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ABSTRACT

Abstract
Heart failure (HF) can be defined as a state in which the heart is unable to generate
sufficient cardiac output to maintain normal body function. It can be caused by a variety of
diseases or conditions that impair or overload the heart. HF usually develops slowly, often
over many years (chronic HF), but it can also occur with rapid onset (acute HF). While
mortality from acute myocardial infarction (MI) and chronic HF resulting from MI is on the
decline in many countries, there is a secondary epidemic of HF with preserved ejection
fraction (HFpEF) due at least partly to the global epidemic of obesity and diabetes.
Additionally, various conditions, including hypertension, obesity, diabetes mellitus, sleep
apnea, and coronary vascular disease (especially acute MI) are considered to accelerate
the progression of HFpEF to end-stage HF.
Early diagnosis and prevention of HF is a crucial strategy for reducing cardiac remodeling
and the other adverse compensatory pathophysiological changes associated with all
subtypes of HF. This strategy is thus critical for improving survival of patients with HF.
Assessment of coronary vascular function is a useful research tool to evaluate therapies for
chronic HF, because coronary vascular disease or dysfunction are common causes of HF.
Micro-angiography is a novel and minimally invasive technique for evaluation of coronary
vascular function. In the experiments described in this thesis, synchrotron based microangiography was used to evaluate the efficacy of several therapies aimed at preventing the
development of HF after MI. At the same time, micro-angiography was used to determine
coronary vascular function in rodent models with various risk factors for development of HF,
such as intermittent hypoxia, insulin resistance and vasospasm. This approach was aimed
towards improving our understanding of the contributions of these risk factors to coronary
vascular dysfunction and the progression of HF.
In the studies described in this thesis, we found that a regenerative therapy that combined
stem cells with endogenous sources of angiogenic factors had a better potential to prevent
and treat HF than either treatment as a monotherapy. The efficacy of combined therapy
appeared to be due to its ability to increase and re-established coronary blood flow by
increasing the number of functional coronary microvessels in the infarcted heart. In
contrast, we found that a pharmacological therapy, the prostacyclin analogue ONO-1301,
did not produce consistent and significant benefits in the rodent model of chronic HF we
studied. We also found that risk factors for HF, such as insulin resistance and intermittent
hypoxia, have additive effects on coronary function by exacerbating endothelial dysfunction.
However, these two risk factors appear to affect coronary circulation through different
mechanisms. Therefore, the strategies for preventing the onset of HFpEF and the
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progression of chronic HF should not only be directed towards amelioration of symptoms,
but should also be directed towards minimizing risk factors for HF.
In conclusion, in studies of rodents, using synchrotron microangiography, we were able to
demonstrate how risk factors for HF and novel potential treatments for HF affect the
function of the coronary circulation. These studies provide novel insights into the
mechanisms that drive progression of coronary dysfunction, particularly the relative roles of
major risk factors for HF. They also demonstrate that it is possible to assess the efficacy of
potential therapies for HF in preclinical studies by evaluating coronary function in vivo.
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CHAPTER 1
General Introduction

CHAPTER 1 General Introduction

Chapter 1
1.1

The Global International Problem of Heart Failure

Cardiovascular disease is the leading cause of mortality in developed countries
such as the USA (188). It is also a major contributor (26%) to mortality in Australia
(207). In past decades, treatments for acute coronary disease have dramatically
improved. Patients who survive acute coronary disease often later develop chronic
heart failure (HF) (83, 188). Consequently, chronic HF has become increasingly
prevalent worldwide (225, 250). HF is not only the leading cause of death but also
accounts for a large proportion of expenditure for health care in high-income
countries (31). Hospitalization accounts for a large proportion of the health care
expenditure (38%) required for management of patients with HF in Australia (134).

1.2

Characteristics of Heart Failure

HF can be defined as a state in which the heart is unable to generate sufficient
cardiac output to maintain normal bodily function. It can be caused by a variety of
diseases or conditions that impair or overload the heart. HF usually develops slowly,
often over many years (chronic HF), but it can also occur with rapid onset (acute
HF). In the clinical situation, acute end-stage HF commonly occurs in patients
experiencing an acute exacerbation of chronic HF (187). Therefore, a better
understanding of the development of chronic HF should also help in the effort to
reduce the incidence of acute end-stage HF.
The ongoing cardiac dysfunction in chronic HF can be exacerbated by a
combination of compensatory mechanisms including hypertrophy and apoptosis of
cardiomyocytes, cardiac fibrosis, ventricular chamber dilation, tachycardia,
peripheral vasoconstriction, and changes in sodium/water homeostasis due to
altered renal function (149). Cardiac dysfunction can be categorized as systolic
and/or diastolic dysfunction, and symptoms can be chiefly left-sided, right-sided or
both (7). Chronic HF is associated with increased circulating levels of
catecholamines, angiotensin II, tumor necrosis factor-α (TNF-α), and other
neuroendocrine

hormones

and

inflammatory

cytokines

(149).

Short-term

compensatory responses, driven by neurohumoral and hemodynamic changes,
1
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lead to long-term deleterious effects. These include increased blood volume,
increased systemic and pulmonary vascular resistance, and decreased cardiac
contractility (165). These long-term effects then lead to impairment in cardiac output,
which causes dyspnea and fatigue in patients with chronic HF (149). While mortality
from acute myocardial infarction (MI) and chronic HF resulting from MI is on the
decline in many countries, there is a secondary epidemic of HF with preserved
ejection fraction (HFpEF) that has been exacerbated by the global epidemic of
obesity and diabetes (223). A large number of young patients with diabetes have
normal systolic function (ejection fraction >40%) but are intolerant of exercise (247).
Hypertension, obesity, diabetes mellitus, sleep apnea, and coronary vascular
disease (especially acute MI) all are considered to accelerate the progression of
HFpEF to end-stage HF (28, 83, 149, 188).
Early diagnosis and prevention of HF is a crucial strategy for reducing cardiac
remodeling and the other adverse compensatory pathophysiological changes
associated with all subtypes of HF. This strategy is thus critical for improving
survival of patients with HF. Evaluation of coronary vascular function is a useful
research tool to evaluate therapies of chronic HF because coronary vascular
disease or dysfunction are common causes of HF (203, 206). Microangiography is a
novel and minimally invasive technique for evaluation of coronary vascular function
as it requires arterial cannulation for assessment (220). In the experiments
described in this thesis, microangiography was used to evaluate the efficacy of
several therapies aimed at preventing the development of HF after MI. At the same
time, microangiography was used to determine coronary vascular function in animal
models with various risk factors for developing HF, such as intermittent hypoxia,
insulin resistance and vasospasm, to allow us to understand the contributions of
each risk factor to coronary vascular dysfunction and the progression of HF.

1.3

Myocardial Infarction and the Progression of Heart Failure

MI is the consequence of the interruption of blood supply to an area of the heart
resulting in an irreversible loss of function of myocardial tissue. In the past, acute MI
frequently resulted in mortality within several days, particularly if the MI was
untreated or if the infarcted area was large (90). In the last few decades more
patients are surviving acute MI, largely due to the introduction of modern
interventions, such as thrombolytics and angioplasty (90). However, the patients
2
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who survive acute MI often later develop HF (90, 206, 227). As many as 22% of
those hospitalized in Australia between 1984 and 1993 with a first heart attack went
on to develop chronic HF within 28 days of admission (4). In Australia, mortality of
chronic HF is now twice that of acute MI (103, 159).
Necrosis associated with MI evokes an acute inflammatory response, which is a
necessary process for healing and scar formation (52, 63). Following MI, impaired
cardiac output leads to compensatory neurohormonal activation, which exacerbates
the inflammatory response (53). Excessive activation of the renin-angiotensin
system and sympathetic nervous system evoke left ventricle (LV) dysfunction and
secondary ischemia (Fig 1.1). Furthermore, the change of chemical environment in
the heart and a compensatory increase in contractility lead to apoptosis of
cardiomyocytes

(211).

Ultimately,

neurohormonal

over

activation

causes

pathological remodeling, leading to contractile failure (often referred to as
decompensated HF) and death.
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Figure 1.1 Schematic diagram of the progression from myocardial infarction
to heart failure. Following myocardial infarction (MI), impaired cardiac output leads
to compensatory neurohormonal activation which exacerbates the inflammatory
response (53). Excessive activation of the renin-angiotensin system (RAS) and
sympathetic nervous system (SNS) evoke left ventricle (LV) dysfunction and
secondary ischemia. Furthermore, the change of chemical environment in the heart
and a compensatory increase in contractility lead to apoptosis of cardiomyocytes
(211). Ultimately, neurohormonal over activation causes pathological remodeling,
leading to HF.

1.4

Normal Healing Process after Myocardial Infarction

The healing process after MI begins with an inflammatory response, which involves
degradation of extracellular matrix, inhibition of tissue proliferation, and release of
inflammatory mediators (63). Extracellular matrix is an important structure, in part
because it provides an elastic structural support holding the myocytes in sheets. It
consists of proteins and carbohydrates, and in particular collagen fibrils. In the first
phase of healing, the matrix is dissolved, which allows the removal of debris by
inflammatory cells (63). Degradation of collagen is significant at 24 h after
4
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experimental coronary occlusion in rats. The normal collagen structure almost
disappears during the first week after MI in mice (21, 99). Without collagen
crosslinks between myocytes, as the cells lengthen the myocytes slip past each
other leading to dilation of the muscle wall (238). This had been observed within
hours of MI in man (34). Potential mediators that initiate the inflammatory response
include reactive oxygen species (ROS are atoms or molecules with unpaired
electrons in their outer orbit), heat shock proteins, and fibronectin released from
necrotic cells (64). Certain products of necrosis, such as ROS and intracellular
proteins, then activate pattern recognition receptors such as Toll-like receptors
(TLRs), the transcription factor nuclear factor kappa B (NF-KB) and complement
(65). After triggering the inflammation, further inflammatory mediators are released,
resulting in inflammatory cells being attracted to the site of infarct. Complement is
an important mediator of neutrophil and monocyte recruitment to the injury site early
after MI (49). Neutrophils are an important early mediator of the inflammatory
response (98). Neutrophils release oxidants and proteases that phagocytose
cellular debris and dead cells. They also secrete chemokines that attract other
inflammatory cell types (63).
The healing process then turns to reparation, beginning approximately one week
after MI in humans (53). This process involves increased synthesis of matrix,
proliferation of fibroblasts and inflammatory cells, and release of fibrosis-promoting
cytokines that lead to scar formation (53). Inflammatory cells, including
macrophages, monocytes, and platelets, release cytokines and continue to
contribute to the removal of necrotic tissue (53). The release of cytokines also
stimulates expression of fibroblast growth factor and vascular endothelial growth
factor (VEGF) (63). Fibroblast growth factor then causes myofibroblasts to appear
in the wound, which reconstruct a new collagen network (53). The actions of
myofibroblasts are essential for scar formation and the stabilization of the heart wall.
These actions allow the walls of the heart to tolerate the hemodynamic stress
associated with rhythmic contractions. On the other hand, VEGF promotes the
inflammatory response and stimulates angiogenesis within infarct and peri-infarct
regions (213).

5
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Cardiomyocytes will continue to die if hypoxic conditions persist. Campbell et al
showed that the size of an infarcted region progressively increased, over several
hours after occlusion of coronary arteries in humans, due to the progressive loss of
myocardium (34). Additionally, in a porcine model of MI, the infarcted region was
found to further expand during the period from one day to one week after MI (87).
Notably, another study has provided evidence that MI in human patients is
associated with reduced microvascular density even in the myocardium remote
from the site of infarction (35). Thus re-establishing adequate blood flow in the periinfarct region is important for long-term survival of cardiac muscle and thus patients
themselves. However, observations of vessel density provide no information about
the functional impairment that also takes place in vessels that remain patent after
MI. Therefore, direct assessment of coronary vascular function, using advanced
imaging techniques, should provide important insights into ways to prevent ongoing
ischemia after MI. In the experiments described in this thesis, two newly developed
regenerative therapies were assessed. In the experiments described in Chapter 3, a
combination therapy with stem cells and angiogenic factors was provided to the
animals after MI to determine whether this regenerative therapy helps to increase
infarct revascularisation. In the experiments described in Chapter 4, a new
prostacyclin analogue (developed by ONO Pharmaceutical Pty Ltd, Japan) was
administered to the animals after MI to examine whether this drug increases
revascularization.

1.5 Angiogenesis and
Myocardial Infarction

Vessel

Recruitment

in

the

Heart

Post

Humans and most mammals are born with a limited complement of cardiomyocytes,
so that cells that die are not replaced (53). Therefore, after MI, damaged
cardiomyocytes are not replaced whereas non-cardiomyocyte cell types are
replaced, in a process driven by various intra- and intercellular pathways that
contribute to myocardial wound healing (64). During the repair process,
enhancement of blood flow to the infarct region can result from either angiogenesis
or from the recruitment of pre-existing coronary collateral vessels (213).
Angiogenesis can be defined as the budding of capillaries that leads to the
formation of new microvessels from a pre-existing vascular structure. This process
is different from vasculogenesis, which is the formation of new blood vessels from
mesenchymal stem cells during embryogenesis (185). Collateral vessels can play
6
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an important role in supplying oxygen and other nutrients to organs. They can help
to supply blood flow to regions that are subject to infarction due to occlusion of
epicardial arteries (190). However, the extent of coronary collateral vessels varies
between species (84). For example, there is an extensive network of coronary
collateral vessels in the dog (76), but it is very limited in the pig and human (109,
237).
Formation of new blood vessels involves several steps, including dissolution of the
matrix underlying the endothelium; migration, adhesion, and proliferation of
endothelial cells; and formation of a tubular structure which supports blood flow
(185). The major triggers of angiogenesis post MI can be broadly separated into
three categories: mechanical, chemical and molecular which will be described in the
following passages (213). Firstly, the mechanical influence on angiogenesis is
mainly due to shear stress. Augmentation of blood flow both stimulates vascular
sprouting and maintains the newly formed collateral vessels due to enlargement of
the endothelial cells (194). Shear stress on the endothelial cells up-regulates
adhesion molecules in the endothelium, attracts inflammatory cells, and stimulates
endothelial cells to produce growth factors (8). Secondly, hypoxia is one of the
important chemical influences on angiogenesis. Hypoxia triggers vessel growth by
signaling through hypoxia inducible factors which upregulated many angiogenic
genes (112, 198). Of these genes, VEGF is probably the most essential gene for
angiogenesis (41). This conclusion is supported by the observation that mice that
constitutively express hypoxia inducible factor 1α (HIF-1α) in cardiomyocytes had a
3-4 fold greater increase expression of VEGF mRNA and augmented angiogenesis
after MI, compared to wild-type mice (105). Finally, the molecular influences on
angiogenesis after MI include inflammatory cytokines, angiogenic factors, growth
factor receptors, angiogenic inhibitors, endothelial activation and extracellular matrix
(37).
New vessels that originate from external stimulation due to MI do not necessarily
have the normal capacity for blood flow control (27). Therefore, often the angiogenic
capacity is not sufficient to prevent ongoing ischemia that leads to HF. Many
approaches are being used to increase angiogenesis, but these are frequently used
as monotherapies. The question of which regenerative approaches are best has
been widely debated (see section 1.6.2). Importantly, the function of the
7
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microvessels in regenerative therapy trials involving small animals has received
little attention. This issue is the chief focus of the experiments described in
Chapters 3 and 4 of this thesis.

1.6

Current Status of Therapies for Heart Failure

The major strategies for preventing the progression of chronic HF are to minimize
risk factors of HF, improve status of symptoms, and increase survival rate.
Following these strategies, various therapies have been used to prevent chronic HF,
which are detailed in the following section. In general, pharmacological therapies
are currently used to manage all forms of HF. However, the benefits of
pharmacological therapies for HF with ejection fraction (HFrEF) have not been fully
proven in HFpEF or in fact inadequately tested (162). Moreover, epidemiological
analysis demonstrates that currently 50% of all patients with HF are diagnosed as
HFpEF (223). Therefore, novel therapies are needed for patients with HFpEF. On
the other hand, cell based regenerative therapies are continuing to be explored to
improve cardiac function in end-stage HF.
1.6.1 Pharmacological Therapies
1.6.1.1 Angiotensin-converting Enzyme Inhibitors, Angiotensin-receptor Blockers and βblockers
There is strong evidence that HF is driven by excessive activation of the reninangiotensin system (RAS) and SNS (97, 170). Therefore, blockade of these
systems has been used as a therapy to manage HF (Table 1.1). Inhibitors for
angiotensin-converting enzyme (ACE) and angiotensin-receptors blockers (ARB)
reduce activity of the RAS (131, 153). Reduction of RAS activity minimizes multiple
pathophysiological effects of angiotensin II, and therefore leads to peripheral
vasodilation, inhibition of LV hypertrophy and diuresis (104, 124, 153). ACE
inhibitors have been shown to reduce mortality and morbidity in patients with HFrEF
(70, 92). ARBs are normally only used in patients that do not tolerate ACE inhibitors,
as they did not achieve superior benefits in reduction of mortality when compared
with ACE inhibitors (44, 110, 138). On the other hand, β-blockers inhibit the activity
of SNS through the β-adrenergic receptors. These slow the heart rate, decrease
blood pressure, and have a beneficial effect on the myocardium through inhibition of
remodeling (30, 75). Moreover, various studies show that treatment with β-blockers

8

CHAPTER 1 General Introduction
reduces mortality and morbidity in patients with HFrEF (1, 166, 167). However, βblockers can not be used in severe HF as they depress contractility of myocardium.
Table 1.1 Summary of current pharmacological therapies used to manage
heart failure with reduced ejection fraction and primary outcomes from
clinical trials.
Drugs
ACE inhibitors
Captopril
Enalapril
Lisinopril
Ramipril
Trandolapril
ARB
Candesartan
Valsartan
Losartan
β-blockers
Bisoprolol
Carvedilol
Metoprolol
Nebivolol
Vasodilators
Hydralazine
ISDN
BiDil (hydralazine/ISDN)
ARA
Eplerenone
Spironolactone
If-channel blocker
Ivabradine
ARN inhibitor
LCZ696 (valsartan/sacubritril)

Primary Outcome
êê Mortality
êê Hospitalization

êê
êê

Mortality
Hospitalization

References
(70, 92)

(44, 110, 138)

ê
ê

Mortality
Hospitalization

(1, 166, 167)

ê
ê

Mortality
Hospitalization

(43, 178, 244)

ê Mortality
ê Hospitalization
ê LV remodeling
ê Heart rate
é Atrial fibrillation
êêê Mortality
êêê Hospitalization

(176, 248)
(62, 212)

(139)

ACE: angiotensin-converting enzyme, ARB: angiotensin-receptors blocker, ISDN:
isosorbide dinitrate, ARA: aldosterone receptor antagonist, If-channel: current of
funny channel and ARN: combined angiotensin receptor blocker and neprilysin
inhibitor.
1.6.1.2 Vasodilators
Vasodilators, including hydralazine and isosorbide dinitrate (ISDN), were the very
early agents used for the treatment of HF. Combination treatment with hydralazine
and ISDN, in patients with HFrEF, was found to reduce mortality at 2 year follow-up
9
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by 34%, but no effect on hospitalization was detected (42). In a clinical trial that
compared this combination therapy to that with an ACE inhibitor (enalapril) in
patients with HFrEF, the reduction in in mortality was found to be greater in the
group treated with the ACE inhibitor (38.2% vs 32.8%) (43). Therefore, combined
treatment with hydralazine and ISDN is now only recommended for patients unable
to tolerate therapy with ACE inhibitors or ARBs (178, 244).
1.6.1.3 Aldosterone Receptor Antagonist and Digoxin
Drugs including aldosterone receptor antagonist and digoxin also have been used
to treat HF (51, 77). Aldosterone receptor antagonists have been found to inhibit
renal sodium retention, decrease renal potassium excretion, and reduce vascular
and LV hypertrophy (5, 74). Furthermore, treatment with aldosterone receptor
antagonists was found to reduce hospitalization and mortality in patients with HFrEF
(176, 248). Digoxin increases myocardial contractility through inhibition of the
Na+/K+ ATPase pump to increase intracellular sodium levels (51). However, digoxin
is now rarely used for treating HF because it was found to be associated with
increased mortality (222).
1.6.1.4 Hyperpolarization-activated, Cyclic Nucleotide-gated Channel Blocker
Ivabradine is an inhibitor of the hyperpolarization-activated, cyclic nucleotide-gated
(HCN) channel. It is commonly used to manage HF in whom β-blockers have been
ineffective (244). Blocking HCN channel leads to a reduction in funny channel
current (If) in the sinus node (22). A reduction in If leads to decreased heart rate (22).
Treatment with ivabradine was shown to improve contractility of the LV and reduce
heart rate both in rats with HFrEF and in mice with HFpEF (150, 183). In patients
with HFrEF, ivabradine reduced heart rate by 8 beats per minute, and reduced
hospital admission by 18% (212). However, adverse events such as atrial fibrillation
and symptomatic bradycardia were more frequently observed in patients treated
with ivabradine than those with placebo (62).
1.6.1.5 Combined Angiotensin Receptor Blocker and Neprilysin Inhibitors
Recently, a new compound (LCZ696) that combines the moieties of an ARB
(valsartan) and a neprilysin inhibitor (sacubitril) has been developed for treating HF
(106). Treatment of rats with LCZ696 after MI attenuated cardiac remodeling and
10
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dysfunction, at least partly by reducing cardiac fibrosis and hypertrophy (230). In a
clinical trial, LCZ696 was found to be superior to an ACE inhibitor (enalapril) in
reducing the risk of death and hospitalization in patients with HFrEF (139).
Therefore, LCZ696 may be an alternative to ACE inhibitors or ARBs in patients with
HFrEF.
Current pharmacological therapies have been shown to provide several beneficial
effects to delay the progression of HF and increase survival rate (44, 51, 117).
However, these drugs have multiple side effects, including hyperkalemia,
hypotension and renal impairment (73, 139, 168). These side effects need to be
carefully monitored in patients on combined treatment with a β-blocker and ACE
inhibitor

with

an

aldosterone

antagonist.

Furthermore,

other

concomitant

medications should be used with caution to avoid adverse pharmacodynamic
interactions. For example, combined use of β-blockers and calcium channel
blockers can lead to atrioventricular block (96, 111). The pharmacological therapies
mentioned above were only found to be effective in HF with HFrEF as opposed to
HFpEF (162). Moreover, the drug therapies recommended by the current guidelines
only help to manage chronic HF. They do not repair the damage to the heart.
Therefore, there is growing interest in regenerative therapies for treating chronic HF.
1.6.2 Regenerative therapies
An alternative strategy for treating MI and chronic HF is to regenerate the
myocardium to improve cardiac function. There is growing interest particularly in
regenerative approaches aimed towards increasing the heart’s contractile muscle
mass. Various types of surgery have been employed including ventricular
restoration (a procedure designed to restore or remodel the LV to its normal shape
and size), implantation of a ventricular assist device, and heart transplantation for
patients with end-stage HF (2). However, such procedures are limited by the highly
complicated surgery, extremely high cost of medical resources and shortage of
organ donors respectively. Hence, regenerative medicine has become one of the
main research focuses in recent years, given its greater potential for wide spread
use. Regenerative approaches have evolved from applications using differentiated
cell lines to new approaches that utilize so-called progenitor cell lines. Each type of
cell line used for regeneration has been found to have both advantages and
disadvantages, as summarized below (Table 1.2).
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Table 1.2 Summary of current stem cells therapies used to manage heart
failure with reduced ejection fraction and outcomes from clinical trials.
Stem Cell Types
Bone marrow
derived stem cells

Studies reporting
Positive Outcome
Negative Outcome
é

LV ejection fraction (25)

No improvement in
cardiac function (9)

ê Scar size and infarct size
(25)
Adipose tissue
derived stem cells

é

LV mass (88, 174)

ê Scar size and infarct size
(88, 174)
Skeletal myoblast
cells

é Cardiac function
(141, 204)
é Cardiac contractility
(141, 204)

No improvement in
cardiac function (228)
é Risk of ventricular
arrhythmia (204, 228)

Cardiac derived
stem cells
é LV ejection fraction (23,
130)
ê Infarct size (23, 130)
ESCs/iPSCs
yet to be ascertained
LV: left ventricle, ESCs: embryonic stem cells and iPSCs: induced pluripotent stem
cells.
1.6.2.1 Bone Marrow Derived Stem Cells
Bone marrow (BM) cell lines were not only the first adult stem cells reported to
differentiate into cardiomyocytes but have also been the most frequent source of
cells used in clinical trials for cardiac repair in the past decade (79, 193). BM is
derived from the embryonic mesoderm and is made up of a population of
hematopoietic stem cells, which are supported by a mesenchymal stroma (172). BM
stroma contains mesenchymal stem cells and endothelial progenitor cells, which
have been reported to possess the potential to differentiate into cardiomyocytes by
observing cardiomyocyte-like ultrastructure such as sarcomeres, a centrally
positioned nucleus and atrial granules in the cells differentiated from BM stroma
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under electron microscopy (13, 129). The studies of Orlic (160) and Taylor (217)
both showed that implantation of BM stem cells improve myocardial contractility
through myocardial regeneration and reduce infarcted size in animal models of MI.
However, Scherschel showed that adult BM-derived cells do not acquire normal
adult cardiomyocyte function (196). Clinical trials have not shown consistent
positive outcomes associated with treatment with BM cells. For example, Ang et al
were unable to detect improvements in regional or global LV function (end-systolic
volume, end-diastolic volume stroke volume or ejection fraction), or a reduction in
scar size using cardiac magnetic resonance imaging (MRI), after BM cells were
delivered by intramyocardial injection or intracoronary infusion during coronary
artery bypass grafting (9). On the other hand, a small clinical pilot study using MRI
showed that infusion of BM derived multipotent stem cells preserved LV geometry
and reduced infarcted size in patients who survived after MI (25). Furthermore,
Poulin et al in their recent review conclude that treatment with BM derived cells
improved perfusion defects, reduced infarcted size and increased myocardial
viability in the short term in most of the published clinical trials (179). It is not clear
whether the regenerated myocardium, in patients or animals treated with BM cell
lines, is fully functional and can thus stave off HF in the long term (132). Additionally,
harvesting of BM is painful and associated with potential morbidity. Therefore,
alternative sources of stem cells are considered to be more attractive for direct
implantation. Nonetheless, some consider it might be possible to harness the
body’s own ability to recruit BM progenitors to sites of cardiac injury with
chemokines and other biochemical signals such as cytokines and adhesion
molecules (108, 199). This new approach may provide a better way to recruit
endogenous BM stem cells. However, it has not yet been trialed in patients.
1.6.2.2 Adipose Tissue Derived Regenerative Cells
Similar to BM cells, adipose tissue is also derived from the embryonic mesoderm
and contains a heterogeneous stromal cell population (123). Adipose tissue is
particularly advantageous as an autologous source for therapeutic regenerative
cells due to the fact that cells can be harvested in large quantities by liposuction
(251). Adipose tissue contains a pool of adipose-derived mesenchymal stem cells,
which have been shown to be multipotent stem cells. Adipose-derived
mesenchymal cells (MSC) can express cardiac marker genes, so may have the
ability to differentiate into cardiomyocytes (177, 234). Miyahara et al showed that
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transplantation of monolayered adipose-derived MSC into infarcted myocardium
reversed wall thinning in the infarcted area and improved cardiac function (147). In
addition, intramyocardial injection of adipose stem cells one week after coronary
occlusion enhanced cardiac contractility and angiogenesis in the infarcted heart in
rats (234). Several clinical studies on patients with MI show significant improvement
in total LV mass and reduced infarct size after treatment with adipose-derived stem
cells (88, 174). However, the ability of adipose-derived stem cells to differentiate
into cardiomyocytes is still controversial and this might have a potential impact on
future utilization of this cell source (161, 232).
1.6.2.3 Skeletal Myoblast Cells
Skeletal myoblast cells (SkM) are derived from satellite cells, which are a population
of stem cells in skeletal muscle (240). Various animal studies have provided
evidence that treatment with SkM improves cardiac function. This positive evidence
quickly led to clinical studies showing that intramyocardial injection of SkM can
improve cardiac function and increase contractility, albeit with an associated
increased risk of ventricular arrhythmia (141, 204). On the other hand, Veltman et al
found that intramyocardial injection with SkM did not improve function in patients,
and might even induce the development of serious arrhythmias (228). Very early in
this field of regenerative research Murry et al suggested that SkM were unlikely to
regenerate into myocardium, based on their inability to detect myocardial gene
expression in the cells regenerated from SkM, and the fact that the new muscle did
not have the ability to contract spontaneously (155). Nevertheless, others have
shown that SkM differentiate into myotubes in vivo and improve ventricular function
(140). Moreover, SkM are amenable to culturing as cell sheets. Since implantation
of a sheet of SkM improved cardiac function in part by attenuating the pathological
remodeling in ischemic porcine myocardium (146), it now seems that growing SkM
cell sheet constructs will offer a viable therapy for severe MI and thus prevention of
the onset of HF. However, it is not clear if there is an optimum size limitation for
such sheet constructs, as sheets are grown in an avascular state. Further, as
coronary function is rarely assessed in preclinical studies utilizing small animal
models, it is not known whether the vessels that revascularise at the sheetmyocardium interface have normal function. In the studies described in Chapter 3 of
this thesis I examined whether SkM sheet therapy is improved by combining it with
a source of angiogenic factors, by evaluating coronary function.
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1.6.2.4 Cardiac Derived Stem Cells
Resident cardiac stem cells (CSC) in the heart have been reported to be able to
differentiate into cardiomyocytes (119). Several cardiac resident stem cell
populations have been characterized with the discovery of the expression of novel
stem cell marker proteins. We now know that the c-Kit expressing cell population is
able to differentiate into cardiomyocytes, smooth muscle cells and endothelial cells
(16). Islet-1 expressing cells can differentiate into functional cardiomyocytes both in
vivo and in vitro (115). Several animal studies have shown that intracoronary
infusion of CSC after MI improves cardiac function with a decrease LV end-diastolic
pressure and increase LV ejection fraction (24, 216). In clinical trials, patients with
MI have also shown an increase in LV ejection fraction (8-12%) and reduced
infarcted size (12-30%) after intracoronary infusion of CSC (23, 130). However, it is
not clear from these studies if the regulation of coronary flow is normalized following
CSC infusion. These results suggest that CSC is another potential cell source for
cell therapy for treating MI.

1.6.2.5 Embryonic Stem Cells and Induced Pluripotent Stem Cells
Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) are
suggested to be the most promising source of cells for regenerative therapies.
These cells are pluripotent, which means that they can differentiate into cells types
from all germ layers indefinitely (6). ESCs are derived from the inner cell mass of
blastocysts from mammals while iPSCs are derived from adult somatic cells after
inducing the expression of specific transcription factors (54, 215). Mouse and
human ESCs/iPSCs have been differentiated into various cell types, including
cardiomyocytes, neuronal cells, and embryonic erythrocytes (47, 195). The
efficiency of cardiomyocyte differentiation is improved by supplementation of growth
media with signaling molecules, such as activin A and bone morphogenetic protein
4 (BMP4) (114, 245). Transplantations of human cardiomyocytes derived from ESC
or iPSCs cells into infarcted hearts of rodents have been reported to enhance
cardiac function (39, 86, 114). Although iPSCs show great promise for cardiac
regeneration, the low efficiency of iPSCs generation must be improved for this
approach to be clinically feasible (128). Furthermore, several preclinical studies
showed that intramyocardial injection of iPSC resulted in growth of intramural
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teratomas in rats and mice with MI (3, 233, 249). To date, iPSCs have not been
used in clinical HF trials, but a trial that examines iPSC benefits for macular
generation is underway in Japan (218).

1.7

Basic Anatomy and Physiology of Coronary Blood Vessels

Following MI, by its very nature, there is a region deprived of adequate blood flow.
Neurohormonal activation after MI generally reduces myocardial perfusion further
(175). In other forms of HF, for example HFpEF, there is a significant contribution of
coronary microcirculatory dysfunction to the worsening of HF (26, 173). The
coronary circulation is crucial for maintenance of cardiac function. In order to
appreciate how coronary dysfunction contributes to HF we must consider the basic
anatomy and physiology of the coronary circulation, which has been established in
both human and animal studies.
The coronary vessels are the only source of blood, and thus oxygen, for the
myocardium (55). The oxygen consumption of the heart is very high. Even in the
resting subject, myocardial blood flow (~8 ml oxygen/100 g of myocardium) is
around 20 times greater than that of resting skeletal muscle (19). Delivery of oxygen
and nutrients is enhanced by the fact that the myocardium has a much greater
capillary density (roughly 1 capillary per myocyte), and shorter diffusion path, than
other peripheral tissues (19). In order to understand the components that regulate
coronary vessel tone and flow, it is necessary to first consider the anatomy of the
coronary circulation.
The walls of coronary arteries have three layers. From the luminal surface these are
the intima, media and adventitia. These three layers are separated by layers of
elastin; the internal elastic lamina separates the intima from media and the external
elastic lamina separates the media from the adventitia (Fig 1.2). The adventitia is
the outer-most layer, and is mainly formed by collagen, which anchors the artery to
nearby tissue. The media of coronary arteries is mainly formed by vascular smooth
muscle (VSM), contraction or relaxation of which mediates changes in their radius
in response to vasoactive substances. Endothelial cells are the main component of
the intima, which is directly exposed to the bloodstream.

16

CHAPTER 1 General Introduction
Endothelial cells are highly active, highly differentiated cells with a multiplicity of
functions. These include regulation of vascular tone, platelet activity and leukocyte
adhesion (85, 102). The endothelium transduces various physiological stimuli by
producing paracrine and autocrine signaling molecules that have effects on blood
cells, smooth muscle cells and also the endothelium itself (40). The endothelium
helps to regulate blood clotting, assists immune response, mediates the bulk flow of
fluid and solutes between the plasma and extracellular compartments, and
regulates vascular tone (40).

Figure 1.2 Internal structure of a coronary artery. The wall of a coronary artery
has three layers, which are separated by layers of elastin. From the luminal surface
these are the intima, media and adventitia. The vascular endothelium is the thin
layer of cells that line the luminal surface, and is the main component of the intima.
The media of blood vessel is mainly formed by vascular smooth muscle. The
adventitia is chiefly composed of collagen fibers.
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1.8

Control of Coronary Vascular Tone by Vascular Smooth Muscle

Contraction and relaxation of VSM evokes changes in vessel radius, which
determines vascular resistance of that segment. Local vascular resistance regulates
the distribution of blood flow within the myocardium. To understand how and what
causes contraction and relaxation of VSM, we must first understand the structure of
VSM. VSMs are spindle-shaped cells. They are joined by gap junctions that allow
ionic currents to flow between them. Actin (thin) and myosin (thick) filaments are the
basic contractile units in VSM cells. The actin filaments insert into dense bands on
the inner surface of the cell and into dense bodies in the cytoplasm. There are no
striations in VSM because the dense bodies are not aligned across the cell. The
VSM cells can contract as a whole due to the function of the third kind of filament,
the intermediate filament. The intermediate filament acts as a cytoskeleton and links
up the dense bodies and the dense bands to produce the contraction of the whole
cell.
Contraction of VSM can be triggered by a rise in the concentration of Ca2+ in the
cytoplasm through the opening of voltage-dependent Ca2+ channels on the cell
membrane. A complex of Ca2+ and calmodulin activates myosin light chain kinase
(MLCK), which then phosphorylates the myosin light chain (part of the mobile head
of myosin) (236). In the presence of adenosine triphosphate, phosphorylation of
myosin light chain leads to formation of cross-bridges between myosin and actin,
and thus the development of vascular contraction. On the other hand, relaxation of
VSM can be induced by a reduction of Ca2+ concentration in the cytoplasm. A
reduction in the Ca2+ concentration in the cytoplasm stops the progression of
contraction, which then reduces the active tension in VSM.
The active tension exerted by VSM in a segment of wall is called vessel tone.
Regulation of vascular tone is dependent on the balance of vasoconstriction and
vasodilatation. The balance of vasoconstriction and vasodilatation is influenced by
multiple competing vasoactive factors. The extrinsic factors that act on the
vasculature to influence vessel tone include autonomic nerves (sympathetic, and in
some vascular beds parasympathetic) and circulating hormones such as
angiotensin, adrenaline and vasopressin (32). The intrinsic factors include
myogenic mechanisms, local paracrine and autocrine hormones (such as
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histamine), metabolites or hypoxia, and paracrine factors released from the
endothelium. Of these factors, the secretion of vasoactive factors from the
endothelium plays a dominant role in regulating vascular tone and blood flow in the
coronary circulation, as described in detail below.

1.9

Influence of the Endothelium on Vascular Smooth Muscle

The endothelium regulates the transfer of nutrients, metabolites and signaling
molecules between blood and tissue (158). Endothelial cells are also ideally
situated to control the function of VSM to regulate blood flow (69). The endothelium
regulates local vascular tone by synthesizing and secreting a number of vasoactive
agents, including vasodilators (e.g. nitric oxide, prostacyclin and endothelium
derived hyperpolarizing factors, Fig.1.3) and vasoconstrictors (endothelin-1 and a
variety of metabolites of arachidonic acid) (133, 226). The pathways and functions
of vasoactive agent secreted from endothelium are discussed below.
1.9.1 Nitric Oxide
Nitric oxide (NO) is a freely diffusible gas with several important cardiovascular
functions. These include vascular relaxation and inhibition of platelet aggregation
and adhesion (148, 169). When the concentration of Ca2+ is high in the endothelial
cell, Ca2+ combines with calmodulin, which activates nitric oxide synthase (NOS).
There are three isoforms of NOS, numbered in the order they were discovered.
These are neuronal NOS (nNOS or NOS-I), inducible NOS (iNOS or NOS-II) and
endothelial NOS (eNOS or NOS-III) (61, 148). NOS causes oxidation of L-arginine
to L-citrulline to release NO (169). NO is generated continuously and has a short
half life of only a few seconds (3-5 sec) (148).
After NO diffuses from the endothelium into the underlying VSM, NO induces
vasodilation mainly through activating guanylyl cyclase. This enzymes catalyses the
conversion of guanosine triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP), which activates protein kinase G (PKG) (80). PKG leads to the reduction of
the cytosolic Ca2+ concentration through reuptake of cytosolic Ca2+ into
sarcoplasmic reticulum. The cytosolic Ca2+ concentration decreases and MLCK can
no longer phosphorylate myosin. The reduction of cytosolic Ca2+ concentration also
activates myosin light chain phosphatase and thus leads to vasodilation (Fig. 1.3).
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NOS blockade has been observed to blunt the increase in coronary flow produced
by vasodilators such as ACh or bradykinin by 35-67% (93, 164, 241) Therefore, the
generation of NO by the endothelium is important for the regulation of coronary
blood flow.
1.9.2 Prostacyclin
Prostacyclin (PGI2) has similar effects on coronary vascular function to NO, being a
vasodilator and inhibitor of platelet aggregation (181). PGI2 is produced from
arachidonic acid (Fig 1.3). Arachidonic acid is metabolized by cyclooxygenase
(COX) to prostaglandin H2 (PGH2), which then further transformed by prostacyclin
synthase to PGI2 (171).
PGI2 then diffuses in the nearby VSM and acts on the prostacyclin receptor (IP),
which is a member of the G-protein coupled receptor family present on VSM. IPreceptors mediate activation of adenylyl cyclase (AC) to generate cyclic adenosine
monophosphate (cAMP) from adenosine triphosphate (ATP) (Fig 1.3) (80). The
consequent increase in the intracellular concentration of cAMP activates protein
kinase A (PKA), which decreases cytosolic Ca2+ concentration and causes
vasodilation. The decrease in cytosolic Ca2+ concentration is mediated by an
increase in the reuptake of Ca2+ into the sarcoplasmic reticulum through the Ca2+ATP pump (PKA mediated). In addition, PKA causes hyperpolarization by reducing
the probability of opening of voltage-sensitive calcium channels by phosphorylation
of K+ channels (80). PGI2 is normally considered less important than NO in
vasodilation as inhibition of COX did not reduce coronary blood flow, but inhibition
of NO production caused a significant reduction in coronary blood flow in both pigs
and dogs (45, 118, 164).
1.9.3 Endothelium Derived Hyperpolarizing Factors
Even when the production of NO and PGI2 is inhibited, vasodilation, accompanied
by hyperpolarization of smooth muscle cells, can still be triggered by
pharmacological stimulation of the endothelium (80). This observation indicates that
there is at least one endothelium-derived hyperpolarizing factor (EDHF) that is
independent of NO and PGI2. The precise chemical identity of EDHF remain a
matter of controversy. Indeed, it is likely that multiple EDHFs exist and that their
nature differs across various vascular territories (see below). EDHF appears to play
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a more important role in the small vessels than the large vessels, since AChinduced vasodilation, observed in the presence of NOS and COX blockade, is
relatively greater in smaller than larger vessels (71, 91, 201). EDHF hyperpolarizes
the VSM through opening of K+ channels (especially calcium-activated K+ channels)
to cause vasodilation in coronary vessels (81, 82). The evidence that EDHF
hyperpolarizes the VSM through opening of K+ channels was revealed by showing
that stimulation of EDHF was strongly associated with the extracellular K+
concentration (157, 200).
Several pathways have been proposed for EDHF-mediated vasodilation in the
coronary circulation, including a pathway through metabolism of arachidonic acid by
cytochrome P450 epoxygenase. Briefly, in response to shear stress or activation of
certain receptors on the surface of endothelial cells, cytosolic Ca2+ increases. This
activates PLA2 and thus results in production of arachidonic acid (125). Catalyzed
by cytochrome P450 epoxygenase, arachidonic acid is converted into eicosatrienoic
acids (EETs) (59, 78). EETs then stimulate calcium dependent potassium channels
(KCa+) in endothelial and VSM resulting in hyperpolarization (10, 36, 145). EETs
may directly activate the gap junctions between endothelial cells and VSM thereby
transmitting hyperpolarization from endothelial cells to VSM (189). EETs also
activate transient receptor potential vanilloid 4 (TRPV4) channels on endothelial
cells, as evidenced by the observation that inhibition of EET degradation increased
the TRPV4-dependent Ca2+ responses to arachidonic acid (231, 235). TRPV4
channels promote Ca2+ influx, which further increases the concentration of Ca2+ in
the endothelial cells, and activates K+ channels to release K+ ions into the
subendothelial space (235). The increase of K+ in the subendothelial space leads to
hyperpolarization in smooth muscle cells by activation of KCa+ channels, inwardly
rectifying potassium channels (KIR+) and the Na+-K+ pump. Hyperpolarization in
VSM then further leads to relaxation by reducing the cytoplasmic concentration of
Ca2+ (Fig. 1.3).
Another proposed pathway for EDHF-mediated vasodilation is through the
production of hydrogen peroxide (H2O2), which can cause hyperpolarization by
activating KCa+ channels or myoendothelial gap junctions (18, 135, 143, 242).
Superoxide dismutase (SOD) catalyzes of the production of H2O2 from superoxide
(O2-) (11, 67). Vascular endothelial cells produce O2- and H2O2 from several
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intracellular sources, including eNOS, COX, mitochondria, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, xanthine oxidase, and cytochrome P450
(15, 60, 100, 137, 192). Matoba et al showed that catalase, which dismutates H2O2
to

form

water

and

oxygen,

inhibited

EDHF-mediated

relaxation

and

hyperpolarization in small mesenteric arteries in mice (136). Similar findings have
been shown in peripheral arteries in pig, coronary arteries in canine, mesenteric
arteries and coronary microvessels in human (113, 144, 242).
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Figure 1.3 Mechanisms underlying endothelium-dependent vasodilatation. 1.)
Agonist such as bradykinin and acetylcholine or shear stress increase the activity of
endothelial nitric oxide synthase (eNOS) and cyclooxygenase (COX). These trigger
nitric oxide (NO) and prostacyclin (PGI2) mediated vasodilation. 2.) PGI2 acts via the
prostacyclin receptor (IP) to activate adenylate cyclase (AC) causing an increase in
cyclic adenosine monophosphate (cAMP) production. 3.) NO activates soluble
guanylate cyclase (sGC) leading to an increase in cyclic guanosine monophosphate
(cGMP). 4.) Endothelium derived hyperpolarizing factors mediate vasodilation
through a number of pathways, including the opening of K+ channels on the
vascular smooth muscle cells. Calcium: Ca++, phospholipase A2: PLA2, cytochrome
P450 2C: CYP4502c, eicosatrienoic acids: EET, transient receptor potential: TRP,
inwardly rectifying potassium channels: KIR+, calcium-activated potassium channels:
KCa+, myoendothelial gap junction: Gap, tetrahydrobiopterin: BH4, oxygen: O2,
oxygen produces superoxide: O2-, superoxide dismutase: SOD and hydrogen
peroxide: H2O2. Images reproduced, with permission, from Ozkor et al (163).
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1.10 Endothelial Dysfunction in the Coronary Circulation
The endothelium not only plays an important role in regulating vascular tone,
platelet activity, and leukocyte adhesion but is also involved in thrombosis and the
development of atherosclerosis in coronary vessels. Endothelial dysfunction in the
coronary circulation is thus highly relevant to the development of HF (33, 85, 173,
178). Endothelial dysfunction is defined as a diminished ability of the endothelium to
mediate its various functions, including vasodilation. The main feature of impaired
endothelial function that is generally reported is a reduction of NO bioavailability,
which is due to reduced NO production by the endothelium or increased inactivation
of NO by reactive oxygen species (ROS), specifically the superoxide anion (68,
214). There is strong evidence that elevated levels of ROS lead to low NO
bioavailability (68, 89, 182). Excessive production of ROS has been found in
various disease states including hypertension, atherosclerosis and MI (29, 209).
The low bioavailability of NO is most frequently attributed to the reaction of
superoxide with NO to form peroxynitrite (ONOO-), an important radical that triggers
apoptosis in cardiomyocytes, endothelial and VSM cells (12, 46, 120, 121, 142).
However, diminished NO-mediated dilation in HFpEF may also result from
decreased phosphorylation of PKG (173, 219, 224). Indeed, patients with HFpEF
have low PKG activity, low NO bioavailability and a blunted vasodilatory response
to ACh (173, 219, 224).
Normally, coronary vessels are able to produce vasodilation in response to
vasodilators, but in pathological states such as MI, hypertension and HF, coronary
vessels produce vasoconstriction instead (66, 127, 229). It is well established that
vasoconstriction, resulting largely from endothelial dysfunction, contributes to the
no-reflow

phenomenon

associated

with

ischemia-reperfusion

injury

(205).

Furthermore, changes in the surrounding normal myocardium after MI appear to
arise from ongoing inflammation that can result in the spread of endothelial
dysfunction (56). Indeed, it has been shown that in addition to diminished NO
bioavailability, increased activation of constrictor factors occurs in chronic HF.
Increased expression of RhoA/RhoKinase has been detected in hypertension,
chronic HF, diabetes and vasospasm (48, 210, 239, 246). Activation of this pathway
contributes to exaggerated constriction, which was reduced by selective RhoAkinases (ROCK) inhibition (fasudil or Y-27632) (122, 156). Furthermore, others
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have shown that, in hypertensive vascular dysfunction, RhoA/ROCK activation
inhibits eNOS activity to exacerbate the reduced vasodilatory capacity of the
coronary circulation due to endothelial dysfunction (116). Therefore, evaluation of
vascular endothelial function in the coronary circulation plays an important role in
preventing HF development.

1.11 Imaging Techniques for Assessing Vascular Function
Previous studies conducted in our laboratory have shown that visualization of
coronary vascular beds with synchrotron radiation (SR), while administering
vasoactive agents in vivo, is a useful method for evaluation of coronary vascular
function (95, 202, 203). Intravital microscopy has the ability to directly image
microvessels, and is commonly use to assess vascularization in tumour cells (126).
However, it can only supply information on vascular calibre at a single location in a
vascular network with limited imaging depth (less than 200 µm in the living tissue)
(154). Various imaging techniques, such as magnetic resonance imaging (MRI) and
computed tomography (CT) have been used to observe cardiovascular structure
and function directly by providing images of the coronary vessels (17, 20, 57). MRI
and CT can provide non-invasive visualization of coronary arteries, but they have
limited resolution. Consequently, the microvessels, which are the vessels of
greatest interest in diseased conditions, cannot be imaged in small animals (202).
Microangiography

utilizing

SR

provides

high-resolution

images

of

the

microcirculation, even in small animals (202, 203). Importantly, this method allows
repeated imaging of the vessel network (202). SR imaging can be performed with a
temporal resolution of milliseconds at most of the third generation synchrotron
facilities worldwide (202). SR is characterized by high directionality, variable
polarization and brightness. The fine collimation of the X-ray beam for SR is 106
times brighter than laboratory and medical X-ray sources. The advantages and
limitation of SR microangiography for imaging dynamic organs, such as heart and
lung in anesthetized animals have been discussed in a recent review (203). SR is
ideal for dynamic studies of small arterial vessels in small animals (203). In adult
rats, utilizing this approach with available X-ray detectors capable of 10-15 µm pixel
resolution, it is possible to visualize arterioles in vivo without motion artifacts
(coronary ~40 µm, pulmonary vessels ~50 µm) (203). In the studies described in
this thesis, I used this approach to evaluate vascular tone and its regulation in the
coronary circulation.
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1.12 Summary, Hypotheses and Aims
In the early hours after reperfusion caused by coronary artery occlusion, blood flow
to the ischemic myocardium may still remain diminished, or even further deteriorate
over time (184). This is known as the no-reflow phenomenon. The size of the noreflow zone is approximately the same as that of the infarct size (101). Previous
research has demonstrated that the obstruction of the microvasculature responsible
for the no-reflow phenomenon is driven by swelling of the endothelium, infiltration of
white blood cells, stagnation of red blood cells, and extravascular edema (107). Noreflow has been defined as an evolving process rather than an immediate event that
occurs at the moment of reperfusion (184). Inflammation after MI can limit blood
flow, due to migration of leukocytes into the injured microvasculature and the
release of vasoactive amines from activated platelets (101). The no-reflow
phenomenon is not the primary cause of myocardial cell damage but it can induce
further loss in cardiac muscle mass (see Fig. 1.1). Therefore, there is a crucial need
to investigate microvascular function after MI.
Coronary angiography is the most reliable technique for diagnosis of CVD and for
optimizing treatment modalities for CVD (178, 186). Moreover, coronary
angiography is essential for anatomical evaluation of the site and degree of
coronary stenosis (178, 186). Importantly, SR allows microangiography of
resistance vessels even in small animals (197). Thus, it can provide a powerful
approach to facilitate basic and translational research on the coronary circulation.
There have been studies demonstrating the utility of SR microangiography for in
vivo coronary imaging in mice and rats (94, 203, 221, 243). However, there are very
few studies that have applied this approach to the investigation of HF and the
factors that drive it, such as coronary vasospasm. This approach has also been
rarely applied to the assessment of the efficacy of cardiac regenerative therapies in
vivo. These issues are the major focus of the current thesis.
SR overcomes many of the limitation of other techniques, used in previous studies,
to investigate local control of blood flow in vivo (202). Magnetic resonance and
micro-computed tomographic techniques have limited spatial and temporal
resolution (17). The advantages of SR are that it provides images of the
microcirculation in small animals with both high spatial and temporal resolution. The
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images provide unrivalled insight into vasomotor regulation, particularly given the
feasibility of repeated imaging of the vessel network (202). SR imaging can be
performed in with a temporal resolution of milliseconds at most of the third
generation synchrotron facilities worldwide (202). When combined with a fast X-ray
detector system we consider that SR is ideal for dynamic studies of small arterial
vessels in small animals and is also the best approach for imaging in cardiac
regenerative medicine.
Assessment of endothelium-dependent and -independent vasodilator function in
vivo has been used, in both clinical and preclinical studies, to establish how
endothelial or VSM dysfunction might contribute to the progression of heart disease
and various forms of HF (58, 95, 186, 203). However, coronary function is rarely
assessed in studies of regenerative therapy. Rather, for the most part these studies
have focused on evaluation of the effects of transplantation on LV function and
remodeling (23, 72, 130, 191). Adequate perfusion is critical for the successful
regeneration of the myocardium. Previous clinical trails also show attenuated
therapeutic effects due to multiple factors such as generation of unstable and
immature blood vessels with endothelial dysfunction (14, 38). Therefore, in my
thesis one focus is the assessment of the vascular function of the coronary
circulation to evaluate the efficacy of regenerative therapies. In the studies
described in Chapter 3, my first aim was to generate an index of the number of
coronary arterial vessels in the ischemic myocardium 2 weeks after treatment with
either myoblast sheets, omentum or combined treatments. The second aim was to
determine whether the existing and newly developed arterial vessels in the ischemic
myocardium maintain normal vasomotor function after the treatments. I tested the
hypothesis that combined therapy with myoblast sheets and omentum, improves
coronary microvascular structure and function after MI, more than either treatment
alone.
Inflammation contributes to the persistent vasoconstriction and endothelial
dysfunction associated with the ongoing ischemia post MI, and so contributes to the
development of chronic HF. Prostaglandins are a family of bioactive substances
derived from arachidonic acid. They play an important role in maintaining local
tissue homoeostasis and evoking the inflammatory response. Prostacyclin is a
potent vasodilator in the heart, and potentiates nitric oxide release in various
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vascular territories (180, 208). Furthermore, prostacyclin is thought to play a major
role in tissue repair and modulation of inflammation (112, 208). However,
endogenous prostacyclin is rapidly removed from the circulation by 15hydroxyprostaglandin dehydrogenase. Therefore, in the experiments described in
Chapter 4 of this thesis, I examined the effects of a prostacyclin analogue (ONO1301) on revascularization in the myocardium adjacent to the infarct region
following MI. The second aim was to determine whether the existing and newly
developed arterial vessels within the infarct region maintain normal vasomotor
function following ONO-1301 administration (Chapter 4). I tested the hypothesis that
the vasodilatory capacity of arterial vessels of the anterior and lateral walls of the
LV after MI is improved by ONO-1301.
Abnormal production of constrictor factors also contributes to coronary dysfunction
in hypertensive disorders and HF. Angiotensin, RhoA/RhoKinase and endothelin-1
in particular are known contribute to chronic vasoconstriction. More recently, the
endogenous peptide apelin and its receptor APJ, which shares close homology with
the angiotensin II type 1 receptor, have been identified as potentially significant
contributors to vasospasm and coronary heart disease. In particular it has been
shown that delivery of apelin causes stenosis and focal vessel constriction in the
hearts that overexpressed APJ in vascular smooth muscle ex vivo performed by our
colleagues (Prof Fukamizu and Assoc Prof. Ishida from the University of Tsukuba).
They performed the study by intraperitoneal injection of either apelin (296 µg/kg) or
saline in wild type mice (WT) and a transgenic mouse model with overexpression of
the APJ receptor. They then injected Microfil® (MV-112, Flow Tech Inc., Carver, MA,
USA) directly into the left ventricle and clarified the heart to enable visualization of
the coronary vessels in the intact hearts. It is not known whether APJ mediates
vasospasm induced by apelin production in vivo from the previous study. Major
limitations of the previous study discussed above were that (i) vascular caliber was
assessed ex vivo rather than in vivo, and (ii) that only between-animal comparisons
were made. Therefore, in the studies described in Chapter 5 of this thesis, I tested
the hypothesis that APJ receptors mediate coronary vasoconstriction in vivo.
In this introduction I have described how many risk factors that are increasing in
prevalence in society and contribute to the development of HF. It is now recognized
that the combination of diabetes, obesity and hypertension in particular, leads to
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HFpEF and often eventually end stage HF (173, 225, 247). In addition, there is
strong evidence to suggest that insulin resistance creates an imbalance of
vasoactive factors in favor of vasoconstriction (151, 152), increased oxidative stress,
increased activation of the cardiac RAS and sympathetic overactivation, leading to
endothelial dysfunction. Similarly, these same factors have been shown to
important drivers of vascular dysfunction associated with sleep apnea syndrome
(50). However, it is not known whether there is an additive effect of multiple risk
factors on coronary dysfunction. In the studies described in Chapter 6 of this thesis,
I tested the hypothesis that the onset of coronary vascular dysfunction in insulin
resistant rats is accelerated by medium-term exposure to severe chronic
intermittent hypoxia (IH). Our aim was to evaluate the effect of IH in coronary
vasodilatory function in Wistar rats and insulin resistant (Goto Kakizaki) rats.
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2.1 Synchrotron Radiation and the Microangiography
All coronary microangiography for the studies described in this thesis was conducted
at the 28B2 beam line, SPring-8, Japanese Synchrotron Radiation Research Institute,
Hyogo, Japan. All procedures involving animals received prior approval of the
SPring-8 Animal Experiment Review Committee and the National Cerebral and
Cardiovascular Center Animal Experiment Committee in accordance with the
guidelines of the Physiological Society of Japan.
Synchrotron radiation microangiography was used for visualizing the coronary
circulation and has been described in detail previously (6, 7). Imaging of the coronary
circulation was performed with monochromatic synchrotron radiation at 33.2 keV, just
above the iodine K-edge energy for producing maximal absorption contrast of the
iodine contrast agent in the vascular lumen. A single-crystal monochromator selects
a single energy of a very narrow energy bandwidth (20-30 eV) and produces high flux
X-rays (~1010 photons/mm2/s). The monochromic X-ray beam from the synchrotron
source is highly collimated due to the small size of the X-ray source and the very long
source to object distance, which ensures that distortion of the image is avoided. The
monochromatic X-rays transmitted through the specimen under study (i.e. the
experimental animal) were detected by the X-ray detector (Hitachi Denshi TechnoSystem, Ltd., Tokyo, Japan), which included a SATICON X-ray pick-up tube
(Hamamatsu Photonics, Shizuoka, Japan). X-rays absorbed in the photoconductive
layer of the tube are directly converted into electron-hole pairs. Charge carriers
generated by X-rays are transported across the photoconductive layer by an electric
field that forms a charge density pattern on the photoconductive layer surface.
Scanning beams of low-velocity electrons read out the electrostatic image on the
surface to generate a video signal (7). The SATICON X-ray camera has a resolution
of 1050 scanning lines and has the potential to record images at a maximum rate of
30 frames per second with 1.5-2 ms/frame shutter open time. The detector features a
10 µm equivalent pixel size that captures sequence images with the field of view of
10 x 10 mm. High resolution images with 1024 x 1024 pixel format and a 10-bit
resolution were stored and used for coronary vessel count and arterial caliber
measurement.
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2.1.1 Surgical Protocols for Microangiography of Rats
Rats were anesthetized with pentobarbital sodium (50 mg/kg i.p). Supplementary
doses of anesthetic (~20 mg/kg/h) were periodically administered to maintain the
level of anesthesia. After induction of anesthesia, the rats were intubated by
tracheotomy for artificial ventilation with a rodent ventilator (tidal volume = 1 ml/100 g
body weight, 70 strokes/min, ~40% oxygen, Shinano, Tokyo, Japan). A rectal
thermistor coupled with a thermostatically controlled heating pad was used to
maintain body temperature at ~37 °C (Fig 2.1).
A 20 gauge Angiocath catheter (Becton Dickinson, Inc., Sandy, Utah, USA) was used
to cannulate the right carotid artery near the aortic valve for selective angiography of
the coronary circulation. Arterial pressure and heart rate were recorded from a
catheter filled with heparinized saline (12 units/ml) inserted into the femoral artery,
and connected to a pressure transducer (MLT0699, AD Instruments, NSW, Australia).
The analogue arterial pressure signal was digitized at 1000 Hz and recorded by
CHART software (v5.4.1, AD Instruments, NSW, Australia) to determine mean
arterial pressure and heart rate. Body fluid was maintained during the period of
imaging by sodium lactate (Otsuka, Tokyo, Japan) infused via a catheter inserted into
the jugular vein (3 ml/h). Drug infusions were also delivered via the jugular venous
catheter.

Figure 2.1 Surgical preparations for coronary microangiography of rats. Iodine
contrast was injected through the carotid artery, drugs were infused into the jugular
vein, and heart rate and blood pressure were measured from the femoral artery. The
heating pad was placed under the rat’s body to maintain body temperature.
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2.1.2 Surgical Protocols for Microangiography of Mice
Each mouse was anesthetized with sodium pentobarbital (1:10 dilution with sodium
lactate, 50 mg/kg) intraperitoneally, and supplementary doses of anesthetic (~20
mg/kg/h) were periodically administered to maintain the level of anesthesia. After
induction of anesthesia, the mice were intubated for artificial ventilation (~40%
oxygen) with a MiniVent rodent ventilator (Hugo-Sachs, Germany). A rectal
thermistor coupled with a thermostatically controlled heating pad was used to
maintain body temperature at approximately 37 °C.
A Funnel polyurethane catheter (1.2 to 3Fr, Instech-Solomon, Plymouth Meeting, PA,
United States) was used to cannulate the right carotid artery. The tip of the catheter
was positioned close to left descending coronary artery, near the aortic valve, to
facilitate selective injection of contrast media into the coronary circulation. Arterial
pressure and heart rate were also recorded from the modified Instech-Solomon
catheter inserted into the carotid artery. The analogue arterial pressure signal was
digitized at 1000 Hz and recorded by CHART software (Version 5.4.1, AD
Instruments, NSW, Australia) to allow determination of mean arterial pressure and
heart rate. Body fluids were maintained during the period of imaging by infusion of
sodium lactate (Otsuka, Tokyo, Japan) via a catheter inserted into the jugular vein.
2.1.3 General Angiography Protocols for Rats
After the preparatory surgery, each animal was moved into the X-ray hutch at
BL28B2 for coronary microangiography. The rat was placed in a supine position in
front of the X-ray detector in the path of the X-ray beam. Iodinized contrast medium
(Iomeron 350, Bracco-Eisai Co. Ltd., Tokyo, Japan) was delivered through the
carotid artery using a high-speed injector (0.3-0.5 ml bolus ~25 ml/s, Nemoto
Kyorindo, Tokyo, Japan). The ventilator was turned off for a period of approximately
3 seconds immediately before the start of each cine recording of 100 frames at 30
frames/s. A SATICON detector (Hitachi Denshi Techno-System, Ltd., Tokyo, Japan)
with 1.5-2 ms/frame shutter open time was used. Images with 1024 x 1024 pixel
format and 10-bit resolution were recorded from a ~10 mm2 field of view (Fig. 2.2).
Approximately 10 min was allowed between each imaging sequence for renal
clearance of the contrast.
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Contrast images were recorded from the upper LV during all experiments. In each rat,
vessel calibers were determined after 5 minutes of vehicle infusion (sodium lactate 3
ml/h), and then during infusion of acetylcholine (ACh; Ovisot, Daiichi Sankyo, Japan,
5 µg/kg/min), sodium nitroprusside (SNP; Sigma-Aldrich, Japan, 5 µg/kg/min) and
dobutamine (Dob; Eli Lilly Japan, Kobe, Japan 4-8 µg/kg/min, a cardiac specific βadrenergic agonist).
Currently available preclinical imaging techniques do not permit imaging of the
microcirculation of dynamic organs under conscious conditions. Within the limitations
of the controlled substances regulations of the Japanese synchrotron facilities we
have utilized pentobarbitone anesthesia in our studies (2, 5, 8), which is known to
depress myocardial contractility (3). I report here only the responses of rats after a
similar period of stable anesthesia that has been shown to slightly reduce coronary
and pulmonary vascular resistances in anesthetized dogs relative to conscious
conditions (3, 4). Therefore basal coronary flow in our anesthetized rats is likely to be
slightly enhanced compared to conscious rats.

Figure 2.2 Microangiography setup for rats at the BL28B2 beamline. The left
part of the diagram shows the path of the horizontal X-ray (33.2 KeV, black dashed
lines) radiation and the field of view (10mm x 10mm, black square) used for coronary
imaging of supine anesthetized rats within the radiation hutch. The right part of the
diagram demonstrates the systems used for recording of data and injection of
contrast agent remotely from the radiation hutch.
48

CHAPTER 2 General Methods
2.1.4 General Angiography Protocols for Mice
A similar protocol, to that applied for coronary microangiography in rats, was applied
in mice. Briefly, the iodinized contrast medium (Iomeron 350, Bracco-Eisai Co. Ltd.,
Tokyo, Japan) was delivered through the carotid artery using a PHD200 syringe
pump (0.1-0.2 ml bolus 11 ml/min, Harvard Apparatus, Holliston, Massachusetts,
United States). Microangiograms for baseline were recorded after 5 minutes of
vehicle infusion (sodium lactate 0.2 ml/h). There was no vasoactive agent used in the
study described in this thesis.

2.2 Assessment of Vessel Caliber and Vessel Number
After recording the image sequence, the freeware software Image-J (ver. 1.41, NIH
Bethesda, USA) was used to measure the internal diameter of vessels and to count
the visible vessel number. The frame with the clearest image of vessels appearing at
the baseline and each drug treatment was selected for vessel identification and
classification. The vessels were labeled and classified into different branching orders
based on a system for branching order classification (Fig. 2.3). The visible vessel
number for each branching order was simply counted and recorded from the frame.
The internal diameter of each vessel was measured by manually drawing a line
across the vessel from edge to edge, perpendicular to the direction of the vessel
using Image-J (Fig. 2.4). The processes for measuring internal diameter of each
vessel were repeated over 15 consecutive frames in the baseline and other drug
treatments.
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Figure 2.3 Example of nomenclature for angiography a.) Angiogram branching
order classification system. Our angiograms generally show a large internal diameter
step down from the 1st order segment to 2nd order segments that form the main
arteries of the left anterior descending artery (LAD) and left circumflex artery (LCX).
Therefore, 2nd order main segments were considered equal daughter branches from
the main root segment. b.) An image of the coronary circulation of a rat at baseline.
Each segment is labelled with a number indicating the branching order, followed by a
vessel count number.
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Figure 2.4 Examples of images used with Image-J measurement of the internal
diameter of coronary arteries of a rat. Images were captured during intravenous
infusion of the vehicle (sodium lactate, 3 ml/h), acetylcholine (ACh, 5 µg/kg/min) and
sodium nitroprusside (SNP, 5 µg/kg/min). A.) A 50 µm thick tungsten filament was
present at the right bottom corner of all the images and was used for calibration. B.)
The yellow line drawn across the vessel, from edge to edge perpendicular to vessel
direction, was used to quantify internal diameter.

2.3 Histology and Immunohistochemistry
The hearts of rats were fixed with paraformaldehyde (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), and stored in 70% ethanol (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). Paraffin sections (4 µm thick) were then stained with picrosirus red to
examine the extent of fibrosis as described previously (2). All non-round vessels
were excluded from analysis. Immunohistochemical staining with the endothelial cell
marker isolectin B4 (Vector Laboratories, Inc, Burlingame, CA, USA; diluted 1:100)
was performed to assess capillary density (2). Capillary density was evaluated by
histological examination of the myocardium to detect positively stained endothelial
cells from 10 non-overlapping fields randomly selected from within two sections of
the sub-epicardial region of the middle of the LV. After using proteinase K (Dako,
Golstrup, Denmark) to digest the tissues for 4 min, sections were then incubated with
biotinylated isolectin B4 (Vector Laboratories, Inc, Burlingame, CA, USA; diluted
1:100) at room temperature for an hour, followed by streptavidin-HRP (Dako,
51

CHAPTER 2 General Methods
Golstrup, Denmark) for 30 min and diaminobenzidine (Dako, Golstrup, Denmark) as
described previously (2). An Aperio ScanScope XT Slide Scanner (Aperio
Technologies Inc., CA, USA) system was used to capture digital images with a 20x
objective. Quantification was performed automatically with Aperio Imagescope
(v11.0.2.725, Aperio Technologies) using the Positive Pixel Count v9 algorithm
(Aperio Technologies) for perivascular fibrosis and capillary density (1).
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Chapter 3
3.1 Chapter Preface and Author Contribution
This chapter describes a study performed in collaboration with our colleagues from
Osaka University, Osaka, Japan, the National Cerebral & Cardiovascular Center,
Osaka, Japan and the SPring-8 Synchrotron Radiation Research Institute, Harima,
Hyogo, Japan.
Dr. Kainuma from Osaka University performed the surgery on rats to induce MI, and
to provide the allocated treatments. Furthermore, he performed the positron emission
tomography imaging and gene regulation studies that were included in the final
journal publication (attachment). My primary supervisor, Dr. Pearson, performed the
preparative surgery on the rats on the day of the terminal imaging experiment and
subsequent contrast angiography of the coronary circulation. I was responsible for
assisting in the angiography and I was principally responsible for analyzing and
interpreting the data, generated by coronary microangiography, in this study.
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3.2 Abstract
In this study, I tested the hypothesis that combined therapy, with myoblast sheets
and omentum, improves coronary microvascular structure and function after MI, more
than either treatment alone. The first aim for the current study was to investigate the
number of perfused coronary arterial vessels in the ischemic myocardium two weeks
after initiating treatment with either myoblast sheets or omentum or combined
treatment. The second aim was to determine whether the existing and newly
developed arterial vessels in the ischemic myocardium maintain normal vasomotor
function after these treatments. Synchrotron-based contrast angiography was used to
allow assessment of endothelial function of pre-existing and newly formed micro- and
macro- vessels. The rats treated with omentum plus myoblast sheets had a greater
number of 3rd and 4th order vessels (resistance arterial vessels) than did control
animals. There was also greater increase in the caliber of 3rd order vessels in the rats
treated with both omentum and myoblast sheets than the rats in the control group
during both infusion of acetylcholine (28 ± 8% versus 3 ± 3% in the control group, P =
0.03) and sodium nitroprusside (25 ± 8% versus 3 ± 6% in the control group, P =
0.03). Our current findings provide evidence that treatment with combined omentum
and myoblast sheets improves the function of the coronary circulation post MI.
Notably, we did not observe the same improvement in rats treated with either
treatment alone. These findings indicate that combined treatment provides a better
outcome for the coronary circulation post MI than do omentum or myoblast sheets
alone.
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3.3 Introduction
Heart failure following myocardial infarction (MI) is a major cause of death around the
world (7). The myocardial cells lost after MI are replaced by non-contractile scar
tissue due to the adult human heart’s limited capacity for regeneration. Cell-based
therapies for myocardial regeneration have been widely studied for treatment of MI (4,
12, 13). Various cell types have been considered as candidates for cardiac
regenerative therapy. For example, there is evidence that various cell types such as
skeletal myoblast cells (SkM) (19), bone marrow cells (BM) (21, 29), endogenous
cardiac stem cells (1, 5), embryonic stem cells (ESCs) (16) and induced pluripotent
stem cells (iPSCs) (3, 14) can improve myocardial function and reduces infarct area
in animal models of MI. However, in a number of these cases the experimental
findings revealed challenges that must be overcome for development of effective
cardiac regenerative therapy. Firstly, targeted cell delivery should be achievable with
little risk of extraneous diffusion; the phenomenon where transplanted cells do not
stay within the transplantation site (6, 8, 9). Secondly, the therapy must enhance the
survival of the transplanted cells. Therefore, the optimal approach must deliver
sufficient cell numbers to the adjacent myocardium within the infarct region.
To date, various techniques for cell delivery (e.g. cell infusion, cell injection and cell
sheets) have been tested in animals to determine whether myocardial function and or
microvessel density can be improved (20, 22, 31). Among all of these techniques,
stem cell sheet transplantation has been reported to provide better outcome of
engraftment and survival of delivered cells than using other techniques (17, 26).
However, the therapeutic efficacy of transplanted sheets, for animals with severe HF,
is limited (20, 22, 31). The limited therapeutic effect is possibly due to insufficient
capillary maturation in addition to limited retention of donor cells (2). Therefore, in the
current study, our team (Dr. Kainuma) designed a new tissue delivery technique by
combining large sheets of myoblast cells with omentum (a fat rich fold of the
peritoneum attached to the stomach and transverse colon), which provides a rich
source of endogenous angiogenic factors (24). Such sheets can be transplanted to
the heart following experimentally induced MI in rodents. In the current study,
myoblast cells were chosen as a stem cell source since they are relatively easy to
collect, and have been reported to improve cardiac function, by attenuating cardiac
remodeling, in a porcine model of myocardial ischemia (23). However, it is not known
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whether the new vessels, and microvessels in particular, function normally in the
transplanted regions. Therefore, in this study, I tested the hypothesis that combined
therapy with myoblast sheets and omentum, improves coronary microvascular
structure and function after MI, more than either treatment alone. The first aim for the
current study was to investigate the number of perfused coronary arterial vessels in
the ischemic myocardium 2 weeks after providing the treatments (with either
myoblast sheets or omentum or combined treatment). The second aim was to
determine whether the existing and newly developed arterial vessels in the ischemic
myocardium

maintain

normal

vasomotor

function

after

these

treatments.

Synchrotron-based contrast microangiography was used to allow the assessment of
endothelial function of pre-existing and newly formed micro- and macro- vessels.

3.4 Methods
The experiment was conducted on 4 groups of 8-week old male Lewis rats (Seac
Yoshitomi Ltd, Fukuoka, Japan) at the SPring-8 Synchrotron Radiation Research
Institute in Hyogo, Japan. All procedures were approved in advance by the SPring-8
Animal Experiment Review Committee and the National Cerebral and Cardiovascular
Center Animal Experiment Committee.
Experimental treatment groups:
1. Rats without treatment post MI, (Control, n = 11)
2. Rats treated with myoblast cells sheets + omentum post MI (O+M, n = 11)
3. Rats treated with myoblast cells sheets post MI (Myoblast, n = 6)
4. Rats treated with omentum post MI (Omentum, n = 5)

3.4.1 Pre-experimental Model Preparation
Surgical preparation of the rats used in this study was conducted by our colleague
from Osaka University (Dr Kainuma), using methods described previously (11).
Briefly, a medial sternotomy was performed on rats (LEW/SsN rats, 8 weeks of age)
under anesthesia after oral intubation for artificial ventilation (11). Animals were
pretreated with lignocaine (1 mg/kg) to prevent the development of lethal arrhythmias.
Then the left coronary artery was permanently ligated with 6-0 silk sutures. After
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confirming normal heart rhythm the chest was closed, and the rats were allowed to
recover over 2 weeks.
At the same time, several grams of skeletal muscle were harvested from the
gastrocnemius of separate 3-week old male Lewis rats. Muscle cells were then
cultured as previously described (23). Briefly, the muscle cells were incubated at
37°C in a shaker bath with 0.5% w/v type 1 collagenase (Gibco, Grand Island, NY) in
Dulbecco’s modified Eagle solution (Gibco, Grand Island, NY) for around 4 days. The
cells were collected by centrifugation, and the skeletal cells were seeded into 150
mm dishes (Iwaki, Tokyo, Japan) for 3 days after removal of fibroblasts. The cells
were dissociated from the flasks with trypsin-ethylenedinetetraacetic acid (Dojindo
laboratories, Kumamoto, Japan) and re-incubated on the 35 mm temperatureresponsive polymer poly N-isopropylacrylamide (PIPAAm) dishes (Cellseed, Tokyo,
Japan) at 37°C with the cell numbers around 3×106 per dish when the cells became
approximately 70% confluent after 7 days.
The dishes were then incubated at 20°C for approximately 30 minutes. The myoblast
sheets detached spontaneously from the surface due to the low temperature.
Immediately after detachment, the cell sheet with media was gently aspirated into the
tip of a 10 ml pipet and transferred onto appropriate culture surfaces. Media was
dropped onto the center of the sheet to spread folded parts of the transferred sheet.
After sheet spreading, media was then aspirated to adhere the cell sheet to the
culture surface. Within 30 minutes, the transferred sheet reattached and new media
was then added for further culture. To layer cell sheets, another myoblast sheet was
detached from a PIPAAm-grafted dish and transferred into the first dish in the same
way. The second sheet was positioned above the first sheet and placed onto the
original sheet by slow aspiration of media. Then the same process was performed
again until the three-layered sheet was produced.
In the group with combined treatment with omentum and myoblast sheets, the
myoblast cell sheets were transplanted onto the LV wall surface together with
omentum 2 weeks after MI. Omentum was not cut or harvested, but separated from
the spleen of the same animal and stretched up to the thorax and through an incision
in the diaphragm under anesthesia. The same surgery was performed, but with stem
cell sheet or omentum only, in the remaining two groups. Rats were then allowed to
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recover for about 2 weeks before being transported to SPring-8 for terminal
experimentation.
3.4.2 Surgical Preparation for Angiography
All coronary microangiography was conducted at Beamline 28B2 of SPring-8, the
Synchrotron Radiation Research Institute in Hyogo, Japan. Microangiography was
performed with synchrotron radiation to visualize the coronary circulation in vivo and
has been described in detail previously (10). Imaging of the coronary circulation was
performed with monochromatic synchrotron radiation at 33.2 KeV, just above the
iodine K-edge energy for producing maximal absorption of the iodine contrast agent
in the vascular lumen.
Rats were anesthetized with pentobarbital sodium (50 mg/kg i.p.). Supplementary
doses of anesthetic (~20 mg/kg/h) were periodically administered to maintain the
level of anesthesia. After induction of anesthesia, the rats were intubated by
tracheotomy for artificial ventilation with a rodent ventilator (tidal volume = 1 ml/100 g
body weight, 70 strokes/min, ~40% oxygen, Shinano, Tokyo, Japan). A rectal
thermistor coupled with a thermostatically controlled heating pad was used to
maintain body temperature at ~37 °C.
A 20 gauge Angiocath catheter (Becton Dickinson, Inc., Sandy, Utah, USA) was used
to cannulate the right carotid artery near the aortic valve for selective angiography of
the coronary circulation. Arterial pressure and heart rate were recorded from a
catheter filled with heparinized saline (12 units/ml) inserted into the femoral artery,
and connected to a pressure transducer (MLT0699, AD Instruments, NSW, Australia).
The analogue arterial pressure signal was digitized at 1000 Hz and recorded by
CHART software (v5.4.1, AD Instruments, NSW, Australia) to determine mean
arterial pressure and heart rate. Body fluid was maintained during the period of
imaging by sodium lactate (Otsuka, Tokyo, Japan) infused via a catheter inserted into
the jugular vein (3 ml/h). Drug infusions were also delivered via the jugular venous
catheter.
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3.4.3 Angiography Protocols
After the preparatory surgery, each animal was moved into the X-ray hutch at
BL28B2 for coronary microangiography. The rat was placed in a supine position in
front of the X-ray detector in the path of the X-ray beam. Iodinized contrast medium
(Iomeron 350, Bracco-Eisai Co. Ltd., Tokyo, Japan) was delivered through the
carotid artery using a high-speed injector (0.3-0.5 ml bolus 25 ml/s, Nemoto Kyorindo,
Tokyo, Japan). The ventilator was turned off for a period of approximately 3 seconds
immediately before the start of each cine recording of 100 frames at 30 frames/s,
recorded on a SATICON detector (Hitachi Denshi Techno-System, Ltd., Tokyo,
Japan) with 1.5-2 ms/frame shutter open time. Images with 1024 x 1024 pixel format
and 10-bit resolution were recorded from a ~10 mm2 field of view. Approximately 10
min was allowed between each imaging sequence for renal clearance of the contrast.
Contrast images were recorded from the upper LV during all experiments. In each rat,
vessel calibers were determined after 5 minutes of infusion of vehicle (sodium lactate
3 ml/h), acetylcholine (ACh; Ovisot, Daiichi Sankyo, Japan, 5 µg/kg/min), sodium
nitroprusside (SNP; Sigma-Aldrich, Japan, 5 µg/kg/min) and dobutamine (Dob; Eli
Lilly Japan, Kobe, Japan 4-8 µg/kg/min, a cardiac specific β-adrenergic agonist).
3.4.4 Statistical Analysis
Data are expressed as mean ± SEM unless otherwise stated and n represents the
number of rats in each group. For each individual rat, within-rat mean vessel ID and
vessel number for each branching order were calculated and the between-rat means
were then used for group comparisons. Student’s paired t-test was used to assess
differences between the baseline period and the period of drug infusion (ACh, SNP
or Dob). One-way ANOVA was used to assess differences between groups during
the baseline period (GraphPad Software, Inc., La Jolia, CA, USA). Two-way ANOVA
following with Dunnett’s multiple comparisons was also used, with factors treatment
and branching order. Two-sided P ≤ 0.05 was considered statistically significant.
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3.5 Results
3.5.1 General Characteristics and Hemodynamics
Body weight (g) was measured on the day of experiment prior to synchrotron
angiography. There was no significant between-group difference in body weight
(Control: 189 ± 3.7 g, O+M: 181 ± 5.9 g, Myoblast: 184 ± 5.3 g and Omentum: 182 ±
3.9 g, P = 0.63). There were also no significant differences in either heart rate (HR)
or mean arterial pressure (MAP) between the treatment groups at baseline (Fig. 3.1)

A.

P = 0.98

400

HR (bpm)

300
200
100
0

B.

P = 0.20

MAP (mmHg)

150

100

50

0

Control

O+M

Myoblast Omentum

Figure 3.1 (A) Heart rate and (B) mean arterial pressure at baseline. The four
groups were: rats subjected to myocardial infarction (MI) but no other treatment
(Control, n =11), MI plus treatment with omentum plus myoblast cell sheets post MI
(O+M, n = 11), treatment with myoblast cell sheets only post MI (Myoblast, n = 5),
and treatment with omentum only post MI (Omentum, n = 6). Data are shown as
mean ± SEM. P values are the outcomes of one-way ANOVA. MAP = mean arterial
pressure; HR = heart rate.
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In control animals ACh reduced MAP (by 36 ± 8 mmHg) and HR (by 48 ± 27 bpm),
SNP also induced reductions in MAP (by 38 ± 8 mmHg) and HR (by 59 ± 27 bpm),
and Dob increased HR (by 35 ± 16 bpm) but had little effect on MAP. In rats with
monotherapy or combined therapy, the effects of ACh, SNP and Dob on MAP and
HR were similar to those observed in control rats (see Fig. 3.2).
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Figure 3.2 Relative changes of heart rate and mean arterial pressure in
response to vasoactive agents in the various treatment groups. The four groups
were: rats subjected to myocardial infarction (MI) but no other treatment (Control, n
=11), MI plus treatment with omentum plus myoblast cell sheets post MI (O+M, n =
11), treatment with myoblast cell sheets only post MI (Myoblast, n = 5), and treatment
with omentum only post MI (Omentum, n = 6). Data are shown as mean ± SEM. P
values are the outcomes of two-way analysis of variance. * denotes P < 0.05, ** P <
0.01, *** P < 0.001 vs baseline (Student’s paired t-test). Acetylcholine = ACh; sodium
nitroprusside = SNP, dobutamine = Dob; MAP = mean arterial pressure; HR = heart
rate.
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3.5.2 Revascularisation
3.5.2.1
Number and Caliber of Vessels Visible in the Ischemic
Myocardium During the Baseline Period
Representative angiograms of the coronary circulation showed differences between
the groups at baseline and during drug administration (Fig. 3.3). The number of
visualized vessels progressively increased across order 1-3, but fewer 4th order
vessels were observed than 3rd order vessels (Fig. 3.4). The rats treated with O+M
had a greater number of 3rd and 4th order vessels (resistance arterial vessels) than
did control animals. As expected vessel ID at baseline progressively decreased with
branching order (P < 0.001) across the four groups. Notably, the rats treated with
O+M had larger 1st order arteries than did control rats (Fig. 3.4).

Figure 3.3 Representative synchrotron radiation angiograms of the coronary
vasculature. Images were captured during infusion of the vehicle, acetylcholine
(ACh), and dobutamine (Dob). Rats were subjected to myocardial infarction (MI) but
no other treatment (Control), MI plus treatment with omentum plus myoblast cell
sheets post MI (O+M), treatment with myoblast cell sheets only post MI (Myoblast),
or treatment with omentum only post MI (Omentum). Vertically aligned images are
from the same rat. Yellow and red asterisks indicate vessels showing dilation and
constriction, respectively, in response to ACh and Dob.
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Figure 3.4 The number of visible vessels and internal diameter (ID) in the field
of view categorized by branching order in all the treatment groups. The four
groups were: rats subjected to myocardial infarction (MI) but no other treatment
(Control, n =11), MI plus treatment with omentum plus myoblast cell sheets post MI
(O+M, n = 11), treatment with myoblast cell sheets only post MI (Myoblast, n = 5),
and treatment with omentum only post MI (Omentum, n = 6). Data are shown as
mean ± SEM. P values are the outcomes of two-way ANOVA. ** denotes P < 0.01,
*** P < 0.001 vs corresponding vessels in control animals (Dunnett’s multiple
comparisons).
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3.5.2.2
Number and Caliber of Newly Formed Vessels in the Infarct and
Peri-infarct Regions
Newly formed arterioles and small arteries were identified in our images based on
possession of any of the following characteristics: i) apparent sprouting of vessels
from the occlusion point (see Fig 3.5), ii) lengthening of vessels and extension
towards the infarct zone, iii) formation of vessels originating from a projecting vessel
extension, and iv) change in flow direction from normal coronary flow patterns (from
the aorta towards the apex and from the surface towards the LV lumen) (Fig 3.6). In
many cases, the lengthening of circumflex and right coronary artery branches
towards the anterior wall area subtended by the left coronary artery can be seen.
One example presented is the circumflex branch seen to be extending from the
middle of each frame of Fig 3.6, towards the top of the frame, before abruptly
changing direction towards the apex (left of frame). New vessels with flow in a
direction counter to the pre-existing circumflex, from which they originate, are
indicated by the red arrows within the yellow circle (Fig 3.6).

Figure 3.5 Images of newly developed coronary vessels. The red arrows in the
images indicate the newly developed vessels that sprout from the segments of
existing vessels around the occlusion point. Images were captured during infusion of
the vehicle (Base), acetylcholine (ACh), and sodium nitroprusside (SNP).
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Figure 3.6 Image sequence of contrast flow in newly developed vessels
towards the aorta during baseline. A large pre-existing artery is evident as a
vessel in the middle of each frame from 15 to 20. In frame 18 and 19, it is clear that
flow is from left to right in the segment indicated by red arrows. This blood vessel
was defined as a newly developed vessel.
To take into account individual variability in the number of vessels visualized we
examined the proportion of newly developed vessels observed under baseline
conditions by dividing the total number of newly developed vessels by the total
number of visible vessels. There was only a small number of newly developed
vessels visible in the fourth branching order, and they were only found in a minority of
the rats we studied. Therefore we only examined the proportion of newly developed
vessels in the second and third branching orders. The proportion of newly developed
vessels was similar across the four treatment-groups. There was a significantly
greater proportion of newly developed vessels in the 3rd branching order (24.5 ±
7.8%) than the 2nd branching order; a pattern seen consistently in all treatment
groups (Fig 3.7).
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Figure 3.7 The prevalence of newly developed vessels in second and third
branching orders. The four groups were: rats subjected to myocardial infarction (MI)
but no other treatment (Control, n =11), MI plus treatment with omentum plus
myoblast cell sheets post MI (O+M, n = 11), treatment with myoblast cell sheets only
post MI (Myoblast, n = 5), and treatment with omentum only post MI (Omentum, n =
6). Data are shown as mean ± SEM. P values are the outcomes of two-way analysis
of variance.
3.5.3 Assessment of Endothelial Function
3.5.3.1

Changes in Number of Perfused Vessel During Drug Stimulation

We examined relative change in vessel number in response to administration of ACh,
SNP and the β1-adrenergic agonist (Dob). Infusion of ACh, SNP and Dob did not
significantly alter the number of visible 1st, 2nd, 3rd, or 4th order coronary vessels in
angiograms in any of the groups (Fig. 3.8).
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branching order

Figure 3.8 Relative changes of vessel number in response to vasoactive agents
in the various treatment groups. The four groups were: rats subjected to
myocardial infarction (MI) but no other treatment (Control, n =11), MI plus treatment
with omentum plus myoblast cell sheets post MI (O+M, n = 11), treatment with
myoblast cell sheets only post MI (Myoblast, n = 5), and treatment with omentum
only post MI (Omentum, n = 6). Data are shown as mean ± SEM. P values are the
outcomes of two-way analysis of variance. Acetylcholine = ACh; sodium nitroprusside
= SNP, dobutamine = Dob.
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3.5.3.2

Changes in Vessel Caliber During Drug Stimulation

ACh increased the calibers of coronary vessels in all four groups. The calibers were
increased to a similar degree across the four groups in 1st (17 ± 4%) and 2nd (19 ±
5%) order vessels. In contrast to the 1st and 2nd order vessels, ACh mediated
vasodilation in the 3rd and 4th order vessels was significantly different among the
groups (Fig. 3.9). There was greater increase in the caliber of 3rd (mean difference vs
control = 24 ± 9%, P = 0.03) order vessels in the rats treated with both omentum and
myoblast sheets than the rats in the control group (3 ± 3%) during infusion of ACh. A
similar pattern was observed in the caliber of 4th order vessels (mean difference vs
control = 15 ± 11%, P = 0.37). Similarly, in response to infusion of SNP, the caliber of
3rd order vessels increase more in rats treated with O+M (25 ± 8%, P = 0.03 vs
control) than the control group (3 ± 6%). During infusion of Dob, there was a trend of
greater increase in the caliber of 3rd (31 ± 7%, P = 0.06 vs control) in the rats treated
with O+M than in the control group (11 ± 6%), and rats treated with O+M also had a
greater increase in the caliber of 4th (34 ± 7%, P = 0.05 vs control) order vessels than
did the control group (9 ± 3%, see Fig. 3.9).
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Figure 3.9 Relative changes of vessel caliber in response to vasoactive agents
in the various treatment groups. The four groups were: rats subjected to
myocardial infarction (MI) but no other treatment (Control, n =11), MI plus treatment
with omentum plus myoblast cell sheets post MI (O+M, n = 11), treatment with
myoblast cell sheets only post MI (Myoblast, n = 5), and treatment with omentum
only post MI (Omentum, n = 6). Data are shown as mean ± SEM. P values are the
outcomes of two-way analysis of variance. * denotes P < 0.05 vs control (Dunnett’s
multiple comparisons). Acetylcholine = ACh; sodium nitroprusside = SNP,
dobutamine = Dob.
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3.6 Discussion
In our current study, we found that combined treatment with omentum and myoblast
cell sheets post MI increased revascularization of the ischemic myocardium with
arterial microvessels. Resistance vessels in the myocardium in rats given the
combined treatment also had better dilatory responses to endothelium-dependent
agents than did control rats. In addition, the assessment of cardiac function
parameters such as LV ejection fraction and LV dimension collected by our
colleagues shows that the group that received combined treatment had sustained
improvements in cardiac function parameters and better functional capacity than the
other groups (11). These beneficial effects were not observed when the omentum
and myoblast cell sheet therapies were administered individually. Thus, myoblast cell
sheets together with omentum has potential as a therapy for treating MI.
Our data provide evidence that combined treatment with omentum and myoblast
sheets in rats post MI can improve endothelial vasodilator function of coronary
microvessels. There is strong evidence for severe vasodilator dysfunction after MI,
involving not only resistance vessels in the infarcted myocardium, but also those in
normal myocardium perfused by coronary vessels that were not exposed to ischemia
(30). When this vasomotor dysfunction is present and vessels degenerate after acute
MI, this loss of vessels increases the extent of the ischemic region and necrosis in
the areas not directly injured by infarction (30). In the current study, the group with
combined treatment (with omentum and myoblast sheets) effectively improved
endothelial function in the resistance vessels as they showed pronounced dilatory
responses to the endothelium-dependent vasodilator ACh. Our current findings also
show that there were more visible resistance vessels in the rats treated with both
omentum and myoblast sheets than others during baseline. Moreover, the visible
perfused vessels were similar in the monotherapy treatment groups with only
myoblast sheets or omentum, and did not increase the number of perfused vessels
compared to the control group during baseline imaging. Our findings closely
corresponded to the PET/CT results provided by our colleagues (11). They showed
that rats treated with combined treatment had a substantial improvement in coronary
flow reserve, which indicated the ability of the myocardium to increase blood flow in
response to increasing myocardial oxygen demand was maintained (11). These
observations provide evidence that treatment with both omentum and myoblast sheet
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provides beneficial effects on the coronary dilatory response in rats with MI, but that
either treatment as a monotherapy is less beneficial. Thus, treatment with omentum
and myoblast sheets together provided beneficial effects on coronary flow in
ischemic myocardium additively.
The proportion of visible newly developed vessels determined by dynamic imaging in
the animals treated with omentum and myoblast sheets together in our study was not
significantly

greater

than

that

in

the

control

group.

However,

the

immunohistochemistry results from our colleague, obtained from the same animals,
did provide evidence for a greater number of mature vessels in the group with
combined treatment of omentum and myoblast sheets (11). They also found new
vessels in the control group and the groups with monotherapy (either myoblast
sheets or omentum), but these vessels were highly immature (11). In our study, there
were only very few fourth order newly developed vessels visualized in any treatment
group. The likely reason for this might be that the fourth order vessels present within
the ischemic region are very small (< 30 µm) and below the detection limit for our
approach (27). Furthermore, the high resistance of these small vessels would be
expected to restrict entry of the contrast agent. Therefore, in the rats we studied,
there might have many small newly developed vessels, which we were not able to
detect with the current protocol. Additionally, previous estimates of vessel density,
generated using histological methods, indicate that the hearts of rats with MI that had
been treated with implanted hepatic tissue combined with omentum wrapping show
greater coronary vascular density than rats treated with only omentum or with no
treatment after MI (25). Further, data from another recently reported study
documented greater coronary vascular density, in a porcine model of MI treated with
myoblast sheets and omentum wrapping, than in corresponding animals that did not
receive this treatment after MI (28). All published studies that have employed
histological methods to assess vascular density provide evidence consistent with the
notion that omentum increases angiogenesis. Taken collectively with our current
observations, it appears that providing myoblast sheets together with omentum
increases the number of mature vessels in the ischemic myocardium.
An important limitation of the study is that the outcome was only evaluated at one
time point; two weeks after commencing the treatments in this study. Ideally multiple
time points should be evaluated longitudinally, with the same cohorts of animals, to
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establish whether there is more arteriolar/small artery development beyond 2 weeks
post MI. This would also allow us to determine the time window during which the
benefits of combination therapy are maximal and the size of the benefit that can be
obtained with this regenerative approach. We also should consider studies in older
animals to evaluate the effect of these treatments on recovery from MI, since the
potential for angiogenesis is blunted with age (15, 18).
To conclude, our current findings provide evidence that treatment with combined
omentum and myoblast sheets improved coronary circulation post MI. Notably, we
did not observe the same improvement in rats treated with either treatment alone.
These indicate that combined treatment provides better outcomes for the coronary
circulation post MI than do the individual treatments. It will be important, in the future,
to evaluate these therapeutic effects at multiple time points to establish the true
scope of the beneficial effects.
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Chapter 4
4.1 Chapter Preface and Author Contribution
This chapter describes a study performed in collaboration with the Ono
Pharmaceutical Co Ltd., Osaka, Japan and the SPring-8 Synchrotron Radiation
Research Institute, Harima, Hyogo, Japan. Previously, the lead prostacyclin analog
ONO-1301 was found to produce functional improvement, including increased left
ventricular contractility, in mice after myocardial infarction (MI) (Ono Pharmaceutical
Co Ltd, personal communication). The aim of the current study was to determine
whether these beneficial effects are due to improved coronary vascular function and
thus reduced vulnerability to cardiac ischemia. Therefore, we used synchrotronbased contrast microangiography to assess endothelial function in pre-existing and
newly formed micro- and macro- vessels.
This study was performed with the financial support of a small grant to Prof. Mikiyasu
Shirai (Department of Cardiac Physiology, NCVC) from Ono Pharmaceutical Co Ltd.
Staff of Ono Pharmaceutical Co Ltd. performed the surgery on rats to induce MI.
However, Ono Pharmaceutical had no involvement in the conduct of the
microangiography study or subsequent analysis of the images. My primary
supervisor, Dr. Pearson, performed the preparative surgery on the rats on the day of
the acute experiment and subsequent contrast angiography of the coronary
circulation. I assisted with the angiography and analyzed and, with the help of my
supervisors, interpreted the data generated in this study.
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4.2 Abstract
In the current study, I tested the hypothesis that the vasodilator capacity of arterial
vessels of the anterior and lateral walls of the left ventricle is improved by ONO-1301
treatment after myocardial infarction. The first aim of the current study was to
determine whether angiogenesis is increased, in the myocardium adjacent to the
infarct region, following ONO-1301 administration. The second aim was to determine
whether the existing and newly developed arterial vessels in the myocardium
adjacent to the infarct region maintain normal vasomotor function following ONO1301 administration. We used synchrotron radiation microangiography to assess
endothelial function of the micro- and macro-vessels in the infarcted heart of the rat
in vivo. Furthermore, we also determined whether the increase in coronary blood flow
induced by a graded infusion of dobutamine (increased heart work simulating an
exercise stress test) is also improved by ONO-1301. Across all 4 orders, similar
number of vessels were observed in rats treated with ONO-1301 compared with rats
treated with vehicle. Acetylcholine increased the calibers of coronary vessels to a
similar degree in all branching orders in the control animals (1st: 25.7 ± 10.8 %, 2nd:
24.7 ± 8.5 % and 3rd: 17.5 ± 6.1 %). In response to infusion of sodium nitroprusside,
the calibers of coronary vessel in the control animals increased by a similar
magnitude to that in response to acetylcholine. In these vessels the response to
dobutamine was similar to those to acetylcholine and sodium nitroprusside. In rats
treated with ONO-1301, the effects of acetylcholine, sodium nitroprusside and
dobutamine on vessel caliber were similar to those in control rats. To conclude, we
were not able to detect a beneficial effect of ONO-1301, on revascularization and
vasodilatory responses to endothelium-dependent and endothelium-independent
agents, after myocardial infarction that was significantly different from that of
untreated control animals.
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4.3 Introduction
Myocardial infarction (MI) is the consequence of interruption of the blood supply to an
area of the heart, resulting in an irreversible loss of function of myocardial tissue. MI
causes activation of resident immune cells and accumulation of circulating immune
cells within the ischemic zone (6). The healing process then turns to reparation,
beginning approximately one week after MI in humans (4). This process involves
increased synthesis of matrix, proliferation of fibroblasts and inflammatory cells, and
release of fibrosis-promoting cytokines that lead to scar formation (4). These
responses consequently determine the size of the infarct; the region in which cardiac
myocytes become lysed and replaced by fibrous components (1, 5). In addition, the
border between the infarct area and the remote areas with insufficient blood supply is
associated with persistent ischemia that can progressively widen the infarct region
(1). Therefore, treatment for MI is chiefly focused on achieving reperfusion of the
ischemic area to supply sufficient oxygen and other nutrients to the tissue and
efficiently remove metabolic wastes (9).
There has recently been considerable interest in development of therapies that target
the mechanisms underlying the progression of MI into cardiac failure, in particular the
potential for enhancement of cardiac tissue salvage or regeneration (3). Previous
studies have provided evidence that many growth factors and cytokines are involved
in the development of new functional vessels that restore perfusion in many ischemic
cardiovascular diseases (18). In animal models of cardiac failure, the up-regulation of
pro-angiogenic or anti-inflammatory factors appears to promote some level of
recovery in cardiac function (14, 15, 29). This is largely thought to be due to the
enhanced salvage and regeneration of cardiac tissues (5). Therefore, treatments
targeting up-regulation of angiogenic cytokines and growth factors may be a viable
and attractive strategy for increasing perfusion to infarcted areas of the heart
following an ischemic event. However, it is not clear which growth factors are most
effective in driving angiogenesis after MI. Notably, cardiac ischemia evokes the
release of prostacyclin, which has been demonstrated to stimulate release of multiple
growth factors, including hepatocyte growth factor (HGF) and vascular endothelial
growth factor (VEGF) (17).
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Prostaglandins are a family of bioactive substances derived from arachidonic acid.
They play an important role in maintaining local tissue homoeostasis and evoking the
inflammatory response. Prostacyclin is a potent vasodilator in the heart, and
potentiates nitric oxide release in various vascular territories (22, 24). Furthermore,
prostacyclin is thought to play a major role in tissue repair and modulation of
inflammation (17, 24). However, endogenous prostacyclin is rapidly removed from
the circulation by 15-hydroxyprostaglandin dehydrogenase. ONO-1301 (Ono
Pharmaceuticals), is a synthetic prostacyclin agonist lacking the typical prostanoid
structures

which

allow

prostanoids

to

be

rapidly

metabolized

by

15-

hydroxyprostaglandin dehydrogenase in vivo (27). Thus, ONO-1301 is a chemically
stable prostacyclin agonist. In addition, ONO-1301 has a 3-pyridine radical that
exerts inhibitory activity against thromboxane synthase, thus reducing the production
of

thromboxanes

(25).

Thromboxanes

promote

both

vasoconstriction

and

aggregation of platelets (10), so lead to disruption of vascular homeostasis and
thrombosis (2, 8). ONO-1301 has several potential advantages over other synthetic
prostaglandin agonists, such as beraprost, epoprostenol, iloprost or treprostinil (27).
Firstly, ONO-1301 has a long plasma half-life (12). Secondly, a poly-lactic co-glycolic
acid (PLGA)-polymerised form of ONO-1301 has been developed which provides
sustained-release of ONO-1301 (26, 27). Moreover, Nakamura and associates (20)
found that intra-cardiac injection of ONO-1301 not only increased angiogenesis in the
border of the infarct area in the heart, but also prevented enlargement of the left
ventricle (LV) and extended survival in mice.
A previous study provided evidence for a severe vasodilator abnormality after MI,
involving not only resistance vessels in the myocardium in the infarcted region, but
also those in the myocardium perfused by normal coronary vessels (28). When this
vasomotor dysfunction is present after acute MI, it is thought to influence the extent
of ischemia and necrosis in the areas not directly injured by infarction (28). Therefore,
it is necessary to evaluate the function of coronary vessels after delivering potential
treatments for MI. In the current study, I tested the hypothesis that the vasodilator
capacity of arterial vessels of the anterior and lateral walls of the LV is improved by
ONO-1301 treatment after MI. To test this hypothesis, rats that had been subjected
to MI in the anterior-lateral wall of the left ventricle (region supplied by the anterior
descending left coronary artery) were studied after treatment with either ONO-1301
or its vehicle. The first aim of current study was to determine whether angiogenesis is
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increased, in the myocardium adjacent to the infarct region, following ONO-1301
administration. The second aim was to determine whether the existing and newly
developed arterial vessels in the myocardium adjacent to the infarct region maintain
normal vasomotor function following ONO-1301 administration. We used synchrotron
radiation (SR) angiography to assess endothelial function of the micro- and macrovessels in the infarcted heart of the rat. Furthermore, we also determined whether the
increase in coronary blood flow induced by a graded infusion of dobutamine
(increased heart work simulating an exercise stress test) is also improved by ONO1301.

4.4 Methods
4.4.1 Preparation of the Experimental Model
All rats were prepared by a staff of ONO Pharmaceutical Co Ltd., Osaka. All
procedures were approved in advance by the SPring-8 Animal Experiment Review
Committee and the National Cerebral and Cardiovascular Center Animal Experiment
Committee. Rats received a medial sternotomy under anesthesia (Nembutal;
pentobarbital sodium 50 mg/kg by intraperitoneal injection). MI was induced by
permanent ligation of the left coronary artery with a 6-0 nylon suture. Rats then were
allocated to one of the three groups, as described below, to receive a single dose of
ONO 1301 or vehicle 3 hours after MI, or a single dose of ONO 1301 on day 3 post
MI. After 4 weeks the treated rats were transported to SPring-8 for imaging
experiments. ONO-1301 was polymerized with poly (D, L-lactic-co-glysolic acid)
microspheres (MS) for a single subcutaneous injection (10 mg/kg). This preparation
has been demonstrated to achieve sustained, slow release (21). These
biodegradable and biocompatible microspheres release the drug through degradation
of their polymeric matrix (Fig 4.1).
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Figure 4.1 Representative electron micrographic images of ONO-1301. This,
polymerized form (poly D, L-lactic-co-glysolic acid) of ONO-1301 is gradually
degraded over 28 days at 37 °C in vitro. Images reproduced from Fukushima et al (7).
Experimental treatment groups (n = 9 in each group) evaluated by SR angiography
were:
Group 1 (Control): Sprague Dawley (male) rats 12 wks of age, received vehicle MS
post MI (subcutaneous).
Group 2 (3h): Sprague Dawley (male) rats 12 wks of age, received ONO-1301MS (10
mg/kg subcutaneous) 3 hours post MI.
Group 3 (72h): Sprague Dawley (male) rats 12 wks of age, received ONO-1301MS
(10 mg/kg subcutaneous) 72 hours post MI.
The final number of animals included in each analysis was, in some instances, fewer
than this, because the quality of some micro-angiograms was poor. Final values of n
are provided in the legends to each figure.
4.4.2 Surgical Preparation for Angiography
All coronary microangiography was conducted at Beamline 28B2 of SPring-8, the
Synchrotron Radiation Research Institute in Hyogo, Japan. Microangiography was
performed with SR to visualize the coronary circulation in vivo and has been
described in detail previously (13). Imaging of the coronary circulation was performed
with monochromatic synchrotron radiation at 33.2 KeV, just above the iodine K-edge
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energy for producing maximal absorption of the iodine contrast agent in the vascular
lumen.
Rats were anesthetized with pentobarbital sodium (50 mg/kg i.p.). Supplementary
doses of anesthetic (~20 mg/kg/h) were periodically administered to maintain a
surgical level of anesthesia. After induction of anesthesia, the rats were intubated by
tracheotomy, to permit artificial ventilation with a rodent ventilator (tidal volume = 1
ml/100 g body weight, 70 strokes/min, ~40% oxygen, Shinano, Tokyo, Japan). A
rectal thermistor coupled with thermostatically controlled heating pad was used to
maintain body temperature at ~37 °C.
A 20 gauge Angiocath catheter (Becton Dickinson, Inc., Sandy, Utah, USA) was used
to cannulate the right carotid artery near the aortic valve for selective angiography of
the coronary circulation. Arterial pressure and heart rate were recorded from a
catheter filled with heparinized saline (12 units/ml) inserted into the femoral artery,
and connected to a pressure transducer (MLT0699, AD Instruments, NSW, Australia).
The analogue arterial pressure signal was digitized at 1000 Hz and recorded by
CHART software (v5.4.1, AD Instruments, NSW, Australia) to determine mean
arterial pressure and heart rate. Body fluid was maintained during the period of
imaging by sodium lactate (Otsuka, Tokyo, Japan) infused via a catheter inserted into
the jugular vein (3 ml/h). Drug infusions were also delivered via the jugular vein
catheter.
4.4.3 Angiography Protocol
After the preparatory surgery, each animal was moved into the X-ray hutch at
BL28B2 for coronary microangiography. The rat was placed in a supine position in
front of the X-ray detector in the path of the X-ray beam. Iodinized contrast medium
(Iomeron 350, Bracco-Eisai Co. Ltd., Tokyo, Japan) was delivered through the
carotid artery using a high-speed injector (0.3-0.5 ml bolus 25 ml/s, Nemoto Kyorindo,
Tokyo, Japan). The ventilator was turned off for a period of approximately 3 seconds
immediately before the start of each cine recording, of 100 frames at 30 frames/s,
recorded on a SATICON detector (Hitachi Denshi Techno-System, Ltd., Tokyo,
Japan) with 1.5-2 ms/frame shutter open time. Images with 1024 x 1024 pixel format
and 10-bit resolution were recorded from a ~10 mm2 field of view. Approximately 10
min was allowed between each imaging sequence for renal clearance of the contrast.
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Contrast images were recorded from the upper LV during all experiments. In each rat,
the calibers of vessels were determined sequentially during 5 minutes of infusion of
vehicle (sodium lactate 3 ml/h), acetylcholine (ACh; Ovisot, Daiichi Sankyo, Japan, 5
µg/kg/min), sodium nitroprusside (SNP; Sigma-Aldrich, Japan, 5 µg/kg/min) and
dobutamine (Dob; Eli Lilly Japan, Kobe, Japan 4-8 µg/kg/min, a cardiac specific βadrenergic agonist).
4.4.4 Statistical Analysis
Data are expressed as mean ± SEM unless otherwise stated and n represents the
number of rats in each group. For each individual rat, within-rat mean vessel ID and
vessel number for each branching order were calculated and the between-rat means
were then used for group comparisons. Student’s paired t-test was used to assess
differences between vessel number and diameter during the baseline period (vehicle
infusion) and the later drug infusion periods (ACh, SNP or Dob). One-way ANOVA
was used to assess differences between groups during the baseline period
(GraphPad Software, Inc., La Jolla, CA, USA). Two-way ANOVA was also used, with
factors treatment and branching order. The Dunn-Sidak multiple comparison
procedure was used to reduce the probability of type 1 error.
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4.5 Results
4.5.1 General Characteristics and Hemodynamics
Body weight was measured on the day of experiment prior to microangiography.
There were no significant differences between the groups (Control: 260 ± 4.9 g, 3 h:
260 ± 3.9 g, 72 h: 259 ± 5.8 g, P = 0.99). There were also no significant differences in
either heart rate (HR) or mean arterial pressure (MAP) between the treatment groups
at baseline (Fig. 4.2).
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Figure 4.2 (A) Heart rate and (B) mean arterial pressure of the treatment at
baseline. The three groups were rats subjected to myocardial infarction (MI) with
vehicle treatment (Control), treatment with ONO-1301 at 3 hours post MI (3 h) and,
treatment with ONO-1301 at 72 hours post MI (72 h). Values expressed as mean ±
SEM (n = 6 in each group). P values are the outcomes of one-way ANOVA. MAP =
mean arterial pressure; HR = heart rate.
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In control animals ACh reduced MAP (by 39 ± 6 mmHg) and HR (by 36 ± 19 bpm),
SNP induced reductions in MAP (by 39 ± 5 mmHg) and HR (by 54 ± 18 bpm), and
Dob increased HR (by 47 ± 14 bpm) but had little effect on MAP. In rats treated with
ONO-1301, the effects of ACh, SNP and Dob on MAP and HR were similar to those
observed in control rats (see Fig. 4.3).
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Figure 4.3 Relative changes in (A) heart rate and (B) mean arterial pressure in
response to vasoactive agents in the various treatment groups The three groups
were rats subjected to myocardial infarction (MI) with vehicle treatment (Control),
treatment with ONO-1301 at 3 hours post MI (3 h) and, treatment with ONO-1301 at
72 hours post MI (72 h). Data are shown as mean ± SEM, n = 6 in each group. P
values are the outcomes of two-way analysis of variance. * denotes P < 0.05, ** P <
0.01, *** P < 0.001 vs baseline (Student’s paired t-test). Acetylcholine = ACh; sodium
nitroprusside = SNP, dobutamine = Dob; MAP = mean arterial pressure; HR = heart
rate.
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4.5.2 Number and Caliber of Vessels Visible Under Baseline Conditions
Typical angiograms of the coronary circulation in the three groups were similar at
baseline and during drug administration (Fig. 4.4). The number of visualized vessels
progressively increased across order 1-3, but fewer 4th order vessels were observed
than 3rd order vessels (Fig. 4.5 A). Across all 4 orders, similar numbers of vessels
was observed in rats treated with ONO-1301 at 3 h post MI (1st: 4.7 ± 0.6, 2nd: 10.8 ±
1.4, 3rd: 13.0 ± 1.5 and 4th: 5.7± 2.1) as were observed in rats treated with vehicle.
There were fewer visible 3rd order vessels in rats treated with ONO-1301 at 72 h post
MI (8.2 ± 0.7) than rats treated with vehicle (12.5 ± 2.2). As expected vessel ID at
baseline progressively decreased with branching order (P < 0.001). The basal ID of
vessels was similar in the three groups (Fig. 4.5 B).

Figure 4.4 Representative synchrotron radiation angiograms of the coronary
vasculature. Images were generated during sequential infusion of vehicle,
acetylcholine (ACh), sodium nitroprusside (SNP), and dobutamine (Dob). Sprague
Dawley rats were treated with either vehicle (control) or ONO-1301 3 hours (3 h) after
MI, or treated with ONO1301 at 3 days post MI (72 h). Images are presented for
individual rats in rows. Red arrows = vasoconstriction, white asterisk = vasodilation
relative to baseline.
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Figure 4.5 (A) The number of visible vessels and (B) internal diameter (ID) in
the field of view categorized by branching order in all the treatment groups.
The treatment groups were rats subjected to myocardial infarction (MI) treated with
vehicle microspheres (Control, n = 6), rats treated with ONO-1301 3 hours post MI (3
h, n = 6), and rats treated with ONO-1301 72 hours post MI (72 h, n = 5). Data are
shown as mean ± SEM. P values are the outcomes of two-way ANOVA. P values are
the outcomes of two-way ANOVA. * denotes P < 0.05 vs corresponding vessels in
control animals (after application of the Dunn Sidak procedure to account for the fact
that both the 3 h and 72 h group were contrasted against the control group).
4.5.3 Changes in the Number of Perfused Vessels During Drug Stimulation
We examined relative change in vessel number in response to administration of ACh,
SNP and the β1-adrenergic agonist (Dob). Infusion of ACh, SNP and Dob did not
significantly alter the number of visible 1st or 2nd order coronary vessels in
angiograms in any of the groups. Infusion of ACh tended to increase the number of
visible 3rd order vessels in rats treated with ONO-1301 at 3 h post MI (11.8 ± 4.6 %;
P = 0.09 vs baseline, Fig.4.6) but this apparent effect was not observed in vehicletreated rats or rats treated with ONO-1301 72 h post MI. The number of perfused 3rd
and 4th order vessels in control rats was similar to baseline during infusion of SNP
and Dob. In rats treated with ONO-1301, the effects of SNP and Dob on perfused
vessels were similar to those in control rats.
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Figure 4.6 Relative change in vessel number in response to vasoactive agents
in the various treatment groups. The treatment groups were: rats subjected to
myocardial infarction (MI) treated with vehicle microspheres (Control, n = 6), rats
treated with ONO-1301 3 hours post MI (3 h, n = 6), and rats treated with ONO-1301
72 hours post MI (72 h, n = 5). Data are shown as mean ± SEM. P values are the
outcomes of two-way analysis of variance. Acetylcholine = ACh; sodium nitroprusside
= SNP, dobutamine = Dob.
4.5.4 Changes in Vessel Caliber During Drug Stimulation
ACh increased the calibers of coronary vessels to a similar degree in all branching
orders in the control animals (1st: 25.7 ± 10.8 %, 2nd: 24.7 ± 8.5 % and 3rd: 17.5 ± 6.1
%). In response to SNP and Dob infusion, the caliber of coronary vessels in the
control animals increased similarly to those during infusion of ACh. In rats treated
with ONO-1301, the effects of ACh, SNP and Dob on vessel caliber were similar to
those in control rats (Fig. 4.7).
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Figure 4.7 Relative change in vessel caliber in 3rd and 4th order vessels number
in response to vasoactive agents in the various treatment groups. The
treatment groups were: rats subjected to myocardial infarction (MI) treated with
vehicle microspheres (Control, n = 6), rats treated with ONO-1301 3 hours post MI (3
h, n = 6), and rats treated with ONO-1301 72 hours post MI (72 h, n = 5). Data are
shown as mean ± SEM. P values are the outcomes of two-way analysis of variance.
Acetylcholine = ACh; sodium nitroprusside = SNP, dobutamine = Dob.
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4.6 Discussion
In the current study, we were unable to detect significant differences, in the number
of perfused vessels or vessel caliber, between rats treated with ONO-1301 and rats
treated with vehicle, during baseline recordings. When we examined the vasodilatory
response to ACh, SNP and Dob, there was no significant difference between groups.
Thus, we were unable to detect a beneficial effect of ONO-1301 on vasodilatory
function in the coronary circulation after MI.
Further, in the current study, we were not able to detect a beneficial effect of ONO1301 on revascularization post MI. In contrast, a previous study provided evidence
that subcutaneous administration of ONO-1301, 3 days after ligation of the coronary
artery, increased angiogenesis and reduced the size of the fibrotic area in the
ischemic myocardium (11). ONO-1301 also improved cardiac function after MI, as
demonstrated by a lower HR, decreased systolic and diastolic left ventricular
pressure, and improvement in contractility of the LV in rats treated with ONO-1301
relative to vehicle-treated controls (11). ONO-1301 has also been shown to inhibit
hypertrophy of the pulmonary arteries in rats with pulmonary hypertension (21). It
also had a beneficial effect in the canine coronary circulation subjected to chronic MI
(16). Indeed, in these dogs both myocardial blood flow and capillary density
increased at 8 weeks post MI (16). Taken together, these studies indicate that ONO1301 can induce angiogenesis and is beneficial for regeneration of cardiac structure
and function after MI and cardiopulmonary disease.
How can we reconcile our inability to detect a beneficial effect of treatment with
ONO-1301 in the current study, with the observations described above? One
possibility is that the relatively mild HF in the rats we studied was not severe enough
to overcome the intrinsic capacity of the heart for revascularisation. This proposition
merits future study, in animals with more severe HF.
One important limitation of our current study was the omission of a control group not
subjected to MI. Without such a group it is not possible to quantify the degree of
vascular dysfunction induced by MI. It may be that only mild dysfunction was present.
Notably, coronary vasodilatory responses in the rats we studied were of similar
magnitude to those we have previously observed in healthy rats of a similar age (13).
Furthermore, even in rats that were untreated after MI, coronary vasodilatation was
91

CHAPTER 4 Effect of the prostacyclin analog ONO-1301
observed in response to both endothelium-independent and endothelium-dependent
agents, and these responses are comparable to that reported by Jenkins et al in
normal rats (13). Thus, it may be that the function of both vascular smooth muscle
and endothelium was preserved across the three groups. Furthermore, the
vasodilatory responses to infusion of Dob showed that the ability to regulate coronary
perfusion under changing conditions of heart work was not appreciably blunted in
these animals.
Another major limitation of our approach should be acknowledged. In vivo
angiography does not necessarily visualize all vessels segments in the coronary
vasculature. Contrast media flows through vessels with the least resistance. Thus,
high vascular resistance in some segments might prevent or greatly reduce the entry
of contrast media into the vessel, so that its concentration might be below the level of
detection. Nakamura et al found that capillary density increased significantly at the
border zone of the heart of mice with MI when ONO-1301 was injected directly into
the anterior and lateral myocardium (19). In addition, Hirata et al showed that
treatment with ONO-1301 had an angiogenic effect in the border zone of the
ischemic myocardium in Wistar rats with MI (11). Importantly, the diameter of
capillary vessels is less than 20 µm, so these small vessels are not detectable with
our in vivo approach. Therefore, in the rats treated with ONO-1301 in our current
study, there might have been many smaller newly developed vessels, which we were
not able to detect by angiography. Future studies would benefit by combining in vivo
synchrotron microangiography with ex vivo 3D-computed tomography (CT) of
vascular casts. Injection of gelatine containing barium into the vasculature after the
dynamic studies would allow subsequent CT reconstruction for much improved
visualization of arterial vessels down to capillary level (23). This would allow more
accurate determination of the number of newly developed arterial vessels.
To conclude, we were not able to detect a beneficial effect of ONO-1301 on
revascularization and vasodilatory responses to endothelium-dependent and
endothelium-independent agents. One potential explanation for this negative finding
is that the function of both vascular smooth muscle and endothelium may have been
relatively well preserved in the model of mild MI we studied. Future studies, including
an additional protocol to produce vascular casts from the same animals used for
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synchrotron microangiography would allow more accurate assessment of the
microvasculature.
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Chapter 5
5.1 Chapter Preface and Author Contribution
This chapter describes a preliminary study performed in collaboration with the
University of Tsukuba, Tsukuba, Ibaraki, Japan and the SPring-8 Synchrotron
Radiation Research Institute, Harima, Hyogo, Japan.
Apelin is an endogenous peptide ligand for the G-protein-coupled receptor, APJ.
Both apelin and the apelin receptor (APJ) are expressed in a wide range of tissues,
including the brain, heart, blood vessels and the gastrointestinal tract (6, 13, 16, 23).
Previously, our colleagues from the University of Tsukuba provided evidence that
APJ mediates coronary vasospasm. They administered apelin to anesthetized mice
before filling their coronary circulation with Microfil® to allow visualization of the
coronary circulation ex vivo. They observed evidence of vasospasm, in the hearts of
mice over-expressing APJ, after exposure to apelin (Fukamizu et al, unpublished). In
the study described in this chapter of my thesis we investigated whether the same
response can be observed in coronary vessels in vivo. Synchrotron-based contrast
microangiography was used for the assessment of changes in caliber of vessels and
number of visible vessels.
Our colleagues from the University of Tsukuba developed a mouse model that
overexpresses the APJ receptor on vascular smooth muscle cells (SMA-APJ mouse),
which was used in the current study, performed at the Japanese synchrotron. My
primary supervisor, Dr. Pearson, performed the preparative surgery on the mice on
the day of the acute experiment. He and I performed the subsequent contrast
angiography of the coronary circulation together. I conducted the analysis of the data
generated from this study and made a major contribution to their interpretation.
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5.2 Abstract
A recent study performed by our colleagues (Prof Fukamizu and Assoc Prof. Ishida
from

the

University

of

Tsukuba)

provided

evidence

that

apelin

induces

vasoconstriction of the coronary vasculature. However, major limitations of the
previous study discussed above were that (i) vascular caliber was assessed ex vivo
rather than in vivo, and (ii) that only between-animal comparisons were made. In the
current study we tested the hypothesis that APJ receptors on vascular smooth
muscle (VSM) mediate coronary vasoconstriction in vivo. The aim of the current
study was to determine whether or not coronary vasoconstriction occurs in a mouse
model that overexpresses the APJ receptor on VSM. Synchrotron-based contrast
microangiography was used to allow the assessment of coronary vascular diameter
and number in both wild type mice (WT) and mice with overexpression of APJ (TG).
More 3rd order vessels were visible in TG than WT mice (55 ± 16 %). In WT mice,
administration of apelin was followed by little or no change in the number of
observable vessels or their caliber. In contrast, in the TG mice, administration of
apelin was followed by a -38.6 ± 6.6 % reduction in the number of observable 3rd
order vessels and vasoconstriction in 1st (-18.8 ± 6.2 % reduction in diameter), 2nd (18.0 ± 4.5 %) and 3rd (-11.0 ± 3.8 %) order vessels. To conclude, our current findings
provide evidence that the apelin/APJ pathway on VSM leads to vasoconstriction and
possibly also angiogenesis in the coronary circulation in mice.
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5.3 Introduction
Apelin is an endogenous peptide ligand for the G-protein-coupled receptor, APJ (20,
24). G-protein-coupled receptors are the largest group of transmembrane receptors,
mediating transduction of a diverse array of extracellular signals (24). Apelin and APJ
are distributed in various tissues including the brain, heart, blood vessels and
gastrointestinal tract (6, 13, 16, 23).
The physiological roles of apelin and APJ are not fully understood. Four lines of
evidence support the hypothesis that the APJ/apelin system plays important roles in
the regulation of cardiovascular function. Firstly, the APJ receptor shares a close
homology to the angiotensin II type 1 (AT1) receptor, which mediates major
cardiovascular effects, such as vasoconstriction and secretion of aldosterone from
the adrenal cortex (17). Secondly, apelin itself has been shown to modulate cardiac
contractility and vascular tone in vitro (17). Upregulation of apelin also has been
shown to cause potent vasoconstriction in the human coronary artery (22). Thirdly,
levels of apelin mRNA were shown to increase in the left ventricle (LV) in chronic
heart failure (HF) associated with coronary heart disease and dilated cardiomyopathy
(4). Fourthly, plasma levels of apelin increase in the early stage of all forms of left
ventricular dysfunction (2).
A recent study performed by our colleagues (Prof Fukamizu and Assoc Prof. Ishida
from

the

University

of

Tsukuba)

provided

evidence

that

apelin

induces

vasoconstriction of the coronary vasculature. Specifically, they found evidence that
apelin can induce stenosis and focal vessel constriction in the coronary arteries of
mice that overexpressed APJ in vascular smooth muscle (VSM) (Fig. 5.1, Fukamizu
et al unpublished). Vasospasm is the sudden constriction of an artery, leading to
decreased perfusion of the vessel. Thus, vasospasm can lead to tissue ischemia and
necrosis (3, 11, 18). Myocardial ischemia caused by coronary vasospasm can lead to
angina, myocardial infarction (MI), HF and even death (18).
Major limitations of the previous study discussed above (Fig. 5.1) were that (i)
vascular caliber was assessed ex vivo rather than in vivo, and (ii) that only betweenanimal comparisons were made. That is, because it was necessary to remove the
heart from animals to assess vascular caliber, it was not possible to make
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observations, in the same vessels, before and after administration of apelin. To
overcome these limitations, in the current study we tested the hypothesis that APJ
receptors mediate coronary vasoconstriction in vivo.

Figure 5.1 Angiograms of Microfil® within coronary vessels, showing evidence
of vasospasm induced by apelin. Ex vivo studies were performed using wild type
mice (WT) and a transgenic mouse model with overexpression of the APJ receptor
(TG). Mice of approximately 14 weeks of age received an intraperitoneal injection of
either apelin (296 µg/kg) or saline. Ten minutes later, they were anesthetized with an
intraperitoneal injection of sodium pentobarbital (1:10 dilution with sodium lactate, 50
mg/kg). Two minutes after anesthesia, 700~800 µl of Microfil® (MV-112, Flow Tech
Inc., Carver, MA, USA) was injected directly into the left ventricle, with a 1 ml syringe,
to enable visualization of the coronary vessels. Hearts were fixed in 10% formalin at
4 °C overnight, then stored in 70% ethanol at 4 °C for 12 hours to promote
dehydration. Hearts were then made transparent using a clearing agent (methyl
salicylate), so the vessels could be visualized in the intact heart, using a stereoscopic
microscope, without the need for sectioning. LCA = left coronary artery; RCA = right
coronary artery. Red arrows indicate localized vasospasms. (Fukamizu et al
unpublished).
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5.4 Methods
5.5 Preparation of the Experimental Model
All procedures were approved in advance by the SPring-8 Animal Experiment
Review Committee and the National Cerebral and Cardiovascular Center Animal
Experiment Committee. Our colleagues from the University of Tsukuba developed a
mouse model that overexpresses the APJ receptor on VSM cells (SMA-APJ mouse)
(19). Briefly, to generate the transgenic mouse, the human genomic DNA containing
the APJ gene locus was attached to the human smooth muscle α-actin promoter with
a bovine growth hormone poly-A tail (Fig. 5.2). The linearized DNA was microinjected
as a transgene into the pronuclei of eggs from imprinting control region (ICR) mice.

Figure 5.2 Schematic diagram of the gene locus in the mouse model that
overexpresses the APJ receptor. The genomic DNA containing the APJ gene locus
was attached to the human smooth muscle α-actin promoter with a bovine growth
hormone poly-A tail (19). CDS = protein coding DNA sequences, SMA = smooth
muscle α-actin.
Male SMA-APJ and control WT mice (14 weeks old) were bred by our colleagues
and delivered by courier to the Biomedical Animal Holding Facility of SPring-8 prior to
the start of angiography experiments.
Experimental treatment groups:
1.

Wild type mice (WT, n = 4)

2.

SMA-APJ transgenic mice (TG, n = 4)
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5.5.1 Surgical Preparation for Angiography
All coronary microangiography was conducted at Beamline 28B2 of SPring-8, the
Synchrotron Radiation Research Institute in Hyogo, Japan. Microangiography was
performed with synchrotron radiation to visualize the coronary circulation in vivo as
has been described in detail previously (8). Imaging of the coronary circulation was
performed with monochromatic synchrotron radiation at 33.2 keV, just above the
iodine K-edge energy for producing maximal absorption of the iodine contrast agent
in the vascular lumen.
Each mouse was anesthetized with sodium pentobarbital (1:10 dilution with sodium
lactate, 50 mg/kg) intraperitoneally, and supplementary doses of anesthetic (~20
mg/kg/h) were periodically administered to maintain the level of anesthesia. After
induction of anesthesia, the mice were intubated for artificial ventilation (~40%
oxygen) with a MiniVent rodent ventilator (Hugo-Sachs, Germany). A rectal
thermistor coupled with a thermostatically controlled heating pad was used to
maintain body temperature at approximately 37 °C.
An Instech-Solomon catheter (Instech-Solomon, Plymouth Meeting, PA, United
States) was used to cannulate the right carotid artery. The tip of the catheter was
positioned close to left descending coronary artery, near the aortic valve, to facilitate
selective injection of contrast media into the coronary circulation. Arterial pressure
and heart rate were also recorded from the Instech-Solomon catheter inserted into
the carotid artery. The analogue arterial pressure signal was digitized at 1000 Hz and
recorded by CHART software (Version 5.4.1, AD Instruments, NSW, Australia) to
allow determination of mean arterial pressure and heart rate. Body fluids were
maintained during the period of imaging by infusion of sodium lactate (Otsuka, Tokyo,
Japan) via a catheter inserted into the jugular vein.
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5.5.2 Protocol for Angiography
After the preparatory surgery, each animal was moved into the X-ray hutch for
coronary microangiography. The mouse was placed in a supine position in front of
the X-ray detector in the path of the X-ray beam. Iodinized contrast medium (Iomeron
350, Bracco-Eisai Co. Ltd., Tokyo, Japan) was delivered through the carotid artery
using a PHD200 syringe pump (0.1-0.2 ml bolus 11 ml/min, Harvard Apparatus,
Holliston, Massachusetts, United States). Each cine recording of 100 frames, at 30
frames/s, was recorded on a SATICON detector (Hitachi Denshi Techno-System,
Ltd., Tokyo, Japan) with 1.5-2 ms/frame shutter open time. Images with 1024 x 1024
pixel format and 10-bit resolution were recorded from a field of view of approximately
10 mm2.
Baseline vessel calibers, across the first three branching orders of arterial vessels in
each mouse, were determined after 5 minutes of vehicle infusion (sodium lactate 0.2
ml/h; baseline). After the baseline imaging, each mouse received an intraperitoneal
injection of apelin (296 µg/kg). Contrast images were again recorded 12 minutes after
injection of apelin.
5.5.3 Statistical Analysis
Data are expressed as mean ± SEM unless otherwise stated. For each individual
mouse the mean vessel ID and vessel number of each branching order was used for
group comparisons. Two-way ANOVA was used to assess the main effects of
genotype and branching order and their interaction. Student’s unpaired t-test was
carried out to assess and difference between baseline and after injection of apelin.
GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA) was used for all
analysis. Two-tailed P ≤ 0.05 was considered statistically significant.
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5.6 Results
5.6.1 General Characteristics
Body weight (BW, g) was measured on the day of experiment prior to synchrotron
angiography. TG mice weighed 22 ± 4 % less than WT mice (Fig. 5.3).

P = 0.002

50

BW (g)

40
30
20
10

TG

W
T

0

Figure 5.3 Body weight in the two groups. WT = wild type mice and TG = mice
with overexpression of APJ. Columns and error bars show mean ± SEM of n = 4 in
each group. The P value is the outcome of an unpaired t-test.
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5.6.2 Baseline Vessel Number and Vessel Caliber
Typical angiograms show that coronary vessels in the two groups of mice responded
differently after administration of apelin (Fig. 5.4). The number of visualized vessels
progressively increased across order 1-3 (Fig. 5.5). More 3rd order vessels were
visible in TG than WT mice (55 ± 16 %). As expected, vessel ID at baseline
progressively decreased with branching order. The ID of vessels during the baseline
period was similar in the two groups of mice (Fig. 5.5).

Figure 5.4 Representative synchrotron radiation angiograms of the coronary
vasculature. Images were captured during infusion of the vehicle and 12 minutes
after apelin injection (296 µg/kg). The two groups of mice were wild type mice (WT)
and transgenic mice (TG). Horizontally aligned images are from the same mouse.
Red arrows = vasoconstriction.
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Figure 5.5 The number of visible vessels and internal diameter (ID) in the field
of view categorized by branching order in two groups. WT = wild type mice and
TG = mice with overexpression of APJ. Data are shown as mean ± SEM. P values
are the outcomes of two-way ANOVA. * denotes P ≤ 0.05 vs WT by unpaired t-test.
5.6.3 Vessel Recruitment and Vessel Caliber in Response to Apelin
We examined relative change in the number and caliber of vessels in response to
administration of apelin. In WT mice, administration of apelin was followed by little or
no change in the number of observable vessels or their caliber. In contrast, in the TG
mice, administration of apelin was followed by a -38.6 ± 6.6 % reduction in the
number of observable 3rd order vessels and vasoconstriction in 1st (-18.8 ± 6.2 %
reduction in diameter), 2nd (-18.0 ± 4.5 %) and 3rd (-11.0 ± 3.8 %) order vessels (Fig.
5.6).
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Figure 5.6 Relative change in vessel number and vessel caliber after
administration of apelin in wild type mice and transgenic mice. WT = wild type
mice and TG = mice with overexpression of APJ. Data are presented as mean ±
SEM, n = 4 in each group. * denotes P ≤ 0.05 and ** denotes P ≤ 0.01 vs baseline by
paired t-test. P values are the outcomes of two-way ANOVA.
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5.7 Discussion
In the current in vivo study, we found that apelin induced marked vasoconstriction in
the coronary circulation of mice that overexpress APJ in VSM, but not in WT mice.
However, the baseline caliber of coronary vessels in mice that overexpress APJ in
VSM was not appreciably different from that of WT mice. These results indicate that
apelin and its receptor APJ may play little role in the tonic physiological regulation of
coronary vascular tone. However, apelin and its receptor APJ may contribute to the
control of coronary vascular tone under pathophysiological conditions associated with
upregulation of APJ and increased circulating levels of apelin. Such conditions
include atherosclerosis, stenosis of the calcified aortic valve and ischemic heart
failure HF (1, 5, 21). Thus, antagonists of APJ might be beneficial in the treatment of
these cardiovascular diseases.
Our current findings indicate that apelin and its receptor make little contribution in the
acute physiological regulation of coronary vascular tone in vivo. Nonetheless, several
previous studies have provided evidence that APJ also has the potential to mediate
the phosphorylation of endothelial nitric oxide synthase (eNOS) in both mice and rats
and thus has the potential to contribute to endothelium-dependent vasodilation (7,
25). Others have shown that apelin primarily functions as a regulator of vascular tone
via APJ receptors in VSM (5, 12). Taken together with our current results, these
previous findings indicate that apelin has opposing effects on arterial blood vessels
via endothelium-mediated vasodilation and VSM-dependent vasoconstriction. Thus,
we cannot exclude the possibility that the absence of an effect of apelin on coronary
vascular tone in WT mice reflects a balance between endothelium-mediated
vasodilation and VSM-dependent vasoconstriction.
In the current study, marked vasoconstriction in the coronary circulation, induced by
administration of apelin, was apparent in mice that overexpress APJ in VSM. This
could indicate that vasoconstrictor responses to apelin can only be observed under
conditions of artificially induced upregulation of the APJ receptor. However,
upregulation of APJ in VSM can occur in response to endothelial damage (26).
Constriction of an artery leads to decreased perfusion of the vessel, and thus to
tissue ischemia and potentially necrosis (3, 11, 18). Myocardial ischemia can lead to
angina, MI, HF and even death (18). Strategies for treatment for these cardiovascular
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diseases should not only include the use of direct vasodilators, but should also
include use of antagonists of constrictor factors. Thus, antagonists of APJ may be
beneficial in the treatment of ischemic heart disease with coronary spasm.
Interestingly, our data provide evidence that chronic overexpression of APJ on the
VSM may have led to angiogenesis. That is, we observed considerably more 3rd
order vessels in mice that over-express APJ than in WT mice. However, the ID of
coronary arterial vessels was similar in mice that overexpressed APJ on VSM and
WT mice. Taken at face value, these observations may indicate that chronic
upregulation APJ in VSM leads to angiogenesis in the coronary circulation but not
enlargement of the caliber of vessels. This explanation is feasible, since apelin is
considered to be an angiogenic factor (9, 10). Furthermore, the apelin/APJ pathway
has been shown to regulate proliferation and assembly of vascular cells during
embryogenesis in mice (15). In contrast to our current findings, a study performed by
Kidoya et al in the dorsal skin in mice provided evidence that upregulation of APJ
expression in endothelial cells induces vascular enlargement but not angiogenesis
(14). Taken together with our current results, these previous findings indicate that
apelin can have disparate effects on the formation of blood vessels, perhaps
depending on the vascular territory being studied, the stage of development of the
experimental animals being studied, and the experimental conditions. Perhaps APJreceptors on the endothelium modulate vessel caliber, while APJ-receptors on VSM
modulate angiogenesis. This proposition merits further investigation.
The two major limitations of our current pilot study should be acknowledged. Firstly,
we did not examine the regulation of coronary vasodilatory function in these mice.
Therefore, we do not know whether these vessels have normal vasomotor function.
Secondly, a small number of mice was used for this study, due to their limited
availability. In the future, we would like to examine endothelium-dependent and
endothelium-independent vasodilator responses in these mice with a larger number
of mice for each drug treatment utilizing infusions of acetylcholine and sodium
nitroprusside.
To conclude, our current findings provide evidence that the apelin/APJ pathway on
VSM leads to vasoconstriction and possibly also angiogenesis in the coronary
circulation in mice. Future studies, that include an additional protocol to examine
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vasodilatory function in these animals using synchrotron microangiography, would
provide a more complete understanding of the role of the apelin/APJ pathway in
regulation of the function of the coronary circulation.
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Chen YC, Inagaki T, Fujii Y, Schwenke DO, Tsuchimochi H,
Edgley AJ, Umetani K, Zhang Y, Kelly DJ, Yoshimoto M, Nagai
H, Evans RG, Kuwahira I, Shirai M, Pearson JT. Chronic intermittent hypoxia accelerates coronary microcirculatory dysfunction in
insulin-resistant Goto-Kakizaki rats. Am J Physiol Regul Integr Comp
Physiol 311: R426 –R439, 2016. First published June 1, 2016;
doi:10.1152/ajpregu.00112.2016.—Chronic intermittent hypoxia (IH)
induces oxidative stress and inflammation, which impair vascular
endothelial function. Long-term insulin resistance also leads to endothelial dysfunction. We determined, in vivo, whether the effects of
chronic IH and insulin resistance on endothelial function augment
each other. Male 12-wk-old Goto-Kakizaki (GK) and Wistar control
rats were subjected to normoxia or chronic IH (90-s N2, 5% O2 at
nadir, 90-s air, 20 cycles/h, 8 h/day) for 4 wk. Coronary endothelial
function was assessed using microangiography with synchrotron radiation. Imaging was performed at baseline, during infusion of acetylcholine (ACh, 5 g·kg⫺1·min⫺1) and then sodium nitroprusside
(SNP, 5 g·kg⫺1·min⫺1), after blockade of both nitric oxide (NO)
synthase (NOS) with N-nitro-L-arginine methyl ester (L-NAME, 50
mg/kg) and cyclooxygenase (COX, meclofenamate, 3 mg/kg), and
during subsequent ACh. In GK rats, coronary vasodilatation in response to ACh and SNP was blunted compared with Wistar rats, and
responses to ACh were abolished after blockade. In Wistar rats, IH
blunted the ability of ACh or SNP to increase the number of visible
vessels. In GK rats exposed to IH, neither ACh nor SNP were able to
increase visible vessel number or caliber, and blockade resulted in
marked vasoconstriction. Our findings indicate that IH augments the
deleterious effects of insulin resistance on coronary endothelial function. They appear to increase the dependence of the coronary microcirculation on NO and/or vasodilator prostanoids, and greatly blunt
the residual vasodilation in response to ACh after blockade of NOS/
COX, presumably mediated by endothelium-derived hyperpolarizing
factors.
intermittent hypoxia; insulin resistance; microangiography; EDHF

(SAS) is a sleep disorder characterized
by repeated episodes of apnea during sleep and is present in
⬃4% of the general population (30). SAS is highly prevalent in
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patients with obesity and type-2 diabetes (45). The prevalence
of SAS in the general population is likely to increase in the
future due to the increasing prevalence of obesity and type-2
diabetes (30). Chronic intermittent hypoxia (IH) is an important factor in the development of SAS (2). The consequences of
chronic IH include an increase in inflammation and oxidative
stress in multiple organs, necrosis, apoptosis, metabolic dysfunction, and endothelial dysfunction leading to elevated blood
pressure, arrhythmias, and increased vulnerability to myocardial infarction (17, 24, 35). While SAS is characterized by the
presence of chronic IH and hypercapnia, the contribution of
chronic IH to vascular dysfunction is thought to be large (2).
Many patients with SAS develop heart failure due to suspected
changes in ␤-adrenergic and nitric oxide (NO) signaling. SAS
is thought to promote atherosclerosis, which appears to be
exacerbated when combined with metabolic syndrome and
causes more severe vascular dysfunction than in patients without metabolic syndrome, possibly as a result of greater reductions in NO bioavailability due to elevated oxidative stress (18,
26, 40). Whether chronic exposure to IH alone drives exacerbation of vascular dysfunction in the presence of metabolic
syndrome remains to be determined.
IH induces oxidative stress through the production of
reactive oxygen species (ROS) and activation of inflammatory mediators, in particular the redox-sensitive transcription factor NF-B, which impairs vascular endothelial function and promotes atherogenesis (19). Factors that have been
shown to drive endothelial dysfunction in chronic IH include both a decline in vasodilator production and an increase in vasoconstrictor tone (41, 44). Oscillations in
arterial oxygen levels also increase ROS and reactive nitrogen species, which promote endothelial dysfunction in part
through NF-B, and in part through decreased expression of
endothelial NO synthase (NOS) and consequently decreased
NO bioavailability (43). In addition, increased production of
vascular adhesion molecules and increased sensitivity to
endothelin-1 has also been observed in response to IH (1,
44). Impaired endothelium-mediated relaxation after IH is
frequently attributed to decreased NO-mediated vasodilation and increased sensitivity to vasoconstrictors (41, 44,
46). Whether chronic IH evokes changes in the residual
vasodilator response to endothelial stimulation, presumed to
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HYPOXIA EXACERBATES ENDOTHELIAL DYSFUNCTION IN INSULIN RESISTANCE

METHODS

Animals. All experiments were approved by the SPring-8 and the
National Cerebral and Cardiovascular Center Animal Ethics Committees and conducted in accordance with the guidelines of the Physiological Society of Japan. Male Wistar (n ⫽ 14) and GK (n ⫽ 14) rats
(12 wk old) were housed in groups in acrylic chambers. Rats were
exposed to either continuous normoxia (21% oxygen) or IH (cycles of
5% O2 at the nadir of N2 exposure for 90 s followed by 90 s of
normoxia, for 8 h/day) for 4 wk (22, 37). This protocol results in
severe hypoxemia (PaO2 of 25 mmHg) and transient hypocapnia
(PaCO2 of 18 mmHg) and acute respiratory alkalosis (pH ⬃7.6) during
the hypoxic period of each cycle (22). Microangiogram quality was
not suitable for analysis in 3 rats and was not included in the analyses
(final n ⫽ 6 and 7 for normoxia and IH treated Wistar, n ⫽ 5 and 7
for normoxia and IH treated GK rats, respectively).
Microangiography with synchrotron radiation. All coronary microangiography was conducted at Beamline 28B2 of SPring-8, the
Synchrotron Radiation Research Institute in Hyogo, Japan. Microangiography was performed with synchrotron radiation to visualize the
coronary circulation in vivo and has been described in detail previously (16, 34). Imaging of the coronary circulation was performed
with monochromatic synchrotron radiation at 33.2 keV, just above the
iodine K-edge energy for producing maximal absorption contrast of
the iodine contrast agent in the vascular lumen.
Surgical preparation. Rats were anesthetized with pentobarbital sodium (50 mg/kg ip). Supplementary doses of anesthetic (⬃20
mg·kg⫺1·h⫺1) were periodically administered to maintain the level of
anesthesia. After inducing anesthesia, the rats were intubated by tracheotomy for artificial ventilation with a rodent ventilator (tidal volume ⫽ 1

ml/100 g body wt, 70 strokes/min, ⬃40% oxygen, Shinano, Tokyo). A
rectal thermistor coupled with a thermostatically controlled heating pad
was used to maintain body temperature at ⬃37°C.
A 20-gauge Angiocath catheter (Becton Dickinson, Sandy, UT)
was used to cannulate the right carotid artery. The tip of the
cannula was positioned close to the left descending coronary artery
near the aortic valve for selective angiography of the coronary
circulation (16). Arterial pressure and heart rate were recorded
from a catheter filled with heparinized saline (12 U/ml) inserted
into the femoral artery, and connected to a disposable transducer
(MLT0699, AD Instruments, NSW, Australia). The analog arterial
pressure signal was digitized at 1,000 Hz and recorded by CHART
software (v5.4.1, AD Instruments, NSW, Australia) to determine
mean arterial pressure and heart rate. Body fluid was maintained
during the period of imaging by sodium lactate (Otsuka, Tokyo)
infused via a catheter inserted into the jugular vein (3 ml/h). Drug
infusions were also delivered via the jugular vein catheter.
Angiography protocol. After the preparatory surgery, each animal was moved into the X-ray hutch at BL28B2 for coronary
microangiography (16). The rat was placed in a supine position in
front of the X-ray detector in the path of the X-ray beam. Iodinized
contrast medium (Iomeron 350, Bracco-Eisai, Tokyo) was delivered through the carotid artery using a high-speed injector (0.3– 0.5
ml bolus, ⬃11 ml/s, Nemoto Kyorindo, Tokyo). The ventilator was
turned off for a period of ⬃3 s immediately before the start of each
cine recording of 100 frames at 30 frames/s recorded on a SATICON detector (Hitachi Denshi Techno-System, Tokyo) with 1.5–2
ms/frame shutter open time. Images with 1,024 ⫻ 1,024 pixel
format and a 10-bit resolution were recorded from a ⬃10 mm2 field
of view. Approximately 10 min was allowed between each imaging
sequence for renal clearance of the contrast agent.
Cine images of the coronary circulation were acquired at the end of
a 5-min infusion of vehicle (sodium lactate 3 ml/h), acetylcholine
(ACh; Ovisot, Daiichi Sankyo, Japan, 5 g·kg⫺1·min⫺1), and sodium
nitroprusside (SNP, Sigma-Aldrich, 5 g·kg⫺1·min⫺1). The NOS
inhibitor N-nitro-L-arginine methyl ester (L-NAME, Sigma-Aldrich,
50 mg/kg) and the cyclooxygenase (COX) inhibitor sodium meclofenamate (Meclo, Sigma-Aldrich, 3 mg/kg) were then administered and
a repeat cine sequence recorded during a vehicle infusion 30 min later.
Responses to an infusion of ACh (5 g·kg⫺1·min⫺1) were then
reassessed during NOS/COX blockade. At the end of the experiments,
rats were killed by overdose with pentobarbital sodium, and their
hearts were removed, dissected into left and right ventricles, weighed
and then fixed in 4% buffered paraformaldehyde.
Assessment of vessel caliber and vessel number. ImageJ (ver. 1.41,
NIH, Bethesda, MD) was used to identify coronary vessels and
determine their caliber. Vessels were labeled and classified according
to branching orders from the first-order main segment. The visible
vessel number for each branching order and the internal diameter (ID)
of each vessel were determined from a single field of view for all cine
sequences (16). The ID of each vessel was measured repeatedly and
averaged over 15 consecutive frames.
Histology and immunohistochemistry. Rat hearts were fixed with
paraformaldehyde, and stored in 70% ethanol and later embedded in
paraffin. Paraffin sections (4 m thick) were then stained with
picrosirus red to examine the extent of fibrosis. All non-round vessels
were excluded from analysis. Immunohistochemical staining with the
endothelial cell marker isolectin B4 (Vector Laboratories, Burlingame, CA; diluted 1:100) was performed to assess capillary density
(16). Capillary density was evaluated by histological examination of
the myocardium to detect positively stained endothelial cells from 10
nonoverlapping fields randomly selected from within two sections of
the subepicardial region of the middle of LV. After using proteinase
K to digest the tissues for 4 min, sections were then incubated with
biotinylated isolectin B4 at room temperature for 1 h, followed by
streptavidin-HRP (Dako, Golstrup, Denmark) for 30 min and diaminobenzidine (Dako) as described previously (16). An Aperio
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be chiefly mediated by endothelium-derived hyperpolarization factor (EDHF), has not been investigated.
Other adverse effects of chronic IH include metabolic dysregulation. It has been shown that increased ROS causes
apoptosis of pancreatic ␤-cells and reduces insulin sensitivity
(20, 31). Long-term insulin resistance also leads to endothelial
dysfunction (3, 39). Therefore it is of interest to determine
whether the effects of exposure to chronic IH and insulin
resistance augment each other, leading to the exacerbation of
endothelial dysfunction and acceleration towards a state of
diabetic heart failure.
In the current study, we tested the hypothesis that the onset of
coronary vascular dysfunction in insulin-resistant rats is accelerated by medium-term exposure to severe chronic IH. The GotoKakizaki (GK) rat is a nonobese model of Type-2 diabetes,
derived from an inbred strain of Wistar rats selected for glucose
intolerance (14). We therefore investigated the effects of IH for 4
wk in 16-wk-old male GK rats and aged-matched Wistar control
rats. Coronary endothelial function was assessed using microangiography with synchrotron radiation. It is well established that
coronary blood flow is determined by the resistance of microvessels, including small arteries and large arterioles, and therefore the
internal diameter (ID) of these vessels. However, agonist-mediated flow increases can evoke local dilation responses (caliber
changes) and/or an increase in the number of perfused vessels,
which is primarily the result of conducted dilation. Therefore, to
assess local changes in dilation we measured vessel ID. To assess
global perfusion changes that result from conducted dilation we
counted the number of angiographically visible vessels as an
index of the spread of dilation along vessel segments, which
results in a reduction of microvessel resistance and the opening of
further visible vessel branches. Further, we examined the effect of
chronic IH on cardiac remodeling with immunohistochemistry.
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RESULTS

General characteristics. Body weight and nonfasted blood
glucose were measured on the day of experiment prior to
microangiography. GK rats were on average 13.6% heavier
and had greater blood glucose concentration than Wistar rats.
Rats treated with IH were lighter than rats treated with normoxia (Table 1). The deficit in body weight associated with IH
was greater in GK rats (⫺13.6%) than Wistar rats (⫺6.8%).
GK rats also had greater left ventricular mass (22.6%) and right
ventricular mass (38.1%) than the Wistar rats (Table 1). There
was no apparent impact of IH on blood glucose concentration,
or left or right ventricular mass (Table 1).
Histological changes in response to intermittent hypoxia.
Exposing the rats to IH resulted in markedly greater capillary
density score in the left ventricle than in rats subjected to
normoxic conditions (Fig. 1A), but there was no apparent strain
effect. The media-lumen ratio of coronary vessels (vessel ID of
1–100 m) was on average 17% greater in GK rats than Wistar
rats (Fig. 1B). Treatment with IH in both Wistar and GK rats
resulted in significantly greater media-lumen ratio (15.6%)
than in rats subjected to normoxic conditions.
Interstitial fibrosis in the left ventricle of GK rats was greater
than in Wistar rats (Fig. 2A). Exposure to IH did not have any
significant effect on the extent of interstitial fibrosis in either
Wistar or GK rats. In contrast to interstitial fibrosis, there was
more pronounced perivascular fibrosis when rats were exposed
to IH than normoxia, but insulin resistance did not appreciably
influence this effect (Fig. 2B).
Hemodynamic changes in response to drug infusion. Prior to
any drug intervention, the mean arterial pressure (MAP) was
not significantly different between Wistar and GK rats nor was
it significantly different in rats exposed to IH compared with

those exposed to normoxia (Table 2). Heart rate (HR) on the
other hand showed a trend to be elevated only in Wistar rats
subjected to IH than in those exposed to normoxia.
During infusion of either ACh or SNP, across the various
treatment groups, MAP fell by 28 – 48 mmHg and HR fell by
16 –34 beats/min relative to their baseline levels (Table 2). For the
most part, these changes were similar in Wistar and GK rats.
However, during infusion of ACh, MAP was appreciably higher
in GK rats (109.8 ⫾ 4.3 mmHg, averaged across rats exposed to
normoxia and IH) than in Wistar rats (92.8 ⫾ 5.4 mmHg, P ⫽
0.02). Decreases in MAP observed during infusion of SNP were
significantly smaller in GK rats than Wistar rats. Chronic IH was
associated with a greater MAP and HR during ACh and SNP
infusions than in rats subjected to normoxia.
HR was decreased markedly following NOS/COX blockade
as we have previously observed in anesthetized rats (16). The
magnitude of the decrease in HR was significantly smaller in
GK rats than Wistar rats, and was largest in IH-treated Wistar
rats. Upon infusion of ACh postblockade, MAP and HR
decreased further in both Wistar and GK rats of both exposure
groups (normoxia and IH). Nevertheless, in response to ACh
infusion postblockade, MAP was markedly (17–30 mmHg)
higher in GK rats than Wistar rats.
Baseline vessel number and internal diameter in normoxic
and IH groups. Figure 3 shows typical angiograms of the
coronary circulation in the four treatment groups at baseline
and during drug administration. The number of visualized
vessels progressively increased across orders 1–3, but fewer
4th-order vessels were observed than 3rd-order vessels (Fig. 4).
Across all 4 orders, more vessels were visible in GK (34.2 ⫾
1.9) than Wistar rats (26.8 ⫾ 2.2) for combined normoxic and
IH groups (P ⬍ 0.01, Fig. 4). There was no apparent effect of
IH on the number of visible vessels (P ⫽ 0.18). As expected,
vessel ID at baseline progressively decreased with branching
order (P ⬍ 0.001). The basal ID of vessels was similar in GK
and Wistar rats and in rats subjected to IH compared with those
subjected to normoxia (Fig. 4).
Perfused vessel number changes during drug stimulation in
normoxic and IH rats. The number of angiographically visible
arterial microvessels increased during ACh and SNP infusions
in both Wistar and GK normoxic rat groups. However, IH
greatly blunted this response in both strains. Only a small
number of newly visualized arteries and large arterioles (1stand 2nd-order branches) were seen during infusion of ACh and
SNP (⫺2 to 2% change across all groups; Fig. 5). In contrast,
ACh increased the number of visible 3rd- and 4th-order vessels
in both Wistar and GK rats exposed to normoxia (mean response
⫽ 6.2 ⫾ 6.3% vs. 16.2 ⫾ 5.1%). These responses were abolished
in rats exposed to IH (mean response ⫽ ⫺2.8 ⫾ 5.8% Wistar vs.

Table 1. Characteristics of the rats in this study
Wistar

GK

P

Variable

Normoxia

IH

Normoxia

IH

Treatment (Tr)

Strain (S)

Tr ⫻ S

BW, g
BG, mmol/l
RLVW, g/kg BW
RRVW, g/kg BW

322 ⫾ 6
7.1 ⫾ 0.4
1.75 ⫾ 0.04
0.29 ⫾ 0.02

300 ⫾ 5
6.4 ⫾ 0.4
1.74 ⫾ 0.11
0.34 ⫾ 0.03

379 ⫾ 2
10.9 ⫾ 1.0
2.11 ⫾ 0.06
0.40 ⫾ 0.04

333 ⫾ 6
11.2 ⫾ 0.6
2.15 ⫾ 0.16
0.48 ⫾ 0.04

⬍0.001
0.70
0.74
0.07

⬍0.001
⬍0.001
⬍0.001
0.002

0.05
0.40
0.59
0.53

Values are expressed as means ⫾ SE, n ⫽ 7 in each group. IH, intermittent hypoxia; GK, Goto-Kakizaki rats; BW, body weight; BG, blood glucose; RLVW,
relative left ventricle weight; RRVW. relative right ventricle weight. P values are the outcomes of 2-way ANOVA.
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ScanScope XT Slide Scanner (Aperio Technologies) system was used
to capture digital images with a 20⫻ objective. Quantification was
performed automatically with Aperio Imagescope (v11.0.2.725, Aperio Technologies) using the Positive Pixel Count v9 algorithm (Aperio
Technologies) for perivascular fibrosis and capillary density (9).
Statistical analysis. Data are expressed as means ⫾ SE unless
otherwise stated, and n represents the number of rats in each group.
For each individual rat a within-rat mean vessel ID and vessel number
for each branching order was calculated and the between-rat means
were then used for group comparisons. Three-way ANOVA was used
to determine differences between treatments and strains in different
branching orders or during the various drug infusions (Systat 13,
Systat Software, San Jose, CA). Two-way ANOVA was carried out to
assess differences between and within groups, and Student’s paired
t-test was used to access the difference between baseline and drug
infusion using GraphPad Prism (GraphPad Software, La Jolla, CA).
Two-tailed P ⬍ 0.05 was considered statistically significant.
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Fig. 1. Myocardial capillary density determined by isolectin ␤ (A) and the media-lumen ratio (B) of arterial vessels 1–100 m in Wistar (open bars) and
Goto-Kakizaki (GK) rats (filled bars) subjected to either normoxia or intermittent hypoxia (IH). Values are presented as means ⫾ SE; n ⫽ 7 in each group. P
values are the outcomes of a 2-way ANOVA with factors strain, treatment, and their interaction. Black bar represents 100 m.

⫺1.4 ⫾ 3.8% GK, treatment P ⫽ 0.002, Fig. 6A). In general, SNP
increased the number of visible 3rd- and 4th-order vessels in
Wistar and GK rats exposed to normoxia (mean response ⫽
12.1 ⫾ 8.7% vs. 13.0 ⫾ 6.9%), but reduced the number of visible
vessels in the corresponding rats exposed to IH (mean response ⫽
⫺6.9 ⫾ 4.8% Wistar vs. ⫺5.0 ⫾ 4.6% GK, treatment P ⫽ 0.001,
Fig. 6B). Thus exposure to IH appears to greatly blunt the ability
of both ACh and SNP to increase the number of angiographically
detectable arterioles.
In Wistar rats exposed to normoxia, NOS/COX blockade
had little effect on the number of visible arterial vessels across
any branching order (Figs. 5 and 6), and the subsequent
response to ACh infusion (mean response for 3rd and 4th
orders ⫽ 29.4 ⫾ 13.1%, Fig. 6). Similarly, NOS/COX blockade had little effect on the number of angiographically visible
vessels in GK rats in general (Figs. 5 and 6), but there was a
tendency for the number of visible 2nd-order vessels to be
reduced (P ⫽ 0.06). ACh normalized visible 2nd-order vessel
number in GK rats following NOS/COX blockade (Fig. 5D).
Notably, NOS/COX blockade tended to reduce the number of
perfused 2nd-, 3rd-, and 4th-order vessels more in IH rats,
although this apparent effect was not statistically significant
(mean response for both strains ⫽ ⫺16.2 ⫾ 3.5%, treatment
P ⫽ 0.08, Fig. 5C). NOS/COX blockade blunted the AChmediated increase in vessel number in IH rats relative to
normoxia rats (treatment P ⫽ 0.003), and tended to increase
the reduction in 3rd-order vessels in GK rats exposed to IH
(⫺15.6 ⫾ 5.5%, branching order ⫻ strain P ⫽ 0.08).

Vessel caliber changes during drug stimulation in normoxic
and IH rats. ACh increased the caliber of 1st-order conduit
vessels, similarly in all four treatment groups (mean ⫽ 23.1 ⫾
3.6%; Fig. 7A). While a strong dilatory response to ACh was
evident in all branching orders in Wistar rats, the increase in
vessel caliber in GK rats was blunted in 3rd-order vessels (Fig.
8A). SNP evoked an increase in caliber that tended to decrease
in relative magnitude with increasing branching order in Wistar
and GK rats (strain P ⫽ 0.02, Figs. 7B and 8B). SNP increased
the caliber of 3rd-order vessels in Wistar rats but not GK rats
(Fig. 8B). Thus vasodilatation in response to SNP was in
general blunted in GK rats compared with in Wistar rats.
Interestingly, IH treatment per se did not blunt the increase in
caliber in response to SNP in conduit or microvessels. In
Wistar rats exposed to IH the dilatory response to SNP was
robust (mean of all orders ⫽ 16.7 ⫾ 4.2%). On the other hand,
in GK rats exposed to IH, SNP did not significantly increase
vessel caliber (Figs. 7B and 8B). Thus ACh and SNP responses
were blunted in GK rats and this effect was exacerbated by IH.
NOS/COX blockade did not consistently alter vessel caliber
in Wistar rats (Figs. 7C and 8C). In contrast, following NOS/
COX blockade there was more pronounced vasoconstriction in
GK rats than Wistar rats in both 3rd- and 4th-order vessels
(mean of both orders ⫽ ⫺8.0 ⫾ 4.8 vs. ⫺16.6 ⫾ 6.1%, strain
P ⫽ 0.001, Fig. 8C). In Wistar rats, IH treatment did not
significantly alter the response of vessel caliber to NOS/COX
blockade. In striking contrast, NOS/COX blockade resulted in
a significantly more pronounced constrictor response across all

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00112.2016 • www.ajpregu.org

Downloaded from http://ajpregu.physiology.org/ by 10.220.33.1 on August 14, 2016

Arbitrary Units (a.u.)

Wistar

R430

HYPOXIA EXACERBATES ENDOTHELIAL DYSFUNCTION IN INSULIN RESISTANCE

A

B
GK

Wistar

GK

Wistar
IH

GK
IH

Wistar
IH

GK
IH

Propotional Area

Fig. 2. Interstitial fibrosis (A) and perivascular fibrosis (B) scores in picrosirius stained sections from Wistar (open bars) and Goto-Kakizaki (GK) rats (closed
bars) subjected to either normoxia or intermittent hypoxia (IH). Values are presented as means ⫾ SE; n ⫽ 7 in each group. P values are the outcomes of a 2-way
ANOVA with factors strain, treatment, and their interaction. Black bar in A represents 300 m and B represents 100 m.

branching orders in GK rats exposed to IH than the corresponding Wistar rats, particularly in the microvessels (mean of 3rd
and 4th orders ⫽ ⫺20.4 ⫾ 5.4 vs. 12.4 ⫾ 11.8% Wistar IH,
treatment ⫻ strain P ⫽ 0.04). Postblockade, in Wistar rats
exposed to normoxia, ACh infusion increased vessel caliber
chiefly in the 1st-, 2nd-, and 3rd-order vessels, but had little
effect in GK rats (Figs. 7D and 8D). In Wistar rats, IH
treatment blunted the vasodilator response to ACh postblockade to a small extent in 3rd-order vessels only (treatment P ⫽

0.02). In GK rats, IH treatment had little impact on the
postblockade response to ACh, although if anything it tended
to enhance vasodilatation in 1st-order vessels (Fig. 7).
DISCUSSION

In the present study, we showed that the onset of coronary
vascular dysfunction in young insulin-resistant rats is exacerbated by medium-term exposure to severe chronic IH. This

Table 2. Mean arterial pressure and heart rate during the various stages of the microangiographic study
MAP, mmHg
Baseline
ACh
SNP
Blockade
Blockade ⫹ ACh
HR, beats/min
Baseline
ACh
SNP
Blockade
Blockade ⫹ ACh

Wistar

Wistar IH

GK

GK IH

Treatment (Tr)

Strain (S)

Tr ⫻ S

138 ⫾ 9
90 ⫾ 8
99 ⫾ 7
155 ⫾ 10
120 ⫾ 7

128 ⫾ 9
96 ⫾ 8
109 ⫾ 10
136 ⫾ 13
102 ⫾ 11

137 ⫾ 6
108 ⫾ 8
118 ⫾ 7
151 ⫾ 1
137 ⫾ 3

147 ⫾ 7
111 ⫾ 5
123 ⫾ 5
140 ⫾ 8
143 ⫾ 3

0.99
0.68
0.50
0.25
0.09

0.30
0.02*
0.03*
0.48
0.02*

0.23
0.43
0.47
0.28
0.21

372 ⫾ 11
351 ⫾ 15
351 ⫾ 19
288 ⫾ 11
275 ⫾ 8

415 ⫾ 10
380 ⫾ 18
384 ⫾ 17
287 ⫾ 7
264 ⫾ 9

395 ⫾ 17
366 ⫾ 17
385 ⫾ 15
301 ⫾ 21
252 ⫾ 25

396 ⫾ 6
379 ⫾ 9
390 ⫾ 10
344 ⫾ 11
279 ⫾ 17

0.05*
0.02*
0.04*
0.01*
0.15

0.82
0.61
0.25
0.03*
0.13

0.06
0.12
0.07
0.95
0.04*

Values are expressed as means ⫾ SE. Response of mean arterial pressure (MAP) and heart rate (HR) of Wistar rats treated with normoxia, n ⫽ 6, Wistar rats
treated with intermittent hypoxia (IH), n ⫽ 7, Goto-Kakizaki (GK) rats treated with normoxia, n ⫽ 5 and GK rats treated with IH, n ⫽ 7 in response to infusion
of acetylcholine (ACh), sodium nitroprusside (SNP) and meclofenamate and N-nitro-L-arginine methyl ester (L-NAME) (Blockade). P values are the outcomes
of 2-way ANOVA. *Effects where P ⬍ 0.05.
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Fig. 3. Representative synchrotron radiation angiograms of the coronary vasculature during infusion of the vehicle (A), following administration of
N-nitro-L-arginine methyl ester (L-NAME) and meclofenamate (Blockade; B), and subsequent infusion of ACh (C). Wistar and Goto-Kakizaki (GK) rats were
treated chronically with either normoxia or intermittent hypoxia (IH). Images are presented for individual rats in columns. Black arrows ⫽ vasoconstriction; white
asterisk ⫽ vasodilation relative to baseline.

effect is particularly prominent in the resistance microvessels.
Coronary endothelial function was assessed using cine microangiography with synchrotron radiation in vivo in anesthetized rats. Our main findings were as follows. First, we
found that chronic IH greatly blunted the increases in global
coronary perfusion, induced by the agonist ACh and nitric
oxide donor SNP, as assessed by the number of angiographically visible vessels. Second, we found that local dilator
responses of the resistance microvessels, as assessed by
measurement of their caliber, were blunted in insulin-resistant GK rats relative to control Wistar rats. Thus, while
coronary vascular function appears to be impaired by both
IH and insulin resistance, and they appear to exacerbate
each other’s influence, the precise mechanisms underlying
their effects may differ.
The abilities of ACh and SNP to increase the number of
angiographically visible vessels were greatly blunted by
chronic IH. However, changes in the number of visible
vessels, in response to ACh and SNP, were little different in
GK rats compared with Wistar rats. In stark contrast, the
ability of ACh and SNP to increase the caliber of resistance

vessels was greatly blunted in GK rats compared with
Wistar rats, but little affected by IH treatment. Transmission
of a dilatory signal along vessels and smaller branching
microvessels is an important mechanism that results in an
increase in the number of microvessels that are perfused. An
increase in visible vessel number during endothelium-dependent stimulation with agonists such as ACh implies that
vascular resistance decreased significantly in, and potentially downstream of, the newly visualized vessels, which
permits contrast agent entry. Transmission of the dilatory
signal across the length of vessels and their side branches
relies predominantly on the EDHF-mediated signal being
transmitted by conducted dilation from one endothelial cell
to its neighboring endothelial cell and/or abutting smooth
muscle cells (4, 12, 13, 32). Thus our data indicate that IH
most likely impairs this mechanism. On the other hand,
since IH did not impair caliber increases in response to ACh
after blockade it suggests that EDHF-mediated dilation
through K ion influx and hyperpolarization spread through
myoendothelial gap junctions is not impaired. These findings are consistent with the hypothesis that chronic IH
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Fig. 4. The baseline internal diameter (ID) of coronary arterial vessels and the
number of visible vessels in the field of view categorized by branching order
observed during infusion of the vehicle. Wistar and Goto-Kakizaki (GK) rats
were treated chronically with either normoxia or intermittent hypoxia (IH).
Wistar rats treated with normoxia, n ⫽ 6, Wistar rats treated with IH,
n ⫽ 7, GK rats treated with normoxia, n ⫽ 5 and GK rats treated with IH,
n ⫽ 7.

affects the ability of dilatory signals to be transmitted along
the vascular tree through endothelial cell-cell connections,
but not radially from endothelial cells to smooth muscle
cells.
In particular, microangiograms revealed that IH appears to
differentially affect the coronary circulation as IH most affected the ability of dilator factors to increase perfusion distribution to subepicardial and subendocardial layers. Transmural
arterioles that arise from the epicardial conduit arteries were
less visible in IH-treated rats and generally did not increase in
number during ACh following blockade. Our findings also
suggest that, even though chronic IH blunted conducted dilation, it did not directly impair endothelium-dependent or endothelium-independent dilation in the vessels visible at baseline. Hence, our data raise the possibility that insulin resistance
and IH might act to impair coronary vascular function through
independent mechanisms, since the effects of chronic IH were
mostly seen on the number of perfused vessels that were
visualized and the effects of insulin resistance were mostly
seen on vessel caliber. These two variables that determine
coronary flow might therefore reflect different physiological
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factors. We speculate that caliber changes reflect the state of
endothelial function and the local balance of dilator and constrictor factors, whereas a change in the number of perfused
vessels that are angiographically visible reflects the ability to
increase global perfusion of the myocardium with changing
metabolic requirements.
Using synchrotron microangiography, which provides
unique insights into vasomotor responses in the intact heart in
vivo, we provide evidence that the EDHF mechanisms that
mediate local dilation and conducted dilation may differ. Although many details remain unresolved, in common to both
forms of dilation, close cell-cell connections through various
gap junctions, and hyperpolarization currents generated by
calcium-activated K channels are important for the spread of
hyperpolarization in the radial direction (endothelial to smooth
muscle cells) and along arteries and arterioles (resulting in
conducted dilation) (4, 12, 13, 32).
We speculate that our findings could indicate that chronic IH
greatly blunts the transmission of hyperpolarization along the
resistance microvessels, possibly associated with remodeling
of the arterial wall in Wistar and GK rats. Increased wall
thickness might contribute in part to increased myogenic tone
following exposure to IH. Whether there are significant
changes in the expression of connexins, calcium-activated K
channels or K currents in the microvessels after exposure to IH
remains to be established. In Wistar rats, IH did not prevent
local vasodilation in response to ACh, following NOS/COX
blockade, as increases in caliber were still observed. Hence,
chronic IH may selectively impair communication longitudinally along the endothelium more than radial transmission of
the hyperpolarizing current through myoendothelial gap junctions to smooth muscle cells. Others have shown that smalland intermediate-conductance calcium-activated K channels in
normoglycemic animals are important for the transmission of
hyperpolarization along the endothelium of microvessels (4),
as well as through gap junctions (12). Alternatively, IH might
act to reduce hyperpolarization in the coronary microcirculation by attenuating dilation through the large-conductance
calcium-activated K channel pathway. Jackson-Weaver et al.
(15) have previously shown that vascular hydrogen sulfide
production from endogenous cysteine is reduced by chronic
IH, leading to less dilation through large-conductance calciumactivated K channels.
In this study we found that multiple mechanisms that contribute to the regulation of local dilation, through changes in
microvessel caliber, are impaired in the insulin-resistant GK
rat. Coronary microvessels in the GK rats did not significantly
increase caliber in response to the NO donor SNP. Further,
ACh failed to increase the caliber of macro- or microvessels in
GK rats during NOS/COX blockade. A reduction in NOsensitive soluble guanylyl cyclase (sGC) activity has been
detected in the aorta in GK rats at 5 wk of age (47). Moreover,
the same authors also suggest that dysfunction of vascular sGC
signaling is likely to be responsible for blunted endotheliumindependent vasodilation (47). Therefore, the sensitivity of
nitrergic signaling appears to be depressed, even though NO
and/or prostanoids appear to be the main contributors to the
regulation of vasomotor tone in the GK rat. Our data also
suggest that some components, that are assumed to be regulated by EDHF pathways, are impaired by insulin resistance. In
GK rats exposed to normoxia, the response of vessel caliber to
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ACh after NOS/COX blockade was blunted, but the increase in
the number of visible vessels was similar to that observed in
Wistar rats. These observations suggest that insulin resistance
impairs the transmission of hyperpolarization in the radial

direction but not along vessels, in direct contrast to the effects
of chronic IH that we report here. Whether the local impairment of dilation, which we assume to be due to EDHF, by the
insulin-resistant state is due to a change in a diffusible factor or
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effects are at least additive. NO and/or vasodilatory prostaglandins were found to be important for maintaining local vasomotor tone and the extent of perfusion across the coronary
vascular tree following chronic exposure to IH. Notably, the
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Fig. 6. Relative change in vessel number from
baseline in 3rd- and 4th-order branch vessels in
Wistar and Goto-Kakizaki (GK) rats subjected
to either normoxia or intermittent hypoxia (IH)
in response to infusion of acetylcholine (ACh,
A), sodium nitroprusside (SNP, B), meclofenamate and L-NAME (Blockade, C), and ACh
following Blockade (D). Wistar rats treated with
normoxia, n ⫽ 6, Wistar rats treated with IH,
n ⫽ 7, GK rats treated with normoxia, n ⫽ 5 and
GK rats treated with IH, n ⫽ 7. Values are
presented as means ⫾ SE. *P ⬍ 0.05, **P ⬍
0.01 vs. baseline (Student’s paired t-test).
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vasoconstrictor effect of L-NAME and meclofenamate was
exaggerated in the GK rat. After blockade of NOS/COX, ACh
was still able to increase the number of visible vessels and vessel
caliber in the control Wistar rats, but less able in GK rats and rats
exposed to IH. Thus EDHF appears able to compensate for the

acute inhibition of NO and/or vasodilator prostanoids in the
normal rat heart. But both IH and insulin resistance augmented the
ability of NOS/COX blockade to reduce the number of visible
vessels, and reduce vessel caliber. We conclude from these findings that both IH and insulin resistance increase the dependence of
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the coronary circulation on vasodilator tone originating from NO
and/or prostanoids, and appear to reduce the contribution of
EDHF.
Available evidence from this and other studies suggests that
risk factors for endothelial dysfunction, including chronic IH

IH

-20

ia

-20

ox

0

m

0

N
or

20

ia

20

IH

40

ia

40

IH

60

ia

Change in caliber (%)

60

IH

Post-Blockade
ACh

D

4th branching order

and insulin resistance, have additive effects (10, 23, 26, 33,
42). Chronic IH not only reduced the number of perfused
vessels visualized at baseline, but it essentially eliminated the
dilator response and the increase in the number of visible
vessels in response to either ACh or SNP in rats with insulin
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Based on the findings of this study, investigating the effects
of hypercapnic IH or utilizing other models of airway
obstruction in the future might then allow one to separate
the influences of hypoxia and hypercapnia in SAS.
Perspectives and Significance
Our findings provide a clear demonstration that coronary
dysfunction following exposure to chronic IH is exacerbated
by insulin resistance in young rats. The generation of ROS
plays an important role in the pathogenesis of vascular
complications (5, 6, 38). Cheng et al. (11) demonstrated that
an elevation in oxidative stress and perivascular inflammation evokes systemic endothelial dysfunction and leads to
hypertension in young GK rats on a high-salt diet. This
systemic vascular dysfunction is likely to be in part due to
chronic activation of the sympathetic nervous system, as
endothelial dysfunction persisted in GK rats treated with
angiotensin receptor blockade. Furthermore, we have shown
directly by nerve activity recordings in Sprague-Dawley rats
that chronic IH for 6 wk induces sympathetic overactivation
(37). Therefore, in the future it will be important to determine, in insulin-resistant GK rats, whether sympathetic
overactivation might be an important driver of endothelial
and smooth muscle dysfunction in the coronary microvessels following chronic IH.
One recent study lends weight to the idea that with aging,
insulin-resistant and diabetic animals might be unable to sustain compensatory responses that are seen in young adults (23).
Hence, another direction for future study is to determine
whether chronic IH treatment in middle-aged insulin-resistant
rats exacerbates coronary function more than in young rats. It
will also be important to determine the roles of ROS and
NF-kB in the endothelial dysfunction and remodeling of coronary resistance microvessels induced by insulin resistance/
diabetes and IH.
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resistance. Others have shown that chronic IH reduces the
bioavailability of NO in the cerebral and skeletal muscle
circulation in Sprague-Dawley rats (28, 29). More recently,
Nara et al. (23) showed that chronic IH did not reduce NO
bioavailability in the pulmonary circulation in young rats, but
did so in middle-aged rats through upregulation of arginase.
Further, impaired endothelium-dependent vasodilation was observed in the forearm of patients with obstructive sleep apnea
(OSA), and an additional defect in endothelium-independent
vasodilation was found in patients with both OSA and hypertension (10). These findings support the argument that chronic
IH itself causes a reduction of endothelium-dependent vasodilation and chronic IH in the presence of other risk factors can
exacerbate this vascular dysfunction, as has been suggested
previously (26, 33, 42).
Advantages of synchrotron radiation angiography and limitations of this study. Currently available preclinical imaging
techniques do not permit imaging of the microcirculation of
dynamic organs under conscious conditions. In a recent review
the advantages and limitations of synchrotron radiation microangiography for imaging dynamic organs, such as the heart
and lungs, in anesthetized animals have been put forward (36).
In adult rats, utilizing this approach with available X-ray
detectors capable of 10- to 15-m-pixel resolution it is possible
to visualize arterioles in vivo without motion artefacts (coronary ⬃40 m, pulmonary vessels ⬃50 m) (16, 34). While
longitudinal synchrotron microangiography studies have been
performed on the same rats over periods varying from days to
months for assessment of cerebral vascular dysfunction (7, 8)
repeated imaging of the coronary circulation is likely to be
difficult to achieve as contrast agent is administered through a
cannula placed in the carotid artery (36).
Within the limitations of the synchrotron facilities, we have
utilized pentobarbital anesthesia in our studies (16, 34, 37),
which is known to depress myocardial contractility (21). We
report here only the responses of rats after a similar period of
stable anesthesia that has been shown to slightly reduce coronary and pulmonary vascular resistances in anesthetized dogs
relative to conscious conditions (21, 25). Therefore basal
coronary flow in our anesthetized rats is likely to be slightly
enhanced compared with conscious rats. This might have
contributed to an exaggerated constrictor response to combined
L-NAME and meclofenamate blockade, as reported for the
canine pulmonary circulation (25), albeit we found no significant change in coronary caliber in normoxia-treated Wistar
(this study) or Sprague-Dawley rats (16). However, there is no
evidence to suggest that pentobarbital reduces the ability of
coronary vessels to dilate in response to NO, or in response to
ACh after combined blockade of COX and NOS, presumed to
be mediated by EDHF. Importantly, ACh evoked dilation both
before and after COX and NOS blockade in normoxia-treated
rats. Moreover, others have shown that pentobarbital does not
reduce nitrite/nitrate production in lung tissue (23) or NOS
activity in the periphery (27).
We investigated the effects of chronic hypocapnic IH on
the coronary circulation in combination with and without
insulin resistance to understand how severe hypoxemia
alters coronary endothelial function. Chronic IH is a critical
factor in the pathophysiology of SAS, but hypercapnia also
contributes to SAS and is likely to induce different neurohormonal responses both in the short and long term than IH.
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CHAPTER 7
Final Discussion and Conclusions

Chapter 7 Final Discussion and Conclusions
In the studies described in this thesis, synchrotron based microangiography was
used to evaluate the efficacy of several therapies aimed at preventing the
development of chronic heart failure (HF) after myocardial infarction (MI). I also
used synchrotron based microangiography to assess coronary vascular function in
animal models with various risk factors for development of HF, such as intermittent
hypoxia, insulin resistance, and vasospasm, to improve our understanding of the
contributions of each of these risk factors to coronary vascular dysfunction and the
progression of HF.

7.1 Application of Regenerative Therapies for Preventing Heart Failure After
Myocardial Infarction
The major strategies and goals for preventing the progression of chronic HF are to
minimize risk factors of HF, improve status of symptoms, and increase survival rate.
Following these strategies, various therapies have been used to prevent
development of HF. In the past decade, cell based regenerative therapies are
continuing to be explored to improve cardiac function in end-stage HF. The question
of which regenerative approaches are best has been widely debated. Importantly,
the function of the coronary microvessels, in regenerative therapy trials involving
small animals, has received little attention. This issue was the chief focus of the
experiments described in Chapters 3 and 4 of this thesis. I investigated whether
revascularization of the ischemic myocardium can be augmented by a cell-based
(Chapter 3) and a pharmacological (Chapter 4) therapy, and whether these new
vessels have normal vasomotor function.
In the studies described in Chapter 3, we tested whether combined therapy with cell
sheets and omentum could be an effective therapy for preventing HF after MI, by
promoting re-establishment of coronary blood flow to prevent ongoing ischemia. We
found that combined treatment with omentum and myoblast cell sheets increased
vascularization of the ischemic myocardium, and that these new microvessels had
better dilatory responses to endothelium-dependent agents than rats without
treatment. Moreover, the data obtained from the same animals by our colleagues
showed that combined therapy with myoblast sheets with omentum attenuated
126

cardiac hypertrophy and fibrosis, provided improved global coronary flow reserve,
and induced the formation of structurally mature blood vessels (16). These
outcomes were not achieved with either therapy alone. Thus, combined therapy
with omentum and myoblast cell sheets is a promising approach for the prevention
of the progression of HF after MI. Although combined therapy with omentum and
myoblast cell sheets was shown to provide beneficial effects on the coronary
circulation 4 weeks post MI, the therapeutic effects at other time points after
treatment remain unknown. Ideally multiple time points should be evaluated
longitudinally, with the same cohorts of animals, to establish whether there is more
arteriolar-small artery development beyond 2 weeks post MI. MRI can be used as
the additional approach to evaluate net coronary blood flow at different time point
after treatment and before the final microangiography. This would also allow us to
determine the time window during which the benefits of combination therapy are
maximal and the size of the benefit that can be obtained with this regenerative
approach. We also should consider studies in older animals to evaluate the effect of
these treatments on recovery from MI, since the potential for angiogenesis is
blunted with age (21, 26).
In the studies described in Chapter 4, we tested whether the novel prostacyclin
analogue, ONO-1301 (developed by ONO Pharmaceutical Co Ltd), improves
coronary vascular structure and function after MI. We were not able to detect a
beneficial effect of ONO-1301 on revascularization or on vasodilatory responses to
endothelium-dependent and endothelium-independent agents. Our findings contrast
with those of others, who found beneficial effects of ONO-1301 on the coronary
circulation of dogs subjected to experimental MI (20). They showed that both
myocardial blood flow and capillary density was greater in dogs treated with ONO1301 than in dogs without treatment, 8 weeks after MI (20). It is possible that our
failure to detect beneficial effects of ONO-1301 on coronary function after MI is
related to the relatively mild nature of the HF in the rats we studied, which might not
have been severe enough to overcome the intrinsic capacity for revascularisation.
This proposition should be tested in future studies.
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7.2 Contribution of Vasospasm, Intermittent Hypoxia, and Insulin Resistance to
Coronary Dysfunction
MI is an important risk factor for development of HF (15). However, other risk factors
such as hypertension, obesity, pulmonary dysfunction, vasospasm, sleep apnea,
diabetes and aging also contribute to the development of HF, in large part by
inducing coronary dysfunction (3, 5, 18, 31, 35, 40, 43). By improving our
understanding of how these risk factors contribute to the pathological processes
underlying progression of HF, particularly changes in the structure and function of the
coronary circulation, it should be possible to develop better therapies for delaying the
progression of HF.
Vasospasm can lead to tissue ischemia and necrosis due to prolonged
vasoconstriction (12, 17, 24). Previously, our colleagues from the University of
Tsukuba established that delivery of apelin causes stenosis and focal vessel
constriction in hearts that overexpressed APJ in vascular smooth muscle (Fukamizu
et al, unpublished). In these studies, they assessed vascular tone ex vivo, by
analysis of the coronary vasculature filled with a silicone polymer (Mircofil®). In the
preliminary study described in Chapter 5, I examined the role of the APJ receptor in
mediating vasoconstriction induced by apelin, by imaging the coronary vasculature in
vivo. My findings indicate that apelin and its receptor APJ play little role in the tonic
physiological regulation of coronary vascular tone. However, apelin and its receptor
APJ

might

contribute

to

the

control

of

coronary

vascular

tone

under

pathophysiological conditions associated with upregulation of APJ and increase
circulating levels of apelin. Such conditions include atherosclerosis, stenosis of
calcified aortic valves and ischemic HF (4, 13, 33). Thus, antagonists of APJ might
be beneficial in the treatment of these cardiovascular conditions and preventing the
acute onset of HF. However, we did not examine the regulation of coronary
vasodilatory function in these mice. Therefore, we do not know whether these
vessels have normal vasomotor function. In the future, we would like to examine
endothelium-dependent and endothelium-independent vasodilator responses in
these mice utilizing infusions of acetylcholine and sodium nitroprusside. This
additional protocol to examine vasodilatory function in these animals, using
synchrotron microangiography, would provide a more complete understanding of the
role of the apelin/APJ pathway in regulation of the function of the coronary circulation.
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Diabetes is associated with life-long cardiovascular complications, being a major risk
factor for mortality due to stroke, myocardial infarction or heart failure (25, 39).
Approximately 80-90% of patients with diabetes have type-2 diabetes (42). In recent
years there has been an alarming increase in the prevalence of type-2 diabetes
globally (37). There is also growing evidence that insulin resistance, in the presence
of additional risk factors, accelerates endothelial dysfunction (8, 32). Sleep apnea
syndrome is a sleep disorder characterized by repeated episodes of apnea during
sleep and is highly prevalent in patients with type-2 diabetes (34). Chronic
intermittent hypoxia (IH) is an important factor in the development of sleep apnea
syndrome (SAS), and contributes to systemic vascular dysfunction (2). Therefore, in
the studies described in Chapter 6, I determined whether chronic IH accelerates the
progression of vascular dysfunction in adult rats with insulin resistance. My results
indicate that coronary vascular function is impaired, in an additive manner, by chronic
IH and insulin resistance. Furthermore, chronic IH and insulin resistant may impair
coronary vascular function through independent mechanisms. One recent study
lends weight to a future direction of study that with aging, insulin resistant animals
might be unable to sustain compensatory responses that are seen in young adults
(28).

7.3 Future Directions
In this thesis, synchrotron based microangiography was used to evaluate coronary
vascular function in experimental animals. At least one major limitation of our
approach should be acknowledged. In vivo microangiography does not necessarily
visualize all vessels segments in the coronary vasculature. Contrast media flows
through vessels with the least resistance. Thus, high vascular resistance in some
segments might prevent or greatly reduce the entry of contrast media into
downstream vascular elements, so that concentrations of the contrast agent are
below the level of detection. Future studies would benefit by combining in vivo
synchrotron microangiography with ex vivo CT of vascular casts. Injection of
gelatine containing barium into the vasculature after the dynamic imaging would
allow subsequent 3D-computed tomographic (CT) reconstruction for much
improved visualization of vessels down to the level of the pre-capillary arterioles.
This would allow more accurate determination of the number of newly developed
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vessels in regeneration studies and also establish the proportion of vessels that are
assessed during in vivo microangiography.
In this thesis, I evaluated the impact of insulin resistance, and intermittent hypoxia
on the development of coronary dysfunction. There are three other risk factors that
have also been shown to greatly contribute to the development of HF; hypertension,
aging and obesity (22, 29). There are growing epidemics of hypertension (especially
due to increasing prevalence in low to middle income countries) and obesity around
the world (1, 6, 7, 14, 23). Therefore, we also need to consider how obesity and
hypertension additively contribute to the acceleration of HF. There is growing
evidence to suggest that increased activities of rho-kinase (ROCK) and protein
kinase C-β (PKC-β) leads to coronary vascular dysfunction in animals with these
risk factors (27, 30, 36, 41). Therefore, it is crucial to determine the contribution of
ROCK and PKC-β to HF in animal models with hypertension or obesity by
evaluating the expression of ROCK and PKC-β in the heart. On the other hand, it is
well established that potassium (K+) channels play an important role in endotheliumdependent vasodilation through endothelial-derived hyperpolarization (10, 19, 38).
However, under pathological conditions, altered function of vascular K+ channels
could be either a consequence of HF or an important contributor to the origins of HF
(9-11). Therefore, it is also necessary to evaluate how K+ channels contribute to
vascular dysfunction in these disease states. Further studies into these pathways
might allow us to gain more understanding of the pathological progress of HF
caused by hypertension and obesity, and provide us with new insights into
preventing the development of HF induced by these risk factors.
Collectively, in studies of rodents, using synchrotron microangiography, we were
able to demonstrate how risk factors for HF and novel potential treatments for HF
affect the function of the coronary circulation. These studies provide novel insights
into the mechanisms that drive progression of coronary dysfunction, particularly the
relative roles of major risk factors for HF. They also demonstrate that it is possible
to assess the efficacy of potential therapies for HF in preclinical studies by
evaluating coronary function in vivo.
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Cell-sheet transplantation induces angiogenesis for chronic
myocardial infarction (MI), though insufﬁcient capillary
maturation and paucity of arteriogenesis may limit its therapeutic effects. Omentum has been used clinically to promote revascularization and healing of ischemic tissues. We
hypothesized that cell-sheet transplantation covered with
an omentum-flap would effectively establish mature blood
vessels and improve coronary microcirculation physiology,
enhancing the therapeutic effects of cell-sheet therapy. Rats
were divided into four groups after coronary ligation; skeletal myoblast cell-sheet plus omentum-flap (combined),
cell-sheet only, omentum-flap only, and sham operation. At
4 weeks after the treatment, the combined group showed
attenuated cardiac hypertrophy and fibrosis, and a greater
amount of functionally (CD31+/lectin+) and structurally
(CD31+/α-SMA+) mature blood vessels, along with myocardial upregulation of relevant genes. Synchrotron-based
microangiography revealed that the combined procedure increased vascularization in resistance arterial vessels
with better dilatory responses to endothelium-dependent
agents. Serial 13N-ammonia PET showed better global
coronary flow reserve in the combined group, mainly
attributed to improvement in the basal left ventricle. Consequently, the combined group had sustained improvements in cardiac function parameters and better functional
capacity. Cell-sheet transplantation with an omentum-flap
better promoted arteriogenesis and improved coronary
microcirculation physiology in ischemic myocardium, leading to potent functional recovery in the failing heart.
Received 27 August 2014; accepted 16 November 2014; advance online
publication 13 January 2015. doi:10.1038/mt.2014.225

INTRODUCTION
Heart failure following myocardial infarction (MI) is a major
cause of death and disability worldwide. Despite advances in drug
and device therapy, recovery of cardiac function and prevention
of transition to heart failure in MI patients remain unsatisfactory,
indicating the need for development of novel therapeutic alternatives.1 Myocardial regenerative therapy with cell-sheet transplantation has been shown to induce angiogenesis via paracrine effects
in a chronic MI model.2,3 However, the proangiogenic effect of the
stand-alone cell-sheet treatment may be insufficient to fully relief
ischemia in the chronic MI heart that involves a large territory
of the left ventricle (LV), since the coronary inflow of the ischemic/infarct myocardium is dependent upon collateral arteries
from other territories.4,5 In addition, microvascular dysfunction
is present in critical chronic MI heart across a wide range of the
peripheral coronary tree.6 This highlights the need for a comprehensive understanding of the mechanism of angiogenesis induced
by a cell-sheet therapy in ischemic hearts.
For successful therapeutic neovascularization of ischemic tissues, it is essential to induce robust angiogenic responses (angiogenesis), and establish functionally and structurally mature
arterial vascular networks (arteriogenesis) that show long-term
stability and control perfusion.5 Establishment of mature vessels
is a complex process that requires several angiogenic factors to
stimulate vessel sprouting and remodeling (endothelial tubulogenesis accompanied with a pericyte recruitment) of the primitive
vascular network. Endothelial vasodilator function of coronary
microvessels (resistance arterial vessels) is also an important
determinant of myocardial perfusion in response to increased
myocardial oxygen demand, playing a critical role in neovascular therapies.6–8 The attenuated therapeutic effects observed in the
previous clinical trials were caused by multiple factors including
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generation of unstable blood vessels that regress over time or
functionally immature vessels accompanied with endothelial dysfunction in ischemic areas.5,9
The omentum (OM), historically used in surgical revascularization for patients with ischemic heart disease, is also
known to release a number of angiogenic cytokines and
attenuate inflammation.10–14 In addition, the gastroepiploic
artery involved in the OM-flap can play an important role as
an extracardiac blood source with high perfusion capacity for
developing effective collateral vessels for advanced coronary
artery disease. We established a combination strategy of cellsheet transplantation covered with a pedicle OM-flap in porcine models, allowing us to implant large numbers of cells and
improve cell survival.13,14 However, data are scarce regarding
the therapeutic effects of such combined treatment on vessel
maturity and coronary microcirculation physiology in ischemic territory. We hypothesized that cell-sheet transplantation with a pedicle OM-flap will better promote arteriogenesis
and stabilize blood vessels in ischemic myocardium along with
improved coronary microcirculation physiology, consequently
enhancing the therapeutic effects of cell-sheet therapy. Herein,
we focused on vessel maturation induced by cell-sheet therapy
with an OM-flap and evaluated the physiological benefits in
coronary microcirculation utilizing modern modalities such
as in vivo synchrotron-based microangiography and positron
emission tomography (PET).

RESULTS
Histological analysis of host myocardium
Four weeks after treatment, myocardial structural components, collagen accumulation and cardiomyocyte hypertrophy,
were assessed by hematoxylin-eosin, Masson trichrome, and
Periodic acid-Schiff staining (n = 11 for each group). LV myocardial structure was better maintained in the combined group
as compared with the others (Figure 1c). The combined group
had a significantly thickened anterior LV wall (anterior wall
thickness, control 392 ± 31 versus combined 912 ± 34 versus
sheet-only 688 ± 27 versus OM-only 500 ± 28 μm) (Figure 1d).
That group also had a significantly attenuated collagen accumulation (percent fibrosis, 18 ± 1 versus 8 ± 4 versus 13 ± 6
versus 14 ± 1%, respectively) (Figure 1e) and cardiac hypertrophy (myocyte size, 23 ± 1 versus 16 ± 1 versus 20 ± 3 versus
21 ± 2 μm, respectively) (Figure 1f) in the peri-infarct regions
(ANOVA P < 0.001 for all).

Gene expressions in peri-infarct myocardium during
acute treatment phase
The myocardial gene expressions related to angiogenesis, vessel
maturation, and anti-inflammation were analyzed at 3 days after
each treatment using real-time PCR (n = 6 for each group). As
compared to the others, the combined group showed substantially higher gene expressions of vascular endothelial growth factor
(VEGF)-A, VEGF receptor-1, VEGF receptor-2, Akt-1, plateletderived growth factor (PDGF)-β, angiopoietin (Ang)-1, Tie-2, vascular endothelial (VE)-cadherin, platelet endothelial cell adhesion
molecule (PECAM)-1, and stromal cell-derived factor (SDF)-1 in
peri-infarct myocardium at the early stage of transplantation
(Figure 2).
Molecular Therapy vol. 23 no. 2 feb. 2015
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Vessel recruitment in transplanted cell-sheets and
donor cell survial
To evaluate the effect of adding OM-flap to the cell-sheet therapy on
the vessel recruitment (angiogenesis) in the transplanted area that
should be related to the donor cell survival, we serially assessed the
number of functional blood vessels with patent endothelial layers
(CD31/lectin double-positive cells) in the transplanted area of the
sheet-only and combined groups at 3, 7, and 28 days after each treatment (n = 6 for each group and each time point) (Figure 3a–f). At
3 days after treatment, in the sheet-only group, several blood vessels were just located at the border between the sheet and infarct
area (Figure 3a), whereas a large number of functional vessels was
detected proximal to the border between the cell-sheet and OM and
within the sheet in the combined group (Figure 3d), suggesting that
the cell-sheet received blood supply directly from the infarct myocardium and OM. Consequently, the combined group had greater numbers of functional blood vessels in the cell-sheet than the sheet-only
group at any follow-up point, although both groups showed steady
decrease in the number of vessels during the 28 days (Figure 3g).
The quantitative assessments of the donor (GFP-positive)
cell presence were also serially performed to elucidate the donor
cell dynamics in the sheet-only (Figure 3a–c) and combined
(Figure 3d–f) groups. We traced the transplanted donor cells and
found that there was no significant difference in the engrafted
area at 3 days after transplantation between the groups, while the
subsequent changes in each group were apparently distinctive
(Figure 3h). During the 7days after the treatment, the amount
of decrease in the engrafted area was substantially smaller in the
combined group than that in the sheet-only group, resulting in
4.3-fold increased retention of donor cells in the former group.
This led to the greater donor cell presence in the combined group
persistently (at least until day 28), which was consistent with the
amount of vessel recruitment in the cell-sheet.
Vessel remodeling and maturation in peri-infarct
myocardium
We serially assessed neovascular vessel maturity in peri-infarct areas
at 3 (n = 6 for each group) and 28 days (n = 11 for each group) after
treatment (Figure 4). Vessel density and structural maturity were
quantified as the number of CD31 positive and CD31/α-smooth
muscle actin (SMA) double-positive vessels per mm2, respectively. A
maturation index was calculated as the percentage of CD31/α-SMA
double-positive vessels to total vessel number. Functionally mature
vessels with patent endothelial layers were assessed by lectin injection, which binds uniformly and rapidly to the luminal surface of
endothelium, thus labeling patent blood vessels. Vessels positive for
CD31 but negative for lectin were regarded as functionally immature
and undergoing regression, or that had lost patency.15,16
In general, α-SMA signals were located at the outer edges of
CD31 staining, indicating pericyte attachment to newly formed
endothelium. Three days after treatment, there was no difference
in number of CD31-positive cells among the groups, though the
combined group showed a trend of greater number of functional
blood vessels with patent endothelial layers (CD31/lectin doublepositive) and structurally (CD31/α-SMA double-positive) mature
vessels, with a higher maturation index (Figure 4a–g). Notably,
the percentage without lectin staining (CD31+/lectin-) was significantly smaller in the combined group.
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Figure 1 Study protocol and histological analysis of host myocardium. (a) Experimental protocols. (b) Procedural schemes for treatment groups.
(c) Macroscopic images of HE-stained whole sections of the left ventricle and (d) anterior wall thickness (40×, scale bar = 1,000 μm). Black arrows
indicate the omentum tissue. Photomicrographs of Sirius red- (e) and periodic acid-Schiff-stained (f) sections of peri-infarct myocardium (400×, scale
bar = 100 μm) (n = 11 for each group).

The number of endothelial (CD31 positive) cells in the control and single treatment groups decreased with time, while that in
the combined remained unchanged. Consequently, the angiogenic
effects induced in the latter were more profound at 28 days after
treatment, with a significantly greater amount of mature vessels
(Figure 4h–n).

Number of resistance vessels and relative dilatory
responses to endothelium-dependent stimulation in
ischemic myocardium
To evaluate the effects of each treatment on microcirculation physiology in terms of relative dilatory responses to acetylcholine and
376

dobutamine hydrochloride in the resistance vessels, synchrotron
radiation microangiography was performed after 3 weeks after the
treatment (control: n = 11, combined: n = 11, cell-sheet: n = 5,
OM: n = 6). Using iodinated agents, coronary microcirculation in
ischemic areas was clearly visualized in anesthetized closed-chest
rats (Figure 5a). Vessel internal diameter (ID) at baseline (before
agent administration) tended to decrease according to branching
order and differed among the groups with larger first branching order arteries observed in the combined group (Figure 5b).
Moreover, the combined group had a greater number of third and
fourth branching order arterial vessels (resistance arterial vessels)
at baseline (Figure 5c).
www.moleculartherapy.org vol. 23 no. 2 feb. 2015
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Figure 2 Gene expressions in peri-infarct myocardium during acute treatment phase. Quantitative reverse transcription PCR showing gene
expressions related to angiogenesis, vessel maturation, and anti-inflammation in peri-infarct myocardium 3 days after treatment (n = 6 for each
group) (*P < 0.05). Data were normalized to β-actin expression level. As compared to the others, the combined group showed substantially higher
gene expressions associated with angiogenesis, vessel remodeling and anti-inflammation in peri-infarct myocardium at 3 days after treatment.

Acetylcholine-mediated dilation in the third and fourth branching orders was significantly different among the groups. The mean
caliber changes in response to acetylcholine in the combined group
were 28 ± 8% and 32 ± 8% for the third and fourth order branches
respectively, which were greater than in the others (Figure 5d).
Similarly, the mean caliber changes in response to dobutamine
hydrochloride in the combined group were 31 ± 7% and 34 ± 7%,
respectively, which were greater than in the others (Figure 5e).
Molecular Therapy vol. 23 no. 2 feb. 2015

The distributions of individual segment caliber changes
in response to acetylcholine are described in Supplementary
Figure S1. The control group had a relatively high frequency
of third and fourth branching order arterial vessels showing
localized segmental vasoconstriction (ID constriction >5% of
baseline). The frequency of abnormal vasoconstriction with acetylcholine in the control group was about eight- and fourfold for
the third and fourth branching order, respectively, as compared
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Figure 3 Vessel recruitment in transplanted cell-sheets and donor cell survial. Serial representative images of functional blood vessels with
patent endothelial layers (CD31/lectin double-positive) vessels in the transplanted donor (GFP-positive) cells in sheet-only (a–c) and combined
groups (d–f) at 3, 7, and 28 days after each treatment (200×, scale bar = 100 μm). Quantitative analyses of functionally mature vessels in the
transplanted area (g) and the donor (GFP-positive) cell presence (h) at 3, 7, and 28 days after each treatment (n = 6 for each group and each
time point) (* P < 0.05 versus sheet-only group). At 3 days after treatment, in the sheet-only group, several blood vessels were just located at the
border between the sheet and infarct area (a), whereas a large number of functional vessels was detected proximal to the border between the
cell-sheet and OM and within the sheet in the combined group (d). Consequently, the combined group had greater numbers of functional blood
vessels in the cell-sheet than the sheet-only group at any follow-up point (g). There was no significant difference in the engrafted area at 3 days
after transplantation between the groups, while the subsequent changes in each group were apparently distinctive (h). During the 7 days after
the treatment, the amount of decrease in the engrafted area was substantially smaller in the combined group than that in the sheet-only group,
resulting in 4.3-fold increased retention of donor cells in the former group. This led to the greater donor cell presence in the combined group
persistently (at least until day 28), which was consistent with the amount of vessel recruitment in the cell-sheet.

with the combined group (third order: control 49% versus combined 6% versus sheet-only 22% versus OM-only 25%; fourth
order: control 18% versus combined 4% versus sheet-only 13%
versus OM-only 17%).

Global and regional changes in myocardial blood
flow and coronary flow reserve
To evaluate global and regional myocardial blood flow (MBF),
and coronary flow reserve (CFR), 13N-ammonia PET measurements were serially performed 1 day before and 3 weeks after
the treatments (control: n = 5, combined: n = 8, cell-sheet:
n = 7, OM: n = 7) (Figure 6a–f). In normal rats used for the
validation study, global MBF at rest and during stress was
5.1 ± 0.5 and 7.1 ± 1.3 ml/min/g respectively, while global CFR
was 1.4 ± 0.3.
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Two weeks after coronary ligation (before treatment), global
MBF at rest and during stress were substantially decreased in
all groups, with no significant differences. Similarly, global CFR
was not different among the groups. Three weeks after treatment,
global MBF at rest was not different, while that during stress was
significantly greater in the combined and single treatment groups
as compared to the control (control 2.5 ± 0.4 versus combined
3.8 ± 0.6 versus sheet-only 3.3 ± 0.5 versus OM-only 3.8 ± 0.3,
respectively, ANOVA p=0.0003). Postoperative global CFR was
also substantially higher in the treatment groups as compared
with the control (control 1.1 ± 0.2 versus combined 1.4 ± 0.2 versus sheet-only 1.4 ± 0.2 versus OM-only 1.4 ± 0.2, respectively,
ANOVA p=0.015).
With regard to the magnitude of change in the global CFR
(pre- versus post-treatment), the combined group offered the
www.moleculartherapy.org vol. 23 no. 2 feb. 2015
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Figure 4 Vessel remodeling and maturation in peri-infarct myocardium. Immunohistochemical analyses of functionality (patency) and vessel
maturation observed in peri-infarct myocardium at 3 (n = 6 for each group) (a–g) and 28 (n = 11 for each group) (h–n) days after treatments
(* P < 0.05). Representative CD31/lectin and CD31/α-SMA staining at 3 (a,b) and 28 (h,i) days after treatments (400×, scale bar= 100 μm). Three
days after treatment, there was no difference in number of CD31-positive cells among the groups, though the combined group showed a trend
of greater number of functional blood vessels with patent endothelial layers (CD31/lectin double-positive) and structurally (CD31/α-SMA doublepositive) mature vessels, with a higher maturation index (c–g). Notably, the percentage without lectin staining (CD31+/lectin-) was significantly
smaller in the combined group. The number of endothelial (CD31 positive) cells in the control and single treatment groups decreased with time,
while that in the combined remained unchanged. Consequently, the angiogenic effects induced in the latter were more profound at 28 days after
treatment, with a significantly greater amount of mature vessels (j–n).
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Figure 5 Number of resistance vessels and relative dilatory responses to endothelium-dependent stimulation in ischemic myocardium.
Synchrotron radiation microangiography was performed to evaluate vessel number and caliber and relative dilatory responses to acetylcholine
and dobutamine hydrochloride in resistance vessels (control: n = 11, combined: n = 11, cell-sheet: n = 5, OM: n = 6). Using iodinated agents,
coronary microcirculation in ischemic areas was clearly visualized in anesthetized closed-chest rats. Representative angiogram frames for all treatment groups at baseline, and in response to acetylcholine and dobutamine hydrochloride (a). Yellow and red asterisks indicate vessels showing
dilation and constriction in response to acetylcholine and dobutamine hydrochloride, respectively. Quantitative analyses of (b) vessel internal
diameter and (c) visible vessel number at baseline according to branching order. Vessel internal diameter at baseline (before agent administration) tended to decrease according to branching order and differed among the groups with larger first branching order arteries observed in the
combined group (b). Moreover, the combined group had a greater number of third and fourth branching order arterial vessels (resistance arterial
vessels) at baseline (c). Mean caliber changes in response to (d) acetylcholine and (e) dobutamine hydrochloride. Acetylcholine-mediated dilation
in the third and fourth branching orders was significantly different among the groups. The mean caliber changes in response to acetylcholine
in the combined group were 28 ± 8% and 32 ± 8% for the third and fourth order branches respectively, which were greater than in the others
(d). Similarly, the mean caliber changes in response to dobutamine hydrochloride in the combined group were 31 ± 7% and 34 ± 7%, respectively,
which were greater than in the others (e).
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Figure 6 Serial changes in the global and regional coronary flow reserve and cardiac function parameters. Representative serial PET/CT fusion images
of 13N-NH3 PET during stress in control (a,b) and combined (c,d) groups. Recovery of MBF in large portion of basal left ventricle (anterior and lateral
segments) was observed in the combined but not control group (green triangles). Quantitative analyses of changes in CFR calculated as a ratio of posttreatment to pretreatment CFR in global, basal, mid, and apical LV segments (control: n = 5, combined: n = 8, cell-sheet: n = 7, OM: n = 7) (*P < 0.05)
(e,f). The combined group offered the most remarkable improvement in the global CFR, as evidenced by a higher ratio of post- to pretreatment CFR.
Notably, that beneficial change was mainly caused by significant improvement in the basal left ventricle. CFR, coronary flow reserve; MBF, myocardial
blood flow. (g) Serial assessments of cardiac function parameters at baseline (before treatment), and 2 and 4 weeks after treatments (*P < 0.05). In the
combined group, remarkable improvements in LV function parameters occurred promptly and were sustained for up to 4 weeks, resulting in significantly
smaller LV dimensions and greater LV ejection fraction as compared with other treatment groups. (h) Quantitative analyses of hemodynamic function
parameters for each treatment (*P < 0.05). The basic hemodynamic indices revealed that LV end-systolic pressure was higher, whereas LV end-diastolic
pressure and time constant were lower in the combined group as compared to the others. Pressure–volume loop analysis revealed that end-systolic
pressure–volume relationship was higher, while end-diastolic pressure–volume relationship was lower in the combined group.
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most remarkable improvement in the global CFR, as evidenced
by a higher ratio of post- to pre-treatment CFR. Notably, that beneficial change was mainly caused by significant improvement in
the basal left ventricle (control 0.9 ± 0.1 versus combined 1.4 ± 0.4
versus sheet-only 1.0 ± 0.1 versus OM-only 1.1 ± 0.1, respectively,
ANOVA P = 0.012) (Figure 6e,f).

Global LV function and hemodynamic performance
The cardiac function was evaluated by echocardiography before
(at baseline) and 2 and 4 weeks after each treatment (n = 11 for
each group) (Figure 6 g,h). Two weeks after left coronary artery
ligation, severe dilatation of the LV chamber and severe systolic dysfunction were observed, with no significant differences
among the groups (Figure 6g). In the control, LV dimensions
increased and LV ejection fraction deteriorated in a time-dependent manner, suggesting progressive LV remodeling. In the
sheet-only and OM-only groups, LV ejection fraction initially
improved, then tended to deteriorate in association with gradual
LV dilatation. In the combined group, remarkable improvements in LV function parameters occurred promptly and were
sustained for up to 4 weeks, resulting in significantly smaller LV
dimensions and greater LV ejection fraction as compared with
other treatment groups.
Consistently, the basic hemodynamic indices revealed that
LV end-systolic pressure was higher, whereas LV end-diastolic
pressure and time constant were lower in the combined group as
compared to the others. Load-independent parameters assessed
by pressure–volume loop analysis revealed that end-systolic
pressure–volume relationship was higher, while end-diastolic
pressure–volume relationship was lower in the combined group
(Figure 6h). These results confirmed that cell-sheet therapy combined with OM-flap improved the therapeutic effects of single
treatment group (cell-sheet only or OM-flap only) for the treatment of chronic MI.
Functional capacity assessment
There was no difference in running distance at 4 rpm (control
125 ± 15 versus combined 148 ± 9 versus sheet-only 133 ± 10 versus OM-only 135 ± 15 m, ANOVA P = 0.63) (n = 11 in each). In
contrast, the combined group showed more improved functional
capacity in terms of longer running distance at 8 rpm (54 ± 5 versus 178 ± 17 versus 81 ± 10 versus 76 ± 7 m, respectively, ANOVA
P < 0.001).
Angiographic assessment of communication between
coronary arteries and pedicle omentum
Communication between the coronary arteries and branches
of the gastroepiploic artery in the OM specimens was evaluated
using three different methods with a different series of OM-only
and combined group animals (n = 12 in each) (Figure 1a).
A postmortem angiography examination from the aortic root
was performed to verify antegrade flow from the OM into the
heart in the combined and OM-only groups (n = 4 for each group).
In the combined group, aortography revealed that the gastroepiploic artery branches feeding the OM expanded into the heart,
and established several tight junctions between the native coronary arteries and OM (Figure 7a). In contrast, in the OM-only
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group, the gastroepiploic artery branches failed to penetrate the
heart, accompanied by immature leaky collateral vessel formation
between the coronary artery and OM, evidenced by considerable
leakage of contrast agent (Figure 7b).
We selectively injected India ink into the celiac artery to visually and histologically confirm vessel communication between the
pedicle OM and native coronary artery (n = 4 for each group).
Numerous collaterals filled with India ink were clearly identified
between the gastroepiploic artery and native coronary arteries
in the combined group, while that was not seen in the OM-only
group (data not shown) (Figure 7c–e). Histological analysis confirmed vessel communication between those in the combined
group (Figure 7f,g).
Finally, a selective perfusion via aortic root and celiac artery
using two different MICROFIL colors was performed (n = 4 for
each group). In the combined group, MICROFIL solution injected
in a retrograde manner into the aortic root (MV-117 Orange) was
easily shown expanded into the OM to communicate with the
gastroepiploic artery (Figure 7h). That solution injected into the
celiac artery (MV-120 Blue) was also found to expand into the
myocardium and communicated with native coronary arteries
(Figure 7i). Those findings were not seen in the OM-only group
(data not shown).

Vessel migration into cell-sheet from host
myocardium and omentum
To further confirm whether the OM- and host myocardiumderived endothelial cells migrated toward the cell-sheet, we established two types of parabiotic pair models (n = 4 for each).
In parabiotic pairs of wild-type MI rats that received transplantation of cell-sheets labeled with Cell Tracker TM Orange
CMTMR followed by coverage with a GFP-transgenic rat oriented pedicle OM, a large number of OM-derived endothelial
cells (isolectin/GFP double-positive cells) had migrated toward
the cell-sheet (Figure 8a–d). Similarly, in another parabiotic pair
of GFP-transgenic MI rats that received cell-sheet transplantation covered with a wild-type rat oriented pedicle OM, a large
number of host myocardium-derived endothelial cells (isolectin/
GFP double-positive cells) had migrated toward the cell-sheet
(Figure 8e–h).
Cell-sheet stimulated vascular cell migration
We performed an in vitro migration assay using HUVECs to evaluate the effects of skeletal myoblast cell-sheet derived growth factors on vessel recruitment (Figure 8i). The number of migrating
cells was significantly greater in the 100% conditioned medium
group, followed by the 10% conditioned medium and control
groups, suggesting that SM cell-sheet derived growth factors stimulate vascular cell migration in a concentration-dependent manner (Figure 8j,k).

DISCUSSION
The major findings of this study can be summarized as follows.
As compared to the single treatment groups, the cell-sheet plus
OM group showed (i) improved donor cell retention along with
amplified angiogenesis in the cell-sheet through the followup (at least day 28), (ii) attenuated cardiac hypertrophy and
www.moleculartherapy.org vol. 23 no. 2 feb. 2015
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Figure 7 Angiographic assessment of communication between coronary arteries and pedicle omentum. Communication between the coronary arteries and branches of the gastroepiploic artery was evaluated using three different methods with a different series of OM-only and combined group animals.
A postmortem angiography examination from the aortic root in the combined (a) and OM-only (b) groups (n = 4 for each group). In the combined group,
aortography revealed that the gastroepiploic artery branches feeding the OM expanded into the heart, and established several tight junctions between the
native coronary arteries and OM (a). In contrast, in the OM-only group, the gastroepiploic artery branches failed to penetrate the heart, accompanied by
immature leaky collateral vessel formation between the coronary artery and OM, evidenced by considerable leakage of contrast agent (red dotted circle)
(b). Black dotted line indicates heart surface. Green triangles indicate the branches of the gastroepiploic artery. Selective India ink injection into the celiac
artery to visually and histologically confirm vessel communication between the pedicle OM and native coronary artery (n = 4 for each group). Numerous
collaterals filled with India ink were clearly identified between the gastroepiploic artery and native coronary arteries in the combined group (c–e), while
that was not seen in the OM-only group (data not shown). Histological analysis confirmed vessel communication between those in the combined group
(f: 40×, scale bar = 500 μm, g: 200×, scale bar = 100 μm). A selective perfusion via aortic root and celiac artery using two different MICROFIL colors
(n = 4 for each group). In the combined group, MICROFIL solution injected in a retrograde manner into the aortic root (MV-117 Orange) was easily shown
expanded into the OM to communicate with the gastroepiploic artery (h, 7.5×, scale bar = 2 mm). That solution injected into the celiac artery (MV-120
Blue) was also found to expand into the myocardium and communicated with native coronary arteries (i, 7.5×, scale bar = 2 mm). Those findings were not
seen in the OM-only group (data not shown). Green triangles show visible vessel communication in the OM-flap (h) and host myocardium (i).

fibrosis, and a greater amount of functionally and structurally mature blood vessels in the ischemic myocardium, along
with myocardial upregulation of relevant genes, (iii) increased
vascularization in resistance arterial vessels with better dilatory responses to endothelium-dependent agents, (iv) more
remarkable improvement in the global CFR, mainly caused by
significant improvement in the basal left ventricle, (v) sustained
improvements in cardiac function parameters and better functional capacity, and (vi) creation of robust vascular communication between the OM and native coronary arteries, shown by in
vivo angiography.
Molecular Therapy vol. 23 no. 2 feb. 2015

The retention, survival, and engraftment of transplanted cells
in the cell-sheet therapy are largely influenced by the degree of vascularization in the transplanted area and subsequent myocardial
inflammation after cell-sheet transplantation.2,17 The concept of
combining OM-flap with the current cell-sheet therapy is likely to
be reasonable because the OM is known to play a key role in controlling the spread of inflammation, and promoting revascularization, reconstruction and tissue regeneration. Our data suggest that
the combined treatment improved the hypoxic environment in the
transplanted area to a greater degree, potentially improving initial
cell engraftment and enhancing the paracrine effects induced by
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Figure 8 Vessel migration into cell-sheet from host myocardium and omentum. Schematic representation of experimental design to form parabiotic pairs of wild-type MI model rats (recipient) for transplantation of wild-type oriented cell-sheets labeled with Cell Tracker TM Orange CMTMR,
followed by coverage with pedicle OM derived from GFP-transgenic rat (donor). (a,b) Representative GFP/isolectin staining in parabiotic pairs model
(c: 100×, scale bar = 200 μm, d: 200×, scale bar = 100 μm). Schematic representation of experimental design to form second parabiotic pairs of GFPtransgenic MI rats for cell-sheet transplantation covered with wild-type oriented pedicle OM (e,f). Representative GFP/isolectin staining in second
parabiotic pairs (g: 100×, scale bar = 200 μm, h: 200×, scale bar = 100 μm). In vitro migration assay (i). To investigate cell migration in response
to skeletal myoblast cells cultured in conditioned medium, a modified Boyden chamber migration assay was performed using an HTS FluoroBlok
Multiwell Insert System containing filters with a pore size of 8 µm. Human umbilical vein endothelial cells (HUVECs) were grown in EGM-2 culture
medium. After incubation at 37 °C for 2 hours, the number of migrated cells was counted in 15 randomly chosen fields under 100× magnification
using fluorescence microscopy. Two replicate samples were used in each experiment, which were performed at least twice. Migrating cells were analyzed using a light microscope and reported as numbers of migrating cells per mm2 (j). Representative images show migrating cells labeled with Cell
Tracker TM Orange CMTMR (100×, scale bar = 200 μm). Quantitative analyses of migrating cells according to concentration in the skeletal myoblastcultured conditioned medium (k). Asterisk indicates statistical significance (P < 0.05).

cell-sheet therapy in terms of higher expressions of relevant genes,
subsequently stabilizing therapeutic effect of cell-sheet therapy.
The discrepancy between functional improvement and donor cell
engraftment suggests that the improvement of cardiac function is
not mainly mediated by direct contribution of transplanted donor
cells but other indirect roles, possibly paracrine effects, offered by
the cell-sheet at the early stage of transplantation.
The histological findings demonstrated that the rats receiving the cell-sheet implantation plus OM-flap had a significantly
thickened anterior LV wall that was augmented by cardiomyocyte layers as compare to the other groups. Potential mechanisms
may include cardiomyogenic differentiation of the donor-derived
cells or endogenous stem cells, or paracrinal inhibition of progressive necrosis and/or apoptosis of the native cardiomyocytes.
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We speculate that both mechanisms might have contributed to
the thickening of the targeted LV wall, although cardiomyogenic
differentiation was not clearly identified in this study. Improved
regional blood flow by the combined therapy could reduce the
number of the necrotic/apoptotic cardiomyocytes, while reduced
accumulation of fibrous components would inhibit thinning of
the LV wall.5,18 In addition, girdling effects from the covered OM
might have reduced wall stress of the LV, leading to maintenance
of the LV thickness.19 Further studies to focus on the cardiomyogenic transdifferentiation using genetically labeled rodent models
are warranted.
When blood vessels grow, endothelial cells migrate out first
and assemble in a primitive network of immature channels (angiogenesis).5 As these nascent vessels only consist of endothelial cells,
www.moleculartherapy.org vol. 23 no. 2 feb. 2015
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they rupture easily and are leaky, prone to regression, and poorly
perfused.18,20–22 Recruitment of mural cells around nascent vessels essentially contributes to remodeling and maturation of the
primitive vascular network (arteriogenesis), subsequently causing
therapeutic improvement of blood perfusion.5,18 We found a larger
percentage of vessels without lectin staining and lower maturation index in the control and single treatment groups, indicating
that promotion of angiogenesis, but failure to effectively induce
arteriogenesis. Consequently, the single treatments showed only
transient effects on global cardiac function and limited functional
capacity, possibly due to irregular capillary networks and increased
vascular permeability. In the combined treatment group, greater
numbers of functionally and structurally mature vessels were
established promptly after treatment and maintained in ischemic
myocardium. This might be primarily attributed to upregulated
expressions of genes related to angiogenesis (VEGF, VEGFR1, VEGF-R2, Akt-1) and/or endogenous regeneration (SDF-1).
Moreover, elevated expressions of Ang-1 and its receptor Tie-2,
and PDGF, VE-cadherin, and PECAM might play key roles in promoting maturation processes such as “stabilization” of cell junctions and tight pericyte recruitment (arteriogenesis).5,15,16,18,20–22
Interestingly, the elevated expression of the those relevant genes
shown in the combined group was mostly reduced after 28 days
after treatment (data not shown), corresponding with reduced
donor cell presence. We found, however, the combined treatment
group showed more sustained positive effects on vessel maturity
and cardiac function recovery as compared with the control and
single treatment groups at 28 days after treatment, indicating that
paracrine mediators contribute to the myocardial recovery mainly
during the early phase after the treatment and the effects on cardiac function and vessel structure, once established, could last for
a longer time.2 These data suggest that OM-flap covering the cellsheet played a key role in accomplishing the maturity of the new
vessels in the targeted myocardial territory, leading to formation
of more organized and durable vascular network, as compared to
the control and the single treatment groups.
Endothelial vasodilator function of coronary microvessels (resistance arterial vessels) is an important determinant of
myocardial perfusion in response to increased myocardial oxygen demand, playing a critical role in neovascular therapies.6–8
Vasodilation in response to speciﬁc endothelium-dependent and
endothelium-independent stimuli within the coronary circulations can be measured to assess endothelial function. To the best
of our knowledge, this is the first to verify that cell-sheet treatment
with and without OM-flap could improve endothelial vasodilator
function of resistance arterial vessels in a rat MI model, utilizing
in vivo synchrotron-based microangiography that has proved an
effective method for clearly visualizing resistance arterioles and
accurately identifying neurohumoral modulation of coronary
blood flow within the microcirculation for assessing therapy efficacy.7,23,24 Microangiography revealed attenuated dilatation and
a strong trend toward increased incidence of paradoxical constrictions in the control, followed by the single treatment group,
suggesting that the endothelial-dependent vasodilator function
in resistance arterial vessels was progressively impaired in those
groups.25,26 In contrast, combined treatment effectively restored
endothelial function in resistance arterial vessels, evidenced by
Molecular Therapy vol. 23 no. 2 feb. 2015
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better dilatory responses to acetylcholine, an endothelium-dependent vasodilator.27 This corresponds with PET/CT findings demonstrating substantial improvement in CFR, which indicated the
ability of the myocardium to increase blood flow in response to
increasing myocardial oxygen demand. Adenosine causes vasodilation by stimulating receptors in the microcirculation, facilitating
measurement of the endothelium-independent CFR in the microcirculation. Interestingly, a remarkable improvement in CFR was
observed in basal, but not apical LV, indicating that the combined
treatment might be capable of improving microvasculature functionality of hibernating myocardium, rather than scar cardiac
tissue. These physiological benefits in the coronary microcirculation may activate collateral growth through increased flow and
shear stress, a powerful driving force of arteriogenesis, leading to
enhanced functional capacity under a high load.28,29 Therefore, we
speculate that the present combined treatment strategy has potential to effectively prevent progression of endothelial dysfunction,
which independently predicts major clinical adverse events in
patients with heart failure.28–30
Our data suggest that the combination of cell sheet transplantation and OM-flap acts synergistically, rather than additively,
on vessel maturation, coronary microcirculation physiology,
functional capacity, and cardiac reverse remodeling, whereas the
OM-only strategy failed to stabilize its long-term effect. These
results encouraged us to investigate the role of the cell-sheet transplantation in activating the effects of OM-flap. Postmortem angiography findings demonstrated visible collateral vessels between
the native coronary arteries and OM-flap in the combined group,
whereas no tight junctions were shown in the OM-only group,
indicating that formation of collateral vessels between native
coronary arteries and OM was accelerated by the interposed
cell-sheets. The possible mechanism of those findings might be
explained by our in vitro migration assay demonstrating that
growth factors and cytokines secreted by the cell-sheet stimulate
migration of endothelial cells derived from both host myocardium and the OM toward the sheet, subsequently establishing
robust vessel connections with persistent blood flow between the
native coronary arteries and OM. In contrast, in the OM-only
group, lack of that process caused immature leaky collateral vessel
formation and thus inadequate collateral blood flow in the ischemic myocardium. Based on those findings, we speculate that the
therapeutic effects of the combined treatment strategy might be
responsible for increased donor cell survival and stimulation of
donor cells induced by OM-flap as well as for cell-sheet–mediated activation of OM-flap as a donor artery with high perfusion
capacity. Nevertheless, further studies are absolutely needed to
determine the main molecular mechanism of therapeutic effects
induced by the combined treatment.

LIMITATIONS
Considering the potential molecular mechanisms behind the beneficial histological and physiological alterations observed with the
combined strategy, we found that a group of possibly relevant molecules including VEGF-A, VEGF receptor-1, VEGF receptor-2, Akt1, SDF-1, PDGF-β, Ang-1, Tie-2, VE-cadherin, and PECAM were
upregulated in the combined group, suggesting that the effects
may be attributed to activation of several paracrine molecules,
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rather than a single molecule. Although some may argue what
kinds of cytokines play a major role in generating therapeutic
effects among the many complex molecular and cellular mechanisms involved, we consider that establishment of mature vessels
is a complex process that is not regulated by specific factors, but
rather numerous multiple factors that also dynamically change in
response to the process of angiogenesis or vessel maturation. We
believe that use of a cell-sheet and pedicle-OM as synergistic intelligent engineered tissues can efficiently support the regenerative
process by dynamic cross-talk with ischemic cardiac tissue.
Although we did not experience any complication such as torsion of omentum flap or diaphragmatic hernia in the rats receiving the combined treatment, it is considered that a conventional
lapalotomy itself may adversely affect general conditions particularly in critically-ill heart failure patients. An endoscopic approach
may be useful in minimizing the OM-flap procedure-related complications in clinical settings.
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