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ABSTRACT 

 

MULTISCALE MODELING OF THE REGULATION OF MITOCHONDRIAL 

FUNCTION BY METABOLITES AND ULTRASTRUCTURE 

 

Sangeeta Shukla, Ph. D. 

George Mason University, 2015 

Dissertation Director: M. Saleet Jafri, Ph. D. 

 

 Mitochondria are responsible for producing ATP, the energy currency in all living 

cells.  To do this, the mitochondria have a complex micro-architecture upon which occur 

biomolecular processes that break down energy substrate to produce ATP.  In heart which 

is constantly beating, mitochondrial energy metabolism is well regulated, allowing for 

increases during exercise. Energy metabolism is thought to be regulated both by changes 

in metabolite concentration as well as the micro-architecture of the cristae which are the 

folds in the mitochondrial inner membrane.  The two questions addressed here are 1) how 

is calcium in the mitochondria regulated and what effect does this have on energy 

metabolism and 2) how does the cristae structure contribute to the regulation of energy 

metabolism.  To this end, a multiscale computational modeling approach has been used to 

integrate experimental information across disparate scales and gain an understanding of 

the complex dynamics of this system.   



 

 

 Calcium activates three dehydrogenases in the mitochondria and the ATP 

synthase all of which are involved in energy metabolism.  In the experimental literature 

there is disagreement upon whether calcium dynamics in the mitochondrial is fast or 

slow.  Fast dynamics leads to large beat to beat changes in mitochondrial calcium.  Slow 

dynamics results in a time averaging of the calcium transients similar to a low pass filter. 

The computational studies suggest that slow calcium dynamics are more efficient at 

stimulating ATP production than fast dynamics. 

 The cristae structure in mitochondria varies in different cells, under different 

physiological conditions, and during disease.  We hypothesize that these changes might 

play role in the efficiency of energy metabolism.  The computational studies suggest that 

there are gradients in the intercristae spaces of metabolites such as calcium, ATP, and 

ADP.  These gradients change when mitochondria structure changes.  The computational 

models also suggest that the changes in gradient affect the efficiency of energy 

metabolism and that these gradients can occur under different physiological and 

structural conditions. With greater accumulation of calcium in mitochondrial matrix, ATP 

synthase activation produces more ATP. However, mitochondria, which are known to be 

bounded by a double membrane, are structurally dynamic organelles with three 

subcompartments including the inter-membrane space between outer and inner 

membrane, inter-crista space between two adjacent invaginations of the inner membrane 

and the central matrix enveloped by the inner membrane. Calcium accumulation is much 

more rapid in the inter-membrane space and the crista region than in the matrix. Our 

model simulations suggest that  depending on the structure, gradients across the length of 



 

 

mitochondrial crista change as does the matrix volume. Such variation in the localized 

concentrations of metabolites may dictate the overall function of mitochondria.
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CHAPTER 1 

INTRODUCTION 

 

 The cardiovascular system is necessary in complex organisms as it provides a 

means to supply oxygen and nutrients to the tissue and remove carbon dioxide and waste 

products from the tissues using blood as the carrier. It primarily consists of the heart, 

which pumps blood and the blood vessels such as the veins, arteries and capillaries that 

carry the blood. Anatomically, the heart is located between the lungs just left of the 

middle of the chest cavity. It has four chambers of which, upper two chambers are called 

the right and left atria and bottom two are called the right and left ventricles. Atria 

receive blood entering the heart and ventricles pump it out to the body. The overall 

activity of the heart can be summarized into two interlinked tiers- excitation and 

contraction. An electrical impulse is generated in the sinoatrial node and is conducted 

through muscle fibers causing the heart to contract which causes the blood to propel out 

toward organs and tissues in the body delivering oxygen and nutrients to cells. This 

circulation ends as carbon dioxide and waste removed from the cells is carried to be 

discarded out of the body. Such a complete heart beat known as a cardiac cycle. 

Normally, in humans, the heart beats about 60-100 times per minute. Thus, beating more 

than about a 100,000 times a day, the heart needs an efficient and well-regulated system 

to meet the continuous energy demands. Mitochondria, as a cellular organelle, performs 
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the role of a 'powerhouse' by generating ATP as energy currency for the cell (Iaizzo 

2005). 

 

Cellular Structure of cardiac myocyte 

 The heart cells are of four types: the cardiomyocytes, endothelial cells, cardiac 

pacemaker cells and Purkinje fibers. Cardiomyocytes make up the atria and ventricles 

and their myofibrils are able to shorten and lengthen in order to allow the heart to 

contract and relax as it beats (Fig. 1.1).The pacemaker cells initiate the electrical 

depolarization and Purkinje fibers are for conduction, which causes beating of the heart. 

The cardiomyocyte is a specialized long, narrow, tubular structure with a diameter 

ranging from 10-25 μm and length between 50 to 130 μm(Bers 2001; Opie 2003). Each 

myocyte is composed of bundles of myofibrils which in turn, contain myofilaments. Long 

chains of myofibrils form what is known as a sarcomere which is the contractile unit of 

muscle cells. Cardiac myocyte structure also exhibit irregularly spaced dark bands 

between myocytes where membranes of adjacent myocytes come very close together. 

These bands are known as intercalated discs. The length of a sarcomere is marked by 

what are known as Z-lines. The sarcomere is composed of thick and thin filaments which 

are formed by protein molecules actin and myosin (Fig. 1.2). 

 

 

 



3 

   

 

 
 

 

 

 There are about 300 molecules of myosin per thick filament. The amino acid 

structure of myosin is such that it has two heads that act as a site for myosin ATPase, 

which is an enzyme that hydrolyzes ATP for actin-myosin cross bridge formation. These 

heads interact with a binding site on actin. Chemical and physical interactions between 

actin and myosin enable the sarcomere length to shorten, causing the heart muscle to 

contract during the process of excitation-contraction coupling.  
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Thin filaments are composed of three different types of proteins: actin, tropomyosin and 

myosin. Actin is globular protein arranged as a chain of repeating units, forming two 

strands of an alpha-helix. Interdigitated between the actin strands are the rod-shaped 

tropomyosin. And attached to the tropomyosin at regular intervals is the troponin 

complex. Troponin complex has three sub-units, namely troponin-T (TN-T) that attaches 

to tropomyosin, troponin-C (TN-C) which serves as a binding site for calcium ions during 

EC coupling, and troponin-I (TN-I) which inhibits myosin binding site on the actin. 

When Ca2+ binds to TN-C, there is a conformational change in the troponin complex such 

that TN-I moves away from myosin binding site on the actin, thereby making it 

accessible to the myosin head. When Ca2+ is removed from TN-C, the troponin complex 

resumes its inactivated position, thereby inhibiting myosin-actin binding (Fig. 1.3). 
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As the Ca2+ released by SR binds to TN-C, the actin-myosin binding occurs with the TN-

I moving away and not inhibiting myosin binding site on actin. The Ca2+-sensitive 

ATPase located on myosin head, then, hydrolyses the myoplasmic ATP to cause 

contraction of the sarcomere. 

 

Mitochondria 

 A major source of the myoplasmic ATP is mitochondria. Without the necessary 

supply of energy, the myocyte function is hampered and blood flow becomes interrupted. 

Apart from the myocyte itself switching into a survival mode by activating autophagy, 

the body's supply of oxygen is also lowered(Chiong, Wang et al. 2011). In order to meet 

extremely high demands for energy in ventricular myocyte, the cell has between 7000 

and 10000 mitochondria which occupy roughly a third of the cellular volume, apart from 

the fibrils and filaments that constitute half the total volume(Miguel A. Aon ; Dedkova 

and Blatter 2012).Mitochondria play a major role in various processes including 
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signaling, ionic homeostasis, control of cell cycle and cell growth and also during 

oxidative stress and in apoptotic and necrotic cell death. Evolutionarily, the predominant 

theory of mitochondria coming into existence as accepted in scientific community is the 

serial endosymbiosis theory. It is believed that mitochondria are direct descendants of a 

bacterial endosymbiont which on engulfment, became established in an early-stage 

nucleus containing eukaryote. This theory also justifies the fact that mitochondria also 

have a separate DNA pool apart from the nuclear DNA. However, there are some who 

believe, based on genetic analysis of mitochondrial genome, that mitochondria and the 

nuclear content arose essentially at the same time in a common ancestor of all extant 

eukaryotes, rather than in a separate subsequent event(Bullerwell and Gray 2004; 

Flegontov, Gray et al. 2011; Gray 2012; Gray 2015). 

 

Mitochondrial Structure and localization in Cardiomyocyte 
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 Mitochondria are highly dynamic yet stable molecules that vary in structure in 

different parts of the cells across different tissues. These are double membranous 

structures where the inner membrane encapsulates the fluid matrix. The inner membrane 

also forms numerous protrusions, known as 'crista' toward the center of the organelle 

(Fig. 1.4).Thus, the mitochondria can be viewed to have three distinct regions, inter-

membrane space, inter-crista region and the matrix. While the outer membrane surrounds 

the molecule, the inner membrane harbors electron transport chain, transporter proteins 

and phosphorylation apparatus (Frey and Mannella 2000; Frey, Renken et al. 2002; 

Gunter, Yule et al. 2004; Saris and Carafoli 2005; Contreras, Drago et al. 2010). Based 

on their location in the cardiomyocyte and the shape of the crista which may vary 

between tubular or lamellar conformations, mitochondrial subpopulations in adult heart 

can be identified as interfibrillar, subsarcolemmal and perinuclear. Interfibrillar 

mitochondria are aligned in a longitudinal manner between the myofibrils and remain in 

close proximity to the calcium release sites on sarcoplasmic reticulum. Their size ranges 

from 0.5-1μm in width and 1-2μm in length. The other two subpopulations are relatively 

less organized and vary in size and shape(Dedkova and Blatter 2012). They may also 

react differently to different pathological conditions. For example, in diabetic stress, 

interfibrillar mitochondria exhibit higher superoxide production and the activity of 

respiratory complexes is reduced while no such change is seen in subsarcolemmal 

mitochondria(Marín-García 2012). This can also be attributed to the fact that the 

interfibrillar mitochondria supply ATP to the actin-myosin complex to support 

contraction process and hence, reduced oxidative phosphorylation can cause detrimental 
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effects on normal cardiac function. Thus the physiological and pathological states of the 

cell dictate its energy requirement, which needs to be met by ATP production within 

mitochondria (Greif, Fiskum et al. 1982; Fiskum 1983). 

 The importance of mitochondria as the energy generating organelle, especially in 

a cardiac myocyte is established. While the machinery and reactions of the TCA cycle 

occurring in the mitochondrial matrix has been studied widely, extent of information on 

the various channels located on inner membrane evolved rather gradually. Mitochondrial 

inner membrane (MIM) offers selective permeability to ions and molecules less than 

1500 Da. Transport of other molecules across MIM requires presence of ion channels that 

exhibit active transport mechanism. The import of molecules along the direction of active 

transport into mitochondrial matrix coupled with the extrusion of protons generated from 

the TCA cycle create a proton gradient across MIM leading to a membrane potential, 

negative from inside. Proton motive force, as an aspect of membrane potential is used by 

ATP synthase to oxidize ADP and generate ATP as it is transported out of mitochondrial. 

Peter Mitchell, in 1961, first hypothesized this 'chemiosmotic theory' which formed the 

basis of mitochondrial research in subsequent years leading to vast improvement in 

understanding of the structure and function of mitochondria (Mitchell 1961). 

 Highlighting the significance of the role of mitochondria in maintaining balanced 

cardiac function, it is notable that the human heart contains ~0.7g of ATP and yet, it uses 

roughly 6kg ATP per day to maintain normal excitation-contraction cycle(Ingwall 

2002).This is elucidated by very sophisticated and highly efficient array of networks of 

proteins that provide the proton motive force to drive the production of ATP at the F1F0-
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ATPase on the inner membrane. These proteins are found in the mitochondrial matrix, 

inter-membrane space or embedded on the inner membrane. The mitochondrial outer 

membrane separates the inter-membrane space from the cytosol. However, the molecular 

composition of this region is similar to the cytosol. This can be attributed to the fact that 

the outer membrane is relatively permeable to molecules less than 1500 Da. On the other 

hand, the inner membrane which runs parallel to the outer membrane and also forms the 

'crista' invaginations, is selectively permeable to a small variety of molecules. Most of the 

transport across this membrane requires ion channels exhibiting active transport 

mechanisms. Finally, mitochondrial matrix houses the enzymes for TCA cycle, DNA, 

and RNA among other molecules. Another distinct feature of the mitochondria are the 

specialized 'contact sites' that are essentially the regions where outer and inner membrane 

fuse. They are believed to play an important role in uptake of fatty acids, protein import, 

and energy coupling with the cytosol via formation of creatine phosphate (Lesnefsky, 

Moghaddas et al. 2001). 
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TCA cycle and Oxidative Phosphorylation in Mitochondria 

 

  

 

 
 Tricarboxylic cycle or TCA cycle is a series of reactions that occur in 

mitochondrial matrix and is facilitated by a set of enzymes. The first step of this cycle is 

the consumption of acetate  and water followed by reduction of NAD+ to NADH while 

producing CO2. The NADH generated by the TCA cycle is fed in to the oxidative 

phosphorylation pathway. The net result of these two closely linked pathways is the 

oxidation of nutrients to produce usable energy in the form of ATP. This process involves 

eight catalyzed reactions and eight intermediates. Conversion of citrate to isocitrate and 

Figure 1.5: Tricarboxylic Cycle schematic (M. Saleet Jafri 2014). Reprinted with permission. 
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liberation of water is followed by isocitrate conversion into alpha ketoglutarate while 

reducing NAD+ to NADH. The latter is catalyzed by isocitrate dehydrogenase which is 

activated by [Ca2+] and inhibited by [NADH] and succinyl-coA. The enzyme alpha 

ketoglutarate dehydrogenase converts alpha ketoglutarate to succinyl-coA and this 

enzyme is activated by [Ca2+] and [ADP]and inhibited by [NADH]. Succinyl-CoA 

becomes succinate through a reaction catalyzed by succinate-CoA ligase while forming 

GTP (guanosine triphosphate) or ATP. Succinate dehydrogenase transforms succinate 

into fumarate and reduces FADH to FADH2. This is followed by the conversion of 

fumarate to malate by fumarase. Malate dehydrogenase creates oxaloacetate and NADH, 

completing the cycle, from malate and NAD+ in a reaction inhibited by oxaloacetate. 

(Carvalho, Zhao et al. 2001; Vogel, Bornhovd et al. 2006; Mannella, Lederer et al. 2013; 

M. Saleet Jafri 2014)Among other pathways that allow entry of substrate into 

mitochondria is one where glucose absorbed by the cells enters glycolysis in cytoplasm to 

become pyruvate. Pyruvate enters the mitochondria via membrane transporters where it is 

metabolized by the pyruvate dehydrogenase complex to make acetyl-CoA. Pyruvate 

dehydrogenase complex is activated by mitochondrial calcium concentration ([Ca2+]), 

and inhibited when the [ATP]:[ADP] ratio, [NAD+]:[NADH] ratio, or [acetyl-

CoA]/[CoA] ratio is increased. Acetyl-CoA enters the tricarboxylic acid cycle (also 

known as the tricarboxylic acid cycle, Krebs cycle or the citric acid cycle). Similarly, via 

other pathways, fatty acids and other proteins are also broken down into substrates which 

enter TCA cycle and different points of the cycle(M. Saleet Jafri 2014). Finally, reducing 
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equivalents NADH and FADH2 enter the electron transport chain to undergo a chemical 

process of oxidative phosphorylation.  

 A variety of electron carriers are involved in the process of oxidative 

phosphorylation as NADH and FADH2 enter the electron transport chain. At the end of 

electron transport, F1F0-ATPase located in the inner membrane makes ATP by using up 

ADP under the influence of membrane potential. The ATP synthase or F1F0-ATPase is 

thought to be activated by mitochondrial matrix calcium. In yeast, 60% of these proteins 

are in the cristae membrane while in cardiac mitochondria 94% are found in the crista 

(Mannella, Lederer et al. 2013).These crista are non-static structures that change in shape, 

size and number depending on energy requirements of the cell during normal 

physiological and disease conditions. Thus, it can be established that the morphology of 

crista along with the densely packed ATP-producing protein apparatus embedded on it 

and the overall mitochondrial function are linked. 

 It is also noteworthy that calcium ions in mitochondria, directly or indirectly 

catalyze various enzymes of TCA cycle, ATP synthase, generation of reactive oxygen 

species, and also trigger permeability transition pore and cytochrome c release, thus 

leading to apoptosis. Crucial to mitochondria's performance, uptake of Ca2+ occurs 

mainly via Ca2+ uniporter. This channel is voltage-gated and allows unidirectional flow 

of Ca2+ into mitochondrial matrix causing depolarization of membrane potential.  To 

understand the significance of electric potential across MIM for the purpose of ATP 

production, let us first have an overview of some of the membrane-bound channels 
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through which molecules/ions are transported thus contributing to the maintenance and 

regulation of potential. 

 

Electron Transport Chain 

 Energy, in the form of reducing equivalents, NADH as by-product of TCA cycle 

is extracted by the first enzyme of mitochondrial respiratory apparatus known as 

Complex I or NADH: ubiquinone oxidoreductase. NADH is oxidized to NAD+ and the 

H+ released is taken up by a prosthetic molecule Flavin Mononucleotide (FMN) along 

with two electrons while Complex I also absorbs a proton from the matrix. Reduced 

FMN then passes the electrons to iron-sulphur (FeS) clusters in the same Complex I as 

two protons are released in the inter membrane space. Both electron and proton 

translocation occur simultaneously. Electrons are passed on to a Complex III via a 

membrane embedded carrier Coenzyme Q. Simultaneously, Complex II: succinate 

dehydrogenase complex acts as a point of entry for electrons from FADH2. These 

electrons are carried by Coenzyme Q from Complex II to Complex III. Protons are not 

translocated at Complex II. From Complex III, electrons pass through cytochrome C and 

finally to Complex IV: cytochrome C oxidase complex. At this point, oxygen reduces to 

water by taking up two electron pairs as more protons are translocated out of the matrix. 

Thus, oxygen as an electron acceptor helps maintain proton gradient. Existence of two 

separate entry points for electrons into the ETC ensures a sufficiently active system in 

case one part is inhibited without interfering with the other (Tager, Wanders et al. 1983; 

Balaban and Heineman 1989; Heineman and Balaban 1990). Malfunction of Complex I is 
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known to be associated with some neuromuscular diseases including Parkinson's. 

Mishandling of superoxides generated by mitochondrial respiratory chain may also lead 

to amyotrophic lateral sclerosis (Raha and Robinson 2000; DiMauro and Schon 2003). 

 

 
  

 

 

 

 

F1F0-ATP Synthase 

 ATP Synthase or Complex V is the fifth multi-subunit complex of the respiratory 

apparatus with a molecular mass of approximately 550,000 Da (Kucharczyk, Zick et al. 

2009).  Two protein entities, F1 situated in the mitochondrial matrix and F0 embedded in 

MIM form the functional subunits of the enzyme complex. Complex V uses the 
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membrane potential component of the proton motive force (pmf) as proton passes from 

intermembrane space through F0 subunit into mitochondrial matrix (Boyer 1975). What 

also happens is a 'rotary catalysis' at the membrane-embedded F1 subunit which provides 

energy for the phosphorylation of matrix ADP to generate ATP (Devenish, Prescott et al. 

2008; Jonckheere, Smeitink et al. 2012). Three protons are imported per ATP molecule 

generated. Under normal conditions, when the membrane potential during respiration is 

as high as -180 mV to -150 mV, ATP synthesis is favored. However, if this potential falls 

below a threshold, the same enzyme complex is also equipped to reverse ATP synthesis 

as hydrolyze ATP instead to produce ADP and inorganic phosphate (Campanella, Parker 

et al. 2009). 
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Adenine Nucleotide Translocase and Phosphate Carrier 

 Adenine Nucleotide Translocase (ANT) is an inner membrane embedded enzyme 

complex that serves regulate exchange of mitochondrial ATP for cytosolic ADP. ANT is 

known to be the most abundant protein found in MIM. This exchange occurs in 

conjunction with a proton translocation as ATP Synthase oxidizes ADP to produce ATP 

(Martonosi 2013). This reaction becomes electrogenic as there is a net excess charge of -

1 on ATP substrate as compared to ADP. The energy for this enzymatic exchange is 

derived from the membrane potential component of proton gradient. The role of ANT is 

given great emphasis since it regulates the ADP supply into mitochondrial matrix. In 

order for oxidative phosphorylation to occur producing ATP, this enzyme becomes a key 

role player as a major ADP source (Portman 2002). In 1965, Chappel and Crofts first 

postulated the uptake of phosphate via a phosphate carrier also embedded on MIM which 

uses the proton motive force to this effect (J. B. Chappel 1965; J. B. Chappel 1966; 

Fonyo 1968). 

 

 

 



17 

   

  
 

 

 

Proton Leak and K+/H+ and Na+/H+ antiporters 

 Potassium ion (K+) regulation in mitochondria is plays a major role in maintaining 

the matrix volume and thereby structural integrity of the organelle to carry out various 

essential roles including ATP supply for the cell (Mitchell 1961; Garlid 1980). IMM has 

very low diffusive permeability to ensure proper regulation of proton motive force by 

activity of various membrane bound channels. However, certain small cation leaks are 

seen to occur. Inward K+ leak contributes to matrix volume homeostasis by preventing 

excess contraction (Garlid 1980; Garlid and Paucek 2003) and on the other hand, inward 

proton leak dissipates energy necessary to maintain mitochondrial metabolic reactions 

(Porter, Hulbert et al. 1996). Another cation Mg2+   continuously and partially inhibits 

K+/H+ antiporter activity, thus regulating matrix volume. However, increased matrix 

volume may also activate K+/H+ antiporter even in case of low Mg2+ matrix 
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concentrations. While K+/H+ antiporter may transport a variety of alkali cations including 

Li+ and Cs+ with varying Km values, Na+/H+ antiporter is more specific to sodium 

exchange (Garlid and Paucek 2003). 

 

Mitochondrial Calcium Uniporter and Sodium Calcium Exchanger 

 Mitochondrial calcium homeostasis is of particular significance due to its role in 

maintaining healthy cellular physiology, regulating bioenergetics by catalyzing enzymes 

in TCA cycle, ATP synthase, and also its role in activating apoptosis mechanisms. 

Mitochondrial calcium uptake occurs via an ion-conducting pore called the mitochondrial 

calcium uniporter (MCU). The molecular identity of the channel was recently claimed to 

be discovered by De Stefani and also by Baughman (Baughman, Perocchi et al. 2011; De 

Stefani, Raffaello et al. 2011). While the uniporter specific imports Ca2+ ions, its affinity 

for the ions is low. Calcium uptake via the uniporter requires high concentrations of 

cytosolic calcium. Experiments have shown that in cardiac myocytes a high number of 

mitochondria are located near sarcoplasmic reticulum (SR), which acts as the cellular 

reserve for calcium. The release of Ca2+ from SR causes cytosolic calcium transients 

during which mitochondrial uptake calcium via the uniporter. Calcium is a highly 

versatile secondary messenger responsible for triggering various critical cellular 

processes. Some researchers believe that mitochondria act as calcium buffers controlling 

cytosolic calcium signals by taking up calcium to later release it. In mitochondrial, Ca2+ 

homeostasis is maintained as Sodium-Calcium-Lithium Exchanger (NCLX) extrudes one 

Ca2+ while importer three sodium ions (Na+). Thus, mitochondrial calcium uptake is 
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electrophoretic as mitochondrial membrane potential provides the driving force for the 

process. 

 

Mitochondrial calcium cycling 

 Since the findings by McCormack, Denton, Hansford and co-workers more than 

three decades ago of the role of mitochondrial calcium in cellular energetics (Denton and 

McCormack 1980; Hansford and Zorov 1998) as an activator of three key 

dehydrogenases of Kreb's cycle (pyruvate-, isocitrate and oxoglutarate dehydrogenase), 

understanding mitochondrial calcium cycling became a hot pursuit among 

experimentalists and eventually among computational modelers. It also became evident 

that with a rise in Ca2+ levels in mitochondrial matrix, levels of NADH as a reducing 

agent for ATP synthesis via the respiratory chain, also increased (Rizzuto, Bastianutto et 

al. 1994). Later experiments by Pralong and co-workers (Pralong, Spat et al. 1994)and 

then by Hajnoczky and co-workers (Hajnoczky, Robb-Gaspers et al. 1995) showed that 

cytoplasmic Ca2+ oscillations and parallel mitochondrial Ca2+ oscillations induced a 

longer lasting rise in NADH levels than the rise in matrix Ca2+. Thus, changing NADH 

levels allow the mitochondria to keep up with increased energy demands for various 

cellular processes including maintenance of normal physiology, cell growth and 

differentiation, and at times when Ca2+ is sufficiently high to open permeability transition 

pore, necrosis or apoptosis occurs. For this reason, the process of Ca2+ transport across 

mitochondrial inner membrane, is of critical importance. 
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 Apart from the permeability transition pore, there are four distinct transporters 

known to transport Ca2+ across IMM. Two of them responsible for inward transport are 

Ca2+ uniporter and the Rapid Mode (RaM) and the other two are associated with the 

function of Ca2+ extrusion and are referred to as Na+-dependent and Na+-independent 

efflux mechanisms. It is debatable whether RaM is anything more than just an alternative 

configuration of the uniporter complex. Import of Ca2+ into mitochondria via uniporter is 

electrophoretic and unidirectional and exhibits second order kinetics (Scarpa and Azzone 

1970; Bygrave, Reed et al. 1971; Vinogradov and Scarpa 1973; Gunter and Pfeiffer 

1990).While it is generally believed that permeability transition pore uptakes very large 

concentrations of Ca2+ into mitochondria, it is also sometimes classified as a mode for 

efflux (Gunter and Pfeiffer 1990; Bernardi, Broekemeier et al. 1994; Bernardi 1999; 

Bernardi, Scorrano et al. 1999; Crompton 1999). As we discuss the Ca2+ efflux 

mechanisms, it is important to point out that it is essential that the kinetics of these 

transporters do not dissipate the membrane potential since that may cause an imbalance 

in ionic homeostasis in the organelle as the direction of transport across uniporter may 

also be reversed. These non-depolarizing Ca2+ efflux mechanisms are of two types, Na+-

dependent and Na+-independent. Largely, Na+-dependent efflux is seen in tissues 

including heart where there is a need for rapid disposal of Ca2+ from the mitochondria. 

On the other hand, Na+-independent efflux is seen in tissues where ion clearance is more 

crucial, such as kidney and liver (Gunter, Buntinas et al. 2000). Baysal and co-workers 

were first to propose that the Na+-dependent mechanism pumps Ca2+ out against a Ca2+ 

gradient whose energy is more than twice of Na+ gradient. They later confirmed the 
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stoichiometry to be 3:1 for Na+-Ca2+ influx against efflux (Baysal, Jung et al. 1994; Jung, 

Baysal et al. 1995). As opposed to this passive transport, Na+-independent transport is 

found to be an active mechanism with one Ca2+ ion being exchanged for two H+ ions 

imported into mitochondrial matrix (Gunter and Pfeiffer 1990). In general, mitochondrial 

calcium transport primarily plays a role in controlling the rate of oxidative 

phosphorylation, modulation of cytosolic Ca2+ signals as regulated by mitochondrial Ca2+ 

uptake, and in activation of apoptotic pathways as is brilliantly reviewed by Gunter and 

co-workers (Gunter, Buntinas et al. 2000). 

 In cardiac myocytes, excitation-contraction (EC) coupling uses up great 

proportions of cellular energy, most of which is supplied by mitochondrial oxidative 

phosphorylation.ATP, Pi and Ca2+ are essential regulators of oxidative phosphorylation. 

The kinetics of mitochondrial Ca2+ uptake have been debated for a while. Experimental 

findings over the last few years suggest that mitochondria are located in close proximity 

to cellular Ca2+ release sites, i.e. ryanodine receptors of sarcoplasmic reticulum(Maack 

and O'Rourke 2007). This allows for rapid and increased uptake of cellular Ca2+ by 

mitochondria to regulate energy production to meet cellular demands. This dissertation 

presents discussion and results, using compartmental and spatio-temporal computational 

model, to describe the role of mitochondrial Ca2+ in regulating ATP production. 
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Models of Mitochondrial Energy Metabolism 

 Although with more recent advances in imaging technologies, the current scenario 

for experimental research on a molecule as dynamic as mitochondria, has improved, it is 

challenging to measure the changes in concentration of various solutes which are also 

heterogeneously distributed in the organelle. To this end, computational modeling 

continues to serve as an important tool that can be finely tuned time and again as new 

data, both morphological as well as physiological become available. One of the first 

models of mitochondrial bioenergetics was presented by Achs and Garfinkel in 1979 as 

they studied ischemic metabolism while demonstrating the changes in metabolite 

concentrations and pH during ischemia in dog heart as well as suggested the mechanism 

of metabolic oscillations (Achs and Garfinkel 1979; Achs and Garfinkel 1979; Garfinkel 

and Achs 1979; Garfinkel and Achs 1979). Other interesting models of metabolic 

oscillations are also described by Jafri and Kotulska (Saleet Jafri and Kotulska 2006) and 

by Cortassa and co-workers (Zhou, Cortassa et al. 2009) which include the regulation of 

mitochondrial inner membrane ion channel (IMAC) by phosphate and magnesium and 

redox sensitivity of IMAC, respectively. Mitochondrial oxidative phosphorylation 

described using empirical relations was first described by Korseniewski (Korzeniewski 

and Froncisz 1991). However, a lot of credit goes to Magnus and Keizer, whose model of 

energy metabolism also included mitochondrial Ca2+ dynamics in pancreatic beta cells 

(Magnus and Keizer 1998; Magnus and Keizer 1998). Quite a few models were later 

developed based in Magnus-Keizer's work such as ones by Bertram and co-workers 

(Bertram, Gram Pedersen et al. 2006) and by Diekman and co-workers (Diekman, Fall et 
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al. 2013) which also integrate membrane potential, ionic homeostasis, mitochondrial ATP 

production and calcium handling by mitochondria and the endoplasmic reticulum along 

with energy metabolism. A very crucial improvement to the Magnus-Keizer model was 

the integration of a model for the tricarboxylic acid cycle to describe energy metabolism 

for cardiac myocyte (Dudycha 2000; Cortassa, Aon et al. 2006; Nguyen, Dudycha et al. 

2007). Models for complexes of mitochondrial respiratory chain were also described 

(Beard 2005; Korzeniewski 2007; Kumar and Jafri 2011). The work by Dudycha and 

Jafri (Dudycha 2000) deserve a special mention here since their work uniquely pioneered 

the definition to describe each chemical species and metabolite as a dynamic equation 

using principles of chemical kinetics. They described the reaction velocity (v) of an 

enzyme (E) and substrate (S) reaction that irreversibly yields a product 

𝐸 + 𝑆

𝑘𝑓
→

𝑘𝑏
←
𝐸𝑆

𝑘𝑝
→ 𝑃 

where velocity can be described by 𝑣 =  
𝑉max [𝑆]

𝐾𝑚+[𝑆]
 where 𝑉𝑚𝑎𝑥 = 𝑘𝑝[𝐸]𝑡𝑜𝑡𝑎𝑙  and  𝐾𝑚 =

𝑘𝑏+𝑘𝑝

𝑘𝑓
.  [E]total is the total concentration of enzyme. They suggested Michaelis-Menten 

formalism also be used to derive expression for allosteric and competitive inhibitors and 

activators for the reactions yielding the net reaction velocity equation  
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where vf and vr are the maximal forward and reverse reaction rates, respectively, and the 

Kj where j=A, B, P and Q are the Michaelis constants for the different reactants (A and 

B) and products P and Q. 

The other reactions were described by the law of mass action which represents rate of 

change of the [A] (the concentration of A) governed by the chemical reaction equation 

𝐴 + 𝐵 

𝑘𝑓
→

𝑘𝑏
←
𝐶 + 𝐷 as 

𝑑[𝐴]

𝑑𝑡
= 𝑘𝑏[𝐶][𝐷] − 𝑘𝑓[𝐴][𝐵] 

In their model, the parameters for the binding constants for these reactions were fit to 

experimental data on initial reaction rates for these reactions as that is what is typically 

measured experimentally.  The caveat with this, as Kumar points out (Jafri and Kumar 

2014), is that the reverse reaction is not well constrained.  Experimental measurement of 

reaction kinetic measures initial reaction rates, that is reaction rates in the absence of 

product.  For example, the work by Dudycha and Jafri constrained the model with this 

data and hence did not include reverse reactions.  This however, again as Kumar points 

out (Jafri and Kumar 2014), under physiological conditions in not an issue as the change 

in free energy for these reactions made the reverse reaction flux negligible.  In this 

dissertation, we improved upon the Nguyen-Dudycha-Jafri model (Nguyen, Dudycha et 

al. 2007) which combines the Dudycha and Jafri (Dudycha 2000) model for the 

tricarboxylic acid cycle described above with the Magnus and Keizer model for 

mitochondrial energy metabolism and ionic homeostasis (Magnus and Keizer 1998) to 

include more recent findings on internal structures of mitochondrial crista morphology to 

create a two dimensional spatio-temporal mathematical model to attempt to account for 
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the spatial heterogeneity of various organellar solutes and their varying diffusion. This 

multi-scale model is one of a kind project so far as it involves, along with TCA cycle, 

ionic homeostasis, and membrane potential, the minutiae of the nanostructures of 

mitochondrial crista. 

 

Research Goals 

 While the role of calcium ions as regulator of mitochondrial function is 

established, it is important to gain a perspective on how much calcium is imported into 

mitochondrial matrix via the voltage-gated uniporter. Overloading the matrix with 

calcium can lead to opening of permeability transition pore and on the other hand, critical 

functionality of the myocyte may be affected if sufficient ATP turnover is not delivered 

by mitochondria (Lehninger 1982; Nicholls 1982; Fiskum 1983; Nicholls and Ferguson 

1992). Although the uniporter has been extensively studied by research groups for more 

than two decades now, there are still fundamental disagreements on the extent and speed 

of mitochondrial Ca2+ uptake. Using  Nguyen-Dudycha-Jafri model (Nguyen, Dudycha et 

al. 2007), this dissertation presents a comparative analysis of both scenarios of fast and 

slow calcium cycling across uniporter, in terms of its output and the cost of it as exhibited 

by loss of potential across the membrane. 

 Further, in this dissertation, creation of a two dimensional computational spatio-

temporal model of mitochondrial crista and matrix including most involved in defining 

mitochondrial bioenergetics is described. Difficulties in imaging such a dynamic 

organelle with very small dimensions of structures, in a live tissue, limits the 
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understanding of behavior of this complex system of channels as regulated by small, yet 

varying concentrations of substrates and products. This model captures the complexity of 

the ultra structure of mitochondria along with inhomogeneity of solute that are difficult to 

visualize using conventional experimental techniques as they very rapidly move across 

the matrix and inner membrane. Computational modeling simulations offer an insight 

into various aspects of mitochondrial function depending on stimuli and compare the 

contribution of different electron donors to overall bioenergetics across different crista 

structures. Effects of intra-cellular calcium on mitochondrial calcium uptake is studied, in 

particular, and the observations on ATP production in varying crista structures are 

presented. 

 In addition to their role as 'power-plants', mitochondria are also increasingly 

recognized as key regulators of Ca2+ and apoptosis. To this end, the distribution of 

proteins as well as transport and diffusion pathways across mitochondrial membranes and 

compartments is a key aspect. Creatine (Cr), an essential natural substance synthesized in 

the body from three amino acids: methionine, glycine, and arginine plays an important 

role in regenerating ATP. Phosphocreatine (PCr) serves as a reservoir for high energy 

phosphate bonds in muscles and nerve tissues enabling re-phosphorylation of ADP into 

ATP. The significance of this process heightens especially during exercise as the rate of 

ATP production declines and the necessary supply of energy is affected.  Cr and PCr are 

found in the inter-membrane space. Diffusion of mitochondrial ATP may be enhanced if 

the diffusion limitations of mitochondrial membrane can be countered by metabolite 

channeling. Creatine kinase (CK) offers this utility. It transports mitochondrial ATP 
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broken into ADP and phosphate, where phosphate is taken up by creatine and shuttled out 

and ADP is transported via ANT.  Eventually, creatine kinase activity can also be 

integrated in the current model.
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CHAPTER 2 

SLOW MITOCHONDRIAL CALCIUM CYCLING LEADS 

TO GREATER STIMULATION OF ENERGY 

METABOLISM THAN FAST CYCLING: A 

COMPUTATIONAL MODELING STUDY 

 

 

 

Abstract 

 
 Pressure-volume work of the heart increases with increases in rate, stroke volume 

and afterload.  The cardiac myocyte intracellular calcium concentration ([Ca2+]i) transient 

is a key cellular signal that activates contraction and links electrical activity to the 

mechanical response of the heart.  It also potentially influences the mitochondrial calcium 

([Ca2+]m) that is thought to be a major regulator of mitochondrial ATP production by 

stimulating the three calcium-dependent dehydrogenases of tricarboxylic acid cycle and 

the F1F0 ATPase.  Here we examine the hypothesis that [Ca2+]i transients activate 

mitochondrial ATP production by using a mathematical model of mitochondrial function 

and ionic homeostasis.  However, the magnitude of mitochondrial Ca2+ concentration 

([Ca2+]m) fluctuations resulting from [Ca2+]i variations is actively investigated by many 

groups and remains controversial.  Our computational model is based upon our earlier 

model that examined mitochondrial energy production and ionic homeostasis(Nguyen, 

Dudycha et al. 2007).We reduced the assumed Ca2+ fluxes into and out of the 
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mitochondria so that they were consistent with recent publications from our collaborators 

(Boyman, Chikando et al. 2014).  This revised model thus produced smaller variations of 

[Ca2+]m during a beat and was thus consistent with our recent analysis of calcium 

uniporter fluxes from diverse investigations (Williams, Boyman et al. 2013). Our 

simulations showed that the new formulation allows greater accumulation of Ca2+ 

favoring higher ATP production as well during pacing. It showed a significantly higher 

efficiency of ATP production (when normalized to substrate entry).  The model suggests 

that this improved efficiency is due to a reduced dissipation of the mitochondrial proton 

gradient across the inner membrane as Ca2+ flows in.  This analysis suggests that there is 

profound energy benefit to the myocardium when mitochondrial ATP production is 

regulated by small calcium transients in the mitochondria ([Ca2+]m) with each heartbeat. 

 

Introduction  

 Calcium plays a very important role as a secondary messenger in mitochondria 

and is responsible for activating three key dehydrogenases of the TCA cycle including 

pyruvate dehydrogenase, isocitrate dehydrogenase and α-ketoglutarate dehydrogenase 

complex. Moreover, calcium is also known to directly impact ATPase activity in 

mitochondria. This makes calcium metabolism crucial for the overall functional activity 

of the organelle (Chance and Williams 1956; Chance 1961; Chance 1965; Johnson and 

Hansford 1975; Hansford 1977; Hansford and Castro 1985; Hansford, Moreno-Sanchez 

et al. 1989; H. M. Huang 1994; Nichols and Denton 1995; Denton 2009). Over the years, 

even with extensive research on mitochondrial calcium uptake and the biophysical 
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properties of the mitochondrial Ca2+ uniporter, experimental results seem to provide two 

contradicting scenarios about really how much calcium moves in and out of mitochondria 

under normal conditions (O'Rourke and Blatter 2009). Some researchers have found 

uniporter flux to be fast suggesting large Ca2+ fluctuations in the mitochondrial calcium 

as cytosolic calcium is regularly elevated per heartbeat. On the other hand, others have 

characterized mitochondrial Ca2+ uptake as being slow with smaller mitochondrial [Ca2+] 

fluctuations that over time can lead to accumulation of Ca2+ in the mitochondria (Mela 

and Chance 1968; Azzi and Chance 1969; Mela and Chance 1969; Hansford and Zorov 

1998; Duszynski, Koziel et al. 2006; Demaurex, Poburko et al. 2009). In addition to the 

role calcium plays in the regulation of energy metabolism, the speed of uptake by the 

MCU will determine whether mitochondria, in fact, serve as a calcium buffer for the cell. 

While mitochondrial ATP synthesis is tightly coupled to  cellular Ca2+ as calcium is taken 

up by mitochondria, the organelle's significance as a potential calcium buffer has 

garnered much curiosity (Thayer and Miller 1990; Friel and Tsien 1994; Werth and 

Thayer 1994; Robb-Gaspers, Rutter et al. 1998; David and Barrett 2000; Kaftan, Xu et al. 

2000; David and Barrett 2003; Isaeva and Shirokova 2003; Maack, Cortassa et al. 2006; 

Veitinger, Veitinger et al. 2011; Drago, De Stefani et al. 2012; Fluegge, Moeller et al. 

2012). In 2013, Boyman et al (Williams, Boyman et al. 2013) presented a review of 

various experiments of mitochondrial calcium uptake and attempted to define biophysical 

properties of MCU and presented a mathematical description of the second scenario 

where relative calcium uptake was lower owing to slower pacing of cytosolic calcium. 
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 The goal of this work is to understand the role of mitochondria Ca2+ uptake on 

mitochondrial function.  To this end, we perform simulations based upon the Nguyen-

Dudycha-Jafri model (Nguyen, Dudycha et al. 2007) for mitochondrial ionic homeostasis 

and energy metabolism to assess the physiological implication of fast versus slow MCU 

Ca2+ uptake.  We consider how these two rates of Ca2+ uptake affect mitochondrial 

[Ca2+], tricarboxylic acid cycle flux, and ATP synthesis.  

 

Model Description 

 The Jafri-Dudycha-Nguyen model integrates the Jafri-Dudycha (Jafri, Dudycha et 

al. 2001) model for tricarboxylic acid cycle with Magnus-Keizer model for mitochondrial 

energy metabolism and calcium dynamics(Magnus and Keizer 1998; Magnus and Keizer 

1998). This model describes all the mitochondrial fluxes shown in figure 1.6. It is 

assumed that the substrate enters the cycle as acetyl Co-A. The key features of this 

computational model are descriptions of sodium, hydrogen, phosphate and ATP balance. 

The MCU formulation in this model is based on Kirichok's experimental data with the 

overall rate specified to match the beat-to-beat Ca2+ transient observed by Trollinger and 

Lemasters (Trollinger, Cascio et al. 2000; Kirichok, Krapivinsky et al. 2004). 

Computational modeling of mitochondrial function involves similar principles used for 

modeling ion transport across cell membranes, ionic homeostasis and biochemical 

pathways.  

 The mitochondrial inner membrane supports a membrane potential (Δψ) 

determined by the ionic currents across it (Skarka and Ostadal 2002). These currents 
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include the respiration driven proton pumps of the electron transport chain (Jresp), the 

F1F0-ATPase (JF1F0), the mitochondrial calcium uniporter (JMCU), the proton leak (JHleak), 

the mitochondrial sodium-calcium exchanger (JNCLX)and the ATP/ADP antiporter (JANT).  

Hence the membrane potential is described by the ordinary differential equation: 

−Cm
dψ

dt
= Jresp + JF1F0 + JHleak + JMCU + JNCLX + JANT 

where Cm  is the mitochondrial membrane capacitance. 

 The fluxes from the tricarboxylic acid cycle are described based on principles of 

chemical kinetics. The calcium catalysis of three TCA cycle enzymes is also represented. 

Enzyme activity is described for reaction velocity (v) of an enzyme (E) and substrate (S) 

reaction that irreversibly yields a product 

E + S

kf
→

kb
←
ES

kp
→ P 

as v =  
Vmax [S]

Km+[S]
 where Vmax = kp[E]totaland  Km =

kb+kp

kf
, where [E]total is the total 

concentration of enzyme, vfand vr are the maximal forward and reverse reaction rates, 

respectively, and the Kj where j=A, B, P and Q are the Michaelis constants for the 

different reactants (A and B) and products P and Q. The other reactions were described 

by the law of mass action which represents rate of change of the [A] (the concentration of 

A) governed by the chemical reaction equation 

A + B 

kf
→

kb
←
C+ D 

as 
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d[A]

dt
= kb[C][D] − kf[A][B] 

A list of ionic and other concentration and other general parameters used in the model are 

shown in the tables below. A set of 24 ordinary differential equations was solved using 

fourth order Runge-Kutta method using a 12 core CPU which took approximately 3 hours 

to simulate 100ms.  Flux equations and differential equations for different model 

variables are also described in this chapter. 

 The Nguyen-Dudycha-Jafri model for mitochondrial energy metabolism and ionic 

homeostasis is used as the basis for the simulations in this study (Figure 2.1).   
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The following modifications were made to the model to make it appropriate for this 

study.  First, the mitochondrial ADP concentration was altered by updating the adenine 
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nucleotide translocase (ANT) and extramitochondrial free ADP, ATP, and phosphate 

concentrations to be more consistent with experiment (Jafri, Dudycha et al. 2001; 

Michailova and McCulloch 2001).  Second, the MCU and NCLX fluxes were modified to 

produce a model for slow and fast Ca2+ cycling with a similar resting [Ca2+]m of 130 nm.  

Only the model modifications are detailed here. The remaining equations can be found in 

the original paper (Nguyen, Dudycha et al. 2007). 

 The model description for the ANT remains the same as 
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where VANT is the velocity of the ADP/ATP translocase and 
Pf  is the fraction of 

effective membrane potential for the translocase.  The subscripts ‘m’ and ‘e’ on the 

concentrations denote mitochondrial and extramitochondrial, respectively. These ionic 

forms of ADP and ATP are fractions of the ATP and ADP concentrations as defined by 

Magnus and Keizer(Magnus and Keizer 1998; Magnus and Keizer 1998).   The 

extramitochondrial concentrations are updated to match the free concentrations predicted 

by Michaelova and McCulloch (Michailova and McCulloch 2001). The parameters were 

altered and are reported in Table 2.8. 

The mitochondrial Ca2+ dynamics governed by the three processes: 1) Ca2+ influx 

through the Ca2+ uniporter, 2) Ca2+ efflux through the Na+-Ca2+ exchanger and 3) Ca2+ 

buffering has been updated in this work to simulate both fast and slow Ca2+ cycling. The 

uniporter is assumed to be an ion channel permeable only to Ca2+.  The model is based on 
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a Goldman-Hodgkin-Katz formulation and closely matches membrane potential ramp 

data at different levels of myoplasmic [Ca2+] (Figure 2.2A).  The uniporter flux (JUNI) can 

be described by  

1exp

][exp][ 22
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where PCa is the permeability of the uniporter, zCa is the charge of Ca2+, am and ae are the 

mitochondrial and extramitochondrial activity coefficients, and [Ca2+]e is the 

extramitochondrial Ca2+ concentration.  The fit of this formulation to the experimental 

data by Kirichok and co-workers with the permeability set to simulate fast and slow 

Ca2+cycling . 

The Na+-Ca2+ exchanger includes a stoichiometry of 3:1 for Na+:Ca2+ as observed 

by Baysal, Jung and co-workers(Baysal, Jung et al. 1994; Jung, Baysal et al. 1995).   The 

Na+-Ca2+ exchanger flux (JNC) can be described by 
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where KNa is the Na+ binding constant, KCa is the Ca2+ binding constant and VNC is the 

maximal exchanger velocity (Jafri and Kotulska 2006).  This is based on a sequential 

mode of transport with random order of ion binding.  The membrane translocation step is 

assumed to be voltage dependent as it is electrogenic.  Rate constants for Na+ and Ca2+ 
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binding are based on the experimentally measured values by Wingrove and Gunter 

(Wingrove and Gunter 1986; Wingrove and Gunter 1986), Crompton and colleagues 

(Crompton, Kunzi et al. 1977), Coll and co-workers (Coll, Joseph et al. 1982) and Paucek 

and co-workers (Paucek and Jaburek 2004). 

The balance equations for [Ca2+]m is described by  

 ncuniCa

m JJ
dt

Cad





][ 2

  (10) 

 

where Ca is a constant  describing the fraction of Ca2+ that binds to Ca2+  s in the 

mitochondria.  This is approximated as 0.03 based on the data of Corkey and Williamson 

(Corkey, Duszynski et al. 1986) using the rapid buffering approximation (Wagner, Keizer 

1994).  The updated parameters are available in Table 2.8. 

 

Numerical Methods 

 The model was solved using the 4thorder Runge-Kutta Method using Fortran by 

the Portland Group, Inc.  The simulations were performed on HP Intel-based 

workstations including the HP Z800 and Z820.  Figures were generated using MATLAB, 

by the MathWorks, Inc. 

 

Results and Discussion 

 Simulations with the modified Nguyen-Dudycha-Jafri model explored the two 

cases of fast and slow mitochondrial Ca2+ cycling.  With fast Ca2+cycling, there were 
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large beat to beat changes of [Ca2+]m similar to the experimental results of Trollinger and 

co-workers (Trollinger, Cascio et al. 2000). With slow Ca2+ cycling the beat-to-beat 

changes were smaller fluctuations similar to the experimental results of Lu and co-

workers(Lu, Ginsburg et al. 2013).  In both cases the resting myoplasmic [Ca2+] was set 

to 130 nm in agreement with the levels measured by Lu and co-workers.  In Figure 2.2A 

the myoplasmic [Ca2+] is shown for rest and pacing at 0.5, 1.0, 2.0,  3.0 Hz, and 4.0 Hz.  

Figure 2.2B shows the [Ca2+]m for fast Ca2+ cycling.  Figure 2.2C shows the [Ca2+]m for 

slow Ca2+ cycling. The average value over the last second of the simulation for [Ca2+]m  

are shown in as shown in Figure 2.2D (Table 2.1).  Note that the average with both fast 

and slow pacing rates rises, as the pacing frequency increases.  However, with the case of 

slow Ca2+ the increase is slow as the transient does not recover back to baseline during 

each transient, resulting in a higher average [Ca2+]m. 
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 The changes in the [Ca2+]m are due to changes in the fluxes for MCU (JMCU) and 

NCLX (JNCLX).  In the case of fast Ca2+ cycling, JMCU and JNCLX are approximately 57 

times faster than  the case with slow Ca2+ cycling at rest (Table 2.1). With increasing 

pacing frequency the amplitude of the fluctuations of JMCU and JNCLX fluxes decrease 

(Figure 2.3A-D) due to the decreasing [Ca2+]i and [Ca2+]m transient amplitudes, 

respectively (Figure 2.2).  Similarly, differences are seen at the different pacing rates for 

the average JMCU and JNCLX fluxes as well (Figure 2.4).   
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 These fluxes are depolarizing currents that cause transient depolarization of ψm 

(Figure 2.5AB).  However, with slow cycling the extent of transient depolarization is 

quite small as the currents are much smaller. The increased average amount of JMCU and 

JNCLX with increased pacing frequency increases depolarization of ψm as seen in Figure 

2.5C and reported in Table 2.1.  Note that in the original Nguyen-Dudycha-Jafri model, 

fast pacing results in transient depolarization of ψm due to the large Ca2+ fluxes. This is 

the ‘short-circuiting’ of ψm by Ca2+ flux described by Magnus and Keizer (Magnus and 

Keizer 1998; Magnus and Keizer 1998).  
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These transient depolarizations cause transient reductions in ATP production with 

fast Ca2+ cycling (Figure 2.6A).With slow Ca2+ cycling these fluctuations in ATP 

production are small and therefore, do not impede ATP production through short-

circuiting’ of the ψm (Figure 2.6B).The average ATP production of the mitochondria is 

also affected by the two modes of Ca2+ cycling (Figure 2.6C).  With increases in Ca2+ 

cycling during increases in pacing frequency, the ATP production flux increases in both 

fast and slow Ca2+ cycling modes (Table 2.1).  However, the increases with slow Ca2+ 

cycling are greater.  This is likely due to the sustained [Ca2+]m  seen during slow cycling 

(Figure 2.2) that sustain greater ATP productions rates (Figure 2.6).  With fast 

Ca2+ cycling the ATP production fluxes displays transient bursts of activity. 
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In the tricarboxylic acid cycle there are two Ca2+-dependent dehydrogenases, 

isocitrate dehydrogenase and α-ketoglutarate dehydrogenase.  The effect of Ca2+ cycling 

on the tricarboxcylic acid cycle flux is represented by the increased NADH production 

flux with increases in pacing rate (Figure 2.7).  With the fast Ca2+ cycle there is a beat-to-

beat increase in NADH production (Figure 2.7A).  This demonstrates how during fast 

cycling there are bursts of increased NADH production that accompany the Ca2+ 

transients. These fluctuations are almost absent with slow Ca2+ cycling (Figure 2.7B).  

The average NADH flux shows an increase with increased pacing (Figure 2.7C). 
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Citrate synthase is the reaction that brings acetyl-CoA into the TCA cycle.  Thus 

the citrate synthase flux represents the rate of entry of the substrate acetyl-CoA into the 

cycle.  During an increase in pacing frequency, this flux initially increases and then 

decreases (Figure 2.8). The efficiency of ATP production can be measured as the ratio of 

the rate of ATP production to the rate of substrate entry (JCS/JATP) (Figure 2.8D).  The 

efficiency of ATP production increases more during pacing with slow Ca2+ cycling and 

with fast Ca2+ cycling  as shown in Figure 2.2D (Table 2.1). 
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Conclusions 

 There has been considerable debate in the scientific literature about the nature of 

cardiac mitochondrial Ca2+ cycling.  One group of investigators advocated that Ca2+ 

cycling is fast with large beat-to-beat fluctuations in [Ca2+]m.  Others advocate that Ca2+ 

cycling is slow with small beat-to-beat fluctuations in [Ca2+]m.  This topic has been of 

interest as the Ca2+-dependent dehydrogenases in the TCA cycle and F1F0-ATPase are 

activated by Ca2+ providing a possible mechanism by which increased cardiac work can 

increase mitochondrial ATP production.  Here, we use a computational model to explore 

fast and slow Ca2+ cycling and their implications on energy metabolism.  The model 

suggests that slow Ca2+ cycling is more efficient in translating increased cytosolic Ca2+ 

cycling during increased pacing frequency into increases in ATP production. 

 Electrophoretic Ca2+ import activity via MCU is driven by the membrane 

potential m component. The m is uniformly maintained across MIM due to ionic 

homeostasis in case of normal cellular physiological conditions. As workload for the 

myocyte increases, more and more Ca2+ needs to be shuttled into and out of mitochondria 

to keep up with the raised energy demands of the cell. As a resulting fast Ca2+ cycling, 

mundergoes transient depolarization during pacing. In contrast, with slow Ca2+ cycling, 

there are very small fluctuations in m. However, the average potential values per beat in 

both cases are comparable  across different pacing frequencies. The transient 

depolarizations have the next effect curtailing ATP production as the F1F0-ATPase 

activity is driven by m as part of the proton motive force. 
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 It is also interesting that the citrate synthase flux that uses acetyl co-A  as 

substrate for TCA cycle increases initially than declines.  The result is that there is an 

increased efficiency of ATP synthesis. This suggests that alternative pathways such as 

anapleurotic entry of substrate or glutamate entry may come into play with continued 

higher workload to produce ATP as the input for TCA cycle, Acetyl co-A remains 

unchanged.  The model has a simple representation of acetyl-CoA entry matching it to 

citrate synthase flux.  Incorporation of a detailed model of pyruvate dehydrogenase 

would allow this to be further explored.  However this is beyond the scope of this paper.   

 The slow Ca2+ cycling model via uniporter showed a greater efficiency of ATP 

production with increased  pacing. The model suggests that this improved efficiency is 

due to a reduction in mitochondrial membrane potential depolarization due to the Ca2+ 

influx and a reduction in the dissipation of the mitochondrial proton gradient across the 

inner membrane. This analysis suggests that there is profound energy benefit to the 

myocardium when mitochondrial ATP production is regulated by small calcium 

transients in the mitochondria ([Ca2+]m) with each heartbeat. These results are also in line 

with the experimental results shared by Boyman et al to indicate that while mitochondrial 

calcium uptake. This is further emphasized by the observation that for mitochondria to 

accumulate larger calcium concentrations, MCU activity may cause severe membrane 

potential depolarization which can curtail ATP synthesis. 
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Supplemental Data 

 

Table 2.1: Comparison on mitochondrial fluxes and [Ca2+] and using slow and fast 

calcium pacing conditions for MCU in Nguyen-Dudycha-Jafri model. 

 [B] Fast [Ca2+]m Cycling 

 

                [A] Slow [Ca2+]m Cycling 

 

 
  

 
Resting 0.5 Hz 1 Hz 2 Hz 3 Hz 

4 

Hz 
Resting 0.5 Hz 1 Hz 2 Hz 3 Hz 

4 

Hz 

Cam 

(μM) 
0.13 0.1 0.145 0.29 0.475 0.63 0.13 0.17 0.3 0.63 1.14 1.48 

Psi 

(mV) 
191 191 190 189 188 188 191 190 189 188 188 188 

JCS 

(μM/s) 
89.6 93.1 102 106 102 99.3 82.7 94.1 101 97.3 85 78 

JNADHp 

(μM/s) 
580 595 693 788 827 847 569 628 734 808 821 823 

Jp=JATPp 

(μM/s) 
515 433 543 749 848 877 516 596 763 879 896 897 

Juniporter 

(μM/s) 
23.0 17.7 23.6 35.4 45.8 49.7 0.40 0.31 0.41 0.62 0.80 0.88 

JNCLX 

(μM/s) 
23.0 18.1 25.4 48.7 77.8 101 0.41 0.5 0.8 1.4 1.98 2.27 

JATPp/JCS 5.75 4.65 5.32 7.06 8.31 8.83 6.23 6.33 7.55 9.03 10.54 11.5 

      

 

     

 

 

  

 

Equations 

Citrate Sythase flux 

𝐽𝐶𝑆 =
𝑉𝐶𝑆

{1 +
𝐾𝑀,𝐴−𝐶𝑜𝐴
[𝐴 − 𝐶𝑜𝐴]

+
𝐾𝑀,𝑂𝐴𝐴
[𝑂𝐴𝐴]

(1 +
[𝐴 − 𝐶𝑜𝐴]
𝐾𝑖,𝐴−𝐶𝑜𝐴

) +
𝐾𝑆,𝐴−𝐶𝑜𝐴
[𝐴 − 𝐶𝑜𝐴]

𝐾𝑀,𝑂𝐴𝐴
[𝑂𝐴𝐴]

}
 

Isocitrate Dehydrogenase flux 

𝐽𝐼𝐷𝐻 =
𝑉𝐼𝐷𝐻

{𝑓ℎ +

𝐾𝑀,𝐼𝑆𝑂𝐶
[𝐼𝑆𝑂𝐶]

𝑛𝐼𝑆𝑂𝐶

𝑓𝑎
+ (

𝐾𝑀,𝑁𝐴𝐷
[𝑁𝐴𝐷+]

)
𝑛𝑁𝐴𝐷

𝑓𝑖 +
(
𝐾𝑆,𝐼𝑆𝑂𝐶
[𝐼𝑆𝑂𝐶]

)𝑛𝐼𝑆𝑂𝐶(
𝐾𝑀,𝑁𝐴𝐷
[𝑁𝐴𝐷+]

)𝑛𝑁𝐴𝐷𝑓𝑖

𝑓𝑎
}

 

α-Ketoglutarate Dehydrogenase flux 
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𝐽𝐾𝐺𝐷𝐻𝐶 =
𝑉𝐾𝐺𝐷𝐻𝐶

{1 +
(
𝐾𝑀,𝛼𝑘𝑔
[𝛼𝐾𝐺]

)

(1 +
[𝑀𝑔2+]
𝐾𝑑,𝑀𝑔

) (1 +
[𝐶𝑎2+]
𝐾𝑑,𝐶𝑎

)
(
𝐾2,𝑁𝐴𝐷
[𝑁𝐴𝐷+]

)𝑛5,𝑁𝐴𝐷}

 

Malate Dehydrogenase flux 

𝐽𝑀𝐷𝐻 =
𝑉𝑀𝐷𝐻𝑓ℎ

{1 +
𝐾𝑀,𝑀𝐴𝐿
[𝑀𝐴𝐿]

(1 +
[𝑂𝐴𝐴]
𝐾𝑖,𝑂𝐴𝐴

) +
𝐾3,𝑁𝐴𝐷
[𝑁𝐴𝐷+]

+
𝐾𝑀,𝑀𝐴𝐿
[𝑀𝐴𝐿]

(1 +
[𝑂𝐴𝐴]
𝐾𝑖,𝑂𝐴𝐴

)
𝐾4,𝑁𝐴𝐷
[𝑁𝐴𝐷+]

}
 

𝑓ℎ = 𝑓ℎ,𝑖 ∙ 𝑓ℎ,𝑎 

𝑓ℎ,𝑎 =
1

1 +
[𝐻+]
𝐾𝐻3

+
[𝐻+]2

𝐾𝐻3𝐾𝐻4

+ 𝑘𝑜𝑓𝑓𝑠𝑒𝑡 

𝑓ℎ,𝑖 = (
1

1 +
𝐾𝐻5
[𝐻+]

+
𝐾𝐻5𝐾𝐻6
[𝐻+]2

)2 

Succinate Dehydrogenase flux 

𝐽𝑆𝐷𝐻 =
𝑉𝑆𝐷𝐻

1 +
𝐾𝑀,𝑆𝑈𝐶
[𝑆𝑈𝐶]

(1 +
[𝐹𝑈𝑀]
𝐾𝑖,𝐹𝑈𝑀

)
 

𝑑[𝐴𝐶𝑜𝐴]

𝑑𝑡
= 𝐽𝑖𝑛−𝐽𝐶𝑆 

 
𝑑[𝐶𝐼𝑇]

𝑑𝑡
=  𝐽𝐶𝑆 − 𝐽𝐴𝐶𝑂 

 
𝑑[𝐼𝑆𝑂𝐶]

𝑑𝑡
=  𝐽𝐴𝐶𝑂 − 𝐽𝐼𝐷𝐻 

 
𝑑[𝛼𝐾𝐺]

𝑑𝑡
=  𝐽𝐼𝐷𝐻 − 𝐽𝐾𝐺𝐷𝐻𝐶 + 𝐽𝐴𝐴𝑇  

 
𝑑[𝑆𝐶𝑜𝐴]

𝑑𝑡
=  𝐽𝐾𝐺𝐷𝐻𝐶 − 𝐽𝑆𝐿 

 
𝑑[𝑆𝑈𝐶]

𝑑𝑡
=  𝐽𝑆𝐿 − 𝐽𝑆𝐷𝐻 

 
𝑑[𝐹𝑈𝑀]

𝑑𝑡
=  𝐽𝑆𝐷𝐻 − 𝐽𝐹𝐻 

 
𝑑[𝑀𝐴𝐿]

𝑑𝑡
=  𝐽𝐹𝐻 − 𝐽𝑀𝐷𝐻 
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𝑑[𝑂𝐴𝐴]

𝑑𝑡
=  𝐽𝑀𝐷𝐻 − 𝐽𝐶𝑆 − 𝐽𝐴𝐴𝑇 

 

Uniporter flux 

𝐽𝑈𝑁𝐼 = 𝑃𝐶𝑎
𝒵𝐶𝑎Ψ𝑚𝐹

𝑅𝑇

𝛼𝑚[𝐶𝑎
2+]𝑚 exp (

−𝒵𝜓𝑚𝐹
𝑅𝑇 ) − 𝛼𝑒[𝐶𝑎

2+]𝑒

exp [
−𝒵𝜓𝑚𝐹
𝑅𝑇 ] − 1

 

Sodium -Calcium Exchanger flux 

𝐽𝑁𝐶

=

VNC(𝑒
0.5𝜓𝐹/𝑅𝑇 [Na

+]𝑒
3[Ca2+]𝑚

𝐾𝑁𝑎
3 𝐾𝐶𝑎

− 𝑒−0.5𝜓𝐹/𝑅𝑇
[𝑁𝑎+]𝑚

3 [𝐶𝑎2+]𝑒)

(1 +
[𝑁𝑎+]𝑒

3

𝐾𝑁𝑎
3 +

[𝐶𝑎2+]𝑚
𝐾𝐶𝑎

+
[𝑁𝑎+]𝑒

3[𝐶𝑎2+]𝑚
𝐾𝑁𝑎
3 𝐾𝐶𝑎

+
[𝑁𝑎+]𝑚

3

𝐾𝑁𝑎
3 +

[𝐶𝑎2+]𝑒
𝐾𝐶𝑎

+
[𝑁𝑎+]𝑚

3 [𝐶𝑎2+]𝑒
𝐾𝑁𝑎
3 𝐾𝐶𝑎

)

 

𝑑[𝐶𝑎2+]𝑚
𝑑𝑡

= 𝛽𝐶𝑎(𝐽𝑈𝑁𝐼 − 𝐽𝑁𝐶) 

 

Sodium-Proton Exchanger flux 

𝐽𝑁𝐻

= 

𝑉𝑁𝐻[𝐻
+]𝑚

([𝐻+]𝑚 + 𝐾𝐻,𝑟𝑒𝑔)
 (
[𝐻+]𝑒[𝑁𝑎+]𝑚
𝐾𝐻,𝑁𝐻𝐾𝑁𝑎,𝑁𝐻

−
[𝐻+]𝑚[𝑁𝑎+]𝑒
𝐾𝐻,𝑁𝐻𝐾𝑁𝑎,𝑁𝐻

 )

1.0 + 
[𝐻+]𝑒
𝐾𝐻,𝑁𝐻

+ 
[𝑁𝑎+]𝑚
𝐾𝑁𝑎,𝑁𝐻

+ 
[𝐻+]𝑒[𝑁𝑎+]𝑚
𝐾𝐻,𝑁𝐻𝐾𝑁𝑎,𝑁𝐻

+ 
[𝐻+]𝑚
𝐾𝐻,𝑁𝐻

+ 
[𝑁𝑎+]𝑒
𝐾𝑁𝑎,𝑁𝐻

+ 
[𝐻+]𝑚[𝑁𝑎+]𝑒
𝐾𝐻,𝑁𝐻𝐾𝑁𝑎,𝑁𝐻

 

 

𝑑[𝑁𝑎+]𝑚

𝑑𝑡
= 3𝐽𝑁𝐶 − 𝐽𝑁𝐻 

 

ATP Production flux 

𝐽𝑃

= 𝑉𝑃

[𝐴𝐷𝑃]𝑚
𝐾𝐴𝐷𝑃

[𝑃𝑖]𝑚
𝐾𝑃𝑖

−
[𝐴𝑇𝑃]𝑚
𝐾𝐴𝑇𝑃

(1 + 
[𝐴𝐷𝑃]𝑚
𝐾𝐴𝐷𝑃

) (1 + 
[𝑃𝑖]𝑚
𝐾𝑃𝑖

) + (
[𝐴𝑇𝑃]𝑚
𝐾𝐴𝑇𝑃

) ∗
[𝜓𝑚]8

𝐾𝑉𝐴𝑇𝑃
8 + [𝜓𝑚]8

 [ 1 − 𝑒
−[𝐶𝑎2] 𝑚

𝐾𝐶𝑎,𝐴𝑇𝑃]

 

 

Proton flux 
𝐽ℎ𝑓 = 3𝐽𝑃 

Proton pump due to respiration 
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𝐽𝐻𝑅

= 𝑉𝐻𝑅𝜌𝑟𝑒𝑠
𝑟𝑎10

6Δ𝑝𝐻 exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇 ) − [𝑟𝑎 + 𝑟𝑏] exp (

𝑔6𝐹𝜓𝑚
𝑅𝑇 )

{[1 + 𝑟1 exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇 )] exp (

6𝐹𝜓𝐵
𝑅𝑇 ) + [ 𝑟2 + 𝑟3 exp (

𝐹𝐴𝑟𝑒𝑠
𝑅𝑇 )] exp (

𝑔6𝐹𝜓𝑚
𝑅𝑇 )}

 

 

𝐴𝑟𝑒𝑠 =
𝑅𝑇

𝐹
ln (
𝐾𝑟𝑒𝑠√[𝑁𝐴𝐷𝐻]𝑚

√[𝑁𝐴𝐷+]𝑚
) 

Δ𝑝𝐻 = 𝑝𝐻𝑒 − 𝑝𝐻𝑚 = −𝑙𝑜𝑔[𝐻
+]𝑒 + 𝑙𝑜𝑔[𝐻

+]𝑚 = log([𝐻
+]𝑚 [𝐻+]𝑒⁄ ) 

 

Oxygen consumption flux 

𝐽𝑂 = 

{[𝑟𝑎10
6Δ𝑝𝐻 + 𝑟𝑐1 exp (

6𝐹𝜓𝐵
𝑅𝑇

)] exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇

) − 𝑟𝑎 exp (
𝑔6𝐹𝜓𝑚
𝑅𝑇

) + 𝑟𝑐2 exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇

) exp (
𝑔6𝐹𝜓𝑚
𝑅𝑇

)}𝑠

{[1 + 𝑟1exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇

)] exp (
6𝐹𝜓𝐵
𝑅𝑇

) + [𝑟2 + 𝑟3exp (
𝐹𝐴𝑟𝑒𝑠
𝑅𝑇

)] exp (
𝑔6𝐹𝜓𝑚
𝑅𝑇

)}
 

 

Proton leak 

𝐽𝐻𝐿 = 𝑔𝐻𝐿[𝜓𝑚 − (2.303 ∗ 𝑅𝑇/𝐹) ∗ Δ𝑝𝐻] 
 

Phosphate carrier flux 

𝐽𝑃𝐼𝐶 =

𝑉𝑃𝐼𝐶
[𝑃𝑖]𝑒[𝑂𝐻]𝑚
𝐾𝑃𝑖,𝑒𝐾𝑂𝐻,𝑚

− 𝑉𝑃𝐼𝐶
[𝑃𝑖]𝑚[𝑂𝐻]𝑒
𝐾𝑃𝑖,𝑚𝐾𝑂𝐻,𝑒

(1 +
[𝑃𝑖]𝑒
𝐾𝑃𝑖,𝑒

+
[𝑂𝐻]𝑚
𝐾𝑂𝐻,𝑚

+
[𝑃𝑖]𝑒[𝑂𝐻]𝑚
𝐾𝑃𝑖,𝑒𝐾𝑂𝐻,𝑚

+
[𝑃𝑖]𝑚
𝐾𝑃𝑖,𝑚

+
[𝑂𝐻]𝑒
𝐾𝑂𝐻,𝑒

+
[𝑃𝑖]𝑚[𝑂𝐻]𝑒
𝐾𝑃𝑖,𝑚𝐾𝑂𝐻,𝑒

)
 

K+/H+ flux 

𝐽𝐾𝐻 = 𝑋𝐾𝐻([𝐾
+]𝑒[𝐻

+]𝑚 − [𝐾
+]𝑚[𝐻

+]𝑒) 
𝑑[𝐻+]𝑚
𝑑𝑡

= 𝛽𝐻(𝐽𝑁𝐻 + 𝐽𝐻𝐹 − 𝐽𝐻𝑅 + 𝐽𝐻𝐿 + 𝐽𝑃𝐼𝐶 − 𝐽𝐾𝐻) 

Adenine Nucleotide Transporter flux 

𝐽𝐴𝑁𝑇 = 𝑉𝐴𝑁𝑇

1 −
[𝐴𝑇𝑃4−]𝑒[𝐴𝐷𝑃

3−]𝑚
[𝐴𝐷𝑃3−]𝑒[𝐴𝑇𝑃4−]𝑚

exp (
−𝐹𝜓𝑚
𝑅𝑇 )

{1 +
[𝐴𝑇𝑃4−]𝑒
[𝐴𝐷𝑃3−]𝑒

exp (
−𝑓Pψ

m
RT )} {1 +

[𝐴𝐷𝑃3−]𝑚
[𝐴𝐷𝑃4−]𝑚

}

 

𝑑[𝑃𝑖]𝑚
𝑑𝑡

= 𝐽𝑃𝐼𝐶 − 𝐽𝑃 

𝑑[𝐴𝐷𝑃]𝑚
𝑑𝑡

= 𝐽𝐴𝑁𝑇 − 𝐽𝑃 

𝑑[𝐴𝑇𝑃]𝑚
𝑑𝑡

= 𝐽𝑃 − 𝐽𝐴𝑁𝑇 

𝑑[𝑁𝐴𝐷𝐻]

𝑑𝑡
= (𝐽𝐼𝐷𝐻 + 𝐽𝐾𝐺𝐷𝐻𝐶 + 𝐽𝑀𝐷𝐻) − 2.0𝐽𝑂 

𝑑[𝑁𝐴𝐷+]

𝑑𝑡
= (−𝐽𝐼𝐷𝐻 − 𝐽𝐾𝐺𝐷𝐻𝐶 − 𝐽𝑀𝐷𝐻) + 2.0𝐽𝑂 
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𝑑𝜓𝑚
𝑑𝑡

=
−1

𝐶𝑚𝑖𝑡𝑜
(−𝐽𝐻𝑅 + 𝐽𝐻𝐹 + 𝐽𝐴𝑁𝑇 + 𝐽𝐻𝐿 + 2𝐽𝑈𝑁𝐼 + 𝐽𝑁𝐶) 

Table 2.2 : General Parameters 
     Parameter                 Definition                                  Value                                         Reference 

ZCa Valence of Ca2+ 2 Physical constant 

F Faraday's constant 96484.6C/mole Physical constant 

Vmito Mitochondrial matrix 

volume 
10.336 X 10-18  

liters 

Ref.  (Magnus and 

Keizer 1998) 

R Ideal gas constant 8,314 mJ/mol K Physical constant 

T Absolute temperature 310 K Physical constant 

Cmito Mitochondrial 

membrane capacitance 

0.000812 mV • 

ms•mM-1 

Rescaled from Ref. (Magnus and 

Keizer 1997) 

 

 

 

Table 2.3 : Ionic and other concentrations 
Parameter                                             Definition                         Value                               Reference 

[Na+] Extra-mitochondrial 

[Na+] 

5.0 mM (Luo and Rudy 

1994) 

[Mg2+]m Mitochondrial 
[Mg2+] 

0.67 mM (Jung, Panzeter 
et al. 1997) 

[K+]e Extra-mitochondrial 
[K+] 

140.0 
mM 

(Luo and Rudy 
1994) 

[K+]m Mitochondrial [K+] 111.0 
mM 

Estimated 

[H+]e 

[OH-]e 

Extra-mitochondrial 
[H+] 

Extra-
mitochondrial[OH-] 

7.94 X 
10-8 M 

(pH 7.1) 
1.25 X 
10-7 M 

(Swietach and 
Vaughan-Jones 

2005) 
Calculated 

[Pi]e Extra-mitochondrial 
[Pi] 

2.78 mM (Corkey, 
Duszynski et al. 

1986) 

[ATP]m Mitochondrial free 
[ATP] 

0.44 mM (Corkey, 
Duszynski et al. 

1986) 

 

 

 

Table 2.4 : TCA cycle parameters 
 

Parameter                                   Definition                                       Value                                  Reference 
z[GLU]

m 
Mitochondri

al glutamate 

concentratio

n 

8.0 
mM 

(Albe, 
Butler et 
al. 1990; 
Jeffrey, 
Resheto
v et al. 
1999) 
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[ASP]
m 

Mitochondri
al aspartate 
concentratio
n 

0.483 
mM 

(Sato, 
Kashiwa
ya et al. 
1995; 

Carvalho
, Zhao et 
al. 2001) 

[CoA]
m 

Mitochondri
al 
Coenzyme-
A 
concentratio
n 

0.132 
mM 

(Sato, 
Kashiwa
ya et al. 
1995) 

VCS Citrate 
synthase 
(CS) 
velocity 

5.072 
X 10-

4 
mM/
ms 

(S. 2000; 
Dudycha 
S 2001) 

KM,A-
CoA 

CS 
coenzyme A 
binding 
constant 

1.26 
X 10-
2 mM 

(S. 2000; 
Dudycha 
S 2001) 

Ki,A-
CoA 

CS 
coenzyme A 
inhibition 
constant 

3.71 
X 10-
2 mM 

(S. 2000; 
Dudycha 
S 2001) 

KS,A-
CoA 

CS 
coenzyme A 
binding 
constant 

8.1 X 
10-2 
mM 

(S. 2000; 
Dudycha 
S 2001) 

KM,O
AA 

CS 
oxaloacetate 
binding 
constant 

6.30 
X 10-
4 mM 

(S. 2000; 
Dudycha 
S 2001) 

VIDH Isocitrate 
dehydrogen
ase (IDH) 
velocity 

8.488 
X 10-

4 
mM/
ms 

Rescaled 
from 

Refs.(S. 
2000; 

Dudycha 
S 2001) KM, 

ISOC 
IDH 
isocitrate 
binding 
constant 

1.52 
mM 

(S. 2000; 
Dudycha 
S 2001) 

KS, ISOC IDH isocitrate binding 
constant 

4.07 mM (S. 2000; Dudycha S 
2001) 

KM, NAD IDH NAD+ binding 
constant 

0.923 mM (S. 2000; Dudycha S 
2001) 

   

Ka, ADP IDH ADP binding 
constant 

0.062 mM (S. 2000; Dudycha S 
2001) 

   

Ki, NADH IDH NADH inhibition 
constant 

0.230 mM (S. 2000; Dudycha S 
2001) 

   

nISOC IDH cooperativity of 
isocitrate binding 

0.63 (S. 2000; Dudycha S 
2001) 

   

nNAD IDH cooperativity of 
NAD+ binding 

1.42 (S. 2000; Dudycha S 
2001) 

   

KH1 IDH H+ binding constant 8.10 X 10-8 M (S. 2000; Dudycha S 
2001) 

   

KH2 IDH H+ binding constant 5.98 X 10-8 M (S. 2000; Dudycha S 
2001) 

   

KCa1 IDH Ca2+ binding 
constant 

0.141 mM (S. 2000; Dudycha S 
2001) 

   

 
VKGDHC 

α-ketoglutarate 
dehydrogenase complex 
(KGDHC) velocity 

 

1.771 X 10-

2mM/ms 

 
Rescaled from Refs. 

(S. 2000; Dudycha S 

2001) 

   

K2,NAD KGDHC NAD+ binding 
constant 

31.04 mM (S. 2000; Dudycha S 
2001) 

   

KM,  KG KGDHC α-ketoglutarate 
binding constant 

24.70 mM (S. 2000; Dudycha S 
2001) 

   

n2,NAD KGDHC cooperativity of 
NAD binding 

0.41 (S. 2000; Dudycha S 
2001) 
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Kd,Mg2+ KGDHC Mg2+ binding 
constant 

0.15 mM (S. 2000; Dudycha S 
2001) 

   

Kd,Ca2+ KGDHC Ca2+ binding 
constant 

1.27 X 10-3 mM (S. 2000; Dudycha S 
2001) 

   

VMDH Malate dehydrogenase 
(MDH) velocity 

9.672 X 10 -2 

mM/ms 
Rescaled from Refs. 
(S. 2000; Dudycha S 

2001) 

   

KH3 MDH H+ binding 
constant 

1.13 X 10-9 M (S. 2000; Dudycha S 
2001) 

   

KH4 MDH H+ binding 
constant 

2.67 X 10-2 M (S. 2000; Dudycha S 
2001) 

   

KH5 MDH H+binding constant 6.69 X 10-14 M (S. 2000; Dudycha S 
2001) 

   

KH6 MDH H+ binding 
constant 

5.62 X 10-10 M (S. 2000; Dudycha S 
2001) 

   

koffset MDH offset rate constant 3.99 X 10-2 (S. 2000; Dudycha S 
2001) 

   

KM,MAL MDH malate binding 
constant 

1.29 mM (S. 2000; Dudycha S 
2001) 

   

K3,NAD MDH NAD+ binding 
constant 

0.179 mM (S. 2000; Dudycha S 
2001) 

   

K4,NAD MDH NAD+ binding 
constant 

0.059 mM (S. 2000; Dudycha S 
2001) 

   

Ki,OAA MDH oxaloacetate 
binding constant 

3.11 X 10-3 mM (S. 2000; Dudycha S 
2001) 

   

VSDH Succinate dehydrogenase 
(SDH) velocity 

8.961 X 10-4 

mM/ms 
Rescaled from Refs. 
(S. 2000; Dudycha S 

2001) 

   

Km,SUC SDH succinate binding 
constant 

0.30 mM (S. 2000; Dudycha S 
2001) 

   

Ki,FUM SDH Fumarate inhibition 
constant 

2.6 mM (S. 2000; Dudycha S 
2001) 

   

kf,ACO Aconitate hydratase 
forward rate constant 

3.989X10-3 

mM/ms 
Rescaled from Refs. 
(S. 2000; Dudycha S 

2001) 

   

Keq,ACO Aconitate hydratase 
equilibrium constant 

0.45  M (S. 2000; Dudycha S 
2001) 

   

kf,SL Succinate-CoA ligase 
forward rate constant 

1.277 X 10-3 

mM/ms 
Rescaled from Refs. 
(S. 2000; Dudycha S 

2001) 

   

Keq,SL Succinate-CoA ligase 
equilibrium constant 

3.115  M (S. 2000; Dudycha S 
2001) 

   

kf,FH Fumarate hydratase 
forward rate constant 

1.277 X 10-3 

mM/ms 
Rescaled from Refs. 
(S. 2000; Dudycha S 

2001) 

   

Keq,FH Fumarate hydratase 
equilibrium constant 

4.4 mM (S. 2000; Dudycha S 
2001) 

   

kf,AAT Aspartate transaminase 
forward rate constant 

0.6498 mM/ms Rescaled from 
Refs.(S. 2000; 

Dudycha S 2001) 

   

Keq,AAT Aspartate transaminase 
equilibrium constant 

6.6 mM (S. 2000; Dudycha S 
2001) 
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Table 2.5: Parameters for electron transport and oxidative phosphorylation 

 

 

 
                Parameter                                              Definition                                                         Value 

 

Kres 

 

Equilibrium Constant 

 

1.35 X 1018 

Ρres H+ pump concentration 0.4 mol/mg 
protein 

r1 Lumped parameter 2.077 X 10-18 

r2 Lumped parameter 1.728 X 10-9 

r3 Lumped parameter 1.059 X 10-26 

Ra Lumped parameter 6.394 X 10-10 s-1 

Rb Lumped parameter 1.762 X 10-13 s-1 

rc1 Lumped parameter 2.656 X 10-10 s-1 

rc2 Lumped parameter 8.632 X 10-27 s-1 

ΨB Total phase boundary potentials 50 mV 

g Fitting factor for voltage 0.85 

VHR Velocity of respiration driven proton pumps 3.360 X 10-

3mM/ms 

gH H+ leakage conductance 1.867 X 10-

6mM/ms 

VO Velocity of oxygen consumption 2.800 X 10-

4mM/ms 

Jmax,ANT Maximum exchange rate, ATP/ADP translocase 1.87 X 10-

3mM/ms 

[ADP]e Extra-mitochondrial ADP concentration 1.0 mM 

[ATP]e Extra-mitochondrial ATP concentration 4.0 mM 

[ADP3-

]m 
Mitochondrial ADP concentration with -3 valence 0.45 • 0.8 • 

[ADP]m 

[ADP3-

]e 
Extra-mitochondrial ADP concentration with _-3 

valence 
0.45 • 1.0 •  

[ADP]e 

[ATP4-

]m 
Mitochondrial ATP concentration with -4 valence 0.05 • [ATP]m 

[ATP4-

]e 
Extra-mitochondrial ATP concentration with_-4 

valence 
0.05 • [ATP]e 

Fp Fraction effective ΔΨ for ATP/ADP translocase 0.5 
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Table 2.6: Parameters for ionic homeostasis of Ca2+, Na+ and Pi 
 

         Parameter                          Definition                                   Value                                           Reference 
PCa Uniporter Ca2+ 

permeability 
12 X 10-4 X 
2.159ms-1 

Fit to Refs.(Trollinger, 
Cascio et al. 2000; 

Kirichok, Krapivinsky 
et al. 2004) 

αm Mitochondrial 
Ca2+ activity 
coefficient 

0.2 (Kirichok, Krapivinsky 
et al. 2004) 

αe Extra-
mitochondrial 
Ca2+ activity 
coefficient 

0.341 (Luo and Rudy 1994) 

Vnc Na+-Ca2+ 
exchanger 

maximal velocity 

0.018 X 12-4 X  
1.863X 10-

2mM/ms 

Fit to Ref. (Trollinger, 
Cascio et al. 2000) 

KNa Na+-Ca2+ 
exchanger Na+ 

affinity 

2.4 mM (Paucek and Jaburek 
2004) 

KCa Na+-Ca2+ 
exchanger Ca2+ 

affinity 

0.00091mM (Crompton, Kunzi et al. 
1977; Coll, Joseph et al. 

1982; Paucek and 
Jaburek 2004) 

VP F1F0-ATPase 
maximal velocity 

1.125 X 10-

3mM/ms 
Fit to Ref. (Magnus and 

Keizer 1998) 

Kv,ATP F1F0-ATPase 
potential constant 

70.0 mV Fit to Ref. (Kaim and 
Dimroth 1999) 

KCa,ATP F1F0-ATPase Ca2+ 
binding constant 

165.0 nM (Balaban, Bose et al. 
2003) 

KADP F1F0-ATPase ADP 
binding constant 

0.06 mM (Weber and Senior 
2000; Tomashek, 

Glagoleva et al. 2004) 

KATP F1F0-ATPase ATP 
binding constant 

0.4025 mM (Weber and Senior 
2000; Tomashek, 

Glagoleva et al. 2004) 

KPi F1F0-ATPase Pi 
binding constant 

0.150 mM (Weber and Senior 
2000; Tomashek, 

Glagoleva et al. 2004) 

XKH K+-H+ exchanger 
volume factor 

5.1344 X 102 Scaled from Ref.(Beard 
2005) 

VPIC Phosphate carrier 
(PIC) velocity 

21.21 mM/ms Estimated 

KPi,e PIC extra-
mitochondrial 

phosphate binding 
constant 

1.75 mM (Stappen and Kramer 
1994) 

KPi,m PIC mitochondrial 
phosphate binding 

constant 

11.0 mM (Stappen and Kramer 
1994) 

KOH,e PIC extra-
mitochondrial OH- 
binding constant 

32.84 nM (Stappen and Kramer 
1994) 
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KOH,m PIC mitochondrial 
OH- binding 

constant 

206.42 nM Estimated by 
thermodynamic 

constraints 

VNH Na+-H+ exchanger 
velocity 

762.0 mM/ms Estimated 

KNaNH Na+-H+ exchanger 
Na+ binding 

constant 

20.0 mM (Kaim and Dimroth 
1999) 

KH,NH Na+-H+ exchanger 
H+ binding 

constant 

0.0001 μM Fit to Ref. (Kaim and 
Dimroth 1999) 

KH,reg Na+-H+ exchanger 
H+ allosteric 

binding constant 

75.7 nM Fit to Ref. (Kaim and 
Dimroth 1999) 

 

Table 2.7 : Steady-state values for resting myocyte 

 
            Variable                    Model Steady-State Value                       Physiological Value                           Reference 

[Ca2+]m 0.076 μM 0.1–0.5 μM(Di Lisa, Gambassi et 

al. 1993), 0.05 μM 

(Wan, LaNoue 

et al. 1989) 

[ADP]m 0.72 mM 0.655–4.395 mM (Livingston, 

Altschuld et al. 

1996; Blinova, 

Carroll et al. 

2005) 

[NAD+]m 1.52 mM 0.935–5.578 mM (Livingston, 

Altschuld et al. 

1996; Blinova, 

Carroll et al. 

2005) 

[NADH]m 0.48 mM 0.800–2.232 mM (Livingston, 

Altschuld et al. 

1996; Blinova, 

Carroll et al. 

2005) 

[H+]m (pH) 6.30 X 10-8 M (pH 7.2) (7.09–7.52) (Chayen 1993) 

Ψm 187.4 mV 150–180 mV, 165–195 (Sato, 

Kashiwaya et al. 

1995; 

Holmuhamedov, 

Jovanovic et al. 

1998) 

[Na+]m 3.96 mM <[Na+]m = 5.0 mM (Donoso, Mill et 

al. 1992) 
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[Pi]m 2.20 mM 0.83 mM 2.6–28.2 mM (Headrick, 

Dobson et al. 

1994; Sato, 

Kashiwaya et al. 

1995) 

 

Table 2.8: MCU and NCX parameters for simulating slow beat to beat [Ca2+]i cycling  

         Parameter                Definition                             Value                                        Reference 
PCa Uniporter Ca2+ 

permeability 
12 X 10-4 X 
2.159ms-1 Boyman et al 

Vnc Na+-Ca2+ exchanger 
maximal velocity 

0.018 X 12-4 X  
1.863X 10-2mM/ms 

Fit to Ref. (Trollinger, Cascio et al. 
2000) 

KNa Na+-Ca2+ exchanger 
Na+ affinity 

2.4 mM (Paucek and Jaburek 2004) 

KCa Na+-Ca2+ exchanger 
Ca2+ affinity 

0.00091mM (Crompton, Kunzi et al. 1977; 
Coll, Joseph et al. 1982; Paucek 

and Jaburek 2004) 
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CHAPTER 3 

MITOCHONDRIAL CRISTAE STRUCTURE REGULATES 

ENERGY METABOLISM THROUGH METABOLITE 

GRADIENTS IN THE INTERCRISTAE SPACE: A 

SPATIOTEMPORAL COMPUTATIONAL MODELING 

STUDY 

 

 

 

Abstract 

 Efforts to understand the complexity and adaptability of mitochondrial ATP 

production based on the cellular energy requirements or during pathological conditions 

have been ongoing for a long time. With works like Mannella's (Mannella 2006; 

Mannella 2006; Mannella 2008),  while the significance of the kind of dynamism 

mitochondria exhibits in terms of its structure was brought into light along with its 

functional relevance,  pointing out the exact cause and effect and determining the 

sequence of events of whether structural change leads to change in function or altered 

demands of output bring about a change in internal structure was just as complex as the 

chicken and egg problem. To this end, mathematical modeling serves as a helpful tool to 

test overall mitochondrial performance. We extended our previous compartmental model 

and introduced spatial specifications and then simulated the model, on one hand where 

conditions to control the [Ca2+]m diffusion were used while the structure remained 

unchanged, and on the other hand we also simulated the model for two different 
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geometries when flux kinetics were affected by no other factors. This helped us 

determine any similarities in the process of ATP production. We observed that 

localization of various metabolites in different subcompartments of the organelle and 

Ca2+-signaling within the organelle in response to the changing cellular energy demands 

and levels of mitochondrial stimulation are the key to the mitochondrial function. And 

just as important is the mitochondrial ultra-structure that affects the crista-volume ratio 

and therefore the density of localized metabolites. 

 

Introduction 

 Mitochondria, the site where oxidative phosphorylation produces the energy 

currency ATP for the cell, have been a topic of active investigation for over the last five 

decades by different research groups in the scientific community. Deservingly, a lot of 

credit goes to Sjöstrand (Sjostrand 1957) and Palade (Palade 1952) whose pioneering 

work introduced to the world a double membranous subcellular organelle and to Mitchell 

who presented the concept of 'chemiosmotic theory' (Mitchell 1961)for movement of ions 

and molecules into and out of mitochondria and also its role as the site for cellular 

respiration. The need for gaining an in-depth understanding of mitochondrial ultra-

structure became more crucial as the function of mitochondria in biogenesis and cell 

death became clear. However, due to limitations in available techniques, at the time, to 

image the organelle at a high resolution and also due to dearth of biochemical studies that 

could reveal functional minutiae of various compartments of the organelle along with the 

machinery located in those pleomorphic compartments, understanding of correlation, if 
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any, between mitochondrial structure and function remained poorly defined for a long 

time. With more recent advancements in imaging techniques, Mannella's work (Mannella 

1982; Frey and Mannella 2000;Mannella 2006) has brought mitochondrial inner 

membrane and overall mitochondrial structure into new light. It is known that TCA cycle 

enzymes are located in mitochondrial matrix and respiratory apparatus is docked on the 

inner membrane of the mitochondria (IMM) along with other machinery for import and 

extrusion of ions and molecules across it. With the initial discovery by Hackenbrock 

(Hackenbrock 1966; Hackenbrock 1968) of correlation between particular respiratory 

states and inner membrane morphologies, it became clear with further research on the 

functional significance of the organelle, that the morphology of 'crista' as Palade coined, 

regulates functional activity of mitochondria. 

 The basic structure of mitochondria is described in a previous chapter. However, 

the structure is not static. Instead, these organelles have a highly dynamic morphology. 

Typically, matrix takes up about half of the total mitochondrial volume and dynamic 

changes in IMM morphology depending on various factors including respiratory state and 

pathological conditions, cause a consequent shift in normal functional activity. Some 

examples of varying mitochondrial morphology are presented here. 
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 While it is believed that mitochondrial internal nanostructure regulates the overall 

function (Mannella 2006; Mannella 2006;Mannella 2008), exactly how the crista 

morphology changes under varying metabolic diseases or in diseases is not very well 

understood. Again, this limitation is attributed to the fact that the underlying spatial 
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dimensions of the mitochondrion involved are very small (10’s of nm) and can only be 

imaged using electron microscopy which requires fixing of the tissue.  In order to 

establish a viable method to investigate the structure-function relationship at a high 

spatial and temporal resolution, mathematical modeling provides an alternative. While 

the IMM is highly impermeable to diffusion of larger ions or molecules, outer membrane 

is less stringent and thus the concentration of various ions in the inter-membrane space 

(IMS) is thought to be similar to their cytosolic counterparts. Protein complexes 

including some the respiratory apparatus, ANT, MCU and NCX among others are housed 

on IMM and changes in volume of IMM affects the density of these proteins and thereby 

mitochondrial function. Such information along with the knowledge of size of sub 

compartments in mitochondria formed the basis of our mathematical modeling initiative. 

While there are quite a few mitochondrial models out there(Salvador, Sousa et al. 2001; 

Korzeniewski 2002; Cortassa, Aon et al. 2003; Demongeot, Glade et al. 2007; Nguyen, 

Dudycha et al. 2007; Dash, Li et al. 2008; Cortassa, O'Rourke et al. 2009; Sukhorukov 

and Bereiter-Hahn 2009; Bazil, Buzzard et al. 2010; Yang, Korge et al. 2010; Zhou, Aon 

et al. 2010), including some with spatial descriptions, a comprehensive modelas we 

present here, of mitochondrial spatial nanostructure along with reaction diffusion fluxes 

of TCA cycle and respiration bioenergetics, ATP synthase, H+ leak, calcium and sodium 

cycling via MCU and NCX, and ANT is unique. Here we present our multi-scale spatio-

temporal model of mitochondrial cristae to assist and hasten the process of experimental 

design to gain detailed understanding of this structure-function relationship. 
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Model Description and Numerical Methods 

 For our computational model, we created a computational grid that replicates an 

idealized cardiac mitochondrion with almost 300 regularly packed “tubular” cristae, each 

with a square 20 × 20 nm cross-section and a length of 240 nm. We also ensured that our 

spatial descriptions defined the inner membrane surface area about 3 times the surface 

area of the outer membrane and the matrix volume fraction about half of the volume 

contained within the outer membrane, an organization that may apply to typical inter-

myofibrillar rat mitochondria (Chikando, Kettlewell et al. 2011). 

 



86 

   

 



87 

   

 
 

 

 

 The model consists of 24 partial differential equations that model the temporal 

dynamics of the mitochondrial matrix concentrations of the TCA cycle intermediates 

(acetyl-CoA, citrate, isocitrate, a-ketoglutarate, succinyl-CoA, succinate, fumarate, 

malate, oxaloacetate), [NADH]m, [NAD+]m, and Ψm. These equations are the same as 

described in chapter 2 along with introduction of a term for diffusion constant. For the 

spatial model, equations are solved for functions in a two dimensional space allowing 
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diffusion in the compartments, with the IMM serving as a diffusion barrier. These 

equations can be described by partial differential equations of the form: 

 

𝜕�⃗⃗� 

𝜕𝑡
=  𝑓 (�⃗⃗� , �⃗⃗� , 𝑡) +  𝐷∇2 

 

 

 

 
 

 

 

ODEs were solved using Euler method and simulations were performed with Fortran95 

compiler purchased from the Portland Group, Inc, on a 12 core CPU. 
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Model Simulation and Results 

 Mitochondrial cristae structures vary between species, under different 

physiological conditions, and during disease as noted above.  A series of simulations with 

a spatial model of the mitochondria were performed to test the possible relationship 

between crista structure and mitochondrial function. To this end, we designed a 

computational grid to replicate different crista geometries and based on literature survey, 

we set initial values of various solutes to simulate mitochondrial function mathematically. 

Simulations were then performed to understand how changes to mitochondrial cristae 

structure/properties can change mitochondrial function.  

 

Simulations under Steady-State Conditions 

 Previous modeling studies have suggested that gradients of metabolites might 

occur in the mitochondria.  Mannella and co-workers suggested that gradients in ATP and 

proton gradients might occur in the intercristae space (Mannella, Pfeiffer et al. 2001). 

Sukhorukov et al. (Sukhorukov and Bereiter-Hahn 2009) modeled how cristae structure 

affects the effective diffusion of metabolites in the intercristae space. A spatial model by 

Salvador et al.(Salvador, Sousa et al. 2001), was developed to explore the spatial 

gradients in the matrix between lamellar cristae. However, none of these models included 

detailed dynamics of mitochondrial energy metabolism and ionic homeostasis.   

The first set of simulations tested the hypothesis that spatial gradients occur in the 

mitochondria and the role of diffusion restrictions caused by the cristae junctions. Using 
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uniform free diffusion constants estimated in the scientific literature (see table), gradients 

in metabolites quickly dissipate and become small after 0.8 ms (Fig 3.8 A-D). In fact, 

gradients that are observable gradients in other metabolites such as Ca2+, ATP, ADP and 

Pi after 0.8 seconds (Fig 3.10 B-E) dissipate after longer simulation (Fig. 15.1 and 

16.1).There are small gradients across the matrix and cristae observable which seem to 

originate from the small boundary region near the inner membrane.  For example, the 

proton gradient across the width of the matrix (Fig. 3.10 A) agrees with the previous 

simulation by Salvador et al (Salvador, Sousa et al. 2001). For these simulations, we used 

a grid box of size 2x2 nm and overall surface area covered by an opposing set of crista 

was 300x150x2 nm2.We used a time step of 10-7ms.It took about 8.5 wall-clock hrs to 

simulate 1msof simulation time on a 12 core CPU.  

 The next set of simulations tested the role of restricted diffusion such as might be 

caused by the existence of cristae junctions or by restricted diffusion due to the 

composition of the mitochondria in circumstances where for example, the density of 

matrix is different.  To this end, the diffusion constants were reduced by half.  In these, 

simulations the gradients persisted longer as expected. Our simulations with diffusion 

constants halved (Fig. 3.9) showed that the [Ca2+] gradient became smaller and more 

clearly defined toward the end of a 1ms simulation. 
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By modeling mitochondrial spatially, we observed that under resting conditions 

spatial gradients of calcium, phosphate, and ATP concentration were observed along the 

length the intercristae spaces. These differences in solute concentration have the potential 

to affect mitochondrial energy metabolism locally controlling total mitochondrial ATP 
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production. We also observed that restricting diffusion increases the calcium gradients. 

This is the first step to understanding how different cristae topology and condition can 

influence energy metabolism. Some of the results from the superset of these simulation 

results have been published (Mannella, Lederer et al. 2013). 

 

Physiological Simulations during Myocyte Pacing 

 The above simulations show that at these small space scales, diffusion gradients 

diminish rapidly under fixed steady state conditions outside the mitochondria. Under 

physiological conditions, the calcium oscillates during the rhythmic contraction of the 

heart.  In this situation the extramitochondrial concentration will be constantly changing.  

The simulations thus far, suggest that the Ca2+  concentration in the intermembrane space 

and intercristae space changes rapidly while the matrix Ca2+ concentration has only small 

fluctuations. To further explore this planned simulations will use simulated Ca2+ 

transients at 3 Hz pacing produced by the Jafri-Rice-Winslow model for excitation-

contraction coupling in the guinea pig ventricular myocyte as the extramitochondrial Ca2+ 

concentration (Jafri MS 1998). These simulations will address the controversy as to 

whether or not [Ca2+] transients in mitochondria are large or small.  Many studies show 

beat-to-beat changes when using indicator dyes such as Rhod-2. Other studies that show 

smaller changes use genetically encoded dyes that are targeted to the mitochondrial 

matrix in a similar manner as are proteins. A comprehensive summary of such 

contradicting results is discussed by O'Rourke (O'Rourke and Blatter 2009).  Our 

computational simulations suggest a possible explanation for the discrepancy seen in the 
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literature. The traditional dyes which are known to be difficult to target to mitochondria 

specifically might be in the intercristae or inter-membrane space while the genetically 

encoded dyes are in the matrix. We also simulated our spatial model enforcing restricted 

diffusion conditions as seen at crista junctions.  

 

Simulations for varying mitochondrial structure 

 Mitochondrial cristae structure is known to change due to changes in the 

mitochondrial environment or due to disease.  Simulations were performed to see if such 

changes led to changes in the metabolite/signaling molecule gradients in the 

mitochondria.  Simulations were performed that changes the cristae breadth, 

mitochondrial matrix volume fraction, and diffusion restrictions in the mitochondria. 

Particularly, in order to duplicate structural changes in crista topology during different 

stages of mitochondrial respiration, in the model, broad crista were simulated with a high 

ADP concentration similar to what is seen in state 3 and compared with simulation results 

for a narrow crista with low ADP concentration reflecting state 4 respiration(Chance 

1965; Rasmussen, Chance et al. 1965). Our simulations highlight two scenarios, one 

where initial [Ca2+]i is in the normal physiological state as is set to 100 nM and another 

with a higher initial [Ca2+]i at 1μM. Figures 3.11 and 3.12 show a 2D plot of spatial 

distribution at the end of 1s under different conditions of a) state 3 and state 4 geometry 

b) normal and high initial [Ca2+]i) resting and pacing [Ca2+]i at 3Hz and d) normal and 

reduced/restricted diffusion rates for ATP and ADP. We also deduced that ATP/ADP 

ratio for each of these conditions in the spatial grid and plotted it using IDL as shown in 
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figures 3.13 and 3.14. While ensuring stability of the mathematical system of equations, 

in order to improve computational time taken to perform the simulations, we increased 

the space step from 2nm to 5nm and time step from 10-7ms to 4x10-6ms.Now it took 

about 55 hours to simulate a duration of 1s on a 12 core CPU. Below are the results from 

these simulations. For these simulations, membrane potential Ψm was fixed at 192 mV in 

order to observe the effects of [Ca2+] accumulation on ATP/ADP ratio. We examined the 

spatial changes a variety of metabolites at steady state toward the end of 1s. For this 

purpose, we created 2D plots for mitochondrial metabolites including Ca2+, ATP, ATP, 

Pi, and NADH using IDL. 
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In state 3, at steady state, Ca2+ exhibits a discreet gradient across the length of crista. 

While there is accumulation of Ca2+ in the crista, the matrix [Ca2+] levels remain lower 

(figure 3.11.1A). All other metabolites are seen to be in a steady state with uniform 

distribution in the respective subcompartments (figures 3.11.1B-E). With higher initial 
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[Ca2+]i at 1 µM, while other metabolites are not seen to be affected, the spatial gradient 

for [Ca2+] across the IMS and crista becomes smaller (figures 3.11.1A and 3.11.3A). 

Also, matrix [Ca2+] rise to more than 1 µM  as seen in figures 3.11.1A and 3.11.3A. 
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With reduced ATP and ADP diffusion in state 3, a spatial gradient is seen for both 

metabolites in matrix and crista. Due to diffusion limitations, ATP accumulation is 

greater near its site of production, i.e at the IMM. As more ATP is produced, the breadth 

of crista shows a gradient which is lowest toward the center (figure 3.11.2B). With high 

initial [ADP] in the matrix, similar gradients are also seen for [ADP] on both sides of 

crista. Gradient decreases as you move away from the center of matrix between two 

adjacent crista (figure 3.11.2C). Again, matrix [Ca2+] is higher and upto 1 µM when 

initial [Ca2+]i is high and the crista and IMS gradient for [Ca2+] is greater such that there 

is higher [Ca2+] toward the IMS (figures 3.11.4A). Other ions show similar behavior as 

with normal initial [Ca2+]i (figures 3.11.2 and 3.11.4). 
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State 4 geometry interestingly shows a combination of spatial gradient for [Ca2+] in the 

crista, both across the length and breadth. More [Ca2+] was seen to accumulate into the 

crista length. Also, this gradient seems to increase closer to the crista and away from the 

center of inter-crista space (figure 3.12.1A). On closer inspection, such combination of 

spatial gradient can be seen even in state 3. The difference between state 4 and 3, 
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however, is that matrix [Ca2+] in state 4 is higher than in state 3. Other metabolites appear 

in a near steady state as they are uniformly distributed in the matrix and/or crista (figures 

3.12.1B-E).  
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With 100 nM of initial [Ca2+]i and additional restrictions to diffusion of ATP and ADP, 

the matrix concentration of [Ca2+] seems unaffected while the spatial gradient in crista 

becomes more steep (figures 3.12.1A and 3.12.2A). Matrix [ATP] is also comparable 

(figures 3.12.1B and 3.12.2B). Matrix [ADP] is higher than in state 3. 
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While initial [Ca2+]i is 1uM, state 3 matrix shows more accumulation of [Ca2+] as 

opposed to less than 1µM in case of state 4 (figures 3.12.3A and 3.11.3A). 
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 Further, with restrictions on ATP and ADP diffusion, the matrix accumulation of 

[Ca2+] is lower than what is seen normally (figure 3.12.2A and 3.12.4A). This result 

suggests that ATP/ADP ratio may play a role in regulating the mitochondrial Ca2+ uptake. 

This idea is further explored later in the chapter. [ATP] and [ADP] gradients are seen to 

be similar to the gradients without diffusion restriction but are less steep (figure 3.12.2B-

C). 

 Based on our simulation data, we see that [Na+] levels in state 3 and state 4 

respiration are fairly consistent. Gradients are seen in the crista for a brief duration at the 

start of simulations (results not shown here), but [Na+] levels peak in the crista region 

quickly and remain steady. It is possible that the oscillations in the [Na+] are occurring at 

moments not imaged in this investigation. 

 ATP/ADP ratio is seen to be consistent and always lower in matrix than in the 

crista region. That is the case during resting state and with increased workload. During 

state 3, ATP/ADP ratios do not show any significant variation under normal diffusion 

conditions at rest or with higher workload (figure 3.13.1A-D). However, with similar 

conditions in state 4, ATP/ADP ratio is seen to rise in the crista region such that there is a 

gradient that grows toward the bottom of the crista (figure 3.14.1A-D). This may indicate 

matrix [Ca2+] induced activation of ATP synthase. This gradient is steeper during state 4 

respiration as more ADP is converted in ATP and crista [ADP] levels decrease. 

ATP/ADP ratio for state 3 with diffusion restrictions show a very unique pattern where it 

greatly shoots up near the crista on both sides (figure 3.13.2A-D). And under same 
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conditions in state 4, the ratio is very high in the inter-crista space as the newly produced 

ATP is extruded via ANT in the narrow subcompartment (figure 3.14.2A-D). 
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This ATP/ADP ratio, even with initial [Ca2+]i at 1 µM remains spatially uniform and the 

same as with initial [Ca2+]i 100nM for state 3 geometry with and without diffusion 

restrictions (figures 3.13.3 and 3.13.4) and it is extremely high at the end of 1s near the 

crista and IMM. 
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Under normal conditios, state 4 exhibits comparatively much greater ratios for resting 

and pacing situations than sate 3 (figures 3.14.1 and 3.13.1). Across the crista length, 

there is also a steep gradient in the ratio increasing along the depth of crista both at 

1msand 1s. 
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With diffuson restrictions, the gradient across the crista diminishes and there is a very 

high ATP/ADP ratio across the entire length especially at the end of 1s (figure 3.14.2). 
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For state 4, with high initial [Ca2+]i, although there is not much variation in the ratio 

during initial moments of simulation, it is greater at 1s as the pattern of spatial gradient 

remains comparable (figure 3.14.3). 
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Again, for state 4, with high initial [Ca2+]i and diffusion restrictions, the ratios are 

comparable to what is seen with 100 nM initial [Ca2+]i (figures 3.14.2 and 3.14.4). 

 

Conclusions 

 In the simulations discussed above, during state 3 respiration, IMS and crista 

[Ca2+] exhibit a  spatial gradient as more Ca2+ accumulates toward the depth of crista. 

This gradient becomes steeper in state 4 as the surface area of crista reduces to half. 

However, the total crista [Ca2+] in each case remains comparable. Slight changes were 

observed in the matrix [Ca2+] as it declined in the matrix with time during pacing. In the 

matrix, with time, [Ca2+] dropped by about 10nM although increased pacing raised 
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overall [Ca2+] levels which were seen to be uniform in space (data from simulations 

pacing [Ca2+]i at different frequencies not shown here).With cytosolic beat-to-beat 

changes in calcium, such increased levels of [Ca2+]m with pacing and during state 4 

respiration are in line with the results by Carafoli et al (Drahota, Carafoli et al. 1965). 

However, when initial [Ca2+]i was high, overall matrix [Ca2+] rises with time as it 

accumulates more calcium while pacing. 

 ATP levels in the IMS and crista show a very nominal increase with time, 

although the spatial gradient is well defined as the depths of crista accumulate more ATP 

than IMS. This is the case in both states 3 and 4. It is expected that with longer 

simulations, this spatial gradient will diminish as ATP diffuses in the IMS from crista 

while newly generated ATP adds to the current concentration pool. 

 Matrix [ATP] levels were seen to remain uniform in space as they were increased 

initially and then declined. Overall, at the end of 1s, matrix [ATP] was higher than it was 

in initial state. Similar trends were observed for state 4 [ATP] levels as well, except in the 

matrix where with time, more [ATP] accumulated. Not only that, [ATP] as higher near 

the ends of matrix close to inner membrane as compared to the core of crista (results not 

shown here). This may reflect the transition of mitochondria from state 3 to state 4 of 

respiration as ADP is consumed to generate ATP which is also extruded into crista from 

the IMM bound complex 5.  

 [ADP] and [PO4
2-] also undergo complementary changes subsequently. [Na+] 

levels in the matrix were seen to increase with pacing during both state 3 and state 4 

respiration, although state 3 saw relatively higher [Na+] (results not shown here). The 
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next question is if these changes in mitochondrial structure led to changes in 

mitochondrial function.   

 To address this question, we looked at the solute flux across various membrane 

bound channels including [Ca2+] uniporter and Na+/Ca2+ exchanger. During both state 3 

and state, Juni and JNCLX were seen to be highest near the mouth of crista, both near the 

IMM and along the depth of crista which although, reduced in time. On the other hand, 

JANT showed a decline closer to crista mouth and this trend continues in time. During 

state 4, while on one hand, Juni and JNCLX show a decline as time passes (results not 

shown here), the fractional change in the solute gradient caused by the flux is such that 

both [Ca2+] and [Na+] levels rise along the crista length. Corresponding decline in JANT 

may also be the cause for increased ATP levels in the crista, especially during state 4. 

Overall, with increased workload, in both states 3 and 4, the ATP production flux by ATP 

synthase and citrate synthase flux that provides substrate for TCA cycle, both decline in 

time when initial [Ca2+]i is in the physiological range, set to 100 nM. Based on the 

behavior of citrate synthase flux trend, we see that the dynamism of mitochondrial system 

attempts to recover from the loss of ATP production flux after a few milliseconds by 

plateauing for a short duration, but in absence of more substrate and/or alternate 

mechanisms to regulate the ATP/ADP ratio (for eg. by creatine kinase activity) and 

thereby possibly affect the Ca2+ uptake via uniporter which may upregulate ATP synthase 

and also upregulate NADH production by activating some TCA cycle enzymes, fails. 

Again, in an active state reflected by increase [Ca2+]i, JATP rises for a few milliseconds 

and then remains steady, although citrate synthase flux continues to decline. 
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 Such behavior of mitochondrial ATP production flux in response to increased 

energy demands while there is also a change in crista topology, is a clear indication of a 

complex structure-function interplay. This might suggest  how a mitochondria can 

maintain a healthy performance while countering any disruptive triggers when substrate 

is not a limiting factor. Our model re-iterates that [Ca2+] retention in mitochondria is 

linked to ATP production and is counter-balanced by steady efflux of [Ca2+]. The 

versatility of the Ca2+-signaling mechanism in terms of speed, amplitude and spatio-

temporal patterning is what allows the mitochondria to attempt to keep up with the 

changing energy demands of the cell (Berridge, Lipp et al. 2000). Along with the 

variation in patterns of ATP production guided by varying [Ca2+]i, metabolite gradient 

and mitochondrial geometry, all of which affect the overall efficiency of the 

mitochondria to meet the expected energy requirements, it is also important to examine 

how it is affected when the source for energy substrate varies and the distribution of this 

substrate in not uniform across mitochondrial matrix (Jafri and Kumar 2014). Different 

energy substrates may also influence the total [NADH] pool which supplies reducing 

equivalents that drive ATP synthase activity which may make investigation of this 

scenario all the more crucial.  

 Finally, in summary, while currently, the small transient changes and the extra 

transients in IMS [Ca2+] may suggest that the description of calcium dynamics in the 

model be reconsidered, the take-home lesson from this chapter is, based on spatio-

temporal patterns of calcium accumulation in different subcompartments, effects of ATP 

production efficiency as depicted by JATP under different conditions including uptake of 
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calcium as an important secondary messenger, distribution of metabolites as seen in the 

form of gradients of ATP/ADP ratio with normal and restricted diffusion rates and across 

different mitochondrial geometries, highlight with greater clarity the necessity to study 

the complex structure-functional relationship of mitochondria.
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 The significance of mitochondria as the site for ATP production becomes of 

especial importance in cellular systems like ventricular myocyte where any change in 

normal physiology may directly and quickly impact activity of other parts of the body. 

The controversies surrounding understanding of mitochondrial function and the 

surprising limitations to it (Johnson, Harris et al. 2007; Chikando, Kettlewell et al. 2011; 

Mannella, Lederer et al. 2013; Williams, Boyman et al. 2013), combined with the fact 

that it is very challenging to image dynamic temporal changes in mitochondrial function 

even with the most sophisticated experimental techniques, made mathematical modeling 

our method of choice to investigate the organelle so we could compare different scenarios  

of structure-function relationship and thus expand the current realm of understanding and 

also serve to inform future experimental investigations. 

 Our simulations compared both scenarios for kinetic activity of MCU as 

discussed by Boyman et al (Williams, Boyman et al. 2013; Boyman, Chikando et al. 

2014) in cases where MCU dynamics are slow versus fast. Simulation results suggested 
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that a lower flux across MCU allows a greater accumulation of calcium in mitochondria. 

On the other hand, faster flux across MCU, is not only unable raise [Ca2+]m levels as high 

during pacing, but also causes greater dissipation of membrane potential per beat. While 

overall membrane potential was found to be comparable in both cases as the system 

reached a steady state, low MCU flux exhibited greater rise in ATP production with 

increasing workloads simulated by pacing external [Ca2+]i. This indicated that the system 

was able to keep up with the increased work load and cellular energy demands better. For 

this reason, we are inclined to favor the idea of low MCU flux as it provides the 

mitochondria and cell with a certain energy benefit when the substrate input levels in 

form of acetyl Co-A are the same.  

 We, then advanced our updated compartmental model for mitochondrial function 

to incorporate specifics of the organelle's nanoscopic ultra-structure. Our motivation for 

this was the variety of evidence that showed how structurally dynamic these organelles 

are based on changing energy demands of the cell, physiological and pathological states 

as well as genetic mutation(Li, Chen et al. 2001).While there are some spatial models out 

there, although very few (Cortassa, Aon et al. 2003; Hatano, Okada et al. 2011), they do 

not account for the fine ultra-structure of mitochondria, which makes this model one of a 

kind. We conducted our analysis so to study the effects of varying solute distribution as 

well as varying crista structure and matrix-crista volume ratio. Ours is a multi-scale 

model that captures minute details of spatial as well as temporal dynamics and sheds light 

on the significance of interplay between structural and functional changes in 

mitochondria as they affect the overall bioenergetics of the cell. 



123 

   

 Simulations of our spatio-temporal model for varying diffusion rates for [Ca2+]m 

suggest that there is exists a time-dependent gradient of solutes including [Ca2+]m, [ATP] 

and [ADP], [PO4
2-], [H+] along the length of crista. We also took to analyzing the effect 

of different geometries of mitochondrial crista during respiration. We simulated our 

model to replicate the ultra-structures of state 3 and state 4 respiration. Results indicate 

that during resting, in a state 3 mitochondria, with an initial [Ca2+] within the normal 

range, a quick uptake of [Ca2+] in the matrix is followed by an efflux causing the crista 

levels to rise. The calcium dynamics are so well regulated that the matrix and crista 

witness a steady influx and extrusion within milliseconds of excitation. On the other 

hand, when there is increased excitation characterized by higher [Ca2+] in the extra-

mitochondrial environment, matrix accumulates a lot more calcium. While the 

accumulation seen in the spatial simulations in chapter 3 is not in the same range as the 

compartmental model in chapter 2, the trend is what is significant. During state 4 also, the 

same is seen when initial [Ca2+]i is matched. Although in the inter-membrane space, 

calcium does not change with time and remains stable spatially. Overall, there is a slight 

increase in matrix [Ca2+] as workload increases during exercise but it is not comparable 

to the results in chapter 2. Perhaps, the spatial model may need some fine-tuning. 

However, it is noteworthy that the calcium gradient in the crista grows steeper in case of 

state 4 where the geometry of the sub-compartment makes the crista volume half of that 

in state 3. The co-ordination between JUni and JNCLX must also be very strict since sodium 

reaches a steady state very quickly.  
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What is interesting is that the ATP/ADP ratio, as expected, is consistently lower in the 

matrix than in the crista. Due to beat-to-beat changes in cytosolic [Ca2+] and with 

increased workload, accumulation of calcium in matrix also leads to a rise in the 

ATP/ADP ratio especially toward the bottom of crista where the density of inner 

membrane bound ATP synthase may be higher considering the geometry. Since there 

were no variations seen in the TCA cycle fluxes, rise in ATP/ADP ratio is attributed 

solely to the ATP synthase where the flux increased as more [Ca2+] accumulated in the 

matrix. This conclusion is further emphasized as we saw the gradient of this ratio become 

even steeper in state 4 mitochondria where not only are the ADP levels lower, the crista 

geometry is also different. A clear indication of a complex structure-function relationship 

in mitochondria relative to calcium metabolism is hereby presented. 

 As mentioned above, there is conflicting data in the experimental literature as to 

the nature of mitochondrial Ca2+ cycling.  Some groups suggest large beat-to-beat Ca2+ 

transients in the mitochondria due to fast Ca2+ cycling.  Other groups using genetically 

encoded dyes see small changes and a low-pass filtering effect due to slow Ca2+ cycling.  

The spatiotemporal simulations suggested an explanation for this discrepancy.  In the 

simulations, the changes to Ca2+ in the intermembrane space and in the intercristae space 

are rapid and larger than in the matrix.  The changes in Ca2+ in the mitochondrial matrix 

showed a low-pass filtering effect.  This suggests that the studies measuring slow Ca2+ 

cycling are actually measuring matrix Ca2+ while the studies with large fluctuations are 

measuring mitochondrial Ca2+ in the intercristae or intermembrane spaces.  This presents 

an intriguing possibility that dyes can be targeted to different parts of the mitochondria to 
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understand its function more fully. Although, our simulations exhibit a small transient 

size for IMS [Ca2+] whereas the [Ca2+]c transients are not as small. Perhaps, there may an 

error in our execution of calcium dynamics in the model. What we also saw was that the 

ATP synthase, apart from being activated by [Ca2+]m,  is affected by a metabolite gradient 

i.e. ATP/ADP ratio. When there are restrictions imposed on the diffusion of ATP and 

ADP, this flux drops. However, variation in ATP synthase activity spatially across the 

crista was not seen. In cases where the source and/or distribution of energy substrate 

(pyruvate/fatty acids/proteins) (Jafri and Kumar 2014) may not be uniform across 

mitochondrial matrix, whether ATP synthase flux gets affected, may be interesting to 

assess. Possibly, we can do this by fixing substrate gradients in different geometries. 

 

Future directions 

 Our current model simulates bioenergetics for various mitochondrial structures. It 

would be ideal, next, to include in the current model Reactive Oxygen Species (ROS) 

dynamics which are generated as a by-product of respiration at complex I and complex 

III. In excess, ROS can lead to oxidative stress. ROS is also linked to pathological 

conditions including diabetes, neurodegenerative diseases and ischemia reperfusion.  In 

order to make the model more comprehensive, it would also be essential to incorporate 

mitochondrial permeability transition pore (mPTP) kinetics. mPTP is responsible for 

triggering cellular apoptosis and necrosis. When the model is equipped to simulate the 

kinetics of a variety of factors that may affect normal mitochondrial and cellular 
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physiology, spatio-temporal simulations can bring an added level of versatility as we 

attempt to understand with much clarity an organelle that has kept scientists intrigued for 

a long time. Then, in order to expand the scope of current analysis of mitochondrial 

structure-function relationship, it would be important to gather data on geometries of the 

organelle from literature or by conducting experiments for mitochondrial diseases. Some 

mitochondrial diseases to consider can be Leber's Hereditary Optic Neuropathy (LHON), 

mitochondrial encephalomyopathy, and myoclonic epilepsy among others. Mitochondrial 

respiration related disorders decrease ATP:ADP ratios because of lactic acidosis as 

NADH:NAD ratio increases. Such phenomenon can be easily simulated for the 

geometries found in literature or experimentally. Finally, the current 2D model can be 

used to build a 3D spatio-temporal model which may be used to expand the cardiac 

ventricular myocyte model (Tuan, Williams et al. 2011) and the effects of varying 

myoplasmic calcium on mitochondrial bioenergetics and vice-versa can be attempted to 

be understood. It is important to mention here that this model by Tuan et al is a stochastic 

model as opposed to our deterministic one. 

 Some other intriguing questions that our spatio-temporal mitochondrial model, 

with refinement may be used to address are: 

1) Mitochondria play an important role in cellular aging. (Wei, Ma et al. 2001; Jacobs 

2003; Sanz, Pamplona et al. 2006; Sanz and Stefanatos 2008) Is there a reason to believe 

that mutations in mtDNA or nuclear DNA would affect the structure and hence kinetics 
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of channels involved in ATP production? In that case, can we attempt to answer how age-

related diseases that affect mitochondrial efficiency manifest? 

2) Works on oxygen sensing by mitochondria (Chandel and Schumacker 2000; Taylor 

2008) present mitochondria's role in O2 sensor-functional response” sequence (Chandel 

and Schumacker 2000). It would be interesting to see how we can use mitochondrial 

modeling to elucidate how changes in O2 supply during hypoxia may signal the organelle 

and affect it's energy metabolism. Possibly by affecting the redox states of electron 

transport system or the processes leading to production of reducing equivalents such as 

NADH, perhaps. 

 The complexity created by the connections between biochemical processes that 

occur in mitochondria and the number of triggers that impact them, is something that will 

continue to garner interest in pursuing mitochondrial research. Latest technological 

advances in experimental techniques in combination with mathematical modeling which 

can arguably take the conclusions of one research to the next level by proposing a 

hypothesis for the further investigation continue to be a ray of hope in each era for 

researchers.
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