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Abstract
A large body of evidence has demonstrated that there is a close coupling between regional
myocardial perfusion and contractile function. When ischemia is mild, this can result in the
development of a new balance between supply and energy utilization that allows the heart to adapt
for a period of hours over which myocardial viability can be maintained, a phenomenon known as
“short-term hibernation”. Upon reperfusion after reversible ischemia, regional myocardial function
remains depressed. The “stunned myocardium” recovers spontaneously over a period of hours to
days. The situation in myocardium subjected to chronic repetitive ischemia is more complex.
Chronic dysfunction can initially reflect repetitive stunning with insufficient time for the heart to
recover between episodes of spontaneous ischemia. As the frequency and/or severity of ischemia
increases, the heart undergoes a series of adaptations which downregulate metabolism to maintain
myocyte viability at the expense of contractile function. The resulting “hibernating myocardium”
develops regional myocyte cellular hypertrophy as a compensatory response to ischemia-induced
apoptosis along with a series of molecular adaptations that while regional, are similar to global
changes found in advanced heart failure. As a result, flow-function relations become
independently affected by tissue remodeling and interventions that stimulate myocyte
regeneration. Similarly, chronic vascular remodeling may alter flow regulation in a fashion that
increases myocardial vulnerability to ischemia. Here we review our current understanding of
myocardial flow-function relations during acute ischemia in normal myocardium and highlight
newly identified complexities in their interpretation in viable chronically dysfunctional
myocardium with myocyte cellular and molecular remodeling.

Myocardial flow and function are closely coupled during increases in myocardial work load
since oxygen extraction across the coronary circulation is near maximal at rest [1]. When
oxygen delivery becomes inadequate to maintain the prevailing regional work load, relative
ischemia develops and regional contractile function deteriorates in an attempt to balance a
reduced metabolic supply with demand [2]. With prolonged ischemia, myocardial infarction
develops and the chronic contractile dysfunction reflects the loss of cardiac myocytes and
replacement with fibrotic tissue [3]. Somewhat surprisingly, if ischemia is alleviated before
irreversible myocyte cell death develops, contractile dysfunction can persist for a period of
hours and sometimes several days despite complete normalization of myocardial perfusion
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[4], a phenomenon subsequently termed “stunned myocardium” [5]. Further complicating
the interpretation of chronic myocardial flow-function relations is the fact that, when
subjected to repetitive reversible ischemia on a long-term basis, the myocardium can
regionally remodel from a cellular as well as molecular standpoint so as to adapt to chronic
repetitive ischemia [6]. The resulting viable chronically dysfunctional myocardium can
reflect chronic stunning with normal perfusion as well as hibernating myocardium where
resting perfusion is reduced [1, 6–8]. This review will summarize our historical
understanding of physiological adaptations to acute ischemia in normal myocardium and
outline emerging knowledge of how these physiological responses become modulated by
chronic cellular adaptations arising from ischemia-induced myocyte and vascular
remodeling. Interested readers may find additional information in other publications [1, 3, 7,
9–13].

Matching Between Flow and Function During Acute Myocardial Ischemia in
Normal Myocardium

Our initial understanding of flow-function relations arose from studies evaluating the effects
of acute ischemia distal to a coronary stenosis in otherwise normal myocardium. Since
coronary blood flow is autoregulated and oxygen extraction is near maximal at rest,
subendocardial blood flow remains constant as coronary pressure falls distal to a stenosis
until subendocardial vasodilator reserve is exhausted which reflects the lower pressure limit
of autoregulation [14]. At resting levels of myocardial metabolic demand in unanesthetized
dogs, subendocardial ischemia begins at a coronary pressure of 40 mmHg. As pressure is
reduced below the lower autoregulatory limit, small reductions in pressure cause
proportionate reductions in subendocardial flow. Many previous studies have demonstrated
a close coupling between subendocardial flow and function assessed using ultrasonic
crystals measuring regional subendocardial segment shortening or transmural wall
thickening [14–16]. These studies have demonstrated that reductions in wall thickening
approximate the relative reduction in subendocardial perfusion during reversible steady-state
ischemia [2]. The close coupling between subendocardial flow and function during ischemia
(Figure 1) is maintained at increased myocardial workloads as produced by steady-state
pacing [17] or exercise [18]. Due to the vulnerability of the subendocardium to ischemia
from compressive forces that impede perfusion during systolic contraction, significant
reductions in contractile function are frequently present when coronary flow averaged across
the entire myocardial wall is minimally reduced. This preclinical information has been
translated to clinical care by imaging stress-induced contractile dysfunction as a surrogate of
regional ischemia using echocardiography or stress MRI [19].

Post-Ischemic Myocardial Stunning
Even when coronary inflow is occluded in the absence of collateral vessels, there is no
irreversible myocyte cellular injury when ischemia lasts less than 15-minutes [3].
Nevertheless, upon restoration of perfusion, myocardial function remains depressed below
normal for a period of hours, a phenomenon that has become known as myocardial stunning
(Figure 2). It was first described by Heyndrickx after single brief total coronary occlusions
[20, 21] but subsequent studies showed that post-ischemic dysfunction can persist when
perfusion normalizes after stress-induced ischemia distal to a stenosis [22, 23]. Stunned
myocardium resolves within hours when there is full reperfusion and no subsequent
limitation in blood flow. In contrast, when a critical stenosis limiting flow reserve is present,
contractile dysfunction persists at 24 hours [24]. The presence of a stenosis likely leads to
repetitive spontaneous ischemia and as outlined below, can be a prelude to the development
of viable dysfunctional myocardium that persists on a chronic basis. In addition to reversible
ischemia, stunned myocardium undoubtedly coexists with infarcted myocardium in patients
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undergoing reperfusion following ST elevation myocardial infarcts and accounts for some of
the delayed functional improvement following thrombolysis or primary angioplasty. The
cellular mechanisms responsible for myocardial stunning are multifactorial and reviewed
elsewhere [12].

Prolonged Subendocardial Ischemia and Short-term Hibernation
While original studies indicated that myocyte cell death begins if coronary flow is not
reestablished within 15-minutes after a total occlusion, there is considerably more variability
in the duration that moderate subendocardial ischemia can be maintained before irreversible
injury develops. Matsuzaki et. al. [25] as well as others demonstrated that moderate
subendocardial hypoperfusion, with commensurate reductions in regional function and
energy consumption could be maintained for at least several hours without progressing to
irreversible myocyte injury [26–28]. The phenomenon of prolonged perfusion-contraction
matching depicted in Figure 2b has been termed short-term hibernation [2]. It is likely
operative in many patients presenting with an acute coronary syndrome due to plaque
rupture with a sudden increase in stenosis severity precipitating ischemia and prolonged
chest pain. The extended time frame of maintained viability with moderately severe
ischemia is clinically important in allowing late salvage of myocardial tissue by reperfusion
therapies. Due to the brief time frame over which short-term hibernation develops, it likely
reflects physiological adaptations in regional myocardial metabolism effected in the normal
heart (Figure 3) rather than molecular adaptations and cellular remodeling [13].
Nevertheless, in normal myocardium, the duration over which short-term hibernation can
maintain viability depends upon the severity of ischemia and some degree of
subenodocardial infarction generally develops when this exceeds 12 hours [29, 30]. Because
of this, these initial adaptations are unlikely to result in a stable chronic hibernating state for
weeks or months without developing a component of irreversible injury. Importantly, like
reperfusion after brief total coronary occlusions, myocardial stunning is present upon
reestablishing perfusion after short-term hibernation with function slowly improving over
several days rather than hours [25]. As outlined below, repetitive episodes of short-term
hibernation can elicit molecular myocyte remodeling and viable chronically dysfunctional
myocardium [31].

Viable Chronically Dysfunctional Myocardium
In contrast to our knowledge of acute perfusion contraction matching and stunning which
arose from basic studies and was subsequently translated to the clinic, viable chronically
dysfunctional myocardium was first identified in patients. Clinical observations by
Rahimtoola and others demonstrated that resting contractile dysfunction in the absence of
ischemia in some patients was at least partially reversible [32, 33]. This clinical entity
became termed “hibernating myocardium” [8, 11]. Initially, the clinical dilemma was to
distinguish viable hibernating myocardium from infarcted tissue since resting perfusion
assessed by imaging was reduced in both entities (previously interpreted as reflecting an
admixture of fibrotic and normal myocardium) [8, 34]. With advances in quantitative
parametric imaging that can accurately quantify myocardial perfusion (e.g positron emission
tomography) as well as quantify infarct volume (e.g. Gd enhanced magnetic resonance
imaging) it has become apparent that many patients have areas of viable dysfunctional
myocardium with normal resting perfusion, a phenomenon now termed “chronically stunned
myocardium”. Viable dysfunctional myocardium is common and may be an important
contributor to global LV dysfunction in patients with heart failure from CAD. Indeed, with
accurate techniques to quantify infarct size in humans with myocardial infarction,
contemporary clinical trials in ST elevation infarction employing gadolinium MRI
demonstrate that LV ejection fraction is only mildly depressed (average EF ~50%). Infarct
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volume averages only ~15% of the LV and decreases further as the infarct heals in the
chronic phase [35]. Even in end-stage ischemic cardiomyopathy, Beltrami reported that
pathologic fibrosis directly measured in explanted hearts from cardiac transplant recipients
averaged 28% of the LV volume vs. 6% in normals [36]. Only one-third of the fibrosis was
segmental from prior infarction and most was diffuse. They found prominent myocyte
cellular loss with myocyte cellular hypertrophy and hypothesized that remodeling of viable
myocytes may play as great a role as fibrosis in contractile dysfunction. In support of this,
Kim et al found that almost 1 in 4 segments without fibrosis by MRI failed to improve
function after myocardial revascularization [37]. Thus, even in advanced heart failure, there
is more viable dysfunctional myocardium than infarcted tissue and recovery of this appears
to be the major determinant of functional improvement. The various pathophysiological
entities comprising viable chronically dysfunctional myocardium along with resting flow,
contractile reserve and the response to inotropic stimulation are summarized in Table 1.

Chronic Stunning and Chronic Hibernation – a Continuum
We as well as others have demonstrated that the extent of the pathophysiological remodeling
is dependent upon the functional significance of the stenosis supplying perfusion and the
propensity of the region to develop subendocardial ischemia (Figure 4) [38, 39]. Initially,
resting flow is normal but becomes mildly reduced in the absence of symptoms or objective
evidence of acute ischemia [40]. The progression to hibernating myocardium can be
accelerated by producing an acute stenosis that produces a prolonged reduction in resting
flow [41], repetitive brief periods of short-term hibernation [31] or simply by producing
brief ischemia and reperfusing myocardium through a critical stenosis that doesn’t limit
blood flow at rest (Figure 5) [24]. In the former as well as the latter circumstance, reductions
in resting flow follow rather than precede the development of dysfunction. Thus, the
reduction in resting flow probably reflects and induces the development of intrinsic
metabolic adaptations in the heart that downregulate mitochondrial oxygen consumption
[42–46].

Once myocyte cellular adaptations and remodeling develop in response to ischemia, the
myocardium is no longer normal from a structural or molecular standpoint. This likely
impacts the response to superimposed acute ischemia. Figure 6 shows the myocyte cellular
remodeling characteristic of chronic hibernating myocardium in pigs [24, 47] which has
ultrastructural features that are similar to humans with regional dysfunction from a chronic
LAD occlusion [48]. While there is a trivial increase in interstitial connective tissue, there is
significant regional myocyte loss with compensatory cellular hypertrophy that serves to
maintain regional wall thickness normal. These cellular changes are accompanied by
regional protein changes that are also manifest globally in the advanced failing heart.
Consistent with reductions in mitochondrial oxygen consumption, proteomic profiling has
demonstrated a downregulation in mitochondrial proteins (Figure 7) and an upregulation of
stress and cytoskeletal proteins [46, 49–51]. As outlined below, these molecular changes
alter the relation between flow and function at rest as well as stunning following acute
increases in myocardial workload.

Intrinsic Molecular Adaptations, Myocyte Plasticity and Regeneration:
Impact on the Subendocardial Flow-function Relation and Acute Stunning
in Chronic Ischemia

In the normal heart, the abrupt onset of ischemia leaves little time for the heart to adapt and
thus, the relation between flow and function is completely a reflection of acute intrinsic
physiological adaptations to ischemia. In contrast, the molecular and cellular remodeling
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that develops with chronic ischemia considerably complicates the interpretation of what is
the normal response of the viable dysfunctional heart to superimposed acute ischemia. For
example, repetitive short-term ischemia quickly leads to adaptations that limit the metabolic
evidence of ischemia. After six cycles of reversible short-term hibernation, there is no longer
post-ischemic stunning when flow is reduced to a similar level in chronically dysfunctional
myocardium [31]. Similarly, stress-induced ischemia in chronic hibernating myocardium in
collateral-dependent myocardium fails to elicit post-ischemic stunning following increases
in myocardial demand (Figure 8) [50]. Thus, the intrinsic myocardial adaptations and
downregulation of energy utilization of the chronically dysfunctional heart protect it from
additional stunning after acute ischemia. A second finding is that the resting flow-function
relation in chronically stunned and hibernating myocardium (Figure 9) is to some extent
dissociated from the relation during acute subendocardial ischemia at rest (Figure 1).
Whether resting flow is normal or reduced, the degree of contractile dysfunction usually
exceeds the relative reduction in resting subendocardial flow. This may reflect the fact that
remodeled, hypertrophied myocytes have a different relation between subendocardial flow
and function. Kim et al. also demonstrated that function was completely independent of
acute changes in perfusion and completely dissociated from that found in normal
myocardium [31].

The regional adaptations in chronically dysfunctional myocardium including cellular
hypertrophy and apoptosis-induced myocyte loss create a circumstance where myocyte
remodeling and regeneration can potentially impact the flow-function relation independently
of a change in coronary perfusion. Studies by our group in hibernating myocardium indicate
that pharmacological interventions that stimulate myocyte proliferation can dissociate the
flow-function relation by improving function independently of perfusion. For example,
while attempts to stimulate neoangiogenesis with the HMG-CoA reductase inhibitor
pravastatin [52] or by overexpressing fibroblast growth factor with in vivo gene transfer
(AdvFGF-5) [53] failed to increase myocardial perfusion at rest or vasodilation in collateral-
dependent hibernating myocardium, regional function after both interventions improved.
Pathological analysis showed that functional improvement reflected the effects of the
interventions on stimulating myocyte proliferation. In the case of pravastatin, this caused a
regression of myocyte cellular hypertrophy whereas AdvFGF-5 actually increased myocyte
cell size. These interventions in animals with hibernating myocardium indicate that,
understanding the extent of cellular myocyte plasticity and molecular changes before as well
as after interventions intended to improve function in chronically dysfunctional myocardium
are important aspects of interpreting the physiological relation between flow and function in
chronic disease. There are other examples of therapeutic interventions that improve
myocardial function without producing measurable increases in regional myocardial
perfusion at rest or during pharmacological vasodilation that may have myocyte
proliferation rather than an improvement in coronary flow as the primary mechanism.

Coronary Vascular Remodeling in Chronic Ischemia
It has been increasingly recognized that coronary resistance vessels exhibit considerable
structural and functional plasticity in response to a variety of pathophysiological stresses
[54]. As a result, chronic structural and functional adaptations of the coronary
microcirculation may develop due to perfusion at a chronically reduced pressure and
independently modify the flow-function relation in viable chronically dysfunctional
myocardium.

Clinical studies examining minimal microcirculatory resistance after revascularization of a
chronic stenosis are inconclusive with regard to whether the post-stenotic region has a
normal or increased minimal microvascular resistance. Some investigators demonstrate an
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increase in calculated microcirculatory resistance that is reversed after normalizing coronary
pressure with percutaneous coronary intervention [55]. Others have suggested that the
apparent increase in microcirculatory resistance distal to a stenosis reflects the failure to
include an appropriate back pressure and collaterals in the calculation (i.e. coronary wedge
pressure) [56]. Clinical studies have not examined microcirculatory responses in patients
with viable dysfunctional myocardium and thus, the only available data come from
preclinical studies in swine models of a chronic stenosis or collateral-dependent
myocardium. Mills et al. first hypothesized that chronic coronary vascular adaptations may
play a role in the myocardial response to repetitive ischemia resulting in hibernating
myocardium [57]. They demonstrated hypertrophy of the wall of arterioles <75 microns and
relative thinning of larger coronary resistance vessels. Similar pathological findings
developed following application of a prolonged acute stenosis to produce viable
dysfunctional myocardium where pathological changes of arteriolar luminal narrowing and
increases in arteriolar wall thickness developed within 4 weeks (Figure 10) [58]. The latter
study demonstrated proliferation of vascular smooth muscle in arterioles distal to the
stenosis as reflected by increased BrdU uptake and increased Ki67 staining of smooth
muscle in the thickened arteriolar wall. More recently, Sorop et al. examined functional
responses in isolated coronary arterioles from swine with hibernating myocardium [59].
Coronary resistance vessels from viable dysfunctional myocardium exhibited less
spontaneous vasomotor tone and an attenuated myogenic response as distending pressure
was varied ex vivo. Interestingly, in vivo circulating endothelin levels were elevated and
resistance vessels studies in vitro demonstrated a heightened response to endothelin. While
endothelium-dependent vasodilation was normal, this appears to be attenuated in models of
collateral-dependent myocardium without regional contractile dysfunction [60]. Chronic
remodeling of coronary microcirculatory resistance vessels could limit subendocardial flow
during autoregulation and may not be reversible with pharmacological agents such as
adenosine [61] since the vessel diameter is chronically reduced. The impact of these changes
on the acute metabolic and autoregulatory adjustments to flow as well as their reversibility
with revascularization are currently unknown. Further clinical and basic research in this area
is warranted.

Summary
In summary, the close relation between sensitive measures of subendocardial function such
as regional wall-thickening and subendocardial perfusion has been a concept that has been
brought into the clinic using myocardial functional imaging during exercise as well as
pharmacological stress. While the acute flow-function relation, stunning and acute-short-
term hibernation are well studied and clinically relevant phenomena in normal myocardium,
chronic adaptations to ischemia complicate the interpretation of changes in perfusion and
function at rest, in response to acute stress as well as after therapeutic interventions. A better
understanding of chronic myocyte remodeling as well as plasticity of the myocyte in
response to interventions that facilitate cardiac repair is required since the usual flow-
function concepts developed in normal myocardium do not appear to be strictly applicable.
Likewise, chronic alterations in the coronary microcirculation arising from chronic
reductions in coronary pressure as well as consequences of repetitive ischemia may play a
role in vascular remodeling and impact coronary flow regulation in the chronic state. These
chronic adaptive responses undoubtedly interact with the known abnormalities in coronary
circulatory control that impact vascular reactivity and endothelium-dependent vasodilation
arising from accompanying risk factors for coronary disease such as diabetes, hypertension
and hypercholesterolemia. Understanding the interrelation among these chronic modulators
of vascular tone and function will be a fruitful area to pursue further preclinical and clinical
investigation.
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Highlights

• Subendocardial perfusion and function are closely coupled during acute
ischemia.

• Reperfusion after reversible ischemia is accompanied by acute stunning that
normalizes spontaneously.

• Chronic contractile dysfunction progresses from chronic stunning to hibernating
myocardium.

• Myocyte loss, hypertrophy and protein expression distinguish chronic stunning
from hibernation.

• Structural vascular alterations from chronic ischemia may affect coronary flow
regulation.
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Figure 1. Perfusion contraction matching during acute ischemia in normal myocardium
Relative reductions in function (wall thickening) are proportional to the relative reduction in
subendocardial flow measured with microspheres in conscious dogs. This relationship is
maintained during steady-state increases in myocardial work load over a wide range of heart
rates during autoregulation (A) as well as during exercise with a fixed coronary stenosis (B).
Medical interventions that ameliorate ischemia improve both subendocardial flow and wall
thickening during exercise. HR - heart rate. (A modified from Canty et al [14, 17]; B
modified from Matsuzaki et al. [62])
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Figure 2. Stunned myocardium
(A) Myocardial stunning following a 15-minute total occlusion (OCCL). Wall thickening
(WT) measured by ultrasonic crystals becomes dyskinetic, with systolic thinning. Upon
reperfusion (R), function slowly improves and is completely normal after 24-hours. B,
Myocardial stunning following a prolonged partial occlusion. During acute ischemia
(circles), there is “short-term hibernation” reflecting an acute match between reduced flow,
wall thickening, and metabolism. With reperfusion (squares), wall thickening remains
depressed and gradually returns to normal after 1 week. LVP - left ventricular pressure. (A
modified from Heyndrickx, et al. [21]; B modified from Matsuzaki M, et al. [25])
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Figure 3. Metabolic matching during short-term hibernation
During moderate ischemia, reductions in contractile function are accompanied by
adaptations in myocardial energy metabolism. These are characterized by an initial fall in
creatine phosphate (PCr) and ATP. The transmural metabolite changes are greatest in the
subendocardium (squares) reflecting the transmural variations in flow. With persistent
ischemia, metabolism stabilizes with a regeneration of creatine phosphate that prevents
further ATP depletion. While not shown, tissue lactate is transiently increased but
normalizes with persistent ischemia. Adapted from Pantely et al. [26], and republished with
permission of the American Heart Association, Inc.
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Figure 4. Physiological progression from chronically stunned to hibernating myocardium in
swine
Transmural microsphere flow measurements from pigs instrumented with a progressive
LAD stenosis at rest and during adenosine vasodilation are shown along with transmural
variations in 18FDG uptake (fasting conditions) obtained by ex vivo counting. Angiographic
stenosis severity and anterior wall motion score (3 normal, 2 mild hypokinesis, 1 severe
hypokinesis) at each time point are summarized below the graphs. As stenosis severity
increases over time, vasodilated flow (adenosine) to the LAD region progressively falls,
reflecting a functionally significant coronary lesion. Initially (1- and 2-months after
instrumentation), anterior hypokinesis develops with normal resting flow consistent with
chronically stunned myocardium. After 3-months, there is total occlusion with collateral-
dependent myocardium and a critical impairment in coronary flow reserve. At this time,
resting flow to the inner 2/3 of the LAD myocardium becomes reduced as compared to
normally perfused remote myocardium and consistent with hibernating myocardium. The
progression of abnormalities demonstrates that chronic stunning precedes the development
of hibernating myocardium. In contrast to short-term hibernation resulting from primary
reductions in coronary flow, the reduction in resting flow is a consequence, rather than cause
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of the contractile dysfunction in chronic hibernating myocardium (modified from
Fallavollita et al. [39] with permission of the American Heart Association, Inc.).

Canty and Suzuki Page 16

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Accelerated progression from stunned to hibernating myocardium by limiting
reperfusion with a critical stenosis after a period of short-term hibernation in swine
Chronically instrumented swine were subjected to moderate ischemia for 15-minutes. In
contrast to full reperfusion, regional LAD wall-thickening remained depressed after 24-
hours when the coronary reactive hyperemic (RH) response was limited. When a acute
critical stenosis was maintained during the subsequent 2-weeks, there was a progressive
decline in function that was followed by a reduction in resting flow. The physiological and
molecular changes were similar to pigs with hibernating myocardium that developed over 3-
months. These results indicate that the physiological significance of a coronary stenosis (and
spontaneous ischemia) rather than time is the major determinant of the progression from
chronically stunned to hibernating myocardium. Moreover, this is accelerated by an abrupt
increase in stenosis severity similar to that seen in patients presenting with an acute coronary
syndrome. Republished from Thomas, et al. [24].
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Figure 6. Myocyte cellular changes in swine with hibernating myocardium in the absence of
heart failure
Swine with hibernating myocardium from a chronic LAD occlusion and collateral-
dependent myocardium without infarction or heart failure develop an adapted phenotype.
Like findings in humans, there is increased reticular connective tissue which is only ~2%
greater than values in the remote normally perfused region (left column). While hearts
appear grossly normal there is myocyte cellular hypertrophy in the hibernating region
(second column) which reflects the consequences of apoptosis induced myocyte loss. The
electron microscopic characteristics of hibernating myocardium are similar to humans with
an adapted phenotype and demonstrate myofibrillar loss (Myolysis), numerous small
mitochondria and increased glycogen content (right column). Interestingly, biopsies of
remote, normally perfused segments from animals with an LAD occlusion show similar
morphological changes. These data indicate that the “cellular hibernating phenotype” is not
directly related to ischemia nor is it the cause of regional contractile dysfunction. Adapted
from Canty [1].
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Figure 7. Mitochondrial protein remodeling in animals with persistent hibernating myocardium
Proteomic profiling of animals with hibernating myocardium demonstrate a downregulation
in mitochondrial proteins including some of the entry points to oxidative metabolism and
selected components of the electron transport chain. These changes do not reflect
mitochondrial loss or increased connective tissue. Like the physiological changes, most of
the mitochondrial proteomic changes persisted in animals with hibernating myocardium that
were studied 5-months after instrumentation. Exceptions included long chain Acyl-CoA
dehydrogenase and the ATP synthase-β-chain which tended to normalize. While not shown,
increases in stress proteins remained persistently elevated but increases in cytoskeletal
proteins normalized in animals with longer term hibernation (5-months). Adapted from Page
et al. [51] and republished with permission of the American Heart Association.
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Figure 8. Protection of hibernating myocardium from acute demand-induced stunning following
transient increases in demand during epinephrine infusion
LAD systolic wall thickening in animals with a critical stenosis and hibernating myocardium
(n=9) were compared to normal myocardium subjected to an acute flow-limiting stenosis
(n=3) on the LAD and non-stenotic controls (n=7). Hemodynamic changes were similar
among groups. While LAD wall thickening was depressed in pigs with hibernating
myocardium (right graph), it increased during β-adrenergic stimulation and returned to the
identical depressed baseline level 15-minutes into recovery. The same transient increase and
return to normal was also found in shams not subjected to acute ischemia (left graph). In
contrast, animals instrumented with an acute critical stenosis that prevented flow from
increasing during vasodilation developed contractile dysfunction during epinephrine induced
increases in demand indicative of acute ischemia. In addition, in normal myocardium
regional function remained depressed 15-minutes into recovery indicative of acute stunning.
These results indicate that pigs with chronic hibernating myocardium develop protection
against acute myocardial stunning. Adapted from Hu, et al. [50] and reprinted with
permission.
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Figure 9. Variability of Myocardial Flow-function relations in the absence of increased coronary
flow in pigs with chronic hibernating myocardium
Relative wall thickening reductions in hibernating LAD regions vs. remote myocardium
(%LADWT/%RemoteWT) vs. the relative reduction in resting subendocardial flow (LAD/
Remote). The dashed line indicates a 1:1 relation between subendocardial flow and wall
thickening reductions. In hibernating LAD regions, resting function was reduced more than
subendocardial flow. Both adenoviral gene transfer of FGF-5 (fibroblast growth factor 5)
and the HMG-Co-A reductase inhibitor pravastatin increased function with no change in
resting flow or change in flow during pharmacological vasodilation (data not shown). These
functional changes were accompanied by evidence of myocyte proliferation as reflected by
Ki67 staining and, in the case of pravastatin, an increase in myocyte nuclear density. These
data demonstrate alterations in the resting flow-function relation in hibernating myocardium
that are accompanied by interventions that alter myocyte proliferation but have no effect on
resting or maximal perfusion. (Data from Suzuki, et al. [52, 53]).
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Figure 10. Structural and Functional remodeling of coronary resistance arterioles in hibernating
myocardium
Panels A, B and C depict mild, moderate and severe vascular wall hypertrophy from
arterioles in chronically instrumented swine subjected to 4-weeks of a severe coronary artery
stenosis (Modified from Hong, et al. [58]). Lower graphs demonstrate arteriolar functional
responses in vessels isolated from swine with chronic hibernating myocardium (Modified
from Sorop, et al. [59]). While endothelium-dependent bradykinin-induced arteriolar
vasodilation and passive vasodilation to nitroprusside (SNP) were normal (panels D and E),
the constrictor response to endothelin was accentuated in vessels isolated from pigs with
hibernating myocardium. This was also accompanied by an increase in circulating
endothelin levels and an attenuated myogenic response in vitro. Collectively, these results
demonstrate that viable chronically dysfunctional myocardium may have alterations in
resistance artery control that may increase vascular tone and minimal coronary resistance.
Modified and republished with permission of the American Heart Association.
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