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SUMMARY

IN A HEALTHY HEART, the energy supply and demand should be in balance. This
is achieved by an efficient transport of high energy phosphates. The researchers

of heart muscle cells, cardiomyocytes, however, discovered that the diffusion of
adenine nucleotide molecules is restricted in the heart muscle cells. Interestingly
enough, the diffusion restriction diminishes in the ischemic heart cells, implying
that the mechanisms of the diffusion restrictions are important to maintain the nor-
mal functioning of the heart and heart muscle cells. Thus, it is crucial to understand
the origin of diffusion obstacles in cardiomyocytes.

This thesis is a part of the project studying diffusion restrictions in adult rat car-
diomyocytes. The main goal of this thesis was to understand whether the diffusion
of adenine nucleotides is restricted in a single heart muscle cell and, if so, to eval-
uate the distribution of diffusion restrictions. The novelty of the used approach is
making experiments at the single cell level, whereas previous reports were based
on cell population studies. The advantage of such approach is the ability to distin-
guish intracellular diffusion obstacles from overall diffusion restrictions in the sys-
tem. This was achieved by measurements of the kinetics of cell respiration using
autofluorescence-based methods.

The work conducted in this thesis showed that diffusion restrictions in cardiomy-
ocytes exist at the single cell level. This was shown on adult rat cardiomyocytes
and confirmed on cardiomyocytes of wild type and creatine deficient mice. Com-
bination of experimental data and mathematical modeling made it possible to con-
clude that restricting obstacles found in cardiomyocytes are caused by two dis-
tinct features: closing of voltage-dependent anion channels (VDACs) on the mito-
chondrial outer membrane (MOM) and barriers in cell cytoplasm, which both con-
tribute equally to diffusion restrictions. Specifically, it was found that 98% of the
VDACs on the MOM were not available for adenosine phosphate transport and thus
restricted its diffusion.

The findings presented in the current thesis enhance our insight into the distri-
bution of diffusion restrictions in cardiomyocytes. Since the diffusion restrictions
influence the transport of molecules from the cytosol to mitochondria and, hence,
are one of the factors that determine the cell fate, better understanding of their
regulatory mechanisms may help to develop new treatments for diseased hearts.
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KOKKUVÕTE

TERVES SÜDAMES peavad energia nõudlus ja varustamine olema tasakaalus.
Seda saavutatakse energiakandja molekulide efektiivse transportimisega. Vara-

semalt on leitud, et südamelihasrakkudes ehk kardiomüotsüütides on energiakandja
molekulide (adeniinnukleotiitide) difusioon oluliselt takistatud. Lisaks sellele on
näidatud, et need takistused adeniinnukleotiitide difusioonile vähenevad patoloogi-
listes seisundites nagu isheemia. See viitab asjaolule, et difusioonibarjäärid omavad
olulist rolli südame ja kardiomüotsüütide korrektse talitluse säilitamiseks. Seetõttu,
on oluline mõista difusioonitakistuste täpset päritolu ja funktsiooni südamelihas-
rakkudes.

Antud doktoritöö on osa projektist, mis käsitleb difusioonitakistusi roti kar-
diomüotsüütides. Töö põhieesmärgiks oli uurida kas ja kui palju on takistatud
adeniinnukleotiitide difusioon ühe südamelihasraku tasemel. Kuna leidis kinni-
tust, et tõepoolest ühe raku tasemel on difusioon märkimisväärselt takistatud, siis
järgmise sammuna keskenduti difusioonibarjääride jaotuse ja võimalike põhjusta-
jate välja selgitamisele. Selleks töötati välja uudne meetod, mis põhineb raku hin-
gamise kineetika mõõtmisel autofluorestsentsi abil. Kui varasemalt tehtud katsed
raku populatsioonidel annavad vastuse ainult üleüldise difusioonitakistuse suuru-
sest rakus, siis välja töötatud meetodi suurimaks eeliseks on võime määrata üleül-
dise difusioonitakistuse jaotust rakus.

Tehtud töö tulemusena leidis kinnitust difusioonitakistuste olemasolu ühe sü-
damelihasraku tasemel. Seda näidati roti kardiomüotsüütides ning kinnitati krea-
tiini puudulikkusega ja vastava liini metsiktüüpi hiire südamelihasrakkudes. In-
terdistsiplinaarne lähenemine, mis kombineeris eksperimentaalsete andmete kogu-
mist ja nende analüüsi matemaatiliste mudelite abil, aitas tuvastada difusiooni-
takistuste jaotumist kaheks osaks. Leiti, et VDAC kanalite sulgumine mitokondri
välismembraanis ja barjäärid raku tsütoplasmas pannustavad difusioonitakistustele
võrdsel määral. Lisaks näitavad töö tulemused, et puhkeolekus kardiomüotsüütides
ei ole 98% VDAC kanalistest läbitavad adenosiinfosfaatidele.

Kõkkuvõtteks annavad antud töö tulemused suure panuse difusioonitakistuste
uuringute valdkonda. Kuna difusioonibarjäärid mõjutavad molekulide transporti
tsütosoolist mitokondrisse, siis seega on need raku saatuse üheks määravaks asja-
oluks. Selliste adeniinnukleotiitide difusiooni reguleerivate mehhanismide uurimi-
ne võib saada oluliseks uute südameravis kasutatavate ravimite väljatöötamises.
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THESIS





1
INTRODUCTION

ADEQUATE GENERATION of energy is crucial for heart functioning. Therefore,
energy production and energy utilization should be in balance to maintain

proper and efficient work of the heart. In failing hearts, this mechanism is dis-
rupted and this powerful organ cannot function properly [1, 2], which causes high
mortality rates worldwide [3–5]. Better understanding of factors that regulate heart
metabolism and application of gained knowledge in the development of new drugs
may help to overcome heart failure problems. Numerous studies have been per-
formed to understand the mechanisms of heart failure. Studies with the tissues of
diseased patients and transgenic animal models have been introduced in recent
publications [6–9]. Animal models with induced heart failure improve our under-
standing of the energetic machinery in the heart [10–13].

Every day our heart produces and uses energy in the form of adenosine triphos-
phate (ATP) in the amount that is 15 times greater than the organ weighs [14]. It is
therefore important to have sufficient amounts of energetic molecules for constant
cell needs. Neubauer and coworkers examined the energetic pool of the hearts of
diseased patients with cardiomyopathy through phosphocreatine (PCr)-to-ATP ratio,
and suggested applying this factor to estimate future mortality [15]. It was shown
that failing human hearts have 25–30% lower ATP content than healthy hearts [16],
which is also confirmed by phosphorus-31 magnetic resonance spectroscopy (31P

-MRS) studies in diseased patients [17]. Thus, energetics of PCr and ATP inside the
affected heart muscle cells is disturbed. However, it is not clear what causes the
disturbance in high energy phosphate levels. It is therefore important to study the
effects of energy transfer alterations on cell functioning and mechanisms under-
lying their action.

In this doctoral thesis, the research is focused on energy transfer in single heart
muscle cells, cardiomyocytes. It was hypothesized that the ATP transport inside the
heart muscle cells is guided by diffusion restrictions. This phenomenon was pre-
viously studied on permeabilized fibers and populations of cardiomyocytes, where
mitochondrial affinity to extracellular adenosine phosphates was lower than in iso-
lated mitochondria [18]. The intracellular environment of cardiac muscle cells is
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INTRODUCTION

highly organized and heterogeneous, as indicated by the “crystal-like” pattern of
the mitochondria distribution [19, 20]. It was shown that diffusion restrictions tend
to depend on cellular structure, being less evident in cells with more random or-
ganization of mitochondrial patterns such as cultured cardiomyocytes HL-1 and
non-beating HL-1 [21], neonatal cardiomyocytes [22, 23] and cells having simpler
morphology, such as fish cardiomyocytes [24], compared to adult mammalian car-
diomyocytes. Moreover, diffusion in the cell cytoplasm can be obstructed because
of macromolecular crowding, interactions and phase separation [25].

Interestingly, ischemia/reperfusion damage causes partial loss of diffusion re-
strictions implying an important role in maintaining the heart function [26]. At the
moment, ischemic preconditioning, first introduced by Murry and coworkers in
1986, is shown to be an effective method to keep tissues from damage caused by
ischemia/reperfusion injury [27]. Understanding the factors that contribute to fatal
repercussions may widen survival opportunities of cardiac patients.

There is a controversy in the determination of the obstacles limiting diffusion.
Some researchers suggest the obstruction of diffusion of adenine nucleotides by
closure of voltage-dependent anion channels (VDACs) on the mitochondrial outer
membrane (MOM) [28, 29]. The mathematical model in the publication by Saks
and coworkers demonstrates how MOM permeability affects adenosine diphosphate
(ADP) transport [30]. Alternatively, diffusion restrictions may come from the intra-
cellular environment that group ATP producing and consuming units [31].

Notably, all the above-described knowledge on diffusion restriction in heart mus-
cle cells was gained by studying populations of cardiomyocytes. However, such
experiments must be interpreted with caution, because in this case cells may stick
together, thereby limiting diffusion of metabolites to the inner cells [32]. Besides,
laminar flow and unstirred solution layers may also create the possibility of misin-
terpreting the measurements [32].

The main aim of this thesis was to test whether diffusion restrictions exist at
the single cell level and subsequently determine the cellular components involved
in this process. To unravel the factors that might affect experimental results, sin-
gle cells were used instead of cell populations. Studies on cell populations were
also performed to compare our data with previous results. Cardiomyocytes were
permeabilized and titrations of ADP and ATP were performed. The autofluores-
cence changes of reduced nicotinamide adenine dinucleotide (NADH) and flavo-
protein (Fp) compounds were recorded on the fluorescence microscope for single
cell experiments and in the spectrofluorometer chamber for populations of cardio-
myocytes. This enabled us to make measurements on live cells and follow changes
in their redox state in real time.

This work had a logical concept starting with checking the hypothesis of diffu-
sion restrictions at the single cell level and subsequently finding the distribution
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INTRODUCTION

of diffusion restrictions inside the cell. Cardiomyocytes from three different ani-
mal models were used in a series of experiments: rat, wild type (WT) mice and
transgenic creatine (Cr)-deficient mice.

In Publication I, we determined the presence of diffusion obstacles in a sin-
gle cell, demonstrating that low apparent Michaelis-Menten constant of mitochon-
drial respiration to ADP (KM(ADP)) for exogenous ADP and ATP is of cellular origin.
Measurements were performed on single cell and on a population of cells, enabling
connecting data from respiration measurements to autofluorescence. The current
finding was confirmed with a mathematical model, proving that the low affinity
was not caused by an incomplete separation or clumping of cells.

In Publication II, we examined the effect of Cr deficiency on the energy me-
tabolism of cardiomyocytes from WT and GAMT knock-out (GAMT−/−) mice
that lacked guanidinoacetate N-methyltransferase (GAMT) enzyme to synthesize Cr,
causing the deficiency of the latter. The lack of Cr inhibits the creatine kinase (CK)
system, which is proposed to be a spatial and a temporal energy buffer in car-
diomyocytes [33, 34]. This system facilitates transport of ADP and ATP between
the sites of their production and utilization, compensating for the diffusion obsta-
cles. We showed that CK inactivation in these mice does not affect either respiration
kinetics or mitochondrial organization at basal workloads.

Publication III gives insight into possible causes of heterogeneity of diffusion
inside a single cell. The work reported in Publication III was a logical extension
of my previous studies that enabled a deeper look into the problem of diffusion
restrictions, concentrating on the location of diffusion barriers. These series of ex-
periments shed light on the distribution of diffusion restrictions in cardiomyocytes
and quantified the role of the MOM and cytoplasmic obstacles in the origin of dif-
fusion restrictions.

A great advantage of the current work is that experimental procedures were
complemented with mathematical modeling. This fusion helped to quantify the
distribution of diffusion restrictions in the cell on the basis of the measured auto-
fluorescence signal. Such way of analyzing results gives the possibility of using
and understanding the obtained data more precisely and gain maximal knowledge.
The research of such complicated processes like cellular metabolism has to rely on
exact calculations on how small processes influence the whole picture.
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2
MITOCHONDRIAL AUTOFLUORESCENCE

STUDYING THE PROCESSES occurring in live cells has always been a challenge
for researchers all over the world. One of the complexities is caused by the fact

that usually it is needed to somehow influence the cellular environment, thereby
manipulating processes inside. Researchers either stain cells with special dyes or
have to fix the experimental material. Fortunately, some processes can be moni-
tored by using naturally fluorescent biomarkers from the cell. In the middle of
1950s Chance and colleagues developed a technique to monitor intracellular pro-
cesses through intracellular coenzymes, NADH and Fp [35–38]. The advantage of
this method is that the monitoring of cellular activities is non-invasive and the
cellular response can be studied in the live environment.

NADH is involved in many activities of mitochondria metabolism, such as respi-
ration and electron transport, oxidative stress, aging and apoptosis [39–41]. NADH

monitoring has a promising potential in clinical applications, enabling to evaluate
malignancy probability and proliferation of the affected tissue. It could be used to
detect early stages of cancer in vivo in gastrointestinal, cervix [42], ovarian [43]
and bladder [44] malignant processes. Moreover, the efficiency of new drugs can
also be tested using intrinsic autofluorescence [43]. Using autofluorescence prop-
erties of these two intracellular biomarkers was previously described to help to
estimate cancer development [45] and therapeutic efficiency [46]. Analyzing auto-
fluorescence properties and redox ratio of NADH and Fps at the cellular level can
be a tool to monitor tumor heterogeneity and response to anti-cancerous treatment.
This can improve the therapy and survival of patients, minimizing tumor regene-
ration due to resistant populations of cells [47]. Cellular autofluorescence rise in
response to ionic radiation could serve as a marker of exposure in cases of inciden-
tal radiation or following radiation therapy [48].

Mitochondrial autofluorescence has been used earlier by several researchers to
study aspects of the heart function. Studies of mitochondrial NADH and Fp signal
changes during ischemia/reperfusion injury were performed on the whole rat heart,
enabling to detect myocardial damage at the beginning [49]. Mitochondrial dys-
function in heart failure and cardiac hypertrophy was recognized based on NADH
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MITOCHONDRIAL AUTOFLUORESCENCE
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Figure 1 – Schematic representation of energetic pathways in mitochondria. VDACs provide
a pathway for many molecules to enter the mitochondrial intermembrane space. ADP and ATP
then enter the mitochondrial matrix via adenine nucleotide translocator (ANT). Substrates for
cytric acid cycle (TCA), pyruvate dehydrogenase complex (PDH) and beta-oxidation enter the
mitochondria matrix through specific channels. Pi is transferred into mitochondrial matrix via
the Pi carrier (PiC). Electrons from TCA are transferred by electron carrier NADH to complex I of
electron transport chain (ETC). FADH2 transports electrons from TCA to complex II of ETC. PDH
and beta-oxidation provide electrons to ETC via NADH and FADH2. Reduced NADH is fluorescent.
When NADH gives electrons to ETC and becomes NAD+, it is not fluorescent. At the same time
reduced FADH2 molecule is not fluorescent, while oxidized Fp emits light in the blue spectrum.
When electrons go through ETC, protons are being pumped out of the mitochondrial matrix,
creating a gradient needed to activate ATP synthesis to produce ATP from ADP and Pi. Newly
synthesized ATP is transported out of mitochondria to be used for cellular needs.

and Fp signal changes [50]. NADH response to different pacing rates was observed
by Asfour et al. [51] in the rabbit heart. Such monitoring would benefit patients
undergoing surgery on the open heart, allowing surgens to estimate the metabolic
function of the organ and also helping to improve protocols for transplantology
[49]. NADH and Fp redox couple monitoring was applied to evaluate the interaction
of drugs on the mitochondria electron transport chain (ETC) of cardiomyocytes
[52].

In the current thesis the focus is on the NADH and Fp ability to reflect the redox
state of cardiomyocytes. Similar studies were performed in different labs [45, 53,
54], indicating the power of the method to follow metabolic activities of the cell.
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MITOCHONDRIAL AUTOFLUORESCENCE

A simplified scheme of NADH/Fp cycling inside mitochondria is introduced in
Fig. 1. NADH and Fps carry electrons from the citric acid cycle (TCA) to the (ETC)
in the inner membrane of mitochondria. To obtain a NADH fluorescence signal,
cells are excited in the UV spectrum with 330–350 nm light and the emission peak
is 460 nm. When NADH donates electrons to complex I in the ETC, NAD+ loses fluo-
rescence properties [55]. The reduced form of flavin adenine dinucleotide (FADH2)
provides electrons for complex II in the ETC. Contrary to NADH, Fp becomes fluo-
rescent in the oxidized state with excitation light 450 nm and emission 550 nm.

The major part of the signal of Fps comes from mitochondrial lipoamide de-
hydrogenase (LipDH) and the electron transfer Fp. Their emission and excitation
spectra, 480 nm and 545 nm for LipDH and 435 nm and 485 nm for Fp, respec-
tively, were distinguished by Kunz, who measured the rat liver mitochondria re-
sponse to redox changes [56, 57]. The signals are close, and without a special
experimental setup researchers see both at the same time [58]. However, both rep-
resent mitochondrial metabolism and are not involved in other cellular activities
[59]. Redox states of LipDH flavoprotein and NAD+/NADH pool are in equilibrium,
because NADH is serving in the dehydrogenase reactions. Thus, an increase in mi-
tochondrial NADH autofluorescence is accompanied by a decrease of the LipDH

autofluorescence signal [60]. Some intracellular flavins are redox-independent, giv-
ing background fluorescence, which is quenched in case of their binding to protein
cofactors [56]. In that case their contribution to intracellular autofluorescence is
negligible [60]. By monitoring NADH and Fp autofluorescence in the current work,
we analyzed the bioenergetic response of permeabilized cardiomyocytes to ade-
nine nucleotide titrations.
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3
RESULTS

THE PROBLEM OF DIFFUSION RESTRICTIONS has been widely studied for dec-
ades [61, 62]. It is not clear what causes diffusion restrictions in the cell and

which structures are responsible for that. In the current thesis we built up a study
to characterize the mitochondrial response to ADP titration in a single cell. The
main results are briefly summarized in this section, giving a short overview of the
obtained data with minimal repetition of the attached Publications I–III.

3.1 AUTOFLUORESCENCE MEASUREMENTS IN PERMEABILIZED CARDIOMY-
OCYTES

As the main method used in this work, cells were permeabilized and continuously
superfused with a solution containing ADP and ATP in different concentrations.
ADP and Pi in the solutions stimulate oxidative phosphorylation and ATP synthe-
sis [35, 63]. The addition of ATP activates intracellular adenosine triphosphatases
(ATPases) first, and the obtained ADP stimulates respiration. Glutamate and malate,
substrates metabolized in the TCA cycle, increase the NADH/NAD+ ratio, which in
turn provides more electrons for the functioning of the ETC. A widefield fluores-
cence microscope and a sensitive camera were used to image the cardiomyocytes.
The fluorescence signals were normalized by adding oligomycin (inhibitor of ATP

synthase) and cyanide (inhibitor of cytochrome c oxidase) followed by carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (uncoupler) to the cell. This
enabled to record minimal and maximal signals, respectively, and subtract the fluo-
rescence background from the signal change caused by respiration.

Representative experimental data are shown in the Fig. 2. It was shown that the
fluorescence signal of NADH and Fp changed in a stepwise manner in correlation
with the applied extracellular ADP. The opposite behavior of these two signals was
also advantageous, justifying the experimental protocol. Thus, we can conclude
that signal changes were due to respiration, as both signals responded simulta-
neously to the addition of ADP. We focused on the change of the NADH signal, as
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Figure 2 – Example of NADH and Fp autofluorescence changes in response to ADP titrations in a
single permeabilized cardiomyocyte (top). Autofluorescence signal was induced by excitation
light of 340 nm for NADH and 465 nm for Fp. Viable rod-shaped cell and hypercontracted
cell are shown. Towards the end of the experiment, inhibitors of mitochondrial respiration
(oligomycin (OL) and cyanide (CN)) followed by the uncoupler FCCP were used to record the
maximal and minimal levels of the autofluorescence signal. Below, representative traces of
NADH (left) and Fp (right) autofluorescence changes during ADP titrations are shown. Note that
the autofluorescence of NADH and Fp changes in a stepwise manner and in the opposite way in
response to the increasing ADP concentration.

in general it was brighter and the signal-to-noise ratio was larger than for the Fp

signal in our experimental conditions.
As our previous study on respiration was performed on populations of cells

[64], we needed to relate the autofluorescence changes in single cells to the respi-
ration rate. For that, ADP titration was performed in a spectrofluorometer, where
autofluorescence signals of NADH and Fp were recorded on cell populations. Both
the experiments carried out under the microscope (experiments with single cells)
and in the spectrofluorometer (experiments with cell populations) showed that the
cells responded similarly to the titrations of adenine nucleotides. Autofluorescence
changes in the spectrofluorometer cuvette were then related to oxygen consump-
tion measurements [64]. After that, we compared autofluorescence changes in the
single cell and the population of cells. This gave us a possibility of making a
connection between population studies and single cell observations. The most im-
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3.2 DIFFUSION RESTRICTIONS IN CARDIOMYOCYTES

portant result of the work reported in Publication I was the demonstration of the
intracellular nature of diffusion restrictions. In other words, we showed that intra-
cellular diffusion barriers exist.

3.2 DIFFUSION RESTRICTIONS IN CARDIOMYOCYTES

As our first study (Publication I) confirmed the existence of diffusion restrictions
inside the cell, our next goal was to assess the contribution of different cellular
structures to the diffusion restrictions. In the study described in Publication III,
we followed changes in the autofluorescence of NADH from a single permeabilized
cardiomyocyte in response to ADP titration. The experimental protocol was built up
to characterize mitochondrial respiration in different parts of the cell, comparing
the NADH autofluorescence signals in the middle of the cell and at the edges.

The experimental design and modeling taken together gave us a possibility of
distinguishing contributions of the MOM from the barriers situated in the cell cy-
toplasm (Fig. 3). In this case, signal normalization with oligomycin, cyanide and
FCCP was performed at each location of the cell to see how the relative fluorescence
distribution changes within a single cell. After determing the geometry of each
particular cell we were able to construct a mathematical model of diffusion. The
heterogeneity of the NADH signal distribution, as we see it, is caused by the thick-
ness of the current cell as well as mitochondrial distribution and response. As we
were able to exclude differences in the fluorescence signal caused by differences
in cell thickness by normalizing the signal to references taken in the presence of
respiration chain blockers and uncoupler, we were able to see how mitochondria
reacted to ADP. We examined two models of the distribution of diffusion restric-
tions. One was composed to reflect the state when all the diffusion restrictions
between the surrounding solution and inner mitochondria were due to the MOM.
The other model took into account both, the MOM contribution to diffusion restric-
tions and the cytosolic barriers. If we compare modeling data with the results from
our experiments, it is obvious that the MOM is not the only diffusion obstacle in the
permeabilized cardiomyocytes (Fig. 3).

The numerical analysis of the recorded data indicated that nearly half of the
KM(ADP) of the permeabilized cardiomyocyte respiration was caused by the closure
of VDACs in the MOM and the other half was due to diffusion obstacles in cytoplasm.
The striking new result was that only 2% of the VDACs are open for ADP in the MOM.
This discovery raises many questions about their role in cellular metabolism.

The closing of VDACs on the MOM contributes to intracellular diffusion restric-
tions. It is therefore important to study other cellular mechanisms that contribute
to the energy transfer between ATPases and mitochondria. Higher affinity of mito-
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Modeled diffusion obstacles:
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Figure 3 – Comparison of experimental data with images calculated by the model. The va-
riation of NADH fluorescence in response to ADP titrations in a single permeabilized car-
diomyocyte. The autofluorescence signal with every ADP concentration was additionally nor-
malized by the maximal and minimal signals obtained in the presence of inhibitors of mitochon-
drial respiration, oligomycin and cyanide, in each location. The middle and the right columns
represent the images calculated by the model. The model either takes into account both cy-
tosolic diffusion barriers and the barriers at the MOM level (middle column), or the diffusion
obstacles at the MOM level only. Comparison of experimental results with the modeled data
show that the model in the middle column fits experimental results.

chondria to extracellular ADP and significant cytoarchitectural changes were pre-
viously observed in heart muscle fibers of CK-deficient mice (CK−/−), who different-
ly from WT mice lack cytosolic and mitochondrial CKs [65]. As CK facilitates ener-
gy transfer, in the absence of a functional CK system diffusion could be restricted
less to compensate for the lack of CK [65].
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3.2 DIFFUSION RESTRICTIONS IN CARDIOMYOCYTES

The research reported in Publication II emerged from the idea to observe whether
cardiomyocytes isolated from WT and Cr-deficient GAMT−/− mice hearts have sim-
ilar properties of diffusion restrictions, or whether absence of Cr influences this
parameter, showing differences between WT mice and their transgenic littermates.
The same protocol as used in Publication I was used to test this hypothesis. Our
study revealed that there was no statistically significant difference in the NADH and
Fp response to ADP titrations between WT and GAMT−/− cardiomyocytes. Other
examinations, including kinetic measurements of oxygen consumption and eval-
uation of mitochondrial positioning, performed in the study, also confirmed that
no differences occurred between knock-out and WT mice heart cardiomyocytes in
resting conditions.
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4
DISCUSSION

THIS DOCTORAL THESIS is focused on understanding the mitochondrial energy
transfer in a single permeabilized cardiac muscle cell. The experimental results

of the current work demonstrate the existence of diffusion obstacles for adenine nu-
cleotides inside a single cardiomyocyte. Moreover, it was shown that the obstacles
are partly caused by cytosolic structures, while the other part is due to MOM (VDAC)
permeability. In addition, as this study combines both the single cell and cellular
population measurement approaches, it enables to compare existing data on diffu-
sion restrictions with the results obtained by applying new experimental strategies.
In this part of the thesis the role of compartments causing diffusion restrictions
will be discussed and the contribution of the work to the field will be pointed out.

As described above in detail, methods based on autofluorescence properties that
naturally occur in the cells were used, which allowed us to perform experiments
in less manipulated conditions. The use of single cells as a model was a novel ap-
proach in the studies of diffusion restrictions that enabled to get new insights into
this phenomenon. Experiments carried out at the single cell level are perspective in
modern science, helping to examine intracellular processes in healthy and affected
cells. At the same time such approach enables to choose the cell of proper shape
and size, its reaction to certain stimuli or any other parameter that may characterize
its condition. For example, we chose viable rod-shaped cells for our experiments,
while hypercontracted non-rod-shaped cells, damaged during the isolation proce-
dure, might show a different kinetic response because of malfunctional mitochon-
dria (Fig. 2). By studying diffusion restrictions at the single cell level we managed
to resolve the controversy existing previously in the field. As mentioned above,
Kongas et al. raised a concern that diffusion restrictions may be caused by clump-
ing of cells or unseparated tissue fragments [32]. In this case, diffusion distances
to the inner cells are larger and this would cause a higher apparent KM(ADP) for
respiration. In addition, unstirred solution layers around the cells might also limit
the diffusion of molecules to the cells. The flow profile of the measuring chamber,
estimated in Publication I, also indicated the contribution of intracellular diffusion
obstacles, separating them from diffusion caused by solution flow properties. In
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the first part of the thesis it was demonstrated that diffusion restrictions exist in a
single permeabilized cardiomyocyte and can not be attributed to misinterpretation
of experimental results.

The main result of this thesis is the finding that both the MOM and cytosolic struc-
tures are responsible for diffusion restrictions in cardiomyocytes. The importance
and possible mechanisms of the regulation of both are discussed below.

4.1 DIFFUSION RESTRICTIONS AT THE LEVEL OF THE MITOCHONDRIAL

OUTER MEMBRANE

Surprisingly, the MOM of cardiomyocytes was shown to have low permeability to
ADP and this is caused by the closure of 98% of the VDACs (Fig. 4). The action of
VDACs is very important in maintaining appropriate work of mitochondria, helping
to keep energetic balance in cells. VDACs are found in the MOM of all eukaryotic
species [66], providing transport of molecules, needed for the metabolic function
of the cell, between mitochondria and cytoplasm [67]. They play an important role
in energy circulation, cell growth [68], proliferation [69] and death [67].

Our data show that only 2% of the VDACs are accessible to ADP in the MOM. The
fact that only a minor fraction of VDACs are opened for ADP is of high interest and
may be important for future studies, given the crucial role of VDACs in multiple
cellular processes. For example, such studies could provide new insights into the
regulation of these porines. However, as the percentage of ADP-accessible VDACs

was calculated partly on the basis of literature data and for our experimental condi-
tions, it is currently not clear how this number is relevant for different experimental
setups. In addition, the exact regulatory mechanism for VDAC action is still under
investigation and the conditions at which VDACs are opened or closed are not fully
understood.

VDACs are known to be regulated by the binding of tubulin, which regulates their
closure [70] or interaction of other intracellular structures, such as sarcoplasmic
reticulum (SR) [71, 72]. The role of tubulin in VDACs permeability is supported by
the observation that mitochondria in the presence of tubulin have a higher apparent
KM(ADP) [70]. The conductivity of the VDACs depends also on the membrane po-
tential, being higher at potential values below 30 mV and lower at potential values
above 30 mV [73]. There are reasons to believe that VDACs permeability can be
adjusted by pH changes, when mild alkalization promotes hexokinase binding to
VDACs [74].

The conductance of porine channels was shown to depend on temperature, being
higher at higher temperatures [75]. These data were taken into account in our
model to convert experimental results obtained at room temperature to the phys-
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Figure 4 – The accessibility of VDACs on the MOM for ADP in a permeabilized cardiomyocyte.
A VDAC may be closed due to the binding of tubulin, interaction with a sarcoplasmic reticu-
lum (SR) or other factors (see 4.1). ADP from the solution enters through the permeabilized
sarcolemma. It is either transferred into mitochondria via VDACs on the MOM, where it together
with Pi stimulates ATP synthesis by ATP synthase or diffuses to creatine kinase (CK), which
converts it to ATP with the involvement of PCr. ATPases hydrolyze ATP to ADP and Pi. It was
shown that 98% of the VDACs are not accessible for adenosine phosphate transport in resting
rat cardiomyocytes.

iological temperature of 37 °C. It is known that Ca2+ levels influence metabolite
and ATP transport through the MOM [76]. The maintaining of Ca2+ homeostasis is
crucial for heart contractions, and VDACs were found to work as Ca2+ transporters
through the MOM [77]. As we performed our experiments on passive cells and Ca2+

levels were kept low, this could explain the small number of active VDACs. It is pos-
sible that a higher energy demand of contracting cells would cause more VDACs to
open. Besides, VDAC permeability is limited for adenine nucleotides, while Cr and
PCr diffusion is not restricted [78]. This may help to organize better crosstalk be-
tween ATP producers and consumers through the Cr-PCr shuttle. In Publication II
we did not observe any adaptational differences in cardiomyocytes from GAMT−/−

mice compared to WTs. Diffusion restrictions were similar in both preparations
showing that at moderate workloads cells can preserve their function without ac-
tive CK.

Transport regulation through the MOM is of particular importance in many physi-
ological processes where mitochondria play a pivotal role. In this sense, it is impor-
tant to understand the mechanisms regulating the permeability of VDACs. The in-
volvement of VDACs in lots of processes that are crucially important for life makes
these mechanisms a very interesting subject for research. The fact that this pro-
tein can serve as a target for therapy of numerous diseases has lots of implications.
Diffusion restrictions, which are the main study object in the thesis, are lower in
ischemic hearts, this is probably due to some damage made to the intracellular
structure. Imahashi et al. suggest that during ischemia pro-apoptotic protein Bcl-2
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associates with VDACs, and this may be involved in cardioprotection [79]. Precon-
ditioning is known to help to preserve the structures and diffusion barriers that are
needed for the healthy functioning of the heart. This cardioprotective function may
be connected to VDACs and adenine nucleotide transport regulation. Their possible
role is to limit the transport of nucleotides and guard cardiac cells from acidifi-
cation and reactive oxygen species generation. Therapeutic approaches that help
to preserve or restore diffusion restrictions in affected hearts can decrease alter-
ations. In clinical practice it should help to keep the function of the operated organ,
minimizing complications and damage to cells.

4.2 ENERGETIC COMPARTMENTS IN CARDIOMYOCYTES

By comparing models in which diffusion restrictions were associated either with
only the MOM or with the MOM with cytosolic barriers with the results of the ex-
periments, it was shown that half of the diffusion restrictions were caused by cy-
tosolic barriers. Experimental conditions did not allow us to see the certain areas
of the cell where diffusion barriers are situated. According to previous studies, po-
tential cytosolic diffusion barriers can be either functional or structural, and the
candidates are discussed below. In 2001, Saks and colleagues described the intra-
cellular energetic units (ICEUs), i.e. compartments that may limit diffusion in the
cytoplasm of red muscle cells [80]. These complexes are conceivably organized by
mitochondria and ATPases of myofibrils and SR, enabling faster and more efficient
exchange of adenine nucleotides between the sites of their production and con-
sumption. It is still under investigation of what structures ICEUs are built. Possible
candidates may be t-tubules, intracellular organelles and proteins associated with
them. The hypothesis of ICEUs was set as a result of a number of experiments show-
ing that some structural barriers in the cytosol are limiting the diffusion of adenine
nucleotides [65, 80] and most of endogenously generated ADP is transferred to
nearby mitochondria rather than into the solution [81]. Diffusion restrictions in
the cytosol were analyzed by mathematical modeling that predicted their heteroge-
neous localization in the cell [82]. Mathematical modeling, tested by Ramay and
Vendelin, predicted the role of SR and intracellular proteins [31]. Another study in
our laboratory revealed that barriers inside cardiomyocyte are distributed ~1 µm
apart in “lattice-like”structure and, surprisingly, in that environment the diffusion
of larger molecules is relatively less restricted than the motility of smaller ones
[83]. Theoretically, each of these factors could cause diffusion restrictions in our
experimental setup.

However, from the results of Publication II, showing no differences between
GAMT−/− mice and their healthy littermates, we can conclude that the formation
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of ICEUs, which channel ADP/ATP between ATPases and mitochondria, provides suf-
ficient energy transfer in the absence of a functional CK system. Thus, a disruption
of the CK energy system at low workload does not cause perceptible differences
in the heart muscle cells of GAMT−/− deficient mice. This observation may be
explained by the close interaction of mitochondria with SR ATPases within ICEUs,
forming a diffusion obstacle at this level. The functional and structural evidences
of such energetic compartment were provided in recent publications [65, 71].

The possible involvement of SR-mitochondria interaction in the process of dif-
fusion restrictions comes from the fact that cells with a less developed SR-mi-
tochondria network, such as neonatal mammal cardiomyocytes [84] or cardiomy-
ocytes from fish [85], show higher affinity for exogenous adenine nucleotides [22–
24]. The finding of the current thesis that cytosolic composition plays an important
role in the intracellular molecule transport was further confirmed by recent publica-
tions. Namely, it was reported that calcein and fluorescently labeled cyclic adeno-
sine monophosphate (cAMP) molecules showed faster diffusion in neonatal car-
diac muscle cells compared to diffusion rates in adult cardiomyocytes [86], which
was explained by greater tortuosity and higher order of mitochondria arrangement
of the latter. This is in the agreement with the finding that diffusion is restricted
more in cells with strictly organized mitochondrial network, like adult mammal car-
diomyocytes, while cells with simpler morphology, like neonatal cardiomyocytes
and fish cardiac muscle cells, seem to have less restrictions for adenine nucleotides
[22–24].

Overall, the work conducted in this thesis showed that a large fraction of dif-
fusion restrictions are located in cytosolic barrier structures. However, it raises
questions regarding their composition, location and role, which would have to be
addressed in future studies.
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5
CONCLUSIONS

THIS THESIS PROVIDES new insights into the topic of diffusion restrictions in
cardiomyocytes, giving perspectives for future research. The main findings and

conclusions of the work are summarized below.

1) Experimental data together with mathematical modeling show that diffusion of
adenosine phosphates is restricted at the single cell level in rat cardiomyocytes.

2) Diffusion restrictions reported earlier on populations of cardiomyocytes are not
caused by incomplete separation of cells in the measuring chamber or unstirred
water layers around the cells.

3) Cardiomyocytes isolated from creatine-deficient mice and their unaltered litter-
mates show similar kinetic behaviour and have no changes in mitochondrial or-
ganization in relaxed conditions. Cardiomyocytes from the both origins demon-
strate the restriction of ADP diffusion from the solution into mitochondria.

4) Diffusion restrictions in rat cardiomyocytes are caused by equal contributions
of VDACs on the mitochondrial outer membrane and cytosolic structures.

5) Only 2% of the VDACs on the mitochondrial outer membrane are available for
the adenosine phosphate transport in relaxed cardiomyocytes.

The fact that diffusion restrictions occur in the healthy cardiomyocytes and di-
minish in pathological conditions makes them a perspective target for therapies of
heart diseases.
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Permeabilized Rat Cardiomyocyte Response Demonstrates Intracellular
Origin of Diffusion Obstacles

Natalja Jepihhina, Nathalie Beraud, Mervi Sepp, Rikke Birkedal, and Marko Vendelin*
Laboratory of Systems Biology, Institute of Cybernetics, Tallinn University of Technology, Tallinn, Estonia

ABSTRACT Intracellular diffusion restrictions for ADP and other molecules have been predicted earlier based on experiments
on permeabilized fibers or cardiomyocytes. However, it is possible that the effective diffusion distance is larger than the cell
dimensions due to clumping of cells and incomplete separation of cells in fiber preparations. The aim of this work was to check
whether diffusion restrictions exist inside rat cardiomyocytes or are caused by large effective diffusion distance. For that, we
determined the response of oxidative phosphorylation (OxPhos) to exogenous ADP and ATP stimulation in permeabilized rat
cardiomyocytes using fluorescence microscopy. The state of OxPhos was monitored via NADH and flavoprotein autofluores-
cence. By varying the ADP or ATP concentration in flow chamber, we determined that OxPhos has a low affinity in cardiomyo-
cytes. The experiments were repeated in a fluorometer on cardiomyocyte suspensions leading to similar autofluorescence
changes induced by ADP as recorded under the microscope. ATP stimulated OxPhos more in a fluorometer than under the
microscope, which was attributed to accumulation of ADP in fluorometer chamber. By calculating the flow profile around the
cell in the microscope chamber and comparing model solutions to measured data, we demonstrate that intracellular structures
impose significant diffusion obstacles in rat cardiomyocytes.

INTRODUCTION

When mitochondrial oxygen consumption is stimulated by
exogenous ADP, mitochondria in situ in permeabilized
fibers and cells from cardiac muscle have an affinity that
is much lower than that of isolated mitochondria (1–3).
The cause of this is still uncertain. Usually, the low affinity
is attributed to intracellular diffusion restrictions that limit
diffusion between the solution surrounding the cell and
the mitochondrial inner membrane. As possible diffusion
obstacles, limitation of permeability of voltage-dependent
anion channel in mitochondrial outer membrane by tubulin
(4) and intracellular structures such as sarcoplasmic retic-
ulum and proteins associated with them (3,5–7) have been
proposed. From two- and three-dimensional analysis of
mitochondrial arrangement, it is clear that rat cardiomyo-
cytes have a very high degree of order (8,9). In such ordered
environment, intracellular diffusion obstacles associated
with sarcoplasmic reticulum can be responsible for anisot-
ropy in diffusion that was shown by extended raster image
correlation spectroscopy (6).

As an alternative explanation, Kongas et al. (10) proposed
that low affinity to ADP in permeabilized fibers and cells
can be attributed to long diffusion pathways in the experi-
ments: unstirred layers surrounding the cells and fibers
may provide a significant restriction of ADP-diffusion rela-

tive to metabolism; fibers and cells in the oxygraph may
form clumps, where outer cells restrict diffusion to the inner
cells. Although analysis of the data in light of intracellular
diffusion restrictions has been commonly used, the alterna-
tive explanation of the data by long diffusion distances in
the experimental setup has not been tested. Our recent
data from rainbow trout approached the long diffusion
distance hypothesis (unstirred layers and clumping of cells).
The data argued against diffusion restriction by unstirred
layers (11). However, they did suggest that trout cardiac
fibers were not completely separated and/or were clumping
during oxygraph experiments, because the affinity (quanti-
fied by apparent KM for exogenous ADP) of fibers was
much lower (apparent KM higher) than that of isolated car-
diomyocytes (11). Note that apparent KM for ADP was still
larger in trout cardiomyocytes than in isolated mitochon-
dria, indicating the existence of intracellular diffusion
restrictions in trout cells.

The difference in the affinity of permeabilized trout cells
and fibers is opposite to what has been reported for rat heart
preparations, where the apparent KM of permeabilized fibers
is similar to that of cardiomyocytes (12). We have never
observed cell aggregation in the oxygraph during experi-
ments on rat cardiomyocytes, or under the microscope after
experiments. However, it cannot be ruled out that temporary
microscopic cell aggregates are formed, so that the diffusion
distance from the medium to the mitochondria inside the
cells is effectively much larger than the radius of a single
cardiomyocyte (10). As a result, formation of aggregates
in isolated cardiomyocyte preparation in solution cannot
be ruled out based on observation of similar affinities to
ADP of permeabilized rat cardiomyocytes and fibers.

Submitted June 15, 2011, and accepted for publication September 20, 2011.

*Correspondence: markov@ioc.ee

This is an Open Access article distributed under the terms of the Creative

Commons-Attribution Noncommercial License (http://creativecommons.

org/licenses/by-nc/2.0/), which permits unrestricted noncommercial use,

distribution, and reproduction in any medium, provided the original work

is properly cited.

Editor: Michael D. Stern.

� 2011 by the Biophysical Society

0006-3495/11/11/2112/10 $2.00 doi: 10.1016/j.bpj.2011.09.025

2112 Biophysical Journal Volume 101 November 2011 2112–2121

59 Publication I



This study was designed to check whether permeabilized
rat cardiomyocytes exhibit low affinity to exogenous ADP
at single cell level.We took advantage of the fact that changes
in the autofluorescence of reduced nicotinamide adenine
dinucleotide (NADH)andoxidizedflavoproteins (FPs) reflect
the redox state of the cell (13,14). NADH and FP autofluores-
cence has been used extensively to characterize the state of
respiratory chain: for example, response of isolated mito-
chondria (13,15) or permeabilized fibers (16,17) to ADP
stimulation; response of isolated cardiomyocytes to drugs
(18,19); or monitoring mitochondrial function in vivo (20).

NADH autofluorescence is mainly ofmitochondrial origin
(21,22). FP autofluorescence comes from three groups of
flavoproteins: a-lipoamide dehydrogenase, electron transfer
flavoprotein, and a third group, which is likely to be acyl-
CoA dehydrogenases (23–25). a-Lipoamide dehydrogenase
is the catalytic subunit of pyruvate dehydrogenase, a-keto-
glutarate dehydrogenase in the citric acid cycle, and the
branched chain a-keto acid dehydrogenase complex
involved in amino-acid metabolism. As NADH is a cofactor
for these dehydrogenases, the redox state of the flavinmoiety
of a-lipoamide dehydrogenase is in equilibrium with that of
mitochondrial NADþ/NADH.

In this study, we recorded the autofluorescence of NADH
and FP from single, permeabilized rat cardiomyocytes
perfused with solution containing increasing concentrations
of ADP and ATP. For comparison, the same experiment was
performed on populations of permeabilized cardiomyocytes
in a spectrofluorometer to mimic respiration kinetics exper-
iments that have shown low affinity of mitochondrial respi-
ration to exogenous ADP. From the analysis of the measured
data by mathematical models, we demonstrate that the low
affinity of mitochondrial respiration to exogenous ADP
comes, in part, from intracellular diffusion obstacles in rat
heart muscle cells.

MATERIALS AND METHODS

Adult outbredWistar rats of both sexesweighing 300–500 gwere used in the

experiments. Animal procedures were approved by the Estonian National

Committee for Ethics in Animal Experimentation (Estonian Ministry of

Agriculture).

Before the experiments, animals were anesthetized with 0.5 mg/kg ket-

amine (Bioketan, Vetoquinol Biowet, Gorzów Wielkopolski, Poland) and

125 mg/kg dexmedetomidine (Dexdomitor; Orion, Espoo, Finland).

Isolation of cardiomyocytes

Calcium-tolerant cardiomyocytes were isolated as described in Sepp et al.

(3). During isolation of cardiomyocytes, we used solutions from Sepp et al.

(3) with slight modifications. Solutions are listed in the Supporting

Material.

Fluorescence microscopy

Microscope experiments were performed on an inverted Nikon Eclipse

Ti-U microscope (Nikon, Tokyo, Japan), described in the Supporting Mate-

rial. Immediately before each experiment, a new batch of cells were per-

meabilized for 5 min with gentle mixing in an Eppendorf tube with

Mitomed solution (see the Supporting Material) containing 25 mg/mL

saponin and 50 mM ADP. A fraction of the permeabilized cells was put

into a diamond-shaped fast-exchange chamber (15 � 6 mm, RC-24N;

Warner Instruments, Harvard Apparatus, March-Hugstetten, Germany) on

the microscope. They were allowed to sediment for 5–10 min before start-

ing the superfusion with Mitomed solution containing different concentra-

tions of ADP. Only those cells located in the middle of the chamber were

used for measurements. According to the manufacturer, the geometry of

the chamber provided laminar flow of solutions during experiments at the

used flow rate of ~0.5 mL/min. The ADP concentration was increased step-

wise from 50 to 100, 300, 500, 1000, and 2000 mM and the cells were super-

fused for at least 4.5 min at each step. The same experiment was done with

ATP instead of ADP.

Spectrofluorometer recordings

Autofluorescence measurements on population level were performed in

4 mL plastic cuvettes (four-faced transparent cuvettes; Deltalab, Rubı́,

Spain) on a spectrofluorophotometer (Shimadzu RF-5301; Shimadzu Scien-

tific Instruments, Kyoto, Japan). Autofluorescence spectra of flavoproteins

and NADH were recorded using excitation and emission wavelengths

similar to those used for microscope single cell studies: for NADH excita-

tion was 340 nm, emission range 400–550 nm; for flavoproteins, excitation

was 465 nm, emission range 500–600 nm. All spectra were taken three

times to make sure that steady state was reached. The cell suspension

was continuously stirred with magnetic stirrer bars (VWR, Wien, Austria)

and before each measurement resuspended with a pipette to provide an

homogeneous mixture. Autofluorescence of permeabilized cardiomyocytes

was first recorded in substrate-free Mitomed solution in presence of 50 mM

ADP or ATP, then substrates were added and cells were exposed to

increasing concentrations of ADP or ATP, respectively. At the end of

each titration, oligomycin and sodium cyanide were added to obtain the

signal under fully reduced conditions. Spectra of cell suspension autofluor-

escence in substrate-free solution and in presence of oligomycin and

cyanide were then used to normalize data of titration, as described below.

Analysis of fluorescence signal

Detailed description of analysis of fluorescence signal is given in the Sup-

porting Material.

Statistics

The raw data were analyzed using homemade software. All results are

shown as mean 5 SD.

Mathematical models

The experimental data were analyzed by several mathematical models.

Description of the models is given in the Supporting Material.

RESULTS

Experimental results

The response of the permeabilized rat cardiomyocytes to
changes in the surrounding solution was followed in fluores-
cence microscope. Two fluorescence signals were recorded
from the same cell with the recorded signals corresponding
to NADH and flavoproteins (FPs) fluorescence. In the
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beginning of the experiment, the cells were permeabilized by
saponin. After that, the solution in the imaging chamber was
varied and the fluorescence of cells was observed. Represen-
tative fluorescence images of the cells are shown on Fig. 1.
Note how increase of exogenous ADP leads to reduction in
NADH fluorescence and increase of FP fluorescence.

To get the extremes in the levels of fluorescence, we sub-
jected the cells to solutions that inhibit oxidative phosphor-
ylation (solution containing oligomycin and cyanide,
OLþCN) or an uncoupled mitochondrial respiratory chain
by using the solution containing FCCP (Fig. 1). As it is
demonstrated in Fig. 1, NADH fluorescence of nonrod-
shaped cardiomyocytes was quite small (right bottom
corner of images). The same was not true for FP fluores-
cence, with relatively high FP fluorescence observed in non-
rod-shaped cardiomyocytes. Such level of autofluorescence
in nonrod-shaped cells is consistent with earlier reports (21).
For these cells, FP fluorescence either stayed relatively
constant through the whole experiment or changed with
the variation of ADP or ATP in solution similar to rod-
shaped cardiomyocytes (results not shown).

We quantified the response of the cells to different solu-
tions by calculating the average fluorescence of a cell and
using the fluorescence levels recorded in presence of
OLþCN and FCCP to normalize the data (see the Support-
ing Material). Representative traces with average fluores-
cence changes in a single cell during an experiment are
shown in Fig. 2. As shown in Fig. 2, stimulation of respira-
tion by exogenous ADP leads to a larger range of fluores-
cence changes in the cell than stimulation by exogenous
ATP. When adding exogenous ATP, respiration is stimulated
due to the hydrolysis of ATP by endogenous ATPases. Note
that there is always a significant delay between the time-

moment at which the new solution started to enter the micro-
scope imaging chamber (dashed vertical lines in Fig. 2) and
the response of the cell. However, after a few images, the
fluorescence of the cell is stable until the next change of
solution.

To compare the single cell response to the response of a
cell population, the experiments were repeated in a fluo-
rometer. Rat cardiomyocyte suspension was added to the
fluorometer cuvette and after permeabilization, increasing
amounts of ADP or ATP was added. Fluorescence spectra
were recorded to determine the level of NADH and FP fluo-
rescence. As explained in the Supporting Material, we had
to avoid use of FCCP in the experiments in the fluorometer
due to significant absorbance. For normalization of the fluo-
rescence signal, the fluorescence of permeabilized cells was
recorded before addition of substrates (but in the presence of
low ADP or ATP). Sample spectra are shown in Fig. S1 in
the Supporting Material.

A comparison of fluorescence levels recorded in a micro-
scope (n ¼ 8–13) and a fluorometer (n ¼ 6) are shown in
Fig. 3. As it is evident from Fig. 3, A and C, NADH and
FP fluorescence changes similarly on single cell and popu-
lation level when exogenous ADP is varied. When respira-
tion is stimulated by ATP, the autofluorescence response is
larger in the fluorometer than in the microscope (Fig. 3, B
and D). This difference is induced by the differences in
response at lower ATP concentrations. At higher ATP
concentrations, NADH and FP fluorescence measured in a
fluorometer does not change significantly (compare fluores-
cence at ATP concentrations of 1 mM and 2 mM, Fig. 3, B
and D). This saturation effect has not been observed in
the single cell measurements. The difference in recorded
fluorescence response to changes in ADP and ATP are
demonstrated in Fig. 3, E and F. Note how the curve corre-
sponding to NADH fluorescence response to exogenous
ATP stimulation is shifted to the right from the curve corre-
sponding to exogenous ADP stimulation. For FP, the corre-
sponding shift is to the left.

Because fluorometer measurements were performed on
populations of cardiomyocytes, we could relate changes in
NADH and FP fluorescence to changes in respiration rate
(VO2). For that, VO2 measured on populations of rat cardi-
omyocytes under similar conditions were used (data taken
from Sepp et al. (3)). The relationship between fluorescence
and VO2 is shown in Fig. 4. Because VO2 was not measured
at all ADP and ATP concentrations used in this study, we
had to omit several fluorescence measurements in Fig. 4.
Note that the relationship between fluorescence and VO2

is close to linear. This indicates that fluorescence changes
follow similar kinetics as VO2. In addition, we observed
that the fluorescence changes induced by exogenous ATP
were larger than expected from VO2 measurements. As a
result, the relationship between NADH (or FP) fluorescence
and VO2 is not unique, but depends on the way the respira-
tion is stimulated (Fig. 4, A and B).

FIGURE 1 Example of the response of permeabilized cardiomyocytes to

changes in solution. For demonstration, rod-shaped and nonrod-shaped

cells are shown. Autofluorescence of the cells was recorded by fluorescence

microscope with the fluorescence induced by 340 nm (top row) or 465 nm

(bottom row) excitation. Note how gradual increase of ADP (concentration

in mM shown below images) leads to changes in fluorescence with the

maximal and minimal levels of fluorescence induced by oligomycin/

cyanide (OLþCN) and FCCP. As it is clearly visible on the figure, fluores-

cence of nonrod-shaped cells (bottom right corner on all images) is rela-

tively small in recordings of NADH fluorescence. However, the opposite

was frequently true for recordings of fluorescence corresponding to flavo-

protein (FP) signal.

Biophysical Journal 101(9) 2112–2121

2114 Jepihhina et al.

61 Publication I



Differences in fluorometer and microscope
measurements analyzed by compartmentalized
model of a cardiomyocyte

We have shown that the fluorescence response to variation in
exogenous ATP concentration was different in fluorometer
and microscope (Fig. 3, B and D). To understand the cause
of this difference, respiration stimulation by exogenous ATP
can be analyzed by mathematical model of permeabilized
rat cardiomyocytes (3). Because, in our experiments,
3 mM inorganic phosphate was present in solution, effects
induced by phosphate supply to the cell should be negli-
gible. Thus, we can focus in our analysis on ATP and
ADP. When respiration is stimulated by exogenous ATP,
endogenous ATPases hydrolyze it to the ADP that would
stimulate respiration in mitochondria. In addition, ADP
produced by endogenous ATPases can also leave the cell
in solution if the concentration of ADP in solution is smaller
than in the cell. In the fluorometer cuvette, solution is not
exchanged and reaches the steady state relatively fast, as
measured by HPLC in similar configuration (3).

In the microscope chamber, the solution is exchanged and
ADP produced by upstream cells can be washed out. To
track the ADP concentration in the microscope chamber,
we have to distinguish between ADP present in prepared
ATP solution and ADP produced by ATPases in the micro-
scope chamber. In our conditions, ADP concentration was
1.5% of ATP concentration in prepared solution, as deter-
mined earlier by HPLC in solution without cells (3). To
estimate ADP produced by all cells in the microscope
chamber, we assumed that the ATPase rate can be described
by the Michaelis-Menten equation with apparent Km(ATP) of

0.38 mM (3). Maximal ATPase activity of a cell (4.2 fmol/s)
can be estimated from activity of ATP synthase (0.54 mM/s,
see description of reaction-diffusion-convection model
in the Supporting Material); stimulation of respiration by
exogenous ATP relative to stimulation by ADP (25% (3));
and the volume of a cell (cylinder with 20-mm diameter
and 100-mm length).

Taking into account the cell counts after isolation and
series of dilutions made, we had ~1000 cells in a microscope
chamber during experiments leading to 4 pmol/s maximal
ATPase activity. When checked at all used concentrations
of ATP by calculating ATPase rate using the Michaelis-
Menten equation, the ADP concentration would increase
by 8.1% (at 50 mM ATP in solution) and 5.1% (300 mM
ATP) when compared with ADP contained in solution at
a flow rate of 0.5 ml/min. Because a significant fraction of
the cells is washed out at the beginning of the experiment,
the effect of intracellular ATPases on the ADP concentration
in the chamber is even smaller. Thus, in the microscope
chamber, ADP produced by cells in the chamber has a minor
effect and ADP in solution is mainly determined by ADP
present in solution before entering the chamber.

To test further whether such differences in the solution
surrounding the cells could cause the different fluorescence
responses seen in Fig. 3 B, we calculated VO2. For compar-
ison, a case with zero ADP in solution surrounding the cells
is shown in Fig. 5. Note that in the case of zero ADP, there is
still ATPase activity in the cell and some of the produced
ADP stimulates respiration. As it is clear from the simula-
tion results, ADP buildup during the measurements in the
closed chamber configuration contributes significantly to
VO2. From these simulation results, we conclude that the
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FIGURE 2 Average fluorescence of a single per-

meabilized cell exposed to the changes in solution

denoted at the bottom. Fluorescence was recorded

with excitation light of 340 nm (top row) or

465 nm (bottom row). The fluorescence was

normalized by using the signal recorded in solu-

tions OLþCN and FCCP as extreme values corre-

sponding to relative fluorescence equal to 0 and 1

(see figure). The moment at which the change of

solution was started by the experimenter is indi-

cated (dashed vertical line). Note how stimulation

of respiration by exogenous ADP (A and C) is able

to change the fluorescence in a larger range than

stimulation by exogenous ATP (B and D).
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differences in NADH and FP fluorescence response to stim-
ulation by endogenously generated ADP in fluorometer and
microscope are caused by differences in the design of the
corresponding measurement chambers.

Influence of unstirred water layers
on the measurements

The low affinity of respiration, as evidenced by NADH and
FP to changes in extracellular ADP, suggest significant intra-
cellular diffusion restrictions. However, such low affinity can
be also induced by large unstirred water layers surrounding
the cells in the fluorometer or microscope chambers.
Although analysis of unstirredwater layers in the fluorometer
chamber is not trivial due to the stirring and mixing of the
cells in the experiments, the situation in the microscope
chamber can be analyzed in detail. In our conditions, the
flow in the chamber is laminar. By approximating the micro-

scope chamber by simplified geometry, we calculated
the flow profile of the solution in the chamber (Fig. 6 A).
The flow velocity was fastest near the inflow and outflow.
In the center of the chamber, where the measurements were
performed, the flow velocity reached ~3100 mm/s at the
surface of the solution. Near the cell, next to the cover glass,
the flow is considerably slower. However, even 20 mm from
the glass, the flow was >100 mm/s in the central region
of the chamber. Assuming that there is no flow of solution
through the cell, the corrected flow profile in the cell
surroundings was calculated. In those simulations, the flow
profile in the middle of microscope chamber was taken
into account. The flow in the cell surroundings is shown in
Fig. 6 B by streamlines and arrows.

The calculated flow profile in the cell surroundings was
used to analyze the influence of unstirred water layers on
the measurements. For that, a reaction-diffusion-convection
model was composed and we calculated the distribution of
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FIGURE 3 Comparison of fluorescence recordings per-

formed on single cell level using fluorescence microscope

with recordings on cell population level using fluorometer.

The average fluorescence at different levels of exogenous

ADP (A and C) and ATP (B and D) is shown for single cell

and cell population recordings. Finally, average fluores-

cence recorded on single cell and population level is

plotted against each other with fluorescence excited by

340 nm and 465 nm in E and F, respectively.
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ADP in solution and inside the cell taking into account mito-
chondrial respiration, diffusion, and convection of ADP.
When 1 mM ADP is used in the solution entering the
chamber, the model predicts significant diffusion gradients
between the solution and parts of the cell next to the cover
glass with the lowest ADP concentration equal to
0.67 mM (Fig. 6 B). In those simulations, it was assumed
that apparent Km(ADP) of respiration was 0.015 mM, i.e.,
the same as for isolated mitochondria. To analyze how the
supply of ADP influences VO2 of the isolated cardiomyo-
cyte, we calculated VO2 of the cell in different conditions.
Assuming that apparent Km(ADP) of mitochondria is
0.015 mM, we could see a large difference on calculated
VO2 when ADP was supplied by infinitely fast diffusion,
diffusion as in water, and with the diffusion assisted by
flow of solution (Fig. 6 C).

Note that when we take into account the flow surrounding
the cell, the apparent affinity of VO2 to ADP is considerably
higher than the measured one (solid line in Fig. 6 C). Here,

the VO2 measured in an oxygraphy chamber for cell suspen-
sion (data from Sepp et al. (3)) is shown for comparison.
Assuming that NADH and FP fluorescence is linearly
related to VO2 we estimated the relative VO2 of a single
cell from fluorescence measurements (Fig. 3, A and C).
For that, fluorescence at zero ADP was taken into account
in estimation of VO2 by subtracting it. The fluorescence at
zero ADP was found by fitting fluorescence measurements
with a Michaelis-Menten-type relationship with the shift
corresponding to fluorescence level at zero ADP. As it is
clear from Fig. 6 C, to reproduce the experimental data,
the affinity of mitochondrial respiration to ADP has to be
reduced significantly by increasing apparent Km(ADP) of
respiration to 0.15–0.45 mM. This demonstrates that low
affinity of respiration is induced, in part, by intracellular
diffusion restrictions.

DISCUSSION

According to our results, the fluorescence response to exog-
enous ADP and ATP stimulation was similar on single cell
and population levels if we take into account the differences
in experimental setups. On both studied levels, NADH and
FP fluorescence varied when ADP was changed up to the
millimolar range indicating a low affinity of mitochondrial
oxidative phosphorylation to exogenous ADP. From the
mathematical analysis of the measurements in microscope
chamber, we demonstrated that low affinity of the respira-
tion to exogenous ADP is in part induced by intracellular
diffusion restrictions. To our knowledge, this is the first
time the existence of intracellular diffusion restrictions for
ADP has been demonstrated from experiments on single
cells.

To study the autofluorescence of cardiomyocytes, we
used a wide-field fluorescence microscope equipped with a
sensitive camera. By using such setup and following a single
isolated cardiomyocyte, we avoided complications that can
occur in tissue preparations and in confocal imaging. In the
studies on tissue or organ level, one has to compensate for
organ motion, inhomogeneity of the cells, and absorption
and scattering of excitation light and fluorescence by tissue.
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FIGURE 4 Relationship between fluorescence recorded

in fluorometer (excitation 340 nm and 465 nm on A and B,

respectively) and respiration rate. Note that the relation-

ship is different for ADP and ATP stimulation.

FIGURE 5 Calculated respiration rate VO2 stimulated by exogenous

ATP in permeabilized cardiomyocytes in the surroundings that mimic the

situation in fluorometer (solid line) or microscope imaging chamber

(dashed line). In fluorometer, measurements are performed in closed

chamber whereas in microscope the solution is changed as it flows through

the imaging chamber. As a result, ADP in solution can either accumulate

(closed chamber) or will stay relatively low (flow through chamber). In

simulations, flow through chamber had ADP concentration proportional

to added ATP, in agreement with small ATP contamination by ADP. For

comparison, VO2 calculated with zero ADP concentration in solution

surrounding the cell is shown (dotted line).
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When confocal microscopy is used, small movement of the
cell could lead to changes in focal plane that have to be
taken into account. Due to the nature of the fluorescence
microscope point-spread function, the signal is integrated
through the whole thickness of the cell (point-spread
function of our microscope has been published earlier in
Laasmaa et al. (26)). As a result, small movements of the
cell induced by changes in solution flow do not alter the
measurements if the signal is averaged over the whole
cell. In addition, use of a highly sensitive camera allowed
us to reduce bleaching by attenuating the excitation light.

According to our results, changes in NADH and FP auto-
fluorescence were linearly related to respiration rate (Fig. 4).
Similar linear relationships were observed when respiration
rates were varied by changes in substrates at different
calcium levels (27). In our work, calcium, substrate, and
inorganic phosphate levels were kept the same. As a result,
regulation of respiration was rather simple and carried out
by ADP in the vicinity of mitochondria. Such simple control
probably resulted in the simple relationship between respi-
ration rate, and NADH and FP autofluorescence.

The main result of this work is the demonstration of low
ADP-affinity of mitochondrial respiration in single permea-
bilized cardiomyocytes. From the similar response of auto-
fluorescence to stimulation of respiration by ADP and ATP
on single cell and population level, we conclude that the
analysis of intracellular diffusion on population of permea-
bilized cardiomyocytes is adequate and does not suffer from
clumping of the cells in measurement solution. The differ-
ences in response of autofluorescence to stimulation by
ATP (Fig. 3, B and D) were attributed to accumulation of
ADP during measurements in the fluorometer chamber. As
we have demonstrated earlier in similar setup by HPLC
measurements (3), the ADP concentration increases from
~0.03 mM to ~0.06 mM during stimulation of respiration
with 2 mM ATP. When oxidative phosphorylation is active,
the ADP level stabilizes at 0.06 mM level. Note that the
initial ADP was present as a small fraction in the injected
ATP. This buildup of ADP in the surrounding solution leads
to larger respiration rate, as demonstrated in Fig. 5 and can
explain the larger autofluorescence response in fluorometer
to stimulation of ATP compared to the measurements in
microscope (Fig. 3, B and D).

Because single cell and cell populations results are
similar, one can take advantage of both preparations in the
studies. When larger population is used, it is possible to
use macroscopical methods, such as following respiration
rate by measuring oxygen concentration changes in solu-
tion, HPLC to determine dynamics of metabolite changes,
and absorbance spectroscopy. Those methods have been
applied in numerous studies (1,11,28), with our recent study
applying a large set of them to analyze ADP compartmenta-
tion in permeabilized cardiomyocytes (3). Although macro-
scopical approaches are not possible on a single-cell level,
there are clear advantages of using a single-cell preparation.

B
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FIGURE 6 Analysis of single cell respiration in the microscope fast

exchange chamber. (A) Flow profile in the microscope chamber found by

the mathematical model. The flow profile is described by velocity magni-

tude (shown by color) and streamlines (white lines). At inflow (top left),

the velocity is higher than at outflow (bottom right) due to the larger

opening of the chamber at outflow. (B) Distribution of ADP (shown by

color) predicted by the mathematical model around a cell situated in the

middle of a chamber, attached to the glass. The location of the cell is out-

lined (black wire-frame) on the image. The flow in the box was calculated

on basis of the flow distribution in the chamber taking into account the flow

around the cell. The flow is indicated by the arrows (left) and streamlines

(white lines). Note how flow of solution leads to asymmetric distribution

of ADP next to the cell. (C) Influence of ADP mixing mechanisms on respi-

ration rate of a cell in microscope chamber. Assuming that there are no

intracellular diffusion restrictions, the calculated affinity of respiration to

ADP is very high in the case of infinitely fast diffusion (dashed black

line). If ADP is supplied just by diffusion, the affinity drops significantly

(dotted black line). Taking into account flow distribution in the chamber,

the predicted affinity of respiration to ADP (solid black line) is significantly

higher that the one determined from experiments. For comparison, respira-

tion rate dependency determined on the cell suspension in respiration

chamber is shown (open dots) as well as respiration rate estimated from

NADH (solid squares) and FP (solid triangles). Only by assuming signifi-

cant intracellular diffusion restrictions modeled by increasing an apparent

Km(ADP) of mitochondrial respiration to 0.15 mM (red line), 0.3 mM (green

line), or 0.45 mM (blue line), is it possible to reproduce the measurements if

the flow in the chamber is taken into account.
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The main advantage is the ability to select a particular
cell. As it is shown in Fig. 1, the response of a viable rod-
shaped cardiomyocyte could be different from that of a con-
tracted nonrod-shaped cell. In the microscope, we could
choose the cells on the basis of their shape and response
to external stimuli. This is not possible on a population
level, because in population-level studies there is always
a fraction of the cells that have been damaged during isola-
tion. In addition, the single cell preparation allows us to
study intracellular heterogeneity of the metabolism, such
as metabolic oscillations (29–31). For regional analysis,
confocal microscopy can be used (17) or image deconvolu-
tion algorithms to enhance fluorescence images. For decon-
volution, several options exist with several open source
deconvolution packages made available recently including
end-user software packages or programming libraries (see
Laasmaa et al. (32) and references within).

Although there are clear advantages in the use of single
cell preparations, there is an important complication.
Namely, to study the response of permeabilized cardiomyo-
cytes to external stimuli, we are mainly limited to fluores-
cence-based methods. As we have done in this study, the
response of mitochondrial oxidative phosphorylation was
analyzed through autofluorescence of mitochondria. Unfor-
tunately, we cannot yet relate that autofluorescence to respi-
ration rate directly. In this work, we assumed that the linear
relationships among VO2 and NADH and FP fluorescence
(Fig. 4) holds for the measurements in the microscope
chamber as well. This is a phenomenological relationship
and may not hold in all conditions.

As a part of the solution to the problem of relating VO2

to fluorescence, mathematical models of oxidative phos-
phorylation can be used. Several detailed models are avail-
able that, with the proper calibration, could be applied to
extract rates of the processes on the basis of fluorescence
measurements. For example, mitochondrial respiration
models developed by several groups (33–40) can be used
as a starting point for development and calibration of the
model that would be able to relate fluorescence measure-
ments to respiration rate. Although all the details of regula-
tion of oxidative phosphorylation are, to our knowledge, not
yet known, and, consequently, none of the existing models is
perfect, it should be possible to find a set of parameters that
would reproduce the simpler experiments. For example, in
our experiments, only ATP and ADP were varied and there
was no variation of calcium, phosphate, and substrates
leading to simple relationship between VO2 and fluores-
cence (Fig. 4).

As one of the advantages of using single cell preparation,
the influence of the unstirred water layer surrounding the
cell can be quantified. Here, by using several mathematical
models, we found the flow profile in the chamber and in the
vicinity of the cell (Fig. 6, A and B). Knowing the flow
profile, it is possible to find the influence of ADP or ATP
supply from the solution in the cell and separate diffusion

gradients induced by intracellular structures from overall
diffusion gradients in the system (Fig. 6, B and C). As it
is clear from our simulations, intracellular diffusion restric-
tions are significant (compare black and colored solid lines
in Fig. 6 C). In addition to intracellular diffusion restric-
tions, diffusion gradients induced by ADP supply in the
chamber play a significant role as well (compare dashed
and solid lines in Fig. 6 C). In our simulations, the cell
was positioned along the flow.

We repeated the simulations with the cell positioned
perpendicular to the flow and found that computed VO2-
ADP relationships at different Km(ADP) were very close to
the relationships found with the cell oriented along the
flow (results not shown). This suggests that orientation of
the cell positioned on the cover glass does not play a major
role on the experimental outcome. However, on the basis of
our analysis, we can recommend imaging the cell in the part
of the chamber with the higher flow velocity (Fig. 6 A). This
would reduce contribution of ADP supply in the overall
gradients.

The demonstration that the diffusion restrictions are not
induced by clumping of the cells in an oxygraph has impor-
tant physiological consequences. As we have shown in this
work, single permeabilized rat cardiomyocytes have a low
affinity to exogenous ADP. From this, we conclude that
there are significant diffusion restrictions between the solu-
tion surrounding the cell and the mitochondrial inner
membrane. As we have shown earlier, on the basis of math-
ematical analysis of measurements performed on permeabi-
lized rat heart muscle fibers and isolated cardiomyocytes,
the mitochondrial outer membrane should lead to a diffusion
gradient that is%0.16 mM (3,7) at half-maximal respiration
rate with the rest of the gradient induced by some other
intracellular structures. Those structures are not distributed
uniformly, but are probably localized in certain areas of
the cell, as demonstrated in analysis of respiration response
kinetics to stimulation by ATP (5). When assuming that the
rest of the diffusion gradient is induced by sarcoplasmic
reticulum and proteins in its neighborhood, a very signifi-
cant diffusion obstacle on that level was predicted by
a three-dimensional reaction-diffusion model of rat heart
muscle fiber (7).

The physiological role of such diffusion restrictions is
still not clear, and is a subject of further studies. At present,
we have not yet identified which intracellular structures
are responsible for diffusion restrictions. As a result, we
cannot predict whether those diffusion restrictions would
influence intracellular energy fluxes in the heart leading to
modulation of energy transfer depending on the workload
(41). In addition, signaling, or response to pathological
conditions can be influenced as well. However, what we
have demonstrated in this work is that the diffusion restric-
tions that lower the affinity of mitochondrial respiration
to exogenous ADP are localized within permeabilized rat
cardiomyocytes.
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Permeabilized rat cardiomyocyte response demonstrates intracellular origin of
diffusion obstacles
Natalja Jepihhina, Nathalie Beraud, Mervi Sepp, Rikke Birkedal, and Marko Vendelin
Laboratory of Systems Biology, Institute of Cybernetics, Tallinn University of Technology, Akadeemia 21,
12618 Tallinn, Estonia

The supporting material includes detailed descrip-
tion of used solutions, mathematical models, and
fluorescence spectra recorded in fluorometer.

MATERIALS AND METHODS

Experimental procedures

Solutions used in isolation of cardiomyocytes. Wash
solution contained (in mM): 117 NaCl (Sigma-
Aldrich, 71379), 5.7 KCl (Sigma-Aldrich, P5405),
4.4 NaHCO3 (Sigma-Aldrich, S6014), 1.5 KH2PO4

(Sigma-Aldrich, P0662), 1.7 MgCl2 (Sigma-
Aldrich, 63068), 21 HEPES (Sigma-Aldrich,
H3375), 20 Taurine (Sigma-Aldrich, 86329), 11.7
Glucose (Sigma-Aldrich, 158968), and pH was ad-
justed at 25◦C to 7.4 with NaOH.

Digestion solution had the same composition as the
wash solution with the addition of 3mg/ml BSA
(Roche, 10 775 835 001), 0.375 mg/ml collagenase
P (Roche). In some cases, 75µM EGTA was added
to the digestion solution due to high amounts of
Ca2+ in the collagenase.

Sedimentation solution had the same composition as
the wash solution with the addition of 2mg/ml BSA
(Roche, 10 775 835 001), 10µM leupeptine (Roche,
11 034 626 001), 2µM soybean trypsin inhibitor
(Fluka, 93619).

Fluorescence microscope. Microscope experiments
were performed on an inverted Nikon Eclipse Ti-U
microscope (Nikon, Japan) equipped with two tiers
of motorized filter turrets for simultaneous acquisi-
tion of transmission and fluorescence images. For
transmission images, light from the 100W halogen
microscope lamp was passed through a 585/40 nm
filter onto the specimen and through the dichroic
filters in the turrets to a high-speed CCD camera
(IPX-VGA210-LMCN, Imprx Inc., Florida, USA)
mounted on the left port. For images of NADH and
FP autofluorescence, respectively, light from a Prior
Lumen 200 with a 200W metal halide lamp with

extended wavelength (Prior Scientific, Cambridge,
United Kingdom) was passed via an optical fiber
into the upper filter turret. For NADH recordings,
the light was passed through a 340/26 nm excitation
filter onto a 400 nm long pass dichroic mirror, which
deflected the light onto the specimen. Light emitted
from the specimen passed back through the upper
filter cube to a 510 XR dichroic in the lower filter
cube and reflected through a 460/80 nm emission fil-
ter to an Andor Ixon EMCCD camera (Andor Tech-
nologies, Belfast, United Kingdom). For FP record-
ings, the light was passed through a 465/30 nm ex-
citation filter onto a 510 nm dichroic mirror, which
deflected the light onto the specimen. Light emitted
from the specimen passed back through the upper
filter cube to a 560 XR dichroic in the lower filter
cube and reflected through a 525/50 nm emission
filter. All filters were purchased from AHF anal-
ysentechnik AG, Germany. Transmission images
together with images of NADH or FP autofluores-
cence were acquired every 30 sec. To reduce pho-
tobleaching, a Uniblitz shutter (VCM-D1, Vincent
Associates, Rochester, USA) timed the light expo-
sure with the acquisition.

Analysis of fluorescence signal. Fluorescence signal
intensity from microscope single cell experiments
was analyzed using ImageJ software. Both cell con-
taining and background regions were selected and
corresponding average fluorescence signal intensi-
ties were determined with ImageJ plug-in “measure
stack”. Then, background fluorescence was sub-
tracted from cell fluorescence and data plotted on
a time-scale. From the latter plot, average fluores-
cence was found for each condition to which the
cell was exposed (ADP concentration, uncoupling
or block of oxidative phosphorylation).

Data obtained from spectrofluorophotometer experi-
ments was analyzed with home-made software writ-
ten in Python. We integrated the recorded spectra in
the ranges corresponding to the optical filters used in
the fluorescence microscope: 420-500 nm and 500-
550 nm for NADH and FP autofluorescence, respec-
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tively.

Fluorescence signal recorded in microscope or flu-
orometer was normalized to the signal values in re-
duced and oxidized states. Mitochondria were re-
duced by oligomycin and cyanide (OL+CN); oxi-
dized state was recorded either in the beginning of
the experiment before addition of substrates in the
presence of ADP or by adding FCCP at the end of
the experiment. The following equations were used:

fNADH =
F − FOX

FRED − FOX

,

fFP =
F − FRED

FOX − FRED

,

whereF was recorded fluorescence;FOX andFRED

was fluorescence recorded in oxidized or reduced
state, respectively.

Solutions. Substrate-free mitomed solution con-
tained (in mM): 3.0 KH2PO4 (Sigma-Aldrich,
P0662), 3.0 MgCl2 (Sigma-Aldrich, 63068),
20 HEPES (Sigma-Aldrich, H3375), 0.5 EGTA
(Sigma-Aldrich, 03778), 20 taurine (Sigma-Aldrich,
86329), 0.5 dithiothreitol (Sigma-Aldrich, D0632)
and 60 lactobionate (Sigma-Aldrich, L2398). 5
glutamate (Sigma-Aldrich, 49449) and 2 malate
(Sigma-Aldrich, M6413) were added as substrates
together with 110 sucrose (Sigma-Aldrich, S1888),
pH was adjusted at 25◦C to 7.1 with KOH.

Concentrations of the uncoupler and respiration
blockers were: FCCP (Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone, 10µM, Ascent
Scientific, Asc-081), oligomycin A (10µM, Tebu-
bio, 579-13-5), and sodium cyanide (5mM, Sigma-
Aldrich, 205222).

Mathematical models

Compartmentalized model of rat cardiomyocyte en-
ergetics. The mathematical model of permeabilized
rat cardiomyocyte was taken from (1). Among the
models analyzed in (1), the models ’3s’ and ’4s’
were found to describe respiration and other mea-
surements best. Here, the results obtained with
the model ’3s’ are presented. Calculations with
model ’4s’ led to almost the same results (results
not shown). In short, the models consider permeabi-
lized rat cardiomyocytes divided into several com-
partments: mitochondria, cytosol, and a small com-

partment inducing functional coupling between en-
dogenous pyruvate kinase and fraction of ATPases.
In addition, solution surrounding the cells is consid-
ered as well. All compartments are separated from
each other by diffusion restrictions including the
connection between solution and cytosolic compart-
ment. As a result, concentrations of the metabolites
are different in different compartment and could dif-
fer from the concentrations in surrounding solution.
The concentrations and the rates of reactions are de-
termined by relative activities of the enzymes and
extent of diffusion restrictions. Model parameters
were taken from (1).

Model of solution flow in microscope chamber
and in the vicinity of the cell. To find the
flow velocity profile in the fast exchange cham-
ber and in the vicinity of the cell, Navier-
Stokes equations for incompressible fluid were
solved. Simulations were performed usingico-
Foamsolver for laminar, isothermal, incompressible
flow of Newtonian fluids from OpenFOAM toolbox
(http://www.openfoam.com). The kinematic
viscosity of fluid was taken equal to 10−6 m2/s.

To find the flux velocity profile in microscope flow
chamber, the geometry of the chamber was approx-
imated by a diamond shape with the corners cut at
in- and out-flow. The chamber was taken as 6 mm
wide and 15 mm long. The openings were 1.33 mm
wide for inflow and 2 mm for outflow and located
7 mm and 6 mm, respectively, from the center of
the diamond. The chamber was modeled assum-
ing 1 mm deep solution. As a boundary condition,
non-flow condition (velocity was zero, normal gra-
dient of pressure was zero) was specified for cham-
ber walls. On the upper surface of solution, the
solution was considered to move freely along that
surface (slip boundary condition: normal gradient
of pressure was zero, normal component of velocity
was zero, gradient of tangential components of ve-
locity were zero). On inflow, uniform velocity was
assumed (0.00625m/s corresponding to 0.5ml/min)
with normal gradient of pressure equal to zero. On
outflow, pressure was assumed to be 0 Pa and nor-
mal gradient of velocity was set to zero.

To find the velocity profile in the vicinity of the cell,
simulations were performed in a box with the sides
of 600µm along the flow (x-axis), 600µm wide (y-
axis) and 300µm high (z-axis) that was considered
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to be situated in the center of the diamond cham-
ber. The cell (modeled as a box with the sides 100
µm along the flow, 20µm wide and 20µm high)
was positioned on the bottom of the simulation box
and the no-flow conditions were given on the bound-
ary of permeabilized cell (velocity zero, normal gra-
dient of pressure zero). No-flow boundary condi-
tions were applied on the bottom of the simulation
box, as corresponding to the cover glass. In accor-
dance with the simulation of the flow in the micro-
scope chamber (see results), the flow surrounding
the simulation box was considered to have only one
non-zero velocity component (vx), parallel tox-axis,
that depend only on the distance from the glassz:
vx = az2 + bz (a and b were found by fitting the
velocity profile calculated for the middle of a cham-
ber). As a boundary condition, the velocity was
given on the entrance into the simulation box and
on the top wall (on those walls the normal gradient
of pressure set to zero) and calculated assuming no
normal gradient on the outflow wall (pressure set to
zero). On the walls parallel to the flow,slip bound-
ary condition was used.

The finite volume meshes for both cases were
generated by using CUBIT tool suite (San-
dia National Laboratories, New Mexico, USA,
http://cubit.sandia.gov) with hexahedral
element sizes of 50µm and 5µm for chamber and
cell surroundings simulations, respectively. As an
initial condition, pressure and velocity of the fluid
was set to zero. Simulations were performed until
solution stabilized (few seconds) with steady-state
flow profile used in the further analysis.

Reaction-diffusion-convection model of cell sur-
roundings. To quantify the influence of solution
flow around the cell in the microscope chamber
on measurements, we composed the mathematical
model that took into account mitochondrial oxida-
tive phosphorylation, diffusion of ADP in solution
and the cell, and convection of ADP by flow of solu-
tion surrounding the cell. For simplicity, only ADP
was followed and it was assumed that ADP is con-
sumed by mitochondrial OxPhos only. Similar to
bidomain approach in modeling electrophysiology,
OxPhos reaction was given in continuum within the
cell and reaction rate was described by Michaelis-
Menten equation. Apparent Km(ADP) of reaction
was changed to reflect the influence of intracellular

diffusion obstacles from 0.015 mM (no significant
intracellular diffusion obstacles, same affinity as iso-
lated mitochondria) to higher values (increased con-
tribution of intracellular diffusion restrictions). The
maximal mitochondrial ATP synthase activity in the
cell was taken as 0.54 mM ATP/s, taking into ac-
count ADP/O2 ratio (6), maximal mitochondrial res-
piration rate (13.5µmol O2/min·g ww), wet weight
to dry weight ratio (5), and volume to wet weight
ratio (0.5 ml/g ww), as in (2). This activity is some-
what higher than 0.41 mM/s used by Kongas et al.
(3). Diffusion coefficient of ADP in solution was
taken equal to 397µm2/s (3) and reduced to 41% of
this value in the cell (4).

The simulation box was 450µm along the flow,
300µm wide, and 150µm high. The cell (same di-
mensions as in flow calculations above) was posi-
tioned on the bottom, 140µm from inflow into the
simulation box. The flow velocity calculated by the
other models was used to describe convection of
ADP. As boundary conditions, no-flow (normal gra-
dient of ADP was zero) was allowed on the bottom
of the simulation box (corresponding to cover glass)
and the ADP concentration on the other borders was
set equal to the concentration used in experimental
solution. For comparison, simulations with no con-
vection were also performed. In those simulations,
flow rate was set to zero and the simulation box was
increased to 600µm × 600µm × 300µm.

The finite element model solving partial deriva-
tive equation corresponding to reaction-diffusion-
convection system was implemented in deal.II pack-
age (5). Finite element size was 2.5µm. Integration
was performed until steady-state was reached with
the steady state solution used in the analysis to cal-
culate respiration rate of the cell.

RESULTS

Fluorescence spectra recorded in fluorometer. In
the first series of experiments (n=7), we used the
same normalization of fluorescence signal as in
the experiments performed in microscope chamber.
However, use of FCCP in fluorometer resulted in
alteration of recorded spectra that made it impos-
sible to use. Namely, FCCP has a considerable ab-
sorbance in a wide range of wavelengths with a max-
imal absorbance at∼380 nm. As it was evident from
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FIG. S1: Fluorescence spectra recorded with excitation light of 340nm (top row) or 465nm (bottom row).
Solution with the permeabilized cardiomyocytes was exposed to different levels of exogenous ADP (left
column) or ATP (right column) as well as OL+CN. In the beginning of the experiment, spectrum corre-
sponding to oxidized state of mitochondria was recorded in the absence of substrates.

the shape of the NADH fluorescence spectrum when
recorded in fluorometer, fluorescence was reduced at
wavelengths below 450 nm. For recorded FP fluo-
rescence the influence of FCCP was even larger: FP
fluorescence in the presence of FCCP was smaller
than fluorescence recorded in the presence of ADP
or ATP. Note that this is opposite to expected fluo-
rescence level and the results obtained on a single
cell level in microscope. This effect of FCCP in flu-
orometer and the differences in recorded signal in
microscope and fluorometer can be attributed to the
optical pathways in those experiments. In the in-
verted microscope, the cells are recorded while sed-
imented to the cover glass. As a result, the micro-
scope camera records the signal that comes from the
cell, and passes the cover glass and microscope op-
tics (objective, dichroic mirror, emission filter and
tube lens). In the fluorometer, cells are in suspen-
sion and before excitation light can reach the cell it
has to pass the solution. The same applies to the
emitted light. While not a problem when cells are
exposed to solution with low absorbance, the dif-

ference in optical pathways becomes important in
solutions that have significant absorbance, as after
addition of FCCP.

To avoid the influence of FCCP in the fluorome-
ter recordings, we used for normalization the fluo-
rescence of permeabilized cells recorded in the ab-
sence of substrates (but in the presence of low ADP
or ATP). Due to the absence of substrates, mito-
chondria were in oxidized state leading to high FP
and low NADH fluorescence. After recording of the
spectra without substrates, spectra were recorded in
the presence of different concentrations of ADP or
ATP and, in the end of the experiment, in the pres-
ence of OL+CN. Representative spectra are shown
in Fig. S1.
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Branovets J, Sepp M, Kotlyarova S, Jepihhina N, Sokolova N,
Aksentijevic D, Lygate CA, Neubauer S, Vendelin M, Birkedal R.
Unchanged mitochondrial organization and compartmentation of high-
energy phosphates in creatine-deficient GAMT�/� mouse hearts. Am J
Physiol Heart Circ Physiol 305: H506–H520, 2013. First published June
21, 2013; doi:10.1152/ajpheart.00919.2012.—Disruption of the creatine
kinase (CK) system in hearts of CK-deficient mice leads to changes in
the ultrastructure and regulation of mitochondrial respiration. We
expected to see similar changes in creatine-deficient mice, which lack
the enzyme guanidinoacetate methyltransferase (GAMT) to produce
creatine. The aim of this study was to characterize the changes in
cardiomyocyte mitochondrial organization, regulation of respiration,
and intracellular compartmentation associated with GAMT defi-
ciency. Three-dimensional mitochondrial organization was assessed
by confocal microscopy. On populations of permeabilized cardiomyo-
cytes, we recorded ADP and ATP kinetics of respiration, competition
between mitochondria and pyruvate kinase for ADP produced by
ATPases, ADP kinetics of endogenous pyruvate kinase, and ATP
kinetics of ATPases. These data were analyzed by mathematical
models to estimate intracellular compartmentation. Quantitative anal-
ysis of morphological and kinetic data as well as derived model fits
showed no difference between GAMT-deficient and wild-type mice.
We conclude that inactivation of the CK system by GAMT deficiency
does not alter mitochondrial organization and intracellular compart-
mentation in relaxed cardiomyocytes. Thus, our results suggest that
the healthy heart is able to preserve cardiac function at a basal level
in the absence of CK-facilitated energy transfer without compro-
mising intracellular organization and the regulation of mitochon-
drial energy homeostasis. This raises questions on the importance
of the CK system as a spatial energy buffer in unstressed cardio-
myocytes.

creatine kinase shuttle; mitochondrial positioning; confocal imaging;
intracellular diffusion barriers; respiration and ATPase kinetics; gua-
nidinoacetate methyltransferase

CREATINE KINASE (CK) plays an important role as an energy
buffer in several cell types, including heart, skeletal muscle,
and brain. It catalyzes the phosphotransfer between creatine
(Cr) and ATP. The importance of CK is highlighted by its
strong regulation of local ATP concentration as shown by
studies of sarcolemmal ATP-sensitive K� channels (1) and
rigor formation in permeabilized fibers (55, 57). After induc-
tion of ischemia, contraction correlates with the phosphocre-
atine (PCr) level (14), and, after heart failure, the PCr-to-ATP
ratio in the heart is a strong predictor of patient mortality (20).
Additionally, a recent study (15) has shown that overexpres-

sion of cytosolic CK improves cardiac contractile function and
viability after induced heart failure.

Cr deficiency inhibits the CK system. It may occur due to
deficiency of the enzymes that synthesize Cr [L-arginine:gly-
cine amidinotransferase (AGAT) and guanidinoacetate meth-
yltransferase (GAMT)] or the Cr transporter (CrT or SLC6A8),
which imports Cr across the sarcolemma. All three cases of Cr
deficiency have been found in humans (8, 43), and all have
been reproduced in mouse models (AGAT�/�, GAMT�/�, and
CrT�/� mice). The GAMT�/� model is the most studied to
date.

Considering the presumed importance of CK in the heart, it
is remarkable that the baseline cardiac function of GAMT�/�

mice is so little affected by the lack of a functional CK system.
For example, ejection fraction is normal and only LV systolic
pressure is slightly lower in GAMT�/� mice (19, 42). Further-
more, when the maximal exercise capacity and response to
chronic myocardial infarction was compared in GAMT�/� and
wild-type (WT) mice, no significant difference was observed
(30). It is only under acute stress conditions that functional
deficits are observed in both GAMT�/� and CK�/� hearts,
e.g., reduced inotropic reserve and impaired recovery from
ischemia-reperfusion injury (10, 19, 47). The near-normal
basal cardiac performance in GAMT�/� mice could be due to
extensive compensatory changes not identified in Ref. 30,
similar to those described in the hearts of CK�/� mice, where
the CK system is disabled by the lack of both cytosolic and
mitochondrial muscle-specific CK isoforms. CK�/� hearts
show only minor changes in performance (35), explained in
part by cytoarchitectural changes that facilitate direct cross-talk
between mitochondria and ATPases (23). Direct cross-talk
between organelles is possible due to intracellular diffusion
restrictions (60), as evidenced by a low apparent ADP affinity
of mitochondrial respiration in permeabilized cardiomyocytes
(27), which leads to the coupling of endogenous ATPases to
mitochondria or glycolysis (44, 45) as well as anisotropy in
diffusion (21, 51). In CK�/� mice, in the absence of Cr, the
apparent ADP affinity of mitochondrial respiration was higher
than in control experiments with WT mice (23). This suggests
a reduction of the overall diffusion restriction between mito-
chondria and the surrounding solution (36). However, diffusion
was sufficiently restricted for sarco(endo)plasmic reticulum
Ca2�-ATPase (SERCA) and myosin ATPase to preferentially
use ATP generated in mitochondria as efficiently as in WT
mice (23).

The aim of this study was to determine whether the hearts of
GAMT�/� mice exhibit similar compensatory changes as
those observed in the hearts of CK�/� mice. We used three
approaches that we have previously applied to rat cardiomyo-
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cytes. Using confocal microscopy, we quantified the three-
dimensional (3-D) relative position of mitochondrial centers
(as in Ref. 4). This allowed us to detect whether mitochondrial
positioning is different in GAMT�/� mice. On permeabilized
cardiomyocytes, we recorded a full set of kinetic data to
analyze the intracellular compartmentation of ADP/ATP using
mathematical models. In rat cardiomyocytes, we discovered a
strong functional coupling between pyruvate kinase (PK) and a
fraction of ATPases (45). Because the activity of other phos-
photransfer systems increases in CK�/� mice (34) and because
failing hearts experiencing a loss of CK (2), we speculated
whether the coupling between PK and ATPases is upregulated
in GAMT�/� mice. Finally, we used fluorescence microscopy
to record changes in NADH and flavoprotein (Fp) autofluores-
cence when permeabilized cardiomyocytes were exposed to
increasing doses of ADP (as in Ref. 22). This would test
whether the ADP kinetics of respiration, as recorded on a
population level, also occurred on the single cell level.

MATERIALS AND METHODS

Animal procedures were approved by the Estonian National Com-
mittee for Ethics in Animal Experimentation (Estonian Ministry of
Agriculture).

Animals. We received GAMT�/� mice and WT littermates, which
had been bred at The Wellcome Trust Centre for Human Genetics
(Oxford, UK). Mice had been backcrossed on to a C57Bl/6J back-
ground for at least eight generations. Animals were kept in our local
animal facility in cages with free access to water and food (vegetable-
based, Cr-free chow, R70 from Lactamin). Mice of different geno-
types were housed separately to prevent GAMT�/� mice from taking
up Cr via coprophagia of feces from WT littermates (41).

Cardiomyocytes were successfully isolated from eight GAMT�/�

mice (4 females and 4 males) and nine WT mice (5 females and 4
males) of similar age (female WT: 46.9 � 4.9 wk and female
GAMT�/�: 45 � 4.3 wk; male WT: 45.6 � 1.5 wk and male
GAMT�/�: 45.9 � 1.4 wk).

Genotyping. Knockout and WT mice were genotyped by PCR.
Briefly, genomic DNA was extracted from tissue samples by SDS/
proteinase K digestion followed by isopropanol precipitation. PCR am-
plification of the DNA fragments was performed using the following
specific primers: 5=-CAGGCTCCCACCCACTTGA-3=, 5=-AGGC-
CTACCCGCTTCCATTG-3=, 5=-CCTCAGGCTCCCACCCACTTG-
3=, and 5=-GGTCTCCCAACGCTCCATCACT-3=. PCRs were carried
out in a 25-�l volume containing 1� PCR buffer (Bioline Immobuffer),
0.5 mM dNTP mixture (Fermentas), 2 mM MgCl2 (Bioline), 0.5–0.7
pmol of each primer (TAG Copenhagen), 5% DMSO (Sigma), 0.6 M
betaine (Sigma), 0.06 U/�l IMMOLASE DNA polymerase (Bioline),
and 5 �l template DNA. After the initial denaturation step at 94°C for 5
min, nine cycles of PCR were carried out as follows: denaturation at 94°C
for 60 s, annealing at 60°C for 60 s, and extension at 72°C for 30 s. In
each cycle, the temperature was decreased by 0.5°C in each consequent
annealing step. This was followed by 34 cycles of the following PCR:
denaturation at 94°C for 60 s, annealing at 55°C for 60 s, and extension
at 72°C for 30 s. This was done in a thermal cycler (Bio-Rad DNA
Engine Peltier Thermal Cycler). PCR products were electrophoresed on
a 1% agarose gel with ethidium bromide in 1� Tris-borate-EDTA.
Amplification of a single 265-bp product or a 427-bp PCR product
corresponded to WT GAMT (GAMT�/�) or homozygous GAMT
knockout (GAMT�/�) genotype, respectively. Simultaneous amplifica-
tion of a 265- and 427-bp fragments corresponded to a heterozygous
GAMT (GAMT�/�) genotype.

Total Cr content. The total Cr content was measured enzymatically
from mouse hindlimb skeletal muscle. The metabolite extraction from
tissue samples was done as follows. A 50- to 100-mg piece of tissue
was homogenized in 2 ml of 0.6 M perchloric acid with 2 mM EDTA.

Water was added to provide a total volume of 10 ml, and the
suspension was centrifuged at 10,000 g for 10 min at 4°C. The
supernatant was neutralized with KOH, the precipitated salt was
removed by centrifugation, and total Cr levels were assayed immedi-
ately from the resulting extract (pH 7.0–7.2) via coupled enzymatic
reactions using a spectrofluorophotometer. The enzymatic reaction
was performed in 500 �l of 100 mmol/l potassium phosphate buffer
(pH 7.5) containing 5 mmol/l MgCl2, 16 kU/l CK, 8 mmol/l ADP, 16
kU/l hexokinase, 4 mM glucose, 40 kU/l creatinase, 20 kU/l sarcosine
oxidase, 4 kU/l horseradish peroxidase, 10 �mol/l Amplex red, and
6–40 �l tissue extract. This mixture ensured that Cr and PCr were
degraded by creatinase, which led to the production of H2O2 (which
was later determined fluorescently using Amplex red conversion to
resorufin). The blank mixture was identical except for the omission of
creatinase. The reaction mixture was incubated for 30 min at room
temperature. H2O2 was determined spectrofluorometrically in 2 ml of
100 mmol/l phosphate buffer containing 5 mmol/l MgCl2. Fluores-
cence measurements were performed using 4-ml plastic cuvettes
(four-faced transparent cuvettes, Deltalab, Rubí, Spain) in an RF-5301
PC spectrofluorometer (Shimadzu Scientific Instruments, Kyoto, Ja-
pan). The temperature was maintained at 25°C (Julabo F12-ED,
JULABO Labortechnik). First, background fluorescence of the buffer
without enzymes was measured, and 1 �l of 5 mM Amplex red and
5 �l of 100 U/ml horseradish peroxidase were then added to measure
the contribution of Amplex red to fluorescence intensity. Finally, the
fluorescence of the diluted reaction mixture was measured. At the end
of each experiment, a calibration signal was generated with five
additions of 1 �l of 0.1 mM H2O2, each leading to a concentration
increase of 50 nM. Measured fluorescence intensities (emission/
excitation � 585/570 nm) were fitted assuming a linear relationship
between fluorescence and the resorufin concentration in the cuvette,
with the offset determined by the background fluorescence of the
buffer. The fit was performed by minimizing the least-square differ-
ence between calculated and measured fluorescence through variation
of the gain (fluorescence-to-resorufin concentration ratio), total Cr
content, and resorufin contamination of Amplex red solution (propor-
tional to the Amplex red concentration). Cr concentrations were
expressed as nanomoles per milligram wet weight tissue. All mea-
surements were repeated with three different dilutions, and a paired
t-test between recordings with and without creatinase (sample vs.
blank) was used to determine whether the total Cr content was
identifiable by the method (a significance level of P � 0.05 was used).

Isolation of cardiomyocytes. Isolation of cardiomyocytes was car-
ried out as previously described (45). Briefly, the heart was excised
and immediately transferred to ice-cold wash solution (see composi-
tion below). It was cannulated via the aorta on a Langendorff
perfusion system, which was thermostatted to 38.5°C (Julabo ED,
JULABO Labortechnik). The heart was first perfused with wash
solution at a constant pressure of 80 cmH2O for at least 5 min. The
flow rate under these conditions was 3.68 � 1.68 ml/min (n � 17).
After the heart was washed free of blood, the perfusion was switched
to a digestion solution containing an additional 0.25 mg/ml collage-
nase P (Roche) and 3 mg/ml BSA. Perfusion was also switched to a
constant flow of 1 ml/min until the pressure had decreased to 10–15%
of the initial pressure at 80 cmH2O and the heart was soft. After
perfusion, the ventricles were isolated. They were cut into four pieces,
which were incubated further in the digestion solution at 38.5°C with
gentle shaking until the tissue started falling apart. Cells were further
dissociated with a 5-ml pipette. Sedimentation solution (5 ml) was
added before the cells were filtered into a glass tube. As a result, the
cell suspension was a mix of isolated cardiomyocytes from the left
and right ventricles. Cells were washed by sedimentation. First,
extracellular Ca2� was gradually increased to 1 mM to ensure Ca2�

tolerance of the cells (Ca2� from a stock of 1 M CaCl2 was added to
the sedimentation solution). After this, extracellular Ca2� was washed
out again by washing the cells three times with 10 ml sedimentation
solution.
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Mitochondrial imaging. Freshly isolated cells kept in sedimenta-
tion solution were loaded with 1 �M TMRE (T-669, Molecular
Probes, Life Technologies) for at least 15 min. A small fraction of the
cells was added to 200 �l sedimentation solution in the chamber of a
flexiPERM micro 12 reusable silicone cell culture chamber (Greiner
Bio-One) attached to a coverslip. Confocal images were acquired on
a Zeiss LSM 510 Duo built around an inverted Axio Observer Z1
microscope (Carl Zeiss) with a �63/1.2 numerical aperture (NA)
water-immersion objective. The signal was acquired via a high-
voltage single photomultiplier tube using 8-bit mode; the pinhole was
set to one Airy disk. TMRE was excited with a 543-nm laser, and
emission was recorded through a 575-nm long-pass filter. These
experiments were carried out at room temperature.

Estimating the relative positioning of mitochondrial centers. Mi-
tochondrial positioning was quantified by statistical analysis of the
relative distances between neighboring mitochondrial centers, as in
Ref. 4. In short, the following procedure was used. Each stack of
confocal images was blurred by a 3-D Gaussian blur with a SD of 0.3
�m in all directions. The position of all mitochondrial centers was
determined by finding local fluorescence maxima of the blurred 3-D
stack of images. Subsarcolemmal mitochondria and mitochondria
around the nucleus (perinuclear mitochondria) were filtered out as
judged by the eye. A space around each mitochondrial center was
divided into 14 sectors: 2 sectors in the y-direction along the myofi-
bril, 2 sectors in the x-direction across the myofibril in the image
plane, 2 sectors in the z-direction across the myofibril perpendicular to
the image plane, 4 diagonal sectors in the xy-direction, and 4 diagonal
sectors in the yz-direction (Fig. 1). For each mitochondrial center, we
found the closest neighboring mitochondrial center in each of these
sectors, as shown in Fig. 1. Finally, the relative position of these
neighboring mitochondrial centers was analyzed by finding the prob-
ability density function and cumulative probability distribution, as in
Ref. 4.

For statistical analysis, we found for each cell separately the
cumulative distribution function for the nearest neighboring mito-
chondria in each direction. The averaged results of the distance at
25%, 50%, and 75% of the distribution function for R and RXZ

(notation from Fig. 5) were compared for WT and GAMT�/� cardio-
myocytes, as detailed in the RESULTS.

Respirometer recordings. Respirometer recordings were used to
determine 1) the respiration kinetics of permeabilized cells stimulated
by stepwise increases in ADP or ATP and 2) the inhibition of
ATP-stimulated respiration by a competitive assay consisting of
phosphoenol pyruvate (PEP; 5 mM) and PK (20 IU/ml). For this, we
used a Strathkelvin RC 650 respirometer equipped with six 1302 O2

electrodes connected via a 929 Oxygen System interface (all from
Strathkelvin Instruments) to a computer. The respirometer was ther-
mostatted to 25°C (Julabo F12-ED, JULABO Labortechnik). The O2

tension in each chamber was recorded by the software provided by
Strathkelvin and our homemade software, which immediately calcu-
lated the rate of O2 consumption as well. The latter is open-source
software and is freely available at http://code.google.com/p/iocbio/
wiki/IOCBioStrathKelvin.

For recordings of ADP kinetics, a 15- to 20-�l cell suspension was
added to the respiration chamber containing 2 ml Cr and PCr-free
respiration solution (see composition below). Cells were allowed at
least 5 min to permeabilize before the steady-state basal respiration
rate (V0) was recorded. ADP was added to the respirometer chamber
using a Hamilton syringe (801RN, Hamilton Bonaduz). The ADP
concentration was increased in steps, and the respiration rate was
allowed to reach steady state for at least 2 min before the addition of
more ADP. Recordings of ATP kinetics were carried out in a similar
way except that a 30- to 50-�l cell suspension was added to the
chamber and ATP was added instead of ADP. To record how a
competitive ADP-trapping assay consisting of PEP and PK competes
with mitochondria for the consumption of ADP from ATPases, a 30- to
60-�l cell suspension was added to the respirometer chamber. After
recording V0, 2 mM ATP was added to stimulate ATPases. Initially, this
endogenously produced ADP was exclusively consumed by the mito-
chondria and stimulated respiration (V2 mM ATP). The addition of 5 mM
PEP (no. P-7002, Sigma-Aldrich) activated endogenous PK to compete
with mitochondria for the consumption of ADP and the lowered respi-
ration rate (VPEP). Further addition of 20 U/ml exogenous PK (no.
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Fig. 1. Method used to analyze distribution of mitochondria in cardiomyocytes, taken from Ref. 4. A: first, a series of Z-stack confocal images of mitochondria
in nonpermeabilized cardiomyocytes was acquired (scheme). Second, the local fluorescence maxima (small squares) were found. As indicated in the scheme, the
maxima were not always on the same image in the stack. Note that sometimes two fluorescence maxima seem to be found per mitochondrion (as shown in A).
Next, the closest neighbors were found for each mitochondrion, one per sector (the projections of the sector borders in two dimensions are shown by the dashed
lines). In this scheme, the mitochondrion, in which neighbors are sought, is highlighted, and the closest neighbors to this mitochondrion are indicated by arrows.
Note that the closest mitochondria in some sectors are not always from the same image in the stack. The relative coordinates of the closest neighbors, i.e., the
coordinates relative to the highlighted mitochondria, were stored and further analyzed. B: division of three-dimensional space into the sectors, with sectors shown
by the different levels of gray. The mitochondrion for which neighbors are sought is positioned at the origin of coordinate system. Here, the coordinate y-axis
corresponds to the fiber orientation. The sector names are shown in the scheme.
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10109045001, Roche), lowered the respiration rate (VPEP � PK) even
more.

Spectrophotometer recordings. ATP kinetics of ATPases and ADP
kinetics of endogenous PK were recorded using an Evolution 600
spectrophotometer (Thermo Fisher Scientific) equipped with a Peltier
water-cooled cell changer (SPE 8 W, Thermo Fisher Scientific) to
maintain temperature at 25°C. ADP production by ATPases in per-
meabilized cardiomyocytes was recorded in 2 ml respiration solution
using a coupled assay consisting of 5 mM PEP (no. P-7002, Sigma-
Aldrich), 0.3 mM NADH (no. 10128015001, Roche), 7.2 U/ml LDH
(no. 61311, Sigma-Aldrich), and 20 U/ml PK (no. 10109045001,
Roche). To avoid ADP consumption by mitochondria, respiration was
inhibited by 5 mM NaCN (no. 205222, Sigma-Aldrich) and 10 �M
oligomycin (no. 75351, Sigma-Aldrich). The basal ATPase rate was
first recorded in the absence of ATP and then at increasing concen-
trations of ATP. Rates were recorded for 3 min after each addition,
and steady state was verified for each step. NADH was replenished as
needed to keep absorbance between 1.7 and 0.7 (the linear range of
NADH consumption as verified by preliminary experiments; data not
shown). The ADP kinetics of endogenous PK were recorded using the
same coupled assay (where only 5 mM NaCN, 10 �M oligomycin, 5
mM PEP, 0.3 mM NADH, and 7.2 U/ml LDH were added), and PK
activity was recorded at increasing ADP concentrations.

For normalization, the protein content was measured with a Nano-
drop 2000 (Thermo Fisher Scientific).

Mathematical model. For a detailed description of the model, see Ref.
45. In brief, models of different complexity were considered (Fig. 2). All
models included three separate compartments: extracellular solution,
cytoplasm, and intermembrane space (IMS). Models 3 and 4 also
included a fourth compartment (compartment 4) with PK and ATPase
to describe coupling between glycolysis and ATPases, as described in
Ref. 45. The processes considered in the models were diffusion
between compartments restricted by diffusion barriers, the reactions
of ATPases, oxidative phosphorylation, and the reactions of endoge-
nous PK. The models containing two groups of ATPases (2, 3, and 4)
were also considered in a simplified form (2s, 3s, and 4s) with both
groups of ATPases having the same affinities for ATP and ADP.

For simplicity, ATP synthesis in mitochondria was described by the
simple phenomenological Michaelis-Menten-type equation involving
the concentrations of ATP and ADP only in the IMS, as shown in Fig.
2. Note that this approach is possible due to high concentrations of Pi,
oxygen, and substrates, as used in our experiments. This simplification
allowed us to simulate diffusion and reactions in the intracellular
compartments only (cytoplasm, IMS, and compartment 4) and thus
allowed us to ignore the details of the reactions involved in the
respiratory chain. The same approach has been applied by us earlier
and used to estimate the compartmentation of ATPases and intracel-

lular diffusion restrictions in two dimensions (52), three dimensions
(36), and simplified multicompartment (45) analysis of the intracel-
lular environment.

To compare the models, the goodness of fit was evaluated using
Akaike information criteria (AIC), corrected AIC (AICc), and Bayes-
ian information criteria (BIC), which were calculated for each model.
For all three criteria, the best-fitting model is the one with the
minimum criterion value. Those criteria take into account the good-
ness of fit and number of parameters in the model. Using AICc and
BIC, a larger number of parameters is penalized more than in AIC.
Multiple goodness criteria were used to ensure that the conclusions
would not depend on the selection of one particular criterion.

In addition, models were compared by an F-test for nested models,
which allows comparison of models 1 and 2 with model 3 as well as
models 1 and 2 with model 4. The F-test takes the number of
parameters into account so that statistical significance indicates that
the more complicated model fits the data better irrespective of the
number of parameters.

Next, the F-test was used to evaluate confidence intervals for each
of the fitted model parameters. Confidence intervals were calculated
using an F-test and show the range where the fit is worse than an
optimal fit but with a P value larger than 0.05 (in terms of extra sum
of squares), as in Ref. 45.

Finally, to test whether the data recorded in WT and GAMT�/�

cardiomyocytes were significantly different from each other, the data
were fit either separately for different types of cardiomyocytes or by
fitting both sets with the same model parameters (pooled data set). The
F-test was applied to test whether an increased number of parameters
induced by fitting the experiments separately was justified or whether
the better fits were due to chance. For this test, a fit of pooled data by
a single set of model parameters can be considered as a simplified
version of fitting the data separately using two sets of model param-
eters: one for WT cardiomyocytes and one for GAMT�/� cardio-
myocytes.

For a detailed model description, numeric methods, and statistical
analysis, see Ref. 45.

Recordings of NADH and Fp autofluorescence. Recordings of
NADH and Fp autofluoresence were performed as described in Ref.
22. In brief, microscope experiments were performed on an inverted
Nikon Eclipse Ti-U microscope (Nikon, Tokyo, Japan; objective CFI
Super Plan Fluor ELWD �20/0.45 NA) equipped with two tiers of
motorized filter turrets for simultaneous acquisition of transmission
and fluorescence images. For images of NADH and Fp autofluores-
cence, respectively, light from a Prior Lumen 200 with a 200-W metal
halide lamp with extended wavelength (Prior Scientific, Cambridge,
UK) was passed via an optical fiber into the upper filter turret. For
NADH recordings, the light was passed through a 340/26-nm excita-

Fig. 2. Schematic diagrams of models 1– 4. Compartments are indicated by dashed lines, reactions by single-headed curved arrows, and exchange between
compartments by double-headed straight arrows. All models have compartments representing the solution, cytosol, and mitochondrial intermembane space
(IMS). Models 3 and 4 include a fourth compartment (C4). The reactions considered are mitochondrial ATP synthesis in the mitochondrial matrix leading
to the conversion of ADP to ATP in the mitochondrial IMS (ATPsyn), ATP consumption by ATPases (ATPase1 and ATPase2), and ATP synthesis by
endogenous pyruvate kinase (PK; PKend1 and PKend2) and exogenous PK. The following exchanges between compartments were calculated: solution
and cytosol (sol-cyt), IMS and cytosol through the outer mitochondrial membrane (MoM), cytosol and C4 (cyt-C4), and IMS and C4 (IMS-C4). PEP,
phosphoenol pyruvate.
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tion filter onto a 400-nm long-pass dichroic mirror, which deflected
the light onto the specimen. Light emitted from the specimen passed
back through the upper filter cube to a 510 XR dichroic in the lower
filter cube and reflected through a 460/80-nm emission filter to an
Andor Ixon EMCCD camera (Andor Technologies, Belfast, UK). For
Fp recordings, the light was passed through a 465/30-nm excitation
filter onto a 510-nm dichroic mirror, which deflected the light onto the
specimen. Light emitted from the specimen passed back through the
upper filter cube to a 560 XR dichroic in the lower filter cube and
reflected through a 525/50-nm emission filter. All filters were pur-
chased from AHF Analysentechnik. For each filter, the first number
describes the mode wavelength and the second number describes the
total bandwidth at half-maximum transparency (half-minimum optical
density). This means that a 340/26-nm filter mainly passes light
between 327 and 356 nm. Filter specifications, including plots of their
optical density at different wavelengths, can be found on the suppliers
website (http://www.ahf.de). Transmission images together with im-
ages of NADH or Fp autofluorescence were acquired every 30 s. To
reduce photobleaching, a Uniblitz shutter (VCM-D1, Vincent Asso-
ciates, Rochester, NY) timed the light exposure with the acquisition.

Immediately before each experiment, a new batch of cells was
permeabilized for 5 min with gentle mixing in an Eppendorf tube with
respiration solution containing 25 �g/ml saponin and 50 �M ADP. A
fraction of the permeabilized cells was put into a diamond-shaped
fast-exchange chamber (15 � 6 mm, RC-24N, Warner Instruments,
Harvard Apparatus, March-Hugstetten, Germany) on the microscope.
Cells were allowed to sediment for 5–10 min before the superfusion
was started with respiration solution containing different concentra-
tions of ADP. Only cells located in the middle of the chamber were
used for measurements. According to the manufacturer, the geometry
of the chamber provided laminar flow of solutions during experiments
at the used flow rate of �0.5 ml/min and was laminar in our
conditions, as confirmed by mathematical model of the flow (22). The
ADP concentration was increased stepwise from 50 to 100, 300, 500,
1,000, and 2,000 �M, and cells were superfused for at least 4.5 min
at each step.

Fluorescence signal intensity from microscope single cell experi-
ments was analyzed using ImageJ software. Both regions containing
each cell and background regions were selected, and corresponding
average fluorescence signal intensities were determined with the
ImageJ plug-in “measure stack.” Background fluorescence was then
subtracted from cell fluorescence, and the data were plotted on a
timescale. From the latter plot, average fluorescence was found for
each condition to which the cell was exposed (ADP concentration,
uncoupling or block of oxidative phosphorylation). To enable com-
parison between cells, signals were normalized to maximum and

minimum fluorescence recorded under fully reduced (respiration in-
hibited with oligomycin and cyanide) or oxidized (mitochondria
uncoupled with FCCP) conditions.

Solutions. The wash solution consisted of (in mM) 117 NaCl (no.
71379, Sigma-Aldrich), 5.7 KCl (no. P-5405, Sigma-Aldrich), 1.5
KH2PO4 (no. P-0662, Sigma-Aldrich), 4.4 NaHCO3 (no. S-6014,
Sigma-Aldrich), 1.7 MgCl2 (no. 63068, Sigma-Aldrich), 21 HEPES
(no. H-3375, Sigma-Aldrich), 20 taurine (no. 86329, Sigma-Aldrich),
and 11.7 glucose (no. 158968, Sigma-Aldrich). pH was adjusted to 7.4
with NaOH.

For the collagenase solution, 0.25 mg/ml collagenase P (no.
11213873001, Roche) and 3 mg/ml BSA (no. 10775835001, Roche)
was added to 40 ml of the wash solution.

For the sedimentation solution, 2 mM pyruvate (no. P-2256,
Sigma-Aldrich), 10 �M leupeptin (no. 11034626001, Roche), 2
�M soybean trypsin inhibitor (no. 93619, Sigma-Aldrich), and 3
mg/ml BSA (no. 10775835001, Roche) were added to 60 ml of the
wash solution.

The respiration solution contained (in mM) 110 sucrose (no.
S-1888, Sigma-Aldrich), 60 K-lactobionic acid (no. L-2398, Sigma-
Aldrich), 3 KH2PO4 (no. P-0662, Sigma-Aldrich), 3 MgCl2 (no.
63068, Sigma-Aldrich), 20 HEPES (no. H-3375, Sigma-Aldrich), 20
taurine (no. 86329, Sigma-Aldrich), 0.5 EGTA (no. 71379, Sigma-
Aldrich), 0.5 DTT (no. D-0632, Sigma-Aldrich), 2 malate (no.
M-6413, Sigma-Aldrich), and 5 glutamate (no. 49449, Sigma-
Aldrich). pH was adjusted to 7.1 with KOH. Immediately before
use, 5 mg/ml BSA (no. 10775835001, Roche) and 20 �g/ml
saponin (no. 47036, Sigma-Aldrich) were added.

The ADP stock solution contained 200 mM ADP (no. A-2754,
Sigma-Aldrich) and 60 mM MgCl2 (no. 63068, Sigma-Aldrich). pH
was adjusted to 7.1 with KOH.

The ATP stock solution contained (in mM) 200 ATP (no.
10127531001, Roche), 200 Mg-acetate (no. M-5661, Sigma-Aldrich),
and 20 HEPES (no. H-3375, Sigma-Aldrich). pH was adjusted to 7.1
with KOH.

Concentrations of the uncoupler and respiration blockers were as
follows: FCCP (10 �M, no. Asc-081, Ascent Scientific), oligomycin
A (10 �M, no. 579-13-5, Tebu-bio), and sodium cyanide (5 mM, no.
205222, Sigma-Aldrich).

Statistics. Raw data were analyzed using homemade software.
Values are given as means � SD.

RESULTS

Characteristics of WT and GAMT�/� mice. Genotypes of the
mice were confirmed by PCR. The results are shown in Fig. 3.

Fig. 3. Genotyping of guanidinoacetate methyltransferase (GAMT)-deficient (GAMT�/�) mice by PCR. After PCR amplification, samples were analyzed on 1%
agarose gel stained with ethidium bromide along with a DNA ladder (lane M: GeneRuler 100-bp DNA Ladder). The 265- and 427-bp-long PCR products
corresponded to wild-type (WT) GAMT (GAMT�/�) or homozygous GAMT knockout (GAMT�/� KO) genotypes, respectively. *Animals that were used in
experiments. Total skeletal muscle creatine (Cr) content (expressed as nmol/mg wet wt) is shown under each mouse used in the experiments, respectively. The
levels of Cr in GAMT�/� mice were statistically not significant (NS).
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GAMT�/� mice had a lower body weight than their WT
littermates [female WT: 24.2 � 3.8 g vs. female GAMT�/�:
17.5 � 2.6 g (P � 0.05); male WT: 34.5 � 5.3 g vs. male
GAMT�/�: 23.0 � 2.7 g (P � 0.01)]. In female mice, tibial
length was also shorter in GAMT�/� than WT mice [female
WT: 21.8 � 0.2 mm vs. female GAMT�/�: 21.1 � 0.6 mm
(P � 0.05); male WT: 22.6 � 0.6 mm vs. male GAMT�/�:
21.7 � 0.8 mm (P � 0.1330)]. This is in agreement with
previous observations (19, 41).

Total Cr content was measured enzymatically in GAMT�/�

and WT mice used in the experiments. Skeletal muscle Cr
content was 13.46 � 3.40 nmol/mg wet wt in WT control mice
(n � 9) and undetectable in GAMT�/� mice (n � 8) (Fig. 3).
This was confirmed statistically with a paired t-test showing no
significant difference in the Cr content between the GAMT�/�

sample and the corresponding blank (P 	 0.05) and a signif-

icant difference between the WT sample and the corresponding
blank (P � 0.05).

Mitochondrial positioning. Visual inspection of the confocal
images showed similar mitochondrial distribution in GAMT�/� and
WT cardiomyocytes. This was confirmed by quantitative
analysis of the relative positioning of the mitochondrial
centers (Figs. 4 and 5). Figure 4 shows the probability
densities of the closest mitochondrial centers found in the
different sectors. There was no difference between GAMT�/�

and WT cardiomyocytes. Figure 5 shows plots of the cumula-
tive distribution functions. The graphs for WT and GAMT�/�

cardiomyocytes were overlapping or were very close in all
directions (Fig. 5).

For statistical analysis, we found the averaged distances R and
RXZ (notation from Fig. 5) at 25%, 50%, and 75% of the cumu-
lative distribution function (Table 1). There was no significant
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Fig. 4. Probability density of the closest mitochondrial centers in each of the directions in WT (left) and GAMT�/� (right) cardiomyocytes. A total of 24,588
(WT) and 23,405 (GAMT�/�) mitochondria from 6 cells were analyzed. Each mitochondrial center was considered to be in the origin (0, 0). The space around
was divided into 14 sectors, and the distribution of the closest mitochondrial centers in each sector was analyzed. Results from sectors with the same direction
were pooled. Here, and in the following analysis, the y-direction was taken along the myofibrills and x- and z-directions were transversal directions at and
perpendicular to the image planes, respectively. The xy- and yz-directions were diagonal directions. Two-dimensional probability density is shown at different
planes perpendicular to the z-axis (XY-planes; top) or the y-axis (XZ-planes; bottom) at different distances from the origin as indicated at the top right corner of
each plane. Note how similar the mitochondrial distributions were in GAMT�/� and WT cardiomyocytes.
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difference in the distances between WT and GAMT�/� cardio-
myocytes as analyzed with mixed-design ANOVA. In this
statistical test, the between-subject variables were mouse ge-
notypes (2 levels: WT or GAMT�/�) and the within-subject
variables were directions for R and RXZ (5 directions for each,
10 levels in total) and percentile points (3 levels). On the basis
of ANOVA, we concluded that there was no significant main

effect of genotype, P � 0.28. No significant differences in the
distances were found when we compared the distances ob-
tained at all directions and all percentile points for WT and
GAMT�/� cardiomyocytes using Welch’s t-test and correcting
for multiple comparisons using the Šidák correction.

From this analysis, we conclude that the distances be-
tween mitochondrial centers in WT and GAMT�/� cardio-
myocytes were not significantly different. Furthermore, we
did not observe any compensation in mitochondrial posi-
tioning to the lack of a functional CK shuttle in GAMT�/�

cardiomyocytes.
Kinetic recordings. In the respirometer, we recorded the

kinetics of ADP- and ATP-stimulated respiration in permeabil-
ized cardiomyocytes. ADP directly stimulates respiration,
whereas ATP is first hydrolyzed by ATPases to ADP, which
diffuses to the mitochondria and stimulates respiration (Fig. 6,
A and B). In addition, we recorded how ATP-stimulated res-
piration is affected by a competitive ADP-trapping system
consisting of PEP activating endogenous PK and PEP activat-
ing additional 20 U/ml exogenous PK (Table 2). The respira-
tion data were complemented by spectrophotometric record-
ings of the kinetics of ATP-stimulated ATPase activity and
ADP-stimulated endogenous PK activity using a coupled assay
(Fig. 6, C and D).

Analysis of kinetic data by mathematical models. The ex-
perimental data were fitted by several mathematical models
with different levels of compartmentation (Fig. 2). The model
fits were compared with the measurements shown in Fig. 6 and
Table 2. To analyze the data obtained from WT and GAMT�/�

mouse cardiomyocytes, we first fitted the data separately. The
data were then pooled together and fitted (parameters shown in
Table 3). As expected, the fit was better when the models were
allowed to fit the WT and GAMT�/� data separately (quanti-
fied by sum of squares in least-squares fitting). However,
according to the extra sum-of-squares F-test (F-test), the in-
creased number of parameters induced by fitting the experi-
ments separately was not justified, and the better fits were due
to chance (depending on the model, P was from 0.37 to 0.99).
From this, we concluded that the kinetic recordings in WT and
GAMT�/� mouse cardiomyocytes were not significantly dif-
ferent and that the two cases could be described by a single set
of a model parameters.
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Fig. 5. Cumulative distribution function of the distance between centers of
neighboring mitochondria in different directions. The distribution functions for
the following distances were calculated: distance (R) from the origin to the
nearest mitochondrion in each direction (A) and distance (RXZ) from the y-axis
through the origin to the nearest mitochondrion in each direction (B). The
differences in the corresponding distances are highlighted on the schemes
shown in A and B, left. If the rows of mitochondria were parallel, RXZ would
be the same in the X- and XY-directions and Z- and YZ-directions. Indeed, their
distribution functions were very close. For parallel rows, RXZ in the Y-sector
would be 0. Note in both A and B that the distribution functions for the WT
(blue) and GAMT�/� (red) groups were either overlapping or very close to
each other.

Table 1. Distances at 25%, 50%, and 75% of the distribution function for RXYZ and RXZ

Direction

25% 50% 75%

WT GAMT�/� WT GAMT�/� WT GAMT�/�

RXYZ

X 1.28 � 0.04 1.31 � 0.08 1.61 � 0.04 1.64 � 0.07 2.07 � 0.09 2.06 � 0.09
XY 1.81 � 0.08 1.88 � 0.12 2.25 � 0.07 2.29 � 0.11 2.76 � 0.10 2.78 � 0.13
Y 1.35 � 0.15 1.39 � 0.18 1.83 � 0.08 1.82 � 0.09 2.56 � 0.29 2.39 � 0.15
YZ 1.61 � 0.08 1.57 � 0.10 2.08 � 0.11 2.01 � 0.11 2.65 � 0.23 2.48 � 0.11
Z 1.07 � 0.05 0.99 � 0.08 1.43 � 0.08 1.35 � 0.08 1.89 � 0.19 1.75 � 0.08

RXZ

X 1.23 � 0.03 1.27 � 0.08 1.55 � 0.04 1.58 � 0.07 2.00 � 0.09 2.00 � 0.10
XY 1.12 � 0.03 1.17 � 0.07 1.45 � 0.02 1.50 � 0.08 1.88 � 0.05 1.90 � 0.10
Y 0.08 � 0.01 0.07 � 0.02 0.16 � 0.03 0.12 � 0.04 0.32 � 0.09 0.24 � 0.06
YZ 0.92 � 0.04 0.86 � 0.07 1.23 � 0.05 1.14 � 0.08 1.68 � 0.15 1.54 � 0.10
Z 1.03 � 0.05 0.95 � 0.08 1.38 � 0.08 1.29 � 0.08 1.82 � 0.20 1.68 � 0.09

Values (in �m) are means � SD; n � 6 wild-type (WT) cardiomyocytes and 6 guanidinoacetate methyltransferase (GAMT)-deficient (GAMT�/�)
cardiomyocytes. RXYZ, distance from the origin to the nearest mitochondrion; RXZ, distance from the y-axis through the origin to the nearest mitochondrion.
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As previously found for rat cardiomyocytes (45), the fits
obtained by models 1, 2, and 2s were considerably worse than
the fits with the other models, as shown by statistical analysis
using an F-test of the nested models (Table 4). However, when
information criteria were used, only model 1 was considerably
worse than the other models (AICc and BIC). By comparing
the results from multiple goodness-of-fit criteria, we can con-
clude that solutions of all models, except for model 1, can be
considered reasonable. The main difference between model 2
and models 3, 3s, 4, and 4s is the introduction of a coupling
between a part of endogenous PK and ATPases. Thus, while
the F-test strongly suggests that a part of endogenous PK is
coupled to ATPases (P � 0.05), the information criteria anal-
ysis was not conclusive, and further studies are needed. In
addition, considerable diffusion restriction was identified at the
level of the mitochondrial outer membrane and at the level of

intracellular diffusion restrictions separating mitochondria
from the surrounding solution.

As explained above, when analyzing the model parameters
obtained by fitting the data, we have to consider the pooled
case only (Table 3). In the models, all reaction rates were
simulated using Michaelis-Menten kinetics with the apparent
kinetic constants Vmax and Km. ATPases were considered to
be inhibited competitively by ADP (where KiATPase is the
apparent inhibition constant). The diffusion restrictions are
described via exchange coefficients between the compart-
ments (where Ccompartment 1-compartment 2 is the exchange
coefficient between compartment 1 and compartment 2).
Table 3 shows the parameters used for each model. Accord-
ing to our simulation results using the pooled data set, the
diffusion restrictions that separate the surrounding solution
from mitochondria were similar to the diffusion restrictions
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Fig. 6. Kinetic analysis of permeabilized cardio-
myocytes from WT (blue) and GAMT�/� (red)
mice. Measurements were performed in respi-
ration solution containing 2 mM malate and 5
mM glutamate to support ADP-stimulated res-
piration. The experimental results are shown as
means � SD (open circles). These were com-
pared with the solutions from models 1–4. Fits
from simplified model 2s, 3s, and 4s were
excluded for simplicity. A: respiration rate as a
function of the ADP concentration added to the
respirometer chamber (n � 6 and 5 for WT and
GAMT�/� cardiomyocytes, respectively). B: res-
piration rate as a function of ATP (n � 7 and 5 for
WT and GAMT�/� cardiomyocytes, respectively).
C: endogenous PK activity as a function of ADP
in the spectrophotometer cuvette (n � 8 and 7 for
WT and GAMT�/� cardiomyocytes, respec-
tively). D: ATPase activity as a function of ATP
in the spectrophotometer cuvette (n � 9 and 7 for
WT and GAMT�/� cardiomyocytes, respec-
tively). Note that the fits from models 3 and 4
were either very close or overlapping in all cases.
VO2, O2 consumption.

Table 2. V2 mM ATP, VPEP, and VPEP � PK for experimental data and the various models

Experimental Data

Models

1 2 2s 3 3s 4 4s

WT
V2 mM ATP 14.48 � 4.24 15.98 16.14 16.72 15.71 15.33 15.79 15.51
VPEP 11.15 � 3.73 17.23 11.45 11.73 8.88 11.15 9.1 11.53
VPK � PEP 4.84 � 2.02 5.53 4.42 5.68 6.5 6.87 6.15 6.43

GAMT�/�

V2 mM ATP 14.07 � 3.02 18.12 17.97 19.08 17.14 16.58 17.14 17
VPEP 10.86 � 2.53 19.69 12.36 12.82 9.81 11.29 11.52 13.07
VPK � PEP 5.21 � 2.18 8.16 7.16 7.62 9.22 9.9 6.46 10.43

Pooled
V2 mM ATP 14.30 � 3.64 17.66 17.31 18.4 16.6 16.04 16.5 16.55
VPEP 11.02 � 3.16 19.06 12.06 12.69 9.19 11.07 11.26 12.25
VPK � PEP 5.00 � 2.03 7.13 6.04 7.07 8.4 8.95 5.61 9.01

Values are in nmol �min�1 �mg protein�1; n � 8 WT cardiomyocytes, 7 GAMT�/� cardiomyocytes, and 15 pooled cardiomyocytes. Experimental data were
compared with simulation results obtained by models 1–4 and their simplified versions (models 2s, 3s, and 4s). V2 mM ATP, ATP-stimulated respiration rate; VPEP,
inhibition of ATP-stimulated respiration rate by endogenous pyruvate kinase (PK); VPEP � PK, inhibition of ATP-stimulated respiration rate by endogenous PK;
PEP, phosphoenol pyruvate.
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induced by mitochondrial outer membrane. This is clear
from a comparison of the exchange coefficients Csol-cyt and
Cmom for all the models that provided reasonable fits (Table
3). Namely, while for some models (models 2, 2s, and 4) the
diffusion restriction induced by the mitochondrial outer
membrane was larger than the one separating the surround-
ing solution from mitochondria, the opposite was true for
the other models (models 3, 3s, and 4s). However, we should
note that for all models, with the exception of model 3, those
diffusion restrictions were of the same order of magnitude,
suggesting that they are similar. Note that the description of
ATPases and endogenous PK interaction in compartment 4
is a phenomenological one and that all the model parameters
obtained for this compartment, including the exchange co-
efficient, are phenomenological coefficients and may not
represent the interaction between ATPases and PK in a
mechanistic way (as discussed in Ref. 45). As such, the

obtained low exchange coefficient for compartment 4 is a
part of a general description of coupling between PK and
ATPases and cannot be compared directly with the other
exchange coefficients found by the model.

Autofluorescence of single, permeabilized cardiomyocytes
during ADP titration. To verify that diffusion restrictions were
not due to clumping of the cells, we recorded NADH and Fp
autofluorescence responses to the change in ADP at the single
cell level (Fig. 7). The mainly mitochondrial origin of NADH
and Fp fluorescence signals allowed us to relate fluorescence to
the state of oxidative phosphorylation. NADH and Fp signals
decreased and increased, respectively, as the concentration of
ADP in the surrounding solution was increased (Fig. 7). We
compared the normalized NADH and Fp fluorescence at each
ADP concentration and found no statistically significant dif-
ference between cardiomyocytes from WT and GAMT�/�

mice (P from 0.09 to 0.95 by Welch’s t-test; Fig. 7, C and D).

Table 3. Model parameters found by fitting the pooled data obtained from WT and GAMT�/� cardiomyocytes

Models

1 2 s 2 3 s 3 4 s 4

VmaxATPsyn, nmol �min�1 �mg protein�1

Optimal value 233 248 243 257 262 255 254
Confidence intervals 62–720 174–335 172–330 191–332 193–344 182–338 190–327

Csol-cyt, nmol �mM�1 �min�1 �mg
protein�1

Optimal value 1,461 1,017 1,295 409 299 493 1,234
Confidence intervals 175 to 	105 562–2031 606–3,062 249–651 199–426 273–893 635–2,464

CMoM, nmol �mM�1 �min�1 �mg
protein�1

Optimal value 646 676 612 1,132 2,362 950 517
Confidence intervals 222–2,231 530–875 481–791 786–1,788 1,264–7,394 662–1,479 425–635

CIMS-C4, nmol �mM�1 �min�1 �mg
protein�1

Optimal value 8.39 366
Confidence intervals 1.72–16 261–544

Ccyto-C4, nmol �mM�1 �min�1 �mg
protein�1

Optimal value 0.005 156
Confidence intervals 0.003–0.009 81–343

VmaxATPase1, nmol �min�1 �mg protein�1

Optimal value 181 177 614 119 89 105 742
Confidence intervals 90–298 156–198 322–954 108–130 79–99 93–117 474–1,045

KmATPase1, Mm
Optimal value 0.21 0.271 10 0.235 0.201 0.201 10
Confidence intervals 0.06–0.834 0.206–0.358 �10 0.187–0.294 0.147–0.276 0.143–0.279 6.91 to 	10

KiATPase1, mM
Optimal value 0.051 0.102 0.05 9.62 10 10 0.051
Confidence intervals 0.05 to 	10 0.056–0.228 0.05 to 	10 0.208 to 	10 �10 0.229 to 	10 0.05–0.09

VmaxATPase2, nmol �min�1 �mg protein�1

Optimal value 107 119 278 127 95
Confidence intervals 92–122 75–169 186–391 42–4,500 82–108

KmATPase2, mM
Optimal value 0.194 3.77 0.051
Confidence intervals 0.131–0.286 2.47–6.26 0.05–0.1

KiATPase2, mM
Optimal value 10 0.053 10
Confidence intervals 0.142 to 	10 0.05–0.147 0.166 to 	10

VmaxPKend1, nmol �min�1 �mg protein�1

Optimal value 322 327 235 68 284 327
Confidence intervals 282–362 287–368 204–267 42–94 244–325 293–361

KmPKend1, mM
Optimal value 0.546 0.621 0.33 0.05 0.596 0.616
Confidence intervals 0.366–0.809 0.424–0.904 0.208–0.502 0.05–0.112 0.414–0.852 0.448–0.845

VmaxPKend2, nmol �min�1 �mg protein�1

Optimal value 356 217 47 0.118
Confidence intervals 111–7199 180–258 23–72 0.053–29
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Because no statistically significant difference was found when
we performed multiple comparisons separately, no additional
correction for multiple tests or ANOVA analysis was required
to check whether the difference in autofluorescence between
cardiomyocytes from WT and GAMT�/� mice was significant.
Thus, on the basis of our results, diffusion from the solution to
the mitochondrial inner membrane is restricted to the same
extent.

DISCUSSION

The present study shows that inactivation of the CK system
by GAMT deficiency due to lack of Cr is not associated with
any changes in cardiomyocyte mitochondrial organization or
stimulated respiration or its regulation by exogenous and en-
dogenous ADP-supply. In addition, according to our modeling
results, there was no change in intracellular compartmentation
when cells were in a relaxed state. This indicates that inacti-
vation of the CK system by GAMT deficiency does not induce
cytoarchitectural changes.

The CK system is considered an important temporal and
spatial energy buffer in the heart. In all muscle types, CK is
present near sites of ATP consumption and sites of ATP
production. In white, glycolytic skeletal muscle, CK is present
near the myofibrillar I-band and functionally coupled to gly-
colytic enzymes (26). In oxidative skeletal muscle and the
heart, mitochondrial CK is bound to the outer side of the inner
mitochondrial membrane (25) and functionally coupled to
respiration (59). Cytosolic CK is localized at the myofibrillar
M-band, which is favorable for the regeneration of ATP for
myosin ATPase (58). Also, it is bound near and functionally
coupled to SERCA (33), sarcolemmal ATP-sensitive K� chan-

nels (9), and Na�-K�-ATPase (13). The “spatial energy buf-
fer” or “energy transport” function of CK has mainly been
ascribed to tissues such as the heart, where a relatively large
fraction of the CK activity is of mitochondrial origin (56, 59).
Mitochondrial CK activity is tissue specific and relates to
oxidative capacity (56). This relationship can also be observed
during cardiac maturation (12, 16). Facilitation of ADP/ATP
transport may seem particularly important in oxidative mus-
cles, where ADP/ATP diffusion is restricted (28, 40, 56) and
mitochondrial energy production, although more efficient than
glycolysis, is more distant and physically separated from
ATPases by the mitochondrial membranes. In terms of energy
transport, the CK system provides a parallel energy circuit
between sites of production and consumption. PCr and Cr are
smaller molecules than ATP and ADP and thus diffuse faster
(32). Another advantage is that they are present in higher
concentrations, allowing the build up of larger gradients of Cr
than ADP. For example, whereas the Cr concentration is in the
order of 10 mM, the ADP concentration is 
50 �M. Since
diffusion is driven by the absolute difference in concentration,
the same gradient for ADP would require 10 mM/50 �M �
20 � larger relative difference in concentration than for Cr.

The importance of CK has been the subject of debate for a
long time, with sometimes vague hypotheses used to define the
role of CK, precluding testing of the hypotheses using a strong
inference approach (3). An alternative view has been proposed
that the high transport via PCr and Cr is simply a consequence
of the CK reaction being close to equilibrium (32). After
making some assumptions on the relative concentrations of
ATP, ADP, PCr, and Cr, it has been shown that CK is expected
to facilitate energy transfer, leading to most of the energy

Table 4. Statistical analysis of the fits

AIC AICc BIC

F-Tests

Model 2s Model 2 Model 3s Model 3 Model 4s Model 4

WT cardiomyocytes
Model 1 98.39 102.2 590.48 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
Model 2s �23.1 �15.9 34.47 0.124 �0.05 �0.05 �0.05 �0.05
Model 2 �26.13 �10.61 42.56 �0.05 �0.05
Model 3s �32.68 �17.15 41.44 0.113
Model 3 �36.58 �12.32 47.13
Model 4s �30.43 �14.9 41.8 �0.05
Model 4 �37.7 �13.44 47.0

GAMT�/� cardiomyocytes
Model 1 77.59 81.41 298.61 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
Model 2s 7.75 14.95 48.76 0.139 �0.01 �0.01 �0.05 �0.001
Model 2 5.14 20.67 53.25 �0.01 �0.001
Model 3s �11.33 4.2 46.23 0.583
Model 3 �9.28 14.98 52.37
Model 4s 0.55 16.08 50.88 �0.01
Model 4 �16.84 7.43 50.4

Pooled WT and GAMT�/� cardiomyocytes
Model 1 167.94 169.59 877.59 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
Model 2s �15.07 �12.13 66.43 �0.01 �0.0001 �0.0001 �0.001 �0.0001
Model 2 �27.04 �21.3 69.56 �0.0001 �0.0001
Model 3s �47.47 �41.73 62.17 0.052
Model 3 �51.09 �42.82 68.14
Model 4s �33.13 �27.4 67.08 �0.0001
Model 4 �54.96 �46.68 67.15

Fits were analyzed by calculating Akaike information criteria (AIC), corrected AIC (AICc), and Bayesian information criteria (BIC). For all three criteria, the
best-fitting model was the one with the minimum criterion value. Note that for AICc and BIC, a larger number of parameters is penalized more than in AIC. F-tests
of the nested models are shown, with the simpler model (rows) compared with the nested, more complicated model (columns). The analysis was performed for
fits of the data recorded from WT and GAMT�/� mouse cardiomyocytes separately as well as for pooled data.
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transfer to occur through PCr and Cr diffusion. In addition, for
small diffusion distances, such as in cardiac muscle, the ab-
sence of an active CK system should not have any significant
functional consequences (32). The latter was demonstrated
assuming that there are no significant diffusion restrictions on
the diffusion path of molecules between ATPases and mito-
chondria. Recently, on the basis of analysis of raster image
correlation spectroscopy recordings, we (21) suggested that rat
cardiomyocytes are split into smaller compartments with lat-
tice-like barriers. The location of the barriers and the intracel-
lular structures forming them are still unknown and would have
different physiological consequences depending on whether
the barriers are between ATPases and mitochondria or not. The
lack of adaptation to inactive CK reported by us is in agree-
ment with the mechanism of CK operation suggested by Meyer
et al. (32) in their analysis.

If we assume the importance of the CK system as an
additional energy transport system in the heart, it seems intu-
itive that disruption of this shuttle by genetic knockout of
cytosolic and mitochondrial CK would lead to changes in the
ultrastructure and regulation of mitochondrial respiration. In
cardiomyocytes from CK�/� mice, rows of myofilaments were
split into thinner myofilaments by mitochondria wedging into
the branching points, as if to compensate for a lack of energy
transfer by diminishing intracellular diffusion distances (23).
In addition, permeabilized fibers from CK�/� mice have a
higher ADP affinity of respiration than WT control mice,
indicating smaller intracellular diffusion restrictions imposed
on the molecules (23). Such changes in morphology and ADP
affinity were consistent with the viewpoint that CK regulates
the local ATP-to-ADP ratio and “compensatory mechanisms
should be operating in CK�/� mouse heart to overcome dif-

fusion limitation and to preserve cardiac function at least at
moderate levels of activity” (23). It was therefore surprising to
find no difference between cardiomyocytes from GAMT�/�

and their WT littermates. Both had parallel rows of mitochon-
dria with the same distances between mitochondrial centers
(Figs. 4 and 5 and Table 1). In permeabilized cardiomyocytes,
ADP sensitivity was similar at the population level (Fig. 6) as
well as at the single cell level (Fig. 7). Finally, intracellular
compartmentation, as assessed by kinetic measurements and
mathematical modeling, was found to be the same in both WT
and GAMT�/� cardiomyocytes. These findings are in agree-
ment with and extend the observations of a recent study (30)
that failed to identify any adaptational changes when left
ventricular proteomes, adenylate kinase activity, or mitochon-
drial respiration were compared.

The difference between our results and those from CK�/�

mice might be explained by differences in the genetic back-
ground (CK�/� mice on a mixed C57BL/6 and S129 back-
ground were compared with WT C57BL/6 mice) and genetic
drift. This has been shown to play a role in a study (31) of mice
deficient in mitochondrial CK (Mt-CK�/� mice). In the present
study, we compared GAMT�/� mice with their WT litter-
mates. Alternatively, the different outcomes may be the result
of different genetic modifications. Indeed, CK is a structural as
well as catalytic protein. Muscle-type CK is an integral part of
the myofibrillar M-band (17, 18, 49), where it serves as an
efficient ATP-regenerating system for myosin ATPase located
on both sides of the M-band (58). Mt-CK in the mitochondria
seems to play a structural role in addition to ADP regeneration.
It has been suggested that the octameric form induces the
formation of contact sites between the inner and outer mito-
chondrial membranes (46), where it is involved in lipid transfer
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Fig. 7. Autofluorescence response of a perme-
abilized cardiomyocytes to changes in solution.
A: representative example of NADH and flavo-
protein (Fp) fluorescence from a GAMT�/� car-
diomyocyte exposed to different concentrations
of ADP, oligomycin and NaCN (OL � CN), and
FCCP, as indicated at the bottom. B: normalized
integrated fluorescence of the cardiomyocyte
shown in A. C and D: comparison of NADH (C)
and Fp (D) autofluorescence responses in per-
meabilized cardiomyocytes from WT (blue; n �
6) and GAMT�/� (red; n � 6) cardiomyocytes
to the changes in exogenous ADP.

H516 COMPARTMENTATION OF GAMT�/� CARDIOMYOCYTES

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00919.2012 • www.ajpheart.org

 by 10.220.33.6 on A
pril 24, 2017

http://ajpheart.physiology.org/
D

ow
nloaded from

 

87 Publication II



between the two membranes (11). In another study (29), the
structural role of Mt-CK has been demonstrated by finding that
it stabilizes specific contact sites between inner and outer
mitochondrial membranes. It must be noted that these findings
are not from cardiac muscle. It remains to be verified whether
the lack of Mt-CK in cardiac muscle affects mitochondrial
organization. However, an increase citrate synthase activity
does suggest an increased mitochondrial volume in cardiac
muscle of Mt-CK�/� mice (31). As CK is expressed to the
same extent in GAMT�/� mice as in WT mice (19), these other
roles of (especially) Mt-CK are preserved in GAMT�/� mice,
and our results reflect only the catalytic role of CK.

It is tempting to speculate that guanidinoacetate (GA) may
be used by CK in a similar manner as Cr. Indeed, although
GAMT�/� mice have undetectable levels of total Cr, as shown
in Fig. 3, they have a considerable amount of phosphorylated
(p-)GA. In the heart, the p-GA concentration in a GAMT�/�

mouse is 
2/3 of the PCr concentration in a WT mouse (19).
However, phosphotransfer from ATP to p-GA was undetect-
able in GAMT�/� mice (29), and it has been shown that the
reactivity of muscle-type CK with GA is 
100 times smaller
than with Cr (5). This reactivity is sufficient to dephosphory-
late p-GA at the induction of ischemia (24) or cyanide inhibi-
tion of oxidative phosphorylation (5). However, for energy
transfer between mitochondria and ATPases, Mt-CK must
convert ATP into PCr or its analog. When ATP-stimulated
respiration on isolated mitochondria or on permeabilized fibers
was analyzed, Mt-CK reactivity in the presence of GA was
negligible and ADP synthesis from GA and ATP was not able
to stimulate respiration (5). Taking into account the inability of
Mt-CK to react with GA as well as undetectable levels of total
Cr, the contribution of the CK shuttle to energy transfer is
expected to be negligible in GAMT�/� cardiomyocytes. Thus,
in contrast to the suggestion cited above from Ref. 23, the
present results suggest that disruption of CK shuttle does not
necessarily lead to compensatory changes in mitochondrial
arrangement and intracellular compartmentation.

Applied methods and study limitations. In this study, we
used confocal microscopy to estimate the intracellular mito-
chondrial positioning in WT and GAMT�/� cardiomyocytes.
The analysis was based on a method that we have previously
applied on rat and trout cardiomyocytes (4, 50). Compared
with traditional electron microscopy, there are several differ-
ences that ought to be considered when interpreting the data
obtained by our method. Analysis of confocal images allowed
us to use live cells. Thus, there are no histological artifacts that
may be introduced by the fixation and dehydration of cells
during their preparation for electron microscopy (38). In addi-
tion, the distances between the centers of mitochondria esti-
mated by our method can be analyzed in three dimensions (Fig.
1) with an estimation based on a large number of mitochondria.
In this study, 	20,000 mitochondria were analyzed for each of
the genotypes. Collecting a similar amount of data using
electron microscopy is possible but would probably not be
feasible when time and monetary costs are considered. Taking
into account that most of the SDs of the percentile points
shown in Table 1 are below 100 nm, the method can be
considered precise and should be able to identify subtle
changes in mitochondrial positioning. Note that those devia-
tions include variability between cells as well. Such precision
can be attributed to sub-Airy disk accuracy in finding centers of

the objects in optical microscopy. However, in contrast to
electron microscopy, confocal microscopy images do not allow
us to determine relative distances between the borders of the
objects, such as the distance between membranes of neighbor-
ing mitochondria, due to the limits induced by diffraction. As
a result, in our study, such distances cannot be analyzed
accurately and have not been reported. A further consideration
is the isolation procedure, which is of great importance in
obtaining a high yield of viable cardiomyocytes with unaltered
morphological characteristics. The dissociation of a heart into
a single cell suspension involves several critical factors such as
excision and cannulation for perfusion, collagenase quality and
activity, the length of enzyme digestion, and the Ca2� concen-
tration in the perfusion solution. To control for these variables,
we used several criteria to check the quality of the isolation
procedure, for example, contraction of cardiomyocytes upon
electrical field stimulation, indicating that cells are Ca2� tol-
erant, and checking for the prevalence of rod-shaped cells with
clear striations and well-delineated membranes. However, even
with those tests, we cannot exclude a possibility that there are
some morphological changes introduced during the isolation
procedure that may influence the analysis of mitochondrial
positioning.

It is important to keep in mind the limitations of this study.
For the functional assays, we studied cardiomyocytes with the
sarcolemma permeabilized by saponin. Because the surround-
ing solution contained low free Ca2�, cells were kept in a
resting state. We stimulated mitochondrial respiration and
endogenous PK and ATPases by adding ADP or ATP to the
solution outside the cells. Thus, these compounds had to cross
an unstirred layer around the cells (22) as well as the intracel-
lular diffusion obstacles, which partition cardiomyocytes into
smaller compartments (21, 23, 45), before reaching the mito-
chondria. In contrast, in intact, working cells, there is a circuit
of ADP/ATP between adjacent ATPases and mitochondria
significantly reducing the diffusion distances and obstacles that
influence the energy transfer if compared with the permeabil-
ized cardiomyocyte experiments. In addition, the level of
intracellular compartmentation induced by diffusion restric-
tions is not known in working heart muscle cells. While an
analysis of raster image correlation spectroscopy measure-
ments on relaxed rat cardiomyocytes suggested lattice-like
intracellular diffusion barriers separating the cardiomyocytes
into smaller compartments (21), it is not clear whether such
compartmentation persists in the contracting cell. Mitochon-
drial respiration was stimulated to the maximal rate by very
high concentrations of ADP in the presence of a high concen-
tration of Pi, which is also an important regulator of mitochon-
drial respiration (7, 39, 61). Thus, the changes induced by
GAMT deficiency have not been probed in the same conditions
as in vivo experiments. However, on the basis of our analysis,
we can conclude that the mitochondrial organization and in-
tracellular compartmentation, as observed in our experiments,
are unchanged in GAMT�/� mice.

Disruption of the CK system may be compensated for by
other mechanisms that were not measured in this study. For
example, upregulation of alternative phosphotransfer systems,
such as adenylate kinase, has been observed in CK�/� mice
(34), and upregulation of other glycolytic enzymes is observed
after heart failure (2). Upregulation of these alternative phos-
photransfer systems may serve to compensate for both the
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temporal and spatial buffer functions of the CK system. How-
ever, the change after heart failure may also simply reflect a
change of phenotype induced by reverting to a fetal gene
expression (37). Metabolically, this includes an upregulation of
glycolytic enzymes and a downregulation of mitochondrial
enzymes (48, 54). Clearly, further studies are needed to deter-
mine how disruption of the CK system by GAMT deficiency
affects the cardiac phenotype.

Our kinetic recordings, such as mitochondrial respiration
and ATPase activities, were performed in the absence of Cr in
solution. This was done to determine whether intracellular
compartmentation and mitochondrial respiration capacity
changed during adaptation of the cells to Cr deficiency in
GAMT�/� mice. As we have previously demonstrated (45),
this information can be obtained using kinetic recordings
without Cr. Thus, while we know on the basis of earlier studies
that the total Cr content is too low to be determined in
GAMT�/� mice leading to inactivation of the CK shuttle
system in GAMT�/� mice, the kinetic properties of CK iso-
forms, their distribution, and coupling to mitochondrial respi-
ration is not known and cannot be predicted on the basis of our
measurements.

Physiological implications. The lack of compensatory
changes in GAMT�/� mice prompts a careful consideration of
the role of the CK system in cardiomyocytes. At the whole
heart level, both CK�/� and GAMT�/� mice show almost no
changes in basal contractile performance (6, 42), but they fail
to perform at inotropically stimulated high workload and are
more susceptible to ischemia-reperfusion injury (10, 19, 47).
Clearly, the CK system is indispensable when the heart is
exposed to a severe energetic challenge. But how important is
it as an energy transport system? It is well established that a
significant fraction of energy transport occurs via the CK
system in the heart, and this is severely diminished in the
failing heart (20). However, Meyer et al. (32) suggested that
CK-facilitated energy transfer is merely a consequence of the
existence of the CK system and is not required for cardiac
function, if the diffusion distances are taken into account. Its
main role is to buffer temporal fluctuations in the ADP-to-ATP
ratio during situations, when energy demand is higher than
energy production (32). A recent analysis of 31P NMR data
suggested that the contribution of the CK shuttle to overall
energy transfer between mitochondria and ATPases can de-
pend on the workload and could reduce with an increase in
workload or in pathological conditions (53). While our results
are by no means conclusive, they raise questions regarding the
importance of CK as an energy transport system at low and
moderate workloads.

In conclusion, our results suggest that the healthy heart is
able to preserve cardiac function at a basal level in the absence
of CK-facilitated energy transfer without compromising intra-
cellular organization and the regulation of mitochondrial en-
ergy homeostasis.
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Adequate intracellular energy transfer is crucial for proper cardiac function. In energy starved failing hearts, par-
tial restoration of energy transfer can rescue mechanical performance. There are two types of diffusion obstacles
that interfere with energy transfer frommitochondria to ATPases: mitochondrial outer membrane (MOM) with
voltage-dependent anion channel (VDAC) permeable to small hydrophilicmolecules and cytoplasmatic diffusion
barriers grouping ATP-producers and -consumers. So far, there is nomethod developed to clearly distinguish the
contributions of cytoplasmatic barriers andMOM to the overall diffusion restriction. Furthermore, the number of
open VDACs in vivo remains unknown. The aim of this work was to establish the partitioning of intracellular dif-
fusion obstacles in cardiomyocytes. We studied the response of mitochondrial oxidative phosphorylation of
permeabilized rat cardiomyocytes to changes in extracellular ADP by recording 3D image stacks of NADH auto-
fluorescence. Using cell-specific mathematical models, we determined the permeability of MOM and
cytoplasmatic barriers. We found that only ~2% of VDACs are accessible to cytosolic ADP and cytoplasmatic dif-
fusion barriers reduce the apparent diffusion coefficient by 6–10×. In cardiomyocytes, diffusion barriers in the
cytoplasm and by the MOM restrict ADP/ATP diffusion to similar extents suggesting a major role of both barriers
in energy transfer and other intracellular processes.

© 2016 Elsevier Ltd. All rights reserved.
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Voltage-dependent anion channel VDAC
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1. Introduction

The intracellular environment in the heartmuscle is highly compart-
mentalized with not only intracellular organelles determining the com-
partments, but a high level of compartmentalization in the cytosol as
well [1]. In this compartmentalized environment, energy transfer be-
tween ATPases and ATP-producing mitochondria plays a vital role in
cardiac function. In failing hearts, energy transfer is compromised and
the resulting energy starvation limits cardiac performance [2].

Several mechanisms of energy transfer have been proposed. Based
on diffusion coefficients measured in frog skeletal muscle [3], direct
ATP/ADP and Pi diffusion between ATPases and mitochondria seems to
be sufficient to cover short diffusion distances [4,5]. To facilitate direct
diffusion, the creatine kinase shuttlemay forma parallel energy transfer

system [6]. Furthermore, on the basis of a study of skeletalmuscle, it has
been proposed that diffusion distances required by energy transfer sys-
tems can be minimized by formation of a mitochondrial reticulum [7].
Such a reticulum would provide proton-motive force conduction from
cell periphery to the cell interior leading to the reduction of diffusion
distances for oxygen and substrates. The importance of adequate energy
transfer is obvious in failing hearts and hearts injured by ischemia-
reperfusion, where the overexpression of muscle creatine kinase
increases energy transfer via the creatine kinase system and is able to
rescue mechanical performance [8].

In cardiomyocytes, adequate energy transfer seems to be intimately
connected to the compartmentation of the intracellular environment.
The formation of a mitochondrial reticulum throughout the cell [7],
local mitochondrial networks [9], and the existence of intracellular
compartments in the cytosol [10–14] suggests that there are barriers
causing significant restriction of diffusion and forming compartments
of variable size in oxidative muscle cells. The origin of this diffusion
restriction is, however, not fully understood. In the studies of heart
energetics, there are two types of experiments demonstrating
restricted movement of ATP/ADP in cardiomyocytes. First, it has been
demonstrated that 20× larger ADP concentration is required to
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stimulate respiration in permeabilized cardiomyocytes and fibers to
reach parity of respiration in isolated mitochondria [15–17]. This indi-
cates that there are significant diffusion restrictions on the way of ADP
from solution, through the cytosol of the permeabilized cell, to the
mitochondrial inner membrane where it is picked up by the adenine
nucleotide translocase. Earlier, we have shown that these diffusion
restrictions are of intracellular nature [18,19]. The second type of exper-
iments demonstrate strong coupling between ATPases and ATP synthe-
sis by mitochondria [20–22] or glycolysis [23]. Crucially, coupling
between ATP synthesis in mitochondria and ATPases shows that there
is a diffusion obstacle grouping mitochondria and ATPases together
[24,25].

The compartmentalization of cardiomyocytes is expected to play a
major role in regulation of energy transfer and, possibly, in other pro-
cesses such as signaling and apoptosis in the healthy and diseased
heart. There is a clear link between the level of compartmentalization
and the state of cardiomyocytes. In pathological conditions, diffusion re-
strictions were severely reduced after acute ischemia and chronic heart
failure when assessed by analyzing respiration kinetics [26–28]. On the
other hand, preconditioning the heartwith a brief period of ischemia re-
duced this effect and kept the sensitivity of respiration to ADP in perme-
abilized fibers low [29]. Such correlation between the state of the heart
muscle and diffusion restrictions suggests that these restrictions play an
important role in the regulation of intracellular processes and could be a
target of therapies in the treatment of heart disease.

The overall diffusion restriction identified on the basis of respiration
kinetics measurements has been suggested to be due to restricted per-
meability of mitochondrial outer membrane, MOM [30–33]. MOM per-
meability to ADP can be regulated by modulation of VDAC permeability
by voltage, or by external factors, such as tubulin, for example. Indeed,
on single channel experiments, tubulin has been demonstrated to re-
duce permeability for ADP [30]. In certain conditions, and in the pres-
ence of tubulin, a fraction of mitochondria showed a reduced apparent
affinity to ADP similar to the reduction in the affinity demonstrated in
permeabilized cardiomyocytes [30]. However, while tubulin can reduce
VDAC permeability, to our knowledge, it has never been established
whatMOMpermeability in cardiomyocytes is. Note that the tubulin-de-
pendent closure of VDAC to ADP would not lead to the coupling be-
tween ATPases and mitochondrial ATP synthesis demonstrated in the
absence of creatine [20–22]. To reproduce this type of experiment, diffu-
sion restrictions surrounding ATPases and mitochondria are required
[34]. Shielding of theMOMby sarcoplasmic reticulumwrapping around
the mitochondria could also explain the restricted diffusion of exoge-
nous ADP andwould be in agreementwith the coupling between sarco-
plasmic reticulum Ca2+-ATPase and mitochondria [35]. Intriguingly,
this second type of diffusion restriction is consistentwith the intracellu-
lar diffusion barriers forming a lattice in the cardiomyocytes, as indicat-
ed on the basis of raster image correlationmicroscopy data analysis [36]
and 3D mathematical model of cardiomyocytes [37].

While two types of diffusion restrictions have been shown, to our
knowledge, there has been no experimental method that would allow
to simultaneously quantify both diffusion restrictions in a single cell.
The aimof thiswork is to establish the partitioning of intracellular diffu-
sion obstacles in the heartmuscle. In particular, we determine the num-
ber of VDACs that allow movement of ADP through MOM and the
apparent diffusion coefficient (DC) in cardiomyocytes.

2. Methods

2.1. Experimental procedures

Adult outbred Wistar rats of both sexes weighing 250–500 g were
used in the experiments. Animal procedures were approved by the Es-
tonian National Committee for Ethics in Animal Experimentation (Esto-
nian Ministry of Agriculture). Before the experiments, animals were
anesthetized with 0.5 mg/kg ketamine (Bioketan, Vetoquinol Biowet,

Gorzów Wielkopolski, Poland) and 125 mg/kg dexmedetomidine
(Dexdomitor; Orion, Espoo, Finland).

2.2. Cell isolation and measurements

Cardiomyocytes were isolated as described in [38]. Cardiomyocytes
were put into a diamond-shaped fast-exchange chamber (15 × 6 mm,
RC-24N; Warner Instruments, Harvard Apparatus, March-Hugstetten,
Germany) on the fluorescence microscope. Cells were allowed to sedi-
ment (5–10 min) and then they were permeabilized with Mitomed so-
lution containing 100 μmol/L ADP and 25 μg/mL of saponin. Then ADP
concentration was increased stepwise from 100 to 300, 500, 1000, and
2000 μmol/L. The cells were superfused for at least 5 min at each step.
Next, 3D image of a cell was taken. At the end of each experiment, the
precise geometry of each cell was determined by a z-stack with the
step size of 1 μm in the presence of 10 μmol/L oligomycin and
5 mmol/L sodium cyanide. Next, the cell was exposed to the uncoupler
FCCP (Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) to de-
termine the baseline fluorescence. Note that the experiment was per-
formed in the flow chamber with solutions in each condition flowing
through chamber to ensure the replacement of the solution used in
the previous condition. Only those cells located in the middle of the
chamber were used for measurements. According to the manufacturer
and our simulations [18], the geometry of the chamber provided lami-
nar flow of solutions during experiments at the used flow rate of
0.5 mL/min. For detailed descriptions of cardiomyocyte isolation, used
solutions, and the fluorescence microscope see Supporting Information
.

2.3. Mathematical model

The mathematical model was composed to describe reaction-
diffusion system with ADP/ATP diffusion inside the cardiomyocyte,
and two reactions: ATPase and ATP synthase. For each studied cardio-
myocyte, the 3D geometry was constructed. Boundary contours for
the cell and for the nuclei were found manually from recorded image
stacks and custom made software was used to generate three-
dimensional surfaces representing the shape of the cell and the shapes
of the nuclei. Netgen mesh generator [39] was then used to create
the finite element mesh for numerical calculations. External ADP
concentration was considered constant and the outer boundary of
the cell was assumed to be permeable to ADP. The model equations
included five parameters in total: ADP/ATP diffusion coefficient
D in cytosolic andmyofibrillar compartments (cytosolic for short), reaction
rates V1≡Vmax(ATPsyn), V2≡Vmax(ATPase) and Michaelis constants
K1≡Km(ADP), K2≡Km(ATP) for ATP synthase and ATPase respectively.
Here K1 is an apparent Michaelis constant for mitochondrial ATP syn-
thesis in respect to local cytosolic ADP. In calculations we assumed the
reaction rates V1, V2 and theMichaelis constant K2 to be known and var-
ied the diffusion constant D and the apparent Michaelis constant K1. If
looked from the point of view of the ADP/ATP diffusion restrictions, D
describes the cytosolic part and K1 the mithocondrial outer membrane
part of the restrictions. The stationary state solutions were calculated
numerically for various external ADP concentrations using finite ele-
ment software package FEniCS [40]. As a result, ADP andATP concentra-
tion fields inside the modeled cardiomyocyte were obtained. A linear
relation between the respiration rateVO2 andNADHfluorescence inten-
sity was assumed, as an approximation to the measured relationship
[18]. Since the respiration rate is linearly related to ATP synthase activ-
ity, we could directly link ADP concentration to local NADH fluores-
cence. To simulate widefield microscope imaging the theoretical
fluorescence field was convolved with experimentally measured point
spread function [41]. By analyzing the results for various D and K1 com-
binations, the best fit for experimental data was found. See Supporting
Information for formal description of the model.
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2.4. Data fitting

Adetailed description of image processing and data fitting is given in
Supporting Information. Data is shown as mean ± SEM.

2.5. Relationship between apparent mitochondrial affinity and VDAC
permeability

The apparent Michaelis constant K1 of mitochondrial ATP synthesis
is closely related to the mitochondrial outer membrane permeability
and therefore to the number of open VDACs during the experiment.
This relation can be estimated from the balance of the mean ATP syn-
thase rate inside the mitochondrion to the ADP flow through the mito-
chondrial outer membrane (see Supporting Information for detailed
calculations). The total number of VDACs on the mitochondrial outer
membrane was estimated from general data available for intracellular
water and dry mass distribution in intact rat heart [42], mitochondrial
positioning [43], VDAC fraction among mitochondrial proteins [44],
and VDAC molecular weight [45], as shown in Supporting Information.

3. Results

To establish the distribution of intracellular diffusion obstacles in the
cardiomyocytes, we turned to analysis of the response of permeabilized
cardiomyocytes to variation of extracellular ADP. Earlier, we have dem-
onstrated that the NADH-induced autofluorescence is linearly related to
respiration rate of cardiomyocytes in our conditions [18]. Note that this
linear relationship (see Fig. S1 ) was found in the conditions used in our
experiments and is not an universal property of the mitochondrial res-
piration in the heart. Here, we assumed that by determining local
NADH autofluorescence in cardiomyocytes, we can estimate respiration
rate in that part of the cell. In our study we considered the following
processes: ADP diffusion from extracellular solution into the perme-
abilized cardiomyocyte, mitochondrial oxidative phosphorylation, and
endogeneous ATPase activity (Fig. 1A and B). As a reporter of mitochon-
drial oxidative phosphorylation activity, we recorded NADH-induced
fluorescence under a fluorescence microscope. As expected, variation
of ADP concentration induced changes in fluorescence (Fig. 1C). The
fluorescence was normalized by exposing cells to oligomycin and

cyanide (blocking oxidative phosphorylation, maximal NADH fluores-
cence) or uncoupling mitochondria by FCCP (all NADH oxidized,
minimal fluorescence). By recording 3D image stacks under the micro-
scope, we obtained the distribution of intracellular fluorescence
(Fig. 1D). To analyze the experimental data obtained from a single cell,
we composed a mathematical model that took into account the geome-
try of a particular cell. For that, a 3D image stack recorded in the
presence of oligomycin and cyanide were used to manually mark the
boundary of the cell as well the location of the nuclei (Fig. 1E) allowing
us to generate a finite element mesh (Fig. 1F). By solving reaction-
diffusion equations, we determined the distribution of ADP in the cell
(Fig. 1G), local respiration rate, and, taking into account the relationship
between NADH-induced fluorescence and respiration as well as the
microscope point spread function, we calculated the distribution of in-
tracellular fluorescence predicted by the model (Fig. 1H).

In general, measured NADH fluorescence distribution heterogeneity
is induced by the heterogeneity of the mitochondrial response, cell ge-
ometry (thickness of the cell) and mitochondrial distribution (see ex-
ample in Supporting Information, Fig. S3 ). To study the intracellular
heterogeneity of the mitochondrial response and reduce the effects in-
duced by cell geometry on measured fluorescence, we normalized the
fluorescence at each location to the fluorescence recorded in the same
location in the presence of oligomycin and cyanide. This normalization
was performed after subtracting the fluorescence recorded in the
uncoupled case (in the presence of FCCP). As it is clear from the compar-
ison of normalized fluorescence, in the experiment (Fig. 2, left column)
and in the simulations taking into account the diffusion restrictions in-
duced byMOMand cytoplasmic obstacles, there is a similar heterogene-
ity within the cell (Fig. 2, middle column). In contrast, when we
assumed that the intracellular diffusion in cytosolic and myofibrillar
compartments is fast as in [3], the normalized fluorescence was
homogeneous (Fig. 2, right column). Thus, we can conclude that
closure of VDAC in the MOM is not the only diffusion obstacle leading
to a high apparent Km of mitochondrial respiration in permeabilized
cardiomyocytes.

To determine the distribution of diffusion obstacles between
cytoplasm and MOM, we found the least square residual between the
normalized measured fluorescence and the calculated images. The dif-
fusion restriction induced by MOM was simulated by increasing

Fig. 1. Overall design of the study. To determine the DC and the number of open VDACs for ADP in mitochondrial outer membrane, we permeabilized the cardiomyocytes (PCM) and
recorded NADH-induced fluorescence (A). The distribution of fluorescence in PCM is expected to be influenced by the distance of mitochondria from the permeabilized sarcolemma,
intracellular DC, mitochondrial ATP synthase exposure to cytosol through open VDACs, and intracellular ATPases (B). The heterogeneity of the fluorescence was determined by
recording images at different focal planes (D) for several extracellular ADP concentrations (C). Several image stacks were recorded in each condition and normalized by maximal and
minimal fluorescence obtained in the presence of oligomycin and cyanide (OLCN) and FCCP, respectively (C). The experimental data obtained from PCM was analyzed by constructing
cell-specific finite element model. Geometry of PCM was found manually from recorded image stacks (E) and mesh was generated (F). For given parameter set, the model calculated
ADP concentration distribution within the cell (G) and corresponding NADH-induced fluorescence (H). By fitting the calculated (H) to the measured (D) fluorescence images, the DC
and apparent Km of mitochondria was found. On the basis of the apparent Km, number of open VDACs was calculated.

199P. Simson et al. / Journal of Molecular and Cellular Cardiology 97 (2016) 197–203

97 Publication III



apparent Km of mitochondrial respiration to ADP in vicinity of themito-
chondria [Mito Km (ADP)]. In the example shown in the Fig. 3A, there is
a global minimum in residual at cytosolic DC 14.8 μm2/s and Mito Km

(ADP) 0.108 mmol/L. This minimum is close to the line depicturing
the relationship between the cytosolic DC and Mito Km (ADP) corre-
sponding to the apparent Km of permeabilized cell respiration to ADP
in solution equal to 0.3 mmol/L. The corresponding relationship is
shown in Fig. 3A by a white line marked with 0.5. When we calculate
the residual along this relationship (i.e. along the line), the constrained
minimum is at the DC equal to 10.8 μm2/s and Mito Km (ADP) equal to
0.120 mmol/L (Fig. 3B). The summary of performed experiments is
shown in Table 1 with the results obtained using global minima (as in
Fig. 3A) or the minima found along the relationship corresponding to
the cellular Km (ADP) of 0.3 mmol/L (as in Fig. 3B). As it is clear from
Fig. 3C and Table 1, roughly a half of the apparent Km of permeabilized
cell respiration (0.3 mmol/L to extracellular ADP) is caused by closure
of VDAC (~0.16 mmol/L, Table 1) with the second half contributed by
cytoplasmic diffusion obstacles.

To estimate the number of open VDACs in MOM, we found the rela-
tionship between MOM permeability and Mito Km (ADP). For that, we
related the permeability of a single VDAC to ADP [46] to respiration
rate of a single mitochondria assuming that the flux through MOM is
in balance with ATP synthesis (see Supporting Information ). As
shown in Fig. 3C, in that example, there are about 400 VDACs accessible
to ADP from cytosol in each mitochondria. On average, we found that
the number of VDACs open for cytosolic ADP is approximately 300 per
mitochondrion, n=7. When compared to the total amount of VDACs
in the membrane (around 14,000 per mitochondrion, see Supporting
Information ), the number of VDACs open for ADP is rather small,
about 2% from all VDACs.

4. Discussion

The main result of our work is that we demonstrate and quantify
two significant intracellular diffusion restrictions in cardiomyocytes.
As suggested earlier on the basis of tubulin-VDAC interaction [30], we
demonstrate that a significant number of VDACs are closed in
cardiomyocytes and create a large diffusion obstacle for ADP diffusion
through MOM. However, reduction of open VDAC by interaction with
tubulin [30] or some other mechanism, such as wrapping by sarcoplas-
mic reticulum [35], contributes only to half of the observed diffusion re-
striction between mitochondrial inner membrane and the surrounding
solution in permeabilized rat cardiomyocytes. The other half of the
overall diffusion restriction is clearly positioned not on the MOM but
on some other location in the cell, on the way between the solution
and the MOM. The contribution of this diffusion obstacle is as large as
VDAC closure. However, the specific location and the role of these diffu-
sion obstacles in intracellular energetics, signaling, and apoptosis is
uncertain.

Fig. 2. NADH autofluorescence of a single permeabilized cardiomyocyte was varied by
changing extracellular ADP concentrations. The fluorescence images recorded by a
camera and normalized in each location by maximal fluorescence obtained in the
presence of mitochondrial respiration inhibitors, oligomycin and cyanide (left column),
are compared with the images calculated by the model (middle and right columns). The
normalized fluorescence intensity is encoded by color, as shown on the bar. Model
results are shown here for two cases: diffusion restriction between extracellular solution
and mitochondrial inner membrane is either partitioned between cytosolic diffusion
obstacles and mitochondrial outer membrane (middle column, DC = 15 μm2/s, Km

(ADP) = 0.1 mmol/L) or exclusively induced by closure of VDAC in mitochondrial outer
membrane (right column, DC = 200 μm2/s, Km (ADP) = 0.28 mmol/L). Note the similar
intracellular heterogeneity in experiment and simulation results in the middle column.
This is in sharp contrast with the results in the right column that show no significant
gradients in relative autofluorescence, compared to the experimental data.

Fig. 3. Representative analysis of the model fit against the measurements. A: The least square residual (encoded in color) of the model fit for different combinations of cytosolic diffusion
coefficient and apparent mitochondrial Km (ADP). The white lines correspond to the relationship between the DC and Km that would lead to respiration rate of 0.45. 0.5, or 0.55 times
smaller than the maximal respiration rate in the presence of 0.3 mmol/L ADP in extracellular solution. Note that the minimum of the residual is next to the relationship corresponding
to apparent Km (ADP) of 0.3 mmol/L of a permeabilized cell. B: The least square residual of the fit found along the line in A corresponding to apparent Km (ADP) of 0.3 mmol/L of a
permeabilized cell (line marked by 0.5). C: Relationship between apparent Km (ADP) of mitochondria and number of open VDACs. According to simulations performed in this case,
there are 400–450 VDACs open for ADP per mitochondrion, marked by lines corresponding to the global minimum (as in A) or minimum found along the line (as in B).
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Many suggested, assuming a relatively fast diffusion in muscle cells
[3], that the MOM is a major diffusion obstacle [30–33]. Such obstruc-
tion of ATP/ADP diffusion by MOM gathered general support from the
demonstration that tubulin interactswith VDAC and reduces VDAC per-
meability to ATP/ADP. Indeed, in the presence of tubulin there is a pop-
ulation of mitochondria with a high apparent Km (ADP) for respiration
[30]. In addition, in cancer cells, it has been demonstrated that interac-
tion of VDAC and tubulinmodulatesmitochondrial oxidative phosphor-
ylation [47]. But, to our knowledge, it has not been shown whether
tubulin-VDAC interaction is indeed leading to significant diffusion ob-
stacle in vivo in the heart. In addition, the strong preference of sarco-
plasmic reticulum Ca2+-ATPase to ATP provided by oxidative
phosphorylation instead of ATP provided from solution surrounding
permeabilized cardiomyocytes [21], and the demonstration of a cou-
pling between ATPases and mitochondrial oxidative phosphorylation
[48] clearly suggests that the diffusion between ATPases and MOM is
relatively fast, and that there are diffusion obstacles which group
ATPases and mitochondria together. In contrast, large diffusion restric-
tion onMOM level would split them apart [37]. In this work, we resolve
the controversy by demonstrating the partitioning of intracellular diffu-
sion restrictions into two parts: one is shown to co-localize with MOM
and the second is found in the cytoplasm.

The contribution of the cytosolic diffusion obstacles is clearly dem-
onstrated in this work, where we find that they reduce the DC by 6–
10× compared to those found in skeletal muscle using isotope traces
and nuclear magnetic resonance methods [3,49]. Such a difference in
the estimation of the DCs in skeletal and cardiac muscle is remarkable
and can cause cell-specific properties of local intracellular signaling as
well as metabolic regulation. Earlier, on the basis of raster image corre-
lationmeasurements analysis, we suggested that cytosolic diffusion ob-
stacles are not distributed uniformly within the cytoplasm but are
formed by lattice-like structures with the distance between obstacles
being in the range of 1 μm [36]. Here, we could not distinguish the ho-
mogenous distribution of diffusion obstacle from the lattice-like struc-
tures due to the relatively small spatial resolution of our approach. To
find the specific spatial distribution of cytosolic diffusion obstacles,
some other methods allowing to visualize local diffusion must be
employed in future. There is a remarkable similarity in the estimated
DC values when comparing our results with earlier estimates. To reduce
the number of parameters fitted by themodel, we neglected the anisot-
ropy of intracellular diffusion [50]. As shown earlier, depending on the
fluorescent dye, the DC in transversal direction is 60–85% of the DC in
longitudinal direction [36,50]. Due to the elongated shape of the cells,
the DC estimated in this work should mainly correspond to that in the
transversal direction. The value of the cytosolic DC found from the anal-
ysis of fluorescence heterogeneity in the cardiomyocytes in this work
(~30 μm2/s) is remarkably close the DC of fluorescently labeled ATP
(~24 μm2/s) estimated using raster image correlation spectroscopy
[36]. In skeletal muscle, the diffusion coefficient is 6 to 10× larger
than the diffusion coefficient found in this work for cardiomyocytes.
This difference suggests that, in skeletal muscle, the diffusion is mainly
restricted on mitochondrial outer membrane level. However, further
detailed studies are needed to test this suggestion.

The predicted small number of open or accessible VDACs in mito-
chondria lead to a significant diffusion restriction for movement of
ADP through MOM. Taking into account that the present experiments

were performed at 25 °C, temperature dependence of mitochondrial
respiration [51] and larger channels conductivity [52,53], the apparent
Km of oxidative respiration for cytosolic ADP in the vicinity ofmitochon-
dria would be ~0.25mmol/L at 37 °C. Assuming that ADP concentration
in the cell is about 0.05 mmol/L [54], this indicates an important role of
energy transfer systems such as the creatine kinase (CK) shuttle in order
to meet themetabolic demands of theworking heart. However, a major
role of CK shuttle contradicts some recent data. First, on the basis of 31P-
NMR magnetization transfer analysis, it has been shown that the CK
shuttle can be bypassed by direct ADP diffusion at higher workloads
[55]. Second, GuanidinoAcetate MethylTransferase (GAMT) knockout
mice lacking a functional CK shuttle, exhibit the same cardiac perfor-
mance as their wild-type littermates at basal level [56], have unaltered
maximal exercise capacity and response to chronic myocardial infarc-
tion, and no obvious metabolic adaptations [57]. Intracellular diffusion
restrictions and mitochondrial positioning was shown to be the same
in cardiomyocytes isolated from GAMT knockouts and their wild-type
littermates [19]. Thus, there is a contradiction between a small number
of open VDACs found in this study and the non-exclusive role of the CK
shuttle in energy transfer suggested earlier. If part of the diffusion re-
striction at the MOM found in our study on resting cardiomyocytes
was due to shielding by the sarcoplasmic reticulum, then this would
ensure energy transfer between sarcoplasmic reticulum Ca2+-ATPase
and the mitochondria. The sarcoplasmic reticulum would, however,
still shield themitochondria frommyosin ATPase, which is themain en-
ergy consumer in working heart [58]. Thus, irrespective of the identity
of the diffusion barrier at the MOM, the large restriction seems to call
for a facilitation of energy transfer between myosin ATPase and
mitochondria.

Our finding that only 2% of VDACs are open leads to the question on
physiological role of the rest of VDACs in mitochondria. At present, we
can only speculate onwhy 98% of VDACs are closed. Taking into account
that VDAC is the main gateway for small molecules into mitochondria,
we have to consider that VDAC conductivity may be enhanced in the
closed state for some molecules. For example, calcium conductivity
was found to be higher at closed state that in the open state [59].
Thus, closure of VDAC may enhance calcium uptake by mitochondria.
Additionally, having most of VDACs closed can allow the
cardiomyocytes to regulate energy transfer from direct transfer by
ATP/ADP diffusion to the CK shuttle, as discussed above. Taking into ac-
count the large relative changes in ADP concentrations expected during
a beat [54] due to oscillatory nature of acto-myosin ATPase [60,61], re-
duction of MOM conductivity to ADP would reduce influence of oscilla-
tions on mitochondrial oxidative phosphorylation regulation. The large
number of closed VDACs could be also used as a reserve that is recruited
at some specific conditions, for example during excessive mechanical
work. All these questions are still open and are subjects of future re-
search that should find whether more VDACs are open in vivo, whether
VDAC permeability is significantly different from the one estimated by
us at 37 °C, and whether VDAC state is modulated as the cell performs
mechanical work.

In summary, we have developed a method and demonstrated as
well as quantified two principal intracellular diffusion restrictions in
cardiomyocytes to ADP:mitochondrial outermembrane induced by clo-
sure of a large number of VDACs and cytosolic diffusion restriction
grouping ATPases and mitochondria into a single unit. These diffusion
restrictions are expected to play amajor role in the regulation of energy
transfer and, possibly, in other processes such as signaling and apoptosis
in the healthy and diseased heart.
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Table 1
Number of open VDACs and cytosolic diffusion coefficient.

Residual minimum

D Km(ADP) Open VDACs

μm2/s mmol/L per mito

Global 29.2 ± 3.5 0.156 ± 0.013 308 ± 31
On the 0.5-line 22.8 ± 3.4 0.183 ± 0.014 256 ± 26
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2016.04.012.
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This Supporting Information presents the detailed experimental methods, model and simulation description. In addi-
tion, example case is shown where fluorescence was normalized globally, instead of local normalization as presented
in the main text. Finally, analysis results for each concidered cell are summarized in the table.

1 ISOLATION OF CARDIOMYOCYTES

Cardiomyocytes were isolated as described in [1]. The ani-
mals received an i.p. injection of 2500 U heparin and were
anesthetized with 0.5 mg/kg ketamine (Bioketan, Vetoquinol
Biowet, Gorzów Wielkopolski, Poland) and 125 mg/kg dex-
medetomidine (Dexdomitor; Orion, Espoo, Finland). The ex-
cised heart was swiftly placed in ice-cold wash solution (see
composition below) to minimize ischemic damage. The heart
was Langendorff perfused with wash solution at constant pres-
sure of 80 cm H2O for 5 minutes before the perfusate was
changed to digestion solution containing 0.75 – 1 mg/ml of
liberase TH (Roche; see composition below). This solution
was recirculated with a rate of 5.1 ml/min until the pressure
was 0 mm Hg (approx. 40 min). After this, the ventricle was
cut into four pieces and transferred into 10 ml digestion solu-
tion. It was incubated with gentle shaking in waterbath at 37◦C
for additional 10 – 20 minutes. When the ventricular tissue
pieces began to disassemble, they were transferred to sedimen-
tation solution (see composition below), cut a few times with
a scissor and the cells were suspended with a pipette. The cell
suspension was passed through a nylon mesh and viable cells
separated by sedimentation. Calcium concentration in the cell
suspension was increased gradually to 1 mmol/L with repeated
wash-sedimentation cycles after which the cells were washed
three times with large volumes of Ca2+-free solution. The cells
were stored in this solution at room temperature until use.

2 SOLUTIONS AND CHEMICALS

Solutions used in isolation of cardiomyocytes. Wash solution
contained (in mmol/L): 117 NaCl, 5.7 KCl, 4.4 NaHCO3, 1.5
KH2PO4, 1.7 MgCl2, 21 HEPES, 20 taurine, 11.7 glucose, and
pH was adjusted at 25◦C to 7.4 with NaOH. Digestion solution
had the same composition as the wash solution with the addi-
tion of 3 mg/ml BSA (Roche, 10 775 835 001), 0.25 mg/mL
liberase TH (Roche). In some cases, 0.0125 % trypsin was
added to the digestion solution. Sedimentation solution had
the same composition as the wash solution with the addition of
2 mg/mL BSA (Roche, 10 775 835 001), 10 µmol/L leupeptine
(Roche, 11 034 626 001), 2 µmol/L soybean trypsin inhibitor
(Fluka, 93619).

Measurements were performed in Mitomed solution. It con-
tained (in mmol/L): 3 KH2PO4, 3 MgCl2, 20 HEPES, 0.5
EGTA, 20 taurine, 0.5 dithiothreitol and 60 lactobionate, 110
sucrose, 5 glutamate and 2 malate, and pH was adjusted at
25◦C to 7.1 with KOH. For cell membrane permeabilization
25 µg/mL saponin and 100 µmol/L ADP were added to Mito-
med solution.

Concentrations of the uncoupler and respiration blockers were:
10 µmol/L FCCP (Carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone), 10 µmol/L oligomycin A (Tebu-bio, bia-
01059-1) and 5 mmol/L sodium cyanide.

All chemicals were obtained from Sigma-Aldrich if not men-
tioned otherwise.

3 FLUORESCENCE MICROSCOPY

Experiments were performed on an inverted Nikon Eclipse Ti-
U microscope (Nikon, Japan) equipped with two tiers of mo-
torized filter turrets. 60x water-immersion objective (Nikon,
Plan Apo VC 60x/1.2 WI, Amstelveen, the Netherlands) was
used in the experiments. For images of NADH autofluores-
cence, light from a Prior Lumen 200 with a 200W metal halide
lamp with extended wavelength (Prior Scientific, Cambridge,
United Kingdom) was passed via a liquid guide into the up-
per filter turret. For NADH recordings, the light was passed
through a 340/26 nm excitation filter onto a 400 nm long pass
dichroic mirror, which deflected the light onto the specimen.
Light emitted from the specimen passed back through the up-
per filter cube to a 510 XR dichroic in the lower filter cube and
was reflected through a 460/80 nm emission filter to an Andor
Ixon EMCCD camera (Andor Technologies, Belfast, United
Kingdom). All filters were obtained from AHF analysentech-
nik AG, Germany. Optical sectioning was carried out by a
piezoelectric objective positioning system (Piezosystem Jena
GmbH, MIPOS 250SG M25, Jena, Germany). To reduce pho-
tobleaching through limitation of light exposure, Uniblitz shut-
ter (VCM-D1, Vincent Associates, Rochester, USA) was used.
Image acqusition and microscope control during experiments
were performed using the software written in our laboratory.

At each experimental condition, such as ADP concentration,
exposure to FCCP, or OL+CN, at least three 3D image stacks
were acquired. Each 3D stack consisted of 5 images acquired
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FIGURE S1: Relationship between relative NADH fluorescence and mitochondrial respiration rate in permeabilized cardiomyocytes exposed
to the different amount of ADP in solution to stimulate mitochondrial respiration. The experimental points are fitted using linear regression.
Data from [2].

at different focal planes. The acquired 3D stacks were aver-
aged leading to 3D image of NADH fluorescence for the corre-
sponding condition. In the analysis, these averaged 3D images
were used.

4 REACTION-DIFFUSION MODEL FOR ADP AND
ATP

To describe the changes in ADP and ATP concentrations we
consider a reaction-diffusion model. We introduce the follow-
ing notation for the concentrations:

u = [ADP ], v = [ATP ],

for the associated maximal reaction rates:

V1 = V ATPsyn
max , V2 = V ATPase

max ,

and for the Michaelis constants:

K1 = KATPsyn
m , K2 = KATPase

m .

As has been done for representing cardiac electric activation
propagation simulations using bidomain models [3], we use
continuum approximation of intracellular environment and, in
the model, follow changes in ATP and ADP concentrations
within cytosol and myofibrills. The model equations, describ-
ing ADP/ATP diffusion, ATPase and ATP synthase inside the
cytosolic and myofibrillar compartments, are

∂u

∂t
−D∇2u = VATPase(v)− VATPsyn(u), (1)

∂v

∂t
−D∇2v = VATPsyn(u)− VATPase(v), (2)

where the ATP synthase and ATPase reaction rates are given
by Michaelis–Menten formulae:

VATPsyn(u) = V1
u

u+K1
, VATPase(v) = V2

v

v +K2
.

Here we assumed the intracellular diffusion constants for ADP
and ATP to be equal, e.g DADP = DATP = D. Notice that

the apparent Michaelis constant K1 reflects stimulation of mi-
tochondrial respiration by cytosolic ADP in the vicinity of the
mitochondrion, Mito Km(ADP) in the main text.
The sum of ADP and ATP concentrations is governed by

∂

∂t
(u+ v) +D∇2(u+ v) = 0,

which is linear and homogeneus diffusion equation. The sta-
tionary state solution corresponding to the boundary conditions

u|S = uout = const, v|S = vout = const,

where S denotes the surface of the cell, is

u+ v = uout + vout = const.

Since there is a flow in the chamber, we assume that there is no
ATP buildup in the solution (vout = 0), and we have

v = uout − u.

Substituting this relationship into the equation [1], we get a
single nonlinear partial differential equation for ADP concen-
tration u inside the cell:

D∇2u = V1
u

u+K1
− V2

uout − u
uout − u+K2

.

Variational form of this equation is

−D
∫

Ω

∇u · ∇v∗ dΩ +

∫

S

∂u

∂n
v∗ dS

=

∫

Ω

[
V1

u

u+K1
− V2

uout − u
uout − u+K2

]
v∗ dΩ, (3)

where Ω is the volume of the modeled cell. v∗ is the test func-
tion required to vanish on the parts of the boundary where u is
known. In the present problem this implies that v∗ = 0 on the
whole boundary S, and thus the second term on the left side of
the equation [3] vanishes everywhere.
NADH fluorescence is related to respiration rate using a lin-
ear approximation of the relationship between respiration rate
and the fluorescence [2]. The linear fit through the data points
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is shown in Fig.S1 with the coefficient of determination r2 =
0.97. Note that this linear relationship was found in the condi-
tions used in our experiments and is not an universal property
of the mitochondrial respiration in the heart.

In our model, NADH fluorescence FNADH at position r is cal-
culated from local ATP synthesis rate:

FNADH(r) = γ ·
(

1− u(r)

u(r) +K1

)
,

where γ is a normalization constant. By convolving the fluo-
rescence signal FNADH with experimentally determined point
spread function of the used fluorescence microscope, the im-
ages were calculated that were later compared with the mea-
surements (see below).

5 SOLVING THE REACTION-DIFFUSION PROBLEM

Equation [3] was solved numerically by the finite element soft-
ware package FEniCS [4]. Solutions for each modeled cell for
0.1 mmol/L, 0.3 mmol/L, 0.5 mmol/L and 2.0 mmol/L of ex-
ogenous ADP (uout) where calculated for a large set of D and
K1 combinations. The results were compared to experiment
and the best fit was found using the methods described below
(section Image analysis and data fitting).

6 MODEL PARAMETER VALUES

The maximal mitochondrial ATP synthase activity in the cell,
when normalized to cytosolic together with myofibrillar frac-
tion, was V1 = 0.54 mmol/L ATP/s. This was found taking
into account ADP/O2 ratio 6, maximal mitochondrial respira-
tion rate 13.5 µmol O2/min·g dw [5], total dry mass, cellular,
and myofibrillar and sarcoplasmic volumes in 1 kg of heart tis-
sue [6].

The maximal ATPase rate, V2 = 0.18 mmol/L/s, was calcu-
lated on the basis of the maximal mitochondrial ATP synthase
activity taking into account that, in our conditions, the exoge-
nous ATP-stimulated respiration in permeabilized cardiomy-
ocytes was 1/3 from the maximal ADP-stimulated respiration
rate [1]. The apparent Michaelis constant for bulk ATPases
was taken K2 = 0.3 mmol/L, the upper limit used in [5, 7] on
the basis of the fits in [1].

7 EMPIRICAL EQUATION CONNECTING D AND K1

Regional ATP synthesis rate is approximated by Michaelis-
Menten relationship and is dependent on cytosolic ADP con-
centration in the vicinity of mitochondria:

VATPsyn(u) = V1
u

u+K1
.

Since ATP synthesis rate can be related to respiration rate
through linear relationship [8], the found relationships for
respiration rate can be directly applied to ATP synthesis
rate. For permeabilized cells, the exogenous ADP has to be

∼0.3 mmol/L to reach half-maximal respiration rate [1]. In the
model terms, it can be expressed as

1

Ω

∫

Ω

VATPsyn (u∗ (r)) dΩ =
1

Ω

∫

Ω

1

2
Vmax(r)dΩ,

where u∗(r) is a solution of the equation [3] that satisfies the
boundary condition u∗|S = 0.3 mmol/L. Since in the model
we assumed that Vmax(r) is constant in the cell, we get

1

Ω

∫

Ω

u∗(r)

u∗(r) +K1
dΩ =

1

2
. (4)

This non-linear equation can be solved with respect to D for
given K1. For that, at each iteration, for given D and K1,
ADP concentration and average ATP synthesis rate was found
by solving Eq. [3] with exogenous [ADP] is 0.3 mmol/L as
an boundary condition. By comparing calculated ATP synthe-
sis rate with the expected half-maximal rate, non-linear solver
adjusted D until the solution satisfied Eq. [4]. This solution
corresponds to D and K1 values lying on the 0.5-line of Fig.3
A.

8 TOTAL NUMBER OF VDACS PER
MITOCHONDRION

To estimate the number of VDACs per mitochondrion, we took
into account mitochondrial distribution in rat cardiomyocytes
[9] as well as the following morphological data for the heart:

• Total volume of mitochondria, Ωallmitos = 32.7 % of
cell volume = 248 ml = 248·1012 µm3 per kg wet weight
[6];

• Dry mass of mitochondria, mallmitos;dry = 89.4 g per
kg wet weight [6];

• Total mass of mitochondrial protein≈ 75% of mitochon-
drial dry mass [6];

• Total mass of VDACs ≈ 0.3% of all mitochondrial pro-
tein [10].

We have earlier shown that mitochondria in rat are dis-
tributed in highly ordered pattern along the parallel strands
with the longitudinal distance between mitochondrial centers
d ≈ 0.95 µm and transversal distance a ≈ 1.8 µm [9]. Here,
we assume that transversally mitochondria are aligned along
a hexagon, as in Fig.S2. Assuming that all the mitochondia
have the same shape (Fig.S2B, dashed circles denoting the mi-
tochondria), it is clear that the numbered volumes inside the
hexagon occupy three times the volume of one mitochondrion.
Since the total area of the equilateral triangle is

√
3/4a2, the

relative volume occupied by mitochondria (32.7% in heart) can
be expressed as

Ωallmitos

Ωcell
=

3× Ωmito
1
d

6×
√

3
4 a

2
.

From here, the volume of one mitochondrion equals

Ωmito = 0.327

√
3

2
a2d = 0.872µm3.
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FIGURE S2: Hexagonal arrangement of mitochondria.

Notice that the calculated volume does not depend on the exact
shape of the mitochondrion. If the mitochondria can be consid-
ered identical, the volume of one mitochondrion is determined
by the volume ratio and the spatial arrangement only.

From a single mitochondrion volume, we can get the number
of mitochondria per kg of wet weight

Nmitos =
Ωallmitos

Ωmito
=

248 · 1012

0.872
= 285 · 1012,

as well as the mass of a single mitochondrion

mmito;dry =
mallmitos;dry

Nmitos
=

89.4

285 · 1012
= 0.314 · 10−12g.

Thus, the total mass of VDACs per one mitochondrion is there-
fore

mall vdacs permito = mmito;dry · 75% · 0.3%

= 0.314 · 10−12 · 0.75 · 0.003 = 0.707 · 10−15g,

and, taking into account VDAC molecular weight [30 kDa =
5·10−20 g, [11]], the number of VDACs per mitochondrion is

Nvdacs permito =
mall vdacs permito

mvdac
=

0.707 · 10−15

5 · 10−20
≈ 14000.

Assuming the surface area of the mitochondrion to be 5 µm2

we get approximately 2800 VDACs per µm2 and the mean dis-
tance between VDAC centers on the mitochondrial outer mem-
brane around 20 nm. Note that the diameter of the VDAC’s
aqueous channel is 2.6-3 nm [11].

9 NUMBER OF OPEN VDACS

The number of open VDACs is found by taking into account
that, at steady state, ADP flux through mitochondrial outer
membrane is equal to ATP synthesis rate inside the mitochon-
drion. At half-maximal respiration rate, for a single mitochon-
drion, we have

p
mito

(u
cyto
− u

mito
) =

V1

2

Ωcyto + Ωmyo

Nmitos
,

where pmito is the permeability of mitochondrial outer mem-
brane, ucyto and umito are ADP concentrations in cytosol and

in the mitochondrial inter membrane space, respectively; Ωcyto

and Ωmyo are volumes of sarcoplasmic and myofibrillar com-
partments per kg wet weight, respectively; and Nmitos is num-
ber of mitochondria per kg wet weight. At half-maximal res-
piration rate, ADP concentrations would be the corresponding
Michaelis-Menten constants leading to

p
mito

=
V1

2

Ωcyto + Ωmyo

Nmitos

1

K1 −KANT
m

,

where KANT
m is an apparent Km for adenine nucleotide

translocase. From here, assuming that VDAC conductance
for ATP and ADP in closed state is negligible, we can get the
number of open VDACs Nopen

vdac in single mitochondrion by di-
viding total mitochondrial outer membrane permeability pmito

with a single VDAC permeability pvdac = 1.1 × 10−2µm3/s
[12]:

Nopen
vdac =

1

p
vdac

V1

2

Ωcyto + Ωmyo

Nmitos

1

K1 −KANT
m

. (5)

For example, for K1 = 0.156 mmol/L found as an average
apparent Km for cytoplasmic ADP of mitochondrial respira-
tion (Table S1), taking into account the myofibrillar and sar-
coplasmic volumes in 1 kg of heart tissue [6], assuming that
KANT

m = 0.015 mmol/L, we get Nopen
vdac = 291 VDACs open

for ADP per single mitochondria. This is only 2% of the to-
tal number of VDACs on the mitochondrial outer membrane,
which was calculated above.

10 IMAGE ANALYSIS AND DATA FITTING

The measured (E) and computed (T ) images for each condi-
tion s are expressed by three-dimensional arrays:

Es = Es
ijk, T s = T s

ijk(D,K1),

i = 0 ... 1003, j = 0 ... 1001, k = 0 ... 4,

where i, j, k are the pixel indexes in x, y, z direction, re-
spectively, and s denotes one of the following conditions:
exogenous ADP 0.1 mmol/L, 0.3 mmol/L, 0.5 mmol/L, or
2 mmol/L; inhibitors oligomycin and cyanide OLCN; and un-
coupler FCCP.
To correct for the camera image offset and changes in back-
ground fluorescence induced by flowing solution, the mean
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FIGURE S3: NADH autofluorescence of a single permeabilized cardiomyocyte was varied by changing exogenous ADP concentration. The
fluorescence images recorded by a camera (left column) on a focal plane are compared with the images calculated by the model (middle and
right columns). In the images, the fluorescence intensity is encoded by color, as shown on the bar. The model simulations were performed
assuming that diffusion restriction between extracellular solution and mitochondrial inner membrane is either partitioned between cytosolic
diffusion obstacles and mitochondrial outer membrane (middle column) or exclusively induced by closure of VDAC in mitochondrial outer
membrane (right column). As it is clear from the comparison of the images as well as the intensity profiles shown on the bottom for different
ADP concentrations (see experimental images for location of the profile and corresponding ADP concentration), the images calculated by the
model for two different diffusion restriction distributions give similar result.

background offset level per pixel is defined for every two-
dimensional image:

bsk =
1

(i1 − i0)(j1 − j0)

i1∑

i=i0

j1∑

j=j0

Es
ijk,

were the indices i0, i1 and j0, j1 define a subregion on the ex-
perimental images. This subregion is chosen from outside the
cell, appropriately for each experiment.
In addition to the background fluorescence correction, we as-
sumed that, in the presence of FCCP, there is no mitochon-
drial NADH-induced fluorescence (NADH concentration was
expected to be zero in mitochondria). Thus, all experimental
images were normalized as in

E
s

ijk = Es
ijk − bsk − (Efccp

ijk − b
fccp
k ).

These level-corrected experimental images were used for com-
parison with the images calculated by the model.

10.1 Image norm

Let A be an arbitrary array of any dimensions. We define the
norm ‖A‖ as the square root of the sum of the squares of all
the array elements. If A = Aijk then

‖A‖ =


∑

i,j,k

|Aijk|2



1
2

.

10.2 Fitting locally normalized images

Fluorescence distribution heterogeneity is induced by hetero-
geneity in mitochondrial response, geometry (thickness of the
cell) and mitochondrial distribution. To demonstrate the super-
position of these effects, experimental and calculated fluores-
cence image stacks are shown in Fig.S3.
Calculated image stacks corresponding to two different sets of
parameters are presented: diffusion is obstructed either mainly
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by MOM (Fig.S3, right column) or by combination of MOM
and cytoplasmic diffusion obstacles (Fig.S3, middle column).
In the both parameter sets used, the diffusion obstacles are such
that the apparent Km of mitochondrial respiration to ADP in
solution is 0.3 mmol/L, in accordance with the experimental
data [1]. Thus, in the simulation with the combination of two
diffusion obstructions (the middle column), the contribution of
MOM is reduced when compared to the simulation where only
MOM is contributing to overall diffusion restriction.
As in the experiment, the calculated overall fluorescence re-
duced with the increase of extracellular ADP (Fig.S3). In the
both model solutions, there is a marked heterogeneity in fluo-
rescence induced by the heterogeneity of mitochondrial respi-
ration and the differences in thickness of the cell in that partic-
ular location (see colormaps and intensity profiles in Fig.S3).
However, in the solution with diffusion obstacles mainly at-
tributed to MOM (Fig.S3, right column), the heterogeneity of
mitochondrial response is minimal with the differences in cal-
culated fluorescence mainly induced by the differences in cell
thickness. Due to the superposition of the heterogeneity of mi-
tochondrial respiration and the differences in thickness of the
cell in that particular location leading to the heterogeneity in
fluorescence, comparison of the calculated and measured fluo-
rescence heterogeneity poorly differentiated between different
combinations of intracellular diffusion obstacles.
To highlight the heterogeneity in mitochondrial response, we
found that the sensitivity of the method increases if experi-
mental and calculated data sets are normalized by local max-
imum fluorescence determined in the presence of oligomycin
and cyanide.
Here, for any given (K1, D) combination, we first determined
the gains αs by minimizing

‖Es − αsT s‖

for each condition separately. Second, we normalized the ar-
rays as follows:

Ẽs
ijk = E

s

ijkNijk, T̃ s
ijk = αsT s

ijkMijk,

where

Nijk =

{
1/E

olcn

ijk if E
olcn

ijk /α
olcn > ε and T olcn

ijk > ε

0 otherwise

Mijk =

{
1/(αolcnT olcn

ijk ) if E
olcn

ijk /α
olcn > ε and T olcn

ijk > ε

0 otherwise

with the cut-off parameter ε > 0 was taken equal to 0.01.
The goodness of the fit for any (K1,D) combination was given
by

r =
∑

s

∥∥∥Ẽs − T̃ s
∥∥∥ ,

where s corresponded to exogenous ADP concentrations
0.1 mmol/L, 0.3 mmol/L, 0.5 mmol/L, and 2 mmol/L. As
shown in the main text, the calculated normalized image inten-
sities depended on K1 and D (Fig.2 in the main text, compare
to Fig.S3) and r minimum was well determined in parameter
space (K1, D), Fig.3 in the main text.

10.3 Detailed results

Estimated diffusion coefficient and mitochondrial outer perme-
ability for each studied cell is shown in Table S1.
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Table S1: Number of VDACs open for ADP and cytosolic diffusion coefficient.

Global minimum Minimum on the 0.5 line

Experiment D Km(ADP ) Open VDACs D Km(ADP ) Open VDACs
No. µm2/s mmol/L per mitochondrion µm2/s mmol/L per mitochondrion
1. 14.8 0.108 440 10.7 0.120 390
2. 42.0 0.163 276 30.2 0.219 201
3. 22.6 0.141 325 16.1 0.178 251
4. 24.5 0.133 347 18.6 0.152 299
5. 32.3 0.152 299 22.2 0.189 235
6. 30.3 0.178 251 23.6 0.208 212
7. 38.1 0.219 201 38.1 0.218 201

Average value ± standard error of the mean
29.2±3.5 0.156±0.013 306±29 22.8±3.4 0.184±0.014 256±26
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