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Abstract

Heart mitochondria, which, depending on their location within cardiomyofibers, are classified as
either subsarcolemmal or interfibrillar, are the major sources of the high-energy compound,
adenosine triphosphate. Physiological differences between these two populations are reflected by
differences in the morphology of their cristae, with those of subsarcolemmal mitochondria being
mostly lamelliform, and those of interfibrillar mitochondria being mostly tubular. What
determines the configuration of cristae, not only in cardiac mitochondria but in mitochondria in
general, is unclear. The morphology of cardiac mitochondria, as well as their physiology, is
responsive to the exigencies posed by a large variety of pathological situations. Giant cardiac
mitochondria make an appearance in certain types of cardiomyopathy and as a result of dietary,
pharmacological, and toxicological manipulation; such megamitochondria probably arise by a
combination of fusion and true growth. Some of these enlarged organelles occasionally contain a
membrane-bound deposit of B-glycogen. Those giant mitochondria induced by experimental
treatment usually can be restored to normal dimensions simply by supplying the missing nutrient
or by deleting the noxious substance. In some conditions, such as endurance training and ischemia,
the mitochondrial matrices become pale. Dense rods or plates are present in the outer compartment
of mitochondria under certain conditions. Biochemical alterations in cardiac mitochondria appear
to be important in heart failure. In aging, only interfibrillar mitochondria exhibit such changes,
with the subsarcolemmal mitochondria unaffected. In certain heart afflictions, biochemical defects
are not accompanied by obvious morphological transformations. Mitochondria clearly play a
cardinal role in homeostasis of the heart.
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EXPLANATION OF FIGURES
Note: In each micrograph (with the exception of Fig 1B), the scale line equals 1 um; in Fig. 1A, the scale line equals 0.5 pm.
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1. Introduction

Over the course of an average human life, the heart, beating at a rate of 72 beats per minute,
will contract ~2.5 billion times. The energy for this Herculean task is furnished by the
cardiac mitochondria, which produce the high energy compound, adenosine triphosphate
(ATP). The heart consists principally of cardiac muscle fibers with interspersed blood
vessels. Each myofiber is composed of a series of cardiomyocytes that are joined together
end-to-end by intercalated disks to form a functional syncitium. The predominant feature of
cardiomyocytes is the contractile apparatus, which consists of thin actin filaments and thick
myosin filaments. Numerous mitochondria are situated in parallel, longitudinal rows trapped
within the contractile apparatus and in monolayers or clusters immediately beneath the
sarcolemma. In 1978, Bakeeva et al. described what they termed a mitochondrial reticulum
in rat skeletal muscle fibers. Although the mitochondrial constituents of this framework
retained their individuality, their close end-to-end juxtaposition [where there are special
contact devices (Bakeeva et al., 1983)] gave the impression that the reticulum consisted of a
single, continuous organelle. Unfortunately, this misinterpretation has gained widespread
currency and has been applied by some workers to the mitochondrial situation in
cardiomyocytes. In needs to be emphasized that, irrespective of their propinquity, cardiac
mitochondria are not part of a continuous scaffold, but are single entities.

2. Mitochondrial morphology

In general, cardiac mitochondria observed by conventional transmission electron
microscopy (TEM) are elliptical, with numerous transverse cristae, which generally are
either lamelliform (Fig. 1a) or tubular (Fig 1b). In some skeletal (Luft et al., 1962) or cardiac
(Fawecett and McNutt, 1969) muscle mitochondria, the latter may exhibit numerous sharp
angulations. Small dense granules that are deposits of divalent cations are present in the
mitochondrial matrix.

Because there are great difficulties associated with obtaining samples of human heart in a
fresh condition, the forgoing transmission electron microscopy (TEM) description is based
mainly on animal hearts, and much of the data presented here are based on experimental
animals. Because hearts perform basically the same function with little variation throughout
the Mammalia, non-human mammals can be useful in elucidating the dynamics of the
human heart.

2.1. High resolution scanning electron microscopy

High resolution scanning electron microscopy (HRSEM) of transected extracted
mitochondria yields three-dimensional images of these organelles. Conventional SEM
normally yields only surface images of cellular components. Using a method greatly
modernized by Riva et al. (1999), the interior of cytoplasmic organelles becomes available
for inspection. In brief, tissue samples are lightly fixed, embedded in agar, sectioned at ~100
um, and subjected to prolonged exposure to osmium tetroxide. Organelles, especially
mitochondria, that have been transected during sectioning, are emptied (extracted) of all
matrical material, leaving their membranes behind in their original configuration. After
critical point-drying and sputter-coating, the membranous structure of the cytoplasmic
organelles in a plethora of cells becomes an open book to HRSEM (Fig. 2). Using this
methodology, it becomes apparent that the cristae in subsarcolemmal mitochondria (SSM)
are lamelliform, whereas those in interfibrillar mitochondria (IFM) are tubular (Riva et al.,
2005). These designations— SSM and IFM-are based on the spatial relationship of the
mitochondria to the sarcolemma (Figs. 3—-6). Those in contact with the sarcolemma are the
SSM (Fig. 5); those situated deeper in the cell without obvious contact with the plasma
membrane are designated IFM (Fig. 6). This difference in crista morphology is not simply
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topological, but it appears to have a metabolic underpinning since these two populations
possess somewhat different functional properties, i.e., rate of oxidative phosphorylation and
enzymatic activity (Palmer et al., 1977). Over and above differences in the structure of
cristae per se, immunoelectron microscopic studies by Vogel et al. (2006) have shown a
heterogeneous distribution of various mitochondrial proteins, that is, particular proteins may
predominate at specific locations—cristae versus inner boundary membranes—reflecting
site-related physiological functions.

In addition to the two distinctly different types of cardiac mitochondria in terms of crista
structure, there always are in hearts of diverse origins some organelles in both populations
that feature both tubular and lamelliform crista, or tubular cristae that form a lattice that
often includes a lamelliform segment (Fig. 2); these we designate as mixed.

2.2. High voltage electron microscopy-tomography

Another methodology for determining the internal structure of mitochondria involves
combining high voltage electron microscopy of relatively thick sections with computer-
based tomography to yield three-dimensional reconstructions of these organelles (Perkins et
al., 1997; Manella, 2006). Once completed, such computer reconstructions can be
manipulated in space and optically sectioned in any desired plane. A major contribution of
this technique is that it has called attention to the previously described (by TEM) but
virtually ignored tubular connections of lamelliform cristae to the boundary membrane of
mitochondria (Daems and Wisse, 1966). These crista junctions, as they are now known,
might play a controlling role in molecular traffic into and out of the cristae. Although this
particular methodology is limited in terms of number of mitochondria that are reconstructed
for a specific study (in contrast to HRSEM, where literally thousands of organelles can be
surveyed) and seems to be restricted to mitochondria of mundane shape, i.e., globular or
ovoid, it provides great insight into the internal three-dimensional architecture of individual
organelles.

3. Isolated mitochondria

Most of what is known about the functional dynamics of cardiac mitochondria is based on
isolated organelles. When cardiac mitochondria are isolated, they retain their essential
features although they tend to become globular, but the orientation of their cristae remains
largely unaltered (Fig. 7). This circumstance permits the ready distinction of the two
populations of cardiac mitochondria, wherein isolated SSM have lamelliform cristae (Fig. 8)
and IFM have tubular cristae (Fig. 9) (Riva et al., 2005). The biochemical differences
between these two sets of cardiac organelles are quantitative, rather than qualitative. It is
true that isolated mitochondria can no longer interact with their cytoplasmic cohorts.
However, no data are available to explicate such functional perturbations of isolated cardiac
mitochondria.

In general, isolated mitochondria are the predominant generators of ATP, using fatty acids
and pyruvate as their initial substrates. Fatty acids are the preferred fuel for mitochondrial
respiration and account for 60-90% of energy production, with glucose oxidation making up
10-40% (Neely and Morgan, 1974). The tricarboxylic acid (TCA) cycle resides in the
mitochondrial matrix, where it is anchored to the inner membrane via succinate
dehydrogenase. The intermembrane creatine phosphokinase uses ATP and creatine to form
ADP and creatine phosphate; the latter is the major storage form of high energy phosphate in
the heart; the resultant ADP is available for recycling into ATP. Calcium, a major
intracellular metabolic signal, is reversibly sequestered by mitochondria, playing a role in
stimulation of the tricarboxylate cycle in the mitochondrial matrix. In heart, the handling of
calcium between the two populations of mitochondria is different (Palmer et al., 1986). In
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SSM, the capacity for calcium uptake is less than that of IFM, leading to release of
cytochrome c from only SSM. This release is now known to involve the mitochondrial
permeability transition pore, and is a prelude to apoptosis (Kroemer, 2003).

4. Mitochondrial pathology

Mitochondrial structure is highly responsive to changes in the homeostatic status of almost
any cell type. Pathological alteration of virtually all non-mitochondrial cellular
compartments usually is accompanied by changes in mitochondrial morphology. Such
changes are even more apparent when mitochondria are the direct targets of such pathology.
This is the case for cardiac mitochondria. These morphological transformations include, but
are not limited to: giantism; swelling; distortion of their three-dimensional configuration;
loss of cristae; reorientation of cristae; change in shape of cristae; dense rods in their outer
compartment; vacuoles or crystalloids in their inner or outer compartment; and marked
decreases in the density of their inner compartment. Some of these mitochondrial
perturbations as they apply to cardiomyocytes are described in the following section.

4.1. Megamitochondria

Giant mitochondria (megamitochondria) have been described in a number of human
cardiomyopathies—in one study (Arbustini et al., 1998), enlarged mitochondria were
observed in 85 out of 601 (~14%) cases. Electron microscopy of other cases has revealed
megamitochondria of ~30 um, where a single organelle equals many sarcomeres in length
(Kraus and Cain, 1980). Although in many instances their cristae show their usual transverse
orientation, in some megamitochondria the cristae are configured in whorls and curlicues,
sometimes in a paracrystalline tubular array (Tandler et al., 2002).

Marked increases in mitochondrial size probably are the result of a two-fold process: growth
of individual organelles or fusion of abutting mitochondria or some combination of the two.
(Of course, an alternative possibility is that superannuated mitochondria are destroyed by
autophagy and are then replaced by de novo synthesis of new, very large mitochondria.
However, no sign of enhanced autophagy is present in the affected cardiomyocytes.)

In animals, the formation of stacks of cristae in certain megamitochondria is evidence that
such organelles are still capable of synthesis of membrane protein, hence growth (Kraus and
Cain, 1980). That mitochondria have the ability to fuse with one another even under
physiological conditions has long been recognized (Tandler and Hoppel, 1972b). Clearly,
pathologically instigated end-to-end fusion of cardiac mitochondria could result in
megamitochondria.

With study of mitochondrial fusion in a variety of cell types, a general mechanism for this
process has emerged that involves outer membrane proteins, namely, mitofusins. When
these proteins on one mitochondrion contact similar proteins on a neighboring organelle,
they bind together to tether their host organelles to one another, a prelude to fusion (Chan,
2006). Another protein, OPA1, also is essential for mitochondrial fusion, especially for the
step that involves the inner membrane (Chan, 2006). However, the precise mechanism
whereby membranes on the conjoined mitochondria meld together remains undetermined in
cells of mammalian origin. This is one of the several lacunae in the mammalian
mitochondria fusion story, as pointed out in reviews by Chan (2006) and by Detmer and
Chan (2007).

In the rat heart, mitochondrial proteins have a half-life of 5.6 (Gross, 1971) to 6.2 days
(Aschenbrenner et al., 1970). If these proteins are true indicators of mitochondrial half-life,
then these organelles have a high turnover rate, which must involve mitochondrial fission
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(Tandler and Hoppel, 1972a). Interference with such a division process would of necessity
result in enlarged mitochondria as these organelles continue to grow. The morphological
steps in mitochondrial division originally were determined by studying the recovery process
of giant mitochondria induced by dietary, pharmacological, or toxicological means. In the
first such study, hepatic megamitochondria resulting trom ariboflavinosis were restored to
normal size within 48 hours of administration of exogenous riboflavin (Tandler et al., 1969).
This normalization was brought about by the elongation of a single crista to partition off a
portion of the enlarged organelle equivalent to a typical hepatic mitochondrion, followed by
ingrowth of the outer membrane in the manner of a closing iris diaphragm. The completion
of the outer membrane incursions led to the separation of the small daughter mitochondria
from their giant “parent” organelles. This process is repeated many times over until all of the
mitochondria are restored to normal dimensions. A similar fission sequence was later
demonstrated by Larsen (1970) to take place with great frequency in normal-sized
mitochondria in the regenerating fat body of the skipper butterfly, an indication of the
ubiquity of this cleavage phenomenon.

Because of the aforementioned relatively short half-life of cardiac mitochondria, these
organelles also go through a self-replicative process to maintain their numbers at a requisite
level. The fission phenomenon of cardiac mitochondria can be enhanced in frequency by
external forces—administration to mice of the copper-chelating agent, cuprizone, results in a
significant increase in cardiac mitochondrial number. Copper deficiency in general results in
cardiac hypertrophy with a dramatic increase in mitochondria, possibly as a compensatory
mechanism for a reduction in cytochrome c oxidase and ATP synthase (Medeiros and
Jennings, 2002). With cuprizone, this increase is characterized by the appearance of
numerous partitioned mitochondria (Tandler and Hoppel, 1972a). An interesting quirk of
these dividing cardiac organelles is that the two sets of cristae on opposite sides of the
partition are oriented perpendicular to each other, so that if these internal membranes on one
side of the partition are seen in profile, the other set is seen en face.

In addition to its cardiac effects, dietary cuprizone also elicits the formation of hepatic
megamitochondria (Tandler and Hoppel, 1973). Deletion of this agent from the diet results
in an extraordinarily rapid (7-9 hours) recovery (in terms of size) of these organelles.
Partitions are not involved in this recovery. Instead, the giant mitochondria undergo medial
attenuation, becoming thinner and thinner until membranes from opposite sides meet and
fuse, liberating two smaller daughter mitochondria. As is the case with partitioned
megamitochondria, repetition of this bisection process quickly results in size normalization
of the hepatocyte mitochondrial population. Thus, there appears to exist two different
morphological pathways for mitochondrial division. The selection of which pathway will be
operative is under the control of an unknown factor. The medial attenuation pathway of
mitochondrial division fits the molecular model based on yeast studies, as proposed by Chan
(2006). This model supposes that a necklace of a dynamin-related protein (Drpl) encircles a
mitochondrion and by constricting ultimately separates the organelle into two smaller
versions of itself. Clearly, much remains to be elucidated concerning the molecular
mechanisms of mitochondrial division.

4.2. Mitochondrial glycogen

A rather consistent occurrence in cardiac megamitochondria is inclusions of B-glycogen
(monoparticulate). According to Kraus and Cain (1980), such inclusions are due to the
accidental entrapment of cytosolic glycogen during the enlargement process (obviously
meaning by fusion—ed. note). If this were the case, then the deposits of glycogen should be
enclosed in a double membrane representing the two limiting membranes of an involved
mitochondrion—instead, they are delimited by just one membrane, indicating that they are
ensconced in the mitochondrial outer compartment. Buja et al. (1972) encountered

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 November 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoppel et al.

Page 6

intramitochondrial B-glycogen deposits in cardiomyocytes of dogs exposed to 2—4 weeks of
normothermic anoxic cardiac arrest. They propose several mechanisms for the
intramitochondrial formation of glycogen, including the notion that solubilized enzymes of
glycogen synthesis diffuse into the mitochondria, ultimately leading to glycogen formation.
It should be noted that intramitochondrial glycogen is not the exclusive province of cardiac
mitochondria -- such inclusions were first reported to occur in mitochondria of the oncocytes
of Warthin’s tumor (Tandler and Shipkey, 1964) and of oncocytomas [where they may be
composed of a-glycogen (clustered particles) as well as B-glycogen (monoparticulate)]
(Tandler et al., 1970) and in hepatic mitochondria of mice subjected to dietary (Tandler et
al., 1968) or pharmacological (Walter et al., 1980) manipulation.

4.3. Endurance training

In the course of enlargement brought about by endurance training of rats, cristae in giant
mitochondria are disorganized and reduced in number, with a concomitant loss of matrix
density (Coleman et al., 1987). Although there are no direct measurements of mitochondrial
function in hearts from endurance-trained human beings, certain physiological parameters
dealing with this organ have been examined. Such training leads to hearts that have an
enhanced stroke volume and cardiac output, indicating an enlargement of the heart itself. As
is the case with copper deficiency, this enlargement may have been brought about by an
increase in mitochondrial number, or, alternatively, by a marked increase in
megamitochondria. Administration of cobalt to dogs leads to extreme swelling of cardiac
mitochondria with attendant matrix rarefaction accompanied by loss of cristae (Sandusky et
al., 1981). A similar reduction of matrix density is brought about in rat normal-sized cardiac
mitochondria by ischemia (Lesnefsky et al., 2004).

4.4. Ischemic mitochondrial damage

Human hearts respond to ischemia with a series of degenerative events, some involving
mitochondria, ultimately resulting in cell death via apoptosis and necrosis. Although it was
originally thought that it was during reperfusion that mitochondria suffered their major
damage, recent studies in rats have shown that it actually is during ischemia that injury to
both SSM and IFM takes place. In marked contrast, ischemia of rabbit heart does not result
in a reduction of matrix density of cardiac mitochondria and the induced mitochondrial
injury (decreased oxidative phosphorylation through cytochrome oxidase) affects only the
SSM, not the IFM (Lesnefsky et al., 1997); with prolongation of the ischemic period, the
biochemical damage (cardiolipin and cytochrome ¢ reduction) incurred by these organelles
progressively increases.

In rabbits, this ischemic progression occurs only in SSM -- neither these nor IFM exhibit
any reduction in matrix density. Irrespective of species or type of cardiac mitochondria,
there is early in ischemia a reversible reduction in ANT and ATPase (complex V), followed
by a loss of activity of complexes 111 and IV — the net result is that oxidative
phosphorylation is significantly impaired (Lesnefsky et al., 2001). The loss of cytochrome ¢
signals a point of no return from ischemia — once past, these biochemical impairments are
irreversible. If reperfusion is initiated before this juncture, the opening of the mitochondrial
permeability transition pore in cardiac mitochondria exacerbates the mitochondrial damage
(Halestrap, 2006; Honda and Ping, 2006).

4.5. Intramitochondrial rods and crystalloids

Dense rods (more probably narrow plates) originally were reported to occur in beef heart
mitochondria (Hall and Crane, 1970, 1971). These were described as occurring within
cristae, but subsequent studies of heart ultrastructure in many other species revealed that
such rods occurred not only within cristae, but in the outer compartment in general. Because
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these structures have not to our knowledge been observed in hearts that were fixed by
vascular perfusion, the rods may be an artifact engendered by the delay (and resultant
hypoxia) inherent in immersion fixation. Their number increases if the ablated heart is
cooled on ice for one hour (Saito et al., 1974). The increased presence of such rods in
isolated heart mitochondria probably is due to the lack of oxygenation during the extended
time required for their preparation. Because rods were not present in the mitochondria of
freeze-dried myocardial cells but appeared after conventional fixation and dehydration,
Heine and Schaeg (1979) concluded that they were artifacts of processing. It should be
noted, however, that their freeze-drying technique completely effaced the outer
compartment and its intracristal spaces, which could have affected rods that were there in
the first place. The composition of these rods is completely unknown but they appear to
have little or no influence on mitochondrial performance (Saito et al., 1974).

Paracrystalline plate-like inclusions, which in profile appear as rods, are engendered in giant
mitochondria of creatine-free cultured cardiomyocytes (Eppenberger-Eberhardt et al., 1991).
Similar intramitochondrial inclusions have been experimentally induced in rat skeletal
muscle (O’Gorman et al., 1997) where octamers of creatine kinase appear to be their
principal, if not sole, constituent (Stadhouders et al., 1994). Compared to controls, the
mitochondria in such experimental muscles had slower rates of state 4 and of maximal state
3 respiration (O’Gorman et al., 1997). The three-dimensional structure of intramitochondrial
crystalloids in human mitochondrial myopathies has been examined by conventional
electron microscopy by high angle tilting of thin sections and by using freeze-fracture
techniques (Mukherjee et al., 1986). The crystalloids consist of planar arrays of 8 nm
particles. Like the case of rods, the pathophysiological significance of these structures
remains undetermined.

4.6 Cardiomyopathy

Strong evidence for the differences between the two populations of mitochondria in the heart
is provided by a strain of hamsters (B1014.6) with congenital dystrophic myopathy that
evolves into cardiomyopathy. Approximately four months postnatally, these hamsters
develop a mitochondrial defect in the heart (Hoppel et al., 1982). This defect is restricted to
the IFM, in which oxidative phosphorylation falls 40-50%. In contrast, oxidative
phosphorylation in SSM is unaffected.

Heart failure is the inability of the heart to carry out its canonical pumping function. In this
section, we will deal with only the energetic components of the pumping process, leaving
the contractile apparatus to more qualified investigators. A Focus Article in the New
England Journal of Medicine (Neubauer, 2007)) placed the defect in heart failure squarely in
the province of mitochondrial dysfunction, a sentiment echoed by Marin-Garcia and
Goldenthal (2008). Although studies of human heart are relatively few in number, most
publications strongly support this supposition.

Sixty-six endocardial biopsies obtained from 48 patients with cardiomyopathy (a form of
heart failure) showed variable cellular architecture that often involved mitochondria
(Baandrup et al., 1981). In some cells, mitochondrial alterations included a striking increase
in number, rarefaction of their matrices, and occasional giant mitochondria. Initial
biochemical studies relied entirely on tissue homogenates of explanted hearts, but did not
make use of isolated mitochondria. Such homogenates revealed a significant decrease in
creatine and creatine phosphate, suggesting a depletion of energetic reserves (Kalsi et al.,
1999). Coupled with a decrease in citrate synthase (a mitochondrial marker enzyme)
content, the foregoing observations point to a loss of mitochondria as the basis for the
bioenergetic decrements. Further studies by Jarreta et al. (2000) of homogenates of human
hearts from patients with idiopathic and ischemic dilated cardiomyopathy found a decrease
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in mitochondrial electron transport chain complex Il activity. These workers concluded that
the mitochondrial respiratory chain dysfunction is secondary to the heart failure and not a
primary mitochondrial disease. Using similar heart preparations, Quigley et al. (2000) -- in
contrast to Jarreta et al. (2000) -- found decreased tissue citrate synthase activity, indicating
decreased mitochondrial content, a finding consonant with that of Kalsi et al. (1999). In
addition, Quigley et al. (2000) employed isolated mitochondria, which were found to have a
decreased ratio of cytochrome c oxidase/citrate synthase activity. They concluded that, in
humans, the slowing of ATP production by mitochondria might be a key factor in cardiac
ventricular dysfunction.

Dorner et al. (2006) subsequently studied the kinetics of ANT isoforms in dilated
cardiomyopathy and found a switch in the two isoforms present in this pathological
condition. This switch limits entry of ADP into mitochondria so that ATP formation is
slowed. This finding applied exclusively to dilated cardiomyopathy and not to other forms
of the disease.

Sharov et al. (2000), using permeabilized fibers from myocardium of patients in heart
failure, found that oxidative phosphorylation was, on the average, approximately halved.
Both idiopathic and ischemic heart failure gave the same results.

In order to determine the precise role of mitochondria in heart failure, Sabbah et al. (1991)
developed a canine model of heart failure. The model is based on repeated intracoronary
injection of microspheres, producing microembolization of the ventricles, and leading to
chronic heart failure (Sabbah, 1991, 1992). In this model, the number of mitochondria per
unit volume increased, but these organelles were smaller than conventional ones.
Mitochondrial abnormalities included loss of matrix density and the appearance of
intraorganelle myelin figures. Using skinned fibers from dog heart, Sharov et al. (1998)
obtained results similar to those from skinned fibers of human origin supporting the
usefulness of the dog model as a surrogate for human heart.

A further advance in elucidating the role of mitochondria in heart failure was achieved by
the isolation of these organelles from the aforementioned dog heart model (Rosca et al,
2008). Both SSM and IFM had a 50% reduction in oxidative phosphorylation without a
decrease in the activity of the ETC complexes. This seemingly contradictory finding is
explainable by a decrease in the proposed functional supercomplexes, namely, respirasomes.
The latter are assemblages of complex I, the dimer of complex I11, and from one to four
copies of complex 1V (Schagger, 2001). This structural unit is believed to facilitate and
coordinate electron transfer in the most efficient way possible. When all is said and done, it
appears that mitochondria are pivotal structures in heart failure and that further detailed
information on their structure and function will provide greater insight into the human
scourge of heart failure.

Although strictly speaking aging is not a disease, it does have profound effects on cardiac
mitochondrial performance. All things being equal, older hearts are less amenable to therapy
than are hearts in younger individuals. Although the source(s) of this phenomenon is(are)
not immediately apparent, the mitochondrial theory of aging (reviewed by Lesnefsky and
Hoppel, 2006), which is steadily gaining acceptance, suggests that mitochondria in older
hearts could be the origin of waning cardiac capacity. Here again, studies in this regard
require laboratory animals. There is very little evidence that mitochondria increase to giant
size in cells of aging mammals and when it does occur, only in hepatocytes. A study by
Sohal (1970) showed enlarged mitochondria in cardiomyocytes in Drosophila, but this study
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is based on a short-lived invertebrate. What relationship such a finding has to mammalian
heart cells is unclear.

Experimental studies in both adult and aged rats highlighted the significance of the two
populations of mitochondria in cardiomyocytes (Fannin et al., 1999). Although SSM remain
at adult levels of activity, the IFM of hearts from aged rats show a marked decrease both in
number and in certain functional activities. The latter include state 3 respiration (oxidative
phosphorylation) and complexes 111 and 1V activity. These functional changes take place in
the absence of structural alterations in the affected organelles.

Another arena in which aging may have cardiac effects is in ischemia (Lesnefsky and
Hoppel, 2003). We previously described the effects of ischemia on cardiac mitochondrial
function. These effects are exaggerated in older individuals. Here again, the SSM sustain a
degree of damage comparable to those in adults, whereas in IFM ischemia elicits a degree of
damage over and above that produced by aging alone. We postulate that this additive
phenomenon is responsible for the increased cardiac damage following ischemia in elderly
patients compared to adults.

These mitochondrial findings relative to ischemia and aging have practical implications for
human patients. If the changes in IFM that accompany aging can be outweighed by
induction of new, pristine components of the affected complexes, then the ischemia that
accompanies heart attacks would have less dire consequences. This has been accomplished
in rats through the prophylactic use of acetylcarnitine (Lesnefsky et al., 2006). If this
therapeutic regimen (with appropriate modifications) has similar effects in human patients, it
will be a boon to mankind.

6. Conclusions

Mitochondria are the engines that drive the pumping action of the heart. Many afflictions of
the heart originate in mitochondria or have a mitochondrial component. Much of what we
know concerning myocardial pathology is based on study of laboratory animals-- this
information often is extrapolated to the human condition. What currently is lacking and is
urgently needed is direct information concerning the human heart. Biochemists need to
make use of human disposable cardiac tissue obtainable at surgery, following ethical
guidelines. Examination of such specimens will help to determine whether human cardiac
mitochondria are true simulacra of those in laboratory animals. If these human mitochondria
turn out to be identical to those in animals, especially in terms of the two populations, it
would increase confidence in the use of animals to investigate the most basic mechanisms of
cardiac mitochondrial pathology and to facilitate the design of rational therapies.

A major problem hardly touched upon by recent studies concerns the significance of crista
configuration. Why do SSM have lamelliform cristae, whereas IFM have predominately
tubular cristae? Is this disparate morphology related to mitochondrial function? Is it
connected in some fashion to respirasomes, which are components of the cristae
membranes? To take this question one step farther, how are respirasomes per se assembled
and what directs them to their final location? With questions such as these in mind, it can be
concluded that mitochondria once again have returned to the central position in heart
research that they formerly occupied.
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Fig. 1.

(A) Rat; TEM. A typical cardiac mitochondrion with lamelliform cristae showing its unit
membrane substructure to advantage. (B) Human; TEM. A cardiac mitochondrion with
apparently tubular cristae. This specimen, from the archives of the Department of Pathology,
Case Western Reserve University School of Medicine, was obtained by transjugular
bioptome; the tissue sample was from the right side of the interventricular septum.
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Fig. 2.

Human; SEM. This micrograph is included to illustrate the advantages of the technique used
by us to examine the interior of cardiac mitochondria. Three transected cardiac mitochondria
prepared by the osmium-extraction technique are shown. This methodology removes the
entire matrix, leaving the internal membranes in their pristine condition. Most of the cristae
are tubular although in two organelles such cristae combine to form a limited in extent
lamelliform crista (asterisk). This specimen, from the archives of the Department of
Cytomorphology, University of Cagliari, was obtained by needle biopsy of the left
ventricular myocardium.
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Fig. 3.

Dog; TEM. The edges of two longitudinally-sectioned, parallel cardiomyocytes separated by
areolar connective tissue that represents the combined epimysia of the respective cells. The
high degree of surface scalloping of the two cells is the result of fixative-induced
contraction. In each cardiomyocyte, the plasma membrane (sarcolemma) is underlain by a
continuous row of mitochondria, the SSM. The more interior mitochondria, which are
flanked by myofibrils, are the IFM.
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Rat; SEM. Several rows of in situ IFM have mainly lamelliform cristae.

Fig. 4.
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Fig. 5.

Rat; SEM. A transected cardiomyocyte. The sarcolemma is indicated by the arrows. The
lacunae between mitochondria were in life occupied by the contractile apparatus; the
myofibrils and myofilaments have been completely effaced by the osmium extraction step.
Although at this magnification the mitochondria appear to form a continuous network, the
fact that they are each structurally independent entities is shown in Fig. 4.
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Fig. 6.
Rat; SEM. The edge of a cardiomyocyte illustrating the intimate relationship between SSM
and the sarcolemma (arrows).
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Fig. 7.

Rat; SEM. A transected pellet of isolated cardiac mitochondria in which the internal
structure of a plethora of these organelles is obvious. Such preparations permit quantitation
with relative ease of crista configuration.
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Fig. 8.
Rat; SEM. An isolated SSM showing its complement of lamelliform cristae.
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Fig. 9.
Rat; SEM. An isolated IFM showing its tubular cristae.
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