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Abstract: Beyond their fundamental role in energy metabolism, mitochondria perform a 
great variety of other important cellular functions. However, the interplay among these 
various roles of mitochondria is still poorly understood, and the underlying mechanisms 
can be related to system level properties. Importantly, mitochondria localized in different 
regions of a cell may display different morphology, dissimilar biochemical properties, or 
may differently interact with other intracellular structures. Recent advances in live imaging 
techniques have also revealed a functional heterogeneity of mitochondria with respect to 
mitochondrial redox state, membrane potential, respiratory activity, uncoupling proteins, 
mitochondrial ROS and calcium. An important and still unresolved question is how the 
heterogeneity of mitochondrial function and the regional specializations of mitochondria 
are mechanistically realized in the cell and to what extent this could be dependent on 
environmental aspects. Distinct mitochondrial subsets may also exhibit different responses 
to substrates and inhibitors and may vary in their sensitivity to pathology, resistance to 
apoptosis, oxidative stress, thus also demonstrating heterogeneous behavior. All these 
observations strongly suggest that the intracellular position, organization and the specific 
surroundings of mitochondria within the cell define their functional features, while also 
implying that different mitochondrial subpopulations, clusters or even single 
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mitochondrion may execute diverse processes in a cell. The heterogeneity of mitochondrial 
function demonstrates an additional level of mitochondrial complexity and is a new, 
challenging area in mitochondrial research that potentially leads to the integration of 
mitochondrial bioenergetics and cell physiology with various physiological and 
pathophysiological implications. 

Keywords: Mitochondrial integration; mitochondrial morphology; mitochondrial 
membrane potential; mitochondrial specializations; subpopulations. 

 

1. Introduction 
 

Mitochondrial imaging was used intensively to analyze important functional and morphological 
characteristics of mitochondria in living cells, as well as their intracellular distribution and arrangement 
[1-6]. Recently developed methods also include: fluorescence resonance energy transfer (FRET) for 
imaging protein-protein interactions and conformational changes; recording the image data in three 
spatial dimensions over time (i.e. 4D imaging), as well as 4Pi and STED microscopy [7,8]. Various 
imaging techniques permit both spatial and temporal study of mitochondrial morphology and function. 
Confocal imaging of mitochondria in living cells of several types revealed that mitochondria can be 
either clustered or arranged in a highly organized, tissue-specific manner [9]. Several mitochondria-
specific markers or fluorescent proteins specifically targeted at mitochondria are now widely used in 
combination with high-resolution imaging techniques. Furthermore, confocal fluorescence microscopy 
distinguishes fluorescence originated from different mitochondrial subpopulations, small clusters or 
even from single mitochondrion in distinct cell regions, thus permitting quantitative analysis of the 
region-specific function of these organelles [3,5,6,10]. These imaging approaches are also most direct 
means of visualizing the intracellular heterogeneity of mitochondria and mitochondrial function. Using 
confocal fluorescent microscopy, mitochondrial heterogeneity has been demonstrated in various cell 
types [3,5,6,11-14]. Functional heterogeneity of mitochondrial membrane potentials and calcium has 
been reported for a wide spectrum of cells, including hepatocytes, HUVEC, astrocytes, HL-1 cells, 
fibroblasts, muscles and various cultured human carcinoma cells [3,12]. Also mitochondrial 
heterogeneity can be seen from their different redox states, respiratory activities, different levels of 
uncoupling proteins and mitochondrial ROS [5,6,10-14]. 

In some cells like neurons, a highly dynamic organization of mitochondrial networks can be 
achieved by these organelles moving along the cytoskeleton and attaching to the cytoskeleton using 
specific motor and connector proteins [15]. Alternatively, in adult cardiomyocytes mitochondria are 
organized in a "lattice" of parallel rows surrounding the contractile myofilaments and are rather fixed 
in their positions [16], forming a regular (crystal-like) arrangement [9]. This type of organization 
provides a bioenergetic basis for contraction and multiple interactions of mitochondria with other 
intracellular systems like the endoplasmic reticulum and the cytoskeleton (termed ICEUs), recruiting 
various cytoskeletal proteins [17-22]. Moreover, the mitochondrial interactions with cytoskeletal 
proteins (like desmin, vimentin, tubulin or plectin) can effectively modulate mitochondrial respiration 
[23-26]. Numerous recent studies show that the precise organization of mitochondria and numerous 
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interactions between these organelles and other cellular structures and systems play a fundamental role 
in mitochondria regulation in vivo in living cells [2,20-22,24,27]. All these data support the concept of 
the functioning of complex systems for energy transfer, including metabolic compartmentalization and 
coupling between enzymes and organelles, in order to achieve specific functions for particular cellular 
requirements. The challenge in bioenergetics, therefore, is to explain the roles of mitochondrial 
organization in the cell and multiple interactions of mitochondria with other intracellular systems. 
 
2. Overview of Existing Results and Their Discussion 
 
2.1. Multiple functions of mitochondria in the cell 
 

Imbalance between energy production and energy demand and a disturbance in energy transfer 
networks play an important role in various pathologies, and this complex problem is currently a 
cornerstone of intense research being conducted in several sub-specialties of physiology. Most of the 
energy (on the form of ATP) is provided in the cell by mitochondria, placing these organelles center 
stage in many aspects of cell biology and medicine. Definitely, mitochondria are now recognized not 
only as the main intracellular source of energy in the form of ATP needed for normal cell function and 
viability, but also as a major controller in many cellular pathways, performing a great variety of other 
important cell functions (Figure 1A) [28].  

 
Figure 1. Key roles of mitochondria in normal cell function (A) and injury (B). 
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These organelles regulate the cellular redox state and play very important roles in ionic regulations 

(in particular in calcium homeostasis) and in apoptosis [29,30] and can be considered an integral part 
of multiple cellular signaling and a mediator of cell communication and survival [31-35]. Mitochondria 
participate in Ca2+ signaling as a result of their close apposition to Ca2+ release (endoplasmic 
reticulum, ER [19]) and Ca2+ entry sites (plasma membrane), where microdomains with high local Ca2+ 
concentrations are formed. Moreover, mitochondria are directly involved in pathophysiological 
mechanisms of ischemia reperfusion injury, oxidative stress, preconditioning, inherited diseases, 
toxicological injury, and side-effects of pharmacological treatments. Damaged mitochondria cause 
organ injury also by several mechanisms, including the diminished cellular energy status (energy 
stress), production of reactive oxygen species (oxidative stress), disturbance of ionic balance, 
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cytochrome c release and induction of apoptosis (Figure 1B). Although many mechanisms involved in 
mitochondrial function and regulation have been studied quite extensively, the interplay among the 
different roles of mitochondria is still poorly understood. 
 
2.2. Heterogeneity of mitochondrial morphology and organization 
 

Broad variations in mitochondrial shape and morphology can be observed in various cells, but also 
within one cell, including small spheres or short rod-like shapes, long filamentous spaghetti-like 
mitochondria, together with complex, branched mitochondrial networks found for example in HL-1 
cells, human pancreatic cells, etc. [6,36]. In some cell types mitochondria exist as single and randomly 
dispersed organelles [3,9,13]. In other cells, mitochondria may also exist as dynamic networks that 
often change shape and subcellular distribution [48]. In these cells, fusion causes formation of 
mitochondrial reticulum, which may play an important role in cell physiology. Several other cell types 
like adult cardiomyocytes show functionally and structurally distinct mitochondria [3,9,12,46], which 
is also very important for the specific functions of these cells [20,21]. Significantly, mitochondrial 
dynamics (fission/fusion), which controls morphology and organization of these organelles can be 
important also for their functioning and metabolism regulation (i.e. mitochondrial shape might have 
crucial consequences for mitochondrial function) [28,58,61]. It has been shown that mitochondrial 
function is reduced in cells with deficiency of proteins responsible for mitochondrial fusion [61]. These 
cells demonstrate also cellular defects, such as reduced growth rates, reduced cellular respiration, and 
the presence of highly heterogeneous mitochondria, which may suggest adaptation to the reduction of 
mitochondrial functionality.  

Mitochondrial clustering has been reported as one specific organization in various cell types that 
may also be associated with specific cellular demands. For instance, mitochondrial clusters 
surrounding the nuclei in cardiomyocytes (Figure 2B) may serve to drive mitochondrial metabolism to 
generate ATP close to the nucleus. Such a clustering may play an important physiological role in the 
mechanisms for nuclear import [14,37]. In general, the diversity of mitochondrial shapes and 
intracellular arrangements can be explained by their highly specialized cellular functions in the cells 
with different energy demands and preferences in the type of mitochondrial substrates, but also by the 
differences in their physiological state (energy and redox states, membrane potentials and  
calcium levels). 

It is well known that the cytoskeletal proteins are absolutely crucial for mitochondrial morphology, 
motility, intracellular traffic and mitosis [17]. Mitochondria are associated with the three major 
cytoskeletal structures: microfilaments, microtubules and intermediate filaments [38,39]. In many cells 
and tissues, mitochondria typically display a subcellular distribution corresponding to that of the 
cytoskeletal network and many chemical agents that depolymerize microtubules significantly modify 
intracellular distribution of mitochondria [38,40]. However, mitochondrial interactions with the 
cytoskeleton are shown to be very important, not only for control of their morphology and 
organization, but also for their functioning. A growing body of evidence suggests that cytoskeletal 
network and specific cytoskeleton-associated proteins may interact with mitochondria to regulate 
mitochondrial respiratory function by controlling the permeability of the mitochondrial outer 
membrane to ADP. For example, experiments performed with desmin-null cardiac cells have indicated 
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that the respiratory function of mitochondria in vivo can be significantly changed in these cells [18,24]. 
Remarkably, a decrease in the maximal rate of ADP-stimulated state 3 respiration and in the apparent 
Km for ADP in desmin-null cardiac and soleus muscles was reported, although these two major 
characteristics were not changed in another type of desmin-null muscle, in the glycolytic m. 
gastrocnemius. Moreover, ultrastructural analysis of desmin-null cardiomyocytes has demonstrated 
widespread proliferation of mitochondria that was increased after work overload. Very recent evidence 
shows that another cytoskeletal protein tubulin can also control the permeability of the mitochondrial 
outer membrane [25]. The addition of dimeric tubulin induces reversible closure of the reconstituted 
voltage-dependent anion channel (VDAC). Furthermore, in the model of isolated (in vitro) 
mitochondria tubulin can restore the low permeability of the outer membrane [25], increasing apparent 
Km for ADP to the value of in situ mitochondria (found in permeabilized fibers or cells [26,41]). 
Recent findings also suggest that vimentin and plectin-1b isoform are critical for the association 
between the mitochondria and the cytoskeleton in some cells [42,43], contributing to the maintenance 
of mitochondrial morphology and intracellular organization, and potentially playing an important role 
also in the regulation of mitochondrial function. It has been shown that in oxidative muscles the 
mitochondria are organized into functional complexes with myofibrils and sarcoplasmic reticulum, 
creating intracellular energetic units (ICEUs). Within these complexes, the energy crosstalk involves 
the facilitated diffusion of ADP and metabolic channeling in the local energy transfer networks, 
including the creatine kinase and adenylate kinase systems, and thus representing the basic pattern of 
organization of energy metabolism in oxidative cells [20-22,44]. 

2.3. The connectivity of mitochondria 

The connectivity of mitochondria in living cells has been addressed in several studies using a range 
of confocal imaging techniques [3,12,16,19,45,46]. In some cells, mitochondria exist as single and 
randomly dispersed organelles. In other cells, mitochondria may also exist as dynamic networks that 
often change shape and subcellular distribution. Application of the imaging approach has revealed 
electrical connectivity of a mitochondrial network in cells like human skin fibroblasts, COS-7 cells 
[47], and neonatal rat or HL-1 cardiac myocytes [16,48]. Mitochondrial imaging and the fluorescence 
recovery after photobleaching (FRAP) technique have demonstrated the existence of an interconnected 
branched mitochondrial network also in HeLa cells [19]. Alternatively, many distinct mitochondria in 
HeLa and various other cells can be consecutively depolarized, indicating existence of electrically non-
connected mitochondria [3,12,45]. In these experiments, asynchronous depolarization events induced 
by laser irradiation clearly indicate the positions of the electrically isolated mitochondria and do not 
indicate electrical relationships between these organelles [45]. A similar phenomenon of the electrical 
discontinuity of mitochondria was found in adult cardiomyocytes [16,46]. It has been shown that laser 
irradiation resulted in the collapse of the membrane potential of distinct, separate mitochondria due to 
local ROS production and permeability transition [6,16,46,49-51]. This result evidences the presence 
of closely located but differentially energized mitochondria, which allows them to also have different 
functional properties. Therefore, in many cell types, including skeletal muscle and adult 
cardiomyocytes, mitochondria exist as functionally and structurally distinct, non-connected organelles 
[3,9,16,46], which can be important for the specific cellular functions [21]. This may have important 
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physiological consequences. For instance, depolarization and functional damage of distinct 
mitochondria under various pathological conditions will not result in a breakdown of the entire cell 
energetics. Moreover, a coupled mitochondrial network may provide a basis for Ca2+ tunneling (Ca2+ 
wave propagation), whereas mitochondrial discontinuity can prevent propagation of the Ca2+ signal and 
thus Ca2+ -mediated apoptosis.  

Interestingly, imaging analysis provided evidence that cardiac mitochondria are firmly fixed and do 
not demonstrate electrical connectivity in adult rat cardiomyocytes (see above), but are subject to very 
low-amplitude fluctuations [16] probably due to changes in the assembly of the mitochondrial cristae 
and transitions of the inner mitochondrial membrane, observed previously by electron tomography 
microscopy and considered to reflect the metabolic state of mitochondria. In contrast, HL-1 cells with 
cardiac phenotype do not exhibit the strictly regular mitochondrial distribution typical for rat cardiac 
cells. In these cells, mitochondria can be highly dynamic and motile, undergoing continual fission and 
fusion [16,36]. It can be suggested that strictly different mitochondrial dynamics in adult 
cardiomyocytes and neonatal or HL-1 cells is responsible for their remarkably different connectivity 
and functional parameters.  
 
2.4. Functional heterogeneity of mitochondria 
 

A growing body of evidence has demonstrated that mitochondria not only vary between different 
types of cells and not only display dissimilar morphology, but that mitochondria localized in specific 
regions of a single cell may have different functional properties [3,5,6,10,13,14,45,52]. In contrast to 
biochemical determination, fluorescent confocal imaging affords the unique opportunity to directly 
visualize mitochondrial function separately in various mitochondrial subpopulations, small clusters or 
even in individual mitochondria [3,5,6,13]. Moreover, this technique is the direct approach to resolve 
the heterogeneity and the complex intracellular spatiotemporal organization of the mitochondria, 
mitochondrial signals and downstream events. It has been shown that mitochondria localized in 
different cell regions can have different morphology, biochemical properties and respiratory activities, 
demonstrating clear intrinsic heterogeneity [52]. Different mitochondrial subpopulations are present in 
cells (cf. Figure 2B,C) that may be differently involved in physiological [5] and pathological processes 
[53]. Imaging techniques have established the heterogeneity of mitochondrial redox potentials in 
skeletal muscle [5] and cardiomyocytes [10] and also with respect to mitochondrial reactive oxygen 
species (ROS) levels and uncoupling proteins (e.g. UCP-3) [6,46,54]. The heterogeneity of 
mitochondrial membrane potential, which reflects the functional status of mitochondria within cells, 
was detected in cultures of various cell types under normal growth conditions, cell stresses and 
apoptosis [3,6,12,13,45,55-57]. Notably, heterogeneous membrane potential has been shown even 
within individual mitochondrial filaments [58]. The existence of mitochondrial domains of 
heterogeneous electrical and redox potentials further demonstrates the existence of complex 
mitochondrial heterogeneity maintained by yet undiscovered processes. The heterogeneity of 
mitochondrial calcium has been demonstrated in cardiac cells [59]. Also, mitochondria may consist of 
subpopulations with differential sensitivity to calcium-induced inner membrane permeability transition, 
indicating that mitochondria are heterogeneous in their response to calcium [60]. 
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Importantly, static heterogeneity of mitochondria can be distinguished from dynamic heterogeneity, 
where individual temporal behavior and dissimilar responses of mitochondria can be observed [13]. 
Distinct subsets of mitochondria can thus display different responses to substrates and inhibitors and 
vary in their sensitivity to pathology, apoptosis and oxidative stress [10,55,61]. For instance, in liver 
cells a very heterogeneous response to substrate addition was found [13]. It is known that 
mitochondrial flavoproteins are fluorescent in their oxidized state and that they initially show a 
relatively homogeneous redox state of mitochondria in hepatocytes. Strong reduction occurred in 
flavoproteins after adding substrate and resulted in a strong decline in fluorescence in almost all 
mitochondria. However, some small mitochondrial groups or individual mitochondria remained at 
almost the initial fluorescence, thus demonstrating their very different response to the substrate [13]. 
Authors suggested that this effect can not be explained by diffusion problems since “responding” and 
“non-responding” mitochondria were equally distributed in a hepatocyte irrespective of their distance 
from the cell membrane. 
 
2.5. Possible physiological roles of distinct mitochondrial subpopulations 
 

Previous findings suggest that the structural organization of the cell, as well as local energy and 
other cellular demands determine mitochondrial region-specific functional behavior, and lead to 
functional specialization of mitochondria [3,6]. Mitochondrial heterogeneity can be evident at various 
levels including specific cellular functions. Thus, different mitochondrial subpopulations, small 
clusters or even individual mitochondria may carry out diverse processes within a cell, depending on 
the particular cell-specific region and surrounding (Figure 2A). For example, the closeness of 
mitochondrial subpopulations to the plasma membrane (subsarcolemmal mitochondria, SS) (Figure 
2B) may be important for functional coupling to ATP-driven ion pumps (e.g. Ca2+ entry) [62]. 
Moreover, this subpopulation may also defend intracellular structures against the high oxygen 
concentration outside the cell, serving as a “protective barrier” [6]. Mitochondria clusters surrounding 
the nuclei (Figure 2B) may serve to drive mitochondrial metabolism to generate ATP close to the 
nucleus as has been shown for parotid acinar cells [11]. This observation is in line with the concepts of 
an integrated phosphotransfer network and energetic channeling between mitochondria and nuclei 
suggested by Dzeja et al. [37]. Perinuclear subsets (PN) can therefore play an important physiological 
role in the mechanisms driving nuclear import, as well as in regulating a variety of other  
nuclear functions. 

Monitoring of mitochondrial flavoprotein autofluorescence by confocal fluorescent imaging of 
intact or permeabilized skeletal muscle fibers (e.g. form M. soleus) indicated that different 
mitochondrial subpopulations may be highly heterogeneous with respect to their redox state (Figure 
2C). In mouse skeletal muscle, a much more strongly oxidized state of subsarcolemmal mitochondria 
as compared with intermyofibrillar mitochondria has been demonstrated [5]. This problem was also 
addressed in the studies of muscle mitochondria by FACs analysis [5]. Using the confocal imaging 
technique, a similar phenomenon was also found in rat soleus (Figure 2C) and gastrocnemius muscles, 
where a higher oxidative state of mitochondrial flavoproteins also correlated with elevated levels of 
mitochondrial calcium as evidenced from the fluorescence signal of specific calcium probe Rhod-2 [6]. 
The metabolic differences between subsarcolemmal and intermyofibrillar mitochondria may have 
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important functional and physiological consequences. Indeed, subsarcolemmal mitochondria are 
located close to the cell periphery and therefore exposed to higher oxygen levels than are other 
mitochondria inside the cell. Such localization close to the source of oxygen may explain the more 
oxidized state of this mitochondrial subset and potentially indicate a more active mitochondrial 
respiration. Subsarcolemmal mitochondria may serve as a protection barrier maintaining permissive 
levels of oxygen in the cell.  

Figure 2. (A) Mitochondria-specific function may be dependent on the particular cell-
specific region and surrounding. (B) Subsarcolemmal (SS); intermyofibrillar (IM) and 
perinuclear (PN) mitochondrial subpopulations in rat cardiomyocyte visualized by TMRM 
(0.1 μM). (C) Subsarcolemmal (arrows) and intermyofibrillar mitochondria (asterisk) in rat 
skeletal muscle (m. soleus) show very different intensity of flavoprotein autofluorescence, 
demonstrating different redox state of these subpopulations. 
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Therefore, this subsarcolemmal population of mitochondria may defend intracellular structures 

against the high oxygen concentration outside the cell and thus provide an important shielding 
mechanism against oxidative stress inside the cell. This is well consistent with the higher expression of 
uncoupling protein-3 (UCP-3) in subsarcolemmal mitochondria as compared with the intermyofibrillar 
subpopulation [54]. Increasing evidence indicates that mitochondrial uncoupling proteins (including 
UCP-3) play a central role in the regulation of mitochondrial ROS production by decreasing 
mitochondrial membrane potential (“mild uncoupling”) [63,64]. The formation of ROS is a function of 
surrounding oxygen concentration [65]. A higher content of UCP-3 may therefore compensate ROS 
overproduction as a result of the greater oxygen level near the cell membrane. On the other hand, a 
lower UCP-3 level may maintain more efficient ATP synthesis close to the myofibrils necessary for 
contraction. These data are in line with other reports, demonstrating that subsarcolemmal mitochondria 
exhibit a lesser degree of coupling and show significantly less oxidative damage, most probably due to 
a negative feedback mechanism with involvement of active UCP-3 [66]. The exposure to higher 
oxygen concentration also supports the role of the higher UCP content of this mitochondrial 
subpopulation as at least one important determinant of ROS regulation. Therefore, subsarcolemmal and 
intermyofibrillar mitochondrial subpopulations in skeletal muscles exhibit dissimilar bioenergetic 
properties (Figure 2C) and can be differently affected by physiological stimuli or differently involved 
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in the mechanisms of cell stress and injury. In addition, subsarcolemmal and intermyofibrillar 
subpopulations are differently influenced by high-fat feeding [67]. 
 
2.6. Heterogeneity of mitochondrial ROS 
 

Mitochondria are major producers of reactive oxygen species (ROS) and are also major targets for 
oxidative damage [68-70]. The increase in ROS concentrations above the level required for normal cell 
homeostasis causes damage of proteins, DNA, RNA, phospholipids and biological membranes. 
Intracellular overproduction of ROS has been proposed as mechanisms in ischemia-reperfusion injury, 
hypoxia-reoxygenation and various oxidative stress associated diseases.  

Figure 3. Heterogeneity of mitochondrial membrane potential and ROS during 
photooxidative stress in HL-1 cells revealed by confocal fluorescent imaging.  
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Upper panel: Simultaneous confocal imaging of red fluorescence of mitochondrial membrane 
potential-sensitive probe TMRM, 0.1 μM (A), and green fluorescence of ROS-sensitive probe 
DCF, 20 μM (B). Fluorescence of TMRM and DCF is shown as a merge image (C). Some 
mitochondria with only green fluorescence indicate partially depolarized mitochondria with weaker 
TMRM signal and high levels of ROS production (ROS flashes). Lower panel: Red circles (M) 
show normally polarized mitochondria (membrane potential is monitored by TMRM fluorescence). 
Yellow circles show ROS-producing mitochondria (merged TMRM and DCF signal). Green circles 
are excessively ROS-producing and largely depolarized mitochondria, which demonstrate high 
ROS (high DCF green signal) and, in parallel, the loss of membrane potential (low TMRM red 
signal). N shows nucleus. 

 
On the other hand, a moderate formation of ROS as second messengers and signal molecules was 

shown to be crucial for diverse and important cellular signaling responses. Moreover, under specific 
conditions ROS may have protective effects, for example associated with mechanisms of myocardial 
preconditioning and mitochondrial uncoupling.  
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Heterogeneity of ROS was evident in various cells. Recent studies have demonstrated massive 
increases in localized ROS production during metabolic stress [10] and photostimulation. For instance, 
heterogeneous mitochondrial ROS production and large variations in mitochondrial membrane 
potentials were evident during photooxidative stress in adult rat cardiomyocytes [16,46], HL-1 and 
various carcinoma cells (MCF-7, HT-29) [6,13] (Figure 3). Live imaging analysis revealed that laser 
irradiation and laser-induced oxidative stress (Figure 3) can produce clear heterogeneity of the 
fluorescence of the mitochondrial membrane potential-sensitive probe TMRM (Figure 3A) and the 
ROS-sensitive probe DCF (Figure 3B), indicating heterogeneous depolarization of mitochondria due to 
local and heterogeneous ROS overproduction. The presence of different cellular sources for ROS 
localized in different cell regions (mitochondrial respiratory chain and various non-mitochondrial 
sources like plasma membrane NADPH oxidase, xanthine oxidoreductase, NO, etc.), their complex 
interactions (exchanges) and the phenomenon of “ROS-induced ROS release” [46,71] can be actively 
involved in the mechanisms of ROS heterogeneity and local ROS bursts. Very recently, using the 
mitochondrial matrix-targeted superoxide indicator, Wang et al. demonstrated the existence of 
superoxide flashes in individual mitochondria [51]. These ROS flashes could serve as a valuable 
biomarker for a wide variety of oxidative stress-related diseases. ROS can contribute to multiple 
essential intracellular signaling processes ranging from cell metabolism to ischemic preconditioning 
[72]. Also, various kinases and signaling cascades have been shown to be important in the mechanisms 
which may substantially modulate mitochondrial ROS, calcium and control mitochondrial induction of 
apoptosis. A role of the protein kinase C (PKC) family was recently demonstrated via pro-apoptotic 
protein p66Shc, which translates oxidative damage into cell death by acting as ROS producer [73]. 
Decreased mitochondrial ROS levels were also observed in the heart expressing the p38 MAPK 
activator MAPK kinase 6 (MKK6) [74]. Also, the tumor suppressor p53 can control ROS levels 
through its transcriptional target TIGAR [75]. Recently, a link between RAF survival kinase and 
changes in mitochondrial ROS and Ca2+, events preceding the onset of apoptotic cell death, was 
established, thus also indicating that signaling pathway, RAS-RAF-MEK-ERK cascade, AKT and Bcl-
2 family proteins may actively participate in the regulation of mitochondrial ROS [33]. 
 
2.7. Heterogeneity of mitochondria in pathology 
 

Mitochondria perform many important cellular functions (Figure 1A); on the other hand they 
themselves are very sensitive to energy and oxidative stresses. Heterogeneous mitochondrial damage is 
suggested in various pathologies including myopathies, ischemia reperfusion injury and apoptosis, 
where heterogeneous release of mitochondrial cytochrome c has been directly [76] and indirectly [77] 
demonstrated. Since mitochondrial damage inhibits oxidative phosphorylation and increases ROS 
generation, heterogeneity of injury would result in spatial heterogeneity of ATP and ROS levels. Both 
local energy deficit and elevated ROS generation are damaging for mitochondria of the particular cell 
region, causing, in turn, an increase in the extent of heterogeneity and thus demonstrating an 
amplification effect, in which excessive elevations in ROS or Ca2+ ultimately contribute to necrotic or 
apoptotic cell death. It can thus be expected that under various pathological conditions, such as 
metabolic diseases, cell stresses, ischemia reperfusion or under conditions of substrate deprivation, the 
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extent of heterogeneity of mitochondrial function significantly increases, correlating with the degree or 
severity of injury that may have a critical impact on energy metabolism and cell viability. 

The mitochondrial defects (defects in various complexes of the respiratory chain, e.g. COX 
deficiency) can be heterogeneously distributed in the tissue due to the phenomenon of their mosaic 
expression [78]. Distinct mitochondrial subsets may also vary in their sensitivity to pathology 
[6,10,53,55,56,79]. Mitochondrial defects can be heterogeneously distributed in various mitochondrial 
subpopulations like subsarcolemmal and intermyofibrillar mitochondria, which may be differently 
involved in pathological processes, such as ischemia reperfusion injury [53]. Interestingly, defects in 
mitochondrial dynamics may increase heterogeneity. For example, cells with targeted null mutations in 
fusion proteins Mfn1 or Mfn2 and lacking the ability for mitochondrial fusion show a high degree of 
mitochondrial functional heterogeneity [61]. 

Heterogeneity of mitochondrial redox state, membrane potential and calcium has been studied in 
cardiac cells under pathological conditions [55,59]. In permeabilized myocardial fibers, relatively 
homogeneous patterns of mitochondrial redox state, membrane potential and calcium have been 
documented by monitoring flavoprotein, TMRE and Rhod-2 fluorescence, also demonstrating a typical 
regular mitochondrial arrangement [9]. Under pathological conditions of ischemia reperfusion injury, 
however, myocardial cells showed irregularities in the fluorescence of mitochondrial flavoproteins due 
to regional differences in their redox state. Simultaneous imaging of Rhod-2 fluorescence indicated 
numerous discrete “black holes,” indicating mitochondria that lost calcium. Similar “black holes” in 
TMRE fluorescence detected many distinct depolarized mitochondria lacking TMRE sequestration due 
to the collapse of membrane potential [6,13]. These results show that ischemia reperfusion causes 
abnormal distribution of mitochondrial redox/electrical potentials and calcium because of 
heterogeneous mitochondrial damage in cardiac cells, which can be related to local ROS 
overproduction [77]. However, heterogeneous production of mitochondrial ROS is not only restricted 
to ischemia reperfusion, but indeed may be an important intermediate in intrinsic and extrinsic 
pathways of cell death. 

Also, impairment of essential mitochondrial interactions and increased mitochondrial heterogeneity 
in the pathological state may lead to metabolic instability and consequently to severe cell and organ 
injury [71]. For instance, mitochondrial “ROS-induced ROS release” has been shown to result in the 
collapse of mitochondrial membrane potential and the destabilization of the action potential through a 
mechanism involving a mitochondrial inner membrane anion channel. This leads to the heterogeneity 
of mitochondrial membrane potential and ROS, contributing to abnormal electrical activation and 
arrhythmias in the whole heart during ischemia reperfusion [71]. The analysis of mitochondrial 
diversity, thus, may have important implications for the diagnosis of various mitochondria-related 
disorders, and the application of mitochondrial imaging opens a promising avenue for the development 
of a new diagnostic approach for detecting regional mitochondrial defects. 
 
2.8. Heterogeneity of mitochondria in apoptosis 
 

Mitochondria play a key role in inducing apoptosis by releasing the respiratory chain component 
cytochrome c, while, at the same time, mitochondrial function is inhibited by the loss of cytochrome c. 
On the other hand, the apoptosis machinery requires ATP produced by mitochondrial oxidative 
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phosphorylation. Therefore, heterogeneous cytochrome c release would allow one mitochondrial 
population to be involved in apoptotic signaling, whereas another subset might be able to provide the 
ATP needed for apoptosis [80]. Such heterogeneity of cytochrome c release was indirectly 
demonstrated in the case of cardiac ischemia reperfusion injury [77]. Using the mitochondrial imaging 
approach, it was directly shown that ischemia reperfusion causes heterogeneous mitochondrial damage 
[55], which can be related to local ROS production and mitochondrial permeability transitions 
associated, in turn, with heterogeneous cytochrome c release (see above). Moreover, heterogeneous 
response of mitochondria during staurosporine (STS)-induced apoptosis has been shown at the single 
organelle level, where some mitochondria were depolarized while others were at their normal 
membrane potentials [57]. This unequal collapse of membrane potential thus demonstrated a 
phenomenon of mitochondrial heterogeneity that seems to be a supplementary event of the apoptotic 
process. Moreover, exploration of the mechanism behind heterogeneity revealed that BAD, a 
proapoptotic BCL-2 family member, can be considered a significant contributor influencing the level 
of mitochondrial heterogeneity [81]. 
 
2.9. Possible cellular mechanisms causing mitochondrial heterogeneity 
 

The discovery of mitochondrial heterogeneity emphasizes the balance and possible relationship 
between various mitochondrial functions. Obviously, mitochondrial dynamics, including all processes 
of fusion-fission, mitochondrial motility and swelling-shrinkage may cause a variety of mitochondrial 
morphology in a cell. However, the origin and role of mitochondrial functional heterogeneity under 
physiological and pathophysiological conditions remain to be elucidated. Also, numerous questions 
remain unanswered, such as: 1) What are the intracellular mechanisms responsible for mitochondrial 
heterogeneity? 2) How do different metabolic and pathophysiological conditions, local concentrations 
of cytosolic factors and messengers, ROS, Ca2+ influence mitochondrial heterogeneity? 3) Is the 
heterogeneity of mitochondrial function defined genetically, or is it more dependent on environmental 
aspects? 4) What is the role of mitochondrial uncoupling proteins (UCPs) in local ROS regulations? 5) 
What is the role of cytoskeletal proteins here? 6) Very important question to answer in future research 
is also related to specific distribution and possible heterogeneity of proteins involved in mitochondrial 
dynamics (fission/fusion, motility, etc.) and/or binding of such proteins to a particular  
mitochondrial subpopulation. 

Mitochondria are able to monitor their surrounding environment, including intracellular ATP levels, 
as well as ROS and Ca2+ [82] and the presence or absence of growth factors [32,33] (Figure 4). On the 
other hand, the existence of microdomains with restricted diffusion, functional enzyme coupling and 
channeling results in strong metabolic heterogeneity inside the cell. Therefore, the environment of each 
single mitochondrion can be significantly different from that of other mitochondria, potentially causing 
region-specific modifications of mitochondrial properties and function (Figure 4). Many intracellular 
factors like local Ca2+ levels, local ROS production, signaling proteins as well as oxygen and pH 
gradients may cause modification of mitochondria, leading to their heterogeneity [83,84]. Each of these 
factors could play different roles in ATP production and transfer to specific cellular regions, as well as 
in coordinating the functions of different mitochondrial subsets. Moreover, it can be suggested that the 
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heterogeneity of mitochondria and mitochondrial function are dictated by the local ATP demand for 
specific cellular functions. 

Figure 4. Scheme summarizing the specific questions and hypotheses regarding origin and 
possible mechanisms contributing to the heterogeneity of mitochondria and  
mitochondrial function. 

 
 

2.10. Various levels of mitochondrial heterogeneity 
 

Various levels of mitochondrial heterogeneity can be considered including: Heterogeneous 
morphology: the presence of small spheres, short rod-like shape, spaghetti-like shape, long branched 
tubules, complex mitochondrial network. Heterogeneous functional properties: such as redox states, 
membrane potentials, respiratory activities, mitochondrial calcium and ROS levels, contents of 
uncoupling proteins (e.g. UCP-3), as well as phospholipid compositions of mitochondrial membranes. 
Heterogeneous mitochondrial behavior: like their different responses to substrates and inhibitors, 
different sensitivities to pathology, resistance to apoptosis, oxidative stress and starvation. 
Heterogeneous dynamics: including the simultaneous presence in some cells of different dynamic 
events of fusion-fission; small oscillatory movements in mitochondrial network; filament extension, 
retraction; fast and frequent oscillating branching; long-distance translocation of single mitochondrion 
or mitochondrial filament. Notably, fragmentation of the mitochondrial network may facilitate 
mitochondrial movement in cells, suggesting a link between mitochondrial motility and morphology. 
 
3. Conclusions 
 

Taken together, many previous findings suggest that the structural organization of the cell, as well 
as local energy (ATP) and other cellular demands (e.g. calcium-buffering capacities) and various 
requirements in mitochondrial signaling may determine mitochondrial region-specific functional 
behavior, leading to functional specialization of mitochondria. This suggests a strong relationship 
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between mitochondrial function and cell organization, and the intracellular position of mitochondria 
may define their functional features. Thus, different mitochondrial subpopulations, clusters or even 
single mitochondria may carry out diverse processes within distinct regions of a cell (Figure 2A) and 
differently interact with other intracellular structures. Moreover, various functions of mitochondria can 
be associated with the features of their morphology and dynamics. The problem of heterogeneity points 
to a new level of mitochondrial complexity and can be important for understanding the basic 
mechanisms of mitochondrial function and regulation in normal cells and their dysfunction in various 
pathologies. The study of mitochondrial heterogeneity and the heterogeneity of mitochondrial function 
represents a new challenging direction in mitochondrial research, potentially integrating mitochondrial 
bioenergetics and cell physiology with various physiological and pathophysiological implications. 
Many aspects of mitochondrial heterogeneity certainly deserve further analysis including mathematical 
modeling and systems biology approaches in order to better understand mechanisms by which cells 
arrange specific interplay between various mitochondrial functions.  
 
Acknowledgements 
 

This work was supported in part by a research grant from the Austrian Cancer Society/Tyrol. 
 

References 
 
1. Anmann, T.; Eimre, M.; Kuznetsov, A.V.; Andrienko, T.; Kaambre, T.; Sikk, P.; Seppet, E.; 

Tiivel, T.; Vendelin, M.; Seppet, E.; Saks, V.A. Calcium-Induced contraction of sarcomeres 
changes the regulation of mitochondrial respiration in permeabilized cardiac cells. FEBS J. 2005, 
272, 3145-3161. 

2. Appaix, F.; Kuznetsov, A.V.; Usson, Y.; Kay, L.; Andrienko, T.; Olivares, J.; Kaambre, T.; Sikk, 
P.; Margreiter, R.; Saks, V. Possible role of cytoskeleton in intracellular arrangement and 
regulation of mitochondria. Exp. Physiol. 2003, 88, 175-190. 

3. Collins, T.J.; Berridge, M.J.; Lipp, P.; Bootman, M.D. Mitochondria are morphologically and 
functionally heterogeneous within cells. EMBO J. 2002, 21, 1616-1627. 

4. Huang, S.; Heikal, A.A.; Webb, W.W. Two-photon fluorescence spectroscopy and microscopy of 
NAD(P)H and flavoprotein. Biophys. J. 2002, 82, 2811-2825. 

5. Kuznetsov, A.V.; Mayboroda, O.; Kunz, D.; Winkler, K.; Schubert, W.; Kunz, W.S. Functional 
imaging of mitochondria in saponin-permeabilized mice muscle fibers. J. Cell Biol. 1998, 140, 
1091-1099. 

6. Kuznetsov, A.V.; Troppmair, J.; Sucher, R.; Hermann, M.; Saks, V.; Margreiter, R. Mitochondrial 
subpopulations and heterogeneity revealed by confocal imaging: Possible physiological role? 
Biochim. Biophys. Acta 2006, 1757, 686-691. 

7. Egner, A.; Jakobs, S.; Hell, S.W. Fast 100-nm resolution three-dimensional microscope reveals 
structural plasticity of mitochondria in live yeast. Proc. Natl. Acad. Sci. USA 2002, 99, 3370-3375. 

8. Plecita-Hlavata, L.; Lessard, M.; Santorova, J.; Bewersdorf, J.; Jezek, P. Mitochondrial oxidative 
phosphorylation and energetic status are reflected by morphology of mitochondrial network in 



Int. J. Mol. Sci. 2009, 10             
 

 

1925

INS-1E and HEP-G2 cells viewed by 4Pi microscopy. Biochim. Biophys. Acta 2008, 1777,  
834-846. 

9. Vendelin, M.; Beraud, N.; Guerrero, K.; Andrienko, T.; Kuznetsov, A.V.; Olivares, J.; Kay, L.; 
Saks, V.A. Mitochondrial regular arrangement in muscle cells: A "crystal-like" pattern. Am. J. 
Physiol. Cell Physiol. 2005, 288, C757-C767. 

10. Romashko, D.N.; Marban, E.; O'Rourke, B. subcellular metabolic transients and mitochondrial 
redox waves in heart cells. Proc. Natl. Acad. Sci. USA 1998, 95, 1618-1623. 

11. Bruce, J.I.; Giovannucci, D.R.; Blinder, G.; Shuttleworth, T.J.; Yule, D.I. Modulation of [Ca2+]i 
signaling dynamics and metabolism by perinuclear mitochondria in mouse parotid acinar cells. J. 
Biol. Chem. 2004, 279, 12909-12917. 

12. Collins, T.J.; Lipp, P.; Berridge, M.J.; Bootman, M.D. Mitochondria are morphologically and 
functionally heterogeneous within single cells. J. Physiol. (London) 2002, 539, 98P-99P. 

13. Kuznetsov, A.V.; Usson, Y.; Leverve, X.; Margreiter, R. Subcellular heterogeneity of 
mitochondrial function and dysfunction: evidence obtained by confocal imaging. Mol. Cell 
Biochem. 2004, 256-257, 359-365. 

14. Park, M.K.; Ashby, M.C.; Erdemli, G.; Petersen, O.H.; Tepikin, A.V. Perinuclear, perigranular 
and sub-plasmalemmal mitochondria have distinct functions in the regulation of cellular calcium 
transport. EMBO J. 2001, 20, 1863-1874. 

15. Hollenbeck, P.J.; Saxton, W.M. The axonal transport of mitochondria. J. Cell Sci. 2005, 118, 
5411-5419. 

16. Beraud, N.; Pelloux, S.; Usson, Y.; Kuznetsov, A.V.; Ronot, X.; Tourneur, Y.; Saks, V. 
Mitochondrial dynamics in heart cells: Very low amplitude high frequency fluctuations in adult 
cardiomyocytes and flow motion in HL-1 cells. J. Bioenerg. Biomem. 2009, in press. 

17. Anesti, V.; Scorrano, L. The relationship between mitochondrial shape and function and the 
cytoskeleton. Biochim. Biophys. Acta 2006, 1757, 692-699. 

18. Capetanaki, Y. Desmin cytoskeleton: a potential regulator of muscle mitochondrial behavior and 
function. Trends Cardiovasc. Med. 2002, 12, 339-348. 

19. Rizzuto, R.; Pinton, P.; Carrington, W.; Fay, F.S.; Fogarty, K.E.; Lifshitz, L.M.; Tuft, R.A.; 
Pozzan, T. Close contacts with the endoplasmic reticulum as determinants of mitochondrial Ca2+ 
responses. Science 1998, 280, 1763-1766. 

20. Saks, V.; Dzeja, P.; Schlattner, U.; Vendelin, M.; Terzic, A.; Wallimann, T. Cardiac system 
bioenergetics: metabolic basis of the frank-starling law. J. Physiol. (London) 2006, 571, 253-273. 

21. Saks, V.A.; Kaambre, T.; Sikk, P.; Eimre, M.; Orlova, E.; Paju, K.; Piirsoo, A.; Appaix, F.; Kay, 
L.; Regitz-Zagrosek, V.; Fleck, E.; Seppet, E. Intracellular energetic units in red muscle cells. 
Biochem. J. 2001, 356, 643-657. 

22. Seppet, E.K.; Kaambre, T.; Sikk, P.; Tiivel, T.; Vija, H.; Tonkonogi, M.; Sahlin, K.; Kay, L.; 
Appaix, F.; Braun, U.; Eimre, M.; Saks, V.A. Functional complexes of mitochondria with Ca, 
MgATPases of myofibrils and sarcoplasmic reticulum in Muscle Cells. Biochim. Biophys. Acta 
2001, 1504, 379-395. 

23. Kay, L.; Li, Z.; Mericskay, M.; Olivares, J.; Tranqui, L.; Fontaine, E.; Tiivel, T.; Sikk, P.; 
Kaambre, T.; Samuel, J.L.; Rappaport, L.; Usson, Y.; Leverve, X.; Paulin, D.; Saks, V.A. Study of 



Int. J. Mol. Sci. 2009, 10             
 

 

1926

regulation of mitochondrial respiration in vivo. An analysis of influence of ADP diffusion and 
possible role of cytoskeleton. Biochim. Biophys. Acta 1997, 1322, 41-59. 

24. Milner, D.J.; Mavroidis, M.; Weisleder, N.; Capetanaki, Y. Desmin cytoskeleton linked to muscle 
mitochondrial distribution and respiratory function. J. Cell Biol. 2000, 150, 1283-1298. 

25. Rostovtseva, T.K.; Sheldon, K.L.; Hassanzadeh, E.; Monge, C.; Saks, V.; Bezrukov, S.M.; 
Sackett, D.L. Tubulin binding blocks mitochondrial voltage-dependent anion channel and 
regulates respiration. Proc. Natl. Acad. Sci. USA 2008, 105, 18746-18751. 

26. Saks, V.; Kuznetsov, A.; Andrienko, T.; Usson, Y.; Appaix, F.; Guerrero, K.; Kaambre, T.; Sikk, 
P.; Lemba, M.; Vendelin, M. Heterogeneity of ADP diffusion and regulation of respiration in 
cardiac cells. Biophys. J. 2003, 84, 3436-3456. 

27. Andrienko, T.; Kuznetsov, A.V.; Kaambre, T.; Usson, Y.; Orosco, A.; Appaix, F.; Tiivel, T.; Sikk, 
P.; Vendelin, M.; Margreiter, R.; Saks, V.A. Metabolic consequences of functional complexes of 
mitochondria, myofibrils and sarcoplasmic reticulum in muscle cells. J. Exp. Biol. 2003,  206, 
2059-2072. 

28. McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 
2006, 16, R551-R560. 

29. Kroemer, G.; Reed, J.C. Mitochondrial control of cell death. Nat. Med. 2000, 6, 513-519. 
30. Newmeyer, D.D.; Ferguson-Miller, S. Mitochondria: Releasing power for life and unleashing the 

machineries of death Cell 2003, 112, 873. 
31. Karbowski, M.; Norris, K.L.; Cleland, M.M.; Jeong, S.Y.; Youle, R.J. Role of bax and bak in 

mitochondrial morphogenesis. Nature 2006, 443, 658-662. 
32. Kuznetsov, A.V.; Janakiraman, M.; Margreiter, R.; Troppmair, J. Regulating cell survival by 

controlling cellular energy production: Novel functions for ancient signaling pathways? FEBS 
Lett. 2004, 577, 1-4. 

33. Kuznetsov, A.V.; Smigelskaite, J.; Doblander, C.; Janakiraman, M.; Hermann, M.; Wurm, M.; 
Scheidl, S.F.; Sucher, R.; Deutschmann, A.; Troppmair, J. Survival signaling by C-RAF: 
mitochondrial reactive oxygen species and Ca2+ are critical targets. Mol. Cell Biol. 2008, 28,  
2304-2313. 

34. Riedl, S.J.; Salvesen, G.S. The apoptosome: signalling platform of cell death. Nat. Rev. Mol. Cell 
Biol. 2007, 8, 405-413. 

35. Youle, R.J. Cellular demolition and the rules of engagement. Science 2007, 315, 776-777. 
36. Pelloux, S.; Robillard, J.; Ferrera, R.; Bilbaut, A.; Ojeda, C.; Saks, V.; Ovize, M.; Tourneur, Y. 

Non-beating HL-1 cells for confocal microscopy: application to mitochondrial functions during 
cardiac preconditioning. Progr. Biophys. Mol. Biol. 2006, 90, 270-298. 

37. Dzeja, P.P.; Bortolon, R.; Perez-Terzic, C.; Holmuhamedov, E.L.; Terzic, A. Energetic 
communication between mitochondria and nucleus directed by catalyzed phosphotransfer. Proc. 
Natl. Acad. Sci. USA 2002, 99, 10156-10161. 

38. Ball, E.H.; Singer, S.J. Mitochondria are associated with microtubules and not with intermediate 
filaments in cultured fibroblasts. Proc. Natl. Acad. Sci. USA 1982, 79, 123-126. 

39. Mose-Larsen, P.; Bravo, R.; Fey, S.J.; Small, J.V.; Celis, J.E. Putative association of mitochondria 
with a subpopulation of intermediate-sized filaments in cultured human skin fibroblasts. Cell 
1982, 31, 681-692. 



Int. J. Mol. Sci. 2009, 10             
 

 

1927

40. Heggeness, M.H.; Simon, M.; Singer, S.J. Association of mitochondria with microtubules in 
cultured cells. Proc. Natl. Acad. Sci. USA 1978, 75, 3863-3866. 

41. Belikova, Y.O.; Kuznetsov, A.V.; Saks, V.A. Specific limitations for intracellular diffusion of adp 
in cardiomyocytes. Biochemistry (Moscow) 1990, 55, 1450-1460. 

42. Tang, H.L.; Lung, H.L.; Wu, K.C.; Le, A.H.P.; Tang, H.M.; Fung, M.C. Vimentin Supports 
Mitochondrial Morphology and Organization. Biochem. J. 2008, 410, 141-146. 

43. Winter, L.; Abrahamsberg, C.; Wiche, G. Plectin isoform 1b mediates mitochondrion-intermediate 
lament network linkage and controls organelle shape. J. Cell Biol. 2008, 181, 903-911. 

44. Kaasik, A.; Veksler, V.; Boehm, E.; Novotova, M.; Minajeva, A.; Ventura-Clapier, R. Energetic 
crosstalk between organelles: Architectural integration of energy production and utilization. Circ. 
Res. 2001, 89, 153-159. 

45. Collins, T.J.; Bootman, M.D. Mitochondria are morphologically heterogeneous within cells. J. 
Exp. Biol. 2003, 206, 1993-2000. 

46. Zorov, D.B.; Filburn, C.R.; Klotz, L.O.; Zweier, J.L.; Sollott, S.J. Reactive oxygen species (ros)-
induced ros release: A new phenomenon accompanying induction of the mitochondrial 
permeability transition in cardiac myocytes. J. Exp. Med. 2000, 192, 1001-1014. 

47. De Giorgi, F.; Lartigue, L.; Ichas, F. Electrical coupling and plasticity of the mitochondrial 
network. Cell Calc. 2000, 28, 365-370. 

48. Amchenkova, A.A.; Bakeeva, L.E.; Chentsov, Y.S.; Skulachev, V.P.; Zorov, D.B. Coupling 
membranes as energy-transmitting cables. I. Filamentous mitochondria in fibroblasts and 
mitochondrial clusters in cardiomyocytes. J. Cell Biol. 1988, 107, 481-495. 

49. Cortassa, S.; Aon, M.A.; Winslow, R.L.; O'Rourke, B. A mitochondrial oscillator dependent on 
reactive oxygen species. Biophys. J. 2004, 87, 2060-2073. 

50. Knight, M.M.; Roberts, S.R.; Lee, D.A.; Bader, D.L. Live cell imaging using confocal microscopy 
induces intracellular calcium transients and cell death. Am. J. Physiol. Cell Physiol. 2003, 284, 
C1083-C1089. 

51. Wang, W.; Fang, H.; Groom, L.; Cheng, A.; Zhang, W.; Liu, J.; Wang, X.; Li, K.; Han, P.; Zheng, 
M.; Yin, J.; Wang, W.; Mattson, M.P.; Kao, J.P.; Lakatta, E.G.; Sheu, S.S.; Ouyang, K.; Chen, J.; 
Dirksen, R.T.; Cheng, H. Superoxide flashes in single mitochondria. Cell 2008, 134, 279-290. 

52. Palmer, J.W.; Tandler, B.; Hoppel, C.L. Biochemical differences between subsarcolemmal and 
interfibrillar mitochondria from rat cardiac muscle: Effects of procedural manipulations. Arch. 
Biochem. Biophys. 1985, 236, 691-702. 

53. Lesnefsky, E.J.; Tandler, B.; Ye, J.; Slabe, T.J.; Turkaly, J.; Hoppel, C.L. Myocardial ischemia 
decreases oxidative phosphorylation through cytochrome oxidase in subsarcolemmal 
mitochondria. Am. J. Physiol. 1997, 273, H1544-H1554. 

54. Jimenez, M.; Yvon, C.; Lehr, L.; Leger, B.; Keller, P.; Russell, A.; Kuhne, F.; Flandin, P.; 
Giacobino, J.P.; Muzzin, P. Expression of uncoupling protein-3 in subsarcolemmal and 
intermyofibrillar mitochondria of various mouse muscle types and its modulation by fasting. Eur. 
J. Biochem. 2002, 269, 2878-2884. 

55. Kuznetsov, A.V.; Schneeberger, S.; Renz, O.; Meusburger, H.; Saks, V.; Usson, Y.; Margreiter, R. 
Functional heterogeneity of mitochondria after cardiac cold ischemia and reperfusion revealed by 
confocal imaging. Transplantation 2004, 77, 754-756. 



Int. J. Mol. Sci. 2009, 10             
 

 

1928

56. Kuznetsov, A.V.; Schneeberger, S.; Leverve, X.; Margreiter, R. Functional heterogeneity of 
mitochondria in normal cells and after ischemia/reperfusion revealed by confocal imaging. Shock 
2005, 23, 36-38. 

57. Salvioli, S.; Dobrucki, J.; Moretti, L.; Troiano, L.; Fernandez, M.G.; Pinti, M.; Pedrazzi, J.; 
Franceschi, C.; Cossarizza, A. Mitochondrial heterogeneity during staurosporine-induced 
apoptosis in HL60 cells: Analysis at the single cell and single organelle level. Cytometry 2000, 40, 
189-197. 

58. Benard, G.; Rossignol, R. Ultrastructure of the mitochondrion and its bearing on function and 
bioenergetics. Antioxid. Redox Signal. 2008, 10, 1313-1342. 

59. Bowser, D.N.; Minamikawa, T.; Nagley, P.; Williams, D.A. Role of mitochondria in calcium 
regulation of spontaneously contracting cardiac muscle cells. Biophys. J. 1998, 75, 2004-2014. 

60. Kristian, T.; Weatherby, T.M.; Bates, T.E.; Fiskum, G. Heterogeneity of the calcium-induced 
permeability transition in isolated non-synaptic brain mitochondria. J. Neurochem. 2002, 83,  
1297-1308. 

61. Chen, H.; Chomyn, A.; Chan, D.C. Disruption of fusion results in mitochondrial heterogeneity and 
dysfunction. J. Biol. Chem. 2005, 280, 26185-26192. 

62. Lawrie, A.M.; Rizzuto, R.; Pozzan, T.; Simpson, A.W. A role for calcium influx in the regulation 
of mitochondrial calcium in endothelial cells. J. Biol. Chem. 1996, 271, 10753-10759. 

63. Echtay, K.S.; Roussel, D.; St Pierre, J.; Jekabsons, M.B.; Cadenas, S.; Stuart, J.A.; Harper, J.A.; 
Roebuck, S.J.; Morrison, A.; Pickering, S.; Clapham, J.C.; Brand, M.D. Superoxide activates 
mitochondrial uncoupling proteins. Nature 2002, 415, 96-99. 

64. Miwa, S.; Brand, M.D. Mitochondrial matrix reactive oxygen species production is very sensitive 
to mild uncoupling. Biochem. Soc. Trans. 2003, 31, 1300-1301. 

65. Turrens, J.F. Mitochondrial formation of reactive oxygen species. J. Physiol 2003, 552, 335-344. 
66. Mollica, M.P.; Lionetti, L.; Crescenzo, R.; D'Andrea, E.; Ferraro, M.; Liverini, G.; Iossa, S. 

Heterogeneous bioenergetic behaviour of subsarcolemmal and intermyofibrillar mitochondria in 
fed and fasted rats. Cell Mol. Life Sci. 2006, 63, 358-366. 

67. Iossa, S.; Lionetti, L.; Mollica, M.P.; Crescenzo, R.; Botta, M.; Samec, S.; Dulloo, A.G.; Liverini, 
G. Differences in proton leak kinetics, but not in UCP3 protein content, in subsarcolemmal and 
intermyofibrillar skeletal muscle mitochondria from fed and fasted rats. FEBS Lett. 2001, 505,  
53-56. 

68. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483-495. 
69. Kudin, A.P.; Bimpong-Buta, N.Y.; Vielhaber, S.; Elger, C.E.; Kunz, W.S. Characterization of 

superoxide-producing sites in isolated brain mitochondria. J. Biol. Chem. 2004, 279, 4127-4135. 
70. Li, C.; Jackson, R.M. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am. 

J. Physiol. Cell Physiol. 2002, 282, C227-C241. 
71. Akar, F.G.; Aon, M.A.; Tomaselli, G.F.; O'Rourke, B. The mitochondrial origin of postischemic 

arrhythmias. J. Clin. Invest. 2005, 115, 3527-3535. 
72. Otani, H. Reactive oxygen species as mediators of signal transduction in ischemic 

preconditioning. Antioxid. Redox Signal. 2004, 6, 449-469. 
73. Pinton, P.; Rimessi, A.; Marchi, S.; Orsini, F.; Migliaccio, E.; Giorgio, M.; Contursi, C.; Minucci, 

S.; Mantovani, F.; Wieckowski, M.R.; Del Sal, G.; Pelicci, P.G.; Rizzuto, R. Protein kinase C beta 



Int. J. Mol. Sci. 2009, 10             
 

 

1929

and prolyl isomerase 1 regulate mitochondrial effects of the life-span determinant p66shc. Science 
2007, 315, 659-663. 

74. Wall, J.A.; Wei, J.; Ly, M.; Belmont, P.; Martindale, J.J.; Tran, D.; Sun, J.; Chen, W.J.; Yu, W.; 
Oeller, P.; Briggs, S.; Gustafsson, A.B.; Sayen, M.R.; Gottlieb, R.A.; Glembotski, C.C. 
Alterations in oxidative phosphorylation complex proteins in the hearts of transgenic mice that 
overexpress the P38 MAP kinase activator, MAP kinase kinase 6. Am. J. Physiol. Heart Circ. 
Physiol. 2006, 291, H2462-H2472. 

75. Bensaad, K.; Tsuruta, A.; Selak, M.A.; Vidal, M.N.; Nakano, K.; Bartrons, R.; Gottlieb, E.; 
Vousden, K.H. TIGAR, a P53-inducible regulator of glycolysis and apoptosis. Cell 2006, 126, 
107-120. 

76. Hajek, P.; Villani, G.; Attardi, G. Rate-limiting step preceding cytochrome c release in cells 
primed for fas-mediated apoptosis revealed by analysis of cellular mosaicism of respiratory 
changes. J. Biol. Chem. 2001, 276, 606-615. 

77. Kuznetsov, A.V.; Schneeberger, S.; Seiler, R.; Brandacher, G.; Mark, W.; Steurer, W.; Saks, V.; 
Usson, Y.; Margreiter, R.; Gnaiger, E. Mitochondrial defects and heterogeneous cytochrome c 
release after cardiac cold ischemia and reperfusion. Am. J. Physiol. Heart Circ. Physiol. 2004, 
286, H1633-H1641. 

78. Shoubridge, E.A. Mitochondrial DNA diseases: Histological and cellular studies. J. Bioenerg. 
Biomem. 1994, 26, 301-310. 

79. Hoppel, C.L.; Moghaddas, S.; Lesnefsky, E.J. Interfibrillar cardiac mitochondrial comples III 
defects in the aging rat heart. Biogerontology 2002, 3, 41-44. 

80. Leist, M.; Single, B.; Castoldi, A.F.; Kuhnle, S.; Nicotera, P. Intracellular adenosine triphosphate 
(ATP) concentration: a switch in the decision between apoptosis and necrosis. J. Exp. Med. 1997, 
185, 1481-1486. 

81. Wikstrom, J.D.; Katzman, S.M.; Mohamed, H.; Twig, G.; Graf, S.A.; Heart, E.; Molina, A.J.A.; 
Corkey, B.E.; de Vargas, L.M.; Danial, N.N.; Collins, S.; Shirihai, O.S. Beta-cell mitochondria 
exhibit membrane potential heterogeneity that can be altered by stimulatory or toxic fuel levels. 
Diabetes 2007, 56, 2569-2578. 

82. Hermann, M.; Kuznetsov, A.; Maglione, M.; Smigelskaite, J.; Margreiter, R.; Troppmair, J. 
Cytoplasmic signaling in the control of mitochondrial uproar? Cell Commun. Signal. 2008, 6, 4. 

83. Mironov, S.L.; Symonchuk, N. ER vesicles and mitochondria move and communicate at synapses. 
J. Cell Sci. 2006, 119, 4926-4934. 

84. Mironov, S.L. ADP regulates movements of mitochondria in neurons. Biophys. J. 2007, 92,  
2944-2952. 

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


