of cKit+/BrdU+ left atrial nuclei or an increased ratio of cKit+/BrdU+
to cKit+ left atrial nuclei (Figure 3.15). These results suggest that a small group of the
proliferative cKit+/BrdU+ cells that were labeled during the injury phase were still
present at Day 38. Although a similar trend was seen in the left ventricle (Figure 3.15BD), these changes did not reach significance, again indicating a less robust regenerative
response in the left ventricle versus the left atrium.

cKit+ Cells are both CD45+ and CD45Resident cardiac progenitor cells are thought to be cKit+/CD45-1, while cKit+
cells from the bone marrow are thought to be CD45+177. We showed above that BrdU
incorporation into cKit+ cells following injury was much greater than in CD45+ cells,
suggesting that most of the cKit+ cells we stained were not of hematopoietic origin. To
further address this issue we co-stained tissue sections for cKit and CD45 (Figure 3.19).
The relative percentages of cKit+/CD45- (called cKit), cKit-/CD45+ (called
CD45), and cKit+/CD45+ cells were measured. All three varieties of cells were observed
in both the left atrium and ventricle (Figure 3.19B/C). The relative percent of
cKit+/CD45- cells increased significantly in ISO-treated animals at Day 10 (LA: 50.28 ±
3.47, p<0.05; LV: 39.14 ± 4.35, p<0.05) and stayed elevated at Day 17 (LA: 35.56 ±
2.22, NS; LV: 33.33 ± 4.81, NS) compared with control heart tissue (LA: 31.85 ± 5.19;
LV: 23.33 ± 1.67) (Figure 3.19B/C; cKit). No significant change in CD45+ cells at Day
10 (LA: 27.41 ± 2.82, NS; LV: 23.88 ± 3.65, NS) compared with control heart tissue
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(LA: 35.56 ± 2.22, NS; LV: 35.83 ± 8.70, NS) was found (Figure 3.19B/C; CD45). There
was no significant change (with a trend towards a decrease) in the number of both CD45+
and cKit+/CD45+ cells during the injury (Day 10) and early recovery phases (Day 17)
(Figure 3.19B/C; CD45; cKit/CD45). These data show that ISO-induced injury
selectively increased proliferation of small non-myocytes that are cKit+/CD45-, at a time
when we saw little evidence for new myocyte formation. Our overall findings are
consistent with the idea that ISO injury induces the proliferation of a cKit+/CD45resident cardiac precursor cell that expands the progenitor cell pool and could be the
source of the new cardiac myocytes that we observed during the recovery phase. Our data
also suggests that this response is more robust in the atria than in the ventricle.
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Figure 3.19. The Percent of cKit+/CD45- Cells Increases during ISO-Induced
Injury. (A) Representative staining of tissue for cKit, CD45 and DAPI. Three cKit cells
are present and one of these was also positive for CD45. (B/C) Tissue sections from
Control, Day 10 ISO-treated and Day 17 ISO-treated hearts were co-stained with cKit
and CD45. Cells that stained positive for cKit only, CD45 only and with both cKit and
CD45 were each counted. The percent of each cell type present (cKit+ only, CD45+ only,
or cKit+/CD45+) relative to the group as a whole is plotted for Atrial (B) and Ventricular
(C) sections. cKit (Red); CD45 (Green); DAPI (Blue). Control (N=3) Day 10 (N=4); Day
17 (N=3). *P<0.05; **P<0.01; ***P<0.001 versus Control. Data are presented as mean ± SEM.
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CHAPTER 4
DISCUSSION AND CONCLUSIONS

Overview
Cardiac disease resulting from the death of cardiac myocytes is a major health
problem and a leading cause of death and disability178. Many previous studies have
documented that the adult cardiac myocyte is terminally differentiated with no apparent
ability to re-enter the cell cycle and divide153, 154. Therefore, pathological insults that
reduce myocyte number decrease contractile mass and increase the contractile stress on
surviving myocytes. Since adult myocytes cannot divide, the principle mechanism for
restoring contractile mass in the face of pathological stress is thought to be myocyte
hypertrophy rather than myocyte regeneration3, 154, 155. However, recent findings support
the idea that the adult heart contains a population of resident progenitor cells with some
capacity for new myocyte generation1, 79, 155. Animal studies in which these putative
cardiac precursor cells are injected into the damaged heart have shown enhanced cardiac
function1, 130. These findings have fueled a number of clinical trials that test the ability of
different adult stem cells to restore cardiac function in patients with damaged hearts103. It
is difficult to interpret these clinical studies with our limited understanding of the
capacity of the adult heart to generate new myocytes in normal or pathological states. Our
study suggests that cardiac myocyte regeneration can take place in the adult heart of large
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mammals with injury caused by ISO infusion and that resident cardiac precursor cells
might be the source of these new myocytes.
Our experiments showed that ISO infusion caused cardiac injury with depressed
systolic and diastolic function (Figure 3.2), dilation of the atria and ventricles (Figure
3.4), cardiac and myocyte hypertrophy (Figure 3.5), and replacement fibrosis (Figure
3.7). There was some improvement in these parameters after ISO removal, consistent
with endogenous repair. These results suggest that ISO caused necrotic myocyte loss22,
with reactive fibrosis and hypertrophy30. Myocytes studied at the end of the injury phase
had many of the features of those in end-stage failing human hearts164, 165, 175, including
reduced L-type Ca2+ channel currents with reduced ISO responsiveness, depressed
myocyte contractions and Ca2+ transients and blunted ISO responsiveness (Figure 3.9).
These results show that ISO causes diffuse cardiac injury and results in cardiac structural
and functional remodeling, with substantial reactive myocyte hypertrophy. The major
purpose of our study was to determine if the cardiac repair that follows this type of injury
involved any myocyte regeneration.

Discussion
ISO Injury Activates a Cardiac Precursor Pool
Our experiments showed that during ISO injury there was a large increase in the
number of proliferative (defined by BrdU incorporation) cells in the atria and ventricle.
We were surprised that almost 20% of all atrial and ventricular nuclei were BrdU+ at the
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end of the ISO injury period (Figures 3.11 and 3.12). A major finding was that few
BrdU+ myocyte nuclei were identified during this time period. This lack of BrdU+
myocyte nuclei during ISO injury reduced concern that BrdU was incorporating into
myocytes needing to repair their DNA, which would have caused a significant increase in
BrdU+ myocyte nuclei at the end of the injury phase (Day 10). This proliferative phase
was clearly associated with ISO injury, because when BrdU was infused after removal of
ISO (during the early recovery phase; Days 10-17), the rate of BrdU incorporation
immediately decreased to levels close to those in normal hearts. We did not define the
identity of all BrdU+ cells in the injured heart, but did examine the cKit+/CD45- cells
thought to be resident cardiac precursors1 as well as the cKit+/CD45+ cells that are
thought to be derived from the bone marrow via the blood stream 87, 130. The relative
abundance of CD45+ cells did not increase substantially during injury, but both cKit+
and CD45+ cells were proliferative during ISO injury (Figures 3.19 and Figure 3.17).
The putative resident cardiac precursor cells (cKit+/CD45-) were the only cells that
increased in relative abundance during ISO injury (Figure 3.19) and they were more
proliferative than the cKit+/CD45+ cells during the injury phase. These results show that
ISO injury leads to proliferation of a pool of cells that are thought to have cardiogenic
potential, but no increase in new cardiac myocyte formation (defined by us as BrdU+
myocytes) was observed during this time period. These results are reminiscent of our
observations in failing human hearts156 where we found an increase in cKit+ cells that
were not repairing the damaged heart.
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Cardiac Repair Includes New Myocyte Formation
Histological studies of cardiac tissue from hearts recovering from ISO injury
clearly identified BrdU+ myocyte nuclei, but only under specific BrdU labeling
conditions. Significant numbers of BrdU+ myocyte nuclei were found at Day 17 (7 days
of recovery, with BrdU infused from Days 10-17). Importantly, BrdU+ non-myocyte
labeling was only slightly greater than control, and significantly less than during injury
with this labeling strategy. Significant numbers of BrdU+ myocyte nuclei were also
found after 4 weeks of recovery (Pulse-Chase; Day 38), but only in animals in which
BrdU was infused during injury (Figure 3.11 and 3.12). The pulse-chase procedure also
produced a significant number of “dimly” BrdU labeled cardiac myocytes, consistent
with the idea that some of the new myocytes derived from BrdU labeled precursor cells
were transiently proliferative. This putative proliferation would have had to be complete
by our Day 31, since BrdU infusion from Days 31-38 failed to label a significant number
of cardiac myocytes.

Are New Cardiac Myocytes Derived from a cKit+/CD45- Precursor Pool?
Our results support the hypothesis that ISO injury induces proliferation of resident
cardiac (cKit+/CD45-) progenitors, but that these cells do not differentiate into new
cardiac myocytes during injury (Figure 4.1). Upon removal of ISO, these activated
(BrdU+) cardiac precursors appear to differentiate into new cardiac myocytes. Our results
suggest that new myocyte formation during recovery required a proliferative step, since
89

myocyte BrdU labeling during Days 10-17 yielded a similar number of brightly labeled
BrdU+ myocytes as observed at Day 38, when BrdU was infused during ISO injury.
BrdU infusion during Days 10-17 did not increase the BrdU labeling of the cKit+/CD45pool (Figure 3.14), suggesting that cKit+ precursor cells were not proliferative at this
time. Therefore, the simplest explanation of our composite results is that new myocytes
are generated from a partially committed (to the cardiac lineage) cKit+ precursor cell that
was activated (and proliferative) during the ISO-injury phase. During the recovery period
these precursor cells appear to commit to the cardiac lineage to form “new” cardiac
myocytes. At least some of these new myocytes proliferated one or more times to become
brightly BrdU+ when BrdU was infused from Days 10-17. Some of the newly formed
myocytes derived from BrdU+ cardiac precursors appear to be transiently proliferative
(between Days 10-38) producing a population of “dimly” BrdU+ myocytes in our pulsechase protocol (BrdU infused during injury and removed at Day 10 with heart explant at
Day 38). Supporting this idea is the finding that BrdU infusion during injury labeled
cKit+/CD45- cells but not cardiac myocytes and when ISO and BrdU minipumps were
removed at Day 10 and animals studied at Day 38 there was a reduction in cKit+/BrdU+
cells and an increase in BrdU+ myocytes. Only by varying the timing of BrdU infusion
during injury and recovery could we reach these conclusions (Figure 4.1).

90

Day 0
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Figure 4.1. Cartoon Depicting Interpretation of our Composite Results. (A) In
animals with ISO injury (Days 0-10) and BrdU infusion during Days 10-17, we observed
BrdU+ new myocytes at Day 17. Our results suggest that these myocytes are derived
from cKit+ cardiac precursors that were activated during the injury phase and then
commit to the cardiac lineage (without proliferating). We suggest that BrdU incorporates
into these new myocytes during a brief period of new myocyte proliferation after removal
of ISO. (B) In animals with BrdU infused during ISO injury and studied at Day 10 we
found BrdU labeled cKit cells, but no increases in new myocytes. When these animals
were sacrificed at Day 38 (pulse-chase) we observed a reduced percent of BrdU labeled
cKit cells and an increase in BrdU labeled myocytes. These results suggest that cKit cells
proliferate during injury but do not commit to the myocyte lineage until ISO pumps are
removed at Day 10. After removal of ISO the “activated” cKit cells differentiate into new
myocytes (without proliferating) and then these new myocytes have a brief proliferative
phase before exiting the cell cycle. Red cell membranes depict cKit cells. Burgundy
nuclei are BrdU negative and yellow nuclei are BrdU positive. Striated cells are
myocytes.
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Is there More Regeneration in the Atria than the Ventricle?
Our results suggest that myocyte regeneration, as defined by BrdU+ myocytes, is
more robust in the atria than the ventricle. The reasons for these differences are not clear
and deserve additional study. Studies by others84 have shown a greater abundance and
organized environment (into niches) for cKit+ cardiac precursor cells in the atria
compared with the ventricle. If atrial tissue is a better source of cardiac precursors with
great regenerative potential, then our findings suggest that cardiac precursors isolated and
expanded from the atria might be a better source of cells for autologous cardiac cell
therapy. Our study also suggests that the newly formed myocytes are transiently
proliferative and that this lowers their BrdU content, reducing the ability to detect BrdU
in the myocyte nucleus if short-term BrdU labeling is used. More reliable approaches to
identify new myocytes and trace their lineage would help future studies.

Limitations
This study was performed with an ISO injury model rather than with a myocardial
infarction (MI) model for a number of reasons. Substantial infarcts are not easily obtained
in felines because of robust collateral circulation. We recognize that ISO injury has
limitations, but it produces a reliable, reproducible, diffuse injury that can be rapidly
terminated by removal of ISO minipumps. Therefore, it allowed us to have a defined
injury phase and a rapid removal of the noxious stimulus. These characteristics turned out
to be significant advantages in the present study.
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We are cautious when BrdU is used to identify “new” myocytes because it could
also be incorporated into myocyte DNA during repair or in myocytes with DNA
synthesis without cytokinesis. Our composite findings are not consistent with these
possibilities. We did not see any significant increases in BrdU incorporation (bright or
dim) into myocytes during injury, we only observed brightly BrdU+ myocytes when we
labeled during Days 10-17 or in pulse-chase studies. The only time we observed “dimly”
BrdU+ myocytes was in our pulse-chase studies. No significant numbers of “dimly”
BrdU+ nuclei were found in any of the hearts in which BrdU was infused for 7 days prior
to the animal being euthanized. These observations are most consistent with the
conclusions stated. However, we cannot entirely rule out the caveats raised above.

Summary of Data
In summary, our data shows that the adult heart has the ability to generate new
myocytes after injury. The contribution of new myocytes to improved function of the
ventricle cannot be determined with our approaches, and we may have underestimated
the number of new myocytes with the intermittent BrdU labeling strategy employed. Our
composite results are most consistent with the hypothesis that ISO injury caused
proliferation and activation of the cKit+ cardiac myocyte precursor pool and that these
cells differentiated into new cardiac myocytes that proliferate at least one time before
they exit the cell cycle. Our results also suggest that there appears to be something about
the environment of the ISO injured heart that blunts the differentiation of cardiac
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precursors into functional new myocytes. If these factors could be identified and
eliminated then endogenous cardiac repair might be enhanced.

Clinical Significance
The results of our studies suggest that the environment of the ISO injured heart
blunts the differentiation of cardiac precursors into functional new myocytes. If these
factors could be identified and eliminated then not only could endogenous cardiac repair
be enhanced, but these same concepts could be used to enhance exogenous cell
implantation. To take this a step further, the more we learn about the microenvironment
of the heart during injury, and the steps necessary to prevent further injury, we can begin
to translate this knowledge to preventive cardiology to avert extensive cardiac injury.
Although this is forward thinking, the best medicine is prevention.

Future Studies
Ideas for future scientific studies should be never ending, that is the essence of
science, learning, and teaching the generations that follow. Cardiovascular stem cell
research in particular is at the very early stages of its basic science and clinical
foundation. Throughout the process of developing this model, defining the experiments to
follow, writing grants and papers, deciphering the data, and interpreting the meaning of
the findings, an endless supply of questions has arisen. There are far too many to cover in
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this short section. There are a few topics, however, that are consistently discussed, both in
the lab, and at the large meetings, that have both basic science and clinical importance.
From the basic science perspective, the numerous types of stem cells being
studied today for cardiovascular disease are incredible. In our study, we focused on cKit+
progenitor cells and BrdU+ new myocytes and looked primarily at proliferative capacity,
origin, and new myocyte formation. The idea that cKit is present on a variety of cell types
makes identification of a cardiac progenitor cell that much more difficult. Certainly,
identifying cKit cells with additional markers of cardiac lineage such as Nkx2.5 or
GATA4, is of great importance. But more than that would be the ability to look at cKit
cells in a large animal model and identify time points of expression of these early
markers, as well as more mature markers, such as actin and myosin. These are difficult
studies to accomplish in the large animal, but with a combination of tissue fixation
histology and a separate set of studies utilizing perfusion heart digestion, cell isolation,
FACS analysis and molecular techniques, we could move forward in attempting to
answer at least some of these questions. In addition, this model could be used as a
platform to study the potential benefit of various methods of exogenous cell therapy
following diffuse cardiac injury.
From the clinical perspective, the endogenous regenerative capacity of the heart
appears to be inadequate to repair injured myocardium, leading to the potential for
severe, irreparable damage during myocardial infarction or heart failure. A minimally
invasive approach to fixing this problem would be ideal for this patient population.
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Unfortunately, cell therapy for cardiovascular disease involves choosing a stem cell
source, cell processing, pro-survival cocktails, cell delivery, cell retention, cell tracking,
and monitoring of changes in cardiac function. All of these areas of research require
enormous efforts from basic scientists, cardiologists, surgeons, radiologists,
interventionalists, and the list goes on. The variety of clinical trials, with the variety of
stem cell types being utilized, makes comparison of trials, clinical outcome, and return to
the bench that much more difficult. In the immediate future, I believe that the clinical
trials that will be of greatest importance are those that utilize cardiac specific progenitor
cells, isolated from the heart, and re-injected back into the heart, likely with modification
or additional pro-survival cocktails. These trials will at least be focusing on a stem cell
type that appears to come from the injured organ system itself, is identifiable, and the
focus can be geared towards the clinical outcome. This certainly will not solve all of the
problems with variability, but may give us more information about the endogenous
capacity of the heart to heal, utilizing progenitor cells from the injured heart, with a boost
from the exogenous world, by re-injecting these endogenously isolated cells.

Conclusion
Our data shows that in the adult heart, immediately following cardiac injury, there
is a proliferation of cardiac progenitor cells, but no new myocyte formation. It is not until
the catecholamine stress associated with cardiac injury is removed that we see new
myocyte formation. The adult heart appears to have a population of capable proliferative
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cardiac progenitor cells that can form new myocytes under certain conditions. Further
understanding the limiting factors, the timing, and the mechanisms of new myocyte
formation during injury and following a decrease of catecholamine stress will ideally
contribute to new treatment options that could significantly improve the quality of life
and potentially the lifespan of people suffering the devastating effects of chronic heart
failure.
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